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ABSTRACT

ABSTRACT

Human intervention in rivers and its effect on fish populations made it necessary to further
understand fish behavior in order to reduce the impact on their living. This effort has led to
construction and continuous improvement of fish passes in dams and Hydroelectric Power
Plants. The aim of the current work is to use the existing literature and extend the
mathematical- computational model which simulates fish behavior in three-dimensional
flow conditions. The model was created in the Laboratory of Applied Hydraulics in NTUA by
Giannoulis and Pagonopoulos. The study of fish behaviour is based on the ELAM method,
which consists of the Eulerian approach of the flow field using Computational Fluid
Dynamics (CFD) software, the Lagrangian approach of fish movement and the approach of
fish response to the direction of flow and the stimuli of spatial acceleration and pressure.
The main types of fish behaviour that are distinguished are (1) B1 towards flow direction ,
(2) B2 towards increasing water velocity, (3) B3 against the flow, and (4) B4 towards
acclimatized derth. The calibration of the model was based on the case study of TUM
Hydro Shaft Power Plant at the Hydraulic Laboratory in Obernach, Germany. The Flow-3D
hydrodynamic model was applied for the description of the flowfield. A sensitivity analysis
was performed on the model threshold coefficients and fish length.

Keywords: Fish behavior modelling, 3-D model, ecological modeling
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EKTETAMENH NEPIAHWH

1 EIZArQrH

H a€onoinon Twv noTapiov yia TNV KAAUWN TwV MPAKTIKOV Avaykwv TV avepwnwv o€
udaTIKOUG MOpPOUG, NApAywyr EVEPYEIAG, METAPOPEC KAl AVTIMANMMUPIKA npooTaaia,
ouvodeUTNKE HUE TNV KATACKEUN E€pywV HIKPOTEPNG 1 MEYAAUTEPNG KAiMakag, ano HIKpd
(ppayuaTa yexpl heydAa YHE. H AeiToupyia Toug €ixe apeon enidpacn otnv diapuoppwaon TNG
PONC TWV MNOTAMWV KAl oTnv navida nou avanTuooesTdl O auTd KAl KUpiwG oOToug
nAnBucopolc Twv wapiwv. OI GUVENEIEG aUTAC TNG dladikaoiag nou ek@palovTal JEoa ano TIG
aAAayeg OpOMWV MPETAVAOTEUONG, TIC TOMIKEG MEIWOEIS €wC KAl €€agaviosic nAnBuouwv
wapiov, aAAnAenmdpolv HeE Tn O€ipd TOUG NPOKAAWVTAG OIKOAOYIKA Kdal OIKOVOMIKA
npoBAfuaTa os 0AOKANPEC NEPIOXEC Nou aTnpifovTal oTnVv aAlsia KA.

H avTigetonion autwv Twv npoBAnNATwy odrynos oTn kaTtaokeurn O10dwv 1XBuwv (fish
passes). H dnuioupyia kai n BeATIOTONOINON AQUTOWV TWV KATAOKEUWV E€KAVE avaykaia Tn
MEAETN KAl MPOCOHOIWON TNG Kivnong TwV Yapiwv KABwG Kal Twv epeBICPATWV Mnou
kaBopilouv Tn OUWNEPIPOPA TOUC. € AUTH TNV Npoondbelad evTAoOsTal Kal n napouaod
€pyaocia, nou &xel wg oToxo Tnv afonoinon Tng undapyxouoac PBiBAloypagiag yia Tnv
EMEKTACN TOU UMAPXOVTOC HOVTEAOU CUHNEPIPOPAC IXOUwWYV, nou dounbnke OTO EpyacTnpio
Epappoopévng YopauAiknc (Giannoulis kal Pagonopoulos), og TpiodiaoTaTo nedio ponc.

2 2YNONTIKH NEPITPA®H TOY MONTEAOY
2.1 BaoikéG NnapadoxEG TOU LHOVTEAOU OUUNEPIPOPAG
O1 Baoikéc napadoxEG Tou PHOVTEAOU €ival:

e KuUpla gpebiouyarta. H emTaxuvon kai n nieon €ival Ta epebioyaTta nou kabopilouv TNV
ouunEPIPOPA TOU Wwapiou.

e [epioxy avTiAnwng. Eivar n nepioxn and Tnv onoia yiverar n npocAnyn Tou
MEYEBOUC TwV Napandavw epebiopydatwy. MpokeiTal yia &va TpiodiaoTaTo eAAEIPOEIDEC,
nou npokUNTel and &va KevTpiko (Wdapi) kal aAAa €& onueia avriAnyng oToug TPEIG
a&oveg Kivnong Tou wapiou,

e EykAIlgaTIONOC. Ta peyedBn Twv epeBIopdTwV NOU TO WApP! EXEl €YKAIMATIOTEI,
ennpedlouv TNV Kivnon Tou TNV E€MNOHPEVR XPOVIKN OTIYHR HEOW TWV OUVTEAECTWV
HVAKNG.

e TUNoI ouunepipopwV. GewpolvTal TECCEPIG Bacikoi TUMNOI CUUNEPIPOPAG KATA TNV
kivnon Twov wapiwv, n {B1} katd Tnv kateuBuvon TNnG pong, n {B2} npog
MEYaAUTEPEG TaxuTNTEG pong, n {B3} avTiBera oTnv katelBuvon TNG Pong Kai n
{B43} npoc To BABOC nou £xel EYKAIYATIOTEI.

2.2 Mepiypa@n Twv d1adIKACI®DV NOU EKTEAEI TO HOVTEAO

To povTéAo akoAouBei TIG napakdaTw dladikacieg (BpaTa) yia TNV Npooopoiwan TG Kivnong
Tou yapiou:

e [1po0dIOPIOUOC TWV OUVTEAECOTWV TOU HOVTEAOU. ElodyovTal oTO POVTEAO OI TIMEG
TWV OUVTEAEOTWV MOU AQOpoUV TIC XAPAKTNPIOTIKEG TAXUTNTEG TwWV Wapiwyv, ToV
EYKAIHATIONO, KAl Ta Opia evepyonoinong kabe agupnepipopdc (thresholds).

e [lpooopoiwon TNG YEWHETPIAG KAl TOUu nediou pong We Tn Xpnon udpoduvapikou
HovTEAou CFD. Edw xpnoigonolgital To udpoduvapikd povtelo Flow-3D, To onoio Pe
TN Xpnon opBoywvikoU dopnuévou MAEYUATOC unoAoyilel To Nedio TAXUTATWV U, V,
w Kal To PBaboc ponc oe kaBe kOWBO TOU MAEyuaToG. Me auTta Ta dedopeva
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unoAoyileTal To BaBog, Kal N ENITAXUVON KE Tn oxéon:

ou ou ou : ov ov ov : oW oW oW :
A, = lU=+v—+w— +u—X+v—+w— + u—X+v—+w—

OX oy 0z

MpoadiopIioPog TNG NEPIOXNG avTiAnwng. MiveTal Ye Tov UNoAoyiono Twv anooTtdoewv SQDX,
SQDY, SQDZ artouc Tpeig dEoveg kivnong Tou wapiou, and TIG OMoieg NpokKUNTouUV ol BECEIC
TWV onMeiwv avtiAnyng oupewva PYe Tov nivaka Table 3.2-1 kai TiI¢ €€lowoeIC Nou Tov
ouvodEeUOUV.

e YnoAoylopoc Tou OsiktTn avixveuong. O deikTng avixveuonc eEaptartar and TN
METABOAN Tou npooAapBavouevou epebiopyartog (emTdayxuvon N nieon) O OxEon MeE
TNV TIYR NOU TO Wdapl €xel eykAlgaTioTel. 'OTav n TIPR Tou unepBei Ta oOpia
evepyonoinong (thresholds) via kanola cupnepipopd evepyonolsital €va Boolean
YEYOVOG anogaong.

e YnoAoylopoC TnG cuvapTtnonc xpnoinotnrtag (Utility function) kdBe cupnepipopdc.
AuTO yivetal unoAoyilovtag To yivogevo TnG nmiBavoTtnTac svepyonoinong, n onoia
e€aptdTal and TO YeYyovoG ano@aong, HE TNV  EYYEVR] XPNOIMOTNTA KABE
oupnePIPOPAC. H cupnepipopd PeE TN MEYIOTN TIMA TNG OUVAPTNONG XPNOINOTNTAG,
yla To egp€bBioya TnG emTaxuvong ({B1},{B2} n <{B3}), evepyonoigital. H
ouunepipopd {B4}, nou eEaptdTal and To £p£BIOPA TNG nieong, evepyonolsitalr éTav
N ouvapTnon XpnoiNoTNTAG TNG UNEPREI Mia TIUM NMou ival ypaupika avaioyn HE TNV
EYYEVN TNG XPNOINOTNTA.

e YNoAoOyIOHOG TOU WETPOU TNG TaxUTNTAg Kal ToUu npoaavaToAlopgoU TngG Kivnong Tou
wapioU. Avaloya pe Tov TUMO OUMMEPIPOPAC MOU evepyonoleiTal unoAoyileTal To
METpo (SPEEDFISH) kai o1 ywvieg (FISHANGXY kai FISHANGZ) TaxutnTag nou
npoaodiopifouv TNV Kivnon Tou wapiou OTIC TPEIG OIACTATEIG.

e [1po0diopIoPOC TNG OIAVUCHATIKNAG TaxuTnTag Tou wapiol. Edw xpnoigonoimwvrac Ta
KAaTAAANAG PNTpwa oTpo@PnG YIiVETAl 0 UNOAOYIOMOG TWV CUVIOTWOWYV TNG TaxUTNTAG
TOU wapioU w¢ Npog To idlo To Wdpl KAl w¢ NpoG To cUCTNUA CUVTETAYHEVWYV TOU

Flow-3D.
e Avavéwon Tng B€ong Tou wapioU. MNa To okono auTo XPNnaolihonoloUvTdl ol EEICWOEIC
Lagrange:
X =Xt + (U +u)* 8t
Y = Ye (V) Rt
27 =z + (W+w,) * ot

e 'EAeyxoG av To wapl BpiokKeTal oTnv MeEpIoXn MPOCOUOIWONG Kal Kataypagr Tou
onueiou €€6douU ToU.

