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Abstract

Anthropogenic activities have accelerated biodiversity loss by a factor of 100 to

1000 times compared to pre-human levels, with freshwater ecosystems being

particularly affected, experiencing a 54% decline in the population of freshwater

vertebrates. Two thirds of the worlds largest rivers have lost their free-flowing

condition. At least 1.2 million barriers in 36 countries in Europe impact river

connectivity. To recover river connectivity, structural measures such as fishways

at barriers are applied, being Vertical Slot Fishways (VSFs) are the most popular

among them. However, averaged passage and attraction efficiency are around

45% and 63%, respectively. Thus, this manuscript presents extensive investi-

gation of VSFs, encompassing both hydraulic and biological evaluations. First,

a comparative numerical investigation was conducted to evaluate two distinct

VSF geometries, steep and mild sloped, hydraulic performance, employing open

- source toolboxes for three - dimensional simulations and two - dimensional

depth-averaged flow simulations, respectively. The three-dimensional simula-

tions yielded superior results, demonstrating more accurate representation of

flow dynamics. Two - dimensional simulations highly overestimated turbulent

kinetic energy and did not represent accurately flow topology. However, veloc-

ities were captured, and simulation times were significantly lower compared to

three-dimensional. Second, a Eulerian Lagrangian Agent-Based Model (ELAM)

aimed to simulate the upstream migration of bighead (Hypophthalmichthys no-

bilis) and silver (Hypophthalmichthys molitrix) carps through VSFs is presented.

The ELAM considered four behaviors: exploration, attraction, wall collision

avoidance, and escaping responses. It successfully reproduced the averaged

pathlines, and the inclusion of the escape response enhanced models accuracy

with little impact in the energy cost. Results suggest that uniformity and turbu-

lence play a significant role in the agents pathline selection. Finally, the ELAM

was modified to address spatial preferences and ascent times of Iberian Barbel

(Luciobarbus bocagei) by adding a resting behavior. Thus, the ELAM effectively

replicated fish spatial distribution and, to a certain extent, passage efficiency. In

conclusion, this study proves that a comprehensive model is capable of replicat-

ing both the hydraulics and fish movement in fishways, providing new insights

on cyprinids’ behavioral responses to turbulent flow.
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1
Introduction

Human development is responsible for the biodiversity loss acceleration in

around to 100 to 1000 times the prehistorical levels [1]. Hence, biodiversity loss

represents a big concern with the global agenda. Biodiversity targets have been

set in a vision of living in harmony with nature by 2050 by the Convention of

Biological Diversity [2] which gathers more than 196 countries worldwide to

find mitigation measures. Nonetheless, the lack of mechanisms on national and

local level implementation risks that the targets are not meet such as in 2020 [3].

Among all, freshwater ecosystems experience more biodiversity decline than

terrestrial ones. Over a 54% of population decline in fresh vertebrates has been

reported [4]. To address this issues, in the EU Biodiversity Strategy for 2030 the

European Commission presented an ambitious Nature Restoration Plan [5]. The

plan aims to restore fresh water ecosystems by removing or adjusting barriers

that impact fish migration. In this sense it is expected to recover free-flowing in

at least 25000 km of rivers by 2030.

Efforts to halt and reverse the biodiversity loss enhanced the development on

new recent advances in interdisciplinary biodiversity science. Ecohydraulics is

one of the emerging disciplines that gathers fluvial geomorphology and hydrol-

ogy scientists, engineers, biologists and ecologists to provide holistic solutions

for river connectivity restoration [6]. In the last decade, related research studies

have been mostly focused on habitat modelling, freshwater fish eco-biology and

hydraulic modelling [7]. To a lesser extent, hydrology, and freshwater vege-

tation eco-biology have been also addressed. In spite of the great acceptance

and growing of the field, true integration of all the disciplines involved has not

1



1.1. RESEARCH QUESTION AND OBJECTIVES

been reached yet [8]. Therefore, new initiatives on the promotion in professional

development and contextualization are needed.

In this current framework, the RIver flow regulation, fish BEhaviour and

Status (RIBES) aims to train 15 Early Stage Researchers (ESRs) in the field of

ecohydraulics to find innovative solutions to restore, preserve and protect fresh

water ecosystems and river continuity [9]. The project is funded by the European

Union Horizon 2020 Research and Innovation Programme under the Interna-

tional Training Netwrok (ITN) Marie Sklodowska-Curie Actions (MSCA), Grant

Agreement No. 860800. The research scope is divided in four Work Packages

(WP), "WP1: Fish stress and Behavior", "WP2: Fish hydrodynamics", "WP3:

Tools and Technologies" and "WP4: Fish Management Solutions". The study

presented in this thesis was developed within the WP2, specifically in the field

of "Fish Hydrodynamics at Hydraulic Structures". The research presented in

this work is focused in hydraulic and fish swimming modelling of fish passage,

mostly numerical. Notwithstanding, scale modelling is also addressed at the end

of this document. The study includes the evaluation of fish movement through

turbulent flows produced by fishways, different methodologies for modelling

and the evaluation new approaches in fish movement modelling. Results are ex-

pected to aid engineers, modellers and scientist to better understand and predict

fish passage in barriers bypasses designed to restore river connectivity.

1.1 Research Question and objectives

1.1.1 Research Question

Are numerical approaches both, hydrodynamic and fish-swimming models,

able to reproduced fish movement at hydraulic structures, specially fishways?

1.1.2 General Objectives

• To analyze the main hydrodynamic variables which drive fish behavior.

• To develop a fish swimming model which can reproduce fish trajectories
as a response of hydrodynamic variables.

• To compare different Eulerian approaches in fish passage modelling

• To provide a numerical model that effectively reproduces fish motion
through turbulent flow fields in hydraulic structures, particularly in fish-
ways.

2



CHAPTER 1. INTRODUCTION

• To effectively reproduce fish ascent times and passage efficiency for differ-
ent fish targeted species and fishways configurations.

• To develop an efficient tool that aids engineers and modelers to evaluate
both hydraulic and biologic performance of a Vertical Slot Fishway.

• To design a scaled model which aims to evaluate similarity principles to
better understand fish friendly hydraulic structures.

1.2 Thesis outline

1.2.1 Chapter 1: "Introduction"

In this chapter, the motivation and the nature of the study is presented. The

general problem on biodiversity and river connectivity loss is addressed. Next,

a brief description of the RIBES - MSCA Project is presented. The main research

question and the general objectives are listed. Moreover, a brief overview of the

structure of the thesis is presented. Finally, the relevant findings are summarized

and explained, focusing on the relevance on fish passage and restoration on fresh

water corps.

1.2.2 Chapter 2: "Hydrodynamics of fish at hydraulic struc-

tures: State of the Art"

This chapter presents a short summary of the state of the art of hydrody-

namics of fish at hydraulic structures. The literature review is mainly focused

in the state of the art of the ecohydraulics study field. The review addresses

river connectivity loss due to human development, fish passage at hydraulic

structures, fish hydrodynamics and fish modelling. In the last decades, under-

standing on fish dynamics and behavior has increased. Nonetheless, desired

fish passage efficiency still remains below the necessary threshold to restore river

connectivity. The most popular modelling approach to explicitly simulate fish

movement in a hydrodynamic environment is the Eulerian Lagrangian Agent

based Model (ELAM). The ELAM gathers three different working frameworks

to achieve multidisciplinary, Hydrodynamic simulations (Eulerian), fish parti-

cle tracking (Lagrangian) and cognitive response (Agent based Model). Finally,

despite the fact that in early 2010s the fish passage debate outcome included

3



1.2. THESIS OUTLINE

challenges and working frameworks, most of them have not yet been addressed.

Mostly turbulence intensity has been considering as the key variable which

drives fish behavior. As a conclusion, fish movement modelling has reached

great advances. However, some variables that might influence fish behavior

have been neglected overall. Addressing turbulence in fish passage modelling

is still a challenge and new hydrodynamic cues should be considered.

1.2.3 Chapter 3: "Comparative Study of 2D and 3D numerical

simulation in the hydraulic evaluation for Vertical Slot

Fishways"

Chapter 3 presents a comprehensive numerical investigation, conducted to

scrutinize the flow characteristics associated with two distinct Vertical Slot Fish-

way geometries, steep and mild sloped. This analysis harnessed the power of

Computational Fluid Dynamics, employing OpenFOAM and TELEMAC-2D for

three-dimensional simulations and two-dimensional depth-averaged flow sim-

ulations. Due to computational constraints, the 3D simulations were confined

to two specific cell sizes and excluded consideration of wall roughness effects.

Conversely, the 2D simulations encompassed an extensive range of cell sizes

and the exploration of four distinct friction coefficient values. It is noteworthy

that all simulations satisfactorily met the validation criteria. In particular, for

the steeper VSF configuration, the 3D simulations outperformed their 2D coun-

terparts in accurately portraying turbulent kinetic energy within the jet zones,

whereas the 2D simulations exhibited a tendency to overestimate it. Variations

in the roughness coefficients were observed to have negligible impacts on the

simulation outcomes. The enhancement of 2D grid resolutions resulted in im-

proved predictions of flow velocity for both VSF cases. However, this refinement

did improve turbulent kinetic energy, but rather deteriorated it. Importantly,

the 2D simulations displayed significantly reduced computational times while

faithfully capturing the hydraulic characteristics of both fishway structures.

4



CHAPTER 1. INTRODUCTION

1.2.4 Chapter 4: "Modelling upstream carp migration trough

Vertical Slot Fishways: An Eulerian-Lagrangian Agent

based Model approach"

In this chapter, an Eulerian Lagrangian Agent-Based Model (ELAM) de-

signed to simulate the upstream migration of bighead carps (Hypophthalmichthys

nobilis) and silver carps (Hypophthalmichthys molitrix) through Vertical Slot Fish-

ways (VSFs) is presented. The Eulerian framework was obtained by three -

dimensional simulations performed in two VSF configurations in different hy-

drodynamic conditions. The ELAM considers four distinct behaviors that influ-

ence the swimming paths preference of the carps. These behaviors encompass

a two - dimensional random walk when no external stimuli are detected, attrac-

tion to nearby flow regions following a Gaussian distribution function based

on turbulent kinetic energy, velocity magnitude, and velocity strain rate, wall

collision avoidance, and the tendency to escape high-velocity zones. Stochastic

elements are incorporated to address internal and external variables not con-

sidered by the ELAM but might contribute to the dispersion of the upstream

migration corridors. After the validation process, the ELAM demonstrates its

ability to faithfully replicate experimental pathlines, particularly when consid-

ering the escaping response to high-velocity zones. Results suggest that the

escaping response should be included in future ELAM developments and the

uniformity of the flow plays an important role in pathlines selection.

1.2.5 Chapter 5: "Assessing the use of 2D depth-averaged simu-

lations as Eulerian input for predicting Cyprinid passage

modeling in Vertical Slot Fishways"

Considering that very limited number of numerical studies have integrated

coupled hydrodynamics and fish swimming models simulations, Chapter 5 ex-

plores the impact of employing three-dimensional (3D RANS) and two dimen-

sional (2D SWE) Vertical Slot Fishway flow simulations as an input for Eulerian

Lagrangian Agent-based Models (ELAM). Hydrodynamic simulations, aimed to

estimate spatial distributions of turbulent kinetic energy (𝑘), velocity magnitude

(|𝑢𝑖 |), and velocity strain rate (𝑆𝑖 𝑗). While velocity magnitude values remained

consistent in both simulations, 2D SWE simulations overestimated turbulent

kinetic energy. Velocity strain rate displayed similar averaged values, with dif-

5
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ferences in the frequency of highest values between 3D RANS and 2D SWE

simulations. The influence of these variables on the agent’s cognitive response

was inconsistent, with 2D SWE showing ∼40%, ∼35%, and ∼25% influence for

𝑘, |𝑢𝑖 |, and 𝑆𝑖 𝑗 , while 3D RANS resulted in ∼80% of k, ∼10%-20% of |𝑢𝑖 |, and

∼0%-10% of 𝑆𝑖 𝑗 , depending on VSF geometry. All tested cases were success-

fully validated, demonstrating accurate predictions of experimental data with

obtained coefficients. In summary, the study indicates that 2D depth-averaged

simulations can serve as an Eulerian input for simulating fish movement in

VSFs. Nonetheless, the influence of hydrodynamic variables on agents decision

making might be biased from what real fish experience due to depth averaging.

1.2.6 Chapter 6: "Evaluation of Iberian Barbel’s exploratory

behavior in Vertical Slot Fishways: A Two-Dimensional

Eulerian-Lagrangian Agent-Based approach"

In this chapter, the ELAM was made available as an additional tool coupled

with TELEMAC-2D via the Application Programing Interface (API) TelAPy.

Unlike the previous developments, this new ELAM goes beyond the stochastic

representation of fish swimming upstream pathlines, and it incorporates a rest-

ing behavior. The model was calibrated using a simple Vertical Slot Fishway

(VSF) geometry for which the movement of several Iberian Barbel (Luciobar-

bus bocagei) individuals was monitored in a laboratory. Then it was validated

with the measurements on ascent times and passage efficiency for two other

operating VSFs built in the Iberian Peninsula. Remarkably, the model repli-

cated ascent times and spatial frequency of use in the fishway. The model’s

predictions yielded passage proportions ranging from 75% to 94%, while exper-

imental measurements fell from 71% to 79%. Furthermore, while experimental

measurements displayed ascent rates of 15.3 min/m, 5.2 min/m, and 5.5 min/m,

simulations returned values of 14.7 min/m, 6.5 min/m, and 8.3 min/m, respec-

tively. Thus, the final version of the ELAM effectively replicates not only the

spatial distribution of fish but also ascent times and, to a certain extent, passage

efficiency. The additional resting behavior also exhibited a substantial impact on

fish energy consumption, with significant variations observed between different

geometries. These findings underscore the potential of the ELAM developed in

this research as a valuable tool for engineers and modellers, aiding in the design,

optimization, and evaluation of various VSF configurations.
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1.2.7 Chapter 7: "Design of scaled physical model for evaluat-

ing fish behavior at hydraulic structures"

As part of this research and as an added value, a scaled physical model

was designed. This chapter describes the scale model design process and the

similarity conditions to address scale effects from a physical approach. The

proposal covers three distinct structures: an Archimedes screw, a water wheel,

and a fishway, all considered in light of their influence on fish behavior due

to varying hydrodynamic cues. Froude similarity principle is considered since

the main driver of the hydraulics is the gravitational force. A brief analysis is

carried out on how to scale fish. In this context, the Strouhal and Swimming

numbers emerge as more suitable proposals to scale fish movement within the

model. Notwithstanding, it is imperative to acknowledge that the practical

implementation of fish scaling goes beyond theoretical proposals, since, despite

of the possibility of using juveniles to fit the structures scales, internal variables

such as experience or swimming capacity cannot be scaled.

1.2.8 Chapter 8: "Conclusions and future research"

In this chapter all the main findings are summarized. General conclusions

are presented and recommendations of future research are proposed. As a main

conclusion, it is stated that coupled dynamic simulations, fish swimming with

hydrodynamic models, were able to reproduce cyprinides movement through

a Vertical Slot Fishway addressing not only spatial distribution, but also ascent

times. In addition, Chapter 8 presents the advantages of the ELAM devel-

oped over other existing proposals. The availability of necessary data is also

discussed. For instance, there is an extensive database on fish swimming indi-

cators, but a lack of information on preferred hydrodynamic quantities for each

fish species. Future research on fish hydrodynamics at hydraulics structures is

strongly suggested based on the information presented in this work. Finally,

the implications of fish passage and behavior is discussed. The findings of this

research and the tools developed will assist engineers and modellers to enhance

fish passage in fragmented rivers.
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1.3 Main results

The current research was developed under the MSCA - RIBES Project, which

aimed to train 15 Early - Stage Researchers to develop innovative solutions to

restore and protect freshwater ecosystems impacted by anthropogenic develop-

ment [9]. Thus this study is presented as a part of the project which addresses

hydrodynamics of fish at hydraulic structures, which took several stages. First,

the study is undertaken on the assessment of the current open-source technolo-

gies such as OpenFOAM or TELEMAC-2D for the evaluation of the hydraulics

of the fishways, specially Vertical Slot Fishway. Next, fish modelling was ad-

dressed using the proposal of Goodwin et al. [10], who developed an Eule-

rian Lagrangian Agent based Model (ELAM) to reproduced juvenile salmon

3D downstream migration through hydropower facilities in the Snake River

(Pacific Northwest, USA). However, the ELAM described in the present work is

focused on upstream migration of different targeted species through several Ver-

tical Slot Fishways (VSFs) configurations in different hydrodynamic conditions.

The ELAM was developed in Python 3.9 considering two different frameworks.

First, the ELAM processes VTK files returned by 3D simulations performed in

OpenFOAM to model separately the fish upstream pathlines. Then, the ELAM

was included in dynamic simulations to simulate in real time as an additional

TELEMAC-2D plugin. The model collects hydrodynamic data that is calculated

by the toolbox. As an added value to this work, the blueprints and design

sheet of the scaled model for future research are presented at the end of this

manuscript.

A total of seven VSF configurations were considered in this study. First

two configurations were taken from Bomba et al. [11] and Chorda et al. [12].

Simulations were performed in both 2D and 3D and validated with data already

published. Simulation outcomes both in 2D and 3D met the validation criteria

for velocities. Nevertheless, 2D results on turbulent kinetic energy were highly

overestimated when the VSF slope was 10 % in the jet region close to the slots.

Higher grid resolution did not improve the accuracy of the representation of

this variable. Next, tests performed by Tan et al. [13, 14] in two different VSF

configurations for three hydrodynamic conditions were simulated in 3D. The

configurations were relatively simple, and baffles were arranged both uniformly

and staggeringly. Hydrodynamic results served as input for the ELAM. Finally,

three additional configurations were simulated to test the ELAM in a different
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targeted species in different hydrodynamic conditions. First, the three scenarios

evaluated by Fuentes-Pérez et al. [15] were reproduced in the VSF, initially

studied by Romão et al. [16]. Scenarios were successfully reproduced, and

the results were used to calibrate the final version of the ELAM. Then, two

more complex geometries already built in the Iberian Peninsula, which were

monitored and studied by Sanz-Ronda et al. [17][18], were used to validate the

final version of the ELAM.

The Eulerian Lagrangian Agent based Model was developed in two stages.

The first version of the ELAM was based on the proposal of Gao et al. [19] and

Tan et al. [14], for the sensory sphere and upstream movement, respectively.

In this stage, four behaviors and stimuli were coded to reproduce carps up-

stream migration pathlines [13, 14]. To start, a correlated random walk was

implemented when the agent did not find any strong stimuli to move. Second,

attraction to the most suitable path was implemented following the proposal of

Tan et al. [14] and adding some uncertainty to the choice. Third, wall avoidance

behavior was implemented, combining the attraction to the most suitable zone

and attraction to the jet area. Validation displayed good agreement with the

mean path line in all the cases. However, dispersion of the upstream swimming

corridor was not reproduced by the simulation. Therefore, an escape response

behavior was added. The behavior aimed to reproduce the fish stress when

escaping uncomfortable hydrodynamic zones. The behavior reduces the sen-

sory radius, increases the uncertainty in the path choice and the fish swimming

speed is increases. By implemented this behavior, not only the correlation be-

tween simulated and measured pathlines increased, but also dispersion was

captured. In the second stage, the ELAM was tested for a different fish targeted

species and more complex VSF geometries. An exploring behavior with resting

purposes was implemented to reproduce experimental measurements taken by

Fuentes-Pérez et al. [15], Sanz-Ronda et al. [18], and Sanz-Ronda et al. [17]. The

model reproduced the spatial preferences of fish in a pool and the ascent times

of each VSF configuration.

1.4 Relevant findings

In the present research a multidisciplinary study was performed to de-

velop innovative solutions for fish passage and protection. Coupled hydro-

dynamic and fish swimming models simulations were performed to evaluate
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and reproduce fish passage through vertical slot fishways. Among the least

relevant findings, hydrodynamic results suggest that three-dimensional ap-

proaches reproduced trustfully turbulent quantities measured in laboratory,

while two-dimensional ones overestimate them, particularly for steeper slopes.

On the other hand, two-dimensional velocities are better represented in two-

dimensional simulations. Refinement did improve the representations of the

velocities on 3D approaches but diminished accuracy on turbulent kinetic en-

ergy in 2D. These findings confirm previous statement that flow throughout VSF

tend to be 2D in mild slopes [20, 11, 13]. In addition, previous statements re-

garding overestimation of turbulent variables and the little influence of fishway

wall roughness in two-dimensional approaches were also confirmed.

In this study different cyprinids targeted species behavior, including carps

and barbels, were evaluated. Regarding hydrodynamics linked to fish move-

ment, turbulent kinetic energy is confirmed as the key variable in swimming

pathlines selection and spatial preferences [15, 21, 22]. Flow variation is strictly

linked to the baffles’ arrangements in VSF. Velocity gradients seemed to override

the velocity magnitude influence when the flow patterns are uniform over the

fishway. Conversely, velocity magnitude is more influential when the fishway

does not provide hydraulic uniformity. This finding might provide new insights

for VSF designing and simulation. In addition, when modelling fish upstream

migration corridor through fishways it is imperative to consider an escaping

response to rapid-turbulent flows. The inclusion of such response increased

significantly the accuracy of the model developed in this research, both in mean

upstream migration corridor and dispersion of the spatial use. Finally, in more

complex geometries fish do not take a straight path from the entrance to exit

of the VSF. Therefore, including a fatigue model and resting behavior is imper-

ative. Resting behavior based on a Possion distribution function, and linking

hydrodynamic and qualitative variables, was able to capture not only fish spatial

preferences but also ascent times measured in laboratory and onsite.

Beyond the insights on the evaluation of the hydraulics of VSF and fish

behavior, the main outcome of this research is the development of the ELAM

able to reproduce different fish spatial distributions and ascent times in different

VSF configurations. The model was able to process both three-dimensional

and two-dimensional hydrodynamic data. Among the most relevant findings,

it was demonstrated that Python based model can be coupled open-source

hydrodynamic models such as TELEMAC-2D, using Application Programming
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Interface (API) to provide efficient coupled hydrodynamic - fish swimming

models simulations of fish movement through VSF. The model is expected to

aid engineers, ecologists, researchers and modelers to better evaluate Vertical

Slot Fishway performance.
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2
Hydrodynamics of fish at hydraulic

structures: State of the Art

The capacity of rivers to transport sediments, organisms, nutrients, organic

matter and energy is governed by their pathway connectivity. Streamflow in

rivers can be highly affected by anthropogenic activity. It is estimated that 2.8

million dams are built over 500,000 km of rivers and canals worldwide [23].

Around half of the river reaches show a diminished connectivity and only 37%

are still untouched [24]. At least 1.2 million barriers in 36 countries in Europe

impact river connectivity [25]. Central Europe barrier density is the highest,

while the Balkans and Baltic region is the lowest. More than 187000 barriers

have been surveyed in the Iberian Peninsula [25].

Many fish species depend on appropriate low-energy corridors created by

complex hydro-morphology conditions to complete migratory processes [26].

Hermoso and Filipe [27] suggest that some species are irreversibly impacted by

placing a single barrier over a river reach. Fishways, usually built next to large

barriers, represent a mitigation measure to maintain river connectivity rather

than a solution [28]. Therefore, guaranteeing their best functioning is essential

in the recovering of river connectivity. Back in the days, Kemp [29] mentioned

some consensus in the fish passage debate.

• Fish passage is biased towards salmonids.

• Structural design correlates with passage efficiency.

• Different conditions are created in different fishway types.
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• Designs that work in a fish targeted species often dont work for other
species.

• There is a lack of information to link fishway types to targeted species.

• There is a concern about the lack of standardization to quantify passage.

Up to date very little of this consensus have been addressed and overcome.

Structural design is still linked to the fish swimming capacity and turbulence

dissipation [30], rather than passage efficiency. Hershey [31] confirmed the lack

of standardization to quantify passage in his meta analysis. In this chapter, a

short review of fish hydrodynamics at hydraulic structures is undertaken, from

fish passage and modelling to fish hydrodynamics. At the end of the review the

challenges and future perspectives are presented.

2.1 Fish at hydraulic structures

Hydropower facilities offer three ways for fish passage: powerhouse turbines,

spillways and fish passing design infrastructure. First, spillways at hydropower

plants usually work when the discharge of the river is much larger than the

mean discharge and it is characterized by extremely high velocity gradients. Fish

usually avoid high velocity gradients [32, 22], and despite the injuries, survival

rate has been observed over 98% [33]. Second, powerhouse turbines might rotate

at high frequencies or be under high pressure heads, depending on generation

capacity and type of turbine. Consequently, it has been proven that fish passing

through turbines can cause severe injuries which lead to immediate and delayed

(96 hours after passing) mortality from 36% to 70% [34, 35]. Finally, fish passing

structures aim to promote a healthy aquatic ecosystem and recover connectivity

[28]. Nevertheless, there are few criteria for fish passage performance and many

gaps need to be filled in this matter.

Despite the big efforts in fish ways design to reduce fish mortality and injury

rate in hydropower facilities, guidance and passage engineering research still

has many gaps to fill [36, 28]. Turbine intakes are still a fish passage path in

many hydropower structures. Extreme and sudden changes in the barometric

pressure or rapid decompression can lead to severe fish injures and mortality [37,

35]. Therefore, methodologies of designing turbines from biological perspective

have been developed [38]. Studies on biological performance of the hydropower

facilities coupled with CFD modelling provided new insights in the fish passage
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field and turbine design [39, 40]. Numerical and physical experiments are

essential in the research of fish at hydraulic structures [28]. However, it is

important to develop a clear framework to achieve significant results on the

understanding of fish behavior [41].

It has been proved that fish react to local changes in flow field variables

such as turbulence and spatial velocity gradient [42, 41, 43, 32]. Even though

fish responds to a particular type of stimulus such as odor, light, prey-predator

dynamics, among others. It is demonstrated that hydrodynamics overrides

other stimuli at hydraulic structures [44]. Therefore, some assumptions need

to be made when evaluating interactions between fish and hydraulic structures

[45, 41, 28]:

• Fish swimming is only influenced by gravity and acceleration of the flow
field.

• Rivers, hydraulic structures, and machinery display predictable flow pat-
terns.

• Fish evaluate the surroundings in a relative perspective and their be-
haviour can change within the variation of the conditions.

• Only hydrodynamic variables drive fish behavior, dynamics, and locomo-
tion.

Passage efficiency is one of the most crucial aspects of fish passage research

[28]. In order to achieve a restoration of the migration paths in fragmented rivers,

Castro-Santos and Haro [46] suggested to study passage at catchment scale and

individual scale. Nonetheless, very limited studies address this framework [36].

There are two well-known deficiencies in the research of fish passing structures

[46]. First, most of the research is conducted in very controlled conditions, where

researchers try to minimize turbulence and air entrainment, contrary to real state

of the flow in the structures. Second, undertaken experiments primarily focuses

on the hydraulic functioning of the studied structure, subsiding the importance

of the biology of fish for upstream and downstream migration.

Fishways must provide the conditions in which fish are able to cross all

the trajectories towards the other side of the barrier [47]. Vertical Slot Fishways

(VSFs) are the most popular type of fish passing structure worldwide [48] (Figure

2.1). Hershey [31] updated both passage and attraction efficiency for different

types of fishways. VSF type, specifically, displayed an efficiency of 0.45 and 0.63

for attraction and passage, respectively. Despite the lower efficiency reported

respect to previous studies, VSF type reports higher efficiency than nature like
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fishways 0.36 and 0.56, contrasting with the previous metanalysis performed

by Bunt, Castro Santos, and Haro [49]. In a more local study Bravo-Córdoba

et al. [50] conducted a systematic review on VSFs built in the Iberian Peninsula

assessing the fish passage of the Iberian Barbel (Luciusbarbus boacagei), Nase (P.

Polylepis) and Brown Trout (Salmo trutta). They observed that VSF displayed a

median efficiency of 0.71 ranging from 0.68 to 0.96. Still, the desired efficiency,

higher than 0.90 [51], to recover river connectivity and fish migration normal

fluxes is barely achieved.

Figure 2.1: Three dimensional flow characteristics of a Vertical Slot Fishway
(Simulation performed in OpenFOAM [52])

The efficiency of the fishways is strongly linked to fish swimming capacities

[53, 43] linked to the flow conditions provided by the structures. How fish

perceived the surrounding environment also influences behavior whether for

attraction of rejection of suitable paths or resting areas within the hydraulic

structures [54, 55, 15]. In this sense fish locomotion becomes a key variable to

enhance passage.

2.2 Fish Locomotion: Fish-Fluid interaction

Research on fish locomotion has highly increased in recent years [56]. To

understand fish swimming mechanics, it is important to understand the forces

exerted by the fluid on the fish body and how this affects fish motion, i. e.

fish kinematics and hydrodynamics. In fish survival behavior, such as prey-

predator interaction or migratory patterns, flow sensing is essential. In fact, it is

demonstrated that fish kinematics is directly related to the hydrodynamic cues

in the fish surrounding [57]. Fish sensorial system involves two sub systems,
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the ear and the lateral line [58]. The lateral line responds to the net fish-fluid

interaction, such as weak water motions and pressure gradients. Tuhtan et

al. [59] developed a fish shaped lateral line probe which tracks the Reynolds-

averaged pressure fluctuations, for fish in a VSF. Their results provided insights

in the understanding of the hydrodynamic cues that influence fish kinematics.

Nevertheless, fish seem to react to other variables such as Turbulence Intensity

(TI) or vorticity [19, 41, 43, 55, 21]. As stated, fish locomotion analysis involves

two main fields, fish kinematics and fish hydrodynamics. Fish locomotion

exhibits a variety of different locomotor behaviors [56] such as rapid linear

accelerations, escape response, and locomotion in turbulent flow fields [60, 43].

Fish swimming performance indicators are magnitudes of swimming speed

that characterize the fish swimming capacity. First critical swimming speed is

the maximum sustained swimming speed (aerobic swimming capability) that

the fish can sustain over 200 min without fatigue [61]. This is the variable is

usually considered for fishway design. Nonetheless this variable is conservative

and tends to underestimate the fish real swimming capacity [46]. In this sense,

burst swimming speed, i.e., the highest speed (anaerobic swimming capability)

that the fish can reach for escaping maneuvers shorter than 15 sec [61], is sug-

gested as a flow velocity limit in fishway designs. Katopodis and Gervais [62]

provide an extensive database on fish swimming performance indicators that

can be used as a reference for fish swimming capacity. Fish swimming capacity

is also dependent on fish kinematics and hydrodynamics.

2.2.1 Fish kinematics

The kinematics of fish have been analyzed during decades and many models

have been developed [63, 64, 65, 57, 66]. The kinematics are divided in two,

Body Caudal Fin BCF and Median Pectoral Fin MPF motions. In this review

the BCF movement is presented. This type of kinematics are different for many

fish types such as Anguilliform, Subcarangiform, Carangiform, Thunniform and

Ostraciiform, for which it has been observed more undulatory in Anguilliform

and more oscillatory in Ostraciiform [67]. Based on the work of Borazjani and

Sotiropoulos [63, 64], the mechanics of movement of two shapes of fish type

carangiform and anguilliform. The kinematics for carangiform swimmers is

generally in the form of a backward traveling wave with the largest amplitude

in at the fish tail (Gray, 1933; Videler and Hess, 1984), while for the anguilliform

17



2.2. FISH LOCOMOTION: FISH-FLUID INTERACTION

swimmers the wave amplitude increases almost linearly from the head to the

tail of the fish [68]. Borazjani and Sotiropoulos [63, 64] used the mathematical

model developed by Videler and Hess [69] for both fish shaped types, who

described fish lateral movement with a Fourier Series. They evaluated the first

three coefficients of the series. However, only the first one was significant in

order to represent fish movement. In this sense, the equation which represented

the carangiform swimmers is presented as a sinusoidal function:

ℎ(𝑧) = 𝑎(𝑧) sin (𝜅 𝑧 − 𝜔 𝑡) (2.1)

where 𝑧 is the axial direction in the fish axis, ℎ(𝑧, 𝑡) is the lateral outing at the

time 𝑡, 𝑎(𝑧) is the amplitude envelope of the lateral motion, 𝜅 is the wavenumber

of the body undulation, and 𝜔 is the angular frequency. The amplitude, 𝑎(𝑧), is

defined as the first Fourier coefficient of the model of Videler and Hess [69] for

carangiform and as an exponential relationship for anguilliform [70]:

𝑎(𝑧)𝑐𝑎𝑟 = 𝑎0 + 𝑎1 𝑧 + 𝑎2 𝑧
2 (2.2a)

𝑎(𝑧)𝑎𝑛𝑔 = 𝑎𝑚𝑎𝑥 exp (𝑧 − 1) (2.2b)

where 𝑎0, 𝑎1, and 𝑎2 are determined experimentally [66] for the carangiform,

while 𝑎𝑚𝑎𝑥 is 0.642 [71]. The non-dimensional wavelength (𝜆/𝐿) is roughly 1.0

for carangiform [69] and 0.642 for anguilliform [71]. Figure 2.2 shows the virtual

fish dynamics and amplitude variation as a function of its dimensionless length.

