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Abstract: The longitudinal connectivity of many rivers is interrupted by man-made barriers
preventing the up- and downstream migration of fishes. For example, dams, weirs, and hydropower
plants (HPP) are insuperable obstructions for upstream migration if no special measures like fish
passes are put into effect. While upstream fishways have been implemented successfully and are
still being optimized, the focus of current research is more and more on effective fish protection and
guiding devices for downstream migration. According to current knowledge fish guidance structures
(FGS) have a high potential in supporting the downstream migration by leading fishes to a bypass
as an alternative to turbine passage. This work presents a structured and straightforward approach
for the evaluation of potential locations of FGS combining traditional dimensioning principles with
computational fluid dynamics (CFD) and novel findings from etho-hydraulic research. The approach
is based on three key aspects: fish fauna, structural conditions, and hydraulic conditions, and includes
three assessment criteria, which are used in an iterative process to define potential FGS locations. The
hydraulic conditions can be investigated by means of hydrodynamic 3D simulations and evaluated
at cross sections of potential FGS positions. Considering fundamentals of fish biology and ethology
allows for rating of the flow conditions and thus for a suitability assessment of various locations.
The advantage of the proposed procedure is the possibility to assess FGS configurations without
implementing the FGS in the numerical model, thus limiting the computational expense. Furthermore,
the implementation of various operation conditions is straightforward. The conceptual approach is
illustrated and discussed by means of a case study.
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1. Introduction

Man-made barriers like hydropower plants (HPP), weirs, and dams interrupt the longitudinal
connectivity of rivers, which hinders migration of fishes and delimitates their natural habitats [1].
The negative impacts on fish communities and consequently on the whole ecosystem underline the
need to restore river connectivity allowing for up- and downstream migration of fishes again [2]. The
importance of healthy river ecosystems is manifested by international regulations and guidelines. For
instance, the EU’s Water Framework Directive states that impacted water bodies need to achieve “good
ecological status” and national laws stipulate river restorations (e.g., Federal Act on the Protection of
Waters in Switzerland). The upstream migration of fishes has been studied in detail during the last
decades, leading to a considerable number of upstream fish passage designs [3,4]. They can be classified
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into nature-like structures (e.g., fish ramps), technical structures (e.g., vertical slot fishways), and special
purpose structures (e.g., eel ladders) [5]. Devices improving a successful downstream migration have
been investigated less and are a topic of current research [3,6–10]. The two main approaches for the
reestablishment of downstream migration and guidance of fishes from the headwater into the tailwater
of HPP are conveyance and bypass [8,11]. The former requires the application of fish-friendly turbines
(e.g., minimum gap runner or Alden turbine) or a fish-friendly facility management. These measures
can result in very high installation costs or considerable losses in energy production, respectively.
The latter approach includes fish guidance structures (FGS) in terms of racks that block fish passage
physically using narrow bar spacing or eliciting fish movement along the rack via generated flow
fields as well as non-physical barriers like acoustic deterrents or strobe lights that cause fish deterrence.
FGS have an especially high potential to support downstream migration [6–8,10–16]. Sensory systems
are based on fish-specific behavior that shows high variation among different species [10–12].

FGS use the concept of guiding fishes along the rack or screen axis to a bypass. Usually they are
positioned with a horizontal angle α < 45◦ to the approach flow to achieve the favorable ratio between
the tangential velocity vt and normal velocity vn above one (Figure 1a), which is considered as a suitable
criterion for guiding efficiency along the rack [8,13]. These so-called angled FGS can be installed either
with horizontally or vertically oriented bars. The bar spacing of horizontal angled screens is usually
between 10 and 20 mm so that fish with a body height greater than this cannot physically pass
(Figure 1b). To date, horizontal FGS were mostly installed at HPP with design discharges below
100 m3/s (e.g., HPP Raghun, Germany with Q = 88 m3/s) to avoid normal velocities vn larger than the
sustained fish swimming speed, which would press fish against the rack [12] (Section 2.1.1). The most
common vertical screens are louvers and bar racks, which are frequently used in the north-eastern
United States [14,15]. Louvers consist of vertical bars that are generally positioned perpendicular
to the flow direction (Figure 1c), while the bars of bar racks are oriented normal to the rack plane
(Figure 1d). The bar spacing of bar racks and louvers is usually larger than for horizontal screens so
that a considerable share of the fish species can pass them. However, depending on fish size they may
prevent physical passage as well [6,10,16].
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Figure 1. (a) Layout of a fish guidance structure (FGS) with horizontal angle α with respect to the
approach flow velocity va (velocity components vn and vt are normal and tangential to the rack,
respectively); (b) example geometry of a horizontal FGS; (c) example geometry of a louver; (d) example
geometry of a bar rack. The black arrows represent the flow direction.
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Despite the relatively large bar spacing of vertical FGS, an avoidance effect is achieved by turbulent
flow structures created by each bar and sensed by the fish when approaching the rack [10,16], while
the guiding effect along the FGS comes from vt/vn > 1 [6,8]. The primary mechanisms for guiding fish
movement at FGS are specified as follows:

1. Of primary importance are the hydraulic cues caused by the rack bars, i.e., the turbulent zones
and flow separation along the rack edges [16], triggering an avoidance reaction in fish. These
turbulent structures cause only a few fish to swim through the FGS [10,17]. However, the
avoidance reaction decreases with increasing bar spacing [12]. In fact, two fish species-specific
reaction patterns could be observed in ethohydraulic experiments [10,17]. Some species, such as
barbel, brown trout, and eel show investigative behavior and do not avoid rack contact. Instead,
they hug the upstream rack surface and actively use it as a guidance structure but avoid passing.
Grayling and spirlin, for example, behave differently as they avoid structures and only touch the
screen in exceptional situations.