3 MNEPINTQZH E®PAPMOIHZ KAI ANMOTEAEZMATA
3.1 Neipauarikn diara&n kai diadikaoia.

MNa Tnv Babuovounon Tou NapovTog JOVTEAOU Xpnaidonoifdnkav dedouéva nou Npogkuywav
and neipduarta nou €yivav oto TUM Hydro Shaft Power Plant. H neipaupaTikr) d1aTtagn, nou
BpiokeTar oTo epeuvnTikd IvoTiTouTo Oskar von Miller Research Laboratory Tou
MoAuTtexveiou Tou Movaxou oto Obernach, £€xel wG okond va NPooopolWoel Tn JIEAEUON
IXOUog and YHE. AuTO emTuyXAveTtal Je Tn XPron TOUpMMivag Kal HETAAAIK@OV KATAOKEUWY,
dnAadn udato@pdakTn (sluice gate) kair peTaAAikoU kOOKIVou (screen). H kaTtaokeun eival
€EWTEPIKNA Kal n napoxn yiveral ano Tov 'Toapo noTauo Pe Tn XpRnon METPNTA PonG.
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ZxAHa 3.1-1: Kata pAKog Toun TNG NeipapaTikng d1aTta&ng.

H diEAeuon Twv Wapiwv YiveTal €iTe HEOW TOU METAAAIKOU KOOKIVOU Kal TNG TOUPMMIvAG &iTe
HEow onnc (bypass) nou BpiokeTal oto avw (top) n oto katw (bottom) pépoc ToU
udaTo@pakTn. Katd Tnv JlevEpyEld TWV NEIPAPATWV Xpnolgonoinénkav nevre dIa@OpPETIKA
€idn wapiwv, o Bupailog (grayling), n néoTpoga (brown trout), o apgioupog (bullhead), o
KOKKIVOyaaTpog (minnow) kal To notagoAaupako (barbel) oe Tpeic O1APOPETIKEG OUADEG
unkwv (5-10cm, 10-15cm, 15-20cm). Ta d1apopeTIKA €idn wapiwv avaueixdnkav katda tnv
neipapatikn diadikaacia yia Tnv €€oikovounaon Xpovou.

Ta neipauaTa €yivav PeTaBaiAovTac Tnv napoxn o€ TPEeIG JIAPOPETIKEG TINEG KABWG Kal TN
B€0on TnNG onng Tou udaToPPAkTn (avw N KaTw). Kabe neipapa dinpknoe 24 WpPeG Kal oTn
OUVEXEIO Ta Wapia oUAAEyovTav EexwpioTd avaloya Pe Tn B€on OIEAEUONG Toug (Toupuniva
N onr udaTo@pPAkTn) KAl napakoAouBouvTav yia va dianioTwboUV TpauuaTIoPOoi Mou PNopEi
va €ixav unoaoTei.

3.2 YnoAoyiouog nediou pong.

O unoAoyioudc Tou TpiodlAoTATOU nediou PONG Yiad OUYKEKPIYEVN TIMA NApoxng
(Qchanne|:1,73”%3) kar 0gon onng (bottom) éyive pe TN Xprion Tou udpoduvauikou

HovTéAou Flow-3D. Me Tn xprion auTtoU TOou HOVTEAOU XpNoIdonoimvTag opBoywvIKo
dounuévo NAEyua, o TEooepa dlaQopeTIka ynAok (5.1.2), unoAoyioTnkav ol TaxUTNTEG U,
vV, W Kal To UWoC TnG €AelBepnc emipaveiac os KABe KOUBO, UE TNV EMNITEUEN HOVINWV
ouvenK®wv ponge.
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velocity magnitude

6.332
5.277
4.222
3.167
2.112
1.057
0.002

ZxAHa 3.2- 1: Aneikovion ToUu METPOU TNG TAxUTNTAG ONwg npoekuywe anod 1o Flow-3D
oTNV NEPIOXN NPOCOMOIWONG.

3.3 E@apuoyn Tou HOVTEAOU Kail CUYKPION HE TA NEIpApArTika dedouéva.

H e@appoyn Tou povTéAou oTnv neploxn Tou TUM Hydro Shaft Power Plant €yive pe Tpdno
WOTE Ol ApXIKEG OUVONAKEG va npooopoldlouv auTeg TWV NEIPAMATWY, yia va eival Ta
anoTeAéopata ouykpioiga. H dapeon ouykpion Twv anoTEAEOPATWV, WOTOOO, Oev &ival
EQIKTN YIATI Ol TIMEG TWV XAPAKTNPIOTIKOV HEYEBWV (TaXUTNTEG, OUVTEAEDTEG MVRUNG, Opid
EVEPYOMOINONG CUMMNEPIPOPWV) Yid TA Wdpid Nou Xpnoigonoinénkav ora neipapata degv
BpéBnkav otn diabeaiun BiBAloypapia.

MNna To Adyo autd npaypaTtonoin®nke Mia availuon eudiobnoiag e Baon Ta oOpia
gvepyonoinong oupnepipopwyv (thresholds) kar To pAKOG TwWV Wapiwv HE OTOXO TNV
NPOCOHOIWON TWV NEIPAMATIKOV anoTeEAeoUdTwy. Ta wdapla XwpioTnkav o€ TPEIG KATNYOpPIiEg
ME BAon To WAKOG Toug, MIKpd (5-10cm), peoaia (10-15cm) kai peydAa (15-20cm), kai pe
Baon auTéc €yive napdbecon kal oUYKPION TWV NEIPAPATIK®OV OgDONEVWV HE AQUTA TOU
HovTéAou. Ano Tn oUyYKPION MPOEKUWE OTI TO HOVTEAO npocoopolalel kaAUTeEpa Ta wapia
MIKpoU pnkoug (5-10cm), evw oTa peoaia kal geydia napouaialeral andkAign GTo NocoaTod
TWV Wapiwv nou ouvexi(ouv KaTtavTn, To onoio napoucidletal NoAU peyaAUTeEpo oTa
0edolEVA TOU PJOVTEAOU.

3TN OUVEXEIA £YIVE PHEAETN TwV JEQOUEVWYV TNG CUMNEPIPOPAG TOU WwapioU, Ornou pavnke ol
oxedOV Og OAEG TIG MPOCOMOIWOEIG EVEPYONOIOUVTAl OAEG O GUUNEPIPOPEC. Eniong, &yive Hia
npwTn npoondbeia va ouvdeBoUV n eniAoyr] CUMNEPIPOPAC HWE Tn diodo mou eMIAEYEl TO
wapl.

AVaAUTIKA Ta anoTEAECPATA, Ol CUYKPIOEIC Kal Ta CUPNEPAONATa NapdaTiBevTal 0To KEPAAQIO
5 Tng napouong epyaaoiag.
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4 ZYMIMEPAZMATA

To Baoikd ocupnépacpa e€ival OTI TO HMOVTEAO HMNOPEI va MPOCOMOIWCEl HE HIA KAAN
MPOCEYYION TN CUMNEPIPOPA TWV WapIwV HIKPOU HAKOUG, evw eP@avilel anokAioeig yia
HEYaAUTEpa 60OV agopd TO MOCOOTO TO WApIwV Mou cuvexifouv katavtn. MapaAAnAa, To
HovTEAO napouoialel TuxalotTnTa, Kabwg yia idieg ouvOnkes (ouveONKeS pong, apxikn B€an),
TO WAap! YNopEi va napouciacel TEAEIWG dIAPOPETIKN CUUNEPIPOPA.

>Tnv KateuBbuvon avantuéng Tou npoTeiveTal N BaBuovounon Tou PE NeipauaTika 0edopueva
EpYACTNPIiOU OXETIKA MPE Ta XAPAKTNPIOTIKAG MeEYEBN (XapakTnpIoTIKEC TaxUTNTEC,
OUVTEAEOTEC MVAMNG Kal Opia evepyonoinong GUPMNEPIPOPAC) Tou €idouc TWV WYapiwyv Mnou
xpnoipgonoidnkav ora neipduarta, Kabwe Kal N ENEKTACN TOU WOTE va YNOPEi va neplypayel
TV avTidpaon Tou waploU kal Ot epebioyata Onw¢ TO QWG n Bepuokpaacia, ol
aAANAEnIdPACEIC HE AAAOUC OpYyavIoHoUG KAM.
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Chapter 1 INTRODUCTION

1 INTRODUCTION

1.1 General

The utilization of river resources is connected with the accomplishment of human needs in
water, energy, flood control and transportation. Thus, the majority of river systems are
fragmented with large or smaller dams or other human infrastructures. It is worth
mentioning, that rivers make up only 0.00002% of water on earth but support more than
40% of the world's human population (Goodwin, 2014).

Human activity as noted above, impacts fish population by limiting, or impeding their
movement patterns and it can result in the local extirpation of species, regional shifts in
species assemblages and significant changes in ecosystem level processes. Hence, from
the early 20" century attempts have been made to address the problem, by studying fish
behavior and interaction with artificial structures. Scientific research, during past century,
has focused on the design of fish passes, in order to reduce the impact of human
infrastructures on fish populations. The preservation and protection of endangered species
is not yet possible, despite significant progress which has been made in the design and the
effectiveness of fish passes, especially regarding upstream migration.

In order to achieve high efficiency in fish pass percentage and reduce cost, further
research is needed on fish movement patterns. Modeling fish movement requires the
identification of environmental factors and biological interactions that affect fish decision
making. The accomplishment of this purpose requires the contribution of various scientific
sectors, i.e. Computational Fluid Dynamics, Biology, and Ichthyology. Experimental data
are also required to simulate rationally fish behaviour.

The simulation of fish behaviour is based on specific research hypotheses in order to
combine successfully, theoretical knowledge and experimental data. For the present model
the main research hypotheses are:
e Simulated fish movement is dependent on decision, which can be summarized in a
set of behavior responses.
e Each species reacts to a specific set of stimuli which activate certain behavior
responses, regardless of area characteristics.
e Perception area for attributes that activate behavior responses is determined
through a “Sensory Ovoid” in the surrounding fluid.
e For the calibration of the proposed model, either experimental or field data is
needed.