Once defined the mathematical model of fish-like swimmers, Borazjani and

Sotiropoulos [63, 64] consider four non-dimensional similarity parameters to

describe the system simulated, the Reynolds number, 𝑅𝑒, the Strouhal number,

𝑆𝑡, the non-dimensional wavelength, 𝜆/𝐿, and the non-dimensional amplitude

envelope, 𝑎(𝑧/𝐿)/𝐿.

2.2.2 Fish hydrodynamics

Animal locomotion has been described by two fundamental principles [72].

First, moving forces are generated by transferring momentum from the body to

the surrounding environment through oscillating patterns. Second, locomotion

speed is related to the frequency of this periodic motion. Precisely, in fish

locomotion forces such as drag and thrust have been strongly analyzed to better
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(a) (b)

(c) (d)

Figure 2.2: Amplitude envelope for the virtual a) anguilliform [70] and b)
carangiform [63, 64]. Midlines of the virtual c) anguilliform and d) carangi-
form [69]

understand swimming efficiency [63, 64, 66, 73]. Results from Particle Image

Velocimetry (PIV) suggest that fish can reach maximum acceleration rate of 20

𝐵𝐿/𝑠2, by transferring more axial momentum to the vortex generation [74].

Hydrodynamic forces analyses play an important role in Fish-Fluid interac-

tion studies. Lift, trust and drag forces should be in equilibrium before propul-

sion is generated [75, 76]. Forces are generated by the vortexes generated by the

tailbeat [57]. I fact, it has been proofed that tailbeat amplitude is strongly related

to thrust production and propulsive efficiency [74]. Therefore, it is essential to
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study in detail hydrodynamic forces interaction in this process. Motion produc-

tion involves momentum transfers from fish to the surrounding environment

and vice versa [67], via drag lit and acceleration forces. The forces exerted on

the fish are weight, buoyancy and hydrodynamic lift in vertical direction, while

thrust and resistance on the horizontal direction. Forces and momentum exerted

on fish are shown in the Figure 2.3.

Figure 2.3: Scheme of the forces acting on a swimming fish such as thrust lift,
weight (gravitational forces) and resistance (pressure drag). In addition, the
figure presents a scheme of the pitch, yaw, and momentum related to hydrody-
namic stability and direction of movement. (Adapted from Sfakiotakis, Lane,
and Davies [67])

The field of fish hydrodynamics has completely revolutionized in the last

decade due to the introduction of Particle Image Velocimetry (PIV) [56], Com-

putational Fluid Dynamics (CFD) development and high-speed video cameras.

Macias et al. [66] have developed a CFD study of fish swimming flow under

undisturbed conditions considering the tuna fish (Thunnus atlanticus) and lam-

bari (Astyanax bimaculatus), which was able to capture the complex mechanisms

in fish swimming. They used two dimensionless numbers, 𝑅𝑒 and 𝑆𝑡, to analyze

the characteristics of the wake-flow. By changing the frequency in the fish mo-
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tion equation and the dynamic viscosity of the fluid, they managed to change the

St and Re numbers independently. Finally, they normalized the hydrodynamic

force acting in the fish and observed the Von Kármán vortex in the wake flow.

They found that when the lower are the Reynolds numbers, 𝑅𝑒, the larger the

Strouhal number, 𝑆𝑡, becomes. Additionally, they found a direct relationship

in the force coefficient and the vortex wake structures. In the same line, Zobott

et al. [73] performed a scale modelling of the Pacific Lamprey (Entosphenus tri-

dentatus) in different conditions of submergence and discharge to find the dead

drag force. They found out that the drag force is the highest for both partial and

equal submergence. As a recommendation they suggest considering a minimum

water depth of 5 mm in the design of fish passing structures.

In conclusion, fish locomotion, kinematics and hydrodynamics are strongly

related. In addition, fish-fluid interaction plays an important role in the un-

derstanding of fish dynamics and behavior. New technologies have been im-

plemented in fish swimming modelling to evaluate energy expenditures and to

efficiently study a propulsive force based on passive thrust generated by turbu-

lent flow fields [75, 77]. Thereby, a multidisciplinary framework has been also,

which links turbulent flow with behavioral responses.

2.3 Turbulent flow and fish behavior

There is not yet an agreement on the proper definition of turbulent flow,

both physical and theoretical. Biswas and Eswaran [78] defined it as the chaotic

three-dimensional motion of the fluid particles. Turbulent flow is unpredictable,

diffusive, and dissipative. Its occurrence follows some criteria. First, turbulence

is described by the Navier-Stokes Equations (NSE) and the general transport

equation. Second, the beginning of turbulence is marked by singularities. Fi-

nally, every hydrodynamic system dependent on initial conditions is susceptible

of turbulence occurrence. In the field of ecohydraulics, understanding of the

structural distribution of turbulent flows and its effect on fishlike bodies is essen-

tial to predict fish habitat and behaviour [79]. However, the mechanical basis of

its nature is barely known [60, 79]. Fish behavior in turbulent flow patterns has

been subjected to observation of fish in their natural condition (rivers, streams,

canals) or a controlled experiments in laboratory [43].

Many studies have been carried out to understand the costs of swimming

abilities linking fish characteristics with turbulent metrics [80, 19, 81, 55, 22,
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54]. Fish habitat preference is significantly influenced by velocity gradients, and

turbulent quantities [15, 55]. Some fish can take advantage of the turbulent

energy for emigration processes [80, 43, 60] while others get disturbed by the

high turbulent flows [19, 22, 54]. Therefore, altered turbulent flows can be both

detrimental and beneficial for fish.

Liao et al. [60] observed that trout can alter swimming patterns to synchro-

nize with the wake produced by a bluffy object in a cylinder, implying that trout

can use the wake for energy benefits. In the same line, Beal et al. [82] demon-

strated that rainbow trout are capable to recover enough energy form the wake

shed by the cylinder and use it as a propeller. Also, while fish are schooling,

they swim through complex flow fields which include turbulent wakes gener-

ated by leading fish. Verma, Novati, and Koumoutsakos [77] observed that fish

swimming in line requires more energy expenditure than those Kármán gait-

ing. Thereby, fish choose low momentum paths in wakes produced by objects to

synchronize swimming trajectory by Kármán gaiting between von Kármán-type

alternating vortex shedding [43, 60, 81, 55, 83, 54].

On the other hand, generalized turbulence has negative impacts on ener-

getic demands, fish stability and fish mortality [33, 42, 81, 35]. High turbulent

flow fields create swimming instabilities, increase energy expenditure, create

swimming instabilities, and decrease swimming performance [80, 54]. Besides,

observation in the increment of mortality rate in fish which pass high turbulent

flows such as turbines power houses (Mueller et al., 2020), it has observed that

Turbulence reduces critical swimming speed and increases energy consumption

when turbulence reaches critical numbers [80, 54].

2.3.1 The IPOS framework

Lacey et al. [41] developed the IPOS framework to link fish swimming perfor-

mance in altered flows from laboratory to rivers. The framework is based on four

turbulence characteristics: Intensity, Periodicity, Orientation, and Scale (IPOS).

It is recommended to follow this framework when designing lab experiments

for fish - turbulent flow interaction. The metrics are defined as follow:

• Intensity: Turbulence intensity, turbulent kinetic energy, Reynolds Shear
Stress and vorticity magnitude

• Periodicity: Predictability, energy spectra.

• Orientation: Axis of eddy rotation, vorticity direction.
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• Scale: Eddy length scale, eddy diameter, Reynolds number

Regardless of the normalization of turbulence, it is a common practice to

compare values between studies under different boundary conditions. Consid-

ering the magnitude of turbulence is important to assess the behavioral response

in fish-flow interactions and to ensure the replicability and reproducibility of

the experiments.

Intensity

Turbulence is defined as a chaotic phenomenon. Nevertheless, it can be ana-

lyzed from a statistical point of view, resulting in the Reynolds Averaged Navier

Stokes Equations (RANS), in which, the fluctuation of hydrodynamic variables,

such as instantaneous velocity, are described by an averaged component and a

fluctuating component:

𝑢𝑖 = 𝑢 𝑖 + 𝑢′𝑖 (2.3)

where 𝑖 = 1, 2, 3, and 𝑢𝑖 is the velocity component. The fluctuating term

can also be averaged in time, 𝑢′𝑖 . Some authors [21, 15, 54] have consider

the Reynolds Shear Stress, 𝜏𝑖 𝑗 , as indicator of turbulence intensity. However,

the most popular variables rely on Turbulent Kinetic Energy, 𝑘, or Turbulence

Intensity, 𝑇𝐼, parameter [55, 22, 13, 84, 54].

𝑘 =
1

2

𝑛=3
∑

𝑖=𝑛

𝑢′
2
𝑖 (2.4a)

𝑇𝐼 =
𝑘

|𝑢𝑖 |
(2.4b)

Many studies have been carried out considering intensity of the turbulent

flow as the main driver of fish behavior. Silva et al. [22] showed that Salmon

molts (Salmon Salar) trajectories were more sensitive to turbulent kinetic energy

rather than flow direction. These results agree with those exposed by Gao et al.

[19], who reproduced the fish trajectories in a VSF. They observed that fish avoid

zones whose turbulence intensity indicators were high. Fish usually swim at

speeds lower than their sustained swimming speed when swimming aligned

to the streamlines and higher speeds when they move away from the flow [22].

Piper et al. [32], observed that European Eel (Anguilla Anguilla) align their
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trajectories with the streamlines at low velocity gradients. When the velocity

gradients and turbulence increased Eels usually escaped. In the same line, Bie,

Peirson, and Kemp [85] observed a rejection behavior to high accelerated flows

in juvenile Chubs (Squalius cephalus). Despite the fact that they did not quantify

turbulence intensity in any of these studies, results suggest that, at relatively

high turbulent flows, turbulence intensity is a stronger driver of fish behavior

than flow direction.

To summarize, it is important to take into account turbulent intensity as a

hydrodynamic cue in fish behavior studies. In addition, regardless of the nor-

malization of turbulence, it is a common practice to compare values between

studies under different boundary conditions. Considering the magnitude of tur-

bulence is important to assess the behavioral response in fish-flow interactions.

Turbulent scales area likely to vary in relation to fish scales from one study to

another [41]. It must be acknowledge that one indicator can be more sensitive

than other. For instance, Silva et al. [21] and Szabo-Meszaros et al. [86] observed

that Reynolds shear stresses, 𝜏𝑖 𝑗 , was one of the main turbulent parameters to

affect fish swimming performance and behavior compared with 𝑘 or 𝑇𝐼. In

addition, Fuentes-Pérez et al. [15] observed that turbulence kinetic energy along

with Reynolds shear stresses were significant in the Iberian Barbel (Luciobarbus

bocagei) spatial preferences

Periodicity

While some authors have reported that fish can benefit from the turbulence

wakes and reduce energy expenditure [75, 43, 77], others have found that fish

avoid high turbulence flow fields or get disturbed by high turbulence intensity

[80, 54]. Liao et al. [60] observed that trout can alter swimming patterns to

synchronize with the wake produced by a bluffy object in a cylinder in what

is called the Kármán street, implying that trout can use the wake for energy

benefits (Figure 2.4). In addition, Beal et al. [82] demonstrated that rainbow trout

is capable of recovering enough energy form the wake shed by the cylinder and

use it as a propeller. Lacey et al. [41] suggested that, regardless the turbulence

intensity, the periodicity of the turbulent flows associated to sinusoidal signal

might be the driver of fish upstream migration.

Despite the extensive studie on turbulence, turbulent flows are chaotic and

unpredictable [78]. Periodic eddies shed have been observed at low Reynolds
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Figure 2.4: Schematic figure of fish behavior observed by Liao et al. [60] in
periodic and non-periodic vortex shedding. (Adapted from Lacey et al. [41])

numbers (𝑅𝑒 < 5000) [87], and the presence of instabilities in the Kármán street

at onset of turbulence (𝑅𝑒 > 1500) [88]. Liao [43] strongly suggested experiments

of fluids through bluffy objects, like cylinders, to better observe the behavior of

fish in a controlled turbulent flow.

Periodicity in a turbulent flow can be studied using spectral analysis, like

Fourier transform or wavelets transform [41]. Trinci et al. [89] assessed pseudo

periodicity in rivers, since riverine turbulent coherent structures are not well

defined. Periodic vortex shedding frequencies can by assessed by the Strouhal

number, 𝑆𝑡 = 𝑓 𝐷/|𝑢𝑖 |, where 𝑓 is the frequency of vortex shedding. Many

studies have shown that while the Reynolds Number increases, periodicity of

eddie shedding decreases [41, 66, 83].

Orientation

As periodicity, relative orientation of the eddies impacts on fish stability and

can affect fish swimming stability [41]. Many studies have been undertaken

using control eddie shedding with a fixed rotation axes [43, 81, 55, 54]. Fixed

rotation axes are hardly found in rivers and streams. Nevertheless, it is possible

to analyze orientation at low Reynolds numbers in nature [89]. Vorticity can be
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computed as 𝜔 = ∇× 𝑢®, resulting in a vorticity vector [55], which is an indicator

of eddy orientation.

Tritico and Cotel [54] observed creek chub (Semotilus atromaculatus) behavior

through eddy shedding generated by horizontal and vertical cylinders. They

defined the events of losses in postural control of fish swimming as spills. This

concept has been taken in many studies of fish behavior [81, 55, 89]. Spills take

place when the fish head rotates more than 45◦ and the fish body is displaced

downstream more than 50% of its length. Spills usually increases when the

Turbulence Intensity is higher [81, 55]. In other words, not only orientation but

also vorticity magnitude impacts on fish stability .

In conclusion, fish can take advantage of the passive thrust generated by

vertical eddies, by Kármán gaiting [80, 60, 54]. However, this behavior has

been observed at low Reynolds numbers. It is important to note that the major

predictor of the Kármán gaiting is the relationship 1:2 between fish length and

cylinder diameter [41]. Second, despite orientation, fish tend to avoid turbulent

wakes at high vorticity values [55]. Third, spanwise eddies disturb fish in

higher magnitude than the vertical ones. In addition, streamwise eddies, which

generally occur in turbine discharge or pumping systems, demand more energy

consumption than the vertical or horizontal eddies [81]. Finally, Kármán gaiting

have only been observed in wakes whose axis rotation is the vertical one.

Scale

Turbulent flow is composed of coherent structures, which go from the macro

scale to the Kolmogorov microscale. Therefore, turbulent flow remains in the

range of continuum mechanics since microscale is much larger than the molec-

ular scale. Fish experiment many coherent structures (eddies) and wedges in

rivers all the time. Wedge momentum has been proved that affects fish swim-

ming stability and speed [41, 60, 54, 81, 55]. In turbulent flow, the most com-

monly calculated scale is the eddy length scale or the integral length scale (𝐿𝑢).

The integral length scale is the large eddie size which concentrates most of the

turbulent kinetic energy. In the same line the most reported metric for eddies

in fish behavior experiments is the eddie diameter [41, 43, 54], which is general

compared to the fish length (𝐿 𝑓 ). Lacey et al., (2012) proposed a scale relation-

ship between the wedge momentum, 𝜌𝐿𝑢𝑢𝑒 , and fish momentum, 𝜌𝐿 𝑓 𝑢 𝑓 . Where

𝑢𝑒 is convection velocity and 𝑢 𝑓 is the fish swimming velocity.
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When the eddies diameter increases relative to the fish length, fish have been

observed to deploy their pectoral fins to achieve stability [54]. Moreover, energy

expenditure increases when fish experience relatively large eddies related to

their size [80]. While the size of the eddies increases to the fish length, fish

usually get overwhelmed [42]. Cotel and Webb [42] suggested that fish swim

stable in 0 < 𝐿𝑢𝐿 𝑓 < 0.69, while Muhawenimana et al. [55] observed a similar

behavior in the Nile Tilapia (Oreochromis niloticus) in the range of 0 < 𝐿𝑢𝐿 𝑓 <

0.55. This scale can vary depending on fish species and the conditions of the

experiment. Therefore, despite scale parameters having been widely used in the

fish behavior experiments, there is still a large gap to fill in this field of study.

2.4 Fish passage modelling

Considering that fish behavior as a response of turbulent flow falls in the

interdisciplinary field of ecohydraulics. Physical models, advanced hydromet-

ric systems, along with computational fluid dynamics (CFD) are necessary to

expand the understanding of fish behavior linked to turbulence metrics. Eco-

hydraulics scope is inherently linked to river free-flowing concepts. Nowadays,

it has been stated that fish passage studies are strictly attached to the study

of biological variables, particularly fish swimming performance indicators, and

hydrodynamic cues, especially turbulence metrics. Ecological studies, such as

habitat modelling, individual based models, or survivor models are reliant on

precise hydraulic data, emphasizing the essential nature of hydraulic variables.

Indeed, engineers cannot design a proper fishway without either of them, biolog-

ical or hydraulic data [28]. Therefore, the development of modeling techniques

emerges as a pragmatic solution to address the multidisciplinary requirements

of fish passage, filling the gap between engineering, biology, and hydraulics.

2.4.1 Physical - scale modelling

Up today, it is still a challenge to conduct coupled experimental studies,

which encompass both biological and hydraulic aspects fish passage in the

appropriate time-space resolution. Several experimental studies have been con-

ducted with a coupled framework. Silva et al. [21] evaluated the responses of the

Iberian barbel to a turbulent quantities in an experimental model for pool type

fishway. Fuentes-Pérez et al. [15] explored the Iberian Barbel spatial preferences
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on a Vertical slot fishway in an experimental model. Tan et al. [13] observed

the effects of turbulent variables on the bighead carp using a scaled 1:2.5 model

of a Vertical Slot Fishway. In these studies, hydrodynamic measurements were

primarily conducted using Acoustic Doppler Velocimeters (ADV). However, de-

spite the advantages of spatial resolution offered by ADV measurements, they

are constrained in providing temporal resolution, as they offer only averaged

values. Ruonan et al. [90] identified a point within spatial resolution in which

ADV measurements did not produce accurate turbulent quantities. Katopodis

and Kemp [91] suggest using time resolved PIV methods to achieve simulta-

neous measurements on fish responses and hydrodynamic data. Nonetheless,

implementing it may entail economic constraints, as it requires high-repetition

rate lasers and high-speed-resolution cameras.

Numerous studies employ scale models for experimental investigations in

ecohydraulics [92, 93, 94, 13, 95]. To overcome the scaling problems, similar-

ity principles are needed, with Froude similarity being the most prevalent in

hydraulic models. It has been proven that hydraulic scale effects in fishway

model can be neglected [93]. Nevertheless, scaling fish can still be a challenge.

While fish body length can be scaled down by replacing adults with juveniles

[92, 13], behavioral responses due to experience and swimming capacity cannot

be scaled Various solutions have been proposed in response to this challenge.

Li et al. [92] suggest applying Froude similarity principle on the fish swimming

speed to scale fish. This solution is rather controversial since it does not include

any other biological parameter. Gazzola, Argentina, and Mahadevan [96] has

proposed the swimming number which addresses the tail beat frequency of the

fish and the viscosity forces around it. Nonetheless it does not yet address the

behavioral responses. Briefly, it is still a challenge scaling fish for a experimental

passage models, and this represents a big gap.

2.4.2 Numerical CFD modelling

Silva et al. [28] suggest computational fluid dynamics along with monitoring

techniques and 3D tracking are needed as an aid to understand fish responses

to turbulent flow. CFD has become as a alongside tool for ecohydraulics as-

sessments [97]. Hydrodynamic models can be defined as spatially explicit flow

models whether 1D, 2D or 3D that provide quantitative spatial-temporal pre-

dictions of flow in natural streams, or hydraulic structures. Relevant input on
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hydrodynamics is produced by numerical modelling. However, to address the

challenges posed by ecohydraulics a multidisciplinary approach is imperative.

Therefore, ecological - biological modelling should be also included in the nu-

merical approaches [98], whether with habitat suitability models or with fish

populations dynamics.

Three-dimensional simulations have been largely applied on ecohydraulic

studies, with a notable emphasis on fishways. Fuentes-Pérez et al. [99] examined

the application of turbulence models in the context of VSFs. Similarly Quaresma

and Pinheiro [93] undertook a similar study on pool type fishway studied ex-

perimentally. Fuentes-Pérez et al. [99] concluded that, both Reynolds Averaged

Navier Stoke Equations (RANS) and Large Eddy Simulation (LES), accurately

predicted velocity magnitude and time averaged vorticity. However, RANS

slightly underestimates turbulent kinetic energy and LES slightly overestimates

it. Even though both models predict experimental flow dynamics the LES mod-

els display better agreement with experimental data. In addition, LES provides

a better temporal resolution. n a complementary vein, the study by Quaresma

and Pinheiro [93] reinforced these observations, highlighting Reynolds Shear

Stresses as the weakest and most sensitive variable, particularly in terms of cell

size predictions.

Three - dimensional approaches exhibit more predictive capacities than 2D

or 1D approaches. However, it remains underutilized for very specific cases

since the feasibility of including other aquatic habitat and ecological processes

is limited. In this context, 2D models can provide flow properties which better

adapt to biological and ecological requirements. For the ecohydraulics require-

ments 2D simulations are more affordable than 3D modeling due to its reduced

computational time [97]. Two - dimensional models provide sufficiently accurate

information on flow characteristics for a wide range of ecological scales. In fact,

these models have been largely applied for fish habitat studies in streams and

rivers [100, 101]. In addition, 2D has been proven to be suitable to study VSFs

[20, 102, 12] and nature-like fishways [101, 103]. However, despite of the good

agreement with experimental measurement on velocities, turbulent cues might

not be accurately predicted [12]. Considering the limitations, 2D simulations

are still a good approach to address complex problems.

To conclude, studies that comprehensively address both biological and hy-

drodynamic modeling, especially in three dimensions, are relatively scarce. The

most general and used approach might be the Eulerian Lagrangian Agent based
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Models (ELAMs). First developed to predict 3D fish downstream passage in a

dam site [10], it was later applied in fish passage. Three-dimensional studies

on fish passage were studied by Gisen, Schütz, and Weichert [84] and Goodwin

et al. [45]. Gao et al. [19], Kuli et al. [104], Tan et al. [14], and Wang et al. [105]

successfully simulated two-dimensional movement of fish through vertical slot

fishways using ELAMs. In summary, the incorporation of biological aspects

is crucial in passage modeling, and ELAMs offer a promising approach for ef-

fectively coupling hydrodynamics and biological considerations. The Eulerian

Lagrangian Agent Method (ELAM) .

2.4.3 The Eulerian Lagrangian Agent based Model (ELAM)

Goodwin et al. [10] developed the ELAM model to predict the three - di-

mensional movement of a single fish in response to abiotic stimuli. In their

most recent publication, Goodwin et al. [106] described ELAMs as a conceptual

description of fish as an active particle, within a hydrodynamic grid, which is

composed of three elements. First a Eulerian 2D or 3D, static or time varying

computational mesh, describes the natural aquatic environment. In this case,

2D SWE steady state outcome is the Eulerian input. Second, Lagrangian contin-

uous trajectory of particles as individuals describe discrete locations based on

a sensory perception. Finally, the Agent-based algorithm or Individual Based

Model (IBM) is used to represent the cognitive decision making of fish. The IBM

is followed by stimuli, almost entirely hydrodynamic, and specific behaviors,

translated in fish motion.

In the Eulerian framework, the fluid is analyzed in a fixed system of refer-

ence and the fluid is a continuum system in a control volume. This approach is

described by the RANS Equations in the ELAM model, solved by CFD method-

ologies. On the other hand, in the Lagrangian framework, the fluid is analyzed

as a particle and all their variables are analyzed as a particle. Therefore, in-

formation generated at any grid center by the Eulerian discretization, may be

interpolated at any point of the domain. In this process, it is possible that the

generation of any directional sensory inputs in a fixed framework similar to those

perceived by the real fish [84, 45, 59]. The scale of the sensory ovoid represents

the sensory range of the fish lateral line mechanosensory system. Goodwin et al.

[10] defined this system using Sensory Query Distances (𝑆𝑄𝐷) as function of

fish length. In the model, longer fish can detect hydrodynamic stimuli from
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greater distances. The 𝑆𝑄𝐷 is composed of two metrics: Biological (𝑆𝑄𝐷𝑏) and

CFD Model (𝑆𝑄𝐷𝐶𝐹𝐷). 𝑆𝑄𝐷𝐶𝐷𝐹 is based on the grid resolution, while SQDb is

given by Δ𝑡 𝑆 𝑓 𝐷𝑎 . Where Δ𝑡 is time step in sec, 𝑆 𝑓 is fish body length in m and

𝐷𝑎 is the operating range of the fish sensory system in sec−1.

The 𝑆𝑄𝐷 is defined as 𝑆𝑄𝐷 = max (𝑆𝑄𝐷𝑏 , 𝑆𝑄𝐷𝐶𝐹𝐷). This value might be

modified considering other factors such as light, water quality and fish phys-

iology. Once defined the sensory algorithm, Goodwin et al. [10] assumed a

Strain-Velocity-Pressure hypothesis to define the agent response. Nevertheless,

in the last decade it has been demonstrated that fish are more sensitive to other

turbulent quantities such as Turbulence Intensity (TI), vorticity or Reynolds

shear stresses [81, 55, 21, 22, 54, 14, 13]. In fact, Gao et al. [19] modified the

sensory algorithm of the ELAM model and demonstrated that the virtual fish

was more sensitive to the Turbulent Kinetic Energy (TKE) rather than velocity

magnitude. ELAM models have been developed within the last decades to eval-

uate fish migration [84, 104, 14, 105]. Contrasting with the initial proposal from

Goodwin et al. [10], these new developments focus on fish upstream migration

and most of them in VSF. Kuli et al. [104] and Tan et al. [107] have addressed also

energy cost from physical perspective. Finally, Wang et al. [105] and Wiegleb

et al. [95] have coupled fish upstream migration modelling techniques with

Machine Learning (ML).

2.5 Challenges and future perspectives

Human development has increased the pressure on water demand [25, 24,

108]. Great efforts have been made to restore river free flow and connectivity [2,

5]. However, recovering rivers connectivity, especially within riverine ecosys-

tems remains a challenge [28]. Multidisciplinary studies are needed to face the

future challenges in this field. Fish passage studies should take advantage of the

computing capacity development and new advances in modelling techniques to

address river connectivity restoration.

Even though fish passage occurs in all possible paths, turbine intake, spill-

ways and fishways, studies on fishways are much wider than any other structure.

Relatively very limited information on development of fish friendly turbines or

spillways were found if compared to the studies on the fishways. In agreement

with the statement of Fuentes-Pérez et al. [48] the most studied fishway is the

Vertical Slot Fishways, along with pool type. However, Vertical Slot Fishway
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display almost two-dimensional hydraulics. In this sense, larger developments,

including 2D and 3D simulations, have been made on improving the design

parameters and efficiency. This can be confirmed by the update on the pas-

sage efficiency performed by Hershey [31], who found out the most efficient

fishway type was the VSF, even over nature-like fishway, contrasting with the

one performed by Bunt, Castro Santos, and Haro [49]. One of the challenges is

to reduced the bias towards studying VSFs and include other paths to develop

better fishway paths and restore river connectivity.

At the beginning of the second millennium there were significant contribu-

tions to the field of ecohydraulics to enroll the present research in the course

of integral solutions to restore river connectivity. Many studies evaluate fish

passage only from a physic based perspective without liking it with fish [99,

109, 110, 111] and very few mention the implications on fish behavior [112]. It

is imperative to include biology on the hydrodynamic evaluations. Goodwin

et al. [10] proposed a methodology to couple physical and biological modelling

to better analyze fish migration. With the development of computational fluid

dynamics and computer power, their approach has been widely explored in dif-

ferent cases. Nonetheless in most of the cases, the models are two-dimensional

and are constrained to upstream migration in specific structures. Hybrid mod-

els, ELAM ML, are being currently explored [105, 95] and more emphasize in

these approaches is needed.

Lacey et al. [41] published the IPOS framework, which provides a guideline

to perform fish-related studies in turbulent environments. However, very few

studies have addressed all the characteristics of the turbulence suggested. Most

of the studies, both experimental and numerical, focus on Turbulence Intensity,

concluding turbulent kinetic energy as a driver of fish behavior [15, 48, 22, 21,

13]. Some other studies have studied periodicity, orientation and scale linked

to fish behavior; notwithstanding, only in the experimental perspective. It is

imperative to include these turbulent metrics in fish modelling since most of the

indicators of turbulence intensity are statistically measured.

Finally, as a major challenge, the lack of quantitative assessments with a

proper temporal and spatial resolutions is noticed from this literature review.

Implementing methodologies suggested by Katopodis and Kemp [91] on high-

resolution PIV data collection is still a challenge. Implementing high-resolution

data, not only hydrodynamic, but also fish related, in numerical developments

can be beneficial in the understating and optimization of fish passage.
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3
Comparative Study of 2D and 3D

numerical simulation in the hydraulic

evaluation for Vertical Slot Fishways

Human development has had a significant impact on rivers worldwide, re-

sulting in only 37% of them remaining free-flowing in their entirety [24]. This

issue has led to proposals such as the installation of fishways to restore river

connectivity. Among the various types of fishway, the vertical slot fishway

(VSF) is the most studied [48]. However, the efficiency of VSFs for restoring

river connectivity remains a challenge. Previous studies have suggested that a

passage efficiency of 90-100% is required, but studies have found that the mean

passage efficiency of VSFs ranges from 0-100%, with a mean of 63% [49, 31]. Re-

cent studies have explored alternative fishway types such as Submerged Notch

with Bottom Orifice (SNBO) and VSF in the Iberian Peninsula [50, 17]. In these

studies, passage success ranged from 70% to 98 %

VSF consists of a succession of baffles in a channel that forms pools with a

range of velocities, turbulence, and specific flow patterns [30, 53, 113]. Baffles

must be arranged in such way that VSF provide a suitable migration path and

resting. Upon today, hydraulics of VSF has been well studied both experimen-

tally [92, 114, 115] and numerically [99, 116, 20]. VSF can behave in uniform

and non-uniform operational flows in which water depth varies in mild slope

conditions (M1, M2) [117]. Non-uniform conditions are generally found in the

entrance of the pools [30]. M2 back water curves usually take place when the
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flow is fully three-dimensional when the water depth is relatively low [118].

However, fully 3D hydraulic behavior is rarely found in the working discharges

on VSF. M1 curves, on the other hand, are commonly found, since they have

been observed when the variation of the vertical hydraulic component is not

significant [118].

Numerical approaches, both three-dimensional and two-dimensional, have

been implemented in the physical evaluation of the VSFs. When compared both

approaches, 2D simulations are able to capture flow characteristics in relatively

simple geometries and small water drops [11]. Nevertheless, there are some

inconsistencies in the representation of turbulent quantities such as turbulent

kinetic energy in 2D simulations in structures with strong slopes [12]. This chap-

ter presents the numerical methodology in the evaluation. The main aim is to

evaluate numerical simulation both in, 2D and 3D, to be used as an input for the

implementation of ecological/biological models. Evaluation covers accuracy,

computational requirements, stability and feasibility. Along the entire research

presented in this draft, several VSF structures were simulated using the numer-

ical set up presented in this chapter [14, 13, 16, 17, 18]. However, despite of

presenting experimental results on the hydraulic variables, they are ambiguous

to be used as validation data. Therefore, two additional VSF configurations, pre-

sented in this chapter, were modeled, both 3D and 2D and evaluate the strengths

and weaknesses of each approach. The selection of the VSF configurations is

based on an extensive literature research.

3.1 Experimental Data

In the present chapter, two different geometries of VSFs are investigated

through physical and numerical modeling. The first geometry, previously eval-

uated in both physical and numerical models, was the VSF at Arto-Blanca hy-

dropower plant in Slovenia, which was subject to extensive field measurements

by Bomba et al. [11]. The hydraulic conditions were maintained constant during

the measurements, with a discharge of 𝑄 = 1 𝑚3/𝑠, water depth of ℎ = 1.30 𝑚,

and a head difference of Δℎ = 0.05 𝑚, i.e. 𝑆0 = 1.64 %. In the present study,

this geometry is labeled as mild - slope. The VSF comprised 24 pools, since

the measurements were taken on site. The second geometry was taken from

Chorda et al. [12], who conducted particle image velocimetry (PIV) and Acous-

tic Doppler Velocimetry (ADV) tests on a 1:4 scaled model at the "Laboratoire
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d’Etudes Aérodynamicques" (LEA). The prototype discharge used in the tests

was𝑄 = 0.735𝑚3/𝑠, with two different slopes (𝑆0 = 5 %, 10 %) and two different

pool widths (𝐵 = 2.0 𝑚, 2.7 𝑚). The chosen geometry for this study had a slope

and width of 10% (steep-slope) and 2.0𝑚, respectively. Thus, this geometry was

labeled as steep - slope. In both geometries, the pool length was, 𝐿𝑝 = 3.0 𝑚.

