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Abstract

Many swimming fishes in nature have been endowed with high hydrodynamic
efficiency and performance, such as low resistance, high speed, and good
maneuverability, both when swimming individually and in groups, i.e., using schooling
arrangements. The main purpose of the present thesis is to study the fish hydrodynamics
through both experimental and numerical investigations, to better understand the
physical mechanisms behind high propulsive skills of fish-like bodies, and to build
knowledge relevant for the design of greener and more efficient bio-inspired
underwater vehicles, which could lead to positive consequences for the environment
and the society.

Observational experiments were carried out in swim tunnels under different conditions
and examined two fish species using different swimming modes, i.e., a labriform
swimmer (shiner perch, Cymatogaster aggregate) belonging to median and/or paired
fin (MPF) propulsion category, and a sub-carangiform swimmer (Atlantic salmon,
Salmo salar) belonging to the body and/or caudal fin (BCF) propulsion category. In the
experimental investigations performed on the shiner perch, the examined fish were
randomly assigned to one of the three experimental scenarios: a solitary fish (Single),
a schooling pair of fish (Pair), and a false pair where a single fish swam alongside a
video of a conspecific fish (False pair). The swimming behaviours and metabolisms of
the fish were analyzed and discussed among different arrangements. The comparisons
suggested that schooling confers both hydrodynamic and behavioral advantages over
swimming alone for a gregarious fish, but that the relative contribution of the two
mechanisms depends on the speed of swimming. In the experiments carried out on
Atlantic salmon, the observed results showed that the examined hatchery-reared fish
had lower critical swimming speed than biological data of wild fish and fish swimming
in larger flumes. The influence of fish body size and swim tunnel boundary walls on
the salmon behaviors in the flume was discussed to identify important factors affecting
the fish swimming capability. The analysis may provide current velocity threshold for
farmed salmon during on-growing phase and give suggestions for experimental set-ups
more suited for hydrodynamic and biological studies on fish.

In order to gain deep insights into the propulsive mechanics of swimming fish and to
complement experimental studies, a series of hydrodynamic scenarios has been
examined by performing two-dimensional CFD simulations within the OpenFOAM
open-source platform. Three rigid flapping foils with different fish-like profiles, the
tear-shaped semi-circle foil, NACA 0012 foil and NACA 0021 foil, have been studied
through systematic numerical simulations to grasp the key propulsion characteristics.

The predicted hydrodynamic forces and wake scenarios of the semi-circle foil have
i



Abstract

shown good consistency with available experimental data. The critical Strouhal number
of the rigid pitching foils at drag-thrust transition is found to be a decreasing function
of the Reynolds number, and a universal scaling law of force transition quantifying foil
shape effect has been attempted. The analysis of the body-shape influence showed that
the forepart of the flapping foil dominates the friction force component, while the
trailing edge shape matters for the pressure force. Based on the results of the examined
rigid pitching foils, a morphing foil strategy has been proposed to combine the
advantages of two rigid foils associated, respectively, with the largest mean thrust and
with the lowest mean input power requirement. A parametric analysis of the phase
between pitching and morphing motions has been performed and an optimal morphing
strategy has been identified. These results can pave the way for the use of morphing
strategies to target optimized propulsive behavior and, in a broader context, to
overcome limitations of rigid vehicles/devices in marine applications.

The swimming performance of 2D fish-like foils with carangiform propulsion mode
has been numerically studied in two different scenarios: one is the fish-like foil, with
prescribed undulatory deformations and restrained longitudinal motions, under an
incoming uniform stream, and the other one is the fish self-propelling itself in the fluid.
In the former case, the computed hydrodynamic loads of the forced swimming foil
agreed well with reference data. The influence of body shape and Reynolds number on
fish swimming behavior has been examined. The comparisons between two different
fish-like foils confirmed that a fish with a blunter body experiences larger drag and has
more limited capability to generate thrust compared to a slimmer fish. For the second
scenario, a numerical method capable of simulating self-propelled bodies with periodic
lateral flexible motions has been proposed. The implemented self-propulsion strategy
in OpenFOAM, verified to be numerically accurate and efficient through studying an
oscillating elliptic foil case, has been adopted to predict the swimming perfomance of
a carangiform fish-like body under various conditions. The self-propelled swimming
scenario allows to examine the effect of recoil. The influence of boundary wall
conditions on fish locomotion has also been investigated systematically. The results
showed that the forward swimming speed and the propulsive efficiency of the fish
dropped significantly with the decrease of swim tunnel width. This analysis provided
an indicative minimum swim tunnel width to limit the boundary wall influence on the
swimming features.
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Nomenclature

General rules

® Only the most used symbols are listed in the following sections

Meaning of symbols are given when first introduced in the thesis

[
® Sometimes the same symbol is used to indicate different quantities
[ J

Vectors are represneted by bold symbols

Abbreviations

2D Two-dimensional

2P Two vortex pairs shed per oscillation period
28 Two vortices of opposite sign shed per oscillation period
3D Three-dimensional

ALE Arbitrary Lagrangian—Eulerian
ANOVA  Analysis of variance

AOA Angle of attack

BCF Body and caudal fin swimming

BG Background grid

BL Body length

CFD Computational fluid dynamics

CN Crank-Nicolson time scheme

COD Complex orthogonal decomposition
COT Cost of transport

DM Deforming mesh method

DNS Direct numerical simulation

DOF Degree of freedom

EBT Elongated body theory

FFT Fast fourier transform

GAMC Generalized added-mass and circulatory
MPF Median and paired fin swimming

OA Order of accuracy

OF OpenFOAM

oG Overset grid method

PIV Particle image velocimetry

PTV Particle tracking velocimetry

RPM Revolutions per minute

SEM

Standard error of the mean
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Nomenclature

SMR Standard metabolic rate

vK von Kérman

Bold Symbols

F Force vector

d Motion displacement vector
M Inertia matrix of the body

u Velocity vector

X Position vector

7 Vorticity vector

Greek and Mathematical Symbols

At Time step

Ax Grid spacing in x direction
Ay Grid spacing in y direction
swimming speed-to-wave speed ratio
Boundary-layer thickness
Propulsive efficiency

Foil pitch angle

Maximum pitch angle

Wave length

Dynamic viscosity of water
Kinematic viscosity of water

SCRACN

D> 3
o

Angular frequency

Phase between foil morphing and pitching motion
Phase at maximum drag

Phase at maximum thrust

Mass density

N T

TS S e SE >

Roman Letters

(u,v,w) Velocity of fluid particle
(x,y,72) Motions of the fish-like body

a Foil area / envelope of traveling wave

ap Amplitude of foil morphing motion

A Amplitude

Ap Flapping amplitude-to-foil thickness ratio
An Peak-to-peak amplitude at fish tail

A, Pectoral fin beat amplitude of fish

A, Characteristic wake width

C Courant number

Cer1 Nondimensional thrust force



Nomenclature

CPS 1
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Nondimensional swimming power
Nondimensional hydrodynamic torque

Input power coefficient

Horizontal force coefficient

Horizontal force coefficient of foil at zero angle of attack
Horizontal pressure force coefficient

Horizontal friction force coefficient

Vertical force coefficient

Foil chord length

Foil chord-to-thickness ratio

Foil thickness

Drag

Thrust

Pressure component of horizontal force

Friction component of horizontal force
Frequency

Pectoral fin beat frequency of fish

Tail beat frequency of fish

Swim tunnel width

Distance between two vortical rows in the wake
Wave number / Diffusivity coefficient

Fish body length or foil characteristic length
Distance between two vortices in the same row of wake
Dimensionless body mass

Fish body mass

Hydrodynamic torque

Oxygen consumption rate

Vortex pair number / Oscillation period number
Normal vector

Earth-fixed Catesian coordinate system

Input power

Pressure

Power required to overcome the horizontal force
Swimming power

Total power

Vorticity impulse

Radius of a circular cylinder

Distance between cell center and the specified moving boundary
Background mesh cell size-to-overset grid cell size ratio
Reynolds number

Foil chord based Reynolds number

Fish length based Reynolds number

External boundary of fluid volume

Curvilinear coordinate along fish body



Nomenclature

Sy Body boudary

Se Area of an elliptic foil

Sr (Stp)  Foil thickness based Strouhal number

Sty (Sty)  Flapping amplitude based Strouhal number

St Characteristic wake width or fish swimming amplitude based Strouhal
number

St Wake width based Strouhal number

T Oscillation period

t Time

U Fish swimming speed or free-stream velocity
U, Current velocity

U, Relative swimming speed in current

U, Total swimming speed

Ugrit Critical swimming speed of fish

Uopt Optimal swimming speed of fish

Upc Pectoral-caudal gait transition speed

%4 Motor voltage / Fluid volume / Wave speed
Yw Local lateral displacement of fish body
Superscripts

* Nondimensional value / Critical value

' Body-fixed coordinate system

Subscripts

A Flapping amplitude

b Body

D Foil thickness

e Elliptic foil

EBT Elongated body theory
f Fluid

max Maximum value

min Minimum value

semi Semi-circle foil

SMR Standard metabolic rate
D Pectoral fin / Pressure force
pro Foil perimeter length

x Horizontal value

y Vertical value

v Fricition force
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Chapter 1

Introduction

1.1 Background and meotivation

For hundreds of millions of years, adaptation and evolution have enabled fish to achieve
excellent propulsion efficiency and performance (see e.g., Figure 1-1), such as low resistance,
high swimming speed and good manoeuvrability. These aquatic animals can be considered as
underwater bio vehicles with locally deformable skin and global flexible skeleton, and they
propel themselves with many hydrodynamic advantages compared to conventional marine
vehicles powered by screw propellers. For instance, fishes can move at high speeds equal to
several body lengths per second, reach accelerations much larger than gravity accelerations,
introduce little disturbance to the environment, swim with outstanding stealth and obtain
various flow sensing abilities to perceive complicated underwater environments (e.g., Williams
et al., 2001; Montgomery et al., 1995). They have superior capabilities to produce thrust force
by acceleration of water through the movement of their body and body/caudal fins, and they
can improve the propulsive and steering performances by controlling the vortex generating and
shedding from their body. Simultaneously, they reduce the frictional stresses along their wetted
surface by taking advantage of their compliant skin, their mucus, or their skin micro and macro
features. In recent years, with the aim of understanding physical mechanisms behind the fish
extraordinary performances and transferring them into bio-inspired marine vehicles, the studies
of fish hydrodynamics have attracted more and more attention to researchers in the fields of
biology, hydrodynamics and engineering.

Figure 1-1. Examples of swimming fishes with high hydrodynamic performance. Left: Atlantic bluefin tuna that

can reach maximum speed of 70km/h (www.sciencefocus.com). Right: Fish shows high acceleration and

manoeuvrability to escape from a predator (www.nature.com)



Chapter 1. Introduction

As an important area of biomimetics, the fish hydrodynamic study should be a multi, strongly
interdisciplinary research combining and merging theories and techniques of fluid dynamics
with biology. A variety of knowledge is required to reveal the detailed mechanisms of fish
hydrodynamics. For example, the fish-physiology study can benefit the comprehension of
passive and active fish behaviour as well as control of the surrounding water flow, and then
guide towards dedicated physical and numerical investigations on the hydrodynamic field
around a fish and on the local and global water-induced loads on a fish. The scientific research
inspired by aquatic animals can be traced back to the beginning of the last century, and many
scientists have been fascinated to explore the hydrodynamics of swimming from various aspects,
such as fish locomotion and manoeuvring, individual fish and schooling fish features, etc.
Breder (1926) classified the swimming modes of fishes into two generic categories according
to the body part utilization: one is the body and/or caudal fin (BCF) propulsion, and the other
one is median and/or paired fin (MPF) propulsion. Through the observation of dolphins, Gray,
J. (1936) estimated that their experienced drag power was several times larger than their muscle
power, but they could still maintain a high swimming speed. Although the basic premise of
Gray’s paradox was flawed because of potential errors in estimating the swimming speed and
inconsistencies between swimming performance and data on muscle power (Fish and Lauder,
2006), this finding motivated a number of researchers to dig into the mechanisms of fish
swimming. Since 1960s, several theoretical studies have been carried out to analyse more
accurately the fish propulsion force (eg., Lighthill, 1960; Wu, 1961; Horlock, 1978). In the latest
several decades, remarkable progress has been made in the development and design of fish-
inspired underwater vehicles (e.g., Yu et al., 2011; Liljebdck and Mills, 2017). Among them, the
first and one of the most well-known complete robotic fish systems, named RoboTuna, was
developed by Massachusetts Institute of Technology (Triantafyllou and Triantafyllou, 1995).

With the increasing requirements of various biomimetic marine applications and underwater
missions, the significance of a multi-disciplinary perspective for bio-inspired solutions has been
well recognized (e.g., Kovac, 2014). However, still a limited number of the state-of-the-art
available studies has built up a strongly interdisciplinary research methodology, dealing with
fish physiology, swimming behaviour and related fluid dynamics, to examine fish propulsive
performance for guidance towards novel engineering solutions.

The present study aims to investigate the physical mechanisms of fish propulsion and
locomotion both experimentally and numerically, and the main motivation is to understand fish
hydrodynamics as well as to contribute to the transfer of this knowledge into greener and more
efficient bio-inspired underwater vehicles, which could lead to positive consequences for the
environment and the society.

1.2  Literature study: State-of-the-art

In the present work, the focus is on the understanding of fish hydrodynamics and to provide
guidance for the improvement of bio-inspired propulsion. Many documented investigations
have been done to observe the fish swimming behaviours, examine the propulsive performance
of flapping foils and develop designs of biomimetic underwater vehicles. A review of most

2



Chapter 1. Introduction

relevant and recent studies on the topic is outlined below, which is not exhaustive but can
provide a clear view on the state-of-the-art on this topic.

1.2.1 Fish swimming behaviour

In the studies of fish swimming, it is essential to understand how movements of the fish body
and/or fins, resulting from muscle contraction, affect the surrounding water in such a way as to
move the fish through it (Bone and Moore, 2008). A comprehensive classification and
description of the fish swimming modes was developed by Breder (1926) and expanded by
Lindsey (1978). As stated in the previous section, the fish swimming modes can be generally
categorized into BCF propulsion and MPF propulsion. According to Sfakiotakis et al. (1999), a
great majority of fish propel themselves by bending the bodies into a backward-moving
propulsive wave that extends to their caudal fin, and these BCF swimmers can produce greater
thrust force and accelerations. The BCF mode is suitable for long-term cruising and has been
the centre of traditional scientific attention among biologists and mathematicians because of
easier experimental investigations and repetitions. The MPF mode, making use of their paired
pectoral fins, dorsal fins, or anal fins for swimming, is generally employed at slow speeds but
can offer sufficient manoeuvrability. It should be noted that MPF swimmers would switch to
the powerful BCF mode at high speeds and burst swimming. Based on whether the propulsion
is undulatory or oscillatory and which body parts are used to generate thrust force, the body
movements of different fish species have been further divided into the types shown in Figure 1-
2 (Sfakiotakis et al., 1999; Li et al., 2022). BCF mode can be classified into anguilliform, sub-
carangiform, carangiform, thunniform and ostraciiform. Following this order, the fish bodies
become more and more rigid, and the body movements are restricted in smaller posterior regions.
The most common MPF mode consists of rajiform, diodontiform, labriform, amiiform,
gymnotiform, balistiform and tetraodontiform. It is indicated by several reviews that BCF
propulsion, especially thunniform and carangiform, is more efficient than MPF propulsion (e.g.,
Triantafyllou et al., 2004; Bandyopadhyay, 2005).

L Anguilliform ubcamngtform Carangtfnrm Thunm/r)rm J OstraciifbrmJ
R il Hiii {2’ = = "F:Q@m“m

WX/\d

Undulato

Osclllatory
pectoral dorsal anal anal and dorsal
Undulatory l Rajiform J {DioduntifnrmJ { Amiiform J [ GymnntiformJ L Balistiform J
fin motions = u— 2
v v

Oscillatory Labriform Tetraodontiform
fin motions e -
°o& ﬁ °qQ ﬁ

(b)
Figure 1-2. Classification of fish swimming modes with (a) BCF and (b) MPF propulsion. Fish shaded areas
contribute to thrust generation (Taken from Sfakiotakis et al., 1999)
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The distinctive swimming capabilities of BCF fish have attracted many scientists and engineers

to study fish-propulsion mechanisms and to design fish-inspired robots. Based on the fish

swimming observations from biological research, the midline motion of a BCF fish body during

steady locomotion is often described by a travelling wave propagating backward with an

increasing amplitude. Videler (1993) analysed the experimental data of several fish species and

reported that the midline movement can be modelled by three odd Fourier terms. Lighthill (1960)
demonstrated fish-like swimming motions using a sinusoidal wave with an increasing amplitude.
Maertens et al. (2017) addressed recoil motions when describing travelling wave kinematics

that resemble those observed in fish according to either carangiform or anguilliform swimming.

However, this traditional fish-movement description method is not universal because the

travelling wave amplitude envelopes can be remarkably different among different BCF fish

species (Donley et al., 2004). As an alternative approach to quantify various kinematics of BCF

swimmers, Cui et al. (2018) decomposed the midline motions of swimming fish into travelling

and standing components through the complex orthogonal decomposition (COD) analysis and

adopted the concept of travelling index, i.e., the relative ratio between the magnitudes of the

travelling and standing components, to characterize the swimming pattern of BCF fish. The

typical biological range of dimensionless wavelength (wavelength A to fish body length L

ratio), dimensionless wave number (product of the wave number k and the fish body length

L) and the travelling index for different BCF categories are documented in Table 1-1.

Table 1-1. Typical swimming parameters and the travelling index of different BCF fish from Cui et al. (2018)

Fish categories A/L kL Travelling index
Anguilliform <1 6.28~20 0.70~0.94
Subcarangiform/carangiform ~1 6.28 0.42~0.88
thunniform 1~2 3.14~6.28 0.28~0.70

Fish swimming involves the transfer of kinetic energy and momentum from the animal's
propulsive movements to the water. Vortex formation and features can contain key components
in this fluid-structure interaction problem. Compared to the classical von Karméan wake behind
a blunt body in steady current, a swimming fish generates a reverse-von Karman vortex street,
as shown in Figure 1-3, which leads to a thrust instead of a drag force (e.g., Triantafyllou and
Triantafyllou, 1995; Sfakiotakis et al., 1999). It is documented by Fish et al. (2014) that for a
dolphin swimming forward at constant speed, the total thrust produced by the action of the
caudal flukes balances the total resistance encountered by its body. Both biologists and
hydrodynamicists have attempted to distinguish drag and thrust of a steady swimming fish in
their locomotion studies (e.g., Gray, 1936; Lighthill, 1975), while Schultz and Webb (2002)
claimed the dilemma that sources of these two forces are not separable in fish’s axial undulatory
self-propulsion. Fish et al. (2014) predicted the thrust force by combing the visualization of the
dolphin vortices and the Kutta—Joukowski theorem, and the results showed that the dolphin is
able to produce high thrust and power without requiring special drag-reducing mechanisms.
However, Barrett et al. (1999) found that the fish swimming motion can be drag-reducing as its
drag estimate is smaller than that of the corresponding rigid body. On the other hand, some
analytical result such as Lighthill (1971) and experimental studies such as Anderson et al. (2001)
4
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indicated that the friction drag increases with the fish swimming motion, and Fish (1993)
reported that the pressure component of drag force also increases for swimming dolphins, which
suggests a conclusion of drag-increasing. Due to the simultaneous existence of the thrust and
drag force, this propulsion mechanism of fish swimming performance remains an important
subject that deserves further research.

Figure 1-3. The wake of a swimming fish has reverse-von Karman vortex street, associated with thrust generation
(Taken from Triantafyllou and Triantafyllou, 1995)

It is noted by Lighthill (1969) that all the fastest aquatic animals with BCF propulsion adopted
the carangiform swimming mode, i.e., most of their undulatory motions are restricted in the rear
half of their body region. To explore the reason, he proposed the elongated body theory and
claimed that the thrust is produced only at the tail. Therefore, carangiform swimmers can have
more efficient propulsive performance than anguilliform swimmers that undulate the whole
body. Borazjani, I., & Sotiropoulos, F. (2010) carried out numerical simulations to examine a
more complex scenario. They employed four different self-propelled virtual swimmers to
separate the effects of body form and kinematics (only global flexible motion was considered)
on the hydrodynamics of fish swimming. Their results showed that anguilliform kinematics
reaches higher velocities and efficiency in the viscous and transitional flow regimes, while the
carangiform kinematics performs better in the inertial regime. Scientific studies have found that
marine animals use vorticity control to enhance swimming performance in manoeuvring and
propulsion. For instance, Triantafyllou et al. (2002) provided some of the basic mechanisms
employed for controlling vorticity by means of experiments on fish-like robots and on rigid and
flexible fins. Fish swimming applies many mechanisms, such as flow-separation elimination,
turbulence reduction and energy extraction from oncoming flow, to minimize the energy needed
for locomotion (Techet et al., 2003). However, some crucial aspects of fish hydrodynamics have
not been investigated, like the influence of local and global flexible fish motion on the
swimming efficiency and speed in different flow regimes as well as how to identify the fish
features leading to high propulsive performance. Moreover, it should be noted that a wealth of
fish swimming data has been provided from biological experiments performed in swim tunnels.
Several previous studies have shown that longer and larger swim tunnels can improve fish
swimming capability (e.g., Tudorache et al., 2010; Remen et al., 2016). Though it has been well
established that the tunnel wall can lead to a boundary-layer effect, it is not trivial the qualitative
and quantitative influence on the recoil of a swimming fish with respect to open-water
conditions. Therefore, the wall effect of the tunnel on fish swimming behaviours can be an
important research topic for more accurate fish hydrodynamic investigations.
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In addition, some distinctive features of fishes can also make their performances superior to the
manmade marine vessels. Fish and mammals use flippers, body movement, fins, and tails as
steering devices. As reported by Triantafyllou et al. (2020), retractable fins are employed by
some fish to accommodate both the need for stability of locomotion and the ability to perform
tight manoeuvres. The rounded protuberances or tubercles of the humpback whale flipper on
the leading edge can reduce the drag and provide lift with less risk of stall at high angles of
attack (Miklosovic et al., 2004), which is a kind of passive control of the flow. Meanwhile, the
experimental and numerical studies, reported in Fish and Lauder (2006), indicated that
swimming fish can use active control through changing fin curvature, displacement, and area.
However, demonstrating active flow control is particularly difficult as fins are highly flexible
structures and easily deformed by imposed hydrodynamic loads. Triantafyllou et al. (2004)
reviewed experimental studies on biomimetic foils and concluded that many functions and
details of fish fins remain unexplored. Physical mechanisms of vortical structures formation and
force production in unsteadily underwater biomimetic foils need to be further studied. From the
previous work, theoretical and numerical studies on fins should be defined carefully as inviscid
theory fails when the thrust force is small.

Many species of fish in nature spend their whole life in groups. An emergence of a qualitatively
different behavioural pattern from that of the constituent individuals can be caused by the
aggregation of fish into a highly integrated supergroup (Pavlov and Kasumyan, 2000). This
biological significance of fish schooling behaviour is thus essential to investigate swimming
patterns and understand the causal mechanisms. There have been various explanations for the
formation of fish schools, and the main reasons can be predator evasion, energy savings or
hydrodynamic advantages, migration, foraging, etc. (Parrish and Edelstein-Keshet, 1999). By
comparing the tail-beat frequency and oxygen consumption of fish swimming alone and in
groups, it is believed by many researchers that one of the most significant benefits of the moving
school is a reduction of energy expenditures in swimming compared to that of solitary fish (e.g.,
Johansen et al., 2010; Shaw, 1978). To reveal the mechanisms of hydrodynamic
interrelationships in fish schools, numerous studies have been carried out. Breder (1967) found
that fish swimming in a school could maintain the cruising speed 3-5 times longer than solitary
individuals under the same conditions. Weihs (1973) proposed a pioneer ‘diamond’
configuration theory of schooling indicating that fish can save energy by taking advantage of
adjacent propulsive wakes. Though this analytical model was compelling, there was few
evidence from nature supporting such a strict swimming regulation of relative spatial positions
(e.g., Partridge and Pitcher, 1979; Katz et al., 2011), which might be caused by potential trade-
offs during fish schooling (Abrahams and Colgan, 1987). Marras et al. (2015) carried out
experiments on grey mullet Liza aurata and demonstrated that every individual in a fish school
could reduce swimming cost compared to solitary swimming at the same speed. Dong and Lu
(2007) numerically simulated multiple swimming fish in a side-by-side arrangement and their
results indicated that the lateral interference is of benefit to save the swimming power in the in-
phase case and enhance the forces in the anti-phase case. Besides the hydrodynamic advantages,
there can be many behavioral effects in a fish school. For instance, the imitation ability is
important for schooling fish as it can help the school retain its unity during rapid and
complicated maneuvers when fish are frightened (Verheijen, 1956). It was found that a visual
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perception of the partner was able to stimulate "school phenomenon" and increase the fish
swimming capability (e.g., Pavlov and Kasumyan, 2000; Sil'va and Saburenkov, 1979). These
swimming fish studies prove that schooling can provide not only hydrodynamic advantages but
can also have a behavioral impact on the fish. In this context, the relative importance of
hydrodynamic and behavioural influence of schooling on the swimming fish is still an open
research question.

1.2.2 Flapping foils

During fish swimming activities, it is very common for fish to take advantage of the flapping
motion of their body and of caudal/pectoral fins to generate propulsive forces. These aquatic
animals can often achieve highly effective fluid dynamic performance through the oscillating
motion of their foil-like body and/or fins. Inspired by the excellent fish propulsive behaviour,
many scientists have been dedicated to getting an insight into these physical phenomena and
identifying some crucial principles that can be applied into marine transportation, and herein,
numerous experimental and numerical studies have been carried out. Though the kinematics
and dynamics of swimming fish are complex, some key features can be grasped from a
simplified model of flapping foils. For example, the flapping consisting of a combination of
heaving and pitching motions can mimic the tail oscillations of thunniform swimmers
(Schouveiler et al., 2005), while the carangiform swimming gait bears some similarity to the
oscillating motion of a flexible fin pitching about an axle near its leading edge (Riggs et al.,
2010). After flapping foils were reported to be able to generate a thrust force and be an
alternative to conventional propellers (Birnbaum, 1924), a great number of studies has been
dedicated to investigating the propulsive performance of flapping foils, and a variety of novel
marine devices with the utilization of flapping foils have been proposed, such as oscillating
wavefoils fixed on a ship that can provide propulsion force and reduce ship resistance and
motion (e.g., Shen et al., 2022; Beckmann and Steen, 2016), ocean energy harvesting devices
using flapping foils to extract energy from wind, wave and current (e.g., Bowker et al., 2016;
Chen et al., 2017; Xiao and Zhu, 2014) and wave gliders that make use of tandem hydrofoils
for thrust generation (e.g., Wang et al., 2019). Till today, the hydrodynamics of flapping foils is
still a very popular topic in the field of fluid mechanics.

To study the propulsive performance of flapping foils, as well as of swimming fish, several non-
dimensional parameters have been often employed in previous research. Two of the most
important ones are the Reynolds number, Re (defined as the product of the characteristic free-
stream velocity and characteristic foil/fish body length divided by the kinematic viscosity of
fluid), governing the flow regime (laminar or turbulent) along the fish or foil, and the Strouhal
number, St (defined as the product of the flapping frequency and characteristic wake width
divided by the propulsion speed), governing the hydrodynamic features of flapping foil or fish
generated wakes and so the flow-induced forces. Experimental and numerical studies have
found the optimal propulsive performance incurred by a flapping foil is within a narrow interval
0.2 < St < 0.4 (Anderson et al., 1998), which is consistent with the range adopted by many
aquatic animals regardless of the sizes and species (Eloy, 2012). It confirms that these native
swimmers have been evolved to cruise at an optimal strategy to minimize the energy cost during
natural selection.
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Flapping foils can lead to the formation of various vortex formation and organization (e.g.,
Andersen et al., 2017; Schnipper et al., 2009), and observation into the vortex processes is vital
for understanding how an oscillating foil generates propulsive forces. With the change of
flapping frequencies and amplitudes, different wake scenarios can occur behind flapping foils,
for instance, some typical wake types that are often observed in experiments include von
Karman (vK) vortex street in which the vortices engendered at each side of the foil stay on the
same side of the symmetry line of the wake in their downstream evolution, aligned wake where
vortices of alternating signs align on the symmetry line of the wake, reverse von Karman
(reverse-vK) wake where the vortices shed on one side of the flapping foil organize themselves
in the wake on the other side of the wake symmetry line, and asymmetry wake where the vortex
street propagates obliquely to one side of the wake symmetry line (Koochesfahani, 1989), as
shown in Figure 1-4. Apart from these, many other complicated wake scenarios can also occur
with two vortex pairs (2P) or more, say n (nP), shed per oscillation period, combined
with/without shedding of single vortices of opposite signs.
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Figure 1-4. Schematic view of some typical types of wake structures

There has been extensive work on flow visualizations pertaining to foils since last century. The
observed wake structures were firstly used for theoretical explanation of the force production
by von Kéarmén and Burgers (1943), and then confirmed through wake visualization
experiments carried out by Bratt (1950). In the experimental study of Godoy-Diana et al. (2008),
the vK-type wakes and the reverse-vK wakes behind a pitching hydrofoil were measured using
particle image velocimetry (PIV) techniques, and they reported that a quasi-two-dimensional
(quasi-2D) picture of the wake often contains key dynamical elements that are crucial for every
flapping foil system, which is closely related to practical engineering problems. The vK /
reverse-vK wake transition is considered to occur when the vortices align along the symmetry
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line of the wake. The reversed-vK wake plays a significant role in biological locomotion
(Triantafyllou et al., 2000). Besides, other complex wakes such as 2P can also be important for
swimming of aquatic animals (Muller et al., 2008). Schnipper et al. (2009) used a gravity-driven
vertically flowing soap film to visualize a variety of wakes behind a pitching foil with up to 16
vortices per oscillation period, including vK vortex street, inverted-vK vortex street, 2P wake,
2P+2S wake and novel wakes ranging from 4P to 8P. The wake types are mapped out in a phase
diagram spanned by the foil-thickness based Strouhal number and the dimensionless flapping
amplitude, as shown in Figure 1-5. This Strouhal number is associated to the body geometry
rather than the unknown wake width depending on the established regime, and the product of
the two axes represents the flapping amplitude based Strouhal number St, = St - 4p, i.e., the
solid lines in the diagram are lines with constant St, values. This allows us to investigate the
significant wake transition from vK to the reverse-vK by increasing flapping frequency and/or
amplitude. Andersen et al. (2017) performed a combined numerical and experimental study of
a symmetric foil undergoing pure heaving and pure pitching, and they found that these two
modes of the flapping motion are qualitatively similar for their wake maps. Besides, their results
about the vK and reversed-vK wake transition as well as drag-thrust transition were in
agreements with Godoy-Diana et al. (2008). However, it should be noted that their examined
flapping foils were in similar semi-circle shapes (Godoy-Diana et al., 2008; Schnipper et al.,
2009; Andersen et al., 2017), and how the foil shape influences the wake scenarios of flapping
foils is worth to be considered and investigated.
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Figure 1-5. Phase diagram of vortex synchronization regions spanned by the foil thickness based Strouhal number
and the dimensionless flapping amplitude (Taken from Schnipper et al., 2009). The color shows the type of wake
observed. In the legend, ‘vK’ is for von Karman vortex street and ‘ivK’ is for inverted von Karman vortex street.
‘S’ represents a single vortex and ‘P’ represents a pair of vortices of opposite signs shed per oscillation period.
Along each solid line the flapping amplitude based Strouhal number is constant with the values 0.11 (blue) and
0.18 (black)
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The prediction of the hydrodynamic forces acting on the flapping foil is one the classical
problems to understand the propulsion mechanisms. Extensive studies have been conducted
both theoretically and experimentally focusing on the measurement of force, moment and
propulsion generated by flapping foils (e.g., Katzmayr, 1922; Garrick, 1936). The development
of experimental techniques and analytical methods has made it feasible to directly measure or
calculate the forces (Mackowski and Williamson, 2015). The forces experienced by the flapping
foil depend on the vortex formation and on the consequent features of the fluid-structure
interactions, and identifying these links is essential in order to understand the propulsion
mechanisms. Many researchers have performed systematic work with respect to the force
generation and wake structures of a flapping foil. From the comparison of wake-scenarios phase
diagram and measured forces, it is found that the wake transition from vK to reverse-vK vortex
street is not exactly consistent with the force transition from drag to thrust (e.g., Godoy-Diana
et al., 2008; Schnipper et al., 2009). In the classical inviscid theory, a flapping foil is expected
to experience a thrust force when it produces the reverse vK wake, and the boundary between
the vK / reverse-vK wake scenarios is also treated as the force transition boundary from drag to
thrust. However, in a real fluid, the drag-thrust transition of a flapping foil always takes place
in the reverse-vK wake regime and tends to the boundary between the vK/reverse-vK wake
scenarios as the Reynolds number increases (e.g., Xu et al., 2021).