1.2 Scope of this work

The purpose of this work is to construct a three dimensional mathematical- numerical
model to simulate fish behaviour near Hydroelectric Power Plants. This study is an
extension of previous work conducted in NTUA Applied Hydraulics Laboratory
(Pagonopoulos, Giannoulis). The two dimensional mathematical- numerical model that was
developed is used as basis for our study. The development of the model required the
calculation of the three dimensional flow field with the appropriate CFD model (Flow- 3D)
and the expansion of the fish behavioural model in order to describe fish reaction to
pressure stimulus in addition to that of the acceleration. A random variation was also
implemented to fish direction. The model was applied on the study case of TUM HPP.
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1.3 Contents

Including the introduction, the present work consists of 5 main chapters:

Chapter 2 presents the conducted literature review, as well as the mathematical
and theoretical background needed for the present work.

Chapter 3 describes every aspect of the proposed model and the way that the
model executes fish movement calculations.

Chapter 4 presents the case study, which was selected for applying the proposed
fish behavior model, and describes the process of analyzing obtained data for the
selected area.

Chapter 5 describes the application of the model, the results and the comparison
with the experimental data.

Chapter 6 describes the conclusions and the suggestion for further research.
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Chapter 2 THEORETICAL BACKGROUND

2 THEORETICAL BACKGROUND

2.1 ELAM

In this chapter, we present the theoretical and mathematical background, in order to
successfully simulate fish movement near human infrastructures. The ELAM (Eulerian,
Lagrangian, Agent Method) is applied to approach our task. The application of the method
requires (Goodwin, 2006):

e The description of the hydrodynamic domain (Eulerian framework),

e the description of the sensory perception and movement trajectories of individual
fish (Lagrangian framework) , and

e the description of the changes in swimming behaviour of individual fish responding
to stimuli (Agent framework).

2.2 Eulerian Framework

The Eulerian framework consists of a mesh made up of discrete points (nodes) describing
the physical domain near the infrastructure. A Computational Fluid Dynamics model,
solving the appropriate hydrodynamic equations, is applied in order to calculate the flow
field characteristics. Velocity, spatial acceleration and pressure field are used as stimuli to
determine fish behaviour.

2.3 Lagrangian and Agent framework

Information extracted from the Eulerian mesh nodes can be interpolated anywhere in the
physical domain, where the fish is located. A Lagrangian specification is used to describe
the movement of individual fish and their perception of stimuli. The stimuli are used to
determine behaviour decision.

Fish acquire the necessary information used for behaviour decision from their surrounding
area, which is represented as a sensory ovoid. Sensory ovoid can be symmetrical or
distorted and it is used to provide three-dimensional information, which is necessary for
fish motion. Sensory Query Distances (SQDs) characterize the range of the sensory ovoid
in the three dimensions (parallel, perpendicular, and vertical to fish long axis), and they
are proportional to fish length. Goodwin et al. (2006) proposed a sensory ovoid using a
range for the lateral line of the Sensory Query Distances (SQDs), related to model time
increment At, fish body length S; and the operating range of sensory system in a 1.0s D,
(body lengths). Sensory Query Distances (SQDs) were thus calculated:

SQD = At *S, *D, (2.1)

The SQD values can be modified in order to correspond to factors such fish physiological
condition, time of day, water quality and whether fish swims alone or as part of a school.

2.3.1 Locomotion

Fish are part of an integrated system. They must survive in nature by feeding and avoiding
predation. Reproduction is only possible after enough energy is obtained and the
necessary growth of somatic and reproductive tissues is achieved. In this scope fish adopt
behaviour decisions, which also affect their movement. This non-random movement is
called a "taxis" (Tuys, 2012), is connected with fish behaviour and can be triggered by
specific stimuli. These stimuli can be used to categorize specific movements (taxis),
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common in fish. The most common are:

¢ Phototaxis, is related to fish response to light. It is used as a lure or recognition
signal. Some fishes use it to camouflage.

e Thermotaxis, is related to fish response to temperature. It affects fish metabolism
and is also used as cue in downstream migration.

e Geotaxis, is related to buoyancy. Fish are neutrally buoyant and are able to detect
gravity with their inner ear.

e Electrotaxis or Galvanotaxis, is related to fish response to electric and magnetic
fields. Many fish locate their prey with electroreception and are attracted to direct
current. Sharks and other fishes also use the earth magnetic field to navigate.

¢ Thigmotaxis, is related to fish response to touch. Fish sense changes in water
pressure and acceleration using their lateral line system. Thus, they can detect
obstacles or locate their prey.

¢ Rheotaxis, is related to the way fish orientate their selves in respect to the flow.
Positive rheotaxis refers to fish oriented upstream facing the flow, when negative
rheotaxis refers to fish swim with the direction of the flow.

e Chemotaxis, is related to fish response to chemicals (e.g. shark ability to detect
and follow a very small blood trail).

e Biotaxis, is related to fish response to other organisms, which act like stimulus
(e.g. predator interaction with fish schooling).

2.3.2 Characteristic Swimming Speeds

According to literature (Webb, 1998), three different classes of swimming activities have
been determined to describe fish movement during migration.

e Sustained swimming,
e prolonged swimming, and
e burst or sprint activities.

Sustained swimming is an activity where fish assume a low speed for navigating through
the stream without fatigue. Prolonged swimming speeds as a category is associated with
intermediate speeds where fish experience fatigue after 20s+30min (Katopodis, 2005). It
is mainly used as a reaction mechanism to avoid possible obstacles in the flow. Finally,
burst swimming assumes the maximum swimming speed a fish can achieve for a short
period of time (<20S) in order to avoid immediate danger, either by collision to an
obstacle or after detection of a predator.

Table 2.3-1: Characteristics of different swimming speed classes for Atlantic salmon
(Salmo salar)

Swimming Speed | Speed Duration
Classification
Sustained 0-2L/s Indefinitely
Prolonged 2-6 L/s 20s-30min
Burst or sprint 6-10 L/s <20s

11
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2.3.3 Fish behaviour Decision

In this study fish behaviour is simulated as a response to hydrodynamic stimuli. This kind
of response triggers specific taxis: Thigmotaxis and Rheotaxis in particular. There are
several references in the distinction of this responses in literature.

Goodwin et al. 2006 used the SVP Hypothesis (Strain- Velocity- Pressure) to determine
fish behaviour responses. This hypothesis is based on the fact that any object moving
relative to a fluid generates a disturbance field. Fish sense these disturbances through
spatial acceleration. This triggers a response to avoid obstacles by adjusting their direction
and speed. Fish are also sensitive to pressure, which defines swimming depth.

Table 2.3-2: Fish agents and behavior responses [source: Goodwin et al. 2006]

i Agent (A) Behavior Response (B;)

1 Null Follow flow

2 Wall-bounded flow Swim towards increasing water velocity
gradient

3 Free-shear flow gradient Swim against the flow vector

4 Pressure gradient Swim towards acclimated depth

Vowles et al. 2012 & 2014 examined fish response to multimodal stimuli. Their work is
focused on the relationship of hydrodynamic and light stimuli and the behaviour of
downstream moving fish in response to them. They use different types of responses to
characterize fish behaviour.

2.4 Modeling Fish Behaviour

As mentioned above this study is an expansion on previous work made by
Giannoulis(2015) and Pagonopoulos(2017). The attempt on modelling fish behaviour is
based on the mathematical model presented by Goodwin et al. (2014). A brief description
of the model is given below.

The ELAM method is used to describe fish behaviour in 3-D flow conditions. A CFD model is
applied to calculate flow field characteristics. Then the necessary information is extracted
in order to estimate fish movement. The model uses perceived acceleration and pressure
as stimuli to determine fish behaviour decision. Modelled fish uses its Sensory Ovoid to
perceive information about the intensities of stimuli mentioned above.

Goodwin et al. (2005) presented the strength of the perceived stimuli of strain at the fish
centroid at time t as an analogy to the decibel scale for sound. This assumes the fish’s

perception of total strain, I(t), is not linear with its physical intensity, S(t) :|dui/duj , but

rather its log. A reference value, Sy, is used to scale perceived strain so that increasing
physical intensity, S(t), corresponds to increasing I(t):

I(t) = log,, [Ss(t)J (2.2)

0

Goodwin et al. (2014) uses flow acceleration magnitude A, as a stimulus for recognizing
obstructions in the flow and desired conditions for navigating through the stream, thus:

L(t) =log,, (%), (2.3)

0

12
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where A, =10° is an arbitrary reference.

As individuals move through the flow field we track acclimatization following a common
approach in Pavlovian, or classical, conditioning the exponentially weighted moving
average, or delta, model:

L(t) = (1-m)*I(t)+m, *I (t-1), (2.4)

where Ii(t ) is the perceived intensity of stimulus i at the individual’'s position at time t,
I,(t) is the perceived intensity of stimulus i to which the individual is acclimatized, and m,
is a coefficient within [0,1] scaling how quickly the individual acclimatizes to new
intensities of the stimulus (Bush RR & Mosteller R, 1955). Perceived change in water
acceleration (stimulus i=1), E;(t) , is then based on a 'just noticeable difference' (Weber,
1846). A greater change in perceived intensity of water acceleration is necessary at a
greater level of acclimatization to elicit the same response.

L(t) -1, (t)

() (2:2)

E1(t) =

Acclimatization to pressure (depth, stimulus i=2) is based on the simplification that
perceived changes in water pressure are proportional to changes in depth and that
perceived change does not depend on acclimatized depth. Perceived change in pressure
(depth) is:

E,(t) =|L,(t) - L,(t)| (2.6)

The model assumes four types of behaviour B1-4, as mentioned in 2.3.3. A detection
threshold k; is associated with each type of behaviour. When, perceived change in the
specific stimulus exceeds threshold value, a Boolean event is activated. The three first
type of behaviour are associated with acceleration stimuli, so for i=1-3:

0,E,(t) <k,
- () <k (2.7)
1,E (t) >k,
The fourth type of behaviour is associated with pressure stimuli so for i=4:
0,E,(t) <k
- B0 <k (2.8)
1,E,(t) >k

The behaviour decision is based on expected utility theory. An expected utility U(t) is
obtained by estimating a probability P(t) of obtaining an intrinsic utility u assigned for each
behavior response. The rise and fall in probability occur through Boolean events:
Pt)=1-m)*e(t)+m *P(t-1) (2.9)

where memory coefficient m; integrates the amount of past information into the next
decision.