Figure 3.1a shows the VSF geometry of Bomba et al. [11] physical model, and

Figure 3.11b depicts the VSF geometry of the second geometry. In all cases at

least 5 pools were simulated in order to have fully developed pseudo-uniform

flow in at least one of the pools [114, 119], usually the third.

(a) (b)

Figure 3.1: VSF geometry configuration and dimensions for (a) mild-slope [11]
and (b) steep-slope [12].

3.2 3D simulations - OpenFOAM

The VSF geometries presented were evaluated by computational fluid dy-

namics (CFD) simulations, using the OpenFOAM toolbox [52]. This tool is a

widely used software package that provides a comprehensive suite of solvers

for various fluid flow problems such as laminar and turbulent flows. This

toolbox is developed using Object-Oriented Programming (OOP) and tensorial

approaches, which employs Finite Volume Method (FVM) to solve the governing

equations of continuum mechanics [52]. Specifically, in this study, the incom-

pressible Reynolds Averaged Navier-Stokes (RANS) equations were solved for

all the cases.
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𝜕u𝑖
𝜕𝑥𝑖

= 0 (3.1a)

𝜕u𝑖
𝜕𝑡

+ u𝑗
𝜕u𝑖
𝜕𝑥 𝑗

= −1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥 𝑗

(

𝜈

(

𝜕u𝑖
𝜕𝑥 𝑗

+
𝜕u𝑗

𝜕𝑥𝑖

)

− u′
𝑖
u′
𝑗

)

+ f𝑖 (3.1b)

where 𝑥𝑖 and 𝑡 are space and time, respectively, u𝑗 is the velocity field, 𝑝 is

pressure, −u′
𝑖
u′
𝑗
is the Reynolds-stress tensor and f𝑖 is the body force. Under the

Boussinesq assumption, the Reynolds-stress tensor is given by equation 3.2,

−u′
𝑖
u′
𝑗
= 𝜈𝑡

(

𝜕u𝑖
𝜕𝑥 𝑗

+
𝜕u𝑗

𝜕𝑥𝑖

)

− 2

3
𝛿𝑖 𝑗𝑘 (3.2)

where 𝑖 , 𝑗 = 1, 2, 3, 𝜈𝑡 is the turbulent kinematic viscosity, 𝛿𝑖 𝑗 is the Kronecker

delta and 𝑘 is the turbulent kinetic energy. is fluid de , is the kinematic viscosity

of the fluid, t is the turbulent kinematic viscosity, ĳ Is the Kroneker delta, 𝑘 is the

Turbulent Kinetic Energy (TKE) and, f is the body force, i,j=1,2,3. t is computed

through turbulence modelling. The 𝑘 − 𝜀 turbulence model family have been

proven suitable for the simulation of open channel fluid flows [116, 99, 119]. In

this study, simulations were performed using the RNG 𝑘 − 𝜀 turbulence model

for the computing of the turbulent viscosity [120]:

𝜈𝑡 = 𝐶𝜇
𝑘2

𝜀
(3.3a)

𝜕𝑘

𝜕𝑡
+ u𝑗

𝜕𝑘
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=
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𝜕𝑥 𝑗

[(

𝜈 + 𝜈𝑡
𝜎𝑘

)

𝑘

𝜕𝑥 𝑗

]

+ G − 𝜀 (3.3b)
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=

𝜕

𝜕𝑥 𝑗

[(

𝜈 + 𝜈𝑡
𝜎𝜀

)

𝜀

𝜕𝑥 𝑗

]

+ 𝐶𝜀1
𝜀

𝑘
G − 𝐶𝜀2

𝜀2

𝑘
− 𝐶𝜇𝜂

3 1 − 𝜂/𝜂0

1 + 𝛽𝜂3

𝜀2

𝑘
(3.3c)

𝐺 = 𝜈𝑡

(

𝜕u𝑖
𝜕𝑥 𝑗

+
𝜕u𝑗

𝜕𝑥𝑖

)

𝜕u𝑖
𝜕𝑥 𝑗

(3.3d)

where 𝑘 is turbulent kinetic energy, 𝜀 is the dissipation rate of the turbulent

kinetic energy, 𝐶𝜇, 𝐶𝜀1, 𝐶𝜀2, 𝜎𝑘 and 𝜎𝜀 are empirical coefficients whose values

are 0.085, 1.42, 1.68, 0.7194 and 0.7194, respectively. Finally, 𝐺 is the strain rate

magnitude. Given the multi-phase nature of the phenomenon under evaluation,

the interFoam solver was employed, which has demonstrated its effectiveness in

accurately simulating sharp continuous interfaces in open channel flows [121,

99]. interFoam is designed to solve multiphase flow problems involving two
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immiscible fluids, utilizing the PIMPLE algorithm and taking into account hy-

drostatic pressure considerations. To track the free surface interphase in open

channel flows, the solver implements a partial Volume of Fluid (VoF) method:

𝜕𝛼

𝜕𝑡
+ 𝜕(u𝑖𝛼)

𝜕𝑥𝑖
= 0 (3.4)

Table 3.1: Three-dimensional model boundary conditions according to Open-
FOAM documentation [52]

Variable inlet outlet walls atmosphere

𝑝 ∗ zeroGradient zeroGradient fixedFlux-
Pressure

totalPressure

u𝑗 variableHeight-
FlowRate-

InletVelocity

outletPhase-
MeanVelocity

noSlip pressureInlet-
OutletVelocity

𝑘 fixedValue inletOutlet kqRWall-
Function

inletOutlet

𝜀 fixedValue inletOutlet epsilonWall-
Function

inletOutlet

𝛼 variableHeight-
FlowRate

zeroGradient zeroGradient inletOutlet

∗ The pressure assumes a hydrostatic distribution in the interFoam solver

Figure 3.2 shows the stream lines and flow velocity magnitude of the cases

analyzed, mild - slope and steep - slope case for the 3D simulations. The figure

presents the variation produced by the influence of the grid size on the flow

patterns. A significant influence is showed, not only in velocity magnitude, but

also in flow direction and size of the eddies from one simulation to another.

3.3 2D simulations - TELEMAC-2D

OpenFOAM has a module on 2D depth -averaged approach, shallowWater-

Foam [52]. Schmitt et al. [122] presented it as an alternative to simulate wave

propagation in uniform shallow water bathymetries. However, the solver dis-

played instability problems when used for the VSF. In addition, the solver does

not consider source terms due to friction [52]. Therefore, in order to implement

the 2D depth-averaged approach, TELEMAC-2D was used. TELEMAC-2D is a
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(a) (b)

(c) (d)

Figure 3.2: Spatial variation of of the velocity magnitude , |𝑢𝑗 |, and flow topology
(streams lines) according the cell size, Δ𝑥, of 3D simulations at the plane 𝑧/ℎ =

0.6 in the third pool for (a) mild-slope, Δ𝑥 = 71 mm; (b) mild-slope, Δ𝑥 = 40
mm; (c) steep-slope, Δ𝑥 = 69 mm; and (d) steep-slope.

widely used open-source toolbox coded in Fortran [123]. The tool offers finite el-

ement method (FEM) and finite volume method (FVM) approaches to solve the

Saint-Venant equation. The FEM was approach was selected since turbulence

models are implemented.

𝜕ℎ

𝜕𝑡
+ 𝜕 (ℎ u𝑖)

𝜕𝑥𝑖
= 0 (3.5a)

𝜕u𝑖
𝜕𝑡

+ u𝑗
𝜕u𝑖
𝜕𝑥 𝑗

= −𝑔 𝜕𝑍
𝜕𝑥𝑖

+ 𝑆 𝑓 +
1

ℎ

𝜕

𝜕𝑥 𝑗

(

ℎ 𝜈𝑡

(

𝜕u𝑖
𝜕𝑥 𝑗

+
𝜕u𝑗

𝜕𝑥𝑖

))

(3.5b)

Where 𝑖 , 𝑗 = 1, 2, h is water depth, 𝑢𝑗 is the velocity component, 𝑔 is the

gravitational acceleration, 𝑍 is the free surface elevation, and 𝑆 𝑓 is the source

term due to bottom friction coefficient. Turbulent viscosity, 𝜈𝑡 , is obtained

by using the equation 3.3a. However, turbulent kinetic energy, 𝑘 and the its

dissipation rate, 𝜀, are obtained by solving the variation of the 𝑘 − 𝜀 for shallow
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water simulations proposed by Rastogi and Rodi [124].

𝜕𝑘

𝜕𝑡
+ u𝑗

𝜕𝑘

𝜕𝑥 𝑗
=

𝜕

𝜕𝑥 𝑗

(

ℎ
𝜈𝑡
𝜎𝑘

𝑘

𝑥 𝑗

)

+ 𝑃𝑘 + 𝑃𝑘𝜈 − 𝜀 (3.6a)

𝜕𝜀

𝜕𝑡
+ u𝑗

𝜕𝜀

𝜕𝑥 𝑗
=

𝜕

𝜕𝑥 𝑗

(

ℎ
𝜈𝑡
𝜎𝜀

𝜀

𝑥 𝑗

)

+ 𝐶𝜀1
𝜀

𝑘
𝑃𝑘 + 𝑃𝜀𝜈 − 𝐶𝜀2

𝜀2

𝑘
(3.6b)

𝑃𝑘𝜈 = 𝐶𝑘
𝜇3
𝑓

ℎ
; 𝐶𝑘 =

1

𝑐
1/2
𝑓

(3.6c)

𝑃𝜀𝜈 = 𝐶𝜀

𝜇4
𝑓

ℎ2
; 𝐶𝜀𝜈 = 3.6

𝐶𝜀2 𝐶
1/2
𝜇

𝑐
3/4
𝑓

(3.6d)

where, 𝑃𝑘 is the production of k due to 𝑢𝑗 . Also it is the strain rate magnitude

due to a 2D velocities, 𝐶 𝑓 is friction coefficient, 𝜇 𝑓 is the friction velocity. Finally,

𝐶𝜇, 𝐶𝜀1, 𝐶𝜀2, 𝜎𝑘 and 𝜎𝜀 are empirical coefficients whose values are 0.09, 1.44, 1.92,

1.0 and 1.31, respectively. In the whole models, only two open boundaries are

set, inflow and outflow. Solid boundaries are defined as no mass flux located in

the lateral walls of the channel. In the numerical solution, are set as first order

Euler explicit scheme for the temporal discretization and non-structured grid

first order upwind scheme for the spatial discretization.

Three boundary conditions are defined, closed reflective boundaries in the

walls, inlet open boundary and outlet open boundary at the entrance and exit of

the fishway, respectively. TELEMAC 2D [123] solves the governing equations

through a mass conservative, edge by edge, narrow (N) distributive scheme

using the Finite Element Method (FEM) and Positive Streamline Invariant (PSI)

distributive scheme for the transport of tracers. In the same line, it solves the

time using the Euler method, and discretized with a constant time step of 0.0025

s, to keep the Courant Number under 0.2, for stability criteria.

Figure 3.3 shows the stream lines and flow velocity magnitude of the cases

analyzed, mild -slope and steep - slope case for the 2D simulations. The figure

exhibits the variation produced by the influence of the grid size on the flow

patterns, from the coarser grid to the finest. A change in the velocity magnitude

can be observed, but flow patterns and eddy sizes do not vary significantly.
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(a) (b) )

(c) (d)

Figure 3.3: Spatial variation of of the velocity magnitude , |𝑢𝑗 |, and flow topology
(streams lines) according the cell size, Δ𝑥 of 2D simulations in the third pool
for (a) mild-slope, Δ𝑥 = 56 mm; (b) mild-slope, Δ𝑥 = 12 mm; (c) steep-slope,
Δ𝑥 = 57 mm; and (d) steep-slope, Δ𝑥 = 13 mm.

3.4 Model Validation

In each geometry, the validation data was extracted from the third pool to

avoid the influence of inlet or outlet boundary conditions. Nonetheless, the

cross sections were different. In the mild - slope case the cross sections, 𝑋𝑆,

are set at 0.6, 1.2, 1.8 and 2.4 𝑚 downstream from the slots, while in the steep -

slope case the cross sections, 𝑋𝑆 are set at 0.3 and 1.5 𝑚 from the slots. After

simulation the measured velocities, 𝑢𝑥 , 𝑢𝑦 , and turbulent kinetic energy, 𝑘, were

contrasted to the simulated ones by applying an Ordinary Least Square (OLS)

linear regression using the equation 3.7 [125].

𝑌𝑖 = 𝑏 + 𝑚 𝑋𝑖 (3.7)

where 𝑌𝑖 are the experimental variables, 𝑋𝑖 are the numerical results, 𝑏 is in-

tercept and m is the slope of the regression function. The null hypothesis

for validation (𝐻0) is 𝑏 = 0 and 𝑚 = 1. Moreover, the correlation between
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experimental and numerical results is evaluated through the coefficient of de-

termination 𝑅2. Table 3.2 displays the coefficients for the validation criterion

linked to each variable.

Table 3.2: Contains the number of elements, cell size and validation coefficients,
slope, 𝑚, intercept, 𝑎 and coefficient of determination, 𝑅2, in the validation for
velocities (𝑢𝑥 , 𝑢𝑦) and turbulent kinetic energy (𝑘) for each simulation

𝑁
Δ𝑥 𝑢𝑥 𝑢𝑦 𝑘

[mm] 𝑚 𝑏 𝑅2 𝑚 𝑏 𝑅2 𝑚 𝑏 𝑅2

Mild-slope case

7896 90 1.18 -0.08 0.94 1.33 0.05 0.49 1.12 -0.01 0.45

15768 63 1.06 -0.06 0.96 1.27 0.06 0.57 0.97 -0.01 0.57

19610 56 1.05 -0.06 0.96 1.23 0.06 0.59 1.07 -0.01 0.58

23072 52 1.01 -0.05 0.96 1.15 0.06 0.59 0.95 -0.01 0.68

39310 40 1.02 -0.06 0.96 1.16 0.06 0.59 0.92 -0.01 0.69

66726 30 0.96 -0.05 0.97 1.03 0.06 0.59 0.91 -0.01 0.81

78367 28 0.96 -0.05 0.97 1.02 0.06 0.58 0.88 -0.01 0.82

195382 18 0.93 -0.04 0.97 0.95 0.07 0.57 0.79 -0.01 0.85

390534 12 0.90 -0.04 0.97 0.93 0.07 0.58 0.73 -0.01 0.85

299808∗ 71 0.73 -0.03 0.95 0.61 0.07 0.58 0.79 0.00 0.77

1608555∗ 40 0.77 -0.02 0.92 0.54 0.07 0.58 0.85 0.00 0.74

Steep-slope case

7537 89 1.05 0.04 0.81 1.07 0.07 0.80 0.62 0.08 0.71

15015 63 0.98 0.05 0.81 1.07 0.06 0.80 0.43 0.09 0.63

18626 57 1.03 0.03 0.85 1.06 0.05 0.82 0.40 0.09 0.66

21926 52 1.08 0.01 0.87 1.05 0.05 0.84 0.39 0.09 0.65

37328 40 1.10 0.00 0.89 1.02 0.03 0.86 0.29 0.01 0.62

62859 31 1.12 -0.01 0.92 0.95 0.01 0.88 0.27 0.01 0.61

74650 28 1.10 -0.01 0.91 0.98 0.02 0.87 0.25 0.01 0.58

185168 18 1.07 0.01 0.94 0.93 0.01 0.87 0.23 0.01 0.60

369983 13 1.05 0.01 0.94 0.93 0.01 0.87 0.22 0.01 0.58

300228∗ 69 0.66 0.05 0.78 0.63 0.36 0.65 3.91 0.00 0.76

1890507∗ 36 0.72 0.03 0.85 0.68 0.32 0.77 1.08 0.10 0.40

∗ 3D simulations

Considering that the main flow direction is in 𝑥− 𝑎𝑥𝑖𝑠, the velocity in this di-
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rection, 𝑢𝑥 , is the most significant variable. In the mild - slope case, a decreasing

trend in𝑚𝑢𝑥 is observed while grid refinement increased in 2D simulations (1.18

→ 0.9) while it increases for the 3D outcome (0.73 → 0.77). three-dimensional

behavior in this parameter,𝑚𝑢𝑥 , is similar for the steep - slope case. Nonetheless,

an stationary value of ∼ 1.00 is reported for the 2D simulations. The highest

coefficient of correlation, 𝑅2
𝑢𝑥 , is obtained for this variable. Thereby, simulated

results displayed a correlation with the measurements. Regarding the velocity

in 𝑦 − 𝑎𝑥𝑖𝑠, 𝑢𝑦 , the lowest correlation was calculated for the mild-slope case,

𝑅2
𝑢𝑦 < 0.6, in spite of the good results on the OLS model slope, 𝑚𝑢𝑦 , and inter-

cept, 𝑏𝑢𝑦 . This due to the low values of this parameter, 𝑢𝑦 ∼ 0. That is, small

changes represent large bias. Finally, in relation to turbulent kinetic energy, 𝑘, in

the steep - slope case for the 3D simulation, the OLS slope, 𝑚𝑘 , is 3.91. In other

words, the turbulent kinetic energy is extremely underestimated. Refinement

significantly improved this parameter since its value decreased to 1.08. This is

not observed in the mild-slope case, in which in both grids, coarse and refined,

the turbulent kinetic energy, 𝑘, is overestimated. Neither in the 2D simulations,

in which the slope of the OLS linear regression, 𝑚𝑘 , decreases from 1.12 to 0.22

when the grid gets refined. Profiles of velocities in 𝑥-axis, 𝑢𝑥 , 𝑦-axis, 𝑢𝑦 , and

turbulent kinetic energy, 𝑘 for the mild - slope and steep slope case are presented

in the Figure 3.4 and Figure 3.5, respectively.

Bomba et al. [11] measured velocity in four cross sections of a pool in the

middle of VSF using Acoustic Doppler Velocimetry (ADV) instrumentation. Fig-

ure 3.4 displays measurements superposed in the velocity profiles returned by

the simulations. As observed, the simulation that better fits the experimental

measurements is the finest 3D case (light green lines) for all the variables. Nev-

ertheless, all the profiles fits in a good extent experimental measurements. It is

important to acknowledge that coarser 3D case overestimates velocities in 𝑥-axis,

𝑢𝑥 , and turbulent kinetic energy, 𝑘, is highly overestimated by 2D simulations

in the cross section 𝑋𝑆 = 2.4 m, upstream of the slot region.

On the other hand, Chorda et al. [12] undertook measurements on velocity

using Particle Image Velocimetry instrumentation in two cross sections as well

in the middle of the fishway. As shown in the Figure 3.5, simulated velocities,

𝑢𝑥 & 𝑢𝑦 , follow the same trend as the PIV measurements on most of the cases.

Turbulent kinetic energy, 𝑘, on the other hand, is extremely overestimated in the

cross section 𝑋𝑆 = 0.3 m, downstream of the solt region. In addition, velocity

in 𝑥-axis, 𝑢𝑥 , returned by the coarser 3D case do not fit the experimental data.
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(a)

(b)

(c)

(d)

Figure 3.4: Experimental measurements (magenta squares) confronted with the
outcome of 2D (Blue-colored lines) and 3D (Green-colored lines) simulations (a)
𝑋𝑆 = 0.6 m, (b) 𝑋𝑆 = 1.2 m, (c) 𝑋𝑆 = 1.8 m, (d) 𝑋𝑆 = 2.4 m
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(a)

(b)

Figure 3.5: Experimental measurements (magenta squares) confronted with the
outcome of 2D (Blue-colored lines) and 3D (Green-colored lines) simulations (a)
𝑋𝑆 = 0.3 m, (b) 𝑋𝑆 = 1.5 m

3.5 Grid convergence analysis

The stability criteria for the 3D simulations followed a Courant Friedrich

Lewy condition for the stability criteria in which 𝐶𝐿𝐹 ≤ 0.45 and 𝐶𝐿𝐹𝛼 ≤ 0.45.

The simulations were performed with an adjustable time step, Δ𝑡. The compu-

tational time was between 286,385 and 861,390 s in a CPU Intel Xeon Gold 628R,

using between 35 and 55 logical processors. In the same line, 2D simulations

considered 𝐶𝐿𝐹 ≤ 0.70 for the stability criteria. Contrary to 3D simulations, the

temporal discretization was done with a fixed time step, Δ𝑡,ranged from 0.005

to 0.001 s for the coarsest to the finest grid. The highest computation time was

3.183 s in a CPU Intel core i7, using 12 logical processors.

Due to computational constraints, the grid convergence analysis was under-

taken only for the 2D simulations. The analysis followed the proposal of Celik,

Ghia, and Roache [126] on the Grid Convergence Index, 𝐺𝐶𝐼; however, it is

suggested for 3D simulations rather than 2D. As in for the validation process,

variables used were velocities, 𝑢𝑥 & 𝑢𝑦 , and turbulent kinetic energy, 𝑘. In the
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analysis three parameters were evaluated, relative error, 𝐸𝑟𝑟𝑜𝑟, apparent error,

𝑝𝑎 , and Grid Convergence Index, 𝐶𝐺𝐼. Figure 3.6 displays the error variation

with respect to grid size.

(a) (b)

Figure 3.6: Relative and apparent error variation as function of grid size (a)
mild-slope and (b) steep-slope

As shown in Figure 3.6, both cases, mild - slope and steep - slope, have

achieved the convergence when the grid size, Δ𝑥, is 28 mm, i. e., the error

variation is not longer significant. In the case of steep - slope, besides the velocity

in 𝑦 − 𝑎𝑥𝑖𝑠, 𝑢𝑦 , the error variation is not longer significant when, Δ𝑥 = 40 mm.

None the less the apparent error, 𝑝𝑎 does not display a clear trend in this case.

Fuentes-Pérez et al. [99] published a similar variation of 𝑝𝑎 on the 3D simulation

of VSF. Mild - slope case shows a clear decreasing trend on both errors. Two

factors can explain this trend variation. First, turbulent kinetic energy in 2D

simulations is not well represent and often overestimated. Second, steep-slope

displaye higher velocities at the slot zone than mild slope case, and therefore

higher turbulence. Next, Figure 3.7 shows the Grid Convergence Index, 𝐺𝐶𝐼,

variation with respect to grid size.

In order to choose the best grid size, the GCI was checked. In the mild

- slope, 𝐺𝐶𝐼𝑢𝑥 ∼ 𝐺𝐶𝐼𝑢𝑦 ∼ 0.00, while 𝐺𝐶𝐼𝑘 ∼ 0.15 when Δ𝑥 = 40 mm. In

the steep - slope case 𝐺𝐶𝐼𝑢𝑥 ∼ 𝐺𝐶𝐼𝑘 ∼ 0.00 and 𝐺𝐶𝐼𝑘 ∼ 0.02. Celik, Ghia,

and Roache [126] suggest convergence when 𝐺𝐶𝐼 ≤ 0.02. In this hypothesis,

all velocities converged at Δ𝑥 = 40 mm, for both cases, and turbulent kinetic
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(a) (b)

Figure 3.7: CGI index variation as function of grid size (a) mild-slope and (b)
steep-slope

energy converged only in the steep-slope case. Nonetheless, it is proved that

this parameter is not well represented by 2D simulations. Therefore, it can be

concluded that at Δ𝑥 = 40 mm the simulation results do not improve with a

grid refinement. This cell size was used to perform an additional analysis on

the roughness influence in 2D simulations for the VSF presente in Figure 3.8.

As shown in the Figure 3.8, variations in Manning’s friction coefficient, 𝑛,are

not significant on the simulation results. Due to the nature of a VSF geometry, it

has been stated that friction can be neglected when modelling the hydraulics of

VSF in both physical and numerical approaches [127, 102, 20]. This is confirmed

by the results displayed in this chapter. Turbulent kinetic energy, 𝑘, is the most

affected variable in the mild-slope case, with a reduction of the coefficient of de-

termination 𝑅2
𝑘

(0.84 → 0.67). However, as stated before, this variable is not well

reproduced in 2D simulations. Therefore, this deviation is not Representative.

As conclusion, friction coefficient influence can be neglected in future studies .

3.6 Weaknesses and strengths

One of the advantages of Vertical Slot Fishways (VSFs) over other type of

fishways is that hydraulics can be evaluated using 3D and 2D simulations. Fluid

flow equations are resolved in both approaches. The 3D Reynolds Averaged
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(a) (b)

Figure 3.8: Relative error and coefficient of determination variation as function
of Manning’s friction coefficient for (a) mild-slope and (b) steep-slope

Navier Stokes (Equations 3.1) are solved by the 3D approaches using OpenFOAM

open - source tool [52]. The turbulent closure is solved by applying the RNG

𝑘 − 𝜀 model. In the same line, the shallow water equations (Equation 3.5) are

solved in the 2D approaches using TELEMAC-2D open - source toolbox [123].

Both equations are basically the same, but the last ones assume the vertical

components as depth averaged. The turbulence closure is achieved by applying

a 2D variation of 𝑘 − 𝜀 model [124]. In this study both approaches share an

advantage. Both tools are open-source and easily implemented.

Based on the results of validation presented in Table 3.2. Both approaches,

3D and 2D, represented in a good extent velocity components (𝑢𝑥 & 𝑢𝑦). In fact,

2D simulations in the finest grid reported better values on the validation criteria

than 3D simulations. Due to computational constraints, refinement is easier in

2D simulations. coarser grids tend to underestimate velocities in 2D simulations

while the contrary on 3D simulations. Moreover, velocity profiles are better

captured by 2D simulations in the validating cross sections. Regarding turbulent

kinetic energy, 𝑘, refinement improved the agreement between measured and

simulated data for 3D simulations. On the contrary, 2D simulations highly

overestimated this variable, specially in the cross section close to the jet exit in

the steep - slope case. For the mild slope case, the overestimation occurred in
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a smaller scale. Therefore, 2D simulations displays advantages when the slope

is relatively low and 3D simulations otherwise. Nonetheless, the hydraulics

evaluation are constrained only to velocities when applying 2D approaches,

while turbulence can be evaluated widely in 3D simulations

Flow topology is a key parameter in a successful functioning of VSF from

both, hydrodynamics and biology perspective [114]. Wang, David, and Larinier

[128] definitions on VSFs flow topology have been widely applied in several

studies [95, 114, 53, 16, 18]. They observed three types of flow patterns in the

hydraulics of the VSF. Flow Pattern 1 (FP1) is characterized by a jet which leaves

the slot following a curved path. The jet creates two large recirculation zones

towards the side walls. In Flow Pattern 2 (FP2) the jet is extremely curved and

hits the opposite side wall from the slot location. Large contra rotating eddies

are created next to the upstream corner of the pools and a small one is created in

the downstream baffle. Lastly, the third flow pattern do not correspond to any

particular flow type. It is the transition between FP1 and FP2. This flow pattern

was not observed nether in the mild-slope case nor in the steep-slope case.

For both cases, two-dimensional simulations were not able to capture the

experimental observations [11, 12]. In the mild - slope, FP1 was observed.

Three-dimensional outcome resembled the experimental observations, while

2D missed an upstream small swirl. In the steep - slope, FP2 was observed.

The same outcome was observed. While 3D simulations reproduced all the

swirls observed experimentally, 2D simulations missed one small next to the

downstream baffle. Contrary to 2D simulations, flow topology is dependent on

the cell size for the 3D simulations.

Finally, implementing the effect of roughness in the bottom channel rep-

resent a numerical challenge in the case of 3D simulations, since rough wall

functions should be included in the computation. On the other hand, including

roughens in 2D approaches it is not only easy but common. However, roughness

does not play a significant role in the hydraulics of the VSF. In fact, numerical

diffusion produced by the cell size influences more in the results as shown in

Table 3.2 and Figure 3.8. Therefore, this parameter does not represent neither

a disadvantage nor an advantage. Computational time, though, is a significant

parameter modellers will consider at the time of choosing the right approach.

Three-dimensional most accurate simulation took around 260 times longer than

the longest 2D simulations.
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3.7 Conclusions and final remarks

Vertical Slot Fishways (VSFs) are one of the most popular measure to restore

river connectivity and enhance fish migration [48]. Efficiency is dependent on

the hydrodynamic behavior of the structure, linked to a targeted fish species.

Among several studies, some of them suggest that VSFs hydrodynamics, given

the conditions, can be represented in a 2D evaluation[11, 20]. Following this

trend, many configurations have been hydraulically modelled in two [102, 12, 20]

and three [116, 129, 99] dimensions, being the last ones the most computationally

expensive.

In this Chapter a numerical evaluation of two VSF configurations, previously

studied [11, 12], was performed in both approaches with the aid of open-source

tools such as OpenFOAM and TELEMAC-2D, for 3D and 2D approaches, re-

spectively. The configurations diverged mostly in the bed slope. In this sense,

mild and steep slope cases were discriminated. Experimental data used in the

models’ validation was available in the existing literature. Due to computational

constraints, grid dependency analysis was executed only for 2D cases.

Considering that turbulence is a three-dimensional phenomenon, 3D sim-

ulations better represented turbulent kinetic energy. Two-dimensional simula-

tions tend to over estimate this variable when the grid gets finer, specially in

the steep-slope case close to the jet exit. Velocities, on the other hand, were

better represented in 2D simulations in the finest cases for both VSF configura-

tions, while 3D simulations overestimated them. Two-dimensional simulations,

whereas better reproducing velocities, flow topology is not captured. Thus, the

vertical velocity component, plays a significant role in flow topology despite

their values are much lower than the other two components. Finally, friction

coefficient variation in 2D simulations is not significant regarding velocities

evaluation. Turbulent kinetic energy was the variable affected the most by this

process. Nevertheless, this variable is not well reproduced in two dimensions.

In conclusion, both approaches met the validation criteria. Overall, 3D sim-

ulations better reproduced the hydraulics of a VSF, specially if the slope is steep.

When velocity evaluation is more important than turbulence, 2D simulations are

suggested. However, in a general study and if the computational capacities are

available, 3D simulations should prevail over 2D approaches. Finally, both tools,

OpenFOAM and TELEMAC-2D, are suitable to undertake this type of studies.

An extensive exploration on the solvers and numerical schemes is suggested.
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4
Modelling upstream carp migration

trough Vertical Slot Fishways: An

Eulerian-Lagrangian Agent based

Model approach

As stated in previous chapters, in general, fishway efficiency has not achieved

the desired efficiency of 90% [51] to restore river connectivity. Many factors may

contribute to low efficiency in fishways. Back in the days, Kemp [29] mentioned

some consensus in the fish passage debate. Among them, some are addressed

in this chapter. First, fish passage is biased towards salmonids. Furthermore,

structural design correlates with passage success. Therefore, even if the fishway

configuration complies with the design parameters reported in the literature,

passage success might not be guaranteed. Passage efficiency is linked not only

to the hydraulics of the fishway, but also to fish behavior [130, 28]. Eulerian

Lagrangian Agent Based Models offers the possibility to address both aspects,

fish behavior and fishway hydrodynamics.

Goodwin et al. [10] conducted a pioneering study introducing the Eulerian

Lagrangian Agent Based (ELAM) model, which was initially designed to sim-

ulate the downstream migration of juvenile salmon encountering large barriers

in water bodies. While the original purpose of the ELAM model was for down-

stream migration, subsequent research has explored its applicability to upstream

path selection in Vertical Slot Fishways (VSF) as well [19, 104, 14]. However, al-
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though some of these studies have incorporated experimental data, only Kuli

et al. [104] included fish swimming performance indicators, and none included

escape responses to specific flow characteristics. Furthermore, factors like light,

temperature, stress, and fatigue, which are known to influence fish behavior, are

seldom considered. DeAngelis and Grimm [131] suggest adding stochasticity to

address variables that might be neglected. In brief, despite of being a powerful

tool, new developments in ELAM approaches are still not explored.

This chapter presents the theoretical bases of an ELAM, which predicts fish

swimming path lines of bighead carps (Hypophthalmichthys nobilis) and silver

carps (Hypophthalmichthys molitrix) through a Vertical Slot Fishway (VSF). The

model uses the three-dimensional simulations of VSF configurations in three

hydrodynamic conditions as input for an Agent Based Model (ABM). The ABM

consists of 4 different behaviors of a fish agents driven by hydrodynamic cues.