2. The second mechanism is called sweeping flow, i.e., the parallel flow component vt actively
drifting the fish towards the bypass. This mechanism is decisive for the functionality of FGS
because otherwise the fishes are not directed towards the bypass. In case of exhaustion, the fish
will be pressed against the bars of horizontal FGS and in case of FGS with vertical bars they can
pass through the rack.

In addition to the classical bar rack, there exist further developments that are not arranged
orthogonally to the rack axis, such as those with straight (Modified Bar Rack, MBR [10,17]) or curved
bar cross-section shapes (Curved Bar Rack [18–20]). First investigations of this FGS type show a
lower flow deflection and more symmetric flow field in the tailwater as well as lower hydraulic losses
compared to conventional FGS.

Furthermore, screens can also be positioned with an inclination (“inclined racks”) or even
horizontal to the riverbed plane. However, this type of FGS is dependent on a relatively shallow water
depth, as the angle of inclination should be <10◦ [8]. For larger hydropower plants, this screen type is
therefore usually unsuitable.

The proper positioning of FGS requires good knowledge of the hydraulic conditions prevailing
at possible locations and a well-founded understanding of behavior patterns of the predominant
fish communities [3,21]. Due to today’s computing power, computational fluid dynamics (CFD) has
evolved as a powerful tool for investigating the flow under varying conditions and therefore has
a high potential for fishway designs, for both up- and downstream migration. Various researchers
applied CFD to investigate upstream fish passages, for example to assess the hydraulic conditions in
pool-type fishways [22–27] or to optimize the attraction flow of fishway entrances [28,29]. However,
downstream migration numerical simulations have been rarely used. A few authors implemented CFD
models of turbine flows to assess fish mortality or injury rates [30,31]. Raynal et al. [32] investigated
the hydraulic impacts of horizontal inclined bar racks in a rectangular channel by means of model-
and real-scale CFD simulations. Mulligan et al. [33,34] performed numerical simulations and acoustic
doppler velocimeter (ADV) measurements for surface partial-depth guiding walls in a laboratory
flume to assess the guiding efficiency for surface-oriented fish species. A similar study was performed
by Lundström et al. [35] who investigated the guiding potential of a surface guide wall at the Sikfors
HPP in Sweden assessing the surface-orientated downstream migration of fish salmon smolts.

In contrast to most of the studies applying CFD to assess fishways, which focus on general facility
optimization or are related to site-specific fish passage investigations, this paper presents a conceptual
approach for the positioning of FGS using CFD, fish biology, and expert knowledge to support the
planning of measures for fish downstream migration. The conceptual approach is illustrated and
discussed by means of a case study of the HPP Brügg in Switzerland. Firstly, we will introduce the
different aspects of the suggested approach and present a possible way to link the hydraulics with
species-specific fish behavior patterns to rate the suitability of potential FGS configurations. Next,
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the application of the conceptual approach is introduced step by step for the HPP Brügg. Finally, we
discuss the advantages and drawbacks of the conceptual approach, draw the main conclusions, and
give recommendations for future research.

2. Methods

2.1. Conceptual Approach

The successful downstream guidance of fishes into the tailwater of HPP is a complex challenge,
involving knowledge from different fields of research and concerns of various stakeholders [3]. In
order to consider all essential aspects, the conceptual approach shown in Figure 2 is suggested to
identify potential FGS positions. The approach is based on the three key aspects of fish fauna, structural
conditions of HPP, and hydraulic and hydrologic conditions, and includes three assessment criteria,
which are used in an iterative process to define potential FGS locations as described hereafter.
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Figure 2. Conceptual approach for the positioning of FGS using computational fluid dynamics (CFD)
and expert knowledge.

2.1.1. Fish Fauna

Considering a river reach for restoration, awareness, and understanding of existing fish
communities and their role in the ecosystem of the river is of major importance. This mainly includes
knowledge of required habitats, migration behavior, and reproduction cycles. Based on the findings
one or several target species may be identified. Subsequently, the fish biological fundamentals related
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to the defined target species must be scrutinized involving the migration period, body proportion, and
species-specific swimming speed capabilities to be compared to the inflow conditions of the FGS.

Fish body proportions can be characterized by the relative body width wfish,rel and height hfish,rel
as well as the proportion index P [12,36]. The relative body widths and heights are defined as the
ratio between maximum width wfish and height hfish, respectively, and the total length L of the fishes,
whereas the proportion index P is known as the ratio between hfish and wfish. For fishes with P > 1 the
critical length Lcrit for the physical rack passage in relation to the bar spacing sbar can be determined as:

Lcrit =
sbar

w f ish,rel
(1)

This criterion is strictly valid for vertically oriented bars. According to the present state of
knowledge, fish change their natural body alignment only conditionally and rarely pass the barrier
in a lateral position [37]. Therefore, for horizontal bars a higher protective effect can be expected for
fishes having P > 1. As no general fish behavior patterns concerning the rack passage are known yet, it
is recommended to use the same principles for horizontal bars as for vertical ones [12].

