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Abstract: Fragmentation of rivers has a negative impact on river’s ecological status which can be im-
proved by the construction of fishways next to obstacles in rivers that prevent a free migration. Flow
field characteristics are key factors in the design process of hydraulically efficient fishways—flow
and turbulence patterns in a functional fishway allow fish to enter, progress through and exit with
minimum time/energy expenditure. The aim of this paper is an experimental study of the flow
field characteristics measured in the physical fishway model with the goal of providing information
on the Reynold’s shear stress distribution that would facilitate their design in accordance with the
environmental requirements. The focus of the research was on the nominally hydraulically efficient
con-figuration pool-type fishways—pool-orifice and vertical slot. Fishway geometry was varied
for bottom slope (7.5%, 10% and 12.5%), pool length (45 cm, 60 cm and 90 cm) and orifice size
(8 × 8 cm, 10 × 10 cm and 12 × 12 cm) in a model scaled 1:3 to the prototype. Since Reynold’s shear
stress has been identified as the main turbulent parameter affecting fish swimming performance
and behavior, it is used as the basis for the analyses. The velocity data were collected with Vectrino
ADV and processed in all three planes—streamwise, horizontal and vertical. Reynold’s shear stress
data were analyzed according to the injury (>50 N/m2) and disorientation (>30 N/m2) biocriteria
boundaries defined in the literature. The percentage of the flow field exceeding the boundaries were
analyzed depending on the fishway geometry. The results obtained in this research suggest that the
critical design parameter is the orifice size for the pool-orifice fishways and the pool length for the
VS fishway. The Reynold’s shear stress is generally the highest in the bottom layer for pool-orifice
fishways and the surface layer for vertical slot fishways.

Keywords: ADV; turbulence; Reynold’s shear stress; physical model; pool-type fishway; pool-orifice;
vertical slot

1. Introduction

Physical alterations of rivers, e.g., river training works, water regime alterations or wa-
ter abstractions, are the main source of hydromorphological pressures in rivers [1], among
which large European rivers fall into those that are strongly affected [2]. Hydromorpholog-
ical pressures result in the fragmentation of rivers, i.e., reducing sediment transport and
disabling migratory species to travel along the river course, which in turn has a negative
impact on the river’s ecological status [3], as sometimes the needs of fish populations
cannot be met within a single habitat [4]. Free-flowing rivers that support the ecosystem
processes and biodiversity are rare: the flow regime of 77% of large rivers around the
globe is disrupted by barriers [5–7]. According to the WISE-WFD database, more than
60% of European rivers have altered habitats and a less than good ecological status [8]. In
the Mediterranean basin, 63% of threatened freshwater fish species have been negatively
impacted by existing hydropower infrastructure, with the largest number of threatened
species identified in Turkey (86), followed by Greece (48) and Croatia (38) [9].
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The river ecosystem status can be improved and in-stream connectivity partially
restored by the construction of fishways next to obstacles in rivers that prevent a free
migration [10]. A fishway is a low-head hydraulic structure that is hydraulically designed
according to the needs of prevailing species in the ecosystem in such a way that flow
conditions allow both upstream and downstream migration for a design range of flow
conditions. The most distinctive classification of a fishway is technical and nature-like, with
the former being an artificial channel with the most effective spatial footprint which allows
hydraulic conditions for fish migration, and the latter simulating natural flow conditions
utilizing a lower slope, a wider corridor and eco-friendly materials [11]. Common features
of the technical fishway is a layout that consists of a series of pools formed by cross-walls on
equidistant spacing positioned on a sloped bottom (Figure 1). This way the total difference
between head- and tail-water level of the obstacle is reduced into a series of pools with
smaller drops, providing favorable hydraulic conditions for fish migration [12]. Cross-
walls used for dividing the pools can be designed with slots, weirs, orifices, notches, or a
combination for connecting the successive pools in order to achieve the desired velocity,
turbulence intensity, or energy dissipation. Technical fishways can be further classified
into pool-type (pool-weir, pool-orifice, pool-notch, and vertical slot), Denil, and culvert
fishways [13], with modifications for each of them being proposed to compensate for fish
species that use a different mode of migration (e.g., [14,15]).

Figure 1. Examples of built technical fishways in Europe: (a) at HPP Rosegg and (b) at HPP Weissach
(photo by E. Ocvirk).

Flow field characteristics are key factors in the design process of hydraulically efficient
fishways—flow and turbulence patterns in functional fishways allows fish to enter, progress
through, and exit with minimum time/energy expenditure. Turbulent flow kinematics has
been shown to have a direct impact on fish behavior, which can be beneficial or detrimental,
depending on the specific features of the flow environment. Turbulence can constrict fish
locomotion when the size of the vortex and the fish body are similar [16,17], reduce fish
static hydrodynamic stability [18,19], or confuse the fish during migration and increase the
fish fatigue [20]. On the other hand, several studies have shown that fish can benefit from
turbulence, e.g., capture energy from vortices to propel themselves upstream [21,22], or
use it as a stimulus for selection of the trajectory through the fishway [23,24]. Design of the
fishway will provide optimum migrating conditions for target fish species, which will be
limiting or even unsuitable for some others species.

1.1. State-of-the-Art Review

Experimental research has shown that the hydraulic conditions are the limiting factor
for fishes passing through a fishway, as more energy input from fish is needed for swim-
ming through turbulent flows around the obstacle in comparison to uniform flow. As a
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general guideline, the required turbulence level in fishways can be quantified through the
volumetric energy dissipation rate. It presents a turbulence level averaged out over the
entire pool, and thus cannot reveal the detail flow conditions that are distinct for the main
flow jet and recirculating zone (e.g., [25,26]). The energy is mostly dissipated in the recircu-
lating zones formed along the sidewalls and behind the cross-walls, which provide a resting
area for fish before transiting in the next pool [27,28], while jet zones are a limiting factor
for the overall passage of the fish, often represented through critical swimming speed [29].
Marriner et al. [30] found that the volumetric energy dissipation rate in a turning pool
was reduced to half of the one in the adjacent regular pool, while the maximum turbulent
kinetic energy remained the same in both instances. Turbulence, therefore, needs to be
inspected at a finer level, for which localized variables are used (in most cases turbulent
kinetic energy, turbulence intensity and Reynold’s shear stress) that are considered to be
the most influential on fish swimming behavior. Silva et al. [17] investigated the swimming
behavior of 140 adult Iberian barbel of two sizes in an experimental pool-type fishway
with three submerged orifice arrangements. They established a negative correlation of
fish transit time and fish energy expenditure to Reynold’s shear stress, identifying it as
the most influential hydraulic variable on fish behavior. Reynold’s shear stress and eddy
size are most dependent on the fishway pool geometric design. Branco et al. [31] studied
the behavior of two fish species in a full-scale experimental pool-type fishway under two
different plunging and streaming flow regimes. The results showed the differences in
Reynold’s shear stress pattern between the two regimes, indicating that fish have limited
their exposure to high Reynold’s shear stress to a minimum; thus, both species were more
effective in migrating through the fishway during the streaming flow.

