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I V

The necessity for fishways, where the natural flow 
of a river has been disturbed by artificial means, is 
based on nature conservation efforts and tied to 
Austrian law by the Water Framework Directive. The 
process of ensuring a biodiversity least disturbed by 
human influence is supported by the analysis of the 
structures making it achievable. For this reason, a 
methodical study of a particular type of fishway, the 
Pool and Slot Fishway (PSF), was conducted utilizing 
both laboratory measurements and Computational 
Fluid Dynamics. 

The fundamentals for the ecological assessment and 
general fishway design were based on the Austrian 
Guideline for Fishway Design, published by the Aus-
trian Federal Ministry for Agriculture, Regions and 
Tourism. The subsequent investigation was carried 
out using an Acoustic Doppler Velocimeter for the 
laboratory measurements and the application ANSYS 
Fluent for the numerical simulations. Additionally, 
the flow behaviour was compared between two sim-
ilar versions of the geometry, differing only in slot-
width, for a better understanding of its influence. 

The general flow within the measurement domain 
was visualized and described in detail, providing a 
large set of reference images for further assessment 
and comparison.

In succession to a previously conducted work on 
the same topic, the hypothesis of an advantageous 
flow behaviour, in comparison to a conventional  
vertical-slot fishway, was repeatably shown and val-
idated by measurement and simulation data. Flow 
velocities, as well as the Turbulent Kinetic Energy 
(TKE) was plotted at horizontal and vertical planes, 
supported by line measurements, describing their 
spatial distribution and quantitative range. 
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0 1 I NT R O D U CT I O N

The topic of river connectivity, for aquatic life, is a 
major indicator for the ecological quality of a river 
system. Since its implementation into Austrian law, 
in 2003, the so-called Water Framework Directive has 
set requirements on the quality of overground flows 
and has thereby created a demand for improvement, 
regulated by law and based on nature conservation 
efforts. Although leaving natural rivers as they are 
and minimizing human involvement would certainly 
be best for the ecosystem, some disruption is prac-
tically unavoidable. Hydro-power plants, dams and 
all sort of artificial blockages are justifiably built 
but separate the natural river flow. To counteract 
the disadvantages to the river system introduced 
by such structures, installations like fishways have 
to be constructed. All over Europe, and ultimately 
all across the world, fishways will have to be imple-
mented in high numbers to improve and stabilize the 
ecological situation within and around lotic systems. 
For that reason, a better understanding of the intri-
cate details within the different types of fishways is 
essential to both optimize existing layouts and prog-
ress towards even better alternatives. One of those 
existing types is the Pool and Slot Fishway (PSF), a 
variant of the vertical-slot fishway and the focus of 
this body of work.

A previously conducted thesis on the topic of PSFs 
(HASLWANTER, 2020) indicated a flow behaviour, 
theoretically superior to that of a conventional ver-
tical-slot fishway. To expand the investigation, gather 
more data and possibly confirm the hypothesis, this 
follow-up thesis was brought to light.

Due to the preceding efforts, a laboratory model of 
the fishway in question already existed and so did 
reference data to draw comparisons from. It is worth 
noting that all the measurements included within 
this thesis were gathered after the previous one had 
already been finished and are there to either rein-
force or question the advantages a PSF has over sim-
ilar build-types.

As part of understanding the flow dynamics of fish-
ways, the ecological framework in which they exist 
has to be understood. Therefore, aspects of the eco-
logical situation are described with the help of the 
Austrian Guideline for Fishway Design (AG-FAH 2012), 
published by the Austrian Federal Ministry for Agri-
culture, Regions and Tourism (BMNT). Although this 
particular fishway does not exist as such in nature, 
the ecological fundamentals from which the design is 
derived, are drawn from an existing location so that 
its layout resembles a reasonably implemented struc-
ture.

Laboratory measurements and the subsequent visu-
alizations give an overview of the flow characteris-
tics and offer data for comparison, as well as evalu-
ations concerning potential efficacy, design specifics 
and assumed theory.

On top of the physical measurements, numerical sim-
ulations were performed to both test their perfor-
mance when applied to such structures, and provide 
a complete picture of the entire water body within 
the PSF. The combination of laboratory and Computa-
tional Fluid Dynamics (CFD) data provided a diverse 
set of results, each with their own pros and cons, 
offering the opportunity for cross-examination at 
points with high uncertainty.

After all, the goal of this thesis was to provide an 
analysis of the PSF, which improves the understand-
ing of its general behaviour and tests a range of as-
pects critical to its effectiveness.

01 I N T RO D U C T I O N
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ECOLOGY 
INTRODUCTION

During their evolution, fish have adopted to the 
four-dimensional nature of lotic ecosystems, consist-
ing of a longitudinal, lateral and vertical connectiv-
ity, as well as a temporal variability of that connec-
tivity. Therefore, the migration behaviour fish show 
throughout most of their life stages, is closely tied to 
said connectivity (WARD 1989; JUNGWIRTH et al. 
2000). In natural river systems fish migrate both up- 
and downstream as well as in lateral direction. The 
general goal of their movement is to find resources 
regarding nutrition, growth, reproduction, shelter 
from predators and similar (NORTHCOTE 1978). A 
disruption of those migration paths therefore has 
a substantial negative effect on most fish species 
(ZITEK et al. 2007).

The connection between different habitats within a 
larger lotic ecosystem benefits the fish stocks. Not 
only does a diverse habitat provide the essentials 
mentioned before, but also stabilizes otherwise iso-
lated fish stocks after events impacting the local fish 
population. A large-scale connectivity of the lotic eco-
system is key to the long-term conservation of most 
fish species and with that the ecological state of the 
rivers involved. Preventing populations from acquir-
ing new habitats while further dividing existing ones 
will most likely lead to a significant impact on both 
fish stocks and diversity (AG-FAH 2012).

For this reason, preserving and restoring the natu-
ral river passage has to be considered especially at 
locations where it previously has been disturbed. 
During the last century countless constructions like 
hydro-power plants and dams have been built with-
out a sufficient way of providing fish with a way of 
passage. In 2003 the EU Water Framework Directive 
from the year 2000 was implemented in the Was-
serrechtsgesetz 1959 (BGBl. Nr. 215/1959 i.d.g.F.) of 
Austria, making it national law and enforcing, among 
other goals, a certain quality of the lotic ecosystem.  

A factor in this quality rating is the river connectivi-
ty, increasing efforts to improve critical locations and 
preventing more to come.

Avoiding building disadvantageous structures in the 
first place, would be a way of approaching such a con-
nectivity. This in itself would create the dilemma of 
weighing e.g renewable energy of flood safety against 
the ecological situation. Therefore, fishways are con-
structed to ease the impact of necessary river instal-
lations on the environment around them. These fish-
ways provide the fish with means of passage, while 
still allowing an almost complete shut-off from the 
natural river flow.

Generally, fishways are constructions which allow 
the existing fish stock and/or other aquatic animals 
to overcome man-made obstacles on their way up-
stream (JUNGWIRTH and PELIKAN 1989).

Many different types of fishways have been devel-
oped, each with their own set of pros and cons. To 
support the construction efforts, the Austrian Fed-
eral Ministry for Agriculture, Regions and Tourism 
has created a design guideline called Leitfaden zum 
Bau von Fischaufstiegshilfen (AG-FAH 2012), which 
has also provided the framework for the following 
design decisions. For the purpose of this thesis, only 
the PSF, a variation of the vertical-slot fishway, will be 
reviewed.
 

0 2 BAS I C S O F A F I S H WAY
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SWIMMING PERFORMANCE

A major limiting factor for fishways are the swim 
speeds of the different fish species. The construction 
allows the upstream movement via a succession of 
pools and slots with alternating water velocities. The 
fish must overcome the higher velocities around the 
slots which are then followed by a low velocity pool 
area. Whether or not a fish can overcome the critical 
points and ascend the fishway depends mostly on its 
swim speed and the duration for which it is sustain-
able. These separate swimming performances can be 
roughly divided into the following categories (accord-
ing to JENS et al. 1997, later expanded by CLOUGH and 
TURNPENNY 2001):

Sustained swimming speed

The regular speed at which a fish commonly moves 
through waters and which it can sustain for a long peri-
od of time (>200 min) without showing signs of fatigue.

Prolonged swimming speed

The swimming speed that can only be held for a shorter 
duration (20s – 200 min) leading to a certain muscle 
fatigue.

Burst swimming speed

The swimming speed that can only be achieved for a 
very limited amount of time (<20s) and is followed by a 
recovery period.

Critical burst speed

According to CLOUGH and TURNPENNY (2001) it is the 
swimming speed that is, after a short time (<20s), fol-
lowed by an involuntary drift off. It is also the swim-
ming speed that is crucial for eco-hydraulic planning.

Maximum swimming speed

A theoretical maximum possible swimming speed for a 
fish species.

The following figure shows a schematic of the inter-
action between swimming speeds and duration.

For the design of a fishway, the burst- and critical 
burst swimming speeds are the deciding factors. If 
flow rates exceed the swimming performance for a 
prolonged period of time without offering opportu-
nities for rest, fish are unable to overcome the obsta-
cle and are forced to take a rest before repeating the 
attempt. Different species show a natural difference 
in their critical burst speed. For example, salmonoids 
reach a speed of about 10 BL/s (body lengths per sec-
ond) for trout this usually means around 2–3 m/s, 
while others like cyprinids and breams fall short of 
that with about 4–5 BL/s. The weakest among the 
migrating fish are usually juvenile or small fish spe-
cies, limited by burst swim speeds of approximately 
0.35–0.6 m/s (JENS et al. 1997). For those, a rough 
bottom should provide flow conditions that enable a 
fishway ascend even with higher velocities within the 
main flow. Generally, the maximum flow rates should 
not exceed 1 m/s in the potamal and 1.5–2 m/s in 
the rhithral, according to JUNGWIRTH and PEKIKAN 
(1989). (AG-FAH 2012)

0 2 B A S I C S O F A  F I S H WAY

Figure 1: Maximum speed and duration (PAVLOV 1989)
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Figure 2: Pool and Slot Fishway sketch

ORIENTATION

To achieve the primary goal of connecting the up- and 
downstream regions of an insurmountable structure, 
a fishway has to not only create a flow which allows 
for a variety of fish to move upstream, but first and 
foremost has to be found. Fish primarily find orien-
tation by sensing the water flow rate and direction. 
According to JENS et al. (1997), fish sense only the 
currents close to their body, while weaker secondary 
flows are often unnoticed. If a flow rate exceeds the 
manageable limit, the fish will search for a more ad-
equate streamline. Turbulent flow conditions might 
put additional strain on the migration. To precisely 
navigate towards a leading flow, the flow rate has to 
be above about 0.3 m/s, below that fish continuously 
lose their sense of direction. An optimum for most of 
the fish home to the potamal is a flow rate of about 
70–100 cm/s according to PAVLOV (1989). Addition-
ally, the flow rate at the outflow of the fishway should 
be higher than the one in the mainstream to be de-
tectable (AG-FAH 2012).

