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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.  
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ΕΚΣΕΣΑΜΕΝΗ ΠΕΡΙΛΗΨΗ 

1 ΕΙ΢ΑΓΩΓΗ 

Η αμηνπνίεζε ησλ πνηακηώλ γηα ηελ θάιπςε ησλ πξαθηηθώλ αλαγθώλ ησλ αλζξώπσλ ζε 

πδαηηθνύο πόξνπο, παξαγσγή ελέξγεηαο, κεηαθνξέο θαη αληηπιεκκπξηθή πξνζηαζία, 

ζπλνδεύηεθε κε ηελ θαηαζθεπή έξγσλ κηθξόηεξεο ή κεγαιύηεξεο θιίκαθαο, από κηθξά 

θξάγκαηα κέρξη κεγάια ΤΗΔ. Η ιεηηνπξγία ηνπο είρε άκεζε επίδξαζε ζηελ δηακόξθσζε ηεο 

ξνήο ησλ πνηακώλ θαη ζηελ παλίδα πνπ αλαπηύζζεηαη ζε απηά θαη θπξίσο ζηνπο 

πιεζπζκνύο ησλ ςαξηώλ. Οη ζπλέπεηεο απηήο ηεο δηαδηθαζίαο πνπ εθθξάδνληαη κέζα από ηηο 

αιιαγέο δξόκσλ κεηαλάζηεπζεο,  ηηο ηνπηθέο κεηώζεηο έσο θαη εμαθαλίζεηο πιεζπζκώλ 

ςαξηώλ, αιιειεπηδξνύλ κε ηε ζεηξά ηνπο πξνθαιώληαο νηθνινγηθά θαη νηθνλνκηθά 

πξνβιήκαηα ζε νιόθιεξεο πεξηνρέο πνπ ζηεξίδνληαη ζηελ αιηεία θιπ. 

 

Η αληηκεηώπηζε απηώλ ησλ πξνβιεκάησλ νδήγεζε ζηε θαηαζθεπή δηόδσλ ηρζύσλ (fish 

passes). Η δεκηνπξγία θαη ε βειηηζηνπνίεζε απηώλ ησλ θαηαζθεπώλ έθαλε αλαγθαία ηε 

κειέηε θαη πξνζνκνίσζε ηεο θίλεζεο ησλ ςαξηώλ θαζώο θαη ησλ εξεζηζκάησλ πνπ 

θαζνξίδνπλ ηε ζπκπεξηθνξά ηνπο. ΢ε απηή ηελ πξνζπάζεηα εληάζζεηαη θαη ε παξνύζα 

εξγαζία, πνπ έρεη σο ζηόρν ηελ αμηνπνίεζε ηεο ππάξρνπζαο βηβιηνγξαθίαο γηα ηελ 

επέθηαζε ηνπ ππάξρνληνο κνληέινπ ζπκπεξηθνξάο ηρζύσλ, πνπ δνκήζεθε ζην εξγαζηήξην 

Δθαξκνζκέλεο Τδξαπιηθήο (Giannoulis θαη Pagonopoulos), ζε ηξηζδηάζηαην πεδίν ξνήο. 

2 ΢ΤΝΟΠΣΙΚΗ ΠΕΡΙΓΡΑΦΗ ΣΟΤ ΜΟΝΣΕΛΟΤ 

2.1 Βαζικέρ παπαδοσέρ ηος μονηέλος ζςμπεπιθοπάρ 
 

Οη βαζηθέο παξαδνρέο ηνπ κνληέινπ είλαη: 

 

 Κύξηα εξεζίζκαηα. Η επηηάρπλζε θαη ε πίεζε είλαη ηα εξεζίζκαηα πνπ θαζνξίδνπλ ηελ 

ζπκπεξηθνξά ηνπ ςαξηνύ. 

 Πεξηνρή αληίιεςεο. Δίλαη ε πεξηνρή από ηελ νπνία γίλεηαη ε πξόζιεςε ηνπ 

κεγέζνπο ησλ παξαπάλσ εξεζηζκάησλ. Πξόθεηηαη γηα έλα ηξηζδηάζηαην ειιεηςνεηδέο, 

πνπ πξνθύπηεη από έλα θεληξηθό (ςάξη) θαη άιια έμη ζεκεία αληίιεςεο ζηνπο ηξεηο 

άμνλεο θίλεζεο ηνπ ςαξηνύ. 

 Δγθιηκαηηζκόο. Σα κεγέζε ησλ εξεζηζκάησλ πνπ ην ςάξη έρεη εγθιηκαηηζηεί, 

επεξεάδνπλ ηελ θίλεζε ηνπ ηελ επόκελε ρξνληθή ζηηγκή κέζσ ησλ ζπληειεζηώλ 

κλήκεο. 