Various models have been developed for the design of incident flow velocities and horizontal
angles of angled FGS, such as the approaches of Pavlov [36] and Bates and Vinsonhaler [14]. However,
the method of O’Keeffe & Turnpenny [9] indicates the most favorable conditions for effective fish
protection. They state that FGS must be designed in such a way that the normal speed vn perpendicular
to the rack axis does not exceed the sustained swimming speed vsust of the fish:

vn ≤ vsust (2)

The sustained swimming speed refers to the swimming activity that can be maintained by the
fish over several hours (often t = 200 min is defined as the minimum characteristic duration) without
fatigue [38,39]. Many empirical general and species-specific univariate and multivariate models were
developed to estimate vsust. The works of Wolter and Arlinghaus [40], Peake [41], and Ebel [12] provide
an overview of the relevant literature. Ebel [12] analyzed 785 studies from 21 countries including 80
fish species. Based on these data, he developed different multivariate models to quantify the sustained
swimming speed vsust of European fish species and provide design recommendations for FGS and
bypass systems at HPP. For a first assessment of vsust, the general multivariate model of Ebel can be
applied, (derived from 225 datasets on 22 European fish species). In this model, L represents the body
length [m], T the water temperature [◦C], and t the swimming duration [s]:

log(vsust) = 0.5130 + 0.7941· log(L)− 0.0906· log(t) + 0.2921· log(T) (3)

For a more precise definition of vsust, Ebel proposes empirical multivariate approaches for
rheophilic (4) and non-rheophilic species (5):

log(vsust) = 0.5460 + 0.7937· log(L)− 0.0902· log(t) + 0.2813· log(T) (4)

log(vsust) = 0.3674 + 0.7692· log(L)− 0.0982· log(t) + 0.3649· log(T) (5)

It should be noted that these approaches are not applicable to genera with special swimming styles
such as lampreys (Petromyzontidae), sturgeons (Acipenseridae), or eels (Anguilidae) where species-specific
models must be used. The swimming ability of lampreys can be assessed with the approach of
Beamish [42], where p represents the body weight [g]:

vsust = 0.7671 + 0.1309· log(p)− 0.2632· log(t) + 0.0077·T (6)
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For sturgeons the model of Peake et al. [43] applies:

vsust =
3.1782 + 2.26·L + 0.0547·T − log(t)

4.55 + 0.0536·T − 1.85·L (7)

and for eels the approach of Ebel [12] is suggested:

log(vsust) = 0.425 + 0.567· log(L)− 0.133· log(t), for T > 10 ◦C (8)

It must be mentioned that these models represent fish in optimal conditions, which is not the case
when fish migrate.

With regard to permissible flow velocities, regulators of the US [8] and UK [9] provide some
recommendations for FGS that are listed in Table 1. Both reports include many case studies, but most
of their recommendations are not explicitly related to the behavior patterns of the target species. In
the regulations for the UK [9], it is mentioned that vn should be smaller than the 90th percentile of
the maximum sustained swimming speed, which is reasonably consistent with the recommendations
of Ebel [12]. However, an overview of the sustained swimming speed vsust is only given for some
fish species.

Table 1. Recommendations concerning permissible flow velocities of the regulators of the US [8] and
UK [9] (vn = normal velocity, va = approach flow velocity, vsust = sustained swimming speed).

Literature Physically Impassable Physically Passable

[8] vn < 0.12 m/s for salmonid fry
vn < 0.24 m/s for salmonid fingerling

va = 0.3–0.6 m/s for small and weak swimming fish
va = 0.8–1.5 m/s for larger and strong swimming fish

[9] vn < 90th percentile of vsust
va = 0.3–1.0 m/s
vn < 90th percentile of vsust

2.1.2. Structural Conditions

The second pillar of the suggested approach represents the HPP and the associated structural
conditions. It must be determined what type of HPP or migration obstacle is present, and its geometric
dimensions must be specified. This includes the river width, the width and length of the headrace
channel, the elevation difference to be overcome, and the prevailing flow depths.

2.1.3. Hydrologic and Hydraulic Conditions

The hydrologic and hydraulic conditions in the inflow area of the HPP also have to be assessed.
In a first step, the flow duration curve of the investigated river stretch should be evaluated as
to typical scenarios relevant for downstream migration of the target species, thereby accounting
for their migration periods. From this, typical discharges result that should underlie the detailed
hydraulic investigations. For this purpose, numerical modelling and field measurements can be used
to determine the flow fields in detail for the relevant scenarios. Best knowledge of the prevailing
hydraulic conditions can be achieved when both methods are combined, and field data can be used to
calibrate and validate the numerical model. Considering FGS in real-scale numerical 3D-simulations
of HPP is usually restricted to a smaller section, because the required grid resolution to resolve the
whole FGS would lead to very large computing time making the conceptual approach inexpedient.
Therefore, the hydraulic conditions of the present state without FGS are used as a reference, while the
effects of FGS on the flow fields and on rack-near fish behavior known from detailed etho-hydraulic
modelling [6,7,10,13,17,19,20,44–47] are taken into account separately in the assessment phase, see
Section 2.3.
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2.1.4. Feasibility Design of Potential FGS Positions and Types

Based on the numerical results, the HPP geometry, and an initial estimate of the fish biological
conditions, advantageous regions in the headrace channel for the installation of FGS can be determined.
First considerations about the FGS type should be undertaken as well. Overviews of the application
range of different FGS types are given in References [8,9,12].