Li et al. [32] conducted research into the flow field in a baffled fishway using a 3D
numerical model. Based on the calculated turbulent kinetic energy, they have concluded
that flow conditions in a fishway with the type H baffles are more favorable than in a
fishway with type L baffles in terms of turbulent kinetic energy, energy dissipation rate
and vorticity. The flow velocity, turbulent kinetic energy and volumetric energy dissipation
rate were all found to be correlated with the bed slope. An et al. [33] conducted research in
a numerical 3D model and an equivalent physical model to evaluate the hydraulic field in
three different baffle designs of a vertical slot fishway. They concluded that the low (2.6%)
slope fishway with the long ‘L’-shaped baffle has the most fish-friendly flow environment
from the velocity and turbulent kinetic energy perspective. Quarranta et al. [34] investi-
gated turbulent flow field in a vertical slot fishway on two typical designs with the constant
bottom slope of 5%. Using the numerical model results, they evaluated TKE and RSS in
comparison with the data available in the literature. They concluded that both designs
meet the hydraulic requirements, with significant differences in the TKE.

Bombač et al. [35] used the data acquired from field measurements to validate the 2D
numerical model of the vertical slot fishway. They showed that turbulent kinetic energy
was significantly larger in the top half of the flow profile. The research of Guo et al. [36]
on the experimental weir-type fishway showed that longitudinal turbulence intensity in
the surface layer (in the main flow area) was larger than that in the lower, as well as the
variation in Reynold’s shear stress. Turbulence increased slightly with a 50% increase of
the flow rate through the fishway. Yagci [37] has investigated the flow velocity field in
pool-weir fishways with an orifice and notch using a physical model. He observed the
highest turbulence between two main flow layers—over the notch and through the orifice.
Normalized turbulent kinetic energy values were highest in the orifice jet zone and lowest
in the recirculation zone (<25%).

Fuentes-Pérez et al. [12] analyzed the performance of RANS k-ε and LES-Smagorinsky
turbulence models in a 3D numerical model of a vertical slot fishway using OpenFOAM.
They compared the results with data acquired from a scaled laboratory model for two flow
scenarios and found that the model accurately simulated the velocity spatial distribution,
while it overestimated or underestimated the turbulent kinetic energy and Reynold’s stress.
Duguay et al. [38] came to a similar conclusion, comparing numerical results for flow in the
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pool-weir fishway obtained from OpenFOAM and FLOW-3D, and validated with in situ
ADV measurements. Both models accurately predicted velocity magnitudes, while they
significantly underpredicted turbulent kinetic energy levels. They found that models also
could not reproduce the finer features of the flow, indicating that turbulence in the fishways
might need to be validated using physical model data rather than focusing exclusively on
numerical models [39].

Technical fishways are often considered for space-constricted locations or in regulated
streams that are already channelized, e.g., in urban areas of Europe. Pool-weir fishways
are the most hydraulically effective technical fishway [40], having advantages over other
types of technical fishways in their operability over a wider range of flow conditions and a
passage of broad fish species [26]. Consequently, they are the most utilized type of fishway,
followed by pool-orifice, vertical slot, and Denil-type fishways [41]. They are most useful
for small streams because they require the smallest flow rate of all the fishways (a smaller
flow rate can be compensated with a lower headloss between the pools, thus resulting
in more pools and a longer fishway). The main advantage of the pool-orifice fishway
is the absence of energy carryover from one pool to another, where energy dissipation
takes place in the pool’s recirculation zone that serves as a fish resting area [42] with
velocities, turbulence kinetic energy, and volumetric dissipated power lower than in a
vertical slot fishway [43]. In the vertical slot fishway, pools are created using baffles that
divide cross-walls, allowing fish passage at any depth and thus giving the possibility of
migration for more diverse species. The advantage of vertical slot-type fishways is the
capability of allowing the fish passage across the entire flow depth, thus being less sensitive
to flow oscillations, while their disadvantage is their need for a high flow rate for the
migration of larger fish [44]. The main difference between the pool-orifice and vertical slot
fishways is the energy dissipation rate: in the pool-orifice fishway, the energy dissipation
rate is linearly correlated to the increase in the flow rate, while in the vertical slot fishway,
the energy dissipation rate increases with the fishway bottom slope under constant flow
rate [45].

1.2. Aim of the Paper

Motivation for the research presented in this paper is the low effectiveness of the
existing fishways, primarily in Europe [46]. In order to improve the design of new fishways
and optimize the existing ones, hydraulic environment needs to be described by relevant
variables and its dependency on the fishway geometry needs to be quantified. Fishways
are often found to be ineffective for species with different morphological and ecological
characteristics [31], and data acquired from hydraulic environment can be used in stud-
ies focusing on flow-fish interactions to evaluate fish behavior in response to hydraulic
conditions and define turbulence at a scale relative to fish size [47]. River fragmentation
analyses are mostly focused on the larger structures, such as hydropower dams [48], often
overlooking smaller structures that make up the majority of barriers in the European
rivers—68% out of more than 1.2 million barriers are structures less than 2 m high [49].

Research focused on the fishway hydraulics, specifically in terms of turbulence, is
needed to provide a base for numerical simulations and functional design to build upon.
In this paper is presented the results of the experimental study conducted on two types of
pool-type fishways that are considered to be nominally hydraulically efficient: pool-orifice
and vertical slot. The aim of this paper is to investigate the hydraulic environment of
the three-dimensional flow and turbulence measured in the physical fishway model with
the goal of providing information on the Reynold’s shear stress distribution that would
facilitate their design in accordance with biocriteria boundaries defined in the literature.

The paper is organized as follows. Section 1 (Introduction) provides insights into
the research problem, presents the current state of the art from the literature review and
formulates the aim of the research; Section 1 (Methodology) is devoted to the methodology
framework—description of the experimental setup, data acquiring, data processing and
data analyses; Section 3 (Results) presents the results of the Reynold’s shear stresses for
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each fishway configuration; Section 4 (Discussion) synthesizes the common Reynold’s
shear stresses features of the fishway configurations that can be correlated with fishway
geometry; and Section 5 (Conclusions) summarizes the main outcomes of the research.

