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Preface  

Transverse structures on rivers, e.g. hydropower plants, weirs and dams, are obstacles for mi-
grating fish, both in upstream and downstream directions, impeding or delaying the free fish 
movement in many, often highly fragmented rivers. Whereas upstream fish movements have 
often been accounted for by constructing fish passes as early as the 1880s in Switzerland, i.e. 
with the advent of hydropower for electricity generation, the awareness of the need for fish 
protection for downstream moving fish is quite recent in most of Europe including Switzerland. 
The current Swiss Waters Protection Act requires rehabilitation measures at more than 700 
obstacles for downstream movement to prevent or limit fish injury and mortality. The safe 
downstream passage is particularly important for diadromous species migrating long distances 
between the sea and freshwater systems, e.g. the European eel and Atlantic salmon, who often 
have to pass a series of hydropower plants, resulting in elevated cumulative mortality. In 
contrast to small hydropower plants with discharges up to about 100 m3/s, there is currently 
hardly any proven technology for the protection of the wide variety of indigenous fish fauna at 
run-of-river plants with larger design flows. This poses a special conflict of interest between 
preservation of fish and the generation of climate-friendly hydroelectricity. For this reason, 
VAW has been conducting research on effective fish protection measures since 2011 with a 
first project on modified bar rack bypass systems. The research project of Dr. Beck is a logical 
continuation, embedded into the framework of a large European Horizon 2020 research project.  

Dr. Beck’s research deals with an experimental, numerical and ethohydraulic investigation of 
curved-bar racks as mechanical behavioural fish guidance structures, followed by a bypass 
channel to guide fish into the tailwater at hydropower plants and water intakes. Mechanical 
behavioural barriers cause hydraulic cues like velocity and pressure gradients through their rack 
bars, resulting in an avoidance reaction of fish. The innovative fish guidance structure newly 
developed by Dr. Beck is planned to be tested at a pilot and demonstration hydropower plant 
on the Thur river in eastern Switzerland.  

The financial support of the EU Horizon 2020 research and innovation program under grant 
agreement no. 727830 FIThydro (Fishfriendly Innovative Technologies for hydropower), and 
the Swiss State Secretariat for Education, Research and Innovation (SERI) (grant number 
16.0153) is gratefully acknowledged. The investigation of the electrified CBR was supported 
by the Swiss Federal Office of Energy (grant number SI/501758-01). 

My sincere thanks go to Prof. Dr. Laurent David, Hydrodynamique, Ecoulements Environ-
nementaux, Université de Poitiers, Dr. Armin Peter, Gewässerökologie und Fischbiologie, 
FishConsulting GmbH, Olten, and of Dr. Ismail Albayrak for their co-reviews.  

 

Zürich, September 2020                       Prof. Dr. Robert M. Boes 
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Abstract xi

Abstract

Run-of-river hydropower plants (HPPs), dams and weirs pose a particular threat for down-

stream moving fish. The migration delay and injury or mortality during turbine or spillway

passages contribute to a decline in fish populations worldwide. The overarching goal of

this research study is therefore to improve the sustainable and efficient use of hydropower by

providing a technical solution for the safe downstream movement of fish at run-of-river HPPs

and water intakes with a minimal impact on hydropower production and operation. The focus

lies on the design improvement of mechanical behavioural fish guidance structures (FGSs)

consisting of vertical bars in combination with a bypass system (BS).

To this end, innovative curved bar shapes were developed for mechanical behavioural FGSs,

herein called curved-bar racks (CBRs). The hydraulic performance of a large range of

CBR configurations and four BS layouts, the fish guidance efficiency, the option of elec-

trifying the CBR and operational aspects of CBR-BSs were systematically investigated.

The tests were conducted in two different laboratory flumes and a numerical simulation

in OpenFOAMr was performed to further optimise the CBR bar shape to minimise oper-

ational issues. The protection and guidance efficiencies of barbel (Barbus barbus), spirlin

(Alburnoides bipunctatus), nase (Chondrostoma nasus), European eel (Anguilla anguilla),

brown trout (Salmo trutta), and Atlantic salmon parr (Salmo salar) at the CBR-BS were

assessed in ethohydraulic flume tests. The fish swimming behaviour at the CBR-BS was

analysed with a fish-tracking software and linked to the hydrodynamic cues created by the

CBR-BS. The governing parameters affecting the reaction of the fish at the CBR-BS were

determined with a logistic regression model. Finally, the CBR was equipped with a low-

voltage electric field to further increase the fish protection and guidance of European eels.

The main results of the present study include the extension of the existing head loss predic-

tion equation for mechanical behavioural fish guidance structures with additional head loss

factors accounting for (i) the curved bar shape, (ii) the application of overlays and (iii) dif-

ferent HPP layouts. The head loss coefficients of the recommended CBRs are in the same

range as those of conventional intake trash racks. The curved bars promote a flow straighten-

ing effect leading to favourable flow conditions for both fish guidance and turbine operation.

The ratio of bypass entrance to approach flow velocity significantly affects the bypass ac-

ceptance of fish and is therefore an important design parameter of CBR-BSs. The velocity

and pressure gradients sharply increase from a distance of ∼ 40 mm on the upstream side

of the CBR and are particularly high between the bars triggering an avoidance reaction of

the approaching fish. The live-fish tests confirmed this effect and the CBR functioned as a

mechanical behavioural barrier for spirlin, barbel, nase and Atlantic salmon parr with high
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fish protection and guidance efficiencies (> 75%), whereas it had a lower or no behavioural

effect for brown trout and European eel, respectively (guidance efficiency < 75%). The elec-

trification of the CBR increased the protection and guidance efficiency for European eel and

therefore represents a promising additional protection. The curved bar shape was further

optimised with a foil-shaped curved bar (f-CBR) to mitigate potential clogging issues.

This study presents a fish guidance structure design, which is applicable at all-sized run-

of-river hydropower plants and water intakes. The recommended CBR and in particular

the f-CBR provide minimal hydraulic head losses, a symmetric flow field downstream of

the rack, minimal operational issues, and a high fish protection and guidance. This study

further contributes to a detailed understanding of the fish swimming behaviour at mechanical

behavioural fish guidance structures and bypass systems.
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Kurzfassung

Laufwasserkraftwerke, Dämme und Wehre stellen eine besondere Gefährdung für flussab-

wärts wandernde Fische dar. Die Verzögerung der Fischwanderung und die Verletzungsge-

fahr oder Mortalität bei Turbinen- oder Wehrpassagen tragen weltweit zu einem Rückgang

der Fischpopulationen bei. Das übergeordnete Ziel dieser Arbeit war es daher, die nachhal-

tige und effiziente Nutzung der Wasserkraft zu verbessern, indem eine technische Lösung

bereitgestellt wird für die sichere, flussabwärts gerichtete Fischwanderung an Laufwasser-

kraftwerken mit minimalen Auswirkungen auf die Wasserkraftproduktion oder den Kraft-

werksbetrieb. Der Schwerpunkt lag dabei auf der Weiterentwicklung von Fischleitrechen

mit vertikalen Stäben, so genannten mechanischen Verhaltensbarrieren, in Kombination mit

einem Bypass-System (BS).

Um dieses Ziel zu erreichen, wurden innovative, gebogene Stabformen für die Anwendung

an Verhaltensbarrieren entwickelt, die hier als “Curved-Bar-Racks” (CBR) bezeichnet wer-

den. Die Hydraulik verschiedener CBR-Konfigurationen und von vier Bypass-Systemen,

die Fischleiteffizienz von CBR-BS, die Möglichkeit, den CBR zu elektrifizieren, und be-

triebliche Aspekte an CBR-BS wurden systematisch untersucht. Die Modellversuche wur-

den in zwei verschiedenen Versuchsrinnen durchgeführt und die gebogene Stabform wurde

mit einer numerischen Simulation in Open-FOAMr weiter optimiert. Die Schutz- und Leit-

effizienz von Barben (Barbus barbus), Schneider (Alburnoides bipunctatus), Nasen (Chon-

drostoma nasus), Europäischen Aalen (Anguilla anguilla), Bachforellen (Salmo trutta), and

Atlantischen Lachs Parr (Salmo salar) am CBR-BS wurden in ethohydraulischen Modellver-

suchen ermittelt. Das Schwimmverhalten wurde mit einer fish-tracking Software analysiert

und anhand der vom CBR-BS erzeugten hydraulischen Strömungssignaturen diskutiert. Die

für das Fischverhalten entscheidenden Parameter wurden mit einem logistischen Regres-

sionsmodell bestimmt. Schliesslich wurde der CBR mit einem schwachen Spannungsfeld

ausgestattet, um die Schutz- und Leitwirkung für den Aal weiter zu erhöhen.

Zu den Hauptergebnissen der vorliegenden Arbeit gehört die Erweiterung der bestehenden

Gleichung zur Bestimmung der hydraulischen Verluste von Verhaltensbarrieren mit zusätz-

lichen Verlustfaktoren für (i) die gebogene Stabform, (ii) Sohl- und Tauchleitwände und (iii)

unterschiedliche Kraftwerkstypen. Die Verlustbeiwerte der empfohlenen CBRs sind ähnlich

hoch wie diejenigen von konventionellen Einlaufrechen. Der Gleichrichtereffekt der geboge-

nen Stäbe führt zu günstigen Strömungsbedingungen für das Leiten der Fische zum Bypass

und einen effizienten Turbinenbetrieb. Das Mass der Geschwindigkeitszunahme in den By-

pass hat die Reaktion der Fische am Einlauf zum Bypass signifikant beeinflusst und ist daher

eine wichtige Dimensionierungsgrösse für CBR-BS. Die Geschwindigkeits- und Druckgra-
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dienten sind ab ∼40 mm direkt vor dem CBR und zwischen den Stäben besonders hoch und

lösen bei den sich annähernden Fischen eine Meidereaktion aus. Die Fischversuche haben

diesen Effekt bestätigt. Der CBR fungierte als mechanische Verhaltensbarriere für Schneider,

Barben, Nasen und Lachs Parr mit einer hohen Schutz- und Leiteffizienz (> 75%), während

er bei Bachforellen und Europäischen Aalen einen deutlich geringeren oder gar keinen Ver-

haltenseffekt zeigte (Leiteffizienz < 75%). Die Elektrifizierung des CBR erhöhte die Schutz-

und Leiteffizienz für den Europäischen Aal und stellt daher einen vielversprechenden zu-

sätzlichen Schutz dar. Die gebogene Stabform wurde mit einem fischbauchförmigen Stab

(f-CBR) weiter optimiert, um potenzielle Verklausungen zu reduzieren.

Diese Arbeit präsentiert einen neuartigen Fischleitrechen, der an kleinen bis großen Lauf-

wasserkraftwerken einsetzbar ist. Der empfohlene CBR und insbesondere der f-CBR zeich-

nen sich durch minimale hydraulische Verluste, eine symmetrische Rechenabströmung, mini-

male betriebliche Beeinträchtigungen und eine hohe Fischschutz- und -leitwirkung aus. Die

Arbeit trägt ausserdem zu einem detaillierten Verständnis des Schwimmverhaltens von Fi-

schen an mechanischen Verhaltensbarrieren und Bypass-Systemen bei.
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1 Introduction

1.1 Motivation

Hydropower is the number one renewable electric energy source worldwide with 16% of the

total electricity production and will remain so in the near future (IEA, 2018). In Switzerland,

hydropower accounts for some 56% of the annual electricity production and hence is the

backbone of the Swiss power supply. Furthermore, the strategic plan for the future use of en-

ergy includes a gradual nuclear power phase-out. For a smooth energy transition, the increase

of base load production from run-of-river hydropower plants (HPPs) is of fundamental im-

portance to compensate for the vanishing base load from nuclear power plants. However, the

extensive expansion of hydro-electric power plants in the past decades has led to the impair-

ment of natural river systems and aquatic habitats regarding their habitat diversity and the

passage of sediments and migrating organisms worldwide. Within the EU, the environmental

objectives of the European Water Framework Directive (WFD) enforce the protection, mitig-

ation and restoration of all water bodies with the goal to maintain or reach a good ecological

status or potential. In Switzerland, the Swiss Waters Protection Act (WPA) and the Waters

Protection Ordinance (WPO) revised in 2011 demand the revitalisation of water bodies com-

promised by man-made structures by 2030, which includes the restoration of the ecological

continuum and thus the unharmed passage of up- and downstream moving fish. This means

that in Switzerland, necessary measures have to be taken at over 1000 obstacles and existing

HPPs have to be retrofitted with downstream fish passage systems (Figure 1.1).

Run-of-river HPPs pose an obstacle to the unhindered fish movement. Various technologies

for the fish upstream movement have been successfully developed and operated for more than

a hundred years. However, measures to protect and guide downstream moving fish at HPPs

and other water intakes have been neglected in the past and therefore have to be addressed as

an urgent matter in order to recover declining fish populations in European river systems. For

this reason, the project “Fishfriendly Innovative Technologies for hydropower” (FIThydro)

was launched as part of the Horizon 2020 EU Research and Innovation program in 2016.

The main goal of FIThydro is to promote the development of innovative technologies for a

sustainable, fishfriendly operation of HPPs in Europe. The Laboratory of Hydraulics, Hy-

drology and Glaciology (VAW) of ETH Zurich is a partner of the interdisciplinary research

team consisting of various European institutes and participants. Amongst others, VAW is

involved with two research projects to further develop fish guidance structures (FGSs) as a

technical solution for the pressing issue of fish downstream movement at HPPs.
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remediation demands for fish migration
upstream / downstream
no 
yes 
deferred 
no information 

present and potential distribution
migratory species 

Figure 1.1 Movement and migration barriers due to hydropower structures and their restoration de-
mands for up and/or downstream facilities concerning the defined target fish species, ad-
apted from Dönni et al. (2017)

These two VAW projects are based on physical and ethohydraulic model investigations.

While the present study focuses on the development of FGSs with vertical bars as a mechan-

ical behavioural barrier for all-sized run-of-river HPPs, a second study concentrates on FGSs

with horizontal bars acting as a physical barrier at smaller HPPs (Qd ≤ 120 m3/s) (Meister

et al., 2020b,c; Meister, 2020).

1.2 Objectives and tasks

The overarching goal of this research study is to improve the sustainable and efficient usage

of hydropower by protecting, guiding and bypassing downstream moving fish with min-

imum impact on HPP production and operation. The focus lies on the development of mech-

anical behavioural FGSs consisting of vertical bars and bypass systems (BSs) for the safe

downstream movement of fish at run-of-river HPPs. Louvers, angled bar racks and modi-

fied angled bar racks (MBRs), with an adjacent BS are classified as mechanical behavioural

FGSs (EPRI, 1998; Albayrak et al., 2020a). These FGSs are typically placed in front of a

turbine or water intake at a horizontal rack angle of α = 10°...45◦ to the flow direction and

consist of vertical bars placed at a flow attack angle of β = 45◦...90◦ (Figure 1.2). When
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approaching the structure, fish perceive the high pressure and velocity gradients around and

between the bars and react with avoidance (Amaral, 2003). The velocity component parallel

to the rack guides the fish towards the bypass.

Figure 1.2 Schematic principle of a fish guidance system at a run-of-river hydropower plant; the
angled bar rack with vertical bars guides the fish towards the bypass system

Despite recent advancements in the design of these FGSs, hydraulic head losses and asym-

metric downstream flow fields created by these structures are still a great issue. For a sus-

tainable, eco-friendly application at HPPs, the design of FGS-BSs has to be further improved

with innovative solutions. To this end, the following objectives are set for the present study:

• Minimising head losses and improving the downstream flow fields, i.e. the turbine

admission flow, by developing new bar shapes to mitigate negative impacts of a FGS

on hydropower production

• Improvement of the hydraulic conditions around the FGS-BS based on fish behaviour

data for a better fish protection and fish guidance efficiency

• Advancing the understanding of fish behaviour under different flow conditions created

by FGS-BSs

• Investigation of a low-voltage electric field applied to the FGS to further improve the

protection and guidance efficiency for fish

• Handling of large wood and organic fine material at FGSs

• Recommendation for a fishfriendly and cost-effective design of FGS-BSs

To achieve these objectives, systematic small- and large-scale model studies including etho-

hydraulic tests were conducted within the following six tasks:

• Task A is devoted to the development of innovative curved bar shapes for FGSs.

Herein, the new FGS with curved bars is called Curved-Bar Rack (CBR). The hy-

draulic performance of the CBRs was investigated in a flume with 1:2 Froude-scaled
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models for a wide parameter range such as rack angle, bar attack angle, bar depth and

spacing, top and bottom overlays, and HPP layout to develop a head loss prediction

equation. The hydraulically optimal CBR configuration was determined from these

tests and used for the large-scale ethohydraulic tests. Furthermore, a numerical model

was set up with OpenFOAMr and validated with the measurements in the physical

model flume. The numerical model was used to analyse the flow field in close vicinity

and between the bars of different FGSs, and to further optimise and develop new bar

shapes for the CBR.

• Task B focuses on the investigation of four different bypass layouts potentially used

for CBRs and other FGSs. The bypass layouts were tested with the hydraulically

optimal 1:1 Froude-scaled CBR in a large ethohydraulic flume. Velocity measurements

were conducted using ADV and the fish behaviour was investigated for different flow

conditions in the bypass with live-fish tests.

• Task C assesses the fish protection and fish guidance efficiencies of the CBR with a

full-depth open channel bypass for six endemic fish species, namely barbel (Barbus

barbus), spirlin (Alburnoides bipunctatus), nase (Chondrostoma nasus), European eel

(Anguilla anguilla), brown trout (Salmo trutta), and Atlantic salmon (Salmo salar), by

means of live-fish tests. The fish movements and behaviour were recorded with sub-

merged high-resolution cameras and analysed with a fish-tracking software developed

at VAW. The objective was to relate distinct behavioural patterns of the tested fish

to the hydrodynamic cues of the CBR-BS. The effects of different parameters were

quantified with χ2-tests and a logistic regression model.

• Task D investigates the effect of a low-voltage electric field applied to the CBR on the

fish behaviour with the goal to further improve the fish protection and fish guidance of

the CBR-BS for European eel and spirlin.

• Task E focuses on the potential operational issues at the CBR-BS such as the transport

of large wood and organic fine material.

• Task F is devoted to the development of applicable engineering recommendations (a

step by step guideline) based on the findings from the model investigations of Tasks

A-E with regard to hydraulic performance, fish protection and cost-effectiveness.

1.3 Thesis outline

To achieve the above defined goals and objectives for the present study, an extensive liter-

ature review was conducted and small- to large-scale laboratory and numerical modelling

approaches were applied. In Chapter 2, an in-depth review on the topic of downstream fish
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movements, the link between fish behaviour and hydrodynamic cues, and fish protection

technologies with a particular focus on fish guidance structures (FGSs) is given. Further-

more, Chapter 2 outlines recently developed approaches for the head loss assessment of

FGSs and the hydraulic fundamentals of open channel flow. The experimental setup, tech-

niques and data analysis approaches are described in Chapter 3. The hydraulic head losses

and flow fields of CBRs are presented and discussed in Chapter 4. Chapter 5 displays the

numerical model validation and the detailed investigation of the hydrodynamic cues for dif-

ferent bar shapes. The results of the ethohydraulic tests are presented in Chapter 6 with a

detailed analysis of the flow field for different hydraulic conditions and bypass layouts, the

fish protection and fish guidance efficiencies, the statistical analysis of the live-fish tests by

means of a logistic regression model, and the analysis of individual fish swimming paths

and velocities. Chapter 7 gives the results of the live-fish tests with the electrified CBR.

Operational aspects with regard to drift wood and organic fine material are presented in

Chapter 8. Recommendations for engineering applications are outlined in Chapter 9. Fi-

nally, Chapter 10 presents the conclusions and gives an outlook.
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2 Theoretical background and state of knowledge

This chapter discusses the pressure put on fish habitats by movement and migration barriers

such as run-of-river hydropower plants (HPPs), dams, weirs and spillways. The knowledge

on the fish behaviour in their natural riverine habitat, and their movement and migration

needs are presented. The chapter further illustrates the state of the art fish downstream pas-

sage technologies tested in field and laboratory studies, and presents the applied hydraulic

fundamentals.

2.1 Introduction

Fish travel up- and downstream in various water bodies in search of suitable feeding or

spawning grounds (Lucas et al., 2001). The directed fish migration or general movements

are triggered by various factors such as temperature, discharge, light conditions, oxygen

content or morphological factors. Migratory fish species are classified as follows:

Diadromous: Fish species, which migrate between sea and fresh water systems. They are

mostly long-distance migrators, where migration is crucial for the survival of the population.

Depending on the direction of migration, they are classified as anadromous or catadromous:

Anadromous: Species, which spawn in fresh water and migrate downstream to mature in

the sea (e.g. salmon, sturgeon, shad).

Catadromous: Species, which spawn in the sea and migrate upstream to mature in fresh

water (e.g. American or European eel).

Oceanodromous: Species, which live and migrate only within seawater oceanic systems.

Potamodromous: Species, which migrate only in freshwater river - lake systems and are

thus rather short-distance migrators (e.g. brown trout, barbel, nase, European grayling,

spirlin).

The focus of this study is on anadromous, catadromous and potamodromous fish species. In

Switzerland, anadromous species have completely vanished and European eels are in strong

decline all over Europe due to the habitat impairment by run-of-river HPPs or other impass-

able movement barriers and man-made waterworks (Calles et al., 2010). In Switzerland,

73% of the 66 native riverine fish species are vulnerable, endangered or extinct (Dönni et al.,

2017). The protection target defined in the WPA, however, includes all domestic fish species.

A report on the preservation and promotion of migratory fish species was published by the

Swiss Federal Office for the Environment (FOEN) (Dönni et al., 2017). To set the goals for

possible measures, Atlantic salmon, brown trout, nase, European eel, European grayling and
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common barbel have been selected as the target fish species in the report, covering a well-

balanced range of long and short distance migrators as well as anadromous, potamodromous

and catadromous species.

2.2 Fish behavioural biology

2.2.1 General swimming behaviour

Fish maintain their buoyancy and stability at a certain water depth by a combination of

swimming movements and (de)compressing their gas-filled swim bladder. The stimulation of

optical and tactile sense organs manages the orientation of fish in a flowing water current. For

the perception of vortex flows, velocity and pressure gradients, fish use the lateral line and

equilibrium organs (Haro et al., 1998; Liao, 2007; Silva et al., 2012a). Fish react sensitively

to high turbulence and flow acceleration (Adam and Lehmann, 2011). Rapid changes in flow

patterns are perceived as obstacles initiating an avoidance reaction (cf. Section 2.6.2). The

sensitivity of the lateral line organ only has a short distance reach, but it can trigger burst

swimming or a rheotaxis change. With the inner ear, fish can sense relative flow changes,

i.e. flow acceleration. This indicates that the vortices in highly turbulent flow are perceived

as angular accelerations (Coutant and Whitney, 2000).

Rheotaxis characterises the orientation of fish during a directed swimming movement. Posit-

ive rheotaxis describes the alignment of the fish against the flow direction, swimming actively

against the current. Negative rheotaxis describes the opposite alignment, head first with the

current. For flow velocities higher than 0.2...0.3 m/s, an active-passive behaviour is often ob-

served, where the head is oriented against the current and the fish drifts actively downstream

in control of its orientation (Lehmann et al., 2016). For an efficient downstream move-

ment, fish actively swim or passively drift downstream following the main current where the

highest flow velocities prevail (Pavlov, 1994; Brown et al., 2009).

2.2.2 Migratory behaviour

The downstream migration of fish is most probably triggered by a combination of external

factors such as the diurnal cycle, discharge, water temperature, and the lunar phase as well

as physiological factors governed by their age or stage of development (Lucas et al., 2001).

The start of the downstream migration period is therefore different for every fish species.

A discharge increase is a frequent trigger since it allows juvenile fish in particular to let

themselves drift passively downstream without a high swimming effort (Achord et al., 1997;

Schwevers, 1998; Durif et al., 2002). The enhanced turbidity of the water further ensures

a better protection from predators. Accelerating flow in general seems to arouse more act-
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ive movement. While in natural riverine conditions, most yearlings seem to swim head first

actively downstream, they change to a positive rheotaxis near obstacles such as trash racks

and intakes (Cada et al., 1997). This hypothesis is supported by the observations of Haro

et al. (1998), which showed that salmon smolts switched to positive rheotaxis in accelerating

currents. While salmonid species prefer to swim a few meters below the water surface, most

potamodromous species and eels have been observed to move downstream at various flow

depths with an increased preference for the few meters above the riverbed (Brown et al.,

2009; Travade et al., 2010; Russon and Kemp, 2011). Fish with lower swimming abilities

also prefer to swim along the riverbed where the flow velocities are lower. Although migrat-

ory movements are reduced during the cold winter months, migration or displacements take

place throughout the entire year (Figure 2.1). However, a water temperature of at least 6°C is

required for the downstream migration of eels (Durif and Elie, 2008). While some potamo-

dromous species and salmonids tend to move downstream in spring (March-June), others –

for example the adult European eel – prefer the time from August to November (Sandlund

et al., 2017). Especially juvenile fish and the European eel were observed to move down-

stream at dawn or during the night (Travade et al., 2010; Schmalz et al., 2012; Ebel, 2016).

Conversely, juvenile salmonids were shown to rely on visual as well as hydrodynamic cues

(Kemp and Williams, 2009; Vowles and Kemp, 2012; Vowles et al., 2014). Potamodromous

species perform long distance movements mainly in their juvenile and in their reproduct-

ive age. Most species synchronize the migration within the population meaning that a large

number of individuals migrate simultaneously. Especially for small fish, schooling might

improve energy expenditure and protection from predators. The main downstream migration

time for Atlantic salmon smolts lies between February and June (Hendry and Cragg-Hine,

2003; Peter, 2015). The transition from fresh to salt water (smoltification) is triggered by

genetic as well as environmental factors (Schwinn et al., 2017). Various obstructions and the

associated delay can negatively affect this process.

Figure 2.1 Main migration times of selected species and life stages; adapted from Ebel (2016)
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2.2.3 Swimming speed

The swimming behaviour and capacity of the selected target fish species are commonly used

as a reference for the development of mitigation measures and FGSs. The fish swimming

capacity is determined by the red (aerobic) and white muscles (anaerobic) and depends on

the fish size and shape as well as the water temperature. The fish swimming speed is often

used as an indicator for the swimming capacity. Three different fish swimming speeds are

classified in the following (Blaxter, 1969; Beamish, 1978; Pavlov, 1989; Wardle et al., 1995;

Adam and Lehmann, 2011; Ebel, 2016; Katopodis and Gervais, 2016):

Sustained swimming speed (vsustained): Normal swimming speed of a fish, at which it can

swim actively against the current for a time period longer than 200 minutes without exhaus-

tion. The maximum sustained swimming speed of most species lies at 2-3 times their body

length per second (bl/s), while it reaches up to 4 bl/s for salmonids. This swimming speed is

commonly used to define the maximum flow velocity in the design of FGSs, beyond which

the efficiency of these structures for the target fish species is expected to be compromised.

Prolonged swimming speed (vprolonged): Energy consuming swimming speed, which can be

maintained up to a maximum of 200 minutes until exhaustion.

Burst swimming speed (vburst): Maximum sprinting speed that can only be held for 10-

20 seconds corresponding to 10-12 bl/s for adult fish and 12-15 bl/s for juveniles. Afterwards,

the fish are exhausted and need a regeneration time of up to 24 hours.

The above described fish swimming speeds are much lower for eels. Unfavourable environ-

mental conditions such as low water temperatures or the lack of oxygen can further reduce

the swimming capacity. Table 3.10 in Chapter 3 shows the swimming speeds of the fish

species tested in this study according to Ebel (2016).

2.3 Fish mortality during downstream movements

Downstream moving fish are subject to a natural mortality rate due to a weakened immune

system after spawning in case of juveniles or due to predation in general. The impoundment

of rivers increases the mortality caused by predators (Larinier and Travade, 2002; Okland

et al., 2016).

When fish encounter a run-of-river HPP during their downstream movement they tend to

follow the bulk water flow and thus end up passing through the turbines, over the spillways or

through sluice gates, or are hindered by trash racks. Figure 2.2 shows the associated damage

potential of various passage routes. Other passage routes such as upstream fish passes are



2.3 Fish mortality during downstream movements 11

rarely used at medium- to large-sized HPPs, since the discharge is usually not high enough

to attract the downstream moving fish (Pelicice and Agostinho, 2012).

The passage through turbines entails a high risk of injury or mortality due to direct striking

by the turbine blades, sudden pressure changes, high shear stresses or turbulence intensities

(Abernethy et al., 2001; DWA, 2005; Deng et al., 2011). For Kaplan and Francis turbines,

the mortality rate lies at 5-20% and 5-90%, respectively (Larinier, 2008). For eels, these

numbers are expectedly a lot higher due to their body morphology (Ebel, 2008; Calles et al.,

2010). Generally, the mortality increases with increasing fish size, turbine blade number

and rotation speed, and with decreasing turbine size (Coutant and Whitney, 2000; EPRI and

DML, 2001; Halls and Kshatriya, 2009). The lowest damage rates are expected for large,

slowly rotating bulb turbines with few blades.

cause of damage

obstacle

installations,
obstructions

electrical
fish barrier

turbines,
pumps

overflow
spillway

sluice

screens, 
guiding 
structures

impingementpressure
changes

contact
pressure

electrical
field

predation

Figure 2.2 Damage causes of different passage routes of downstream moving fish at run-of-river
hydropower plants; adapted from Schmalz et al. (2015)

Partial load operation increases the fish mortality rates and the loss of orientation further

leads to an enhanced predation pressure in the tailwater channel (Cada et al., 1997). Espe-

cially for eels, the trash racks installed in front of the turbine intakes pose another high risk

for injuries. If approach flow velocities are high, eels are impinged against the rack, where

they are likely to get injured by the rack or the rack cleaning machine. No exact numbers

for the mortality rates at a HPP can be specified since the delayed mortality of injured fish

can be high (Ferguson et al., 2006). Several models for the estimation of the number of fish

harmed during turbine passage exist, however (Ebel, 2016).
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For Kaplan turbines used at large HPPs in Switzerland, the mean survival rate without any

downstream protection measures is estimated to range from 80% up to 95% (BAFU, 2016).

Nevertheless, if the mortality rate of a single HPP amounts to 5-10%, a cascade of 10 HPPs

leads to a 40-65% mortality rate. No specific survival rate per HPP or for a cascade of

HPPs required for the species’ preservation has been defined in Switzerland. However, it is

of prime importance to define a strict objective for long distance migrators, since they will

pass a larger number of HPPs during their migration. The European regulation on eels (EC

Regulation No. 1100/2007) defines the target that 40% of the eel biomass should reach the

sea. Belgium and the Netherlands have defined a species-specific maximum HPP-related

mortality rate of 10% for salmon over the entire river reach accounting for all HPPs of the

Maas and the Moselle rivers (IMK, 2011).

The fish survival rates at weirs and stilling basins are currently largely unknown, but could

be substantial due to the high turbulence, pressure changes, solid obstacles or oxygen super-

saturation. Note that fish protection systems - if poorly designed - can also lead to injury and

mortality rates in the same range as the turbine mortality. Okland et al. (2016) investigated

the migration routes of salmon smolts at three small German hydropower plants with down-

stream fish passage facilities. The total loss at the Unkelmühle power plant with a vertically

inclined bar rack and a surface bypass system still amounted to 13% mostly due to increased

predation and injuries in the bypass system (Wilke et al., 2019). They further found that the

predation in the impoundment was higher than in the river reach downstream of the HPP.

2.4 Fish protection and downstream passage technologies

The protection of downstream moving fish can entail securing a fish-friendly turbine pas-

sage or the implementation of bypass systems guiding the fish around the HPP (Table 2.1).

The latter demands for innovative solutions, which have to be adapted to the ecological re-

quirements of the local fish species and the hydraulic conditions at a specific HPP site. The

present study focuses on mechanical behavioural barriers for protecting and bypassing fish.

Therefore, the classification and a detailed description of other technologies can be found

in the literature (Larinier and Travade, 2002; DWA, 2005; Turnpenny and O’Keeffe, 2005;

USBR, 2006; Kriewitz et al., 2012; Kriewitz, 2015; Ebel, 2016).
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Table 2.1 Overview of downstream passage technologies for the safe passage or bypass of fish to the
tailwater channel and according examples, adapted from Kriewitz (2015)

al

/ skimming walls
al barriers

2.5 Fish guidance structures

FGSs can be divided into those with narrow bar spacings functioning as physical barriers, and

those with wider bar spacings functioning as mechanical behavioural barriers. The former

keeps fish from turbine entrainment with narrow clear bar spacings sb = 10...30 mm based on

the size of the target fish species. These physical barriers can consist of vertical or horizontal

streamwise-oriented bars, herein termed ‘vertically inclined bar racks’ (VBRs) or ‘horizontal

bar racks’ (HBRs), respectively (Figure 2.3). VBRs are placed with a vertical angle γ to the

intake and are combined with a surface BS (Figure 2.3b), while HBRs are placed with a

horizontal angle α to the flow direction combined with a lateral BS (Figure 2.3d). Most of

the fish have a proportion index larger than one, which means their height is larger than their

width (Ebel, 2016). Therefore, higher fish guidance efficiencies (FGEs) of physical barriers

are expected for HBRs in comparison to VBRs for similar bar spacings. HBRs are widely

used and approved by authorities (DWA, 2005; BAFU, 2012) and have been successfully

applied at many HPPs in Germany, Switzerland and Sweden (Ebel, 2016; Meister, 2020).

Until now, HBR application has been limited to relatively small HPPs with Qd ≤ 120 m3/s
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(Meister et al., 2020b), complying with the velocity limitation for physical barriers to avoid

fish impingement, i.e. the average velocity component normal to the rack Vn should not

exceed the sustained swimming speed of fish (Turnpenny and O’Keeffe, 2005; Ebel, 2016).

In general, HBRs are placed across an intake canal or forebay at an angle to the flow direction

of typically α = 30◦...45◦. Since HBRs are subject to clogging by organic fine material

like leaves and branches, sophisticated rack cleaning machines are needed. HBRs can be

configured with either bottom, top or both bottom & top overlays to improve the FGE and

the diversion of driftwood and/or sediment to the bypass (Meister et al., 2020b,c). VBRs

have been investigated with regard to head losses and flow fields (Raynal et al., 2013a) and

are installed at HPPs in France (e.g. Las Rives, Pébernat) and Germany (e.g. Unkelmühle

HPP). The vertical inclination guides the fish to a near-surface bypass, which might reduce

the FGE for bottom oriented fish.

b a awo

sb sb sb

d) Horizontal bar rack (HBR)b) Verticall inclined 
         bar rack

DhR
Flow 
Direction

ho
DhRDhR

DhR

c) Louver & angled bar racksa) Conventional trash rack

sb

hds

Figure 2.3 Classification of bar rack types according to rack and bar angle, adapted from Albayrak
et al. (2020b)

The operating principle of mechanical behavioural barriers with wider clear spacings intends

to protect fish with distinct hydrodynamic cues instead of physically shielding them from the

turbine intake. These FGSs include louvers, angled bar racks and modified angled bar racks

(MBRs) (Bates and Vinsonhaler, 1957; EPRI and DML, 2001; Amaral, 2003; Raynal et al.,

2013a; Albayrak et al., 2020a). They typically consist of vertical bars oriented with an angle

between β = 45◦...90◦ to the flow direction with clear bar spacings sb = 25...100 mm (Fig-

ure 2.3c). The vertical bars are oriented with a bar angle of β = 90◦ to the flow direction

for louvers, while they are β = 90◦−α and β 6= 90◦−α for angled bar racks and MBRs,

respectively (Figure 2.4). These FGSs are typically placed in front of a water intake at an

angle α = 10◦...45◦. The vertical bars of all three described FGSs create flow separations

and thus distinct pressure and velocity gradients, which are perceived and avoided by ap-

proaching fish. The rack-parallel velocity component Vp guides the fish towards a bypass

system. Courret and Larinier (2008) introduce the ratio of the parallel to the normal velocity

component Vp/Vn as the fish guidance capacity (FGC) and propose Vp/Vn > 1 for a high

fish guidance efficiency. Mechanical behavioural barriers induce strong hydrodynamic cues
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and allow for a wider bar spacing thus reducing the hydraulic resistance (EPRI and DML,

2001; Albayrak et al., 2018). In contrast to physical barriers, they are therefore suitable for

all-sized HPPs but in particular for medium-to-large HPPs with Qd > 120 m3/s.

Angled 
bar rack

90°90°

Louver

45°

 Modified angled 
 bar rack (MBR)

Figure 2.4 Definition of bar attack angle at angled FGSs with vertical bars, namely louvers, angled
bar racks and modified angled bar racks (MBRs), adapted from Kriewitz (2015)

In addition to the angled bar racks shown in Figure 2.4, Raynal et al. (2014) investigated

angled bar racks with vertical bars oriented in streamwise direction. These particular FGSs

can act as a physical barrier with small clear bar spacings or as mechanical behavioural

barriers with larger clear bar spacings.

2.5.1 Hydraulic head losses of mechanical behavioural FGS

Trash racks have always been in use at HPPs and water intakes in general to protect the

turbines or other hydraulic infrastructure from large debris. At run-of-river HPPs, head losses

induced by conventional trash racks are of particular interest for economic reasons (power

production) as well as constructional reasons (static load). Hydraulic head losses of trash

racks were first addressed by Kirschmer (1926). The head loss equation he proposed was

thereafter refined by e.g. Zimmermann (1969); Meusburger (2002); Clark et al. (2010).

Regarding FGSs, Raynal et al. (2013a) studied the head losses and the induced flow fields

of angled bar racks in a straight open channel flume. In a 1:2 scale laboratory model, they

investigated angled bar rack configurations with 10 - 30 mm bar spacings (prototype dimen-

sions), rack angles α = 30◦, 45°, 60°, 90° and the resulting bar angles β = 90◦−α = 60◦,

45°, 30°, 0° for rectangular and hydrodynamic bar shapes. The authors emphasized the im-

portance of taking into account the bar shape, the blockage ratio σtot (total blockage of bars

and spacers) and the rack angle α and proposed the following head loss prediction equation

for angled bar racks:

ξR = Ki ·
(

σtot

1−σtot

)1.6

·Kα with Kα = 1+ ki ·
(

1−σtot

σtot

)3

·
(

90°−α

90°

)2.35

(2.1),
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where Ki = bar shape factor = 2.89 or 1.7 for rectangular or hydrodynamic bars, respect-

ively, Kα = rack angle factor depending on the bar shape and ki = bar shape factor for the

determination of Kα . Due to the geometrical design of angled bar racks with β = 90◦−α ,

β was large for small α , resulting in high head losses for low rack angles α and small bar

spacings.

Albayrak et al. (2018) studied the head losses of louvers and MBRs for a wide parameter

range. They conducted systematic laboratory experiments to assess the hydraulic head losses

and developed a new formula based on the functional relations between the main parameters:

rack angle α , bar angle β , and clear bar spacing sb as well as the secondary parameters: bar

depth db, bar shape K, and submergence depth hs (Figure 2.5). The other parameters in

Figure 2.5 are the up- and downstream flow depth Uo and Uds, respectively, the downstream

flume width wds, the bar thickness tb, and the up- and downstream flow depth ho and hds.

wds

hds
db

sb

tb

tb

Figure 2.5 Detailed schematic illustration of (a) top view of the flume setup with a louver, (b) top
view of cross-sectional bar shapes, (c) side view of geometric parameters for the physical
model investigation on louvers and MBRs; adapted from Albayrak et al. (2018)

The rack head loss coefficient ξR = f(α, β , sb, db, hs, K) is a non-dimensional parameter and

a function of the above described rack and bar parameters. The rack angle α , the bar angle β

and the clear bar spacing sb characterise the basic geometric rack properties. According to

Albayrak et al. (2018), the basic (subscript B) rack head loss coefficient ξB = f(α, β , sb) is a

function of these main parameters. The head loss factors CL, Cκ and CS account for effects of

the secondary parameters bar depth, submergence depth and bar shape, respectively. Overall,

the rack head loss coefficient ξR is a product of the basic head loss coefficient ξB and the head
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loss factors:

ξR = ξB ·CL ·Cκ ·CS (2.2)

ξB = 245
[
0.0275+(σ −0.0815)

(
α

90°

)](
β

90°

)5σ0.44

(2.3)

CL = ε

[
1+9.4σ (1− ε)−3.8(1− ε)

(
α

90°

)]
(2.4)

Cκ = κ
6.6
√

σ (2.5)

CS =

[
0.75+

(
62◦−α

90◦

)
4.5σ

]
, for rounded bars (2.6)

CS = 1, for rectangularbars, (2.7)

with σ = tb/(tb + sb) = non-dimensional bar spacing = blockage ratio of the vertical bars,

ε = db/Db = bar depth relative to the initial bar depth of Db = 100 mm and κ = hs/ho =

relative submergence depth.

The impact of α and σ showed a strong reciprocal effect. Albayrak et al. (2018) found that

the influence of σ on ξR decreased for acute angles. While the basic head loss coefficient

was reduced by 78% by increasing the bar spacing from sb = 50 mm to sb = 230 mm for

the MBR with β = 45◦ and a rack angle α = 45◦, the head loss reduction for wider bar

spacings was almost negligible with α = 15◦. Decreasing the bar angle β decreased the

head losses for all rack configurations. Figure 2.6 shows the measured and predicted head

loss coefficients (Eq. 2.2) for all rack configurations investigated by Albayrak et al. (2018).

The predicted head losses agree well with the measured values. Figure 2.6 demonstrates that

the head loss coefficients differ greatly between rack configurations and far exceed the head

losses caused by conventional trash racks. According to Meusburger (2002), the trash rack

head loss coefficients for 43 investigated Swiss run-of-river HPPs lie between 0.1≤ ξR≤ 5.2,

whereby ξR < 3 for most HPPs. The head losses caused by the recommended MBRs are in

the range of 2.0≤ ξR ≤ 3.5 (blue markers in Figure 2.6).

,

,

,

,
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p

m

Figure 2.6 Comparison of predicted (ξ R,p) and measured (ξ R,m) head loss coefficients for selected
louver and MBR configurations (a) louver with α = 15◦, 30°, 45° and sb = 50 mm (σ =
0.17), (b) MBR analogous to (a), and (c) MBR with α = 15◦, sb = 110 mm, 230 mm
(σ = 0.08, 0.04); the blue area represents typical values for trash racks found at Swiss
low-head HPPs according to Meusburger (2002); adapted from Albayrak et al. (2018)

Meusburger (2002) additionally studied top, bottom, right, left and corner overlays attached

to trash racks modelling different clogging patterns. He assessed that the head losses of racks

with a small blockage ratio reacted more sensitively to an additional blockage by overlays.

Since he only investigated conventional intake trash racks, he did not assess the impact of

a rack angle α or bar angle β on the head losses caused by overlays. However, overlays

are important components for FGSs since they can be used to guide drift wood, organic fine

material and sediment to the bypass. Furthermore, several studies highlight that top and bot-

tom overlays on FGSs could increase the guidance efficiency for surface and bottom oriented

fish, respectively (EPRI and DML, 2001; Boes and Albayrak, 2017; Albayrak et al., 2020a).

The effect of a hBo = 0.11 · ho bottom overlay (subscript Bo) on the head losses caused by

MBRs was investigated by Moretti (2015) for different bar angles β . For large bar angles

(β = 90◦) the rack head losses were reduced with a bottom overlay, whereas for smaller bar

angles (β = 45◦), the rack head losses were increased with a bottom overlay resulting in the

following head loss factor for bottom overlays proposed by Boes and Albayrak (2017):

CBo = 0.82(sinβ )−0.8. (2.8)
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No systematic parameter study is available on the effect of overlays on the hydraulic head

losses of FGSs with various rack angles or bar spacings.

2.5.2 Flow fields at mechanical behavioural FGSs

Flow field upstream of the FGS

The flow upstream of mechanical behavioural FGSs was investigated by means of laboratory

experiments (Katopodis et al., 2005; Shepherd et al., 2007; Chatellier et al., 2011; Raynal

et al., 2013a; Albayrak et al., 2020a). These studies report that the flow velocity increases

along the rack and toward the bypass, reaching up to Umax = (1.6...2.5) ·Uo for louvers and

(1.2...1.6) ·Uo for MBRs, depending on the rack angle and the bypass operation, with Umax =

maximum flow velocity at the downstream (d/s) rack end and Uo = mean approach flow ve-

locity (Bates and Vinsonhaler, 1957; Ducharme, 1972; EPRI, 1998; Shepherd et al., 2007;

Albayrak et al., 2020a). The results from field and laboratory tests with live fish revealed

that the FGE through a bypass could be impaired by unfavourable hydraulic conditions at the

bypass entrance, i.e. locally decreased flow velocities, even if fish guidance along the rack

was high (USBR, 2011; Albayrak et al., 2020a). The ratio of bypass entrance to approach

flow velocity of Uby,in = (1.1...1.5) ·Uo is recommended for louvers (USBR, 2006) and is

expected to be similar for other FGSs. Albayrak et al. (2020a) conducted velocity measure-

ments using two-dimensional Laser Doppler Anemometry (2D-LDA) and reported a strong

flow deflection for louvers leading to a non-uniform flow distribution along the rack and a

negative transverse velocity component through the rack of up to V = −0.5 ·Uo directly in

front of the bypass entrance (Figures 2.7a,b). Despite similar flow patterns, they reported

that flow deflection and acceleration reduced and flow diversion through the rack was more

uniform along the rack for MBRs compared to louvers (Figures 2.7c,d). To allow fish to

actively remain in front of the rack and hence avoid fish entrainment through the rack the

normal velocity component to the rack Vn should be smaller than the sustained swimming

speed of fish (Bates and Vinsonhaler, 1957; Turnpenny and O’Keeffe, 2005; Ebel, 2016).
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d)

c)

Figure 2.7 Relative flow velocities in streamwise U and spanwise V direction normalised with Uo,
measured close to the flume bottom at z/ho = 0.06 with 2D-LDA for (a,b) louver with
α = 15◦ and β = 90◦, and (c,d) MBR with α = 15◦ and β = 45◦ (Albayrak et al., 2020a)

Flow field around bars

Tsikata et al. (2009) and Tsikata et al. (2014) investigated the flow field around and between

the bars of an intake trash rack by means of PIV measurements. They confirmed that the

increasing flow velocity in combination with a reduced vortex intensity caused by narrower

bar spacings led to an intense shear zone along the bars, which was responsible for the res-

ulting energy dissipation and hence hydraulic head losses. The bar depth db itself, however,

had hardly any effect on the flow field and thus on the head losses (Figure 2.8b). They fur-

ther investigated the flow field in a straight channel around a trash rack with bars angled at

0◦ ≤ β ≤ 12◦ and confirmed the findings of Spangler (1928) that head losses increased sub-

stantially with increasing bar angle. Increasing the bar angle led to larger recirculation zones

at the rear end of the bars. The effective blockage therefore became larger leading to higher

flow velocities between the bars (Figure 2.8c). At the leading edge of the bars, a strong

increase of the transversal flow velocity V was observed very close to the bar. The mean
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velocities and turbulence intensities were barley affected by the bar inclination, however.