 Σύπνη ζπκπεξηθνξώλ. Θεσξνύληαη ηέζζεξηο βαζηθνί ηύπνη ζπκπεξηθνξάο θαηά ηελ 

θίλεζε ησλ ςαξηώλ, ε {Β1} θαηά ηελ θαηεύζπλζε ηεο ξνήο, ε {Β2} πξνο 

κεγαιύηεξεο ηαρύηεηεο ξνήο, ε {Β3} αληίζεηα ζηελ θαηεύζπλζε ηεο ξνήο θαη ε 

{Β4} πξνο ην βάζνο πνπ έρεη εγθιηκαηηζηεί. 

 

2.2 Πεπιγπαθή ηων διαδικαζιών πος εκηελεί ηο μονηέλο 
 

Σν κνληέιν αθνινπζεί ηηο παξαθάησ δηαδηθαζίεο (βήκαηα) γηα ηελ πξνζνκνίσζε ηεο θίλεζεο 

ηνπ ςαξηνύ: 

 

 Πξνζδηνξηζκόο ησλ ζπληειεζηώλ ηνπ κνληέινπ. Δηζάγνληαη ζην κνληέιν νη ηηκέο 

ησλ ζπληειεζηώλ πνπ αθνξνύλ ηηο ραξαθηεξηζηηθέο ηαρύηεηεο ησλ ςαξηώλ, ηνλ 

εγθιηκαηηζκό, θαη ηα όξηα ελεξγνπνίεζεο θάζε ζπκπεξηθνξάο (thresholds). 

 Πξνζνκνίσζε ηεο γεσκεηξίαο θαη ηνπ πεδίνπ ξνήο κε ηε ρξήζε πδξνδπλακηθνύ 

κνληέινπ CFD. Δδώ ρξεζηκνπνηείηαη ην πδξνδπλακηθό κνληέιν Flow-3D, ην νπνίν κε 

ηε ρξήζε νξζνγσληθνύ δνκεκέλνπ πιέγκαηνο ππνινγίδεη ην πεδίν ηαρπηήησλ u, v, 

w  θαη ην βάζνο ξνήο ζε θάζε θόκβν ηνπ πιέγκαηνο. Με απηά ηα δεδνκέλα 
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ππνινγίδεηαη ην βάζνο, θαη ε επηηάρπλζε κε ηε ζρέζε: 

 
2 2 2

u u u v v v w w w
A u v w u v w u v w

x y z x y z x y z


             
             

               
 

Πξνζδηνξηζκόο ηεο πεξηνρήο αληίιεςεο. Γίλεηαη κε ηνλ ππνινγηζκό ησλ απνζηάζεσλ SQDX, 

SQDY, SQDZ ζηνπο ηξεηο άμνλεο θίλεζεο ηνπ ςαξηνύ, από ηηο νπνίεο πξνθύπηνπλ νη ζέζεηο 

ησλ ζεκείσλ αληίιεςεο ζύκθσλα κε  ηνλ πίλαθα Table 3.2-1 θαη ηηο εμηζώζεηο πνπ ηνλ 

ζπλνδεύνπλ. 

 Τπνινγηζκόο ηνπ δείθηε αλίρλεπζεο. Ο δείθηεο αλίρλεπζεο εμαξηάηαη από ηε 

κεηαβνιή ηνπ πξνζιακβαλόκελνπ εξεζίζκαηνο (επηηάρπλζε ή πίεζε) ζε ζρέζε κε 

ηελ ηηκή πνπ ην ςάξη έρεη εγθιηκαηηζηεί. Όηαλ ε ηηκή ηνπ ππεξβεί ηα όξηα 

ελεξγνπνίεζεο (thresholds) γηα θάπνηα ζπκπεξηθνξά ελεξγνπνηείηαη έλα Boolean 

γεγνλόο απόθαζεο. 

 Τπνινγηζκόο ηεο ζπλάξηεζεο ρξεζηκόηεηαο (Utility function) θάζε ζπκπεξηθνξάο. 

Απηό γίλεηαη ππνινγίδνληαο ην γηλόκελν ηεο πηζαλόηεηαο ελεξγνπνίεζεο, ε νπνία 

εμαξηάηαη από ην γεγνλόο απόθαζεο, κε ηελ εγγελή ρξεζηκόηεηα θάζε 

ζπκπεξηθνξάο. Η ζπκπεξηθνξά κε ηε κέγηζηε ηηκή ηεο ζπλάξηεζεο ρξεζηκόηεηαο, 

γηα ην εξέζηζκα ηεο επηηάρπλζεο ({Β1},{Β2} ή {Β3}), ελεξγνπνηείηαη. Η 

ζπκπεξηθνξά {Β4}, πνπ εμαξηάηαη από ην εξέζηζκα ηεο πίεζεο, ελεξγνπνηείηαη όηαλ 

ε ζπλάξηεζε ρξεζηκόηεηαο ηεο ππεξβεί κηα ηηκή πνπ είλαη γξακκηθά αλάινγε κε ηελ 

εγγελή ηεο ρξεζηκόηεηα. 