2. Methodology

The methodological approach selected for this research was derived from standardized
hydrodynamic metrics found in the state-of-the-art review on fishway hydraulics with an
emphasis on the results from biological studies. In the state-of-the-art research, various
turbulence descriptors were considered (e.g., turbulent kinetic energy, turbulent intensity,
Reynold’s shear stress), out of which Reynold’s shear stress has been identified as the
main turbulent parameter affecting fish swimming performance and behavior [17,50]. The
Reynold’s shear stress can be used as an indicator of the turbulence strength related to
fish because velocity fluctuations exchange momentum between adjacent layers of fluid
around fish body, acting as a force restricting fish movement. Therefore, Reynold’s shear
stress has been selected as the descriptive variable of turbulent flow field in this research.
Flow in the fishway is three-dimensional due to the influence of the cross-walls and slots
on the formation of the main flow jet and recirculation zones. Reynold’s shear stresses can
be calculated for all three planes—streamwise (τuw), horizontal (τuv), and vertical (τvw),
according to the following expressions:

τuw = ρu′w′, (1)

τuv = ρu′v′, (2)

τvw = ρv′w′, (3)

where: ρ = water density (1000 kg/m3), u′ = fluctuation of the streamwise velocity compo-
nent u [m/s], v′ = fluctuation of the spanwise velocity component v [m/s], w′ = fluctuation
of the vertical velocity component w [m/s].

Shear stress and turbulence levels in natural rivers where fish reside for the majority of
time are small in comparison to those in hydraulic structures. Odeh et al. [51] summarized
estimates of shear stresses in natural streams available from the literature and concluded
that most shear stress data were below 30 N/m2, while during flash floods shear stress
levels increase to 50 N/m2. Their study has established two generalized biocriteria bound-
aries defined for 10-min exposure to an average turbulence under following Reynold’s
shear stresses:

1. Injury boundary—medium turbulence condition (>50 N/m2) that can induce mi-
nor injury to some species, but does not incur significant mortality over 48 h post-
exposure period;

2. Disorientation boundary—low turbulence condition (>30 N/m2) that may cause a
startle response that would likely put the fish at risk of predation or other hazards.

The impact of the Reynold’s shear stress on the fish migration is dependent on the fish
body orientation; Silva et al. [52] and Santos et al. [53] found that the horizontal component
of Reynold’s shear stress has the greatest effect on the fish, regardless of their size. In both
studies it was found that fish for most of the time dwelled in the areas with Reynold’s
shear stress <60 N/m2. Quaranta et al. [34] concluded that the fishway configurations
they investigated were very favorable for fish, because in more than 90% of the pool area,
the Reynold’s shear stress values were lower than 60 N/m2. In this research, Odeh et al.
biocriteria were adopted because they provide distinctive values between fish injury and
the disorientation boundary.

2.1. Experimental Setup

Data obtained for this research are collected from the series of flow simulations on
the physical fishway model built in the Department of Hydroscience and Engineering
laboratory under the University of Zagreb. Experimental setup included an adaptive
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fishway geometry adjusted for two technical fishway types (pool-orifice and vertical slot
fishway) in order to simulate flow conditions under varying flow boundary conditions,
bottom slope, pool length and dimension of the orifices (for the pool-orifice type) or slots
(for vertical slot type). Fishway geometry was designed according to the physical design
standards [54,55] and state-of-the-art literature [20,56–58]. Both fishway types considered
in this research have been built with a matching geometry: bottom slope, pool width,
and pool length. The simulations were made with three different bottom slopes (7.5%,
10%, and 12.5%), three different pool lengths (45 cm, 60 cm, and 90 cm) and a constant
pool width (45 cm). For a pool-orifice-type fishway, three different orifice dimensions
(8 cm × 8 cm, 10 cm × 10 cm, 12 cm × 12 cm) were tested in an offset configuration,
alternating positions in the cross-walls from side to side in the pools. Orifice size was
selected using Lariniers [44] guidelines for migratory salmonids and cyprinids, considering
their widespread population in Croatian rivers [59]. Taking into account all geometry
variations, 27 different physical model setups combining the bottom slope, pool length,
and orifice size were investigated. For a vertical slot fishway, 9 different physical model
setups were investigated, combining the bottom slope and pool length. Vertical slots were
aligned along the right-hand side of the fishway, formed by an L-shaped baffle protruding
from the cross-wall into the upstream pool.

The fishway physical model was built in the flume according to the schematic below
(Figure 2) in an 18 m long, 0.9 m wide, and 0.9 m deep recirculating hydraulic flume with a
rectangular cross-section. The working section of the flume is 13 m long, 0.9 m wide, and
0.7 m deep (Figure 3). Flow rate in the flume is controlled by a frequency-regulated pump
which has a maximum capacity of ~30 l/s, while a hinged flap gate controls the water level
at the flume outlet. A flow rectification system was built on the flume inlet to streamflow
the jet from the pump into the working section of the flume. The fishway physical model
was built in a 1:3 scale to the prototype, according to the Froud similarity principle [60].
The fishway model was built with at least three pools for the tests, depending on the pool
length: a head pool that is receiving the water from an upstream reservoir, at least one
typical pool for the measurements and a tail pool. Velocity measurements were collected
in the typical pool of each configuration, positioned in the middle section of the fishway
where the hydraulic balance was attained, unaffected by the upstream and downstream
boundary conditions. For the fishway configurations with pool lengths of 45 cm and 60 cm,
the third pool from the upstream was selected as the representative, while the second pool
from the upstream was selected for the configuration with a pool length of 90 cm.

Figure 2. Scheme of the physical model setup in the hydraulic flume.

2.2. Flow Velocity Measurement Technique

Three-dimensional velocity and depth measurement data were collected on a struc-
tured raster of the measurement points, defined with constant spacing of 7 cm between the
points across the width, and 9 cm along the pool, replicated from the comparable studies
(e.g., [32,35]). Depending on the fishway configuration (i.e., pool length), the structured
raster consisted of 35, 49 and 70 measurement points for the pool length of 45 cm, 60 cm,
and 90 cm, respectively [61]. Measurement points overlap for different pool lengths to
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preserve the similarity and ensure a comparability of flow field characteristics for different
model configurations (Figure 4). A raster of measurement points was mirrored on three
depth planes parallel to the fishway bottom: surface plane (A), middle plane (B), and
bottom plane (C).