DESIGN

The overall design of the fishway is meant to create 
conditions that cater to the needs of the migrating 
fish population—considering aspects as mentioned 
before. Depending on the local specifics, the design 
usually follows the guidelines set in the Leitfaden 
zum Bau von Fischaufstiegshilfen (AG-FAH 2012)  

and is adjusted for the situation. The main principles 
of findability and passability are at the forefront of 
the decision-making process. Each type of fishway 
has its own way of solving the main problems. One of 
those, the PSF, will be discussed in detail in the fol-
lowing chapters.

POOL AND SLOT FISHWAY  
INTRODUCTION

The measurements and calculations conducted 
throughout this thesis are centred around a PSF— 
a specific type of vertical-slot fishway defined by its 
straight wall elements devoid of any ‘hook-elements’ 
at the slot boundaries. Previous work has been pro-
vided concerning a comparison of a standard verti-
cal-slot fishway and the aforementioned PSF. After 
indications arose that the simplistic design of the PSF 
might bring benefits to the structure’s behaviour, 
while reducing the geometric complexity, more re-
search was initiated, leading to this body of work. 
Although the concept of how a fishway works is gen-
erally consistent, the different types each bring their 
own strengths and weaknesses. For the sake of sim-
plicity, this thesis holds its focus on the PSF, describ-
ing its properties in as much detail as possible and 
opening up the potential for comparisons without it-
self providing an evaluation of such. The value there-
fore lies in a better understanding of the specifics, 
making it easier to judge whether or not a PSF fits a 
certain situation. 
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The general design of a PSF can be seen in Figure 2. 
Note that the design lacks any sort of small-scaled el-
ements, making the construction an easier task com-
pared to a standard vertical-slot fishway including 
hooked elements at the slot boundaries. Another de-
sign property that is essential to the PSF is its bottom 
design. Rather than having a constant inclination, the 
PSF forms small basins between the pool-separating 
walls. Similar to other fishways, the pool boundaries 
are alternating from side to side, creating a specific 
flow behaviour. 

The specific PSF in focus was designed around the 
previously mentioned guideline (AG-FAH 2012) and 
is therefore closely related to the dominant fish spe-
cies, targeted by the construction. The design should 
allow for the passage of as many fish, common in 
the area, as possible. Targeting not only bigger and 
stronger species, but also smaller and weaker fish 
who might experience troubles surpassing more in-
tense water flows. For this purpose, the hydraulic 
behaviour of the fishway will be further investigated 
with the goal of creating a surrounding best fit for the 
local fish migration. To test whether or not specific 
design decisions have a beneficial effect on the sys-
tem behaviour and to generally have a better under-
standing of PSF, a downscaled flume was constructed 
in the laboratory of the Institute for Hydraulic Engi-

neering and Water Management (TU GRAZ). Measure-
ments taken in the laboratory can then be scaled back 
to a real-life situation and evaluated using existing 
guidelines and comparable fishways. The detailed 
measurement setup, including the measurement de-
vice, exact geometry and overall methodology will be 
explained in the following chapters.

ECOLOGICAL SITUATION  

Since the laboratory measurement setup had to be 
based on an ecological situation, the river Mur around 
the city of Graz (AUT) builds the framework for the 
design of the testing flume. Most of the geometry is 
therefore chosen based on the occurring fish popula-
tion, as its sole purpose is to cater to their needs. First 
and foremost, the river type and with it the size-de-
termining fish species has to be determined. The riv-
er Mur, for which the fishway was designed, was nar-
rowed down to specifically target the section around 
the city of Graz. In the guideline (AG-FAH 2012), the 
river Mur is classified as a river of the type ‘Epipota-
mal large’ and the size-determining fish species is the 
Danube salmon (Huchen), with a length of up to 100 
cm. In the following table, the different river types 
can be seen with the relevant one being highlighted.
Further understanding of the fish diversity comes 
from a report done for the Styrian state govern-

0 2 B A S I C S O F A  F I S H WAY

Table 1: River Region (AG-FAG 2012)
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ment titled Fischökologische Zustandserhebung der 
Mur im Stadtgebiet von Graz 2012 (WOSCHITZ et al. 
2013). The report confirms the river type as epipo-
tamal large and lists not only the largest species, but 
divides all occurring fish into categories, labelled 
‘leading species’, ‘typical accompanying species’ and 
‘rare accompanying species’. The table to the right 
was translated from the aforementioned report and 
is further based on an investigation done at the river 
section Gratkorn to Wildon (WOSCHITZ et al. 2007). 
The table is furthermore expanded by an ecologi-
cal condition rating, reaching from 1 (very good) to 
5 (bad). The rating system was introduced by the 
BMNT, in their report titled Leitfaden zur Erhebung 
der Biologischen Qualitätselemente Teil A1 – Fische 
(BMNT 2019). The rating is composed of three sep-
arate rating criteria: species composition, region in-
dex and age structures. The index table has also been 
translated and is shown in addition to the species di-
versity list.

Finally, the largest fish, the Danube salmon (the 
size-determining species), provides the basis for the 
minimum dimensions of the fishway. What will later 
be discussed in the geometry section is then based on 
the following fish dimensions. 

Table 2 : Fish Ecological Condition Index    
    (WOSCHITZ et al. 2013)

Table 3 : Huchen body measurement (AG-FAH 2012)

Table 4 : Fish Ecological Diversity Mur   
    (WOSCHITZ et al. 2013)

0 2 B A S I C S O F A  F I S H WAY
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GEOMETRY

The basic geometry of the PSF, as mentioned before, 
is related to both sides of the fish size spectrum. The 
size-determining fish species is setting the minimum 
dimensions for the pools and slots while the juvenile 
and small fish species are limiting the flow rate as 
well as the turbulence, expressed as energy dissipa-
tion [W/m3].

For PSFs the pool length must exceed three times the 
body length of the size-determining species and the 
pool width two times their body length. For the ver-
tical slots at the pool boundaries, the width can be re-
duced to three times their body width but must be great-
er than 15 cm (AG-FAH 2012).

Applied to the situation at hand, the mini-
mum dimensions are set by the Danube salm-
on (huchen) with a body length of 100 cm, a body 
height of 16 cm and a body width of 12 cm  
(according to JÄGER et al. 2010). Resulting in the fol-
lowing structure dimensions:

Pool length: 3.10 m        (min. 3.00 m)
Pool width: 2.10 m       (min. 2.00 m) 
Slot width: 0.36–0.46 m     (min. 36 cm) 

0 2 B A S I C S O F A  F I S H WAY

Figure 3: Minimum dimensions

Table 5: Minimum dimensions (FG-FAH 2012)
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Additionally, the water depth has to be regulated, as 
fish need a certain volume around them—or rather 
their tail fin—to be able to swim properly. Differ-
ent literature list a variety of minimum depths, for 
the purpose of this dimensioning process the same 
boundary values are used as described in AG-FAH 
(2012). Therefore, the lowest acceptable water depth 
is 2.5 times the body height of the size-determining 
fish species but must always exceed 20 cm (AG-FAHG 
2012). For this particular case this means a depth of:

Minimum water depth: 40 cm

The same is true for the pool boundaries. The wa-
ter depth within the slot should exceed the same 
minimum and the bottom should connect smooth-
ly to those of the pools. Jumps in the bottom alti-
tude should generally be avoided as it disturbs the 
migration path of fish moving close to the ground  
(AG-FAH 2012). 

Table 5 showed the minimum dimensions for verti-
cal-slot fishways according to AG-FAH (2012). It is 
noted that for the minimum pool length and width, 
a minimum volume has been the limiting factor, set-
ting the values slightly above those calculated from 
the size-determining fish species. This has been con-
sidered in the model dimensions. 

Another specific aspect of the PSF variation of the 
vertical-slot fishway, is the bottom geometry. In con-
trast to having a constant inclination, the pool bot-
toms each have a small basin like shape, with its max-
imum depth in the middle of the pool, rising towards 
the pool boundaries. Those basins create an area 
with low flow velocities and should in theory provide 
a space in which fish can survive, should the water 
flow be interrupted for a period of time (SEIDL 2018).

HYDRAULIC BEHAVIOUR

The hydraulic behaviour of the PSF is the core subject 
of the investigations carried out, both in the labora-
tory and the numerical model. It is essential to under-
stand the flow mechanisms to ensure conditions that 
fit the aforementioned framework. The crucial points 
hereby are the slot areas where maximum flow veloc-
ities occur, as well as the overall flow dynamics, en-
ergy dissipation and discharge. In particular, the ve-
locities should allow even for weaker fish to migrate 
through the fishway. Flow dynamics should behave in 
a way that fish can move between the calm sections 
of the pools without being excessively subjected to 
the main flow currents—needing their burst swim 
speeds only to overcome the short slot section and 
being met with lower flow velocities right after. The 
energy dissipation and with it the turbulence are an 
indicator for how much fish are subjected to chal-
lenging swimming situations. High turbulence might 
interfere with the orientation and makes the ascent 
more difficult, especially for weaker fish. Last but 
not least, the discharge is not only influencing all of 
the other factors but is itself important for creating a 
guiding flow detectable at the outflow into the natu-
ral waters. If the discharge is too low, fish might not 
find the entrance to the fishway in the first place. 

The basic principle of how the fishway works is by 
transporting water from a higher elevation to a lower 
one, while transferring potential energy into kinetic 
energy, hence the flow velocities between the pools. 
From this relationship, first evaluations can be made 
about the flow velocities and the type of flow. 

 
[1]

 
 

[2]
 
 

[3]
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From the relationship between velocity and convert-
ed height difference, another common flow param-
eter can be derived, the Froude number (see equation 
15). This value describes the flow condition as either 
subcritical (below 1.0), meaning that the wave prop-
agation speed is higher than the surface flow veloci-
ty, or supercritical (above 1.0), meaning that surface 
waves can only travel downstream. While an evalua-
tion of the flow behaviour is more complicated than 
the sheer wave velocity, the Froud number can give 
first indications of its properties. Usually for the pool 
boundaries a lower Froude number is desirable.

When taking a closer look at the overflow behaviour 
at the pool boundary, the Poleni equation [4] is one 
way of obtaining further quantifiable values. Espe-
cially the overflow coefficient μ is used to compare 
the flow condition between different structures. 

[4]

The basic Poleni equation [4] as seen above, although 
only describes a complete weir overflow and is for 
that reason not adequate for the situation. The over-
flow at the pool boundary is influenced by the down-
stream water level because of its depth and therefore 
has to be considered in the calculation. Which is done 
by reducing the overflow coefficient with the value α, 
expanding the equation like follows:

[5]

For the implementation of this reduction, μ and α 
are combined to μv and calculated taking in consid-
eration both the upstream water depth ho and the 
downstream water depth hu. This backwater influ-
enced overflow coefficient can be calculated as fol-
lows according to DWA (2014):

[6]

The following figure shows the relationship between the 
backwater influenced overflow coefficient μv and hu/ho.