 Τπνινγηζκόο ηνπ κέηξνπ ηεο ηαρύηεηαο θαη ηνπ πξνζαλαηνιηζκνύ ηεο θίλεζεο ηνπ 

ςαξηνύ. Αλάινγα κε ηνλ ηύπν ζπκπεξηθνξάο πνπ ελεξγνπνηείηαη ππνινγίδεηαη ην 

κέηξν (SPEEDFISH) θαη νη γσλίεο (FISHANGXY θαη FISHANGZ) ηαρύηεηαο πνπ 

πξνζδηνξίδνπλ ηελ θίλεζε ηνπ ςαξηνύ ζηηο ηξεηο δηαζηάζεηο. 

 Πξνζδηνξηζκόο ηεο δηαλπζκαηηθήο ηαρύηεηαο ηνπ ςαξηνύ. Δδώ ρξεζηκνπνηώληαο ηα 

θαηάιιεια κεηξώα ζηξνθήο γίλεηαη ν ππνινγηζκόο ησλ ζπληζησζώλ ηεο ηαρύηεηαο 

ηνπ ςαξηνύ σο πξνο ην ίδην ην ςάξη θαη σο πξνο ην ζύζηεκα ζπληεηαγκέλσλ ηνπ 

Flow-3D. 

 Αλαλέσζε ηεο ζέζεο ηνπ ςαξηνύ. Γηα ην ζθνπό απηό ρξεζηκνπνηνύληαη νη εμηζώζεηο 

Lagrange: 
t t t

f f f

t t t

f f f

t t t

f f f

x x (u u )* t

y y (v v )* t

z z (w w )* t







   

   

   
 

 Έιεγρνο αλ ην ςάξη βξίζθεηαη ζηελ πεξηνρή πξνζνκνίσζεο θαη θαηαγξαθή ηνπ 

ζεκείνπ εμόδνπ ηνπ. 

3 ΠΕΡΙΠΣΩ΢Η ΕΦΑΡΜΟΓΗ΢ ΚΑΙ ΑΠΟΣΕΛΕ΢ΜΑΣΑ 

3.1 Πειπαμαηική διάηαξη και διαδικαζία. 
 

Γηα ηελ βαζκνλόκεζε ηνπ παξόληνο κνληέινπ ρξεζηκνπνηήζεθαλ δεδνκέλα πνπ πξνέθπςαλ 

από πεηξάκαηα πνπ έγηλαλ ζην TUM Hydro Shaft Power Plant. Η πεηξακαηηθή δηάηαμε, πνπ 

βξίζθεηαη ζην εξεπλεηηθό ηλζηηηνύην Oskar von Miller Research Laboratory ηνπ 

Πνιπηερλείνπ ηνπ Μνλάρνπ ζην Obernach, έρεη σο ζθνπό λα πξνζνκνηώζεη ηε δηέιεπζε 

ηρζύνο από ΤΗΔ. Απηό επηηπγράλεηαη κε ηε ρξήζε ηνπξκπίλαο θαη κεηαιιηθώλ θαηαζθεπώλ, 

δειαδή πδαηνθξάθηε (sluice gate) θαη κεηαιιηθνύ θόζθηλνπ (screen). Η θαηαζθεπή είλαη 

εμσηεξηθή θαη ε παξνρή γίλεηαη από ηνλ Ίζαξν πνηακό κε ηε ρξήζε κεηξεηή ξνήο.  
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΢χήμα 3.1-1: Καηά κήθνο ηνκή ηεο πεηξακαηηθήο δηάηαμεο. 

 

Η δηέιεπζε ησλ ςαξηώλ γίλεηαη είηε κέζσ ηνπ κεηαιιηθνύ θόζθηλνπ θαη ηεο ηνπξκπίλαο είηε 

κέζσ νπήο (bypass) πνπ βξίζθεηαη ζην άλσ (top) ή ζην θάησ (bottom) κέξνο ηνπ 

πδαηνθξάθηε. Καηά ηελ δηελέξγεηα ησλ πεηξακάησλ ρξεζηκνπνηήζεθαλ πέληε δηαθνξεηηθά 

είδε ςαξηώλ, ν ζύκαιινο (grayling), ε πέζηξνθα (brown trout), ν ακείνπξνο (bullhead), o 

θνθθηλόγαζηξνο (minnow) θαη ην πνηακνιαύξαθν (barbel) ζε ηξεηο δηαθνξεηηθέο νκάδεο 

κεθώλ (5-10cm, 10-15cm, 15-20cm). Σα δηαθνξεηηθά είδε ςαξηώλ αλακείρζεθαλ θαηά ηελ 

πεηξακαηηθή δηαδηθαζία γηα ηελ εμνηθνλόκεζε ρξόλνπ.  