Figure 3. Model setup in the flume: (a) flume with the installed fishway bottom—looking downstream, (b) pool-orifice
fishway model—looking upstream, (c) vertical slot fishway model—looking downstream (photos by G. Gilja).

Figure 4. Structured raster of the measurement points in (a) pool-orifice fishway, (b) vertical slot fishway.

Raw three-dimensional flow velocity data were collected using Nortek’s Vectrino
acoustic Doppler velocimeter (ADV) mounted on a mobile cart, supported on the flume
walls in such a way that it can be positioned on pre-set measurement locations [60]. Flow
velocity measurements were collected with a 25 Hz sampling frequency, recorded over
3 min duration. The recording time was selected to obtain the statistical significance for
the measured velocity fluctuation, consistent with the state of the art (e.g., [12,53,62]). Raw
velocities collected by the ADV contain spikes resulting from the Doppler noise and signal
transport from and to the device during data acquisition. In order to filter out the unwanted
spikes from the record, raw data needs to be processed using a correlation coefficient and a
signal-to-noise ratio as quality control variables. Correlation coefficient and signal-to-noise
ratio of the measured raw data were within the limits reported in the literature [63,64].
Flow velocity data were filtered by the Velocity Signal Analyser [65] using the Phase-Space
Thresholding method [66,67]. From the raw time series, less than 30% of the data were
filtered out, which is under the limitations for Reynold’s stress calculation [64]. Reynold’s
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stress calculation was done in the MATLAB environment, for which a separate algorithm
was developed.

3. Results

The influence of turbulence in the fishway is analyzed through 3D scatterplots of
mutual dependence between calculated values of Reynold’s shear stress (RSS) for all
three planes, streamwise (τuw), horizontal (τuv), and vertical (τvw). The results are given
separately for each fishway configuration, combining the bottom slope (labelled i075, i100,
and i125) and pool length (labelled l45, l60 and l90), while the orifice sizes pertaining to
them are grouped together. The line of agreement between Reynold’s shear stresses on all
planes (1:1:1) is shown as a reference on the scatterplots. The legend key for symbols used
in all graphical representations is coded as follows: results associated with measurement
planes A, B, and C are represented by squares, circles, and triangles, respectively; results
associated with orifice sizes 8 × 8 cm, 10 × 10 cm, 12 × 12 cm (labelled o8, o10, and
o12) and vertical slot are represented by a blue, green, red, and grey color, respectively.
The aim of the analyses was to determine the percentage of the flow field exceeding the
injury boundary and disorientation boundary within the typical fishway pool for all tested
configurations.

The general flow pattern in the pools is influenced by the pool geometry and ori-
fice/slot arrangement. In the pool-orifice (PO) type fishway, the plunging flow through the
inlet orifice forms a jet parallel to the pool sidewall which, once it reaches the downstream
cross-wall, is deflected towards the outlet orifice. In the rest of the pool between the main
flow jet and the opposite sidewall, a considerable vortex is formed by the recirculating flow
throughout the pool depth. In the vertical slot (VS) fishway, the streaming flow through
the inlet slot forms a jet parallel to the pool sidewall until it exits through the outlet slot.
Baffle geometry protruding from the sidewall opposite to the cross-wall forces the main
flow jet to deflect from the sidewall into the pool, creating a recirculation region of low
velocity on both sides of the jet. The recirculating zone within the pool is far greater than
the one next to the sidewall.

A fishway with the steepest bottom slope and shortest pool length (i125l45, Figure 5)
is the most economical fishway, since it requires the least space for construction. For all
fishway configurations, there is a visible pattern of a prevailing streamwise RSS component,
in comparison to horizontal and vertical. Measured values of τuw are on average +76% and
+60% higher than concurrent τuv and τvw, respectively, at the same measurement point for
all orifice sizes in the PO fishway. Differences between RSS components in corresponding
VS fishways are more notable, with τuw being +86% and +82% higher than concurrent
τuv and τvw, respectively. There is no visible pattern of values for which τuv and τvw are
higher than τuw across the measured range, other than, in the PO fishway, values in the C
plane are prevailing amongst those deviating from the established correlation. The same
pattern is visible for the VS fishway, where τuv and τvw are higher than τuw in a range
τuw < 20 N/m2. Concurrent values of τuv and τvw are approximately of the same stress
range, with differences between them ranging from −6% to −13% in the PO fishway and
−2% in the VS fishway, with the τvw component being higher in all cases (τuv < τvw). The
lowest RSS values are concentrated in the A plane for all PO fishways, not exceeding
24 N/m2 on average, while the largest RSS values are concentrated in the C plane for all PO
fishways, above 20 N/m2 on average for all orifices, with a maximum value of 42 N/m2

for τuw under the largest orifice. For the VS fishway, RSS values are uniform across the
entire flow depth, with values of 32 N/m2, 17 N/m2 and 18 N/m2 for τuw, τuv and τvw,
respectively. All fishway configurations are characterized with the highest RSS values for
o12 orifices, and the lowest for the o8 orifice, with VS fishway values comparable to the
ones from the PO fishway with an o12 orifice.

A fishway with the increased pool length and the same bottom slope (i125l60, Figure 6)
is characterized by a larger variation in the RSS data across all RSS planes. The same
pattern of prevailing streamwise RSS components, in comparison to horizontal and vertical,
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is determined: τuw is higher by +69% and +90% on average, respectively. Differences
between the RSS components in corresponding VS fishways are more notable, with τuw
twice to concurrent τuv and τvw, +102% and +105% on average. In both PO and VS
fishways, values of RSS for the C plane prevail amongst those deviating from the established
correlation. Concurrent values of τuv and τvw are approximately of the same stress range,
with differences between them ranging from +1% to +44% in the PO fishway (τuv > τvw) and
−1% in the VS fishway (τuv < τvw). There is no visible pattern of values for which τuv and
τvw are higher than τuw across the measured range, other than, in the pool-orifice fishway,
values in the C plane prevail amongst those deviating from the established correlation, as
observed for the previous configuration. The lowest RSS values are concentrated in the
A plane for all PO fishways, not exceeding 23 N/m2 on average, while the largest RSS
values are concentrated in the C plane for all PO fishways, above 16 N/m2 on average for
all orifices, with a maximum value of 53 N/m2 for the τuw under the largest orifice. For the
VS fishway, RSS values are uniform across the entire flow depth, with values of 49 N/m2,
24 N/m2 and 24 N/m2 for τuw, τuv and τvw, respectively. All fishway configurations are
characterized with the highest RSS values for o12 orifices, and the lowest for the o8 orifice,
with VS fishway values comparable to the ones from the PO fishway with an o10 orifice.