Analysing the overflow even closer, the turbulence 
plays a major role in the flow behaviour. The criti-
cal zone hereby is in short succession of the vertical 
slot, where the discharge from the upper water lev-
el meets the lower downstream water level. What 
can be described as a water jet from upstream cre-
ates turbulences as it collapses shortly after the pool 
boundary. The turbulence itself can be described via 
the Turbulent Kinetic Energy (TKE), which is com-
posed of the three spatial velocity components. The 
essential property hereby is the fluctuation of those 
velocity components around their mean value. This 
is quantified by the Root Mean Squares (RMS) as can 
be seen below. The velocity components in x, y and z 
direction are defined as u, v and w respectively.

[7]

[8]

[9]
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Figure 4: Overflow coefficient μv = f(hu/ho)
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These RMS values, usually obtained from measure-
ments or simulations, can then be combined to the 
TKE in the form as follows (according to POPE 2000):

[10]

Higher values of the TKE indicate more turbulence. A 
depiction of the spatial distribution will follow in the 
chapters about the physical and the numerical model.

Another way of describing the general turbulent be-
haviour is the power density. Due to the incoming 
water flow, power is first added to the system, scal-
ing with the discharge and potential difference. Di-
viding it by the specific volume of a single pool you 
receive the specific power density of the following 
form (DWA 2014):

[11]

In the epipotamal large the power density should not 
exceed 100 W/m3 (AG-FAH 2012), limiting either the 
incoming discharge or the pool dimensions.

Describing the overall flow dynamics, the velocity 
components show the direction and magnitude of the 
different fluid volumes which were measured. Cu-
mulatively, these volumes show the flow behaviour 
within the fishway. The goal hereby is, to guide the 

flow in a way that creates conditions most advanta-
geous for fish to ascend. Locating the main current 
and its magnitude as well as quantifying the rest of 
the water flow is the basis for further investigations. 
The three-dimensional flow is thereby defined by the 
velocity components u, v and w for the special direc-
tions x, y and z respectively (as shown in Figure 5).
 
For evaluating the flow velocities, the three velocity 
components are combined to build a velocity vector. 
Since each component is not a single value, but a cu-
mulation of data points, an average value has to be 
calculated. This can be done in two ways, either by 
obtaining the velocity magnitude (VMAG) (see equa-
tion 12) by determining the velocity vector for each 
measurement and calculating the arithmetic mean 
from there. Or by obtaining the average velocity 
(VAVG) (see equation 13), calculating the arithmetic 
mean for each of the velocity components and after 
that combining them to a velocity vector. Both op-
tions are shown with the following equations. Since 
the average velocity approach achieves a higher accu-
racy, it is commonly preferred.

[12]

[13]

For the design process of a fishway, these hydraulic 
fundamentals have to be evaluated and balanced to a 
point where the flow condition does not produce val-
ues exceeding the limits established earlier, based on 
the biological capabilities of the relevant fish species. 

To summarize, the main considerations target the 
maximum velocities within the pool boundaries, gov-
erned by the overflow equations, the turbulent be-
haviour and power density. Each effected by the spe-
cific pool volume, flow rate and potential difference 
as well as the minimum dimensions of the structure, 
set by the size-determining fish species and the guid-
ing current that has to be produced.

Figure 5: Coordinate System
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INTRODUCTION

After discussing the fundamentals of how a fishway 
works, the logical next step of the analysis process is 
a physical model to test the theory in a controlled en-
vironment. For that matter, an already existing flume 
in the Institute for Hydraulic Engineering and Water 
Resources Management of the TU Graz was used to set 
up the fishway model. The dimensions and design, as 
well as the ecological base conditions, were deter-
mined considering the theory previously discussed. 
Although, the model was scaled down to fit the test-
ing environment. Therefore, model laws have to be 
applied for making comparisons between the differ-
ent scales, which will be discussed in detail later on. 
The flume with a length of about 13.50 m harbours 
four connected pool sections, separated by five wall 
elements. An additional inflow as well as outflow sec-
tion should stabilize the inflow and outflow water 
levels. The bottom inclination is achieved by a rough 
gravel bed and shaped to form separate basins be-
tween the wall elements, each peaking in height at 
the pool boundaries. The incoming discharge is pro-
vided by the institutes closed pipe system, building 
pressure by means of an elevated reservoir. At the 
outflow boundary, the model has an adjustable gate, 
controlling the downstream water level and with that 
the potential difference between the pool sections.

Since the planned investigations required a variable 
slot width, dismountable blocks were added at the 
slots, allowing for two variations of the same fish-
way, one with a slot width of 12.7 cm the other with  
16.7 cm. Additionally, the last wall element is com-
posed of a wooden sheet, which can be both widened 
and closed requiring only a limited amount of work. 

To increase the efficiency of the measuring process, 
a programmable, mechanical arm was installed, ca-
pable of moving along three axes. Attaching the mea-
surement probe to the device allowed for an auton-
omous operation, supported by a guiding script and 
the corresponding applications. 

To understand the fluid dynamics across the pool 
area, horizontal planes parallel to the base-ground 
were measured, as well as certain vertical planes and 
particular points of interest. Together they depict the 
fluid motion in three-dimensional space, although 
not over the complete volume due to time constraints 
and the repetitive nature of the measurement. 

The measurement probe used for the experiments 
is an Acoustic Doppler Velocimeter (ADV) from the 
brand NORTEK, which measures a fluid volume by 
means of acoustic impulses paired with the principle 
of the Doppler Frequency Shift. Working with a probe 
of such type offered a set of advantages and disad-
vantages. Most notably, the reflecting properties of 
the side walls, when measuring at certain distances 
from the boundary, created areas of low accuracy. 
Something that was known beforehand and men-
tioned in the device manual, but still challenging to 
adjust for. The invasive nature of such measurements 
was limited by the use of a side looking probe, which 
on the other hand meant that some parts of the geom-
etry where inaccessible for measurements. The exact 
measurement grids are subsequently shown in the 
respective chapter.  

Interpreting the collected data played another major 
role in the evaluation process. Different measurement 
settings produced a set of varying data behaviour, re-
quiring a number of test cases to adjust for a variety 
of flow sections. Balancing the measurement inter-
vals in particular produced a noticeable difference 
in the data quality. Overall, the ADV produced satis-
factory results, with the exception of certain critical 
areas, which required some careful adjustments to 
be viable.

0 3 L A B O R AT O RY M E A S U R E M E NT S
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MEASUREMENT SETUP

The measurement setup, as roughly described before, 
is a combination of many distinct parts. The following 
chapter will expand on the information already given 
and explain in detail the specifics of each segment.

MODEL L AW

The scale of the laboratory model is primarily set by 
the already existing flume and the target minimum 
dimensions of the life-sized fishpass. The limiting 
factor hereby being the width of the flume, from 
which the length scale was calculated (see equation 
14). The model pool length was then adjusted accord-
ingly, and the overall number of pools was reduced 
to fit the testing environment. The effect of which 
was deemed neglectable since stable flow conditions 
were still established.

[14]

If a hydraulic model is dominated by inertia and grav-
ity forces, Froude’s Model Law is commonly used to 
relate properties in nature with their counterpart 
in the model. The assumption is made, that the ratio 
between inertia and gravity is equal in nature as in 
the model. The Froude number itself relates the flow 
velocity u to the surface wave propagation speed, 
written as square root over gravity times flow depth 
(STROBL, ZUNIC 2006):

[15]

From there, the following relationships can be estab-
lished:

[16]

Assuming that the gravitational force is constant and 
that hMODEL = hNATURE / ML:

[17]

Therefore, the ratio between velocities in nature and 
in the model is √(ML ). This further concludes that the 
following scales are applicable:

[18]

[19]

[20]

[21]

[22]

This means that the flow behaves 1.66 times faster in 
nature compared to the model. Measured velocities 
in the model have to be multiplied by 1.66 to be com-
parable and the discharge in the actual fishway has 
to be divided by 12.69 to behave similar in the mod-
el. Finally, any forces measured in the model must be 
scaled up by a factor of 21.10 to match those theoreti-
cally measured in nature (STROBL, ZUNIC 2006).
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GEOMETRY

After establishing the relationships between the 
life-sized fishway and the model, all the installations 
were made in the laboratory flume, according to the 
dimensions as described earlier. The main construc-
tion elements hereby are the 7 cm thick walls, which 
were installed with a 1.13 m spacing between them. 
Leaving an inflow length of about 5 m and an outflow 
length of about 3.6 m. Four pools are setup this way, 
though measurements were primarily taken from the 
second pool, where flow conditions were stable and 
mostly devoid of inflow disturbances. The slots are 
alternating between left and right, starting at the left 
(streamwise), with a width of 12.7 cm. At a later stage 
the width was increased to 16.7 cm by removing pre-
installed elements at the slots. Both versions as well 
as the calculated minimum dimensions can be seen in 
the figures on the following page (Figure 6 - 8).

The inflow is controlled by a manual slider at the top 
end of the flume in combination with an induction 
flow meter. The water depth at the outflow bound-
ary, on the other hand, is controlled by a vertically 
adjustable gate. Throughout the measurement stages 
water levels were kept constant, adjusting only the 
slot width and discharge to remain at the desired 
levels. This was meant to simulate a fixed potential 
difference between the up- and downstream, where 
a wider slot would not change the water levels but the 
discharge, as it would in nature. 

The entire flume is horizontal, therefore a bed incli-
nation had to be installed via a rough gravel bed. The 
exact layout of which can be seen in the longitudinal 
sketch (Figure 10).

On top of the flume, two rails were installed holding 
the guiding equipment for the measurement probe. 
The layout allowed for a streamwise movement cov-
ering almost the entire length of the flume, except for 
the direct in- and outflow sections. Spanwise the arm 
can move up to about 8 cm close to each wall, allowing 
for measurement up to about 3 cm close to the wall. 
A sketch of the equipment can be seen in Figure 12.

MEASUREMENT POINTS

Measurements in the laboratory flume were mostly 
taken at fixed locations to be comparable through-
out the investigation. To cover as much of the flow 
behaviour as possible, three horizontal planes, as 
well as a vertical plane were situated in the second 
pool section. The horizontal planes, consisting of 344 
measurement points each, are set at three differ-
ent water depths, 4 cm and 8 cm apart. The planes 
are well submerged at about half the water depth, 
depending on the discharge, and are inclined to be 
parallel to the bottom inclination. Since the general 
flow behaviour inside the pools appeared to be qual-
itatively constant over the depth, plane (1) was cho-
sen for the main representation of the results, paired 
with vertical measurements giving a more detailed 
view over the depth. The vertical plane stretches 
over the entire length of the second pool, crosses the 
third slot and reaches into the third pool. This way, 
measurements were taken in the calm recirculation 
areas as well as the slot, covering the critical sections 
shortly after the pool boundary. Due to geometrical 
restraints, only a certain depth was covered by the 
vertical plane. To have additional information about 
the depth dependent velocity behaviour, vertical line 
measurements were conducted at the slot, showing 
velocities until about 2 cm close to the bottom.