The adopted behavior response is the one providing the maximum expected utility U(t) as:
U(t) =P(t) *u - C(t) (2.10)
where, u; is the intrinsic utility for each behavior response i, Pi(t) the probability of each
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behavior utility and C;(t) a bioenergetic cost for executing a behavior response.

When a behavior decision is determined, the respected fish swimming velocity vector (
U;,V¢,W; ) is assigned, by calculating speed and orientation for the selected behavior and
fish location is updated based on its previous position.

X =X, +(U+ug)*At (2.11a)
Yo = Yo +(V+V )AL (2.11b)
Z, =7, +(W+Ww; ) *At (2.11¢)

where, (X, Y, z) the position vector and (u,v,w) the flow velocity vector.
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3 PRESENTATION OF THE NUMERICAL MODEL

3.1 General

In this chapter we present the main functions used in the computational model and further
analyze them. The mathematical model is presented and an in-depth analysis is given, of
its implementation in the subroutines of the program.

The model is based on the one presented by Goodwin et al. (2014) and is a continuation of
the work performed by Pagonopoulos (2017) and Giannoulis (2016) in the Laboratory of
applied Hydraulics of NTUA.

The program is comprised of nine subroutines, which are presented in the following

chapters. The various procedures performed by each subroutine are also presented, as
well as the role they perform in the fish behavior model.

3.2 Subroutine presentation

In order to follow the structure of the program and don't lose sight of different procedures,
certain notations are used for characterizing each chapter and different process.

3.2.1 SUBROUTINE READDATA
Section 1.1: Read length and speed characteristics

Values concerning fish physical characteristics (typical fish speed, length) are given in this
section.

Section 1.2: Read other fish characteristics

Other model variables concerning fish behavior (memory coefficients, thresholds etc.) are
given in this section.

3.2.2 SUBROUTINE FLOW_3D
Section 2.1: Initialization of variables

In this section, we initialize variables associated with geometry and flow field, X(I,],K),
Y(L,1,K), 2(1,3,K), PRES(1,],K), TURB(I,J,K), DTDKTURB(I,],K), U(1,3,K), V(L,I,K), W(I,I,K),
FLOWDEPTH(I,3,K) kai ACCMG(I,3,K).

Section 2.2: Read from FLOW-3D files
Program reads grid dimensions NI, NJ, NK, geometry and flow field data from files:

o 'flowdata.txt', and
e 'Acceleration_Magnitude.txt’,

where 'flowdata.txt' is a FLOW-3D result file and 'Acceleration_Magnitude.txt' is a file
extracted as output from a program, composed as a part of this thesis. This program
processes FLOW-3D data and calculates spatial acceleration magnitude. In this process a
central difference scheme is used for internal nodes; upwind and downwind schemes are

oU
used for boundary nodes to calculate spatial derivatives of velocity %—U, — and %
X

dy oz
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Thus, spatial acceleration is given as:

2 2 2
accMG = JUN v wl ) (oY v ow Y eV vV w31
oX oy 0z oX oy 0z oX oy 0z

3.2.3 FISH LOOP AND TIME LOOPS

Section 3.1: Initialization of counters

We initialize fish behaviour counters and variables connecting with fish movement.
Section 3.2: Start of time loop for a total number of fishes FISHNUM

We start iterations for the total number of fishes. We read fish initial position from
'fish_location.txt' file and we write the initial position of the first five fishes in the output
files 'FISH_POSITIONSO1.txt' to 'FISH_POSITIONSOS5.txt'. We also initialize counters for
the number each fish behaviour is activated.

Section 3.3: Start of time loop for each fish for a total number of iterations ITERMAX

We start the time iterations for each simulated fish.

3.2.4 SUBROUTINE SENSORS

We arrange the arguments for rand function before calling the subroutine. The arguments
are adjusted using the time of the day (hour, minute, second), number of fish iteration
and number of time iteration. This procedure helps to avoid same patterns of
pseudorandom numbers.

Section 4.1: Calculation of sensor distances

In this section, we define the sensory ovoid of the simulated fish. Thus, the position of
every sensory point is calculated. In order to do that, the model coefficients NCOEFF, AM,
A0, DELTA and Coeff40 are set. Then, the Sensory Query Distances (SQDs) are calculated
using the equations presented in Goodwin 2014. The equations are mentioned below.

Sensory Point Distance (SPDIST) equation:

SPDIST = — NCOEFF (3.2)

ACCMG
log,, A0

Random Increase (RINC) of sensory point distance equation:

RINC =1 + RRSQD * DELTA (3.3)
Range of variability to non cardinal locations (RND) equation:

RND = (2 *RRSQD - 1) * Coeff40 (3.4)
where RRSQD is a random number ranging from 0 to 1.

Sensory points positions are calculated in respect to fish orientation. Sensory point 1 is
fish center and it is considered the origin of the local coordinate system.
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Table 3.2-1: Sensory points coordinates in respect to fish center

Sensory Point 2
SQDX(2) = SPDIST*RINC
SQDY(2) = SPDIST*RND
SQDZ(2) = SPDIST*RND

Sensory Point 3
SQDX(3) = -SPDIST*RINC
SQDY(3) = SPDIST*RND
SQDZ(3) = SPDIST*RND

Sensory Point 4
SQDX(4) = SPDIST*RND
SQDY(4) = SPDIST*RINC
SQDZ(4) = SPDIST*RND

Sensory Point 5
SQDX(5) = SPDIST*RND
SQDY(5) = -SPDIST*RINC
SQDZ(5) =SPDIST*RND

Sensory Point 6
SQDX(6) = SPDIST*RND
SQDY(6) = SPDIST*RND
SQDZ(6) = SPDIST*RINC

Sensory Point 7
SQDX(7) = SPDIST*RND
SQDY(7) = SPDIST*RND
SQDZ(7) = -SPDIST*RINC

Section 4.2: Calculation of sensor coordinates in the global coordinate system

Sensory points positions are calculated in respect of current fish orientation and therefore
have to be transformed into the CFD coordinate system (global). Thus, two rotation
matrixes are applied corresponding to the rotation of z axis (FISHANGXY) and to the

rotation of y axis (FISHANGZ). The transformation equation is given below:

XSEN XF SQDX
YSEN — YF + RFISHANGXY X RFISHANGZ X SQDY (3.5)
ZSEN ZF SQDz

where,

cos(FISHANGXY) —sin(FISHANGXY) 0
RFISHANGXY _ | gin(FISHANGXY) cos(FISHANGXY) 0 |, and (3.6)
0 0 1

cos(FISHANGZ) 0 sin(FISHANGZ)
RFISHANGZ — 0 1 O (3 . 7)
—sin(FISHANGZ) 0 cos(FISHANGZ)

Section 4.3: Calculation of sensor I and J in the global coordinate system

A searching algorithm is imported in order to find for each sensory point its position in the
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computational grid. The algorithm works comparing the distances between the position of
a sensor point and the grid nodes. The node in the minimum distance is selected (IXSEN,
IYSEN, IZSEN). The procedure is applied to determine the position of all 7 sensor points,
from where information associated with the flow field is extracted.

3.2.5 SUBROUTINE DMETRI
Section 5.1: Calculation of flow velocities and angles

We extract, for each sensory point, the velocity, depth components and the acceleration
magnitude, VELSEN(1,NSEN), VELSEN(2,NSEN), VELSEN(3,NSEN), DEPTH (NSEN) and
ACCSEN(NSEN), as noted below:

VELSEN(1, NSEN) = U(IXSEN, IYSEN, IZSEN)
VELSEN(2, NSEN) = V(IXSEN, IYSEN, IZSEN)
VELSEN(3, NSEN) = W(IXSEN, IYSEN, IZSEN)
ACCSEN(NSEN) = ACCMG(IXSEN, IYSEN, IZSEN)

(3.8)

Then, we calculate the velocity magnitude VELFLOW (NSEN) and angles ANGXYFLOW and
ANGZFLOW.

Section 5.2: Calculation of DMETRIC

The intensities of the perceived stimuli, spatial acceleration and pressure, are calculated.
They are compared to threshold values in order to determine fish behaviour. We simulated
four different behaviour responses, as presented by Goodwin (2014):

B1- Follow flow,

B2- Swim towards increasing water velocity,
B3- Swim against the flow vector, and

B4- Swim towards acclimatized depths.

For the first three types of behaviour (B1, B2, B3), spatial acceleration is the crucial
stimuli. We calculate its intensity and its acclimatized value using the equations below:

ACCSEN

ACCPERPR = log, . (-o—>—— 3.9
gw(ACCREF) (3.9)

ACCPERPAST = (1 - CMEMAC) * ACCPERPR + CMEMAC * ACCPERPAST (3.10)

The detection metric used as suggested by Goodwin (2014) is calculated:

DMETRIC — ACCPERPR — ACCPERPAST (3.11)

ACCPERPAST

It has to be noted that in the first iteration ACCPERPR and ACCPERPAST coincide and
ACCPERPAST is lower bounded COEFF42. Furthermore, 2*10° acts as a lower bound for
ACCSEN.

Behaviour B4 is dependent on pressure. It is triggered when difference between perceived
and acclimatized pressure intensities exceed a given threshold. Since pressure is
analogous to depth, depth is used to evaluate the intensities mentioned above. The
following equations are used:

DEPTHPERPR = DEPTHSEN (3.12)
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DEPTHPERPAST = (1 - CMEMAC) * DEPTHPERPR + CMEMAC * DEPTHPERPR (3.13)
DMETRIC = |DEPTHPERPR - DEPTHPERPAST| (3.14)

During first iteration DEPTHPERPR and DEPTHPERPAST also coincide.

Section 5.3: Calculation of event

After the calculation of detection metric for each one of the four behaviours, a Boolean
event is been determined. If the detection exceeds the respective threshold value, then
event equals 1, otherwise equals 0.

3.2.6 SUBROUTINE PROBUT

After the calculation of EVENT, the decision is made based on a Utility Function applied on
each type of fish behaviour.

Section 6.1: Initialisation of probabilities.
Probabilities PROB(:,:) are initialized for first iteration.
Section 6.2: Calculation of probabilities.