Figure 5. 3D scatterplot of concurrent RSS components for the i125l45 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

A fishway that combines the steepest bottom slope and the longest pool length (i125l90,
Figure 7) has an advantage over the previous configurations in the large pool area which
has the potential to accommodate the resting area for passing fish. In contrast, a steep
bottom slope over a longer pool length results in a relatively large height difference between
the upstream and downstream pool bottom elevation that must be compensated for with a
higher flow depth at the downstream boundary condition in order to sustain the design
flow depth at the upper side of the pool. A longer pool has resulted in a larger recirculation
area of lower velocities, which contributes to a decrease in the Reynold’s shear stress
across all configurations. On average, the RSS for an orifice size of o10 is lower than
i125l45 and i125l60 by −7% and −19%, respectively, and for o12 orifices, −1% and −9%,
respectively. For the smallest orifices there is no distinct reduction in RSS with pool length
increase. The same pattern of prevailing streamwise RSS components, in comparison to
the horizontal and vertical components, is determined in the same way as for the shorter
pool length, with τuw higher by +73% and +59% on average, respectively. Differences
between RSS components in corresponding VS fishways are almost identical, at +79% and
+62% on average. Concurrent values of τuv and τvw are approximately of the same stress
range, with differences between them ranging from −2% to −20% in PO fishways and
−9% in VS fishways (τuv < τvw). The lowest RSS values are concentrated in the A plane
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for PO fishways with o10 and o12 orifices, but with smaller differences to other planes
in comparison to previous configurations. For the o8 orifice, the lowest RSS values are
in the B and C plane, not exceeding 14 N/m2 on average. The largest RSS values are
concentrated in the A plane for PO fishways with an o8 orifice above 19 N/m2 on average,
while the maximum value of 37 N/m2 is observed for the τuw in the C plane under the
largest orifice. For VS fishways, RSS values are highest for the A plane (35 N/m2), and
are reduced towards the C plane (21 N/m2). All fishway configurations are characterized
with the highest RSS values for o12 orifices, and the lowest for o8 orifices, with VS fishway
values higher than all PO fishways. For this configuration, in the vertical slot, fishway
values of RSS for the C plane are significantly lower in comparison with the other 2 planes.

Figure 6. 3D scatterplot of concurrent RSS components for the i125l60 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Figure 7. 3D scatterplot of concurrent RSS components for the i125l90 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

A reduction in the bottom slope in the shortest fishway (i100l45, Figure 8) and the
smallest orifice results in a reduction in the average RSS values in both A and B planes
of −36% and −25%, respectively, while for the plane C there is no significant difference
compared to i125l45. A similar trend is visible for the middle orifice size—a reduction in
the average RSS values in planes A and B for −11% and −23% and no significant change
on plane C. The largest orifice has a somewhat different trend: an increase in the average
RSS values in planes A and B of +12% and +6% and no significant change in plane C.
For VS, fishway increase of the RSS values is uniform at +15% across all planes. The RSS
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τuw component is higher in comparison to concurrent τuv and τvw by +63% and +54% on
average for all orifice sizes. Differences between RSS components in corresponding VS
fishways are almost identical to the i125l45, at +88% and +86% on average. Concurrent
values of τuv and τvw are approximately of the same stress range, with differences between
them ranging from −9% to −13% in a PO fishway and −1% in the VS fishway (τuv < τvw).
The lowest RSS values are concentrated in the A plane for all fishways, increasing towards
the C plane. Lowest RSS values are in the A plane, not exceeding 10 N/m2 for o8 and o10
orifices, and not exceeding 20 N/m2 for o12 orifices on average. The largest RSS values are
concentrated in the C plane, exceeding 20 N/m2 for all fishways, with values in the PO
fishway being o12 and the VS fishway approaching the injury boundary (>47 N/m2).

Figure 8. 3D scatterplot of concurrent RSS components for the i100l45 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

The middle VS fishway, regarding both the bottom slope and the pool length (i100l60,
Figure 9), presents the second most unfavorable RSS environment of all the analyzed
configurations (after i075l60), with an average value of RSS 59 N/m2, 34 N/m2 and
31 N/m2 for τuw, τuv and τvw components, respectively. RSS distribution for the VS
fishway is uniform across the entire flow depth. Pool length has a significant influence on
the RSS in the VS fishway: compared to i100l45, all three RSS components are increased on
average by +59%. On the other hand, the influence of the larger pool in the PO fishway
in comparison to i100l45 is negligible, with a difference in the RSS values <10% for all
orifice sizes. The most notable influence of pool length is observed for o8, with average
RSS values reduced by −30%. The same pattern of the prevailing RSS τuw component, in
comparison to τuv and τvw, is observed, with τuw higher by +64% and +52% on average,
respectively. Differences between RSS components in corresponding VS fishways are +76%
and +90% on average. A reduction in the slope, while retaining the same pool length in the
VS fishway, also results in an increase in the RSS across the flow depth, in comparison to
i125l60 τuw, τuv, and τvw components are increased by +20%, +38%, and +29%. The same
slope reduction in the PO fishway has an opposite effect—a reduction in RSS for all planes
and orifice sizes: smallest for o8 (−6%), and equal for o10 and o12 (−14%). RSS values
are the lowest on plane A, and increase towards plane C for all PO fishways, while in the
VS fishway, RSS values are similar for all planes (<7% difference). RSS values in the PO
fishways are exceeding 30 N/m2 on average only for o12 orifices and plane C (32 N/m2),
and on all planes in the VS fishway (<45 N/m2).

Fishway with the longest pool among the middle bottom slope (i100l90, Figure 10)
does not differ significantly in the RSS distribution when compared to the shorter pool
of the same bottom slope (i100l60) or the same pool length with a steeper slope (i125l90).
Average difference in RSS values compared to i100l60 is +18%, −5%, and +13% for PO
fishways with o8, o10, and o12 orifices, respectively, and +8% in the VS fishway. Average
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difference in RSS values compared to i125l90 is −14%, +1%, and +8% for PO fishways with
o8, o10, and o12 orifices, respectively, and +15% in the VS fishway. The same pattern of
the prevailing τuw RSS component, in comparison to τuv and τvw is observed, with τuw
higher by +64% and +63% on average, respectively. Differences between RSS components
in corresponding VS fishways are +104% and +75% on average. RSS values are lowest on
plane A, and increase towards plane C for all PO fishways, while in the VS fishway, RSS
values are similar for all planes (<10% difference). RSS τuw values in the PO fishways are
exceeding 30 N/m2 on average only for o10 (plane C) and o12 orifices (planes B and C),
and exceed 40 N/m2 on all planes in the VS fishway (<51 N/m2).