Numerous recent studies have provided a wealth of data in terms of flapping motions and wake
flow fields at different Reynolds numbers. Experimental data for flapping hydrofoils suggest
that fish prefer to swim near a ‘universal’ optimal Strouhal number St, because the propulsive
efficiency (defined as the ratio of useful power over input power) is maximized (Triantafyllou
et al., 2000). However, it is shown for carangiform swimming that the optimal Strouhal number
depends strongly on the Reynolds number (Borazjani and Sotiropoulos, 2008). In the work of
Chao et al. (2019), the drag-thrust transition of a rigid pitching foil with various chord lengths
was studied to find the link between the critical Strouhal number at drag-thrust transition and
the Reynolds number. It should be noted that the foil shape in their simulations was changed
together with Reynolds number and this effect on the force transition was not well discussed.
To understand the hydrodynamics of flapping foils under different conditions, Smits’ research
group has carried out many studies with the focus on the scaling law between various
kinematic/environmental parameters and hydrodynamic loads acting on a flapping foil (e.g.,
Dewey etal., 2012; Van Buren et al., 2019; Floryan et al., 2017). Employing the scaling relations
as a guide can help to improve the propulsive performance of flapping foils. However, the
scaling laws in previous studies were often acquired for one specific foil and were not
demonstrated by other foils with different profiles. Therefore, it is still an open research question
on proposing a universal scaling law of the thrust-producing strategies that takes the foil shape
into account.

In addition to the extensive research and applications by simplifying swimming fish body and
fins to rigid foils, the flexible flapping foil studies have also attracted attention to account for
the effect of active or passive deformation on the propulsive performance, thus decreasing the
discrepancy between the physical findings of rigid foils and real fish. Though both rigid and
flexible foils can generate propulsive force by means of flapping motions in water current, it
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should be noted that their hydrodynamic behaviours can be quite different, for instance, flexible
foils can have larger effective flapping amplitude (Marais et al., 2012) and more complex tail
vorticity (Shin et al., 2009). To gain a deep insight into the thrust generation and propulsion
efficiency of flexible flapping foils, there have been numerous experimental and numerical
studies on such flexible models with pitching motions (e.g., Dewey et al., 2013; Moored et al.,
2012), heaving motions (e.g., Quinn et al., 2014; Alben et al., 2012), or a combination of both
motions (e.g., Richards and Oshkai, 2015; Liu et al., 2013; Esposito et al., 2012). Katz and
Weihs (1978) calculated the hydrodynamic forces of a flexible oscillating foil in an inviscid
flow and pointed out that the flexible foil had 20% higher propulsive efficiency than the rigid
foil. Dewey et al. (2013) experimentally measured thrust and power acting on flexible pitching
foils and found that their thrust production was amplified by 1-2 times while the propulsive
efficiency was doubled. However, the detailed understanding of the flexibility effect on the
propulsive mechanism of flapping foils remains unclear.

Besides the fluid-structure interaction due to elastic body, a predetermined deformation of the
flapping foil has a large potential to provide better control of flow separation and vortex
shedding along the flapping body, which leads to greater thrust force and propulsion efficiency.
A simplification of biomimetic fish-like motion can be modelled as a combination of flapping
motion and morphing motion, and this strategy, combining the advantages of both motions,
might be developed into greener and more efficient bio-inspired marine transportation design.
Many studies have been carried out for the design and analysis of various morphing concepts
with applications to two and three-dimensional foil models. Miao and Ho (2006) investigated
the viscous flow over a deformable plunging foil with different flexure amplitudes and found
that an enhancement in the propulsive efficiency was observed when the flapping foil has a
flexure amplitude of 0.3 of the chord length. Neogi et al. (2022) numerically predicted the wake
features and forces of a combined morphing and heaving foil and showed that the thrust
generation is closely related to the morphing sections of the body and morphing amplitude.
Apart from deformable foils mimicking the fish-like swimming motion, there have been other
biomimetic propulsion strategy research involving the change of body volume, which is similar
to the shape change of cephalopod, such as squids and octopus, in an escape propulsive
behaviour. For example, Weymouth and Triantafyllou (2013) studied the hydrodynamic
mechanisms behind the fast start through the shrinking model of a deflating prolate spheroid
and pointed out that a flexible collapsing body can have superior propulsion than a rigid-shell
jet-propelled body. It was reported by Li et al. (2018) that considerable progress on morphing
foils has been made, but the adoption of morphing concepts for routine use on propulsive
systems is still scarce. Therefore, based on the understanding of propulsive mechanism behind
rigid/flexible oscillating foils, further studies on creating novel morphing foil strategies,
combining the advantages of different flapping foils, are crucial to improve the propulsion
efficiency and robustness of bio-inspired vehicles and robots.

1.2.3 Underwater bio-inspired vehicles and robots

The ocean covers approximately 70.8% of the earth’s surface and has large potential value
with respect to the vast amount of water, mineral and aquacultural resources. How to explore
and exploit the ocean with safety and efficiency is an essential research topic in the modern
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society. For this reason, an increasing attention has been paid to the development of various
species and multi-functional marine vehicles working at different environments, from shallow
to full ocean depth, with different capabilities like oceanographic observation, underwater mine
detection, surveillance, pipeline inspection, gas drilling, water quality monitoring, samplings,
rescues, etc (e.g., Cui et al., 2017; Li et al., 2021; Fattah et al., 2016). As aquatic animals have
many superior performances compared to conventional marine vessels, such as high propulsion
efficiency, outstanding manoeuvrability, low noise and minor disturbance to the flow field, the
learning of fish swimming hydrodynamics and the design of biomimetic devices are of great
importance for the scientific and engineering research of new-generation underwater bio-
inspired vehicles and robots.

In the last decades, researchers have made large progress in understanding fish swimming
behaviour and physiology, hydrodynamic physics of rigid and flexible flapping foils (as a
simplified model of swimming fish). Meanwhile, tremendous advances in smart materials and
actuators and compliant mechanisms have laid the foundation for the soft bionic shape of
robotic fish and breathed new life into the bio-inspired underwater vehicle design (e.g., De
Greef et al., 2009; Li et al., 2022). Artificial intelligence algorithms, closed-loop control based
on onboard sensors, the extraction and analysis of big data have also greatly enhanced the
biomimetic device performance, optimization, precise control and information perception
capabilities (e.g., Fan et al., 2020; Yu et al., 2018; Xie et al., 2021).

With different purposes of underwater missions, it is necessary to design bio-inspired
submersibles with the most appropriate swimming form depending on their application. Similar
as the classifications of the fish swimming modes, the fish-inspired vehicles can also be divided
into BCF and MPF robots with a series of subcategories (Sun et al., 2022). Figure 1-6 shows
several representative fish-inspired robots based on different swimming modes with the
description and comparisons of their characteristics. It is obvious that each type of bio-inspired
vehicles has its unique features, and the biomechanical efficiency of swimming exhibits large
differences for hydrodynamic propulsion, in accordance with their body shape and skeletal
structures. Therefore, the corresponding designs of fish-inspired robots should carefully take
locomotion modalities and hydrodynamic scenarios into account, and then make trade-offs in
these different properties to realize specific targets.

In the practical bio-inspired vehicle design mimicking MPF propulsion, the rajiform class has
a variety of robots due to the advantage in stability, manoeuvrability, and efficiency (e.g., Low
et al., 2011; Chen et al., 2012), while much less robots belonging to other MPF modes have
been made. Although the MPF-based robots often have high manoeuvring capability, there can
be a limit in their locomotion speeds. Therefore, it should be noted that the BCF-inspired
vehicles are presently still the dominant research interest for high-speed underwater vehicle
designs. The robots in anguilliform mode are expected to be highly flexible and perform
undulations along the full body, and hyper-redundant design, comprising multiple serially
connected links, is usually employed to obtain relatively high manoeuvrability and allow for
multiple degrees of freedom (DOF) of robots. Some snake/eel-like robots, such as Eelume
(Liljeback and Mills, 2017), Envirobot (Bayat et al., 2016), LAMPETRA (Stefanini et al., 2012),
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Salamandra robotica (Crespi and Ijspeert, 2009), belong to this category. However, the pseudo-
rigid nature of the links in anguilliform robots may lead to lower manoeuvrability and larger
friction force than the mimicked fish. In contrast to the anguilliform type, the subcarangiform
and carangiform swimmers are highly similar and their undulatory movements are confined to
the aft half or the aft one third part of the body length, respectively, while the rest part of the
body remains almost rigid. These two propulsion modes can achieve higher swimming speed
than that of the anguilliform but lower manoeuvrability. When mimicking fish of these
categories, a multi-joint mechanism is often utilized in the fish-inspired applications. For
instance, the G9 fish is a well-known robot using three-link actuation system (Hu et al., 2006).
The iSplash-II, employing carangiform swimming, can reach high advancing speed, up to 11.6
body length per second (Clapham and Hu, 2015). A Four-Link Robotic Fish with multiple
artificial control surfaces and an embedded vision system is found to have a slightly enhanced
cruising speed and a fairly improved turning capability than that of a swimming robot propelled
by a single control surface (Yu et al., 2014). To mimic the extremely efficient swimming
performance of thunniform fish, the robots in this category are usually very streamlined with a
very limited body undulation mainly to the tail area. An early effort toward a corresponding
bio-inspired vehicle is the RoboTuna created by Massachusetts Institute of Technology
(Triantafyllou and Triantafyllou, 1995), which is also the most famous complete robotic fish
system. Thereafter, several other biomimetic robots have been developed. Wen et al. (2012)
created a robot mimicking a mackerel named robotic Mackerel. Anderson and Chhabra (2002)
utilized experimentally optimized body and tail kinematics from the RoboTuna and developed
the Draper Laboratory Vorticity Control Unmanned Undersea Vehicle (VCUUV). Algarin-Pinto
et al. (2021) adopted a 3 DOF parallel mechanism with 3UCU-1S (3 universal-cylindrical-
universal and 1 spherical joint) as the actuation system of the biomimetic autonomous
underwater vehicles (BAUVs) to realize the thunniform locomotion.

Biomimetic marine vehicles have been making rapid progress with the increasing knowledge
of biology, hydrodynamics and the development of smart materials and artificial intelligence
algorithms. However, most bio-inspired attempts at present are still relatively crude imitations,
rarely supported by quantitative and complete hydrodynamic theories, and have difficulties to
be optimized (Sun et al., 2022). Fish skills as extraordinary cruising and manoeuvring
swimmers can be seldom well employed in current engineered vehicles (Triantafyllou et al.,
2016; Fish, 2020). The majority of the existing fish robots are realized as rigid bodies with joint
actuations at the tail, with poor locomotion efficiency compared to the biological ones. This
emphasises the need for a more fundamental scientific investigation. In addition, flexible body
and morphing skins equipped with distributed sensors and actuators can enable engineered
vehicles to reduce drag, sense the surrounding environment for energy extraction, and achieve
super manoeuvrability. It is expected that the bio-inspired marine vehicles in the future should
consider approaches of realizing more flexible deformation and introduce artificially intelligent
devices to obtain better hydrodynamic performance.
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Figure 1-6. Representative fish-inspired robots using different swimming modes (Taken from Sun et al., 2022)
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Chapter 1. Introduction

1.3 Present work

1.3.1 Objectives

The state-of-the-art has highlighted many open research questions concerning fish and foils.
Those primarily explored in the present thesis are the following:
e Whatis the relative importance of hydrodynamic and behavioural influence of schooling
on the swimming fish?
e How do swim tunnels for biological use affect fish swimming behaviours and propulsion
performance?
e Is it possible to identify a universal scaling law between the critical Strouhal number at
drag-thrust transition and Reynolds number, which is valid for any foil geometry?
e Can bio-inspired morphing strategies help overcome possible limits in propulsion
efficiency and robustness of rigid foils?

In a more general framework, this thesis aims to contribute to the comprehension of fish-like
propulsive hydrodynamics. For this analysis, an interdisciplinary approach is used by combing
advanced techniques and methods of marine biology and hydrodynamics. Understanding the
mechanisms behind high performances of swimming fish as cruising vessels can create new
knowledge and will open to innovative solutions for greener and efficient marine transportation,
with positive consequences for the environment and the society.

Therefore, the main objective of this study is to perform a systematic research strategy,
investigate the fish hydrodynamics using both experimental and numerical methods, and to
explore bio-inspired propulsive mechanisms to be transferred in efficient solutions for novel
concepts of underwater bio-vehicles. Under the scope of the research, the thesis has two main
goals:

- To improve the understanding of the real-fish swimming behaviours under different
scenarios by means of experimental observations, and to better identify various
important parameters influencing the fish swimming performance, such as
hydrodynamic and behavioural advantages in a fish school, fish body geometry, swim
tunnel setup, etc.

- To gain deep insights into the propulsive mechanics of fish-like oscillating (flapping or
swimming) foils through systematic numerical simulations. Effective and accurate CFD
solvers have been developed and validated to study relevant scenarios. The results are
analysed with focus on hydrodynamic loads, wake features and locomotion of the foils
and to discuss the dependence of propulsive performance on oscillating kinematics, foil
shape and boundary wall conditions. In this regard, the present numerical investigations
can provide recommendations for bio-vehicle designs and further experimental setups
studying fish hydrodynamics.
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1.3.2 Main contributions

This work has been carried out at the Centre for Autonomous Marine Operations and Systems
(NTNU AMOS) and supported by the Research Council of Norway through the Centre of
Excellence funding scheme, Project number 223254-AMOS. The simulations were performed
under the Project NN9592K: "Unsteady simulations of water-body interaction problems" on
resources provided by UNINETT Sigma?2 - the National Infrastructure for High Performance
Computing and Data Storage in Norway.

The main contributions of the present work consist of experimental and numerical analyses, and
the most important aspects and findings from them are summarized below.

Experimental work

Experimental investigations were carried out on two fish species using different swimming
modes, i.e., one is a labriform swimmer belonging to MPF category, and the other one is a sub-
carangiform swimmer belonging to BCF category. The tests were designed and executed
following the guidelines of animal care and under the ethics permit. The swimming behaviours
of the examined fish were investigated under different conditions. The findings helped to
identify important parameters influencing the fish propulsive performance.

e The swimming performance of the shiner perch (Cymatogaster aggregate, a labriform
swimmer) was investigated in three scenarios: a solitary fish (Single), a schooling pair
of fish (Pair), and a false pair where a single fish swims alongside a video of a
conspecific fish (False pair). The swimming behaviours and metabolisms were analysed
and discussed among different treatments. The comparisons suggested that schooling
confers both hydrodynamic and behavioural advantages over swimming alone for a
gregarious fish, but that the relative contribution of the two influences depends on the
speed of swimming.

e Observation experiments were carried out on Atlantic salmon (Salmo salar, a sub-
carangiform swimmer). The swimming performance of the fish was investigated at
different current velocities. It was found from the tests that the critical swimming speed
of the examined hatchery-reared fish was smaller than previous research data.

e The influence of fish body size and swim tunnel boundary walls on the salmon
behaviours in the flume was discussed to identify important factors affecting the fish
swimming capability. The experimental results indicated that a blunt body shape might
lead to larger hydrodynamic loads on a swimming fish. Moreover, the analysis
suggested that the real-fish experimental setup should be improved to be suitably large
to reveal realistic swimming patterns in nature and to perform more accurate

hydrodynamic studies.

Numerical work

A series of hydrodynamic scenarios, inspired by the real-fish experiments and by some relevant
16
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open research questions identified through the state-of-the-art, has been examined by
performing CFD simulations within the OpenFOAM open-source platform and assuming two-
dimensional flow conditions. The numerical predictions serve to complement experimental
studies with the aim of better understanding the physical mechanisms behind the fish propulsive
performance. Various fish-like foils have been studied in the present work, involving rigid
flapping foils, flexible undulatory foils and morphing foils in prescribed-motion scenarios;
moreover, self-propelled conditions have also been examined. Herein, flexible and morphing
refer to the foil deformation without and with a change of body volume, respectively. The
following contributions in this framework are highlighted as follows:

A numerical method capable of simulating self-propelled rigid and/or flexible bodies
with periodic lateral motions has been proposed. The implemented self-propulsion
strategy in OpenFOAM is verified to be numerically accurate and efficient by
reproducing an oscillating elliptic foil case.

Three rigid flapping foils with different fish-like profiles have been studied through
systematic numerical simulations. The hydrodynamic loads and wake features have
been evaluated and compared to understand the influence of body shape on the
propulsive performance. It has been found that the forepart of the flapping foil
dominates the friction force component, while the trailing edge shape decides the
pressure force.

The numerically predicted phase diagram of wake scenarios with respect to foil-
thickness based Strouhal number and dimensionless flapping amplitude of the rigid foil
has shown good consistency with previous experimental data, and it is demonstrated
that drag-thrust force transition occurred after the transition from the well-known von
Karman (vK) wake to the reversed-vK vortex street.

The critical flapping-amplitude based Strouhal number of the rigid foil at drag-thrust
force transition is found to be a decreasing function of the Reynolds number, and the
foil body shape makes a difference on the occurrence of drag-thrust transition, i.c., a
thinner streamlined foil with a sharp trailing edge tends to have force transition at lower
critical Strouhal number at all Reynolds numbers.

Based on the numerical investigations of the examined rigid flapping foils, a morphing
foil strategy has been proposed to combine the advantages of two rigid foils associated,
respectively, with the largest mean thrust and with the lowest mean input power
requirement.

The swimming performance of fish-like foils with carangiform swimming mode has
been numerically studied to understand the hydrodynamic mechanisms of their
propulsive performance. The forced swimming foil with prescribed undulatory
deformations and restrained rigid motions has been examined and agreed well with
reference data. A series of simulations has been performed to discuss the influence of
body shape and Reynolds number on the propulsive performance. The results indicate
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that a fish with a blunter body experiences larger drag and has more limited capability
to generate thrust compared to a slimmer fish.

e The swimming performance of a self-propelled fish-like foil free to move in the
streamwise direction has been investigated using the developed self-propulsion strategy
method. The predicted swimming speed is consistent with the velocity in the drag-thrust
force transition case obtained from the forced swimming foils, confirming the employed
method is correct and accurate for studying fish swimming motion.

e The locomotion of the self-propelled swimming fish-like foil has been investigated
systematically in swim tunnels with different widths. The numerical results showed that
the forward swimming speed of the fish significantly decreased in narrower tunnels due
to side-wall effect. The force and power computation indicated that fish may swim less

efficiently in experimental tanks than in the wild.

The physical and numerical findings from this multi-disciplinary research can help to gain better
understanding of fish swimming behaviours and propulsive performance in different scenarios.
The knowledge obtained can be transferred to create novel bio-inspired vehicles and robots,
improve their propulsion efficiency, as well as provide guidelines for aquaculture industry in
offshore fish farms.

1.3.3 Outline of the thesis

The thesis comprises of seven chapters and is organized in the following way:

Chapter 1 introduces the background and motivation of the present thesis, gives an overview
of some relevant previous studies, summarizes the main contributions and physical findings,
and outlines the thesis structure.

Chapter 2 presents the experimental investigation on a labriform swimmer. The experimental
setup, protocol and analysis methods are introduced in detail. The swimming behaviours and
metabolisms are assessed and compared between the solitary fish and schooling fish at different
swimming speeds. The analysis on the performance of individual fish with the accompany of a
visual fake friend is employed to distinguish the behavioural effect from the hydrodynamic
advantages during the fish schooling.

Chapter 3 documents the observation experiments on a typical sub-carangiform swimmer,
Atlantic salmon. The kinematic results of the examined fish are analysed and compared with
the previous research on the conspecific fish. Parameters such as fish size, body shape and the
swim tunnel size are discussed to understand and explain the swimming behaviours of hatchery-
reared salmon in the flume.

Chapter 4 describes the theoretical and numerical methods adopted to study propulsive
performance of fish-like foils. A brief introduction and numerical setup in OpenFOAM are
provided. Techniques used to handle moving body motion, the deforming-mesh method and the
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overset grid method, are discussed. The numerical implementation of the self-propulsion
strategy for simulating a self-propelled body is explained in detail. Verification study of the
developed solver is carried out through free heaving elliptic foils. Numerical sensitivity analysis
is also performed to examine the influence of using different mesh generation methods, spatial
and temporal discretization methods.

Chapter 5 presents the numerical results of various flapping foils in a uniform current.
Validation studies are provided for the semi-circle foil under different pitching conditions.
Important parameters in overset grid method are examined. The results of different hydrofoils
are compared and discussed in terms of hydrodynamic loads and wake characteristics. A scaling
law identifying the relationship between critical Strouhal number at drag-thrust force transition
and Reynolds number is explored. A morphing strategy is proposed to combine the advantages
of the rigid foils with different shapes, that is, to maximize the mean thrust and efficiency while
minimizing the required mean input power during the pitching motion.

Chapter 6 presents a numerical investigation on fish-like swimming foils in water. Both forced
undulating foil and neutrally buoyant self-propelled swimming foil are systematically examined.
The results of hydrodynamic loads and flow characteristics under different kinematic and water
conditions are discussed. The influence of body shape is investigated by comparison between
two fish with different profiles. For the self-propelled swimming fish, the side wall effects on
the fish locomotion and wake features are also discussed to help interpret the physical
experimental data.

Chapter 7 provides general conclusions of the present study and gives recommendations for
further work.

1.3.4 List of publications

The following papers submitted and published are considered as part of this thesis:

e Xu, H. L., Greco, M., & Lugni, C. (2022, October). Numerical Study Relevant for
Proper Design of Experiments on Swimming-fish Hydrodynamics. In: The [4th
International Conference on Hydrodynamics (ICHD 2022), Wuxi, China.

e Xu, H. L., Greco, M., & Lugni, C. (2022, April). Influence of Rigid/Deformable Foil
Shape on the Hydrodynamic Loads and Performance. The 37th International Workshop
on Water Waves and Floating Bodies (IWWWFB 2022).

e Xu,H.L. Greco, M., & Lugni, C. (2021, June). 2D Numerical Study on Wake Scenarios
for a Flapping Foil. In International Conference on Offshore Mechanics and Arctic
Engineering (Vol. 85185, p. VOO8T08A033). American Society of Mechanical Engineers.

e Siddiqui, M. A., Xu, H. L., Greco, M., & Colicchio, G. (2020, August). Analysis of
Open-Source CFD Tools for Simulating Complex Hydrodynamic Problems. In
International Conference on Offshore Mechanics and Arctic Engineering (Vol. 84409,
p. VOOSTO08A4036). American Society of Mechanical Engineers.
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The following co-authored papers are considered as additional background for the thesis:
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Yu, Z., Amdahl, J., Greco, M., & Xu, H. (2019). Hydro-plastic response of beams and
stiffened panels subjected to extreme water slamming at small impact angles, part II:
Numerical verification and analysis. Marine Structures, 65, 114-133.

Yu, Z., Amdahl, J., Greco, M., & Xu, H. (2019). Hydro-plastic response of beams and
stiffened panels subjected to extreme water slamming at small impact angles, Part I: An
analytical solution. Marine Structures, 65, 53-74.
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Chapter 2

Experiments on a labriform swimmer

Natural selection has ensured that the mechanical systems employed by fish are highly efficient
with respect to the habitat and mode of life for each species. Meanwhile, fish can also enjoy
numerous behavioral and hydrodynamic advantages during schooling. In this chapter, shiner
perches, labriform swimmers using primarily pectoral fins and assisting with the caudal fin at
high speed, are employed for a series of experiments. The experiments are carried out in three
scenarios: a solitary fish, a schooling pair of fish, and a false pair where a single fish swims
alongside a video of a conspecific fish. For each scenario, the swimming performances of the
fish in current with various velocities are recorded and analyzed. The main aim of the
experiments is to examine the differences of behaviors and metabolisms between the solitary
fish and schooling fish. By comparing the performances of a single fish, a real fish pair, and a
fish swimming along with a video of an accompany friend, the hydrodynamic effect could be
separated from the behavioral/visual effect for the fish schooling. Therefore, this study can help
understand the advantages of schooling not only in terms of hydrodynamic influence but also
the behavioral effect.

2.1 Materials and methods

Fish swimming modes can be classified into two generic categories based on their locomotion
features: one is body and caudal fin swimming (BCF), and the other is median and paired fin
swimming (MPF) (see e.g., Breder, 1926; Webb, 1984). By considering the movement of fish
fins, MPF swimming mode can be further divided into two types: drag-based and lift-based
swimming, respectively. For instance, labriform swimming is a typical style of MPF modes
commonly employed by many fish species. It is associated with lift-based pectoral fin
locomotion within a wide range of swimming speeds (Walker and Westneat, 1997). However,
it is important to mention that labriform swimmers would also use caudal fins at high speeds
and to perform burst swimming. This pectoral-caudal fin transition of labriform fish is defined
as gait transition (Drucker and Jensen, 1996), which allows them to employ BCF mode for more
powerful propulsion.

It is believed by many researchers that fish schooling can provide many benefits for fish, such
as saving energy, defending against predators, and increasing foraging success (e.g., Weihs,
1973; Marras et al., 2015). While in a school, labriform swimmers may utilize the vortices
created by leading individuals to enjoy significant energetic benefits (Johansen et al., 2010).

To better understand the hydrodynamic advantages of fish schooling, a number of studies have

been performed investigating interactions between fish, as well as oxygen consumption under
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different conditions. Liao et al. (2003) found that the cost of fish locomotion can be reduced by
using vortices. Weihs (1973) proposed a ‘diamond’ configuration theory of schooling indicating
that fish can save energy by taking advantage of adjacent propulsive wakes. However, it was
pointed out later that some fish do not swim in this pattern (Partridge and Pitcher, 1979), which
may be due to potential trade-offs in fish schooling (Abrahams and Colgan, 1987). In fact, there
have been suggestions that every individual in a fish school could reduce swimming cost
compared to solitary swimming at the same speed (Marras et al., 2015). In the context of
energetic benefits, studies have been conducted comparing total oxygen consumption of fish
swimming in schools with that of individual fish (Ross et al., 1992; Johansen et al., 2010).

It was hypothesized in a lot of research that the company of a fish would help a real swimming
fish increase its maximum speed. Although more and more attention has been paid to the study
on the hydrodynamic effect of real fish schools, the influence of behavioral effects has been less
studied (Parker, 1973; Klyashtorin and Salikzyanov, 1981; Lefrangois et al., 2009; Nadler et al.,
2016). Here, we specifically hypothesize that in addition to the hydrodynamic advantages,
swimming in a school is associated with reduced mental stress compared to a lone individual,
which can help reduce the cost of transport at a given speed as well as increase the maximum
and optimal swimming speed.

The shiner perch (Cymatogaster aggregate), a labriform swimmer commonly found in loose
schools, are employed in the present study to investigate the kinematic and energetic differences
of fish schooling with a visible fake fish and with a real fish. The pectoral fin beat frequency,
gait transition and oxygen consumption of the above two fish school trials are evaluated and
compared with the reference scenario of solitary swimming fish.

The present research was performed in the advanced course "Fish Swimming: Kinematics,
Ecomorphology, Behavior and Environmental Physiology" in University of Washington. The
experiments were carried out in collaboration with researcher Eleanor Gee and Ses Riber, and
under the guidance from Prof. Paolo Domenici, Prof. John F. Steffensen and Prof. Jacob
Johansen in the scientific community of biology. There have been challenges to perform a multi-
disciplinary study due to different scientific languages and research perspectives, but this
experience can greatly benefit the hydrodynamic investigation of fish swimming performances.
In the following sections, many biological concepts have been used; therefore, their descriptions
are documented in Table 2-1 together with relevant references for a better understanding.

2.1.1 Experimental fish and husbandry

36 shiner surfperch (Cymatogaster aggregate) with the body mass= 20.4 + 2.7g, standard
length= 9.7 + 0.5cm, height= 3.1 + 0.3cm and width= 1.1 + 0.1cm were collected using a
beach seine at Jackson Beach (48°31'N; 123°01'W), San Juan Island, Washington, USA, in
July and August 2019. Post captures the fish were transferred to the Friday Harbor Laboratories
of the University of Washington, where they were held in 90cm X 60cm X 15cm  flow-
through tanks, which were continuously supplied by natural seawater at the temperature of
13.0 + 2.0°C and with the salinity of 34ppt. No additional food was provided during
husbandry except for the plankton brought in by the seawater. As the postabsorptive state of the
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fish could ensure maximal energy for swimming, they were transferred to fasting tanks for at
least 24 hours prior to an experimental trial. It should be noted that all the animal care and
experimental protocols followed the guidelines of the Institutional Animal Care and Use
Committee at the University of Washington (permit number 4238-03).

Table 2-1. List of important biological concepts: descriptions and relevant references

caudal gait

Concept Description Reference
Standard Fish length measured from the tip | www.fishbase.se/glossary/Glossary.php?q=standard
length of its snout to posterior end of the +length
vertebral column
Fork Fish length measured from the tip | www.fishbase.se/glossary/Glossary.php?q=fork+len
length of the snout to the posterior end of gth&language=english&sc=is
the middle caudal rays
Critical Standard measurement to assess Brett, J. R. (1964). The respiratory metabolism and
swimming fish swimming capabilities swimming performance of young sockeye salmon.
speed Journal of the Fisheries Board of Canada, 21(5),
1183-1226.
Pectoral- Swimming speed at the transition Drucker, E. G. (1996). The use of gait transition

from exclusively pectoral fin

speed in comparative studies of fish locomotion.

transition oscillation to combined pectoral American Zoologist, 36(6), 555-566.
speed and caudal fin propulsion
Optimal Swimming speed that minimizes Claireaux, G., Couturier, C., & Groison, A. L.
swimming energy expenditure per unit of (2006). Effect of temperature on maximum
speed travel distance swimming speed and cost of transport in juvenile
European sea bass (Dicentrarchus labrax). Journal
of Experimental Biology, 209(17), 3420-3428.
Metabolic Fish aerobic metabolism usually www.fishbase.se/manual/fishbasethe oxygen table.
rate measured by the rate of oxygen htm
consumption
Standard Minimum metabolic rate required Cech Jr, JJ (1990). Respirometry. Methods for fish
metabolic to sustain life biology, 335-362.
rate
Maximum Maximum rate of aerobic Norin, T., & Clark, T. D. (2016). Measurement and
metabolic metabolism of an animal relevance of maximum metabolic rate in fishes.
rate Journal of Fish Biology, 88(1), 122-151.
Cost of | Energy efficiency of transporting an Tudorache, C., O’Keefe, R. A., & Benfey, T. J.
transport animal from one place to another (2011). Optimal swimming speeds reflect preferred

swimming speeds of brook charr (Salvelinus
fontinalis Mitchill, 1874). Fish physiology and
biochemistry, 37(2), 307-315.
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2.1.2 Experimental setup

Experiments were conducted in a Steffensen-type swimming tunnel of 5.17L volume (see
Methling et al., 2011, for the design schematic of a Steffensen-type swim tunnel). It was situated
horizontally and immersed within a larger water tank. The rectangular working section of the
swim tunnel has the dimension of 28cm X 7.5cm X 7.5cm  (length X width x depth). The
water flow inside was redirected by baffles when passing corners and a honeycomb is added at
the inlet of the working section to help the flow to be laminar. The solid blocking effect was
corrected automatically in AquaResp Swim Software based on the fish length, depth, and width
(Bell and Terhune, 1970). The water was circulated from the respirometer system into a sump-
bucket where it could be oxygen saturated by an air-tone. A separate cooling circulation was
used to maintain the temperature inside the sump-bucket at 13.8°C by pumping water (with a
submersible EHEIM pump) through a cooling coil placed in a cooling tank (6°C) when needed.
Then, the water was pumped up through a UV-filter from the sump-bucket and back into the
respirometer tank, as shown in Figure 2-1. In this way, the recirculating seawater could be
aerated and the temperature inside the swim tunnel was controlled at 14 £ 0.1°C. In addition,
the swimming chamber was cleaned with a bleach solution regularly (every 2 or 3 days) to
remove microbial growth and waste.

Figure 2-1. Water recirculating and cooling system of the fish experiment

Oxygen calibration was carried out by taking the value of air-saturated seawater as 100% and
sodium sulfate as 0%. Measurements of oxygen consumption rate (M0,: mg0,kg=*h7!, i..,
mg oxygen per kilogram fish per hour) were monitored and logged with AquaResp Swim
software for every second during each assessment period which last 10 minutes, including a
240s flush, a 60s calm down phase and a 300s measurement. For each swimming speed of the
fish, 3 measurement periods were performed to obtain the average values as well as avoid
accidental issues.
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A computer monitor with the size of 37cm X 32cm (length X height) and the resolution of
1280 x 1024 was situated parallel to the flow direction and next to the working section, as
shown in Figure 2-2. Two animations, either of a blank working section or an approximately
8cm long cymatogaster aggregate swimming at 1.5 BL/s was shown on the screen depending
on the experimental trial.

Figure 2-3. Camera and light setup above the swim tunnel
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To minimize disturbance during experiments, a big wooden board (73cm X 60cm) was placed
on the opposite side of the monitor and also close to the swim tunnel, thus blocking the view of
the fish and avoiding experimental fish seeing external stimuli. Above the working section of
the swim tunnel, as shown in Figure 2-3, a GoPro HERO 4 and a small LED light was hung
solidly to record the dorsal view of the fish swimming behavior throughout the trials at 60fps
and 1080 resolution. Besides, a web-camera connected to a working computer was also placed
next to the GoPro HERO 4 to inspect the fish condition inside the swim tunnel and help to
record fish behavior in case the GoPro HERO 4 did not work normally.