External and internal variables such as light pollution, temperature, noise, stress,

or fatigue were addressed by adding sthocasticity (ranndom variables) to the

path selection. The model was developed under three hypotheses. First, the

agent swims mostly in upstream direction. Second, energy expenditure is as-

sessed, but neglected, in the agent’s path selection. Third, passage efficiency of

the VSF is 100%, i.e., all agents reach the exit of the fishway. The main objec-

tive of the ELAM is to successfully reproduce the experimentally measured fish

path lines. Furthermore, the evaluation of the influence of hydrodynamic cues

in path selection and the assessment of escape responses in energy consumption

are set as secondary objectives.

4.1 Experimental Data

VSF geometries and fish habitat distribution were taken from Tan and others

(2019, 2018). They conducted several experiments 1:2.5 scaled model built in

a 5-pool VSF in 7 m length (L) flume at at the Engineering Research Center

of Eco-Environment in Three Gorges reservoir region, Yichang (China). As

shown in Figure 4.1 , two geometries configurations with different arranges of

the baffles were tested. Tan et al. [13] staggeringly arranged the large and small

baffle in opposite sides of the side walls along the flume. They undertook two

treatments of bighead carp (Hypophthalmichthys nobilis) in 2 different conditions.

In this study, the treatments are labeled as A1, 𝑄𝐴1 = 18 𝑙/𝑠 & 𝑛𝐴1 = 15, and as

A2, 𝑄𝐴2 = 26 𝑙/𝑠 & 𝑛𝐴2 = 18. In the other experiment, Tan et al. [14] uniformly
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arranged the large and small baffles along the flume. They conducted only

one treatment with silver carps (Hypophthalmichthys molitrix).This treatment is

labeled as B, 𝑄𝐵 = 13 𝑙/𝑠 & 𝑛𝐵 = 15. In both cases the pool length, 𝐿𝑝 , is 0.625

and the slope 1%.

(a) (b)

Figure 4.1: VSF geometry configuration and dimensions for (a) geometry A [13],
and (b) geometry B [14]

The experiments performed by Tan et al. [14, 13] in a flume supplied by

domestic water. Temperature were measured in 18 - 27 𝑜C, which is represen-

tative of Yangtze river during Asian carps migration period [132]. To avoid the

stress of transport from hatcheries, carps were kept in a acclimation tank from

24 to 72 hours. The experimental pathlines were continuously recorded one

25 fps video camera (DS-2CD3345-I, Hikvision Corporation) and digitized by

a video recorder (DS-7808N-K1/C, Hikvision Corporation), using a frame-by-

frame video analysis.
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4.2 Eulerian framework

In fluid mechanics, the Eulerian description of fluid motion refers to the

evaluation of the fluid flow fields from a fixed reference framework, i.e., the

main fluid variables, such as velocity, pressure, temperature, or any other sig-

nificant variable vary with respect to a fixed point known as the origin. In the

ELAM approach, the Eulerian framework provides input from an individual’s

surrounding environment that will trigger a behavioral reaction [98]. Eulerian

framework was used using the open source CFD code OpenFOAM [52]. The

tool solves the equations 3.1 presented in Chapter 3.

The simulation time was around 200 s to ensure quasi-steady state condition,

i.e., inlet discharge is similar to outlet discharge. The simulations reached the

convergence at around 150 seconds of simulation time. Figures 4.2, 4.2, and 4.4

display the outcome of the simulations for turbulent kinetic energy, 𝑘, velocity

magnitude, |u𝑖 |, and, velocity strain rate , 𝑆𝑖 𝑗 at 200 seconds of simulation time,

respectively. To be consistent with Tan et al. [13, 14] treatments, the simulation

results where evaluated in the pools 2,3, and 4 at the plane 𝑧/ℎ = 0.6. Maximum

𝑘 values were 0.039, 0.046 and 0.028𝑚2/𝑠𝑠 , whereas 𝑢 displayed maximums 0.77,

0.81, and 0.65 𝑚/𝑠 for cases A1, A2 and B, respectively. Regarding 𝑆𝑖 𝑗 , excluding

values higher than 10 𝑠−1, means are 3.32, 3.48 and 3.53 𝑠−1 for A1, A2 and

B, respectively. Among all configurations, there is not a significant differences

between the strain rate. Thereby, the analysis is focused in the maximum values,

higher than 10 𝑠−1

Geometry A displays similar mean values for, 𝑘, 0.008 and 0.010 𝑚2/𝑠2 for

A1 and A2, respectively. Contrariwise, geometry B displayed substantially

difference for the maximum of 𝑘 is 0.004 𝑚2/𝑠2. The mean velocity magnitude

outcome, |u𝑖 |, diversely, falls in 0.15, 0.19, and 0.11 𝑚/𝑠, showing a bigger

difference between A1, A2 and B, respectively. These magnitudes increased up

to 0.20, 0.24, 0.19 𝑚/𝑠, if the values are constrained to the jet zone. There is not

significant differences in |u𝑖 | evaluated in the jet zone. Lastly, 𝑆𝑖 𝑗 whose values

were higher than 10 𝑠−1 were found in 44.87 %, 34.03% and 15.48% of the domain

for A1, A2 and B, respectively, mainly concentrated in the baffles close to the slot

region.
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(a)

(b)

(c)

Figure 4.2: Velocity magnitude, |u𝑖 |, spatial distribution in the plane 𝑧/ℎ = 0.6
in the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps upstream
corridor distribution published by Tan et al. [13, 14]

4.3 Lagrangian framework

In the ELAM approach, Eulerian input is represented by physical or chemi-

cal variables computed based on governing equation of continuum mechanics,

while the Langrangian approach predicts the agent’s position within the Eule-

rian domain [133]. In fluid mechanics, contrary to the Eulerian description of

fluid motion, Lagrangian description refers always to the same fluid particle,
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(a)

(b)

(c)

Figure 4.3: Turbulent kinetic energy, 𝑘, spatial distribution in the plane 𝑧/ℎ = 0.6
in the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps upstream
corridor distribution published by Tan et al. [13, 14]

which do not have a fixed reference frame. In the ELAM developed in this study,

the agent’s position is achieved by a one - way Eulerian-Lagrangian coupling.

In other words, the hydrodynamic variables influence the agent’s motion, but

the agent’s motion does not influence the fluid flow characteristics.

𝜕𝑥 𝑓 𝑖𝑠ℎ,𝑖

𝜕𝑡
= 𝑢 𝑓 𝑖𝑠ℎ,𝑖 (4.1)

where 𝑥 𝑓 𝑖𝑠ℎ,𝑖 is the agent’s position along the axis 𝑖 = 1, 2, 3 and 𝑢 𝑓 𝑖𝑠ℎ,𝑖 is the
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(a)

(b)

(c)

Figure 4.4: Velocity strain rate, 𝑆𝑖 𝑗 , spatial distribution in the plane 𝑧/ℎ = 0.6 in
the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps upstream corridor
distribution published by Tan et al. [13, 14]

agent’s velocity computed from the Agent Based Model (ABM). Agent cognition

is represented by a sensory sphere coded as Numerical Fish Surrogate (NFS)

approach, proposed by Goodwin et al. [10]. They assumed that fish sensorial

perception was constrained by sensory sphere, whose radius is defined as a

Sensory Query Distance (SQD). In the initial proposal, the SQD was calculated

as a function of the length of the fish body, 𝐵𝐿, the time step, Δ𝑡, and the

sensory operating range. However, later on Gao et al. [19] modified this proposal
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assuming that the SQD is a function of 𝐵𝐿 and a random variable, 𝑅𝑁 .

𝑆𝑄𝐷 = max [Δ𝑥𝑖 , 𝐵𝐿 (1 + 0.5𝑅𝑁)] (4.2)

where Δ𝑥𝑖 is the cell size in the direction 𝑖 = 1, 2, 3, and 𝑅𝑁 is assigned a real

number between 1 and 0. in this assumption, the sensory sphere will have

a maximum diameter of 3𝐵𝐿. In this sense, the fish lateral line, which filters

hydrodynamic stimuli such as pressure gradients and flow acceleration flow

fields [58], is intended to be represented.

4.4 Agent Based Model

Agent-Based Models (ABM) simulate a population of individuals that in-

teract with each other and their surrounding environment [131], in this case a

computational domain, Ω. In Ecological modelling Individual Based Models

(IBM) are considered equivalent. Nevertheless, DeAngelis and Grimm [131]

differentiated IBMs from other approaches by the capacity of representing in-

dividuals’ local interactions and adaptative behaviors which partial differential

equations are not able to.

The ABM to be included in the ELAM has a temporal discretization, which

is different from the hydrodynamic simulation. Fish lateral line components

are velocity sensitive at frequencies below 50 Hz [134]. Nevertheless, Canal

Neuromasts (CNs) sensorial frequency can go up to 200 Hz from 10 Hz [58].

In this sense, the time step in which the agent screens the environment and

chooses the most suitable path should be between 0.02 and 0.1 seconds. The

agents time step, Δ𝑡𝐸𝐿𝐴𝑀 , was therefore set to 0.05 s to guarantee a proper time

discretization of the fish line paths and not to be in the edge of the frequency

ranges. A sensitivity analysis on the sensorial frequency was undertaken to

determine the impact of the time step in the ABM predictions. Finally the

most suitable Δ𝑡𝐸𝐿𝐴𝑀 was set in 0.05 s as the most suitable one. In addition,

considering that the hydraulics of the VSF is mainly two dimensional given for

mild slope conditions [20], the ABM is coded to work in only in the 𝑥𝑦 plane at

𝑧/ℎ = 0.6 of the CFD results. Behaviors sketched in Figure 4.5, while stimuli,

actions and conditions are summarized in Table 4.1.

In Table 4.1, 𝑃𝑖 is the joint suitability of each cell (0.0 - 1.0), 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is

the threshold suitability to activate whether 𝐵0 or 𝐵1, |u𝑖 | is the flow velocity
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(a) (b)

(c) (d)

Figure 4.5: Sketch for the representation of the behaviors of the ABM, (a) Explo-
ration, 𝐵0, (b) Attraction, 𝐵1, (c) Rejection, 𝐵2, and (d) Escape, 𝐵3. The cells are
colored from most suitable (blue) to least suitable (red), the sampling domain is
circled with magenta.

magnitude and 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is the velocity threshold to trigger 𝐵3, set in 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =

𝜇𝑢 + 1.75 𝜎𝑢 . The main output of the ABM is the 𝑢 𝑓 𝑖𝑠ℎ,𝑖 which is dependent on

fish swimming performance indicators, such as sustained swiming speed, 𝑢𝑐𝑟𝑖𝑡 ,

and bursting speed, 𝑢𝑏𝑢𝑟𝑠𝑡 . These values were taken from Cai et al. [135], who

performed an experiment on carps swimming performance. 𝑢𝑐𝑟𝑖𝑡 was found

between 2.62 and 9.53 𝐵𝐿/𝑠 while 𝑢𝑏𝑢𝑟𝑠𝑡 between 3.35 and 9.38 𝐵𝐿/𝑠 (𝐵𝐿 in

meters). In the final ELAM application, the values from 𝑢𝑐𝑟𝑖𝑡 we considered as
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Table 4.1: ABM behavior description

Behavior Stimulus Action Condition

𝐵0 - Exploration 𝑃𝑖 ≤ 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝐵1 Hydrodynamic variables Attraction 𝑃𝑖 > 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

𝐵2 Walls Rejection |u𝑖 |= 0

𝐵3 Jet presence Escape |u𝑖 |≤ 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

the half of the measured values to avoid overlapping between 𝑢𝑐𝑟𝑖𝑡 and 𝑢𝑏𝑢𝑟𝑠𝑡 .

Moreover, results from Cai et al. [135] contrasts with the ones found by Newbold

et al. [132], who observed that the mean 𝑢𝑏𝑢𝑟𝑠𝑡 , 7.80 𝐵𝐿/𝑠, was around the double

of 𝑢𝑐𝑟𝑖𝑡 , 3.84 𝐵𝐿/𝑠. In the ELAM, fish swimming speed randomly varies between

these ranges.

4.4.1 Behavior 0: Exploration

This behavior, 𝐵0, is the exploratory behavior. It is triggered if there is

no cell suitable enough for the agent to choose it, within the SQD sphere. The

threshold suitability, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is set in 0.05. In other words, the agent will trigger

this behavior in still water condition. 𝐵0 is coded as a Correlated Random Walk

(CRW), in which the next path direction is linked to the agent’s previous state

(Figure 4.5a). Particularly, the direction is updated by a rotation of maximum

30𝑜 (equation 4.3):

𝑢 𝑓 𝑖𝑠ℎ,𝑖 = 𝑢𝑐𝑟𝑖𝑡

(

[

𝑢 𝑓 𝑖𝑠ℎ,𝑖

|𝑢 𝑓 𝑖𝑠ℎ,𝑖 |

]

𝜃=𝜃+𝜙

)

(4.3)

where 𝜃 is the previous angle direction respect to the 𝑥 − 𝑎𝑥𝑖𝑠 and 𝑝ℎ𝑖 is a

random angle value which ranges from −30𝑜 to 30𝑜

4.4.2 Behavior 1: Attraction

This behavior, 𝐵1, is the standard behavior. It is based in two components,

information filtering and response generation. Kemp, Anderson, and Vowles

[136] concluded that filtering information in fish decision making follows a

dual normal distribution, noise alone and noise plus the stimulus, in this case

hydrodynamic variable. In this sense, and following Tan et al. [14]’s proposal and

60



CHAPTER 4. MODELLING UPSTREAM CARP MIGRATION TROUGH VERTICAL SLOT

FISHWAYS: AN EULERIAN-LAGRANGIAN AGENT BASED MODEL APPROACH

considering that the Eulerian input is steady state, 𝐵1 computes path suitability

using a normal distribution probability, as shown in equation 4.4.

𝑝(Φ𝑗) =
[

1

𝜎
√

2𝜋
exp

(

−
Φ𝑗 − 𝜇

4𝜎

)]

𝑝(Φ𝑗)−1
𝑝𝑒𝑎𝑘 (4.4a)

𝑃𝑖 =

3
∑

𝑗=1

𝑊𝑗 𝑝(Φ𝑗) (4.4b)

where 𝑝(Φ𝑗) is the normalized suitability linked to a single hydrodynamic vari-

able, 𝑃ℎ𝑖 ∈ [𝑘, |u𝑖 |, 𝑆𝑖 𝑗], 𝑃𝑖 is the joint suitability within the sensory sphere

domain, Ω𝑆𝑄𝐷 , and 𝑝(Φ𝑗)𝑝𝑒𝑎𝑘 is the peak of the normal distribution, used to nor-

malize 𝑝(Φ𝑗) (0-1). Finally𝑊𝑗 is the weight ofΦ𝑗 in 𝑃𝑖 , obtained in the calibration

process, 𝜇 and 𝜎 are the mean and standard deviation, extracted by superposing

experimental data [14, 13] on the CFD simulation results. The agent’s velocity

is given by equation

𝑢 𝑓 𝑖𝑠ℎ,𝑖 = 𝑢𝑐𝑟𝑖𝑡
𝐷𝑖

|𝐷𝑖 |
(4.5)

where 𝐷𝑖 is the distance between agent’s current position and the most suitable

cell. Contrary to Tan et al. [14], in this formulation, in order to find the most

suitable path, the agent samples all the sensory sphere domain, Ω𝑆𝑄𝐷 , and

chooses randomly between the 50% of the cells with the highest 𝑃𝑖(Figure 4.5b).

Railsback and Grimm [137] suggest adding randomicity or a consistent bias

to the agent’s decision making has been previously suggested to address the

variability of complex processes due to external or internal variables that have

not been considered, such as light or stress.

4.4.3 Behavior 2: Rejection

In spite of the fact that fish main source of information is visual [138], the

lateral line also informs about the changes in flow characteristics produced by

obstacles underwater [139, 140]. Thus, this behavior, 𝐵2, is triggered when the

half inner radius of the SQD sphere reaches a wall boundary condition, i.e., a

cell whose velocity magnitude is zero,|u𝑖 |= 0. When this condition is triggered,

the agent’s velocity is a combination of 𝑢 𝑓 𝑖𝑠ℎ,𝑖 found in 𝐵1 and a velocity in

the opposite direction to the sidewalls towards the closest cell in the jet region
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(Figure 4.5c). The influence of each velocity is given by a random weight, 𝑅𝑊 ,

which varies between 0.05 and 0.50 (Equation 4.6).

𝑢 𝑓 𝑖𝑠ℎ,𝑖 = 𝑢𝑐𝑟𝑖𝑡

(

𝑅𝑊
𝐷𝑖,1

|𝐷𝑖,1 |
+ (1 − 𝑅𝑊) 𝐷𝑖 ,2

|𝐷𝑖 ,2 |

)

(4.6)

where𝐷𝑖,1 is the distance between agent’s current position and the most suitable

cell, where 𝐷𝑖 ,2 is the distance between agent’s current position and the closest

cell in the jet region. The agent is able to identify between sidewalls and baffles.

When a baffle is found within the sensorial domain, Ω𝑆𝑄𝐷 , the sampling is

constrained it is constrained downstream of the baffle.

4.4.4 Behavior 3: Escape

Silva et al. [22] found that Atlantic salmon smolts (Salmo salar) exhibited

rapid swimming, even exceeding 𝑢𝑏𝑢𝑟𝑠𝑡 , in areas with high velocity magnitude

and steep velocity gradients, accompanied by elevated 𝑘. Similarly, Piper et al.

[32] observed escape behavior in European Eels (Anguilla anguilla) when sub-

jected to accelerated flows. In order to represent this behavior, 𝐵3 is presented

as a modification of 𝐵1 (Figure 4.5d). Although the agent’s swimming direction

adheres to equation 4.5, an alternative behavior governs the agent when flow

velocity magnitudes within the SQD sphere exceed 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑. Firstly, the uncer-

tainty in selecting the most suitable cells, as defined in 𝐵1, increases from 50%

to 75%. Second, the radius of the SQD sphere is halved, thereby limiting the

sensory scope of the agent. Lastly, the agent employs 𝑢𝑏𝑢𝑟𝑠𝑡 instead of 𝑢𝑐𝑟𝑖𝑡 as

velocity magnitude. This behavior aims to simulate the fish’s escape response

to high-accelerated flows.

4.5 Calibration and Validation

A cubic spline and a polynomial of order 10 regression were performed us-

ing the data extracted from Tan et al. [13, 14] to find the experimental average

migration path of carps in the VSFs. A sensitivity analysis to adjust𝑊𝑗 in Equa-

tion 4.4b was carried out within one thousand simulations where the simulated

average migration path of the agents was compared to the experimental one.

The Root Mean Square Error (RMSE) was the objective function to minimize.

After finding the best coefficients shown in Table 4.2, all the trials in geom-
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etry A (𝑛𝐴1 = 15, 𝑛𝐴2 = 18) and B (𝑛𝐵 = 30) were replicated. The results of

the simulations were compared to those experimental through the OLS lineal

regression [125] as presented in Chapter 3 in the equation 3.7. However, the

variables where different. The 𝑦 − 𝑎𝑥𝑖𝑠 variability was evaluated in two ways.

First, the averaged path lines obtained from the polynomial regression of up-

stream migration corridors. Second, the first two statistical moments, mean (𝜇𝑦)

and standard deviation (𝜎𝑦), from 30 spatial intervals in the transverse were

considered. The mean was evaluated using the OLS and the standard deviation

with and without activating 𝐵3. Figures and display the variables and OLS

linear regression performed.

Table 4.2: Final coefficients for Equation 4.4b

Case
𝑄 𝑘 [𝑚2/𝑠2] |u𝑖 | [𝑚/𝑠] 𝑆𝑖 𝑗 [𝑠−1]

(𝑙/𝑠) 𝜇 𝜎 𝑊 [-] 𝜇 𝜎 𝑊 [-] 𝜇 𝜎 𝑊 [-]

A1 18.0 0.012 0.006 0.86 0.287 0.215 0.14 5.147 1.121 0.00

A2 26.0 0.012 0.006 0.82 0.264 0.166 0.09 4.813 2.911 0.09

B 13.5 0.008 0.004 0.74 0.250 0.165 0.10 4.239 2.963 0.16

(a) (b)

Figure 4.6: Experimental and simulated pathline; (a) Polynomial regression,
𝑦𝑝𝑎𝑡ℎ, and (b) first statistic moment validation by intervals, 𝜇𝑦 without escape
response, 𝐵3. Light and dark yellow hexagons represent the cases A1 and A2,
while purple diamonds represent case B

As shown in Figure , the coefficients defined in the validation criteria based on
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4.5. CALIBRATION AND VALIDATION

pathline regression (𝑦𝑝𝑎𝑡ℎ), [𝑏, 𝑚, 𝑅2], before including 𝐵3 are [0.04, 1.17, 0.524],

[0.01, 0.99, 0.669], and [-0.11, 1.55, 0.607], for cases A1, A2 and B, respectively.

In the same line the validation based on the first statistical moment (𝜇𝑦), the

coefficients are [0.06, 1.08, 0.452], [0.02, 0.96, 0.622], and [-0.08, 1.36, 0.542], for

cases A1, A2 and B, respectively.

(a) (b)

Figure 4.7: Experimental and simulated pathline; (a) Polynomial regression,
𝑦𝑝𝑎𝑡ℎ, and (b) first statistic moment validation by intervals, 𝜇𝑦 including Escape
behavior, 𝐵3. Light and dark yellow hexagons represent the cases A1 and A2,
while purple diamonds represent case B

After including 𝐵3 (Figure ), coefficients [𝑏, 𝑚, 𝑅2] linked to the polynomial

regression (𝑦𝑝𝑎𝑡ℎ) are displayed as [-0.03, 1.42, 0.804], [-0.04, 1.25, 0.667], and

[-0.08, 1.24, 0.474], for cases A1, A2 and B, respectively. Following this trend,

the coefficients linked to the statistical evaluation (𝜇𝑦) are [-0.04, 1.42, 0.738],

[-0.04, 1.23, 0.625], and [-0.04, 1.00, 0.378], for cases A1, A2 and B, respectively.

The values of the global dispersion of the upstream migration corridor, 𝜎𝑦 (m),

along the 𝑦 − 𝑎𝑥𝑖𝑠 are shown in Table 4.3.

Final migration pathlines corridor are presented in Figure 4.8. As shown in

most cases the carps swimming corridor is reproduced by the agents upstream

migration corridor. A1 shows the greatest bias, while B shows the most accurate

simulation.
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4.6. ENERGY ASSESSMENT

Table 4.3: Global standard deviation 𝜎𝑦 of upstream migration corridor

Case
𝜎𝑦,𝑒𝑥𝑝 𝜎𝑦,𝑠𝑖𝑚 [𝑚]

[𝑚] no 𝐵3 𝐵3

A1 0.069 0.054 0.065

A2 0.059 0.033 0.067

B 0.055 0.029 0.054

4.6 Energy Assessment

Once calibrated and validated the ELAM, behavior distribution was evalu-

ated. Figure 4.9 shows the behavior spatial distribution along the fishways. In

general, 𝐵3 is the most frequent behavior in all cases with a 43%, 53% and 68%

for A1, A2 and B. In geometry A, 𝐵3 occurrence takes place around the baffles

transverse section, in which highest velocities where computed. Conversely, in

geometry B,𝐵3 occurrence is spread along the pools in which the jet is developed.

The second behavior with the highest occurrence is 𝐵1. The standard behavior

displays an occurrence of 46%, 30% and 26% for the cases A1, A2 and B. 𝐵1 was

triggered along the pools in geometry A, while it took place downstream of the

baffles in geometry B. Wall avoidance, 𝐵2, occurred mostly in the proximity of

the baffles with 11%, 18% and 9% of occurrence for A1, A2 and B, respectively.

Exploring behavior, 𝐵0, displayed no occurrence. This is due to to the fact that

the triggering condition, 𝑃𝑖 ≤ 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, was found only in the 2%, 6% and 10%

of the entire domain, Ω, for A1, A2, and B.

In the current ELAM proposal, swimming performance indicators were

linked to each behavior. In addition, swimming energetics in fish are strongly

linked to anaerobic activity, ranging between gentle swimming behaviors, sus-

tained swimming and short periods of bursting periods. In this sense, energy

cost can be assessed to evaluate the impact of a escaping response after a suc-

cessful passage. Energy expenditure during fish locomotion is influenced by

factors such as inertial forces and pressure drag McKenzie [141]. Thus, the total

energy expenditure is computed from the quantification of drag power, which

represents the overall energy loss per unit of time by equation 4.7:

𝐸𝑖 = 𝐸𝑖−1 +
Δ𝑡

2
𝜌 𝑆 𝐶𝐷𝑈

3
𝑃 (4.7)
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(a)

(b)

(c)

Figure 4.9: Spatial distribution of agent behaviors triggered in ELAM simula-
tions, including all behaviors, for the three test cases (a) A1, (b) A2 and (c) C2.
Density plot corresponds to the joint suitability, 𝑃, presented in equation 4.4

where 𝐸𝑖 is the energy at the current time step, 𝐸𝑖−1 is the previous energy value,

𝜌 is the water density, 𝑆 is agents surface, which in this case is an ellipsoid of

revolution with 𝐵𝐿, 0.5 𝐵𝐿 and 0.25 𝐵𝐿 as dimensions, 𝜌 is the water density, 𝐶𝐷

is the fish drag coefficient, which has a value of 0.015 [142], and 𝑈𝑃 is agents

relative velocity magnitude,𝑈𝑃 = |𝑢 𝑓 𝑖𝑠ℎ,𝑖 − u𝑖 |.
While the drag coefficient is not constant in real-world scenarios, there is

a lack of empirical correlations linking the drag coefficient of fish to the flow
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Reynolds number. Consequently, it is assumed that the value should be re-

garded as a reference corresponding to typical fish swimming speeds. This can

potentially result in inaccuracies when assessing energy consumption in regions

with low velocity. However, since energy consumption scales with the cube of

the velocity magnitude, it is anticipate that its impact on the total energy con-

sumption might be relatively minor. Energy variation as function of residence

time is presented in Figure 4.10c.

(a) (b) (c)

Figure 4.10: Cumulative energy vs residence time for cases (a) A1, (b) A2 and
(c) B. Light big magenta squares are ELAM simulations excluding the escape
response, 𝐵3, dark small purple diamonds are the ELAM simulations including
the escape response,

4.7 Discussion

A good Vertical Slot Fishway design relies on addressing correctly fish tar-

geted fish species requirements [28]. In this sense, hydrodynamic cues, such as

velocities or turbulent energy dissipation, are essential in the process [30, 113].

VSFs differentiate from others, due to three favorable conditions [53]. First, fish

can choose the depth in which they decide to migrate from one pool to another.

Second, there are recirculating zones large enough which provides a proper

resting zone. Third, it provides a well defined jet within the transition of the

pools for guidance. Using this criteria, geometries A and B were evaluated. In

geometry A, a well defined resting zone or jet is defined in none of the cases.

𝑘, |u𝑖 |, and 𝑆𝑖 𝑗 do not show any visible pattern that comply with the criteria.

The jet, in both cases A1 and A2 do not exhibit a continuous path. Contrarily,

the same variables show a clear pattern in geometry B. In fact, high values of
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𝑘, greater than 0.015 𝑚2/𝑠2 are located in the baffle region and surround the

jet zone, delineating, in this way, both the resting and jet zone. Moreover, high

values of 𝑆𝑖 𝑗 , greater than 10 𝑠−1, are located in near the walls, showing a clear

pattern from one pool to another. The jet zone, contrary to the geometry A,

display very low variability, 𝑆𝑖 𝑗 ∼ 0, in spite of the high velocity magnitudes. In

summary, the geometry B presents a more suitable structure for fish upstream

migration migration than geometry A.

Considering that the targeted fish species are silver carp an bighead carp, the

hydrodynamic variables are within the VSF design operating range. Newbold

et al. [132] reported 𝑢𝑐𝑟𝑖𝑡 in the ranges of 0.37-0.78𝑚/𝑠 and 𝑢𝑏𝑢𝑟𝑠𝑡 in 0.3 - 1.23𝑚/𝑠,
far higher than the maximum velocity magnitude simulated. Nevertheless, Tan

et al. [13, 14] observed passage efficiency of 69.7% and 54.2% in geometries A

and B, respectively. They suggest that 𝑆𝑖 𝑗 is not influential on carps responses for

geometry A, but share the same degree of influence for geometry B. Coefficients

displayed in Table 4.2 agree with the results of Tan et al. [13]. However, they

contrast with the coefficients published by Tan et al. [14], who found a similar

influence,𝑊𝑗 , for 𝑘 and |u𝑖 | (0.412, 0.319) in fish path selection, while this study

found greater influence of 𝑘 than |u𝑖 | (0.741, 0101). In fact, 𝑆𝑖 𝑗 displays higher

influence (0.159) than |u𝑖 |.
The ELAM excluding 𝐵3, 𝐸𝐿𝐴𝑀𝐵0 ,𝐵1 ,𝐵2 , was able to reproduced experimen-

tal averaged upstream corridor measured by Tan et al. [13, 14] (Figure 4.8).

As shown in Figure 4.6b the OLS linear regression performed displayed good

agreement with both, polynomial averaged path line, 𝑦𝑝𝑎𝑡ℎ and first statistical

moments, 𝜇𝑦 . Nonetheless, it did not reproduced experimental dispersion (Ta-

ble 4.3) since 𝜎𝑦 was underestimated in all cases. The final ELAM proposal,

𝐸𝐿𝐴𝑀𝐵0 ,𝐵1 ,𝐵2 ,𝐵3 , was still able to represent the averaged upstream swimming

corridor as shown in Figure 4.7b and the corridor dispersion as displayed in

Table 4.3. In addition, despite the fact that the slope of the OLS linear regression

models’ slope,𝑚, slightly flawed in the geometry A, the coefficient of determina-

tion increased in all cases. In this sense, by adding an escaping response when

hydrodynamic conditions are harsh, the correlation between experimental and

simulated upstream migration corridor increases. Zhu et al. [143] suggested

that the random selection of fish migration path should be related to the ran-

domness of flow characteristics. The improvement of the ELAM performance

when the uncertainty in path selection was increased, from 50% to 75%, in the

jet zone by adding 𝐵3 supports zhu et al.’s [143] statement.
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Figure 4.9 shows the behavioral spatial distributions along the upstream

migration corridor. 𝐵3 is the most frequent in all the cases even though its

triggering condition, |u𝑖 |≤ 𝑢𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, takes place only in the 1.32%, 4.48% and

0.49% of the domain, Ω𝑃𝑜𝑜𝑙=2,3,4, for A1, A2 and B, respectively. In spite of their

high velocities, jet zones in A and B are characterized by very low variability

𝑆𝑖 𝑗 ∼ 0. The agents, therefore, prefer small flow variability rather than low

velocities. Previous studies have concluded that fish are attracted to high water

velocities in spite of its high energetic costs [142]. Actually, well define jets, with

low velocity gradients, enhance fish passage [43, 47]. Figure 4.5 shows that,

including a escape response, 𝐵3, has greater impact on the model performance

in geometry B, than geometry A, in spite the fact that 𝐵3 frequency is higher in

geometry B. This might be related to higher flow velocities present in geometry

A. Residence time is also affected but in a minor extent.

The energy expenditure per unit time is greater in cases A1 and A2 compared

to case B (Figure 4.10), where the escape response (𝐵3) occurs less frequently.

This discrepancy may stem from the fact that the velocity magnitudes in A1

and A2 are considerably higher than those in B, indicating that the energy

cost is influenced not only by the agent’s velocity. The inclusion of the escape

response significantly impacts the energy cost and residence time in case A2 as

seen in Figure 4.10. Similarly, in A1, there is a comparable effect on the energy

cost, while the impact on residence time is minimal. In contrast, in case B,

incorporating Behavior 3 results in a slight increase in energy cost and a minor

decrease in residence time. It’s important to highlight the fact that the energy

assessment is merely physical, and neglects carp’s physiological parameters and

water temperature that might give more realistic results.

4.8 Conclusions and final remarks

The ELAM presented in this chapter is an variation of Tan et al. [14], who

proposed the use of a normal distribution to select the most suitable upstream

path selection, linked to three different hydrodynamic variables, velocity mag-

nitude, turbulent kinetic energy, and velocity strain magnitude. In the current

proposal the randomcity in the path selection have been introduced to this

particular behavior, 𝐵1. In addition, three additional behaviors have been in-

cluded in the decision making: (1) first, the exploring behavior, 𝐵0, triggers

a correlated random walk in search of a significant stimulus, (2) second, wall
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avoidance behavior, 𝐵2, and (3) finally, an escaping response behavior, 𝐵3,in

which the standard behavior, 𝐵1, is modified to reproduced fish behavior, when

it is disturbed by high accelerated flows. Furthermore, in this innovative pro-

posal, swimming performance indicators, such as sustained swimming speed,

𝑢𝑐𝑟𝑖𝑡 and bursting swimming speed, 𝑢𝑏𝑢𝑟𝑠𝑡 , are linked to the type of behavior.