Figure 9. 3D scatterplot of concurrent RSS components for the i100l60 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Figure 10. 3D scatterplot of concurrent RSS components for the i100l90 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Fishways with the mildest bottom slope and the shortest pool length (i075l45, Figure 11)
differs significantly in RSS distribution when compared to the other PO fishways with same
pool length and different slope. An average difference in RSS values compared to i125l45 is
−33%, +46%, and +8% for PO fishways with o8, o10, and o12 orifices, respectively, and
+33% in the VS fishway. The average difference in RSS values compared to i100l45 is −24%,
+64%, and +2% for PO fishways with o8, o10, and o12 orifices, respectively, and +16% in the
VS fishway. The same pattern of prevailing RSS τuw components, in comparison to τuv and
τvw, is observed, with τuw higher by +64% and +50% on average, respectively. Differences
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between RSS components in corresponding VS fishways are +107% and +94% on average.
RSS values are lowest on plane A, and increase towards plane C for all PO fishways, while
in the VS fishway, RSS values differ <18%. RSS τuw values in the PO fishways are exceeding
30 N/m2 on average only for o10 (all planes) and o12 orifices (plane C), and exceeding
38 N/m2 on all planes in the VS fishway (<51 N/m2).

Figure 11. 3D scatterplot of concurrent RSS components for the i075l45 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Fishways with the mildest bottom slope and middle pool length (i075l60, Figure 12)
differ significantly in RSS distribution when compared to the other PO fishways with the
same pool length and a different slope. The average difference in RSS values compared to
i125l60 is +37%, −23%, and −5% for PO fishways with o8, o10, and, o12 orifices, respec-
tively and +29% in VS fishways. The average differences in RSS values compared to i100l45
are +45%, −11%, and +11% for PO fishways with o8, o10, and o12 orifices, respectively, and
+1% in the VS fishway. The same pattern of prevailing RSS τuw components, in comparison
to τuv and τvw, is observed, with τuw being higher by +56% and +53% on average, respec-
tively. Differences between RSS components in corresponding VS fishways are +107% and
+106% on average. RSS values are similar on planes A and B for all PO fishways, with the
highest values observed in plane C. In comparison to i075d45, RSS values are increasing
for o8 and decreasing for o10 and o12. In the o8 and o10 PO fishways, none of the RSS
components exceed 30 N/m2, while for o12, all RSS components exceed a disorientation
boundary on plane C, and τuw on plane B as well. The i075l60 VS fishway is the most
unfavorable of all considered configurations, as τuw exceeds the disorientation boundary
on average on all planes, while it exceeds the injury boundary on planes A and B (73 N/m2,
88 N/m2 and 32 N/m2 for planes A, B, and C, respectively). The other two components
exceed the disorientation boundary on planes A and B.

Fishways combining the longest pool length and the mildest slope (i075l90, Figure 13)
differ significantly in RSS distribution when compared to the PO fishways with the same
pool length and the steepest slope. The average differences in RSS values compared
to i125l90 are −18%, +33%, and +8% for PO fishways with o8, o10, and o12 orifices,
respectively and +6% in the VS fishway. Average differences in RSS values compared to
i100l90 are−4%, +33%, and−1% for PO fishways with o8, o10, and o12 orifices, respectively,
and −7% in the VS fishway. The same pattern of prevailing RSS τuw component, in
comparison to τuv and τvw, is observed, with τuw being higher by +74% and +74% on
average, respectively. Differences between RSS components in corresponding VS fishways
are +77% and +72% on average. RSS values are similar on planes B and C for all PO
fishways, with the lowest values observed on plane A. RSS values are lowest for PO
fishways with o8 orifices, <30 N/m2, increasing with orifice size with only τuw exceeding
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the disorientation boundary (for all 3 planes). In the VS fishway, τuw is exceeding the
disorientation boundary for all 3 planes, while the other two components are greater than
20 N/m2 on all planes. RSS distribution in the VS fishway does not differ significantly with
change in the bottom slope under the largest pool length.

Figure 12. 3D scatterplot of concurrent RSS components for the i075l60 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Figure 13. 3D scatterplot of concurrent RSS components for the i075l90 fishway configuration: (a) pool-orifice type fishway
and (b) vertical slot fishway.

Analysis of the concurrent RSS in the measurement points indicates that the largest
RSS occurs in the streamwise plane: τuw is on average 64% and 89% higher than the
concurrent τuv or τvw. RSS components are in the PO and VS fishway, respectively. Since
some of the previous studies [53] indicated that the horizontal component of Reynold’s
shear stress has the greatest effect on the fish, the obtained results of the RSS were analyzed
in comparison to disorientation/injury boundary regardless of the RSS plane to account
for the full flow environment influencing the passage of fish. In order to make a distinction
between the migration path and resting zones for fish, analysis is separately conducted for
the main flow jet zone and recirculation zone.

The fraction of RSS values below the disorientation/injury boundary in the main
flow jet varies significantly depending on the fishway configuration: from 45/70% to
91/98% for the PO fishways and from 17/42% to 78/94% for the VS fishways. A fraction
of the RSS values below the disorientation/injury boundary measured in the VS fishway
configurations are lower than in any comparable configuration of the PO fishway, except
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for the longest pool (l90), where a fraction of the RSS values below the disorientation/injury
boundary in vertical slot fishway exceed the ones in the PO fishway with largest orifices
under all bottom slopes. The bottom slope has no influence on the portion of RSS under
both the boundaries in the PO fishway with the longest pool length, regardless of the
orifice size. The same is also true for both shorter pool lengths and the largest orifice
size, while for the two smallest orifice sizes there is no visible pattern dependent on the
fishway configuration. In all PO fishway configurations, a significant drop in the fraction
of RSS values below the boundaries is present for the same bottom slope/pool length
configuration with an increase in the orifice size. Only the PO fishway configuration of the
shortest pool and the mildest slope (i75d45) deviates from this trend: the largest fraction
of RSS values below the boundaries is still for the smallest orifice, while the lowest RSS
fraction is for the o10 orifice. In the VS fishway, the streaming flow deflected by the baffle
is characterized by large RSS values resulting from the highly turbulent flow under flow
rates exceeding the ones in the comparable PO fishway from 172% to 48% for the smallest
and largest orifices, respectively. In the VS fishway, the smallest fraction of the RSS values
below the biocriteria boundaries occurs in the two shortest fishways: l45 and l60, as a
consequence of the abrupt deflection of the jet inwards towards the pool. The absolute
minimum of RSS values below the biocriteria boundaries are found for the middle bottom
slope, followed closely by the mildest slope. When the pool length of the fishway is the
longest, a fraction of the RSS values below the biocriteria boundaries increases abruptly,
and is comparable to all PO fishway configurations, having very close values to the PO
fishway with an o10 orifice and exceeding the one with the smallest orifice on all counts.
The following table (Table 1) contains the RSS values below the biocriteria boundaries in
the main flow jet zone, given as percentage of data below the respective boundary.