2.1.5. Flow Conditions in Cross Section of Potential Positions

In a next step, a possible FGS position is defined for each advantageous region. The hydraulic
conditions obtained from the numerical model are then evaluated in the cross-section of the defined
FGS position. For FGS with horizontally angled flow, the tangential velocities along the rack and
the normal velocities perpendicular to the rack axis are of interest. In the case of non-angled racks,
the subsequent evaluation is based on the approach flow velocity. For the definition of the relevant
hydraulic parameters for other FGS types, References [8,9,12] can be used. It is important to select the
FGS type with regard to the target species. For instance, investigations concerning the downstream
migration of barbels showed that bar racks support a successful passage, while louvers are less suitable
as a guiding device [13,17].

2.1.6. Rating the Flow Conditions with Respect to Target Species

The determined flow conditions, and thus the suitability of the rack positions to support the
downstream migration of fish, can then be assessed using Equation (2) in combination with the decisive
sustained swimming speeds vsust of the target species (Equations (3)–(8)). To achieve a good guiding
efficiency along the rack, the ratio between the tangential velocity vt and normal velocity vn has to be
above one [8].

This evaluation is considered as the primary assessment criterion for a potential FGS position. If
the conditions are not fulfilled, the position of the FGS should be adjusted and the assessment must be
carried out again.

2.1.7. Geometric Properties of FGS

After identifying a suitable position, the geometric characteristics of the FGS can be determined
based on the fish biology, the site-specific conditions, and the chosen type of FGS. In the case of
physically impassable barriers, the bar spacing must be defined in relation to the body proportions of
the target species. To this end, Equation (1) can be rearranged to provide a criterion for the bar spacing
sbar, which requires the definition of an appropriate value for Lcrit. It is recommended to choose the
body length of the target fish species during its first migration stage in the life cycle as Lcrit. For vertical
bars that are passable for fish, the negative correlation between the bar spacing and the protective
effect must be taken into account [12]. The design of the rack geometry should also consider the rack
stability, low susceptibility for rack vibration, and the installation of the rack cleaning system.

2.1.8. Structural Feasibility and Hydraulic Losses

Finally, the structural feasibility of the FGS realization and hydraulic losses caused by the FGS
must be examined. Particular attention should be paid to the installation of a rack cleaning system and
whether a certain configuration allows satisfactory connection with both bottom-near and surface-near
bypass entrances. Basic dimensions for the bypass design and the rack cleaning system can be found
in References [8,9,12]. Another important criterion to consider is the installation cost of the FGS.

For evaluation purposes, hydraulic head loss can be estimated with conventional formulas, like
the approaches of Raynal et al. [13], Albayrak et al. [44], and Beck et al. [19] for vertical angled racks
or the methods of Albayrak et al. [45] for horizontal angled racks. For inclined FGS the method of
Raynal et al. [46] can be applied. The hydraulic head loss of FGS are particularly dependent on the
flow velocity, the bar shape, and the bar spacing [13,44]. For HPP, these losses should be minimized
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to keep the deficits in electricity production as low as possible. If empirical equations are applied
to estimate the hydraulic head loss, it must be noted that these formulae were developed based on
laboratory tests or empirically from data sets, mainly for homogeneous inflow. Accordingly, for highly
inhomogeneous approaches, flow condition deviations must be expected.

It is crucial that these two assessment criteria are appraised in close cooperation with the HPP
operator. If a requirement is not met, the position of the FGS can be adjusted and the whole assessment
must be carried out again starting with the evaluation of the hydraulic conditions in the adjusted
cross-section. If no satisfactory FGS position is found even after repeated iteration through the concept,
the investigated region should be excluded from the feasibility design. If this procedure is carried
out for each region identified in the feasibility design, one or several potential FGS positions may
be defined.

2.2. Numerical Modelling

The hydraulic conditions in the inflow area of HPP can be investigated by means of hydrodynamic
3D-simulations. To this end, the opensource CFD software OpenFOAM [48] constitutes a useful tool,
which was used in the present study. For simulations of free-surface gravity flows the Eularian solver
interFOAM is most suitable [49]. The interFOAM solver uses the Reynolds-averaged Navier-Stokes
equations combined with a turbulence model acting as closure relation to the Reynolds-Stresses as
governing flow equations [50]. The equations are solved with a finite volume method in combination
with the PIMPLE algorithm for pressure-velocity coupling [50,51]. The interFOAM solver identifies
the interface between water and air based on the volume of fluid (VOF) method, which is based on the
water fraction parameter αw having values between 0 (air) and 1 (water). The interFOAM solver uses
an artificial compression term in the transport equation of αw to define a fluid interface (αw = 0.5) and
to avoid the use of interface reconstruction schemes. Detailed information about the VOF method and
its implementation in the interFOAM solver can be found in References [26,51,52].

Another advantage of OpenFOAM besides its free availability is the use of an unstructured
computational grid. The additional use of polyhedral cells (in addition to hexahedral cells) allows
even complex geometries to be accurately mapped.

2.3. Influences of FGS on the Flow Field

The presented approach considers the hydraulic conditions without FGS. Hence, it is not
possible to directly simulate the hydraulic effects of FGS on the flow field in its vicinity. Therefore,
expert knowledge of these effects on the fish guidance efficiency should enter in this phase of the
conceptual approach.