 

Σα πεηξάκαηα έγηλαλ κεηαβαιιόληαο ηελ παξνρή ζε ηξεηο δηαθνξεηηθέο ηηκέο θαζώο θαη ηε 

ζέζε ηεο νπήο ηνπ πδαηνθξάθηε (άλσ ή θάησ). Κάζε πείξακα δηήξθεζε 24 ώξεο θαη ζηε 

ζπλέρεηα ηα ςάξηα ζπιιέγνληαλ μερσξηζηά αλάινγα κε ηε ζέζε δηέιεπζεο ηνπο (ηνπξκπίλα 

ή νπή πδαηνθξάθηε) θαη παξαθνινπζνύληαλ γηα λα δηαπηζησζνύλ ηξαπκαηηζκνί πνπ κπνξεί 

λα είραλ ππνζηεί. 

 

3.2 Υπολογιζμόρ πεδίος ποήρ. 
 

Ο ππνινγηζκόο ηνπ ηξηζδηάζηαηνπ πεδίνπ ξνήο γηα ζπγθεθξηκέλε ηηκή παξνρήο 

(Qchannel=1,73 3
m
s

) θαη ζέζε νπήο (bottom) έγηλε κε ηε ρξήζε ηνπ πδξνδπλακηθνύ 

κνληέινπ Flow-3D. Με ηε ρξήζε απηνύ ηνπ κνληέινπ ρξεζηκνπνηώληαο νξζνγσληθό 

δνκεκέλν πιέγκα, ζε ηέζζεξα δηαθνξεηηθά κπινθ (5.1.2),  ππνινγίζηεθαλ νη ηαρύηεηεο u, 

v, w θαη ην ύςνο ηεο ειεύζεξεο επηθάλεηαο ζε θάζε θόκβν, κε ηελ επίηεπμε κόληκσλ 

ζπλζεθώλ ξνήο. 
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΢χήμα 3.2- 1: Απεηθόληζε ηνπ κέηξνπ ηεο ηαρύηεηαο όπσο πξνέθπςε από ην Flow-3D  

ζηελ πεξηνρή πξνζνκνίσζεο. 

 

3.3 Εθαπμογή ηος μονηέλος και ζύγκπιζη με ηα πειπαμαηικά δεδομένα. 
 

Η εθαξκνγή ηνπ κνληέινπ ζηελ πεξηνρή ηνπ TUM Hydro Shaft Power Plant έγηλε κε ηξόπν 

ώζηε νη αξρηθέο ζπλζήθεο λα πξνζνκνηάδνπλ απηέο ησλ πεηξακάησλ, γηα λα είλαη ηα 

απνηειέζκαηα ζπγθξίζηκα. Η άκεζε ζύγθξηζε ησλ απνηειεζκάησλ, σζηόζν, δελ είλαη 

εθηθηή γηαηί νη ηηκέο ησλ ραξαθηεξηζηηθώλ κεγέζώλ (ηαρύηεηεο, ζπληειεζηέο κλήκεο, όξηα 

ελεξγνπνίεζεο ζπκπεξηθνξώλ) γηα ηα ςάξηα πνπ ρξεζηκνπνηήζεθαλ ζηα πεηξάκαηα δελ 

βξέζεθαλ ζηε δηαζέζηκε βηβιηνγξαθία.  

 

Γηα ην ιόγν απηό πξαγκαηνπνηήζεθε κηα αλάιπζε επαηζζεζίαο κε βάζε ηα όξηα 

ελεξγνπνίεζεο ζπκπεξηθνξώλ (thresholds) θαη ην κήθνο ησλ ςαξηώλ κε ζηόρν ηελ 

πξνζνκνίσζε ησλ πεηξακαηηθώλ απνηειεζκάησλ. Σα ςάξηα ρσξίζηεθαλ ζε ηξεηο θαηεγνξίεο 

κε βάζε ην κήθνο ηνπο, κηθξά (5-10cm), κεζαία (10-15cm) θαη κεγάια (15-20cm), θαη κε 

βάζε απηέο έγηλε παξάζεζε θαη ζύγθξηζε ησλ πεηξακαηηθώλ δεδνκέλσλ κε απηά ηνπ 

κνληέινπ. Από ηε ζύγθξηζε πξνέθπςε όηη ην κνληέιν πξνζνκνηάδεη θαιύηεξα ηα ςάξηα 

κηθξνύ κήθνπο (5-10cm), ελώ ζηα κεζαία θαη κεγάια παξνπζηάδεηαη απόθιηζε ζην πνζνζηό 

ησλ ςαξηώλ πνπ ζπλερίδνπλ θαηάληε, ην νπνίν παξνπζηάδεηαη πνιύ κεγαιύηεξν ζηα 

δεδνκέλα ηνπ κνληέινπ. 