The ELAM has been applied and validated in two different Vertical Slot Fish-

way (VSF) configurations in three hydrodynamic conditions. The ELAM initial

proposal, without the escape response, 𝐵3, effectively reproduced the averaged

upstream migration corridor through the VSFs. However, the dispersion was

biased from the experimental spatial distribution. The final ELAM, with the

escape response, 𝐵3, not only increased the correlation between experimental

and simulated migration corridors, but also reproduced the corridor dispersion.

Increasing the uncertainty when fish aims to escape has never been evaluated

before; and therefore, the ELAM provides a new approach in the evaluation

and modelling of VSF. To summarize, the ELAM proposed in this chapter can

effectively reproduce the most suitable path chosen by carps in a VSF. A good

representation of the upstream swimming corridor can give modelers and de-

signers a better insight about the modifications needed by a fishway to increase

efficiency.

As observed in similar studies before, turbulent kinetic energy, 𝑘, is the

variable most influential in agent’s habitat preference, independently of the

geometry configuration. To contrast, velocity magnitude, |u𝑖 |, and velocity

strain rate, 𝑆𝑖 𝑗 influence varied from one geometry to another. In the geometry

in which the baffles were uniformly arranged, strain rate, is more influential

than in the one staggerly arranged. In this sense, previous allegation which

state that not only magnitude, but also flow variability is important the fish

passage debate. Based on these conclusions, a VSF with a uniform designed

is strongly suggested. Furthermore, VSF design which links fish swimming

performance indicators is desirable.

Upon to this chapter, energy consumption assessment through the use of

the ELAM cannot be considered realistic. Despite the fact that energy cost and

residence time were evaluated, a validation was not possible due to the lack of

experimental data in this matter. Another limitation of the ELAM is that ex-

haustion and resting behaviors were not addressed. This are key features of the

VSF design depending on fish targeted species. Finally, the VSF configurations

used for the evaluations are too idealistic, since the water drops between pools
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are significantly smaller than the real VSF, and fish targeted species are not as

good swimmers other cyprinids or salmonids [62]. Therefore, in conclusion, fur-

ther research, including different fish species like salmonids and more complex

geometries with higher water drops, is needed in this field.
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5
Assessing the use of 2D

depth-averaged simulations as

Eulerian input for predicting

Cyprinid passage modeling in

Vertical Slot Fishways

In Chapter 3, the hydraulics of VSF and the advantages and disadvantages

within modelling approaches, 2D or 3D, were addressed. Even though many

authors claim that VSFs display almost a two-dimensional hydraulic behavior

and could be addressed by two - dimensioanl approaches [12, 20], significant

differences were found among the evaluated approaches. Despite the good

representation of velocities, turbulent variables such as turbulent kinetic energy

displayed a significant impact on accuracy. In steep sloped VSF this variable

was highly over estimated, and refinement did not improved the predictions.

In addition, whether mild or steep slopes, flow topology was not accurately

represented in any VSF configuration.

As shown in this manuscript hydrodynamics of VSFs has been numerically

studied using both approaches 3D [99, 116, 112] and 2D [20, 102, 12]. Many

authors suggest that hydraulics of VSF is quasi-two-dimensional [11, 13], and

therefore, can be represented under depth-averaged flow simulations. However,
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despite the good representation of velocities, turbulent variables may have a

significant impact on accuracy. Beyond the fact that turbulence dissipation rate is

a key parameter to design VSF [113], other turbulent quantities, such as Reynolds

shear stress, 𝜏𝑖 𝑗 , or turbulent kinetic energy, 𝑘, also appear to influence cyprinids

behavioral responses in fishways [15, 21]. Thus it is important the selection of

the good approach to develop coupled, hydrodynamic - ecological simulations.

other turbulent quantities such as Reynolds Shear Stress or turbulent kinetic

energy seem to

In Chapter 4 the development of an Eulerian Lagrangian Agent-based Model

was presented. The implications and influence of each hydrodynamic variable

were discussed. The Eulerian domain was the outcome of a three-dimensional

simulation (ELAM). However, when attempting to simulate fish passage through

fishways using this type of algorithm the choice between 2D and 3D can yield

significant differences [106]. To date, the ELAM algorithms have been success-

fully applied to predict cyprinids passage in VSFs [19, 104, 107, 14]. However,

the implications of omitting a spatial dimension have not yet been addressed.

To the knowledge of the author no comparative study has been conducted on

the suitability of Eulerian inputs for behavioral models, especially concerning

the potential reduction from 3D to 2D representations.

This chapter summarizes a comparative evaluation between the three - di-

mensional and two - dimensional approaches discussed in Chapter 3 as Eulerian

inputs for simulating fish movements through VSFs. The main objective of this

section, considering the high computational demand of three - dimensional ap-

proaches, is to evaluate the suitability of two-dimensional approaches as an

Eulerian input for passage modelling through VSFs. The secondary goal is

to discern the potential bias in the impact of each hydrodynamic variable on

agents decision-making process when the environment is represented with one

fewer dimension (2D vs 3D). The findings presented in the sections aim to guide

the choice of hydrodynamic modelling techniques for future fish movement

simulations.

5.1 Experimental data and hydrodynamic simulations

For discriminating purposes the three - dimensional approach was labelled

as 3D RANS since the Reynolds Averaged Navier-Stokes equations were solved,

while the two - dimensional approach was labelled as 2D SWE, Shallow Water
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Equations. As presented in Chapter 3 OpenFOAM and TELEMAC-2D open-

source tools were used to the solution of the governing equations. OpenFOAM

(interFoam solver) applies a Finite Volume Method (FVM) to find a solution of

the multiphase flow applying the Volume of Fluid (VoF) to solve the interface

[52], while TELEMAC 2D solves the governing equations through a mass con-

servative, edge by edge, narrow (N) distributive scheme using the Finite Element

Method (FEM) [123]. Both software have been applied on solution of 3D [99,

116, 112] and 2D [12, 144] flow over VSF before.

As in Chapter 4, the cases and experimental data used in this study are ex-

tracted from the publications of Tan et al. [13, 14], which focus on the migration

corridors of bighead carp (Hypophthalmichthys molitrix) and silver carp (Hypoph-

thalmichthys nobilis) through VSFs. The geometry of the fishways is presented in

Figure 4.1. The treatments were 15 individuals of the bighead carp with 18.0 𝑙/𝑠
of flow rate for case A1, 18 individuals with 26.0 𝑙/𝑠 of flow rate for case A2 and

30 individuals of the silver carp with 13.5 𝑙/𝑠 of flow rate for case B. Particularly,

configuration B was further evaluated on the role of the transient flow charac-

teristics in random fish responses [143] and to assess energy expenditure using

an Agent Based Models (ABMs) [107].

5.2 Eulerian Lagrangian Agent based Model

Eulerian Lagrangian Agent-based Models (ELAMs) [10] have been widely

used to predict fish upstream and downstream movement in rivers worldwide

[145, 19, 101, 146, 14]. As presented by Goodwin et al. [106] the ELAM used in

this manuscript is as a conceptual model that represents fish as particle within

an Eulerian 2D hydrodynamic grid. In this case, steady state 2D SWE model.

The particle tracking is linked as a one-way Eulerian-Lagrangian coupling to

discretely predict the continuous trajectory of carps through the VSF. The sen-

sory perseption is described by equation 4.2 [14, 19]. Figure 5.1 displays the

scheme of the ELAM used in this chapter to predict the upstream migration

path of the carps using a two - dimensional simulation.

The Agent Based Model (ABM) used to represent the cognitive decision

making of carps in Chatper 4 was implemented. However only two behaviors

out of four were considered, upstream migration (attraction) and wall avoidance

(rejection). Behavior 1, 𝐵1, was coded under the hypothesis that hydrodynamic

information process and internal responses follow a dual normal probability
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(a) (b)

Figure 5.1: Schematic figure of the Behaviors in the ABM for 2D simulation
(a) Behavior 1, 𝐵1, attraction, and (b) Behavior 2, 𝐵2, wall avoidance. The red
squares are the wall nodes, the magenta polygon is the most suitable nodes, and
the blue arrowed lines are the streamlines.

distribution function, signal plus noise and noise alone [147]. Given the fact that

the Eulerian input, hydrodynamic information, is depth-averaged and steady

state, noise can be neglected, therefore only a normal distribution function was

considered (equation 4.4 & equation 4.5). In order to address key hydrodynamic

parameters that might drive cyprinids behavior such as turbulence, hydraulics

and uniformity [15, 43, 21] 𝐵1 utilized turbulent kinetic energy (𝑘), velocity

magnitude (|𝑢𝑖 |) and velocity strain rate (𝑆𝑖 𝑗) (Figure 5.1a). Wall avoidance

behavior,𝐵2, includes the need for the agent to seek attraction cues to the jet

zone (Figure 5.1b). Thus, this behavior is computed following the equation 4.6,

where an additional direction vector, to the closes cell in the jet zone, is included.

In this case, contrary to 𝐵1, the agent screens the entire sensory domain.

5.3 Comparative analysis 3D RANS vs 2D SWE

The Naiver Stoke Equations describe the flow fluid motion. However, there

is not analytical solution to solve them. The most accurate numerical solution is

performed by Direct Numerical Simulations (DNS), but the spatial discretization

is constrained to solve all the turbulent scales, which makes them highly com-

putational demeaning. Therefore, Large Eddy Simulations (LES) and Reynolds

Average Navier Stokes (RANS) approaches seem to be ideal to solve turbulent
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flow since some of the turbulent scales are modelled. RANS approaches seem

to have a good acceptance in the Environmental Hydraulics field [148] and also

in the field of Hydraulics [99, 53]. Nonetheless its use is still being limited in

the application of coupled ecological - hydrodynamic simulations. Approaches

like 3D RANS and 2D SWE display averaged turbulent outcome. Goodwin et al.

[106] included Eulerian frameworks from DNS simulations to 1D approaches.

In Chapter 4, 3D RANS outcome of the studied VSF were presented.

(a)

(b)

(c)

Figure 5.2: Velocity magnitude, |u𝑖 |, spatial distribution outcome performed
by 2D SWE in the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps
upstream corridor distribution published by Tan et al. [13, 14]
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Contrary to the 3D RANS simulations, 2D SWE achieved steady state. Fig-

ures 5.2, 5.3, and 5.4 display the outcome of the simulations for turbulent kinetic

energy, 𝑘, velocity magnitude, |u𝑖 |, and, velocity strain rate , 𝑆𝑖 𝑗 . Figures display

the outcome in the pools 2, 3, and 4. Figure 5.2 display a thicker jet compared to

Figure 4.2. In addition maximum values of the velocity magnitude, |𝑢𝑖 |, in the

jet are lower.

(a)

(b)

(c)

Figure 5.3: Turbulent kinetic energy, 𝑘, spatial distribution outcome performed
by 2D SWE in the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps
upstream corridor distribution published by Tan et al. [13, 14]

Figure 5.3 displays a different pattern for turbulent kinetic energy compared
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to Figure 4.3. Higher values of 𝑘 are displayed and more spread over the pools.

Moreover, velocity strain rate (Figure 5.4) is completely different from the one

presented in Chapter (Figure 4.3).

(a)

(b)

(c)

Figure 5.4: Velocity strain rate , 𝑆𝑖 𝑗 , spatial distribution outcome performed by
2D SWE in the cases (a) A1, (b) A2, (c) B. The dark hexagons are the carps
upstream corridor distribution published by Tan et al. [13, 14]

The 2D SWE outcome and the results presented by Tan et al. [14, 13] follow

the same pattern even though they performed three-dimensional model.
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5.3.1 Hydrodynamics

The 2D hydrodynamic results, i.e., the variables to assess attraction probabil-

ities, turbulent kinetic energy (𝑘), velocity magnitude (|𝑢𝑖 |), and velocity strain

rate (𝑆𝑖 𝑗) were compared with those presented in Chapter 4. Figure 5.5 shows

the histograms of frequency from the hydrodynamic variables obtained within

the 3D RANS and 2D SWE simulations on the validation pools.

Figure 5.5a, Figure 5.5d and Figure 5.5g display the turbulent kinetic energy,

𝑘, distribution for cases A1, A2 and B, respectively. For the 3D RANS simulations

outcome, mean k is 0.009 and 0.005 𝑚2/𝑠2, while maximum 𝑘 is 0.039 and 0.022

𝑚2/𝑠2, for configurations A and B, respectively. For the 2D SWE simulations

outcome, mean 𝑘 is 0.021, 0.024 and 0.013𝑚2/𝑠2, while maximum k is 0.046, 0.054

and 0.029 𝑚2/𝑠2 for cases A1, A2 and B, respectively. The normalized frequency

in the 3D RANS simulations for k is reports values below 0.0041, 0.0078 and

0.0022 𝑚2/𝑠2 in the 38.57 %, 55.30 % and 38.07 % of the Eulerian domain, for

cases A1, A2 and B, respectively. The results from 2D SWE simulations displayed

an almost uniform along the Eulerian domain for all the cases.

Figure 5.5b, Figure 5.5e and Figure 5.5h display the less divergent frequency

distributions for velocity magnitude, |𝑢𝑖 |. Mean values in 3D RANS are 0.19

and 0.14 𝑚/𝑠, while in the 2D SWE are 0.18 and 0.13 𝑚/𝑠, for geometry A

and B, respectively. Significant differences are not noticeable. Conversely for

the maximum values of |𝑢𝑖 |, 3D RANS display 0.77, 0.81 and 0.67 𝑚/𝑠, while

2D depth-averaged display 0.46, 0.50 and 0.40 𝑚/𝑠 for cases A1, A2 and B,

respectively. Normalized frequency distribution of velocity magnitude is the

most similar of all chosen variables. Therefore, whether using 3D RANS or 2D

SWE, for the cases A1, A2 and B, the variation of the most frequent value is

within 0.04 and 0.10 𝑚/𝑠 in around 23.00 % to 31.00% of the Eulerian domain.

Figure 5.5c, Figure 5.5f and Figure 5.5i display the velocity strain rate fre-

quency distribution for the cases A1, A2, and B, respectively. As reported in

Chapter 4, the velocity strain rate, 𝑆𝑖 𝑗 , varied from configuration A to configura-

tion B, displaying a clear distribution of the highest values, > 10 𝑠−1. On the other

hand, most of the values returned by 2D SWE are concentrated in the interval 0

and 3.0 𝑠−1. Configuration A returned 10.5 and 77.0 𝑠−1, while configuration B

displayed 7.0 and 56.0 𝑠−1 for the mean and maximum 𝑆𝑖 𝑗 , respectively. Among

all the simulations performed in 2D SWE, the mean 𝑆𝑖 𝑗 is 2.8 𝑠−1. Values over

10 𝑠−1 are within 20.00 % and 35.00% of the 3D RANS Eulerian domain in all
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 5.5: Histograms of normalized frequency of the hydrodynamic variables,
turbulent kinetic energy, 𝑘, velocity magnitude, |𝑢𝑖 |, and velocity strain rate,
𝑆𝑖 𝑗, from the three-dimensional Reynolds Averaged Navier Stokes simulations
(Dark blue bars) and depth-averaged simulations (light blue) for [ (a), (b) &
(c)] Configuration A1, [ (d), (e) & (f)] Configuration A2, and [ (g), (h) & (i)]
Configuration B, in the pools 2, 3, and 4, where experimental data is available .

cases, contrasting with 2D SWE which less than 0.5 % of the domain reported

this value. Around 25.00 % and 12.00 % of the 2D SWE Eulerian domain display
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values over 2.8 𝑠−1, while 3D RANS is around 82.00 % and 65.00, in geometry A

and B, respectively.

5.3.2 Agent Based Model

In order to reproduce ELAM predictions performed using 3D RANS simu-

lations, the process of calibration and validation was performed as described

in Section 4.5. To find out the coefficients for equation 4.4b, first, statistics on

the experimental distribution, superposed over Eulerian Input, in this case 2D

SWE simulation outcome, was performed. Then, a sensitivity analysis of over

1000 simulations was performed. To evaluate the model that fits better the av-

eraged upstream migration corridor, a polynomial of order 10 and cubic spline

regression were compared. Significant differences were not found between one

another. As in Chapter 4, the objective function was defined as the Root Mean

Square Error, RMSE, between the model obtained with the ELAM simulation

outcome and with the experimental, and the objective target was the hydrody-

namic variable influence (𝑊𝑗). After the simulations the statistics and calibration

process were undertaken. However, statistics were performed on the otucome of

2D SWE simulation. Table 5.1 shows the final coefficients for the agents response

for cognitive response for both 3D RANS and 2D SWE.

Using the coefficients presented in Table 5.1 simulations were performed

using both approaches. Figure 5.6 shows the final simulation outcome of the

six simulations performed, cases A1, A2 and B using 3D RANS and 2D SWE

simulations as an Eulerian input. In case A1, the predicted averaged migration

path is biased towards the right for 3D RANS case, while for 2D SWE it follows

the same trend. In case A2, despite that there is not a noticeable bias, ELAM seem

to predict better the averaged migration path when 3D RANS is the Eulerian

input. Finally, in case B, experimental migration path seems to be biased towards

the right wall respect to the agents direction . ELAM predictions obtained with

3D RANS seems to follow the same path as experimental measurements, while

the ones obtained with 2D SWE are skewed towards the center of the channel.

Once the coefficients were calibrated, and experimental treatments were

replicated, a validation process was performed. Figure 5.7 displays the OLS

linear regression results. Based on the intercept, 𝑏, and the slope, 𝑚, o all

cases, A1, A2 and B using whether 3D RANS or 2D SWE Eulerian input were

validated. In addition to this validation parameters, experimental spanwise
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Table 5.1: Final coefficients for Equation 4.4b contrasting 3D RANS and 2D SWE
approaches as Eulerian Input

Case
𝑄 3D RANS 2D SWE

(𝑙/𝑠) 𝜇 𝜎 𝑊 (-) 𝜇 𝜎 𝑊 (-)

Turbulent kinetic energy, 𝑘, (𝑚2/𝑠2)

A1 18.0 0.012 0.006 0.86 0.024 0.009 0.43

A2 26.0 0.012 0.006 0.82 0.029 0.010 0.42

B 13.5 0.008 0.004 0.74 0.016 0.005 0.40

Velocity magnitude, |𝑢𝑖 |, (𝑚/𝑠)
A1 18.0 0.287 0.215 0.14 0.202 0.112 0.35

A2 26.0 0.264 0.166 0.09 0.200 0.122 0.33

B 13.5 0.250 0.165 0.10 0.177 0.094 0.34

Velocity strain rate, 𝑆𝑖 𝑗 , (𝑠1)

A1 18.0 5.147 1.121 0.00 2.054 1.055 0.22

A2 26.0 4.813 2.911 0.09 2.221 1.062 0.25

B 13.5 4.239 2.963 0.16 1.952 0.876 0.26

dispersion within the upstream swimming corridor was, 𝜎𝑦 , was evaluated,

displaying values of 0.069, 0.059 and 0.055 m for the cases A1, A2, and B in

experimental measurements. The ELAM outcome using 3D RANS reported

0.054, 0.033 and 0.029 m, while using 2D depth-averaged the values are 0.045,

0.050 and 0.038 m. In agreement with Figure 5.6, For 3D RANS, the most biased

is case B, while for 2D SWE is case A2, which displayed the highest slope, 1.46,

and lowest intercept, -0.15. Overall higher correlation, 𝑅2, was achieved in 2D

SWE, case B, with an 𝑅2 of 0.682, than in 3D RANS, implying that models

performance is better. In addition, the spanwise variation of the carps spatial

distribution is better captured when 2D SWE is the Eulerian input.

5.4 Discussion

In the realm of ecohydraulics, the precise modeling of individuals behavior

and spatial distribution in fishways stands as a critical endeavor. Moreover,

concerns about the lack of standardized information to quantify passage has
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(a) (b)

Figure 5.7: Experimental and simulated pathline using first statistic moment
validation by intervals, 𝜇𝑦 presented in Chapter 4 using (a) 3D RANS and (b)
2D SWE as Eulerian input. Light and dark yellow hexagons represent the cases
A1 and A2, while purple diamonds represent case B

been already posed [29]. In this context, numerical modelling, encompassing

both ecological and hydrodynamic, serves as a tool to predict fish passage dy-

namics. Vertical Slot Fishways can be modelled in three and two dimensional

approaches [112, 99, 12, 20]. However, both have pros and cons. While 3D

modeling is known to be much more precise than 2D modeling, it is more

computationally intensive and requires significantly more time and labor. A

comprehensive understanding of how hydrodynamic cues and design elements

influence fish spatial selection is then imperative, as is the influence of different

modeling approaches. In this section, two modeling approaches (2D SWE and

3D RANS) under three hydrodynamic conditions in two Vertical Slot Fishway

configurations are compared. By doing so, results advance the understanding

of the complex interaction between hydrodynamics and fish behavior within a

Eulerian domain when one dimension is neglected.

Turbulent kinetic energy, 𝑘, in both approaches is the most influential hydro-

dynamic variable. This variable for 3D RANS seems to follow an exponential

frequency distribution, biased towards lower values, while the same variable

for 2D SWE simulations follows a quasi - uniform distribution (Figure 4). In

this sense, the highest values are concentrated in specific regions in 3D RANS

simulations. For instance, it surrounds the jet region in uniform configurations
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(Geometry B), delineating a low turbulent corridor that fits with carps upstream

swimming corridor (Figure 4.3), consistent with other three-dimensional studies

[99, 112]. In contrast, this corridor is not well defined in the 2D SWE simulations

(5.3). This seems to have an impact on the influence of turbulent kinetic energy,

𝑊𝑘 , on the agents response. While in 3D RANS it oscillates between 0.74 and

0.86, in 2D SWE simulations the weight is around the half and less variable,

between 0.40 and 0.43. Turbulent kinetic energy is modelled using the RNG

𝑘 − 𝜀 [120] and 2D 𝑘 − 𝜀 [124] model, for 3D RANS and 2D SWE simulations,

respectively. In fluid dynamics, turbulence is an exclusive three-dimensional

phenomenon. Thus, the 2D 𝑘− 𝜀 adapted by Rastogi and Rodi [124] aims for the

closure of the governing equations and does not predict the true depth-averaged

turbulent kinetic energy or the dispassion rates spatial distribution. Instead, it

computes virtual or approximate values [149]. This could explain the significant

difference between 3D RANS and 2D SWE for𝑊𝑘 .

For 2D SWE simulations, two-equations models for turbulence modelling

seem to be more accurate than one-equations models [149, 150]. Nevertheless,

the modelled turbulent kinetic energy is highly overestimated when simulating

the hydrodynamics of steep VSF as previously demonstrated [12] and confirmed

in Chapter 3, particularly in the slot zone. Table 5.1 shows that carps preferred

values, 𝜇𝑘 and 𝜎𝑘 , in the 2D SWE Eulerian domain are higher than in the 3D

RANS, at least twice as high. Nonetheless, observations of Tan et al. [13],

0.0200.043 𝑚2/𝑠2, agrees with the coefficients obtained for 2D SWE. Fuentes-

Pérez et al. [15] observed similar preferred zones of 𝑘 for the Iberian barbel

(Luciusbarbus bocagei), ranging from 0.021 to 0.033 𝑚2/𝑠2. In both experiments,

ADV measurements were undertaken to assess 𝑘. Tan et al. [13] used a sampling

distance of 2.5 cm, while Fuentes-Pérez et al. [15] averaged the measurements

in blocks with a minimum dimension of 10 cm. Ruonan et al. [90] observed that

ADV measurements on turbulent kinetic energy profiles are not accurately quan-

tified when the distance between sampling points is relatively large. This may

explain the agreement between the experimental observations with the 2D SWE

results. Katopodis and Kemp [91] suggest employing high-resolution, high-

repetition and high-speed PIV techniques to quantify the three-dimensional

turbulent characteristics that might be correlated with fish responses.

Velocity magnitude, |𝑢𝑖 |, was the least biased variable. While frequency

distribution, and averaged values displayed similar magnitudes for 3D RANS

simulations and 2D SWE, maximum values in the jet zone are significantly dif-
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ferent. 2D SWE slightly underestimates the velocity magnitude since the third

component can be neglected. However, in the transition zone, vertical compo-

nent plays an important role in velocity magnitude value. Thus, coefficients

𝜇|𝑢𝑖 | and 𝜎|𝑢𝑖 | for 2D SWE are underestimated when contrasted with 3D RANS

outcome. Carps find their preferred values at around 0.27 ± 0.18 m/s in 3D

RANS, whereas with 2D SWE as the Eulerian input, these values fall to 0.19

± 0.11 m/s. Both ranges fall within the observations of Tan et al. [13] who

found carps preferred 0.15 0.45 m/s. Fuentes-Pérez et al. [15] observed similar

quantities for the Iberian barbel 0.20 - 0.33 m/s. Therefore, both approaches

can capture experimental measurements, and consequently, |𝑢𝑖 | arises as the

most reliable variable. Indeed, in large scale coupled hydrodynamic ecological

models, velocity magnitude, along with water depth, are references of habitat

suitability [100, 101]. Consequently, and considering that the influence of 𝑘 is

lower for 2D SWE, the value of𝑊|𝑢𝑖 | for 2D SWE is indeed at least twice as high

as for 3D RANS, increasing from around 0.17 to over 0.33.

Velocity strain rate, 𝑆𝑖 𝑗 , is a signature of flow uniformity. Although the values

of 𝜇𝑆𝑖 𝑗 and 𝜎𝑆𝑖 𝑗 for 2D SWE are slightly underestimated compared to those ob-

tained with 3D RANS, they are not significantly different when contrasted with

the results of the entire domain displayed in Figure 4. Furthermore, the statisti-

cal coefficients derived from both methodologies are consistent with the findings

of Tan et al. [13], who, despite not considering it significant, noted that carps

spent most of the time in regions with strain rate within 2 - 7 𝑠1. This might be

because the mean values are not significantly different. However, the influence

of velocity strain rate on agents decision-making process differs considerably

between the two approaches (3D RANS & 2D SWE). Indeed, when using 2D

SWE Eulerian input all cases, A1, A2 and B display a weight around 0.210, while

when using 3D RANS input velocity strain rate influence discriminate among

configurations, neglecting the influence of this parameter in configuration A and

giving an important value of𝑊𝑆𝑖 𝑗 , 0.159, in configuration B. As shown in Chapter

4 velocity strain rate, 𝑆𝑖 𝑗 , distribution along the pools in 3D RANS simulations

is contrasting within geometries (Figure 4.4). While uniform configuration, B,

displays a clear pattern, concentrating highest values of velocity strain rate, >10

𝑠−1, surrounding the jet area, non-uniform configuration, A, did not show any

noticeable pattern. Conversely, velocity strain rate distribution patterns in 2D

SWE simulations do not vary significantly from one configuration to another

(Figure 5.4). Values over 10 𝑠−1 are exceedingly rare in 2D SWE simulations
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and are mostly concentrated in the edges of baffles. This also reflected in the

maximum values reported for the hydrodynamic simulations, which are up to

seven times higher in 3D RANS compared to 2D SWE.

Based on the validation parameters, weWe have shown that outcomes from

depth-averaged simulations may serve as an input for passage modeling. How-

ever, influence of hydrodynamic variables on agents responses to hydrody-

namic variables may be biased from what fish experiencesunrealistic due to

the discrepancies between real and simulated variablesreal three-dimensional

hydraulics andin the assumptions 2D SWE simulations suppose. In line with

other studies [151], three-dimensional approach appears to provide more ac-

curate hydrodynamic information. The weights obtained after calibration for

the depth-averaged simulation are in agreement with those published by Tan

et al. [14]. Moreover, after calibration, the ELAM results show better correlation

with experimental upstream swimming corridors. Furthermore, the statistical

coefficients agreed with ADV measurements. Nonetheless, the weights contrast

with the analysis by Tan et al. [13], who found none influence of velocity strain

rates, 𝑆𝑖 𝑗 , on carps response. The three-dimensional results presented in Chap-

ter 4, on the other hand, while contrasting with the original ELAM coefficients

found by Tan et al. [14], are consistent with the experimental observations on

fish response.

At this point, it is worth mentioning that many authors have traditionally

considered Vertical Slot Fishways (VSF) to be quasi two-dimensional during uni-

form hydraulic scenarios (same depth in all pools)[11, 20, 14, 13]. Case studies

are indeed assessed under uniform hydraulic conditions. However, this type

of hydrodynamic performance represents just one of the myriad possible hy-

draulic scenarios encountered in the field [48], such as non-uniform scenarios

that provide different water drops between pools and depths within the pools,

depending on upstream or downstream water level. It is under these condi-

tions that the real 3D nature of VSFs is revealed, and where different modeling

approaches could further demonstrate their predictive potential and their influ-

ence on Eulerian-Lagrangian Agent-based Models (ELAM). This study shows

that the three-dimensional nature of non-uniform flow patterns (Configuration

A), can only be captured by 3D approaches. Studies on non-uniform fish pat-

terns are nonexistent, and without doubt, this is an area where further research

is necessary.
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EULERIAN INPUT FOR PREDICTING CYPRINID PASSAGE MODELING IN VERTICAL

SLOT FISHWAYS

5.5 Conclusions and Final Remarks

In this chapter, the first comparative analysis between three-dimensional

Reynolds-Averaged Navier-Stokes Equations (3D RANS) and the two-dimensional

depth-averaged Shallow Water Equations (2D SWE) as Eulerian inputs for sim-

ulating fish movements through VSFs was undertook. To this end, 2D SWE

simulations were used as an Eulerian input for fish passage modelling in the Eu-

lerian Lagrangian Agent-based Model (ELAM), initially proposed by Tan et al.

[13]. The open-source tools OpenFOAM [52] and TELEMAC-2D [123] were used

to solve the governing equations of the hydrodynamics of VSFs for 3D RANS

and 2D SWE, respectively.

As the main conclusion, although hydrodynamic variables obtained in depth-

averaged simulations serve as efficient input for Eulerian Lagrangian Agent-

based Models (ELAMs), variables such as turbulent kinetic energy might be

overestimated, while velocity strain rate might be underestimated. Conse-

quently, the influence of these variables on the cognitive decision making of

agents, as derived from 2D SWE outcomes, might be rather unrealistic for real

fish. The most reliable input was the velocity magnitude, which displayed no

significant variability among Eulerian inputs. However, maximum velocities in

transition zones were underestimated by the 2D SWE. Therefore, it is strongly

recommended to focus the development of new ELAMs with 2D SWE input

on velocities and their spatial and temporal variations, rather than strain rate

tensor. In addition, as turbulent kinetic energy is a key parameter on the fish

passage analysis, its overestimation should be considered before assessing its

impact on agents responses. Thus, Quantifying the bias of unrealistic outcomes

is imperative to guarantee a better understanding of fish passage modelling in

two-dimensions through VSFs. Furthermore, hydrodynamic scenarios that ne-

cessitate a more comprehensive three-dimensional performance analysis should

be investigated further, such as non-uniform hydrodynamic scenarios where

drops and water depth are not constants between pools.