Raynal et al. [13,32] investigated the influences of angled bar racks on the flow field in their
vicinity by means of laboratory investigations and numerical simulations in a rectangular channel.
Based on systematic ethohydraulic model studies, Kriewitz [10] and Albayrak et al. [17] modified the
classical angled bar racks by varying the bar angle β independent of α. Likewise, Beck et al. [19,20]
developed curved bar racks and also tested these in laboratory flumes for both hydraulic and fish
guidance performance. For all tested combinations of the horizontal angle α, the bar spacing, and the
bar shape in the mentioned studies, a flow deflection and acceleration along the rack axis could be
observed. The ratio of tangential to normal velocity increased continuously along the rack axis, mainly
induced by increasing tangential velocities, as the normal velocities increased only slightly along
the rack. These effects of the bar racks on the upstream flow field mainly increase with decreasing
horizontal angle α, while the bar spacing and shape have minor influences on the hydraulic cues in the
upstream near-rack zone.

In contrast to vertical angled bar racks, angled FGS with horizontal bars, particularly
hydrodynamic bar shapes, which are the preferred types to minimize head losses, hardly affect
the flow field, neither in the near-rack upstream nor downstream zones [47], except at flow depths
close to the bed and to the surface if bottom and top overlays, respectively, are used.
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Based on these findings it can be concluded that the evaluation of potential FGS positions
following the suggested approach would not change fundamentally if the FGS could be included in
the numerical models, as FGS mainly increase the tangential velocity along the rack axis.

3. Results: Application of Conceptual Approach to Case Study Hydropower Plant Brügg

HPP Brügg is located on the Aare river, a tributary of the Rhine river, about 2.2 km downstream of
Lake Biel in Switzerland (Figure 3). It is a bay type HPP equipped with two double regulated Kaplan
turbines having frontal approach flow. The HPP is placed next to the weir Port, which has five weir
bays each equipped with a double hook gate. The design flow rate of the HPP is 220 m3/s. At higher
flow rates, the additional discharge is spilled over the weir.Sustainability 2019, 11, x FOR PEER REVIEW  9  of  20 
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Figure 3. Situation of hydropower plant (HPP) Brügg 1©, upstream fishway 2©, weir Port with
weir bays WB1–WB5 3©, and ship lock 4©. The white arrows indicate the flow direction (photos:
map.geo.admin.ch).

The facility in Port/Brügg features an upstream fishway in the form of a vertical slot pass.
However, this fish pass was not considered for the investigations of possible FGS positions, as it has to
be rebuilt and the new exit will possibly be located upstream of the headrace channel.

Downstream migration of fish is currently only possible by passing through the Kaplan turbines,
during weir operation, and for a limited time through the adjoining ship lock.

The revised Federal Act on the Protection of Waters in Switzerland requires restoration of the
longitudinal connectivity of Swiss rivers [53]. Thus, obligations to improve the fish passage at the
Port/Brügg facility are of a “very high” priority. Based on this prioritization, remediation measures are
to be implemented by 2020. Hereafter, the results from applying the conceptual approach described in
Section 2 to HPP Brügg are presented.

3.1. Fish Fauna

Through efforts to re-establish a self-sustaining salmon (Salmo salar) population in the Rhine river
basin, this fish species is also expected in the Aare system in the long term. Therefore, salmon and
barbel (Barbus barbus) have been defined as target species for the design of fishways along the Aare
river. Salmon smolts in the life cycle state of first downstream migration have a body length between
10 and 20 cm considered as Lcrit [12,54]. The decisive body length of the barbel is estimated to be in the
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same range [55,56]. The relative body width wfish,rel is 0.10 and 0.11 for salmon and barbel, respectively.
The proportion indices of salmon and barbel are P = 1.80 and P = 1.55, respectively [12]. The sustained
swimming speeds vsust were assessed with Equation (3) for a swimming duration of t = 200 min and
are between 0.36 and 0.85 m/s, depending on the water temperature (T = 5–15 ◦C).

3.2. Structural Conditions

Upstream of the HPP the river width is about 80 m. The headrace channel has a length of 46 m, a
width of 24 m, and its entry width from the inlet pier to the left river bank is about 60 m. The water
depth in the headrace channel is more than 6 m. The usable head of the HPP is 0.8–3.0 m, which leads
to an annual electricity production of 25 GWh. The road bridge over the facility has a bridge pier
placed in the middle of the headrace channel with a width of 1 m and a length of 3.5 m.

3.3. Hydrologic and Hydraulic Conditions

The five weir gates of HPP Brügg remain closed up to the design flow rate of 220 m3/s and
the entire water volume is turbined. These conditions represent the most demanding situation for
downstream migrating fish. Due to the closed weir, only the route via the powerhouse is possible and
with the turbines running near full capacity, the flow velocities in the headrace channel are highest.
HPP Brügg has an average annual runoff of 270 m3/s. The smallest average monthly discharge
occurs in January and is 190–200 m3/s. Thus, the migration periods of fish play a subordinate role, as
the relevant operational condition occurs throughout the year. Moreover, the goal of installing fish
guidance structures at HPP Brügg is to ensure safe downstream migration for every native species all
year long, which requires to consider the described operation condition to be decisive.