Table 1. Fraction (%) of the Reynold’s shear stress values below disorientation/injury boundary in
the main flow jet zone.

Fishway Orifice

Bottom Slope

i075 i100 i125

Pool Length

l45 l60 l90 l45 l60 l90 l45 l60 l90

PO
o8 87/98 75/92 81/96 87/96 91/98 82/93 74/92 89/93 81/94

o10 56/80 74/93 58/83 76/90 71/92 67/83 77/90 64/79 63/87
o12 63/84 53/79 45/70 65/82 55/79 58/76 64/84 52/75 51/76

VS 18/59 27/46 57/82 23/56 17/42 62/79 40/62 32/62 78/94

Similar to the main flow jet zone, the fraction of RSS values below disorientation/injury
boundary in the recirculation zone (Table 2) varies significantly over the analyzed configu-
rations, but with notably smaller differences between them: from 76/91% to 97/100% for
the PO fishways and from 66/85% to 93/98% for the VS fishways. Considering that the
largest fraction of RSS values is below the disorientation/injury boundary, no significant
pattern can be observed related to change in the bottom slope/pool length. Similar to the
main flow jet characteristics, in all PO fishway configurations, a significant drop in the
fraction of RSS values below the boundaries is present for the same bottom slope/pool
length configuration, with an increase in the orifice size. Only the PO fishway configuration
of the shortest pool and the mildest slope (i75d45) deviates from this trend: the largest
fraction of RSS values below the boundaries is still for the smallest orifice, while the lowest
RSS fraction is for the o10 orifice. In the VS fishway, a significant increase in the RSS values
below the disorientation/injury boundary is observed compared to the main flow jet zone.
The highest fraction of RSS values below the disorientation/injury boundary is observed
for the shortest pool length across all bottom slopes (above 86% and 96% for disorientation
and injury boundary, respectively). The two largest pool lengths have similar fractions
below the disorientation/injury boundary, above 66% and 85%, respectively. There is no
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visible trend in the increase/decrease of the RSS fractions below the disorientation/injury
boundary correlating with change in the pool length while retaining the same bottom slope.

Table 2. Fraction (%) of the Reynold’s shear stress values below disorientation/injury boundary in
the recirculation zone.

Fishway Orifice

Bottom Slope

i075 i100 i125

Pool Length

l45 l60 l90 l45 l60 l90 l45 l60 l90

PO
o8 97/100 95/99 94/98 97/100 96/99 97/99 92/98 96/100 98/99

o10 82/93 93/98 82/93 96/99 91/98 96/100 92/98 90/97 94/99
o12 87/98 82/95 76/91 88/97 83/95 80/94 89/97 79/92 86/96

VS 86/96 66/85 69/89 93/98 71/85 69/89 90/97 77/90 72/84

4. Discussion

The majority of all the analyzed fishway configurations were proven to have favorable
conditions for fish passage, according to Odeh et al.’s disorientation and injury boundary
biocriteria. In the PO fishways, RSS is correlated with orifice size: all RSS components
are observed to increase with the increase of the orifice size, while retaining the same
bottom slope and pool length. In the PO fishways with the smallest orifices, almost all RSS
values averaged across the pool plane are lower than the disorientation boundary, with
two exceptions: τuw on the C plane for i125l45 and i100l45 configurations. Values of all RSS
components are increasing from plane A towards the plane C. An increase in the orifice
size to o10 results in the increase of all RSS components across all planes. For this orifice
size on the C plane, all RSS components are greater than 20 N/m2, while τuw is greater
than 30 N/m2 in all configurations. The largest RSS values in the PO-type fishways are
recorded for the largest orifice size. For this orifice size on the C plane, all RSS components
are greater than 25 N/m2, while τuw is greater than 30 N/m2 in all configurations on
the C plane and greater than 20 N/m2 on planes A and B. Overall, the most unfavorable
PO fishway configuration is i075l45o10, with an average RSS 28 N/m2, followed closely
by the three configurations with a large orifice: i125l60o12, i075l60o12, and i075l90o12.
Change in slope and pool length has no significant influence on the change in RSS values.
RSS values measured for the VS fishways are larger than the ones measured for their
PO counterpart: all RSS components are greater than 20 N/m2, except for i125l45 and
i125l90. For all configurations, τuw exceeds the disorientation boundary on all planes, with
values generally reducing from the top (plane A) towards the bottom (plane C). Overall,
the most unfavorable VS fishway configurations are i100l60 and i075l60, with an average
RSS of 41 N/m2, where τuw exceeds the injury boundary and τuv and τvw exceed the
disorientation boundary on planes A and B. In the VS fishways, RSS is inversely correlated
with the bottom slope: all RSS components are observed to increase with the decrease of
the bottom slope. The greatest change is observed for the transition from i125 to i100, while
transition from i100 to i075 is almost negligible.

Observed fractions of the RSS values suggest that a large portion of both the main
flow jet and recirculation area in the PO fishways satisfy the condition of non-exceedance
for disorientation and injury boundary, on average. For all PO fishway types, a fraction of
RSS values below the biocriteria boundaries is inversely correlated with the orifice size,
both for the main flow jet zone and recirculation zone. In the main flow jet zone, the largest
fraction of the RSS values below the biocriteria boundaries is concentrated in the shortest
pool length for i075 and in the pool l60 for i100 and i125. The smallest fraction of the RSS
values below the biocriteria boundaries is concentrated in the two longest pool lengths
(l60 and l90) for all slopes. Therefore, it can be considered that the pool length longer than
60 cm does not contribute to the flow environment, except for the largest orifices. It is
observed that a fraction of the RSS values below the biocriteria boundaries is reducing
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with the increase in the pool length and an increase in the orifice size. A fraction of RSS
values below the biocriteria boundaries in the VS fishway is significantly lower than in the
counterpart PO fishway: more than 50% of RSS values below the disorientation boundary
is observed only for the longest pool, as well as more than 65% of RSS values below the
injury boundary. The lowest fraction of RSS values below the biocriteria boundaries in
the VS fishway are observed in the middle pool length (l60). In the recirculation area,
both fishway types have large fractions of RSS values below the biocriteria boundaries:
>75% and >65% below the disorientation boundary and >91% and >84% below the injury
boundary for PO and VS fishways, respectively. It is observed that a fraction of the RSS
values below the biocriteria boundaries is reducing with the increase in the orifice size for
PO fishways and with the increase of pool length in the VS fishways.