2.1.3 Flow velocity calibration

After correct installation of the experimental setups, the flow velocity (U.) was calibrated from
0 to 125+ 10 c¢m/s using a digital Hoentszch TAD flow meter. The latter was inserted into
the working section of the swim tunnel at three different vertical levels (top, middle and bottom)
and three different positions (left, centerline and right) at each level, i.e., 9 locations in total, to
measure the flow velocity throughout the working area and allow better understanding of the
flow features inside the tunnel. Starting from a static system (i.e., calm water inside the tunnel),
the motor voltage (V) was increased by small intervals, and the corresponding flow velocities
at 9 positions are measured and recorded. The average flow velocity is estimated to be linearly
associated with the motor voltage and with its rotational speed (RPM), as shown in Figure 2-4.
Therefore, we could derive the mean flow velocity by reading the motor voltage or RPM during
experiments without inserting the flow meter again and disturbing the fish inside the tunnel.

144 1.4
1.24 1.24
1.0 4 1.0
0.8 0.8
U, (m/s) U, (m/s)
0.6 0.6
Equation y=a+bx Equation y=a+bx
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Figure 2-4. Flow calibration results with respect to the motor voltage (left) and rotational speed (right)

2.1.4 Experimental protocol

With the aim of investigating the swimming performance of a solitary fish and examining the
influence of the fish school from both hydrodynamic and behavioral points of view, fish were
randomly assigned to one of the three experimental scenarios, equivalently indicated as
treatments, and referred to as “Single”, “Pair” and “False pair”. As illustrated by Figure 2-5, in
the Single fish scenario, a solitary fish was released to swim in the current alone with the
computer monitor along one side of the tunnel showing an image of the empty flume. The Pair
trials involved two real fish swimming in the working section simultaneously, again with an
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image of the empty flume displayed on the monitor. In the False pair scenario, a single fish
swam in the tunnel with the computer monitor alongside the working section showing a
continuous looped video (GIF) of a fish swimming in the flume at 1.5 BL/s. In this way, the
real fish in current can see a ‘fake’ companion swimming steadily with it during the trial.

Figure 2-5. The arrangement of fish in working section (left) and the video displayed on the computer monitor

along one side of the flume (right) in three treatments: Single (top), Pair (middle) and False pair (bottom)

All the fish used in the experiments were measured in terms of standard length, body width,
body depth and weight before they were put into the swim tunnel. The fish were acclimated in
the flume for 5-10 hours with the current velocity set as 0.5 BL/s prior to the experimental
procedure, to let the effects of handling stress wear off. The fish were considered to have been
acclimated when their oxygen consumption decreased to the routine metabolic rate (this
corresponds to the metabolism of a fish at feeding, growing, producing sexual products or any
other activities, according to Schurmann and Steffensen, 1997) and the changing rate of the
measured MO, was asymptotically zero.

The experiments were carried out following the critical swimming speed (U,,;;) protocol (i.e.,
increasing speed step by step until fish cannot swim any longer) as described by Brett (1964).
In the present trials, the investigations started from current velocity 0.5 BL/s in the flume, and
then performed a constant velocity increment of 1 BL/s with a time interval of 30 minutes.
The velocity of the current was increased until the point when the fish (the first fish in the case
of Pair treatments) were considered to fatigued, i.e., they could no longer swim unassisted and
rested on the downstream grid of the flume for more than 5 seconds during a 30-second time
interval. Respirometry was undertaken during each trial, with 3 measurements of MO, at each
30-minute current velocity interval. For each respirometry measurement, the period last 300
seconds, with a 240-second flushing time and a 60-second waiting time beforehand. At the end
of experimental trials, the fish were given 20-30 minutes to recover in the swim tunnel at
0.5 BL/s before they were removed out from the swim tunnel and transferred to a holding tank.
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2.1.5 Kinematic analysis

In this labriform swimmer experiment, the swimming kinematics (including pectoral fin beat
frequency and gait transition) was determined frame-by-frame on the video recordings (GoPro
HERO 4) for each individual trial. The pectoral-caudal gait transition speed (Up,.) was defined
as the lowest speed at which the fish tail was employed for propulsion for a minimum of 5
seconds per 30 second interval. The pectoral fin beat frequency of the fish was measured at
every swimming speed from 0.5BL/s upto Up.. Herein, the fin beat frequency (in beats/s
or Hz) was taken as the average value of the count for three sequences of 10 seconds.

2.1.6 Data analysis

Measurements of oxygen consumption rate (M0,) at various swimming speeds for each trial
were determined as the mean of the 3 measurements during the corresponding periods. At the
highest speed of the experiment, the fish might be fatigued and gave up swimming in less than
30 minutes, and therefore MO, was taken as either the sole measurement at that speed or the
average value of the 2 or 3 measurements during the time interval the fish could swim.

To analyze the standard metabolic rate of the fish in each experimental treatment, the MO,
measurement was modeled as a hydrodynamic-based power function of the swimming speed
(Videler, 1993):

MO, = aU? + ¢ @.1

where a, b and c are constant parameters calculated for each condition. It should be noted
that ¢ is equal to the theoretical oxygen uptake of the fish at standard metabolic rate (SMR) at

zero swimming speed (M 03 smR)-

According to this relationship, the optimal swimming speed (U,,;) can be derived. Upyp,;
represents the speed at which the cost of transport (COT) is minimal, with COT defined as the
cost of moving a unit mass over a unit distance (Tucker, 1970). In the present work, the equation
applied for optimal swimming speed was the following:

_b| ¢
Uope = /—a(b_l) (2.2)

To better assess the statistical differences in the relationship between M0, and swimming
speed for the different scenarios, M0, was transformed into a logarithmic function and a linear

regression between log (M 02) and swimming speed was fitted.

The experimental data, such as fish fin beat frequency, oxygen consumption measurements, fish
size and weight, were compared among the three different experimental scenarios by using one-
way analysis of variance (one-way ANOVA) method (Brown, 2005). A post-hoc Tukey’s HSD
test was employed for further analysis when significant differences were discovered (Ullmann
etal., 2011).
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2.2 Results

2.2.1 Kinematics

Fish in different experimental scenarios transitioned from a pectoral to a pectoral-caudal
swimming gait (Up,) at different swimming speeds, and they also experienced different values
of the critical swimming speed (U.,;¢), the maximum swimming speed that fish can maintain
within a certain interval of time (Mu et al., 2019). The results observed from all the experimental
trials together with average values and standard error of the mean (SEM, is the sample mean of
the standard deviation, see e.g., Altman and Bland, 2005) are documented in Table 2-2 and the
values are given in the unit BL/s. It was found that, even though all the examined fish were of
very similar body size and weight, U,. and U, were in general not the same for fish studied
in the same experimental scenario due to their individual swimming capabilities.

Table 2-2. Uy, and U of the fish in different experimental trials

Test Single Pair False pair

U pc Ucrit Upc Ucrit Upc Ucrit

1 4.34 4.84 4.53 5.25 4.57 5.80

2 5.27 6.50 3.70 4.43 4.57 543
3 2.64 491 4.61 5.44 5.57 5.78
4 4.53 5.97 3.90 5.59 5.50 6.00
5 4.03 5.65 3.63 5.69 2.50 3.90
6 4.50 5.84 4.53 5.92 4.60 6.23
7 4.57 4.67 3.73 4.77 3.50 4.03

8 5.53 6.67 4.70 5.06 3.60 4.04

9 4.27 491 3.62 4.87 4.67 6.15
10 - - - - 4.70 6.10
Mean 4.41 5.55 4.11 5.22 4.38 5.35
SEM 0.27 0.25 0.16 0.16 0.30 0.30

Figure 2-6 illustrated the average values of the gait transition speed U,. and the critical
swimming speed Uc,;; for the fish in the three examined treatments. The calculated mean U,
value was the highest for fish in Single trials, followed by fish in False pair trials, and then by
fish in Pair trials. The examined Single treatment had a slightly larger mean critical swimming
speed U, than the Pair and False pair trials. However, the one-way ANOVA indicated that
the differencesin U,, andin Ug.; among the three scenarios were not statistically significant.
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Figure 2-6. Gait transition speed (Uy) and critical swimming speed (U;) for the single, pair and false pair

treatments. Error bars represent their standard error of the mean (SEM)

Pectoral fin beat frequency (f,) of the fish at various swimming speeds for the three
experimental scenarios is shown as lines with symbols in Figure 2-7, while the pure solid lines
indicate the percentage of unavailable data, i.e., either the fish fatigued and gave up swimming
in high-speed currents or the original videos were broken to provide desired data. It is found
that at lower speeds (smaller than Up.), when fish used only pectoral fins for propulsion, the
fin beat frequencies in the three different treatments were relatively similar, especially at U <
3.5BL/s. Besides, f, increased with swimming speed almost linearly in all scenarios,
indicating that the fish consumed more energy to keep up with the increasing inflow velocity.
At higher swimming speeds (around Up.), f, did not change much because in the gait
transition region fish used BCF swimming mode for assistance. Due to fish individuality, fish
fatigued at different swimming speeds, and only a few fish in the experiments were able to reach
a speed of 6.5 BL/s. In False pair case, the fin beat frequencies were similar as those in Single
trials, except for a noticeably lower value for fish swimming in a False pair at speed 4.5 BL/s.
It indicated that the presence of an accompany fish who remained always steady may calm down
the real fish that was struggling to maintain swimming. In the Pair treatments, f, of the front
fish was quite like that of Single treatments, while the back fish used lower frequencies than the
front fish in most of the low-speed cases. This demonstrated that there are hydrodynamic
advantages of being the back fish in schooling, and the back fish did not consume as much
energy on swimming as if they were alone. At speeds larger than U,, the same conclusions
cannot be easily drawn because the paired fish in the swim tunnel started to use caudal fins and
switch their relative longitudinal positions.
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Figure 2-7. Lines with symbols: fin beat frequency (f,,) at each speed increment for the single, pair and false pair

treatments; lines without symbols: percentage of give up fish from available videos

Figure 2-8 showed the pectoral fin beat amplitude (A4,) observed at the fish gait transition speed.
Here, A, was measured as the angle in degrees formed by the straight line through the body
axis of the fish and the leading edge of the fin just before the adduction phase (Mussi et al.,
2002). This measurement in the dorsal view represents only an in-plane component of the actual
fin beat amplitude, as the fin beat of the examined shiner perch also had a large dorsoventral
component. The results showed that the fish in False pair treatment had the largest fin beat
amplitude (96.7 + 2.5°) at the gait-transition speed, followed by the Single fish (93.7 + 2.1°)
and then by the fish in a real Pair (90.0 £ 2.3°).

A at Uy (degree)

T
Single Pair False pair
Treatment

Figure 2-8. Left: Fin beat amplitude (4,) measured as the angle in degrees formed by the straight line through the
body axis of the fish and the leading edge of the fin just before the adduction phase (Mussi et al., 2002); Right: Fin

beat amplitude (4, ) at gait transition speed for the single, pair and false pair treatments
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Nine experiments were carried out in total for the Pair treatment, and for each case it was curious
to identify whether the fish swimming in the front position or the one in the back would be the
first one to give up swimming. Figure 2-9 shows the percentage of time when the first give up
fish was in the front position at different swimming speeds. It was found that at small current
velocities, the two fish in the flume would like to keep their relative longitudinal positions.
However, after the swimming speed was increased above 4.5 BL/s, the fish started bursting
into the front and coast to downstream. Accordingly, the percentage go to an intermediate value.
It was known from the figure that in 6 out of total 9 cases, the fish that always stayed in the
front position gave up earlier than the back fish. This might be because the front fish did not
enjoy the hydrodynamic advantages of schooling as the one swimming in the downstream
position, therefore it had to consume more energy and felt exhausted earlier.

Pairl
Pair2
Pair3
Pair4
Pair5
Pair6
Pair7
Pair8
Pair9

100

Percentage of
time when the first
give up fish
was in front position

50

om| . —¥—

1 2 3 4 5 6
Swimming speed (BL/s)

L BRI B B

3

Figure 2-9. Percentage of time when the fish that gave up swimming first in Pair treatments was in the front position.
Colors are used for the examined Pair trials where the fish always staying in the downstream position gave up

swimming earlier than the fish in the front

Figure 2-10 shows the relative position of the front and back fish in the nine Pair treatments at
a time instant during swimming speed 3.5 BL/s, when the two fish in the swim tunnel did not
switch their relative longitudinal positions. It should be noted that the Pair fish may change their
lateral positions from time to time, and the figure below just gives an indication of their
schooling performance. It was found that in most of cases, the front fish tended to swim near
the left side wall (the bottom boundary in Figure 2-10, which was next to the computer monitor),
while the back fish stayed closer to the tunnel centerline. Due to the boundary layer effect along
the tunnel wall, it was suspected that the front fish would like to swim in a region with lower
inflow velocity and try to save energy. However, the utilization of the fish left pectoral fin was
also restricted when swimming close to the swim tunnel side wall.
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Pair 1 Pair 2 Pair 3

Figure 2-10. Relative position of the front and back fish in the Pair treatments at an instant of swimming speed
3.5BL/s
2.2.2 Metabolics

For each individual experiment, the hydrodynamic-based power function describing the
relationship between M0, and the swimming speed had unique values of coefficients. The
three parameters involved in Eq. (2.1) for all the trials are documented in Table 2-3.

Table 2-3. Estimated coefficients in Eq. (2.1) for the M0,-swimming speed relationship estimated in all trials

Test Single Pair False pair
a b c a b c a b c
1 16.38 2.14 118.10 4.65 2.76 130.96 1.03 3.27 237.67
2 11.41 2.11 121.44 | 17.44 2.35 113.90 | 31.52 1.53 217.57
3 6.42 2.98 166.77 4.84 2.66 123.43 7.39 233 149.08
4 2747 1.67 152.83 3.67 2.86 184.70 3.09 2.69 158.66
5 4.03 2.87 184.88 | 11.60 2.18 143.66 | 46.26 1.58 130.10
6 12.73 2.05 167.15 12.77 2.13 145.83 5.47 2.46 193.21
7 69.04 1.12 116.76 | 15.07 1.94 126.09 | 19.50 1.79 131.48
8 6.15 2.39 197.75 8.32 243 166.53 6.79 2.98 151.68
9 5.98 2.68 149.70 | 15.67 1.93 143.30 | 12.29 2.06 171.44
10 - - - - 4.97 2.48 269.84

From the MO, measurement results at each swimming speed, the optimal swimming speed
(Uopt) was calculated using Eq. (2.2) and thus obtaining the corresponding minimum cost of
transport (COTy;y,) of the fish. Figure 2-11 illustrates the average values of U,y; and COTpip
for the three different treatments. The optimal swimming speed was the lowest for the fish in
Pair (2.87 + 0.13 BL/s), followed by the fish in Single (3.18 + 0.23 BL/s) and then by the
fish in False Pair (3.47 £ 0.20 BL/s) trials. The COT,,;;, followed the same tendency as Upy;:
the lowest average value was for the fish in Pair treatment (0.0266 + 0.001 mgO0,/kg/BL),
followed by the Single fish (0.0244 + 0.001 mg0,/kg/BL) and then by the fish in False Pair
(0.0269 £+ 0.002mg0,/kg/BL).

35



Chapter 2. Experiments on a labriform swimmer

4 0.03
e ==
3 — E!]
—~ = 0.02
© 2
’J o
@ 2- )
g £
= £0.01
- =
! S
@)
0- T 0.00 T
Single Pair False pair Single Pair False pair
Treatment Treatment

Figure 2-11. Optimal swimming speed (U,p,) and minimum cost of transport (COTy,;,,) for the single, pair and

false pair treatments. Error bars represent their standard error of the mean (SEM)

Other important biological variables of interest are the standard metabolic rate (SMR),
representing the minimal amount of oxygen needed by a fish to support its acrobic metabolic
rate (Chabot et al., 2016), and the maximum metabolic rate, corresponding to the maximum rate
of oxygen consumption (M Oyp,ax) that the fish achieved in the experiments (Norin and Clark,
2016). These two metabolic parameters for the three examined scenarios are shown in Figure
2-12. The average SMR values of the fish in Single, Pair and False pair treatments were
152.82 +9.82mg0,/kg/h 142.04 + 7.41mg0,/kg/h and 181.07 +
14.95mg0,/kg/h, respectively. Therefore, SMR was the highest for False pair, followed by
Single fish and then by Pair treatments. The maximum metabolic rate of the fish in Single trials
was the highest (717.22 &+ 29.08 mg0,/kg/h), followed by the value for fish in False pair
(68294 +35.61mg0,/kg/h ) and then by that of the Pair scenarios ( 618.23 +
35.56mg0,/kg/h).
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Figure 2-12. Standard metabolic rate (SMR) and maximum metabolic rate (M Oy,,q,) for the single, pair and false
pair treatments. Error bars represent their standard error of the mean (SEM)

Figure 2-13 gives the log(M 02) from the measurements and its linear fitted model as a

function of swimming speed for the three different treatments. The statistical information about
these fitted relationships is documented in Table 2-4. From the results, all the three regressions
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relating log(M 02) to the swimming speed had a high goodness of fit. The slopes of the

relationships for different treatments were significantly different, and the 95% confidence

intervals for the slope of the False pair relationship did not overlap those of the slope of the Pair.
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Figure 2-13. Measured and modelled oxygen consumption (log (M 02)) as a function of the fish swimming speed

for the single, pair and false pair treatments

Table 2-4. Linear regressions for each treatment fitted to log (M 02) as a function of swimming speed

Treatment Single Pair False
Best-fit values
Slope 0.124£0.005 0.131£0.005 0.105+0.006
Y-intercept 2.107%0.017 2.050%0.016 2.17240.022
X-intercept -16.99 -15.64 -20.63
95% Confidence Intervals
Slope 0.115t0 0.133 0.122 to 0.141 0.093 to 0.117
Y-intercept 2.073 t0 2.141 2.017 to 2.083 2.128t0 2.216
X-intercept -18.63t0-15.58 | -17.10t0 -14.38 | -23.66 to -18.20
Goodness of Fit
R square 0.930 0.938 0.838
Sy.x 0.064 0.060 0.089
Is slope significantly non-zero?
F 717.3 774.2 3143
DFn,DFd 1,54 1,51 1,61
P value <0.0001 <0.0001 <0.0001
Deviation from zero? Significant Significant Significant
Data
Number of X values 56 53 63
Maximum number of Y replicates 1 1
Number of missing values 12 13 7
Number of missing values 12 13 7
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2.3 Discussion

Through the experimental data obtained in Single, Pair and False pair treatments, we
demonstrate the importance of real/visual accompany fish in a fish school. Comparing the
results from False pair treatment with those from Pair scenario helps to disentangle the
hydrodynamic effects of schooling from the behavioral effects, while comparison of these two
treatments with the results from Single fish provides a guide as to the overall kinematic and
metabolic differences between individual swimming and swimming in a school.

The kinematic analysis showed that the fish in a False pair tended to use a higher pectoral fin
beat frequency than the fish in Single trials at swimming speed 0.5 BL/s. Between speed
1.5BL/s and 3.5BL/s, the pectoral fin beat frequency employed by the fish in False pair
treatment was approximately the same as that of the Single fish. However, at higher speeds, i.c.,
45BL/s and 5.5 BL/s, the False pair had a noticeable lower fin beat frequency than the fish
in other treatments. This may be because the “fake friend” on the computer monitor displayed
steady swimming performance at 1.5 BL/s and therefore showed a pectoral fin beat frequency
consistent with that swimming speed, while the fish in the swim tunnel kept increasing
swimming speed every 30 minutes. The results suggest that at the lowest inflow speed
(0.5 BL/s) the real fish of the False pair in the flume used more energy in order to mimic the
behavior of “faster” swimming “fake friend”, and that at high speeds (i.e., larger than gait
transition speed) the “fake friend” calmed the real fish down with respect to the fish in Single
treatment at the same swimming speed. This finding indicates that the fish in the experiments
were sensitive to the visual stimuli and were aware of their surroundings even when swimming
at high speeds, and that there might be a calming effect of swimming together with another
steady individual when high speeds were involved. The observation also indicates that a fish
swimming with a lower fin beat frequency may influence the neighboring fish to increase fin
beat amplitude and lower its fin beat frequency. Mussi et al. (2002) observed that Cymatogaster
aggregata had a higher U, than two other MPF swimming species because of the preference
of the Cymatogaster aggregata to use larger fin beat amplitude rather than higher frequency at
Upe.

Comparison of pectoral fin beat frequency between the front and the back fish in Pair treatment
showed that the back fish had a lower fin beat frequency when swimming speed < 4.5BL/s.
Besides, it was found that from 1.5BL/s to 3.5BL/s, f, of the back fish was also much
lower than that of the fish in Single and False pair treatments, while the front fish in a real Pair
used a slightly higher fin beat frequency than the fish in Single and False pair treatments. This
demonstrates that there are hydrodynamic advantages in being the back fish in a swimming
school, and that the back fish does not use as much energy for swimming as the front fish does
or as it would if it was alone. This finding concurs with Johansen et al. (2010) who found that
in a swimming school of MPF fish, the rear fish used about 15% lower fin beat frequency than
the front one, and the back fish were estimated to have a 25% reduction in oxygen consumption.
They further estimated that schooling would be energetically advantageous if more than 78%
of individuals occupied trailing positions in the school; this was a commonly observed
phenomenon for that fish species. Wiwchar et al. (2018) similarly concluded that schooling
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provides advantages in swimming performance, finding that U.,;; was higher in zebrafish
tested in groups of three, five, or ten, than those tested individually. However, contrary to these
studies, Hvas et al. (2019) found that schooling did not improve U.,;; of salmon, and thus the
effect might be species specific.

The semi-log linear regression of the relationship between MO, and swimming speed
basically concurred with the fin beat frequency results. It points to a behavioral advantage of
swimming with an accompany friend at high speeds, with the MO, of the fish in False pair
being the lowest among the three treatments for swimming speed higher than approximately
4.5 BL/s. By contrast, the standard metabolic rate (SMR) of the False pair treatment was higher
than that for the Single and for Paired fish. One possible explanation for this is that the active
and steady swimming of the “fake fish” on the computer monitor kept the fish in the swim
tunnel more active than it would otherwise have been. Nadler et al. (2016) found that there was
a calming effect of shoaling on gregarious fish that depressed their overall metabolic demand,
and it was highly variable between individuals, for example, the reduction of SMR was in the
range [5%, 60%]. Assume that such calming effect also occurred in the examined fish species,
Cymatogaster aggregate, and did not vary much with activity level, then this effect would be
of the order 9 — 15% for the maximum metabolic rate, which would likely be within the range
of error in the observations. This may explain why the analysis of M0,,,x measurement did
not show statistically significant difference among Single, Pair and False pair treatments.

It should be noted that the present experimental study had some limitations. In particular, Ui
trials for the fish in Pair treatment were terminated when the first fish fatigued and could no
longer keep swimming. This skewed downward the measure of U,,;; for the Pair treatment in
a way that did not reflect the effect of schooling on fish maximum swimming speed. Figure 2-
9 presented the percentage of time the fish that gave up swimming first was in the forward
position. Only in 3 out of 9 trials, it was the trailing fish who gave up first, while in most of the
cases (66.6%), it was the leading fish that fatigued faster. It can be because the front fish cannot
experience the hydrodynamic advantages of schooling as does the back fish, therefore it must
consume relatively more energy and feels exhausted earlier. In addition, the measurements of
oxygen consumption for the fish in Pair treatments were necessarily an average of the
consumption of the two individuals, and thus the metabolic cost of swimming cannot be equally
apportioned between the front and back fish. However, all the metabolic results suggested that
the oxygen consumption level of the fish in Pair treatments was lower than that of the Single
fish at every swimming speed. This could therefore indicate that the trailing fish uses less energy
than the front one and there is a hydrodynamic advantage of fish schooling.

In addition, the maximum swimming speed reached by the fish was different due to individuality.
Figure 2-7 showed the percentage of fish that insisted on swimming at each swimming speed
alongside the fin beat frequency observations. It can be seen from this figure that U.,;; in the
experiments was typically between 5.0 BL/s and 6.0 BL/s, therefore, the differences
between the fin beat frequencies at speeds of 5.5 BL/s and 6.5 BL/s may be spurious as few
fish were able to swim at those high speeds.
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From the video observations, fish in most of the treatments had the tendency to swim near the
side wall, which was next to the computer monitor, especially at low swimming speeds. It was
possibly because the animation displayed on the monitor next to the swim tunnel gave the
illusion to the fish in flume that the tunnel was twice as wide as its actual width. This fact also
reflects that fish benefited from slower inflow velocity in the boundary layer of this wall, but
also that they may have been hampered by the inability to fully extend the pectoral fin on the
wall side. This swimming behavior meant that the measured fish kinematic data might be larger
than that of the fish in nature. Besides, other measurements such as Ug.;; should also be
interpreted cautiously. However, as this behavior of swimming against the wall at low speeds
was observed in almost all the examined fish and evenly amongst treatments, it did not affect
the interpretation of the inter-treatment observations.

Despite the above findings of the fish swimming alone (Single), in a Pair, or in a False pair, the
present preliminary statistical analysis did not reveal significant relationships in the gross
measures of metabolic and kinematic performance during swimming. The trends in the
experimental data suggest that a more thorough investigation is required for further
understanding. In particular, the significantly different slopes in the fitted MO, to swimming
speed models indicate that at high speeds the metabolic rate in fish with companies could be
lower due to the calming effect of swimming in a school. By contrast, at lower swimming speeds,
the pectoral fin beat frequency of the back fish in a pair was smaller compared to the front fish
or the fish in Single and False pair treatments, suggesting that hydrodynamic advantages of
schooling are dominant over behavioral effects.

24 Summary

In this chapter, a series of experimental studies performed on shiner perch (Cymatogaster
aggregate), a labriform swimmer, were described and discussed to investigate the
hydrodynamic and behavioral advantages during fish schooling. The main results were
compared in terms of swimming speed, pectoral fin beat frequency and oxygen consumption
among three different scenarios: Single treatment with a solitary fish in swim tunnel, Pair
treatment with a schooling pair of fish and False pair treatment with one real fish swam
alongside a looped video of a conspecific fish on the computer monitor next to the swim tunnel.
It was found that pectoral fin beat frequencies of the back fish swimming in pair were apparently
lower before gait transition speed than the front fish and the ones in other groups.

Besides, the fish with fake friend had lower oxygen consumption relative to the single fish from
3.5BL/s and onwards, while the average metabolic cost of the real fish school was always
smaller than the single fish. The present results suggest that schooling confers both
hydrodynamic and behavioral advantages over swimming alone for a gregarious fish, but that
the relative contribution of the two influences depends on the speed of swimming. At low speeds
hydrodynamic effects outweigh behavioral effects, but at high speeds when an individual may
start to struggle with the effort required to maintain swimming, the presence of another fish who
remains calm may have a calming effect on the fish that is struggling.
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Chapter 3

Investigations on a sub-carangiform
swimmer

As a typical sub-carangiform swimmer, the Atlantic salmon has been extensively studied due to
conservation concerns and its economic importance in aquaculture industry. In this chapter,
observation experiments were performed on Atlantic salmon Salmo salar post-smolts in a
Blazka-type swim tunnel in which the current velocity was controlled to increase incrementally
at prescribed values and keep constant within prescribed time intervals until fish fatigue. The
main aim of the experiments is to investigate the salmon swimming behavior over the entire
range of examined current velocities in the flume. The critical swimming speed, a standard
measurement to assess fish swimming capabilities, was calculated for the hatchery-reared
salmon in this confined flow domain. The kinematic performance of the fish was recorded and
analyzed with respect to the swimming speed, body size and water environment. The
experimental results may provide current velocity guidance for farmed salmon during on-
growing phase with proper consideration. The observed data could be used to calibrate
numerical models of salmon swimming motion and support the development of underwater
robotic fish. The analysis on the boundary wall effect of swim tunnel suggested that fish
swimming performance could be compromised in restricted water space. Therefore, the fish
experimental setup in the future should be designed to be suitably large for more accurate
hydrodynamic studies.

3.1 Materials and methods

Carangiform and sub-carangiform swimming are modes of BCF propulsion in which the large
amplitude of the undulations is mostly restricted to the one-half or even one-third posterior part
of the body and increases sharply in the caudal area (Lindsey, 1978). These modes of swimming
are used by many fishes such as the Atlantic salmon and rainbow trout in the Salmonidae family.
The fishes employing this mode can often achieve high swimming speeds and possess high
swimming efficiency.

Many researchers have been inspired by the astonishing swimming abilities of fish to better
understand the mechanisms behind their high performance (Childress, 1981; Lighthill, 1975).
In the recent decades, an increasing number of studies have been carried out on biomimicking
such underwater swimmers with the aim of creating greener and efficient marine vehicles.
Several types of aquatic man-made robotic systems have been developed and are being
improved now, such as the best-known Robo Tuna built at Massachusetts Institute of Technology

(Triantafyllou and Triantafyllou, 1995; Zhu et al., 2002; Triantafyllou et al., 2000) and the
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Eelume conceptualized at NTNU (Liljeback and Mills, 2017; Engebretsen et al., 2019). As the
body undulations of sub-carangiform and carangiform swimming modes are localized in the
posterior portion and the rest body part can remain almost rigid, the robots in these categories
seem to be more convenient for engineering realization compared to anguilliform swimmers,
and thus have been selected by many scientists as the prototype of their robot fish. For instance,
Nagoya University in Japan developed a micro robotic fish using ICPF Actuators (Yu et al.,
2004), while University of Essex designed a kind of carangiform robotic fish named iSplash-I11
(Clapham and Hu, 2015; Liu and Hu, 2004). In order to thoroughly explore the carangiform/sub-
carangiform propulsive mechanisms and transfer the knowledge to novel underwater vehicle
design, it is of great significance to investigate the real fish swimming performance under
different conditions, and experimental study is an essential method to realize this objective.

As a typical sub-carangiform swimmer, Atlantic salmon has been an extensively studied fish
species because of its economic importance in aquaculture and for conservation concerns from
declining natural populations (Horreo et al, 2011). The Norwegian aquaculture industry of
Atlantic salmon Salmo salar is currently expanding to more exposed farming sites (Bjelland et
al., 2015). It is important to identify the limit of fish swimming capability and provide
acceptable environment for fish farming. Therefore, the real salmon fish experiments were
carried out to quantify the fish swimming behavior at various current velocities.

This research was approved under the ethics permit 19/279843 and abided to Norwegian
procedures and legislations of animal usage in scientific research. The experiments were carried
out in collaboration with researcher Eirik Svendsen and Prof. Rolf Erik Olsen in NTNU. They
have qualifications of animal care in Norway and performed necessary animal treatments in the
actual experiments.

3.1.1 Experimental fish and husbandry

The experiments were performed on Atlantic salmon (Salmo salar) reared at NTNU SeaLab in
Trondheim, Norway, between April and May 2020. After smoltification, fish were transferred

and held in large square tanks (length x width x water depth was approximately 2m X 2m X

1.6m) since fish mean weight 100g. The tanks were continuously supplied with flow-through
seawater (salinity 34ppt), which was pumped and filtered from Trondheimsfjorden at 70m
depth to avoid the introduction of parasites and pathogens as well as to ensure the water quality
in the tanks. Consequently, tank water properties were consistent with the ambient conditions
in the sea, i.e., water temperatures varied with season from 5°C in the spring to 10°C in the
summer; the maintained ambient oxygen levels were between 80% and 85% saturation. The
fish were fed every 24 hours with standard commercial diets (Skretting Spirit Trout 300-40A,
4.5mm pellet size: www.skretting.com) through automatic feeding devices, with each meal
consisting of 1.5 — 2.0% of the tank biomass. Besides, the fish were subjected to a continuous
light condition to facilitate growth. All fish were allowed to habituate in the tanks for a minimum
of 4 weeks prior to experimental trials. The experimental fish were selected randomly from
tanks and equipped with tags. It should be noted that in the COVID-19 situation, the
experiments had to be suspended several times due to the quarantine policy or fish grown too
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big for trials, resulting in 5 examined fish in total. Their bodies were weighted and measured
according to Figure 3-1, and the information is documented in Table 3-1.

head length

snout | length  eye diameter
.