The probability for each behaviour is calculated using the equation below:
PROB = (1 - CMEM) * EVENT + CMEM * PROB">* (3.15)

Section 6.3: Calculation of utility for each decision

We calculate the utility of each behaviour decision based on its intrinsic utility and the
probability calculated in equation (3.15).

UTIL = PROB *UTINTR (3.16)
Section 6.4: Calculation of decision

We examine which behaviour is activated based on two perceived stimuli: Spatial
acceleration and pressure.

Acceleration stimulus is associated with the first three types (B1, B2, B3) of behaviour. For
every time step the maximum utility (UTILMAX) between the behaviour decisions is
determined. The behavior decision associated with the maximum Utility function is

selected, determining the subsequent swimming behavior. Swimming behavior decision is
determined through a vector, named NDECIS , with values:

NDECIS > 1, if UTIL = UTILMAX (3.17)
NDESIC =0, if UTIL = UTILMAX (3.18)
Pressure stimulus is associated with the fourth type of behaviour (B4). Thus, the
behaviour B4 decision is selected when the calculated utility is greater than the intrinsic

utility multiplied by a coefficient equals to 0.9. In this case vector NDESIC values are:

NDECIS > 1, if UTIL > 0.9 *UTINTR
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(3.19)
NDESIC =0, if UTIL < 0.9 *UTINTR (3.20)

If NDECIS values greater than one, it is indicated that the fish selects the same swimming
behavior decision more than once, and has selected it a number of NDECIS consecutive
times.

Section 6.5: Calculation of counts

We initialize counters associated with the number each behaviour decision is activated, per
unit (fish) and for all simulated fish.

3.2.7 SUBROUTINE VELAN

After fish behaviour decision is determined, we calculate the movement triggered as a fish
behavioural response. We use the value of NDESIC function to determine which type of
behaviour is activated. Acceleration stimulus activates B1, B2, or B3 type of fish

behaviour, while pressure stimulus activates B4 behaviour type. Each behaviour type is
activated when NDESIC >1.

Behaviour type, velocity and orientation (angle) are required to determine fish movement.
Section 7.1: Behaviour B1

If (3.17) holds true for B1 then behavior Bl is activated. Thus, it orients itself to the flow.
As a result the change in angle in respect to the local coordinate system is modeled as:

ANGLEXY = ANGXYFLOW — FISHANGXY (3.21)

If the fish makes the decision of behavior Bl consecutive times a Random Walk is
implemented, biased towards the direction of the main flow. The modeled fish moves
within an angle £20° in the XY plane, and half of it in XZ plane:

ANGLEXY = RRB1 *20°, if NDESIC =2 (3.22)
ANGLEZ = 0.5 *RRBL * 20° (3.23)
ANGLEXY = RRB1 *20° + ANGLEXY , if NDESIC > 2 (3.24)

where, RRB1 implements a Random Range in Direction and ranges between -1 and 1.

The equations are valid until:

R1 < @0-005(NDESIC()-1) _ { (3.25)
where, R1 is a random number from a uniform distribution, of range between 0 and 1.

The speed in which fish moves to its new direction is calculated using the characteristic
fish swimming speeds. By including a Random Range of Speed Increase from a uniform

distribution, RR, ranging between -0.5 and 0.5, we calculate fish speed as:

SPEEDFISH = FISHLENG * (SPEEDCRU + RR * (SPEEDCRU — SPEEDDRIF)) (3.26)

Section 7.2: Behaviour B3

The behavior B3, is an escape response. When fish switches to B3 from another behavior it
is assumed to orient against the flow. As a result, the change in angle in respect to the
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local coordinate system is modeled as:
ANGLEXY = ANGXYFLOW — FISHANGXY —180° (3.27)

Subsequent moves occur with orientation against the flow vector within an angle, in the XY
plane:

ANGLEXY = RRB3 * ( 180 — ANGXYFLOW), if NDESIC =2 (3.28)
log(ACCSEN / ACCREF)
ANGLEXY = RRB3 *( 180 — ANGXYFLOW) + ANGLEXY
log(ACCSEN / ACCREF)
,if NDESIC > 2 (3.29)
and in the XZ plane:
ANGLEZ = 0.5*RRB3 *( 180 — ANGXYFLOW)-ANGZFLOW (3.30)
log(ACCSEN / ACCREF)

where, persistent change as shown in (3.29) perpetuates unless fish angle exceeds
ANGLEXY=%90° or (3.25) is true. Swim speed upon transition to B3 is equal to:

SPEEDFISH = FISHLENG * SPEEDBOOST (3.31)

and decays if the B3 behavior is selected in subsequent time steps as shown in (3.32) but
does not drop below (3.33) and it is further bounded by [S¢, e Sgoos] -

SPEEDFISH = SPEEDFISH * (1 — 0.025) (3.32)
SPEEDFISH = VELFLOW * (1 +1.5) (3.33)

where, VELFLOW is water velocity magnitude and 1.5 is the boost.
Section 7.3: Behaviour B2

If (3.17) holds true for B2 then behavior B2 is activated. Thus, it orients itself towards
increasing water velocity. Fish collects information regarding water velocity from every
Sensory Ovoid point to find maximum velocity inside its perception area. Then it changes
its movement speed and orientation to accommodate faster flowing water. Thus, the
following arrays are created:

1.
VELFLOW(NSEN)

VELINV(NSEN) = (3.34)

Where NSEN = 1, 2, 3, 4, 5, 6, 7 the locations of the Sensory Ovoid, from where velocity
information is extracted.

The program then finds the minimum, or number of minimum, VELINV(NSEN) and selects
to change direction, facing the position of the selected value. After selecting main
directions, in XY and XZ planes, a random change from the main angle is implemented as
above:

ANGLEXY = ANGLEXY + RRB2 * 20° (3.35)
ANGLEZ = ANGLEZ + 0.5 *RRB2 * 20° (3.36)
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For behavior B2 when perceived water acceleration is reduced in successive time steps,
swim speed SPEEDFISH is set in the same manner as in (3.26). If not, then speed boosts
as in (3.33):

Section 7.4: Behaviour B4

Changes in perceived pressure (depth) activate this type of behavioural response. Fish
orients itself to swim towards acclimatized depth. An angle in XZ plane is calculated taking

into account: A random variation angle (ANGVARZ =0.1°), an angle due to acceleration

behavioral response (ANGLEZ), and the flow angle in XZ plane (ANGZFLOW). The above
angle is selected as:

ANGLEZ = MAX(ANGVARZ, ANGLEZ, ANGZFLOW)
, if DEPTHSEN > DEPTHPERPAST  (3.37)

ANGLEZ = MIN(ANGVARZ, ANGLEZ, ANGZFLOW)
, if DEPTHSEN < DEPTHPERPAST  (3.38)

For behaviour B4, swim speed is lower bounded by (3.33) and also by [S¢ s Sgoost] -

3.2.8 SUBROUTINE VELCOM

In this chapter, program uses swim speed and orientation to calculate velocity components
in local and CFD-coordinate system. Velocity components (VELFISHNEW) in the local
coordinate system (fish oriented) are defined using the angle in the XY plane (ANGLEXY),
the angle in the XZ plane (ANGLEZ) and the speed (SPEEDFISH).

VELFISHNEW(1) cos(ANGLEZ) * cos(ANGLEXY)
VELFISHNEW(2)! = SPEEDFISH * { cos(ANGLEZ) * sin(ANGLEXY) (3.39)
VELFISHNEW(3) sin(ANGLEZ)

Then, the program uses two rotation matrices, as seen in section 4.2, to compute velocity
components in CFD-coordinate system (VELFISHXYZ), concerning FISHANGXY and
FISHANGZ:

VELFISHXYZ(1) VELFISHNEW(1)
VELFISHXYZ(2)} = RFISHANGXY x RFISHANGZ x | \/E| FISHNEW(2) (3.40)
VELFISHXYZ(3) VELFISHNEW(3)

where, RPSMANSXY js 3 matrix corresponding to rotation of z-axis and R™™NZ 3 matrix
corresponding to rotation of y-axis as seen in (3.41) and (3.42).

cos(FISHANGXY) —sin(FISHANGXY) 0
RFISHANGXY _ | gin(FISHANGXY) cos(FISHANGXY) 0 (3.41)
0 0 1

cos(FISHANGZ) 0 sin(FISHANGZ)
= 0 1 0 (3.42)
~sin(FISHANGZ) 0 cos(FISHANGZ)

RFISHANGZ
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3.2.9 SUBROUTINE UPDATE

Modeled fish’s location and simulation time are updated for the next iteration. Fish
location, set in global CFD coordinates from the previous procedure, is updated using the
equations of motion, as described above. The displacement is calculated in this time step
and in total. Fish orientation (on the XY and XZ plane) is also updated.

3.2.10 SUBROUTINE FINDFISH

A searching algorithm, as the one used in the subroutine SENSORS, is imported in order to
find simulated fish position in the computational grid. The algorithm works compares the
distances between fish position (XF, YF, ZF) and grid nodes and finds the position of the
fish as IFISH= I, JFISH=], and KFISH=K.

Then we check the possibility fish has gone out of grid boundaries. An indicator NFOUT is
used to check three possibilities of boundaries:

e fish has reached a closed boundary node (channel wall),
e fish reached an open boundary at the turbine shaft, or
e fish reached an open boundary at the bypass.

For the case study application fish are also restricted from swimming below the surface in
the z-axis and upstream of a net in the x-axis (open boundaries).

Results are finally printed on an output file: "FISH_POSITIONS.txt".

3.2.11 END OF FISH LOOPS

At the final chapter of the program, we exit fish loop after maximum number of iterations,
and several messages are printed to the user, presenting the progress of the computation.

Finally in case of multiple fish simulations, variables related to individual fish behavior and
iteration count are re-initialized for the next fish simulation.
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3.3 Flowchart

READ Coefficients

READ Geometry
and flow field

— Do N=1,FISHNUM |

READ Initial
Conditions

EXIT
Calculate Sensory Points
position and locate them
in grid

Calculate Detection
Metric

Calculate Utility
Activate Behaviour

Do M=1,ITERMAX

Calculate fish speed and
orientation

Calculate fish velocity
components in local and
CFD coordinate system

Update fish position,
orientation angles and
time

Locate fish position in
computational grid

Fish out
of grid

WRITE fish position
orientation angles P
and time

END
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4 CASE STUDY: TUM Hydro Shaft Power Plant

4.1 Area of interest

For the calibration and validation of the proposed fish behavior model, experimental
results from tests conducted in 2011 at the TUM Hydro Shaft Power Plant, were
used(Geiger & Cuchet, 2016, Cuchet). The purpose of the tests is to assess and improve
fish protection and downstream migration near Hydroelectric Power Plants. Thus, test
setup at the Hydraulic Laboratory in Obernach was complemented by a turbine and steel
hydraulic construction to provide a fully functional Power Plant for test procedure.