The majority of the measurement points are aligned 
in a grid and measured utilizing the guiding equip-
ment installed on top of the flume. This way a large 
quantity of points could be targeted autonomously 
only by providing a coordinate file. For that process 
the Arduino software was used to control and syn-
chronize the Vectrino software, conducting the actu-
al measurements, and the guiding apparatus, holding 
and moving the ADV probe in place. 

The general position of the measurement planes is 
shown in Figure 9. The depth therefore is measured 
from the bottom up, relative to a theoretical paral-
lel bottom surface since the actual bottom varies in 
depth due to its basin like form.
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Figure 6: PSF Dimensions

MINIMUM DIMENSIONS (NATURE) [CM]

POOL AND SLOT FISHWAY DIMENSIONS [CM]

LABORATORY DIMENSIONS [CM]

LONGITUDINAL SECTION [CM]

HORIZONTAL PLANES

Figure 7: Minimum Dimensions

Figure 8: Laboratory Dimensions Figure 9: Horizontal Planes

Figure 10: Longitudinal Section
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MATERIALS

The laboratory flume was built using a variety of 
materials from steel to polymers, though the only 
ones relevant for the flow evaluation are the inner 
surfaces. Most notably the gravel, shaping the bot-
tom, has an influence while the smooth wall surfac-
es are rather negligible. Therefore, the gravel was 
randomly measured and documented. The resulting 
average sieving width, as the shortest mesh size a 
stone would fit through, was found to be around 5 cm  
(dm = 4.7 cm). Usually, bed roughness is expressed as 
a Manning’s or Strickler roughness coefficient and 
is implemented in numerical models as such. There-
fore, the following equation was used to calculate the 
Strickler value, according to STROBL, ZUNIC (2006). 
The Manning’s value, if needed, is then the inverse of 
the Strickler value.

[23]

This roughness coefficient was then used for the nu-
merical simulation, although in a diminished form.

DISCHARGE

The discharge for the experiments was controlled 
by a manual slider and the quantity of water was 
displayed on an induction flow meter. To produce 
comparable results, discharge had to be relatively 
constant over time. To ensure the systems reliability, 
the fluctuations were recorded and are shown in the 
following figure.

The exemplary discharge behaviour was recorded 
while conducting one of the measurements at the 
version one, with a set discharge of 33 l/s. It stayed 
constant over the full duration, which was repeatably 
observed during the measurements, with only minor 
fluctuations between roughly 32.5 l/s and 33.3 l/s. At 
rare occasions the different models in the laboratory 
can influence each other, especially during the start 
and stop processes—due to the nature of the exper-
iment these only had a neglectable impact but were 
still avoided if possible.   

Data was collected from two different cases, one 
with a discharge of 33 l/s and a slot width of 12.7 
cm, another with 42 l/s and a slot width of 16.7 cm. 
Both cases resulted in roughly the same water levels 
throughout the model. 

GUIDING EQUIPMENT

The aforementioned guiding equipment for the mea-
surement probe consists of a vertical arm connected 
to a rail reaching spanwise over the flume. Two ad-
ditional rails on top of each longitudinal wall allow 
for movement in the x direction while the rest of the 
construction covers the y and z component. Togeth-
er they allow for a three-dimensional positioning of 
the ADV probe, which is mounted on the vertical arm. 
The positioning itself is controlled by two separate 
programs, one for manual movement, the other for an 
automated operation. The following sketch gives an 
overview of the laboratory setup:

0 3 L A B O R AT O RY M E A S U R E M E NT S
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THE MEASUREMENT PROBE

The device used for taking point measurements in the 
laboratory flume was a NORTEK velocimeter, to be spe-
cific, the Vectrino side-looking probe. As the name in-
dicates, this probe has a measurement head pointed to 
the side, therefore aiming at a flow volume that is mini-
mally disturbed by the presence of the probe. Working 
with such a device presents a set of advantages but is 
also tied to a number of disadvantages that have to be 
considered.

First and foremost, the geometrical indications of work-
ing with a side-looking probe will be mentioned. In a 
rectangular flume, like the one at hand, it is possible to 
gather point data very close to the vertical boundaries, 
although weak spots have to be considered—more on 
this later. What is an advantage in the spacious pool ar-
eas of the flume, proposes considerable difficulties in 
the slots between them. The volume at which the probe 
is aiming must be set at a certain distance range, making 
manoeuvring within tight spaces challenging. Another 
major factor are signal reflections from the surround-
ing boundaries, which can induce critical signal errors 
and might even render the measurement unusable. 

When it comes to the vertical component, the side-look-
ing probe is very flexible and can theoretically mea-
sure from the point where it touches the bottom up to 
the water surface, even in a half-submerged state, in 
which it would only gather x and y data. In a fully sub-
merged state it measures 3D data, although not each 
velocity component is treated the same. For example, 
the vertical component has a higher instrument noise 
than the horizontal ones and it also depends on how the 
main flow is oriented in relation to the instrument—the 
handbook notes that flow from the back of the probe ‘is 
causing an awful response’ (NORTEK 2018).

Generally, it can be noted that the quality of the mea-
surement is strongly dependent on choosing the right 
settings for a certain situation and surrounding. Fac-
tors like flow behaviour and the geometrical properties 
of the nearest obstacles can greatly influence the need-
ed settings. 

Circumstances can already vary within a set of points 
in close proximity, which lead to situations where a 
majority of points in a measurement set were of good 
quality, while some of them were practically unus-
able. Measurement repetitions of certain subsections 
are usually a necessity and some data points pro-
posed a very difficult measurement environment.  

In the following sections, the instrument's specifics 
will be covered in more detail, offering a better un-
derstanding of its capabilities and limitations. 

The following figure shows the ADV transmitter and 
receiver end of the probe plus the according axes.

WORKING PRINCIPLE

The Vectrino measures the velocity of water by uti-
lizing the physical principles of the Doppler Effect. 
The so-called Doppler Shift, which makes this mea-
surement procedure work, is the change of the wave 
frequency by movement of the source relative to the 
observer or vice versa. The stationary probe is emit-
ting a pair of sound pulses of a specific frequency 
aimed at a certain water volume. When the sound 
waves are reflected, their frequency shifts according 
to the velocity of particles which it is reflected off. In 
the case of measuring water, it is not the fluid itself 
that reflects the waves but passive tracers that are 

Figure 13: ADV Probe
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suspended in it. Under laboratory conditions, those 
tracers are usually dirt particles—if the water is 
‘too clean’, the reflection signal might not be strong 
enough, therefore a certain degree of impurities in 
the water is desirable.

As already mentioned, the Vectrino probe is utilizing 
a pair of acoustic pulses, the use of two rather than 
one pulse is commonly referred to as a pulse-to-pulse 
coherent method. These pulses, aimed at a specific 
volume, have an expected reflection time dependent 
on the speed of sound within the fluid. Therefore, cal-
culating an appropriate speed of sound is crucial. The 
Probe achieves this by measuring the water tempera-
ture and applying a standard salinity—it is worth 
mentioning that the speed of sound is more sensitive 
to temperature variations than to salinity, justifying 
this approach, according to NORTEK's judgement. 
Knowing this, the reflection signal is measured at the 
four sidearms of the probe needed for a 3D assessment 
of the point data. The actual velocity is then calculat-
ed by comparing the phase shifts of the two return 
signals. Combinations of the four measured pulse 
pairs, one for each arm, are used to calculate the three  
orthogonal velocity components (NORTEK 2018).

“The phase difference between the two reflected pulses 
is a direct measure of the velocity, and can be expressed as:

[24]

Here, V is the current velocity, Δϕ is the phase differ-
ence, Fsource is the transmitter frequency and Δt is 
the time difference between two consecutive pulses.” 
(NORTEK 2018)

The measurement volume, which is the target of the 
acoustic pulses, is located at a distance of approx-
imately 50 mm from the transmitter. The volume is 
defined by the intersection of the four beams, two of 
which are horizontal and the other two slanted by 65 
degrees from the vertical. The horizontal ones are re-
sponsible for the ux and vy measurements, while the 
slanted ones are two separate wz measurements. 

The volume is additionally adjustable between 3–15 
mm in length, allowing for adjustments (NORTEK 
2018). A larger volume hereby seemed to smoothen 
measurements in a highly turbulent environment, 
while a smaller volume might result in a more precise 
point measurement, although harder to detach from 
influences of noise. 

SET TINGS

The settings used for the point measurements were 
thoroughly tested in the beginning stages of the project. 
Although certain advantageous settings were indicat-
ed by previous measurements, a range of adjustments 
were tested with varying degrees of success. Adjust-
ments were primarily done by balancing three main 
settings: sampling rate (Hz), nominal velocity range 
(m/s) and sampling volume (mm). 

The sampling rate appeared to have by far the high-
est influence on the overall data quality. The chal-
lenge lied in finding a spot where the rate was high 
enough to detect as much of the turbulent behaviour 
as possible while not being affected by excessive noise. 
For that matter the power spectral density plot of a  
200 Hz (maximum) measurement was analysed with 
the conclusion that the signal is excessively affect-
ed by noise at values above approximately 50–70 
Hz. This was indicated by the signal flattening out 
in the log-log scale, around the 50–70 Hz mark, af-
ter previously following the expected k–5/3 line of  
Kolmogorov’s hypotheses, as described in the book Tur-
bulent Flows (POPE S. B. 2000). 

The following figures show two point-measurements 
applying the already adjusted sampling rate of 50 Hz. 
The data is shown as both the unfiltered and filtered 
signal. Data filtering was done using the Modified 
Phase-Spacing Thresholding described in Estimation of 
Power Spectra of Acoustic-Doppler Velocimetry Data Con-
tained with intermittent spikes (PARSHEH et al. 2010), 
with additional prefilters on correlation of < 50 and Sig-
nal to Noise Ratio (SNR) of > 5.  Note that the first plot is 
showing a point with lower initial quality, where filter-
ing did adjust the signal notably and the second plot is 
showing a point with high quality unfiltered data.
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The second adjustable setting is the nominal velocity 
range in meters per second. This one should be set as 
close to the expected maximum velocities as possible. 
An unnecessarily high value will introduce excessive 
noise. Additionally, the velocity range is connected to 
the internal sampling rate of the probe. Since maxi-
mum velocities between 1–2 m/s were expected, the 
range was set to ±2.50 and by that to a internal sam-
pling rate of 125 Hz. Each vector measurement takes 
advantage of all the available samples, independent 
of the manually set rate. If the sample rate, like in this 
case, is set to 50 Hz, each output will be averaged by 
two samples and every second output by 3 (125/50 
= 2.5) (NORTEK 2018). A nominal velocity range of 
±1.00 was tested, since the value should be as low as 
possible for a higher accuracy, but ultimately failed to 
produce satisfying results.

The third value that produced a noticeable difference 
in the measurement behaviour is the sampling vol-
ume size in millimetres. Most of the measurements 
were conducted using a medium value of 6.1 mm, for 
some critical locations with a comparably high turbu-
lence, the volume was set up to 7.6 mm. While this did 
not enormously improve the data, it helped, among 

other changes, to gather viable point data. A number 
of other settings can be seen in the following figure, 
those not discussed were set to their recommended 
state according to the manual.   