At the downstream end of the bars, a highly turbulent region defined by two counter-rotating

vortices was formed, where low flow velocities prevailed. The region became larger in length

and width with increasing bar inclination or increasing flow velocity. The magnitude of the

vorticity downstream of the bars increased as well (Tsikata et al., 2009). Longitudinal ve-

locity profiles along the bars and in the downstream channel showed that for more strongly

angled bars a greater distance was required for re-adjustment of the flow, i.e. for the flow

characteristics such as turbulence intensity and flow velocity to become uniform. In contrast,

Figure 2.8d and further investigations with rounded or streamlined bar shapes showed sig-

nificantly reduced head losses compared to rectangular bars (Kirschmer, 1926; Clark et al.,

2010; Tsikata et al., 2014).

Figure 2.8 Contours of the mean normalised velocities in streamwise direction (U/Uo) from PIV
measurements showing (a) the velocity field at conventional trash rack bars, (b) the effect
of increased bar depth, (c) the effect of angled bars, and (d) the effect of bar shape on the
flow pattern; from Tsikata et al. (2014)

Downstream flow field and turbine admission flow

Energy losses originate not only from the rack head losses but also from decreased turbine

efficiency associated with the rack effect on the turbine admission flow. The flow field prop-

erties at the turbine intake significantly affect the turbine efficiency. According to Godde

(1994), the following criteria for the turbine admission flow should be met for a symmet-

rical flow distribution and hence high turbine efficiency: (i) the mean flow velocity in each

intake quadrant should not deviate by more than 10% from the mean admission flow velo-

city; and (ii) the mean flow discharge in the left and the right vertical intake half, Qleft and

Qright, should amount to between 47.5% and 52.5% of the total admission flow discharge,

i.e. ∆Q/Qt =| Qleft−Qright | /Qt ≤ 5%. Raynal et al. (2013a) reported a highly asymmetric
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flow field downstream of an angled bar rack with α = 45◦, with a large recirculation zone

on the flume side downstream of the d/s rack end leading to accelerated flow on the opposite

flume side. Kriewitz (2015) and Moretti (2015) reported similar flow patterns for louvers

and MBRs with larger recirculation zones for louvers due to the increased flow deflection for

higher bar angles β (Figure 2.9).

Figure 2.9 Mean resulting velocities normalised with Uo up- and downstream of a louver with α =
45◦, β = 90◦, σ = 0.17 (sb = 50 mm) resulting from PIV measurements at z/ho = 0.125
(Kriewitz, 2015)

Table 2.2 shows the hydraulic performance of different MBRs and louvers investigated in

a laboratory flume by Moretti (2015) and Albayrak et al. (2020a) regarding the head losses

ξR, the velocity increase towards the d/s rack end Umax/Uo and the turbine admission flow

quality ∆Q/Qt . Merely the MBR configuration with α = 15◦, β = 45◦ and a bottom overlay

with hBo = 0.11 ·ho led to an acceptable admission flow.

Table 2.2 Head loss coefficients ξR and flow field parameters for louvers and MBRs with sb = 50 mm
investigated in a laboratory flume at Uo = 0.6 m/s (Moretti, 2015; Albayrak et al., 2020a);
it is indicated whether the discharge criterion proposed by Godde (1994) is met (+) or not
met (−) 2 m downstream of the d/s rack end

FGS
α β ξR hBo Umax/Uo Discharge per ∆Q/Qt

[°] [°] [-] [m] [–] intake half [%] [%]

Louver 15 90
9.2 0 2.60 74.1 / 25.9 48.2 −

7.6 0.11ho – 60.6 / 39.4 21.2 −

MBR 15 45
1.7 0 1.60 52.8 / 47.1 5.7 −

1.9 0.11ho – 47.7 / 52.3 4.6 +

MBR 30 45
2.2 0 1.55 60.2 / 39.8 20.4 −

2.3 0.11ho – 58.9 / 41.1 17.8 −
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Bates and Vinsonhaler (1957) suggested flow straightening vanes to reorganise the flow

downstream of a louver, eliminate the backwater effect, and achieve an evenly distributed

flow diversion toward the turbines. Shepherd et al. (2007) introduced curved bars with an

upstream bar angle β = 31.4◦ or β = 41.2◦, and an outflow angle of δ ≈ 20◦. They tested

FGSs with curved bars with rack angles of α = 7.2◦ and α = 17.0◦. They showed that the

curved bars improved the upstream flow field with Umax = 1.7 ·Uo compared to the rect-

angular, straight bars with Umax = 2.5 ·Uo, hence leading to lower velocity gradients and

expectedly better fish guidance. Although the authors did not quantify the downstream flow

fields, these results indicate that curved bars can be an alternative to vanes not only for

louvers but also for MBRs.

2.6 Ethohydraulics of mechanical behavioural FGSs

2.6.1 Effect of hydrodynamic cues on fish behaviour

Fish are able to perceive spatial velocity gradients (SV G) due to the induced pressure dif-

ference inside the canals and pores of their lateral line organ. Various studies have linked

the observed fish behaviour to hydrodynamic cues such as velocity or pressure gradients, or

turbulence. Depending on their body size and shape, fish react differently to turbulent struc-

tures. It was shown that fish avoid areas of high turbulence or high Reynolds shear stresses

to optimise their energy expenditure and to remain stable (Silva et al., 2012a). Infrequent ed-

dies, which are about the size of the fish body promote fish rotation and disorientation (Tritico

and Cotel, 2010; Silva et al., 2012a), whereas eddies much larger than the fish length do not

affect fish balance (Lupandin, 2005; Webb and Cotel, 2010). While fish could be attracted

to predictable turbulent flow if they are strong enough to maintain their stability and exploit

the flow structures in boundary layers (Figure 2.10a), they avoid unpredictable vortex struc-

tures (Enders et al., 2003). Webb and Cotel (2010) and Silva et al. (2012a) observed that a

spread of the pectoral fins helped fish to control their stability while swimming in turbulent

flows. Swimming in turbulent flows increases the energy expenditure and thus reduces the

swimming capacity of fish depending on their body length. Lupandin (2005) found that the

fish swimming performance tended to decrease for vortices which were about 2/3 of the fish

body length (Figure 2.10b).

Fish can use the reduced wake flow behind an object to remain steady without much effort.

Liao et al. (2003) further observed that fish exploited vortex structures to move against the

current with little fin activity (Kármán gaiting). However, it can be assumed that species with

extreme body shapes (e.g. eels) have more difficulty to remain stable and thus avoid highly

turbulent flow (Liao, 2007). Investigations of sensory feedback by vision and the lateral line
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organ suggest that fish are more likely to avoid turbulent flows at lower light levels (Pavlov

et al., 2000).

(b)

(a)

Figure 2.10 Effect of eddy size on the fish swimming stability; (a) fish can hold swimming position
in small eddies and (b) larger-scale eddy can lead to instability and rotation of the fish
body, adapted from Lacey et al. (2012)

Nestler et al. (2008) introduced the term “total hydraulic strain” as a distortion metric, which

is defined by the sum of all nine spatial velocity gradients of the gradient tensor. They sug-

gested that a fish is accustomed to a certain total hydraulic strain. An obstacle in the water

increases the hydraulic strain. If the elevated hydraulic strain was smaller than a certain

threshold value, fish swam in the direction of increasing flow velocity. Conversely, if the

threshold value was exceeded, fish tended to swim in the direction of decreasing water ve-

locity or even swam back upstream. This hypothesis was supported by a field study at the

fish guidance facility of Lower Granite Dam. Within the same field study, Goodwin et al.

(2007) observed that fish entered a bypass that they had rejected before and thus emphasized

the ability of fish to acclimate to a certain total hydraulic strain.

2.6.2 Fish swimming behaviour at mechanical behavioural FGSs

Despite a few recent ethohydraulic and field studies, the knowledge about the behaviour of

fish when encountering a movement barrier is highly incomplete. In several studies it was

postulated that downstream moving fish switched to positive rheotaxis when they perceive

the hydrodynamic cues of an approaching obstacle (Russon and Kemp, 2011; Lehmann et al.,

2016; Silva et al., 2016).
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Bates and Vinsonhaler (1957) and Anderson et al. (1998) examined the behaviour of sal-

mons in a field study at a louver and of hatchery reared rainbow trout in a laboratory study

at an angled bar rack with curved bars, respectively. They both observed similar behavioural

patterns shown in Figure 2.11. If the flow velocity was lower than vsustained, the fish oriented

themselves tail first parallel to the flow, swimming actively against the current facing up-

stream (positive rheotaxis). With only little lateral movement, they approached the bypass

entrance while facing upstream (Figure 2.11a). Figure 2.11b/c shows the behavioural pattern

if the flow velocity was higher than vsustained. The fish swam closer to the rack and oriented

themselves parallel to the rack. They either turned their side orthogonal to the approach

flow and repeatedly moving away from the rack, which led to a faster movement towards

the bypass (Figure 2.11b) or they turned and dashed towards the FGS trying to get through

(Figure 2.11c). If they did not succeed they turned again facing upstream moving quickly

along the rack towards the bypass. Lehmann and Adam (2016) stated that by approaching

the FGS, fish oriented themselves orthogonally to the rack axis leading to a slight pressure

difference on either flank of the fish body. This caused the fish to be transported along the

rack towards the bypass like a yawing boat.

flow

flow

flow

(a)

(b)

(c)

Figure 2.11 Typical movements of salmons and rainbow trout along a FGS for (a) Uo ≤ vsustained: fish
are guided to the bypass with little lateral swimming movements, or for Uo > vsustained
the fish either (b) explore the rack and avoid it with short bursts, or (c) search along the
rack changing their rheotaxis; adapted from Shepherd (1998)
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Adam et al. (2002) and Silva et al. (2016) reported that eels generally showed a different

swimming behaviour. In both studies, the eels approached the FGS with their head first

(negative rheotaxis) and did not shy away before touching or even colliding with the rack. If

the eel managed to turn around, it tried to find a counterfort with its tail to push off and sprint

back upstream. Due to their morphology, however, even adult individuals up to 60 cm length

could pass through racks with a bar spacing of only 20 mm. The stamina of eels decreased

in lower water temperatures and the fish were therefore more prone to impingement at con-

ventional trash racks at approach flow velocities Uo > 0.5 m/s. For these reasons, alternative

eel guidance structures have been developed, which take advantage of the fish’s exploratory

behaviour and the fact that eels tend to swim close to the riverbed. A system called “Bottom

Galleryr” consists of a shelter fixed on the channel bed parallel to and directly in front of

the narrowly spaced FGS to collect the eels shying away from the rack (Adam et al., 2002).

Another solution proposed by Hassinger and Hübner (2009) entails a collection pipe with

entrance holes mounted parallel to the rack on the riverbed. However, these systems have

not been approved to be efficient for high approach flow velocities or in case of sediment

aggradations. The installed downstream collection and bypass system for eels at the HPP

Schaffhausen on the Rhine river had to be taken out of operation due to the low efficiency

and the high maintenance effort and cost. Brown et al. (2009) studied the behaviour of

American eels in the forebay of a small HPP. Even at high approach flow velocities, the eels

spent a lot of time in the forebay searching for a bypass moving up and down in the water

column. The eels appeared to be repelled by light and thus preferred migrating at night.

These findings confirmed the behaviour of European eels described by Durif et al. (2002).

In addition to turbulent structures, fish perceive accelerating or decelerating flows, i.e. spa-

tial velocity gradients (SV G). When encountering acceleration, fish tend to switch to positive

rheotaxis (Haro et al., 1998). Enders et al. (2012) found that salmon smolts preferred stream-

wise spatial velocity gradients of SV Gx = ∂U/∂x≤ 1 s-1. Similar threshold values might be

applicable for other fish species. Increased velocity gradients led to a higher tail-beat fre-

quency and thus to a higher energy expenditure (Arenas et al., 2015). Haro et al. (1998) fur-

ther observed that salmon smolts avoided velocities higher than 1 m/s with burst swimming.

The fish were able to escape from velocities up to 2.3 m/s. Bates and Vinsonhaler (1957)

reported that a reduction of the flow velocity just in front of or inside the bypass caused con-

fusion and triggered hesitation, which was also observed by Albayrak et al. (2020a). Adam

and Lehmann (2011) observed that fish reacted sensitively to high SV G and shied away from

bypass openings with sudden velocity changes.
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2.6.3 Fish guidance efficiency

The fish guidance efficiency (FGE) of louvers was first investigated in a field study by Bates

and Vinsonhaler (1957). They reported the highest FGE = 90-99% for chinook salmon

(Oncorhynchus tshawytscha), steelhead trout (Oncorhynchus mykiss), striped bass (Mor-

one saxatilis) and American shad (Alosa sapidissima) at a louver with sb = 50 mm and

10° ≤ α ≤ 16° (Table 2.3). Ruggles and Ryan (1964) studied the FGE of floating louvers

with α = 11.2◦ and sb = 60 mm for the guidance of surface oriented fish. They reported

a FGE of 50% and 87% for chinook salmon fry and steelhead trout smolts, respectively.

Ducharme (1972) investigated the FGE of Atlantic salmon smolts at a V-shaped louver with

α = 12◦ and sb = 50 mm installed in a canal. The FGE increased from 57% to 80% after the

bypass was modified to increase flow velocities and reduce turbulence.

EPRI and DML (2001) investigated the FGE of louvers and angled bar racks with α =

15◦ and 45° for American eels (Anguilla rostrata) and seven potamodromous species from

hatcheries. They reported the highest FGE > 70% with a louver with α = 15◦ and a 0.3 m

high bottom overlay (hBo = 0.17 ·ho) at approach flow velocities between 0.3 - 0.9 m/s (Fig-

ure 2.12a, Table 2.3). The application of the bottom overlay led to a 21% and a 13% FGE

increase for louvers and bar racks, respectively. The authors concluded that louvers and

angled bar racks with α = 45◦ did not achieve satisfactory results regarding neither the FGE

nor the economic aspects due to high head losses but considered FGSs with α = 15◦ to have

a high potential for fish guidance.

Flügel et al. (2015) and Albayrak et al. (2020a) conducted live-fish experiments in the labor-

atory with five European fish species, namely the common barbel (Barbus barbus), spirlin

(Alburnoides bipunctatus), European grayling (Thymallus thymallus), brown trout (Salmo

trutta) and the European eel (Anguilla anguilla), investigating the FGE of louvers and MBRs.

They found that clear bar spacings sb > 50 mm significantly decreased the FGE, whereas the

approach flow velocity did not show a significant impact on the FGE. The tested louver with

α = 15° and sb = 50 mm resulted in high transverse flow velocities at the d/s rack end and

a strong velocity decrease at the bypass entrance. Fish avoided the area entirely, hesitated

or shied back from the bypass entrance leading to a higher rack passage rate and an overall

low FGE. Due to the improved flow conditions, MBRs led to a significantly higher FGE than

louvers. Furthermore, the application of a bottom overlay with hBo = 0.11 · ho eliminated

the transverse flow near the flume bed and increased the flow velocities inside the bypass,

resulting in a higher FGE. The highest FGEs of 73-100% were achieved with the MBR and

a bottom overlay (Bo) independent of the rack angle α (15° or 30°) (Figure 2.12b). Only

graylings showed a very hesitant behaviour. Even though no individual passed the rack, only
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35% of the fish swam into the bypass, i.e. 65% refused to enter the bypass system and swam

back upstream. Since the graylings were only tested with an MBR with α = 30◦ without a

bottom overlay, the average FGE of this FGS was affected accordingly in Figure 2.12b.

In addition to the MBR with α = 30°, β = 45◦, and sb = 50 mm, Flügel et al. (2015) and

Kriewitz (2015) investigated the FGE of an MBR with bars oriented in streamwise direction

(β = 0°). While the FGE of barbel was 100% for the MBR with β = 45◦, the FGE signi-

ficantly decreased to 58% for the MBR with β = 0◦. The FGE of spirlin was equally high

with 75 - 80% independent of the bar orientation. Since the flow field upstream of the MBR

with β = 0◦ is hardly affected (Raynal et al., 2014; Kriewitz, 2015), the high FGE of spirlin

is unexpected and could indicate that these fish also react sensitively to visual cues.

(a)

Bo Bo

(b)

Figure 2.12 a) Average FGE of angled bar racks and louvers with different rack angles α and with or
without a bottom overlay (EPRI and DML, 2001) and b) mean, minimum and maximum
FGE averaged over five tested fish species for different MBR configurations with and
without a bottom overlay (bo) (Albayrak et al., 2020a)

The FGEs determined in laboratory and field studies for various fish species vary greatly

(Table 2.3). Nevertheless, the studies in the past 20 years improved the knowledge of fish

behavioural patterns near FGSs significantly and enhanced the achieved FGE. Many recently

developed design guidelines therefore recommend FGSs as the “best practice” technology

for fish protection at run-of-river HPPs (Turnpenny et al., 1998; DWA, 2005; Turnpenny and

O’Keeffe, 2005; USBR, 2006; BAFU, 2012).
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Table 2.3 Fish guidance structures tested in laboratory or field studies and the achieved FGE desribed
by different authors
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2.7 Bypass system design

The function of a bypass system is to safely collect, carry and reintroduce the fish to the

river downstream of a movement barrier. An effective bypass design is therefore equally

essential as the design of the FGS itself. Most importantly, the bypass must be designed

according to the swimming capacity and behaviour of the local fish species. Previous studies

demonstrated that a poor bypass design leads to low FGE (Ovidio et al., 2017; Wagner

et al., 2019), but an optimal bypass design can significantly increase the FGE (Ducharme,

1972; Simmons, 2000; Lehmann et al., 2016). A bypass entrance must be easily found,

accepted and passed by all fish species without harm, delay, flight or exhaustion. This section

summarises the findings and recommendations from various laboratory and field studies, and

design guidelines, respectively.

2.7.1 Attraction and acceptance of the bypass system

To prevent migration or movement delays and exhaustion, fish should be guided efficiently

along a FGS and quickly find and accept the bypass system (Ebel, 2016). To this end, the

bypass entrance should be placed directly adjacent to the FGS, i.e. no more than 1-2 m

away (USBR, 2006; Larinier, 2008; Schmalz et al., 2012). Turnpenny and O’Keeffe (2005)

recommend to construct several bypass entrances along the rack for very wide approach

flow channels (> 100 m). Four bypasses were installed along the 98.3 m long louver of the

Tracy Fish Collection Facility (USBR, 2011). The entrance to each bypass is 15.2 cm wide

and 6.7 m high, and leads to a pipe via a transition section. For fish to easily find and be

attracted to the bypass entrance, the flow towards the bypass created by the FGS must not be

superimposed by other, stronger flow patterns. Lehmann et al. (2016) compared horizontal

bar racks with bypass openings at the end of the rack orthogonal or in line with the approach

flow in a laboratory study. They registered most fish passages for the combination of a

horizontal bar rack with a directly adjacent bypass system in line with the flow. The bypass

orthogonal to the main flow direction did not effectively attract the fish.

In the U.S., where FGSs are mainly designed for salmonids swimming near the water surface,

many bypass systems only have one opening in the upper part of the water column or a

surface collecting channel system. Since many European species swim anywhere in the

water column or along the riverbed, the implementation of bottom, middle or even fully

open bypass entrances need to be considered (Pavlov, 1989; Brown et al., 2009; Travade

et al., 2010). However, field studies showed that fixed bottom entrances quickly filled up

with sediments and were then no longer effective (Engler et al., 2016).

Ebel (2016) first introduced an open channel bypass system, which has been implemented in
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combination with a horizontal bar rack (HBR) at small HPPs in Germany, Switzerland and

Sweden (Figure 2.13). A vertical axis flap gate with top and bottom openings is installed at

the bypass entrance (cf. Figure 2.14), followed by a fixed or an adjustable overflow weir to

regulate the bypass discharge and thus the flow velocities at the bypass entrance. Ebel (2016)

proposes an inclination angle of 10°-30° for the adjustable weir for efficient fish guidance.

During the main fish movement times, the entrance flap gate is closed for controlled flow

conditions at the bypass entrance. During flood events or for flushing purposes, the entire

flap gate can be opened to increase the bypass discharge. If the weir is constructed as a

mobile element, it can be lowered in case the channel is used for flushing purposes. The flow

thereby needs to be regulated accordingly to avoid adverse surge and drawdown effects.

upstream water 
level

rack cleaning 
machine

guidance structure 
with bottom overlay

bypass inlet gate with 
top and bottom opening

open bypass
channel

power house

tailwater level

turbine outletsoverflow weir for discharge 
and velocity control

Figure 2.13 Illustration of a bypass design according to Ebel (2016) with an axial flap gate with bot-
tom and top openings at the bypass entrance and an adjacent overflow weir for discharge
control

Klopries et al. (2018) statistically analysed the results of 50 field studies from Australia,

North America and Europe on the efficiency of surface bypasses. This bypass design can

be combined with an inclined rack to guide the fish to the surface. They reported that the

efficiency was as low as 0 to 27% for the eel, which is classified a bottom oriented species,

but increased for surface oriented fish species, i.e. the Atlantic and Pacific salmon, and the

brown trout, to 14 - 94%, 13 - 89% and 0 - 97%, respectively. Tomanova et al. (2018)

conducted an extensive telemetry study with hatchery-reared Atlantic salmon smolts at four
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small- to medium-sized HPPs in France, which are all equipped with a vertically inclined

rack with sb = 20 mm and a surface bypass. They report high fish guidance efficiencies of

83 - 92% for this surface oriented fish species.

Haro et al. (1998) compared the swimming behaviour of Atlantic salmon and American

shad at a conventional sharp-crested weir and a new weir design called the NU-Alden weir,

which provides a uniform spatial velocity gradient in streamwise direction (SV Gx = ∂U/∂x)

of 1 m/s/m. The new design minimises flow separation and turbulence and is designed to

guide fish from an area of low flow velocity (0.5 m/s) to an area of high flow velocity (3 m/s)

at the top of the weir. Haro et al. (1998) reported higher fish passage rates for the NU-

Alden weir compared to the sharp-crested weir for Atlantic salmon smolts, but only a small

increase of passage rates for American shad. The NU-Alden weir is currently in operation

at the bypass entrance of a louver-bypass system in the Holyoke Canal. Enders et al. (2012)

confirmed the optimum SV Gx for actively migrating Chinook salmon smolts of 1 s-1. Silva

et al. (2016) conducted similar experiments to assess the passage rates of European eels

and Iberian barbels (Luciobarbus bocagei) at differently sloped weirs. Unfortunately, they

did not report the SV Gx at the tested weir setups. Up to date, there is no systematic study

available on the optimum SV Gx for the cyprinids tested in the present study, i.e. spirlin, nase

and the common barbel.

Field studies and ethohydraulic laboratory experiments demonstrated that the flow condi-

tions in front of the bypass entrance are decisive for fish acceptance and thus for high

FGE (Larinier and Travade, 2002; Kriewitz, 2015; Lehmann et al., 2016). High SV Gx,

an abrupt velocity decrease or highly turbulent flow triggered hesitation or a flight reac-

tion and thus decreased the FGE (Scruton et al., 2003; Enders et al., 2012; Kriewitz, 2015;

Kammerlander et al., 2020). Some authors therefore propose a velocity increase rate as

a bypass design parameter expressed by the ratio of bypass entrance velocity to mean ap-

proach flow velocity Uby,in/Uo. Ducharme (1972) observed the best louver-bypass system

guidance and acceptance rates for Uby,in/Uo ≥ 1.5 in a field study with Atlantic salmon,

which are strong swimmers. The USBR (2006) gives a general design value for all fish

species of Uby,in/Uo = 1.1...1.5 for louver-bypass systems, while Ebel (2016) recommends

Uby,in/Uo = 1.0...2.0 for HBR-bypass systems. Ebel (2016) further proposes maximum by-

pass entrance velocities of Uby,in = 0.3...1.5 m/s for all fish species. The findings of these

studies indicate that the bypass discharge needs to be regulated based on site-specific fish-

biological criteria. The discharge of the bypass system Qby at existing FGSs amounts to

2...10% of the design discharge (Odeh and Orvis, 1998; Larinier and Travade, 1999; Ebel,

2016).
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Abrupt velocity changes at the bypass entrance can be avoided with gradual transitions (Fig-

ure 2.14). Lehmann et al. (2016) reported the highest bypass acceptance rates of salmon

smolts, European eels and several potamodromous species for a bypass with a rectangular

opening and a smooth transition to an adjacent pipe with a radially symmetrical velocity pro-

file. Various authors propose a bypass entrance width of 0.5 - 1.0 m for all species (Larinier

and Travade, 2002; DWA, 2005; Turnpenny and O’Keeffe, 2005; USBR, 2006), whereas

Ebel (2016) gives recommendations for different fish species and sizes based on an extensive

data base from laboratory and field studies. Travade and Larinier (1992) further recommend

a minimum flow depth of 0.4 m at weirs, gates or other structures for safe fish passage and

to avoid a hesitant behaviour.

Figure 2.14 Vertical axis flap gate at the bypass entrance with a top and a bottom opening constructed
with gradual geometric transitions to achieve a gradual velocity increase, adapted from
BAFU (2012)

2.7.2 Design recommendations for unharmed bypass passage

The flow velocities inside the bypass should gradually increase until they are higher than

the fish swimming speed to prevent fish from swimming back upstream. To avoid injuries,

however, the flow velocity should not be higher than 5 - 6 m/s (Guensch et al., 2002; Ebel,

2016). Transitions and velocity changes within the entire bypass must be gradual to avoid

flow separation, high shear stresses, sudden pressure changes or high turbulence. The ma-

terials used should be smooth and non-corrosive and joints smoothly welded. Bends should

be implemented with a large radius to prevent injuries. USBR (2006) recommends a radius

of curvature larger than 5 times the pipe diameter or channel width (r/d > 5). According to

Turnpenny and O’Keeffe (2005) the radius should be larger than 3 m.

The bypass outlet should be located far enough from the HPP turbine outlet and should

release the fish above the water surface to avoid re-entering or schooling, which might attract

predators (Figure 2.15). Furthermore, a free surface bypass outlet avoids the formation of
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a hydraulic jump, which can lead to disorientation, high shear stresses, sudden pressure

changes or the entrainment of too much oxygen. A high dissolved oxygen content can cause

the fatal gas-bubble illness. The drop height of the bypass outlet should therefore amount to

1.8 - 2.4 m. The water depth at the impact zone should be at least 0.9 m. For higher drops, the

water depth should be at least 25% of the drop height (Odeh and Orvis, 1998; BAFU, 2012),

which has to be considered especially for HPPs with a fluctuating downstream water level.

Larinier and Travade (2002) propose maximum impinging velocities of 10 m/s to prevent

injuries.

Figure 2.15 Rocky Reach Dam with bypass tailrace outlet at Columbia River, Washington (Photo by
Chelan County PUD), view against flow direction

2.7.3 Operational aspects of the bypass system (BS)

The possibility of varying approach flow conditions due to different HPP operating scenarios

such as the shutdown of single turbines or flood events must be taken into account for the

design of a FGS-BS. A varying upstream water level or the blocking of the bypass entrance

by large wood also needs to be considered. As an example, the bypass entrance height is

adjustable to the varying headwater level at the Poutès Dam in France (Larinier and Travade,

2002).

The bypass is optimally designed in a way that bed load is continually or intermittently

transported or flushed downstream through the bottom opening and organic fine material

is regularly removed or transported through the surface opening. The installation of fish

counting devices in the bypass can be planned to monitor its effectiveness. DWA (2005)

demands that the bypass system is in operation during the entire movement period of the

local fish species. Ideally, the operation of the bypass system is only shut down during a

turbine shut down, i.e. during flood and/or flushing events. In case of inflows higher than the

HPP design discharge, fish can also use the overflow weir for a safe downstream movement
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as long as the drop height is not higher than 10 m, the fall velocity is less than 16 m/s and the

fish are not caught in a recirculation zone. The water volume in the stilling basin should be

above 10 m3 per 1 m3/s discharge to limit turbulence (Odeh and Orvis, 1998). The overflow

weir shape might thereby also have an effect on the FGE. Silva et al. (2016) found that the

FGE for eels increased to 90% for weirs with a 30° or 45° upstream inclination compared to

a vertical upstream weir face. They observed that the fish downstream passage was delayed

by the recirculation zone created in front of standard spillway crests. The opening of sluice

gates can further promote the safe downstream movement of bottom oriented eels if well-

designed (Engler et al., 2016).

2.8 Electrified fish guidance structures

Electrical screens as a sensorial behaviour barrier were investigated in several studies (DWA,

2005; Parasiewicz et al., 2016; Miehls et al., 2017). Despite promising results, they were

shown to be inefficient for fish protection in particular if approach flow velocities are high.

Electrified FGSs are hybrid barriers, which combine the protection and guidance effects

of physical and behavioural barriers, i.e. MBRs, CBRs or HBRs, and of the behavioural

effect of an electric field. Equipping a FGS with a weak electric field, i.e. a low voltage

(max. 80 V), leads to an additional fish avoidance reaction, similar to an electric fence for

farm animals (Tutzer et al., 2019). Fish recognise a rack earlier due to the electric field,

so that the reaction area of the fish is larger and they are not exposed to the increased flow

velocities between the bars. The rack is still installed at an angle to the flow creating a

velocity component parallel to the rack guiding the fish to the bypass. These so-called hybrid

FGSs could increase fish protection, especially for small fish or fish, which do not react

sufficiently to the hydrodynamic cues of a mechanical behavioural barrier (e.g. European

eel). In contrast to the constant direct current (cDC) used for electrofishing, the hybrid

FGSs are supplied with pulsed direct current with regular bursts (pDC) or with gated bursts

(gpDC), i.e. pulse groups followed by a longer pause.

Monan and Pugh (1964) determined the FGE of a widely spaced louver (sb = 120 mm)

equipped with an electrical field. The bars of the louver thereby acted as electrodes. In

the field tests carried out with juvenile steelhead trout, a louver with a rack angle α = 20◦

was energized with 15 pulses per second, each 60 V pulse lasting for 20 ms. The tests showed

no significant difference with or without electricity at an approach flow velocity of 0.76 m/s.

Pugh et al. (1970) suggested a sequentially pulsed field along the FGS to generate a sweep-

ing effect along the rack, which led to FGEs of up to 84% at Uo = 0.2 m/s and reduced to

43% at Uo = 0.8 m/s for chinook and coho salmon, and rainbow and steelhead trout. Since
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fish are believed to have a better sense of direction in variable fields, a pulsed field with

variable parameters could further increase the effectiveness of the hybrid FGS. The recently

developed “low-voltage electric fish guidance system” called NEPTUN takes advantage of

this effect (Parasiewicz et al., 2016). The semi-randomly varying pulses further inhibit a

habituation effect. Recent ethohydraulic tests on electrified FGSs have been carried out with

partly promising results. Berger (2017) has generated a weak electric field behind an HBR

and between the bars by electrifying the rack as the anode and a coarse steel mesh 20 cm

downstream of the HBR as the cathode. Even with a bar spacing of sb = 30 mm and ap-

proach flow velocities of up to 0.8 m/s, only 1% of the eels passed the rack compared to

15% without electrification. However, the study does not give detailed information about the

number of eels that passed the bypass or that swam back upstream and refused the down-

stream movement. Similar findings were reported by Tutzer et al. (2019) for the so-called

electric flexible fish fence consisting of electrified horizontal steel cables. They tested the

fish fence with α = 40◦ and a cable spacing of sb = 60 mm for European grayling, chub,

and brown trout at Uo = 0.43 m/s. The electrification reduced the number of fence passages,

i.e. increased fish protection, but the number of bypass passages, i.e. the fish guidance

efficiency, was not increased. Rost et al. (2014) electrified a trash rack with sb = 80 mm

with alternating current to investigate the protection and guidance of eels, salmon smolts and

rainbow trout. The protection efficiency was significantly increased with the electrification,

especially for eels. However, the alternating current also led to very hectic flight reactions of

the fish.

An advantage of such hybrid FGSs is thus, that the bar spacing can be increased by electrify-

ing the rack, reducing the clogging probability of floating debris. Ideally, the fish protection

remains the same or increases, while negative operational aspects are minimised. However,

avoidance and flight reactions are predominantly observed leading to an overall avoidance

of the FGS-BS (Tutzer et al., 2019). This might be effective to shield fish from intakes, but

at a run-of-river HPP, efficient downstream movement might be impaired because the fish

are not guided to the bypass. The question therefore arises how the FGE of a FGS can be

improved by adding an electric field. This research question is partly answered in this study

for the electrified CBR for European eels and spirlin.

2.9 Handling of large wood, organic fine material and sediments

Large wood (LW) can accumulate at the trash rack or the FGS at run-of-river HPPs. LW

accumulations reduce the available cross section, increase flow velocities and therefore sig-

nificantly increase the head losses at the rack (Lange and Bezzola, 2006). The back water
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rise caused by LW accumulations affect the flow conditions at the bypass entrance and can

lead to additional sediment aggradations. Furthermore, the FGE of the FGS and the attrac-

tion of the bypass are decreased by LW blockage especially for species swimming near the

water surface. Gudde (2016) investigated the LW clogging probability at MBRs and a louver

in laboratory experiments. She found that the probability of a single log to accumulate de-

creased with increasing Froude number and decreasing rack angle α . If a top overlay was

installed, the LW was guided along the rack and through the bypass decreasing the clogging

probability.

Pahud (2013) investigated operational counter measures during a flood event when surplus

discharge is released over the weir. He showed that LW accumulated at the d/s louver end

and in front of the bypass entrance if the turbines were operated during the flood event

(Figure 2.16a). If the turbines were shut down, however, the LW passed the weir and was

transported downstream even without a top overlay (Figure 2.16b).

(a) (b)

Figure 2.16 LW accumulations at the louver with α = 30◦ in the physical model (1:35) of a Swiss
run-of-river HPP after the simulation of a 100-year flood event if (a) turbines are in
operation and (b) turbines are shut down during the flood event; adapted from Kriewitz
(2015)

If a large amount of LW is expected, an additional trash rack or log boom can be installed

upstream of a FGS. However, these lead to further head losses and can act as an additional

behavioural barrier negatively affecting the efficiency of the FGS (Nestler et al., 2008).

HBRs characterized by small bar spacings (sb ≤ 30 mm) installed at small HPPs in Switzer-

land or Germany were in some instances quickly blocked by organic fine material (Ebel,

2016). MBRs and louvers characterized with larger bar spacings (sb ≥ 25 mm) are less prone

to blockage by sediments or organic fine material and thus need to be cleaned less frequently
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than VBRs or HBRs with narrow bar spacings. The processes of sediment transport in the

vicinity of a FGS are practically unknown. Depending on the bar spacing and the rack angle

it can be assumed that sediment might pass the FGS or settle in front of it. If parallel velocit-

ies Vp are high or a bottom overlay is installed, sediment can be transported along the FGS

and through the bypass. Due to the lack of knowledge, more studies are needed to investigate

the effect of FGSs on the sediment transport in the HPP forebay.

2.10 Hydraulic fundamentals

2.10.1 Turbulent flow structures in open channel flow

Rivers and open channel flows present complex 2D or 3D turbulent flow structures, which

play an important role in the transport and mixing processes of sediment, nutrients and oxy-

gen. Such turbulent flow structures affect both fish habitat quality and fish behaviour. In a

Cartesian coordinate system, U , V and W denote the components of the time averaged flow

velocity in the streamwise x, spanwise y and vertical z directions, respectively. Turbulent

eddies of various sizes occurring above a threshold Reynolds number create velocity fluctu-

ations in three directions. The instantaneous and corresponding fluctuating flow velocities

are u, v, w, and u′, v′ and w′, respectively (Figure 2.17, Eq. 2.9).

Figure 2.17 Coordinate system of open channel flow, adapted from Nezu and Nakagawa (1993)

The time averaged local streamwise flow velocity U is calculated and decomposed with the
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so-called “Reynolds decomposition” as

U =
1
n

n

∑
i=1

ui = u(t)−u′(t), (2.9)

with n = number of time steps t. The components V and W are calculated likewise (Surek

and Stempin, 2007). The time averaged velocity fluctuations (u′, v′, w′) in a long enough

time interval become zero.

The complete understanding of stochastic, turbulent flow processes requires the computation

of the velocity fluctuation components, which allow for a statistical analysis of the experi-

mentally acquired data. The turbulence intensity is hence defined by the root-mean-square

values (rms-values) of the fluctuating components (Figure 2.18):

urms =
√

u′2, vrms =
√

v′2, and wrms =
√

w′2 (2.10)

Figure 2.18 shows two time series of the instantaneous streamwise velocity u and the turbu-

lence intensity urms. Despite the same mean velocities, the turbulence level is clearly higher

in the first time series than in the second time series.

Figure 2.18 Two examples of a time series of instantaneous, streamwise velocities at a fixed position
in the water column (Pope, 2013)

The total shear stress τ [N/m2] includes the laminar or viscous shear stress and the turbulent

or Reynolds shear stress. In 2D turbulent flow it yields:

τ = τviscous + τReynolds = ρυ
∂U
∂ z

+ρ
(
−u′w′

)
, (2.11)

with ρ = fluid density in [kg/m3] and υ = kinematic viscosity in [m2/s]. At the channel bed

(z = 0), the total shear stress τ is referred to as the bed shear stress τbed . The viscous stress

.
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only applies in the viscous sublayer close to the wall and is often neglected since its effect

is small in hydraulically rough turbulent flows. The Reynolds shear stress follows a linear

distribution in 2D turbulent flow where secondary currents are absent:

−u′w′

u∗
=

(
1− z

h

)
, (2.12)

with u∗ = friction velocity and h = flow depth. The relation to the bed shear stress τbed,

which is the local sheer stress, follows as:

u∗ =

√
τbed

ρ
. (2.13)

The friction velocity u∗ can be calculated from the linear distribution of Reynolds shear

stress or the log-law (Eq. 2.15). If no detailed velocity data is available, the wall averaged

bed shear can be calculated as:

τbed = ρ ·g ·h ·Se, (2.14)

with Se = sinα − cosα · (dh/dx) = energy slope (Figure 2.17). If the flow is uniform, the

energy slope is replaced with the channel slope.

Open channel flow consists of two self-similar regions, namely the inner and the outer re-

gion, described by different scaling laws (Townsend, 1980). The flow in the inner region is

dominated by viscous forces and scaled by the friction velocity u∗ and the length scale ν/u∗.

This region is defined as z/h≤ 0.2. In the outer layer, the flow is controlled by inertial forces

and scaled with the depth averaged flow velocity Û . The log-law is valid in the inner region

and may extend to the outer region and its formula universally follows (Nezu and Nakagawa,

1993):

U+ =
1
κ

ln(
z
zo
), (2.15)

with U+ = u(z)/u∗, u(z) = time-averaged velocity at level z, z = distance from the channel

bed, zo = zero-velocity level of the flume bed, and κ = von Kármán constant. Given the

streamwise velocity profile, the friction velocity u∗ can be calculated using the log-law fit

(Eq. 2.15).

An important parameter to assess the fish behaviour in turbulent flows is the turbulent kinetic

energy (T KE). It describes the kinetic energy of the velocity fluctuations and is therefore a
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local indicator of the turbulence intensity (Rodi, 1984):

T KE =
1
2
(
u2

rms + v2
rms +w2

rms
)
, (2.16)

where T KE is in the unit [m2/s2]. In a fully developed turbulent open channel flow, the

normalised turbulence intensities urms/u∗, vrms/u∗, wrms/u∗ and the turbulent kinetic energy

T KE/u2
∗ follow the following universal distributions, i.e. self-similarities (Nezu and Nak-

agawa, 1993):

urms

u∗
= 2.30exp(−z/h), (2.17)

vrms

u∗
= 1.63exp(−z/h), (2.18)

wrms

u∗
= 1.27exp(−z/h), (2.19)

T KE
u2
∗

= 4.78exp(−2z/h). (2.20)

As shown in section 2.6.1, eddy size is an important measure for fish stability and position

choice. The energy cascade model described by Kolmogorov (1991) states that large eddies

with low frequency and a high turbulent kinetic energy density transfers their energy into

smaller eddies with higher frequency and a smaller turbulent kinetic energy dissipation (Fig-

ure 2.19). The smallest possible dissipative eddy is thus called the Kolmogorov microscale

ηk. Eddies smaller than this scale dissipate their kinetic energy by viscous heating and dis-

appear. The range of the eddy size spectrum increases as the Reynolds number increases

(Rodi, 1984).
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turbulent kinetic energy density

dissipation to heat

intermediate 
range

Large eddies Kolmogorov 
microscale ηk

Figure 2.19 Energy cascade model with different eddy scales and their energy transfer, adapted from
Heller (2009)

2.10.2 Spatial velocity gradients

The spatial variation of the velocity field is quantified by linear deformation (Eq. 2.21),

rotation (Eq. 2.22) and angular deformation (Eq. 2.23). The sum of these three processes

results in the spatial velocity gradient tensor T (SV G) comprising the nine spatial velocity

gradients (SV G) (Eq. 2.24):

T (SV G) =


∂U
∂x 0 0

0 ∂V
∂y 0

0 0 ∂W
∂ z

+ (2.21)
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Eq. (2.24) includes the derivative of each velocity component in all three directions. It is

unknown, which mechanism triggers a reaction in the fish movement. The magnitude of the
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total spatial velocity gradient is defined as

SV G =

√(
∂U
∂x

)2

+

(
∂U
∂y

)2

+ ....+

(
∂W
∂ z

)2

. (2.25)

Nestler et al. (2008) built the total hydraulic strain as the sum of the absolute values of all

nine velocity gradients. They related the total hydraulic strain in the forebay of a HPP to

the movement of steelhead trout and Chinook salmon at a mechanical behavioural guidance

structure, a surface bypass collector and a removable spillway weir. In their study, Nestler

et al. (2008) hypothesised that the fish swim towards areas with increasing flow velocities

as long as the hydraulic strain is lower than a specific threshold value triggering an avoid-

ance reaction. This threshold value can differ for different fish species or life stages. They

confirmed this hypothesis by comparing a computational fluid dynamics (CFD) model of

the HPP forebay with the movements of tagged fish. Furthermore, they observed that the

fish passed areas they initially rejected, which indicates that fish can acclimate to higher hy-

draulic strain, thereby increasing the threshold value for an avoidance reaction. Nestler et al.

(2008) do not specify any threshold values in their study.

Enders et al. (2012) investigated the fish behaviour at a vertical barrier with a bottom and

a top opening in a laboratory flume. They computed the spatial velocity gradient as the

velocity change across the fish’s body length, i.e. the length of the lateral line organ. Since

U was the dominant flow component in the straight open channel flume and the fish were

generally oriented in streamwise direction while moving downstream, they approximated the

spatial velocity gradients with

SV Gx = ∂U/∂x. (2.26)

They found that salmon smolts preferred spatial velocity gradients of SV Gx = ∂U/∂x ≤
1.0...1.2 s-1and showed an avoidance behaviour for higher SV Gx values. In contrast to the

SV G, the SV Gx allows for the identification of areas with acceleration as well as deceleration.

Fish are known to perceive spatial pressure gradients (SPG) with their lateral line organs

(Venturelli et al., 2012; Ristroph et al., 2015). The SPG is computed as the magnitude of the

pressure gradients in each flow direction as

SPG =

√(
∂P
∂x

)2

+

(
∂P
∂y

)2

+

(
∂P
∂ z

)2

. (2.27)

No threshold values for SPG triggering an avoidance reaction were found in the literature.
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3 Experimental setup and methods

3.1 Overview

The objectives of the present study are achieved by conducting small and large scale physical

model tests and a 3D numerical model study. In Section 3.2, the similitude, arising model and

scale effects of the physical model tests are discussed. The accuracy and the error propaga-

tion of the measurements are explained in Section 3.3. The model setup, the instrumentation

and the test programme are presented in Section 3.4 for the detailed hydraulic model invest-

igation of curved-bar racks (CBRs) at 1:2 Froude-scale (Tasks A & E), and in Section 3.5 for

the ethohydraulic experiments including the live-fish tests at 1:1 Froude-scale (Tasks B, C &

D). Different methods for the ethohydraulic data analysis are described in Section 3.6. The

setup for the numerical model investigation in OpenFOAMr is described in Section 3.7.

3.2 Similitude and scale effects

Prototype hydraulic structures can be represented by physical hydraulic models. A physical

model is often scaled down and has to satisfy geometric, kinematic and dynamic similarities

to avoid scale effects (Heller, 2011). Geometric similarity requires similar length dimensions

between model and prototype and is therefore attained with a scale factor λ , which describes

the ratio between a length in prototype (LP) and a length in the model (LM) :

λ =
LP

LM
. (3.1)

In addition to geometric similarity, kinematic similarity requires constant ratios for time-

dependent processes such as velocity and acceleration. Ultimately, the ratios of all dynamic

forces determining the hydraulic processes, namely gravity, viscosity, surface tension, pres-

sure, elastic compression and inertia have to be identical in both model and prototype (Heller,

2011). One non-dimensional parameter expressing the ratio between these forces is the

Froude number F, which relates inertia to gravity:

F=

√
Inertia
Gravity

=
v√
g ·L

, (3.2)

with g = gravitational acceleration [m/s2], v = flow velocity [m/s] and L = characteristic

length [m] typically defined as the flow depth h or the hydraulic radius Rh for open channel

flow. The Froude number describes the wave impedance and distinguishes between subcrit-

ical (F< 1) and supercritical (F> 1) flow conditions. Another important measure accounting
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for viscosity is the Reynolds law of similarity. The Reynolds number R relates inertia to vis-

cosity:

R=

√
Inertia

Viscosity
=

v·L
ν

, (3.3)

with ν = kinematic viscosity of water = 1.01× 10−6 m2 /s for T = 20°C. The Reynolds

number describes the movement of a water particle from laminar to turbulent. For pipe flow,

the transition to turbulent flow starts at R≈ 2000. For open channel flow, where the hydraulic

radius Rh defines the characteristic length L, the limit value for turbulent flow is converted to

R≈ 500 (Jirka and Lang, 2009).