\J abdominal keel position of anus |

standard length |
fork length
total length

Figure 3-1. Schematic view of fish body measurements (Taken from www.fishbase.se)

Table 3-1. Information about the tagged individuals in the experimental trials

Test Fork length (cm) Body width (cm) Body depth (cm) Body mass (g)
1 43.5 6.5 11.5 1153.6
2 43.0 6.0 10.5 1127.5
3 37.0 32 7.3 570.0
4 42.1 4.0 9.0 932.0
5 29.0 2.5 6.2 319.5

3.1.2 Experimental setup

Experiments were conducted in a Blazka-type swim tunnel of approximately 58.9L volume
(Van Den Thillart et al., 2004), as shown in Figure 3-2. The cylindrical swim tunnel consists of
two concentric perspex tubes with length of 120cm and two PVC endcaps. The inner and outer
diameters of the swim tunnel are 16.5cm and 25cm, respectively. A propeller with three
blades was driven by an electromotor to suck water out from the inner tube and push it into the
outer ring. After correction of wall thickness, the surface area of the inner tube cross section
was equal to the surface area of the outer ring, thus allowing the same current velocity in both
compartments. The power was controlled by a Boston Gear (Model VES 3) digital motor
controller. A laser tachometer (Model AT-6L) was equipped for independent RPM
measurements. At the front end of the swim tunnel a PVC flow streamer was placed inside the
inner tube to help the flow become laminar and at the propeller end, a shorter flow streamer was
placed to protect fish from crashing into the propeller. The water inlet was connected to the
tunnel endcap, providing the swim tunnel with fully aerated seawater at a flow rate of
5.5 L/min when the controlling magnetic valve was open.
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Figure 3-2. Cylindrical swim tunnel with details of the fish experiment

The relation between the rotational speed of the motor and the water velocity inside the inner
tube of the swim tunnel was determined by particle tracking velocimetry (PTV) method. The
revolutions per min (RPM) of the motor were tested in the range of 0~1500RPM with an
interval of 100RPM. Figure 3-3 illustrates that the relationship between the measured flow
velocity and RPM values appeared to be a linear function. Therefore, the mean flow velocity
could be calculated from the motor RPM according to this law during experiments. Herein, the
grey symbols represent the measured velocity values, and the blue symbols are the average of
the measured values for each RPM.
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Figure 3-3. Flow calibration results with respect to the motor rotational speed. Grey symbols represent the

measured values, and the blue symbols are the average of measures values at each RPM

To minimize visual disturbance to the fish, the entire experimental setup was shielded by a large
white curtain, and the swim tunnel was partially covered in black plastic sheets. The view of
fish was blocked from seeing external stimuli and thus helping fish to calm down in the swim
tunnel. A rigid square frame, fixed to the swim tunnel platform, was used to support a Blackfly
GigE camera system, and it was always orthogonal to the tunnel, as shown in Figure 3-4. The
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camera mounted on the top beam of the frame was employed to record the dorsal view of the
fish swimming behavior throughout the trials at frame rate approximately 50fps and with
resolution 1920 X 720. Moreover, two other cameras fixed to the side beam recorded side
views of the fish at lower frame rate, around 25fps. These cameras were connected to a
working computer behind the curtain, so that the fish state in the swim tunnel could be
continuously remotely monitored.

Figure 3-4. Camera setup of the fish experiment

3.1.3 Experimental protocol

Due to the cylindrical geometric feature of the swim tunnel, both top and side views of the fish
inside were highly distorted, leading to difficulties in identifying actual fish swimming state
during video analysis. To help solve this problem, as well as accurately measure the undulatory
motion of fish midline, four red perforated beads (with length 4mm and diameter 5mm) were
tagged along the centerline of fish back. The positions of 4 beads were respectively at head,
ahead of the dorsal fin, behind the dorsal fin and at the caudal peduncle, as shown in Figure 3-
5. The beads were in sharp contrast color to be tracked by cameras. Every bead tagging was
started by gently capturing a random fish from tanks using a knotless dip net and immediately
transferring it to an anaesthetic bath (Finquel, 60mg/L). After the fish totally lost its
equilibrium, it was carefully placed on a V-shaped surgical table with its dorsal side up and its
head immersed in water. A hose circulating anaesthetic (Finquel, 30 mg/L) was used to irrigate
the fish gills throughout the whole procedure. The four red tags were attached to the
corresponding positions along fish back using a single interrupted suture per bead, which cost
less than 3 minutes in total. Then, the fish was transferred to a recovery tank with circulating
seawater and kept till regaining consciousness. The fish should be recovered and monitored for
a minimum of 48 hours before it is ready for experiments.
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Figure 3-5. Tags on the experimental fish

Each experimental fish was introduced into the swim tunnel from the holding tank, where it was
slightly sedated (Finquel, 15mg/L) in order to minimize sampling stress. Before transferring
into the swimming tube, the fish fork length, body width and depth were measured. After
consciousness was regained, the current velocity was set as 0.5 BL/s and the fish was left to
acclimate in the flume for 5 hours or overnight (for fish no. 4 and 5) prior to the experimental
trial. The effects of anaesthesia and handling stress on swimming performance were considered
to be negligible after this recovery period (Hayashida et al., 2013).

The experiments were carried out following the critical swimming speed (U,,;;) protocol as
described by Brett (1964). The U,,.;; measurements started from current velocity 0.5BL/s in
the swim tunnel, and then the current increments of 0.5 BL/s were carried out every 10
minutes. Some fish were able to hold station against the current by lying on the wall of inner
tube at the lowest speeds, but eventually, steady swimming was initiated. The experiments had
to be interrupted when the fish were fatigued, which was defined as it could not swim
continuously and rested on the downstream side against the rear grid for at least 15s. During the
tests, fish swimming behavior was remotely monitored on a computer screen to avoid
stimulating the fish, and data were continuously collected by cameras.

Once the experiment was completed, the fatigued fish were rapidly taken out of the swim tunnel
and transferred to a bucket with an overdose of anaesthetic (Finquel> 500 mg/L). Afterwards,
the fish was killed with a blow to the head and its weight measurement was recorded.

3.1.4 Experimental data analysis

In the present Atlantic salmon experiment, the swimming kinematics was determined through
frame-by-frame of the video recordings for each individual trial. The critical swimming speed
U.ri+ was calculated according to Brett (1964). The tail beat frequency of the fish was estimated
directly from the videos at every swimming speed from 0.5 BL/s up to its maximum speed,
and the value was taken as the average of the tail beat frequency count for three sequences of
10 seconds.

In addition, a machine deep learning model, for object identification and segmentation, has been
used to convert the videos of the salmon experiments into digital datasets. It can recognize the
fish profile from images, extract the midline points of fish body, and provide the needed data to
analyze fish locomotion features, e.g., fish swimming frequencies, amplitude envelopes of the
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fish midline motion. In the present study, it was used to estimate the fish tail beat amplitude.
The main elements of this identification strategy are outlined by Figure 3-6, more details can
be found in Sevik (2022).
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Figure 3-6. Flow chart depicting main elements of fish midline extraction and fish locomotion analysis

3.2 Results

The critical swimming speed (U,,;;) performed by the Atlantic salmon in the experiments is
illustrated in Figure 3-7. It was found that the calculated U, (expressed in the unit BL/s)
was smaller for fish with larger fork length. To be more precise, the smallest fish had the highest
Ugrie value (2.05BL/s), while the four larger fish had similar smaller U.,;, between
1.0BL/s and 1.3 BL/s.
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Figure 3-7. Critical swimming speed (U, ) versus fish fork length
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The tail beat frequency (f;) of the fish (estimated directly from the videos) at each swimming
speed for the five experimental trails is shown in Figure 3-8. At lower swimming speeds (<
1.0 BL/s), fish generally preferred to hold station against the current by leaning on the inner
tube, and they were found to switch between swimming and resting from time to time. At the
highest swimming speed reached, the fish were observed to fall back to the rear grid a few times
before they became fatigued. The frequencies shown in the plot were identified in the time
intervals when the fish showed a continuous swimming performance. It was found that the tail
beat frequency f; increased almost linearly with the swimming speed in all tests, indicating
that the fish consumed more energy to swim against larger inflow current. In addition, the results
showed that the f; value of the smallest fish (Test 5) was the highest at all the examined
swimming speeds, followed by the medium size fish (Test 3), and then by the fish in Test 1, 2
and 4. This suggested that smaller individual fish need larger oscillation frequencies to achieve
desired swimming speeds than larger fish.
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Figure 3-8. Tail beat frequency of the fish at each speed increment estimated directly from the videos

The fish tail beat amplitude under different swimming speeds has been analyzed for the smallest
salmon in Test 5, the only one that could reach 2.0 BL/s during experiments. Figure 3-9 shows
the results of nondimensional tail beat amplitude (4,/BL). Here, A; was taken as the averaged
value within the examined time interval when the fish exhibited a steady swimming behavior at
the corresponding swimming speed. For the lowest current velocity 0.5BL/s, the fish was
resting on the wall of inner tube from time to time, implying that steady-state swimming was
not satisfactorily performed in this condition; therefore, the tail beat amplitude at this swimming
speed was not examined. From 1.0 BL/s to 2.0 BL/s, the fish tail beat amplitude becomes
slightly larger with the increase of swimming speed. The larger fish studied in the experiments
achieved steady-state locomotion scenarios only at one or two speed levels, which is not
sufficient to make a conclusion about the functional dependence of the fish tail beat amplitude
on the speed. As the experimental data from one single fish test can barely show the tendency
of fish swimming behaviors, more real-fish experiments should be carried out to collect data at
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different swimming speeds and to gain a deep insight into the scaling law of fish swimming
amplitude. The estimated tail beat frequencies and amplitudes of the fish in Test 5 correspond
to a Strouhal number 0.2143 at 1.0 BL/s, 0.184 at 1.5BL/s, and 0.2076 at 2.0 BL/s. These
values are within the Strouhal number range often employed by fish in nature and are near the
lower limit of the range (0.2; 0.4) for optimal flapping foil propulsive performance.
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Figure 3-9. Nondimensional tail beat amplitude (A,/BL ) of the fish in Test 5 at different swimming speeds

3.3 Discussion

The swimming behavior of the Atlantic Salmon was investigated at different flow velocities in
the experiments, and the data obtained can be further analyzed to calibrate numerical models of
fish undulatory performance. As observed from the videos, the swimming mode of the fish
remained essentially unchanged throughout the experimental test, i.e., it used the body and
caudal fin for propulsion over the entire range of examined velocities. The results demonstrate
that the fish employs higher oscillating frequency to reach higher swimming speed and indicate
that the tail beat frequency increases almost linearly with the swimming speed. This finding is
in agreement with the behavior performed by most of carangiform and subcarangiform
swimming species (Bainbridge, 1958; Tytler, 1969; Hunter & Zweifel, 1971). For instance,
Herskin and Steffensen (1998) reported that the tail beat frequency of solitary swimming sea
bass was correlated linearly with swimming speed.

Besides, the tail beat frequency appeared to decrease with the increase of fish size at various
swimming speeds in the experiments, as illustrated in Figure 3-8. This relationship between f;
and body mass also exists in other aquatic animals like bony fish and shark (Watanabe et al.,
2012). It indicated that smaller fish became more challenged than larger fish to reach the desired
swimming speed, and that the fish with small size might require more energy in the
corresponding swimming performance. A qualitative check of the videos suggested that a
relatively higher tail beat amplitude might be employed by a larger fish to compensate for the
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lower tail beat frequency than a smaller fish, though the oscillation amplitudes of the larger
fishes have not been estimated quantitatively within this study as the larger fish only achieved
steady-state swimming at one or two speeds. An in-depth study on tail beat frequency and
amplitude, as well as on the corresponding consumed energy, needs more data on different fish
sizes and swimming speeds and this is left as a recommendation for future work.

The results show that the critical swimming speed (U,,;;) of the smallest fish was significantly
(about 83%) higher than that of the larger fish. Despite of statistical error due to fish
individuality, U..;; tends to be inversely associated with the fish size, and this relationship is
found to be typical for fish (Beamish, 1978). As documented by Webb et al (1984), the critical
swimming speed of rainbow trout could be described by a decreasing function with respect to
fish total length.

It should be noted that the critical swimming speeds reached by the experimental fish in the
swim tunnel were apparently lower than expected. The maximum value of U in the
experiments was only slightly larger than 2.0 BL/s, and U,,;; of the other four fish were all
lower than 1.3 BL/s. However, the Atlantic salmon of similar size should be able to achieve
much larger swimming speed than observed in the experiments based on previous biological
research. As reported by Booth et al. (1997), the critical swimming speed of wild adult Atlantic
salmon (50 — 60cm) was above 3.3 BL/s at 18°C and above 2.8 BL/s at 12°C. In the
experiments carried out by Hvas et al. (2017), U, of Atlantic salmon post-smolts increased
with temperature in the range of 3 — 18°C, and the fish with fork length 36.9 + 0.5cm
reached U, = 2.3BL/s at 8°C in a large Brett-type swim tunnel. Therefore, U,,;; of our
examined fish was relatively low compared to the data normally observed in the wild and many
previous experiments.

One possible reason could be that the hatchery-reared fish had grown out of shape and could
not properly adapt to high current condition. From video recordings and measurements of fish
size, it was easily found that the body thickness and the body mass were larger than the normal
salmon (Kane, 1988; Sutton et al., 2000). The water velocity in the tanks, where the
experimental fish were held since small (around 100g), was very low. The fish did not get
trained for cruising at large swimming speed, and this led to their bodies to become too blunt
for swimming motion. The effect of body shape on the propulsion performance will be
numerically discuss in chapter 5 and 6.

The limited volume of the swim tunnel could also account for the low critical swimming speed
of the salmon fish in the experiments. Several previous studies have shown that longer and
larger swim tunnels improved U..;; in many species. For instance, U, of brook charr
Salvelinus fontinalis improved by 12% when flume length was increased from 2.9 to 6.2BL
(Tudorache et al., 2010), and U,;; of shortnose sturgeon Acipenser brevirostrum was 22%
higher in a flume with length of 10.5BL than in a half-length flume (Deslauriers and Kieffer,
2011). In the experiments of Remen et al. (2016), U,,;; of large Atlantic salmon post-smolts
(around 300g) was increased by 37% in a large flume of 252L compared to a small tunnel
of 10.2L. These research indicated that the flume size could play an important role on the fish
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swimming performance. The Salmo salar was found to perform more vigorous burst swimming
in a larger tunnel, while the fish was observed to collide with the upstream front end of the
swimming section when carrying out powerful bursts in a small tunnel (Hvas and Oppedal,
2019). In the present experimental setup, the swim tunnel length was less than 4BL of the
examined salmon, and the inner flume diameter was not larger than 6.6 times of fish body width,
which was considered to be a narrow space with respect to the fish size, and thus it was likely
that the natural swimming behaviors, such as tail beat amplitudes and swimming locomotion,
of the tested fish were compromised in our experimental setup. Besides, the burst and coast
swimming in the tests was only observed in the small length fish, while unsteady swimming
seemed to be inhibited for the large fish. Therefore, it was not surprising that U..; was
significantly lower than normal on condition that the swimming motion was restricted due to
the limit of space.

In addition, the wall effect of the swim tunnel should be taken in account when analyzing the
fish swimming behavior. In a water flume, a boundary layer was generated along the boundary
walls due to fluid viscosity. Its thickness is reversely related to current velocity according to
boundary layer theory (Schlichting and Gersten, 2015). The fish was able to and preferred to
find locations with lower water velocities in the swim tunnel, especially at smaller swimming
speeds. In the steelhead trout Oncorhynchus mykis studies of Webb (1993), it was concluded
that a fish work less hard when swimming near a solid wall. The interaction between the vortex
shedding from the fish body and the boundary layer along the flume walls could cause more
challenges for fish propulsion. The critical swimming speed U, was often proved to be lower
for fish swimming in narrow space, and this suggested that the obtained U,,;; values of the
examined salmon fish were also underestimated in the small swim tunnel. Therefore, the present
results are not recommended to be used directly for aquaculture industry as the maximum
current velocity tolerance threshold, and the actual value of upper current velocity limit can be
determined to be considerably higher.

From the video observations, the undulatory movements of the fish body under different
swimming conditions can be cautiously analyzed to validate the kinematic model of swimming
fish. For instance, some key kinematic parameters for the fish in Test 5 at swimming speed
1.5 BL/s have been calculated and discussed by Sevik (2022). Here his proposed strategy has
been applied to estimate the swimming amplitude for the smallest examined fish as a function
of swimming speed. The improvement on the digitalized swimming model will reduce errors in
numerical predictions of fish performance. This experimental study contributes to understand
the swimming behavior and hydrodynamics of the Atlantic salmon. Besides, the investigated
values could help to calibrate the data obtained by biosensor implants (Svendsen et al., 2021;
Fore et al., 2021). It is known that the observed transitions in the salmon swimming behaviors
can serve as early indicators of changed environment around fish, such as current velocity,
predators, hypoxia etc. The findings from experiments could be referred as a guide for necessary
infrastructure and ensure welfare of the fish in aquaculture industry.
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3.4 Summary

In this chapter, experimental studies were carried out on Atlantic salmon Salmo salar post-
smolts in a Blazka-type swim tunnel with the focus on investigating fish behavior and
kinematics at different swimming speeds. Individual swimming salmon in this tunnel produced
a significantly lower critical swimming speed compared to biological data of wild fish and fish
swimming in larger flumes. The tail beat frequency of the fish increased almost linearly with
the swimming speed. Both U..;; and f; of the examined salmon tended to decrease with the
fish size. One possible reason for these observations could be the blunt body shape of the
hatchery-reared fish, which caused larger hydrodynamic loads acting on the fish body. The side-
wall effect of the swim tunnel should be another important reason to explain these behaviors of
fish. The hydrodynamic interaction between fish swimming motion and boundary walls in a
narrow swim tunnel may lead to the underestimate of U,,;;. The fish swimming data obtained
from videos can be further analyzed to calibrate kinematic models of Atlantic salmon
undulatory motions at various swimming speeds, which could provide as background and
theoretical support for numerical predictions of fish propulsive performance. In general, the
experimental results should be discussed with proper considerations and then can be used as
guidelines in the aquaculture industry for peak current velocity thresholds and animal welfare.
The analysis of boundary layer effect in swim tunnel can help to better understand the
experimental data in respirometry systems and make accurate predictions of fish swimming
behavior in the future.
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Main findings from physical investigations

To gain more knowledge on real-fish swimming behaviours and better understand the fish
propulsion performances, observation experiments have been carried out on two different fish
species under various conditions in the present work. Distinctive findings are listed as follows:
e From the labriform swimmer tests: Fish schooling confers both hydrodynamic and
behavioural advantages, but their relative contributions are swimming-speed dependent.

¢ From the sub-carangiform swimmer tests: Swimming capability of the examined salmon
was relatively low compared to biological data. Possible reasons could be that 1) the
hatchery-reared fish had grown out of shape and 2) the swim tunnel provided limited
swimming space. One should note that, despite the lower achieved speeds, the Strouhal

number was still within the normal range (though near the lower limit).

These experiments have a primary value as they allow to observe and learn from real fish
swimming in labs. On the other end, they present challenges in connection with, e.g., test
permission, costs, duration, and repetitions. Therefore, numerical simulations, representing
another valuable way to study fish hydrodynamics, are complementary to answer research
questions inspired by the real-fish experiments.

Major content of the following numerical part is dedicated to pitching-foil investigations,
partially inspired by the state-of-the-art and our labriform swimmer tests, and to fish-like
swimming studies, partially inspired by the state-of-the-art and our sub-carangiform swimmer
tests. With varying Strouhal number and Reynolds number, the flow features and hydrodynamic
loads of different fish-like foils are systematically analysed to identify the parameter range for
optimal fish propulsion performance. The links between the fish propulsion and the body shape,
as well as between the fish locomotion and swim tunnel size, are investigated numerically in
sections 6.2.1 and 6.2.2.
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Part II: Numerical Studies
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Chapter 4

Theoretical and numerical methods

The objective of the present numerical studies is to understand the mechanisms behind high
performances of fish and provide innovative solutions for greener and efficient marine
transportation. A series of hydrodynamic scenarios has been numerically examined in this thesis,
where the fish-like body is modelled as a rigid or deforming foil interacting with a current or
advancing in otherwise calm water without the presence of a free surface. Therefore, the
following description considers for convenience a foil as body geometry to mimic the sub-
carangiform fishes without appendages, which are of secondary importance for cruising.

In this chapter, the theoretical and numerical research methods used for the fish-like
hydrodynamic studies of chapters 5 and 6 are introduced, starting with the equations of motion
for a viscous incompressible fluid. A Computational Fluid Dynamics (CFD) code, the open-
source platform OpenFOAM (OF), has been selected. To deal with the motion of the foil, two
dynamic mesh motion methods are described in detail, including the deforming mesh method
and the overset grid method.

In addition, easy implementation of user-defined routines makes OF very valuable for
developers and researchers. A self-propulsion function for both rigid and flexible bodies with
periodic lateral motions has been implemented within the OF library and is outlined here. A
self-propelled foil undergoing forced harmonic heave motions in still water has been considered
to verify the capability of the present method.

All the abbreviations and variables used in connection with the numerical studies have been
defined in the Nomenclature.

4.1 Governing equations

The numerical investigation in the present thesis is comprised of various rigid and morphing
foils with oscillatory forced motions in current, a flexible foil with a prescribed traveling wave
motion in current and a self-propelled fish-like swimming foil. The fish-like body is assumed
fully surrounded by water and the latter is modelled as a viscous fluid with incompressible flow
and the temperature is assumed constant and known. We define a Cartesian rectangular
coordinate system (x,y,z) and the body is assumed at z =0 for convenience in two-
dimensional simulations. The x-axis coincides with the equilibrium position of the fish-like
foil. The current flows towards positive x direction. A top view of the generic problem of
interest is illustrated in Figure 4-1.
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Figure 4-1. Schematics showing a rigid flapping foil and a flexible undulatory foil

Under these assumptions the governing equations are the continuity and Navier-Stokes
equations, which can be written as:

V-u=0 .1)

ou Vu=-1 2+ 2
E+(u Vu = pr+vVu+pF 4.2)

where u(x,t) = (u,v,w) represents the velocity vector of the fluid particle, which is a
function of location x = (x,y,z) andtime t inthe Cartesian coordinate system fixed in space.
Other physical parameters p, p and v = u/p, u stand for the pressure, fluid density, the
kinematic viscosity coefficient and dynamic viscosity coefficient, respectively, and F is the
external body force acting on the fluid. Both p and v are assumed to be uniform and constant.
When the flow is assumed to be essentially two-dimensional (2D), the dependence of these
variables in the z direction is omitted.

The Navier-Stokes equation of (4.2) consists of three nonlinear partial differential equations
that depend on both time and space. This coupled system leads to the difficulty of solving this
mathematical problem, and only have analytical solutions for a few very simple geometrical
configurations where the nonlinear convective accelerations terms (u - V)u can be assumed to
vanish. In most of the cases, the governing equations need to be complemented by initial and
boundary conditions.

For the numerical investigations in the present study, a thoroughly validated finite-volume-
based numerical code in the OpenFOAM platform is used to directly solve the governing
equations without introducing any turbulent models, as presented in Chen et al. (2019) and
Siddiqui et al. (2020). In this finite volume method, the Egs. (4.1) and (4.2) are actually written
in their integral form through the integration over a control volume V, bounded internally by a
solid surface S, and externally by a surface S. Besides, the external body force in Eq. (4.2) is
neglected during the integration, since there is no external force applying to the fluid volume in
all the simulations in this work.
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4.2 Boundary conditions

The complete mathematical problem of finding the solution to the governing equations has to
include the relevant boundary conditions. In addition, it is also necessary to distinguish different
flow problems by imposing appropriate physical conditions on the boundaries of the fluid
domain.

The body boundary condition acting on a solid boundary expresses that the fluid velocity equals
the velocity of the body, because in the viscous fluid theory, the existence of a shear stress
requires both the normal and tangential velocity components of the fluid and the boundary to
be equal. This is named the no-slip boundary condition, and it is often applied on the body and
walls during numerical simulations.

The conditions for the external surface S bounding the fluid volume should represent the
physical problem as precisely as possible. In the instances of a body placed in a current, the
velocity of the inflow needs to be imposed on the inlet boundary, and a fixed-value pressure
condition p = 0 is often applied on the outlet, as presented in Figure 4-2.

For 2D flow assumptions, the governing equations will not be solved in the z direction. In the
OpenFOAM solver, the geometries are always generated in 3D, but it can be instructed to solve
in 2 dimensions by specifying a special "empty" condition on the surfaces whose plane is normal
to the third dimension where no solution is required. Hence, for the front and back boundaries
parallel tothe xOy plane in the present work, the conditions are set to be empty for all variables.
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Figure 4-2. Schematic view of some typical boundary conditions

4.3 Numerical solver

OpenFOAM (OF) platform is a popular open-source code implemented in C++ toolbox to
simulate various complex fluid dynamic problems. It is particularly advantageous due to the
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availability of large number and type of utilities for pre-processing (grid generator, converters,
manipulators, case setup), post-processing (using OpenSource Paraview) and many specialized
CFD solvers of real-flow problems. The features in OpenFOAM are comparable to what is
available in the major commercial CFD codes. Some of the more specialized features that are
included in OpenFOAM are: sliding grid, moving meshes, two-phase flow (Langrange, VOF,
Euler-Euler) and fluid-structure interaction. The strength of OpenFOAM is however the object-
oriented approach to generating specialized solvers, utilities and libraries, using a flexible set
of C++ modules (see e.g., Salehi et al., 2021; Jasak, 2009b). OpenFOAM runs in parallel using
automatic/manual domain decomposition, and the parallelism is integrated at a low level so that
solvers can generally be developed without the need for any parallel-specific coding.

Due to the distribution as an OpenSource code, it is possible to gain control over the exact
implementations of different features, which is essential in research work. It also makes
development and tailoring of the code for the specific application possible. In the recent years,
numerous solvers and numerical schemes have been developed and added into the OF
environment. With the objective of realizing specific functions due to the physics of the
phenomena, this open-source code is relatively easy for modification and parallelization.
Therefore, OpenFOAM in versions 1806/1812 has been employed in the present numerical
studies.

The governing equations of the hydrodynamic problem in this work are discretized on a three-
dimensional collocated Cartesian grid based on the finite volume method. Fluid dynamic
quantities are centered on the discrete control volume centroids. The Eulerian algorithms are
widely used in fluid dynamics. The Eulerian mesh is fixed, and the fluid continuum moves with
respect to the grid (Donea et al., 2004). If any Eulerian material moves outside the Eulerian
mesh, it is lost from the simulation, which causes the expense of precise interface definition and
the resolution of flow details. To overcome the shortcomings of purely Eulerian descriptions, a
technique, known as the arbitrary Lagrangian—Eulerian (ALE) method, has then been developed
by combining the best features of both the Lagrangian and the Eulerian approaches to a certain
extent. In the ALE algorithm, the nodes of the computational mesh may be moved with the fluid
continuum in normal Lagrangian fashion, or be held fixed in Eulerian manner, or in some
arbitrarily specified way to give a continuous rezoning capability (Miller et al., 2014). Hence,
the ALE method is adopted in the present numerical studies.

In simulating the flow past a moving fish-like body under the assumption of viscous flow, the
PIMPLE algorithm is employed for solving the incompressible Navier-Stokes equations, which
is a combination of PISO (Pressure Implicit with Splitting of Operator) and SIMPLE (Semi-
Implicit Method for Pressure Linked Equations) algorithms (Versteeg and Malalasekera, 2007).
The inner (pressure correction for SIMPLE) and outer (pressure correction for PISO) iterations
are set to 2 for all simulations as they give converged results. A second order Gauss-linear
scheme is used for the space discretization (Bayraktar et al., 2012). Various time schemes
including first order implicit Euler scheme, second order implicit backward scheme and second
order Crank-Nicholson scheme have been adopted in the simulations to examine the effect of
different time-evolution schemes (see e.g., Siddiqui et al., 2020; Xu et al., 2021). The stability
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of the iterative algorithm is guaranteed by adjusting the time step and ensuring the Courant
number to be less than 0.9 throughout the whole computational domain. The Courant number

. A . . . . . .
is defined as C = IuAI_xt) where |u| is the velocity magnitude, At is the time step and Ax is

the cell size of the mesh. It is a necessary condition for convergence while solving NS equations.
Performing 2D simulations in OpenFOAM implies that the 2D grid is extruded one single cell
thick in the third direction (z-axis in this work) and fluid properties are not solved in this
dimension.

Additionally, all simulations in this study are run on NTNU supercomputer VILJE nodes (Intel
Xeon E5-2670) using 2 nodes (32 cores) per simulation and FRAM nodes (Intel E5-2683v4 2.1
GHz) with 1 node (32 cores).

4.4 Dynamic mesh motion

Many examples of hydrodynamic problems in computational fluid dynamics involve moving
boundaries, ranging from prescribed oscillating motion of foils to a six degree-of-freedom flow-
dependent solid body motion of ship hulls and even more general cases of flow-induced body
motion and boundary deformation. In this numerical study, the fish-like body will perform rigid
oscillatory motions or flexible undulatory motions fixed in a current or advancing in otherwise
calm water. The motion amplitude involved can be comparable to the characteristic length of
the body, as will be presented in cases of chapters 5 and 6. With the objective of producing
reasonable simulation results, it is important to support basic mesh motion and handle mesh
deformation in a robust and reliable manner.

In the OpenFOAM library, various strategies under the Arbitrary Lagrangian Eulerian (ALE)
method have been employed and implemented to allow for mesh motion and deformation.
These dynamic mesh motion strategies can be applied to any CFD solver. Herein, two categories
are introduced and examined: deforming mesh and overset grid techniques. Both strategies
preserve the topology of the mesh, i.e., the number or connectivity of points, faces, and cells in
the mesh remains unchanged. In the deforming mesh method, referred as DM in this work, the
computational mesh is moved to follow the changing shape or motion of the boundary by
moving its points in every step of the transient simulation. In the overset grid method, referred
as OG, multiple grid systems are used, and the meshes are able to move rigidly with the body
and keep good quality during dynamic simulations.

4.4.1 Deforming mesh method

The detailed analysis of various deforming mesh techniques and their implementation in OF is
provided by Jasak and Tukovic (2006), and the main features relevant for the present work are
given here.

The displacementLaplacian solver in the class of the dynamicMotionSolverFvMesh is selected
for handling the dynamic mesh motion. The mesh motion for the entire domain is handled by
solving the equation V- (kVd) = 0. Here, k is a diffusivity coefficient and d is the motion
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displacement vector for each cell. The body motion acts as a boundary condition and determines
the position of mesh points. An extra file named pointDisplacement is required to give the
starting point displacements as the initial condition.

The mesh spacing and quality for each time step is controlled by variable diffusivity. Changing
the diffusivity implies applying different diffusion laws to define the movements of mesh points.
The diffusivity models can be classified into two categories: quality-based methods and
distance-based methods. In the quality-based method, the diffusion field is a function of a cell
quantity measure. For example, the mesh manipulation of the uniform model is done uniformly
for the moving boundary by stretching or squeezing with the same ratio for all cells, and the
cell diffusivity of the inverseDistance model is based on inverse of the distance from the
boundary. The distance-based methods are used together with the quality-based methods and
their diffusion field will be a function of the inverse distance to the nearest selected boundary.
A quadratic distance-based diffusivity coefficient (k = 1/r?2) is employed in this study, with
the cell-center distance from the specified moving boundary. This implies that as we go far away
from the moving body, less deformation occurs for the cells, as illustrated in Figure 4-3.

However, when the moving boundary undergoes large motions, it can lead to large distortion of
the cells and in some cases make it impossible to preserve mesh quality and solution accuracy,
together with the risk of substantial increase in the computational time or of numerical
instability. Therefore, it is suggested to avoid directly using this method to large motions. The
detailed analysis of this approach will be discussed in section 5.3.

1T

11111

T

Figure 4-3. An example of mesh at initial time and under large motion conditions using deforming mesh method

4.4.2 Overset grid method

The problems of severe mesh deformation following large boundary motions can be overcome
by using overset (i.e., overlapping) grid (OG) method. In the overset grid method, two separate
grids are defined, which may arbitrarily overlay each other: an Earth-fixed grid is used as
background mesh, while a body-fitted (i.e., fitted to the body shape) and body-fixed (i.e., fixed
to the body and moving rigidly with it) grid is used near the moving body (see Figure 4-4). The
former often adopts Cartesian grid, and the latter is named as overset grid. In this scenario with
two grid systems, the internally static grids can retain their original structure and quality but can
move relative to each other without restrictions (e.g., Chen et al., 2019; Miller et al., 2014).
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Figure 4-4. Schematic of overset grid method. Black line: background mesh; red line: overset mesh

The governing equations are solved on both grids, and in order to pass information between the
two disconnected grids, interpolation must be performed. The overset method implemented in
OpenFOAM library does the linear interpolation within values. Thus, it is recommended to
make the cell sizes of background mesh comparable to those of overset grid for proper exchange
of information between grids so to ensure accuracy. In practice, their size ratio is often adjusted
to smaller than 2.

The overset grid method can be divided into the following four sequential steps, to be performed
at every time step in dynamic simulations:

1) Identification of hole cells. They belong to the background mesh and are located inside
the area occupied by the moving body. These cells are marked and blanked out during the
simulation process. This region is considered as empty, i.e., no fluid equations should be solved
here.

2) Identification of fringe cells. They are used as boundary cells in the calculation procedure,
with boundary values determined through solution interpolation. In the background grid, these
cells locate at the border with the moving body and are adjacent to hole cells, while in the body-
fitted grid, the fringe cells are at the outer boundary. The former ones provide information from
the overset gird to the background mesh, and the latter ones give the exchange information from
the background mesh to overset grid.

3) Identification of donor cells. They are cells providing information for the fringe cells in
the other mesh sufficiently close to them.