Accordingly, the hydraulic conditions were simulated for an operating condition with turbine
operation at closed weir bays. The discharge was 195 m3/s and thus slightly below the design
discharge. We did not simulate the whole design flow rate as no water level measurements to validate
the numerical results were available for this operating condition. The hydraulic conditions in the
inflow area of the HPP Brügg were investigated by means of hydrodynamic 3D-simulations using
the opensource CFD software OpenFOAM (release v1712), as introduced in Section 2.2. The k-ε-RNG
turbulence model was applied for the simulations performed herein.

For the sake of efficiency, a cascade of three simulations was carried out, whereby the model
perimeter was reduced in size while the spatial resolution was increased. The model geometry of the
first simulation (S1) includes the HPP Brügg, the weir Port, as well as 930 m of the Aare river upstream
and 710 m downstream (Figure 4a). In the second simulation (S2), the HPP and weir were mapped
(Figure 4b) and in the third simulation (S3), only the headrace channel and turbine admission flow area
were included (Figure 4c). The initial resolutions of the computational grids are listed in Figure 4a–c.
The computational grid of the S3 model, consisting of about 6.1 million cells, is shown in Figure 4d.
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For simulation S1, different boundary conditions for water and air at the inflow and outflow
borders were set based on the known water surface elevations (Table A1 in Appendix A). As initial
conditions, different water surface elevations and flow velocities were applied for the head and tail
waters. For simulations S2 and S3, the steady-state solution of the previous calculation was used as the
initial condition and the boundary values αw, u, p, k, and ε were mapped accordingly.

In order to verify convergence of the solution to a steady state, the mass balances of water and
the water surface elevation in the head and tail water were recorded over time. The solution was
considered stationary when the mass balance was fulfilled, and constant water surface elevations were
reached (Figure A1 in Appendix A).

The numerical models were validated using water level measurements in the head and tail waters
of the HPP. The difference of the simulated and measured water surface elevations amounts to only a
few centimeters and is thus in good agreement.

For simulation S3, the hydraulic conditions at steady state are shown in Figure 5. These results
were used in the further application of the conceptual approach.
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3.4. Feasibility Design of Potential FGS Positions and Types

Prior to this study, two different studies concerning the installation of FGS at HPP Brügg had been
carried out focusing on structural feasibility [57,58]. These studies spatially narrowed the feasibility of
FGS implementation to the headrace channel. Due to the high flow depth of more than 6 m, inclined
FGS are not an option, while angled FGS are considered to have the greatest potential of supporting
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fish downstream migration. Based on these findings and the simulated hydraulic conditions, two
different regions for the installation of FGS in the headrace channel were defined (Figure 6).
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3.5. Flow Conditions in Cross Sections of Potential Positions

Possible FGS configurations were defined for each region determined in Section 3.4. Two
configurations were selected for region 1 (V1a and V1b), while there is only one configuration in
region 2 (V2). From a qualitative point of view, configuration V1b is unfavorable, as it is placed almost
perpendicular to the flow vectors. However, this configuration was still considered as it allows for
a very short bypass inside the inlet pier of the HPP down to the tailwater. The downstream end of
configuration V2 is positioned on the left side of the inlet pier since a bypass through weir bay 1 (WB1)
is not possible. The FGS of all configurations are positioned horizontally angled to the main flow
direction, to favor the ratio of tangential to normal velocities being above one. For these three positions,
the hydraulic conditions obtained from the numerical model were evaluated in the corresponding
cross-section (Figure A2 in Appendix A).

3.6. Rating the Flow Conditions with Respect to Target Species

The hydraulic conditions were rated with respect to the target species. To this end, Equation (2)
was applied and the ratio of tangential to normal velocities was determined (Figure 7). Ethohydraulic
experiments with various fish species have shown that vertical bar racks with horizontally angled
approach flow guide fish to the bypass under laboratory conditions [10,17]. Thus, a rather high value
of sustained swimming speed of vsust = 0.7 m/s, but within the range of 0.36 to 0.85 m/s determined
in Section 3.1, was applied to rate the hydraulics.
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Figure 7. Rating the flow conditions with respect to the target species: (left) ratio of tangential (vt) to
normal velocities (vn); if the ratio is above unity, good fish guiding efficiency can be expected; (right)
normal velocities compared to vsust = 0.7 m/s. The light blue transparent planes indicate the water
surface at water fraction αw = 0.5.

The results show that a good guiding efficiency can be expected for configurations V1a and V2
since the tangential velocities of these configurations are mostly higher than the normal velocities.
At configuration V1b the ratio between the tangential and normal velocities is largely below one,
likely resulting in a lower guiding efficiency than for the other configurations. The rating of the flow
conditions indicates that the normal velocities of configurations V1a and V1b exceed vsust, especially
for the left half of the rack, which incorporates the risk of fish being jammed at the rack. The same
applies to configuration V2 at the inlet pier of the HPP, where high normal velocities occur due to flow
separation (see also Figure 5).