It is not possible to simultaneously fulfil all similarity laws in a physical scale model. Since

a physical process is usually governed by only two main forces, the critical ratio is kept

constant in the model, whereas the less relevant ratios are neglected. Open channel flow and

flow through a rack are mainly governed by gravity and viscosity. The Froude’s similarity

law is applied for the experiments described in this thesis. The according scaling ratios are

shown in Table 3.1.

Table 3.1 Scaling ratios according to Froude’s law of similitude

Quantity Ratio

Length [m] λ

Area [m2] λ 2

Time [s] λ 1/2

Velocity [m/s] λ 1/2

Discharge [m3/s] λ 5/2

The flow resistance induced by a rack includes friction, pressure and wave impedance. The

latter depends on the Froude number and was investigated on cylindrical piers by Hsieh

(1964). According to Hsieh’s studies, the wave impedance depends on the ratio of flow

depth to bar thickness ho/tb and reaches a maximum for F= 0.5. Since the flow depth in the

model flume is much lower than in prototype, the effect of the wave impedance on the total

flow resistance is relevant. Ideal fluids induce no flow resistance, which means that viscous

forces must influence the flow resistance as well. If the bar Reynolds numbers Rb in the

model are within the range of 0.5×103 < Rb < 2×105, where the drag coefficient remains

constant, the flow resistance in the model can be transferred to prototype values (Blevins,

1984). Preliminary head loss measurements were conducted to confirm this assumption. The

ξR values versus Rb are shown in Figure 3.1 for α = 45°, β = 90°, σ = 0.17 and ho/tb = 20,

40, 60, 80. The results reveal significant viscous and water depth effects for ho/tb ≤ 40
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in the range of studied Rb values, whereas Rb remains constant for ho/tb > 40 and Rb >

1500. To avoid significant scale effects, the hydraulic experiments in the present study were

conducted with upstream flow depth to bar thickness ratios ho/tb > 40, bar Reynolds numbers

Rb = tbUo/ν > 1500 (Meusburger, 2002; Raynal et al., 2013a; Albayrak et al., 2018), and

approach flow Reynolds number R= 4RhUo/ν > 104 (Hughes, 2005) based on the hydraulic

radius Rh = (howo)/(2ho+wo) with Uo = approach flow velocity [m/s], ho = approach flow

depth [m], and wo = channel width upstream of the rack [m].

Rb

ho/tb
ho/tb
ho/tb
ho/tb

Figure 3.1 Head loss coefficients ξR versus bar Reynolds number Rb for α = 45°, β = 90°, σ = 0.17,
and ho/tb = 20, 40, 60, 80; the value of ξR = 3.30 corresponding to ho/tb = 80 and Rb =
2500 is marked with a dashed line

3.3 Measurement accuracy and error propagation

In order to evaluate the head losses and the flow conditions at various CBR configurations,

the hydraulic parameters were quantified using the measuring equipment listed in Table 3.2.

Table 3.2 Parameters measured in the laboratory flumes and corresponding measuring instrumenta-
tion; the specified percentages for the accuracy of the single instruments refer to the meas-
ured value

Parameter Instrument Accuracy

Discharge Magnetic-inductive flow meter (MID) ± 0.5%

Water level Ultrasonic distance sensor (UDS) ± 0.5 mm (100 Hz)

3D velocity field Acoustic Doppler velocimetry probe (ADV) ± 0.5% (25/200 Hz)

Temperature Thermometer ± 2 °C

Measurement location Traverse system ± 1 mm

Flume geometry Meter ± 2 mm
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The test setup and the experimental procedure were optimized to minimise systematic errors.

In addition to the above stated measurement errors, random errors occur due to indetermin-

able variations during the measurements or the data analysis. The confidence interval corres-

ponds to the total error ex, which is the sum of systematic and random errors. The expected

value x̄ and the total error describe the measured quantity xn:

xn = x̄ ± exn . (3.4)

An error propagation was carried out to quantify the error of a target value eX , which is

defined by Taylor (1997) as:

eX =

√(
∂X
∂x1

ex1

)2
+
(

∂X
∂x2

ex2

)2
+ . . .+

(
∂X
∂xn

exn

)2
, (3.5)

with exn = total error of the measured parameter. In the present study, an error propagation

analysis was applied and presented for the rack head loss coefficient ξR in Section 4.1.6.

3.4 Hydraulic model investigation of curved-bar racks

3.4.1 Model flume I - small flume

Head loss and flow field measurements (Task A) were conducted in a 0.6 m deep, 1 m

wide and 12.0 m long flume with a horizontal bottom and a maximum discharge of Q =

120 l/s. The flume width of 1.0 m was reduced to wo = wds = 0.5 m using prefabricated

PVC wall elements to study 1:2 Froude-scaled model racks, with wo, wds = flume width

up- and downstream of the CBR, respectively (Figure 3.2, Table 3.3). Due to the limited

pump capacity, the flume width reduction was necessary to reach flow conditions comparable

to prototype conditions and to avoid scale effects. The 7.0 m long test section where the

measurements were conducted is equipped with a glass wall for lateral observation. The

1:2 Froude-scaled model CBRs were placed in the centre of the test section. The setup did

not include a bypass. At the channel inlet, a stilling tank with an adjacent honeycomb flow

straightener and a 45° sloped ramp ensured symmetrical inflow conditions. The inflow depth

ho was controlled with a flap gate at the end of the flume.
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Figure 3.2 Schematic 3D view of the test flume including (1) inlet section with honeycomb flow
straightener, (2) 2D traverse system with measurement instruments, (3) CBR, (4) PVC
wall for channel separation, (5) flap gate

3.4.2 Instrumentation

The discharge was measured with a magnetic inductive discharge-meter (MID). A 2D tra-

verse system was mounted on top of the model flume over the entire length of the test section

(Figure 3.2). The traverse system allowed for the measuring devices to reach every point in

the streamwise and spanwise directions. An ultrasonic distance sensor (UDS) and a down-

looking acoustic Doppler velocimetry probe (ADV; Sontek) were mounted on the traverse

system. The coordinates in the streamwise, spanwise and vertical directions are x, y and z,

respectively. The origin of the coordinate system was 0.5 m downstream of the test section

inlet as indicated in Figure 3.2.

The streamwise u, spanwise v, and vertical w instantaneous velocities were measured using

the ADV at 25 Hz for a sampling period of 30-120 s, which is adequate for the statistical

analysis of mean and turbulence flow parameters (Silva et al., 2012b). Post-processing was

carried out with WinADV, data points with less than 70 % correlation were excluded and all

data were de-spiked with the Goring & Nikora filter as modified in Wahl (2003) (Lane et al.,

1998; Goring and Nikora, 2002). The time-averaged velocity components in streamwise,

spanwise and vertical directions are denoted by U , V and W , respectively, with the resulting

velocity Ur = (U2 +V 2 +W 2)0.5. Due to geometrical restrictions of the ADV probe, meas-

urements were taken at least 0.05 m away from each flume wall and 0.06 m below the water

surface.

3.4.3 Parameter range and test programme

The main parameters representing the geometric characteristics of a CBR are the rack angle

α , the bar angle to the approach flow (bar attack angle) β , and the clear bar spacing sb, while

the secondary parameters are: bar depth db, bar shape K, and bottom and top overlay heights

hBo and hTo, respectively. The height of the top & bottom overlay combination is denoted
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hv = hBo + hTo. To systematically investigate a wide range of parameter combinations, two

types of curved bars were furnished from 45° and 90° circle segments of an acrylic pipe.

Both bar types have an outflow angle δ = 0◦ parallel to the downstream channel walls.

These bar shapes correspond to the streamlined version of the straight bars with rounded

ends of MBRs with β = 45◦ and louvers with β = 90◦ (Albayrak et al., 2018). The curved

bars have a thickness tb = 0.01 m, a standard bar depth Db = 0.1 m (prototype dimensions)

and are rounded at both ends with a radius r = tb/2. The bar depth effect was investigated

by testing 30% shorter and 25% longer bars with the corresponding relative bar depths of

ε = db/Db = 0.7 and 1.25, respectively. The inconsistency of bar depth variation is the

result of limited availability of acrylic pipe diameters. The variation of bar attack angle β

and bar depth db resulted in six different bar shapes (Figure 3.3).

The investigated CBR configurations were horizontally angled to the flow with α = 15◦, 30°,

and 45° (Figure 3.4a). For each CBR configuration, 10 mm and 20 mm thick PVC plates as

bottom and top bar holding plates, respectively, were milled with the curvature of the six

different bar shapes. The PVC plates were held together with 6 mm thick aluminium plates

screwed on the sides forming a frame. The bars were slid into the carvings of the PVC

plates (Figure 3.4c). This construction thus allowed for an easy adjustment of different bar

spacings. Furthermore, aluminium plates of variable height were placed in front of the CBR

to model bottom, top and bottom, or top overlays (Figure 3.4b).

e = 0.7

tb

d = 0°

b = 90°
90°

d = 0°

tb

b = 90°

90°

e = 1.25d = 0°e = 1.0

b = 90°

90°

tb

e = 0.7
d = 0°

b = 45°

tb

45°

d = 0°

b = 45°

tb

45°

d = 0°

b = 45°

tb

45°

Figure 3.3 Plan view of geometric parameter definition of curved bars with bar attack angle β , bar
outflow angle δ , relative bar depth ε and bar thickness tb
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Figure 3.4 Geometric and hydraulic rack parameters (a) flume top view, (b) side view of the CBR with
overlays and (c) CBR model construction with rack angle α , bar attack angle β , overlay
height hv = hTo + hBo, inflow velocity Uo, downstream flow velocity Uds, downstream
channel width wds, up- and downstream flow depth ho and hds, rack length lR, and rack
head loss ∆hR

3.4.4 Head loss measurements

The hydraulic head losses were determined for the entire range of primary and secondary

CBR parameters. The experimental matrix is shown in Table 3.3 for both model and proto-

type dimensions. The bar depth effect was only tested for α = 30◦ and 45° with db = 0.07 m,

0.1 m and 0.125 m (prototype dimensions). The bars were fully submerged for all experi-

ments. The effect of overlays was investigated for all rack configurations. Relative overlay

heights of V1 = hTo/ho, V3 = hBo/ho = 10, 15, 25% were tested for top and bottom overlays

separately. For the combination of top & bottom overlays, V2 = hv/ho = 20 and 30% were

considered corresponding to 10% and 15% for each top and bottom overlay, respectively.

The non-dimensional bar spacing is defined as σ = tb/(tb + sb) and describes the blocking

ratio by the vertical bars. Zero bar spacing results in σ = 1, which represents full blockage.

To account for the effect of different HPP layouts on the head losses, i.e. diversion and

block-type HPPs, the upstream flume width wo was increased to 0.75 m and 1.0 m (Table

3.3). The downstream flume width wds representing the turbine channel was 0.5 m for all
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experiments. Figure 3.5a illustrates the standard flume setup representing a diversion-type

HPP. For the block-type HPP, the CBRs were placed with the d/s rack end adjacent to a flap

gate representing the weir (Figure 3.5b). A flap and underflow gate at x/ho = 0 allowed for

separate or simultaneous weir overflow or underflow.

y
x

y
xα

Figure 3.5 Flume coordinate system for (a) diversion and (b) block-type HPP setup, the location of
UDS water depth measurements are marked with circles

Table 3.3 Hydraulic and rack parameters for the 1:2 scale model experiments and the corresponding
prototype scale values

Parameter Model scale 1:2 Prototype scale 1:1 Unit

Uo 0.50 0.71 [m/s]
ho 0.40 0.80 [m]
wo 0.50, 0.75, 1.0 1.0, 1.5, 2.0 [m]
wds 0.5 1.0 [m]

Rb (×103) 2.50 7.06 [–]
R (×105) 3.07 8.69 [–]

F 0.25 0.25 [–]
α 15, 30, 45 15, 30, 45 [°]
β 45, 90 45, 90 [°]
sb 0.025, 0.055, 0.115 0.05, 0.11, 0.23 [m]
tb 0.005 0.01 [m]
σ 0.04, 0.08, 0.17 0.04, 0.08, 0.17 [-]
db 0.035, 0.05, 0.0625 0.07, 0.1, 0.125 [m]

hTo or hBo (0.10, 0.15, 0.25)·ho (0.10, 0.15, 0.25)·ho [m]
hv (0.20, 0.30)·ho (0.20, 0.30)·ho [m]
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3.4.5 Computation of energy losses

For the hydraulic head loss assessment, the average up- and downstream flow depths ho and

hds, respectively, were determined from three individual measurements 0.05 m away from

each flume wall and in the flume centre axis in the spanwise direction at x/ho = −7 and

x/ho = 5.5 (cf. Figure 3.5). The rack (subscript R) head losses ∆hR in the horizontal flume

were determined by applying Bernoulli’s equation:

∆hR =

(
ho +

U2
o

2g

)
−
(

hds +
U2

ds
2g

)
−∆h f , (3.6)

with ∆h f = head loss due to flume friction measured without a rack ∼= 0.0018 m. The mean

cross-sectional flow velocities Uo and Uds are derived from the continuity equations:

Uo =
Qo

ho·wo
and Uds =

Qt

hds·wds
, (3.7)

with Qt = turbine discharge downstream of the rack [m3/s]. Since the head loss prediction

equations presented hereafter are related to the theoretical flow velocity in the downstream

channel without rack presence Uth, they can be applied for various HPP layouts:

Uth =
Qt

ho·wds
. (3.8)

For small head losses, ho ∼= hds and thus Uth
∼= Uds, independent of the HPP layout. At

diversion-type HPP layouts in a straight channel with wds = wo and without a bypass, Uth =

Uo (Figure 3.5a). By using Uth instead of Uo or Uds, the assessment is independent of poten-

tial weir and bypass discharge, e.g. in the case of a block-type HPP (Figure 3.5b), but still

accounts for ∆hR. The dimensionless rack head loss coefficient ξR is then calculated as:

ξR = ∆hR ·
2g
U2

th
. (3.9)

3.4.6 Flow velocity measurements

A top view of the velocity measurement grids for the diversion-type and the block-type HPP

layouts is shown in Figure 3.6. The velocity measurements were conducted for the CBR

configurations with α = 15◦, 30° and 45°, β = 45◦ and 90° and sb = 0.025 m (sb = 0.05 m in

prototype, σ = 0.17) for the diversion-type HPP layout (Table 3.4, Series A). The effect of

overlays on the flow field was investigated for one CBR configuration with α = 30◦, β = 45◦

and σ = 0.17. Relative overlay heights of hTo/ho or hBo/ho = 10, 15, 25% were tested
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for top and bottom overlays separately. For the combination of top and bottom overlays,

hv/ho = 20% and 30% were considered corresponding to 10% and 15% for each top and

bottom overlay, respectively (Table 3.4, Series B). The flow field around a CBR at a block-

type HPP layout was investigated for α = 15◦, 30° and 45°, β = 45◦ and σ = 0.17. The

effect of overlays at this HPP layout was only investigated for hTo/ho and hBo/ho = 15%

(Table 3.4, Series C). The inflow discharge Qo = 100 l/s and the inflow depth ho = 0.4 m

were constant resulting in Uth = 0.5 m/s for all tests, while the mean inflow velocity was

Uth =Uo = 0.5 m/s and 0.25 m/s for test series A/B and test series C, respectively (cf. Table

3.4).

The flow field of the six basic CBR configurations without overlays was measured in three

horizontal planes at z/ho = 0.25, 0.50, 0.75 (Table 3.4). The streamwise distance between

measuring points was 0.1 m in the vicinity of the rack and 0.5 m further up- and downstream

of the rack, while the spanwise distances were 0.1 m and 0.2 m, respectively. To assess the

effect of overlays on the flow field, velocity measurements were conducted in the horizontal

plane close to the bottom at z/ho = 0.075 for the bottom overlay and close to the water

surface at z/ho = 0.85 for the top overlay (Series B, Table 3.4).

Vp

Vn

y
x

x́

ý

(a)

(b)

Figure 3.6 Measuring grid in the vicinity of the CBR for the ADV measurements in the 1:2 Froude-
scaled experiments for (a) the diversion-type HPP and (b) the block-type HPP, the dotted
lines mark the rack-parallel cross sections for the detailed ADV measurements 50 mm
upstream of the CBR

The flow field at a block-type HPP layout was measured at z/ho = 0.5 (Series C). For this

HPP layout, additional ADV measurements were conducted without a CBR (test C0), with a

pier separating the weir from the downstream channel (test C7), and with a weir discharge of
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Qw = 0.4 ·Qo (test C8). The pier was designed according to Rouvé (1958) with a pier width

wpier = 0.15 ·wds. The pier length Lpier = 2.23 ·wpier was chosen according to typical values

found at Swiss block-type HPPs (Ganzmann, 2019).

For all test series A-C, additional measurements were taken along the rack at a perpendicular

distance of 50 mm upstream of the CBR. The mean velocity components in normal x’, par-

allel y’ and vertical z directions to the rack are denoted by Vn, Vp and Vz, respectively (Figure

3.6). To assess the turbine admission flow distribution, flow velocities were measured at

several cross sections downstream of the CBRs.

Table 3.4 Experimental matrix with geometric parameters of CBR configurations without overlay
(A1-A6), with top, top & bottom, or bottom overlay (B1-B6), and at a block-type HPP
setup (C0-C9); the horizontal measuring planes z/ho are indicated

Test α β σ hv z/ho HPP layout

A1
45°

45°

0.17 –

0.25, 0.5, 0.75

diversion

A2 90°
A3

30°
45° 0.075, 0.25, 0.5, 0.75, 0.85

A4 90°
0.25, 0.5, 0.75A5

15°
45°

A6 90°
B1

30° 45° 0.17

hTo = 0.10 ·ho

0.075, 0.85

B2
hTo = 0.10 ·ho

hBo = 0.10 ·ho

B3 hBo = 0.10 ·ho

B4 hTo = 0.15 ·ho

B5
hTo = 0.15 ·ho

hBo = 0.15 ·ho

B6 hBo = 0.15 ·ho

C0 no rack

– 0.5

block

C1
45°

45°

0.17

C2 90°
C3

30°
45°

C4 90°
C5

15°
45°

C6 90°
C7

30° 45°

with pier
C8 Qw = 0.4 ·Qo

C9
hTo= 0.15 ho 0.5
hBo= 0.15 ho
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3.4.7 Operational aspects: Clogging of driftwood and organic fine material

The clogging probability (CP) of organic fine material and driftwood was investigated with

1:2 Froude scaled physical model tests in the small flume (Chapter 8). The leaves of two

different tree species common in Switzerland, i.e. common beech (fagus sylvatica) and

common hazel (corylus avellana) were used to determine the effects of the rack angle α =

15◦, 30°, 45° and the mean approach flow velocity Uo = 0.5 m/s, 0.75 m/s on the CP at CBRs

(Figure 3.7a, Table 3.5). The two tested leaf types represent two different leaf sizes. The ratio

of the leaf length to clear bar spacing LL/sb is 2.3 for the hazel leaves and 1.5 for the beech

leaves.

Table 3.5 Test parameters for the experiments assessing the clogging probability of leaves at CBRs
with different rack angles

Parameter Model scale 1:2 Prototype scale 1:1 Unit

Uo 0.50, 0.75 0.71, 1.06 [m/s]
ho 0.40 0.80 [m]

wds/wo 1.0 1.0 [–]
α 15, 30, 45 15, 30, 45 [°]
β 45 45 [°]
sb 0.025 0.05 [m]

leaf type beech, hazel beech, hazel [–]
leaf length LL 0.0375, 0.058 0.075, 0.116 [m]
leaf width wL 0.024, 0.055 0.048, 0.110 [m]

LL/sb 1.5, 2.3 1.5, 2.3 [–]

To assess the CP of driftwood, two different log diameters dL = 5 mm, 20 mm, and three

different log lengths LL = 20 mm, 50 mm, 100 mm were tested at different Uo and HPP

layouts for the CBR configurations A3 and C3 (cf. Table 3.4, Table 3.6). Two different

log diameters dL = 10 mm and 40 mm (prototype dimensions), corresponding to dL/sb = 0.2

and 0.8, respectively, were used. Additional tests were conducted with branched logs (Figure

3.7b). The log density varied between 841 - 966 kg/m3.
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(a) (b)

Figure 3.7 (a) Leaves of common beech (fagus sylvatica) and common hazel (corylus avellana) used
for the modelling of organic fine material and (b) model driftwood; adapted from Ganz-
mann (2019) and Bühler (2019)

For each test, a minimum of 60 leaves or 40 logs were added individually to the approach

flow ∼ 1.5 m upstream of the CBR at z ≈ 0.5 ·ho. To model congested driftwood transport,

a mix of all log types was added simultaneously. Finally, the application of a top overlay

(hTo = 0.15 ·ho) and simultaneous weir discharge of Qw = 0.07 ·Qo was tested as a mitigation

measure to reduce the CP of driftwood.

Table 3.6 Test programme to assess the clogging probability of driftwood at the CBR

Parameter Model scale 1:2 Prototype scale 1:1 Unit

Uo 0.25 - 0.67 0.35 - 0.95 [m/s]
ho 0.23 - 0.40 0.46 - 0.80 [m]

wds/wo 0.5, 1.0 0.5, 1.0 [–]
α 30 30 [°]
β 45 45 [°]
sb 0.025 0.05 [m]

sb,eff 0.0155 0.031 [m]
log length LL 0.02, 0.05, 0.10 0.04, 0.10, 0.20 [m]

log diameter dL 0.005, 0.020 0.010, 0.040 [m]
dL/sb 0.2, 0.8 0.2, 0.8 [–]

dL/sb,eff 0.32, 1.29 0.32, 1.29 [–]
LL/sb 0.8, 2.0, 4.0 0.8, 2.0, 4.0 [–]

LL/sb,eff 1.29, 3.23, 6.45 1.29, 3.23, 6.45 [–]
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3.5 Ethohydraulic experiments

3.5.1 Model flume II - Ethohydraulic flume

The ethohydraulic experiments (Tasks B, C, D) were conducted in a 30 m long, 1.50 m wide,

and 1.20 m deep open channel flume with a horizontal bed (Figure 3.8a). The flume walls

and bed are covered with a mortar coating of 2 mm grain size. In the test section upstream

of the rack and in the vicinity of the bypass entrance, the side wall of the flume is equipped

with glass for lateral observation (Figure 3.8d). The flume is equipped with a closed water

circuit connected to a cooling system. At the flume inlet, a diffuser and honeycomb-shaped

flow straighteners ensured symmetrical inflow conditions and surface waves were suppressed

with hard foam floats (Figure 3.8b). The 1:1 scaled section model of the CBR configuration

with α = 30◦, β = 45◦, σ = 0.17, ε = 1.0 (A3 in Table 3.4) was placed in the flume centre

with an adjacent bypass. A 15 mm thick PVC plate with sloped up- and downstream edges

was milled with the curved bar shapes and fixed to the flume bottom with α = 30◦ to hold

the bars in place. The bars were extruded from aluminium, slid into the carvings and fixed

at the top. The rack covered the downstream flume width of wds = 1.15 m with a resulting

rack length of lR = 2.3 m. The bypass channel was separated from the downstream channel

by a 0.1 m thick brick wall, resulting in a bypass width wby = 0.25 m. A hard foam wedge

was placed between the d/s rack end and the brick wall to ensure a gradual transition from

the rack into the bypass (Figure 3.8d). The discharge in the downstream and in the bypass

channel was controlled separately with a flap gate at the end of each channel (Figure 3.8c).
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Figure 3.8 (a) Schematic 3D view of the model flume for the 1:1 ethohydraulic experiments, and
photos of the ethohydraulic with (b) view in flow direction of the inflow and the starting
compartment, (c) view against flow direction of the bypass and the downstream channel
gates, and (d) three spirlin are guided into the 25 cm wide open channel bypass
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Different bypass layouts were constructed modularly so that they could be easily exchanged

and adjusted. Four bypass layouts were investigated with the following geometries: (a) a

0.25 m wide full depth open channel bypass (Figure 3.9a), (b) a 0.25 m wide full depth open

channel bypass with a 2 m long, integrated flap gate 0.50 m downstream of the bypass inlet;

the flap gate could be raised by up to 30° (Figure 3.9b), (c) a 0.25 m wide full depth open

channel bypass with an elliptical restrictor at the bypass inlet, which created overflow and

a 0.35 m long underflow transition (Figure 3.9c) and (d) a pipe bypass with a 0.50 m long

transition section from a rectangular inlet of 0.25× 0.25 m to a 2 m long, circular pipe of

0.20 m diameter (Figure 3.9d).

wds = 1.15 m

wby
 = 0
.25 
m

10°
 - 3
0°
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0.2 m
0.5 m

0.3
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200
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L =
 2 
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Figure 3.9 Schematic illustration of different bypass layouts

The bypass flow depth hby and discharge Qby was regulated by a flap gate at the end of the

bypass channel to obtain the required bypass inlet velocity Uby,in for each test setup (Table

3.7, Figure 3.8c).

Electrification of the curved-bar rack

The CBR configuration A3 was electrified with the NEPTUN system (Parasiewicz et al.,

2016) and tested with spirlin and European eel (Table 3.7). The electrified CBR is called e-

CBR, hereafter. The goal of these ethohydraulic tests was to improve the fish protection and

guidance efficiency of the CBR for eel, since low protection was obtained without electrific-

ation (cf. Section 6.2.4). The CBR without electrification showed good results for spirlin.

Therefore, tests with spirlin were conducted to investigate if fish protection and guidance re-

main high for these fish with the e-CBR. Furthermore, tests with two different bar spacings

(sb = 50 mm, 110 mm) were conducted to investigate whether the electrification would allow

for a larger bar spacing, while offering a high fish protection and guidance.

Each aluminium bar was alternately connected to a DC power supply (Procom Systems

S.A., Poland) acting as anode or cathode (Figure 3.10a/b), and electrified with a low-voltage

pulsed direct current with gated bursts (gpDC, Figure 3.10c). The electric field was built

up between the bars, which were isolated by PVC plates on the bottom and the top. The

parameters of the supplied pulse groups, i.e. the number of pulses Npulse, the pulse length
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Lpulse [ms], the gap length Lgap [ms] and the repetition time trep [ms], were adjusted with the

software NeptunTool running on a laptop connected to the DC power supply (Figure 3.10c).

The different gpDC waveforms resulting from the selected pulse parameters are described

with the duty cycle, which expresses the percentage of time that any current is flowing (Table

3.8). Four different voltage supplies, i.e. 38 V, 50 V, 65 V or 80 V, could be selected. The

electrification could be manually turned on or off in the software and the power supply was

secured with an automatic protection against overloading.

(a) (b)

Lorem ipsum 
dolor sit amet, 
consectetur 
adipiscing elit, 
sed( do eiusmod 
tempor incidid-
unt ut labore et 
dolore magna dolore magna 
aliqua. Quis 
ipsum suspendis-
se ultrices 
gravida. Risus 
commodo viver-
ra maecenas 
accumsan lacus 
vel facilisis. 

Lorem Ipsum

Lpulse Lgap

trep(c)

Figure 3.10 Photos of the electrified CBR with α = 30◦, β = 45◦, ε = 1.0, (a) sb = 50 mm and (b)
sb = 110 mm (Tests F1-F8, Table 3.8), and (c) illustration of the pulse parameters

3.5.2 Instrumentation

The inflow discharge was measured with a MID and regulated with a frequency converter to

a maximum discharge of 1,200 l/s. The inflow depth ho and the bypass flow depth hby were

measured with an Ultrasonic Distance Sensor (UDS, ’UNAM 30’). The inflow depth was

kept constant at ho = 0.9 m for all ethohydraulic tests. A 3D traverse system was mounted

on top of the model flume over the entire length of the test section. The system allowed for

the measuring devices to reach every point in the streamwise and spanwise direction. The

ADV probe could further reach every point in vertical direction down to 20 mm away from

the flume bed.

3.5.3 Experimental procedure and test programme

Velocity measurements

The streamwise u, spanwise v, and vertical w instantaneous velocities were measured with a

down-looking ADV probe at 200 Hz for a sampling period of 30 s in the flume area upstream
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of the rack and inside the bypass channel. The varying parameters were the inflow velocity

Uo and the ratio of the mean flow velocity at the bypass entrance to the approach flow velo-

city V R = Uby,in/Uo (Tests E4-E13 and E18-E23 in Table 3.7). The mean bypass entrance

velocity Uby,in was measured directly at the bypass entrance (x/ho = 0, cf. Figure 3.12). The

velocity profile in front of the bypass entrance was investigated for all four bypass layouts

illustrated in Figure 3.9. Post-processing was carried out with WinADV, data points with less

than 70% correlation were excluded and all data were de-spiked with the Goring & Nikora

filter corrected after Wahl (2003) (Lane et al., 1998; Goring and Nikora, 2002).

Live-fish tests

Three phases of live-fish tests were conducted according to the species-specific timing of

main downstream movements (cf. Figure 2.1). The tests with spirlin (Alburnoides bi-

punctatus), common barbel (Barbus barbus), the nase (Chondrostoma nasus) and European

eel (Anguilla anguilla) without electrification were conducted in autumn 2018, Atlantic sal-

mon parr (Salmo salar) and brown trout (Salmo trutta) were tested in spring 2019 (Table

3.7). The live-fish tests with the e-CBR with spirlin and European eel were carried out in au-

tumn 2019. Wild fish were caught by electrofishing (DC 7.5 kW, Grassl eL 64_II) in different

Swiss rivers (Himmelbach, Suhre, Thur, Thur inland canal, Möhlinbach, Altbach, Mülital-

bach or Murg tributary) and held in the fish holding tanks in the laboratory for a maximum

of 7 days without feeding. After the tests, the fish were brought back to the same river reach.

Transportation and handling processes were minimised to reduce stress. Tight confinements

and rapid temperature changes were avoided and all tanks were equipped with a continuous

oxygen supply. The laboratory holding tanks were connected to the closed water circuit of

the flume and the cooling system with a constant water circulation. The water temperature

in the river reach, where the fish were caught, was measured and adapted accordingly in

the laboratory water circuit to 12-16°C. The water quality (e.g. temperature, pH, oxygen

concentration and turbidity) in the holding tanks and the flume were recorded daily.

For each test run, three fish were transferred from the holding tanks to buckets with a dip net.

They were photographed to measure their length and then placed in a 1 m long, 0.5 m wide

starting compartment near the inlet at the flume wall opposite of the bypass (Figure 3.12) to

acclimate to the flow conditions for 15 minutes in accordance with Albayrak et al. (2020a).

The starting compartment was separated from the flume by two metal fences with meshes

at the up- and the downstream ends. After the adaptation phase, the downstream fence was

raised and the fish were free to swim downstream and interact with the CBR and the bypass.

Five high-resolution cameras slightly submerged from top simultaneously recorded the 3D

fish movements at 50 Hz (Figure 3.8a). Manual time measurements and observations were
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additionally recorded with a standardized protocol for each test. The duration of each test

was 30 minutes after the starting compartment was opened. The fish were immediately

recaptured from the flume with a dip net after each test. They were transferred back into

the holding tanks and not used for another test on the same day. To reduce the number

of fish used for experimental purposes, each fish was used up to 3 times but with different

configurations and on different days.

During the live-fish tests, six 1000 W lamps were positioned behind the flume and oriented

towards a white linen sheet hanging over the flume for uniform illumination with a diffused

light source (Figure 3.8a,b). These bright lightning conditions were chosen to motivate fish

to move downstream and prevent them from hiding in darker corners. Furthermore, they

enhanced the contrast for the fish tracking. Fish species like the European eel prefer darker

conditions, however, which might affect their behaviour. The transferability of the results

to prototype is therefore discussed accordingly (Section 6.8). Since the reflection of the fish

in the glass was assumed to attract the fish to that flume side, the glass was covered with a

perforated foil of identical colour as the opposite concrete flume wall. The ideal test condi-

tion for behavioural analysis requires equal numbers of test repetitions for all configurations.

However, it was not possible to catch enough fish of the same size range for all tests. Further-

more, only resident yellow eel and salmon parr could be caught. Although resident fish do

not move far in the river, they were actively swimming downstream in the laboratory flume.

The fish minimum, maximum and mean total lengths T Lmin, T Lmax and T Lmean, respect-

ively, are listed in Table 3.7 for all live-fish tests conducted in this study. The table further

lists the total number of fish used in the experiments N and the number of fish leaving the

starting compartment and actively swimming downstream n. The fish that did not leave the

starting compartment were excluded from further analysis.

Two mean approach flow velocities Uo = 0.5 m/s and 0.7 m/s and two velocity increase ratios

V R =Uby,in/Uo = 1.2 and 1.4 at a full depth open channel bypass were tested with most fish

species (E4-13, E18-E23 in Table 3.7). These ratios were chosen based on the findings and

recommendations in the literature (Haefner and Bowen, 2002; USBR, 2006; Ebel, 2016). For

these main tests, detailed velocity measurements and numerical simulations were conducted

(Section 6.1). The nase, the European eel and the Atlantic salmon parr could not be tested

with all main flow conditions because of the limited catch rate. The effect of the rack com-

pared to the no-rack configuration on the fish guidance efficiency (FGE) was investigated

with spirlin in Test E1. The effect of a lower approach flow velocity of Uo = 0.3 m/s was

tested with brown trout in Test E2. A lower velocity ratio of V R = 1.1 was tested for nase in

Test E3. Different bypass layouts were tested with spirlin in Tests E14-E17. The e-CBR was
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tested with spirlin and European eel for one hydraulic condition (Uo = 0.5 m/s, V R = 1.2),

only varying the parameters of the supplied electric pulse pattern (Table 3.8, Tests F1-F8).

The configurations were chosen based on the recommendations by Parasiewicz et al. (2016)

and Brinkmeier et al. (2017). The lowest possible voltage of 38 V was used for all tests. The

conductivity of the water was 230 µS/cm.

Table 3.7 Test programme for the live-fish tests conducted in autumn 2018 (barbel, spirlin, nase,
European eel) and spring 2019 (Atlantic salmon parr, brown trout)

Test rack
Uo Uby,in V R bypass fish T Lmin- T Lmax N n

[m/s] [m/s] [–] layout species (T Lmean) [cm] [–] [–]

E1 no rack 0.50 0.60 1.2 OC spirlin 8.5 - 11.9 (9.9) 21 21

E2

CBR

0.30 0.36 1.2 OC trout 12.1 - 19.9 (16.2) 18 16
E3 0.50 0.55 1.1 OC nase 6.5 - 8.4 (7.1) 9 9
E4

0.50 0.60 1.2 OC

spirlin 8.6 - 12.5 (10.0) 36 32
E5 barbel 9.7 - 22.0 (14.3) 27 22
E6 trout 9.5 - 20.4 (13.7) 42 25
E7 salmon 7.9 - 15.0 (11.0) 30 30
E8 nase 6.0 - 8.9 (7.3) 24 24
E9 eel 50.4 - 80.9 (67.1) 16 14

E10

0.50 0.70 1.4 OC

spirlin 8.6 - 10.8 (9.8) 30 29
E11 barbel 9.9 - 20.7 (15.3) 24 23
E12 trout 10.6 - 20.2 (14.8) 36 24
E13 salmon 9.0 - 13.3 (11.1) 30 30
E14

0.50

0.60 (1.41) 1.2
flap gate

spirlin

9.5 - 12.9 (10.6) 9 9
E15 0.70 (1.51) 1.4 8.6 - 10.6 (9.3) 15 12
E16 0.50 (0.752) 1.0

restrictor
8.3 - 10.1 (9.3) 12 10

E17 0.60 (0.902) 1.2 8.1 - 11.6 (9.6) 12 9
E18

0.70 0.85 1.2 OC
spirlin 8.4 - 11.8 (10.0) 33 33

E19 barbel 10.3 - 21.5 (15.9) 24 16
E20 trout 10.2 - 20.1 (13.7) 54 29
E21

0.70 1.00 1.4 OC
spirlin 8.4 - 11.9 (10.0) 30 27

E22 barbel 11.2 - 20.6 (14.7) 27 23
E23 trout 9.9 - 19.7 (14.4) 39 23

Note: OC = full-depth open channel bypass
V R = ratio of bypass inlet to mean approach flow velocity Uby,in/Uo
1 = bypass flow velocity at the flap gate overflow
2 = bypass flow velocity at the restrictor downstream end
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Table 3.8 Test programme for the ethohydraulic tests with the e-CBR conducted in autumn 2019,
tests marked with an asterisk had to be aborted due to injured fish

Test
sb U Lpulse Lgap Npulse trep duty fish T Lmin- T Lmax N n

[mm] [V] [ms] [ms] [–] [ms] cycle species (T Lmean) [cm] [–] [–]

F1

50 38

0.2 0 1 100 0.20%
spirlin 7.8-11.6 (9.2) 24 19

F2 eel 52.3-80.9 (71.6) 21 16
F3

0.3 7 5 200 0.75%
spirlin 9.5-12.1 (10.7) 18 18

F4 eel 57.3-85.2 (74.8) 15 13
F5* 0.4 10 7 300 0.93% eel 56.7-84.0 (73.4) 12 11

F6
110 38

0.2 11 2 200 0.20% spirlin 9.2-12.7 (10.8) 12 12
F7*

0.3 7 5 200 0.75%
spirlin 9.5-10.9 (10.1) 9 9

F8* eel 57.1-83.4 (70.6) 18 15

3.5.4 Videometry system and fish-tracking software

For a detailed analysis of the fish behaviour, a sophisticated videometry system was installed

in the ethohydraulic flume to record all fish movements during the live-fish tests. The details

of the system hardware and software are described in Harby et al. (2019). A brief summary

of the elemental features is given in the following.

Five cameras were arranged in series in the flume centre axis and in front of the bypass en-

trance with a distance of 1.5 m in streamwise direction facing vertically downwards through

the water surface. Each camera (Basler ace) with a maximal resolution of 2048×1536 px2

was equipped with a 185° fisheye lens (Fujifilm). This arrangement provided overlapping

camera views for most of the water volume of interest. Camera settings and video record-

ings were managed by a software coded particularly for the present application, providing

synchronous measurements with a constant frame rate of 20 frames per second.

The 2D fish movements from the uncalibrated videos were tracked by a code based on the

MATLAB documentation ‘Motion-Based Multiple Object Tracking’. The code was adapted,

optimised and equipped with various filtering techniques according to the boundary condi-

tions of the ethohydraulic laboratory flume and the swimming behaviour of the fish (Harby

et al., 2019). The filter criteria were chosen to optimise the tracking process for all live-fish

tests E1–E23 (Table 3.7) and F1–F8 (Table 3.8). The algorithm detected moving fish as

groups of connected pixels. A Kalman filter was used to predict the object’s location in each

video frame and to determine the likelihood of its detection. This process leads to a mean

error of (5...15) ± (5...10) mm for the 2D mid-body location of the fish, which is in the order

of a fish width. A track was identified if a fish with the same attributes (i.e. length, swim-

ming speed) was detected in at least three consecutive time frames and a new track-ID was
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assigned. Single fish detections were assigned to continuous fish tracks if they were within

the next three time steps. Otherwise, a new track with a new track-ID was started. Faulty

fish tracks primarily resulted from noise interpreted as fish tracks, i.e. shadows of fish on the

flume bed, mirror images in the glass window, light reflections, and fine air bubbles (espe-

cially at Uo ≥ 0.7 m/s). If two fish swam very closely together or overlapped, the algorithm

only detected a single fish and the two fish movements were merged to one single track.

In the next step, only video frames with identified 2D fish tracks were calibrated and un-

distorted. The calibration of each camera was based on 9×6 crossing points detected on a

checker board with square sizes of 39.9 mm. Checker board crossing points were detected

by standard image processing techniques from preselected video frames with their edges en-

hanced with edge-aware and fast local Laplacian filters. The recorded raw images were dis-

torted in a complex manner due to both the fisheye lens and the refraction at the air–glass and

glass–water interfaces (Harby et al., 2019). The MATLAB-integrated distortion-correction

model transferred the fish tracks into a local coordinate system (Scaramuzza et al., 2006). By

using the intrinsic and extrinsic parameters of the cameras determined during the calibration

procedure, the 2D tracks were transferred to a 3D metric-space. The required computation

time was optimised by finding the tracks in 2D first and then doing the calibration, which

contrasts with a procedure in which each full image frame would be undistorted first, and

then processed by the tracking algorithm. This procedure led to numerous single tracks be-

longing to the fish and many faulty tracks. Since the fish mostly swam along the flume bed,

the z-coordinate was set to 0.02 m above the flume bed after calibration. This yielded longer,

more continuous tracks with a fixed z-coordinate. However, the fish paths still consisted of

numerous single tracks, which had to be connected with a semi-automated procedure (Sec-

tion 3.6). Incomplete fish tracks occurred if a fish was only observed in one camera. In this

case, the track information is sparse and only the 2D tracks can be computed.

3.6 Ethohydraulic data analysis

The result of the fish-tracking algorithm described in Section 3.5.4 is a matrix (x, y, z, t)

of the various detected fish-tracks from each live-fish test belonging to three individual fish.

Figure 3.11a/b show the resulting x-y- and x-t-diagrams, respectively, for a test with three

eel. The three individual fish paths can be distinguished, but still consist of several single

tracks and some noise. Since it was not possible to further filter out the noise or automatically

connect the tracks without deleting correct tracks, the tracks were manually connected for

the three fish of each test. Figure3.11c illustrates the connected continuous swimming paths

of the three eel, which resulted in a bypass passage and two rack passages.
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Figure 3.11 Tracks of three eel resulting from the fish-tracking algorithm illustrated in (a) x-y-
diagram and (b) x-t-diagram in the local coordinate system, and (c) the manually con-
nected continuous fish paths; the swimming speeds computed for this swimming path
are shown in Figure 6.37

To analyse the fish swimming patterns in detail, the ethohydraulic flume is divided into

different sectors. Sector 1 (Sec1) describes a 15 cm wide corridor along the left concrete
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flume wall opposite of the bypass, Sector 2 (Sec2) and Sector 7 (Sec7) a 15 cm wide corridor

along the right flume wall made of glass in front of the bypass, Sector 3 (Sec3) the flume

centre upstream of line 2, Sector 4 (Sec4) the flume centre downstream of line 2, Sector 5

(Sec5) a 15 cm wide corridor parallel to the rack and Sector 6 (Sec6) describes the first 50 cm

inside the bypass still recorded by the most downstream camera (Figure 3.12). The choice of

15 cm for the width of the rack-parallel Sec5 is appropriate since the hydrodynamic cues of

the CBR, i.e. increased pressure and velocity gradients, only extent to about 40 mm upstream

of the rack (cf. Section 6.1).

0.5 m
1.5 m

Figure 3.12 Definition of Sectors Sec1-Sec7 for the data analysis of fish swimming patterns

Each fish performed one of the following six possible actions during the tests:

1. Bypass passage: the fish swam downstream, did not pass through the rack, but swam

at least 1.5 m into the bypass (line 3 in Figure 3.12) (“bypassed”, subscript by,all)

2. Bypass passage with rack interaction: the fish swam into sector 5 (Sec5) during the

test before finally swimming at least 1.5 m into the bypass (“bypassed with rack inter-

action”, subscript by,red)

3. Rack passage: the fish swam downstream and eventually passed through the CBR

(“rack passage”, subscript rack)

4. Refusal: the fish swam downstream of line 2, did not pass through the rack, and also

refused to swim into the bypass (“refusal”, subscript refusal)

5. Time exceedance: the fish swam past line 1, but did not swim past line 2 (“time ex-

ceedance”, subscript time)
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6. Inactive: the fish did not swim past line 1 during the 30 minutes of the experiment

(“inactive”, subscript inactive)

The distinction between all bypass passages (Nby,all) and bypass passages with rack interac-

tion (Nby,red) was made because some fish swam along the right channel glass wall directly

into the bypass without interacting with the CBR. To assess the effect of the CBR on the

fish guidance efficiency (FGE), fish that did not enter the rack-parallel sector 5 were there-

fore excluded from this particular analysis. From the above listed actions, four parameters

were defined to evaluate the performance of the curved-bar rack bypass system (CBR-BS):

(i) the fish guidance efficiency (FGE) of the system including only bypass passages with

rack interaction (Eq. 3.10), (ii) the fish protection efficiency (FPE) of the system including

only bypass passages with rack interaction (Eq. 3.11), (iii) the total system fish guidance

efficiency (FGE*) including all bypass passages (Eq. 3.12), and (iv) the total system fish

protection efficiency (FPE*) including all bypass passages (Eq. 3.13):

FGE =
Nby,red

Nby,red +Nrack +Nrefusal
(3.10)

FPE =
Nby,red +Nrefusal

Nby,red +Nrack +Nrefusal
(3.11)

FGE∗ =
Nby,all (3.12)

FPE∗ =

Nby,all +Nrack +Nrefusal

Nby,all +Nrefusal

Nby,all +Nrack +Nrefusal
(3.13)

Since the experimental setup allowed the fish to easily swim back out of the bypass or back

upstream through the CBR, only the first reaction was considered for the further analysis.

This means that if a fish passed the CBR or line 3 in the bypass, all further swimming

movements were neglected in the analysis.

3.6.1 Residence time

To analyse and compare the swimming behaviour of the tested fish species for different hy-

draulic configurations, a residence coefficient Rc,i was introduced. From the swimming paths

obtained with the fish tracking software, the time spent in each sector (ti) and the total time

spent in the experiment (ttot) were calculated for each fish. The residence time was determ-

,

,

,

.
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ined by dividing the time with the area of the corresponding sector for each fish j in each sec-

tor i and for the entire flume, i.e. the sum of all sectors, as Ti, j = ti, j/Ai and Ttot, j = ttot, j/Atot

[s/m2], respectively. The average residence coefficient for one hydraulic configuration was

then calculated with Eq. (3.14). For a comparative analysis between different configurations,

the sector residence coefficient was normalised by its sum with Eq. (3.15).