Given the advantages of computational efficiency, the depth-averaged sim-

ulations can provide, indeed, some utility in predicting the effects of hydrody-

namic conditions on fish passage. Therefore, it is suggested future developments

in this line. Open-telemac mascaret tool offers an Application Programming

Interface (API) [123, 152] to couple external models such as the ABM, with hy-

drodynamic models in a dynamic simulations. In this sense the ELAM can be
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adapted for using real time input data to address non-uniform, and unsteady

hydrodynamic cases. However, it is imperative to always consider that three-

dimensional outcomes might provide more accurate information.
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6
Evaluation of Iberian Barbel’s

exploratory behavior in Vertical Slot

Fishways: A Two-Dimensional

Eulerian Lagrangian Agent based

Model approach

Up to this chapter, it has been stated that Vertical Slot Fishways (VSF) are

the most popular structural measure to mitigate anthropogenic development

in rivers and restore river connectivity [48]. Nevertheless, desired efficiency,

≥ 90%, is still far from beeing achieved. In addition, both hydraulic and bio-

logical aspects needs to be evaluated to enhance passage in a VSF [28]. In this

context, Eulerian Lagrangian Agent Based Models (ELAMs) appear as a suitable

approach to address both aspects. However, its application has been limited to

the modelling of the most suitable paths in for both upstream and downstream

migration [19, 14, 10]. To date, there is no a single approach that evaluates

habitat preference, passage efficiency and energy cost. Thus, this chapter details

the implementation of a new ELAM that can be used dynamically along with an

open-source tool for hydrodynamic modelling. Taking in to account the results

presented in Chapter 3,Chaper 5, and the conclusions from Cea et al. [102] and

Chorda et al. [12], the software TELEMAC-2D was used to implement the model.
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6.1. EXPERIMENTAL DATA

In contrast with Chapter 4 and Chapter 5, as well to fill the gap on the en-

ergy assessment, the current chapter focuses on the implementation of dynamic

ELAM to predict not only the swimming upstream corridor, but also fish ascent

times and passage efficiency. In order to fill the gap in the energy assessment, an

exhaustion condition and resting behavior were included in the previous ELAM

formulation. Moreover, a different fish targeted species is considered, as well

as more complex VSF geometries. The ascent performance of the Iberian Barbel

(Luciusbarbus bocagei) was evaluated in three different cases. Data collected in

the experiment performed by Romão et al. [16] and Fuentes-Pérez et al. [15] was

used to develop and calibrate the model. On the other hand, the assent times

and passage efficiency from the observations of Sanz-Ronda et al. [17, 18] were

used to validate the model. Contrary to the previous ELAM implementation,

the new ELAM utilizes a two-dimensional hydrodynamic simulation for the

Eulerian framework, instead of a three-dimensional one. However, the Eulerian

framework informs the Lagrangian ABM dynamically about the hydrodynamic

cues for decision making in real time using the the Application Programming

Interface (API) TelAPy included in TELEMAC-2D distributions [123, 152]. The

main objective of this chapter is to develop an ELAM able to reproduce, not

only fish spatial preferences, but also the residence times and passage efficiency.

Finally, as secondary objective, the evaluation of the energy cost per unit of time

was evaluated when the resting behavior was activated and deactivated such as

in Chapter 4.

6.1 Experimental Data

Iberian Barbel (Luciusbarbus bocagei) is endemic from the northwest of the

Iberian Peninsula, in the rivers whose discharge is at the North Atlantic sea

[153]. The study cases are labeled as S (simple geometry), C1 (complex geome-

try 1) and C2 (complex geometry 2). The geometry S is taken from Romão et al.

[16]. They conducted an experiment on the behavior and passage performance

of two Iberian targeted species through a VSF design 11 proposed by Rajarat-

nam, Katopodis, and Solanki [154]. They performed the experiment in a 1:1 scale

model at the Hydraulics and Environment Department of the National Labo-

ratory for Civil Engineering (LNEC), in Lisbon, Portugal. Fish were capture at

Lizandro River by electrofishing. Then they were acclimatized in a fish tank for

at least 72 hours. In the same experiment, Fuentes-Pérez et al. [15] evaluated the
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(a) (b)

(c)

Figure 6.1: VSF geometry configuration and dimensions for (a) geometry C1
[17], (b) geometry C2 [18], and (c) geometry S [16].

spatial preferences, linked to the hydrodynamic variables, pressure gradients

and uniformity of the flow. They tracked the spatial preferences of the fish with

two GoPro (HERO3 black edition) cameras (1080p, 60 fps, medium, Protone).

This geometry, S, was used to calibrate the coefficients for equation 4.4 in the

standard behavior and to develop the resting behavior in the new proposal. The

numerical configuration was identical to the geometry tested in the laboratory

[16, 116]. The total length of the fishway was 12.75 with 6 pools and the slope

of 8.5%. Geometry C1 is taken from Sanz-Ronda et al. [17]. They undertook

measurements on the fish passage efficiency and ascent times on 36 pit-tagged

Iberian Barbels through a built in VSF at the Segura River in the Spanish South-

east region of Murcia. Geometry C2 is taken from Sanz-Ronda et al. [18]. Since

this fishway was already built, the numerical model compress the geometry in 7

pools in a 16.10 m channel with a slope of 6.5%. In the same line, they performed

measurements on the same variables on 17 pit-tagged Barbels thorugh a built in

VSF at the Poma River at the Duero River Basin. However, they conducted the

observations along three different hydraulic conditions, low , 0.245 𝑚3/𝑠, mean

and high discharge conditions. In this last geometry, the numerical simulation

reproduced the geometry built on site with 7 pools within 16.60 m length and a
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6.2. RESTING BEHAVIOR

mean slope of 7.7%. For cases C1 and C2, barbel’s spatial distribution was not

available. VSF dimensions are presented in Figure 6.1

6.2 Resting Behavior

The ELAM follows the formulation presented in Chapter 4 with a simple

modification. The Eulerian input for the ABM in the ELAM is computed using

TELEMAC-2D [123], which solves the Equation 3.5, instead of OpenFOAM [52].

In other words, the model will be entirely two-dimensional. The number of

elements in the spatial discretization were 28274, 22494 and 22959 for S, C1 and

C2, respectively.

The resting behavior, 𝐵𝑅, is based in the Generalized Linear Model (GLM)

published by Fuentes-Pérez et al. [15]. They recorded the Barbel’s habitat within

125 blocks in a single pool of the VSF in one frame per second. The counted

the spatial preference in approximately 1400 seconds in three hydrodynamic

scenarios. The scenarios were classified by the variation on the water depth

along the channel. Scenario B displayed a backwater curve in the free surface.

Scenario D, on the other hand, displayed a draw down curve. Finally, scenario

U, is a uniform flow, in which water depth did not vary among the pool. The

scenarios are shown in Figure 6.2a.

(a) (b)

Figure 6.2: Scenarios measured by Fuentes-Pérez et al. [15], (a) Water depth
variation along the fishway and (b) records on Barbel counts per block

Fuentes-Pérez et al. [15] compute the counts in each block following a Possion
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distribution function of the hydrodynamic variables, surrounding walls and

hydrodynamic scenarios (Figure 6.2). Contrasting with this approach, the GLM

model presented in this section neglects the scenarios in the GLM model, and

considers walls as a qualitative variable rather than quantitative as in Fuentes-

Pérez et al. [15]. The Poisson distribution function is presented in Equation 6.1

, while the coefficients are presented in Table 6.1. Most of the counts for each

scenario were concentrated in a single block surrounded by 3 walls. Therefore,

two GLM regression were conducted, one to estimate the peaks and other one

to estimate the general habitat along the pool.

log𝑌 = 𝛽0 +
𝑛

∑

𝑖=1

𝛽𝑖 𝑋𝑖 (6.1)

Measurements and predictions are shown in Figure 6.2b. As it can be seen,

the model which predict the peaks predict in a good extent the counts in the

scenario B and U. In order to predict the peaks, the interaction between the

Reynolds Shear Stress, 𝜏𝑖, 𝑗 , and number of walls was included in the modeling.

The coefficient of correlation, 𝑅2, of the model is 0.58 and the absolute error is

433 counts in total. On the other hand, the general model excludes 𝜏𝑖 , 𝑗 . 𝑅2 is

0.22, but the absolute error is lower, 403. All the variables used in the statistical

models were significant to the counts, 𝑝 < 0.05. It can be concluded that

the Poisson distribution in both scopes are able to predict the Iberian Barbel’s

spatial preferences observed by Fuentes-Pérez et al. [99]. Model’s coefficients

are presented in Table 6.1.

To fill the gap in energy assessment in Chapter 4, the energy cost per unit of

time (Drag power) was also calculated using the equation 4.7 [141]. In addition to

the energy cost, time to fatigue (Equation 6.2) and passage proportion (Equation

6.3) of the Iberian Barbel were computed based on the empirical formulation

published by Sanz-Ronda et al. [155]. Time to fatigue is a key parameter for the

inclusion of the resting behavior, 𝐵𝑅.

𝑇𝑓 = exp
(

3.33 − 0.083 𝑢 𝑓 𝑖𝑠ℎ
)

if 𝑢 𝑓 𝑖𝑠ℎ ≥ 15 𝐵𝐿 (6.2a)

𝑇𝑓 = exp
(

5.47 − 0.202 𝑢 𝑓 𝑖𝑠ℎ
)

if 𝑢 𝑓 𝑖𝑠ℎ < 15 𝐵𝐿 (6.2b)
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Table 6.1: Iberian Barbel ELAM coefficients for Equation 6.1

Resting Behavior (𝐵𝑅) peaks; 𝑌 = 𝐶𝑜𝑢𝑛𝑡𝑠

Variable 𝑋𝑖 Coefficient 𝛽𝑖 std-error 𝑧 𝑝 > |𝑧 |
Intercept 1.4046 0.116 12.061 0.000

𝑊𝑎𝑙𝑙 = 1 1.6248 0.117 13.889 0.000

𝑊𝑎𝑙𝑙 = 2 2.8791 0.118 24.325 0.000

𝑊𝑎𝑙𝑙 = 3 4.1886 0.120 35.048 0.000

𝑘 -5.5953 1.117 -5.011 0.000

|u𝑗 | -3.5894 0.202 -17.787 0.000

𝑘 |u𝑗 | 16.5923 2.096 7.916 0.000

[𝑊𝑎𝑙𝑙 = 1] 𝜏𝑖 𝑗 0.0525 0.008 6.192 0.000

[𝑊𝑎𝑙𝑙 = 2] 𝜏𝑖 𝑗 0.0828 0.007 12.543 0.000

[𝑊𝑎𝑙𝑙 = 3] 𝜏𝑖 𝑗 0.4112 0.014 30.059 0.000

Resting Behavior (𝐵𝑅); 𝑌 = 𝐶𝑜𝑢𝑛𝑡𝑠

Variable 𝑋𝑖 Coefficient 𝛽𝑖 std-error 𝑧 𝑝 > |𝑧 |
Intercept 1.3307 0.180 11.350 0.000

𝑊𝑎𝑙𝑙 = 1 1.3730 0.113 12.196 0.000

𝑊𝑎𝑙𝑙 = 2 2.5844 0.113 22.867 0.000

𝑊𝑎𝑙𝑙 = 3 3.9891 0.113 35.303 0.000

𝑘 -6.7893 1.283 -5.293 0.000

|u𝑗 | -1.6342 0.209 -7.837 0.000

𝑘 |u𝑗 | 7.5611 2.684 2.817 0.005

log𝑃𝑝𝑎𝑠𝑠𝑎𝑔𝑒 =
− exp

(

ln𝐷𝑚𝑎𝑥 − 3.584 + 0.041 𝐵𝐿 − 1.028 𝑢 𝑓 𝑙𝑜𝑤
)

0.342
(6.3)

In Equation 6.3, 𝐷𝑚𝑎𝑥 is the maximum distance that Iberian Barbel must

swim to exit the channel. In the experiment performed by Sanz-Ronda et al.

[155], the channel was an straight line. However, in the VSF, the most likely

upstream corridor is not a straight line. In this assumption, the ELAM,𝐵1,𝐵2 was

run several times. As shown if Figure 6.3 there is a pattern the agent chooses

within the pools for each geometry. Thus, a factor, 𝐹, was defined as the ratio

between the vSF lenght and the real distance to correct the 𝐷𝑚𝑎𝑥 . As a result,

assuming that the inlet at the origin of the frame of reference and the VSF is set
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horizontally, the maximum distance is the agents x-coordinated corrected by 𝐹,

𝐷𝑚𝑎𝑥 = 𝐹 𝑥𝑎𝑔𝑒𝑛𝑡 . Finally, 𝐵𝐿 is be set in centimeters.

(a)

(b)

(c)

Figure 6.3: Agents’ spatial distribution after the simulation of 𝐸𝐿𝐴𝑀𝐵1, 𝐵2, cases
(a) S, (b) C1, (c) C2. The simulation excluded exploratory behavior, 𝐵0, escaping
response, 𝐵3, and resting behavior, 𝐵𝑅.

6.2.1 Calibration

Considering that the spatial preferences measured by Fuentes-Pérez et al. [15]

are three-dimensional, the hydrodynamics of VSFs were simulated in both, two-

dimensional and three dimensional approaches. The Hydrodynamic scenarios

studied by Fuentes-Pérez et al. [15] where reproduced as shown in Figure 6.2a.
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In contrast to the calibration undertaken in Chapter 4, a biased random walk

[156], both 2D and 3D, were implemented. The bias is governed by the normal

distribution function presented in Equation 4.4 to calibrate the coefficients of the

standard behavior, 𝐵1, and Poisson distribution function presented in Equation

6.1 to calibrate the uncertainty of path selection and the most suitable zone in

which the resting behavior, 𝐵𝑅, should be triggered. In this case, the objective

function to minimize was the absolute error on the Frequency of Use, 𝐹𝑈𝑖 =

𝐶𝑜𝑢𝑛𝑡𝑠𝑖/
∑125
𝑖=1 𝐶𝑜𝑢𝑛𝑡𝑠𝑖 , of each block. The calibration took place in the fifth pool

as reported by Fuentes-Pérez et al. [15]. 1500 simulations were performed for the

2D Eulerian input, whose domain covered 2384 points, while 1000 simulations

were performed for 3D Eulerian input, whose domain covered 669300 points.

The 3D domain was 280 times greater than 2D domain, so the final ELAM was

implemented only for 2D simulations. Finally, in order to keep track on the

time the experiment, the maximum simulation time was 1400 sec considering a

Δ𝑡𝐸𝐿𝐴𝑀 with a 𝑢 𝑓 𝑖𝑠ℎ in which a time to fatigue higher than 100 seconds, according

to relations published by Sanz-Ronda et al. [155]. Tables 6.2, 6.3 and 6.4 show

the calibrated coefficient for the standard behavior, 𝐵1, the calibrated parameters

for resting behavior, 𝐵𝑅, and the absolute error on the frequency of use, 𝐹𝑈 , for

both calibrations, respectively.

Table 6.2: Iberian Barbel ELAM coefficients for Equation 4.4b

Case
𝑘 [𝑚2/𝑠2] |u𝑗 | [𝑚/𝑠] 𝑆𝑖 𝑗 [𝑠−1]

𝜇 𝜎 𝑊 [-] 𝜇 𝜎 𝑊 [-] 𝜇 𝜎 𝑊 [-]

Exp 0.040 0.043 - 0.282 0.215 - - - -

2D 0.040 0.051 0.73 0.189 0.116 0.27 1.645 2.047 0.00

3D 0.013 0.013 0.66 0.191 0.108 0.21 37.852 28.216 0.13

Table 6.2 contains the calibrated coefficients for the standard behavior, 𝐵1

(Equation 4.5). In addition, the table contains the statistics of the hydrodynamic

variables linked to the spatial preference of the Iberian Barbel [15]. However,

the values might be overestimated due to the coarse discretization in which the

spatial preference was observed. In fact the experimental 𝑘, is consistent with the

2D values, 0.040 𝑚2/𝑠2. However, it has been proofed in Chapter 3 that 𝑘 in 2D

simulations is highly overestimated. In fact this value is almost 4 times larger

than the one calculated by 3D simulations. Contrariwise, the experimental

measurements for |u𝑗 | are twice greater, 0.28 𝑚/𝑠, than the simulated ones,
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0.19 𝑚/𝑠, for both, 2D and 3D simulations. Again this results agree with the

conclusions of Chapter 3. The influence of the turbulent kinetic energy, 𝑘, is still

predominant among all hydrodynamic variables evaluated with a weight, 𝑊 ,

of 0.73 and 0.66 for 2D and 3D simulations. Velocity magnitude is the second

most important variable in determining agent’s habitat preference with 0.27 and

0.21 for 2D and 3D, respectively. Finally, the velocity strain rate, 𝑆𝑖 𝑗 , is the least

important variable in both simulations. Indeed, for 2D simulations it is not

significant in path selection. Moreover, the values computed in 2D simulations

are much lower than the ones computed in 3D simulations.

Table 6.3: Iberian Barbel ELAM parameter to trigger resting behavior, 𝐵𝑅

Case
Scenarios U & D Scenario B

Uncertainty Zone Uncertainty Zone

2D 0.15 - 0.20 Slot zone
upstream

0.60 - 0.70 Slot zone
downstream

3D 0.70 - 0.75 Slot zone
upstream

0.25 - 0.30 Middle of the
pool

Table 6.3 displays contrary results on the parameters linked to scenarios. The

uncertainty in scenarios U and D is lower than in scenario B for 2D simulations.

The uncertainty displayed contrasting results for 3D simulations. The slot zone,

within a 10% of the pool length, are the most suitable zone to trigger the resting

behavior 𝐵𝑅. Divergence among scenarios might be due to the fact that Barbels

exhibited a "seeking refugee" behavior in scenario B, while they displayed an ex-

ploratory behavior in scenarios U and D. Therefore, to implement this behavior,

the parameters calibrated in the scenarios U and D were considered. Finally, the

absolute error values are relatively high, ranging form 0.101 to 0.227. Nonethe-

less, unlike cases presented in Chapter 4, the experimental spatial distribution

is presented by zone rather than path lines. This increases the deviation in the

prediction of suitable path lines. Thus, the errors are acceptable for the purpose

of the new ELAM.

6.3 Implementation of ELAM - TelApy Approach

As in Chapter 4 the new ELAM is coded in Python 3.9. However, it is coupled

to TELEMAC-2D with the API feature TelAPy [152, 123].The model works in
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Table 6.4: Minimum absolute error between the frequency of use, 𝐹𝑈𝑖 , measured
by Fuentes-Pérez et al. [15] and the simulations with the best parameters from
the calibration process, for both behaviors, standard, 𝐵1, and resting,𝐵𝑅

Case
Standard Behavior 𝐵1 Resting Behavior 𝐵𝑅

Scenario
U

Scenario
D

Scenario
B

Scenario
U

Scenario
D

Scenario
B

2D 0.185 0.138 0.180 0.152 0.101 0.210

3D 0.150 0.227 0.103 0.133 0.141 0.137

VSF whose domain is horizontally set up and the main flow direction is from left

to right. After initializing the TELEMAC-2D case and the ABM, the new ELAM

gathers real time hydrodynamic information such as turbulent kinetic energy,

velocity, velocity strain rate and Reynolds Shear Stresses as input for the ABM.

The ELAM presented in Chapter 4 runs as standard until the agent’s exhaustion

is reached. As in the initial ELAM’s development, fish swimming indicators

were liked to a specific behavior. Barbels’ sustained swimming speed,𝑢𝑐𝑟𝑖𝑡 and

bursting swimming speed, 𝑢𝑏𝑢𝑟𝑠 , were taken from Sanz-Ronda et al. [155], whose

values ranged from 5 - 15 BL/s and 15 - 25 BL/s, respectively. Nevertheless,

contrary to what was presented in the initial ELAM, 𝑢𝑏𝑢𝑟𝑠𝑡 is triggered in the slot

zone. Depending on the agent’s position, the domain, Ω𝐸𝐿𝐴𝑀 , is constrained to

the current pool, or to two adjacent pools if the agent is located in a slot zone. The

model can count and index the number of pools and slots. In order to reproduce

the treatments of Romão et al. [16], Sanz-Ronda et al. [17], and Sanz-Ronda et al.

[18], the BL was ranged from 0.2-0.3 m. On behalf of the achievement of 𝐵𝑅

spatial preferences, a new indicator was included. The channel ground speed,

𝑢𝑔𝑟𝑜𝑢𝑛𝑑, whose values ranged from 1.5 - 6.1 BL/s, was linked to 𝐵𝑅.

Figure 6.4 illustrates the flow chart of the coupled model TELEMAC-2D with

the new ELAM. As shown, the triggering parameter is𝑇𝑓 , with initial value set to

∞. This parameter is computed each ELAM’s time step, Δ𝑡𝐸𝐿𝐴𝑀 , and decreasing

in the time dimension. If by any chance the previous𝑇𝑓 is lower than the current

one, the parameter is not updated. Tanking into account that the time step of

the hydrodynamic model, Δ𝑡, is much lower than the time step of the ABM,

Δ𝑡𝐸𝐿𝐴𝑀 , the ELAM is resolved when the cumulative time of the hydrodynamic

model reaches or overpass the ABM time step,
∑ (Δ𝑡) ≥ Δ𝑡𝐸𝐿𝐴𝑀 . Once triggered

the resting behavior, 𝐵𝑅, takes place as long as the resting time is defined. After
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Figure 6.4: Flow chart of the new ELAM’s algorithm in TELEMAC-2D
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the resting time has passed the exhaustion is over, and the time to fatigue, 𝑇𝑓 is

set again to ∞

6.3.1 Spatial Preferences

As shown in flow chart of the new ELAM (Figure 6.4), the resting behavior,

𝐵𝑅, the resting time and its occurrence probability are key parameters to re-

produce, both the ascent times and spatial preferences. In order to know these

values, the information of 1000 agents per case was collected. The simulations

were undertaken with the behavior attraction , 𝐵1, and rejection, 𝐵2, only. 𝑇 𝑓

was computed as presented in the algorithm of Figure 6.4 without activating 𝐵𝑅

and counting the resting events to assess occurrence probability. In the same

line, the ascent time recorded in the experiment of Romão et al. [16] in the case

S was used to compute the ascent time linked to the number of resting events.

To implement the same approach in the validation geometries C1 and C2 [17,

18], a simple correction based in the slope and length of the pools were applied.

Final values used in the resting behavior are shown in Table 6.5

Table 6.5: Resting time and the probability of occurrence based on the experi-
mental data, and the simulations performed without the resting behavior, 𝐵𝑅

Case: Simple (S) Complex 1 (C1) Complex 2 (C2)

Length: 12.75 m 16.10 m 16.60 m

Resting Slope: 0.085 m/m 0.065 m/m 0.077 m/m

Events Time
[s]

Probability
[%]

Time
[s]

Probability
[%]

Time
[s]

Probability
[%]

1 924.25 27.25% - - - -

2 462.13 57.00% 350.71 12.90% 415.13 8.85%

3 308.08 15.75% 233.81 41.85% 276.75 44.16%

4 - - 175.36 24.52% 207.56 37.00%

5 - - 140.28 14.19% 166.05 8.17%

6 - - 116.90 2.58% 138.38 1.82%

Figure 6.5 shows the final spatial distribution in the pools 3, 4 and 5 for all

the cases. It is observed that the agent prefers both left corners, upstream and

downstream from the pool in the case S. In fact, Figure 6.6 shows the Frequency

of Use, 𝐹𝑈 , of the VSF in the fifth pool for both Iberian Barbel experiments
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and ELAM simulations. It can be seen that the new ELAM, which includes

the resting behavior is able to capture the 2D spatial preference in scenarios U

and D. Frequency of use, 𝐹𝑈 , displayed a value of 0.36 for the experimental

measurements, while, 0.4 for the new ELAM simulations. The downstream

right corner habitat preference displayed in scenario B was not captured by the

simulations.

(a)

(b)

(c)

Figure 6.5: Agents’ spatial distribution after the simulation of the new
𝐸𝐿𝐴𝑀𝐵0 , 𝐵1 , 𝐵2 , 𝐵3 , 𝐵𝑅 cases (a) S, (b) C1, (c) C2.

In cases C1 and C2, the accuracy in the agents spatial distribution could not

be addressed since experimental data was not available. It can be seen that the

agents preferred to rest in the downstream wall to the pools, right next to the jet.

This contrasts with the observed in geometry S, where both zones, upstream and
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downstream, were covered likewise. In addition, the agents seem to avoid the

jet zone in both geometries, C1 and C2. Nevertheless, the zone covered by the

agents in C2 is less dispersed than in C1. This is due to the fact that velocities are

higher in the case C2. After including the resting behavior, 𝐵𝑅, it is impossible

to define an upstream migration corridor or an average migration path as in the

cases evaluated in Chapter 4 (Figure 4.8).

(a) (b)

Figure 6.6: 2D Frequency of Use, 𝐹𝑈 , of pool five in the case S [16], (a) experi-
mental and (b) 𝐸𝐿𝐴𝑀𝐵0 , 𝐵1 , 𝐵2 , 𝐵3 , 𝐵𝑅

6.3.2 Ascent times, Passage success and Energy cost

Bringing up the fact that spacial preference validation was possible only in

case S, the evaluation of the ascent times was undertaken as validation pro-

cess. Figure 6.7 shows the distribution of the ascent times per meter in the

experimental observations along side with the outcome from the simulations.

Experimental outliers correspond to the 0.52% of the measurements, so they

were not included in the box plots. The distributions linked to the new ELAM

did not have outliers to plot. To reinforce the validation stage, passage efficiency

was contrasted with the average passage proportion calculated in the pools 3,4

for the geometry S and 3,4 and 5 for the geometries C1 and C2. This, based

on the fact that a minimum of 5 pools are needed to ensure flow uniformity in

at lease one pool, the central one [114]. The median of passage proportion is

shown in Table 6.6

Observations in the simple geometry [16], case S, returns a median 15.26

min/m of ascent time and the new ELAM displays 14.59 min/m (Figure 6.7a),

gathering all the scenarios. Further analysis on the experimental data displayed
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(a) (b) (c)

Figure 6.7: Ascent times distribution measured and simulated for the three VSF
configurations, (a) S, (b) C1 and (c) C2.

an ascent success of 78.58%, while the calculations by the new ELAM on the

average median passage proportion is 93.16% (mean = 93.94%). In the complex

geometry 1 [17], case C1, observed a median 5.23 min/m of ascent time and

the new ELAM outcome is 6.49 min/m (Figure 6.7b). Sanz-Ronda et al. [17]

reported an ascent efficiency of 80%, and the new ELAM displayed a median

passage proportion of 85.62% (mean = 70.98%). Finally, in the complex geometry

2, case C2, the new ELAM returned a median of 8.30 min/m, while experimental

measurements displayed a median 5.54 min/m (Figure 10c). In this case the

passage efficiency reported by Sanz-Ronda et al. [18] was 71%, and the new

ELAM displayed an averaged median of passage proportion of 90.96% (mean

= 75.36%). In this last case, all the hydrodynamic conditions reported by Sanz-

Ronda et al. [18], high, mean and low flow condition, were addressed.

After evaluating the ascent time and passage proportion, an additional anal-

ysis was performed. The energy cost per unit of time was evaluated before,

𝐸𝐿𝐴𝑀𝐵1 , 𝐵2 , and after the inclusion of the resting behavior, 𝐸𝐿𝐴𝑀𝐵0 , 𝐵1 , 𝐵2 , 𝐵3 , 𝐵𝑅 .

Figure 6.8 displays the results of this analysis. In the case S [16], the median of

the energy cost decreased significantly from 1.6491 cal/s (mean = 1.7729 cal/s)

to 0.5779 cal/s (mean=0.616 cal/s) (Figure 6.8a). On the other hand, after the

inclusion of resting behavior in the case C1 [17], the median of energy cost in-

creased from 3.4429 cal/s (mean=3.8605 cal/s) to 7.7160 cal/s (mean = 7.5629).

Finally, in the case C2 [18], the median of energy cost slightly increased from

3.0064 cal/s (mean = 3.3486 cal/s) to 3.851 cal/s (mean=5.2442 cal/s).
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Table 6.6: Median of passage proportion of each case calculated by the ELAM
standard, 𝐸𝐿𝐴𝑀𝐵1 , 𝐵2 , and the new ELAM, 𝐸𝐿𝐴𝑀𝐵0 , 𝐵1 , 𝐵2 , 𝐵3 , 𝐵𝑅 .

Case
Median of passage proportion by pool

1 2 3 4 5 6 7

𝐸𝐿𝐴𝑀𝐵1 , 𝐵2

Simple (S) 0.999 0.980 0.947 0.890 0.826 0.794 -

Complex 1 (C1) 1.000 0.991 0.969 0.898 0.796 0.657 0.454

Complex 2 (C2) 1.000 0.993 0.960 0.893 0.784 0.631 0.538

𝐸𝐿𝐴𝑀𝐵0 , 𝐵1 , 𝐵2 , 𝐵3 , 𝐵𝑅

Simple (S) 0.999 0.995 0.956 0.907 0.866 0.683 -

Complex 1 (C1) 0.999 0.991 0.954 0.914 0.701 0.649 -

Complex 2 (C2) 0.999 0.995 0.956 0.907 0.866 0.683 -

(a) (b) (c)

Figure 6.8: Energy cost distribution, before and after including resting behavior,
𝐵𝑅, (a) S, (b) C1 and (c) C2

6.4 Discussion

In previous chapters the necessity of increasing passage efficiency through

fishways was discussed. Nonetheless, up to date there is not an efficient tool

that address fish behavior through a Vertical Slot Fishway beyond the most

suitable path selection. Previous Eulerian Langrangian Agent based Models

and Agent Based Models have been able to cover up to energy cost. However,

passage efficiency and ascent time haven’t been addressed yet. In the ELAM

standard, Table 6.2 shows the final coefficients to be used in 𝐵1. Significant

differences between experimental and simulated hydrodynamics are displayed.
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Absolute error on 𝐹𝑈 is relatively high, > 0.10, might be to the fact that the

data used in the calibration is related to an exploring behavior, rather than an

upstream migration as in Chapter 4. Moreover, the discretization is much higher

in the biased random walk than in the blocks delimited by Fuentes-Pérez et al.

[15]. The lowest error was displaced in scenario D and U for 2D and 3D cases,

respectively.

As concluded in Chapter 3 and previous studies [12], turbulent kinetic en-

ergy, 𝑘, tend to be overestimated in 2D simulations, which is observed in Table

6.2. However, in both cases 2D and 3D, this parameter is the most influential in

the most suitable path selection. Likewise, velocity magnitude, |u𝑗 |, coefficients

share similar values for both 2D and 3D. This confirms the statement that VSF

hydraulics is mainly two-dimensional. Finally, Velocity strain rate is dependent

on the velocity gradient, i.e., third dimension has an impact on the final mag-

nitude computed in Table 6.2. Indeed, the 𝑆𝑖 𝑗 outcome from 3D simulations

is much larger than 2D simulations. This also has a significant impact on the

influence of this variable on the path selection since 𝑆𝑖 𝑗 has no influence for 𝐵1

in 2D simulations.

The uncertainty in path selection found with the 2D simulations is inconsis-

tent with the uncertainty found with the 3D simulations. This might be to the

fact that the preferred blocks are at the bottom of the pool, so vertical movement

is significant in the exploratory behavior of the Iberian Barbel. Furthermore,

the best responses of the predicted model are obtained when the behavior is

triggered in the slot zone, whether upstream or downstream. In 2D simulations

the uncertainty of finding the best resting zone is lower in scenario U and D than

scenario B. In all the scenarios the exploratory behavior triggered in the slot zone

was the one which displayed better results. In the 3D evaluation the exploratory

behavior triggered in scenario B displayed better results in the middle of the

pool and the uncertainty was lower. In the same line, uncertainty of scenarios

U and D are higher in 3D than in 2D. Therefore, based on the calibration of

exploratory behavior, agents vertical movement in resting or seeking refugee

purposes is significant.

Considering that the coefficients for the Poisson model that governs the

resting behavior, 𝐵𝑅, are established in Table 6.2, the calibration process was

focused in determining the uncertainty in path selection and the most suitable

zone of the pool to trigger 𝐵𝑅. Table 6.3 presents these parameters. Uncertainty

values are contradictory between 2D and 3D cases. The highest 𝐹𝑈 values are
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at the bottom of the pool. Therefore, vertical motion is significant. On the other

hand, most accurate simulates were the ones in which 𝐵𝑅 was triggered in the

slot zone, i.e., between the area 10% upstream and downstream the slot. Only

in scenario B in the 3D random walk calibration, the most accurate result was

when, 𝐵𝑅 was triggered in the middle of the pool. However, in the experimental

measurements, this type of behavior can be consider as "seeking for refugee"

since it is close to the jet exit in the block near to the slot.

After calibrated, the new ELAM was applied to the fishway geometries S,

C1 and C2. As displayed in Figure 6.6 simulated agent’s 𝐹𝑈 is similar to the

observations for the Iberian Barbel in 2D. The most frequent zone in both cases is

the downstream baffle left corner with values of 0.36 and 0.40 for experimental

and simulated, respectively. As observed the Barbel’s spatial preference in

the scenarios U and D is reproduce by the new ELAM. Notwithstanding, the

spatial preference in scenario B was not reproduced. This results agree with

the assumption made for 𝐵𝑅, since the behavior aims to reproduce a behavior

linked to exhaustion and not "seeking for refugee" as presumed in Scenario B.

The outcome in the absolute errors related to 𝐹𝑈 after calibration for 𝐵1 and

𝐵𝑅 are not that different. Nonetheless, the mean absolute error for 𝐵𝑅, 0.14 is

slightly lower than the one for 𝐵1, 0.16. due to the fact that 𝐵𝑅 seeks to reproduce

the behavior observed in the experiment Fuentes-Pérez et al. [15].

Although complex geometries, C1 and C2 [17, 18], display different hydro-

dynamic conditions and baffle configuration compared to the simple geometry,

S [16], the median of ascent times and passage proportion were reproduced.