The experimental setup, was installed in an open air lab flume. It was supplied with water
from the Isar River via an up-scaled Rehbock flume gauge about 2m% capacity and 2%

nominal accuracy. A double regulated Kaplan turbine with almost horizontal axis was
installed in the shaft. The facility was controlled manually, which assured constant turbine
conditions.

The shaft was covered by screen with 2m x 2m surface which featured a special bar profile
and 20mm bar clearance. It was divided in two partitions due to the thrash rack cleaning
installations (see Figure 4.1-1).

A sluice gate completed the installation. In order to provide a migration corridor from the
intake area to the tail water, the sluice gate was equipped with a surface near and a
bottom near opening which could be employed optionally. Each one resulted in a flow
cross section of 30cm width and 25cm height. Details were formed to prevent fish damage
during passage (see Figure 4.1-2).

To prevent fish from leaving the test section and also avoid fish from the river system to
enter the test facility was sealed of the surrounding channel system. At the upstream end
of the concrete head water floor a net with 6mm mesh size was employed in 2013. It was
replaced by a vertical plane of perforated metal plates in 2014. The resulting head water
area was 7.5m long and 10.1m wide with 0.9m water depth.

Figure 4.1-1: Screen and sluice gate seen from the head water

26



Chapter 4 CASE STUDY: TUM Hydro Shaft Power Plant

Figure 4.1-2: Fish downstream migration openings as seen from head water:
surface near (left) and bottom near (right)
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4.2 Hydrodynamic Conditions

The head water elevation was adjusted by the turbine opening to achieve 0.9m above the
head water floor, which correspond to the weir crest. The gate position was set prior to the
tests in a way that the upper edge was slightly below the weir crest. The exact position
was calculated by Poleni hydraulics in order to create an overflow of 5% turbine discharge.
Three velocity values at the screen were considered to estimate fish behaviour dependency
to incoming flow:

e according to common fish guidelines (DWA 2004 at that time), a maximum velocity
of 0.5"‘% at the screen was investigated,

e with regard to swimming capacity of weak swimmers (Dumont 2015, Ebel 2013) a
maximum velocity of 0.3% at the screen was considered, and

e additionally tests with a maximum velocity of 0.4% near the screen were
conducted to understand further the relationship between fish behaviour and flow
velocity.

Table 4.2-1: Hydraulic parameters for the different test conditions

Bypass position top | bottom top | bottom top | bottom
Vmax-screen desian(M/S) 0.3 0.4 0.5

Vaverage screen(M/S) 0.24 0.32 0.38
Qchanne.(m3/s) 1.08 1.16 1.41 1.50 1.64 1.73
Qturbine(M>/s) 0.96 0.96 1.28 1.28 1.50 1.50
Qbypass(M>/S) 0.08 0.15 0.08 0.15 0.08 0.15
Quore(M¥/5) 0.12 0.20 0.13 0.22 0.14 0.23
hoverion (M) 0.054 0.066 0.073

4.3 Fishes used in experiment

Five different types of fish species where observed during the experimental procedure:
Brown trout (Salmo trutta fario), grayling (Thymallus thymallus), barbel (Barbus barbus),
bullhead (Cottus gobio) and minnow (Phoxinus phoxinus). The maximum fish length was
scheduled at 20cm since the bar clearance was 20mm and all fish were meant to be able
to pass through the screen (Ebel 2013). A minimum fish size of 5cm was defined. This
required mesh size of about 5mm. The fish length range from 5cm to 20cm was divided in
three equidistant groups (5-10cm, 10-15cm and 15-20cm body length). The different fish
species were mixed during the tests for time effective test execution. As far as possible
fish from natural rivers were employed to exclude behavioural differences to hatchery fish
(Adam et al, 2011). For grayling and minnow only fish from hatcheries were used due to
difficulties in obtaining wild fish of those species.

According to statistical considerations a number of 32 fish of each species was originally
intended for each test. To achieve a larger statistical data bases the number of inserted
fish per species and test was increased up to 64 fish if available (after test 11).

Fish length impacts on the results, considering the screen. Large fish passage did include

contact with the bars, especially with the pectoral fins when the fish passed with positive
rheotaxis. This might have influenced the passage possibility through the screen.
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Figure 4.3-1: Size distribution of all covered fish

Table 4.3-1: Average body length and standard deviation of all registered fish

Fish Species Number of fish Average Body Length (cm) Standard Deviation (cm)
Brown Trout 775 14.3 4.5
Grayling 733 14.3 4.4
Barbel 63 9.9 5.1
Minnow 44 5.9 0.8
Bullhead 252 8.1 1.4

4.4 Experimental procedure

The experimental procedure followed a standardized protocol. After establishing the
relevant geometric and hydraulic condition the sample of test fish was introduced into the
headwater area. The introduction was done smoothly by flooding the transport container
with all fish in the head water near the right bay and the upstream fish barrier. The
container was subsequently slowly turned around and removed from the water.

Discharge, water surface elevations and turbine status were kept constant during the 24h
test duration. Four underwater video cameras, one at each corner of the screen, were
employed for the documentation of fish behaviour at the screen and the downstream
passage opening. Motion detection software was employed to economize the recorded
data.

After 24h test duration the migration corridors were blocked by grids which disabled any
further fish movement. Subsequently the discharge in the test facility was stopped and the
water surface elevations were reduced. All fish were caught by hand nets, the respective
location, the species and possible injuries were recorded and they were transferred to
circular flow tanks. Several tanks were employed to stock the fish separated according to
the location they were found. The fish were observed for at least 48h in case of head
water and fish downstream migration tail water. Those fish which had passed through the
turbine were observed for 96h. This enabled the identification of eventual long term
damages, e.g. due to internal injuries.
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C I

Figure 4.4-1: Fish passage location (no downstream passage, pass through bypass or
turbine). Fish barriers marked as red lines
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5 CASE STUDY: IMPLEMENTATION OF THE FISH MODEL
5.1 Definition of the hydrodynamic field
5.1.1 Flow-3D hydrodynamic model

Flow-3D hydrodynamic model was used to simulate the hydrodynamic conditions in our
case study area. This model employs the VOF method for solving dominant equations of
the flow using an orthogonal mesh (Flow Science, 2008). Mass continuity and Navier-
Stokes equations are discretized and solved for each computational grid cell. General form
of mass continuity equation is:

op O 0 0
V. —+—(puA,)+R—(pvA, )+ —(pWA.) +
F aX(p ) ay(p » az(p ) +E

pUA,
X

=Ry +Roor (5.1)

where, Vr is the fractional volume open to flow, the coefficient R depends on the choice of
coordinate system in the following way. Terms Rp;r and Rsor in the right hand of equation
are related to diffusion turbulent and mass source term, respectively, and are defined as:

o dp d op, 0 op pU,A,
Ripy=—UA —)+R—UA, —)+—(UA —)+—"—= 5.2
bIF ax(" "ax) ay(" Vay) az(“az) 5 X (5-2)
OovA
&a_PJr OUA, “R v, OWA, +éUAX _ Reor (5.3)
pcC ot oX oy 0z X p

Three dimensional forms of the momentum equations can be analyzed as:

AV
8u+i(uAX6—u+vA U L WA au]—g Y __ =

ot vV, oX V@ 2 oz XV,
R
_16_P+Gx+fx_bx_ﬂ(u—uw—8us) (5.4)
p X PV
A uv
a—v+i qua—V+VA a—V+WA26—V +—L—=
ot V. ox Y oy oz XV,
R
ARP LG 4 —b —Rsm(y_y _5v) (5.5)
p oy v A
a—W+l uAXa—W+VA a—W+WA28—W =
YA % Yoy oz
R
_1@+Gz+fz_bz_ﬂ(w—ww—6ws) (5.6)
p 0z PVe

where, G, f and b are the body acceleration, viscose acceleration and flow losses in porous
media or across porous baffle plate respectively.

Two more sophisticated and more widely used turbulence models are k-g, and RNG k-¢
models. They are described by two transport equations, one for the turbulent kinetic
energy kr and one for its dissipation &1:

e, LIoA K va X wa Ko Zp LG Diff. -, (5.7)
5 VA oX Y oy oz
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aST+ 1 (quaﬂ+vA aﬁ+wA agTj=

otV oX Y oy r-3
2
CDIS! b | CDIS3G,) + Diff + CDIS2 °- (5.8)
T kT

where, P, Gr and Diff; are the transport equation for the turbulent kinetic energy, the
buoyancy production and the diffusion term respectively. The differences of those models
are in the values of CDIS1, CDIS2 and CDIS3.

5.1.2 Application of Flow- 3D on our case study area

The Flow-3D hydrodynamic model was applied on our case study area to determine
hydrodynamic conditions. The geometry file was supplied from TUM Lehrstuhl fir
Wasserbau und Wasserwirtschaft. The modeled area was the head water area and the two
passage positions, the bypass and the shaft. Our study required four different mesh
blocks, applied on the main area (head water), the shaft, the sluice gate, and the bypass
opening.