Aside from the ADV settings themselves, the duration 
of the measurement played a significant role during 
the calibration stages and later on when trouble-
shooting certain points. The filtered data, in many 
cases, was reduced to a fraction of the whole sam-
ple set. Therefore, a longer measurement provided 
a generally larger sample size for values to be aver-
aged from. To evaluate which measurement duration 
would provide both a stable average value and an ap-
propriate time expenditure, a 4 min (50 Hz) test sam-
ple was taken at a comparably turbulent part of the 
domain. From that, the moving average was plotted, 
and the appropriate time was set to 60 s.

Figure 15: ADV Settings

Figure 16: Moving Average

Figure 14: Power Sprectral Density
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WEAK SPOTS

Weak spots are documented in the ADV manual as 
regions with low SNR and correlation values due to 
pulse interference near the boundaries. Depending 
on the velocity range settings, the distance from the 
boundaries where the weak spots occur, changes. 
For ±2.50 m/s the manual lists the distances 0.03 m 
and 0.10 m. Experience shows that the type of wall 
material influences that distance, which makes qual-
ity predictions difficult. The following figure shows 
the data quality of a horizontal measurement plane, 
with red marking areas of high data quality and blue 
those of low quality (1). Note that at the top a line of 
low quality runs parallel to the boundary, indicating 
pulse interference. Data of those 'low quality areas' 
was then reviewed, showing only a minor influence 
on the velocity magnitudes. Since velocities around 
the prominent pulse interference zone (1) were com-
parably low, the quality shift had no considerable ef-
fect and the data was therefore included in the visu-
alization. 

Figure 17 additionally shows the orientation of the 
ADV probe, with orientation (2) being used at ev-
ery measurement point possible, only switching to 
orientation (3) at points along the left boundary (in 
streamwise direction), marked by the area (4). 

DATA POST PROCESSING

Collecting point measurements alone is deemed as 
insufficient for analysing the flow behaviour. A cru-
cial step, before the data can be discussed, is the post 
processing via appropriate programs. In this case, 
WinADV from the United States Bureau of Reclamation 
was used. The data was subsequently filtered and 
compressed into summary files for the visualization 
step. The filtering process was governed by the data 
correlation and the Signal-to-Noise Ratio (SNR). For 
most of the data, a correlation higher than 50 % was 
targeted, although at certain critical locations, for ex-
ample right after the pool boundaries, the correlation 
limit had to be reduced to 30 %. The SNR cut-off at  
20 dB on the other hand was reliably exceeded,  
imposing barely any data loss. The challenge through-
out the measurement period was handling the  
correlation and the reflection overlay at specific 
point sets.  

After filtering the data, it could be visualized using 
ParaView by Kiteware and the Adobe Creative Cloud. 
During this process certain values were marked as 
failed measurements and were manually sorted out. 
For illustrative purposes those values were usual-
ly replaced by interpolation, as far as they were not 
deemed crucial.
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0 4 C O M P U TAT I O N A L F LU I D DY N A M I C S

INTRODUCTION

In addition to the laboratory measurements, a nu-
merical study of the PSF was performed. For that 
matter the laboratory flume was virtually modelled 
after its original geometry and subjected to the same 
discharges according to the slot width. By including 
measurements of the real-life counterpart, the model 
was validated, and the flow behaviour could be com-
pared to what was shown in the laboratory investiga-
tion. Further than that, the numerical model allowed 
for a detailed view of the entire domain, allowing for 
assessments concerning critical locations as well as 
qualitative information about the flow behaviour.

The calculation was done using ANSYS Fluent with 
additional pre-processing of the mesh via the accord-
ing 'Workbench' tools. The settings and numerical 
schemes were chosen on the basis of what has pre-
viously been proven effective at similar projects, ac-
cording to literature and research papers (e.g. MEN-
TER 1994).

The numerical results were then used to support the 
laboratory measurements. The goal hereby lied in 
confirming and expanding the data, giving a more 
complete picture of the flow within the fishway.  
Especially locations that were hard, or even impos-
sible to reach with the ADV probe, could then be in-
cluded with the application of Computational Fluid 
Dynamics (CFD).  

The overall simulation structure followed the same 
logic as the laboratory measurements, where two 
similar versions, distinguished only by their slot 
width and discharge, were analysed. The simulation 
types are shown in the following table.

NUMERICAL SIMULATION
SET TINGS

The quality of the numerical simulation is greatly 
influenced by its settings and the chosen numerical 
schemes. Therefore, research papers were examined, 
and established setups were implemented. Referenc-
es were taken from KEVIN B. MULLIGAN et al. (2016), 
JASON M. DUNGUAY (2016), IMAN H. HAMEED (2020) 
as well as the ANSYS Fluent User’s Guide of 2018. The 
open channel flow was therefore modelled using the 
multiphase Volume of Fluid (VOF) approach. Volume 
Fraction Parameters were set to implicit and two 
phases, air and water, were introduced. 
The numerical calculation solves the Reynolds  
Averaged Navier-Stokes (RANS) equation with the 
two-equation eddy-viscosity model, k-omega. The 
Shear Stress Transport (SST) formulation which then 
switches from the k-omega model, near the walls, to 
a k-epsilon model in the free surface flow. This is due 
to the increased performance of the k-omega model 
near the boundary including the viscous sub-layers. 
Common problems of the k-omega model in the free-
stream sections are then avoided by switching to the 
k-epsilon model (MENTER F.R. 1993/4). The Semi-Im-
plicit Method for Pressure-Linked Equations (SIM-
PLE) scheme was used for pressure-velocity coupling 
(PATANKAR and SPALDING 1972). The conservation 
of the momentum equation was solved using a Second 
Order Upwind method while the TKE equation was 
solved using a First Order Upwind method. Addition-
ally, the Transient Formulation was set to Bounded 
Second Order Implicit. The following table summa-
rizes the numerical settings applied to ANSYS Fluent:
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Table 6: PSF Versions

Table 7: CFD Settings



21

GEOMETRY

The geometry for the numerical model was directly tak-
en from the construction plans of the laboratory flume. 
A simplified version of which was drawn using Auto-
CAD. Therefore, only the inner dimensions of the flume 
were relevant, since only the fluid body, extended by an 
air-filled buffer zone, had to be modelled. Installations 
that were necessary for the flow behaviour of the lab-
oratory flume could be ignored and only an adequately 
long in- and outflow section was modelled. This estab-
lished the zone of interest (pool number two) at a suffi-
cient distance from the boundaries. The layout was then 
imported to ANSYS and extrapolated using the Space-
Claim module, adding the bottom geometry in the pro-
cess. The product of this can be seen in the next figure.

From there, the geometry was exported and first 
meshed with the Fluent-internal automatic meshing 
tool, which was later manually improved.

MESH

Due to the geometrically simple nature of the PSF, a 
high-quality mesh with a highly regular element size 
could be set up. Rectangular elements were chosen, 
with an average size of roughly 3 cm resulting in a 
minimum orthogonal quality of 0.57 (ANSYS internal 
metric describing the mesh shape quality as skew-
ness of mesh structures, with 0 being the worst and 1 
the best). Additionally, three boundary elements of a 
smaller size were implemented near the walls, since 
velocity gradients towards a non-slip boundary are 
usually steep. A sample view of the mesh can be seen 
in the following figure, showing the second pool sec-
tion where the laboratory measurements were taken. 

The regularity of the mesh improved the data quality 
further after preliminary calculations were done, us-
ing an automatically generated hexagonal mesh.

BOUNDARY CONDITIONS

Essential for the numerical calculation are the bound-
ary conditions applied to the mesh. These define the 
behaviour at the outer surfaces of the mesh and set 
the environment for any following calculations. For 
a simple case like this, basically three main condi-
tions with slight variations were enough to define the 
domain. First the inlet boundary, defined as a mass-
flow-inlet, sets the discharge at the top of the flume. 
The two phases were separately set, water as 33 or 42 
kg/s, depending on the PSF version, and air as place-
holder value, which in the calculation will be scaled 
accordingly. The obvious second boundary condition 
was the outlet, defined as a pressure-outlet, allowing 
for any phase to leave the domain without the option 
of returning back in. Here the water level at the end 
of the flume was fixed to 41 cm according to the lab-
oratory measurements. The pressure-outlet bound-
ary was additionally applied to the top of the mesh, 
letting air out of the system. The final conditions are 
two types of wall boundaries. One smooth wall for 
the vertical walls and some of the bottom, as well as 
a rough wall boundary at the gravel bed. The rough-
ness height was set to 5 mm in the early stages of the 
calculation and left as such due to a satisfactory be-
haviour of the model. The flow indicated no sensitive 
behaviour regarding the bed roughness, therefore 
no significant improvements were expected from in-
creased roughness values. 
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Figure 18: SpaceClaim Model

Figure 19: CFD Mesh
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VALIDATION

After achieving stable conditions in the numerical 
simulation, the case was transitioned to the 'Results' 
tool of ANSYS, initiating the post-processing step. 
From there, planes were added at the according lo-
cations related to the laboratory measurements 
and data was mapped onto them, producing data 
sets which could then be compared to the previous 
measurements. Additionally, line data was export-
ed at known locations and plotted together with the 
measurement data for a better representation of the 
model correlations. Although, the first step in the 
validation process was comparing the water levels 
throughout the domain. Outflow depth was, as ex-
pected, equal to what was measured in the laborato-
ry, due to the fixed outflow depth set for the simu-
lation. The inflow depth, and therefore also the level 
differences between the pools, were within 1–2 cm of 

the laboratory measurements. This was evaluated as 
sufficiently precise, since water levels in the real-life 
flume were subjected to unavoidable natural fluctua-
tions of a similar amount.

Further validation was done in two major steps. First 
of all, comparing the flow behaviour of both the lab-
oratory measurements and the numerical model via 
contour plots and velocity magnitudes. And in the 
second step, comparing detailed line data at certain 
sections for a quantitative comparison of the data 
sets. Even though most of the collected data was com-
pared during the validation, only an exemplary set of 
it will be shown here. A comprehensive collection of 
the visualized data can be found in the appendix. 

Figure 20: Boundary Conditions

BOUNDARY CONDITIONS
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The figures on the following page will each compare the 
results of the CFD simulation, at appropriate locations, 
with those of the laboratory measurements (Version 2). 

Velocity magnitudes of the second layer show a sim-
ilar flow path along the right wall in flow direction 
(Y/B = 1). Maximum velocities occur shortly after 
the slot and are almost identical, with 1.25 m/s in the 
simulation and measured maximum of 1.19 m/s. The 
central recirculation zone is well defined in both cas-
es and secondary flow separations can be observed 
in the corner X/L = 0, Y/B = 1 and under certain mea-
surement conditions also in the corner X/L = 1.5,  
Y/B = 1—similar to those shown in the CFD simula-
tion at the same locations. The following validation 
concerning the separate velocity components refers 
to imagines which can be found in the appendix and 
are not shown on the following page.