In addition, longer ascent times were simulated in shorter distances. This is

also reflected in energy consumption, where each geometry requires different

energy costs. In the simple geometry the energy cost is reduced significantly

with the inclusion of the resting behavior, 𝐵𝑅, while the other two did not dis-

played any reduction. Instead, they increased the energy cost up twice. As

state in Chapter 4, the energy cost calculation is merely physical and neglects

physiological variables and water temperature that are key parameters in fish

exhaustion. Therefore, it is strongly suggested to include this parameters in

further developments.
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6.5 Conclusions and final remarks

In this chapter a new Eulerian Lagrangian Agent Based Model (ELAM) was

presented. The new ELAM is presented as a Python plugin for TELEMAC -

2D. It can run dynamically alongside a two-dimensional hydrodynamic sim-

ulation using the TelAPy feature. The standard ELAM theoretical framework

is presented in the Chapter 4, but a new behavior linked to agent’s exhaustion

is included. The resting behavior was developed to reproduce, both resting

zones and times, for the Iberian Barbel (Luciusbarbo Bocagei). To this end, ex-

tensive experimental measurements were used. Data from Romão et al. [16]

and Fuentes-Pérez et al. [15] was used to develop the additional behavior and

calibrate the ELAM, and data collected by Sanz-Ronda et al. [17, 18] was used

to validate the model.

This new ELAM was able to reproduce the median ascent times and passage

proportion in all geometries, whether they are simple or complex. In addition,

the simulated ascent time, distributions, in spite of being less variable, keep

their lower and upper quartile (Figure 6.7) within the ranges of the experimental

observations. Besides the ascent times and passage proportion, the new ELAM

was able to reproduce the frequency of use observed by Fuentes-Pérez et al. [15]

in the fifth pool of the simple geometry.

A quantitative validation is always desired. However the data required for a

quantitative validation, in this particular case, must have the adequate temporal

and spacial resolution. Collecting the data requires high-resolution and high-

repetition PIV techniques [91], that might be very expensive in laboratory and

extremely difficult to implement on built structures. Even though the validation

process is qualitative rather than quantitative in this study, it provides a good

outlook of the ELAM scope and performance. Therefore, the new ELAM can be

a useful and efficient tool for engineers, modelers and researchers to evaluate

and improve the biological and physical functioning of VSFs. Moreover, it can

be used to assess variables that cannot be addressed by empirical relationships

or experiments, such as exhaustion or energy cost of VSF upstream migration.

Beyond the good performance of the ELAM, there are some aspects that can

be whether beneficial or detrimental for it’s application. The new ELAM, such

as the ELAM proposed in Chapter 4, employs fish swimming performance in-

dicators such as, sustain swimming speed or bursting swimming speed, for the

agent’s motion. In this sense, the overall performance of the VSF can be linked
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to a targeted fish species. In addition, Katopodis and Gervais [62] provide an

extensive data base on this indicators. Besides the swimming performance indi-

cators, the new ELAM also considers a wide range of hydrodynamic variables

for the decision making process, such as turbulent kinetic energy, velocity mag-

nitude, velocity gradients, or Reynolds shear stress. These values correspond

to those preferred by the fish targeted species linked to a specific behavior and

their variation. However, depending on the fish targeted species, the availability

of this data is limited and, if available, is biased to conditions in which they were

measured. Finally, based on the results exposed in Chapter 3 two-dimensional

simulations reproduce fairly the flow velocities, but highly overestimate tur-

bulent kinetic energy. In addition, as presented in Chapter 5 despite the fact

that two-dimensional simulations may serve as a good input to reproduce fish

movement from a cognitive based simulation, fish response to two-dimensional

hydrodynamic outcome may be biased. Therefore, it is important to consider

this limitation when experimental for the new ELAM is available.

In conclusion, the new ELAM well reproduced the fish habitat distribution,

ascent times and passage efficiency in VSFs whose targeted species are cyprinids.

Moreover, the tool can assist designers and modellers to achieve desired passage

efficiency in the future. It is strongly suggested to extend the tool to a third

dimension when the computing capacities are available. Parallelization and

new approaches such as unsupervised machine learning algorithms are strongly

suggested in future studies.
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7
Design of scaled physical model for

evaluating fish behavior at hydraulic

structures

As mention in the Chapter 1, the aim of the RIver flow regulation, fish

BEhaviour and Status (RIBES - MSCA) project, Work Package 2 (WP2) was to

evaluate hydrodynamics of fish at hydraulic structures. The main research,

although, focused on one specific structure, Vertical Slot Fishways, following

a numerical approach. Nonetheless, numerical frameworks in ecohydraulics

are based on several hypothesis and are subjected to numerical errors [98, 97].

Experimental approaches, in spite of facing scale effects, provide a more realistic

vision of the hydraulic phenomenon and provide a better understanding of the

biological interactions [91]. In this sense and to cover other structures not studied

in this research, a scale model of a common fish friendly structures placed at

dam sites is proposed as a future investigation in this chapter. In this sense, this

chapter aims to provided an added value to complement the research.

Hydraulic modelling has been applied over the centuries to describe hy-

draulic phenomena in environmental fluid dynamics. As consequence, many

empirical relationships have been developed. In the same line, hydrodynam-

ics study field seeks to find analytical relationships that describe the motion of

the fluid. Over the years these two fields had stayed apart. In the XX century

they found a common problem to solve, the onset of turbulence [157]. Nowa-

days, many research studies on hydraulic structures are undertaken by coupling
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physical modelling, experimental techniques, and numerical modelling, i.e. the

solution of the governing equations. In the emerging field of ecohydraulics [6],

both techniques have been applied [36, 22, 29]. In this sense many protocols have

been developed to guarantee relevant results in fish behavior in experimental

facilities [41]. The purpose of this chapter is to describe a scaled physical model

(1:10 & 1:5) for investigating the behavior of fish at hydraulic structures that

are typically found in run-of-the-river hydropower schemes. In addition, the

methodology, tools and probable constrains are described.

7.1 Archimedes screw

The experimental design of the Archimedean Screw (Figure 7.1) was based

on the work of Nuernbergk and Rorres [158] and Rorres [159]. Nuernbergk

and Rorres [158] developed an analytical model which sought to determine the

optimal inflow head, ℎ𝑖𝑛 , when a specific inflow, 𝑄, was defined, considering

and optimally filled volume of each bucket, 𝑉𝐵. Rorres [159], on the other

hand, determined the optimal dimensionless relationships for the design when

external parameters such as outer radius, 𝑅𝑎 , total length of the screw,𝐿𝑏 , and

the slope, tan 𝛽, were fixed. In this study, the total head on the other hand the

total head, 𝐻 = 4 𝑚, was the fixed parameter and the other parameters were

assumed and computed.

Figure 7.1: Archimedes Screw design parameters

The design considers that the rectangular channel with width, 𝐵, should

match with the external diameter of the screw. The discharge is given by equa-
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tion 7.1.

𝑄 = 𝑄𝑊 +𝑄𝐺 +𝑄𝑂 +𝑄𝐹 +𝑄𝑃 (7.1)

where𝑄𝑊 is the flow generating the screw torque,𝑄𝐺 is the leakage gap between

the through and the flights of the screw, 𝑄0 is the leakage flow if the screw is

filled above the optimal filling point, 𝑄𝐹 is the friction-leakage flow formed by

water that adheres the through, and 𝑄𝑃 is the leakage flow if there is not a

guiding plate. In this study, the whole flow loss is (𝑄𝐺, 𝑄𝑂 , 𝑄𝐹, 𝑄𝑃) is assumed

to be 10% of the 𝑄𝑊 , based on the study of Alonso-Martinez et al. [160]. 𝑄𝑊 is

given by equation 7.2:

𝑄𝑊 =
𝑛

60
𝑉𝑈 (7.2)

where, 𝑛 is the rotational speed and 𝑉𝑈 is the useful volume in the buckets

with N number of blades, usually three. Rotational speed was constrained by

𝑛 ≤ 50/(2𝑅𝑎)2/3 and 𝑉𝑈 was computed following the Rorres [159] proposal

(Equation 7.3):

𝜌 =
𝑅𝑖
𝑅𝑎

; 0 < 𝜌 ≤ 1 (7.3a)

𝜆 =
𝑆 tan 𝛽

2𝜋𝑅𝑎
; 0 < 𝜆 ≤ 1 (7.3b)

𝜈𝑈 =
𝑉𝑈

𝜋𝑅2
𝑎𝑆

; 0 < 𝜈𝑈 ≤ 1 (7.3c)

𝜆 𝜈𝑈 =
𝑉𝑈 tan 𝛽

2𝜋𝑅2
𝑎

(7.3d)

e 𝑆 is the pitch, 𝛽 is the inclination angle and 𝑅𝑖 is the inner radius. The optimal

design parameters were chosen from Figure 7.2

Once found the total discharge, 𝑄 = 1.1𝑄𝑊 , the optimal inflow head was

estimated. Considering a dimensionless ratio 𝜈𝑇 for the total volume described

as:

𝜈𝑇 =
𝑄

𝜋𝑅2
𝑎𝐶𝑎𝑥

(7.4)

where 𝑐𝑎𝑥 = 𝑆 𝑛60 is the axial transport speed. Next the total volume ratio was

linked to the dimensionless height, 𝜅 = ℎ3𝑅𝑎 , for two cases. Firs if the water
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Figure 7.2: Archimides screw optimal numbers, 𝜌 is the radius ratio, 𝜆 is the
pitch ratio and 𝜈 is the volume ratio [159]

level is below the central tube and second if the water level cuts the central tube

and second if the water level is above of the central tube:

𝜈𝑇 =
𝛼1

2𝜋
− (1 − 𝜅)

𝜋

√

1 − (1 − 𝜅)2 if 0 ≤ 𝜅 ≤
(

1 − 𝜌
)

(7.5a)

𝜈𝑇 =
𝛼1 − 𝛼2𝜌2

2𝜋
− (1 − 𝜅)

𝜋

[
√

1 − (1 − 𝜅)2 −
√

𝜌2 − (1 − 𝜅)2
]

if
(

1 − 𝜌
)

< 𝜅

(7.5b)

where 𝛼1 = 2 arccos 1 − 𝜅 and 𝛼2 = 2 arccos (1 − 𝜅))/𝜌 are the angles showed in

the Figure 1. Finally, the optimal water depth, ℎ𝑖𝑛 = ℎ1 − 𝑤, is computed using

Bernoullis equation:

ℎ1 +
𝑐2

1

2𝑔
= 𝑤 + ℎ2

𝑐2
2

2𝑔
(1 + 𝜁) (7.6)

where w is the weir height, 𝑐1 and 𝑐2 are averaged speeds, ℎ2 = ℎ3𝑐𝑜𝑠, is the
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projection of the water level at the inlet and is the loss factor given by:

𝜁 =
𝜈𝑇𝜋𝑅𝑎
𝜅 cos 𝛽𝑏2

− 1 (7.7)

Considering the optimal values of N=3, the pitch (effective lenght) is 𝑆 = 3.4

𝑚, ant the total length is 𝐿 = 10.7 𝑚 the angle of the slope is = 22, the useful

volume is 𝑉𝑈 = 2.19𝑚3, the maximum rotational speed is n=31 rpm, the total

dicharge is 𝑄 = 1.68𝑚3/𝑠 and the inflow head is ℎ𝑖 = 0.68𝑚. The final sketch of

the design is presented in the drawing 3/5.

7.2 Water wheel

The breast-shot wheel was considered in this design. The preliminary design

of the wheel was done considering the protocols from Müller and Wolter [161]

and Quaranta and Revelli [162], who took the discharge parameter as fixed.

Figure 7.3: Water wheel design parameters

Here instead the total head, 𝐻, and the channel width, 𝐵, were fixed. The

depth of the cells, 𝑑, was computed as:

𝑑 = 𝜖
√

3
𝐷

𝐻
(7.8)

where 𝐷 is the diameter, usually 𝐷 = 𝐻 + 1 or 𝐷 = 2𝐻 [162], and 𝜖 is the
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filling ratio, which is set in 0.4 for very fluctuating discharges and 0.5 for smaller

variation of the flow. The discharge of the wheel was defined by equation 7.9.

𝐵 =
𝑄

𝜈𝑡𝜖𝑑
(7.9)

where 𝑣𝑡 = 2𝑅𝑛/60 is the tangential speed. In this study, the maximum rota-

tional speed was set in 10 rpm. However, Quaranta and Revelli [162] presented

the iterative solution for the rotational speed at the blade by:

𝜈𝑡
𝑣

= (−1.24 𝑎∗ − 0.22)𝑄∗ + (1.73 𝑎∗ + 0.19) (7.10)

where 𝑄∗
= 𝑄((𝑣𝑡𝐻2

𝑔)) and 𝑎∗ = 𝑎/𝐻𝑔 are the parameterized discharge and

sluice/gate opening considering the canal drop, 𝐻𝑔 . Finally, 𝑣 is the inflow

speed. This solution though is recommended for systems in which a sluice/-

gate regulate the inflow discharge. For slow breast-shot/under-shot wheels the

tangential rotational speed is given by:

𝜈𝑡 = 𝐶
√

2 𝑔 𝐻 (7.11)

where 𝐶 is a constant which can take values from 0.2 to 0.4. This last equation

agrees with the assumption of 10 𝑅𝑃𝑀 as a rotational speed of the wheel. The

final discharge is 𝑄 = 0.7 𝑚3/𝑠, the diameter is 𝐷 = 4 𝑚, the drop of the canal

is 𝐻𝑔 = 1 m and the tangential speed is 𝑣𝑡 = 2.22 𝑚/𝑠. The final sketch of the

design is presented in the drawing 4/5.

7.3 Fishway

The general criteria that a fishway design should meet are the biological

requirements and the migration behavior of the whole population in the struc-

ture site. According to [113, 30] before designing a fishway some technical

considerations must be taken:

• Optimal position of the fishway: For upstream migration, fishways are
usually placed at the banks of the rivers where the current is the highest
away from the turbulent zone. Fish migrate along with the main current.

• Fish pass entrance and attraction flow: Fish do not necessarily swim with
the maximum flow, but they may swim along its edge. Water velocity,
turbulence intensity, and angle of emergent flow influences fish pass. At-
tractive current must be perceptible, flow velocity must not exceed the 2
𝑚/𝑠, and fish pass entry has a maximum angle of 45◦
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• Fish pass entrance and exit conditions: The inlet should be located far
enough from the weir or turbine, minimum distance between fish turbine
inlet and fishway is 5𝑚. Ff the current velocity of the head water is greater
than 0.5 𝑚, the inlet should be partitioned by a wall. Strong turbulence
and velocities over 2.0 𝑚/𝑠 must be avoided.

• Discharge and current conditions in the fish pass: Power density for the
volumetric power dissipation should be lower than 150 to 200 𝑊/𝑚3. It
is important to guarantee low turbulent flow minimum lengths, slopes,
and resting pools. Water level between pools should be below 0.2 𝑚.
Maximum slopes 1:5 1:10, and 1:15 for technical and nature like fishway.
Volumetric power dissipation in the pools should not exceed 50 𝑊/𝑚3 in
resting pools for high steeped structures. They should be placed up to 2.0
𝑚 of height difference and up to 10 𝑚, 6-8 𝑚 of distance.

• Design of the bottom: The bottom should have material bigger than 0.2 𝑚
thick, and it should be taken from the river. The structure should work at
low discharges and should be able to face flood discharges.

After considering the general criteria two types of fish pools were designed

for the present study, Submerged Notch with Bottom Orifice fishway (SNBO)

(Figure 7.4) and the Vertical Slot Fishway (Figure 7.5), the most popular fishways

worldwide. The first design is the fish pool and as in the screw, the design is

limited by the water level, 𝐻, set on 2 𝑚 and a channel width, 𝑏, of 1.5 𝑚.

The guidelines stated in FAO and DVWK [113] and Baki and Azimi [30] were

considered in the preliminary designs. The number of pools is given by𝑁 =
𝐻
Δ
−1

Figure 7.4: Submerged Notch with Bottom Orifice fishway scheme

where Δℎ is the difference between water levels in the pools (0.15 - 0.2). The

pools are generally built on concrete or natural stones. The volumetric power of

dissipation should not exceed 150𝑊/𝑚. The longitudinal length, 𝑙𝑏 , the width,

𝑏, the water depth, ℎ, of the pool, the dimensions of the orifices (𝑏𝑠 & ℎ𝑠) and
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notches (𝑏𝑎 & ℎ𝑎) are obtained from FAO and DVWK [113] and presented in

Table 7.1. The slope, 𝐼, is computed as 𝐼 = 𝐻/𝑙𝑏

Table 7.1: Minimum values for the Fishway pool type [113]

Parameter Symbol Graling, Chub,
Bream, others

Salmon, Sea
trout

Pool

Length 𝑙𝑏 1.40 - 2.00 2.50 - 3.00

Width 𝑏 1.00 - 1.50 1.60 - 2.00

Water depth ℎ 0.60 - 0.80 0.80 - 1.00

Orifices

Width 𝑏𝑠 0.25 - 0.35 0.40 - 0.50

Height ℎ𝑠 0.25 - 0.35 0.30 - 0.40

Pool

Width 𝑏𝑎 0.25 0.30

Height ℎ𝑎 0.23 0.30

Discharge 𝑄 0.08 - 0.20 0.2 - 0.50

Water drop Δℎ 0.20 0.2

Variations can be made by applying a rhomboid configuration instead of a

square configuration in the notches and orifices, by rotating the screens from

45◦ to 60◦ from the vertical axis and 60◦ from the streamwise axis. As stated

before, velocities, 𝑉𝑠 =
√

2 𝑔 Δ𝐻, must be lower than 2.0 𝑚/𝑠. The equation of

the discharge of the orifice is given by equation 7.12:

𝑄𝑠 = 𝜇𝑠 𝐴𝑠
√

2 𝑔 Δ𝐻 (7.12)

The discharge of the notch is given by

𝑄𝑎 =
2

3
𝜇 𝜎 𝑏𝑎

√

2 𝑔 ℎ
2/3
𝑤 (7.13)

Where, ℎ𝑤 is the water difference between the water tail and the head water,

𝜇 is discharge coefficient, 𝜎 is the drowned-flow reduction factor given by FAO
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and DVWK [113]:

𝜎 =

[

1 −
(

1 − Δℎ

ℎ𝑤

)1.5
]0.385

(7.14)

In particular, when Δℎ = ℎ𝑤 then 𝜎 = 1. Finally, to ensure low turbulence

pools, the power density can be obtained from:

𝐸 =
𝜌 𝑔 Δℎ 𝑄

𝑏 ℎ𝑚 (𝑙𝑏 − 𝑑)
(7.15)

where 𝜌 is water density, 𝑑 is plank thickness, and𝑄 = 𝑄𝑠+𝑄𝑎 is total discharge.

Considering the geometric parameters chosen, the number of pools is 𝑛 = 10

with a length of 𝑙𝑏 = 1.5 𝑚 each, the total length is 𝐿 = 15 𝑚, the depth is ℎ = 0.8

𝑚 and the screens height is ℎ𝑇 = 0.85 𝑚. The maximum expected discharge, 𝑄,

and the expected velocity, 𝑉𝑠 , are 0.14 𝑚3/𝑠 and 1.79 𝑚/𝑠, respectively. These

values are below the maximum values recommended by FAO and DVWK [113]

Figure 7.5: Vertical Slot Fishway scheme

In the VSF structure, the number of pools and the slope of the channel are
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computed from equations 12 and 13 respectively. In the design, some elements

are included such as the deflecting block the cross-wall screens, the slot width

and their arrangement (Figure 5). The range of dimensions are taken from [113]

and presented in the Table 2.

Maximum velocity is also computed from equation 19 as in the pool type

structure. The discharge on the other hand is computed as:

𝑄 =
2

3
𝜇𝑟 𝜎 𝑏𝑎

√

2 𝑔 ℎ
2/3
𝑜 (7.16)

where 𝑟 = 𝑓 (ℎ𝑢ℎ𝑜) is discharge coefficient, ℎ0 is water depth upstream of the

cross-wall and ℎ𝑢 is water depth downstream of the cross-wall. This value is

obtained from the abacus in Figure 7.6a. In the same line 𝑄 is a function of Δℎ

as shown in the Figure 7.6b [113].

(a) (b)

Figure 7.6: Parameters to determine the depth ℎ0 and discharge𝑄 of the Vertical
Slot Fishway [113]

Finally, the turbulent volumetric dissipation should not be over 200 𝑊/𝑚3

and it is computed from equation 18. As in the pool design the number of

pools is n=10 with a length of 𝑙𝑏 = 1.5 𝑚 each, the total length is 𝐿 = 15 𝑚 the

depth upstream of the scree is ℎ0 = 0.7 𝑚 and downstream is ℎ𝑢 = 0.5 𝑚. The

total height of the screen is ℎ𝑇 = 0.8 𝑚. The maximum expected discharge and

the expected velocity are 0.18 𝑚3/𝑠 and 1.68 𝑚/𝑠, respectively. These values

are below the maximum values recommended by FAO and DVWK [113]. Final

sketches of the design are presented in the drawing 5/5. The baffle details were
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designed following the guidelines of Rajaratnam, Katopodis, and Solanki [154]

for the Design 1 which have been widely studied [129, 163, 128]

7.4 Fish tank

The fish tank is designed considering the water quality requirements and the

acclimation of the fish for the trials. The fish has intake, filtration and outflow

devices, so that the water is clean and stress levels do not increase. The filtration

needs to provide mechanical, chemical and biologic parameters. The tank is 0.65

𝑚 x 0.70 𝑚 x 1.00 𝑚, i.e., 0.455 𝑚3. The fish tank sketch is shown in Figure 7.7.

Figure 7.7: Fish Tank

7.5 Recirculating system - pumping system

To design the recirculation system, first the total residence volume and the

maximum discharge was computed from the models to be tested. The maximum

available volume corresponds to the fish pool design. Each pool will contain

16.2 𝑙, and the ten pools will contain 162 𝑙. The maximum discharge was the one

computed for the water wheel, which is 12.5 𝑙/𝑠. In the scenario in which the

three models are working at the same time, the maximum volume and discharge

will be 295 𝑙 and 21.1 𝑙/𝑠.
The highest design water level is located to 1.45 𝑚 from the floor and the

lowest water level will be located at 0.5 𝑚 from the floor. Thus, the pumping
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head geometrical head, 𝐻𝐺, will be 0.95 𝑚. The total head for the pump is

computed by equation 7.17.

𝐻 = 𝐻𝐺 + 𝐻𝐿 + 𝐻𝐴 (7.17)

where 𝐻𝐿 and 𝐻𝐴 are the head losses due to friction and accessories. These

losses are given by:

𝐻𝐿 = 𝑓
𝐿

𝐷

𝑈2

2 𝑔
(7.18)

𝐻𝐴 = 𝐾𝑇
𝑈2

2 𝑔
(7.19)

where 𝑓 is friction coefficient, 𝐿 is pipe length, 𝐷 is pipe diameter,𝑈 is flow

velocity in the pipe, 𝑔 is gravity and 𝐾𝑇 is the total loss coefficient from all

accessories. The diameter selection was made on the assumption that the pipe

velocity is lower than 2 𝑚/𝑠. The selected commercial diameter is 5” PVC, with

an internal diameter of 127 𝑚𝑚. The velocity, therefore, is 1.67 𝑚/𝑠 < 2 𝑚/𝑠.
Three 90◦ pipe elbows are placed in the system and a sluice valve is used as an

actuator for the discharge. The friction factor, 𝑓 , for the pipe is 0.015, and the

total loss coefficient, 𝐾𝑇 , is 26 considering a half-opened valve. The total head,

𝐻, is then 4.8 𝑚𝐻2𝑂 or 6.84 𝑝𝑠𝑖. The pump is assumed to be 70% efficient. The

power of the pump is given by:

𝑃 =
𝐻 𝑄 𝑔𝜌

𝜂
(7.20)

where 𝜌 is the water density and n is the pump efficiency. The power required

for the pump is 1.43 𝑘𝑊 . The upstream tank is sized 0.60 𝑚 x 0.73 𝑚 x 0.65 𝑚

(Length x Width x Height) which can store maximum 283 𝑙. In the upstream

tank includes an inner tank of 0.25𝑚 x 0.25𝑚 x 0.10𝑚which can store 6 𝑙. For the

turbulence dissipation, hexagonal dissipators will be in placed at the inlet pipe.

The downstream tank is divided in two. First, the collection tank is sized 0.90

𝑚 x 0.73 𝑚 x 0.35 𝑚, which can store maximum 229 𝑙. Second, the stabilization

tank for suction is sized 0.90 𝑚 x 0.70 𝑚 x 0.27 𝑚, which can store maximum 170

𝑙. Enough to guarantee the lift height of the pump and the residence volume

when the model is not being tested. The final design of all structures included

in the model, is presented in the drawing 1/5 and drawing 2/5. The maximum
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discharge will be 21.1 𝑙/𝑠

7.6 Scaling: similarity principles and scale effects

Physical scaled modelling always faces scale effects. While the geometry

is completely scalable, forces involved in the hydraulics, such as gravitational,

viscous or surface tension forces are not. Considering this, physical modelling

results will disagree with the outcomes in the real prototype if the scale effects

are significant. The challenge of overcoming the scale effects become larger when

other phenomena, like multiphase flow, solid transport, or fish kinematics, are

included. Therefore, criteria on the mechanical similarity of the model should be

applied. When a model fulfills Geometric, Kinematic and Dynamic, similarity

no significant scale effects are involved. However, full similarity, in particular

complete dynamic similarity, is generally impossible.

7.6.1 Hydraulic structures

The hydraulic structures to be tested on the lab are driven by gravitational

forces. Thus, Froude similarity criteria is applied.

𝐹𝑟 =
𝑣𝑃

√

𝑔 𝐿𝑀
=

𝑣𝑃
√

𝑔 𝐿𝑝
; 𝐿𝑝 = 𝜆 𝐿𝑀 (7.21)

where sub-indexes 𝑀 and 𝑃 are representation of model and prototype, re-

spectively. From this relationship the scale ratio, 𝜆, is computed for the all the

components of the mechanical similarity, presented on Table 7.2

In the three structures, quantities such as maximum velocities and maximum

discharges were scaled with this similarity criterion. The main quantities in

model and prototype of the three structures are shown in Table 7.3. Despite the

similarity criterion applied, every model has a scale effect due to the fact that

not only gravitational forces are acting on it, but also viscous forces and surface

tension forces [164]. Therefore, the similarity applied in fish locomotion follows

the criteria described in the following section.
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Table 7.2: Scale ratios according to Froude similarity.

Parameter Mechanical
Similarity

Scale
Ratio

Dimension

Length Geometric 𝜆 𝐿

Area Geometric 𝜆2 𝐿2

Volumen Geometric 𝜆3 𝐿3

Time Geometric 𝜆1/2 𝑇

Velocity Kinematic 𝜆1/2 𝐿𝑇−1

Discharge Kinematic 𝜆5/2 𝐿3 𝑇−1

Force Dynamic 𝜆3 𝑀 𝐿𝑇−2

Pressure & stress Dynamic 𝜆3 𝑀 𝐿−1 𝑇−2

7.6.2 Fish locomotion

The Strouhal, 𝑆𝑡, and Reynolds, 𝑅𝑒, numbers have been shown to be the two

dimensionless numbers which described the fish-fluid interaction in a general

form for both carangiform and anguilliform swimmers [63, 64, 165, 66, 57] . 𝑅𝑒

describes the ratio between inertial forces and viscous forces, i.e. the dynamics

the fish in the fluid. On the other hand, 𝑆𝑡 describes the ratio between inertial

forces due to local and convective acceleration, i.e. the oscillation of the flow

due to inertial forces. Thus fish periodic motion could be evaluated from this

perspective [56, 66]. The dimensionless numbers are described as:

𝑅𝑒 =
𝑈 𝐿

𝜈
(7.22)

𝑆𝑡 =
𝑓 𝐴

𝑈
(7.23)

where 𝑈 is the inline swimming speed, 𝐿 is the fish length, 𝜈 is the kinematic

viscosity of the Water𝐴 is the width of the wake, approximated to the maximum

amplitude of the tail beat, and f is the tail beat frequency. Fish-fluid interaction

is based on the momentum transfer due to the undulatory kinematics [56] from

the fish to the surrounding environment. Therefore motion is governed by the

equilibrium between body forces, resistance forces (drag forces), lift forces and

thrust forces [67].

Li et al. [92] undertook a study in a scaled model (1:4) of Vertical Slot Fish-
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Table 7.3: Mechanical similarity according to Froude Criterion

Structure Units Prototype Model Similarity 𝜆

Archimedes Screw

Total head m 4.00 0.40 Geometric 10

Canal width m 2.02 0.20 Geometric 10

Outer radius m 1.00 0.10 Geometric 10

Inflow depth m 0.69 0.07 Geometric 10

Transport speed m/s 1.795 0.568 Kinematic 10

Maximum discharge m3/s 1.529 0.005 Kinematic 10

Water wheel

Total head m 2.00 0.40 Geometric 5

Canal width m 1.00 0.20 Geometric 5

Tangential speed m/s 2.220 0.993 Kinematic 5

Maximum discharge m3/s 0.699 0.013 Kinematic 5

Fishways

Total head m 2.00 0.40 Geometric 5

Canal width m 1.50 0.30 Geometric 5

Minimum depth m 0.50 0.10 Geometric 5

Slot width m 0.20 0.04 Geometric 5

Orifice width m 0.30 0.06 Geometric 5

Notch width m 0.25 0.05 Geometric 5

Maximum velocity m/s 1.792 0.801 Kinematic 5

Maximum discharge m3/s 0.186 0.003 Kinematic 5

Dissipated Power W/m3 200.00 89.44 Dynamic 5

way (VSF). They observed the response of the Ya-fish (Schizothorax prenanti) to

different flow patterns. They used juvenile individuals to scale down fish body

length and used Froude similarity principle between fish swimming capacity

(𝑢𝑐𝑟𝑖𝑡 & 𝑢𝑏𝑢𝑟𝑠𝑡) respect to the adults to scale up prototype responses. Nonetheless,

juveniles do not possess the same experience and habits as adults, and behav-

ioral responses are limited. In a more extensive study, Gazzola, Argentina, and

Mahadevan [96] presented a macro-scale relationship between 𝑅𝑒 and the di-

mensionless swimming number, 𝑆𝑤 = 𝜔𝐴𝐿/𝜈, where 𝜔 = 2𝜋 𝑓 is the angular
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frequency of the tail beat. This relationship is presented in the equation 𝛼 is 4/3

for laminar flows and 1 for high Reynolds numbers (𝑅𝑒 > 103)

𝑅𝑒 ∼ 𝑆𝑤𝛼 (7.24)

They recommend the application 𝑆𝑤 over 𝑆𝑡 since it captures the two lengths

associated to the fish kinematics, tail beat amplitude,𝐴, and fish length, 𝐿. Zhang

et al. [166] linked these three dimensionless numbers to develop a 1:100 scaled

model of fish swimming dynamics in presence of marine turbines and oceanic

currents. They supposed that swimmers moving in a dynamically similar way

should converge in the same 𝑆𝑡 number, which contrasts with Gazzola et al.’s

[96] recommendation. They fixed the 𝑆𝑡 in value 0.33 for experimental trials.

7.7 Recommendations and final remarks

In this chapter, the theoretical framework for designing the prototype of

two low head turbines turbines characterized for being fish-friendly [167, 168,

169], including Archimedes screw and water wheel, is presented. In addition,

two fishways types have been proposed using the guidelines presented by the

FAO and DVWK [113] on Fish passes - Design, dimensions and monitoring.

The scaling was addressed by the Froude Similarity principle considering that

gravitational forces are the main drivers of the hydraulics of the structures.

Fish targeted species were not selected since it is highly dependent on the final

location of the model and local fish availability. Initially the model was expected

to be built in Legnaro, Veneto in the Northeast of Italy. Therefore suggestions in

the Vairone (Telestes muticellus) and Rainbow trout (Oncorhynchus mykiss) were

discussed to address cyprinids and salmonids behavior. In spite of this gap, a

brief analysis on fish scaling is presented.

The proposed design was expected to be build in a 6 m x 6 m room, which was

not adapted for a hydraulic experimentation. Therefore, a recirculation system is

also addressed in this chapter. It is strongly recommended to consider the space

availability and the recharge and discharge facilities on the site before building

the model, so that the recirculation system works efficiently. In addition, the

proposed design dimensions serve the purpose of a feasibility study. Thus,

final dimensions should be carefully checked and updated, based on space

availability, to ensure adequate prototype representation, from both physical
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and biology. Finally, choosing fish species and individuals size is a critical stage.