Trends in the turbulence detected in this research are similar to the ones reported
in the literature: Quarranta et al. [34] reported RSS values lower than 60 N/m2 in more
than 90% of the pool area and a maximum variation of the RSS in the main flow zone was
reported in several publications [36], while Bermúdez et al. [20] suggested that the length
of the pool is the main geometric dimension that affects the flow in the fishway. The results
obtained in this study suggest that for PO fishways, the critical design parameter is the
orifice size, indicating that the smaller the orifice, the more favorable the flow conditions
for the fish passage. With this in mind, special care must be taken when selecting the
orifice size based on the target fish species in order not to constrain their migration due to
a small orifice. In the design process, the pool length should be minimal, adjusted to the
target species biological requirements, because the flow pattern of the recirculation area in
the longer pools is characterized by larger velocity fluctuations. The bottom slope can be
designed to be as steep as the velocity through the orifice allows, since RSS does not differ
significantly for the analyzed slope span.

For the VS fishway, the critical design parameter is shown to be the pool length,
indicating that longer pools present more favorable flow conditions for the fish passage
through the main flow jet, at the same time reducing the recirculation area due to the
deflection of the jet into the resting area of the pool. A reduction in the favorable area in
the recirculation zone is not significant and therefore larger pools can be exploited in order
to relax the RSS in the main flow jet zone. The same can be applied to the bottom slope,
where steeper slope streamlines the main flow jet, resulting in a decrease in the RSS. On
the other hand, a steeper slope results in an increase of the flow velocity and requires a
larger flow rate in order to sustain the required flow depth. Increased flow velocity must
not exceed the threshold for the target species, and therefore a combination of the flow
velocity and RSS needs to be evaluated against passage time of the target species in order
to achieve optimal design of the VS fishway.

5. Conclusions

Motivation for the research presented in this paper was to quantify the hydraulic
environment in the fishway types most commonly used on small barriers and analyze its
dependency on the fishway geometry. Aim of this paper is to investigate the hydraulic
environment of the three-dimensional flow and turbulence measured in the physical
fishway model with the goal of providing information on the Reynold’s shear stress
distribution that would facilitate their design in accordance with biocriteria boundaries
defined by Odeh et al., disorientation and injury boundary. The main findings of the
analyses are:

1. RSS distribution across the 3 planes suggest that a streamwise RSS component is
significantly larger than the horizontal and vertical component. In the PO fishway,
τuw is higher than concurrent τuv and τvw by 67% and 61% on average, respectively.
In the VS fishway, τuw is higher than concurrent τuv and τvw by 92% and 86% on
average, respectively. Horizontal and vertical RSS components are similar, with
average differences between them at 3% for all fishways and not exceeding 44% in
the PO fishway and 14% in the VS fishway;
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2. A majority of all analyzed fishway configurations have been observed to have fa-
vorable conditions for fish passage, according to Odeh et al.’s biocriteria boundaries.
All PO fishways have RSS values below the injury boundary across the entire pool,
while the disorientation boundary is exceeded only for orifices o10 and o12. For all
VS fishways, the disorientation boundary is exceeded by a streamwise RSS compo-
nent, while the injury boundary is exceeded for l60 and all slopes. τuv and τvw do
not exceed the disorientation boundary, but are close to it (>20 N/m2) for all VS
fishway configurations;

3. In the PO fishways RSS is inversely correlated with the orifice size and is correlated
with its proximity to the main flow jet: all RSS components are observed to increase
with the increase of the orifice size (while retaining the same bottom slope and
pool length) and all RSS components are increasing from plane A towards plane C.
A change in slope and pool length has no significant influence on the change in RSS
values for PO fishways;

4. In the VS fishways, RSS is inversely correlated with the bottom slope: all RSS com-
ponents are observed to increase with the decrease in the bottom slope. All RSS
components are decreasing from plane A towards plane C. A change in the pool
length has no significant influence on the change in RSS values for VS fishways;

5. A fraction of the RSS values below the biocriteria boundaries is reducing with the
increase in the orifice size for PO fishways and with the increase of pool length in
the VS fishways. A fraction of RSS values below the biocriteria boundaries in the VS
fishway is significantly lower than in the counterpart PO fishway.

Results obtained in this research suggest that for PO fishways, the critical design
parameter is the orifice size, indicating that the smaller the orifice, the more favorable the
flow conditions for the fish passage. With this in mind, special care needs to be taken
when selecting the target fish species in order not to constrain their migration due to a
small orifice size. For the VS fishway, the critical design parameter is shown to be the pool
length, indicating that longer pools present more favorable flow conditions for the fish
passage through the main flow jet, at the same time reducing the recirculation area due to
the deflection of the jet into the resting area of the pool. Since the RSS values in the main
flow jet are the lowest, the main flow jet should be in the focus of the optimal design of
VS fishways.
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i075 fishway configuration with bottom slope of 7.5%
i100 fishway configuration with bottom slope of 10%
i125 fishway configuration with bottom slope of 12.5%
l45 fishway configuration with pool length of 45 cm
l60 fishway configuration with pool length of 60 cm
l90 fishway configuration with pool length of 90 cm
o8 pool-orifice fishway configuration with orifice size of 8 cm × 8 cm
o10 pool-orifice fishway configuration with orifice size of 10 cm × 10 cm
o12 pool-orifice fishway configuration with orifice size of 12 cm × 12 cm
Plane A plane parallel to the fishway bottom near the surface of the flow
Plane B plane parallel to the fishway bottom in the middle of the flow
Plane C plane parallel to the fishway bottom near the bottom of the pool
PO pool-orifice fishway
RSS Reynold’s shear stress
VS vertical slot fishway
u streamwise velocity component [m/s]
u′ fluctuation of the streamwise velocity component u [m/s]
v spanwise velocity component v [m/s]
v′ fluctuation of the spanwise velocity component v [m/s]
w vertical velocity component w [m/s]
w′ fluctuation of the vertical velocity component w [m/s]
ρ water density [kg/m3]
τuw Reynold’s shear stress in the streamwise plane [N/m2]
τuv Reynold’s shear stress in the horizontal plane [N/m2]
τvw Reynold’s shear stress in the vertical plane [N/m2]
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