4) Interpolation between fringe and donor cells. The interpolation function takes the correct
values from donor cells and then does the linear interpolation to provide information for fringe
cells.
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Figure 4-5. Illustration of overset grid method. Black line: background mesh; red line: body-fitted mesh; blue
points: hole cells; black and red points: fringe cells. The overset grid donor cells are those near the black points

and the background grid donor cells are those near the red points

Figure 4-5 shows the cells for information exchange between the grids. Note that the hole, fringe
and donor cells have to be updated at each time step in the computation. This additional process
results in the increase of computational time for overset grid method as compared to the
deforming mesh method. The detailed analysis using the above two dynamic mesh motion
solvers is described in section 5.3, where the influence of various numerical parameters on the
simulation results are examined. Moreover, to examine the effectiveness of the overset grid
method, a numerical simulation has been performed for a stationary airfoil case, as documented
in Appendix A.

4.5 Numerical implementation of self-propulsion

OpenFOAM is distributed with a large number of applications, but researchers continuously
develop new numerical features and libraries connected with their special needs. The interest of
our numerical investigations is to study the kinematic and dynamic behaviours of a fish-like
body, which can propel itself. In this section, we present the strategy for implementing the self-
propelled motion of a lateral moving body within OpenFOAM library. Then, numerical
simulation of an oscillating elliptic foil has been performed for verification of the proposed
method.

4.5.1 Self-propulsion strategy

In many flapping foil and robotic fish studies, the body is placed in a steady stream with a
prescribed lateral oscillation while its movement in the streamwise direction is prohibited.
However, the conditions in these studies can be different from those in self-propelled bio-
locomotion. In other words, the body velocity in real bio-locomotion is allowed to change in
response to the variation of the forward force.

Motivated by the quest to understand the hydrodynamic performance of a self-propelled body,
the self-propulsion technique has been developed and implemented in OpenFOAM toolbox. It
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can automatically integrate hydrodynamic forces acting on the body and then returns the next
position of the body patch.

For the more traditional foil studies, the body is forced to flap in a sinusoidal fashion or swim
in an undulatory motion with a fixed pivot point in current. However, for the hydrodynamic
scenarios studied herein, the fish-like body will also experience a locomotion in addition to the
prescribed lateral motion, which is often defined in the form of a wave traveling in the
streamwise direction (e.g., Maertens et al., 2017):

y(x,t) = A(x) sin@r(x/A — ft) + ¢) + B(x, t) 4.3)

where A(x) is the amplitude function of the body deformation, A is the wavelength, f is the
frequency, and B(x,t) can stand for the recoil or the lateral position of the body. Then, the
self-propelled foil is free to move horizontally due to the results of the fluid-body interactions.
The locomotion of the body in the horizontal direction is governed by Newton’s law:

dup _
M? =F, 4.4)

where M represents the inertia matrix of the body, u; is the six-degree-of-freedom (6 DoF)
velocity vector (3 translational velocities and 3 rotational velocities) and Fj, is the generalized
force/torque vector estimated from the solution of Eqgs. (4.1) and (4.2) by integrating on the
surface of the fish-like body. As explained previously, all the variables in the third direction are
not solved in 2D simulations. Moreover, the degree of freedom along x-axis is free and other
motions are constrained in the verification case presented in the next section.

Though there is no such application where the body can have both prescribed motions in some
directions and the free motion coupled with fluid around in other directions, the idea of realizing
this strategy can be inspired by an existing library, named sixDoFRigidBodyMotion. 1t is used
to solve the translational and rotational movement of a solid body caused by the forces acting
on it due to the interaction with the surrounding fluid, and therefore we can for instance predict
the transient behavior of a ship hull with accuracy, as reported by Jasak (2009a). Moreover, the
sixDoFRigidBodyMotion, a library solving dynamic mesh motions, can be called by many fluid
solvers such as pimpleFoam and overPimpleDyMFoam, which provides convenience for our
code implementation since these solvers are the ones adopted in the numerical simulations here.

To implement the free locomotion of the body with the prescribed motion, the forces library is
necessary to be introduced into the new application. The forces class calculates the forces and
moments by integrating the pressure and shear forces over the desired boundaries. Forces and
moments comprise normal pressure and tangential viscous contributions are computed in the
Earth-fixed Cartesian coordinate system by default. In order to obtain the transient motion of
the body, the accelerations need to be calculated by solving Eq. (4.4) for every time instant, and
then we can get to know the velocity and displacement of the moving body by integrations. The
updated state of motion will be applied to the subsequent time step and coupled with the
corresponding prescribed motion. The starting motion state of the body is often given by the
initial conditions of the case setup. The simulation procedure of a self-propelled body in
OpenFOAM is shown in Figure 4-6, in which the detail of the implemented self-propulsion
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strategy is provided.
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Figure 4-6. Flow chart depicting computation procedure in OpenFOAM using the self-propulsion strategy

The implementation of the new function in OpenFOAM can be split into the following steps:

1) store the motion state at the beginning of each time step.

2) compute the forces on the desired patch, i.e., moving body boundary surface. A boundary
is generally broken up into a set of patches in OF.

3) extract the updated mass centre position at the new time step by solving the 6 DoF motion
equation (4.4).

4) move the body boundary to the new positions according to the calculated displacement.
Here, the mesh surrounding the body should also be moved together in order to maintain its
good quality. Various mesh motion solvers can be employed by user to handle the mesh motion
and deformation.

5) output the new values of desired variables.

The complete development of the self-propulsion strategy should finally include the
compilation of the new library and some verification/validation studies.
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4.5.2 Verification study of an elliptic foil

The kinematic and dynamic behaviors of a free flapping foil is presented as a numerical
verification of the implemented self-propulsion strategy to examine the effectiveness and
accuracy of this approach. The simulation results are compared against the two-dimensional
numerical work of Zhang et al. (2009) for verification, where an in-house Navier—Stokes solver
using modified SIMPLEC pressure-correction scheme on moving unstructured Chimera grid
was applied.

In this study, the elliptic foil of chord length ¢ and thickness D is forced to flap up and down
in an incompressible fluid and free to move horizontally along x direction. The forced vertical
motion of the foil is prescribed as a sinusoidal oscillation:

yp = Asin(wt) 4.5)

where A represents the heaving amplitude of the foil and w is the angular frequency. One
oscillation period is denoted as T. The characteristic length, velocity, and time used for
nondimensionalization are ¢, Aw, and c¢/(Aw), respectively.

The horizontal force acting on the foil results in a free movement in the x direction according
to the Newton’s second law, and the dimensionless mass of the foil is defined as:

— PbSe
M= pys (4.6
where p;, and p; are the density of the foil and the fluid, respectively, assumed uniform and
S, is the area of the elliptic foil.

In the present verification study, the effect of geometric shape on the hydrodynamics is
considered herein to understand the relation between the morphology of wings (fins) and their
hydrodynamic performance in terms of velocity history and wake pattern, and thus the chord-
thickness ratio of the elliptic foil CR = c¢/D is varied from 1:1 to 15:1 in the numerical
simulations.

The Reynolds number is based on the foil flapping amplitude and frequency Re, = Awc/v.
Other important dimensionless parameters in the present problem are the density ratio p,/py
and the nondimensional heaving amplitude A/c. In the following numerical simulations, the
parameters of Re, =200, p,/pf =4 and A/c =0.4 are used to be consistent with
reference study, and thus verifing the self-propulsion strategy implemented in OpenFOAM.

Since the horizontal motion of the elliptic foil can be hardly foreseen and it is likely to perform
large locomotion, the overset grid method introduced in section 4.5.2 is an efficient approach
for this verification study. It gives the flexibility to allow for numerical simulations of arbitrary
foil motions relative to the Earth-fixed background grid.

A schematic representation of the computational domain in the present problem is given in
Figure 4-7. The length and height of this domain size are set to be 60c and 10c, respectively,
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same as that done in the reference work. The elliptic foil is placed at the center of computational
domain as the starting position. Zero horizontal velocity is given to the foil by default, but in
some cases, the effect of initial perturbation is examined by imposing a small initial horizontal
velocity. On the four boundaries of the domain and the surface of the flapping foil, the no-slip
boundary conditions are applied, which is also consistent with the reference simulations. As the
overset grid method is employed for simulation and information should be exchanged between
grids, the boundary condition named “overset” in OF solver is used on the internal boundary of
the overset mesh. For 2D computations here, the direction in the plane of the paper is only one
cell thick, i.e., all variables are not solved in the z direction and boundary conditions are set to
be empty.
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Figure 4-7. A schematic representation of the computational domain. ¢ is the chord length of the foil and b is
the thickness

Both structured and unstructured meshes can be used to discretize the fluid domain. The
background grid of the overset grid method often uses a Cartesian structured hexahedral (hex)
mesh created by the blockMesh utility included in the OpenFOAM platform. This is quite simple
to apply and only requires definition of corners forming the hexahedral block together with the
number of divisions in each of the three dimensions. For simple body shapes, this technique can
also be used. But for complex body shapes, snappyHexMesh utility can be an appropriate option
to generate unstructured meshes. Before applying this method, a computational domain larger
than the size of the body in all directions has to be created firstly to provide a starting mesh, and
the body geometry should be given as an input in the form of a stereolithography format. Then,
the snappyHexMesh utility conforms the mesh approximately to the surface by iteratively
refining the starting mesh and morphing the resulting split-hex mesh to the surface, i.e., all the
cells inside the body surface are removed and the cell vertex points close to the surface will be
moved onto surface geometry to remove the jagged castellated surface from the mesh. Generally,
this process involves refinement of cells near the body surface and cannot be performed with
hexahedral blocks alone due to arbitrary shapes and curvatures of the body. Therefore,
unstructured meshes including prism and tetrahedral cells are often generated for refinement,
as shown in Figure 4-8. The snappyHexMesh automatically generates a 3D mesh, and another
utility named extrudeMesh can be applied to extrude the mesh from an existing surface patch
into a 2D mesh. In this mesh generation method, some important parameters can be defined by
users in order to obtain a suitable mesh with good quality, such as the region of refinement
zones, size of maximum cells relative to the starting mesh, and number of prismatic layers close
to the body surface. However, for a more exquisite mesh, it is suggested to employ some
advanced mesh generation utilities or software. For example, the spacing between nodes along
and around the body surface can be specified by many bunching laws or adjusted manually in
the commercial software ICEM (ANSYS, 2005).
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Figure 4-8. Unstructured mesh generated by snappyHexMesh in the overset region for the case of CR =5 with

details near the boundary surface (red)

Both structured and unstructured grids can be generated by ICEM. The unstructured grid can
be created with tetra/prism mesh automatically after giving the maximum cell size as well as
mesh parameters around boundaries, and the structured one must be generated with more
manual intervention. The structured grids are able to provide more flexible control of the mesh
generation, especially the refinement in specific regions where large flow gradients are expected
to happen. In most of the cases, the structured mesh can provide a more efficient computation
as compared to an unstructured mesh, since the unstructured one generally owns larger number
of cells (due to automatic refinement near boundary surface). However, for the elliptic body
with very large chord-thickness ratio, the unstructred mesh can have better mesh quality than
the structure one in terms of the metrics such as skewness and non-orthogonality. Figure 4-9
shows an example of structured and unstructured O-type grids for the 2D elliptic foil of CR =

5.
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Figure 4-9. A schematic view of meshes generated by ICEM in the overset region for the case of CR = 5. (a)
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Due to the linear interpolation algorithm of the overset mesh method, the overset mesh is often
constructed so that the outermost layer of the moving mesh has the same cell size as the
background grid. Note that though both overset and background grids are extruded one single
cell thick in the third direction for 2D simulations, we should always remember to set their mesh
thickness along z direction equal.
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Figure 4-10. Nondimensional horizontal velocity for the elliptic foil with CR =5 using different mesh methods

The OpenFOAM results obtained using the three mesh approaches in Figures 4-8 and 4-9 are
compared against the reference results for the case of an elliptic foil with CR = 5 because it is
expected to have a unidirectional locomotion. As reported by Zhang et al. (2009), after an initial
transient phase in this case, the foil achieves a quasi-steady-state phase with a unidirectional
locomotion. Figure 4-10 examines the latter phase showing the dimensionless horizontal
velocity of the foil from the three simulations. One should note that the same background grids
with cell size 0.2¢ are employed by the snappyHexMesh (red) and the structured mesh (blue),
and the unstructured mesh generated by ICEM (green) adopted a finer background grid of size
0.125c since the outermost layer of its overset grid is smaller. It is found that the unstructured
mesh generated by snappyHexMesh can predict similar kinematic results as the one by ICEM,
which might because both meshes have fine cells within the refinement region around the foil.
Moreover, the results from the two unstructured meshes agree much better with the reference
solution than the structure mesh result. The disability of the structured mesh in this case may be
due to the overset mesh is quite coarse and many cells are skewed, thus it didn’t capture well
the flow features close to the foil and also lost accuracy during information interpolation
between grids. With the increase of the chord-thickness ratio CR in this hydrodynamic
problem, it becomes even challenging to generate a body-fitted O-type structured mesh with
better quality than the unstructured mesh. There will be more and more cells clustering around
sharp corners for increasing CR, and as a result, the aspect ratio of these cells for the structured
mesh will be too large. It is also difficult to control the prismatic layers covering the entire body
surface using the snappyHexMesh utility for large CR foils. Therefore, the unstructured mesh
generated by means of the available software ICEM is employed for the overset grid attached
to the elliptic foil with different CR values in the present study.
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For better comparison against the reference solutions, it is performed a numerical convergence
analysis of the OpenFOAM results. The case of elliptic foil with CR =5 is used again to this
scope. Due to the symmetric setup of the studied foil, it is expected that the grids can have a
huge influence on the predicted results. According to Prandtl’s boundary-layer theory
(Schlichting and Gersten, 2015), the boundary-layer thickness & in a two-dimensional
incompressible laminar flow satisfies the following trend:

) v

1
e \/?n =l 4.7
where L represents the characteristic length of the body, U is the free-stream velocity (true or

seen in a reference frame moving with the body), and R,, denotes the Reynolds number defined
in a general sense: R, = % A simple example of its application is the boundary-layer along a

2D circular cylinder of radius R in a current parallel to the x-axis, and the thickness around
2V2
JRn
the characteristic length L for Reynolds number. The present elliptic foil case follows this law
for a rough estimation by considering R = ¢/2, the maximum thickness is approximately
around 0.1c. Therefore, the number of mesh points within this boundary-layer region should
be determined so that the body boundary layer is well resolved, which is important to predict
accurately the fluid-body interactions.

maximum Y point is estimated to be § = R. Here the diameter of the cylinder is taken as

As mentioned above, the unstructured mesh strategy from ICEM is adopted to discretize the
overset region with different values of the first off-wall cell height (the distance from the first
off-wall point to the body surface along surface normal direction), the height ratio as well as the
number of prismatic layers. The maximum cell size of the overset mesh in all the casesis 0.15c.
The names of the generated grids and details of grid parameters are given in Table 4-1.

Table 4-1. Grid details for CR = 5

Grid First cell height (X c) Height ratio Number of layers Nodes on foil
Gl 0.02 1.05 10 72
G2 0.019 1.1 10 72
G3 0.015 1.15 10 68
G4 0.012 1.2 10 72
G5 0.02 1.1 10 72
G6 0.012 1.1 14 68
G7 0.005 1.1 21 68
G8 0.02 1.1 10 68
G9 0.005 1.1 21 68
Gl10 0.02 1.1 10 116
Gll 0.005 1.1 21 116

The cases from G1 to G7 have asymmetric unstructured mesh, and the height ratios in G5-G7
are kept the same. For the cases G§8-G11, the unstructured mesh is generated for a quarter of the
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foil and mirrored twice for the whole overset domain and thus they are symmetric with respect
to the x and y axes defined in the sketch of Figure 4-7. In these numerical cases, the Euler
scheme is selected for time discretization and the time step is 0.005s to ensure that the
maximum Courant number is less than 1 for all simulations. The foil horizontal velocity,
predicted in quasi-steady-state conditions by using the G1-G11 grids, is documented in Figure
4-11.
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Figure 4-11. Nondimensional horizontal velocity for the elliptic foil with CR =5 using grids G1-G11

From the results of G1-G4, it can be seen the velocity history of G4 is obviously deviated from
G1-G4 even though it had a finer mesh in the first off-wall layer. The deviation could be due to
the higher value of the cell height ratio. For G5-G8, the height ratio is 1.1 and the numbers of
layers are adjusted so that the boundary layer from the body is well resolved. By comparing the
results of G1 and G5 where the first layer thicknesses are the same, we find that the velocity
time history from G5 almost coincides with that from G1 except that G5, with a larger prismatic
layer region, can capture better the frequency content associated with the time history of
horizontal velocity for CR = 5, as documented in Figure 4-11. The maxima and minima of the
horizontal velocity from G6 and G7 agree well but they have half-period phase difference. It
may be due to the symmetric setup of the numerical simulation and the vorticity shedding
occurred half-period later. In the symmetric meshes studies of G8-G11, the results from G8
coincide with those from G5, but those from G9 have larger oscillation amplitude than the
results from G7. Moreover, there are more nodes along the foil in G10 and G11. The results
from G5 and G10 are similar while the finer mesh G10 documents larger velocity discrepancies.
The mesh G11 results in higher horizontal speed of the foil. Overall, this elliptic foil case is
very sensitive to the mesh because of its symmetric geometry and symmetric computational
domain. From this analysis, it is found that too small first off-wall cell size and too large cell
height ratio can lead to the risk of increasing numerical errors for simulations. The meshes with
first cell height 0.02c¢ and height ratio 1.1 are generally stable for simulation. The symmetric
mesh G10 can give reasonable results for the horizontal velocity of the body, and it is selected
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as a base mesh for the following time scheme analysis, as shown in Figure 4-12. Besides, the
strategy associated with the mesh G10 is adopted to generate grids for other CR values
examined in this verification study.
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Figure 4-12. Meshes for the case of CR = 5. (a) Meshes near the overset region (red line: background mesh; blue
line: moving mesh); (b) local mesh around the foil surface where rectangular cells are used to capture the flow

features in the boundary layer

In addition, the effect of time evolution schemes has been examined since it is also one of the
most important factors controlling numerical diffusion in hydrodynamic problems. The first-
order Euler implicit time scheme and the second-order Crank-Nicolson method with under-
relaxation values of 0.7 and 0.9 (CN 0.7 and CN 0.9) are adopted for the elliptic case of CR =
5 with the mesh shown in Figure 4-12.

The velocity histories of the elliptic foil CR = 5 using these time schemes are plotted in Figure
4-13. To make a quantitative comparison between the numerical schemes, the maxima and mean
values in the quasi-steady-state region for two oscillation periods are considered and
documented in Table 4-2. From the results, the CN 0.7 scheme is observed to present a lower
horizontal velocity, with a difference of 1.5% for the mean velocity when compared with CN
0.9 scheme. In general, the under-relaxation value of 0.9 is considered as a good compromise
between accuracy and robustness for CFD simulations. But the maximum velocity predicted by
CN 0.9 in this case is smaller than the value predicted using the Euler scheme, and another
disadvantage is that it increases the computational time by about 30%. The comparison between
Euler and CN schemes is reasonable and thus the Euler scheme is chosen as the base scheme
for all studied elliptic foil cases with different chord-thickness ratios.
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Figure 4-13. Nondimensional horizontal velocity for the elliptic foil with CR = 5 using different time schemes

Table 4-2. Horizontal velocity results of different time schemes

Time scheme Maxima Mean Computational time (s)
Euler 0.600 0.550 2541
CN 0.9 0.593 0.543 3137
CN 0.7 0.596 0.535 3237

For the cases with other CRs, the number of mesh points that are deployed on the surface of
the foil is adjusted to its shape accordingly. For example, we can decrease nodes number to 60
for CR = 3 and increase it for CR = 15. The extra grid points are clustered near the leading
and trailing edges where larger gradients of flow quantities are expected.

After establishing these numerical setups and convergence criteria, the simulation results are
verified against the reference solutions. The comparisons are performed in terms of the
horizontal velocity histories of the foil and the corresponding vortex-shedding features. This is
important to analyze the effectiveness of the self-propulsion strategy implemented in
OpenFOAM library for predicting the body locomotion and the hydrodynamic forces acting on
the moving body. The time histories of the simulated horizontal velocity for CR =1, 3, 5, and
15 are plotted in comparison with the reference data in Figure 4-14. From this figure, it is seen
that three different scenarios can be identified, namely, no symmetry breaking (CR = 1),
chaotic motion (CR = 3), and unidirectional locomotion (CR = 5 and 15).

74



Chapter 4. Theoretical and numerical methods

1 ~4 T T T T T T T T T T T T T T T
CRl1ref CRI1
CR3ref CR3
CR5ref CRS |
CR15ref CR15 | {

1.0

0.8

0.6

0.4 1
u* |

bx
0.2 1

0.0 -peahle:

-0.2 4

-0.4-

-0.6 1 .
'0-8 T T T T T T T T T T T T T T T
0 10 20 30 ?Q 50 60 70 80

Figure 4-14. The comparison of the horizontal velocity histories between numerical simulations (dash line) and

reference solutions (solid line) for elliptic foils at various CRs

The results from the developed self-propulsion strategy and those from the reference numerical
solution are in good agreement for the case with CR = 1, where the foil is actually a circular
cylinder. No effective locomotion is triggered by the adopted method and this left-right
symmetric pattern is very stable in the investigation period even with a large initial perturbation
of the foil horizontal velocity. The simulated horizontal velocity is not strictly zero after a long
time of simulation due to error accumulation, but its magnitude remains smaller than 1073
after 30 oscillation periods as presented.

To figure out the reason of cylinder’s zero locomotion behaviour and further explore the
effectiveness of the implemented self-propulsion method, the flow field of the above scenario
is thus illustrated here. Figure 4-15 shows the comparison of the vorticity contours when the
foil is at the equilibrium position. The vorticity field around the circular foil can maintain the
left-right symmetric pattern for a long time, despite a negligible deviation from its initial body
horizontal position at the centre of the computational domain. Besides, good agreement is
confirmed between the present simulations and the reference results.
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Figure 4-15. Vorticity contours of the elliptic foil CR = 1 at equilibrium position from the reference solution (left)

and OpenFOAM simulations (right)

In the case of CR = 3, it is apparent from Figure 4-14 that the horizontal motion experienced
by the elliptic foil is different from the reference solution. However, it should be noted that the
foil moves back and forth in a chaotic manner and no unidirectional locomotion is achieved
after a long time of simulation for this scenario, which is consistent with the chaotic-motion
scenario predicted by the reference solution. The zero horizontal velocity is soon broke during
the foil evolution and the time averaged velocity after ten periods of foil oscillations, for
minimizing the influence of initial disturbance, is relatively small (approximately 0.03).
Moreover, a minor numerical perturbation, such as machine error or mesh asymmetry, will lead
to a quite different foil locomotion. But no matter what the velocity history is, the foil always
keeps the chaotic behavior and has a very small time-averaged velocity, which are consistent
with the reference numerical work, indicating the implemented method is effective in studying
this problem.

Figure 4-16 displays the instantaneous vorticity field of the elliptic foil CR = 3 from the
reference and OpenFOAM results, and the direction of the foil instantaneous velocity is
indicated by the black arrow. In this chaotic scenario, the symmetric pattern of the flow field is
lost soon after the foil oscillation, and the vorticities begin to emerge at one end of the foil. Then
the foil is accelerated by the non-zero horizontal force toward one direction, depending on the
initial conditions and the consequent arrangement of the vortices. It seems that the foil cannot
easily shake off the vortices that are shed during the previous strokes. These asymmetric
vortices tend to circulate around the body and give rise to complicated interactions among them.
Although the instantaneous horizontal velocity and locomotion of the foil predicted by the
present numerical method is different from the reference solution, it is seen that the foil moves
back and forth within a certain range for a long time in both studies.
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(€3] ()
Figure 4-16. Instantaneous vorticity contours of the elliptic foil CR =3 at t* =30, 50, 60, and 70 from the
reference solution (a-d) and OpenFOAM simulations (e-h)

In the cases of CR =5 and 15, the elliptic foils can perform a unidirectional locomotion, and
the agreements between present results and reference data are quite reasonable. The
nondimensional averaged terminal velocities after the periodic quasi steady states are reached
for the two cases are estimated as 0.55 and 0.86, respectively. The corresponding values from
the reference solution are 0.56 and 0.82, and the differences between OF and reference results
are about 1.8% and 4.9%, respectively. Thus, the present numerical method can be considered
satisfactory in predicting foil kinematics with effectiveness and accuracy.

For the elliptic foil CR = 5, a unidirectional locomotion is achieved soon after the symmetry
breaking of the vorticity field. Large vortical structures propagate almost horizontally to the left
and thus the foil moves toward the right, and this direction selection can be affected by the
initial conditions. From the vorticity contours shown in Figure 4-17, it is found the vortical
structures behind the foil propagate to different sides about the center line in the two cases, and
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this could be due to the numerical perturbations such as machine error and mesh asymmetry
(used in the reference work). Besides, this vortical structure is the reversed von Karman vortex
street, which is often related with the thrust force of the foil.

Figure 4-17. The reversed von Karman vortex street behind the elliptic foil of CR = 5 from the reference solution
(top) and OpenFOAM simulations (bottom)

The unidirectional locomotion and the qualitative nature of the vortex structure in the case of
CR = 15 are similar to those of CR = 5, but the vortical structures propagating to the left are
oblique (downwards in the present study) as the foil moves toward the right, as illustrated in
Figure 4-18. Here, the OpenFOAM simulation results are in satisfactory agreement with results
from the reference paper.

Figure 4-19 gives the nondimensional velocity histories of CR =5 and 15 within one
oscillation period T during quasi steady state. Though the sinusoidal heaving motion of the
elliptic foil is symmetric, the maxima and minima values are different in the two consecutive
half periods.
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Figure 4-18. The reversed von Karméan vortex street behind the elliptic foil of CR =15 from the reference

solution (top) and OpenFOAM simulations (bottom)
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Figure 4-19. The horizontal velocities within one oscillation period at quasi steady state
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A Fast Fourier Transform (FFT) technique is used to examine the time variation of the
nondimensional horizontal velocity. A time interval of 5 oscillation periods during the quasi-
steady-state region is analyzed and the results are shown in Figure 4-20. The nondimensional
frequency of the foil heave motion is 1, and the dimensionless frequency of the oscillatory drag
force caused by the alternate vortex shedding is expected to be 2. However, both foils are found

to have another apparent frequency 1.
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Figure 4-20. Fourier horizontal velocity amplitude spectra at quasi steady state

The multiple frequency content associated with the horizontal velocity history may be resulted
from the asymmetric vortex shedding behind the foil. Figure 4-21 displays the instantaneous
vorticity field of the elliptic foil CR = 15 at four different states during one oscillation period

illustrated in Figure 4-19.
Figure 4-21. Instantaneous vorticity contours of the elliptic foil CR =15 at different positions durlng one
oscillation period. (a) t/T = 10, (b) t/T = 10.25, (c) t/T = 10.5,(d) t/T = 10.75
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The overall consistency between numerical simulations and reference solutions demonstrate
that the self-propulsion strategy implemented in OpenFOAM library is an effective method for
studying body locomotion and the corresponding hydrodynamic forces acting on it. The
comparisons in terms of velocity history and vortical structures indicate that the present method
is able to capture the hydrodynamic details around the moving body with satisfactory accuracy
and efficiency. In addition, the advantage and disadvantage of different types of grids
(structured and unstructured mesh) have been discussed and it is suggested to choose a suitable
one depending on specific cases. Various spatial and temporal discretization schemes have been
examined in this verification case, and this can help in determining optimum solver settings for
the further studies in chapter 6.

4.6 Summary

In this chapter, key aspects for numerical simulation methods have been introduced, with
particular focus on numerical schemes adopted in OpenFOAM library as well as various
dynamic mesh motion methods.

A numerical implementation to study self-propelled fish-like foil has been proposed. The
strategy of the self-propulsion application is described in detail. The verification study case of
an oscillating elliptic foil gives reasonable results and demonstrates the effectiveness of the
proposed strategy. Herein, different mesh generation methods have been described and
compared. The effect of different spatial and temporal discretization mesh has also been
analyzed in the present verification study.

The theoretical and numerical methods introduced here are used as basis for the numerical
investigations of the hydrodynamic problems in the following chapters.
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Chapter 5

Flapping foil studies

The basis source of locomotion and manoeuvring forces of many swimming fishes is the control
of vortices produced by their oscillating bodies and fins. In this chapter we are interested in the
study of the propulsive performances of various flapping foils with different fish-like profiles:
the tear-shaped foil introduced in chapter 4, two NACA geometries and a series of deformable
NACA foils. Systematic numerical simulations are carried out in a uniform current under two-
dimensional conditions, since the experimental studies performed by previous researchers
reveal that a quasi-2D mechanism often contains key dynamical elements of most flapping foil
systems. The results of the semi-circle foil are validated against reference experimental data,
and the effect of various numerical setup parameters are also examined. Detailed investigations
of the foils with different fish-like profiles are presented in terms of thrust force, propulsion
efficiency and wake features. The critical Strouhal number at the drag-thrust transition at
different Reynolds numbers is documented to explore the relationship between them. In addition,
a morphing strategy is proposed to combine the advantages of the rigid foils with different
shapes, that is, to maximize the mean thrust and efficiency while minimizing the required mean
input power during the pitching motion.

As last note, the acronyms introduced in the previous chapter are directly used without explicit
definition.

5.1 The models

For the flapping systems, either natural or man-made, a dimensionless parameter, the Strouhal
number, defined as the product of the flapping frequency f and characteristic wake width A,
divided by the cruising speed U, i.e., St,, = fA,,/U, is often employed to characterize the
features of fish-like body generated wake and so the flow-induced force, with attention to the
capability of thrust production. Laboratory and theoretical studies suggest the optimal
propulsive efficiency of a flapping foil peaks within a narrow interval 0.2 < St,, < 0.4 (Read
et al., 2003 and Anderson et al., 1998). Data collected by Taylor et al. (2003) indicate that this
interval is consistent with the range adopted by many aquatic animals regardless of the sizes
and species. However, it is apparent that foils with different profiles can perform oscillating
motions with the same Strouhal number as long as their flapping configurations being the same.
Less clear is the influence of the body shape on the flapping performance, their associated
vortex signature in the wake, and the optimal choice for the configuration of foil kinematic and
shape for efficient thrust generation.

In order to better understand the flapping performances of foils with different profiles in a
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proper manner, three symmetric hydrofoils with the same chord length ¢ are examined, as
shown in Figure 5-1, and considered to experience forced pitching motions with the same pivot
point (approximately 0.11c behind the leading edge). The tear-shaped foil with a semicircular
leading edge and a triangular section in the aft is adopted from the experiments performed by
Godoy-Diana et al. (2008), as represented by the black line. The trailing edge of NACA 0012
foil is as sharp as the semi-circle foil, but its maximum thickness D is much smaller. In contrast,
we selected NACA 0021 foil that has the same maximum thickness as the semi-circle foil, but
it is thicker in the aft part.

— Semi-circle foil
——NACA 0012
——NACA 0021

J
1

/

c=23mm

Figure 5-1. Schematic view of the examined fish-like foil profiles

The details of the three foil parameters are given in Table 5-1.

Table 5-1. Foil profile details

Foil Semi-circle NACA 0012 NACA 0021
chord length (mm) 23 23 23
maximum thickness (mm) 5 2.76 5
perimeter (mm) 49.16 46.9 48.38
cross-sectional area (mm?) 61 43 78

5.2 Numerical setup

Taking the semi-circle foil as an example, Figure 5-2 depicts the present hydrodynamic problem
through the schematic of the foil motion and flow configuration. This numerical study is based
on the pitching foil experiments carried out by Godoy-Diana et al. (2008) in a hydrodynamic
tunnel, used here as reference data. The two-dimensional foil is placed in the uniform current
with constant inflow speed U, in the horizontal direction parallel to the x-axis. The flapping
hydrofoil is forced to perform pitching motions in a sinusoidal pattern (about O and z-axis),
and the angular motions are described by:

6(t) = 6ysin(wt) (5.1

Here w =2nf =2n/T is the foil forced-oscillation angular frequency, and 8, is the
maximum pitching angle. The solid line of the foil in Figure 5-2 represents its equilibrium
position, while the dashed lines represent the positions at the maximum rotation angles. The
pivot center for the three foils keeps the same.
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Figure 5-2. Schematic view of foil motion and flow configuration using the semi-circle foil

Defining the Reynolds number based on foil chord length, i.e., Re, = U.c/v, its value was
1173 in the reference experiments (Godoy-Diana et al., 2008). Firstly, a set of numerical
investigations is performed at this Reynolds number to be validated against the experimental
results, and then, the kinematic viscosity of fluid is varied to change Re. from 500 to about
4000 in order to study its influence on the optimal flapping characteristics and on the
performance.

Other important parameters introduced here are the nondimensional flapping amplitude and a
sort of Strouhal number defined by Godoy-Diana et al. (2008), respectively, as A, = A/D and
Sr=fD/U,, with A the prescribed peak-to-peak amplitude (see sketch in Figure 5-2). In the
following, the pitching hydrofoils are studied in the parameter region of 0.1 < Sr < 0.5 and
0.36 < Ap < 2.14, covering the wake scenarios from von Karman (vK) wake, reverse von
Karman (reverse-vK) wake to asymmetry wake regimes. As noted earlier in the text, flapping
foils creating the optimal propulsive efficiency and a wide range of cruising fishes are
discovered to lie in a narrow interval 0.2 < Sty = fA/U. < 0.4 by laboratory and theoretical
studies. This region will also be the focused part in our investigations.