It is important to consider that scaling fish does not belong to any physical

existing description such as Froude or Strouhal similarity principles, rather it

has a biological demands, since juveniles do not behave as adults. Therefore, if

there is space available it is strongly suggested to reduce the scaling of propose

models.

Finally, this last chapter and its corresponding annexes are presented as

an added value of the present research. The final sketches can be used as a

research proposal to address the enigma of fish scaling and to test and extend the

ELAM developed to hydraulic machinery. Constraints on space and hatcheries

availability should be address in future studies. The calculations are computed

in the spread sheet attached to this manuscript.
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8
Conclusions and future research

This research has been undertaken under the RIver flow regulation, fish

BEhaviour and Status (RIBES) project under the work package two, "WP2: Fish

Hydrodynamics", and funded by the European Union Horizon 2020 Research

and Innovation Programme under the International Training Netwrok (ITN)

Marie Sklodowska-Curie Actions (MSCA), Grant Agreement No. 860800 [9].

The project aimed to train fifteen young researchers to find innovative solutions

to restore river connectivity and enhance fresh water ecosystems’ health, and

under the WP2 evaluate turbulent flow linked to fish behavior and locomotion.

Thus, approaches to evaluate and simulate fish behavior through fishways,

especially Vertical Slot Fishways, were considered. A coupled, Hydrodynamic

- Ecological model was developed, tested, calibrated and validated for different

targeted species and VSF geometries. This chapter briefly describes the main

conclusions of the study, the challenges for future research and the implications

for fish passage.

8.1 General conclusions

The study focused on numerical simulation of fish passes. First, an extensive

evaluation of the numerical approaches on the simulation of the hydraulics of

Vertical Slot Fishway (VSF) was performed. Then, an Eulerian Lagrangian Agent

based Model (ELAM), an comprehensive approach to simulate fish movement

along with turbulent flow [10, 19] was implemented. The implementation took
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two stages. First, the ELAM was developed to process the 3D hydrodynamic sim-

ulation output to reproduce the observations from Tan et al. [14, 13] on bighead

carps (Hypophthalmichthys nobilis) and silver carps (Hypophthalmichthys molitrix)

through two VSF geometries. Four behaviors were considered, exploration,

attraction, wall avoidance and escape response. In order to evaluate the re-

sponses, three hydrodynamic variables were used as input, velocity magnitude,

|𝑢𝑖 |, turbulent kinetic energy, 𝑘, and velocity strain rate, 𝑆𝑖 𝑗 . After calibration,

the model was validated by comparing the mean upstream migration path from

both, experimental and simulated, with an Ordinary Least Square (OLS) linear

regression model [125]. Final Slope and intercept were in the range of [1.00, 1.42]
and [−0.08,−0.04], while the best coefficient of determination, 𝑅2, was around

0.804 and the worst 0.374.

In addition, the ELAM was able to reproduce the dispersion of the upstream

swimming corridor. Second, the ELAM was implemented in dynamic simula-

tions in order to test the ELAM for different geometries and targeted species.

However, the Eulerian framework was 2D hydrodynamic simulations real time

input. In this second stage, the aim was to reproduce the treatments undertaken

by Romão et al. [16] and the measurements performed by Sanz-Ronda et al. [17]

and Sanz-Ronda et al. [18] on the ascent times of the Iberian barbel (Luciusbarbus

bocagei). To this aim, an additional behavior was included in the ELAM, resting

behavior, triggered by the time to fatigue models developed by Sanz-Ronda et al.

[155] and driven according the observations of Fuentes-Pérez et al. [99], adding

the evaluation of the Reynolds Shear Stress 𝜏𝑖 𝑗 in the path selection. Due to the

spatial and temporal resolution of the measurements, contrary to the first stage,

the validation was qualitative. The ELAM successfully reproduced the spatial

preferences of the barbel observed by Fuentes-Pérez et al. [15], whose data dis-

played 36% of usage to the block just upstream the baffle in the left wall of the

pool evaluated, while the model displayed 40 % in the same block. Regarding

the ascent times, the model displayed a median of 15.26 min/m, 6.49 min/m

and 8.30 min/m for the geometries evaluated, while measurements reported

14.9 min/m, 5.23 min/ and 5.54 min/m, respectively. In conclusion, after all

the work performed in this study, numerical approaches, particularly ELAM ap-

proaches, are able to reliably reproduce different fish targeted species movement

through different VSF configurations, in different hydrodynamic conditions.

Along all the simulations performed, several hydrodynamic variables were

evaluated, whether for validation of the hydrodynamic models, or as an input
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for the behavioral model of the agents. Considering that hydraulics of the VSF

is mainly two-dimensional [20, 11, 12, 102], the evaluation of vertical velocity,

𝑢𝑧 , was neglected. Thus, 𝑥-axis velocity, y-axis velocity, and turbulent kinetic

energy were considered at the first stage of this research, the assessment in the

performance of 2D an 3D modelling approaches. Both approaches 2D and 3D

can reproduce the basics of the VSF hydraulics, i.e. two-dimensional velocities,

𝑢𝑥 & 𝑢𝑦 , but only 3D approach can reproduce turbulence accurately, i.e., turbu-

lent kinetic energy, 𝑘, is the main conclusion of the first stage of the research.

Flow topology, which is crucial in the operation of VSFs [53, 114, 128], was ac-

curately captured only by 3D simulations, while 2D simulations missed some

recirculation zones. In brief, it is strongly suggested performing 3D simulations

on the evaluation of the hydraulics of VSF, when the computational capacities

are available. However, 2D simulations also provide a insights on the hydraulics

and flow patterns of the VSF.

Regarding the behavioral responses of the agents, which aimed to reproduce

fish passage through a VSF, three hydrodynamic variables were evaluated in the

following stages of the research, velocity magnitude, turbulent kinetic energy,

and velocity strain rate. In addition, to extend the existing approaches [14, 104],

Reynolds shear stresses were also included. Turbulent kinetic energy was a key

parameter to drive agents’ motion. In the case of the bighead carps (Hypoph-

thalmichthys nobilis) and silver carps (Hypophthalmichthys molitrix), this parameter

displayed between 74% and 86% of influence in path selection. Accordingly, it

displayed between 66% and 73% of influence for the the Iberian barbel (Lucius-

barbus bocagei). Velocity magnitude play a significant role in path selection in

every case, with an influence from 10% to 25%. Finally velocity strain rate plays

a significant role, 16% of influence, only in the uniformed flow of the geometry

B for the carps. On the other cases, the velocity strain rate is not significant.

An additional study to fill the gap between Chapter 4 and Chapter 6 were

performed. Three-dimensional and two-dimensional hydrodynamic outcomes

were compared as Eulerian input for the ELAM developed. Results show that

three-dimensional simulations are able to capture the differences on flow dy-

namics between uniform and non uniform geometries, while two-dimensional

approaches display a uniform flow dynamics in all VSF configurations. Like-

wise, the agents cognitive response to hydrodynamic variables are significantly

different between 2D and 3D approaches. While turbulent kinetic energy influ-

ences the most path selection velocity strain rate can be neglected in two out of
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three cases if 3D Eulerian input is used. On the other hand, turbulent kinetic

energy, velocity magnitude and velocity strain rate shared the about the same

amount of influence on all the cases if 2D Eulerian input is perceived. In this

sense, despite of the good agreement of the fish movement simulations, the

agent’s response to the hydrodynamic variables might be biased from what fish

experiences, due to the inherent consequences of averaging vertical component

on hydrodynamics.

The results of this research provide new insights in the understanding of

fish behavior at VSFs, as well as offer a wider perspective on the tools and

methodologies for fish passage modelling and simulation. Reproducing escap-

ing responses is a challenging task, since they depend on several internal and

external factors that cannot be measured and reproduced. However, this re-

sponse was addressed by increasing uncertainty, reducing the sensorial scope,

and applying burst swimming velocity. This modifications on fish behavior

when they were in the jet region, not only increased the ELAM performance,

but also reproduced upstream corridor dispersion. In addition, to date, there is

no model able to reproduce both spatially distribution and residence time in fish

passage. In this sense resting behavior played a significant role in assessing these

two indicators, by merging empirical models [15, 155] with the ELAM approach

[10, 14]. Finally, using swimming performance indicators linked to the fish tar-

geted species in the ELAM, along with stochasticity, was novel from these study.

Particularly, the differentiation between sustained swimming speed, 𝑢𝑐𝑟𝑖𝑡 , and

bursting speed, 𝑢𝑏𝑢𝑟𝑠𝑡 , in the pool area and the jet region is a key stage/practice

that helped to the validation of the developed models.

As the main result of this research, an ELAM that can be used with open-

source tools is provided. The ELAM considers hydrodynamic variables as sur-

rounding environment, up to 5 different behaviors, stochasticity to address

internal and external variables not included in the model, fish swimming per-

formance indicators proper of each fish targeted species, and as an added value,

the energy consumption calculation based on physical principles. While the

model’s strength might rely in the fact that the agent’s motion can be focused

in several targeted species, it also might represent its principal weakness. For

instance, fish swimming performance indicators have been largely studied, and

therefore, there is an extensive database that provides this information for sev-

eral fish targeted species [62]. On the other hand, very little is know about

turbulent quantities preferred by the fish, and their study has been biased to-
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wards salmonids [170, 83] and some cyprinids [13, 99, 21]. Moreover, this lack

of information increases when other variables such as the velocity strain rate, or

reynolds shear stresses are taken into consideration. To summarize, despite the

fact that the ELAM developed in this study serves as an efficient tool for mod-

ellers and designers to evaluate VSF, it is strongly suggested to keep in mind

these limitations.

8.2 Challenges and future research

In this research modelling fish passage was addressed by implementing cou-

pled, ecological - hydrodynamic, simulations. This was achieved by adopting

the proposal of Goodwin et al. [10] on Eulerian - Lagrangian models (ELAM).

The ELAM successfully reproduced fish spatial distribution and ascent times.

However, the fish targeted species are carps and barbels, cyprinids which are

known for being not as great swimmers as salmonids [62]. In addition, targeted

fish species considered in this research display mostly a 2D dimensional move-

ment [14, 13, 15]. Therefore, the fish motion driven by the Individual Based

Model (IBM) in the ELAM is two-dimensional, independently of, whether the

Eulerian framework is 2D or 3D. In this context, it is strongly suggested to extend

the ELAM, including the all five behaviors, to a third dimension, using different

fish targeted species.

Due to computational and time constraints, the ELAM is focused on the

evaluation of VSFs at a steady flow discharge, which displays a quasi two-

dimensional hydraulic behavior. In addition, the VSF flow topology has been

widely studied [128] and their flow patterns in steady state are predictable.

Nevertheless, unsteady and non-uniform flows are relevant in the analysis of

the VSF [48] and have been proven to be significant in fish behavior [15]. In

this context, the ELAM should be tested in unsteady and non-uniform flows

in VSFs. Moreover, the ELAM should be extended to other type of fishways

such as Submerged Notch with Bottom Orifice fishway (SNOB), nature-like

fishways, Denil-type fishways, among others. If the ELAM is extended to a

third dimension, it should be tested in other hydraulic structures such as the

structures presented in Chapter 7.

The ELAM presented in this research addresses fish energy consumption

from a physical perspective [141]. Even though this is a quantitative assessment,

it is not a real representation of the energy consumed by the fish. Furthermore,
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in the last stage of the ELAM (Chapter 6), time to fatigue was calculated using

empirical relationships [155], and the resting time was computed using a simple

probabilistic approach, based on experimental measurements [16, 17, 18]. There

is still a challenge addressing both, time to fatigue and energy consumption,

in an analytical manner, since this variables are linked to several internal and

external factors such as stress, health, food availability or light-temperature

exposure. Undertaking test including this factor is suggested.

In this study, fish is represented as a particle in the ELAM using a one-way

Eulerian-Lagrangian coupling. In addition, the rate of energy spent per unit of

time is calculated on the hypothesis that the particle is an ellipsoid of revolution

linked to fish body length, whose axis is aligned with agent’s final velocity.

This, in practice, is not realistic. Energy cost might be overestimated, since it is

proved that fish align to the streamlines to reduce drag force when swimming

upstream, [32]. In this sense, if the computational capacities are available, it is

strongly suggested to include the fish shape into consideration, and if possible

merge existing approaches on optimization of drag efficiency [77, 75].

Finally, the design of a scaled model is presented in Chapter 7 as an added

value for the numerical research. Although the drawings and the designed

parameters might serve as part of a feasibility study, the assumptions on the

similarity principle are well made from the hydraulic perspective and will not

need to be improved. However, selecting the fish targeted species and scaling

them remains a challenge that might need to be address in future studies. In

deed, the blueprints presented at the end of this manuscript may serve as the

kickoff to start a future research and address the challenges outlined in this

section.

8.3 Implications for fish passage and conservation

This manuscript presented a study focused on fish at hydraulic structures,

particularly fishways. Vertical Slot Fishways (VSFs) were evaluated from a

numerical perspective. The main outcome of this research is an Eulerian Lan-

grangian Agent based Model (ELAM) that can be used in conjunction with

open-source tools both 2D and 3D. The model has been tested and validated for

different geometries and fish targeted species. The ELAM, which is the core of

this research, is a tool which can reproduce both, spatial distribution and ascent

times of different fish species in several VSF configurations. This tool might be
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the most significant contribution to the fish passage and conservation, since it

can be used in the evaluation and the optimization of fish passage.

Nevertheless, results are not constrained only to the development of the

ELAM. For instance, a comparative study on the modelling approach to repro-

duce the hydraulics of VSFs is presented. The results an conclusions can be taken

as a guide to choose the most efficient approach based on physical parameters of

the fishway and the computational capacities available. Moreover, based on the

results some parameters can be discarded on the simulation of the hydraulics

of VSF such as wall roughness. Briefly, modellers, designers and researchers

can profit of the results presented in this research to better design and evaluate

Vertical Slot Fishways from a numerical perspective.

Coupled Ecological and Hydrodynamic simulations are still rare among eco-

hydraulic research. However, they are becoming more common in new studies.

Therefore, results on behavioral responses liked to hydrodynamic input pre-

sented on this study serve as a useful insight to choose or consider the best

approach in the bio-hydrodynamics modelling. Biases among individuals re-

sponses to turbulent cues discovered in the present study serve as a guideline

for future model developments. To summarize, better and more efficient mod-

elling outcome can be expected in future studies if the findings of this study are

considered.

In conclusion, the overall aim of the project which funded this research,

ITN MSCA RIBES, was to develop and propose innovative solutions to restore

and preserve the river connectivity and freshwater Ecosystems. To this end,

the correct design of fishways is imperative. Considering that not only the

hydraulic parameters, but also biological considerations are essential in the

design and evaluation of fishways, the findings, hydro-bio informatics tools,

and suggestions proposed in this thesis address the objective as innovative

solutions to the current biodiversity loss problems.
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A
Drawings

• Drawing 1/5: Scaled model’s top view.

• Drawing 2/5: Scaled model’s profile view.

• Drawing 3/5: Archimedes Screw top view & profile view.

• Drawing 4/5: Breast shot wheel top view & profile view.

• Drawing 5/5: Fishway design dimensions.
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• Archimedes Screw
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λ= 10
Design Parameter Symbol Units Value Model Equation

Number of buckets N - 3 3 Design Parameter / User defined

Inclination angle β degrees 22 22 Design Parameter / Topography

Outer radius Ra m 1 0.1 Design Parameter / User defined

Length in x plane Lx m 9.900347 0.990035

Distance Between Blades DB m 1.710052 0.171005

Total lenth of the screw LB m 10.67787 1.067787

Total volume of each bucket VN m3 2.426554 0.002427

Number of buckets BN - 9 9

Total volume of screw V m3 21.83898 0.021839

Gravity acceleration g m/s2 9.81 9.81 Fixed Parameter

Slope Tan(β) m/m 0.404026 0.404026

Radius Ratio ρ - 0.5 0.5 Factory Value (0.3 - 0.5)

Pitch Ratio λ - 0.219922 0.219922 Rorres (2000)

Volume Ratio νU - 0.271051 0.271051 Rorres (2000)

volume-per-turn ratio λ*νU - 0.05961 0.05961 Rorres (2000)

Inner radius Ri m 0.5 0.05

Archimides screw Design
Design Parameters

𝑅௜ = 𝜌𝑅௔

𝐿௫ = 𝐻tan 𝛽
𝐿஻ = 𝐻sin 𝛽𝑉ே = 𝑅௔ଶ − 𝑅௜ଶ 𝑆𝑁 𝜅
𝑉 = 𝐵ே𝑉ே

tan 𝛽

𝐵ே = 𝑁 𝐿஻𝑆

𝐷஻ = 𝑆𝑛 − 1



λ= 10
Design Parameter Symbol Units Value Model Equation

Archimides screw Design

Water elevation upstream OWS masl 5 0.5 Design Parameter / Topography

Water elevation downstream UWS masl 1 0.1 Design Parameter / Topography

Total Head H m 4 0.4

Channel elevation upstream UP masl 3.8 0.38 Design Parameter / Topography

Weir crest elevation SP masl 4 0.4 Design Parameter / Topography

Channel elevation downstream TP masl 0 0 Design Parameter / Topography

Total Flow Q m3/s 1.681766 0.005318

Torque generating flow QW m3/s 1.528879 0.004835

Pitch S m 3.420104 0.34201

Usefull Volume VU m3 2.912332 0.002912

Maximum rotational speed nmax cycles/min 31.49803 9.96055

Maximum tangencial velocity cmax m/s 3.298466 1.043066

Axial transport speed cax m/s 1.795442 0.567769

Total volume ratio νT - 0.298157 0.298157

Upstream optimal design

Total Discharge

𝑄ௐ = 𝑛60 𝑉௎

𝐻 = 𝑂𝑊𝑆 − 𝑈𝑊𝑆

𝑆 = 𝜆 2𝜋𝑅௔tan 𝛽𝑉௎ = 𝜈௎𝜋𝑅௔ଶ𝑆

𝑐௔௫ = 𝑆 𝑛60
𝜈் =  𝛼଼ − 𝛼ଽ𝜌ଶ2𝜋 − 1 − 𝜅𝜋 1 − 1 − 𝜅 ଶ − 𝜌ଶ − 1 − 𝜅 ଶ    if  1 − 𝜌 < 𝜅 ≤ 1 + 𝜌
𝜈் =  𝛼଼2𝜋 − 1 − 𝜅𝜋 1 − 1 − 𝜅 ଶ   if   0 ≤ 𝜅 < 1 − 𝜌

𝑄 = 1.1 ∗ 𝑄ௐ

𝑛௠௔௫ ≤ 502𝑅௔ ଶ/ଷ𝑐௠௔௫ ≤ 𝑅௔ ȉ 𝑛௠௔௫60



λ= 10
Design Parameter Symbol Units Value Model Equation

Archimides screw Design

Dimensionless height case 1 κ - 0.67752 0.67752 Numerical method / Iterative process

Outer angle α8 rad 2.484896 2.484896

Iterative κ case-1 0 ~ -0.00016 1−𝜌
Dimensionless height case 2 κ - 0.5 0.5 Numerical method / Iterative process 0.5

Outer angle α8 rad 2.094395 2.094395

Inner angle α9 rad 0 0

Iterative κ case-2 0 ~ 0.599679

Inlet depth h3 m 0.67752 0.067752

Depth upstream inlet h2 m 0.628185 0.062819

Depth in the rack h1 m 0.987736 0.098774

Loss Factor ζ - 0.068556 0.068556

Weir height w m 0.3 0.03 Design Parameter / User defined

Channel width after the rack b1 m 2.02 0.202

Channe width at the inlet b2 m 2.02 0.202

Inflow head hin m 0.687736 0.068774

Iterative h1 0 ~ 9.79E-05

Flow speed before the debris rack c1 m/s 0.842895 0.266547

Flow speed at the inlet of the scre c2 m/s 1.325337 0.419108

𝑐௔௫ = 𝑆 𝑛60
𝛼଼ = 2 ȉ arccos 1 − 𝜅  

𝛼ଽ = 2 ȉ arccos 1 − 𝜅𝜌  

ℎଷ = 𝜅𝑅௔ℎଶ = ℎଷ cos 𝛽
ℎଵ + 𝑄/(𝑏ଵℎଵ) ଶ2𝑔 = 𝑤 + ℎଶ + 𝑄/(𝑏ଶℎଶ) ଶ2𝑔 1 + 𝜁

𝜁 = 𝜈்𝜋𝑅௔𝜅 cos 𝛽 𝑏ଶ − 1
𝑏ଵ = 𝑏ଶ𝑏ଵ = 2 ȉ 1.01 ȉ 𝑅௔ℎ௜௡ = ℎଵ − 𝑤



λ= 5
Design Parameter Symbol Units Value Model Equation

Total head H m 2.000 0.4 Design Parameter / Topography

Whidth of the wheel B m 1.000 0.2 Design Parameter / User defined 

Diameter of the wheel D m 4.000 0.8

Angular velocity n rpm 10.600 4.740464 User defined / Computed

Filling ratio 𝜀 - 0.500 0.500 0.4 if Q is higly variable 0.5 if Q is lowly variable

Depth of the cells d m 0.630 0.125992

Tangential velocity of the wheel vt m/s 2.220 0.99284

Discharge of the wheel Q m3/s 0.699 0.012509

D π n

Breast shot water wheel

Water Wheel

D = min 𝐻 + 1, 2𝐻 

𝑑 = 𝜀 𝐷𝐻య
𝑣௧ = 𝐷 𝜋 𝑛120𝑄 = 𝐵𝑣௧ 𝜀 𝑑



λ= 5
Design Parameter Symbol Units Value Model Equation

Total head of the water level H m 2 0.4 Design Parameter / Topography

Water level variation ΔH m 0.2 0.04 Design Parameter / User defined 

Maximum discharge Qmax m3/s 0.2 0.003578 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Perimissible difference Δh m 0.2 0.04 Design Parameter / User defined (0.15 - 0.2)

Minimum water level difference Δhmin m 0.163636 0.032727

Gravity Acceleration g m/s2 9.81 9.81 Design Parameter / User defined 

Number of pools n - 10 10

Fluid density ρ kg/m3 1000 1000 Design Parameter / User defined 

Pool width b m 1.5 0.3 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Water depth h m 0.8 0.16 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Fluctuating water depth in the pool hm m 0.9 0.18

Submerged orifice width bs m 0.3 0.06 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Submerged orifice heigth hs m 0.3 0.06 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Notch width ba m 0.25 0.05 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Notch height ha m 0.25 0.05 Design Parameter / User defined check FAO & DVWK (2002) Table 5.1

Slope of the channel I m/m 0.136334 0.136334

Pools Fishway

Fish passage

𝑛 = 𝐻∆ℎ − 1
∆ℎ௠௜௡= 𝐻 − ∆𝐻𝑛 + 1

ℎ௠ = ℎ + ∆ℎ2

𝐼 = 𝐻𝑙௕



λ= 5
Design Parameter Symbol Units Value Model Equation

Fish passage

Orifice Velocity Vs m/s 1.7918 0.8013

Orifice Coefficient discharge μs - 0.65 0.65 Design Parameter/Orifice property

Discharge of the Orifice Qs m3/s 0.1159 0.0021

Water height over the weir hw m 0.15 0.03 Design Parameter/User defined

Weir Coefficient discharge μ - 0.65 0.65 Design Parameter/Weir Property

Reduction factor σ - 1 1

Discharge of the weir Qa m3/s 0.027877 0.012467

Total discharge Q m3/s 0.1438 0.0026

Maximum Turbulent Energy E W/m3 150 67.08204

Plank thickness d m 0.1 0.02 Design Parameter / User defined 

Pool length lb m 1.467 0.293 1.0 -2.25

Pool length lb,real m 1.500 0.300 1.0 -2.25

Total length of the fish way Lmin m 14.66988 2.933975

Total length of the fish way L m 15 3

Total head of water level H m 2 0.4 Design Parameter / Topography

Water level variation ΔH m 0.4 0.08 Design Parameter / User defined 

Vertical Slot Fishway

௕𝑉௦ = 2𝑔∆ℎ
𝑄௦ = 𝜇௦𝑏௦ℎ௦ 2𝑔∆ℎ

𝜎 = 1 − 1 − ∆ℎℎ௪ ଵ.ହ ଴.ଷ଼ହ
𝑄௔ = 23𝜇𝜎𝑏௔ 2𝑔ℎ௪ଷ/ଶ𝑄 = 𝑄௔ + 𝑄௦
𝐸 = 𝜌𝑔∆ℎ𝑄𝑏ℎ௠ 𝑙௕ − 𝑑 ≤ (150 − 200)

𝐿 = 𝑛 ȉ 𝑙௕,௥௘௔௟
𝐿௠௜௡ = 𝑛 ȉ 𝑙௕



λ= 5
Design Parameter Symbol Units Value Model Equation

Fish passage

Maximum discharge Qmax m3/s 0.2 0.003578 Design Parameter / User defined check FAO & DVWK (2002) Table 5.2

Perimissible difference Δh m 0.2 0.04 Design Parameter / User defined (0.15 - 0.2)

Minimum water level difference Δhmin m 0.145455 0.029091

Gravity Acceleration g m/s2 9.81 9.81 Design Parameter / User defined 

Number of pools n - 10 10

Fluid density ρ kg/m3 1000 1000 Design Parameter / User defined 

Slot velocity Vs m/s 1.689325 0.755489

Channel width b m 1.5 0.3 Design Parameter / User defined 

Slot width s m 0.2 0.04 Design Parameter / User defined check FAO & DVWK (2002) Table 5.2

Stagger distance a m 0.1 0.02 Design Parameter / User defined check FAO & DVWK (2002) Table 5.2

Angle of the slot α degrees 30 30

length projections c m 0.2 0.04 Design Parameter / User defined 

Width of defflecting block f m 0.2 0.04 Design Parameter / User defined 

Maxium depth upstream of the slot ho,max m 0.560289 0.112058

Depth upstream of the slot ho m 0.7 0.14

Depth downstream of the slot hu m 0.5 0.1

ℎ௢ < ℎ௢,௠௔௫ℎ௨ = ℎ௢ − ∆ℎ
ℎ௢ = f 𝑄

𝛼 = sinିଵ 𝑠𝑎

𝑛 = 𝐻∆ℎ − 1
∆ℎ௠௜௡= 𝐻 − ∆𝐻𝑛 + 1

𝑉௦ = 2𝑔∆ℎ



λ= 5
Design Parameter Symbol Units Value Model Equation

Fish passage

Fluctuatint water depth hm m 0.6 0.12

Discharge coefficient μr - 0.537906 0.537906

Required discharge Q m3/s 0.186055 0.003328

Maximum Turbulent Energy E W/m3 200 89.44272

Plank thickness d m 0.1 0.02 Design Parameter / User defined 

Pool length lb,real m 1.500 0.300 1.0 -2.25

Pool length lb m 1.928001 0.3856 1.0 -2.25

Total length of the fish way L m 15 3

Total length of the fish way Lmin m 19.28001 3.856002

Slot width b0 m 0.2 0.04 Design Parameter / Topography

Channel width b m 1.5 0.3

Pool length lb m 1.5 0.3

Screen length SL m 0.9 0.18

Baffle details 1 Bf1 m 0.4 0.08

Baffle details 2 Bf2 m 0.098 0.0196

Baffle details 3 Bf3 m 0.32 0.064

Vertical Slot Fishway Verification Design 1 (rajaratman et al 1992)

𝐿 = 𝑛 ȉ 𝑙௕

𝜇௥ = f ℎ௨ℎ௢
𝐸 = 𝜌𝑔∆ℎ𝑄𝑏ℎ௠ 𝑙௕ − 𝑑 ≤ 200

ℎ௠ = ℎ + ∆ℎ2
𝑄 = 23𝜇௥𝑠 2𝑔ℎ௢ଷ/ଶ

𝐿 = 𝑛 ȉ 𝑙௕,௥௘௔௟

𝑏 = 10𝑏଴
𝑏 = 8𝑏଴
𝑆𝐿 = 4.8𝑏଴

2𝑏଴
0.49𝑏଴
1.6𝑏଴



λ= 5
Design Parameter Symbol Units Value Model Equation

Fish passage

Baffle details 4 Bf4 m 0.034 0.0068

Discharge coefficient μr - 0.537906 0.107581

Required discharge Q m3/s 0.186055 0.037211

0.17𝑏଴
𝜇௥ = f ℎ௨ℎ௢𝑄 = 23 𝜇௥𝑠 2𝑔ℎ௢ଷ/ଶ



Design Parameter Symbol Units Value Equation

Maximum discharge screw QS m3/s 0.005 Design Parameter / Computed

Maximum discharge water wheel QWW m3/s 0.013 Design Parameter / Computed

Maximum discharge fish way QFW m3/s 0.003 Design Parameter / Computed

Discharge for collective functioning Qmax,1 m3/s 0.021 Design Parameter / Computed

Dishcarge for individual functioning Qmax,2 m3/s 0.013 Design Parameter / Computed

Design Discharge Q m3/s 0.021 Design Parameter / Computed

Working volume screw VS m3 0.054 Design Parameter / Computed

Working volume water wheel VWW m3 0.079 Design Parameter / Computed

Working volume fish way VFW m3 0.162 Design Parameter / Computed

Working volume collective functioning Vmax,1 m3 0.295 Design Parameter / Computed

Design parameter

Recirculating system



Design Parameter Symbol Units Value Equation
Recirculating system

Working volume individual functioning Vmax,2 m3 0.162 Design Parameter / Computed

Design residence volume V m3 0.162 Design Parameter / Computed

Pipe exterior diameter Dext mm 147.000 Design Parameter / User defined 

Piper thickness b mm 20.000 Design Parameter / Commercial Defined 

Pipe interior diameter D mm 127.000 Design Parameter / Commercial Defined 

Absolute roughness 𝜀 mm 0.002 Design Parameter / Commercial Defined 

Friction coefficiente f - 0.016 Moody Diagram

Velocity v m/s 1.670

Water kinematic viscosity 𝜈 m2/s 0.000 Design Parameter / Water property

Reynolds Re - 2.11E+05

Pipe characteristics

𝑣 = 4𝑄/𝐷ଶ

𝑅 = 𝑣𝐷/𝜈



Design Parameter Symbol Units Value Equation
Recirculating system

Iterative κ case-2 0 ~ -9.5E-05

Total length of the pipe L m 5.70E+00 Design Parameter / Topography

Total losses of the pipe due to length ΔhL m 9.93E-02

Full loss coefficient k - 26.100 Design Parameter / Topography

Total losses to the pipe due to accessories Δha m 3.710

Total Head H m 4.809

Total Head Capacity H' psi 6.841

Discharge capacity Q' l/hr 76.160 Design Parameter / User defined 

Power P kW 1.426

Efficiency η - 0.700 Design Parameter / Commercial Defined 

Pump characteristics

Accessories losses

∆ℎ௅= 𝑓 𝐿𝐷 𝑈ଶ2𝑔

∆ℎ௔= 𝐾் 𝑈ଶ2𝑔

𝑃 = 𝐻 𝑄 𝑔 𝜌𝜂

𝐻 = 𝑣𝐷/𝜈
𝐻 = 𝐻ீ + ∆ℎ௔ + ∆ℎ௅



Design Parameter Symbol Units Value Equation
Recirculating system

Minimum lift station hf m 0.500 Design Parameter / Commercial Defined 

Height h1,1 m 0.900 Design Parameter / User defined 

Length L1,1 m 0.730 Design Parameter / User defined 

Width B1,1 m 0.350 Design Parameter / User defined 

Total Volume Vdown,1 m3 0.230

Height h1,2 m 0.900 Design Parameter / User defined 

Length L1,2 m 0.270 Design Parameter / User defined 

Width B1,2 m 0.700 Design Parameter / User defined 

Total volume Vdown,2 m3 0.170

Inner stabilization Tank downstream

Upstream Stabilization Tank

Downsteram Stabilization Tank

𝑉 = ℎ ȉ 𝐿 ȉ 𝐵

𝑉 = ℎ ȉ 𝐿 ȉ 𝐵



Design Parameter Symbol Units Value Equation
Recirculating system

Height h2,1 m 0.600 Design Parameter / User defined 

Length L2,1 m 0.730 Design Parameter / User defined 

Width B2,1 m 0.650 Design Parameter / User defined 

Total volume Vup,1 m3 0.285

Height h2,2 m 0.100 Design Parameter / User defined 

Length L2,2 m 0.250 Design Parameter / User defined 

Width B2,2 m 0.250 Design Parameter / User defined 

Total volume Vup,2 m3 0.006

Inner stabilization Tank upstream

𝑉 = ℎ ȉ 𝐿 ȉ 𝐵

𝑉 = ℎ ȉ 𝐿 ȉ 𝐵