Consequently, none of the investigated configurations meets the assessment criteria concerning
the hydraulic conditions. Since no other FGS configuration is possible in region 2, this area has not been
considered further. Configuration V1b was initially considered because it would allow a favorable
bypass connection. Since the rating of the hydraulic conditions is very negative and there would hardly
be a better evaluation even with an adjusted position, this configuration was not further investigated.
Configuration V1a only fails with regard to the normal velocities at the left half of the rack. To reduce
the normal velocities in front of the left turbine inlet, a milder horizontal angle is required. Thus, an
adjusted configuration of V1a, named V1a*, was investigated where the horizontal angle α of the left
half of the rack was reduced from 42◦ to 30◦. For this adjusted configuration, the hydraulic conditions
were again evaluated in the corresponding cross-section and rated with the same assessment criteria
as described above (Figure 8). The adjusted configuration shows potential for a good fish guiding
efficiency and the normal velocities are mostly below the limit value of vsust. Consequently, this
configuration meets the assessment criteria concerning the hydraulic conditions.
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Figure 8. Assessment of the adjusted configuration V1a*: (upper left) adjusted FGS position;
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blue transparent planes represent the water surface at water fraction αw = 0.5.

3.7. Geometric Properties of FGS

As described in Section 3.4 angled FGS are considered to have the greatest potential supporting
the fish downstream migration. Configuration V1a* requires a rack length of approximately 42 m and
a height of more than 6 m. According to Equation (1) a bar spacing sbar between 1.0 and 2.2 cm is
required for FGS that are physically impassable. Since the proportion indices of salmon and barbel
are above one, a high protective effect is to be expected with horizontal bars. For FGS with vertical
bars (louvers and bar racks) there is no general rule about bar spacing. Bar spacings between a few
centimeters up to more than 30 cm are reported in the literature [8–10]. For similar situations to HPP
Brügg, a bar spacing in the order of 5–10 cm can be found in the same literature.

3.8. Structural Feasibility and Hydraulic Losses

Whether an FGS such as in configuration V1a* can be installed, it must be examined in detail in a
further step, which is beyond the scope of this study. The bypass might be aligned similar to that of
the existing fishway and its discharge can potentially be partly used as attraction flow for upstream
migration. Special attention must be paid to the bridge pier to investigate how it affects the design and
operation of the rack cleaning system.

Recent findings indicate lower hydraulic head losses for horizontal racks compared to vertically
oriented bars, especially for hydrodynamic bar shapes [45,47]. Therefore the hydraulic head losses for
configuration V1a* with horizontal bars were estimated based on the approach of Albayrak et al. [45],
assuming rounded bar shape with a bar spacing of 1.5 cm, a bar thickness of 0.8 cm, and a bar depth of
8 cm. From the numerical simulations a mean approach flow velocity of 1.25 m/s was determined
and the mean horizontal angle between the velocity vectors and the screen axis is about 30◦. For
such conditions the estimated hydraulic losses amount to 2–3 cm. To compare with the hydraulic
head losses of configuration V1a* with vertical bars, we applied the approach of Beck et al. [19] for a
curved bar rack with rounded bar tips. The calculation was performed for a bar spacing of 8 cm, a bar
thickness of 0.8 cm, and a bar depth of 10 cm. The approach flow velocity and the mean angle between
the velocity vectors were the same as for horizontal bars. With these assumptions, the resulting
hydraulic head losses amount to 4–5 cm. In contrast to classical and modified angled bar racks with
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rather asymmetric and inhomogeneous flow fields downstream of the rack, curved bar racks (i) cause
significantly reduced head losses and (ii) align the flow, ensuring a symmetric turbine admission
flow [20]. This is particularly important for configuration V1a* as the rack is immediately upstream of
the turbines. Note that in these examples, no bottom and top overlays were assumed.

However, these results must be considered with caution as the flow conditions in the headrace
channel are highly inhomogeneous. It is the task of the HPP operator to define what hydraulic head
losses due to FGS are acceptable. Thus, it cannot be definitively stated here whether the location V1a*
represents a suitable FGS position concerning the two assessment criteria of structural feasibility and
hydraulic losses.

4. Discussion

Silva et al. [3] developed a multidisciplinary approach providing a general framework to consider
the interests of all stakeholders in the development and implementation of fishways. The presented
approach in this work may be considered as a specification of this framework to address downstream
fish migration by means of FGS involving essential aspects for a successful layout. With the proposed
concept, we intend to provide a tool that combines traditional dimensioning principles of fish descent
aids as reported in References [8–10,12] with computational fluid dynamics in order to evaluate suitable
FGS configuration in a structured and straightforward way.

The proposed procedure uses the hydraulic conditions of the present state without FGS as a
reference since the geometric representation of the FGS in the numerical models would require very
small cell sizes (some millimeters) that would lead to a very high computing effort impeding an
efficient layout procedure. On the one hand, omitting the FGS in the numerical simulations has the
advantage that all possible FGS locations can be examined using the results of the same simulation,
which reduces the computing effort considerably. On the other hand, the influences of the FGS on
the surrounding flow field are not directly considered with this approach and have to be accounted
for by expert judgement separately. As to the effect of FGS on the upstream flow field sensed by
approaching fish, distinction should be made between FGS with vertical and horizontal bars. Based
on findings on the flow impact of various kinds of vertical angled FGS in their vicinity [13,19,20,32],
the suggested approach gives rather conservative results in terms of fish guidance efficiency, as
the rack-parallel sweeping flow component tends to be intensified by the racks (“guidance effect”).
Regarding angled FGS having horizontal bars without overlays, the flow field is quasi unaffected [47]
so that the approach proposed herein is fully applicable. If bottom and/or top overlays are applied,
the guidance effect for bottom- and surface-oriented fish is intensified, so that guidance efficiencies are
again likely underestimated by the present approach. The overall assessment would thus not change
considerably if FGS were included in the numerical models. However, further research on this topic
involving numerical simulations and laboratory experiments for different FGS types is recommended
to reduce uncertainties in the understanding of the impact caused by FGS on the upstream flow field.