Table 5.1-1: Description of the mesh blocks used in our grid

Mesh Block | Dimensions Nodes | Elements Position
1 138x110x113 | 197340 | 179196 Head water
2 11x47x19 9823 8280 Sluice gate
3 20x67x57 76380 70224 Bypass opening
4 52x60x2 6240 3009 Shaft

In our simulation case the bypass is in bottom position and the incoming channel flow
rate, Q =1,73m%. The boundary conditions are extracted from Table 4.2-1. The

outcome of the model application includes velocities u, v, w and flow depth in each node of
the grid, when state flow conditions are reached. These data are used as input for our fish
movement model.

channel

velocity magnitude

6.332
5.277
4.222
3.167
2.112
1.057
0.002

Figure 5.1-1: A 3-D view of the velocity magnitude in our simulation area
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Figure 5.1-2: Velocity magnitude and vectors at XY plane on z=0,242m in CFD coordinate
system
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Figure 5.1-3: Velocity magnitude and vectors at XY plane on z=0,769m in CFD coordinate
system
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5.2 Application on the fish behaviour model

After the calculation of the flow field characteristics, the model was applied to describe fish
movement. The initial positions of the simulated fish were selected according to the
experimental procedure, so the results could be comparable. The model coefficients
(thresholds) values were selected within a range according to existing literature (Goodwin
et al 2014) and applications upstream of dams in Snake River, Columbia.
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Figure 5.2- 1: Fish initial position marked with a thick black mark

Table 5.2- 1: Thresholds values analysis

Threshold | Mean value m Standard deviations | m-s m+s min max Range
k1 0.92 0.26 0.66 1.18 0.58 1.26 0.69
k, 0.96 0.70 0.26 1.65 0.28 2.21 1.93
ks 1.14 0.56 0.57 1.70 0.50 1.94 1.44

Fish movement is simulated for a maximum of 700 iteration with a time step At= 2 sec.
The model simulates fish trajectory and downstream passage position (bypass or turbine).
If the fish remains in head water after the simulation time (1400s), we assume no
passage. The model can simulate up to 100 fish, one per time, and keep data for analysis,
since a random variation is implemented in fish movement. Characteristical trajectories of
fish passage are given in figure 5.2- 2. The number of fish that select each passage route
(bypass, turbine or none) is kept for comparison with the experimental data.
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Figure 5.2- 2: Trajectories of fish passing through turbine (up), bypass (middle) and no

passing (bottom) to tail water
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5.3 Sensitivity analysis and comparison with experimental data

The direct comparison of model results with the experimental data required the
specification of fish species characteristics (speeds, memory coefficients, thresholds).
Since these data were not available a sensitivity analysis, based on threshold values and
fish body length, was made in order to simulate fish behaviour according to experimental
results.

The experimental data, that can be used in our study, should correspond to the flow field

defined by Flow- 3D hydrodynamic model (Qchannel= 1.73”"S3 , bypass in bottom position).
The extracted data are given in table 5.3- 1:

Table 5.3- 1: Experimental data used for the calibration of our model

Tail
Species | Length (cm) | Test | Input Water % Bypass % Turbine | %
5:10 15 64 56 87.5 8 12.5 48 75.0
5:15 12 58 39 67.2 33 56.9 6 10.3
. 10:15 9 25 0 0.0 0 0.0 0 0.0
Grayling
4 32 3 9.4 3 9.4 0 0.0
15:20 11 32 7 21.9 5 15.6 2 6.3
20 60 11 18.3 8 13.3 3 5.0
5:10 15 40 15 37.5 5 12.5 10 25.0
5:15 12 64 12 18.8 4 6.3 8 12.5
Brown ] 9 25 10 40.0 3 12.0 7 28.0
10:15
Trout 16 45 6 13.3 2 4.4 4 8.9
15:20 4 28 8 28.6 7 25.0 1 3.6
20 6 6 100.0 6 100.0 0 0.0
5:10 15 32 25 78.1 20 62.5 5 15.6
5:15 12 54 25 46.3 12 22.2 13 24.1
Bullhead
10:15 9 25 6 24.0 1 4.0 5 20.0
' 16 19 15 78.9 9 47.4 6 31.6
Minnow 5:15 12 49 37 75.5 24 49.0 13 26.5
Barbel 5:10 15 35 23 65.7 7 20.0 16 45.7
10:20 16 29 18 62.1 13 44.8 5 17.2

The results of the model sensitivity analysis are given below. Our model output includes
the fish pass percentages per route (bypass, turbine or none), the number of fish each
type of behaviour is activated, and the number of activations of each type of behaviour per
fish. The pass percentages are used for comparison with our study experimental results.
The behaviour related data are used to investigate our model efficiency to simulate fish
response in changes in flow direction, acceleration and pressure.

The model was applied for a total of 100 or 50 fish each time and the results are given in
the following tables, considering pass percentages (Table 5.3-2) and fish response to flow
(Table 5.3- 3):
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Table 5.3- 2: Model results considering fish route selection and pass percentages

Length

K4 Ky ks (cm) Total | Tail Water % Bypass | % | Turbine | %

0.66 | 0.26 | 0.57 10 100 79 79 38 38 41 41

0.66 | 0.45 | 0.57 12.5 100 99 99 40 40 59 59

0.66 | 0.45 | 0.57 7.5 100 100 100 30 30 70 70

0.66 | 0.45 | 0.57 17.5 100 99 99 37 37 62 62

0.66 | 0.26 | 0.57 17.5 50 29 58 9 18 20 40

0.66 | 1.66 | 0.57 17.5 50 50 100 18 36 32 64

1.18 | 0.26 | 0.57 17.5 50 42 84 20 40 22 44

0.66 | 0.26 | 1.7 17.5 50 32 64 9 18 23 46

0.66 | 0.26 | 0.57 7.5 50 47 94 21 42 26 52

0.66 | 1.66 | 0.57 7.5 50 50 100 12 24 38 76

1.18 | 0.26 | 0.57 7.5 50 44 88 26 52 18 36

1.18 | 0.26 | 0.57 12.5 50 35 70 21 42 14 28

Table 5.3-3: Model results considering type of behaviour. BI f corresponds to total
number or fish behaviour BI is activated and BI/f is the number of activation of BI
behaviour per fish
Ky K, k; | Length (cm) | Total | B1f | B2f | B3f | B4f | B1/f | B2/f | B3/f | B4/f
0.66 0.26 | 0.57 10 100 | 100 | 98 94 99 48 | 24.4 | 240.3 | 62.2
0.66 0.45 | 0.57 12.5 100 | 100 | 97 44 78 | 73.8 | 16.6 | 20.8 10
0.66 0.45 | 0.57 7.5 100 | 100 | 97 28 66 | 48.3|11.9| 6.9 4.4
0.66 0.45 | 0.57 17.5 100 | 100 | 100 | 44 89 |85.7|18.1| 22 11.9
0.66 0.26 | 0.57 17.5 50 50 49 50 50 33 | 28.6 | 389.5 | 67.9
0.66 1.66 | 0.57 17.5 50 50 50 0 41 | 84.9 | 18.1 0 7.2
1.18 0.26 | 0.57 17.5 50 50 6 49 49 | 47.2 | 0.1 | 251.5 | 43.3
0.66 0.26 | 1.7 17.5 50 50 49 50 0 |40.6 | 26.4 | 346.4 0

0.66 0.26 | 0.57 7.5 50 50 49 49 48 | 45.6 | 22.2 | 135 24.1
0.66 1.66 | 0.57 7.5 50 50 50 0 27 | 50.6 | 12.2 0 3.3
1.18 0.26 | 0.57 7.5 50 50 5 50 48 |35.4| 0.1 237 | 38.6
1.18 0.26 | 0.57 12.5 50 50 9 49 50 | 41.9| 0.2 | 356.8| 53

The comparison between the experimental and simulated results shows that we could
simulate bullhead behaviour for threshold values k, =1.18,k, =0.26 andk, =0.57 and

small length grayling (5-10cm) for threshold values k, =0.66,k, =1.66 andk, =0.57 as

given in tables 5.3- 4 and 5.3- 5:
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Table 5.3- 4: Comparison between the bullhead experimental results and simulation
results for k; =1.18,k, =0.26 andk; =0.57

Experimental data

Species Length (cm) | Input | Tail Water % Bypass % | Turbine | %
5:10 32 25 78.1 20 62.5 5 15.6
Bullhead
10:15 19 15 78.9 9 47.4 6 31.6
Simulation data
Trhreshold Values | Length (cm) | Input | Tail Water % Bypass % | Turbine | %
ky ks Ks 7.5 50 44 88 26 52 18 36
1.18 | 0.26 | 0.57 12.5 50 35 70 21 42 14 28
Table 5.3- 5: Comparison between the small length grayling (5-10cm) experimental
results and simulation results for k;, =1.18,k, =0.26 andk; = 0.57
Experimental data
Species Length (cm) Input | Tail Water % Bypass % | Turbine | %
Grayling 5:10 64 56 87 8 12.5 48 75
Simulation data
Trhreshold Values | Length (cm) Input | Tail Water % Bypass % | Turbine | %
Ky K ks 7.5 50 50 100 12 24 38 76
0.66 | 1.66 | 0.57

After the threshold analysis which indicates our model sensitivity to fish species, a fish

length analysis is made to investigate the effect of length on passage route selection.

Experimental and simulated data are grouped in three length categories, small (5-10cm),
medium (10-15cm) and large (15-20cm). Then, the pass percentage is examined in each

case.

Table 5.3- 6: Experimental and simulated results for small length fish (5-10cm)

Experimental data
Species Length (cm) | Tail Water | Bypass | Turbine
Grayling 88 13 75
Brown Trout 38 13 25
5:10
Bullhead 78 63 16
Barbel 66 20 46
Simulated data
Ky Kz Ks Length(cm) Tail water | Bypass | Turbine
0.66 | 1.66 | 0.57 100 24 76
0.66 | 0.26 | 0.57 75 94 42 52
0.66 | 0.45 | 0.57 100 30 70
1.18 | 0.26 | 0.57 88 52 36
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Small length fish have the higher pass percentage to tail water in both experimental and
simulated data. Fish in that length seem to prefer turbine passage route, except bullhead,
in both cases (experimental and simulated).

Table 5.3- 7: Experimental and simulated results for medium length fish (10-15cm)

Experimental data

Species Length (cm) Tail Water | Bypass | Turbine
Grayling 0 0 0
Brown Trout 40 12 28
Brown Trout 10:15 13 4 9
Bullhead 24 4 20
Bullhead 79 47 32

Simulated data

Ky ko Ks Length (cm) Tail Water | Bypass | Turbine
0.66 | 0.26 | 0.57 10 79 38 41
0.66 | 0.45 | 0.57 125 99 40 59
1.18 | 0.26 | 0.57 70 42 28

In medium length fish there is a divergence in tail water passage between experimental
and simulated data. Simulated fish seem to have a significantly higher passage rate than
the real one. Again, turbine passage route is preferable in both cases, except of bullhead.