Rc,i =
1
n

n

∑
j=1

Ti, j

Ttot, j
(3.14)

Rc,i,norm =
Rc,i

∑
7
i=1 Rc,i

, (3.15)

with i = sector number [–], j =fish number [–], n = number of active fish tested for this con-

figuration [–], ti, j = time the fish j spent in sector i [s], ttot, j = ∑
7
i=1 ti, j = total time the fish j

spent in any of the sectors 1-7 [s], Ai = area of the sector i [m2], Atot = ∑
7
i=1 Ai = total area of

all sectors 1-7 [m2]. The normalised residence coefficient Rc,i,norm is thus a parameter indic-

ating how much time a fish on average spent in a sector in comparison to the other sectors,

while accounting for the different sector areas. If Rc,i,norm = 1, all fish of the investigated

configuration spent all their time in the sector i, whereas if Rc,i,norm = 0, none of the fish of

the investigated configuration entered the sector i.

3.6.2 Fish swimming velocity

The fish swimming velocities were computed for the four tested main hydraulic conditions

with Uo = 0.5 m/s, 0.7 m/s and V R = 1.2, 1.4. The fish ground streamwise Ug and transverse

Vg velocities, i.e. the velocities of the fish relative to the flume bed, were calculated as the

average over 5 time steps from the individual fish swimming paths for each experiment with

Ug =
xi+5− xi

ti+5− ti
, Vg =

yi+5− yi

ti+5 − ti
(3.16)

This calculation yields negative values Ug < 0 if the fish moves upstream, and positive values

Ug > 0 if the fish moves downstream. For Ug = 0 , the fish remains at the same location in

the flume actively swimming against the flow. Due to slightly different inflow conditions, the

velocity fields for the tests in autumn 2018 and those in spring 2019 slightly differed. The

velocity field for the tests with barbel, spirlin, nase and eel in autumn 2018 was measured

with ADV, whereas a numerical model was used to simulate the flow field for the tests with

salmon parr and brown trout in spring 2019 (cf. Section 6.1). From these velocity fields, the

streamwise and spanwise velocity components U and V , respectively, were interpolated for

every fish location. The streamwise and spanwise fish swimming velocities Ufish and Vfish,

,

.
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respectively, were thus calculated by subtracting the flow velocities from the fish ground

velocity (Eq. 3.17). Finally, the resulting fish swimming velocity vfish in [m/s] was computed

with Eq. (3.18) if Ufish < 0 and with Eq. (3.19) if Ufish > 0.

Ufish =Ug−U, Vfish = Vg −V , (3.17)

vfish = –
√

U2
fish +V 2

fish for Ufish < 0 , (3.18)

vfish =
√

U2
fish +Vfi

2
sh for Ufish > 0 . (3.19)

With this analysis, different swimming patterns are identified (Table 3.9). If the fish ground

speed is Ug <U , Eq. (3.17) yields Ufish < 0, i.e. the fish actively swims against the current

with a positive rheotaxis by either moving upstream or moving downstream with a lower

speed than U . For Ug >U , however, the fish swims downstream with a higher velocity than

the flow velocity U , which is only possible with a negative rheotaxis. Eq. (3.17) thus yields

Ufish > 0 in this case. If Ug =U , the fish drifts passively downstream with the flow velocity

and its rheotaxis is unclear.

Table 3.9 Examples of possible fish swimming patterns resulting in positive or negative rheotaxis

U Ug vfish rheotaxis swimming pattern
[m/s] [m/s] [m/s]

0.5 0 −0.5 positive
fish swims actively against the flow with U and is thus steady
in its location

0.5 0.3 −0.2 positive fish swims actively against the current and drifts downstream
0.5 0.5 0 unclear fish drifts passively downstream with the inflow velocity
0.5 0.7 0.2 negative fish swims d/s at a higher velocity than the flow velocity
0.5 −0.1 −0.6 positive fish swims upstream

Finally, the mean, the standard deviation and the 99% quantile were computed over all fish

swimming velocities obtained for each fish species and each hydraulic condition. These

values were compared to the fish swimming speed known from the literature. Table 3.10

shows the swimming speeds of the fish species tested in this study calculated with the model

by Ebel (2016):

log(vfish) = 0.546+0.7937 · log(T L)−0.0902 · log(t)+0.2813 · log(T ), (3.20)

with T L = total fish length [m], t = swimming time [s] and T = water temperature [°C].
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Table 3.10 Swimming speeds of the tested fish species for the smallest (T Lmin, vfish,min) the largest
(T Lmax, vfish,max) and the mean fish length (T Lmean, vfish,mean) according to the model by
Ebel (2016) for different swimming times corresponding to the sustained swimming speed
(200 min), the prolonged swimming speed (45 min = max. duration of an experiment
including 15 min acclimatisation time) and the burst swimming speed (20 s) at T = 14°C

species swimming T Lmin T Lmean T Lmax vfish,min vfish,mean vfish,max

time [cm] [cm] [cm] [m/s] [m/s] [m/s]

barbel
200 min 0.50 0.69 0.95

45 min 9.7 14.6 22.0 0.57 0.79 1.09

20 s 0.89 1.22 1.70

spirlin
200 min 0.43 0.51 0.62

45 min 8.1 9.9 12.9 0.49 0.58 0.71

20 s 0.77 0.90 1.11

nase
200 min 0.34 0.39 0.46

45 min 6.0 7.2 8.9 0.39 0.45 0.53

20 s 0.60 0.70 0.83

Atlantic salmon
parr

200 min 0.42 0.55 0.70

45 min 7.9 11.1 15.0 0.48 0.63 0.80

20 s 0.75 0.99 1.25

brown trout
200 min 0.49 0.69 0.90

45 min 9.5 14.6 20.4 0.56 0.79 1.03

20 s 0.87 1.22 1.60

European eel
200 min 0.52 0.61 0.68

45 min 50.4 67.1 80.9 0.63 0.74 0.83

20 s 1.21 1.43 1.58

3.6.3 Statistical analysis

A chi-square test χ2 was applied to test whether the different reactions of each fish species

to changes of one of the main parameters Uo or V R (= ratio of bypass inlet to mean approach

flow velocities Uby,in/Uo) were significant. This test is thus a pairwise comparison of two

independent data sets. Furthermore, a multivariate logistic regression model was used to

quantitatively evaluate the main parameters affecting the odds of a specific fish reaction for

all fish species and two different FGSs, i.e. the CBR and the HBR. The model included the

entire data set of live-fish tests conducted in autumn 2018 and spring 2019 for the present

study with the CBR and for the study by Meister (2020) with the HBR.
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Chi-squared test

A chi-squared test was performed in Matlab for each fish species separately to test the null-

hypothesis that there is no relation between the main parameters Uo and V R, and the fish

reaction at the CBR-BS, i.e. that the differences in the fish reactions occurred simply by

chance. The alternate hypothesis thus states that there is a significant effect of the main para-

meters Uo and/or V R on the fish reaction. To this end, the test value χ2 was calculated with

a significance level of α = 0.05 with the Yates’s correction for small sample sizes (Yates,

1934). The chi-squared test was applied to test whether (I) the fish reaction for different Uo

was significantly different and (II) the fish reaction for different V R was significantly differ-

ent. A separate test was conducted for each fish species and for each of the three main fish

reactions, i.e. bypass passage, rack passage or refusal.

Multivariate logistic regression model

To determine the parameters which significantly affected the fish reaction of the entity of

all tested fish, the data set resulting from the ethohydraulic tests with the CBR described in

Section 3.5.3 (Table 3.7) was used as well as the data set obtained by Meister (2020) for

the HBR. A logistic regression model was chosen to analyse the effects of the independent

main parameters rack type, Uo, and V R, and the secondary parameters usage and time of day

on the fish reaction. The parameter usage describes whether a fish was used for the first,

the second or the third time in a test and is thus an indicator for a learning or an adaptation

effect. The parameter time of day describes whether a fish was used for a test in the morning

(07.00-13.00) or in the afternoon (13.00-19.00) and could be an indicator for changes in the

fish’s biorhythm.

A multivariate logistic regression is suitable for a repeated measures design with discrete out-

come variables such as multinomial outcomes, i.e. three or more response categories (Quené

and van den Bergh, 2004). Herein, the fish reaction can be separated into three response

categories: rack passage, bypass passage, or refusal, and thus describes the categorical re-

sponse variable Y . A binomial logistic regression was set up with the open source statistics

software R using the generalised linear model (glm) function of the nnet library. Three dif-

ferent models were thus set up with either bypass passage (yes/no), rack passage (yes/no) or

refusal (yes/no) as the dependent reference variable.

Eq. (3.21) expresses the probability π of Y taking category k given a set of n independent

parameters X = (X1, X2, ..., Xn). In a logistic regression model, the odds ratio p(X)
1−p(X) is
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expressed with Eq. (3.22) or in linear form with Eq. (3.23).

πk = P(Y = k |X = x) , (3.21)

p(X)

1− p(X)
= eβ0+β1X1+...+βnXn , (3.22)

log
(

p(X)

1− p(X)

)
= β0 +β1X , (3.23)

where p(X)
1−p(X) denotes the odds ratio, i.e. the probability of the occurrence of category k

divided by the probability of category k not occurring and βi = (β0, ...,βn) = output coef-

ficients of the logistic regression model. It is common to compare the odds ratio, which

represents the constant effect of an independent parameter X on the probability that one out-

come will occur. For the analysis of the model output, the coefficients for the odds ratio

of one response category are compared to the coefficients of the reference category. All in-

dependent parameters Xi were therefore introduced as categorical variables with the CBR,

Uo = 0.5 m/s, V R = 1.2, usage = 1, and time of day = morning as the reference categories.

This means that the effect of the HBR is interpreted relative to the effect of the CBR, the

effect of Uo = 0.7 m/s relative to the effect of Uo = 0.5 m/s and so on.

To find the best model fit for the present data, different logistic regression models were set up

in R including all possible interaction terms for the main independent parameters rack type,

Uo and V R. The Akaike Information Criterion (AIC) was used to compare the models and

choose the best fit. Smaller AIC values thereby indicate a better model fit. If more variables

are considered, the model complexity and the resulting AIC value increases. The AIC values

for the model with only the main parameters and those for the models including different

interaction terms were all in the narrow range of AIC = 836-850 (with bypass passage as the

dependent variable). The simple model with all main parameters and no interaction terms

was therefore chosen (AIC = 847).

3.7 Numerical model

In the scope of a MSc thesis conducted by Leuch (2019), a Computational Fluid Dynamics

(CFD) model of the CBR was set up in the open-source software OpenFOAMr (version

v1812) environment to further optimise and investigate the effect of different bar shapes on

the flow field, and to gain detailed insight on the hydraulics in the vicinity of the rack and
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between the bars.

In a preliminary study, the performance of different turbulence models, i.e. standard k− ε ,

realizable k− ε , RNG k− ε , Wilcox k−ω , SST k−ω , and different mesh resolutions were

tested with regard to reproducing the velocity profile in the viscous and the logarithmic

sublayer. The Shear Stress Transport (SST) k−ω model was found to best reproduce the

velocity profile, whereas the k− ε models overestimated the shear velocity (Figure 3.13).

The SST k−ω model makes use of the advantages of the standard k− ε and the Wilcox

k−ω model by treating adverse pressure gradients and the velocity distribution near wall

regions more accurately. Furthermore, the SST k−ω turbulence model is suitable for low to

high Reynolds numbers.

U+ = y+

ln(y+)

U+

Figure 3.13 Velocity profiles simulated with different turbulence models with U+ = u/u∗,
y+ = u∗y/ν and u∗ = simulated wall shear velocity; adapted from Leuch (2019)

A grid convergence study was carried out to determine an optimal mesh size with regard

to modelling error and computational time. The OpenFOAM meshing tools blockMesh and

snappyHexMesh were used for the mesh generation. Based on this study, the cell length of

the base mesh was set to 2.5 mm. The mesh was refined around and between the bars to a

cell length of 1.25 mm. Three additional 10 mm long and 0.625 mm thick cell layers were

set around the bar surface to reduce grid-induced errors (Figure 3.14). Additionally to the

mesh refinement around the bars, a wall function was implemented, which superimposes a

theoretical velocity profile between the wall and the first mesh node.
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Figure 3.14 Grid structure and resolution around the upstream bar tip of the CBR (Leuch, 2019)

The pimpleFOAM solver was used with the numerical schemes in Table 3.11 for all simu-

lations described hereafter. A fixed velocity and a fixed pressure were defined as inlet and

outlet boundary condition, respectively. The walls and the borders of the bars were treated

with a no-slip condition for velocity, and a zero-gradient condition for pressure. The free

stream values at the inlet were determined according to Spalart and Rumsey (2007) with

T KE = 10−6 ·U2
o , εt = 4.5 ·10−7 ·U

3
o

db
, ω = 5 ·Uo

db
, (3.24)

with T KE = turbulent kinetic energy [m2/s2], εt = turbulent dissipation [m2/s2], and ω = specific

rate of dissipation [1/s].

Table 3.11 Applied numerical schemes for the model set-up with the pimpleFOAM solver

scheme

∂/∂ t Euler
∇ · (U) Gauss linearUpwind

∇ · (T KE, εt , ω) Gauss upwind
Gradient Gauss linear

Surface normal gradient corrected
Laplacian Gauss linear corrected

Wall distance meshWave method

As a first step, the CBR in the diversion-type HPP layout tested in the small flume (Figure

3.5) was simulated to validate the numerical model with the head loss and velocity field

measurements. A 2D mesh with a unit height of 10 mm in vertical direction was generated

with a hexagonal base. The simulation was conducted for 50 s (real time), but reached

convergence after a few seconds. The validated numerical model can be used to develop

and investigate new bar shapes optimised for the hydraulic and operational conditions of
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a specific prototype site. In addition to the straight bar shape of the MBR (Figure 3.15a)

and the curved bar shape of the CBR (Figure 3.15b), a new bar shape was developed and

investigated with the numerical model. This new bar shape represents a more foil-shaped

version of the curved bar and is thus called foil-shaped CBR or f-CBR hereafter (Figure

3.15c). The smallest distance between the bars of the f-CBR is located at the upstream

rack side, which is advantageous for the rack cleaning process, because logs cannot get

stuck between the bars as easily as in the CBR with narrowing distance between the bars in

streamwise direction (cf. Section 8.2). Figure 3.15c shows the bar shape dimensions for an

f-CBR with α = 30°. The upstream bar tip with r = 8 mm is wider than for the CBR, hence

tb = 16 mm. The resulting bar blockage ratio is thus higher compared to the MBR and the

CBR with σ = tb/(sb + tb) = 0.24 for sb = 50 mm. The downstream bar end is designed

with the minimum possible steel extrusion radius of r = 1.5 mm. The downstream bar end

is angled with 10° to the downstream channel walls compared to 0° for the CBR and 45° for

the MBR. This f-CBR design leads to a widening of the bar spacing in streamwise direction

for α ≥ 30°. Thereby, increasing α increases the bar spacing towards the downstream bar

tip since bar overlapping is reduced. For α < 30°, however, bar overlapping increases and

the shape of the f-CBR has to be further optimised for lower rack angles.

Different flow features such as the spatial velocity gradient (SV G) and the turbulent kinetic

energy (T KE) are reported and discussed for the different bar shapes in Chapter 5.

0°

(a) (b) (c)

Figure 3.15 Dimensions in [mm] of different bar shapes for (a) MBR, (b) CBR and (c) f-CBR, all
with α = 30°, β = 45°, sb = 50 mm

A 3D numerical model of the CBR-BS in the ethohydraulic flume was set up as an extension

of the MSc study by Leuch (2019). The four main flow conditions used in the live-fish tests

were modelled with the bypass discharge Qby as an input parameter. Qby was computed from

water level measurements and the standard equation for weir overflow by Poleni (Bollrich,

2013). The same boundary conditions and turbulence model was used as for the 2D model

of the small flume simulations. To save computational time, the mesh resolution was slightly

lower, however. The mesh resolution in the far up- and downstream of the CBR was 20 mm.
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The mesh was refined around the CBR to 5 mm, and three extra layers of 10 mm length and

1 mm width were created around the bars (Figure 3.16). The simulation was conducted for

200 s (real time). The 3D numerical model results were validated with ADV measurements.

(b)(a)

Figure 3.16 Detailed view on the mesh resolution for the 3D numerical simulations of the etho-
hydraulic flume with the refined grid resolution (a) at the bypass entrance, and (b) around
the bars of the CBR
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4 Hydraulic head losses and flow fields of curved-bar racks

This chapter presents the results, analysis and discussion of the experimental investigation of

curved-bar racks with physical scale 1:2 models. The hydraulic performance is investigated

regarding the hydraulic head losses in Section 4.1 and the flow fields at CBRs in Section 4.2.

4.1 Hydraulic head losses of curved-bar racks

Parts of this section have been published in Beck et al. (2019a): Hydraulic performance

of fish guidance structures with curved bars - Part 1: Head loss assessment, Journal of

Hydraulic Research.

4.1.1 Head loss equation

The rack head loss coefficient ξR = f(α , β , σ , ε , K, Vi, wds/wo) is a non-dimensional para-

meter and a function of the rack, bar and overlay parameters, and the HPP layout described

in Section 3.4.3. The rack angle α , the bar angle of attack β and the non-dimensional axial

bar distance, i.e. the blockage ratio of the vertical bars σ , characterise the basic geometric

rack properties. According to Albayrak et al. (2018), the basic rack head loss coefficient

ξB = f(α , β , σ ) is a function of these parameters. The head loss factors CS, CL, CV,i and Cw

describe the effects of the secondary parameters: bar shape, bar depth, additional overlays or

different HPP layouts, respectively. Overall, the rack head loss coefficient ξR is a product of

the basic head loss coefficient and the head loss factors:

(4.1)

Figure 4.1 shows the experimentally obtained ξR values versus the main rack parameters (α ,

β , σ ) for wds = wo, i.e. a typical diversion-type HPP layout. Three fundamental correlations

are observed:

1. Reducing the bar spacing sb and hence increasing σ leads to higher rack blockage and

thus to higher ξB values (Figure 4.1a). This effect is small for β = 45° compared to

β = 90°.

2. Decreasing β leads to a less pronounced deflection of the flow and hence decreases ξR

(Figure 4.1b). The flow straightening effect of the curved bars is stronger for lower β

values causing a smaller recirculation zone downstream of the CBR (compare Figures

4.2a and b).

3. Increasing α decreases the rack area and thus increases the flow velocity in front of

the rack. This effect leads to higher ξR with increasing rack angles α . For σ = 0.04,

ξR = ξB · CS · CL · CV,i · Cw .
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however, this trend is reversed because an increase of α creates gaps between the bars,

i.e. no bar overlapping in flow direction, which reduces rack resistance. Both effects

are stronger for β = 90° compared to β = 45° (Figure 4.1c).

[°]

(a)

(c)

(b)

[°]

Figure 4.1 Basic head loss coefficient ξB versus (a) σ , (b) β and (c) α for rack configurations in the
diversion-type HPP layout without overlays
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(a) (b)

Figure 4.2 Rack head loss and downstream flow field of CBRs with (a) α = 45°, β = 45° and σ =
0.17 and (b) α = 45°, β = 90° and σ = 0.17, view against flow direction

The above observed correlations are quasi-similar to those reported by Albayrak et al. (2018)

for MBRs. Therefore, the rack head loss prediction equation is developed in the same form

as proposed by Albayrak et al. (2018). The equation for the basic head loss coefficient

developed by Albayrak et al. (2018) for MBRs with straight bars is taken as a basis since it

is valid for the parameter range of the present study:

ξB = 245
[
0.0275+(σ −0.0815)

(
α

90°

)]
·
(

β

90°

)5σ0.44

(4.2)

4.1.2 Bar shape factor CS

The bar shape factor for straight bars is CS,straight = 1 (Albayrak et al., 2018). To determine

the shape factor for curved bars, the predicted (subscript p) head loss coefficients ξR,p using

Eqs. (4.1) and (4.2) are compared with the measured (subscript m) CBR head loss coefficients

ξR,m for the main parameters (Figure 4.1). Note that the bar depth is the standard bar depth

Db = 0.10 m at prototype scale (CL = 1), no overlay is considered (CV,i = 1), the HPP layout

is of diversion-type (Cw = 1) and hence Eq. (4.1) reduces to ξR = ξB ·CS. The resulting ratios

in Figure 4.3 show that the ξR values for CBRs are 2.6 to 5.5 times lower than those predicted

for the equivalent MBR configurations with straight bars with an average of 4.2, a standard

variation of 0.94 and a variance of 0.88.

.
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Figure 4.3 Ratio of the computed MBR head loss coefficient ξB,p from Albayrak et al. (2018) to the
measured CBR head loss coefficient ξB,m of the present study versus σ

Since no specific effects or trends of α , β or σ on the ratios shown in Figure 4.3 are identi-

fied, the average value of the ratios is considered to account for the overall effects of these

parameters, leading to a bar shape coefficient for CBRs of

CS,curved =

(
1

4.2

)
(4.3)

This coefficient CS,curved = 0.24 indicates that the ξR values for curved bars are reduced by

76% on average as compared to straight bars for the investigated rack configurations. The

coefficient of determination for the best fit of ξR = ξB ·CS is R2 = 0.95.

4.1.3 Head loss factor of bar depth CL

The effect of the bar depth db on the head loss coefficient was investigated for α =30°,

45°, β = 45°, 90°, and σ = 0.04, 0.08, 0.17. For ε = db/Db = 0.7 and 1.25, CL values were

computed as the ratio of ξR values for ε = 0.7 or ε = 1.25 to ξR for ε = 1, describing the head

loss change from the standard bar depth to the shorter and longer bar depths, respectively.

The curve fit analysis gives

CL =
[
1+3.3(1− ε)

(
α

90°

)]
σ

2(1−ε)( α

90°) (4.4)

with R2 = 0.75, provided that 45° ≤ β ≤ 90°, 30° ≤ α ≤ 45°, 0.7 ≤ ε ≤ 1.25 and 0.04 ≤
σ ≤ 0.17. Eq. (4.4) satisfies the following boundary conditions: ε = 0→ CL = 1 and ε =

∞→ CL = ∞. The application of Eq. (4.4) to CBRs with α = 15° is only recommended for

estimates because the effect of the bar depth db on ξR was only determined for α = 30° and

45°.

,

≈ 0.24 .
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Figure 4.4 shows the curve fits of CL, i.e. Eq. (4.4), and the corresponding experimental

data versus σ . For ε = 1, CL is equal to unity. The effect of ε on ξR is most pronounced

for low σ , i.e. larger bar spacings, because the bars act as a single body in the flow and

flow through gaps between the bars in flow direction occurs as for isolated bars. Decreasing

the bar depth from ε = 1.25 to ε = 0.7 reduces the projected bar area and hence the bar

resistance. Therefore, the head loss coefficient ξR decreases with decreasing ε . This trend

diminishes with increasing σ since the gaps between the bars are reduced and the bars even

overlap in flow direction resulting in increased bar resistance compared to the single bar.

Despite the larger projected area, longer bars enhance the flow straightening effect of curved

bars resulting in reduced ξR and CL values below 1 at σ = 0.17. For both rack angles α , CL

values follow a power-law function with σ .

A slight effect of α on CL is observed in Figure 4.4. For the same σ values, the lateral

distance between the bars is higher for α = 45° than for α = 30°. As a consequence, the

effect of ε on CL and hence ξR is slightly more pronounced for the former compared to the

latter. For β = 90° at σ = 0.17, the data do not follow the trends explained above, and

both shorter and longer bars strongly reduce ξR and hence CL compared to the standard bar

depth (Figure 4.4b). Therefore, the data point marked with a grey circle in Figure 4.4b was

considered as an outlier and excluded from the fit. Except for this behaviour at σ = 0.17 and

some data scatter for the other two σ values, the effect of β on CL is assumed to be negligible

within 45°≤ β ≤ 90°.

(a) (b)

C L C L

Figure 4.4 Head loss factor of bar depth CL versus σ for (a) β = 45° and (b) β = 90° including the
best fit according to Eq. (4.4); the configuration α = 30°, β = 90°, σ = 0.17, ε = 1.25
marked with a grey circle in plot (b) is treated as an outlier and thus excluded from the fit
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4.1.4 Head loss factor of overlays CV,i

Different blockage ratios of top, top & bottom and bottom overlays, V1 = hTo/ho, V2 =

hv/ho and V3 = hBo/ho, respectively, were investigated for all CBR configurations listed in

Table 3.3.

The CV,i values were computed by dividing the measured ξR,m values of overlay configura-

tions with the ξR,m values of corresponding no-overlay configurations. An overlay factor KV,i

is introduced with the boundary conditions KV,i = 0→CV,i = 1 and KV,i = ∞→CV,i = ∞ as

CV,i = 1 +KV,i . (4.5)

Figure 4.5 shows CV,i versus Vi for α = 15°, 30° and 45°, β = 90°, σ = 0.04, 0.08 and 0.17,

ε = 1 and top, top & bottom and bottom overlays. The experimental data reveal a different

effect of individual top (CV,1) or bottom (CV,3) overlay on the head loss compared to the

combination of top & bottom overlays (CV,2). The values of CV,1 and CV,3 match well and

are larger than CV,2 at the same σ values for a given overlay blockage ratio Vi. This trend is

independent of the rack angle α . For all overlay configurations, all CV,1, CV,2 and CV,3 values

are highest for large bar spacings (σ = 0.04) and lowest for smaller bar spacings (σ = 0.17).

This result is expected because the additional blockage by overlays leads to a sharp increase

of the total blockage of the rack for σ = 0.04 compared to σ = 0.17 where the blockage due

to the bars is already the highest.

The rack angle α has a profound effect on CV,i. The CV,i values increase with increasing

overlay blockage ratio Vi for α = 45° whereas it is opposite for α = 15°. This result is

attributed to the fact that decreasing α results in: (i) lower velocities at the rack and hence

lower rack resistance, and (ii) the overlays distribute the flow more uniformly along the rack

resulting in lower CV,i values.



4.1 Hydraulic head losses of curved-bar racks 85

top overlay

bottom overlay

top & bottom overlay

C V
,i

C V
,i

C V
,i

Vi

Vi Vi

(a)

(c)(b)

Figure 4.5 Measured overlay head loss coefficient CV,i versus V for top, top & bottom and bottom
overlays in case of (a) α = 45°, β = 90°, (b) α = 30°, β = 90° and (c) α = 15°, β = 90°

Since CV,i and hence KV,i depend on the overlay positions at the rack, a separate curve-fit

analysis with KV,i = f(α , β , σ , Vi) was made. The experimental data follow the fits

KV,1,3 =

10
(

90°
β

)(
V1,3

1−V1,3

)4.3σ
0.75( α

90°)
−5.3

(
V1,3

1−V1,3

)1.7

(4.6)

KV,2 =

7
(

90°
β

)(
V2

1−V2

)9.5σ
1.2( α

90°)
−1.5

(
V2

1−V1

)1.4

, (4.7)

provided that 0 ≤Vi ≤ 0.30. Eqs. (4.6) and (4.7) satisfy the following boundary conditions:

Vi = 0→ KV,i = 0 and Vi = 1→ KV,i = ∞.

,
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Figure 4.6 shows the factor KV,1, i.e. top overlay, versus V1/(1−V1) and the corresponding

power-law function for α = 15◦, 30°, 45°, β = 45◦, 90°, σ = 0.04, 0.08, 0.17 and ε = 1.

These configurations are selected as an example to compare the predicted KV,1 values using

Eq. (4.6) with the experimental data. In general, the predicted KV,1 match well with the

measured KV,1 values. Figure 4.6 also shows the effect of β on KV,1. The KV,1 values are

generally higher for β = 45° than those for β = 90°. Since ξB values are relatively small

for β = 45° compared to β = 90°, additional blockage by overlays has a stronger effect for

β = 45◦.

s = 0.17 s = 0.08 s = 0.04

a
 =
 4
5°

a
 =
 3
0°

a
 =
 1
5°

V1 / (1-V1) V1 / (1-V1) V1 / (1-V1)

K V
,1

K V
,1

K V
,1

Figure 4.6 KV,i versus V1/(1−V1) for σ = 0.17, 0.08 and 0.04, α = 45°, 30°, 15°, β = 45°, 90°
according to Eq. (4.6) (dashed lines) and experimental data (markers) for top overlays

In Figure 4.7, the predicted KV,i,p values are compared with the measured KV,i,m values for

top, top and bottom, and bottom overlays. The predicted values match well with the meas-
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ured values for most CBR configurations. The data points with a deviation of more than 30%

correspond to CBR configurations with σ = 0.04, which are not recommended for high fish

protection and guidance.

(a) (b) (c)

Figure 4.7 Measured versus predicted KV,i values for (a) top overlays, (b) top and bottom overlays,
and (c) bottom overlays
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4.1.5 Head loss factor of HPP layout geometry Cw

The effect of the HPP layout on the rack head loss was investigated by varying the approach

flow channel width from wo = wds to wo = 1.5 ·wds and wo = 2.0 ·wds. This effect was

investigated for α = 15°, 30°, 45°, β = 45°, 90°, σ = 0.04, 0.08, 0.17, hv = 0, 0.2 ·ho, 0.3 ·ho

and ε = 1. Figure 4.8a,b shows the measured rack head loss coefficients ξR,m versus the flume

downstream to upstream width ratio wds/wo for all configurations without overlays. The

ratio is wds/wo = 1 for diversion-type HPPs and wds/wo < 1 for block-type HPPs. The ξR,m

values decrease for decreasing wds/wo ratios, i.e. for increasing upstream channel widths.

The same trends are observed if overlays are installed at the CBRs. For HPP geometries with

wo > wds, a rotating flow develops in front of the weir and the approach flow vectors turn

towards the rack, reducing the flow attack angle. The flow fields are described in detail in

Section 4.2.5. The decreased flow deflection leads to lower head losses for the same CBR

at a block-type HPP compared to a diversion-type HPP layout with wo = wds. This effect is

stronger for β = 90° compared to β = 45°. The observed trend is contrary to the head loss

coefficient of an abrupt contraction ξc = 0.5 · (1−Ads/Ao)
0.75 described by Idelcik (2007).

The ξc values increase for decreasing Ads/Ao ratios because of the increasing flow separation

and recirculation zone. These results indicate that the flow straightening effect of the curved

bars is predominant compared to the flow separation caused by the abrupt contraction.

Figure 4.8c,d further shows the Cw values calculated as the ratio of the measured rack head

loss ξR,m for wds/wo < 1 divided by ξR,m for wds/wo = 1. If Cw > 1, the total rack head loss

increases, which is only the case for large bar spacings (σ = 0.04) and high α values, where

the bars mounted in the rack act as single bars in the flow leading to a different flow-rack

interaction with the sudden contraction as the dominant process. The results for CBRs with

σ = 0.04 were therefore excluded from the fit. For smaller bar spacings (σ = 0.08, 0.17), the

head losses are significantly reduced (Cw < 1) by 55 − 90% for β = 45◦ and by 25 – 80% for

β = 90◦ with a block-type HPP layout as compared to the diversion-type HPP layout with

Cw =

(
wds

wo

)2.3(1− α

90°−Vi)
, (4.8)

with R2 = 0.81, provided that 0.5 ≤ wds/wo ≤ 1. Although for wo � wds → Cw = 0 and

ξR = 0 according to Eq. (4.8), it is more likely that Cw converges to a certain value. More

experiments with wds/wo < 0.5 would be necessary to assess this value.
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Figure 4.8 Measured rack head loss ξR,m and HPP layout head loss factor Cw versus wds/wo for (a),
(c) β = 45° and (b), (d) β = 90°

4.1.6 Application of total head loss formula

The head loss estimate based on Eq. (4.1) includes errors associated with the accuracy of in-

struments as well as assumptions made in the data analysis. The error propagation according

to Eqs. (3.4) and (3.5) yields an absolute error of ∼ 1.8 mm for the head loss measurements

due to instrument and measurement accuracy, which corresponds to an absolute error for the

rack head loss coefficient of eξR = 0.14. Figure 4.9a shows all measured head loss coeffi-

cients ξR,m versus the corresponding predicted values ξR,p using Eq. (4.1). The data include

all rack configurations described above and listed in Table 3.3. Note that this validation is

based on the data which were used to derive the equation, thus no independent data was

used. The computed values ξR,p are in good accordance with the measured values ξR,m (Fig-
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ure 4.9a). The coefficient of determination for the best fit is R2 = 0.92. Figure 4.9b shows the

prediction error (PE) due to assumptions made in the data analysis and the fitting process,

which can reach values up to 50% for ξR,p < 2 . For ξR,p < 0.28, the relative error due to the

measurement accuracy (eξR = 0.14) is higher than 50%. However, this is only the case for

CBR configurations with very large bar spacings (σ = 0.04), which are not recommended

for fish protection (cf. Chapter 9). Therefore, to apply Eq. (4.1), errors of ± 50%, 30% and

15% should be accounted for head loss coefficients ξR,p < 2, < 4 and > 4, respectively. The

20 CBR configurations with PE > 50% (= 5.5% out of a total of 360 configurations) are

marked in grey in Figure 4.9b. In 14 cases, the PE is slightly higher than 50% for very small

rack head losses (ξR,p < 1), where measurement errors might increase the total error. For the

other 6 cases with ξR,p > 1, the rack head loss coefficient is overpredicted by more than 50%

meaning that the head losses are estimated conservatively.
[%

]

Figure 4.9 Comparison of (a) measured head loss coefficients ξR,m with corresponding prediction
ξR,p for all rack configurations (b) prediction error PE = (ξR,p− ξR,m)/ξR,m× 100 [%]
versus ξR,p

The effect of horizontal spacers or tie bars on the head losses was not included in the above

depicted rack head loss analysis but is discussed in Chapter 9.
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4.2 Flow fields at curved-bar racks

Parts of this subsection have been published in Beck et al. (2019b): Hydraulic performance

of fish guidance structures with curved bars - Part 2: Flow fields, Journal of Hydraulic

Research.

4.2.1 Up- and downstream flow fields

Figures 4.10 and 4.11 show the time-averaged longitudinal and transversal flow velocities

U and V normalised by Uth = 0.5 m/s (model value), respectively, for the basic rack con-

figurations A1-A6 measured at z/ho = 0.5. The rack starts affecting the flow distribution

from approx. x/ho = 1.5 upstream of the upstream (u/s) rack end. Starting at the u/s rack

end (x/ho = −1.25, −2.16, −4.66 for α = 45°, 30°, 15°, respectively), the flow velocities

gradually increase towards the d/s rack end (Figure 4.10). Therefore, lower rack angles α

lead to a more gradual velocity increase and thus a lower spatial velocity gradient (SV G, cf.

section 4.2.2). The projected area of the bars in the flow direction decreases with decreas-

ing β values, resulting in a mild flow deflection and a more gradual velocity increase along

the rack with lower Umax/Uo at the d/s rack end for β = 45◦ (A1, A3, A5) compared to

β = 90◦ (A2, A4, A6) (Table 4.1). For β = 45◦, lower rack angles α lead to slightly higher

Umax/Uo values because of the increased overlapping of the curved bars in flow direction.

This overlap is highest for α = 15°, which is why the application of overlays improves the

flow distribution through the rack and decrease the head losses (cf. Figure 4.5c). Table 4.1

lists the Umax/Uo values for all basic CBR configurations and the overlay configurations,

which are further discussed in section 4.2.3. The flow deflection along the rack causes pos-

itive transverse velocities V along the upstream side of the rack for all rack configurations

(Figure 4.11). Although V decreases towards the d/s rack end, it remains positive. For β =

90°, the more pronounced upstream flow deflection leads to negative transverse flow velo-

cities of up to −1.23 ·Uo, −0.8 ·Uo and −0.44 ·Uo for α = 45°, 30°, 15°, respectively, and

highly asymmetric flow distribution with a return flow zone downstream of the rack, which

extends up to the end of the experimental flume (Figure 4.11b,d,f). The more mildly curved

bars β = 45◦ cause a strong flow straightening effect resulting in a quasi-symmetrical velo-

city distribution downstream of the rack with only a slight decrease of velocities close to the

right channel wall (Figure 4.11a,c,e). The effect of α , β and overlays on the admission flow

is further discussed in Section 4.2.4 and shown in Table 4.1.



92 Hydraulic head losses and flow fields of curved-bar racks
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(a)

Figure 4.10 Longitudinal flow velocities U/Uth of CBR configurations A1-A6 (a)-(f) measured at
z/ho = 0.5; the direction of the resulting velocity vector at each measurement point and
the contour values are indicated
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Figure 4.11 Transversal flow velocities V/Uth of CBR configurations A1-A6 (a)-(f) measured at
z/ho = 0.5; the direction of the resulting velocity vector at each measurement point and
the contour values are indicated
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4.2.2 Flow field in the rack-parallel cross section

Figure 4.12 shows the velocity components Vn, Vp and Vz normalized with Uth = 0.5 m/s

(model value) measured at a perpendicular u/s distance of 50 mm (prototype value) along

the rack for A1-A6. The u/s rack end is located at y′/lR = 1, the d/s rack end at y′/lR = 0.

Since the trends are similar at different measuring planes, only the results at z/ho = 0.5

are shown in Figure 4.12. The Vn/Uth and Vp/Uth values increase along the rack for all

CBRs with the highest values at the d/s rack end (y’/lR = 0.1), and Vp being the dominant

component. The streamwise velocity increase towards the d/s rack end is less pronounced

for lower α values leading to lower Vn/Uth values. The increase rate of Vn/Uth along the rack

also becomes significantly lower with decreasing α and β values (Figure 4.12a) indicating

less flow deflection towards the d/s rack end and a more uniform flow distribution along

the rack for lower α and β values. The dashed line in Figure 4.12a marks the criterion

Vn ≤ 0.5 m/s for Uth = 0.5 m/s, hence this threshold is only exceeded at the d/s rack end

for A2. For higher Uth values, the dashed line is shifted to the left. The parallel velocity

components Vp/Uth generally increase with decreasing α values. The highest Vp/Uth values

are measured for A4 (Figure 4.12b). The vertical velocity components Vz/Uth are almost zero

along the rack. Slightly negative Vz/Uth values are measured at the d/s rack end. The fish

guidance capacity FGC =Vp/V n is above 1 for all CBR configurations meeting the criterion

FGC≥ 1 proposed by Courret and Larinier (2008) (Figure 4.12c). The FGC decreases along

the rack indicating the strongest flow deflection towards the opposite channel wall at the u/s

rack end and more flow being diverted through the rack to the downstream channel at the d/s

rack end. Lower α values lead to a higher FGC due to the geometrical decomposition of Vp

and Vn. Furthermore, stronger flow deflection towards the d/s rack end for higher α and β

values leads to higher Vn values at the d/s rack end and hence lower Vp/Vn ratios.
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Figure 4.12 Comparison of velocity components (a) normal to the rack (Vn) normalized with Uth, (b)
vertical (Vz) and parallel (Vp) to the rack normalized with Uth and (c) the FGC = Vp/Vn

for A1-A6 measured at z/ho = 0.5

4.2.3 Hydraulics of CBRs with overlays

Different blockage ratios of top, top & bottom and bottom overlays were investigated for

CBR configuration A3 (Tests B1- B6). Figure 4.13 shows the time-averaged longitudinal

and transversal flow velocities U and V normalized by Uth for A3 without overlay and B6

(15% bottom overlay) measured close to the flume bottom at z/ho = 0.075. The bottom

overlay completely deflects the flow towards the d/s rack end leading to constant positive

V values along the entire rack (Figure 4.13d) compared to the no-overlay configuration A3

(Figure 4.13c). At this flow depth, no flow diversion through the CBR occurs for B6 and

hence the risk of fish entrainment near the bed is minimized. The downstream flow field is

symmetric from x/ho ≥ 0.2 for A3 and from x/ho ≥ 2 for B6.
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(b)

(d)

(c)

(a)

Figure 4.13 Flow field of CBR configuration with α = 30°, β = 45°, σ = 0.17 (a), (c) without
overlay (A3) and (b), (d) with a bottom overlay hBo = 0.15 ·ho (B6), measured at z/ho =
0.075. The resulting velocity vector at each measurement point and the contour values
are indicated for (a), (b) longitudinal velocities U/Uth and (c), (d) transversal velocities
V/Uth

Figure 4.14 shows the contour plot of the FGC in the rack-parallel cross section with the

resulting velocity vectors of parallel and vertical velocities Vp,z/Uth for A3, B4, B5 and B6.
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For A3, a gradual decrease of FGC along the rack is observed. With a top overlay (B4), the

FGC is high in front of the overlay with a uniform distribution along the rack (Figure 4.14b).

Minimum FGC values for B4 are lower compared to A3 and are shifted from the d/s rack

end towards the rack centre. Analogous effects are observed for a bottom overlay (B6). With

a top and a bottom overlay combined (B5), the FGC is highest in front of both overlays.

The resulting velocity vectors Vp,z/Uth are parallel for A3 indicating low Vz values. The

Vp,z/Uth vectors in front of top or bottom overlay show that the flow is diverted downwards

or upwards, respectively, leading to higher velocities between the overlays, hence locally

reducing the FGC. Despite this fact, the FGC is still higher than 1 for all rack configurations.

FGC =

(a) (b)

(c) (d)

A3 B4

B6 B5

Figure 4.14 Contour plots of the FGC in the rack-parallel cross section for (a) A3: no overlay (b)
B4: 15% top overlay, (c) B6: 15% bottom overlay and (d) B5: 15% top and 15% bottom
overlay; the overlay dimensions are indicated; the positions y’/lR = 1.0 and 0.0 mark the
u/s rack end and the d/s rack end, respectively
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4.2.4 Downstream flow field and turbine admission flow

Figure 4.15 shows the effect of β and top & bottom overlay on the flow distribution at x/ho =

3.5 downstream of the CBR with contour plots of the longitudinal velocity U normalized

with Uth for A3, B4, B5 and B6. Without overlays (A3), quasi-symmetrical downstream

flow is seen and the admission discharge criteria by Godde (1994) is fulfilled (Figure 4.15a).

Note that the velocity vectors are small, thus the flow is uniform, and transversal and vertical

velocities are negligible.

(a) (b)

(c) (d)

A3 B4

B6 B5

0.2

51.3% 48.7%

51.1% 48.9%

51.3% 48.7%

55.3% 44.7%

Figure 4.15 Contour plots of normalised flow velocities in the downstream cross section x/ho = 3.5
for (a) A3: no overlay (b) B4: 15% top overlay, (c) B6: 15% bottom overlay and (d)
B5: 15% top and 15% bottom overlay; the overlay dimensions and the flow depth are
indicated; the discharge share is given in each channel half

The application of overlays leads to a flow diversion along the overlay with α and flow

downwelling or upwelling under or over the overlay, respectively. This causes significant
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spiral flow downstream of the CBR, which is indicated by the velocity vectors in Figures

4.15b-d. With a top overlay, a clockwise spiral flow develops with locally reduced flow

velocities near the flume bottom at x/ho = 3.5 (Figure 4.15b). Conversely, with a bottom

overlay, a counter-clockwise spiral flow develops with locally reduced flow velocities near

the water surface (Figure 4.15c). In both cases B4 and B6, the difference between the relative

discharges in the left and the right channel half is far below 5% (∆Q/Qt =| Qleft−Qright |
/Qt ≤ 5%) with ∆Q/Qt = 2.6% and ∆Q/Qt = 2.2%, respectively. With a combination of

top and bottom overlay (B5), however, two counter-rotating vortices develop and the flow

becomes more asymmetric with ∆Q/Qt = 10.6% (Figure 4.15d). The occurrence of a distinct

spiral flow with the application of overlays was confirmed with a numerical simulation of this

setup described in Chapter 5. Note that the difference between the downstream water levels

of A3 and B4-B6 is small, indicating only a small increase of head losses with additional

overlays. Table 4.1 lists the resulting head loss coefficients and the admission flow quality

for all tested CBR configurations without overlays (A1-A6) and with overlays (B1-B6).

Table 4.1 Hydraulic parameters and turbine admission flow distribution measured at x/ho = 3.5; it is
indicated whether the criterion proposed by Godde (1994) is met (+) or not met (−)

Tests
α β ξR hv Umax/Uo Discharge per ∆Q/Qt

[°] [°] [–] [m] [–] intake half [%] [%]

A1
45

45 0.70 0 1.25 52.1 / 47.9 4.2 +

A2 90 4.05 0 1.66 64.4 / 35.6 28.8 −

A3
30

45 0.57 0 1.27 51.3 / 48.7 2.6 +

A4 90 3.83 0 1.87 66.1 / 33.9 32.2 −

A5
15

45 0.80 0 1.36 50.5 / 49.5 1.0 +

A6 90 2.19 0 1.56 54.9 / 45.1 9.8 −

B1

30 45

0.55 hTo = 0.10 ·ho n/a 51.8 / 48.2 3.6 +

B2 0.58 hTo = 0.10 ·ho
hBo = 0.10 ·ho

n/a 53.6 / 46.4 7.2 −

B3 0.67 hBo = 0.10 ·ho n/a 50.3 / 49.7 0.6 +

B4 0.60 hTo = 0.15 ·ho 1.13 51.3 / 48.7 2.6 +

B5 0.76 hTo = 0.15 ·ho
hBo = 0.15 ·ho

1.13 55.3 / 44.7 10.6 −

B6 0.64 hBo = 0.15 ·ho 1.17 51.1 / 48.9 2.2 +
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4.2.5 Effect of the HPP layout on the flow field

Figure 4.16 shows the time-averaged longitudinal velocities U normalized by Uth for the

block-type HPP layout with wds/wo = 0.5 without rack presence and with CBR configuration

α = 30◦, β = 45◦, σ = 0.17 (C3) measured at z/ho = 0.5. Without a rack installed, the

abrupt contraction leads to flow separation and asymmetrical downstream flow conditions

(Figure 4.16a). This flow separation is suppressed when a CBR is installed due to the flow

straightening effect of the curved bars, leading to a quasi-symmetric downstream flow field

(Figure 4.16b). The weir blocking leads to a backwater rise and rotating flow in front of the

closed weir. As a result, the approach flow angle changes along the CBR. At the u/s rack

end, the flow is parallel to the channel walls, thus frontally approaching the rack. At the

d/s rack end, however, the flow approaches the rack perpendicularly, which means that Vn

values are increased compared to Vp values, decreasing the FGC. To mitigate this issue, a

separation pier was installed to reorient the flow parallel to the channel walls (Figure 4.16c).

The effect on the FGC is discussed further below and shown in Figure 4.18. Figure 4.16d

shows the flow field of the same CBR configuration but with a bottom and a top overlay

with hv = hTo + hBo = 0.15 · ho + 0.15 · ho = 0.30 · ho. At z/ho = 0.5, the upstream flow

field remains the same as for C3. The flow field in the downstream channel, however, is

asymmetric with increased flow velocities along the left channel wall due to the spiral flow

caused by the overlays. Table 4.2 lists the resulting head loss coefficients and the admission

flow quality for the CBR configurations tested at a block-type HPP layout.