 

΢ηε ζπλέρεηα έγηλε κειέηε ησλ δεδνκέλσλ ηεο ζπκπεξηθνξάο ηνπ ςαξηνύ, όπνπ θάλεθε όηη 

ζρεδόλ ζε όιεο ηηο πξνζνκνηώζεηο ελεξγνπνηνύληαη όιεο νη ζπκπεξηθνξέο. Δπίζεο, έγηλε κηα 

πξώηε πξνζπάζεηα λα ζπλδεζνύλ ε επηινγή ζπκπεξηθνξάο κε ηε δίνδν πνπ επηιέγεη ην 

ςάξη. 

 

Αλαιπηηθά ηα απνηειέζκαηα, νη ζπγθξίζεηο θαη ηα ζπκπεξάζκαηα παξαηίζεληαη ζην θεθάιαην 

5 ηεο παξνύζεο εξγαζίαο. 
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4     ΢ΤΜΠΕΡΑ΢ΜΑΣΑ 

 
Σν βαζηθό ζπκπέξαζκα είλαη όηη ην κνληέιν κπνξεί λα πξνζνκνηώζεη κε κηα θαιή 

πξνζέγγηζε ηε ζπκπεξηθνξά ησλ ςαξηώλ κηθξνύ κήθνπο, ελώ εκθαλίδεη απνθιίζεηο γηα 

κεγαιύηεξα όζνλ αθνξά ην πνζνζηό ην ςαξηώλ πνπ ζπλερίδνπλ θαηάληε. Παξάιιεια, ην 

κνληέιν παξνπζηάδεη ηπραηόηεηα, θαζώο γηα ίδηεο ζπλζήθεο (ζπλζήθεο ξνήο, αξρηθή ζέζε), 

ην ςάξη κπνξεί λα παξνπζηάζεη ηειείσο δηαθνξεηηθή ζπκπεξηθνξά.  

 

΢ηελ θαηεύζπλζε αλάπηπμεο ηνπ πξνηείλεηαη ε βαζκνλόκεζε ηνπ κε πεηξακαηηθά δεδνκέλα 

εξγαζηεξίνπ ζρεηηθά κε ηα ραξαθηεξηζηηθά κεγέζε (ραξαθηεξηζηηθέο ηαρύηεηεο, 

ζπληειεζηέο κλήκεο θαη όξηα ελεξγνπνίεζεο ζπκπεξηθνξάο) ηνπ είδνπο ησλ ςαξηώλ πνπ 

ρξεζηκνπνηήζεθαλ ζηα πεηξάκαηα, θαζώο θαη ε επέθηαζε ηνπ ώζηε λα κπνξεί λα πεξηγξάςεη 

ηελ αληίδξαζε ηνπ ςαξηνύ θαη ζε εξεζίζκαηα όπσο ην θσο, ε ζεξκνθξαζία, νη 

αιιειεπηδξάζεηο κε άιινπο νξγαληζκνύο θιπ.  
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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 20th 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: 

  Simulated fish movement is dependent on decision, which can be summarized in a 

set of behavior responses. 

 Each species reacts to a specific set of stimuli which activate certain behavior 

responses, regardless of area characteristics. 

 Perception area for attributes that activate behavior responses is determined 

through a “Sensory Ovoid” in the surrounding fluid. 

 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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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): 

 

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

 the description of the sensory perception and movement trajectories of individual 

fish (Lagrangian framework) , and 

 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 Γt, fish body length Sf and the operating range of sensory system in a 1.0s Da 

(body lengths).  Sensory Query Distances (SQDs) were thus calculated: 

 

 
f a

SQD t *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. 

 

 Thermotaxis, is related to fish response to temperature. It affects fish metabolism 

and is also used as cue in downstream migration. 

 

 Geotaxis, is related to buoyancy. Fish are neutrally buoyant and are able to detect 

gravity with their inner ear. 

 

 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. 

 

 Chemotaxis, is related to fish response to chemicals (e.g. shark ability to detect 

and follow a very small blood trail). 

 

 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. 

 

 Sustained swimming, 

 prolonged swimming, and 

 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 20 30mins  (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 
Classification 

Speed  Duration 

Sustained 0-2 L/s Indefinitely 

Prolonged 2-6 L/s 20s-30min 

Burst or sprint 6-10 L/s <20s 
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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 (Ai) Behavior Response (Bi) 

1 Null Follow flow 

2 Wall-bounded flow 

gradient 

Swim towards increasing water velocity 

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, i j
S(t) du du , but 

rather its log. A reference value, S0, is used to scale perceived strain so that increasing 

physical intensity, S(t), corresponds to increasing I(t): 

 

10

0

S(t)
I(t) log

S

 
  

 
         (2.2) 

 

Goodwin et al. (2014) uses flow acceleration magnitude MA  as a stimulus for recognizing 

obstructions in the flow and desired conditions for navigating through the stream, thus: 

 

M
1 10

0

A
I (t) log

A

 
  

 
,         (2.3) 
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where 6

0
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: 

 

i i i ia a i a a
I (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, 

Iai(t) is the perceived intensity of stimulus i to which the individual is acclimatized, and mai 

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), E1(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. 