Looking at the velocities in x-direction (ux), an al-
most identical behaviour can be observed. The pool 
is divided into two main flow sections, one main flow 
current in positive x direction, from the inflow slot 
along the right wall (Y/B = 1), and another secondary 
flow in negative x direction along the opposite wall  
(Y/B = 0). Combined they form a flow circulation 
throughout the whole pool with a strong separation 
of high and low velocity areas. Velocities in y-direc-
tion repeatably show the correlation between the 
numerical model and the laboratory measurements. 
Here the second component of the two-dimensional 
circulating flow can be observed. While the flow, led 
by the inflow current, is drawn in positive y-direc-
tion from approximately X/L = 0 to X/L = 0.8, the sec-
ond half is affected by the outflow current, moving 
the flow in negative y-direction. The separation be-
tween the two zones is located at a similar X/L coor-
dinate between 0.7 and 1.0. While velocities in x- and 
y-direction were matching notably well, velocities in 
z-direction appeared more difficult to compare. This 
could, in part, be due to the higher sensitivity to noise 
and reflections of the ADV probe in z-direction.

Qualitatively the contour plots give a good indication 
of the validity of the numerical simulation. To addition-
ally support this case, data was exported along certain 

lines (Figure 25) and compared to measurements taken 
in the laboratory. Therefore, two horizontal lines were 
chosen, one parallel to the x-axis (1) and the other par-
allel to the y-axis (2), supported by a third vertical line 
(3) at the outflow slot. Data of all three velocity compo-
nents was analysed during this process, although only 
the velocity magnitude is shown on the following page, 
the full velocity spectra can be found in the appendix.

The first comparison (Figure 22) along the line of ap-
proximately Y/B = 0.8 (1) in streamwise direction fol-
lows a trend that has already been indicated by the con-
tour plots. The two-dimensional velocity components 
of ux and vy as well as the velocity vector are closely 
matched by the simulation data. Only velocities along 
the z-direction wz fluctuate within the laboratory mea-
surement data and are only occasionally matched. Since 
the two-dimensional flow behaviour is dominant and 
velocity vectors are only slightly affected by the verti-
cal component, valid statements can still be made with 
minor restrictions.

The second plot (Figure 23) compares data along the 
spanwise direction at approximately X/L = 0.1. Velocity 
peaks at the slot outflow are pronounced within both 
data sets. The specific outflow behaviour shows minor 
differences between the simulation and the measure-
ments, therefore certain data trends occur similarly but 
not always at the exact same location.

The third comparison (Figure 24) shows the vertical 
line within the outflow slot (3). Velocity magnitudes 
are matched along about 2/3 of the depth, only varying 
slightly towards the bottom.

Summarizing the validation process, all indications 
point at a simulation output that satisfyingly matches 
the measured flow behaviour. Particularly the 2D flow 
in x- and y-direction is mirrored throughout the investi-
gation and shows sufficient qualitatively and quantita-
tively matching data. At this point it was decided that a 
further fine-tuning of the numerical model was not nec-
essary and that results could be analysed to support the 
laboratory measurements. 
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Figure 21: Velocity Magnitudes Layer 2 (V2)

Figure 22: Velocity Magnitudes (1)

Figure 25: Validation Locations

Figure 24: Velocity Magnitudes (3)

Figure 23: Velocity Magnitudes (2)

VELOCITY MAGNITUDE LAYER 2

MEASUREMENT POSITION
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The measurement and simulation data so far pro-
duced a consistent picture of the flow inside of the 
PSF. Following the post-processing and validation of 
the collected data, the behaviour can now be shown, 
analysed and described.  Due to the large amount of 
measurement data gathered for the investigation, 
figures will be reduced to the most relevant and dis-
cussed with the additional information in mind. An 
extensive collection of all the measurements results 
can then be found in the appendix. The main points of 
the discussion are the flow behaviour concerning the 
passability for fish, including zones of maximum ve-
locities and recovery zones, as well as the turbulent 
behaviour as a potential influence on the migration 
path. Additionally, a change in geometry was intro-
duced, the effects of which will also be targeted by 
the discussion.

The data visualization was done for a variety of sep-
arate plots, in most cases showing the velocity mag-
nitude but later on also distinguishing between the 
three velocity components for a more detailed under-
standing of the flow behaviour. The plots also show 
a normalized scaling based on the average inflow 
velocity Uc, which for the first version of the PSF is 
0.061 m/s and 0.079 m/s for the second one. Length 
scales are normalized as well, showing the width in a 
range from 0 to 1 and the length, in comparison to the 
width, from 0 to 1.5.  

The following laboratory measurement results were 
first taken from the initial fishway geometry as de-
scribed before. This first version having a slot width 
of 12.7 cm, which was then widened to 16.7 cm and 
the measurements were repeated on the second ver-
sion. For version two the discharge was scaled ac-
cordingly, up to 42 l/s, to reach the same water levels 
as in version one, although some measurements were 
additionally done with the initial discharge of 33 l/s 
for calibration purposes. 

POOL AND SLOT FISHWAY: VERSION 1
L ABORATORY MEASUREMENTS

The following page shows a set of results from the 
second pool in flow direction, showing a plot from 
each of the three measurement depths alongside a 
vertical plane.

Figure 26 shows the velocity magnitude at the first 
layer within the second pool. From that, many of the 
essential flow characteristics can be determined. 
Primarily the main flow current running stream-
wise along the line of Y/B = 0.9, before turning at the 
end of the pool (X/L = 1.3–1.4) towards the following 
pool boundary. In blue, the large recirculation area 
can be seen with its low flow velocities, between  
Y/B = 0–0.8 and X/L = 0–1.2. Maximum velocities oc-
cur shortly after the slot outflow (Y/B = 0.85, X/L = 
0.1), reaching approximately 1.24 m/s, or expressed 
in a dimensionless form as a multiple of the inflow 
velocity Uc: 20.7Uc. 

Since, at this point of the investigation, some reflec-
tion issues were not solved yet, velocity peaks along 
the streamwise wall (Y/B = 0) are likely due to mea-
surement errors and could not be reproduced in the 
following measurements nor in the CFD. The second 
layer, slightly deeper, shows a similar behaviour as 
the first layer. Main currents follow a relatively fo-
cused path, leaving much space for fish to rest after 
pushing through the slot section. Maximum values 
peak at 1.13 m/s (18.8Uc). The third layer follows the 
same trend, maximum values at 1.11 m/s (18.5Uc) 
seem to decline over depth, which will later be ana-
lysed in more detail.

Finally, figure 29 shows a vertical view through the 
second slot along the line of approximately Y/B = 0.2. 
Due to geometrical restraints, velocities were only 
measured in the marked subsection of the flow. Here, 
the position of the critical area, including the highest 
velocities, can be identified within and after the slot. 
Peaks reaching up to 1.35 m/s (22.5Uc).
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VELOCITY MAGNITUDE VERTICAL PLANE

VELOCITY MAGNITUDE LAYER 3

VELOCITY MAGNITUDE LAYER 1

VELOCITY MAGNITUDE LAYER 2

Figure 29: PSF Measurements V1, Vertical Plane

Figure 28: PSF Measurements V1, Layer 3

Figure 26: PSF Measurements V1, Layer 1

Figure 27: PSF Measurements V1, Layer 2
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COMPUTATIONAL FLUID DYNAMICS

The results of the numerical simulations, in contrast 
to the laboratory measurements, span over the entire 
domain of the laboratory flume. Since measurements 
were only conducted at the second pool section, sim-
ulation results were cropped accordingly to display 
the same area. A lot of what has already been said 
about the flow behaviour, during the description of 
the laboratory measurement results, can equally be 
applied to the simulation results. This is especially 
true since the validation process concluded that both 
investigations share a matching proposition. For this 
reason, the following display of the results is kept to 
what the CFD data adds to the point measurements. 

For the sake of keeping the presentation of results 
concise, only exemplary data plots are shown. A more 
detailed discussion is added in a subsequent chapter, 
addressing different aspects of the flow, and a com-
prehensive collection of the simulation results can be 
found in the appendix.

Figure 30 shows the velocity magnitudes as they 
were simulated by ANSYS Fluent, in the example of 
the second layer. The overall behaviour mirrors that 
of the measurements but is now shown over the en-
tire domain without any geometrical measurement 
restrictions. This adds a view of the secondary recir-
culation zones in the two corners X/L = 0, Y/B = 1 and 
X/L = 1.5, Y/B = 1. Main velocity peaks can yet again 
be observed within and after the slot, in this case 
peaking at 1.18 m/s (19.3Uc) and notably the angle at 
which the stream enters the pool is well defined.

The vertical cross section through the second slot 
shows both the measurement pool, as well as the fol-
lowing pool section. Maximum velocities are almost 
exclusively centred around the pool boundary and 
fall off quickly towards the recirculation zones. The 
velocities along the slot depth are seemingly con-
stant, with a pronounced horizontal development 
along the water surface, showing the turbulent col-
lapse of the developing inflow water jet.

In addition to the velocity plots, the TKE could easi-
ly be exported without being subjected to measure-
ment difficulties. It is still noted that the display of 
turbulent behaviour is connected to complex flow 
characteristics and therefore has to be treated with 
a critical eye. The most turbulent behaviour occurs, 
as expected, right after the pool boundary. Due to the 
difference in water level, a surface jet forms, which 
then enters the pool producing turbulences in the 
process. The remaining pool is devoid of any major 
turbulence, indicating an advantageous surrounding 
for fish to rest. Throughout the vertical cross section, 
turbulence distribution can be seen over the entire 
depth. In the slot sections, turbulences seem to occur 
mainly within the upper 2/3 of the depth, leaving a 
comparably calm section along the bottom. In addi-
tion to the aforementioned inflow TKE peak, anoth-
er surface peak occurs when the main flow hits the 
boundary wall and is forced to redirect its path. 
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VELOCITY MAGNITUDE VERTICAL PLANE

TURBULENT KINETIC ENERGY VERTICAL PLANE

VELOCITY MAGNITUDE LAYER 2 TURBULENT KINETIC ENERGY LAYER 2

Figure 30: PSF CFD Version 1, Layer 2

Figure 32: CFD Version 1, Vertical Plane

Figure 33: CFD Version 1, Vertical Plane (TKE)

Figure 31: CFD Version 1, Layer 2 (TKE)
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POOL AND SLOT FISHWAY: VERSION 2
L ABORATORY MEASUREMENTS

The second version of the fishway, with a discharge 
of 42 l/s and a slot width of 16.7 cm was measured at 
the same locations as the previous version. Only the 
wider slot allowed for a more detailed investigation 
of the pool boundary. Additionally, several measure-
ment procedures were improved—flipping the probe 
orientation, decreasing the measurement frequency 
and increasing the measurement volume at critical 
sections, as well as a slight adjustment of the filter 
criteria (Correlation limit was lowered from 50% to 
30% at critical spots). Thereby increasing the overall 
data quality, but especially producing better results 
around the slot sections. Measurements previous to 
those adjustments suffered under occasional reflec-
tion problems, which were significantly reduced. The 
average inflow velocity for version two was approxi-
mately 0.08 m/s.