The FGC is plotted for all basic rack configurations C1-C6 in Figure 4.17. The areas where

FGC = Vp/Vn < 1 are plotted in greyscale colours. Since Vp and Vn are computed with the

corresponding rack angle α , the FGC values are higher in the approach flow for α = 15°

than for α = 45°. Due to the rotating flow in front of the weir, the FGC is less than 1 at the

d/s rack end for all rack configurations. Since the flow is diverted more strongly along the

rack for β = 90° compared to β = 45◦, the FGC is larger than 1 further along the rack. At

the d/s rack end, however, the flow diversion from the weir prevails and decreases the FGC.
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Figure 4.16 Longitudinal flow velocities U normalised with Uth for the block-type HPP layout with
wds/wo = 0.5 measured at z/ho = 0.5; (a) C0: no rack (contraction head loss coefficient
ξc = 0.29), (b) C3: CBR configuration with α = 30◦, β = 45◦, σ = 0.17 (ξR = 0.21), (c)
C7: CBR C3 and a separating pier, the flow field around the pier is visualised with blue
dye, and (d) C9: C3 with hv = hTo +hBo = 0.3 ·ho (ξR = 0.56)
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Figure 4.17 Fish guidance capacity (FGC) measured at z/ho = 0.5 for the six basic rack configura-
tions C1-C6 (a)-(f), greyscale colours mark the areas where the FGC is lower than 1

Three different mitigation measures were tested to improve the FGC for a block-type HPP

layout: (I) the installation of top and bottom overlays (C9), (II) weir overflow of Qw = 0.4 ·Qo

(C8), and (III) the installation of a separating pier (C7). Figure 4.18 shows the flow field at

the rack-parallel section 50 mm (prototype value) upstream of the CBR configuration C3

and the three mitigation measures (C7-C9). Although the FGC is high at the u/s rack end, it
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decreases quickly for C3 and drops below 1 after one third of the rack length (y′/lR = 0.65)

(Figure 4.18a). The overlays do not improve the FGC in the area where measurements were

possible. Conversely, the flow turning from the weir is guided along the bottom overlay

in upstream direction, leading to negative Vp and thus negative FGC values (Figure 4.18b).

If the weir is lowered and 40% of the total inflow is discharged over the weir, while 60%

flow through the rack, the flow field along the rack is highly affected. As shown in Figure

4.18c, the flow component towards the weir Vp and thus the FGC increases and is above 1 for

the upper half of the flow cross section. The FGC is low on the bottom of the d/s rack end,

however. Finally, the installation of a separating pier improves the FGC compared to C3 with

FGC values only slightly below 1 (Figure 4.18d). These results show that it is challenging to

reach high FGC values at CBRs at block-type HPPs. Geometrical and operational aspects,

which may both affect the approach flow towards a CBR, need to be carefully considered for

the optimal CBR configuration and positioning choice. Feigenwinter et al. (2019) describe a

possible method to approach this issue with CFD modelling.

Table 4.2 Hydraulic parameters and turbine admission flow distribution measured at x/ho = 3.5 for
the block-type HPP layout. It is indicated whether the criterion proposed by Godde (1994)
is fully met (+) or not met (−)

Tests
α β ξR hv Discharge per ∆Q/Qt

[°] [°] [–] [m] intake half [%] [%]

C0 no rack 0.29 – 56.6 / 43.4 13.2 −

C1
45

45 0.26 – 50.7 / 49.3 1.4 +

C2 90 1.50 – 54.6 / 45.4 9.2 −

C3
30

45 0.21 – 51.0 / 49.0 2.0 +

C4 90 0.77 – 59.4 / 40.6 18.8 −

C5
15

45 0.16 – 51.0 / 49.0 2.0 +

C6 90 0.30 – 51.9 / 48.1 3.8 +

C7 30 45 N/A – 52.0 / 48.0 4.0 +

C9 30 45 0.56 hTo = 0.15 ·ho
hBo = 0.15 ·ho

55.7 / 44.3 11.4 −
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10-1-0.5 0.5 1.5 32.52
Vp/VnFGC =

(a) (b)
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Figure 4.18 Fish guidance capacity (FGC) for the block-type HPP layout with wds/wo = 0.5 meas-
ured in the rack-parallel cross section 50 mm upstream of the CBR for (a) C3: CBR with
α = 30°, β = 45°, σ = 0.17, (b) C9: C3 with overlays hv = hTo +hBo = 0.3 ·ho, (c) C8:
C3 with weir discharge Qw = 0.4 ·Qo, and (d) C7: C3 and a separating pier, greyscale
colours mark the areas where the FGC is lower than 1

4.2.6 Comparison to the flow fields of other mechanical behavioural FGSs

Kriewitz (2015) conducted PIV measurements assessing the flow field of louvers and MBRs.

The comparison to the flow fields of CBRs with those of MBRs and louvers reveals that the

curved bar shape leads to a significant reduction of Umax compared to the equivalent rack

configurations with straight bars from 1.75 ·Uo for the MBR to 1.25 ·Uo for the equivalent

CBR A1 (α = 45◦, β = 45◦), from 2.25 ·Uo to 1.66 ·Uo for A2 (α = 45◦, β = 90◦), and

from 1.70 ·Uo to 1.27 ·Uo for A3 (α = 30◦, β = 45◦) (cf. Table 4.1). This comparison

demonstrates that the curved bars reduce the flow deflection, leading to a more uniform
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flow distribution along the rack, hence reducing Umax compared to straight bars. Velocity

components along the rack were studied for angled bar racks with sb = 10−30 mm clear bar

spacing by Raynal et al. (2013a). For α = 45◦, angled bar racks are comparable to CBRs

since β is 45° for both FGS-types. The Vp/Uth distributions are similar for angled bar racks

with sb = 15 mm and CBRs with sb = 50 mm. The Vn values are similar at the u/s rack end,

but increase more sharply for angled bar racks up to 1.2 ·Uo as compared to CBRs up to

0.8 ·Uo. This comparison indicates that the narrow bar spacing of sb = 15 mm increases the

flow deflection toward the d/s rack end, hence increasing the normal velocities. Flow fields

downstream of louvers and MBRs were studied by Kriewitz (2015) and Moretti (2015) for

a similar parameter range as for CBRs in this study. Acceptable turbine admission flow

conditions downstream of the rack were only met for the MBR configuration with α = 15◦

and β = 45◦, but not for the other racks with α = 30◦ or β = 90◦, indicating that the curved

bars lead to a more sustainable hydropower production if the CBR is located closely upstream

of the turbines.
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5 Numerical modelling

A 2D numerical model was set up with OpenFOAMr to investigate the flow field in the

vicinity and between the bars of CBR configurations with different bar shapes in detail. The

model validation with regard to head losses and flow fields is described in Section 5.1. In

Section 5.2, the detailed investigation of different bar shapes is presented and discussed.

5.1 Model validation

The numerical model validation was carried out by comparing the head loss coefficients and

the flow fields from the numerical simulations and the physical model experiments. To this

end, numerical simulations of the flow in the small flume were conducted for an MBR and

a CBR, both with α = 30°, β = 45° and sb = 50 mm, and compared to the experimental

results from Kriewitz (2015) and from the present study, respectively. The ξR values from

the simulations, the experiments and those computed with the empirical Eq. (4.1) are in good

agreement for both CBR and MBR (Table 5.1). For the CBR, the numerical simulation

reaches an even higher accuracy than the empirical equation.

The comparison of the streamwise velocities U normalised with Uth = 0.5 m/s resulting from

the ADV measurements and the numerical simulation shown in Figure 5.1 confirms the good

agreement. The velocity increase towards the d/s rack end to Umax/Uo ≈ 1.3 corresponds to

the value from the ADV measurements. The turbine admission flow criteria obtained from

the ADV measurements in this study for the CBR configuration A3 (cf. Section 4.2.4) and

in Moretti (2015) for the MBR are compared with the numerical data in Table 5.1, showing

the percentage of discharge in each intake half at x/ho = 3.5 downstream of the rack. The

discharge distribution is accurately simulated with the numerical model for both rack types.

Table 5.1 Comparison of head loss coefficients ξR from the physical measurements, the empirical
equation and the numerical simulations conducted by Leuch (2019) with the deviations to
the measurements given in parentheses, and comparison of the turbine admission flow in
each intake half from the physical measurements and the CFD simulations for a rack with
curved (CBR) (Leuch, 2019) and with straight bars (MBR) (Moretti, 2015)

bar measurement Eq. (4.1) CFD simulation measurement CFD simulation
shape ξR [–] Qleft/Qright

CBR 0.57 0.67 (+17.5%) 0.62 (+7.6%) 51.3% / 48.7% 51.8% / 48.2%
MBR 2.56 2.83 (+10.7%) 2.25 (−12.1%) 63.2% / 36.8% 61.2% / 38.8%
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Figure 5.1 Normalised streamwise velocity distribution U/Uth at z/ho = 0.5 resulting from (a) ADV
measurements and (b) the numerical simulation of the flow in the small flume with CBR
configuration A3 with α = 30◦, β = 45◦, sb = 50 mm (σ = 0.17)

The CBR configuration A3 was additionally simulated with a 3D numerical model with a

top overlay, a bottom overlay and the combination of top and bottom overlays with hTo =

hBo = 0.15 · ho each, corresponding to the tests B4, B6, and B5, respectively (Table 3.4).

The resulting normalised flow velocities in the cross section at x/ho = 3.5 downstream of

the CBR are shown in Figure 5.2. The numerical results show distinct spiral flows caused by

the overlays and match well with the experimental results shown in Figures 4.15b-d. This

comparison confirms that the numerical simulations accurately reproduce the experimental

results. Although the discharge criteria by Godde are fulfilled for configurations B4 and B6

(cf. Table 4.1), the spiral flows are expected to lead to a decreased turbine efficiency. The

numerical simulation of overlays in a large-scale model of a prototype CBR shows that spiral

flow also occurs at prototype dimensions (VAW, 2020).
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(a)

(b) (c)

Figure 5.2 Numerical simulation of the normalised streamwise flow velocities in the downstream
cross section x/ho = 3.5 for (a) B4: 15% top overlay, (b) B6: 15% bottom overlay and (c)
B5: 15% top and 15% bottom overlay; the overlay dimensions are indicated

5.2 Numerical simulations of different bar shapes

The requirements of a fish protection and guidance system are very site-specific with re-

gard to geometrical, hydraulic and biological factors. It is therefore of great importance to

optimise the bar rack geometry and in particular the bar shape to meet those requirements.

Three different bar shapes were therefore numerically investigated with regard to their head

losses and flow fields. The simulated rack head loss coefficients ξR of MBRs and CBRs were

compared in Table 5.1. The numerical simulation of the f-CBR yields ξR = 0.91, which is

44% higher than for the CBR with sb = 50 mm (σ = 0.17), but still 58% lower than for the

MBR. To compare the resulting flow fields at the f-CBR with those at the CBR, the bar spa-

cing was sb = 50 mm in the simulations of both bar shapes. Due to the increased upstream

bar tip thickness of the f-CBR of tb = 16 mm compared to the CBR with tb = 10 mm, the
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bar blockage ratio is σ = 0.24 for the f-CBR, which is outside the range of tested σ values

for the CBR (cf. Figure 9.1a). More simulations with different σ are needed to develop an

additional bar shape head loss factor CS for the f-CBR to apply Eq. (4.1).

The 2D numerical model further allows for a detailed simulation of the flow field in the

vicinity of the rack and between the bars. Figure 5.3 shows the streamwise velocity field

normalised with Uth = 0.5 m/s for the rack with α = 30◦, β = 45◦, sb = 50 mm and three

different bar shapes. The MBR leads to a strong velocity increase towards the d/s rack end

of Umax/Uth = 1.6, which agrees well with the ADV measurements reported by Kriewitz

(2015). The CBR and the f-CBR lead to a similar velocity increase of Umax/Uth ≈ 1.3.

All three bar shapes lead to a flow separation at the upstream bar tip and a strong flow

acceleration between the bars. The magnitude of the acceleration increases along the rack

and reaches its maximum U/Uth = 1.8 between the bars at the d/s rack end for all bar shapes.

A boundary layer separation forms at the downstream side of each bar, which is largest at

the u/s rack end and decreases towards the d/s rack end.

Figure 5.4 shows the distribution of the spatial velocity gradients in streamwise direction

(SV Gx = ∂U/∂x) for the three bar shapes. The computation of SV Gx allows for the identi-

fication of acceleration as well as deceleration areas. Note that the scale only ranges from

−1 s−1 < SV Gx < 1 s−1, although SV Gx values between the bars are much higher with up

to 45 s-1, independent of the bar shape. This range was chosen since some species (e.g. sal-

monids) are known to react sensitively to velocity gradients larger than 1 s-1 (Enders et al.,

2012). Figure 5.4 therefore emphasises the regions, which are prone to elicit an avoidance

reaction of fish. At the MBR with straight bars, SV Gx increases non-linearly from the u/s

rack end towards the d/s rack end and reaches the maximum value of SV Gx = 0.3 s-1 due to

the strong flow deflection along the rack towards the d/s rack end. On the contrary, at both

CBR and f-CBR, the SV Gx is uniformly distributed in the upstream area of the rack with loc-

ally slightly lower and higher values at the upstream and downstream rack ends, respectively,

indicating a quasi-linear streamwise velocity increase along the rack. Independent of the bar

shape, SV Gx ≥ 1 s-1 in a circular area upstream of the leading bar tip, while SV Gx ≤−1 s-1

between the bar tips. These alternating zones of high and low SV Gx extend up to a distance

of approx. 40 mm upstream of the rack, and are responsible for the avoidance reaction of

fish and thus for the behavioural barrier effect of all three FGS types.
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Figure 5.3 Normalised streamwise flow velocities in the vicinity of the rack for (a) MBR, (b) CBR
and (c) f-CBR, all with α = 30◦, β = 45◦, sb = 50 mm, and Uth = 0.5 m/s
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Figure 5.4 Spatial velocity gradients in streamwise direction (SV Gx) in the vicinity of the rack for (a)
MBR, (b) CBR and (c) f-CBR, all with α = 30◦, β = 45◦, sb = 50 mm, and Uth = 0.5 m/s

The turbulent kinetic energy (T KE) is an important parameter affecting the fish behaviour

(Liao et al., 2003; Liao, 2007; Webb and Cotel, 2010). Figure 5.5 shows the T KE distri-

bution calculated from the numerical simulations for the different bar shapes. The T KE is

small with T KE < 0.005 m2/s2 upstream of the rack independent of the bar shape, corres-

ponding to the typical values of open channel flow (Nezu and Nakagawa, 1993). Figure 5.5

reveals high turbulence zones starting from the upstream bar tip, and increasing and enlar-

ging along the outer edge of the recirculation zone along the bar and downstream for all bar

shapes. The magnitude of the T KE between the bars increases along the rack and is highest

at the d/s rack end. Due to the strong flow deflection with the straight bars, the highest tur-

bulence levels occur downstream of the MBR (Figure 5.5a), followed by the f-CBR (Figure
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5.5c) and the CBR (Figure 5.5b). This trend explains why the highest head losses and non-

symmetric turbine admission flows occur for the MBR compared to the f-CBR and the CBR.

The T KE is highest between the bars of the MBR with T KE = 0.05 m2/s2, which is still an

order of magnitude lower than 0.4 m2/s2 occurring in technical fish ladders for upstream fish

movements (Quaranta et al., 2017).
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Figure 5.5 Turbulent kinetic energy (T KE) distribution in the vicinity of the rack for (a) MBR, (b)
CBR and (c) f-CBR, all with α = 30◦, β = 45◦, sb = 50 mm, and Uth = 0.5 m/s

Overall, these results indicate that the SV Gx is a decisive parameter for the fish reaction and

the rack guidance efficiency in front of all three tested FGS types compared to the T KE

with no significant effect upstream of the rack (cf. Section 6.1.2). However, if the fish swim

between the bars, the elevated turbulence might lead to disorientation and instability. This

issue is strongest for the MBR, preventing small fish and weak swimmers in particular from
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escaping back upstream once they have been entrained between the bars. In contrast, the

high turbulence zones between the bars of the MBR might lead to an avoidance reaction for

larger fish and strong swimmers, whereas the T KE between the bars of the CBR and the

f-CBR is too low to elicit the same reaction.

The numerical model proved to be a powerful and reliable tool for the optimization of rack

and bar geometry and the assessment of their hydraulic performance. Although the newly

developed bar shape of the f-CBR creates slightly higher head losses than the simpler bar

shape of the CBR, its head loss is still low and the up- and downstream flow fields are

promising for fish guidance and energy production, respectively. In particular the f-CBR is

less prone for clogging of floating debris and can be cleaned with a standard rack cleaning

machine (Chapter 8).
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6 Ethohydraulics of curved-bar rack bypass systems

This section displays the results of the numerical simulations, the ADV measurements and

the live-fish tests conducted in the ethohydraulic flume with an optimised CBR configuration.

The CBR with α = 30◦, β = 45◦ and sb = 50 mm (σ = 0.17) (A3 in Table 3.4) with an

adjacent bypass of wby = 0.25 m width was installed in the flume as a 1:1 Froude-scaled

section model. This CBR configuration was chosen because it creates low head losses, quasi-

symmetric turbine approach flow and it is more cost-effective with regard to the rack length

compared to α = 15◦ (cf. Chapter 4). The ratio of the bypass entrance velocity to the mean

inflow velocity Uby,in/Uo is introduced as a new parameter V R (bypass Velocity Ratio).

6.1 Hydraulics of curved-bar rack bypass systems

The CBR was tested with six different fish species under four main hydraulic conditions with

two different Uo values (0.5 m/s and 0.7 m/s) and two different V R values (1.2 and 1.4) with

a full depth open channel bypass. These flow fields were measured using an ADV probe and

numerically simulated in detail and presented in Sections 6.1.1 and 6.1.2, respectively. The

hydraulics of different bypass layouts and their effect on the fish behaviour are presented in

Sections 6.1.3 and 6.1.4, respectively.

6.1.1 Velocity field for the live-fish tests with barbel, spirlin, nase and eel

Figure 6.1 shows the ADV measurement results of the streamwise flow velocities normalised

with Uo for the ethohydraulic tests conducted in October and November 2018 with barbel,

spirlin, nase and European eel. Since the fish tended to swim along the flume bed, the

velocity fields are only shown for z/ho = 0.14 (= 125 mm above the flume bed). At this

horizontal plane, the normalised velocities U/Uo upstream of the CBR are slightly higher

for Uo = 0.5 m/s (Figure 6.1a/b) than for Uo = 0.7 m/s (Figure 6.1c/d). The approach flow

is slightly concentrated towards the right flume side due to the backwater caused by the

fences of the starting compartment on the opposite flume side. The streamwise velocity U

increases along the rack and reaches a maximum value of V R = 1.2 at the bypass entrance in

Figure 6.1a/c and V R = 1.4 in Figure 6.1b/d. For V R = 1.4, the value of U starts increasing

further upstream of the bypass entrance compared to V R= 1.2. The narrowly spaced contour

lines indicate an increased SV Gx directly at the bypass entrance, which is higher for V R =

1.4.
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Figure 6.1 Streamwise normalised flow velocities U/Uo measured at z/ho = 0.14 for (a)Uo = 0.5 m/s,
V R = 1.2, (b)Uo = 0.5 m/s, V R = 1.4, (c)Uo = 0.7 m/s, V R = 1.2, and (d)Uo = 0.7 m/s,
V R = 1.4; the direction of the resulting velocity vector at each measurement point and the
contour values are indicated

The normalised transversal flow velocities V/Uo are depicted in Figure 6.2a/b for Uo =

0.5 m/s and in Figure 6.2c/d for Uo = 0.7 m/s. The CBR visibly starts affecting the flow field

at x/ho =−3.25 and diverts the flow towards the bypass. The transversal flow velocities are

thus highest at the u/s rack end with V ≈ 0.2 ·Uo and decrease along the rack with minimum
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values at the d/s rack end for all hydraulic conditions. Independent of Uo, V = −0.075 ·Uo

and −0.025 ·Uo at the d/s rack end for V R = 1.2 and V R = 1.4, respectively, indicating an

increased flow diversion through the rack in this area. Since these minimum values are much

higher than V = −0.2 ·Uo for the equivalent MBR configuration with a high fish guidance

efficiency found by Albayrak et al. (2020a), fish are not expected to get entrained between

the bars of the CBR, especially for V R= 1.4. At the bypass entrance (x/ho = 0), V is positive

with the highest values at the corner of the separation wall.

Figure 6.3 shows the velocity components in the rack-parallel cross section at a distance of

50 mm perpendicular to the upstream face of the rack. The upstream and the downstream

rack end are located at y′/lR = 1 and y′/lR = 0, respectively. The Vn/Uo and the Vp/Uo

values gradually increase along the rack for all flow conditions up to y′/lR = 0.35 and then

slightly decrease towards the d/s rack end with Vp/Uo being the dominant component. The

criterion of Vn ≤ 0.5 m/s is always met independent of Uo. The Vp/Uo values are slightly

higher for Uo = 0.7 m/s compared to 0.5 m/s and for V R = 1.4 compared to V R = 1.2. The

fish guidance capacity FGC = Vp/Vn is highest at the u/s rack end and gradually decreases

along the rack. It remains above the critical value of Vp/Vn > 1 proposed by Courret and

Larinier (2008) for effective fish guidance. Except at the u/s rack end, the FGC values are

almost identical for all flow conditions, but start to diverge near the bypass (y′/lR = 0.05),

where the FGC is slightly higher for V R = 1.4 compared to V R = 1.2.
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Figure 6.2 Transversal flow velocities V/Uo for Uo = 0.5 m/s and CBR configuration A3 measured at
z/ho = 0.14 for (a)Uo = 0.5 m/s, V R = 1.2, (b)Uo = 0.5 m/s, V R = 1.4, (c)Uo = 0.7 m/s,
V R = 1.2, and (d)Uo = 0.7 m/s, V R = 1.4; the direction of the resulting velocity vector at
each measurement point and the contour values are indicated
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Figure 6.3 Velocity components FGC = Vp/Vn (white markers), Vp/Uo (grey markers), and Vn/Uo

(black markers) in the rack-parallel cross section of 50 mm distance for the four hydraulic
conditions, measured with ADV at z/ho = 0.14

6.1.2 Velocity field for the live-fish tests with salmon parr and trout

For the ethohydraulic tests in April and May 2019 with brown trout and salmon parr, an

additional fence was installed on the right flume side to avoid the lower flow velocities on

the left flume side shown in Figure 6.1. The resulting 3D flow fields were simulated with the

numerical model (cf. Chapter 5) and validated with ADV measurements, which showed that

a more symmetrical inflow profile was achieved with the additional fence. All following fig-

ures therefore show the results from the numerical simulations. Figure 6.4 shows the stream-

wise velocity field normalised with Uo = 0.5 m/s for V R = 1.2 at different horizontal planes

z = 0.14 · ho, 0.50 · ho, and 0.86 · ho, which correspond to the flow depths of z = 0.125 m,

0.45 m and 0.775 m, respectively. 3D flow develops due to the typical cross sectional inflow

profile of a narrow open channel flow (wo/ho = 1.67 < 4−5; Auel, 2014). Since most fish

swam along the flume bed during the live-fish tests, only the results at z/ho = 0.14 are shown

in the further analysis of the flow fields.
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Figure 6.4 Streamwise flow velocities U/Uo from the numerical simulation for Uo = 0.5 m/s, V R =
1.2 and CBR configuration A3 extracted at (a) z/ho = 0.14, (b) z/ho = 0.50 and (c) z/ho =
0.86; the contour values are indicated

Figure 6.5 and Figure 6.6 show the contour plots of the streamwise and transversal flow

fields, respectively, normalised with Uo for the four main hydraulic conditions. A detailed

view on the flow conditions at the bypass entrance is given for each flow condition. Fig-

ure 6.5 demonstrates that the flow field upstream of the rack and along the rack is quasi-

identical, independent of Uo or V R. The rack starts visibly affecting the flow field from

approx. x/ho = −2.5, where the low flow velocity region along the right channel wall de-

creases and the transversal flow velocities V/Uo towards the bypass increase (Figure 6.6).

Expectedly, the streamwise velocities are higher in the vicinity of and inside the bypass for

V R = 1.4 compared to V R = 1.2. The relative bypass discharges were Qby = 0.17 ·Qo,

0.19 ·Qo, 0.20 ·Qo, and 0.22 ·Qo for the Figures 6.5a-d, respectively. The flow field at dif-
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ferent horizontal planes (Figure 6.4) and the detailed view of the flow field at the bypass

entrance in Figure 6.5 demonstrate that the specification of V R of 1.2 or 1.4 is a mean value,

which can deviate locally. The U/Uo values are thus highest at higher flow depths, along the

separation wall directly at the bypass entrance (x/ho = 0) and between the bars. Between the

bars, the maximum values are U/Uo = 1.5 independent of Uo resulting in maximum absolute

velocities Ur = 0.75 m/s and Ur = 1.05 m/s at Uo = 0.5 m/s and Uo = 0.7 m/s, respectively.

The effect of V R is visible in Figure 6.6, where positive V/Uo values extend further upstream

of the rack for V R = 1.4 compared to V R = 1.2. At the d/s rack end, V/Uo increases towards

the bypass and no negative V/Uo values occur, indicating a better fish guidance efficiency for

the CBR than for the similar MBR configuration. Albayrak et al. (2020a) reported negative

V/Uo values at the d/s rack end of an MBR with α = 30◦, which led to an increased number

of fish passing the rack at the d/s rack end. The negative V/Uo values are related to the fact

that Albayrak et al. (2020a) did not regulate the bypass to achieve gradually increasing flow

velocities towards the bypass. The comparison of their results with the present findings thus

emphasises the importance of regulating the bypass accordingly.
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Figure 6.5 Streamwise flow velocities U/Uo from the numerical simulation at z/ho = 0.14 for
(a)Uo = 0.5 m/s, V R = 1.2, (b)Uo = 0.5 m/s, V R = 1.4, (c)Uo = 0.7 m/s, V R = 1.2, and
(d)Uo = 0.7 m/s, V R = 1.4, the flow field at the bypass entrance is shown in detail
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Figure 6.6 Transversal flow velocities V/Uo from the numerical simulation at z/ho = 0.14 for
(a)Uo = 0.5 m/s, V R = 1.2, (b)Uo = 0.5 m/s, V R = 1.4, (c)Uo = 0.7 m/s, V R = 1.2, and
(d)Uo = 0.7 m/s, V R = 1.4, the flow field at the bypass entrance is shown in detail

The spatial velocity gradients in streamwise direction (SV Gx = ∂U/∂x) in the vicinity of the

d/s rack end and at the bypass entrance are shown in Figure 6.7 for the four main flow condi-

tions. The computation of SV Gx allows for the identification of areas of acceleration as well



124 Ethohydraulics of curved-bar rack bypass systems

as deceleration. The cut-off value of |SV Gx|= 1 is chosen since values equal to or above this

value are known to trigger an avoidance reaction in salmonid species (Enders et al., 2012).

Due to flow separation at the upstream bar tips, the SV Gx values are high between the bars

and approx. 40 mm in front of the bars with values SV Gx > 1 and SV Gx < −1 indicating

regions of a strong velocity increase and a strong velocity decrease, respectively. The altern-

ating regions of high positive and negative SV Gx values contribute to the behavioural barrier

effect of the CBR as a FGS.
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Figure 6.7 Spatial velocity gradients in streamwise direction (SV Gx) near the bypass entrance res-
ulting from the numerical simulation at z/ho = 0.14 for (a)Uo = 0.5 m/s, V R = 1.2,
(b)Uo = 0.5 m/s, V R = 1.4, (c)Uo = 0.7 m/s, V R = 1.2, and (d)Uo = 0.7 m/s, V R = 1.4

A foam spaceholder was placed between the last bar of the CBR and the separation wall

dividing the bypass from the main channel to avoid large separation zones and to ensure a

gradual velocity increase from the d/s rack end into the bypass. Nevertheless, a flow de-

celeration with values down to SV Gx = −0.3s−1 is observed at the d/s rack end caused by

the separation wall. This deceleration is strongest for Uo = 0.5 m/s and V R = 1.2 (Figure

6.7a) and decreases at higher Uo and higher V R. High SV Gx > 1 are observed directly at the
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bypass entrance close to the separation wall due to the arrangement of the bypass parallel

to the downstream channel for all flow conditions. This leads to a reduction of the available

flow cross section with SV Gx < 1. A different bypass arrangement with an outflow in line

with the rack angle α might mitigate this issue, which is observed in particular for laboratory

studies, where the available bypass width is often limited. Downstream of the transition from

the foam spaceholder to the separation wall, a small separation zone with negative SV Gx val-

ues occurs. Otherwise, SV Gx remains positive inside the bypass indicating that there are

no areas of flow deceleration. The different flow conditions lead to slightly different SV Gx

distributions near the bypass entrance. Figure 6.7 shows that the velocity increase starts fur-

ther upstream and reaches higher SV Gx values over the entire bypass width at higher V R and

higher Uo. This means that the same V R values can lead to different SV Gx values at differ-

ent Uo, thus triggering a different avoidance reaction of fish, which are sensitive to velocity

gradients.

The total absolute spatial velocity gradients SV G between the bars in the middle of the CBR

are shown at Uo = 0.5 m/s in Figure 6.8a and at Uo = 0.7 m/s in Figure 6.8b. Since the SV G

values at this location are similar for V R = 1.2 and 1.4, they are only shown for V R = 1.2.

The SV G sharply increase at a distance of about 40 mm upstream of the CBR to SV G≥ 5 s-1

at both tested Uo values. In contrast, SV G values are higher between the bars at Uo = 0.7 m/s

compared to Uo = 0.5 m/s with values up to SV G = 75 s-1 and SV G = 50 s-1, respectively,

which is much higher than the threshold value of SV Gx = 1 s-1 found by Haro et al. (1998)

and Enders et al. (2012).



126 Ethohydraulics of curved-bar rack bypass systems

(a)

SVG [1/s]
0

(b)

Figure 6.8 Total spatial velocity gradient (SV G) between the bars of the CBR at z/ho = 0.14 for
V R = 1.2 and (a)Uo = 0.5 m/s, (b)Uo = 0.7 m/s

The distribution of the spatial pressure gradients SPG in [Pa/cm] at the bypass entrance

depicted in Figure 6.9 looks very similar to the distribution of SV Gx in Figure 6.7 with values

of SPG≤ 5 Pa/cm in the right bypass half. The separation zone at the foam spaceholder leads

to increased SPG values at the left side of the bypass entrance. Fish are known to perceive

pressure gradients with their lateral line organs (Venturelli et al., 2012; Ristroph et al., 2015).

However, no threshold values for SPG triggering an avoidance reaction were found in the

literature. Figure 6.9 shows that the pressure increase starts further upstream and reaches

higher SPG values over the entire bypass width at higher V R and higher Uo. This means

that the same V R values can lead to different SPG values at different Uo, thus triggering a

different avoidance reaction of fish, which are sensitive to pressure gradients.
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Figure 6.9 Spatial pressure gradients (SPG) near the bypass entrance resulting from the numerical
simulation at z/ho = 0.14 for (a)Uo = 0.5 m/s, V R = 1.2, (b)Uo = 0.5 m/s, V R = 1.4,
(c)Uo = 0.7 m/s, V R = 1.2, and (d)Uo = 0.7 m/s, V R = 1.4

The SPG values between the bars in the middle of the CBR are shown for Uo = 0.5 m/s in

Figure 6.10a and for Uo = 0.7 m/s in Figure 6.10b. Note that the range of the colour scale

is an order of magnitude higher than in the previous Figure 6.9 to better visualise the SPG

distribution between the bars. Similar to the SV G, the pressure gradient sharply increases

from 40 mm away from the bars up to the bar tips at both Uo values but reaches higher values

at Uo = 0.7 m/s compared to Uo = 0.5 m/s with maximum values up to SPG = 150 Pa/cm

around the upstream bar tips. Between the upstream bar tips, the minimum SPG values are

around 40 Pa/cm and 80 Pa/cm at Uo = 0.5 m/s and at Uo = 0.7 m/s, respectively.
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Figure 6.10 Spatial pressure gradient SPG between the bars of the CBR at z/ho = 0.14 for V R = 1.2
and (a)Uo = 0.5 m/s, (b)Uo = 0.7 m/s

Figure 6.11 shows the velocity components in the rack-parallel cross section at a distance

of 50 mm perpendicular to the rack. The rack normal Vn/Uo, and the rack parallel Vp/Uo

normalised velocities gradually increase along the rack for all flow conditions along the

upper rack part up to y′/lR ≈ 0.5 and remain almost constant along the lower rack part, which

indicates a quasi-uniform flow distribution along the rack. The Vn/Uo values are slightly

higher at Uo = 0.7 m/s compared to Uo = 0.5 m/s. The criterion of Vn ≤ 0.5 m/s is always

met at Uo = 0.5 m/s (Vn/Uo ≤ 1) but is slightly exceeded at Uo = 0.7 m/s (Vn/Uo ≤ 0.71) for

y′/lR < 0.5. The Vp/Uo values are clearly higher at Uo = 0.7 m/s compared to Uo = 0.5 m/s.

The FGC = Vp/Vn slightly decreases along the rack but remains above the critical value

of Vp/Vn > 1 proposed by Courret and Larinier (2008) for effective fish guidance and is

particularly high at the u/s rack end (y′/lR = 0.9) due to the strong flow deflection towards

the bypass. The FGC values are almost identical for all flow conditions, but start to diverge

near the bypass (y′/lR = 0), where the FGC is slightly higher for V R = 1.4 compared to

V R = 1.2.
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Figure 6.11 Velocity components FGC = Vp/Vn (white markers), Vp/Uo (grey markers), and Vn/Uo

(black markers) in the rack-parallel cross section of 50 mm distance for the four hydraulic
conditions, simulated at z/ho = 0.14

The comparison of the flow fields presented in Sections 6.1.1 and 6.1.2 demonstrates that

already small changes in the approach flow field can affect the velocity field along the

rack and at the bypass entrance. It is therefore of great importance to quantify the de-

tailed flow field at a specific site to assess its impact on the fish guidance capacity of a

planned FGS. Since the ethohydraulic tests were conducted in a 1.5 m wide flume, the

model CBR only represented the last part of a prototype CBR. To achieve flow velocities

favourable for a fast bypass acceptance, the bypass discharges in this laboratory study were

Qby = (0.17...0.22) ·Qo and thus disproportionately high compared to prototype conditions

with Qby = (0.02...0.10) ·Qo (Ebel, 2016). The flow field in the laboratory is therefore fur-

ther affected by the high bypass discharge. The flow fields without a bypass presented in

Section 4.2 thus roughly correspond to the flow fields at a prototype site, where the effect of

the bypass on the flow field is expected to be only local. However, the velocity components

along the CBR are very similar for both laboratory studies with and without bypass (compare

Figure 4.12 with Figure 6.11) and hence expected to be similar at prototype scale.

6.1.3 Bypass hydraulics

Velocity measurements were conducted along the red line shown in Figure 6.12 for four

different bypass layouts L1-L4 (Figure 3.9). The velocity components in the x, y and z

directions (U , V , W ) were measured 125 mm above the flume bed (z = 0.14 · ho) with an

ADV probe.
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Figure 6.12 Schematic representation of the ethohydraulic flume with the installed CBR; the velocity
profiles were measured close to the wall along the red line

Figure 6.13a shows the velocity profiles for the full-depth open channel bypass without a

ramp (L1), with a 12° vertically inclined ramp (L2), and with a restrictor creating top and

bottom openings (L3). The corresponding spatial velocity gradients in streamwise direction

(SV Gx = ∂u/∂x) are shown in Figure 6.13b. For L1, the velocity profiles were measured

for different approach flow velocities Uo = 0.3, 0.5, 0.7 and 0.9 m/s, leading to different

bypass discharge ratios Qby/Qo = 17...23%. The bypass entrance velocity to the approach

flow velocity ratio was kept at V R = 1.4. L1 leads to a gradual velocity increase towards

the bypass from x/ho ≈ −4 up to −0.25 and a stronger increase directly at the inlet. The

normalised velocities match well, whereas the SV Gx profiles differ particularly near and at

the bypass by attaining the highest value of SV Gx,max = 0.9 s−1 at Uo = 0.90 m/s and the

lowest value of SV Gx,min = 0.25 s−1 at Uo = 0.30 m/s (Figure 6.13b). Inside the bypass, the

SV Gx rapidly decrease again, similar as shown in Figure 6.7. The installation of an inclined

ramp in the bypass L2 creates a backwater effect so that the normalised velocities become

lower compared to L1, and SV Gx,max = 0.4 s−1. The SV Gx values decrease downstream

of the bypass entrance and gradually increase again over the inclined ramp. Due to the

locally pressurised flow along the bottom opening of the restrictor (L3), the highest velocity

gradients among the bypass layouts occur with SV Gx,max = 1.2 s−1.

The design of the pipe bypass (L4) leads to a strong backwater effect, resulting in an opposite

trend for the velocity profiles compared to L1, L2 and L3, with decreasing velocities near

the bypass inlet. From x/ho = −0.25 up to the bypass inlet, the velocities sharply increase

(Figure 6.14a). Increasing the bypass discharge Qby reduces the velocity decrease at x/ho =

−0.25, but causes a strong increase in velocity and SV Gx between x/ho = −0.25 and 0

(Figure 6.14b). The effect of the different bypass layouts on the fish behaviour are presented

in Section 6.1.4.
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Figure 6.13 (a) velocity profile U/Uo and (b) spatial velocity gradient (SV Gx) for the bypass layouts
L1-L3 (L2, L3 were only measured at Uo = 0.7 m/s), the bypass entrance is at x/ho = 0
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Figure 6.14 (a) velocity profile U/Uo with vpipe = mean flow velocity inside the pipe, and (b) SV Gx

upstream and directly in front of the pipe bypass (L4) for Uo, measured for different
values of Qby/Qo
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6.1.4 Effect of different bypass layouts on fish behaviour and guidance

Due to the unfavourable velocity profiles of the pipe bypass, the live-fish tests were only car-

ried out for the bypass layouts L1-L3. Figure 6.15 shows the number of bypass passages and

refusals for the tests with spirlin. Since no rack passages were observed, the fish protection

efficiency (FPE) of the CBR-BS L1-L3 was 100% for all live-fish tests with spirlin. Even

at Uo = 0.7 m/s (L1b) the fish were actively drifting to the rack with a positive rheotaxis

and guided to the bypass. The comparison of the two test series with the full depth open

channel bypass (L1a with Uo = 0.5 m/s, L1b with Uo = 0.7 m/s) shows that a higher SV Gx in

case of L1b led to more refusals. Furthermore, lower SV Gx (L1a) resulted in a faster bypass

acceptance (on average, 95 s for L1a and 225 s for L1b). The open channel bypass with the

12° inclined ramp (L2) led to more refusals. For this configuration (Uo = 0.5 m/s, V R = 1.4)

the velocity profile was not measured, so that SV Gx,max is not known. It was observed that

the fish hesitated not only at x/ho = 0, but also at the transition region between x/ho = 0 and

0.56, and along the ramp. In order to link such hesitant behaviour of the fish to the hydraulics,

more detailed velocity measurements are needed for bypass layout L2. The velocity gradient

in front of the bottom opening of the restrictor (L3) was the highest for V R = 1.4 (cf. Figure

6.13). To reduce the SV Gx, the bypass discharge was regulated, so that V R and the velocity

vby at the narrowest point of the bottom opening reduced to V R = 1.0 and vby = 0.75 m/s,

respectively. This regulation thus resulted in vby/Uo = 1.5 and SV Gx,max ≈ 0.55 s−1, and the

bypass acceptance of all tested fish (Figure 6.15). Baumgartner (2020) conducted a visual

analysis of these ethohydraulic tests in the frame of a Bachelor’s thesis and counted how

many times on average the spirlin hesitated at the bypass entrance. Hesitation was thereby

defined as an upstream swimming movement of at least one fish length. She found that

fish hesitated on average 14.7 and 11.5 times for L2 and L3, respectively. In contrast, the

fish only hesitated 0.7 times on average at the full depth open channel bypass (L1), which

indicates that some fish entered this bypass type without any hesitation.

These results confirm that an unfavourably designed or unfavourably regulated bypass can

lead to more refusals or reduce the bypass acceptance of fish. This in turn leads to a delayed

downstream movement and increases the risk of a rack passage. Due to limited geomet-

rical conditions in the laboratory, not all bypass layouts could be optimally regulated. The

live-fish tests with spirlin showed that these fish react very sensitively to spatial velocity

gradients, whereby the bypass was accepted by all spirlin up to SV Gx ≈ 0.6 s−1. The high

velocity gradients at the inlet of the pipe bypass might trigger an avoidance reaction if it was

tested. In addition, HPP operators’ experience has shown that this type of bypass quickly

clogs with floating and submerged debris or sediment and is difficult to clean. In order to
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achieve high acceptance, a bellmouth inlet (similar to L3) should be designed in such a way

that the velocity gradients remain small. To confirm these findings, more detailed velocity

measurements are necessary.

Bypass Refusal

Figure 6.15 Bypass passages and refusals for spirlin (absolute numbers of fish given in white) with
Uo = 0.5 m/s and 0.7 m/s for bypass layout L1 and Uo = 0.5 m/s for L2 and L3

The tested CBR in the ethohydraulic flume only represents the most downstream section

of a prototype rack. Consequently, the relative bypass flow Qby/Qo in the laboratory is

significantly higher than in prototype. However, the parameters V R and SV Gx, which are

relevant for the fish behaviour and the bypass efficiency, are modelled correctly and can

thus be compared to prototype conditions. Although most available guidelines recommend

a bypass discharge as a percentage of the approach flow discharge, the presented results

indicate that the SV Gx in front of the bypass is the decisive parameter for an efficient bypass

design, which is quickly accepted by fish (Figure 6.15). For spirlin, acceptance was faster

at low SV Gx. The comparison with the recommendations for salmonids shows that spirlin

are more sensitive to velocity gradients and prefer lower SV Gx. Further experiments with

different fish species are therefore needed to improve the knowledge on the interactions

between fish behaviour and bypass hydraulics and hence to optimise bypass designs.

6.2 Protection and guidance efficiencies of curved-bar rack bypass sys-
tems

In this section, the fish protection and guidance efficiencies of the optimised CBR-BS and

the general swimming behaviour of the tested fish species are analysed and discussed for

each fish species separately. The tested CBR-BS featured α = 30◦, β = 45◦, σ = 0.17

(sb = 50 mm) and a full depth open channel bypass. The parameters significantly affecting

the fish’s reactions to the CBR-BS are identified with a logistic regression model. The tested
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fish species are spirlin, barbel, nase, European eel, Atlantic salmon parr and brown trout.

The swimming behaviour of these fish species is cross-compared in detail by introducing

a so-called residence coefficient. The rack passage locations along the rack are compared.

The absolute swimming velocities and locations of rheotaxis changes determined from the

individual fish swimming paths are presented. Finally, the fish protection and guidance effi-

ciencies of the CBR-BS are compared to other FGSs.

6.2.1 Spirlin

Spirlin showed an active swimming behaviour during all tests. Shortly after the test start,

they left the starting compartment and swam downstream with positive rheotaxis in a zig-

zag movement. The three fish tested per experiment showed a strong schooling behaviour.

Spirlin generally avoided direct contact with all structures, i.e. the flume bed and walls, or

the rack. When first approaching the CBR, the spirlin swam at a distance of approx. 15-

30 cm to the rack and were guided quickly to the bypass. In section 3.6, the rack interaction

was defined with the fish swimming into a 15 cm wide rack-parallel area (sector 5) during the

test. Figure 6.16 shows the FGE at the end of the green bar (percentage of bypass passages

with rack interaction) and FPE at the end of the yellow bar (percentages of bypass passages

plus refusals) for spirlin. Because the spirlin tended to keep a distance of more than 15 cm

to the rack, only a small number of fish swam into sector 5 and therefore the number of fish

swimming into the bypass with rack interaction is small. None of the tested spirlin passed

the CBR. The FPE was therefore 100% at all tested flow conditions.

Uo = 0.5 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.4

Uo = 0.7 m/s, VR = 1.2

Uo = 0.7 m/s, VR = 1.4

Figure 6.16 Bypass passages with rack interaction (for a 15 cm wide rack-parallel sector 5) and re-
fusals for spirlin (absolute numbers of fish given in white) (Tests E4, E10, E18, E21)

The visual observation during the tests indicated, however, that the spirlin still perceived the

installed CBR as an obstacle because of the positive transverse velocities towards the bypass
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(Figure 6.2) and were guided by it. For this fish species, the sector 5 was therefore extended

to a 30 cm wide rack-parallel area and the definition of a bypass passage with rack inter-

action adjusted accordingly. Figure 6.17a shows the FGE (percent of bypass passages with

rack interaction = fish swimming into the 30 cm wide sector 5) and FPE (percent of bypass

passages plus refusals) for spirlin. Figure 6.17b shows the FGE∗ and the FPE∗ (including

all bypass passages both with and without rack interaction). The absolute numbers of fish

are given in white colour for each configuration. In addition to the tests with four different

hydraulic conditions, some spirlin were also tested without a CBR installed in the flume (no

rack). For the no-rack-configuration, the distinction between FGE and FGE∗ is not made.

Without a CBR installed, the FGE = 14%, i.e. 86% of the spirlin swam into the down-

stream channel, which roughly corresponds to the discharge distribution between the bypass

and the downstream channel. The installation of the CBR resulted in significantly higher

FGEs with 63-100% (FGEmean = 79%) (χ2 = 26.649, p < 0.001), which demonstrates that

the CBR functions as a mechanical behavioural barrier. The FGE is significantly higher

and the refusal rate is hence significantly lower at Uo = 0.5 m/s compared to Uo = 0.7 m/s

(χ2 = 4.595, p = 0.032). Furthermore, the spirlin needed more time to find and accept the

bypass at Uo = 0.7 m/s compared to Uo = 0.5 m/s (cf. Figure 6.29d), indicating a significant

effect of Uo on the FGE for spirlin. These results are in good agreement with the observations

reported by Flügel et al. (2015), where more refusals of spirlin at the MBR were observed at

Uo = 0.6 m/s compared to 0.3 m/s. Independent of the flow conditions, no spirlin passed the

rack, resulting in FPE = 100% for all tests with the CBR. Spirlin reacted sensitively to the

spatial velocity gradient at the entrance of different bypass layouts and showed an avoidance

reaction for SV Gx > 0.6 s-1 (cf. Figure 6.15). Figure 6.7 indicates that a corridor into the

bypass with SV Gx < 0.6 s-1 is available for each of the four main flow conditions and thus no

significant difference is observed in the FGE for different V R values (χ2 = 0.271, p= 0.603).