Within these parameter regimes, previous studies (eg., Godoy-Diana et al., 2008; Deng and
Caulfield, 2015) found that although three-dimensionality can be important in many cases, a
quasi-two-dimensional (quasi-2D) picture of the wake often contains key dynamical elements
that are crucial for every flapping foil system, which is closely related to practical engineering
problems. In addition, the forces acting on the 2D hydrofoils indicate that they are comparable
to those on three-dimensional (3D) foils in terms of values and evolutions at low Reynolds
number (Moriche et al., 2016). Therefore, 2D simulations are carried out in the present flapping
foil simulations to explore the mechanisms of wake transitions and propulsive forces, which are
also consistent with the reference experimental study by Godoy-Diana et al. (2008).

The numerical methods described in chapter 4 are used here with the assumption of viscous
flow, without turbulence-flow model and in two-dimensional conditions. The resulting model
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corresponds to a direct numerical simulation (DNS) for laminar flow if the used discretization
can capture the physics of the problem. For the examined foil case, the flow is laminar close to
the body while transition to turbulence can happen in the far field. In this context, one should
note that turbulence leads, in a real environment, to three-dimensional features. It means that,
even though we were able to capture the small scale of the turbulence in the far field, we would
not be able to capture its evolution in proper way (direct energy cascade in 3D, inverse energy
cascade in 2D), so including a turbulent-flow model within a 2D-flow assumption would not
lead to an improvement. Besides, far-field turbulence induces an additional viscosity (eddy
viscosity) which could be included in the fluid to emulate the diffusion effects. The comparison
against the experiments (in terms of local and global quantities) can help in quantifying the
importance of this possible error source in the numerical model.

The 2D computational domain around the flapping foil is defined by a rectangle extending 5.2
chords upstream and 6.5 chords downstream. The domain transverse dimension (i.e., in the y
direction) is setto —3.26¢ < y < 3.26¢, which is the same as the tunnel width in experiments.
Numerical simulations illustrated that such dimensions are sufficient to have negligible
boundary effects on the foil wake and flow-induced loads. Boundary conditions and the
reference system for this hydrodynamic problem are shown in Figure 5-3. A no-slip condition
is enforced along the flapping foil. Slip conditions are applied to the top and bottom domain
boundaries, i.e., only velocity in the y-direction is enforced to be zero along these boundaries.
A uniform inflow condition is enforced at the inlet while a uniform pressure condition is used
at the outlet. Herein, to avoid a break-down at the beginning of the numerical simulations, we
adopted a sinusoidal ramp function within the first second starting from zero to a desired
constant velocity (U, = 51mm/s in the study reproducing the experiments by Godoy-Diana
et al., 2008) for the inlet. The boundary conditions in the third direction (z direction) for all
variables are set to be empty as none of them are solved consistently with the two-dimensional
flow assumption. For the interpolation layer in the overset mesh, an additional boundary
condition named “overset” is provided in the OF solver.

Figure 5-3. Schematic view of computational domain with reference system and parameters definition. An example

of the two grids (body-fixed and background grids) of the overset strategy are also shown
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5.3 Assessment studies of the semi-circle foil

The semi-circle pitching foil is simulated at Re. = 1173 , Sr=0.22 and Ap =
0.36,0.71,1.07,1.77 to validate the numerical model adopted. Here, the simulation results are
compared against the reference experiments (Godoy-Diana et al., 2008) in terms of
instantaneous spanwise vorticity fields, mean flow near the semi-circle foil and hydrodynamic
force coefficients.

In addition to the comparison with physical experiments, we also put focus on studying the
effect of various numerical parameters on local and global phenomena of the pitching foil. The
dynamic mesh and overset grid methods introduced in chapter 4 are discussed for this basis case.
The effects of time schemes, grid resolution, overset region size and mesh ratio between overset
and background mesh are documented for the overset grid technique. Cost-benefit analysis is
also discussed, wherever necessary, in terms of error with respect to the experiments,
computational effort/time required, complexity in mesh generation, etc.

5.3.1 Influence of mesh motion methods

The structured grid is employed for both deforming mesh method (DM) and overset grid method
(OQG) grids as, based on the gained experience, it often brings about a better force prediction
and captures wake features better than the unstructured mesh in this flapping foil study. A C-
type grid is generated by means of the commercial software ICEM around the hydrofoil for the
morphing mesh case. In the OG case, the two-dimensional grid used to discretize the flow
domain close to the flapping foil (overset grid) is also generated by ICEM and the background
grid by the corresponding library included in the OpenFOAM platform. Due to the use of a
linear interpolation between grids, the overset mesh is constructed so that the outermost layer
of the moving mesh has comparable cell size as the background (BG) grid. Figure 5-4 illustrates
the C-type DM grid and the body-fitted overset grid applied for the semi-circle foil.

77T 1

Figure 5-4. Local structured grids generated by ICEM for the flapping foil. Left: DM; Right: OG

To better investigate the effect of different mesh motion strategies on simulation results, a
similar discretization size should be used for the C-grid close to the foil and for the overset
mesh. In this way, a mesh with 22800 structured hexahedral cells is selected for the DM case,
meanwhile, the OG case has 3640 hexahedral cells in the overset region and 288000 structured

cells for the background mesh (Ax = Ay = 0.0163c).
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Figure 5-5 presents the qualitative comparisons for instantaneous vorticity field and time-
averaged flow velocity between the OF simulations with OG and the experiments for the case
performed at Re, = 1173, Sr =0.22 and Ap = 0.71, corresponding to an intermediate
oscillation amplitude among those examined. The contour legends represent the vorticity
intensity and velocity magnitude, respectively, in the top and bottom figures. Euler method is
used as temporal scheme and the ratio of outermost cell size of the overset grid to the
background grid size (i.e., the mesh ratio) is 1. The time step is 0.0025s to ensure that the
maximum Courant number is less than 1 for these dynamic simulations. In this case, the
oscillating foil should lead to a scenario where vortices of alternating signs align on the
symmetry line of the wake (aligned wake) and to a time-averaged drag force on the foil
according to the experiments (Godoy-Diana et al., 2008). We observe a reasonably similar
behavior from the figures. The numerical simulation can capture the aligned vortex street and
the time-averaged velocity field quite well. The intensities of vortices in the downstream of the
physical foil are slightly smaller than the experimental data. It may be due to the time/space
discretization causing diffusion or because of the linear interpolation scheme between overset
and background grids. The mean horizontal velocity behind the foil is lower than the inlet
velocity U, in this case and leads to a mean drag force, which is consistent with the
experiments.
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Figure 5-5. Instantaneous spanwise vorticity fields at the instant ¢t = 20.5s (top) and time-averaged flow velocity
(bottom) of the semi-circle foil at Re, = 1173, Sr = 0.22 and Ap = 0.71 from OF with OG (left) and

experiments (right)
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Figure 5-6 shows the instantaneous spanwise vorticity fields for the same case using DM and
OG techniques, respectively, with the same scale of the vorticity contour levels. There is nearly
a discontinuity for the overset grid near the outermost cell layer because of the interpolation
between the overset and background grid, which can be found around the foil and the latest
shedding vorticity from the trailing edge. From comparisons between DM and OG at the
equilibrium pitching state, we find that their behaviors are similar, but the intensity of vorticity
is apparently lower for the deforming mesh, especially close to the foil. In addition, due to mesh
deformation, the detailed vortex structure for the DM case is not as well captured as for the
overset case, indicating that the deforming mesh method may lead to numerical diffusion. The
mean velocity fields show that the velocity deficit in the wake profile is almost completely
erased in the DM case while we can still see the mean velocity along the centerline is slightly
reduced in the OG case and the experiments in Figure 5-5. It confirms again that higher diffusion
occurs for the DM case.
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Figure 5-6. OF vorticity field at the instant ¢t = 20.5s and time-average velocity of the semi-circle foil at Re, =
1173, Sr = 0.22 and Ap = 0.71 with DM and OG methods

The global effect of these mesh motion strategies is then examined for this case in terms of the
horizontal and vertical force coefficients. The two coefficients are defined by the following
equations, respectively:

By

T
SpUéc

C, = (5.2)
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C, =

) = (5.3)

%puczc
Here p is the density of the fluid. Based on this definition and the reference system introduced
in Figure 5-3, the foil experiences thrust when C, < 0 and drag when C, > 0.

Figure 5-7 shows the results for the two mesh motion types with Euler temporal scheme and
same time steps. As expected, the C, frequency is twice the C, frequency f. DM gives a
much smoother behavior. One reason can be that the linear interpolation between grids in OG
requires a smaller time step. Also, the crests have slightly larger values for OG, which might be
due to finer mesh in the wake region or less diffusion effect in the OG method. The time-
averaged value of C, for the DM and OG cases are 0.115 and 0.119, respectively. The
experimental value extracted from the reference paper (Godoy-Diana et al., 2008) is about
0.119, and the estimation method used will be explained in section 5.4.2. Therefore, the OG
method is considered to give more accurate results.
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Figure 5-7. Horizontal (left) and vertical (right) force coefficients of the semi-circle foil at Re, = 1173, Sr =

0.22 and Ap = 0.71 vs time for DM and OG methods

Since the OG method can capture more localized wake features and its predicted hydrodynamic
forces are consistent with the DM approach, it is selected for the rest of numerical simulations,
including foils with larger flapping motions where OG is able to avoid severe mesh deformation
problems.

5.3.2 Influence of overset region size

The size of the foil-fitted overset grid region could also affect the local and integrated
predictions. Here, the dependence of the simulation results on the overset domain size has been
assessed in the semi-circle foil case. The distance from the foil profile to the overset boundary
is set to three different values: 0.20c (labelled as small region), 0.33c (labelled as medium
region) and 0.72¢ (labelled as large region), as shown in Figure 5-8. Although the overset
domain size varies, the mesh size in these three cases remains the same, meaning that the cell
number of the overset region increases with the expansion of the domain size. Therefore, the
elements number and size within the background grid (Ax = Ay = 0.0326c¢) keep the same in
the simulations.
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Figure 5-8. Schematic view of three overset grids with different extensions

In the following validation studies of section 5.3, the semi-circle pitching foil oscillating at
Re. = 1173, Sr = 0.22 and Ap = 1.77 is examined (herein named as basis case) because it
is expected to experience the largest variation of hydrodynamic loads during the pitching motion.
The time histories of the horizontal force coefficient for the flapping foil from the three
simulations are shown in Figure 5-9. It is found that the results obtained using the small oveset
domain (small region) case are not as smooth as the others, but the mean values agree well.
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Figure 5-9. Basis case: horizontal force coefficient vs. time for three overset domain sizes

The latter can be estimated as time-averaged values of the horizontal force; similarly one can
do for the mean values of the force coefficient, i.e., as:
= 1 ptotnT

Y= od,  Fe(Ddt (54
—— _ 1 cto+nT
x = ot C,(t)dt (5.5)

Here T is the foil oscillation period, as previously defined, n is a positive integer, and the
initial time instant t, is chosen as a time instant after the numerical results reached nearly
steady-state conditions.
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The time-averaged horizontal force coefficient during ten flapping periods (n = 10) and the
computational time for a simulation of 20s (about 45 periods) for the three cases are
documented in Table 5-2. Following these numerical tests, unexpectendly the medium size of
overset region costs the least time. A possible reason could be that in the examined small-region
case the fringe and donor cells from the background mesh to the overset mesh, and vice versa,
would get very close, thus leading to interpolation issues. Because the medium size of overset
region also gives predictions comparable to the case with thicker overset domain, it is applied
in the following for the rest of simulations after the cost-benefit analysis.

Table 5-2. Basis case: horizontal force coefficient and computational time for a simulation of 20s (= 44.88T) as

a function of the overset region size

Overset-domain size 0.20c 0.33¢c 0.72¢
C, -0.168 -0.177 -0.181
Computational time (s) 1920 1902 1924

5.3.3 Influence of mesh ratio between overset and background grids

The ratio of cell size between background (Ax) and overset (Ax") grids also plays a role in
affecting the accuracy of numerical results. The mesh ratio is defined as:

T = % (5.6)
In the analysis of the mesh-ratio effect in terms of C,, the Euler scheme is used for temporal
discretization and the results are presented in Figure 5-10 and Table 5-3. Because OF allows
only linear interpolation between grids in OG, it is important to keep the interpolation layer of
the overset grid with very similar size as the background grid. This may lead to high
computational costs and mesh generation issues sometimes but seems to give the most reliable
results.
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Figure 5-10. Basis case: horizontal force coefficient for three mesh ratios
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Table 5-3. Basis case: horizontal force coefficients and computational time for a simulation of 20s (= 44.88T)

as a function of the mesh ratio

Tm C, Computational time (s)
1 -0.172 10603

1.33 -0.174 4975
2 -0.177 2135

5.3.4 Grid convergence analysis

To confirm the spatial convergence of the overset grid method for the examined case, an
extensive analysis on grid resolutions with the corresponding boundary conditions has been
performed. In particular, Figure 5-11 shows the time-dependent horizontal force coefficient for
the flapping foil in the basis case and using three discretizations labelled as Grid 1 to 3.
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Figure 5-11. Basis case: horizontal force coefficient vs. time for three different grid resolutions
They are made of structured hexahedral cells and are defined in Table 5-4. The results obtained
by the examined grid sizes agree well with each other except for slight differences between the

results from Grid 1 and those from the other grids around minimum values.

Table 5-4. Basis case: three grid resolutions for the flapping foil

Grid 1 Grid 2 Grid 3
Nodes along foil 120 142 164
Cells in BG grid 162,000 288,000 450,000

The time-averaged horizontal force coefficients and the dimensionless time-averaged
streamwise velocity (i1/U) along the wake centerline at x/D = 6 obtained with the three
discretizations are documented in Table 5-5.
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Table 5-5. Basis case: time-averaged horizontal force coefficients and velocity along wake centerline for the

flapping foil for the grids defined in Table 5-4

Discretization Grid 1 Grid 2 Grid 3
[ -0.182 -0.172 -0.164
u/U at x/D =6 1.878 1.967 1.968

The corresponding flow structures have been also carefully studied. Figure 5-12 illustrates the
instantaneous vorticity contours at t = 20.6s (t/T = 46.226, i.e., about to reach the extreme
inclined positons) for the three grid discretizations. The peak values of the vorticities in the
wake are labelled to show the convergence. As the second-order spatial discretization is
employed in the present simulations, the order of accuracy (OA) of the numerical results is
expected to be two. From the results in Figure 5-12, the order of accuracy for the negative and
positive vorticity intensities are estimated as 1.7 and 3.5, respectively, according to the
procedure documented for instance by Colicchio et al. (2005). Based on these results, as
compromise between local accuracy and efficiency, Grid 2 is employed for all the further
simulations discussed in the present study.

Grid 1

) O

Grid 2

Grid 3

Figure 5-12. Basis case: instantaneous vorticity contour for three grids at t = 20.6s. The red and purple colors

stand for positive and negative vorticities, respectively. Peak values of the vorticities in the wake are marked
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5.3.5 Influence of time discretization

In the present simulations, a first order implicit Euler scheme, a second order implicit backward
scheme and a second order Crank-Nicolson scheme have been adopted to examine the effect of
different time-evolution schemes. The time step is 0.0025s and the maximum Courant number
is less than 1 for all the cases. The comparisons of the numerical results obtained using different
time schemes are shown in Figure 5-13. It is obvious that the Crank Nicolson (CN) method with
an under-relaxation value of 0.7 produces some spikes both in C, and C, in this flapping foil
case. The backward scheme is closer to the Euler method and both are much smoother compared
to CN method.
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Figure 5-13. Basis case: horizontal (left) and vertical (right) force coefficients for different time discretization

schemes

Table 5-6 discusses the average values of C,, i.e., C,, during ten oscillation periods and the
computational time for a simulation of 20s (t/T = 44.88) obtained using different numerical
time schemes. Negative value of C, indicates thrust, which was the aim of the flapping foil
studies. In general, all cases show similar results for C,. The computational times show more
variation and a difference of 23% (with respect to the result of CN 0.7) is observed. As
compromise between local accuracy and efficiency, the Euler sheme is employed for all the rest
of simulations in this chapter. This validation study is useful to identify the solution sensitivity
to the numerical parameters for a submerged foil case. Though, it may not be applicable to all
cases in general.

Table 5-6. Basis case: horizontal force coefficients and computational time versus time schemes

Time scheme C, Computational time (s)
backward -0.180 9933
CN 0.7 -0.159 12863
Euler -0.172 10603

5.4 Results and discussion

The validation studies performed in the previous section are used as basis for the discretization
and mesh strategy of the three hydrofoil models defined in section 5.1, which are examined
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comparatively in the following. The flapping amplitude and Strouhal number are varied so to
characterize the vorticity regimes in the foil-generated wake at different Reynolds numbers.

5.4.1 Instantaneous thrust and power

During the forced pitching motion, the hydrofoil is aligned with the inflow at wt = nm and
reaches the extreme inclined positions at wt = nmw + /2 (maximum rotation to the top) and
nm + 3m/2 (maximum rotation to the bottom). In order to investigate in which phase of the
prescribed motion the hydrofoil generates the maximum thrust force and in which phase it
requires the highest power input, as well as checking any possible link between these two phases,
the instantaneous horizontal force and power must be estimated as a part of the analysis. Both
direct integration (DI) method and conversation of fluid momentum (CFM) method can be
employed for predicting hydrodynamic forces. Their comparison is documented in Appendix B
for the foil cases and identifies challenges for the CFM method when using overset grid strategy
in OpenFOAM. Considering the computation accuracy and efficiency, the numerical results
presented in the following sections are obtained by DI method.

The mechanical power required to activate the foil, or input power P, in the pitching foil case
is calculated by Egs. (5.7) and (5.8):

P =M,0 (5.7)
6(t) = whycos(wt) (5.8)

where M, is the torque experienced by the hydrofoil. We then define the input power
coefficient Cp as

P

Cp = (5.9)

1u3
2pUc

Based on this definition, the foil requires input power when Cp < 0 and conversely when
c, > 0.
P

With the objective of understanding the relationship between flapping kinematics (A, and Sr)
and the hydrodynamic force, the prediction of the instantaneous force is firstly examined by
four cases with varying Ap at Re, = 1173 and Sr = 0.22, as documented in Table 5-7,
which are the flapping conditions of the experiments carried out by Godoy-Diana et al. (2008).

Table 5-7. Same flapping frequency cases for the semi-circle foil

Sr Ap Sty
Case 1 0.22 0.36 0.0792
Case 2 0.22 0.71 0.1562
Case 3 0.22 1.07 0.2354
Case 4 0.22 1.77 0.3894
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Figure 5-14. Instantaneous horizontal force coefficient and input power coefficient for the semi-circle foil in same

flapping frequency cases. Case 1-3: drag; Case 4: thrust

Figure 5-14 shows the time histories of the horizontal force coefficient (as defined in Eq. (5.2))
and power coefficient within one complete oscillation period for the above cases. Their C, and
Cp are periodic with a period half of the pitching period. This is expected for the horizontal
force as in steady-state conditions: due to the symmetry of the foil and of the rotation with
respect to the x-axis, it is not sensitive if the foil is at a positive or negative rotation angle.
When the semi-circle foil moves from the mean to the extreme top position, as presented in
Figure 5-14, both C, and Cp experience an increasing trend and reach the first maximum
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around 7/8 and 3m/8, respectively. With the increase of the Ap, the oscillation amplitude of
C, increases monotonously. For Case 1 and 2, the values of horizontal force are always positive
and thus leading to drag force during the whole pitching period. C, of Case 3 starts to have
negative value but it remains positive for the most of period. In Case 4, the horizontal force
becomes negative for more than half of the period and its absolute value of minimum C, is
obviously larger than the maximum value. Therefore, the mean horizontal force corresponds to
a thrust only in Case 4. The details of the time-averaged forces and comparison with
experiments can be found in section 5.4.2 and in Xu et al. (2022). The same tendency can be
observed for the Cp with Ap: as the foil flapping amplitude increases, Cp experiences larger
oscillation amplitude. The semi-circle foil needs very little input power in Case 1 and 2, and it
requires more and more power to perform the large pitching motion in Case 3 and 4. However,
the positive value of Cp also increases with Ap, which means that more power can be
extracted by that foil when performing larger flapping motion within the corresponding time
interval. In general, both the horizontal force and input power have larger oscillation amplitude
when the Strouhal number Sty (Ap) increases. The force transits from drag-type to thrust-type
and more mechanical power is needed at higher Sy (4p).
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Figure 5-15. Instantaneous pressure (solid line) and friction (dash line) components of the non-dimensional

horizontal force for the semi-circle foil in the same flapping frequency cases. Case 1-3: drag; Case 4: thrust

The horizontal force experienced by the hydrofoil can be divided into the pressure component
and friction component,

Fe=F,+FE, (5.10)

where F, and F,, are the pressure and friction horizontal forces, respectively. Figure 5-15
shows these two components of the horizontal force in terms of coefficients Cy, =
E,/0.5pU 2¢ and C,, = E,,/0.5pU%c for the four examined cases of the semi-circle foil.
The two components experience larger oscillation amplitudes with the increasing Ap,
consistently with the time history of the total force C,. As expected, the friction force C,,,
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(dash line) is always positive during the pitching motion despite the varying Ap. The pressure
force Cy, remains all the time positive for Case 1 and 2, and then has negative values in Case
3 and 4. These negative pressure forces counteract with the positive Cy, and Cy,, and are the
main contributions to the time-averaged thrust force experienced by the foil.

It should be noted that the flapping frequencies are the same in the above examined cases. In
order to investigate the hydrodynamic loads of the semi-circle foil with various Sr and Ap,
and identify if they can possess any similar load behavior under totally different kinematic
conditions, three representative cases at Re, = 1173, as documented in Table 5-8, are
examined. Here case 5 and case 6 correspond to drag generation and thrust generation,
respectively, and the case 7 corresponds to the drag-thrust transition.

Table 5-8. Representative cases for the semi-circle foil

Sr Ap Sty
Case 5 0.15 1.07 0.1605
Case 6 0.22 1.25 0.275
Case 7 0.30 1.42 0.426

Figure 5-16 shows the time histories of the horizontal force coefficient and power coefficient
within one complete oscillation period for the semi-circle foil in three representative cases. It is
found that despite the different pitching frequency and amplitude, when the semi-circle foil
moves from the mean to the extreme top position, both C, and Cp experience an increasing
trend and reach the first maximum around /8 and 37/8, respectively. Alam and Muhammad
(2020) and Andersen et al. (2017) presented C, histories for various Strouhal numbers and
pitching amplitudes at Re, = 920 and 2640, respectively. Their numerical simulations also
show that the thrust is minimum when wt = m/8 and maximum at wt = 5m/8, which are
consistent with the present results.

Cp is positive for wt = (w/4:m/2), indicating that the foil does not require power for
movement during this time interval. According to the time history of the input power coefficient,
an increasing power is needed to move the foil from the extreme top position toward the mean
position, i.e., within wt = (n/2:7m/8). This behavior of the pitching foil is quite different
from that of the same foil at rest in its extreme position, which is suddenly released while
interacting with the steady inflow. In the latter case, the foil is expected to move towards the
mean position without requiring any power. This suggests that dynamic and memory effects
connected with vortex shedding are quite important in the examined scenarios. In addition, for
the pitching foil, it is estimated that the maximum power is required immediately after wt =
71/8, i.e., just before reaching the mean position. After that the foil requires less and less power
until wt = 117/8, i.e., just before the extreme bottom position.

The comparison between the instantaneous force and power coefficients reveals that there is a
relationship between C, and Cp. The inflection point of the Cp curve, near wt = 51/8,
synchronizes with the maximum thrust force, i.e., minimum C,. The inflection point of the Cp
curve near wt = 91/8 is simultaneous with the maximum C,, which is also consistent with
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the experimental and numerical work of Andersen et al. (2017) and Alam and Muhammad
(2020).
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Figure 5-16. Instantaneous foil configuration (top), horizontal force coefficient (middle) and input power

coefficient (bottom) for the semi-circle foil in three representative cases. Case 5: drag; Case 6: drag-thrust transition;

Case 7: thrust

Figure 5-17 shows the pressure and friction components of the horizontal force coefficient, i.e.,
Cyxp and C,y, for the three examined cases of the semi-circle foil. The horizontal pink solid and
dash lines represent, respectively, Cy, = 0.138 and C, = 0.028 for the stationary semi-
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circle foil at zero angle of attack in steady-state conditions, and their corresponding C, is 0.166.
The Cy, and C,, of the stationary foil are provided as the baseline to compare with those of
the pitching foils. The oscillatory foil leads to a higher magnitude of the time-averaged C,,
than the stationary one, and C,, is positive for the whole cycle in all the present cases. Besides,
both the extreme value and the oscillation amplitude of C,, become larger with the increase
of S7,.1In case 5, the magnitudes of the extreme values of Cy, are small, and its time-averaged

value, C_xp = 0.086, is smaller than the value of the stationary foil. But it is still positive, thus
leading to a drag force when summed up with the contribution C,, = 0.047. For case 6, the
pressure force coefficient becomes negative, C_xp = —0.076, and counteracts the friction force

component C,, = 0.076. It indicates the occurrence of the drag-thrust transition for the semi-
circle foil. In case 7 where the values of Sr and Ap are the largest, Cy, and Cy, are,
respectively, more negative and more positive, and their amplitudes of oscillation enlarge

compared to those for case 6. Cy, overcomes C,, and thus results in a thrust force C, =

—0.316. In addition, it is found that C,, is not in the same phase as C,, for the three cases.
Cyp is estimated to be m/4 lagging behind C,,,.
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Figure 5-17. Instantaneous pressure (solid line) and friction (dash line) components of the non-dimensional
horizontal force for the semi-circle foil in three representative cases. Case 5: drag; Case 6: drag-thrust transition;
Case 7: thrust. Pink solid and dash lines represent Cy, and C, of the stationary foil at zero angle of attack,

respectively

Based on the above three representative cases of the semi-circle foil, the requirement of the
input power (Cp < 0) is found to be maximum at wt = 77/8 and minimum at wt = 117/8.
The friction force coefficient (C,, ) is the largest around the mean position and the lowest around
the extreme position, which is somehow intuitively reasonable as the tangential projection of
the inflow velocity along the foil is largest when the foil is in its mean position and so largest
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shear stresses are expected in the boundary layer. On the other hand, the C, and C,, have the
same characteristics, both being minimum at wt = 57/8 (maximum thrust) and maximum at
wt = 91m/8 (maximum drag). This scenario is different from the intuitively expectation that
the largest thrust and drag force would occur right at instants when the foil reaches the mean
and extreme positions.

The steady-state behaviors of horizontal force and power coefficients within one complete
oscillation period for the three hydrofoils defined in Figure 5-1 are given in Figure 5-18. They
are studied with the following parameters coinciding with those of case 6 of the semi-circle foil:
f=22445s"1 and 6, =0.153rad (A = 6.25mm). Under these conditions, the NACA
0012 foil and NACA 0021 foil are associated with thrust generation and drag generation,
respectively, and the semi-circle foil is at the drag-thrust transition. With this choice of
parameters, the values of Sr and Ap are different for the three foils (Sr = 0.22 and Ap =
1.25 for the semi-circle foil), but the corresponding values of the amplitude based Strouhal
number S, = Sr X Ap coincide, i.e., 0.275. This would suggest that Sr, is not the only
parameter governing the drag-thrust transition in general scenarios.

Figure 5-18 shows that both C, and Cp have the same characteristics as for the semi-circle
foil during the pitching motion. In particular, their extreme values occur nearly at the same
phases wt (this is exactly true for Cp, slightly less for C,) and the correspondence between
the inflection points of the Cp curve and the extremes of the C, curve is practically confirmed.

On the other hand, there are obvious differences among the results of the three foils. The C,
curves for the NACA 0012 and semi-circle foils have similar oscillation amplitude (half of the
difference between maximum and minimum values), i.e., 0.356 and 0.349, respectively, while
the one for the NACA 0021 foil has a slightly smaller value (0.332); this indicates that the force
oscillation amplitude is dominated by mechanisms connected with the trailing edge and
increases for sharper/thinner geometries (compare sketches in Figure 5-1). Considering the
relative strength of the vortex generated at the leading and trailing edge, the vK-reverse vK
wake transition occurs at a smaller Ap for the NACA 0012 foil than for the other two, and
therefore it is also expected that its drag-thrust transition would occur firstly. The NACA 0021
and semi-circle foils experience similar maximum drag, occurring slightly after the foil has
passed its mean position, while the NACA 0012 foil has a smaller maximum drag; this confirms
the primary role of the maximum thickness in the forward part of the foil for this variable. The
C, curve for the NACA 0012 appears to be shifted of about 0.057 overall towards the negative
values, i.e., towards thrust production, with respect to the corresponding curve for the semi-
circle foil. This leads to the corresponding maximum drag force (at wt = 91/8) and maximum
thrust force (C, < 0, at wt = 51/8), respectively, smaller and larger, than those of the semi-
circle foil. This shifting effect is documented also for the C, curve of NACA 0012 with respect
to that of the NACA 0021 in the zone of C, > 0, i.e., for limited foil rotation, while the NACA
0021 produces much smaller negative values (i.e., smaller thrust production) at large foil
rotation angles. These two aspects suggest that the maximum thickness affects the mean value
of C, uniformly during the oscillation period, while the trailing-edge geometry plays a role at
sufficiently high oscillation angles, and this agrees with the findings by Schnipper et al. (2009).
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Figure 5-18. Instantaneous horizontal force coefficient and input power coefficient for three hydrofoils at f =
2.244s7! and A = 6.25mm

From the bottom plot of Figure 5-18, the Cp histories of the semi-circle foil and NACA 0012
foil practically coincide. In fact, these two foils have the same geometry near the trailing edge,
confirming the relevance of this part for the torque due to the larger distance of the trailing edge
from the center of rotation. The NACA 0021 foil has the same maximum Cp, but its absolute
value of the minimum Cp at wt = 7m/8 is smaller than the value documented by the other
two foils. Since the pitching frequency and amplitude make no difference, the only reason is

their torque experienced by the hydrofoils. The results made nondimensional by % pU?c? are
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shown in Figure 5-19. When the foils move from the mean positions to the extreme positions,
the torques of the three foils agree well. However, when the foils pitch from the extreme
positions to the mean positions, the results of NACA 0021 foil become different from the other
two foils. This confirms again the importance of the shape of foils’ trailing edge and that the
less sharp/thicker trailing edge leads to lower input power requirement for the NACA 0021 foil.
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Figure 5-19. Evolution of the dimensionless torque for three hydrofoils during a complete oscillation period at
f =2244s"1 and A = 6.25mm

Figure 5-20 shows the pressure and friction components, Cy, and Cy,, of the horizontal force
coefficient for the three foils. One should note that the two coefficients here are defined using
the foil chord length (same as C,). From the results, the tendencies of C,,, for the three foils
are very similar and their values are relatively close, confirming the importance of the vortex
shedding at the sharp trailing edge for this force component. The curves show however some
differences. The NACA 0021 and semi-circle foils are associated with very similar Cy, while
the NACA 0012 has a shift toward the negative values. This appears reasonable as the first two
foils have the same maximum thickness, which is larger than for the third foil, and the pressure-
loss force contribution is affected by the frontal area experienced by the pitching foils.
Consistently with this, such force component is associated with the largest oscillation
amplitudes, as the rotations can affect greatly the pressure along the foil. Things are different
for the C,, results, indicating much more limited oscillation amplitudes and the largest values
for the NACA 0021 foil, followed by the NACA 0012 foil and then by the semi-circle foil. This
rotation motion has less effect on the shear stresses along the foil than the pressure loads. It is
reasonable that the NACA 0021 foil experiences the largest values for this non-dimensional
force contribution because the latter is affected by the foil-profile length, which is largest for
this foil. However, the semi-circle foil has values smaller than the NACA 0012 foil, despite the
latter has the lowest foil-profile length. The comparisons between the simulation results of the
semi-circle and NACA 0012 foil show that C,, of the semi-circle foil is about 0.034 smaller,
but Cyp, is 0.091 larger than NACA 0012 foil during the whole pitching period, which leads to
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a smaller thrust force of the semi-circle foil. The Cy, of the NACA 0021 foil is comparable to
that of the semi-circle foil, and it also experiences the highest C,,.
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Figure 5-20. Instantaneous pressure (solid line) and friction (dash line) components of the horizontal force for three
hydrofoils at f = 2.244s~' and A = 6.25mm

In the following discussion and in Figure 5-21 the force coefficients are defined using more
appropriate characteristic lengths so to identify better the role plaid by the foil geometry. The
maximum foil thickness is used as a relevant characteristic length for the pressure-force
component (i.e., Cypp = Fxp/O.SpUZD) and the foil profile length is considered for the
friction-force component (i.e., Cyy pro = Fyy/0.5pU szm, where Ly, is the perimeter of the
foil profile). The results of Cyy o are consistent with the Cy,, results, with the largest values
for the NACA 0021 foil, but now closer to the results for the NACA 0012 foil, and the smallest
values for the semi-circle foil. This confirms limited effects of the rotations on the shear stresses
along the foils and main role played by the foils’ profiles. More in detail, the NACA 0012 has
smaller thickness than the NACA 0021 and therefore it is expected to experience less flow
acceleration along its profile, and averagely smaller shear stresses; this could explain the
slightly lower value for its Cyy pro. The NACA 0021 has the maximum thickness more
downstream than the semi-circle foil, therefore the flow is expected to remain attached along a
larger part of the body while the flow separates immediately after the circular leading part for
the semi-circle foil. This might reduce the tangential flow velocity and therefore the shear
stresses along the semi-circle foil more substantially than for the NACA 0012 foil, explaining
the smallest values (among the three examined foils) for its Cy, pro. These aspects will be
shown in the later section 5.4.3 through the local flow features around the foils. Concerning the
pressure-force coefficient, the NACA 0021 and semi-circle foils have similar Cy, p while the
NACA 0012 has similar maximum value and much larger negative values. This confirms the
effect of the frontal area near the mean foil configuration (i.e., at low pitch angles) and the
importance of the trailing-edge sharpness at large pitching angle (i.e., when vortex shedding at
the trailing edge occurs more easily). Overall, the friction-force component depends highly on
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the forepart of foil profile and the possible vortex shedding occurring in the upstream part of
the foil; the main features of the pressure-force component depend on the trailing-edge shape
and the resulting shedding vortex, while the leading part of the foil has a more limited (yet not
always negligible) effect when vortex shedding occurs there leading to increase in pressure-loss
drag.
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Figure 5-21. Instantaneous pressure (solid line) and friction (dash line) components of the horizontal force for three
hydrofoils at f = 2.244s™* and A = 6.25mm

The present analysis showed that the NACA 0012 foil is associated to the largest thrust, but it
also experiences the largest hydrodynamic torque, which might lead to possible issues for
structural integrity. This poses the following research question: based on the influence of the
Jfoil geometrical features, can we identify a morphing-foil strategy so to generate a thrust similar
to that of the NACA 0012 foil while reducing the hydrodynamic torque to a level comparable to
that of the NACA 0021 foil?