The connection between hydraulics and the related behavioral responses of fishes is summarized
in only one variable, which is vsust. This may be criticized as a too restrictive simplification of
the complex behavioral pattern of fish species. Indeed, many authors claim that there are gaps
in knowledge regarding species-specific behavior of fish, which must be approached in future
research [1,3,59–61]. For example, the velocity increase along the rack is another important criterion,
which can also be assessed easily based on the CFD results. The United States Bureau of Reclamation
(USBR) [8] states that louvers should be operated with bypass-to-approach flow velocity ratios between
1.1 and 1.5. The ratio for vertical and horizontal FGS is in a similar, slightly lower range, but is still the
subject of ongoing research. Nevertheless, the presented approach is structured in such a way that it is
possible and desirable to consider future findings when rating the hydraulic conditions.

Fish downstream migration devices must incorporate four features [3]. Firstly, they must shield
fish from the zones of potential injury, e.g., turbine passage. Secondly, they have to guide the fish to
an alternative migration corridor. Thirdly, fishes must find their way into the bypass and last, but
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not least, fishes should successfully migrate through the bypass into the tailwater without damage.
Thus, after finding a suitable configuration of an FGS by means of the presented approach, a proper
design of the bypass is a crucial prerequisite for supporting a successful downstream migration. For
the implementation of a bypass in the numerical model, flow obstruction by the FGS has to be taken
into account. As discussed above, depending on the type of angled FGS, a part of the approach flow
is diverted parallel to the FGS. This is reasonable from a hydrodynamic point of view, because flow
obstruction first occurs at the most upstream part of the FGS causing a small increase of the water
surface elevation, i.e., the tangential velocity will increase being in favor of fish guidance efficiency. As
a first attempt, a similar behavior might be simulated with the numerical model by using a baffle at
the location of the FGS and specifying a hydraulic head loss estimated by empirical approaches as
given in the literature. However, the capability of baffles to reproduce the flow field near FGS must
be validated by further investigations, and further research on how to consider FGS in a simplified
manner is needed. Once this has been achieved, the presented concept can be extended by carrying
out additional CFD simulations for the identified potential configurations, in which the bypass and
the FGS are resolved and directly taken into account.

5. Conclusions

The successful downstream guidance of fishes into the tailwater of HPP by fish guidance structures
(FGS) is a complex challenge. In order to consider all essential aspects, a structured and straightforward
conceptual approach for the evaluation of potential FGS positions by means of CFD was presented.
The applicability of the concept was illustrated and discussed based on the case study of HPP Brügg
in Switzerland. The use of numerical models instead of field measurements to investigate the flow
situation allows for assessing the hydraulic conditions in any desired section and for different scenarios
and operating conditions. Furthermore, numerical results can be used for additional investigations,
such as the evaluation and optimization of the turbine admission flow. In the present conceptual
approach, potential FGS positions can be assessed without implementing the FGS in the numerical
model to facilitate efficient application. However, this states also the main limitation because the
hydrodynamic influence of FGS on the local flow field cannot be directly simulated but has to be
assessed indirectly by considering recent findings form experimental etho-hydraulic and detailed
numerical investigations (“expert judgement”). Future research has to develop new approaches to
include FGS in a simplified manner while reproducing the main flow features near FGS at reasonable
computational expense. Such a contribution would make the present approach more powerful.
Furthermore, interactions between hydraulics and related species-specific behavioral responses of
fishes are the subject of current research and related new findings can easily be included in the concept.

Applying the approach to HPP Brügg showed that the conceptual approach serves as an
optimization tool for potential FGS configurations. A suitable configuration concerning the hydraulic
conditions could be determined for which the normal velocities exceed the sustained swimming
speed vsust of the target species only locally and which shows a ratio of tangential to normal velocity
above one. Further steps in the design process, such as checking structural stability of the FGS and
technical aspects of the rack cleaning system, are not part of the case study herein but are important in
real-world applications.
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Appendix A

Table A1. Boundary conditions of the first OpenFOAM model (S1) for all hydraulic variables. An
extended definition of their numerical implementation can be found in [62].

Boundary αw u p k ε nut

inlet water fixedValue flowrate-
InletVelocity

fixedFlux-
Pressure fixedValue fixedValue calculated

inlet air zeroGradient noSlip fixedFlux-
Pressure

kqRWall-
Function

epsilonWall-
Function

nutkWall-
Function

outlet water fixedValue inletOutlet fixedValue inletOutlet inletOutlet calculated

outlet air inletOutlet fixedValue zeroGradient inletOutlet inletOutlet calculated

atmosphere inletOutlet pressureInlet-
OutletVelocity totalPressure inletOutlet inletOutlet calculated

walls zeroGradient noSlip fixedFlux-
Pressure kqRWall-Function epsilonWall-

Function
nutkWall-
Function
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Figure A1. Assessment of the convergence to a steady state for the three simulations (S1), (S2) and
(S3): (top) mass balance of water over time; (bottom) water surface elevation over time in the head and
tailwater of the HPP. For the simulation (S3), the tail water was not included in the model.
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