However, this corridor is considerably narrower at Uo = 0.7 m/s compared to Uo = 0.5 m/s,

which could explain the significantly increased number of refusals at Uo = 0.7 m/s.

The FGE∗ = 78− 100% without rack interaction is higher than the FGE with rack interac-

tion. The absolute number of bypass passages considered in this analysis almost doubles

indicating that many fish swam into the bypass without rack interaction. While Figure 6.17a

shows the protection and guidance efficiency of the entire CBR-BS with rack interaction,

Figure 6.17b also includes those fish without rack interaction and can therefore be used as

an indicator for the bypass acceptance. The effect of Uo on the bypass acceptance in Fig-

ure 6.17b is significant (χ2 = 5.023, p = 0.025), while the effect of V R is not significant

(χ2 = 0.060, p = 0.807). This confirms that the narrower corridor of SV Gx < 0.6 s-1 for
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Uo = 0.7 m/s compared to Uo = 0.5 m/s leads to a significantly decreased bypass acceptance

rate and thus to more refusals.

No rack, Uo = 0.5 m/s

Uo = 0.5 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.4

Uo = 0.7 m/s, VR = 1.2

Uo = 0.7 m/s, VR = 1.4

(a) (b)

Figure 6.17 Rack passages, refusals, and (a) bypass passages with rack interaction for a 30 cm wide
rack-parallel sector 5 (FGE) and (b) all bypass passages (FGE∗) for spirlin (absolute
numbers of fish given in white) (Tests E4, E10, E18, E21)

Figure 6.18 shows the normalised residence coefficient Rc,norm for each sector (see Figure

3.12 for the definition of the different sectors). Rc,norm is used as a measure to quantify the

preference of the fish for each sector. The sectors 1-3 thereby describe the areas further

upstream of the rack, which are mostly unaffected by the rack, whereas sectors 4-7 define

the area just upstream of the rack, where the rack strongly affects the flow field (cf. Figures

6.2 and 6.6). Without the CBR installed, the fish spent more time in the sectors along the

upstream walls (Sec1, Sec2), preferring both walls equally, than in the upstream centre sector

(Sec3). With a CBR installed, however, they clearly preferred the right wall leading to the

bypass (Sec2, Sec7) to the opposite, left flume wall (Sec1). This comparison between the

tests without a rack and with a CBR installed demonstrates, that even though many fish

entered the bypass without direct rack interaction (Figure 6.17), these fish reacted sensitively

to changes in the flow field, and were guided towards the right flume wall and the bypass by

the positive transverse velocities caused by the CBR (Figure 6.2). The most interesting

finding is the residence time in the 15 cm wide rack-parallel sector 5. The spirlin spent

much more time close to the rack (Sec5) for V R = 1.4 compared to V R = 1.2. This result is

unexpected, since V R did not have a statistically significant effect on the FGE. Furthermore,

the number of attempts to swim into the bypass was not significantly different for V R = 1.2

or V R = 1.4 (Baumgartner, 2020). At Uo = 0.7 m/s, however, the spirlin needed less time to

find the bypass for V R = 1.4 compared to V R = 1.2 (cf. Figure 6.29b). If the bypass was

not accepted in the first attempt, the spirlin swam back upstream along the right flume wall

(Sec2, Sec7) for V R = 1.2, while they swam upstream along the rack (Sec5) for V R = 1.4. It
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is possible that the negative transverse velocities at the d/s rack end at V R = 1.2 (Figure 6.2)

led to an increased avoidance of this area by the spirlin. This behaviour did not lead to a rack

passage in the laboratory tests (cf. Figure 6.17), however. At a prototype CBR, however, the

risk of a rack passage for spirlin is expected to be higher if the bypass is not accepted quickly

because the fish will search for alternative passages along a longer rack.
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Figure 6.18 Normalised residence coefficient of spirlin in each sector without a CBR installed (no
rack) and with the CBR for different flow conditions

6.2.2 Barbel

Barbel showed a different swimming behaviour compared to spirlin. Although also mostly

swimming in positive rheotaxis, the barbel were more passive, spending more time in the

starting compartment on the one hand and preferring the low velocity regions of the flume on

the other hand. Because of their ability to rest their bodies on the flume bed by putting down

their pectoral fins, they could stay in the flume corners along the walls or just in front of the

rack for longer periods of time with minimum energy expenditure. Furthermore, they showed

a strong thigmotactic behaviour, i.e. moving closely along the flume walls and exploring the

rack with their tail fins. This behaviour of barbel was also observed by Clough et al. (2004)

and Albayrak et al. (2020a). The barbel were rarely swimming actively against the current,

and mostly let themselves drift passively downstream between longer resting periods. In

contrast to the swimming behaviour during the rack passages described in Albayrak et al.

(2020a), the barbel in the present study never lost control due to the more favourable flow

conditions along the CBR as compared to the flow fields of louvers and MBRs with strong

flow deflection towards the downstream channel at the d/s rack end (cf. Section 6.1.1).

Figure 6.19a shows the FGE and FPE for barbel. The FGE is slightly lower than for spirlin

with a range of 54-89% (FGEmean = 76%). Although the FGE for barbel was higher at

Uo = 0.7 m/s than at Uo = 0.5 m/s, the effect of Uo on the bypass passages, i.e. the FGE, was

not statistically significant (χ2 = 2.727, p= 0.099, Table 6.1). Increasing Uo caused less rack

passages and more refusals leading to FPE = 100% at Uo = 0.7 m/s and a significant effect
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on the rack passages (χ2 = 10.417, p = 0.001). The barbel could maintain their sustained

swimming speed for all tested flow conditions (cf. Table 6.6). However, the maximum abso-

lute flow velocity between the bars of Ur = 1.05 m/s at Uo = 0.7 m/s exceeds the prolonged

swimming speed of most tested barbel, which might trigger an increased avoidance reaction

compared to Uo = 0.5 m/s. The spatial velocity and pressure gradients between the bars are

higher at Uo = 0.7 m/s compared to Uo = 0.5 m/s (Figure 6.8 and Figure 6.10), possibly lead-

ing to a stronger avoidance behaviour and therefore to less rack passages at Uo = 0.7 m/s for

the barbel. At Uo = 0.5 m/s, more rack passages were observed for V R = 1.4 than for the

lower V R = 1.2. The effects of V R on the fish reaction or the bypass acceptance were not

significant, however (Table 6.1).

Figure 6.19b shows the FGE∗ and the FPE∗ for barbel. The FGE∗ and thus the bypass

acceptance is 74-91% and is therefore higher than the FGE. Since barbel preferred to swim

or drift along the right flume wall in front of the bypass, many fish entered the bypass without

rack interaction.

Table 6.1 Result of the χ2 test for barbel including only the bypass passages with rack interaction, and
including all bypass passages with and without rack interaction, data taken from Figure 6.19

bypass rack passage refusal
p-value χ2 p-value χ2 p-value χ2

with rack Uo : 0.5/0.7 0.099 2.727 0.001 10.417 0.169 1.890
interaction only V R: 1.2/1.4 0.912 0.012 0.838 0.042 0.797 0.066

including all Uo : 0.5/0.7 0.353 0.863 0.009 6.770 0.092 2.849
bypass passages V R: 1.2/1.4 0.817 0.053 0.757 0.096 0.750 0.102

Uo = 0.5 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.4

Uo = 0.7 m/s, VR = 1.2

Uo = 0.7 m/s, VR = 1.4

(a) (b)

Figure 6.19 Rack passages, refusals, and (a) bypass passages with rack interaction (FGE) and (b) all
bypass passages (FGE∗) for barbel (absolute numbers of fish given in white) (Tests E5,
E11, E19, E22)
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The analysis of Rc,norm for each sector confirms the observation that barbel preferred the low

velocity regions (Figure 6.20). For the majority of the time, they swam along the walls or

close to the rack (Sec1, Sec2, Sec5, Sec7) and only rarely in the flume centre (Sec3, Sec4).

The barbel often swam to the right flume wall shortly after leaving the starting compart-

ment, which led to a higher Rc,norm for Sec2 compared to Sec1 and to many bypass passages

without rack interaction (Figure 6.19). Since the flow is expected to be unaffected by the

CBR this far upstream of the rack, the reason for this preference is unclear. A possible ex-

planation could be the asymmetry of the inflow (Figure 6.1). No tests were conducted with

barbel without a rack installed or during the second test phase, where the inflow was more

symmetric. The barbel spent the least amount of time in the rack-parallel Sector 5 at Uo

= 0.5 m/s and V R = 1.2. This result is attributed to the increased velocity gradients at the

bypass entrance for higher Uo and higher V R leading to more hesitation at the bypass (cf.

Section 6.1.1). Although the barbel interacted more with the rack at Uo = 0.7 m/s, more rack

passages occurred at Uo = 0.5 m/s, which indicates that the behavioural barrier effect of the

CBR is stronger at Uo = 0.7 m/s compared to Uo = 0.5 m/s.
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Figure 6.20 Normalised residence coefficient of barbel in each sector for different flow conditions

6.2.3 Nase

Nase showed a similar swimming behaviour as the spirlin. They exited the starting compart-

ment quickly and actively swam downstream with positive rheotaxis using the entire flume

width. Similar to the spirlin, the nase did not touch the rack, but perceived the CBR as an

obstacle due to the increased velocity and pressure gradients upstream of the rack (Figure 6.8

and Figure 6.10). When approaching the CBR, the nase searched actively in the 15 cm wide

rack parallel area (Sec5). All tested fish interacted with the rack, i.e. swam into sector 5,

and no refusals occurred, thus FGE = FPE = FGE∗ = FPE∗ in Figure 6.21 for both flow

conditions. Since some of the nase hesitated to use the bypass and hence ended up passing

the rack at V R = 1.2, the bypass flow was reduced to V R = 1.1 (Figure 6.21). The flow

fields were not measured or simulated for V R = 1.1, however. Although the number of fish
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tested for the latter was small and the effect of V R on the FGE is not significant (χ2 = 0.886,

p = 0.347), visual observations indicated, that the nase hesitated less at the bypass and ac-

cepted it quickly (cf. Figure 6.29b). Figure 6.22 confirms this observation. The Rc,norm of

Sec5 is considerably higher for V R = 1.2 than for V R = 1.1 indicating that nase spent more

time searching along the rack when the bypass was not quickly accepted. The mean total

length of the nase was 7.2 cm while it was 10 cm for the spirlin. It is therefore possible that

the stronger hesitation reaction of the nase compared to the spirlin is related to their smaller

total length and lower swimming capacities (cf. Table 6.6). Although the nase were swim-

ming at their prolonged swimming speed at Uo = 0.5 m/s according to Ebel (2016), they did

not prefer the low velocity regions along the flume walls.

Uo = 0.5 m/s, VR = 1.1

Uo = 0.5 m/s, VR = 1.2

(a) (b)

Figure 6.21 Rack passages and (a) bypass passages with rack interaction (FGE) and (b) all bypass
passages (FGE∗) for nase (absolute numbers of fish given in white) (Tests E3, E8)
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Figure 6.22 Normalised residence coefficient of nase in each sector for Uo = 0.5 m/s, V R = 1.1, 1.2

6.2.4 European Eel

The swimming behaviour of European eel was completely different compared to the other

tested fish species. In most of the tests, the eel approached the CBR with negative rheotaxis,

collided with the rack and passed it without hesitation. This swimming behaviour is similar

as described in Silva et al. (2016), and Schwevers and Adam (2019). The eel were insens-

itive to the hydrodynamic cues created by the CBR, which led to a low FGE and FPE of
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27% (Figure 6.23a). Since they preferred to swim along the wall and were thus guided to

the bypass without rack interaction, the FGE∗ = FPE∗ is higher with 43% (Figure 6.23b).

The Rc,norm values for the eel are shown in Figure 6.24. Only one hydraulic condition with

Uo = 0.5 m/s and V R = 1.2 was tested with eel. The Rc,norm values are higher along the walls

and at the rack, because the eel preferred to swim along the structures and interact with them.

Note that the total number of experiments conducted with eel is small due to limited catch

rate of these fish at the time of the live-fish tests. Since the eel did not react to the physical or

behavioural barrier effects of the CBR, increasing the number of tested individuals might not

change the resulting FGE and FPE. However, more tests with European eel are recommen-

ded for a larger range of hydraulic conditions. Moreover, different monitoring studies have

shown that European eel prefer migrating at night (e.g. Adam et al., 2018; Adam, 2018).

Since their swimming behaviour can be considerably different in the dark, night experiments

are recommended.

Because of the low resulting FGE with the CBR for European eel, the CBR was equipped

with a low-voltage electric field to increase the protection and guidance of these fish. The

results of the live-fish tests with eel at the e-CBR are presented in Chapter 7.

Uo = 0.5 m/s, VR = 1.2

(a) (b)

Figure 6.23 Rack passages and (a) bypass passages with rack interaction (FGE) and (b) all bypass
passages (FGE∗) for the European eel (absolute numbers of fish given in white) (Test E9)

no
rm

Figure 6.24 Normalised residence coefficient of the European eel in each sector for Uo = 0.5 m/s and
V R = 1.2
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6.2.5 Atlantic salmon parr

The salmon parr left the starting compartment quickly and actively swam downstream in

positive rheotaxis. The three fish of each test often swam together in a school. Due to the

limited number of fish available for the experiments, the salmon parr were only tested at

Uo = 0.5 m/s. The FGE was high with 88% and 79% for V R = 1.2 and V R = 1.4, respect-

ively (Figure 6.25a). The effect of V R on the FGE is not significant (χ2 = 0.238, p = 0.625).

More rack passages were observed for V R = 1.4 compared to V R = 1.2, although this differ-

ence is not significant (χ2 = 0.855, p = 0.355). Due to the close interaction of the fish with

the CBR, the values for FGE∗and FPE∗ are only marginally higher (Figure 6.25b). These

results are confirmed in Figure 6.26 showing similar residence times for all sectors for both

V R values and only slightly higher Rc,norm values in Sec5 for V R = 1.4, reflecting the in-

creased number of rack passages. The Rc,norm values are clearly higher for sectors 5 and 6

than for the other sectors, which can be attributed to a high willingness of the fish to move

downstream and thus actively exploring the available passage options of the CBR and the by-

pass. The salmon parr generally swam close to the rack with a distance of a few centimetres.

The behaviour described by Bates and Vinsonhaler (1957) shown in Figure 2.11b was often

observed during the present live-fish tests, where fish repeatedly moved away from the rack,

approached it again and were thereby guided to the bypass. Sometimes they interacted with

the CBR and explored the spaces between two bars with their caudal fins. The visual ob-

servations indicated that the fish reacted with burst swimming against the flow between the

bars. The flow fields around the CBR and between the bars are shown and discussed in detail

in Section 6.1.2, where they are simulated with a numerical model. The flow detachment at

the upstream bar tips leads to a distinct shear layer and high velocity and pressure gradients,

which are perceived and avoided by the fish. These results therefore confirm the findings

of Haro et al. (1998) and Enders et al. (2012), stating that SV Gx values much higher than

1.0 s−1 lead to a hesitation reaction for Atlantic salmon parr. Although the salmon parr were

not tested at Uo = 0.7 m/s (because of the limited catch rate of these fish), the FGE and FPE

could be similarly high or even higher at Uo = 0.7 m/s compared to Uo = 0.5 m/s because of

the higher velocity and pressure gradients between the bars.
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Uo = 0.5 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.4

(a) (b)

Figure 6.25 Rack passages, refusals and (a) bypass passages with rack interaction (FGE) and (b)
all bypass passages (FGE∗) for Atlantic salmon parr (absolute numbers of fish given in
white) (Tests E7, E13)
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Figure 6.26 Normalised residence coefficient of Atlantic salmon parr in each sector for Uo = 0.5 m/s,
V R = 1.2 and 1.4

6.2.6 Brown trout

The brown trout were the most inactive among all tested fish species, i.e. they left the starting

compartment only after a few minutes or did not exit it at all. Once the trout left the starting

compartment, however, they swam actively in mostly positive rheotaxis, showing only a

weak schooling behaviour. The trout explored the flow between the bars with their caudal

fin, often reacting with swimming upstream for a few fish lengths, rheotaxis changes along

the rack as described by Anderson et al. (1998) and illustrated in Figure 2.11c, or with

a rack passage. It was often observed that the fish swam halfway between two bars with

positive rheotaxis, were guided along a few bars, thereby touching each bar, but finally turned

around and passed the rack with negative rheotaxis. This strong thigmotactic behaviour was

observed in the majority of the tests. The FGE for brown trout was low with 30% and 43%

for Uo = 0.5 m/s and 0.7 m/s, respectively, and significantly higher with 79% for Uo = 0.3 m/s

(χ2 = 4.361, p = 0.037, Figure 6.27a, Table 6.2). This result is surprising, since the spatial

velocity and pressure gradients between the bars increase at higher Uo. Since the flow field

was not measured or simulated for Uo = 0.3 m/s, it remains unclear why the FGE was much

higher for this flow condition. Compared to the FGE, the FPE was higher with 59-79%.
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The FPE was higher for V R = 1.2 compared to V R = 1.4 at each approach flow velocity,

indicating that lower bypass flows with lower SV Gx values are more favourable for trout.

This effect was not statistically significant, however (χ2 = 0.676, p = 0.411). Due to the

close interaction with the CBR, the values for FGE∗and FPE∗ are only marginally higher

(Figure 6.27b).

Uo = 0.3 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.2

Uo = 0.5 m/s, VR = 1.4

Uo = 0.7 m/s, VR = 1.2

Uo = 0.7 m/s, VR = 1.4

(a) (b)

Figure 6.27 Rack passages, refusals and (a) bypass passages with rack interaction (FGE) and (b) all
bypass passages (FGE∗) for brown trout (absolute numbers of fish given in white) (Tests
E2, E6, E12, E20, E23)

Table 6.2 Result of the χ2 test for brown trout, data taken from Figure 6.27a, the FPE represents the
sum of bypass passages and refusals

bypass rack passage refusal FPE
p-value χ2 p-value χ2 p-value χ2 p-value χ2

Uo : 0.3/0.5 0.037 4.361 0.475 0.509 0.134 2.246 0.475 0.509
Uo : 0.5/0.7 0.714 0.134 0.922 0.010 0.456 0.556 0.922 0.010
V R: 1.2/1.4 0.991 0.000 0.286 1.138 0.512 0.430 0.411 0.676

Figure 6.28 depicts that the residence time was similar along the walls (Sec1, Sec2) or in

the flume centre (Sec3) further upstream of the CBR. Higher Rc,norm values in Sec5 do not

correlate with a lower FPE, which indicates that these fish were not sensitive to V R or Uo in

the tested range.
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Figure 6.28 Normalised residence coefficient of brown trout in each sector for different flow condi-
tions

6.2.7 Cross-comparison of the tested fish species

In Figure 6.29a, the normalised residence coefficients Rc,norm in sector 5 of different fish

species are compared for the range of tested V R values. The results demonstrate that the time

the fish spent in sector 5 substantially increases with increasing V R for all fish species except

for the brown trout. Figure 6.29c shows the Rc,norm values versus Uo for the different fish

species. The time spent in sector 5 increases with increasing Uo and its magnitude depends

on the fish species. The comparison of Figures 6.29a and 6.29c reveals that the effect of

V R on Rc,norm of sector 5 is larger than the effect of Uo. The nase spent most of the time in

sector 5 among all fish species with some 50% for V R = 1.2. Although higher Rc,norm values

were not always correlated with a lower FGE or FPE, they are still an important indicator

for the transferability of the results to prototype dimensions, because they increase the risk

of a rack passage for longer CBRs. Based on these results, lower values of V R ≤ 1.2 are

recommended for most species, whereas it is recommended to test V R≥ 1.4 for brown trout.

Figures 6.29b and 6.29d show how much time on average the fish spent to swim from line 1

into the bypass versus V R and Uo, respectively. No clear trend is visible for V R. In contrast,

increasing Uo increased the time for fish to find and accept the bypass (Figure 6.29d). This

result indicates that the higher energy expenditure of the fish at Uo = 0.7 m/s might decrease

their sensitivity to the hydrodynamic cues leading to the bypass. Among the tested fish

species, the salmon parr and the barbel needed the least amount of time to find and accept the

bypass. Although the Atlantic salmon parr and the brown trout both belong to the salmonid

species and their swimming behaviour at the rack was similar, the resulting FGE and FPE

values are considerably different. Furthermore, the salmon parr quickly found and accepted

the bypass (88-100 s), whereas the brown trout were searching much longer (256-405 s).

This result indicates that the bypass attraction was not high enough for the brown trout with

the maximum value of V R = 1.4 and that these fish might prefer higher velocity gradients.
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Figure 6.30 shows Rc,norm for all sectors and all six tested fish species at Uo = 0.5 m/s and

V R = 1.2. In general, all fish equally used the low velocity regions along the flume walls

(Sec1 and Sec2), with some exceptions (e.g. the nase). barbel and spirlin particularly pre-

ferred the glass wall on the right flume side leading into the bypass (Sec2, Sec7) to the mortar

wall on the left flume side (Sec1). The most interesting result are the Rc,norm values of the

15 cm wide, rack-parallel sector 5. Among the tested fish species, the spirlin spent the least

amount of time in sector 5, which coincides with the result that no rack passage was observed

for this fish species.
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Figure 6.29 Normalised residence coefficient Rc,norm of sector 5 for different fish species (a) versus
V R for Uo = 0.5 m/s (solid lines), Uo = 0.7 m/s (dashed lines) and (c) versus Uo for V R =
1.2 (solid lines), V R= 1.4 (dashed lines), and time to bypass (b) versus V R and (d) versus
Uo, respectively

Barbel, salmon parr, and brown trout all explored the flow fields near the CBR and between

the bars with their caudal fins and often stayed in direct contact with the rack. These fish-

rack interactions did not lead to a high rack passage rate for the barbel and the salmon parr.

Conversely, many brown trout passed the rack, indicating less or no avoidance reaction to the

high velocity and pressure gradients. Eel showed a completely different behaviour overall,
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often approaching the CBR with a negative rheotaxis and passing the rack without reacting

to any hydrodynamic cues. For the flow conditions shown in Figure 6.30, the nase spent the

most time in the vicinity of the CBR. This behaviour is related to their sensitive reaction to

V R = 1.2, which led to exploratory movements to find an alternative route along the rack.

Nevertheless, the number of rack passages for nase was small.

Overall, these results demonstrate that the CBR functioned as a behavioural barrier for

spirlin, barbel, nase and salmon parr with high FGE and FPE, whereas it had low or no

behavioural effect for brown trout and European eel for the tested parameter range. Smaller

bar spacings, lower rack angles, a bottom overlay, or the electrification of the rack, which

will be discussed in Chapter 7, might be solutions to achieve higher FGE and FPE for these

fish species.
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Figure 6.30 Normalised residence coefficient of all tested fish species in each sector for Uo = 0.5 m/s
and V R = 1.2

6.3 Logistic regression model

Three separate binary logistic regression models were set up to investigate the extent to which

various factors affect the likelihood of each dependent response variable: (i) bypass passage,

(ii) rack passage or (iii) refusal (cf. Section 3.6.3). The model included all fish species and

the main hydraulic conditions (Uo = 0.5 m/s and 0.7 m/s, and V R = 1.2 and 1.4), and both

rack types CBR and HBR (data from Meister, 2020). A species-specific model setup was

not possible due to the small number of observations per species and the large number of

empty entries for the output variables (e.g. no rack passage for the spirlin with the CBR).

The following analysis is therefore limited to the effects of the independent variables rack

type, Uo, V R, usage, and time of day. The reference configuration to which all outputs of the

model are compared is the CBR, Uo = 0.5 m/s, and V R = 1.2. The variable usage was used

to compare whether fish, which were used for the second or the third time in an experiment,

reacted differently than fish, which were used in an experiment for the first time. Finally, the
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variable time of day is divided into the two categories morning and afternoon. Fish used in

the afternoon are thus compared to the reference category of fish used in the morning.

In the following sections, the output of the logistic regression models with the dependent

variables of bypass passage (Section 6.3.1), rack passage (Section 6.3.2) and refusal (Section

6.3.3) are given. The odds ratio, i.e. exp(β ), refers to the odds that a fish showed the reaction

of the dependent variable compared to an alternative reaction. As an example, an odds ratio

of exp(βXi) = 1 means that the independent parameter Xi does not change the odds of the

specific outcome. An odds ratio of exp(βXi) = 0.5 with the bypass passage as the dependent

variable means that for one bypass passage, two alternative reactions occurred (rack passage

or refusal). In this case, the probability of a bypass passage is P = exp(β )/(1+ exp(β )) =

0.5/(1+0.5) = 33%, whereas the probability of an alternative reaction is 1−P = 67%. The

odds therefore describe the rate of change of the probability of a specific outcome if the value

of an independent parameter is changed.

6.3.1 Model 1: Regression with bypass passage as the dependent variable

Table 6.3 shows the results of the binary logistic regression model with the bypass passage

as the dependent variable. A calculation example for the corresponding probabilities is given

in the following for the intercept X0. For the reference configuration (CBR, Uo = 0.5 m/s,

V R = 1.2, usage = 1, time of day = morning), the odds of a bypass passage were exp(β0) =

3.666 times higher than those for the other reactions (rack passage and refusal). This means

that 3.666 bypass passages occurred for every rack passage or refusal. The probability of

a bypass passage can thus be calculated to P0 = 3.666/(1+3.666) = 0.79 compared to the

significantly lower probability of an alternative reaction P1 = 1/(1+ 3.666) = 0.21 for the

reference configuration (Table 6.3). Changing the rack from the CBR to the HBR, while

maintaining the reference values for the other parameters, decreases the odds of a bypass

passage by 1− 0.575 = 0.425, i.e. exp(β0:HBR) = 3.666 · 0.575 = 2.108. The probability

of a bypass passage with the HBR (Uo = 0.5 m/s, V R = 1.2, usage = 1, time of day =

morning) is therefore P0:HBR = 2.108/(1+ 2.108) = 0.68 compared to the probability of

an alternative reaction P1:HBR = 1/(1+ 2.108) = 0.32. This means that changing the rack

from the CBR to the HBR while maintaining all other parameters reduces the probability

of a bypass passage from 79% to 68%. The rack type has the most significant effect on

the bypass passages among all modelled parameters (p < 0.001). With this procedure, the

effect of every parameter on the probability of a specific outcome compared to the reference

configuration can be computed separately. The corresponding probabilities P0:i are given

in Table 6.3. If the values of two independent parameters are changed compared to the

reference configuration, all odds have to be multiplied. As an example, for the configuration
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with a CBR, Uo = 0.7 m/s and V R = 1.4, usage = 1, time of day = morning, the odds ratio is

computed to exp(β0:Uo:V R) = 3.666 ·0.854 ·0.721 = 2.257.

The model further shows that V R has a significant effect on the odds of a bypass passage

(p = 0.048), although the χ2- test yielded no significance of V R for each individual fish

species. The logistic regression model integrates all fish species, however, resulting in a

much larger sample size. This result coincides with the observation that many fish quickly

accepted the bypass for V R = 1.2, but showed hesitation or avoidance for V R = 1.4 taking

more time to accept the bypass. The odds of a bypass passage for V R = 1.4 are thus only

0.721 times the odds for V R= 1.2, i.e. exp(β0:V R)= 3.666 ·0.721= 2.643 and the probability

of a bypass passage reduces from 79% to 73%. The approach flow velocity Uo and the

usage did not have a significant effect on the bypass passages. However, the higher value

of Uo = 0.7 m/s was only tested for three out of the six fish species, i.e. spirlin, barbel and

brown trout, with different effects on the behaviour for the tested species (cf. Section 6.2).

The odds for the variable usage is nearly 1, which indicates that this variable has a negligible

effect on the bypass passages, i.e. there is no learning or habituation effect. The time of day a

fish was used in the experiment shows a significant effect on the bypass passages (p= 0.002).

The odds of a bypass passage for fish used in the afternoon were only 0.583 times those for

fish used in the morning. The effect of the rack type and time of day on the probability of

a bypass passage was thus similarly high. However, according to the model 1, the reference

configuration, i.e. the CBR, Uo = 0.5 m/s and V R = 1.2, leads to the highest probability

(P0 = 78.6%) of a bypass passage over all ethohydraulic tests conducted in this study and in

Meister (2020), whereas the HBR, Uo = 0.7 m/s and V R = 1.4 leads to the lowest probability

(P0:HBR:Uo:V R = 56.5%) of a bypass passage.
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Table 6.3 Output of the logistic regression model with bypass passage as the dependent variable, n =
number of fish included in the model, BIC = Bayesian Information Criterion, AIC = Akaike
Information Criterion; significance levels are denoted with * p < 0.05, ** p < 0.01, ***
p < 0.001

Intercept rack type: HBR Uo: 0.7 m/s V R: 1.4 usage
time of day:

afternoon

coefficient β 1.299*** −0.553*** −0.158 −0.327* −0.077 −0.539**
exp(β ) 3.666 0.575 0.854 0.721 0.926 0.583

std.error 0.281 0.168 0.176 0.165 0.083 0.170
p-value 3.719e-06 9.775e-04 0.367 0.048 0.354 0.002

P0:i 0.786 0.678 0.758 0.726 0.772 0.681
n 639

log-likelihood −417.687
BIC 874.134
AIC 847.370

6.3.2 Model 2: Regression with rack passage as the dependent variable

Table 6.4 shows the results of the binary logistic regression model with rack passage as the

dependent variable. The odds of a rack passage are exp(β0) = 0.104, meaning that for every

alternative reaction (bypass passage and refusal), 0.104 rack passages occur. The probability

of a rack passage is thus P0 = 0.104/(1+0.104) = 0.094 for the reference configuration. The

rack type has the most significant effect on the odds of a rack passage (p < 0.001). Changing

the rack from the CBR to the HBR increases the odds of a rack passage 2.303 times, i.e.

exp(β0:HBR) = 0.104 · 2.303 = 0.240. This means that if only the rack is changed from the

CBR to the HBR, the probability of a rack passage increases from 9.4% to 19.3%. Uo also

has a significant effect on the odds of a rack passage (p = 0.018). The odds of a rack passage

with the CBR are reduced by 1−0.621 = 38% for Uo = 0.7 m/s compared to Uo = 0.5 m/s,

resulting in the probability of a rack passage of P0:Uo = 6.1% for Uo = 0.7 m/s. The model

further shows that V R also has a significant effect on the odds of a rack passage (p = 0.037),

which coincides with the result that fish spent more time in the rack parallel sector 5 for

V R = 1.4 compared to V R = 1.2 (cf. Section 6.2.7). The odds of a rack passage for V R = 1.4

are thus 46% higher compared to V R = 1.2 resulting in a probability of a rack passage of

P0:V R = 13.2% for V R = 1.4 if all other parameters maintain their reference values. The

effect of the usage is significant for the rack passages (p < 0.001). The exp(βusage) = 1.370

indicates that the odds of a rack passage increase by 37% with each time the fish was used in

an experiment. This result suggests that the fish adapted to the rack and showed a decreased

avoidance behaviour when used for a second or a third time within the same week. The time
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of day does not have a significant effect on the rack passages (p = 0.237).

In conclusion, according to the model 2 and neglecting the secondary parameters usage and

time of day, the probability of a rack passage is lowest with P0:Uo = 6.1% for the CBR,

Uo = 0.7 m/s and V R = 1.2, whereas it is highest with P0:HBR:V R = 25.9% for the HBR,

Uo = 0.5 m/s and V R = 1.4. Note that the logistic regression model includes all fish species.

The result can therefore differ considerably for individual fish species like the European eel

(cf. Section 6.7).

Table 6.4 Output of the logistic regression model with rack passage as the dependent variable, n =
number of fish included in the model, BIC = Bayesian Information Criterion, AIC = Akaike
Information Criterion; significance levels are denoted with * p < 0.05, ** p < 0.01, *** p
< 0.001

Intercept rack type Uo: 0.7 m/s V R: 1.4 usage time of day

coefficient β −2.262*** 0.834*** −0.477* 0.380* 0.315*** 0.223
exp(β ) 0.104 2.303 0.621 1.462 1.370 1.250

std.error 0.317 0.187 0.201 0.182 0.091 0.189
p-value 9.290e-13 8.311e-06 0.018 0.037 5.438e-04 0.237

P0:i 0.094 0.193 0.061 0.132 0.125 0.11
n 639

Log-Likelihood −361.048
BIC 760.855
AIC 734.100

6.3.3 Model 3: Regression with refusal as the dependent variable

Table 6.5 shows the results of the binary logistic regression model with refusal as the de-

pendent variable. The odds of a refusal are exp(β0) = 0.273, i.e. 0.273 refusals occur

for every alternative reaction (bypass and rack passage). The probability of a refusal is

thus P0 = 21.4% for the reference configuration. Uo has the most significant effect on the

odds of a refusal (p < 0.001). The odds of a refusal at the CBR are 4.000 times higher

for Uo = 0.7 m/s compared to Uo = 0.5 m/s. This means that the odds of a refusal with

Uo = 0.7 m/s are exp(β0:Uo) = 0.273 · 4.000 = 1.092. The probability of a refusal therefore

increases from P0 = 21.4% to P0:Uo = 52.1% if Uo is increased from 0.5 m/s to 0.7 m/s while

all other parameters maintain their reference values (Table 6.5). The rack type also has a

significant effect on the odds of a refusal (p = 0.019). Changing the rack from the CBR

to the HBR decreases the odds of a refusal by 49.6% and thus reduces the probability of a

refusal to P0:HBR = 12.1%. V R does not have a significant effect on the odds of a refusal

(p = 0.602).
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The effect of the usage is significant for the odds of a refusal (p < 0.001). The exp(βusage) =

0.436 indicates that the odds of a refusal decrease by 83% with each time the fish were

re-used for an experiment. The probability of a refusal with the reference configuration is

P0:usage = 10.6% if a fish is used for the second time in an experiment compared to P0 =

21.4% if it is used for the first time. This result coincides with the increased odds of a rack

passage for multiple usage and suggests that the fish show a decreased avoidance behaviour

when used for a second or a third time within the same week. Furthermore, the time of day

also has a significant effect on the odds of a refusal (p < 0.001). The exp(βtime) = 2.959

indicates that the odds of a refusal for fish used in an experiment in the afternoon are 2.959

times the odds if it is used in the morning. The probability of a refusal for the reference

configuration is therefore P0:time = 44.6% for fish used in the afternoon compared to P0 =

21.4% for fish used in the morning.

In conclusion, according to the model 3 and neglecting the secondary parameters usage and

time of day, the probability of a refusal is lowest with P0:HBR = 12.1% for the HBR, Uo =

0.5 m/s and V R = 1.2, whereas it is highest with P0:Uo:V R = 55.8% for the CBR, Uo = 0.7 m/s

and V R = 1.4.

Table 6.5 Output of the logistic regression model with refusal as the dependent variable, n = number
of fish included in the model, BIC = Bayesian Information Criterion, AIC = Akaike In-
formation Criterion; significance levels are denoted with * p < 0.05, ** p < 0.01, *** p <
0.001

Intercept rack type Uo: 0.7 m/s V R: 1.4 usage time of day

coefficient β −1.300** −0.682* 1.386*** 0.145 −0.831*** 1.085***
exp(β ) 0.273 0.506 4.000 1.156 0.436 2.959

std.error 0.472 0.291 0.285 0.277 0.175 0.283
p-value 0.006 0.019 1.106e-06 0.602 1.956e-06 1.225e-04

P0:i 0.214 0.121 0.521 0.240 0.106 0.446
n 639

Log-Likelihood −179.417
BIC 397.595
AIC 370.840

6.3.4 Effects of the main parameters on the fish behaviour and the guidance
efficiency

While the χ2 tests give important implications on the effects of Uo and V R on the behaviour

of each individual fish species, the logistic regression model including all data yields the

conclusions on the effects of Uo and V R on the behaviour of the entity of all tested fish
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species. The most important outputs of the logistic regression model are summarised in the

following:

• Uo did not have a significant effect on the number of bypass passages, i.e. the FGE,

in the tested range. It significantly affected the refusal and the rack passage rates,

however. Increasing Uo from 0.5 m/s to 0.7 m/s thus significantly increased the number

of refusals and significantly decreased the number of rack passages.

• Increasing V R from 1.2 to 1.4 significantly decreased the number of bypass passages

and significantly increased the number of rack passages.In the tested range, V R did not

have a significant effect on the number of refusals.

• The rack type had the most significant effect on the FGE. With the CBR (sb = 50 mm),

significantly more bypass passages occurred than with the HBR (sb = 20 mm). Chan-

ging the CBR to the HBR significantly increased the number of rack passages and

significantly decreased the number of refusals.

• The above stated findings imply that the CBR with V R = 1.2 yielded the highest

fish guidance efficiency with FGE = 79% for Uo = 0.5 m/s and FGE = 76% for

Uo = 0.7 m/s, if all the tested fish species are included in the analysis. Because a binary

regression model was used, the FPE, which is computed with the number of bypass

passages plus the number of refusals, cannot be directly quantified with the model

outputs. However, the FPE is expected to be highest with the CBR, Uo = 0.7 m/s and

V R = 1.2 because of the significantly increased refusals and decreased rack passages.

Note that these results can vary considerably for the individual fish species. Further-

more, some fish species, i.e. the juvenile nase, were not tested at Uo = 0.7 m/s.

6.4 Average fish protection and guidance efficiencies

Figure 6.31 shows the average, minimum, and maximum fish protection and guidance ef-

ficiencies considering only the bypass passages with rack interaction (FGE, FPE) and con-

sidering all bypass passages (FGE∗, FPE∗) resulting from the live-fish tests. The values are

computed by taking the average efficiencies over all tested flow conditions for each fish spe-

cies. No minimum or maximum values are shown for the eel, since they were only tested

with one flow condition. The average FGEs and FPEs are higher than 75% and 80%, re-

spectively, for spirlin, barbel, nase and salmon parr, while they are below 75% and 80%,

respectively, for brown trout and European eel. The FPEs are only slightly higher than the

FGEs for nase, eel and salmon parr, indicating that these fish species did not refuse the

CBR-BS but swam either into the bypass or through the CBR. In contrast, the average FPE

is considerably higher than the FGE for spirlin, barbel and brown trout because these fish
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refused the CBR-BS and swam back upstream more often. The average FGE∗ and FPE∗ are

mostly only slightly higher than the average FGE and FPE, which indicates that considering

the rack interaction does not greatly affect the resulting protection and guidance efficiencies

for most of the tested fish species.
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Figure 6.31 Average fish protection and guidance efficiencies considering only the bypass passages
with rack interaction (FPE, FGE) and considering all bypass passages (FPE∗, FGE∗); the
minimum and maximum values are indicated with horizontal bars

6.5 Rack passage locations

The exact location of each rack passage was determined from a visual assessment of the

videos recorded during the live-fish tests for all six tested fish species in the scope of a

Bachelor’s Thesis. The results show that the rack passage locations are generally evenly

distributed along the CBR (Figure 6.32). The slightly increased transversal flow velocities

towards the rack measured at the d/s rack end (cf. Figure 6.2) did therefore not lead to an

increased fish entrainment. The number of tested European eel was small, so that no final

conclusion about the passage locations can be made. No rack passage was observed for

spirlin (Figure 6.32d) and only few rack passages occurred with nase (Figure 6.32c). Note

that the number of tested fish was different for each fish species (cf. Table 3.7), and Figure

6.32 therefore gives no indication on the fish guidance efficiency.
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(b)(a)

(c) (d)

(e) (f)

Figure 6.32 Locations of rack passages along the CBR for (a) barbel, (b) European eel, (c) nase, (d)
spirlin, (e) brown trout, and (f) Atlantic salmon parr

6.6 Fish swimming velocities and behaviour

The absolute fish swimming velocities were computed from the digitised individual fish

swimming paths and the flow velocities from the ADV measurements or the numerical sim-

ulation (cf. Section 3.6.2). In this section, exemplary typical fish swimming paths and

velocities, and the rheotaxis behaviour are presented and discussed. The swimming paths

and velocities of all live-fish tests can be found in the digital repository of the supplement

material of this study under: https://doi.org/10.3929/ethz-b-000438798.

6.6.1 Fish swimming paths

Figure 6.33 shows the swimming paths of a single live-fish test with three spirlin at Uo =

0.5 m/s (a,b) and Uo = 0.7 m/s (c,d). Figures 6.33a,c show the paths for a selected test with

V R = 1.2, while Figures 6.33b,d show the paths for a test with V R = 1.4. These plots

were generated for each live-fish test separately. The plots shown in this section thus only
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represent a selection of some typical swimming paths for each fish species. The absolute fish

swimming velocities vfish are represented with colour. The blue colours (vfish < 0) represent

positive rheotaxis, i.e. the fish swimming downstream with their head against the current

or swimming upstream if vfish <−Uo, whereas the red colour (vfish > 0) represents negative

rheotaxis, i.e. the fish actively swimming downstream with their head first (cf. Table 3.9). A

change from vfish < 0 to vfish > 0 or vice versa thus shows a rheotaxis change from positive

to negative rheotaxis or negative to positive rheotaxis, respectively.

Figure 6.33a shows the typical zig-zag movement of three spirlin swimming closely together

in a school exploring the flume over its entire width. They approached the CBR once but

hesitated and avoided it at a distance of approx. 15 cm. They were directly guided to the

bypass with V R = 1.2 and quickly accepted it. Figure 6.33b shows the swimming behaviour

for V R = 1.4. The stronger velocity increase, i.e. higher SV Gx, at the bypass entrance led

to hesitation in the area in front of the bypass and a searching swimming behaviour along

the rack. This coincides with the observations that the spirlin spent more time in the rack-

parallel sector 5 at V R = 1.4 compared to V R = 1.2 (cf. Figure 6.29a). At Uo = 0.7 m/s,

the spirlin had to maintain a higher vfish corresponding to their prolonged swimming speed

to actively drift downstream (6.33c/d, Table 6.6). They needed more time and attempts to

find and accept the bypass at Uo = 0.7 m/s compared to Uo = 0.5 m/s (Figure 6.29d) leading

to a higher refusal rate at Uo = 0.7 m/s (cf. Figure 6.17a). None of the spirlin performed a

rheotaxis change in the experiments shown in Figure 6.33.
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Figure 6.33 Swimming paths of three spirlin for (a) Uo = 0.5 m/s, V R = 1.2, (b) Uo = 0.5 m/s, V R =
1.4, (c) Uo = 0.7 m/s, V R = 1.2, and (d) Uo = 0.7 m/s, V R = 1.4
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As described in Section 6.2.2, barbel exhibited a different swimming behaviour compared to

spirlin. They often preferred to stay in the low flow velocity regions along the flume walls

as shown in Figure 6.34b, where three barbel swam closely together and finally passed the

rack. The three barbel in 6.34a showed a more exploratory behaviour, but still mostly swam

along the right flume side. A short change to negative rheotaxis was performed in the vicinity

of the CBR indicated by the positive fish swimming speeds. In this test, two barbel passed

the rack and one swam into the bypass. Although the barbel had to maintain a higher vfish

at Uo = 0.7 m/s compared to 0.5 m/s, the swimming patterns look similar and are therefore

only shown for Uo = 0.5 m/s in Figure 6.34.

fish

(a)

(b)

Figure 6.34 Swimming paths of three barbel for Uo = 0.5 m/s and (a) V R = 1.2, (b) V R = 1.4

During the live-fish tests with Uo = 0.5 m/s, it was often observed that the nase approached

the CBR in a negative rheotaxis, but changed to positive rheotaxis directly in front of the

rack, where the velocity and pressure gradients are high (Figure 6.8 and 6.10). Figure 6.35a

shows this behaviour for three nase swimming closely together in a school. The fish actively

swam downstream in negative rheotaxis, changed to positive rheotaxis in front of the CBR

and were successfully guided to the bypass. Figure 6.35b shows a different behaviour, also
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typical for the nase and similar to that of spirlin. While the fish accepted the bypass quickly

for V R = 1.1 (Figure 6.35a), they searched along the CBR, refusing to enter the bypass with

V R = 1.2 several times leading to more rack passages (Figure 6.35b). According to Ebel

(2016), the prolonged swimming speed for nase with a total body length of 6.0-8.9 cm for

the maximum duration of an experiment (45 min) lies between 0.39-0.53 m/s (cf. Table 3.10).