From the numerical predictions of the three hydrofoils with different profiles, we have found
that NACA 0012 foil can generate the largest thrust force (C,, and Cy, being the minimum) at
wt = 51/8, but NACA 0021 requires the minimum input power for the pitching motion at
wt = 71 /8. A first attempt to combine these advantages within a foil morphing strategy is to
enforce that the foil becomes thicker when close to the mean position and thinner when close
to the extreme positions. Therefore, the thickness of the foil profile is forced to change in time
according to the law:

D(t,x) = Dy(x) + apDy(x)(cosQwt + ¢) — 1) = Dypean(x) + apDy(x)cos Qwt + ¢p) (5.11)

with Dy(x) the local maximum value, D,,.q,(x) the local mean value, and apDy(x) the
local amplitude of the oscillatory part, which has a period half of the pitching period and a phase
¢ with respect to the pitching motion of the foil. To pursue our scope, Dy(x) coincides with
the local thickness of the NACA 0021 foil, and ap is defined as ap = l(1 - M) =

2 Dnacaooz1
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0.224 to ensure the foil profile is morphed between NACA 0021 (with Dyacago21 the
maximum thickness) and NACA 0012 (with Dyacaoo1z the maximum thickness) foil
geometries, as illustrated in Figure 5-22. In this first attempt, ¢ = 0 rad is chosen.

=

Figure 5-22. Schematic showing foil morphing between NACA 0012 and 0021 during one pitching period

This deformable NACA foil is studied under the same pitching motion condition as examined
above (f = 2.244s™! and 8, = 0.153 rad) to investigate whether it can achieve our aim.
Figure 5-23 gives the force and power results for the rigid and deformable NACA foils. The
time histories of the input power coefficient Cp prove that the deformable NACA foil requires
as less power as NACA 0021 foil to perform the prescribed pitching motion. From the
instantaneous plots of C,, it is obvious that the horizontal force for the deformable NACA foil
is not in phase with those for the rigid foils and therefore the morphing foil experiences drag
and thrust forces at phases different from those of the rigid foils. When it moves from the mean
to the extreme position, C, firstly decreases, reaching the minimum at m/2 (the extreme
position), and then it increases till the maximum value reached a little behind 7 /8. The rate
of the increase is steeper for wt = (w/2:7n/8) and the rate of the decrease is milder for
wt = (7n/8:3m/2). The results illustrate that the deformable NACA foil generates the
maximum thrust force at the extreme positions and experiences the largest drag just before
reaching the mean positions. The comparison of C, among the three NACA foils shows that
the minimum C, value of deformable NACA foil is the same as the blunt NACA 0021 foil,
however, its maximum C, value is even smaller than the streamlined NACA 0012 foil.
Therefore, the deformable NACA foil generates a time-averaged thrust force of C, = —0.043,
while NACA 0012 experiences a mean thrust of C, = —0.058 and NACA 0021 foil suffers a
mean drag of C, = 0.038.
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Figure 5-23. Instantaneous horizontal force and input power coefficients for rigid and deformable NACA foils at
f=2244s"" and A = 6.25mm
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The instantaneous pressure and friction components defined in two ways, Cy, and Cy,,, Cyp p
and Cyy pro, of the horizontal force coefficient for the rigid and deformable NACA foils are
shown in Figure 5-24. Apparently, both C,, and C,, are not in phase with the corresponding
components of the NACA 0012 and 0021 foils. Due to the morphing profile, the amplitude of
oscillation of C,, forthe deformable NACA foil is larger than those of the rigid foils. However,
since the friction component makes less contribution to the total horizontal force, the pressure
force still plays the leading role. In terms of the pressure force coefficient, the previous analysis
has proved the important effect of the frontal area experienced by the pitching foils, thus Cy, p
is used for the following discussion. The maximum value of Cy, p for the deformable NACA
foil is smaller than that of the other two foils, but the absolute value of minimum C,, p for the
deformable NACA foil is larger than that of NACA 0021 foil. It indicates that its pressure force
gives more contribution to the thrust generation around the extreme pitching positions. Overall,
the deformable NACA foil has smaller oscillation amplitude of the instantaneous horizontal
force than that of the NACA 0012 foil, and it can generate much smaller drag force than NACA
0021 foil. Its time-averaged thrust is larger than NACA 0021 while it requires as less input
power as this foil. This finding might inspire the design of underwater bio vehicles for greener
propulsion.
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Figure 5-24. Instantaneous pressure (solid line) and friction (dash line) components of the horizontal force for rigid
and deformable NACA foils at f = 2.244s™! and A = 6.25mm

The first attempt has shown that the answer to our research question is yes, i.e., a morphing
strategy can serve to the scope. This brings to the next research question: is it possible to identify
an optimized morphing strategy so to maximize the mean thrust (toward the reference rigid-foil
value, i.e., in our case the NACA 0012) and efficiency while minimizing the required mean input
power (toward the reference rigid-foil value, i.e., in our case the NACA 0021)?

To obtain the answer to this question, the morphing phase ¢ is varied between 0 and 27
with an interval of 7 /8. This leads to the definition of 16 deformable foils in D1-D16. Table
5-9 documents the results of Cy, Cp, n and the time instants within one complete oscillation
period when the hydrofoil experiences the maximum thrust ¢y and maximum drag ¢, for
all the examined deformable NACA foils compared with the three rigid foils illustrated in Figure
5-1. Here, the time-averaged power coefficient Cp has been estimated similarly as done for the
force, i.e. (see section 5.3.2 for the definitions of n and ¢,):

= _ i to+nT

P e

Cp(t)dt (5.12)
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The propulsive efficiency, 7, is defined to be the ratio of useful power over input power, as:

RU _ Gy

n="gr=g (5.13)

The top three performances are marked in red, green and blue, respectively, i.e., the NACA
0012 foil generates the largest mean thrust and has the highest efficiency, while the deformable
NACA foil with ¢ = /8 needs the minimum input power. The worst performance is marked
in yellow.

Table 5-9. Phase influence tests for deformable NACA foils at f = 2.244s™! and A = 6.25mm

case [ Cy Pr $p Cp n
Semi-circle - -0.0002 5m/8 91/8 -0.7710 0.0003
NACA 0012 - -0.0568 57/8 91/8 -0.7881 0.0721
NACA 0021 - 0.0378 5n/8 91/8 -0.6843 -0.0552
D1 0 -0.0428 /2 157/16 -0.6749 0.0634
D2 /8 -0.0364 /2 7m/8 -0.6746 0.0539
D3 /4 -0.0289 7n/16 5m/4 -0.6824 0.0424
D4 31/8 -0.0209 7m/8 Sm/4 -0.7004 0.0299
D5 /2 -0.0147 13n/16 Sm/4 -0.7259 0.0203
D6 51/8 -0.0110 25m/32 497 /40 -0.7530 0.0146
D7 3n/4 -0.0104 23m/32 397/32 -0.7796 0.0133
D8 7m/8 -0.0114 11n/16 291 /24 -0.8003 0.0143
D9 s -0.0148 2n/3 191/16 -0.8138 0.0182
D10 91/8 -0.0214 5m/8 7m/6 -0.8156 0.0262
DIl 5n/4 -0.0297 7m/12 91/8 -0.8053 0.0369
D12 117/8 -0.0384 91/16 13m/12 -0.7843 0.0490
D13 3n/2 -0.0455 17m/32 17m/16 -0.7576 0.0601
D14 131/8 -0.0496 /2 251/24 -0.7281 0.0681
D15 /4 -0.0503 157/32 T -0.7024 0.0716
D16 157/8 -0.0473 11m/24 23m/24 -0.6848 0.0691

Figure 5-25 shows the instantaneous horizontal force coefficients for all the deformable NACA
foils defined in Table 5-9. They achieve the extreme values at different phases. Besides, when
the foil can generate larger maximum thrust, it also tends to experience larger maximum drag
force.
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Figure 5-25. Instantaneous horizontal force coefficient for the examined deformable NACA foils at f = 2.244s™!

and A = 6.25mm

Figure 5-26 presents the time-averaged horizontal force, input power coefficients and the
efficiency for all the examined deformable NACA foils. It illustrates that the morphing foil with
¢ = 7n/4 (D15) experiences the maximum time-averaged thrust force and the maximum
efficiency with respect to the parameter ¢, but requires relatively low input power compared
to the maximum value required by the morphing foil with ¢ = 97/8.
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Figure 5-26. Time-averaged horizontal force coefficient, input power coefficient and efficiency for the examined

deformable NACA foils at f = 2.244s™! and A = 6.25mm

The morphing and pitching motion for the deformable NACA foil with ¢ = 7n/4 is
illustrated in Figure 5-27. The occurrences of the maximum and minimum C, and Cp are also
marked in the schematic.
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Figure 5-27. Schematic showing foil morphing (D15) and the corresponding occurrences of maximum and

minimum drag, thrust and power

Figure 5-28 shows the instantaneous force and power coefficients for the rigid NACA foils and
for the deformable NACA foil D15. The latter requires less power, similar as the NACA 0021
foil, around the mean positions, and it outputs a little more power before reaching the extreme
positions. From the time history of C,, this deformable NACA foil experiences maximum thrust
(minimum Cy) close to the extreme positions. Though the maximum drag of the deformable
foil is larger than the rigid NACA 0021 foil, it generates even larger thrust than the NACA 0012
foil, and therefore, the time-averaged horizontal force for this deformable NACA foil is a thrust
of C, = —0.050, which is slightly less than that of the NACA 0012 foil (C,, = —0.058).

This simplified analysis indicated that there is a challenge in identifying a morphing strategy
that targets the optimization of C,, Cp and 1. However, we were able to identify a deformable
foil law (D15) with maximum thrust and efficiency (with respect to the examined parameter ¢)
and that requires less input power than the original rigid foil NACA 0012. Therefore, it can offer
a compromise to let the foil have less torque and be robust as NACA 0021 foil while retaining
the capability to create large propulsion force.
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Figure 5-28. Instantaneous horizontal force and input power coefficients for rigid NACA foils and deformable
NACA foil D15 at f = 2.244s™! and A = 6.25mm

In this section, the different foils were examined at a specific Strouhal number and oscillation

amplitude. In the following section, their influence on the loads and wake scenarios is examined
in a systematic way.
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5.4.2 Time-averaged thrust and power and efficiency

In the present section, the semi-circle foil case is used to examine the time-average force and
power, as well as the efficiency as a function of the Strouhal number (S7) and of the oscillation
amplitude (Ap). This can enable us to identify the drag-thrust transition and possible optimal
conditions for the foil efficiency.

Since the foil profile and the flapping motion are up-and-down symmetric, the side force varies

symmetrically about zero in such a way that the time-averaged value of F, and therefore the

force coefficient C_y are approximately zero. In order to identify when the transition from drag

to thrust occurs, the mean horizontal force on the flapping foil is estimated by OpenFOAM
force library based on normal pressure and shear stress integration. This force prediction method
is firstly examined for Cases 1-4 with different A, at Re, = 1173 and Sr = 0.22, which are
provided in experimental work of Godoy-Diana et al (2008). The simulation results of the
flapping foil are documented in Table 5-10.

Table 5-10. Time-averaged horizontal force coefficients for the semi-circle foil
Ap 0.36 0.71 1.07 1.77
C, 0.156 0.119 0.047 -0.172

Figure 5-29 shows the map of horizontal force coefficients estimated in the reference paper
(Godoy-Diana et al., 2008) through momentum conservation equation by using experimental
mean velocity fields. C,g, defined as the horizontal force coefficient for a non-flapping foil at
zero angle of attack (AOA), is applied for normalization. Its actual value is not provided in the
reference but using the corresponding predicted value from OpenFOAM leads to numerical
estimates quite different from the corresponding experimental values. In order to avoid a
possible error in the value of Cy,, the following approach was used. In Figure 5-29, it is found
that the point (0.22, 0.30) lies on the contour line C,/Cyy = 0.6. Assuming that the
experimental value C, coincides with the corresponding numerical estimates, Cq is
estimated as Cry = 0.27 and this value is used to estimate C,/C,, for all other numerical
cases. As an example, Table 5-11 provides the predicted normalized time-averaged horizontal
force coefficients for the above four cases.

Table 5-11. Predicted normalized time-averaged horizontal force coefficients for the semi-circle foil
Ap 0.36 0.71 1.07 1.77
Cy/Cro 0.578 0.444 0.175 -0.638

These numerical results have been included in Figure 5-29 as solid red circles labelled with
their C,/Cyo value, confirming a satisfactory consistency with the experiments.
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Figure 5-29. Contours of the mean horizontal force coefficient C,/Cyy (Cyo is the force coefficient for a static
foil at AOA=0) estimated from time-averaged velocity fields of experiments. The black line corresponds to C, =
0; the shaded area represents the estimated error for the force transition curve; the gray line is the wake transition
from vK to reverse vK; the dashed line corresponds to Sry = 0.3. The solid red circles are numerical results,
labelled with their C,/C,, values

Figure 5-30 shows the contour plots of C,, Cp and 7 as functions of Sr and Ap. The solid
lines are the S7, lines labelled with values. Cp decreases with increasing St and Aj. Cr is
positive for small Sr and Ap, primarily the lower left region of the contour, and it becomes
negative when Sr and Ap are sufficiently high. The dashed line represents the boundary
between the positive and negative C,, i.e., the drag-thrust transition. Accordingly, the efficiency
n has the same boundary between positive and negative values as C,. It is observed that the
growth of 7 is rapid from n = —0.16 to 0.02 with Sry changing from 0.25 to 0.30 in the
plot. On the other hand, the growth is relatively slow from 7 = 0.02 to 0.08 with the same
increase of S7, (from 0.30 to 0.35). By further increasing Sry, the efficiency n continues to
grow and it reaches the maximum value within Sy = 0.60 — 0.70. The contour lines of these
parameters (C,, Cp and n) follow the same trends as those of Sr,, which indicates strong
dependence of these coefficients with respect to S7,. In the present simulations performed at
Re, = 1173 for the semi-circle foil, the optimum efficiency occurs around Sr = 0.30 and
Ap = 2.14. 1t is known in the literature that a wide range of flying and swimming animals
converge to the same narrow range of Strouhal number during cruising. For example, it is
reported by Triantafyllou et al. (1993) that many different species of fish and cetaceans flap
their tail at Strouhal number (Sr,) in the range 0.25-0.35 to achieve a maximum efficiency.
Taylor et al. (2003) also pointed out that dolphins, sharks and bony fish swim at Strouhal number
(87,) in the range 0.2-0.4. Since this Sry region is of particular interest for natural propulsion,
a close observation is performed for the C, and Cp plots of Figure 5-30.
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Figure 5-30. Time-averaged horizontal force coefficient, input power coefficient and propulsive efficiency maps

for the semi-circle foil
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By investigating the contour change for A, = 1.07 from Sr = 0.20 to 0.40, it is estimated
that the decrease in C,, with Sr is slightly slower in the range Sr = 0.20 — 0.30 (from about
0.07 to -0.09) than in the range Sr = 0.30 — 0.34 (from about -0.09 to -0.34), but the Cp
declines much slower in the range Sr = 0.20 — 0.30 (from about -0.40 to -1.35) than in the
range ST = 0.30 — 0.40 (from -1.35 to -3.37). As the contours of C, and Cp are following
those of S7y, this decreasing tendency also exists for different S and Ap. In order words, the
decreasing rate of d C,/d Cp would become large for Sr > 0.30. This finding suggests that
an optimum condition could be selected to increase the thrust force (negative C,) while
avoiding the rapid growth of input power (negative Cp).

5.4.3 Vorticity and velocity

Here, the wake regimes associated with the different examined foils are analyzed as a function
of the Strouhal number and of the oscillation amplitude. This can allow to identify the transition
between different regimes and their connection with drag-to-thrust transition and foil efficiency.

Visualizations of instantaneous spanwise vorticity fields and mean flow near the semi-circle foil
at Re, = 1173 and Sr = 0.22 (Cases 1-4) are provided in the experimental work of Godoy-
Diana et al. (2008), documenting mainly two-dimensional flow in the main wake of the foil at
this Reynolds number. The corresponding simulation results of the semi-circle foil are shown
and compared against the experiments in Figure 5-31 and Figure 5-32, respectively.

From the plots we can find that the predicted flow features by the adopted method agree
satisfactorily with results obtained from the experiments, especially for the cases with small
flapping amplitudes. At the largest examined Ap = 1.77 case, the vortices, however, start to
break up in the downstream of the physical foil and the coherence of vortical structures in the
horizontal mid-plane where the experimental observations were performed does not prevail for
more than two cycles. This effect is not captured in our numerical simulations. It may be because
that the quasi-two-dimensional nature of the flow is lost in this experiment owing to the large
flapping amplitude. The mean horizontal velocity behind the foil is higher than the inlet velocity
U. inthis case and leads to a jet-flow profile, which is consistent with the experiments. Whereas
the experimental velocity field shows a larger diffusion and smaller advection with respect to
the numerical results, indicating that the applied 2D numerical method has a limitation to predict
accurately high-amplitude-pitching case where the turbulence may become relevant in the wake
and may be not properly handled by the adopted discretization combined with 2D-flow
assumption. However, for this pitching foil study, the applied model can still give predictions
physically correct in terms of hydrodynamic loads and flow features near the moving foil.
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Figure 5-31. Re, = 1173, Sr = 0.22 for the semi-circle foil. From top to bottom: A,=0.36, 0.71, 1.07, 1.77.
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Instantaneous spanwise vorticity fields from OpenFOAM simulations (left) and experiments (right)
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Figure 5-32. Re, = 1173, Sr = 0.22 for the semi-circle foil. From top to bottom: A,=0.36, 0.71, 1.07, 1.77.

Time-averaged flow velocity from OpenFOAM simulations (left) and experiments (right)
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From these comparisons, it is found that by increasing the pitching amplitude, the vK vortex
street gives way firstly to the aligned wake, then transforms into a reverse-vK wake. According
to Schnipper et al. (2009), the transition from the vK to reverse-vK wake occurs when the vortex
at the trailing edge has larger strength than the one generated at the leading edge. Accordingly,
the mean horizontal velocity behind the foil is lower than U at the smallest A, but increases
with Ap, and then it becomes higher than U at the largest Ap, leading to a jet-flow profile.
Figure 5-33 shows the mean horizontal velocity along the wake centerline at x/D = 6
estimated from numerical simulations and from the reference experiments in Godoy-Diana et
al. (2008). The error bars connected with the latter quantify the human error in extracting the
contour-plot data from the original paper. The mean horizontal velocity increases practically
linearly with Ap, in the examined range of Ap, and agrees well with experimental data at small
flapping amplitudes. The time-averaged velocity in the largest amplitude case is overestimated
by OpenFOAM due to the laminar 2D model.
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Figure 5-33. The non-dimensional mean horizontal velocity behind the semi-circle foil along the wake centerline
at x/D = 6 vs. Ap for the semi-circle foil at Sr = 0.22

Figure 5-34 shows the simulation results of instantaneous vorticity field and time-averaged
velocity field for Cases 5-7 studied in section 5.4.1. It confirms again that the vortices organized
in the form of von Karman wake lead to a drag force, and that the drag-thrust transition occurs
in the scenario of reverse-vK wake, i.e., after the wake transition. The foil generates a time-
average thrust force in Case 7, and the reverse-vK wake and the mean jet velocity field in the
downstream start to propagate in an asymmetric manner.
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Figure 5-34. Three representative cases for the semi-circle foil. Case 5: Sr = 0.15 and Ap = 1.07;Case 6: Sr =

0.22 and Ap = 1.25;Case7: Sr = 0.30 and Ap = 1.42. Instantaneous spanwise vorticity fields (left) and time-

averaged flow velocity (right)

The systematic variation of Strouhal number and non-dimensional flapping amplitude can
provide an existence plane of the wake scenarios experienced by this tear-shaped foil geometry.
The latter involve vK-type, reverse vK-type and asymmetric wake regimes. Figure 5-35 shows
both numerical and experimental A, vs. Sr phase diagram, different symbols represent
different types of wakes. It is observed that when the flapping amplitude is fixed and the
Strouhal number is varied, the transition from vK-type to reverse vK-type wake can also occur
with the increase of Sr. The vK-type wake occupies primarily the lower left region of the
existence plane but extends to higher Strouhal numbers for the lowest amplitude tested.
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Figure 5-35. Ap vs. Sr map of the semi-circle foil at Re, = 1173. Top: OpenFOAM simulations; bottom:
experiments (Godoy-Diana et al., 2008). o: vK wake; m: aligned vortices (2S wake); +: reverse vK wake; A:
deflected rever-vK street resulting in an asymmetric wake. Blue line: transition between vK-reverse vK. Green
line: transition between reverse vK and asymmetry regimes. Red line: predicted curve with C, = 0 where the

estimated drag-thrust transition occurs. The grey region corresponds to the Sr; = 0.3 + 0.1 interval
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With increase of Sr and Ap, the vortex structures behind the pitching foil evolve from the vK
regime to the reverse-vK regime (marked by the blue line in Figure 5-35), which can be
univocally defined in the existence plane when the position of vorticity maxima, at any given
time and horizontal position, cross the symmetry axis of the wake. It illustrates that the transition
line tends to an asymptotic value of Ap = 0.6 for Sr > 0.4 so that a threshold non-
dimensional amplitude value exists to produce a reverse vortex street. The reverse-vK region is
bounded on the other side by the transition to asymmetric regimes represented by the green line.
Besides, this map also agrees well with the experiments carried out by Schnipper et al. (2009).

The result of (0.22, 0.71) point in Figure 5-35 (the lowest-left solid black square) indicates that
the vortices of alternating signs align on the symmetry line of the wake, but the force calculation
in Table 5-11 reveals that the foil pitching at this frequency and amplitude still generates a drag
force. In fact, the horizontal force turns into a thrust force at a much higher amplitude, i.e.,
larger than Ap = 1.07. Moreover, the red line in the top of Figure 5-35 marks the estimated
force transition from drag to propulsive regimes for the pitching foil, which is in good
agreement with the reference experimental observation. It is noted that the transition from vK
to reverse-vK vorticity regime does not coincides with the drag-thrust transition. In most of the
cases, the drag—thrust transition occurs after the vK—reverse vK wake transition has occurred
but before the vortices evolve into an asymmetric wake. This is not expected from inviscid-flow
theory, but it agrees with many experiments. The comparison of the existence plane in Figure
5-35 with the efficiency plane in Figure 5-30 indicates that, within the examined parameters,
the efficiency is largest for the foil at point (0.30, 2.14) operating in asymmetric wake. Its
instantaneous vorticity field, horizontal force and input power coefficients are shown in Figure
5-36. A strong dipolar structure is formed in each pitching cycle and propagates obliquely to
one side of the symmetry line of the wake, while a much weaker single vortex is shed on the
other side. Compared to the vK-wake cases as discussed in section 5.4.1, the horizontal force
coefficient loses the symmetry and it generates drag for only one time in one cycle but still have
positive power twice around the extreme pitching angles in a period. One should note that the
numerically predicted wake scenario and the thrust level for this case are qualitatively consistent
with the model tests, however in this wake regime three-dimensional effects were relevant in
the reference experiments and they should be considered to confirm this efficiency behavior.
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Figure 5-36. Instantaneous vorticity field at t = 15s (left, corresponding to wt = 97/5), the instantaneous

horizontal force and input power coefficient (right) for the semi-circle foil at Sr = 0.30 and Ap = 2.14
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The wake scenarios of NACA 0012 and NACA 0021 foils are studied in the same ranges of
Strouhal number and flapping amplitude at Re, = 1173 as the semi-circle foil, employing the
validated method. The diagrams of the three hydrofoils are plotted in Figure 5-37. Similarly as
for the semi-circle foil, the wake structures of NACA 0012 and 0021 foils are vK-type wakes
at small Sr and Ap, then evolve into aligned wakes with the increase of Sr and Ap, and
enter the reverse-vK regime at sufficiently large Sr and Ap. However, there are apparent
differences of the wake scenario transitions among the three foils. When the Sr is fixed and
the Ap is varied, taking the Sr = 0.22 as an example, it is found that the NACA 0012 foil
undergoes the vK—reverse vK wake transition at lower non-dimensional flapping amplitude than
the semi-circle foil, and the NACA 0021 foil is the last one to experience this wake transition.
This is also the case for the drag—thrust transition. At the present Reynolds number, the NACA
0012 foil can generate thrust force at Sry > 0.23, the semi-circle foil around Sr, > 0.28 and
the NACA 0021 foil higher than Sr, > 0.31.
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Figure 5-37. Ap vs. Sr map for the semi-circle foil (black scatter), NACA 0012 foil (red scatter) and NACA
0021 foil (green scatter) at Re, = 1173. o: vK wake; m: aligned vortices (2S wake); +: reverse vK wake. Black,
red and green solid lines: predicted curves with C, = 0 where the estimated drag-thrust transition occurs for the

semi-circle, NACA 0012 and 0021 foils, respectively. The grey region is the Sr, = 0.3 + 0.1 interval

Lagopoulos et al. (2019) suggested a cycle-averaged swept trajectory length of the foil chord
line to connect the vK-reverse vK wake development to the chosen kinematics. However, the
foil profiles were not considered in their proposed universal scaling law of the drag-to-thrust
wake transition. In our present simulations, the three hydrofoils with different shapes share the
same time-averaged swept trajectory during the pitching motion, indicating that the influence
of foil profile plays an important role to identify a self-similar characterization of flapping foil
propulsion.
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In the following, the vorticity fields for the semi-circle foil, NACA 0012, NACA 0021 and
NACA deformable (D15) hydrofoils are compared at one of the conditions examined for the
semi-circle foil, i.e.,Re, = 1173, f =2.244s"! and 6, = 0.153rad (A = 6.25mm),
corresponding to Sr = 0.22, Ap = 1.25 and Sry, = 0.275 for the semi-circle foil.
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Figure 5-38. Instantaneous spanwise vorticity contours for (a) the semi-circle foil, (b) NACA 0012 foil, (c) NACA
0021 foil and (d) deformable NACA D15 foil in a half oscillation period at f = 2.244s™! and A = 6.25mm.
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From the vorticity contours, we find that the flow tends to follow the profiles of three NACA
foils and the flow separation occurs in the aft part of the foils, while it is difficult for the flow
around the semi-circle foil to remain attached to the body. It confirms our explanation of the
lowest shear stress for the semi-circle foil. However, it is not obvious to identify the differences
among the wake structures behind these examined foils. A detailed estimation of the wake
features for the examined foils is documented in Table 5-12, including the maximum vorticity
intensity inside the latest shed negative and positive vorticities at instant t = 15.26s5 (wt =
1/2), the distance between two vortices in the same row (I, as shown in the third contour of
Figure 5-38(c)), the distance between the two vortical rows (h,,) as well as the dimensionless
time-averaged streamwise velocity (#/U) along the wake centerline at x/Dgepm; = 6. The
analysis of the vorticity field near the foils indicates that the intensity and relative locations of
the vortex pair closest to the trailing edge are different. Even though the NACA 0012 and semi-
circle foils have similar sharp trailing edges, it is quite surprising that the absolute extreme
intensity values within the vortices of the NACA 0012 foil are much smaller than those of the
semi-circle foil, while the values of NACA 0021 foil are comparable to the semi-circle foil. The
deformable NACA foil generates vortices with the lowest absolute extreme values. There are
not big differences in terms of [, for all the examined foils, but apparently the wake width (k)
of the NACA 0021 foil is the smallest. The NACA 0012 and deformable D15 foil have the
largest h,,, and it may be the reason why they can generate the maximum thrust force. The
time-averaged streamwise velocity (21/U) along the wake centerline is the minimum for the
NACA 0021 foil, followed by the semi-circle foil and then NACA 0012 foil. It indicates that
the higher velocity exceedance behind the foil is not necessarily linked with stronger vorticities
but may depend on the arrangements of two parallel vortical rows. Another surprise is that the
deformable NACA foil (D15) has an even larger time-averaged mean velocity field than that of
the NACA 0012 foil, though its time-averaged thrust force is slightly smaller. By recalling the
instantaneous force coefficient in Figure 5-28, the deformable NACA foil is found to experience
the largest instantaneous thrust and drag among all the examined foils. Besides, the top plot in
Figure 5-18 shows that there is an approximately shift effect for the three rigid foils, i.e., their
curves seldomly intersect. The above discussions suggest that to some extent, the value of time-
averaged velocity exceedance behind the foil can represent the hydrodynamic forces acting on
the foil for rigid flapping foils, but more attention should be paid when comparing with the
deformable foils. Although the wake patterns are all reverse von Karman and seem similar, there
are distinctions in flow field details and its accumulation results in the significant differences of
total forces, which can be seen in section 5.4.5.

Table 5-12. Wake features for the examined rigid foils at f = 2.244s™! and A = 6.25mm

Foil Semi-circle NACA 0012 NACA 0021 | NACA deform D15
Ist negative vorticity -78.094 -68.203 -85.376 -67.026
Ist positive vorticity 43.492 40.950 43.665 38.959
L, (m) 0.0250 0.0251 0.0248 0.0251
hy, (M) 0.0038 0.0039 0.0029 0.0039
/U at x/Dsemi = 6 1.4542 1.5122 1.4447 1.5370
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5.4.4 Influence of Reynolds number and scaling of drag-thrust transition

To systematically quantify the effect of governing parameters on the forces and associated flow
patterns of a flapping foil, numerical simulations have been carried out for various Re, and
Sty = Sr X Ap. In particular, the kinematic viscosity of fluid was varied to ensure that only one
parameter, Re., is changed during the study trying to identify a clear relationship between
Strouhal number and Reynolds number.

Viscous-flow simulations, without turbulence model, have been performed for the NACA 0012,
NACA 0021 and semi-circle foils from Re.=500 to about 4000, and the Sr, is increased
systematically from 0.1 in small increments until the time-averaged net force acting on the foil
crosses zero and becomes negative. Zero net force identifies the critical Sr, for drag-thrust
transition for each examined Re,.

The time-dependent horizontal force coefficients for the flapping semi-circle foil at Re, =
3910, Ap = 0.71 and Sr = 0.22 obtained with the three grid resolutions in Figure 5-39
confirm the results are converged in the 2D simulations.

0.2 1

Grid 1
—-—-Grid 2

t/T

Figure 5-39. Horizontal force coefficient vs. time for three grid resolutions of the semi-circle foil at Re, = 3910,
Ap =0.71 and Sr =0.22

In general, the hydrodynamic flow features and forces on the foils at different Re. have the
same trends as those shown in Figure 5-35 except that the lower left region of the phase diagram
with 0 < Sr < 0.1 in some cases contains other types of wakes, for example more than two
vortices could be shed from the foil per oscillation period.