The first layer (Figure 34) of the second version pres-
ents the flow pattern like previously discussed—the 
main current follows the wall at Y/B =1.0 in stream-
wise direction, bending at around X/L = 1.3 towards 
the following slot. The recirculation area is well de-
fined and shows no recognizable flow disturbances. 
The maximum velocities are slightly lower (within 
the first layer), compared to the first version, al-
though the discharge was increased by roughly a 
third. This, most likely, is due to the changed geom-
etry in combination with a higher accuracy of the 
measurements, as previously discussed, at the criti-
cal slot outflow, avoiding unreasonable value spiking.  
Velocities peak at about 1.17 m/s (14.6Uc).

The second layer (Figure 35) repeats the same be-
haviour. Velocity spikes at the Y/B = 0 streamwise 
wall, indicating a slight pulse interference. The slot 
outflow at Y/B = 0.85, X/L = 0.1 on the other hand 
demonstrated a comparably high data quality. Max-
imum velocities reach 1.19 m/s (14.9Uc).

In the third layer (Figure 36), velocities peak at 
around 1.2 m/s (15.3Uc) at the pool inflow while the 
main outflow current seems to expand slightly be-
tween X/L = 1.2 and X/L = 1.5.

Vertical measurements of the second PSF version, 
after adjusting the procedure, produced a slightly 
different flow behaviour at the pool boundary. What 
previously looked like declining velocities towards 
the bottom, could not be reproduced during this step 
and further measurements were conducted to anal-
yse the vertical behaviour. Maximum values along 
this plane reached up to 1.26 m/s (15.8Uc).

Due to the higher data quality, resulting from signifi-
cantly reduced reflection problems, measurements 
of the TKE were possible, yet still influenced by noise. 
Figure 37 shows the TKE values at the first horizontal 
layer of the second fishway version. 

Maximum turbulence occurs shortly after the slot 
outflow at (Y/B = 0.8, X/L = 0.2), corresponding to 
the maximum velocity location. Maximum TKE val-
ues of 1083 cm2/s2 were measured and the distribu-
tion follows a similar path as can be seen on the ve-
locity plots. Similar to the CFD results, the turbulent 
slot outflow is focused at two parallel zones in close 
proximity. Measurements within the area marked 
with an ‘X’ were deemed insufficiently reliable due to 
wall reflections and had to be removed. It is worth 
mentioning, that data quality has a significantly high-
er impact on TKE values, since any error is squared 
during the calculation, compared to e.g. velocity com-
ponents. Therefore, velocity measurements were 
possible, even at locations were TKE measurements 
were not. 
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VELOCITY MAGNITUDE VERTICAL PLANE

VELOCITY MAGNITUDE LAYER 3 TURBULENT KINETIC ENERGY LAYER 1

VELOCITY MAGNITUDE LAYER 1 VELOCITY MAGNITUDE LAYER 2

Figure 38: PSF Measurements V2, Vertical Plane

Figure 36: PSF Measurements V2, Layer 3 Figure 37: PSF (TKE) V2, Layer 1

Figure 34: PSF Measurements V2, Layer 1 Figure 35: PSF Measurements V2, Layer 2
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COMPUTATIONAL FLUID DYNAMICS

Results from the simulations incorporating the wider 
slot width of 16.7 cm provide a very similar picture 
as have already been shown in the previous chap-
ter. The change in geometry, as well as the increased 
discharge of 42 l/s have brought some minor chang-
es with them, but all together leaving the previous 
statements untouched. As a way of comparing the 
two fishway versions, differences in the contour plots 
and overall values will be discussed and exemplary 
results of the second simulation are shown on the 
following page. A comprehensive collection of simu-
lation results can be found within the appendix. 

Velocity magnitudes of Figure 39 are qualitatively 
almost identical to their predecessor, showing only a 
minor increase in the main flow width and a slight-
ly more pronounced flow intensity after the slot in-
flow. Maximum velocities, in  this case, rose in value 
from 1.18 m/s to 1.25 m/s , but at the same time de-
creased in their normalized flow velocity compared 
to the average inflow velocity from 19.3Uc to 15.8 Uc.  
The slight increase in flow velocity along the middle 
of the left boundary wall (Y/B = 0, X/L = 0.68), indi-
cated in the laboratory measurements, could also be 
reproduced, further increasing the confidence in the 
simulation results.

Looking at the velocity magnitudes along the verti-
cal plane (Figure 41), their distribution has changed 
moderately, assumingly due to a faint shift in the out-
flow specifics after the pool boundary. Qualitatively, 
results of the second version align with the laborato-
ry measurements, showing consistently high-water 
velocities along the depth at X/L = 1.5–1.6. This could 
also be reproduced during vertical slot measurements.  

TKE peaks increased by a rough 7 % as a result of the 
increased discharge. Distribution patterns although 
stayed constant, again showing the two parallel 
high-density zones after the slot and a focus in the 
upper regions, concerning the vertical plane.

VELOCITIES

Aside from the overall flow behaviour, maximum ve-
locities play a significant role in the evaluation of a 
fishway. Zones of maximum velocities have already 
been indicated during the course of the documenta-
tion. They mainly occur in and shortly after the pool 
boundary and tend to be more pronounced in the up-
per section of the flow. Additional velocity peaks also 
occur at certain locations where the flow is redirect-
ed within a short distance, either meeting a boundary 
or close to the slot inflow. To get an overview of the 
velocity magnitudes, the following table summarizes 
the peaks throughout the measurements and simu-
lations. Only the velocity vectors are considered and 
are shown as three different, but related values. First 
as a normalized value related to the average inflow 
velocity Uc, which is calculated by means of continui-
ty, dividing discharge and flow area. Secondly, as the 
velocity vector measured in the laboratory flume or 
stemming from the numerical simulation. And finally, 
as an upscaled velocity, demonstrating the magnitude 
as it would occur in the life-sized fishway—scaled by 
a factor of 1.66. The cases are divided into version 
one (V1), with a discharge of 33 l/s and a slot width 
of 12.7 cm and version two (V2), with a discharge of  
42 l/s and a slot width of 16.7 cm. Additionally, the 
cases are marked with an 'M' for measurement or 'S' 
for simulation, as well as their orientation, horizontal 
(h) or vertical (v).
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VELOCITY MAGNITUDE VERTICAL PLANE

TURBULENT KINETIC ENERGY VERTICAL PLANE

VELOCITY MAGNITUDE LAYER 2 TURBULENT KINETIC ENERGY LAYER 2

Figure 39: PSF CFD Version 2, Layer 2

Figure 41: CFD Version 2, Vertical Plane

Figure 42: CFD Version 2, Vertical Plane (TKE)

Figure 40: CFD Version 2, Layer 2 (TKE)
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TURBULENT KINETIC ENERGY

The TKE is a measure for the velocity fluctuations 
within a fluid volume. These fluctuations are a mean 
of quantifying small eddies and therefore also the 
amount of turbulence. Within a measurement the 
problem occurs, that fluctuations are not only pro-
duced by turbulence, but also by noise. Therefore, 
points with low quality or reflection interference 
often display artificially high turbulence. Such error 
readings have been carefully monitored and sections 
of high noise and reflections have been repeatably 
measured or excluded from the data sets. Addition-
ally, the frequency of the measurements is related 
to how well fluctuation spikes can be monitored, as 
a lower frequency has a high probability of missing 
a velocity peak. On the other hand, high frequencies 
are prone to be affected by excessive noise. There-
fore, settings have to be carefully balanced to fit the 
measurement situation.

The numerical simulation is free of such measure-
ment contradictions but has, in its own right, chal-
lenging aspects to handle. Turbulent flow has proven 
to be a complex subject with many variables affecting 
its behaviour. Therefore, some real-life interactions 
might not be exactly matched by the simulation and 
demand for careful fine-tuning. Reality most proba-
bly lies somewhere in between the laboratory mea-
surements and the CFD simulations and requires 
experienced judgement together with sufficient ref-
erences. The figures on the following page show the 
distribution, as well as the values of the TKE simula-
tion, utilizing ANSYS Fluent. Both PSF versions, with 
slot widths of 12.7 cm and 16.7 cm, are each repre-
sented by a plot of the first layer TKE values (Fig-
ure 43/44). Additionally, the vertical distribution is 
shown in Figure 46 accompanied by laboratory TKE 
measurements of the first layer (Version 2: slot width 
16.7 cm) in Figure 45.

TKE distributions throughout the first ver-
sion of the PSF (Figure 43) seem to be focused 
around the slots, trailing linearly along the path 
of the main-stream current (X/L = 0–1.0; Y/B = 
0.7–1.0). This section also shows that TKE values  

occur in two parallel streams. This might be due to 
the directional shift of the main flow current, produc-
ing a jet that submerges along a focused line, creating 
a spiral like turbulence along the x-axis. The same be-
haviour can be observed at the following slot, with a 
more pronounced inflow turbulence (X/L = 1.2–1.5; 
Y/B = 0–0.3). The vertical view indicates that the 
higher TKE values seem to appear in the upper two 
thirds of the water body. This would match a visual 
assessment of the laboratory flume, where the inflow 
jet collapses right at its entry into the following pool. 
Note that this observation is purely anecdotal.

The vertical plot also indicates that the turbulence 
could be significantly lower close to the bottom, 
which would favour small fish and establish a flow 
behaviour that is advantageous for a wider range 
of fish species and other aquatic animals. Although 
further investigations must be conducted to confirm 
this behaviour, since its proximity to the bottom op-
poses a wide range of complexities. 

Qualitatively, the TKE plots of the second PSF version 
match the first one, with only minor differences to 
detect, although notably the maximum values follow-
ing the first slot increased by about 50 %, most likely 
due to the increased discharge.

Last but not least, the result of a TKE measurement 
on the first layer of the second PSF version is shown 
in Figure 45. Since much of what was measured pre-
vious to that had inadequate quality for displaying 
TKE values, TKE measurements were only done for 
reference purposes. The section labelled with an ‘X’ 
was masked out due to unavoidable reflections. The 
remaining data displayed maximum values at a sim-
ilar position, compared to the CFD simulation, also 
indicating a split into two focused turbulence zones 
trailing along the x-axis, following the slot outflow. 
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TKE CFD VERTICAL PLANE, VERSION 1

TKE MEASUREMENT LAYER 1, VERSION 2

TKE CFD LAYER 1, VERION 1

TKE CFD LAYER 1, VERION 2

Figure 46: TKE Vertical Plane, Version 1

Figure 45: TKE Measurement Version 2, Layer 1

Figure 43: TKE CFD Version 1, Layer 1

Figure 44: TKE CFD Version 2, Layer 1
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POOL BOUNDARIES

As a crucial point of the fishway, the pool boundar-
ies require a higher degree of measurement data and 
although the entire domain was portrayed by the 
previous numerical simulation, the specific velocity 
behaviour along the depth of the slot is highlighted by 
additional measurements. The properties of the bot-
tom material are thought to have a noticeable impact 
on the velocity gradient towards the bottom. That, 
and the impact of the potential difference between 
two pools in succession was analysed and described 
as follows.