 

1

1

1 a

1

a

I (t) I (t)
E (t)

I (t)


          (2.5) 

 

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: 

 

2 2 a2
E (t) I (t) I (t)           (2.6) 

 

The model assumes four types of behaviour B1-4, as mentioned in 2.3.3. A detection 

threshold ki 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: 

 

1 i

i

1 i

0,E (t) k
e

1,E (t) k


 


         (2.7) 

 

The fourth type of behaviour is associated with pressure stimuli sν for i=4: 

 

2 i

i

2 i

0,E (t) k
e

1,E (t) k


 


         (2.8) 

 

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: 

 

i i i i i
P(t) (1 m)*e(t) m *P(t 1)           (2.9) 

 

where memory coefficient mi 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: 

 

i i i i
U(t) P(t)*u C(t)           (2.10) 

 

where, ui is the intrinsic utility for each behavior response i, Pi(t) the probability of each 
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behavior utility and Ci(t) a bioenergetic cost for executing a behavior response. 

 

When a behavior decision is determined, the respected fish swimming velocity vector (

, ,f f fu v w ) is assigned, by calculating speed and orientation for the selected behavior and 

fish location is updated based on its previous position. 

 

1 ( )*t t fx x u u t             (2.11a) 

1 ( )*t t fy y v v t             (2.11b) 

1 ( )*t t fz z w w t             (2.11c) 

 

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,J,K), 

Y(I,J,K), Z(I,J,K), PRES(I,J,K), TURB(I,J,K), DTDKTURB(I,J,K), U(I,J,K), V(I,J,K), W(I,J,K), 

FLOWDEPTH(I,J,K) θαη ACCMG(I,J,K). 

 

Section 2.2: Read from FLOW-3D files 

 

Program reads grid dimensions NI, NJ, NK, geometry and flow field data from files: 

 

 'flowdata.txt', and 

 '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 

used for boundary nodes to calculate spatial derivatives of velocity 
U

x




, 

U

y




 and 

U

z




. 
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Thus, spatial acceleration is given as: 

 

             
             

             

2 2 2
U U U V V V W W W

ACCMG U V W U V W U V W
x y z x y z x y z

 (3.1) 

 

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_POSITIONS01.txt' to 'FISH_POSITIONS05.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: 

 


 
 
 

10

NCOEFF
SPDIST

ACCMG
log

A0

        (3.2)  

 

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: 

  

     
     

      
     
     

FISHANGXY FISHANGZ

XSEN XF SQDX

YSEN YF R *R * SQDY

ZSEN ZF SQDZ

     (3.5) 

 

where, 

 

FISHANGXY

cos(FISHANGXY) sin(FISHANGXY) 0

R sin(FISHANGXY) cos(FISHANGXY) 0

0 0 1

 
 

  
 
 

, and   (3.6) 

 

 
 

  
  

FISHANGZ

cos(FISHANGZ) 0 sin(FISHANGZ)

R 0 1 0

sin(FISHANGZ) 0 cos(FISHANGZ)

     (3.7) 

 

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: 

 


10

ACCSEN
ACCPERPR log ( )

ACCREF
        (3.9) 

 
  ACCPERPAST (1 CMEMAC)*ACCPERPR CMEMAC*ACCPERPAST   (3.10) 

 

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

 



ACCPERPR ACCPERPAST

DMETRIC
ACCPERPAST

      (3.11) 

 

It has to be noted that in the first iteration ACCPERPR and ACCPERPAST coincide and 

ACCPERPAST is lower bounded COEFF42. Furthermore, 62*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: 

 
pastPROB (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       



Chapter 3 PRESENTATION OF THE NUMERICAL MODEL 

 

21 

 

 (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 B1 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 B1 consecutive times a Random Walk is 

implemented, biased towards the direction of the main flow. The modeled fish moves 

within an angle ±20ν in the XY plane, and half of it in XZ plane: 

 
OANGLEXY RRB1*20 , if NDESIC 2       (3.22)  

0ANGLEZ 0.5*RRB1*20         (3.23) 
OANGLEXY 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: 

 
 0.005(NDESIC(1) 1)R1 e 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: 

 
OANGLEXY ANGXYFLOW FISHANGXY 180        (3.27) 

 

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

plane: 

 

180
ANGLEXY RRB3*( ANGXYFLOW)

log(ACCSEN / ACCREF)
  , if NDESIC 2  (3.28) 

 

180
ANGLEXY RRB3*( ANGXYFLOW) ANGLEXY

log(ACCSEN / ACCREF)
     

,if NDESIC 2   (3.29) 

 

and in the XZ plane: 

 

180
ANGLEZ 0.5*RRB3*( ANGXYFLOW)

log(ACCSEN / ACCREF)
  -ANGZFLOW (3.30) 

 

where, persistent change as shown in (3.29) perpetuates unless fish angle exceeds 

ANGLEXY=±90o 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 [ , ]Cruise BoostS S . 