Table 5.3- 8: Experimental and simulated results for large length fish (15-20cm)

Experimental data

Species Length (cm) | Tail Water Bypass | Turbine
Grayling 9 9 0
Grayling 22 16 6
Grayling 15:20 18 13 5
Brown Trout 29 25 4
Brown Trout 100 100 0
Simulated data

Ky ko Ks Length (cm) | Tail Water Bypass | Turbine
0.66 | 0.26 0.57 58 18 40
0.66 | 0.45 0.57 99 37 62
0.66 | 1.66 0.57 17.5 100 36 64
0.66 | 0.26 1.70 64 18 46
1.18 | 0.26 0.57 84 40 44

In large length fish we observe the same divergence as in medium length. The
is that real fish seem to prefer bypass passage route in contrast with the simulated which
prefer turbine passage route. This can be explained because of the impact of screen in
passage of real fish. The fact that they come in contact with the bars with their pectoral
fins might have influenced their turbine passage possibility (see 4.3.3).

difference
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5.4 Behavioral data analysis

Table 5.3- 3 indicates that all types of fish behaviour, except B3 for high values of k,
thresholds (=1.657), are activated in all simulation cases. The times, a type of behaviour
is activated, depends on the corresponding threshold value.

It is interesting to study the impact of fish behaviour activation on passage route selection.
Further investigation is needed on this subject, but some observations are made on the
current study. It is noted that very high k; threshold values (B2 type of behaviour rarely
activated) guides fish through bypass passage in a higher rate as shown in table 5.4- 1. It
is also observed that when k; takes its highest value (no B3 type of behaviour activation),
then the total number of fish pass to tail water as shown in Table 5.4- 2.

Table 5.4- 1: Bypass and turbine pass percentage for high threshold k; values. B2 f
indicates number of fish type of behavior B2 is activated and B2/f the number of
activations of behaviour type B2 per fish

k1l k2 k3 Length (cm) Tail Water | Bypass | Turbine B2 f B2/f
1.18 0.26 0.57 7.5 88 52 36 5 0.1
1.18 0.26 0.57 12.5 70 42 28 9 0.2
1.18 0.26 0.57 17.5 84 40 44 6 0.1

Table 5.4- 2: Bypass and turbine pass percentage for high threshold k; values. B3 f
indicates number of fish type of behavior B3 is activated and B3/f the humber of
activations of behaviour type B3 per fish

Ky Kz ks Length (cm) Tail Water | Bypass | Turbine B3 f B3/f
0.66 1.66 0.57 7.5 100 24 76 0 0
0.66 1.66 0.57 17.5 100 36 64 0 0

It is mentioned that the sample is too small to extract conclusions, so we just appose the
simulation results.
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6

CONCLUSIONS AND PROPOSED RESEARCH

6.1 Conclusions

The following conclusions are drawn from the present study:

Fish movement is possible to be simulated with the use of the proposed fish
behavior model based on hydrodynamic stimuli (acceleration and pressure) as cues
for activating behavior responses.

A random variation is implemented on fish model, so different behaviour decisions
can be made for the same conditions (flow field, initial position).

Model can simulate small length fish (5-10cm) with efficiency but there are
divergences in simulating medium (10-15cm) and large length (15-20cm) fish.

All type of fish behaviour response are activated in almost all simulation cases.

6.2 Proposed research

A first implementation of the model suggests that it is possible to simulate fish behavior in
river flows near Hydro Electric Power Plants. In order to expand this work the following
research is proposed:

The calibration of the fish model based on laboratory experiments on the simulated
fish species. This will help on better understanding the impact of species
characteristics on fish behaviour.

The expansion of the model, so that can simulate fish response to other stimuli, like
light, temperature, biological interactions etc

The application of the proposed model in other areas near Hydro Electric Power
Plants in order to investigate further the divergences in simulating medium (10-
15cm) and large (15-20cm) fish. It will, also, help to study how fish behaviour
response impacts on passage route selection.
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APPENDIX

Table of parameters and variables

Variable/Parameter Reference Value
A0 Acceleration arbitary reference 10°
ACCMG Acceleration Magnitude
ACCREF Acceleration magnitude reference 10
The acceleration magnitude for node nearest sensor
ACCSEN point
The acceleration magnitude for node nearest sensor
ACCSENPAST point from previous experience
ACCPERPAST Perceived acceleration where fish is acclimatized
ACCPERPR Perceived acceleration at fish current position
AM Scaled Acceleration Magnitude- decibel scale 10
ANGLEXY XY plane movement angle in respect of the flow
ANGLEZ XZ plane movement angle in respect of the flow
ANGVAR Angle of movement range from main direction 20°
ANGVARZ Angle of movement variation in B4 behavior 1°
ANGXYFLOW The flow vector angle in xy plane
ANGZFLOW The flow vector angle in xz plane
Add range of variables to non- cardinal sensory points
COEFF40 location 0
COEFF42 Lower bound for first time acclimatization 0.4
CMEM(1) Memory Coefficient for behavior B1 1
CMEM(2) Memory Coefficient for behavior B2 0.
CMEM(3) Memory Coefficient for behavior B3 0.998
CMEM(4) Memory Coefficient for behavior B4 0.99
CMEMAC(2) Memory Coefficient for acclimatization in behavior B2 0.999
CMEMAC(3) Memory Coefficient for acclimatization in behavior B3 0.95
CMEMAC(4) Memory Coefficient for acclimatization in behavior B4 0.15
DELTA Percent of sensor point random increase 2
DEPTH Water depth at each node of computational grid
DEPTHPERPAST Swimming depth fish is acclimatized
DEPTHPERPR Swimming depth at fish current position
The distance between fish or sensory point and the
DIST current mesh node
DISTOLD The last lower fish/sensor- node distance
DMETRIC Agent Decision Metric
Time step between each movement performed by fish
DT (s) 2
Rate of change in Turbulent kinetic energy at each node
DTDKTURB (input from Flow-3D)
DX,DY,DZ Dimensions of computational grid cell
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DUX,DUY,DUZ Spatial derivatives of U velocity component
DVX,DVY,DVZ Spatial derivatives of V velocity component
DWX,DWY,DWZ Spatial derivatives of W velocity component
EVENT Boolean event

FISHANGXY Fish angle in XY direction

FISHANGZ Fish angle in Z direction

FISHLENG Fish Length (m)

FISHNUM Number of fish simulated for each project
FLOWDEPTH Water depth at each node (input from Flow-3D)

IXSEN,IYSEN,IZSEN

The coordinates of the node nearest to sensory point
location

IFISH,JFISH,KFISH

The coordinates of the node nearest to fish location

Maximum number of movements the fish perfom during

ITERMAX simulation 700
NCOEFF Coefficient to scale minimum sensory point distance 4.5
NDESIC Indicates behavior fish adapts (>=1)

NFOUT Counter indicates fish reaches a border node

NI,NJ,NK Total number of nodes in X,Y,Z directions

NSEN Sensory point number

PRES Pressure at each node (input from Flow-3D)

PROB Propability of response

R1 Random number from uniform distribution [0,1]
RINC Random Increase of sensory point Distance

RND Range of the variability to non- cardinal locations

RR Random from uniform distribution

RRB1 Random from uniform distribution angle for B1 [-1,1]
RRB2 Random from uniform distribution angle for B2 [-1,1]
RRB3 Random from uniform distribution angle for B3 [-1,1]
RRSQD Random from seed number

SPDIST Sensory Point Distance

SPEEDBOOST Burst speed for selected fish (fish lengths*sec™) 10
SPEEDDRIF Drift speed for selected fish (fish lengths*sec™) 0.25
SPEEDFISH Fish speed for the next move

SPEEDSUST Sustained speed for selected fish (fish lengths*sec™) 6
SPREEDCRU Cruise speed for selected fish 2

SQDX,SQDY,SQDZ(1)

Sensory Ovoid X,Y,Z for point 1 (fish itself)

SQDX,SQDY,SQDZ(2)

Sensory Ovoid X,Y,Z for point 2 (direction fish head is
pointing)

SQDX,SQDY,SQDZ(3)

Sensory Ovoid X,Y,Z for point 3 (direction of the fish's
tail)

SQDX,SQDY,SQDZ(4)

Sensory Ovoid X,Y,Z for point 4 (to the left of the fish)

SQDX,SQDY,SQDZ(5)

Sensory Ovoid X,Y,Z for point 5 (to the right of the fish)

SQDX,SQDY,SQDZ(6)

Sensory Ovoid X,Y,Z for point 5 (to the top of the fish)
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SQDX,SQDY,SQDZ(7)

Sensory Ovoid X,Y,Z for point 5 (to the bottom of the
fish)

THRES(1) Threshold value for behavior B1

THRES(2) Threshold value for behavior B2

THRES(3) Threshold value for behavior B3

THRES(4) Threshold value for behavior B4

U The U velocity component for each node

UTIL Expected Utility for each behavior

UTILMAX The max of each behavior expected Utilities
Subjective intrinsic value of behavior B1 in realizing the

UTINTR(1) goal 1
Subjective intrinsic value of behavior B2 in realizing the

UTINTR(2) goal 0.5
Subjective intrinsic value of behavior B3 in realizing the

UTINTR(3) goal 1
Subjective intrinsic value of behavior B3 in realizing the

UTINTR(4) goal 0.9

\Y; The V velocity component for each node

VELFISHNEW(1) Fish velocity components in direction relative to fish

VELFISHXYZ(1) Fish U velocity component in cfd- based XYZ direction

VELFISHXYZ(2) Fish V velocity component in cfd- based XYZ direction

VELFISHXYZ(3) Fish W velocity component in cfd- based XYZ direction

VELINV Inverse of flow speed at each sensory point
Flow velocity components perceived in each sensory

VELSEN point

W The W velocity component for each node

X The X- coordinate for each node

XFold The X- coordinate for past fish location

XSEN Sensory point X coordinate in global system

Y The Y- coordinate for each node

YF Fish Y- coordinate in global system

YFold The Y- coordinate for past fish location

YSEN Sensory point Y coordinate in global system

Z The Z- coordinate for each node

ZFold The Z- coordinate for past fish location

ZSEN Sensory point Z coordinate in global system
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