To get a better view of the velocity distribution within 
the slots, the measurement probe had to be changed 
from the previously used ADV probe, to a system in-
corporating a Prandtl Tube. The new setup allowed 
for measurements close to the bottom and walls, 
without risking instrument damages and excessive 
reflection problems. The Prandtl Tube was calibrat-
ed, using ADV measurement data, concluding that 
the velocity magnitudes at equal locations differed 
only by under 0.1 m/s and were deemed as equally 
precise. Following this estimate, a series of slot mea-
surements were conducted, evaluating the velocity 
distribution along the water depth at four locations 
along its width. Results of which can be seen on the 
following page.

The velocity measurements along the water depth, as 
seen in Figure 47, display the directional outflow jet 
with positive velocities at the right side of the third 
slot and negative values at the left (in streamwise 
direction). This is very much in line with the previ-
ously discussed result, showing the angled stream at 
the pool boundaries. Velocities also appear relatively 
constant over the entire depth, with only measure-
ments at the ‘Middle Left’ jumping at certain points, 
most likely due to an uneven distribution of the veloc-
ity gradient from maximum values at the right to the 
negative values at the left.

Figure 48 then shows the relation of slot velocities to 
water level difference between the pools, represent-
ed by the relationship hu/ho, where higher numbers 
mean less of a water difference and vice versa. The 
measurements clearly show the tendency of increas-
ing velocities with a falling hu/ho, meaning that the 
closer the water level between two successive pools 
is, the lower the slot velocities tend to be. Measure-
ments were taken from the third slot at the ‘Middle 
Right’ where the main flow current is expected to oc-
cur. At this location, velocities also display a tenden-
cy to grow with depth, which in most other measure-
ment cases has been the other way around.

Another point of interest was the overflow coefficient 
between the fishway pools. Rearranging the previ-
ously mentioned Poleni equation (see equation 25), 
as well as the water levels of two consecutive pools, 
the overflow coefficient μv (μ*α) can be calculated as 
follows: 

[25]

To collect a range of values, the overall potential 
difference between the uppermost- and the lowest 
water level was varied, producing a range of hu/ho 
ratios. Figure 49 shows the measured overflow coef-
ficients in relationship to their respective hu/ho ratio. 
It shows that with a growing hu/ho ratio, the overflow 
coefficient declines and at the top end the values flat-
ten out in a range between 0.5–0.6 [-].
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OVERFLOW COEFFICIENT PSF VERSION 2

SLOT VELOCITY PSF VERSION 2 SLOT VELOCITY hu/ho, VERSION 2

Figure 49: Overflow Coefficient Version 2

Figure 47: Slot Velocities PSF Version 2 Figure 48: Slot Velocities hu/ho, Version 2
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FLOW BEHAVIOUR

Velocity distribution and the overall flow behaviour 
play a major role in the effectiveness of any fishway. 
If velocities are too high, smaller or weaker fish can-
not ascend, too low and the entrance cannot be de-
tected by passing fish. Furthermore, a wide range 
of fish species introduces the contradiction that the 
size-defining fish enforce a larger geometry, which 
subsequently leads to higher flow velocities, making 
it harder for smaller fish to make use of the fishway. 
The goal of modifying the vertical-slot fishway is to 
establish a flow condition that is advantageous for 
fish ascend, in a way that swim paths only cross crit-
ical areas for a short amount of time and are followed 
by a recovery zone, both large and calm enough for all 
types of fish to regain their strength to continue. The 
type of flow that occurs due to the simplified design can 
be seen on the exemplary CFD plots, on the following page.   

The main flow path (Figure 50 (4)) is well defined on 
the orographic right side, following the wall until it is 
redirected in an almost 90° angle towards the follow-
ing slot by the separating wall. The in- and outflow 
(2)(5) occurs at an angle towards the closest wall due 
to the alternating position of the slots. This allows for 
fish to enter the slot section from the recovery zone 
(3) in a way that they are not directly subjected by 
the main current during their approach. Following 
the same theoretical swim-path, fish are met with 
the next recovery zone right after the slot, since the 
main flow is approaching, not from the centre of the 
pool, but almost from the adjacent corner. The main 
flow separation happens at the outflow approach (5), 
where a fraction of the main current is guided back 
along the orographic left wall. Because of that, a re-
circulation area (3) is formed around the centre of 
the pool, during this thesis regularly addressed as 
the recovery zone. Spanning over most of the length 
and about two thirds of the width, it is large enough 
for fish to recover their strength after expending 
their burst speed, overcoming the slot area.  Two ad-
ditional flow separations occur at the corners passed 
by the main flow current (2)(6). Those are hardly rel-
evant for this type of PSF but depending on the slot  
type, can grow to be a comparably large recirculation 

zone, as the flow path of the main current changes. 
This can often be observed with conventional ver-
tical-slot fishways, where the hook like elements at 
the slots guide the flow further to the centre of the 
pool. This general behaviour of the flow could consis-
tently be observed over the entirety of the measure-
ments and simulations. The depth was observed to 
have only minor effects on the flow, primarily on the 
maximum velocities, as can be seen on the previously 
shown vertical cross section (Figure 41).

The maximum velocities inside and right after the 
slot at X/L = 1.5–1.6 span from the surface to the bot-
tom, showing only minor deviations in the process. 
Although the exact behaviour close to the bottom is 
governed by complex interactions of the flow with 
the bed material, possibly resulting in velocity varia-
tion less smooth than what is shown in the numerical 
simulation. The recovery zone displays another mi-
nor separation in depth, forming a zone at the bottom, 
within the basin, with minimum flow velocities. This 
area could be beneficial for very small fish, moving 
close to the bottom, where they can find conditions 
most suitable for recovery.
 
Dividing the flow into its spatial velocity components 
facilitates the evaluation process and highlights cer-
tain behaviours. 

First of all, the velocity component in x-direction 
(Ux) shows a high velocity trail following the accel-
eration within the slot (X/L = 0–1.0; Y/B = 0.8). Then 
followed by a redirection towards the following slot 
and another acceleration towards the next pool at the 
slot around X/L = 1.5; Y/B = 0.2. The recirculation 
zone, on the other hand, shows only minor velocities 
in x-direction. Figure 54 additionally shows the Ux 
distribution across the vertical plane. Here, the first 
pool between X/L = 0–1.5 displays the calm recir-
culation area, while the second pool (X/L = 1.6–3.1) 
shows a vertical cut of the main flow current. In their 
ascend, fish theoretically only cross the main current 
between X/L = 1.4–1.8 and are therefore only shortly 
subjected to high flow velocities.
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VELOCITIES Ux VERTICAL PLANE VERSION 2

FLOW PATH PSF VERSION 2 VELOCITIES Ux LAYER1, VERSION 2

VELOCITIES Vy LAYER1, VERSION 2

VELOCITIES Wz LAYER1, VERSION 2

Figure 54: Ux Vertical Plane Version 2

Figure 50: Flow Path CFD Version 2

Figure 51: Velocities Ux CFD

Figure 52: Velocities Vy CFD

Figure 53: Velocities Wz CFD
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A similar observation can be made for the velocity 
component in y-direction (Figure 52). While the Ux ve-
locities are roughly mirrored along the y-axis at about 
Y/B = 0.5, the Vy velocities split the pool spanwise 
at about X/L = 0.75, creating two opposite streams. 
One approach flow towards the pool boundary from  
X/L = 0.8–1.5 and the recirculation backflow from X/L 
= 0–0.8. Along the following pool, this behaviour is 
then mirrored, alternating from pool to pool accord-
ing to the slot position. Both the slot approach flow, as 
well as the recirculation flow are well defined, peak-
ing in their magnitude where the flow bends into the 
slot. Otherwise, the Vy velocities show no apparent 
potential for disturbing the fish migration.

Vertically there isn’t an extensive flow condition af-
fecting the PSF's functionality (Figure 53). A slight 
heaving of the flow occurs (X/L = 0.9–1.35) as it ap-
proaches the slot, which is shortly after redirected 
towards the bottom (X/L = 1.35–2.1) as the water 
level changes from one pool to the other, following 
the bottom shape. Then, as the current meets the 
spanwise boundary, some vertical flow can be ob-
served. Generally, the flow follows the geometry of 
the bottom gravel bed and is primarily shaped by the 
two-dimensional flow along the x-y plane. 

Between the two versions of the fishway only quan-
titative differences were measured while the quali-
tative flow behaviour stayed constant, repeating the 
characteristics previously discussed.
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FINAL CONCLUSION

The data produced during the course of this thesis, 
on two versions of a PSF, paint a recurrent and re-
producible picture of its behaviour. Flow patterns 
repeat throughout both laboratory measurements 
and CFD simulations and seemingly confirm the ini-
tial hypothesis of an advantageous flow-pattern for 
fish migration. Main flow currents are focused close 
to the boundaries, allowing for only a minimal distur-
bance at the pool boundaries where fish must cross 
the slot section to reach the following upstream pool. 
A large amount of the pool volume is occupied by the 
recirculation zone, providing low flow velocities for 
recovery purposes. This zone, aside from its rotation-
al characteristic, is in large parts basically unaffect-
ed by the mainstream current and is neither crossed, 
nor split by it.

Maximum velocity magnitudes in and after the slot 
sections reach extreme values at around 2.10 m/s 
(upscaled), with noticeably lower values in close 
proximity. While keeping the water levels con-
stant, an increase of the slot width by roughly 30 %  
(31.5 %) from 12.7 cm to 16.7 cm caused an approx-
imate increase in discharge of equally 30 % (27.3 %) 
from 33 l/s to 42 l/s. Notably, maximum velocities  
did not rise as significantly with an average plus of 
under 10 % within the sample of maximum values.  

Evaluating the results of the TKE turned out to be 
the most challenging aspect of the investigation. Al-
though valuable insights were gathered from their 
distribution and behaviour. Showing a focused ap-
pearance right after the slot, where the incoming wa-
ter jet meets the following pool volume.  Additionally, 
a reduction in turbulent intensity towards the bot-
tom of the slot was indicated by the CFD data. This, 
if confirmed by additional studies, would provide a 
flow section within the slot for smaller/ weaker fish 
to migrate, further solidifying the PSFs effectiveness.   

Comparing CFD data to laboratory measurements 
showed that the flow behaviour in both cases 
matched considerably well. Many of the detailed 
flow characteristics, indicated by the measurements, 
could be reproduced using simulation software. And 
although this sample size is nowhere enough to prove 
a repeatably sound way of designing a fishway via 
CFD applications, it implies its potential.
With additional fine tuning and a set of sensitivity 
analyses, design options could be evaluated in a rel-
atively short amount of time—testing the impact of 
e.g. discharge, slot-width and bed inclination on the 
overall system.

Overall, the PSF, as it was presented during this the-
sis, showed a high potential for an advantageous flow 
behaviour concerning fish migration. The data pro-
vided can hopefully support future evaluations and 
play its part in the improvement of the ecological sit-
uation within the lotic system. 
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