 

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.
VELINV(NSEN)

VELFLOW(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: 

 
0ANGLEXY ANGLEXY RRB2*20         (3.35) 

0ANGLEZ 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 ( 0ANGVARZ 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 [ , ]Cruise BoostS S . 

 

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)

VELFISHNEW(3) sin(ANGLEZ)

   
   

   
   
   

  (3.39) 

 

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: 

 

FISHANGXY FISHANGZ

VELFISHXYZ(1) VELFISHNEW(1)

VELFISHXYZ(2) R *R * VELFISHNEW(2)

VELFISHXYZ(3) VELFISHNEW(3)

   
   

   
   
   

   (3.40) 

 

where, FISHANGXYR  is a matrix corresponding to rotation of z-axis and FISHANGZR  a matrix 

corresponding to rotation of y-axis as seen in (3.41) and (3.42). 

 

FISHANGXY

cos(FISHANGXY) sin(FISHANGXY) 0

R sin(FISHANGXY) cos(FISHANGXY) 0

0 0 1

 
 

  
 
 

    (3.41) 

 

FISHANGZ

cos(FISHANGZ) 0 sin(FISHANGZ)

R 0 1 0

sin(FISHANGZ) 0 cos(FISHANGZ)

 
 

  
  

      (3.42) 
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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=J, 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:  

 

 fish has reached a closed boundary node (channel wall),  

 fish reached an open boundary at the turbine shaft, or  

 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 
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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 
3m2
s

 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 
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Figure 4.1-2: Fish downstream migration openings as seen from head water: 

surface near (left) and bottom near (right) 

 

 

 
 

Figure 4.1-3: Floor plan (up) and longitudinal section (down) of the test facility. Flow 

direction from left to right (m) 
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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: 

 

 according to common fish guidelines (DWA 2004 at that time), a maximum velocity 

of m0.5
s

 at the screen was investigated, 

 with regard to swimming capacity of weak swimmers (Dumont 2015, Ebel 2013) a 

maximum velocity of m0.3
s

 at the screen was considered, and 

 additionally tests with a maximum velocity of m0.4
s

 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 design(m/s) 0.3 0.4 0.5 

Vaverage screen(m/s) 0.24 0.32 0.38 

Qchannel(m
3/s) 1.08 1.16 1.41 1.50 1.64 1.73 

Qturbine(m
3/s) 0.96 0.96 1.28 1.28 1.50 1.50 

Qbypass(m
3/s) 0.08 0.15 0.08 0.15 0.08 0.15 

Qgate(m
3/s) 0.12 0.20 0.13 0.22 0.14 0.23 

hoverflow(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: 

Βrown 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. 

 



Chapter 4 CASE STUDY:  TUM Hydro Shaft Power Plant 

 

29 

 

 
 

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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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: 

 

z
F x y z DIF SOR

uA
V ( uA ) R ( vA ) ( wA ) R R
t x y z x

   
         

   
   (5.1) 

 

where, VF is the fractional volume open to flow, the coefficient R depends on the choice of 

coordinate system in the following way. Terms RDIF and RSOR in the right hand of equation 

are related to diffusion turbulent and mass source term, respectively, and are defined as: 

 

x

DIF x y z

u
R (u ) R (u ) (u )

x x y y z z x



  

      
       
     

    (5.2) 

 

y SORF x z x
vA RV uA wA uAP

R
c t x y z x

 
     

     
     (5.3) 

 

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

 

    
      

    

2

y

x y z

F F

vu 1 u u u
uA vA wA

t V x y z xV
 

    


       
  

SOR
x X x w s

F

R1 P
G f b (u u u )

x V
   (5.4) 
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    
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x y z

F

w 1 w w w
uA vA wA

t V x y z
 

    


       
  

SOR
z z z w s

F

R1 P
G f b (w w w )

z V
   (5.6) 

 

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-ε, and RNG k-ε 

models. They are described by two transport equations, one for the turbulent kinetic 

energy kT and one for its dissipation εΣ: 

 

T T T T
x y z T T T

F

k k k k1
uA vA wA P G Diff

t V x y z


    
        

    
   (5.7) 
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   
    

    
    

x y z

F

1
uA vA wA

t V x y z
 

    


  
2

T T l

T T

CDIS1
(P CDIS3 G ) Diff CDIS2

k k
  (5.8) 

 

where, PT, GT and DiffT 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 für 

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, 
3

channel
mQ 1,73
s

 . 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. 

 

 
 

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 

  

 
 

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. 