This explains why the nase accepted the bypass quicker for V R = 1.1 than for V R = 1.2. The

CBR generally functions as a behavioural barrier for juvenile nase. If they have to search

for a long time at their prolonged swimming speed, however, they get exhausted, which

increases the risk of a rack passage.

fish

(a)

(b)

Figure 6.35 Swimming paths of three nase for Uo = 0.5 m/s and (a) V R = 1.1 leading to three bypass
passages, and (b) V R = 1.2 leading to two rack passages and a bypass passage

Brown trout and Atlantic salmon parr generally showed a similar swimming behaviour char-

acterised by short rheotaxis changes and burst swimming as an avoidance reaction at the

CBR. Figure 6.36a shows the swimming path of a single brown trout with a very short

change to negative rheotaxis. The trout was guided by the CBR towards the bypass at a

distance of about one body length (T Lmean = 14.4 cm) of the rack. Similarly, Figure 6.36b
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shows the swimming paths of three salmon parr with slightly longer rheotaxis changes. The

parr searched along the rack, the dark blue coloured circles thus represent short but fast up-

stream movements close to the rack. Lemasson et al. (2008) report a similar behaviour for

the reaction of rainbow trout to a louver with α = 15° in a laboratory study. In the present

study, however, the FGE for brown trout was clearly lower for the brown trout than for the

salmon parr (cf. Figures 6.27 and 6.25). Some brown trout individuals swam closer to the

rack exploring the space between the bars and actively drifting through the rack.

fish

(a)

(b)

Figure 6.36 Swimming paths of (a) a bypass passage of a single brown trout for Uo = 0.5 m/s, V R =
1.2 and (b) a bypass passage of three salmon parr for Uo = 0.5 m/s, V R = 1.4

Figure 6.37 shows the swimming paths of three eel. Eel (1) actively drifted downstream

along the left flume wall. At x/ho ≈−6.5 it started turning around, passively drifting down-

stream with the flow velocity until it reached the CBR head first and passed it. Eel (2)

changed to negative rheotaxis at x/ho ≈−7.5 and actively swam downstream until it hit the

CBR, shortly swam backwards with a snake-like motion until it finally passed the rack. Eel

(3) swam from the starting compartment toward the right flume wall and passively drifted

downstream and into the bypass without rack interaction.
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(3)

(2)

Figure 6.37 Typical swimming paths of three eel for Uo = 0.5 m/s, V R = 1.2; the raw data of these
particular swimming paths is shown in Figure 3.11

6.6.2 Statistical analysis of fish swimming speeds

The mean swimming speeds of the tested fish species are listed in Table 6.6 for the four main

tested flow conditions. According to this analysis, the spirlin and the eel exhibited the highest

and the lowest mean swimming speeds, respectively. As expected, vfish,mean for all fish was

higher at Uo = 0.7 m/s than at Uo = 0.5 m/s. Generally, vfish,mean was almost identical at

V R = 1.4 and at V R = 1.2 at the same Uo, except for the salmon parr where it was clearly

higher for V R= 1.4. The comparison with the sustained and the prolonged swimming speeds

of the tested fish given in Table 3.10 shows that the nase were swimming at their prolonged

swimming speed at Uo = 0.5 m/s. The spirlin were swimming at their sustained swimming

speed at Uo = 0.5 m/s but switched to their prolonged swimming speed at Uo = 0.7 m/s. The

higher energy expenditure of the spirlin at Uo = 0.7 m/s is a possible explanation for the

increased number of refusals at Uo = 0.7 m/s compared to Uo = 0.5 m/s (cf. Section 6.2.1).

The CBR led to a high FGE and FPE for spirlin at both tested Uo and for nase at Uo = 0.5 m/s

(cf. Figures 6.17 and 6.21). The nase were not tested at Uo = 0.7 m/s, however. In contrast,

barbel, eel, salmon parr and brown trout swam below their mean sustained swimming speed

vsustained in all experiments (Table 6.6).

The maximum swimming speed observed during the live-fish tests is given with the 99%

quantile. This excludes outliers, which were produced during the tracking process and its

data analysis. The maximum swimming speeds can be compared with the burst swimming

speeds given in Table 3.10 for the largest individual of each fish species vburst,max. Spirlin

and nase exhibited a higher maximum swimming speed in the tests with V R = 1.2 than those
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estimated with the empirical model by Ebel (2016). This trend is opposite for barbel, eel,

trout and salmon parr, which indicates that these fish did not have to apply burst swimming

to avoid the CBR. In particular, the measured swimming speeds of the tested eel are much

lower than their estimated burst speeds, confirming the observations from the tests that the

eel did not react to the hydraulic cues or the physical barrier with fast avoidance reactions or

flight.

Table 6.6 Calculated values for the mean sustained and maximum burst swimming speed; mean val-
ues, standard deviations, and 99.0% quantile of the swimming speeds for the fish species
tested in the ethohydraulic tests

Uo [m/s] V R statistics spirlin barbel nase eel salmon parr trout

Calculated values vsustained [m/s] 0.51 0.69 0.39 0.61 0.55 0.69
(cf. Table 3.10) vburst,max [m/s] 1.11 1.70 0.83 1.58 1.25 1.60

0.5 1.2
vfish,mean [m/s] 0.46 0.43 0.46 0.36 0.34 0.42
std-dev [m/s] 0.20 0.22 0.16 0.18 0.11 0.14
99.0% [m/s] 1.31 1.09 0.91 0.75 0.63 0.77

0.5 1.4
vfish,mean [m/s] 0.47 0.41 0.43 0.42
std-dev [m/s] 0.18 0.20 0.16 0.14
99.0% [m/s] 1.06 1.02 0.86 0.81

0.7 1.2
vfish,mean [m/s] 0.60 0.53 0.57
std-dev [m/s] 0.22 0.15 0.13
99.0% [m/s] 1.57 0.93 0.94

0.7 1.4
vfish,mean [m/s] 0.62 0.55 0.59
std-dev [m/s] 0.21 0.16 0.15
99.0% [m/s] 1.36 0.97 0.94

6.6.3 Rheotaxis changes

The majority of the tested fish generally explored the flume with positive rheotaxis inde-

pendent of the flow conditions. However, rheotaxis changes were more frequently observed

for some flow conditions and fish species than for others. Figure 6.38 shows the locations

of rheotaxis changes from negative to positive rheotaxis for the different flow conditions and

the different fish species. A rheotaxis change was defined as the change of swimming dir-

ection for at least 0.75 s, which corresponds to 15 video frames with 1/20 s each. Note that

for nase, only the flow condition with Uo = 0.5 m/s and V R = 1.2 was tested. For salmon

parr, only Uo = 0.5 m/s, and V R = 1.2 and 1.4 were tested. Since eel are able to swim back-

wards, a change of the swimming direction does not necessarily indicate a rheotaxis change.

The rheotaxis changes of eel can therefore not be directly extracted from the absolute fish

swimming speeds as for the other fish species, so that they are not shown in Figure 6.38.
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In most cases, the tested fish only shortly changed to negative rheotaxis, i.e. for 1-2 s, before

changing back to positive rheotaxis. In a few cases, the fish exited the starting compartment

and approached the CBR in negative rheotaxis, but changed to positive rheotaxis just in front

of the rack. This change was most likely caused by the high SV Gx and SPG values or by

the visual barrier effect of the rack. While rheotaxis changes were observed for all fish

species at Uo = 0.5 m/s, only few rheotaxis changes occurred at Uo = 0.7 m/s. This indicates

that the tested fish species showed a bolder, more exploratory swimming behaviour at the

lower approach flow velocity. The two tested salmonid species, i.e. brown trout and Atlantic

salmon parr, performed a particularly high number of rheotaxis changes at Uo = 0.5 m/s

compared to spirlin, barbel and nase, for which only few rheotaxis changes were observed.

While the brown trout used the entire flume for this exploratory behaviour (Figure 6.38d), the

salmon parr often changed to positive rheotaxis in the vicinity of the CBR where the highest

and the lowest SV Gx values occurred in front of the bars along the CBR (cf. Figure 6.7). The

salmon parr reacted sensitively to the CBR as a behavioural barrier, which is reflected by the

high FGE for this fish species (cf. Section 6.2.5). Few rheotaxis changes were observed in

the bypass for V R = 1.4, whereas none were observed for V R = 1.2.

The prolonged swimming speed for 45 min for T Lmean lies between 0.5 m/s and 0.7 m/s for

the tested spirlin and the salmon parr, whereas it is lower than 0.5 m/s for the nase and higher

than 0.7 m/s for the barbel and the brown trout (cf. Table 3.10). This could explain why only

the brown trout exhibited several rheotaxis changes at Uo = 0.7 m/s. Although swimming at

their prolonged swimming speed (cf. Section 6.6.2), the nase still performed some rheotaxis

changes at Uo = 0.5 m/s.
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Figure 6.38 Locations of rheotaxis changes from negative to positive rheotaxis for different flow
conditions for (a) spirlin, (b) barbel, (c) nase, (d) brown trout and (e) Atlantic salmon parr;
the legend shown in (a) is valid for all plots
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6.7 Comparison of fish protection and guidance efficiencies of the CBR
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Kriewitz (2015) and Albayrak et al. (2020a) conducted similar ethohydraulic experiments

with MBRs and louvers in 2014 in the same laboratory flume as for the present study. In

their data analysis, they did not distinguish between bypass passages with and without rack

interaction, therefore only the FGE∗ and the FPE∗ can be compared between their and the

present study. Table 6.7 lists the FGE∗ and the FPE∗ for the CBR with α = 30° and a clear bar

spacing of sb = 50 mm (this study), the HBR with α = 30° and sb = 20 mm (Meister, 2020),

two MBR configurations with α = 15°, 30° and sb = 50 mm, and the louver with α = 15°

and sb = 50 mm (Kriewitz, 2015; Albayrak et al., 2020a). The HBR and the CBR were tested

at Uo = 0.5 m/s with all fish species and Uo = 0.7 m/s with spirlin, barbel and brown trout,

and the bypass was regulated to obtain V R = 1.2 and 1.4. The MBRs and the louver were

tested at Uo = 0.6 m/s with all fish species, at Uo = 0.3 m/s with spirlin and barbel, and at

Uo = 0.8 m/s with barbel. The bypass was not regulated, so that V R was different for each

MBR and louver, and for different Uo values. The live-fish test results of the CBR and the

HBR shown in Table 6.7 were conducted in the same time period with the same fish and the

same flume setup.

For spirlin, nase and salmon parr, the FGE∗ and the FPE∗ are considerably higher with the

CBR compared to the HBR. The FGE∗ of the CBR and the HBR are similar for barbel and

brown trout. However, trout are not sufficiently guided or protected by neither the CBR nor

the HBR in these laboratory studies. For the European eel, the FGE∗ and the FPE∗ are both

substantially higher for the HBR compared to the CBR.

The MBRs and the louver were partly tested with the same fish species by Kriewitz (2015)

and Albayrak et al. (2020a). They did not test nase or salmon parr in their study, but the

European grayling. Table 6.7 indicates that the FGE∗ and the FPE∗ are similar for the MBRs

and the CBR for spirlin, barbel and brown trout, whereas they are considerably lower with the

louver in particular for the spirlin due to the unfavourable flow field at the louver (Albayrak

et al., 2020a). The MBR with α = 15° leads to a much higher FGE∗ and FPE∗ for European

eel and the brown trout than the CBR with α = 30°. No tests were conducted with the

MBR with α = 30°, however. The higher FGE∗ and FPE∗ are therefore possibly a result of

the lower rack angle or the larger body size of brown trout tested with the MBR. Since the

FGE, i.e. the number of bypass passages with rack interaction, is unknown for the MBRs

and the louver, it is not possible to know, whether the brown trout and the eel did have any

rack interaction or were just swimming along the flume wall into the bypass. The numerical
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model study presented in Chapter 5 shows that SV Gx values in front of the bars are similar

for the CBR and the MBR. Therefore, it is expected that the CBR with α = 15° leads to

a similarly high FGE for the brown trout and the European eel as the MBR with the same

rack angle. Furthermore, Kriewitz (2015) and Albayrak et al. (2020a) report considerably

higher FGE∗ and FPE∗ with a bottom overlay of hBo = 0.11 · ho in particular for barbel,

brown trout and European eel (Table 6.7). In the present study, no overlays were tested in

the ethohydraulic experiments with the CBR. Since most fish swam along the flume bottom,

however, the FGE∗ and FPE∗ are expected to increase with a bottom overlay. For the louver,

the FGE∗and FPE∗ were considerably higher at Uo = 0.3 m/s compared to Uo = 0.6 m/s for

both the spirlin and the barbel, whereas no clear effect of Uo on the FGE∗ was observed for

the MBRs. The FPE∗ was slightly higher at Uo = 0.6 m/s compared to Uo = 0.3 m/s for the

MBR with α = 30°. This result matches well with the higher FPE∗of the CBR for barbel at

Uo = 0.7 m/s compared to Uo = 0.5 m/s. The CBR with α = 30° and β = 45° and the MBR

with α = 15° and β = 45° both resulted in FPE∗ = 100% for the spirlin, independent of Uo.

The range of total fish lengths in Kriewitz (2015) and Albayrak et al. (2020a) was much

wider than in the present study. Their bypass was only 20 cm wide compared to 25 cm for

the HBR-BS in Meister (2020) and the CBR-BS in the present study. In the present study

and Meister (2020), i.e. for the CBR and the HBR, the fish had to swim 1.5 m into the

bypass (crossing line 3 in Figure 3.12) to count as a successful bypass passage, whereas it

was counted differently in Kriewitz (2015) and Albayrak et al. (2020a) for the MBR and the

louver. In the latter two studies it was considered a bypass passage as soon as the fish entered

the bypass, even if it left the bypass again shortly afterwards. The assessment of FGE∗ and

FPE∗ for the CBR and the HBR is therefore more conservative than that for the MBR and the

louver. The results shown in Table 6.7 therefore need to be compared by considering these

differences.

The results listed in Table 6.7 confirm the findings by Enders et al. (2012) that fish react

sensitively to high SV G values and avoid sudden velocity changes. The CBRs and MBRs

leading to milder velocity gradients along the rack resulted in substantially higher FGE∗

as compared to louvers. Enders et al. (2012) found that salmon smolts started showing

avoidance reactions for spatial velocity gradients SV G≈ 1.0...1.2 s-1 and proposed that this

threshold is associated with the energetically optimum swimming speed of fish, which cor-

responds to about 1 body length per second. Similar threshold values for salmonids were

found by Haro et al. (1998) and Goodwin et al. (2007). No definite threshold values are

reported for potamodromous fish species, however. The present findings indicate that CBRs

leading to SV Gx towards the bypass lower than 1.0 s-1 therefore have the potential to guide
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even fish with weaker swimming capacities.

Table 6.7 FGE∗ and FPE∗ for different FGSs and different fish species tested in the same eth-
ohydraulic flume at VAW of ETH Zurich, the data for the MBRs and the louver are
taken from Kriewitz (2015) and Albayrak et al. (2020a) (Bo = bottom overlay with
hBo = 0.11 ·ho), the data for the HBR from Meister (2020)

FGE∗[%]
FGS (α, β ) Uo [m/s] spirlin barbel trout eel nase salmon parr

CBR (30°, 45°) 0.5, 0.7 78-100 74-91 34-81 43 79-100 80-90
HBR (30°, 45°) 0.5, 0.7 45-100 71-91 38-64 75-100 0 29-46
MBR ( 30°, 45°) 0.3/0.6 75/75 86/100 – – – –
MBR & Bo ( 30°, 45°) 0.6 76.2 100 96.3 94.7 – –
MBR (15°, 45°) 0.3/0.6/0.8 100/85/ – 95/83/100 – /78/ – – /73/ – – –
MBR & Bo ( 15°, 45°) 0.6 – 100 85.2 90.5 – –
louver (15°, 90°) 0.3/0.6 81/10 79/65 – – – –

FPE∗ [%]
CBR (30°, 45°) 0.5, 0.7 100 74-100 63-81 43 79-100 80-93
HBR (30°, 45°) 0.5, 0.7 82-100 85-96 46-68 88-100 0-5 29-46
MBR ( 30°, 45°) 0.3/0.6 80/95 86/100 – – – –
MBR & Bo ( 30°, 45°) 0.6 100 100 100 94.7 – –
MBR (15°, 45°) 0.3/0.6 100/100 100/100 – /95.7 – /95.5 – –
MBR & Bo ( 15°, 45°) 0.6 – 100 100 95.3 – –
louver (15°, 90°) 0.3/0.6 90/75 79/65 – – – –

6.8 Transferability of the results from laboratory to prototype

Laboratory experiments offer great possibilities to study detailed hydraulic phenomena and

fish behavioural traits under controlled conditions, but they are always subject to limitations

regarding the available space and resources. This section therefore aims at disclosing and

critically discussing the limitations of the present laboratory study and the transferability of

the results to prototype sites.

While the behaviour of salmonid species to accelerating and decelerating flows has been

the subject of many studies, the knowledge about the behaviour of cyprinids to these hy-

drodynamic stimuli is limited. The present study therefore partly fills this research gap by

providing detailed information on the avoidance reaction of spirlin, barbel and nase to the

hydrodynamic cues created by CBR-BS. The present results indicate that the spatial velocity

gradient (SV G) is a decisive factor for the guidance efficiency of the CBR as a mechanical

behavioural barrier and for a fast bypass acceptance rate. However, the tested fish species

reacted differently to this particular hydraulic stimulus. While some species, i.e. the spirlin,

reacted sensitively and avoided areas with SV G > 0.6 s-1, other species, i.e. brown trout



168 Ethohydraulics of curved-bar rack bypass systems

or eel, were mostly insensitive even to the high SV G between the bars of the CBR. These

observations suggest large interspecies differences in the behaviour at CBR-BS, which is

supported by the findings of Kemp et al. (2006), who observed different avoidance reactions

for different species of Pacific salmons (Steelhead, Chinook, Sockeye) at two weirs of differ-

ent slope. They further reported that total fish length and the lighting conditions also affected

the behaviour. Silva et al. (2016) reported a similarly insensitive behaviour of European eel

to strongly decelerating or accelerating flows, which the authors ascribe to the thigmotactic

nature of eel. The presented results therefore imply that downstream passage facilities and

bypass systems in particular need to offer several paths with various hydrodynamic cues to

attract all species and sizes in order to avoid a system-induced selection.

Migrating and non-migrating fish react differently to changing water flows and hydrodynamic

stimuli. Long-distance migrators in particular, i.e. Atlantic salmon and European eel, op-

timise their downstream migration to arrive at optimal conditions. Therefore, the migratory

time window of anadromous and catadromous fish is oftentimes quite short. For this study,

it was impossible to catch actively migrating wild Atlantic salmon smolts and silver eel. The

reactions of these fish species to the CBR-BS might therefore differ from what was observed

in the ethohydraulic tests for Atlantic salmon parr and yellow eel. Furthermore, several stud-

ies point out that fish and in particularly European eel move downstream at dusk or during

the night (Adam, 2018; Adam et al., 2018; Zaugg and Mendez, 2018). Since infrared light

is considered to be outside the visible range of fish, Kemp and Williams (2009), Vowles and

Kemp (2012), and Vowles et al. (2014) conducted live-fish experiments under daylight con-

ditions as well as in dark conditions with infrared lighting, and showed that the behaviour of

juvenile Pacific and Chinook salmon can be considerably different in light and dark condi-

tions. In the present study it was not possible to conduct the live-fish tests at night. The size

of the study area, i.e. flume width and flow depth of 1.5 m and 0.9 m, respectively, preven-

ted the application of infrared lighting and video recording. The absorption of infrared light

by water was too strong to detect the fish swimming along the flume bed with the available

camera equipment. Since the avoidance behaviour at the CBR-BS could significantly differ

at night, it is recommended to adapt the laboratory setup (e.g. by decreasing the flow depth)

to enable night experiments in the future.

For each live-fish test, only three fish were simultaneously released. This way, it was pos-

sible to distinguish each individual fish with visual observation during the tests and with the

tracking software during the data post-processing. However, some of the tested fish species

(e.g. spirlin, brown trout) can form large schools under natural conditions, which might

affect their behaviour on encountering a behavioural FGS. In the present study, the spirlin
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swam in a close school. If one fish accepted the bypass, the other two often followed quickly,

which led to a high FGE.

Since laboratory space was limited, the dimensions of the CBR-BS in the laboratory setup are

distorted compared to prototype dimensions. The laboratory CBR with α = 30° has a length

of lR = 2.3 m and therefore represents only the last section of a longer rack. Furthermore,

the bypass width of wby = 0.25 m is smaller than recommended by Ebel (2016) for most of

the tested fish. As shown in Section 6.1.2 (Figure 6.7), the SV Gx values are locally increased

at the bypass entrance, which possibly masks the gradual velocity increase into the bypass

leading to more hesitation in the laboratory tests.

Nevertheless, the ethohydraulic tests conducted in this study give important implications on

the behaviour of the six tested fish species on encountering a mechanical behavioural barrier.

The test setup and the usage of the fish-tracking software allowed for a detailed observation

of the fish behaviour at a high resolution, which is not possible in field studies. Especially in

case of the tested cyprinid species, almost no literature on their reactions to changing flows

is available. As a next step to further develop and optimize CBR-BS, the prototype testing

of the recommended CBR-BS at a HPP is proposed. An extensive monitoring over at least

one migratory cycle is necessary to conclusively evaluate the effectiveness and efficiency of

the system. It is recommended to use stow nets at the turbine and bypass outlets to assess

passage rates or to tag and release individual fish in the upstream reach.
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7 Electrified curved-bar rack

The CBR was equipped with a low-voltage electric field (e-CBR) to further increase the fish

protection and guidance efficiency of European eel. Furthermore, it was tested whether the

protection and guidance can be maintained for the spirlin, which were guided well without

the electrification. This chapter reports the protection and guidance efficiencies for both

tested fish species, discusses the reaction of the fish to the electric stimuli and demonstrates

the importance of the e-CBR setup to avoid fish injuries.

Parts of this section have been published in Meister et al. (2020c): EthoMoSt, Etho-

hydraulische Modellversuche an elektrifizierten Fischleitrechen (Ethohydraulic model study

on electrified fish guidance structures), Swiss Federal Office of Energy, SI/501758-01

7.1 Fish protection and guidance efficiencies

The European eel started to perceive the electric field only a few centimetres upstream

of the e-CBR or upon direct contact, which generally led to a strong avoidance reaction.

The majority of the eel approached the rack with negative rheotaxis, i.e. with their head

first, and reacted stressed with fast movements as soon as they perceived the electric field.

They swam backwards in sigmoidal movements before turning around and fleeing back up-

stream or in the direction of the bypass, which coincides with the behaviour described by

Berger (2017). Figure 7.1a/b shows the FGE, FPE and the FGE∗, FPE∗, respectively, of

the live-fish tests with the CBR (α = 30°, sb = 50 mm) without electrification and the e-

CBR with electrification. The e-CBR was equipped with different pulse settings (cf. Table

3.8). However, only two different pulse settings resulting in a duty cycle of 0.2% (Test

F2: Lpulse = 0.2ms, Lgap = 0ms, Npulse = 1, trep = 100ms) and 0.75% (Test F4: Lpulse =

0.3ms, Lgap = 7ms, Npulse = 5, trep = 200ms) led to controlled fish reactions. As shown and

discussed in Section 6.2.4, the FGE and FPE of the CBR without electrification were low

for eel. With electrification, the FGE increased from 27% to 67% for F2 and to 75% for F4.

Due to the small number of observations with rack interaction, the significance for the in-

crease of bypass passages from the CBR to the e-CBR could not be proven (F2: χ2 = 2.165,

P = 0.141; F4: χ2 = 2.534, P = 0.111). The FPE significantly increased from FPE = 27%

with the CBR to FPE = 100% with the e-CBR independent of the pulse parameters (F2:

χ2 = 10.368, P = 0.001; F4: χ2 = 7.288, P = 0.007).

The pulse pattern (cf. Table 3.8) with a duty cycle of 0.93% in test F5 triggered a violent and

sometimes uncontrolled escape reaction and scared the eel away from the rack and the bypass

instead of guiding them. Since only the pulse parameters were changed for F5 compared to
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the configurations shown in Figure 7.1, the higher duty cycle of 0.93% must be decisive for

the more violent reaction. The configuration F5 was finally aborted after four tests, because

black spots were found on the skin of an eel after contact with the rack (cf. section 7.3). The

Centre for Fish and Wildlife Medicine (FIWI) found internal bleeding in this eel.

Uo = 0.5 m/s, VR = 1.2
without electrification

Test F2, 0.2% duty cylce

Test F4, 0.75% duty cycle

(a) (b)

Figure 7.1 Rack passages, refusals and (a) bypass passages with rack interaction (FGE) and (b) all
bypass passages (FGE∗) for European eel (absolute numbers of fish given in white) at the
CBR without electrification and at the e-CBR (both with sb = 50 mm) for two different
pulse settings (Tests E9, F2, F4)

The two pulse settings that led to favourable results for European eel were also tested with

spirlin (Tests F1 and F3). The spirlin mostly approached the e-CBR with positive rheotaxis

and perceived the electric field approximately 10 cm upstream of the e-CBR. In general,

the CBR without electrification successfully guided spirlin to the bypass without any rack

passages (Figure 6.17). As a result, FPE = 100% and FGE = 85% with 15% refusals (cf.

Section 6.2.1). The FPE of the e-CBR remained the same with 100%, but resulted in signific-

antly higher refusals compared to the non-electrified CBR (Figure 7.2). The FGE therefore

decreased from FGE = 85% without electrification to FGE = 47− 60% for the e-CBR de-

pending on the pulse parameters (F1: χ2 = 4.631, P = 0.031; F3: χ2 = 1.648, P = 0.199).

It was observed, however, that the spirlin were guided well by the e-CBR in the tests F1 and

F3, but often hesitated at the bypass entrance. To isolate the bypass from the electric field

of the CBR, a 20 mm thick wooden plate was fastened to the bypass wall closer to the CBR.

This might have led to an increased flow separation at the bypass entrance and thus to the

increased avoidance behaviour of the spirlin, which react sensitively to hydrodynamic cues

(cf. Section 6.1.4).
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Uo = 0.5 m/s, VR = 1.2
without electrification

Test F1, 0.2% duty cylce

Test F3, 0.75% duty cycle

(a) (b)

Figure 7.2 Rack passages, refusals and (a) bypass passages with rack interaction (FGE) and (b) all
bypass passages (FGE∗) for spirlin (absolute numbers of fish given in white) with the CBR
and the e-CBR (both with sb = 50 mm) for two different pulse settings (Tests E4, F1, F3)

7.2 Fish reaction to electric stimuli

The fish protection and guidance of the CBR with sb = 50 mm for eel was significantly

increased with the e-CBR, whereas the fish guidance for spirlin significantly decreased. The

latter is attributed to the sensitive reaction of spirlin to electrical stimuli. For larger bar

spacings (sb = 110 mm) all tested pulse parameters led to uncontrolled reactions, increased

rack passages and/or fish injuries. With sb = 110 mm, the hydraulic guidance effect of the

CBR was expected to reduce compared to the CBR with sb = 50 mm, which consequently did

not trigger the same avoidance reaction of spirlin as for sb = 50 mm. Furthermore, the CBR

with sb = 50 mm functions only as a weak physical barrier for eel, but not as a behavioural

barrier (cf. Section 6.2.4). Therefore, increasing the bar spacing to 110 mm further reduces

the physical barrier effect with the result that the eel could easily pass between the bars.

The current lines in Figure 7.3a illustrate the flow from the anode (+) to the cathode (-).

The voltage lines, i.e. lines of equal potential, are oriented orthogonally to the current lines.

The voltage gradient in [V/cm] is defined as the voltage change over a specific length. The

fish perceive the electric field as the voltage change over their body length, width or height.

Figure 7.3b schematically illustrates the current lines around and between the bars of a fish

guidance structure. At the e-CBR, the anode and cathode are separated by the distance

between the bars, which at 38 V results in a voltage gradient of 7.6 V/cm for sb = 50 mm and

3.5 V/cm for sb = 110 mm. When fish approach the rack orthogonally to the current lines,

i.e. parallel to the voltage lines, they feel the electric potential across their lateral body width

(blue fish in Figure 7.3b). In this case, the potential difference perceived by the fish is small

and a controlled reaction is possible. However, if the fish passes between the bars and aligns
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itself normal to the bars and parallel to the current lines, it perceives the maximum potential

difference over the entire body length (red fish in Figure 7.3b). In this case, the voltage

gradient is high and a controlled reaction is no longer possible, the fish escapes or undergoes

galvanotaxis, i.e. the current triggers a muscle reaction guiding the fish to the anode or even

anaesthetises it for a short time (galvanonarcosis, cf. Section 7.3).

The e-CBR setup means that the orientation of the fish to the rack and thus towards the

current lines is decisive for the fish reaction. Therefore, the reaction takes place earlier and

in a more controlled manner if the fish is oriented orthogonally to the rack plane either with

negative rheotaxis like the eel or with positive rheotaxis like the spirlin. However, eel in

particular often aligned themselves parallel to the rack, so that they come into contact with

the bars of the CBR more easily. Furthermore, with larger bar spacings, both spirlin and eel

are more prone to a rack passage because of the reduced hydraulic and physical barrier effect

of the rack and are hence prone to be exposed to high voltage gradients depending on their

orientation. The present results clearly show that increasing the bar spacing increases the

risk of uncontrolled fish reaction and hence injuries (Section 7.3).

current lines
voltage lines

(a) (b)

Figure 7.3 (a) Electric field between a circular anode and cathode, and (b) simplified representation
(top view) of the electric field, i.e. current lines, at a row of plate capacitors; the electric
field at the CBR is thus strongest between the bars

7.3 Fish injuries

None of the reference projects and literature studies presented in Section 2.8 addressed any

fish injuries caused by electrified FGSs. According to Tutzer et al. (2019), low voltages are

harmless to living organisms. It is known from electrofishing, however, that not the absolute
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voltages but the respective voltage gradients are decisive for fish reactions and ultimately

for fish injuries. Pulsed direct current (pDC) is more harmful than direct current (DC). As

a general rule, the voltage gradient for pDC in electrofishing should be between 0.1 and

1.0 V/cm, with the exact value depending on the conductivity of the water and the pulse

parameters (Beaumont, 2016). Starting from a voltage gradient of about 0.1 V/cm, fish swim

towards the anode, which is forced by muscle contraction. Tetany can occur from voltage

gradients as low as 0.5 V/cm (Beaumont, 2016), which severely limits the fish swimming

capacity. As a result, in the present study a passive rack passage can occur, during which

the fish are exposed to an even higher voltage gradient between the anode and the cathode

(cf. Figure 7.3b). The resulting voltage gradients between the bars of the CBR at 38 V are

7.6 V/cm for sb = 50 mm and 3.5 V/cm for sb = 110 mm, and are thus substantially higher

compared to the values for incipient reaction found by Beaumont (2016).

In the present study, black marks on the skin of the eel and the spirlin were observed after

some experiments, especially when the fish were in contact with the bars (Figure 7.4). The

marks occurred independent of bar spacing, voltage or applied pulse patterns for the e-CBR

tests F5, F7 and F8 (Table 3.8). The marks did not disappear even after several days in the

laboratory, which is an indication for internal bleeding. Figure 7.4 shows the eel described

in section 7.1, which was aligned parallel to the rack and touched the electrified aluminium

bars during test F5. In order to determine whether these injuries were only superficial or

serious, the eel was examined by FIWI. They did not detect any internal injuries directly

beneath the black marks. However, bleeding in the spinal cord, spinal column and ventral

fin was diagnosed. The fish were examined for external injuries before each live-fish test.

However, it could not be determined whether these internal injuries were caused by the

electrification during the ethohydraulic test or whether the fish had internal injuries on arrival

at the laboratory (e.g from electrofishing). A spirlin passed the e-CBR with sb = 110 mm in

test F7. The observed behaviour was similar as described in Section 7.2. Due to the large

bar spacing, the fish swam up to 1-2 cm close to the rack, where it suddenly lost control and

drifted passively through the rack. After this test, the swimming behaviour of this spirlin was

restricted indicating a rupture of the spinal canal (Meister, 2020).

Figure 7.4 External injuries of an eel after direct contact of the e-CBR in test F5
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8 Operational aspects of curved-bar rack bypass systems

8.1 Clogging probability by organic fine material

Physical model experiments with organic fine material were conducted for the CBR config-

urations with α = 15°, 30°, 45°, β = 45° and σ = 0.17 (sb = 50 mm) at a diversion-type

HPP setup. Two types of leaves, i.e. the common beech and the common hazel, were tested,

representing two different leaf sizes (Table 3.5). The ratio of the leaf length to clear bar

spacing LL/sb is 2.3 for the hazel leaves and 1.5 for the beech leaves.

The statistical analysis by means of χ2-tests indicates that the approach flow velocity Uo has

no significant effect on the clogging probability (CP) neither for the beech (p = 0.464) nor

for the hazel (p = 0.283). The effect of α on the CP of hazel and beech are shown in Figure

8.1a for Uo = 0.71 m/s (prototype value). The CP is significantly different for the two leave

types (p < 0.001). The high hazel leaf length to bar spacing ratio LL/sb = 2.3 leads to a high

CP > 80% independent of the rack angle (p = 0.168). For the smaller beech leaves, however,

decreasing α from 30° to 15° significantly increases CP (p < 0.001), whereas the increase of

CP when decreasingα from 45° to 30° is not significant (p = 0.203). The curved bar shape

leads to a reduced bar opening in flow direction for smaller rack angles, thus increasing the

probability of a single leaf getting stuck. Increasing the rack angle increases the bar opening

in flow direction, allowing small leaves to pass between the bars.

The CP of hazel leaves at an HBR with sb = 20 mm clear bar spacing is similar to the one

of the CBR for α = 30°, 45°. The HBR leads to higher CP for beech leaves, however,

with CP≈ 80% and 70% for α = 30° and 45°, respectively (Ganzmann, 2019). While most

leaves are small enough to wrap around a single bar at the CBR (Figure 8.1b), they can

stretch across two bars at the HBR, thereby reducing the available flow cross section and

initialising further clogging.



176 Operational aspects of curved-bar rack bypass systems

(a) (b)

Figure 8.1 (a) Clogging probability (CP) of beech and hazel as a function of the rack angle α for Uo =
0.71 m/s, (b) photo of the CBR with hazel leaves wrapped around single bars, adapted
from Ganzmann (2019)

8.2 Clogging probability by floating debris

Physical model experiments with driftwood were conducted for the CBR configuration with

α = 30°, β = 45° and σ = 0.17 (sb = 50 mm) at a diversion-type and a block-type HPP lay-

out. Two different log diameters dL = 10 mm and 40 mm (prototype values), corresponding

to dL/sb = 0.2 and 0.8, respectively, and three different log lengths dL = 40 mm, 100 mm and

200 mm (prototype values), corresponding to LL/sb,eff = 1.29, 3.23 and 6.45, respectively,

were used (Table 3.6).

The CP of the logs with dL = 40 mm was 100% for all experiments. Although all logs could

fit between two bars on the upstream rack side, they got stuck at the downstream end of the

bars due to the narrowing distance between the bars in streamwise direction (Figure 8.3). The

smallest distance between two bars for this particular CBR configuration is sb,eff = 31 mm

(Figure 8.5b).

Figure 8.2a shows the CP of single logs as a function of the approach flow velocity Uo for

different log length to minimum effective clear bar spacing ratios LL/sb,eff and dL = 10 mm

for both HPP types. The majority of the logs, which are shorter than the upstream clear bar

spacing (LL/sb < 1), passed the rack, leading to a low CP . Due to the narrowing distance

between the bars, however, some logs still got stuck between the bars for low Uo. The CP

strongly increases with increasing log length, i.e. LL/sb,eff > 1.3. Thereby, increasing the

approach flow velocities decreases the CP because approaching logs are reoriented parallel

to the flow and thus transported through the CBR more easily at higher Uo. It was also

observed that a log hits the CBR and got stuck but was reoriented and transported through
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the rack shortly afterwards. The block-type HPP layout leads to lower CPs compared to the

diversion-type HPP. At the block-type HPP, the flow towards the rack is reoriented due to the

presence of a closed weir. The transported logs are similarly reoriented parallel to the flow

and thus easily transported through the rack.

To model congested driftwood transport, a mix of all log types was simultaneously added to

the flow upstream of the CBR. As for the single log experiments, all logs with dL = 40 mm

accumulated at the rack (CP = 100%). Therefore, only the CP of logs with dL = 10 mm is

shown in Figure 8.2b. The CP for congested transport is higher than for single logs, since

the logs accumulate at already clogged logs. The logs interact during transport and are not

reoriented parallel to the flow as easily as single logs. Once again, the CP is lower for the

block-type HPP, particularly for small Uo compared to the diversion-type HPP. Independent

of the HPP geometry, the CP decreases with increasing Uo and decreasing log lengths. This

effect of Uo on the CP was also observed by Gudde (2016) and Schalko (2018).

diversion-type HPP: wds/wo = 1 block-type HPP: wds/wo = 0.5

(a) (b)

,eff = 1.29 ,eff = 1.29

,eff = 3.23 ,eff = 3.23
,eff = 6.45 ,eff = 6.45

Figure 8.2 Clogging probability (CP) of (a) logs within single log transport and (b) logs within con-
gested wood transport with dL = 10 mm at the CBR configuration with α = 30°, β = 45°,
σ = 0.17 for a diversion- (blue data) and a block-type HPP layout (green data)

The different approach flow conditions to the CBR for the diversion- and the block-type

HPP layout led to different main clogging locations. At the diversion-type HPP, the logs

were often transported along the CBR towards the d/s rack end after the first rack contact

and accumulated there, leading to the accumulation pattern shown in Figure 8.3a. There was
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no bypass in this model study, but a properly designed and located bypass at a prototype

HPP could facilitate the transport of driftwood to the downstream reach. At a block-type

HPP, however, the logs mainly accumulate at the rack centre (Figure 8.3b), because the flow

rotating in front of the weir decreases the rack parallel flow component (cf. section 4.2.5).

(a) (b)

Figure 8.3 Top view on the driftwood accumulation at the CBR for (a) diversion-type HPP and (b)
block-type HPP

Since the CP of the model driftwood was highest at low approach flow velocities, the applic-

ation of a top overlay (hTo = 0.15 · ho) and simultaneous weir discharge of Qw = 0.07 ·Qo

was tested as a mitigation measure for the block-type HPP at Uo = 0.35 m/s. Figure 8.4a

shows the CP as a function of LL/sb,eff for the two different log diameters dL/sb,eff = 0.32

and 1.29 with and without the mitigation measures. The CP was considerably reduced with

the mitigation measures. The logs, which were mostly transported on the water surface,

were guided along the top overlay to the weir, where they first accumulated, and finally were

spilled over the weir. Nevertheless, the CP for LL/sb,eff > 1.29 and dL/sb,eff = 1.29 remained

high and increased up to almost 90% for LL/sb,eff = 6.45. Figure 8.4b shows the percentage

of logs, which clogged at the CBR, passed the weir or passed the rack when the mitigation

measures were applied. The top overlay did not only lead to an increased rack-parallel, but

also to a vertical flow component (cf. Figure 4.18). While for dL/sb,eff = 1.29, none of the

logs passed the rack due to their size, for dL/sb,eff = 0.32 up to 46% of the logs passed the

CBR by diving underneath the top overlay.

These experiments show that the application of a top overlay in combination with weir dis-

charge or a regulated bypass is an efficient measure to reduce driftwood accumulations.

However, the layout of the curved bars narrowing in flow direction will inevitably lead to

clogging (Figure 8.5). The presented experimental results showed that the majority of the

logs remained clogged at the water surface in a horizontal position. Some logs with a higher

density accumulated below the water surface. At higher flow velocities, i.e. Uo > 0.5 m/s,

about 50% of the logs with dL = 40 mm were clogged vertically between two bars (Figure

8.5a). The question then arises, whether the rack cleaning machine is able to remove those
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logs or whether they get pushed further inside the rack, where they can no longer be removed.

The latter might ultimately lead to a high blockage by driftwood and thus to increased hy-

draulic losses. For this reason, alternative curved bar designs (f-CBR) were developed and

investigated in a numerical model study presented in Chapter 5.

cl
og
ge
d/
pa
ss
ed
 [-
]
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Figure 8.4 (a) Clogging probability (CP) of congested wood transport at a block-type HPP with and
without mitigation measures and (b) percentage of clogged or passed logs with the mitig-
ation measures, Uo = 0.35 m/s

31Ø1
0

30°

50

(a) (b)

Figure 8.5 (a) Some logs remain clogged during the experiment with the mitigation measures (over-
lay and weir discharge) and (b) detail of the CBR configuration with α = 30◦, β = 45°,
σ = 0.17 (sb = 50 mm, sb,eff = 31 mm)

In addition to the alternative bar shape, shutting down turbine operation during a flood event

with major driftwood transport is also recommended to increase the guidance of the logs to
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the weir (Kriewitz, 2015).

8.3 Rack cleaning machine

Currently, there are several different types of rack cleaning machines being used at trash

racks of run-of-river HPPs. These trash racks are typically inclined with a vertical angle of

γ = 75° (Meusburger, 2002), so that a cable operated cleaning machine can be used (Figure

8.6a). In contrast, the CBR is placed at a vertical angle of γ = 90°. For this application, a

hydraulic cleaning machine with a flexible, tilting arm is suitable (Figure 8.6b). Note that the

arm needs space to swing out, typically in the range of 1-2 m. Several manufacturers of rack

cleaning machines based in Switzerland, Germany or Austria have confirmed that the rake of

standard cleaning machines can be adjusted for the use at the CBR or the f-CBR with costs

in the same range as for standard rack cleaning machines (via personal communication).

(a) (b)

Figure 8.6 (a) Cable operated rack cleaning machine, (b) hydraulic cleaning machine with a flexible,
tilting arm (photos by kuenz GmbH)
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9 Engineering application and design guideline

The hydraulic head losses, the flow fields and the fish guidance efficiency of curved-bar rack

bypass systems (CBR-BS) are affected by a large number of parameters. In Section 9.1,

each parameter is analysed for an adequate engineering application and design of a CBR-

BS with regard to the hydraulic performance, efficient fish guidance as well as operational

and economic issues. A step-by-step guideline for the design of a CBR-BS is presented in

Section 9.2.

9.1 Effect of design parameters on the hydraulic and fish-biological
performance of CBR-BS

Bar attack angle β

Among the three main rack parameters, i.e. rack angle α , bar angle β and bar blockage ratio

σ , β has the most significant impact on the hydraulic head loss coefficient ξR of CBRs. For

the smallest tested bar spacing of sb = 50 mm (σ = 0.17), ξR decreases about six times from

β = 90° to β = 45° (Figure 4.1b). Similarly, β has the most significant impact on the velocity

distribution up- and downstream of the CBRs. The curved bars of CBRs with β = 45° cause

a flow straightening effect resulting in a quasi-symmetrical flow distribution downstream of

the rack. In the present study, the fish guidance efficiency (FGE) was only evaluated for a

CBR with β = 45°. According to Kriewitz (2015) and Albayrak et al. (2020a), the FGEs

in ethohydraulic laboratory tests for five European fish species, namely spirlin, European

grayling, common barbel, brown trout and European eel, are significantly higher for MBRs

with β = 45° than for louvers with β = 90°. Similar trends are expected for the CBR since

the velocity gradients upstream of the CBR are more gradual and the maximum velocities at

the d/s rack end are decreased for β = 45° compared to β = 90°. Since the upstream velocity

gradients are decreased, the downstream flow distribution is improved, the head losses are

significantly lower, and the FGE for most tested fish species is high, CBRs with β = 45° are

recommended over those with β = 90°.

Clear bar spacing sb

The second most influencing factor on ξR is the non-dimensional bar spacing, i.e. the block-

age ratio of the vertical bars σ = tb/(sb + tb). For β = 45°, however, the effect of σ is

relatively small (Figure 4.1a) and therefore, the bar spacing should be selected mainly based

on the size of the target fish species or operational aspects. In the present study, the effect

of different bar spacings on the velocity distribution up- and downstream of the CBR or on
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the FGE was not investigated. The FGE was tested for σ = 0.17, which corresponds to

sb = 50 mm clear bar spacing and tb = 10 mm bar thickness at prototype scale. In addition

to sb = 50 mm, Kriewitz (2015) conducted live-fish tests with barbel and spirlin at MBRs

and louvers with larger bar spacings of sb = 110 mm and reported that the FGE significantly

decreased for sb = 110 mm compared to sb = 50 mm. EPRI and DML (2001) investigated

angled bar racks with α = 45° , and with sb = 25 mm and 50 mm. At Uo = 0.6 m/s, the FGEs

were considerably higher for sb = 25 mm for the riverine species (bass, walleye, shiner and

catfish), whereas sb did not have an effect on the FGE of American eel.

It is expected that the physical and the behavioural barrier effect of the CBR decreases with

increasing sb. To ensure a high degree of fish guidance, clear bar spacings of sb ≤50 mm are

therefore recommended.

Rack angle α

Although α has the least impact on ξR, it strongly affects other parameters. Based on Fig-

ure 4.5a, α should not be larger than 45°, since the application of overlays significantly

increases ξR. Furthermore, α should not be smaller than 15° due to the high cost of excess-

ive structural length. For β = 45°, the rack angle α has a minor effect on the flow fields up-

and downstream of the CBR. For β = 90°, however, flow conditions improve for α = 15°

as compared to α = 30° or 45°. Furthermore, the ratios of parallel to normal velocity com-

ponents Vp/Vn are more favourable for fish guidance with decreasing α . At a diversion-type

HPP setup, the criterion for the fish guidance capacity (FGC) Vp/Vn > 1 proposed by Cour-

ret and Larinier (2008) is fulfilled for all tested CBR configurations (Figure 4.12c). At a

block-type HPP setup, the FGC < 1 at the d/s rack end for all CBR configurations (Figure

4.17). However, Vp/Vn values are higher for α = 15° than for α = 45°. The installation of a

separating pier was tested for the CBR with α = 30°, β = 45°, σ = 0.17 and improved the

FGC with values only slightly below 1 (Figure 4.18d). For CBRs with a clear bar spacing

sb = 50 mm, the criterion Vn ≤ vsustained (Ebel, 2016) might be particularly critical for small

fish due to their reduced sustained swimming speed. Small fish might get entrained between

the bars if Vn values are high. For CBRs, the Vn values decrease with decreasing rack angle

α with Vn ≈Uo · sin(α). Consequently, a smaller rack angle might be suitable for HPPs with

higher approach flow velocities Uo in order to decrease Vn.

In the present study, the FGE was only evaluated for a CBR with α = 30°. The live-fish

test results reported by Kriewitz (2015) and Albayrak et al. (2020a) reveal similar FGEs for

MBRs with α = 15° or 30° and a bottom overlay for five European fish species, namely

spirlin, European grayling, common barbel, brown trout and European eel. The MBR with

α = 15° (with or without bottom overlay) and the MBR with α = 30°, which was only tested
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with a bottom overlay, led to a much higher FGE∗ and FPE∗ for European eel and brown

trout than the CBR with α = 30°. The higher FGE∗ and FPE∗ of these two fish species

are therefore possibly a result of the lower rack angle and/or the application of a bottom

overlay (cf. Table 6.7). EPRI and DML (2001) showed high FGE for milder rack angles, i.e.

α = 15°, for the tested North American fish species. Similar or even higher FGEs for CBRs

than for louvers and MBRs can be expected for α < 30° because of the improved flow fields

and are therefore recommended to improve the FPE and FGE for European eel and brown

trout.

The curved bar shape of the CBR leads to a reduced bar opening in flow direction for smal-

ler rack angles, thus increasing the clogging probability by floating debris and fine organic

material for smaller rack angles α (Figure 8.1a). Increasing the rack angle increases the bar

opening in flow direction allowing small leaves to pass between the bars. Considering these

issues, CBRs with α = 15◦...30◦ are recommended by considering site-specific parameters,

i.e. Uo or geometric restrictions.