 

 

 
 

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 deviation s m-s m+s min max Range 

k1 0.92 0.26 0.66 1.18 0.58 1.26 0.69 

k2 0.96 0.70 0.26 1.65 0.28 2.21 1.93 

k3 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 Γt= 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 3
m
s

, 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 

 

Species Length (cm) Test Input 

Tail 

Water % Bypass % Turbine % 

Grayling 

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 

15:20 

4 32 3 9.4 3 9.4 0 0.0 

11 32 7 21.9 5 15.6 2 6.3 

20 60 11 18.3 8 13.3 3 5.0 

Brown 

Trout 

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 

10:15 
9 25 10 40.0 3 12.0 7 28.0 

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 

Bullhead 

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 

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 

 

k1 k2 k3 

Length 

(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 

 

k1 k2 k3 Length (cm) Total B1 f B2 f B3 f B4 f 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 
1 2
k 1.18,k 0.26   and

3
k 0.57   and 

small length grayling (5-10cm) for threshold values 1 2
k 0.66,k 1.66   and 3

k 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 
1 2
k 1.18,k 0.26   and

3
k 0.57  

 

Experimental data 

Species Length (cm) Input Tail Water % Bypass % Turbine % 

Bullhead 
5:10 32 25 78.1 20 62.5 5 15.6 

10:15 19 15 78.9 9 47.4 6 31.6 

Simulation data 

Trhreshold Values Length (cm) Input Tail Water % Bypass % Turbine % 

k1 k2 k3 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 
1 2
k 1.18,k 0.26   and

3
k 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 % 

k1 k2 k3 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 

5:10 

88 13 75 

Brown Trout 38 13 25 

Bullhead 78 63 16 

Barbel 66 20 46 

Simulated data 

k1 k2 k3 Length(cm) Tail water Bypass Turbine 

0.66 1.66 0.57 

7.5 

100 24 76 

0.66 0.26 0.57 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 

10:15 

0 0 0 

Brown Trout 40 12 28 

Brown Trout 13 4 9 

Bullhead 24 4 20 

Bullhead 79 47 32 

Simulated data 

k1 k2 k3 Length (cm) Tail Water Bypass Turbine 

0.66 0.26 0.57 10 79 38 41 

0.66 0.45 0.57 
12.5 

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 

15:20 

9 9 0 

Grayling 22 16 6 

Grayling 18 13 5 

Brown Trout 29 25 4 

Brown Trout 100 100 0 

Simulated data 

k1 k2 k3 Length (cm) Tail Water Bypass Turbine 

0.66 0.26 0.57 

17.5 

58 18 40 

0.66 0.45 0.57 99 37 62 

0.66 1.66 0.57 100 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 difference 

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). 
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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 k2 

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 k1 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 k2 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 k1 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 

 

k1 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 k2 values. B3 f 

indicates number of fish type of behavior B3 is activated and B3/f the number of 

activations of behaviour type B3 per fish 

 

k1 k2 k3 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 toν 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  10-6 

ACCMG Acceleration Magnitude 

 ACCREF Acceleration magnitude reference 10-6 

ACCSEN 

The acceleration magnitude for node nearest sensor 

point 

 

ACCSENPAST 

The acceleration magnitude for node nearest sensor 

point from previous experience 

 ACCPERPAST Perceived acceleration where fish is acclimatized 

 ACCPERPR Perceived acceleration at fish current position 

 AM Scaled Acceleration Magnitude- decibel scale  10-4 

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 20o 

ANGVARZ Angle of movement variation in B4 behavior 1o 

ANGXYFLOW The flow vector angle in xy plane 

 
ANGZFLOW The flow vector angle in xz plane 

 

COEFF40 

Add range of variables to non- cardinal sensory points 

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 

 

DIST 

The distance between fish or sensory point and the 

current mesh node 

 DISTOLD The last lower fish/sensor- node distance 

 DMETRIC Agent Decision Metric 

 

DT 

Time step between each movement performed by fish 

(s) 2 

DTDKTURB 

Rate of change in Turbulent kinetic energy at each node 

(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 

 

ITERMAX 

Maximum number of movements the fish perfom during 

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-1) 10 

SPEEDDRIF Drift speed for selected fish (fish lengths*sec-1) 0.25 

SPEEDFISH Fish speed for the next move  

 SPEEDSUST Sustained speed for selected fish (fish lengths*sec-1) 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 

 

UTINTR(1) 

Subjective intrinsic value of behavior B1 in realizing the 

goal 1 

UTINTR(2) 

Subjective intrinsic value of behavior B2 in realizing the 

goal 0.5 

UTINTR(3) 

Subjective intrinsic value of behavior B3 in realizing the 

goal 1 

UTINTR(4) 

Subjective intrinsic value of behavior B3 in realizing the 

goal 0.9 

V 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 

 

VELSEN 

Flow velocity components perceived in each sensory 

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  

 