Bar depth ε

Different dimensionless bar depths ε = db/Db were tested only with regard to their effect

on the head losses. The reference bar depth in the present study was Db = 100 mm. It is

expected that ε does not have a significant impact on the FGE in the range of 0.7≤ ε ≤
1.25. If structural rigidity and large wood and sediment accumulations are no issues, a

shorter relative bar depth of ε = 0.70 (db = 70 mm) is therefore recommended due to reduced

head losses and cost compared to ε = 1.0. Otherwise, the bar depth has to be increased

accordingly.

Bottom and top overlays

The effect of a top and/or bottom overlay on ξR strongly depends on the basic paramet-

ers α , β , and σ . If σ = 0.17, additional overlay blockage has only a small effect on ξR.

Top and bottom overlays not only provide a physical barrier for fish, they also increase the

guidance effect for fish swimming close to the water surface or the channel bed, respect-

ively. Although overlays were not tested with fish in the present study, it is expected that

fish guidance increases similarly as seen for louvers and MBRs with overlays (Table 6.7)

(Odeh and Orvis, 1998; EPRI and DML, 2001; Amaral, 2003; Albayrak et al., 2020a). The

parallel velocity components Vp increase while the normal velocity components Vn decrease

in front of the overlays, reducing the risk of fish entrainment through the CBR. It was shown

in Section 8.2 that a top overlay further guides large wood along the CBR preventing wood

accumulations at the rack, while a bottom overlay may promote the guidance of sediments
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to the bypass. Between the overlays, however, Vp/Vn values are decreased, which locally

reduces the guidance effect. Additional overlay blockage slightly deteriorates the turbine

admission flow distribution and causes spiral flow but only marginally increases the head

loss (Table 4.1). The live-fish test results reported by Kriewitz (2015) and Albayrak et al.

(2020a) reveal higher FGE∗ for European eel and brown trout with an MBR equipped with

a bottom overlay with hBo = 0.11 · ho compared to the same MBR configuration without

a bottom overlay. Ebel (2016) proposes a minimum height for top and bottom overlay of

hTo = 1.0 m and hBo = 0.5 m, respectively. Based on the results of this study, a maximum

total overlay height of hv = (0.20...0.30) · ho is recommended for a high fish guidance effi-

ciency and the mitigation of operational issues by considering site-specific geometrical (e.g.

flow depth), fish-biological and operational conditions. For approach flow depths ho > 5 m,

the recommendation by Ebel (2016) can be applied at CBRs. For ho < 5 m, however, it is

recommended to apply hv ≤ (0.20...0.30) ·ho to minimise the hydraulic head losses.

Bar shape

As shown in Section 4.1, the impacts of the primary parameters of rack angle α , bar attack

angle β and bar-blockage ratio σ on the hydraulic head loss coefficient ξR are similar for

both CBRs and MBRs described by Albayrak et al. (2018). However, the curved bar shape

of the CBR leads on average to 4.2-fold lower head losses than the straight, rectangular bars

of the MBR (Figure 4.3). In Figure 9.1a, the hydraulic head losses of CBRs are compared

with other FGS types and conventional trash racks. The ξR values of CBRs and MBRs with

α = 30° and β = 45° were calculated with Eq. (4.1) in combination with Eq. (4.3) or Cs = 1,

respectively. The ξR values of horizontal bar racks (HBR) with α = 30° and of conventional

trash racks placed perpendicular to the approach flow were computed for hydrodynamic bars

with the equations proposed by Meister et al. (2020b) and Meusburger (2002), respectively.

In Figure 9.1a, all equations were used in their respective limitations for the tested rack

and hydraulic configurations. Increasing σ (= decreasing the clear bar spacing sb) results in

increasing ξR for conventional trash racks and all FGSs. Blockage ratios between 0.17≤σ ≤
0.33 lie outside the limits of the FGS equations. Only one f-CBR configuration with σ = 0.24

was investigated with the numerical model. Its head loss was computed to ξR = 0.91. The

ξR values of CBRs are in the lower range of ξR values of conventional trash racks used

at Swiss run-of-river HPPs (Meusburger, 2002) and of HBRs. The recommended MBR

(Albayrak et al., 2018), HBR (Meister et al., 2020b), and CBR configurations are compared

in Figure 9.1b showing the rack head loss measured in the respective laboratory study (ξR,m)

and predicted with the empirical equation (ξR,p). Additionally, the head losses for the CBR

configuration with α = 30° and top, bottom, and top & bottom overlay are illustrated.
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Although the hydraulic performance of the CBR with curved bars was greatly improved

compared to the MBR with straight bars, the CBR is disadvantageous with regard to the

accumulation of large wood and organic fine material (Chapter 8). The narrowing cross

section in streamwise direction of the curved bars are difficult to reach by the rack cleaning

machine, which can lead to high clogging of the CBR. For this reason, the curved bar shape

was further optimized and a foil-shaped bar (f-CBR) was developed. The narrowest cross

section is located at the upstream bar tips of the f-CBR (Figure 3.15c), which facilitates the

cleaning process and thus mitigates the clogging problem of the CBR. The ξR of the f-CBR

is only slightly higher than for the CBR (Figure 9.1) and the hydraulic performance is similar

to the CBR with regard to a quasi-linear velocity increase along the rack towards the d/s rack

end and a quasi-symmetrical flow downstream of the rack (Section 5.2). Therefore, the f-

CBR is expected to have a similarly high fish protection and guidance efficiency as the CBR

and the application of the f-CBR is recommended.

s

x R
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a = 30°

(a) (b)

f-CBR (present study, num. model)

Figure 9.1 (a) Comparison of predicted ξR values versus σ for trash racks and different FGSs, namely
HBR, MBR, CBR, and f-CBR with a rack angle α = 30◦ (b) Overview of predicted versus
measured head loss coefficients of recommended rack configurations: MBR and CBR with
α = 15◦, 30° & 45°, β = 45◦, σ = 0.17 and ε = 1, HBR with α = 30◦ & 45°, blockage
ratio σ = 0.33 (sb = 20 mm) and ε = 1, and ξR value for the f-CBR with α = 30° from
the numerical model study

Approach flow velocity Uo

According to the logistic regression model including all fish species, the approach flow ve-

locity Uo did not have a significant effect on the number of bypass passages, i.e. the fish

guidance efficiency, of the CBR-bypass system (CBR-BS) in the tested range. In contrast,

the fish spent more time in the vicinity of the rack and took more time to find and accept the
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bypass, hence the number of refusals significantly increased and the rack passages signific-

antly decreased, resulting in a higher fish protection efficiency for Uo = 0.7 m/s compared to

Uo = 0.5 m/s (Figure 6.29). The lower approach flow velocity Uo = 0.3 m/s was only tested

with brown trout and led to a significant increase of the FGE for these fish. The live-fish

tests were conducted with a CBR with α = 30◦ and a maximum Uo of 0.7 m/s, resulting in

Vn ≤ 0.5 m/s (Figures 6.3 and 6.11). The smallest fish tested at this velocity, i.e. the spirlin

with a minimum body length of 8.4 cm, navigated along the flume and in front of the CBR

in a controlled manner and without obvious exhaustion for the duration of the experiment of

45 minutes. The impingement of a fish to the CBR was not observed in any of the conduc-

ted tests. Ebel (2016) suggests Vn 6 vsustained for HBR-BS to avoid the impingement of fish

to racks with such small bar spacings. This recommendation leads to lower rack angles α

for higher approach flow velocities Uo, since Vn ≈Uo · sin(α). BAFU (2012) gives a more

conservative recommendation of Uo≤ 0.5 m/s for physical barriers, i.e. vertical or horizontal

bar racks with clear bar spacings sb ≤ 20 mm. The USBR (2006) recommends maximum ap-

proach flow velocities of Uo = 0.30...0.61 m/s for weak and Uo = 0.83...1.37 m/s for strong

swimmers at louvers. Based on the results of this study, it is recommended to select the

rack angle α to comply with the criteria Vn ≤ vsustained proposed by Turnpenny and O’Keeffe

(2005) and Ebel (2016) to enable fish of all sizes to react to the hydrodynamic cues of the

mechanical behavioural barrier and avoid exhaustion.

Bypass design and operation

Velocity measurements were conducted at four different bypass layouts. The pipe bypass led

to decreasing velocities near the bypass inlet followed by a sharp velocity increase directly

at the entrance, which could trigger an avoidance reaction of the fish. For this reason and

due to the high risk of clogging, this bypass layout is not recommended. Generally, gradual

geometrical transitions are recommended to obtain a gradual velocity increase with little

turbulence.

Contrary to Uo, the ratio of the bypass entrance velocity to the approach flow velocity V R =

Uby,in/Uo did have a significant effect on the fish guidance efficiency in the tested range. The

total number of bypass passages significantly decreased, while the number of rack passages

increased for V R= 1.4 compared to V R= 1.2 (section 6.3). Some fish species like the spirlin

or the nase reacted more sensitively to V R than others like the barbel, the brown trout, the

salmon parr or the European eel.

Although most available practice guidelines recommend a bypass discharge as a percentage

of the approach flow discharge (DWA, 2005; BAFU, 2012; Ebel, 2016), the presented results

indicate that the V R and the spatial velocity gradient SV Gx at the bypass entrance are the
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decisive parameters for an efficient bypass design, which is quickly accepted by fish (Fig-

ure 6.15). The comparison with the recommendations for salmonids of SV Gx = 1.0...1.2 s-1

(Haro et al., 1998; Enders et al., 2012) shows that the spirlin tested in the present study were

more sensitive to velocity gradients and prefer lower values of SV Gx ≤ 0.6 s-1 resulting in

a lower bypass discharge. The discharge of the bypass system Qby at existing FGSs mostly

installed at HPP with Qd < 100 m3/s amounts to 2 - 10% of the design discharge (Odeh

and Orvis, 1998; Larinier and Travade, 1999; Ebel, 2016). For large run-of-river HPPs with

Qd > 100 m3/s, however, Qby < 0.02 ·Qd might be practical to reach the ideal velocity gradi-

ents for efficient fish guidance and a fast bypass acceptance.

The findings of this study therefore support the recommendation by Ebel (2016) for a full-

depth open channel bypass including an axial flap gate with bottom and top openings at

the entrance and an inclined ramp for discharge control. This design allows for velocity

regulation and intermittent flushing of floating debris. An alternative solution for surface

oriented species is the NU-Alden weir proposed by Haro et al. (1998) in combination with

a full-depth open channel bypass, which also allows for velocity regulation and continuous

transport of floating debris. The ratio of bypass entrance to approach flow velocity V R is

an important design criteria independent of the bypass design. Ebel (2016) recommends

V R= 1.0...2.0 for all fish species, while USBR (2006) proposes V R= 1.1...1.5 for American

fish species. To protect and guide fish of all species, life stages and sizes, V R = 1.1...1.2 are

recommended according to the findings of this study.
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9.2 Guideline for the design of a prototype CBR

For the positioning and the design of the optimum CBR configuration for effective fish pro-

tection and guidance, and low impacts on hydropower production at a specific HPP site, the

following workflow adapted from Ebel (2016) and Feigenwinter et al. (2019) is proposed by

considering the recommendations in the previous Section 9.1:

1. Identification of one or several target fish species and their main migration and move-

ment corridors by taking advantage of the experience of the local fisheries manager

and telemetry data if available. Knowledge on the fish sizes, their main migration and

movement times and preferred habitats further improve the assessment of the swim-

ming capacities.

2. Mapping of the site-specific hydraulic conditions by means of in-situ measurements

(e.g. with an Acoustic Doppler Current Profiler - ADCP) and/or large-scale CFD sim-

ulations for different flow regimes (e.g. Q30−Q330).

3. Conducting a variant study of different CBR locations and rack angles considering the

movement corridors, the swimming capacities and the seasonal behaviour patterns of

the target fish species, and the following design criteria:

• Fish guidance capacity (FGC): Vp/Vn > 1 along the entire rack to ensure efficient

fish guidance towards the bypass (Courret and Larinier, 2008)

• Vn ≤ vsustained along the entire rack to ensure that the fish can actively swim

against a rack without exhaustion (Turnpenny and O’Keeffe, 2005). Thereby,

vsustained is computed with t ≥ 200 ·60 s, and Eq. (9.1) for rheophile fish species

and Eq. (9.2) for eel for different fish lengths T L (Ebel, 2016)

log(vfish) = 0.546+0.7937 · log(T L)−0.0902 · log(t)+0.2813 · log(T ), (9.1)

log(veel) = 0.425 + 0.567 · log(T L) − 0.133 · log(t), for T > 10°C (9.2)

The simplified relation Vn ≈ Uo · sin(α) gives a rough estimate of the cross-

sectional mean Vn at the CBR. A CFD model allows for a more detailed mod-

elling of Vn at the entire rack, however, which might be particularly useful for

intakes without a frontal approach flow (e.g. block-type HPP). The sustained

swimming speed of fish vsustained increases with increasing fish length. See point

7 for a discussion on the fish guidance efficiency if Vn ≥ vsustained for some fish.

• Symmetrical turbine admission flow: ∆Q/Qt =|Qleft−Qright | /Qt ≤ 5% (Godde,

.
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1994)

• Geometrical or constructional constraints for the bypass routing

A detailed example for the assessment of the optimal FGS position using a CFD model

is given in Feigenwinter et al. (2019).

4. Consideration of top and bottom overlays for the guidance of floating debris and sedi-

ments, respectively, and to increase fish guidance. While the absolute overlay heights

proposed by Ebel (2016) for top and bottom overlay of hTo = 1.0 m and hBo = 0.5 m,

respectively, are practical for deep approach flow depths, the relative overlay heights

of hv = (0.20...0.30) · ho are recommended for smaller flow depths. An additional

flushing channel or a vortex tube in front of the CBR-BS can increase the intermittent

sediment flushing efficiency and provides shelter with low flow velocities for fish.

5. Selection of the bar shape based on operational and structural boundary conditions.

The f-CBR is recommended due to the low head losses, symmetrical flow downstream

of the rack, expected high fish guidance, and low clogging probability. The presented

shape of the f-CBR can be applied for α ≥ 30° and has to be adapted for α < 30° to

minimise the clogging probability.

6. Head loss assessment

• The head losses can be estimated with Table 9.1 for the following limitations:

α = 15°...45°, β = 45°...90°, σ = 0.04...0.17 with σ = tb/(sb+tb), ε = 0.7...1.25

with ε = db/Db corresponding to db = 70mm...125mm, V1,3 = 0...0.25 and

V2 = 0...0.30 with Vi = hv/ho, and wds/wo = 0.5...1.0.

• The total head loss includes the head loss caused by the vertical bars (Eq. 4.1)

and the head loss caused by horizontal spacers and tie bars (subscript sp). The

latter was not investigated in this study but can be estimated with the empirical

equation proposed in Raynal et al. (2013b) developed for angled trash racks and

listed in Table 9.1 with σsp = tsp/(ssp + tsp). The bar shape coefficient Ki for the

horizontal spacers can be taken from Kirschmer (1926) and is Ki = 2.24, 1.67,

1.04 for rectangular, rounded, and foil-shaped spacers, respectively.

• The f-CBR was not systematically investigated for a wide parameter range. The

head loss coefficient for the f-CBR with α = 30°, β = 45°, δ = 10°, sb = 50 mm

and tb = 16 mm leading to σ = tb/(sb + tb) = 0.24 was assessed with the numer-

ical model to ξR = 0.91. The numerical model can be used to assess the head

losses and the flow fields for any f-CBR configuration.
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Table 9.1 Empirical equations for the head loss assessment of CBRs

Parameter Equation

Total head loss coefficient ξCBR ξCBR = ξR +ξsp

head loss coefficient ξR
ξR = ξB ·CS ·CL ·CV,i ·CwEq. (4.1)

Basic head loss coefficient ξB
ξB = 245

[
0.0275+(σ −0.0815)

(
α

90°

)]
·
(

β

90°

)5σ0.44

Albayrak et al. (2018), Eq. (4.2)

Bar shape factor CS CS,curved =
( 1

4.2

)
≈ 0.24

Eq. (4.3)

Bar depth factor CL
CL =

[
1+3.3(1− ε)

(
α

90°

)]
σ

2(1−ε)( α
90°)

Eq. (4.4)

Overlay factor CV,i

Top or bottom overlay
CV,1,3 = 1+

10
(

90°
β

)(
V1,3

1−V1,3

)4.3σ
0.75( α

90°)
−5.3

(
V1,3

1−V1,3

)1.7
Eqs. (4.5) and (4.6)

Top and bottom overlay
CV,2 = 1+

7
(

90°
β

)(
V2

1−V2

)9.5σ
1.2( α

90°)
−1.5

(
V2

1−V2

)1.4
Eqs. (4.5) and (4.7)

HPP layout factor Cw
Cw =

(
wds
wo

)2.3(1− α
90°−Vi)

Eq. (4.8)

Head loss coefficient of spacers ξsp
ξsp = Ki

(
σsp

1−σsp

)0.77

Raynal et al. (2013b)

• Errors of ± 50%, 30% and 15% should be considered for the predicted head loss

coefficients ξR < 2, < 4 and > 4, respectively.

• According to Table 9.1, the head loss coefficient for the recommended CBR with

α = 30°, β = 45°, σ = 0.17, ε = 1 without overlays is calculated to ξR = 0.68.

Horizontal foil-shaped spacers with tsp = 0.02 m and a spacing of ssp = 0.8 m

result in a spacer head loss coefficient of ξsp = 0.06, which corresponds to 8.9%

of ξR. The total head loss of this CBR is thus ξCBR = ξR +ξsp = 0.74.

• The absolute head losses in [m] are calculated to

∆hCBR = ξCBR ·
U2

th
2g

, with Uth =
Qt

ho·wds
, (9.3)

with Uth = theoretical flow velocity in the downstream or the admission flow
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channel without rack presence. Uth =Uo at diversion-type HPPs with wds = wo.

By using Uth instead of Uo or Uds, the assessment is independent of potential

weir and bypass discharge in the case of a block-type HPP, but still accounts for

∆hCBR.

7. Evaluation of the mitigation potential of a CBR by computing the total fish survival rate

of the HPP (SHPP). Currently, no concrete target survival rate for a single movement

barrier or river reach has been specified in most countries. Depending on the size of the

HPP, its location within the fish passage route and the number of consecutive HPPs,

different survival rates might be practical. If a FGS is installed, SHPP is herein defined

as the sum of the FGE and the percentage of fish surviving the turbine passage St :

SHPP = FGE+(1−FGE) ·St , (9.4)

i.e. weir passage survival rates are not considered in Eq. (9.4). St is a function of

turbine type, turbine size and rotating speed, and the fish length. The total HPP survival

rate SHPP versus T L is computed with St according to Monten (1985) and illustrated in

Figure 9.2a for a large Kaplan turbine and Qd = 400 m3/s (dmax = 5.9 m, dmin = 1.0 m,

64 rpm, 4 blades), and in 9.2b for a small Kaplan turbine and Qd = 50 m3/s (dmax =

2.9 m, dmin = 0.7 m, 215 rpm, 6 blades) without any FGS installed (SHPP = St) and

with a CBR-BS with either low FGE (50%), medium FGE (75%), or high FGE (90%).

The total survival rate generally decreases with fish length and is substantially lower

for the small compared to the large turbine type.

H
PP H
PP

(a) (b)

Figure 9.2 Total HPP survival rates SHPP versus fish total length T L for a (a) large Kaplan turbine and
Qd = 400 m3/s, and (b) small Kaplan turbine and Qd = 50 m3/s
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The criterion Vn ≤ vsustained can lead to small rack angles and hence to long structures

and high cost for large HPPs with high approach flow velocities. Since Vn depends

on the approach flow velocity with Vn ≈Uo · sin(α), the entire flow duration curve at

a HPP site should be considered. As an example, Figure 9.3 shows a fictitious flow

duration curve for a HPP with a design discharge QD = 280 m3/s. If a CBR with

an angle of α = 35° is selected to minimise structural cost, the T Lcrit of the fish for

Vn = vsustained can be derived with Eq. (9.1) for the entire flow duration curve. It can

be assumed that the FGE of the CBR will be compromised for fish with T L < T Lcrit,

because Vn > vsustained for these fish. Figure 9.3 further shows the theoretical total HPP

survival rates, SHPP, for fish with T L < T Lcrit in case a large or a small Kaplan turbine

is installed, which runs in full-load operation (Monten, 1985). These survival rates

result from Eq. (9.4) assuming that FGE = 100% for fish with T L ≥ T Lcrit and FGE

= 0% for fish with T L < T Lcrit. As an example, the FGE is assumed here to be zero

for fish with T L < 0.12 m at Q30, although the real fish guidance is likely not binary

at the theoretical total length threshold value. At a HPP with a large Kaplan turbine,

the turbine survival rate is still SHPP ≥ 97% for these fish, whereas it is considerably

smaller with SHPP ≥ 85% at a HPP with a small Kaplan turbine. Note that the fish

survival rates can significantly decrease in case of partial load operation.

In Figure 9.3, T Lcritwas computed with Eq. (9.1) assuming a constant water temper-

ature of 15°C. Depending on the HPP site, however, the water temperatures can vary

considerably throughout the year. Since the swimming capacity of fish decreases with

decreasing water temperatures, the water temperature should be taken into account if

this data is available.

Figure 9.3 Flow duration curve, turbine discharge Qt , T Lcrit for Vn = vsustained with a CBR with α =
35°, and turbine survival rates at a large or a small Kaplan turbine for fish with T Lcrit



9.2 Guideline for the design of a prototype CBR 193

Furthermore, the number of consecutive HPPs within a fish movement route is de-

cisive to compute the species survival rate of an entire catchment. Depending on the

necessary survival rate for species preservation, the total target survival rate of a single

HPP (SHPP) can be specified. As an example, Table 9.2 lists the survival rates of fish

with T L = 0.2 m at a single HPP and for 10 consecutive HPPs without and with a CBR

with different levels of FGE.

Table 9.2 Survival rates of fish with T L = 0.2 m at a single HPP and for 10 consecutive HPPs accord-
ing to Eq. (9.4)

Turbine type no FGS
CBR CBR CBR

(FGE = 50%) (FGE = 75%) (FGE = 90%)

large Kaplan
1 HPP 95.0% 97.5% 98.8% 99.5%

10 HPPs 59.9% 77.6% 88.6% 95.1%

small Kaplan
1 HPP 75.0% 87.5% 93.8% 97.5%

10 HPPs 5.6% 26.3% 52.7% 77.6%

Note that the survival rate can be further decreased by delay, predation or mortality in

the bypass system. Moreover, weir passage during surplus flows exceeding the turbine

design discharge have not been accounted for in Eq. (9.4). The fish survival rates at

weirs and stilling basins are currently largely unknown, but could be substantial due to

the high turbulence, pressure changes, solid obstacles or oxygen supersaturation. If al-

ternative solutions for the fish downstream passage (e.g. weir passage) are considered,

the estimation of fish survival rate has to be adapted accordingly. The effective fish

guidance efficiency should be evaluated with a thorough monitoring campaign.
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10 Conclusions and outlook

10.1 Conclusions

The overarching goal of this research study was to improve the sustainable and efficient use

of hydropower by providing a technical solution for the safe downstream fish movement at

run-of-river hydropower plants (HPPs) with a minimal impact on hydropower production and

operation. The focus was put on the development of mechanical behavioural fish guidance

structures (FGSs) with vertical bars. To this end, innovative curved bar shapes for the applic-

ation at these FGSs were developed, herein called curved-bar racks (CBRs). The hydraulic

performance of various CBR configurations, the fish guidance efficiency, four different by-

pass systems (BS) and the option of electrifying the CBR were systematically investigated

in two different laboratory flumes and with a numerical simulation in OpenFOAMr. The

conclusions drawn from the results of these investigations are presented within the following

topics: (1) hydraulic performance of CBRs, (2) fish guidance and fish swimming behaviour

at CBR-BS, (3) fish swimming behaviour at electrified CBRs, and (4) operational aspects of

CBR-BSs. A practical guide for the engineering application of CBR-BSs and design recom-

mendations are presented in Chapter 9.

(1) Hydraulic performance of curved-bar racks

The hydraulics of selected CBR configurations without a bypass were systematically invest-

igated at 1:2 Froude-scaled detail models in a laboratory flume. The objective of these tests

was to find optimal CBR configurations with minimal head losses and favourable flow fields

for fish guidance and energy production. The studied primary parameters are the rack angle,

the bar angle, and the dimensionless bar spacing characterising the basic geometric proper-

ties of a CBR and the secondary parameters are the bar shape, the bar depth, various overlay

combinations, and the HPP layout. The main findings on the hydraulics of CBRs are:

• The curved bar shapes promote a flow straightening effect resulting in a quasi-symmetric

downstream flow field and favourable turbine admission. The maximum velocities

and velocity gradients at the downstream rack end of CBRs are significantly lower as

compared to the equivalent rack configurations with straight bars, leading to a more

uniform flow distribution along the rack, which is advantageous for fish guidance.

• Due to the flow straightening effect, the hydraulic head losses of CBRs are on average

4.2 times lower as compared to the equivalent fish guidance structures with straight

bars and are thus in the same range as for conventional trash racks used at Swiss

run-of-river hydropower plants. The existing head loss formula developed for louvers
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and modified angled bar racks (MBRs) was extended with a constant shape factor of

CS = 1/4.2≈ 0.24 accounting for curved bars.

• The application of top and/or bottom overlays only slightly deteriorates the down-

stream flow fields (and hence turbine admission flow if the CBR is placed closely to

the power intake) but potentially improves fish guidance as well as drift wood and sed-

iment transport. An overlay factor for the application of top, top & bottom, and bottom

overlays CV was developed.

• The hydraulics of CBRs were investigated for two different HPP layouts, i.e. a diver-

sion-type HPP and a block-type HPP. For the former, the approach flow to the CBR

is uniform, whereas the approach flow angle changes along the rack for the latter.

This leads to lower head losses for the same CBR configuration at a block-type HPP

compared to the diversion-type HPP, which is accounted for with a newly developed

head loss factor for HPP layout geometry Cw. However, the block-type HPP layout

leads to unfavourable flow conditions for fish guidance, i.e. normal to parallel velocity

components at the rack lower than 1. The installation of a separation pier between the

weir and the turbine intake greatly improved the flow fields.

• A detailed computational fluid dynamics (CFD) model of the CBRs was set up and

validated with the results from the physical model study. The model allows for the

computation of the flow conditions between the bars of the CBR and in close vicinity

of the rack, where ADV measurements were not possible. Since the distance between

two bars decreases in streamwise direction leading to a high clogging probability for

floating debris (see (4) further below), the curved bar shape was further optimised

and a more foil-shaped curved bar (f-CBR) was developed and investigated with the

CFD model. The smallest distance between two bars of the f-CBR is located at the

upstream rack angle, which is advantageous for the rack cleaning process with only

slightly higher head losses than the CBR. The f-CBR is therefore recommended over

the CBR.

• The recommended CBR and f-CBR configurations have a rack angle of α = 30◦, a

bar attack angle of β = 45◦ and a clear bar spacing of sb = 50 mm. The head loss

coefficient for this CBR configuration is ξR = 0.57. With additional top and bottom

overlays of 15% each, the head loss coefficient increases to ξR = 0.76. The head loss

coefficient for the recommended f-CBR configuration is ξR = 0.91. Overlays were not

investigated at the f-CBR. However, the head losses are expected to increase similarly

as for the CBR with overlays.
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(2) Fish guidance and fish swimming behaviour at CBR-BSs

The objective of this part was to determine the fish protection and fish guidance efficiency of

the recommended CBR configuration with a rack angle of α = 30◦, a bar angle of β = 45◦

and a clear bar spacing of sb = 50 mm, guiding the fish to a full-depth open channel bypass,

and to link the fish swimming behaviour to the hydrodynamic cues created by the curved-

bar rack bypass system (CBR-BS). To this end, live-fish tests with six endemic fish spe-

cies, namely barbel (Barbus barbus), spirlin (Alburnoides bipunctatus), nase (Chondrostoma

nasus), European eel (Anguilla anguilla), brown trout (Salmo trutta), and Atlantic salmon

parr (Salmo salar), were conducted in a large ethohydraulic flume for different approach flow

and bypass entrance velocities at a water temperature of 12-16°C. The swimming behaviour

was investigated with a fish-tracking software, and the flow fields were measured with an

ADV probe and simulated with a 3D CFD model in OpenFOAM. The main findings of these

tests are:

• Four main hydraulic conditions were investigated in the live-fish tests with the ap-

proach flow velocities Uo = 0.5 m/s and 0.7 m/s, and bypass entrance to approach flow

velocity ratios Uby,in/Uo =V R= 1.2 and 1.4 by regulating the bypass discharge. These

flow conditions were expected to be favourable for fish guidance because of the low

transverse velocities towards the rack and high ratios of parallel to normal velocity

components Vp/Vn. The CFD simulation showed that the different flow conditions led

to different spatial velocity gradients (SV Gx) at the bypass entrance. The velocity and

pressure gradients between the bars of the CBR and up to ∼ 40 mm upstream of the

rack are particularly high, triggering an avoidance reaction of the fish and confirming

the behavioural barrier effect of the CBR.

• The live-fish tests resulted in three possible fish reactions: bypass passages (= success-

ful guidance), rack passages (= unsuccessful guidance), and refusals (= fish refused

bypass and rack, and swam back upstream). The number of bypass passages defines

the fish guidance efficiency, whereas the sum of bypass passages and refusals defines

the fish protection efficiency. To evaluate the guidance effect of the CBR-BS, a dis-

tinction was made between fish that swam close to the rack and those that swam into

the bypass without rack interaction.

• The CBR functioned as a mechanical, behavioural barrier for spirlin, barbel, nase

and Atlantic salmon parr with high fish protection and guidance efficiencies (> 75%),

whereas it had low or no behavioural effect for brown trout and European eel (guidance

efficiency < 75%), respectively. The protection efficiency was 100% for the spirlin in

all tests, i.e. no rack passage was observed for these fish. The CBR-BS leads to sim-
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ilar protection and guidance efficiencies as the comparable bar rack configuration with

straight bars.

• The live-fish tests including all fish species were evaluated with a logistic regression

model including the data from Meister (2020) for the horizontal bar rack bypass system

(HBR-BS) with sb = 20 mm, yielding the following findings:

– Among the tested parameters, the rack type had the most significant effect on the

fish guidance efficiency, which was significantly higher with the CBR-BS than

with the HBR-BS.

– The approach flow velocity Uo did not have a significant effect on the fish guid-

ance efficiency in the tested range. It significantly affected the fish protection

efficiency, however. Increasing Uo from 0.5 m/s to 0.7 m/s significantly increased

the number of refusals and significantly decreased the number of rack passages,

thus increasing the fish protection efficiency.

– Increasing V R from 1.2 to 1.4 significantly decreased the fish guidance efficiency.

Hence, a mild velocity increase into the bypass is a key design parameter for effi-

cient fish guidance and fast bypass acceptance, which underlines the importance

of a bypass regulation.

– The above stated findings imply that the CBR with Uo = 0.7 m/s and V R = 1.2

yielded the highest fish protection and guidance efficiencies if all the tested fish

species are included in the analysis. However, these results varied considerably

for the individual fish species. Furthermore, some fish species (e.g. the juvenile

nase) were not tested at Uo = 0.7 m/s or V R = 1.4.

• The hydraulics of four different bypass layouts were determined. The pipe bypass led

to high SV Gx values unfavourable for fish guidance. The pipe bypass was therefore

not further investigated with live-fish tests. The full-depth open channel bypass was

investigated with and without a 12° inclined ramp and with a restrictor leading to top

and bottom openings. These bypass layouts led to SV Gx < 1 s-1. The live-fish tests

with spirlin showed that these fish react very sensitively to spatial velocity gradients,

whereby the bypass was quickly accepted up to SV Gx ≈ 0.6 s-1.

• The fish tracking-software was a useful tool for the semi-automated determination

of individual fish swimming paths, which were used to compute the fish swimming

velocities and the locations of rheotaxis changes. Barbel, brown trout, salmon parr

and European eel were in constant contact with the flume bed and the rack, whereas

the spirlin and the nase avoided contact to any structures.
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(3) Fish swimming behaviour at an electrified CBR

To further improve the protection and guidance of the European eel, an additional live-fish

test series with an electrified CBR (e-CBR) was conducted. To this end, the CBR was con-

nected to a power supply and the curved bars were alternatively wired as cathodes and anodes

with 38 V. Pulsed direct current was applied with different pulse parameters. Spirlin were

tested in addition to eel, to evaluate whether the e-CBR leads to a similarly high protection

and guidance efficiency for these fish as the CBR without electrification. Furthermore, larger

clear bar spacings of sb = 110 mm were tested since this would further mitigate operational

issues. The findings can be summarised as follows:

• The tested fish species European eel and spirlin reacted with a pronounced avoid-

ance reaction to the electric field around the e-CBR, which shows the great potential

of the electrified CBR as a fish protection measure. It was shown that fish can be

efficiently prevented from swimming through the e-CBR leading to a high fish pro-

tection efficiency for sb = 50 mm. While the protection efficiency of eel was as low

as 27% without electrification, it increased to 100% with the e-CBR. The guidance

efficiency was increased from 27% to 75%. The protection and guidance efficiency of

the CBR without electrification for the spirlin were 85% and 100%, respectively. With

the e-CBR, the protection efficiency was still 100% for the spirlin, but the guidance

efficiency decreased to 60%. The spirlin were guided well along the e-CBR , but often

hesitated at the bypass entrance due to the high voltage gradients at the downstream

rack end.

• The electric stimuli that the fish perceive is equal to the voltage potential over their

body width or their body length. Therefore, the fish perceive the maximum electric

stimuli over their body length when they are oriented orthogonally to the voltage lines.

The larger bar spacing of sb = 110 mm led to a reduced physical and behavioural

barrier effect for both the European eel and the spirlin. As a result, the fish swam

closer to the rack. When they were aligned parallel to the voltage lines, the perceived

electric stimuli were low and they swam even closer to the rack, where the electric field

was stronger. In this case, if they rotated their body orthogonal to the voltage lines, the

perceived voltage potential suddenly increased leading to uncontrolled reactions, rack

contact and increased rack passages, which increased the risk of fish injuries. Tests

with sb = 110 mm had to be aborted because of severe fish injuries.

• The challenge is to set up the electric field in such a way that the fish are not only

protected from a rack passage but are also successfully guided into the bypass to avoid

a delay. In order for the bypass to be accepted by the fish, the electric potential at
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the bypass entrance and inside the bypass must be minimised. Furthermore, the fish

behaviour strongly depends on the pulse parameters. Two promising pulse parameter

settings were found for the European eel and spirlin.

• Since the CBR without electrification showed a high protection and guidance effi-

ciency for fish species that react sensitively to hydrodynamic cues, the electrification

represents a promising additional protection, especially for eel. Since the downstream

migration of eel is closely linked to a seasonal timing, one possible solution could be

to electrify the CBR only for a few days or weeks per year. This would also minimise

erosion of the rack due to oxidation.

• The electrification prevents the eel from staying in contact with the rack for a longer

time period and impingement is avoided, so that the mortality caused by the rack clean-

ing machine is minimised.

(4) Operational aspects of curved-bar racks

The objective of this part was to determine the driving factors for the transport and clogging

processes of organic fine material and floating debris at CBRs. Small scale laboratory tests at

1:2 Froude scale were conducted to evaluate the clogging probability of leaves and driftwood

for a wide range of rack and approach flow parameters. The main findings are:

• The clogging probability of single leaves was not affected by the approach flow ve-

locity Uo. The curved bar shape leads to a reduced bar opening in flow direction for

smaller rack angles and thus increased the clogging probability of a single leaf with

decreasing rack angle. The leaves wrapped around a single bar and therefore did not

increase the blockage ratio, even though the clogging probability was high with 50-

90%.

• The clogging probability of logs with a log diameter dL = 40 mm was 100%, even

though the upstream clear bar spacing was higher with sb = 50 mm. Although all logs

could fit between the bars on the upstream rack side, they got stuck at the downstream

end of the bars due to the narrowing distance between the bars in streamwise direc-

tion. For smaller logs, increasing the approach flow velocities decreased the clogging

probability because approaching logs are reoriented parallel to the flow and thus trans-

ported through the CBR more easily at higher Uo.

• The application of a top overlay in combination with weir discharge was an effect-

ive mitigation measure to reduce the clogging probability of congested driftwood at a

block-type HPP. In practice, the bypass can be used for intermittent flushing of drift-

wood.

• The layout of the curved bars narrowing in flow direction will inevitably lead to clog-
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ging. Therefore, an alternative foil-shaped curved bar design (f-CBR) was developed

to mitigate this issue.

Given the highly reduced head losses, improved up- and downstream hydraulic conditions,

and high fish protection and guidance efficiencies, CBRs and in particular the f-CBR present

a promising potential for fish protection and guidance at small-to-large hydropower plants

and water intakes, minimising economic and operational impacts.

10.2 Outlook

In addition to the findings presented in this study, the following topics still comprise know-

ledge gaps for future investigations, which could further improve the understanding of the

fish behaviour at fish guidance structure bypass systems:

• Investigation of the behaviour of cyprinids to accelerating and decelerating flow at dif-

ferent bypass layouts by regulating the bypass discharge in 1:1 scaled models. Since

the present study demonstrated, that the flow conditions at the bypass entrance are a

key parameter for effective fish guidance, different bypass layouts should be systemat-

ically investigated with regard to hydraulic, fish-biological, structural and operational

aspects.

• Investigation of the fish behaviour at the CBR-BS in dark lighting conditions. Many

fish species and in particular European eel are known to perform their active down-

stream movements at night, which could affect their swimming behaviour at the CBR-

BS.

• Systematic investigation of the f-CBR with the high-resolution 3D CFD model to as-

sess the effect of different bar shapes and rack parameters on the head losses and the

flow fields to evaluate the sensitivity of each parameter with regard to the hydraulic

and fish biological performance of the f-CBR.

• Installation of an f-CBR at a HPP with a thorough monitoring study evaluating the

hydraulic and fish-biological performance of the f-CBR in the field and at prototype

conditions.

• Due to the promising results with the e-CBR in the present study, electrified CBRs

should be further investigated with a focus on measurements and simulations of the

electric field to increase the understanding of fish reactions. Electrical (voltage, pulse

pattern) and geometric parameters (electrode arrangement) should be determined, which

can guarantee an avoidance effect and an efficient fish guidance independent of the fish

orientation and without the risk of major injuries. Safety issues for humans and anim-

als during the operation of an e-CBR at a prototype site should be considered.
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Notation

Abbreviations

ADV acousting Doppler velocimetry

AIC Akaike information criterion

BIC Bayesian information criterion

bl body length

BS bypass system

CBR curved-bar rack

cDC constant direct current

CFD computational fluid dynamics

e-CBR electrified curved-bar rack

f-CBR foil-shaped curved-bar rack

FGC fish guidance capacity

FGE fish guidance efficiency

FGS fish guidance structure

FIThydro Fishfriendly Innovative Technologies for hydropower

FIWI Swiss Federal Centre for Fish and Wildlife Medicine

FPE fish protection efficiency

gpDC pulsed direct current with gated bursts

HBR horizontal bar rack

HPP hydropower plant

LW large wood

MBR modified angled bar rack

pDC pulsed direct current

UDS ultrasonic distance sensor

VAW Laboratory of hydraulics, hydrology and glaciology of ETH Zurich

VBR vertically inclined bar rack
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WFD Water Framework Directive

WPA Waters Protection Act

WPO Waters Protection Ordinance

Greek Symbols

α horizontal approach flow angle [°]

β bar attack angle of flow [°]

βi output coefficient of logistic regression model [–]

δ downstream bar angle with respect to turbine admission channel [°]

∆h f friction head loss [m]

∆hR rack head loss [m]

ε relative bar depth [–]

εt turbulent dissipation [m2/s2]

ηk Kolmogorov microscale [m]

γ vertical rack inclination [°]

κ von Kármán constant [–]

κs relative submergence [–]

λ scale factor [–]

ν kinematic viscosity [m2/s]

ω specific rate of dissipation [1/s]

πk probability of response variable Y taking category k [–]

ρ density [kg/m3]

σ blockage ratio of vertical bars [–]

σtot total rack blockage ratio including bars and spacers [–]

σsp blockage ratio of spacers [–]

τ shear stress [N/m2]

τbed bed shear stress [N/m2]
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ξB basic head loss coefficient [–]

ξR rack head loss coefficient not including spacers [–]

ξc head loss coefficient of a sudden contraction [–]

ξR,m measured rack head loss coefficient [–]

ξR,p predicted rack head loss coefficient [–]

ξsp head loss coefficient of tie bars and spacers [–]

Roman Symbols

Ai sector area [m2]

Ao area of upstream flow cross section [m2]

Atot sum of all sector areas [m2]

Ads area of downstream flow cross section [m2]

CL head loss factor of bar depth [–]

CS head loss factor of bar shape [–]

Cw head loss factor of HPP layout geometry [–]

Cκ head loss factor of bar submergence depth [–]

CBo head loss factor of bottom overlay [–]

CV,i head loss factor of overlays [–]

CP clogging probability [–]

d diameter [m]

Db standard bar depth of 0.1 m [m]

db bar depth [m]

dL log diameter [m]

eX total error of target value [unit of the respective variable]

ex total error [unit of the respective variable]

exn total error of measured parameter xn [unit of the respective variable]

F Froude number [–]

g gravitational acceleration [m/s2]
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ho inflow water depth [m]

hs submergence depth [m]

hv total overlay height [m]

hBo bottom overlay height [m]

hby bypass flow depth [m]

hds water depth downstream of the rack [m]

hTo top overlay height [m]

K bar shape [–]

k response category [–]

Ki bar shape factor [–]

ki bar shape factor [–]

Kα rack angle factor [–]

KV,i overlay factor [–]

L length [m]

LL leaf or log length [m]

LM model length [m]

LP prototype length [m]

lR rack length [m]

Lgap gap length between two pulses [ms]

Lpier pier length [m]

Lpulse pulse length [ms]

N total number of fish [–]

n number of active fish used in the analysis [–]

Npulse number of pulses [–]

Nrack number of rack passages [–]

Nrefusal number of refusals [–]

Nby,all total number of bypass passages [–]

Nby,red number of bypass passages with rack interaction [–]
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P probability [–]

p p-value [–]

PE prediction error [–]

Q discharge [m3/s]

Qd design discharge [m3/s]

Qo inflow discharge [m3/s]

Qt turbine admission flow discharge [m3/s]

Qw weir discharge [m3/s]

Qleft discharge in the left turbine intake half [m3/s]

Qright discharge in the right turbine intake half [m3/s]

Qby bypass discharge [m3/s]

r radius [m]

R Reynolds number [–]

Rb bar Reynolds number [–]

Rh hydraulic radius [m]

Rc,i,norm normalised sector residence coefficient [–]

Rc,i sector residence coefficient [m]

sb clear bar spacing [m]

Se energy slope [-]

St fish turbine survival rate [-]

SHPP total HPP fish survival rate [–]

sb,eff smallest clear bar spacing between two curved bars [m]

SPG spatial pressure gradient [Pa/cm]

SV G spatial velocity gradient [1/s]

SV Gx spatial velocity gradient in streamwise direction [1/s]

T temperature [°C]

t time step [s]

tb bar thickness [m]
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trep repetition time [ms]

ttot total swimming time during a live-fish test [s]

Ti, j residence time of fish j in sector i [s/m2]

ti, j time of fish j in sector i [s]

T KE turbulent kinetic energy [m2/s2]

T Lmax maximum fish length [m]

T Lmean mean fish length [m]

T Lmin minimum fish length [m]

U local mean streamwise flow velocity [m/s]

Û depth averaged flow velocity [m/s]

U+ flow velocity normalised with the friction velocity [m/s]

u′,v′,w′ velocity fluctuations in x-, y-, z-direction [m/s]

u,v,w local, instantaneous velocity components in x-, y-, z-direction [m/s]

Ug fish ground streamwise velocity [m/s]

Uo mean inflow velocity from continuity [m/s]

u∗ friction velocity [m/s]

Ufish fish swimming velocity in streamwise direction [m/s]

Umax maximum resulting velocity at the d/s rack end [m/s]

Uby,in flow velocity at the bypass entrance [m/s]

Uds mean flow velocity downstream of the rack from continuity [m/s]

urms,vrms,wrms turbulence intensity in x-, y-, z-direction [m/s]

Ur resulting flow velocity [m/s]

Uth theoretical downstream flow velocity without rack presence [m/s]

V local mean transverse flow velocity [m/s]

v flow velocity [m/s]

V1 top overlay blockage ratio [–]

V2 top and bottom overlay blockage ratio [–]

V3 bottom overlay blockage ratio [–]
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Vg fish ground transverse velocity [m/s]

Vn normal velocity component [m/s]

Vp rack-parallel velocity component [m/s]

Vz vertical velocity component at the rack [m/s]

vburst burst swimming speed of fish [m/s]

Vfish fish swimming velocity in transverse direction [m/s]

vfish absolute fish swimming speed [m/s]

vpipe flow velocity in the pipe bypass [m/s]

vprolonged prolonged swimming speed of fish [m/s]

vsustained sustained swimming speed of fish [m/s]

V R bypass entrance to mean approach flow velocity ratio [–]

W local mean flow velocity in z-direction [m/s]

wo inflow flume width [m]

wpier pier width [m]

wby bypass width [m]

wds downstream flume width [m]

X target value [unit of the respective variable]

x mean or expected value [unit of the respective variable]

x′,y′ directions nomal and parallel to the rack [m]

x,y,z local coordinates [m]

Xn independent parameter [unit of the respective variable]

xn measured quantity [unit of the respective variable]

Y response variable [–]

FGE fish guidance efficiency with rack interaction [–]

FGE∗ total fish guidance efficiency [–]

FPE fish protection efficiency with rack interaction [–]

FPE∗ total fish protection efficiency [–]
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Subscripts

b bar

Bo bottom overlay

by bypass

by,all all bypass passage with and without rack interaction

by, red bypass passage with rack interaction

by, in bypass entrance

c coefficient

d design

ds downstream

e energy

g ground

h hydraulic

i certain quantity

j fish index

L leaf or log

m measured

n sample

o approach flow

p predicted

R rack

r resulting

S bar shape

sp spacers and tie bars

t turbine

th theoretical

To top overlay

V overlay blockage
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w weir

X target value

crit critical

eff effective

max maximum

mean mean value

min minimum

red reduced

tot total
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