The critical Strouhal number S7,” at which the net horizontal force changes sign is not
universal but depends on Re,, as shown in Figure 5-40. This confirms that the hydrodynamic
forces acting on the pitching foil have strong dependence on the chord-based Reynolds number
Re.. It is found from the figure that at the drag-thrust transition curve, the amplitude-based
Strouhal number Sr;”* is inversely related to Re. in the present simulations. This finding is
consistent with fish swimming studies by Borazjani and Sotiropoulos (2008) as well as those
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on undulatory swimmers in nature reported by Lauder and Tytell (2005), documenting that the
swimming Sr, increases with decreasing swimming speed (i.e., decreasing the Reynolds
number). It reveals that the drag-thrust transition of the foil pitching at the forced oscillations
would become closer to the vk-reverse vK wake transition curve for increasing Re.. As the
thickness-based Reynolds number Rep = UD /v is proportional to Re, it also indicates that
the drag-thrust transition curve is strongly linked to the foil thickness-based Reynolds number
Rep. As last note, as the Reynolds number increases, the curves for the vK-to-reverse-vK wake
transition and for the drag-thrust transition get closer and the S7," tends to be less affected by
Re.. This would suggest that at sufficiently large Reynolds number the inviscid theory can
provide reliable results for the drag-thrust transition and that, therefore, rotational-flow effects
dominate on viscous-flow effects. However, at this stage we cannot make a strong statement on
these aspects. In fact, an attempt has been made to predict the hydrodynamic force on the
pitching foil in nearly inviscid flow. To practically study this, a free-slip boundary condition has
been implemented in OpenFOAM library and tested by studying two foil scenarios at the
highest Reynolds number for reliable results in OF (Re,~10°, see e.g., Reid and Hunsaker,
2017). The results of this effort are documented in Appendix C. Though they are promising, the
comparison against reference results does not provide a full verification, therefore the
simulation results employing this user-defined boundary condition are not presented here.

0.50

—=— semi-circle
] —o—NACA 0012
0.40 - —+—NACA 0021

0.45 +

0.35
Sr, 0.30
0.25
0.20

0.15 1

O~ 1 0 T T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000
Re

Figure 5-40. Strouhal number vs. Reynolds number for three pitching foils at drag-thrust transition condition

Though the drag-thrust transition Sr," is inversely related to Re,. for all the three foils, the
values of the Sr," are obviously different. Fundamentally, the foil generates thrust force by
displacing and accelerating fluid out of its path as it performs prescribed motion in the current.
The quantity of fluid displaced by a pitching foil is expected to be dependent on the profiles of
the foil over one period of oscillation, which may lead to the drag-transition difference among
the three foils. Thus, a proper interpretation of the foil’s drag-thrust transition should reflect the
profile of the foil.
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Figure 5-41. Best-fit curves of the drag-thrust transition plotted on different phase spaces: (a) S; — Ry, (b) S, —
Ry, (©) $1 —1/R, and (d) S; —1/R,

To quantify the influence of the foil profile on the occurrence of drag-thrust transition, several
parameters of the body are considered, such as the foil chord length (¢), maximum thickness
(D), perimeter (Lpy,) and area (a). In fact, they are connected at different levels with the drag
and thrust generation. For example, the chord length relates to the foil capability to release
vortices from the trailing edge and so to thrust production, in fact the larger ¢ is the thinner the
trailing edge and so the stronger the vortex shedding from this is expected. The maximum
thickness relates to the possible flow separation along the body and so pressure-loss drag
production, in fact the larger D is the more pronounced the flow separation is expected. The
circumference relates to shear stresses along the foil, in fact the larger Ly, is the higher the

frictional drag production. Based on what is said, the nondimensional parameter /cLy,,,/a
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relates to thrust and frictional drag, /cD/a relates to thrust and pressure drag, /c?/a relates

to thrust. Using these nondimensional parameters based on the geometrical features of the foils,
an attempt was made to identify a proper scaling law for the drag-thrust transition, which
properly considered the influence of pressure and friction drag, on one side, and thrust

production on the other side. The following laws have been checked: (i) Sr,"*\/cL,o/a =
f(ReC-\/cD/a) and (i) Sry*-+/c%/a =f(Rec-\/cD/a) . Herein, we define these
variables as: R, = Re,-+/cD/a, Sy = Sry"+[cLyo/a and S, = Sry" - \/c?/a. Figure 5-41

shows the drag-thrust transition lines for the three examined rigid foils using the aforementioned
parameter definitions. The R, in Figure 5-41(c) and (d) are represented in the inverse form so
that a power law between the critical Strouhal number and Reynolds number is depicted by a
straight line. The critical Sr,” from Alam and Muhammad (2020) simulation at Re, = 920 is
also documented in the last plot, and it fits well with the present semi-circle simulation results.

The scaling law of Sr,"-\/c?/a = f (1/[Rec -w/ cD/aD seems to be the most promising for

the examined foils indicating that the pressure drag may play a more relevant role than friction
drag in this context. This finding provides an indication that in order to reach a desired speed
for a marine vehicle, we can check from the above scaling law what Strouhal number should be
implemented for the propulsor according to the Reynolds number.

5.4.5 GAMC analysis

In the previous sections the horizontal force was estimated from direct integration. This did not
allow clear insights about the relative importance of the flow features near the foil and of those
in the wake on the experienced force. Also, it was not obvious to distinguish the differences
among the wake structures behind the examined foils for the different profiles, though the
detailed estimations provided in Table 5-12 indicate there are slight differences in terms of
vorticity intensity, wake width and distance between two alternating vorticities. The spatial
accumulation of these differences is suspected to result in the different behaviors of pitching
foils, i.e., NACA 0012 foil can generate mean thrust while NACA 0021 foil still experiences
drag. This can be done enforcing conservation properties in a control volume. In the following,
the generalized added-mass and circulatory (GAMC) force decomposition method for viscous
flows (Limacher, 2019) is considered. In the 2D GAMC formulation, the total force can be
divided into contributions from the control volume domain, foil surface (which is zero as the
no slip boundary condition is applied) and the surfaces of the control volume.

F=—p%fvl(xxw)dv—p%@bxx(ﬁxu)ds (5.14)
+p §, Gﬁ(uz +v2) —(fA- u)u) ds—p ¢, (A~ (u—1uy)) (x X w)dS

S



Chapter 5. Flapping foil studies

where V; is the volume of the control volume bounded by the surface S, and S is the surface
of the body. x represents the position vector, @ is the vorticity vector, and 7 is the normal
vector pointing outwards from the domain everywhere. The detailed definitions are given in the
appendix. There are five terms in the right-hand-side of Eq. (5.14). For the present pitching foil
case, the surface integral term along the foil body and the last surface integral (multiplied with
the fluid viscosity) along the computational domain boundary are relatively small compared to
the total force. As our aim is to investigate the contributions from the vorticity fields of different
foils, the first volume integral term is our focus of analysis.

From the definition in Eq. (5.4), it is known that to obtain the value of the time-averaged
horizontal force, we should integrate in time the force and this somehow neutralizes the effect
of the time derivative in the first term in the right-hand-side of Eq. (5.14). Thus, the vorticity

impulse term ( fV (x X w)dV) inside such time derivative can, to some extent, represent the
1

contribution to the total time-averaged force. In addition, with this strategy we can avoid the
errors associated with numerical estimates of the time derivative as the OpenFOAM results of
this vorticity impulse term are not smooth functions with respect to time.

To compare the importance of vorticity field from wake region and foil region, this vorticity
impulse term, Py, = — fvl yw,dV, is calculated in the two regions (foil and wake regions)

shown in Figure 5-42.

Figure 5-42. Schematic view of the foil and wake regions in the control volume

The results of Py, for the semi-circle foil, NACA 0012 foil, NACA 0021 foil and NACA
deformable foil with ¢ = 7n/4 (D15, with the largest thrust) at Re, = 1173, f =
2.244s71 and 6, = 0.153rad (A = 6.25mm) are presented in Figure 5-43. From the
comparison of the values in different regions, the wake region plays an overall more important
role than the foil region. The foil region causes drag while the wake region creates thrust force,
and the region ahead of foil region gives little contribution to the volume integral term. By
recalling the flow fields in section 5.4.3, even though the overall wake features for the NACA
foils appeared quite similar, the corresponding load contributions shown in top plot of Figure
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5-28 indicate clearer differences. Figure 5-43 demonstrates the accumulation of vorticity field
distinctions causes important total force differences. The vorticity impulse Py, in the foil
region confirms qualitatively the largest drag contribution connected with the semi-circle,
followed by the NACA 0021 foil, the deformable NACA foil and by the NACA 0012 foil. The
vorticity fields in Figure 5-38 show that the flow separation of the semi-circle foil occurs
immediately downstream the frontal area, while the flow of other NACA foils would remain
attached to the body till the aft part. These flow features indicate the pressure drag may be the
main reason for the maximum Py, of the semi-circle foil in the foil region. The wake-region
results confirm qualitatively the largest thrust contribution connected with the NACA 0012,
followed by the semi-circle foil and by the NACA 0021 foil. The deformable NACA foil is
between the two rigid NACA foils and is very close to the semi-circle foil. Table 5-12 shows
that the vorticity intensity of the wake of the NACA 0021 foil is the second highest (NACA
0012 foil is about 5% smaller than NACA 0021 foil), but its wake width is the smallest (the
value of NACA 0012 foil is about 6.5% larger), thus their combination (vorticity impulse) in
the wake region gives the least contribution to the thrust force. On the contrary, the NACA 0012
foil has quite low vorticity intensity of the wake but the maximum wake width, and therefore
connected with the maximum thrust contribution. The vorticity intensity of the semi-circle foil
is larger than that of the deformable NACA foil, but its wake width is smaller than deformable
NACA foil, so the Py, of the wake region in Figure 5-42 are comparable for these two foils.
These discussions demonstrate that the combination of slight differences locally in wake can
lead to relatively noticible differences in total hydrodynamic forces.
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Figure 5-43. Forces contributed by the vorticity field from foil region (..., dot line), wake region (-.-, dashed dot

line) and whole control volume region (solid line)

5.5 Summary
In this chapter, three rigid foils with different profiles (semi-circle foil, NACA 0012 foil and
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NACA 0021 foil) are employed to elucidate the hydrodynamics of pitch motion. They are
simulated systematically by varying the Reynolds and Strouhal numbers while keeping the
center of rotation fixed.

The numerical results of semi-circle foil have shown good agreement with experimental data,
characterizing the key dynamical features relevant to wake vortex systems: the transition from
the well-known von Karman (vK) wake to the reversed vortex street that signals propulsive
wakes and the actual drag-thrust transition, which is not expected from inviscid-flow theory,
but agrees with many experiments.

From the numerical results of the three foils, it is found that the maximum horizontal force
approximately synchronizes with the inflection points of input power history. However, this
relationship does not apply for the morphing foils additionally examined, so it might be valid
only for rigid pitching foils.

Based on the results of the rigid NACA foils, it was attempted to identify a morphing strategy
with the aim of combing the advantages of NACA 0012 and 0021 foils, i.e., generate a thrust
similar to that of the NACA 0012 foil while reducing the hydrodynamic torque to a level
comparable to that of the NACA 0021 foil. The performances of the deformable NACA foils
were investigated by a developed OpenFOAM code. The results illustrate that the maximum
thrust and drag force can occur at various instants within one period depending on the phase
between morphing and pitching motion, but it makes little differences to the occurrence phases
of the input power results. The deformable NACA foil with a morphing phase ¢ = 7n/4 with
respect to the pitching motion can offer a compromise to let the foil have less torque and be
robust as NACA 0021 foil while retaining the capability to create large propulsion force. These
results are directly relevant for the examined rigid-foil scenario but pave the way for the use of
morphing strategies to target optimized behavior between two generic rigid-foil scenarios.

For a given Re, there is a unique Sr,", at which pitch motion produces sufficient thrust to
exactly cancel the hydrodynamic drag, making constant-speed self-propulsion possible. The
critical Sr;* is a decreasing function of Re and approaches the range of (Sr,=0.3+0.1) where
fish-like swimming and flapping flight occur, suggesting that the conclusions obtained here
should be relevant as interpretation tool in the study of natural systems. The 2D GAMC
formulation analysis illustrates that the wake vortex plays an important role in creating thrust
force.

In addition, a series of CFD sensitivity studies have been performed to investigate the effect of
various numerical parameters on local and global phenomena of the pitching foil, including
mesh motion methods, the effects of time schemes, grid resolution, overset region size and mesh
ratio between overset and background mesh for the overset grid technique. Based on our cost-
benefit analysis, the Euler sheme, the overset grid method with overset region having a distance
slightly smaller than half foil length, as well as the same mesh size for overset and background
grids are considered to be the most efficient numerical set-ups in the present pitching foil studies.
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Chapter 6

Fish-like swimming foil studies

Most fish undulate their bodies and/or caudal fins (BCF) for cruising and fast start or escape.
The movement of a fish body can typically be described as a propulsive wave with an increasing
amplitude traveling towards the tail. In this chapter, the hydrodynamics of fish-like swimming
foils has been numerically studied. The midline motions of swimming fish are modeled as a
streamwise traveling wave. Firstly, viscous flow past traveling wavy foils has been numerically
examined to analyze the flow characteristics. Then, the typical locomotion of BCF fish has
been investigated using the developed self-propulsion strategy method introduced in chapter 4.
The self-propelled fish-like swimming foil has been simulated in both calm water and current
flow. In addition, the wall effect of the swim tunnel is studied as well for the fish swimming in
currents. The definition of parameters used here without explanation can be found in previous
chapters and nomenclature.

6.1 Forced fish-like swimming foil

Aquatic animals exhibit a wide variety of designs and propulsion modes. However, the majority
of fishes and cetaceans generate propulsion force for cruising, fast-starting and maneuvering,
especially at high speeds, by bending their bodies into a backward-traveling wave, i.e., opposite
to the swimming direction, that extends to the caudal fin, a type of swimming often classified
as body and/or caudal fin (BCF) locomotion (Videler, 1993). With the aim of revealing the fluid
mechanisms behind the fishes’ extraordinary performances, many researchers from different
fields, such as biology, hydrodynamics and engineering, have investigated fish swimming
behavior (Fish and Lauder, 2006), measured their metabolic rates (Webb, 1971), proposed
hydrodynamic principles and scaling laws (Lighthill, 1960), and built robots replicating the
function of fish (Triantafyllou and Triantafyllou, 1995; Sefati et al., 2013).

To better explore propulsive mechanisms involved in this mode of fish swimming, the wave-
like swimming motion of the body is usually used as an essential model to deal with the
propulsion of fish. Experimental studies were carried out to deal with the drag reduction and
flow behavior near a traveling swimming body (Barrett et al., 1999). The wake behind free-
swimming fish or organisms were also measured using the digital particle image velocimetry
techniques (Nauen and Lauder, 2002). On the other hand, viscous flow past traveling wavy
bodies has also been studied numerically. Liu et al. (1997) analyzed the hydrodynamics of an
undulatory swimming tadpole and first confirmed that most of the results from the two- and
three-dimensional simulations were closely matched with each other. Shen et al. (2003), Dong
and Lu (2007) investigated the turbulent flow over a flexible wall undergoing a streamwise

traveling wave motion and revealed the hydrodynamic behaviors based on drag reduction and
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optimal propulsive efficiency. The numerical simulations of swimming in nature reviewed by
Liu (2005) have produced important results and shed light into the hydrodynamics of aquatic
swimming. Paniccia et al. (2021a) used the impulse formulation to separate and emphasize the
role of the added mass and vorticity release to evaluate in a neat way their specific contributions
in the self-propelled aquatic locomotion. It should be noted that all these studies focused on
simulating a specific aspect or flow regime of aquatic swimming, and as such systematic
parametric investigations of the hydrodynamic performance of various modes of aquatic
swimming have yet to be reported in the literature.

As for flapping foils, there are two important non-dimensional parameters that characterize the
steady inline undulatory performance of fishes: the Reynolds number of the flow based on the
fish length (Re;, = UL/v) and the Strouhal number (St = fA,,/U) of the undulatory body
motion. Here U is the steady inline swimming speed or the free-stream velocity, L is the
chord length of the foil, f = 1/T is the tail beat frequency, and A, is the peak-to-peak
amplitude at the trailing edge, i.e., the maximum lateral excursion of the tail over one period,
as shown in Figure 6-1. In the present study, a systematic investigation of carangiform
swimming over a range of Re; and St is carried out.

7 >

Figure 6-1. Schematic view of the fish model with the leading edge of the body located at x = 0 at rest. An
elongated body of length L undulates in a flow of speed U with a wave traveling backward at speed fA and
amplitude A,, at the trailing edge

As found in the Atlantic salmon experiments outlined in chapter 3, fishes with blunter bodies
tend to swim slower than slimmer fishes, and they have limited ability to cruise steadily at high
velocities. This poses the following research questions: How much the shape influences the
fishes’ swimming behavior and its performances? Is bluntness always a negative feature?

6.1.1 Swimming Kinematics

In this chapter, the BCF propulsion is investigated with particular focus on carangiform and
sub-carangiform swimming motions. In order to capture the main features of this swimming
mode while keeping the problem complexity manageable, only the main body of the fish and
its caudal fin are taken into the model, i.e., neglecting the other fins or details on the body such
as scales, finlets and other protrusions. Besides, in order to make expedient computations, and
as the swimmers often bend the body as a plate, i.e., it is quasi-two-dimensional in the
oscillation plane, 2D simulations are performed here to investigate the influence of various
parameters on the swimming behavior.
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To answer the targeted research question, two streamlined symmetric fish-like shapes, i.e., the
NACA 0012 and NACA 0021 foils, are chosen as profiles of corresponding undulating foils at
their equilibrium position. The leading edge of each body at rest is located at x = 0 (the origin
0) and its chord length L = 1m is used to make nondimensional the spatial variables of the
problem. The kinematics observed in carangiform swimmers can be resembled in the form of a
wave traveling in the streamwise direction. The lateral displacement, y, of a point located at x
along the foil is given at time t by:

y(x,t) = a(x)sin 2n(x/A — ft)) 6.1)

where a(x) is the envelope of the prescribed backward traveling wave of wavelength A and
frequency f, which is approximated a quadratic polynomial to reasonably represent the lateral
motion of the backbone undulation of fish swimming. This type of analytical expression has
been obtained by fitting data from direct fish observations in many previous works (e.g., Videler
and Hess, 1984). Among them, the prescribed kinematics of a steadily swimming saithe, a
typical carangiform swimmer, is often considered. Based on the experimental observations from
marine biologists (Videler 1993), the latter can be modelled as:

a(x) = 0.1 —0.0825(x — 1) + 0.1625(x2 — 1) 6.2)
A=1 (6.3)

Here the equation implies a wavelength equal to the fish length. Figure 6-2 shows the prescribed
envelope of this carangiform motion.
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Figure 6-2. Prescribed amplitude envelope of the carangiform motion

To set the kinematic conditions on a deformable body, following the strategy proposed by Liu
et al. (1996) and Dong and Lu (2007), the body length L is assumed to be unchanged during
traveling wave and its undulation is purely a lateral compressive motion.

6.1.2 Numerical setup

The lateral flexible motion of the fish is prescribed using the overset grid method, which has
been described in detail in chapter 4. We have demonstrated the ability of this strategy within
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the OpenFOAM platform to simulate accurately the flow around rigid and deformable moving
bodies. In order to validate the code for simulating undulating fish-like foils in this study, the
force and power resulting from a fully imposed kinematics are compared with results reported
in the literature (Dong and Lu, 2007), where the simulations are performed for Reynolds number
equal to 5000, which is in the range of intermediate Reynolds numbers for swimming fish, i.e.,
Re;~10% (McHenry et al., 2003). Then, Re, is varied systematically over the intermediate
range to provide some insights into the complex relationship between Re; and St and to
explore the energetics of fish with different profiles under controlled conditions with varying
governing parameters. In addition, the undulatory frequency f in the present section is
changed from 0.5s71 to 2.0s™! for investigating different flow patterns past the traveling
wavy fish-like foil.

In the present numerical simulations, the 2D computational domain around the NACA 0012 foil
is defined by a rectangle extending 2 body lengths upstream and 7 body lengths downstream,
and the lateral dimension (i.e., in y direction) is set to —3L < y < 3L. Boundary conditions
for this hydrodynamic problem are shown in Figure 6-3. Similar as in the studies of chapter 5,
a no-slip condition is enforced along the deformable foil with prescribed undulatory motions.
Zero gradient conditions are applied to the top and bottom domain boundaries, which means
the gradients of the velocity and pressure quantities are equal to zero in direction perpendicular
to these boundaries (y-direction in this case), i.e., the actual value is constant from the patch
internal field onto the patch faces. A uniform inflow condition is enforced at the inlet while a
uniform pressure condition is used at the outlet. Herein, to avoid a break-down at the beginning
of the numerical simulations, we adopted a sinusoidal ramp function lasting 1s starting from
zero to a desired constant velocity (U, = 1BL/s in the study) for the inlet. The boundary
conditions in the third direction (z direction) for all variables are set to be empty as none of
them are solved consistently with the two-dimensional flow assumption. For the interpolation
layer in the overset mesh, the “overset” boundary condition is applied.

Top (zeroGradient)

Fish (no-slip)

Bottom (zeroGradient)

Figure 6-3. Schematic view of the undulating NACA 0012 fish simulation configuration with the refence system
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A grid refinement study is carried out for the Re;, = 5000 and f = 1.2s™! case for both
NACA 0012 and NACA 0021 fish-like foils using a series of successively finer meshes. The
uniform structured hexahedral cells making up the meshes are given in Table 6-1. We shall refer
to the grids of NACA 0012 fish as Grid 1-3, and the grids of NACA 0021 fish as Grid A-C.

Table 6-1. Grid resolutions for the NACA 0012 and NACA 0021 fishes

NACA 0012 Grid 1 Grid 2 Grid 3
Nodes along fish 156 212 294
Cells in BG grid 240000 540000 1071460

NACA 0021 Grid A Grid B Grid C
Nodes along fish 110 158 216
Cells in BG grid 135000 240000 540000

To demonstrate the effect of grid refinement on the instantaneous force, the time histories of the
horizontal force coefficients (defined as C, = F,/0.5pU?L) experienced by the undulatory
fishes within one complete cycle are shown in Figure 6-4. It is noted that there are spikes in the
force coefficient histories for all the cases. They are reasonably due to the stretch and extrusion
of the body-fitted overset grid mesh during fish flexible swimming motion, as well as the linear
interpolation between overset and background grid systems in OpenFOAM. This phenomenon
can also be observed in previous studies using different numerical methods (see e.g., Borazjani
and Sotiropoulos, 2008; Feng et al., 2019) and considered to be mainly resulted from mesh
deformation. In spite of the spikes, the numerical results are stable in long-time simulations (not
shown here) and the time-averaged values have shown convergence and good consistency with
refence data, for instance in Figure 6-5. It is found that Grid A is too coarse for this deformable
moving body simulation and causes many large spikes, which are due to interpolation errors
associated with the coarse mesh in the vicinity of the overset domain boundary. Though the
computed force coefficient histories of the other grids also exhibit spurious high frequency
oscillations, the amplitudes of these spikes are seen to become smaller with the grid refinement.
The oscillations are drastically reduced on Grid 2 for NACA 0012 fish and Grid C for NACA
0021 fish. Grid 3 has the smoothest force history for NACA 012 fish, but the computational
cost for a simulation of 6s (t/T = 7.2) is much more expensive (95208s) compared to the
Grid 2 (20480s). Therefore, as a compromise between computation accuracy and efficiency,
Grid 2 and Grid C are employed for all the further simulations discussed in the present study.
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Figure 6-4. Horizontal force coefficient vs. time of different grid resolutions for NACA 0012 (left) and NACA
0021 fish (right). Positive and negative values indicate that the net force is of drag- and thrust-type, respectively
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6.1.3 Calculation method of swimming forces and efficiency

Force and power calculation

Prediction the drag force and the power consumption of the swimming fish is directly
relevant to assess fish performances and of great significance to guide a proper design of
underwater bio-inspired vehicles. In general, the total force acting on the fish body consists of
two components: a pressure force (Fyp) due to pressure distribution caused by the boundary
layer and flow separation, and a friction force (F,) due to tangential stresses along the body
surface. Similar as for the flapping-foil case, the pressure and friction components of the
horizontal force coefficients are defined as Cyp, = Fy,/0.5pU 2L and C,, = F,,/0.5pU?L.

The total power P; required for the propulsive motion of the undulatory fish body also consists
of two parts (Dong and Lu, 2005). One is the swimming power Ps due to the lateral oscillation
of the traveling wave motion, which is define as follows:

ayw
Ps = _§(fyp +fyv)%ds 6.4)
where ¢ denotes the integration along the entire fish body surface (profile in 2D), £y and

f

represents the local lateral displacement of the fish body surface (profile), and then its time
derivative dy, /dt is, in our case, the local velocity due to the lateral undulations.

Ly are the pressure force and friction force per unit length in y direction, respectively. y

The second contribution to the total power is the power required to overcome the horizontal
force, and it is calculated as:

P, =EU (6.5)
Thus, the total power is obtained by adding the above two parts, i.e., Pr = Pg + Pp. The

corresponding nondimensional power coefficients are Cpr = Pr /% pUBL, Cps = Ps /%pU 3L

and Cpp = Pp/5pU°L.

In the numerical simulations performed with our code developed in the OpenFOAM platform
and with the employed numerical setup, periodic features of time-dependent forces and powers
are typically reached after three to four oscillation cycles. The time-averaged values presented
in this section are computed over five undulatory periods in the steady-state conditions.

The verification study of the adopted method has been carried out based on the numerical results
from Dong and Lu (2007). Figure 6-5 shows the time-averaged force and power coefficients of
the NACA 0012 fish at Re; = 5000, compared to the reference values. They have predicted
decreasing total force from positive to negative values and a concave upwards total power with

the increase of oscillating frequency. Despite slight larger values at the highest frequency, the
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comparison illustrates that the present results are in good agreement with the reference data,
demonstrating the effectiveness and accuracy of our OpenFOAM code.
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Figure 6-5. Time-averaged horizontal force coefficients (left) and power coefficients (right) for the NACA 0012
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fish at Re; = 5000. The results are compared with the reference simulations carried out by Dong and Lu (2007)

From the left plot in Figure 6-5, the time-averaged horizontal pressure force coefficient @

and total force coefficient C, decrease with the increase of the undulatory frequency, while the
friction force coefficient C,, increases almost linearly. Herein, the C—xp becomes negative and

contributes to the thrust force at f > 1.2s71. Due to the increase in friction drag force, the
time-averaged total horizontal force turns into a negative value (i.e., thrust force) at higher
frequency, approximately at f > 1.5s1. This finding is consistent with studies of viscous flow
past a streamlined traveling wavy wall (Dong and Lu, 2005).

From the results of the power coefficients, it is found that the time-averaged swimming power
Cps rises exponentially with the increase of frequency in order to produce the corresponding
lateral undulations of the fish body. Cpg is slightly negative before f = 1.0s™1, and increases
to 2.5 around at f = 2.0s™!. The negative value of Cpg indicates that the traveling wave
motion of the body can be actuated by the current and thus no power is needed for that. The
Cpp decreases monotonically as the frequency increases, which is related with the drop of

pressure force C—xp. Its negative value means that the undulatory fish is propelled by the thrust

force, whose energy is provided by the swimming power Ps. As a result, the total power cost
by the fish, Pz, is a concave curve upwards with the minimum value around f = 1.0s71.

Drag and thrust decomposition

For the studies on fish swimming performances, the definition of the efficiency, based on
the net thrust force and power, is of significance but is also controversial and ambiguous. The
main problem results from the fact that for the fish-like swimming, the acquirement of the net
thrust force is not straightforward because the propulsor is the fish body itself, and it produces

thrust and experiences drag simultaneously. These force contributions have the same average
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value in steady free-swimming and the thrust is larger than drag for accelerating fish. Some
researchers such as Gray (1936) carried out their studies on fish locomotion based on the
possibility to distinguish drag and thrust in steady swimming. Schultz and Webb (2002) claimed
the dilemma that sources of drag and thrust are not separable for fish in axial undulatory self-
propulsion.

In this work, the approach to calculate the thrust and drag forces proposed by Borazjani and
Sotiropoulos (2008) is adopted. According to their description, the horizontal force could
contribute to either hydrodynamic thrust Fr(t) or drag force Fp(t) depending on whether
the horizontal force F,(t) is negative or positive. To separate the two contributions the
instantaneous force is defined to be decomposed as follows:

_FT = _(FTp + FTV) = %(Fxp - |Fxp|) +%(va - |va|) (6-6)
1 1
Fp =FDp+FDv=5(Fxp+|Fxp|)+;(va+|va|) (6.7)

It is obvious that the thrust Fr(t) produced by the above force decomposition method will
have non-zero values only at the time instants when the instantaneous net horizontal force F,(t)
is of thrust type. Similarly, the drag Fp(t) is not zero when F,(t) is of drag type.

From the decomposition given by Egs. (6.6) and (6.7), the net force can be constructed as:

E.(t) = Fp(t) — Fr(t) (6.8)

The time-averaged thrust F; and drag F, are obtained by taking the mean values of these
instantaneous forces over several oscillation periods in the steady-state conditions, respectively.

Swimming efficiency calculation

The definition of the fish swimming efficiency has been controversial and ambiguous.
Among various methods, Froude efficiency is often used by many researchers to analyze fish
swimming performances. It is introduced based on the time-averaged zero horizontal forces for
steady inline swimming, that is, when the thrust force can exactly balance the drag force. As
discussed by Tytell and Lauder (2004), the Froude propulsive efficiency is proposed in terms of
the net thrust force at constant inline swimming speed as follows:

FrU

= ﬁ (6.9)

This formula indicates the percentage of the total power that is used for the thrust generation.
The variables herein are the same as in the last section, i.e., Fy and P represent the net
hydrodynamic thrust force and the swimming power due to the fish’s lateral undulatory motion,
respectively.

It has already been known that the thrust force Fr cannot be measured directly in experiments
or simulations, but we can still find alternative ways to calculate them using either a

mathematical model, such as Lighthill’s elongated body theory (EBT) for steady swimming
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(Lighthill, 1971), or directly from the results of the numerical simulation, as introduced by Eq.
(6.6). Although the EBT overestimates the efficiency (Cheng and Blickhan, 1994) as it is by
itself an inviscid theory, it provides a simple and easy method to measure the efficiency and
relate the efficiency with the Reynolds number associated with the real swimming fish. The
Froude efficiency based on the EBT is given as:

Ngsr = 5 (1+ ) (6.10)

where B = U/V is the speed ratio of the swimming speed U to the wave speed V = fA =
w/k of the body undulation. In addition, an improved EBT efficiency approach containing the
slope of the amplitude function at the fish tail has been proposed by Cheng and Blickhan (1994),
and herein it is denoted as EBT-2 method. Then the Froude efficiency becomes:

1 1 B?
Npsr—2 =5 (L+ ) — a7 (6.11)
_Adw
=0 (6.12)

here a(x) is the amplitude of the fish traveling wavy motion, and a’'(L) = da/dx|,-; isthe
local slope at the tail.

6.1.4 Results and discussion

Here, the characteristics of the flow over the undulating fish will be examined in terms of local
quantities such as the vorticity field, and integrated/global quantities such as the forces, the
power consumption, the swimming efficiency as a function of the Strouhal and Reynolds
numbers. More in detail, the vortex structures in the wake of the fishes are illustrated and the
wake patterns after fishes under various conditions are compared and analyzed.

In the following discussion, the hydrodynamic loads and flow features of the NACA 0012 fish-
like foil are firstly examined at Re; = 5000, and then followed by the analysis on the influence
of the Reynolds number. Subsequently, the simulation results of the NACA 0021 fish-like foil
are compared with the NACA 0012 fish to investigate the body shape effect. Then, the
swimming efficiency and the influence of Strouhal number are discussed for the NACA 0012
fish-like foil. Lastly, this undulatory deformable foil is compared against the rigid flapping foil
under the same oscillating frequency and amplitude to identify which propulsion method can
be more efficient.

Force and power consumption

Figure 6-6 shows the corresponding instantaneous horizontal force results for all the above
cases at Re; = 5000 within one oscillation period in steady-state conditions as a function of
the Strouhal number St = fA,,/U. As described in the swimming kinematics section, in this
case the peak-to-peak amplitude at the trailing edge is A,, = 2a(L) = 0.4m. In other words,
for f = 0.5 — 2.0s~1, the Strouhal number ranges as St = 0.1 — 0.4. We should recall that

the fish is forced to perform prescribed motions in this section, and thus the net horizontal force
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is absorbed by the hypothetical tether that keeps the fish in place. It means that this force would
accelerate the fish either forward or backward depending on the sign of the force if the numerical
tether is removed. The black solid line in Figure 6-6 is the force coefficient calculated for the
case of a rigid body with the same shape as the fish-like foil in its equilibrium configuration
and at rest (St = 0) at the same Reynolds number, which is a constant value C, = 0.054.
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Figure 6-6. Instantaneous horizontal force coefficients within one cycle for the NACA 0012 fish-like foil at Re; =
5000. Rigid case represents the body is a static NACA 0012 foil in the flow at zero angle of attack

From the results we can see that for all the examined swimming scenarios of the NACA 0012
fish-like foil, the forces experience two peaks in one oscillation period due to the traveling wavy
motion. Surprisingly, the swimming fish even suffers a greater drag force than the still rigid fish
at small Strouhal number St < 0.20. Within this range, the lower frequencies of body
undulations can cause the larger amplitudes of drag force. The total horizontal force remains a
drag throughout the entire period when St < 0.24 and the first excursions into the thrust
regime occur at St = 0.30, in which case the drag-state force has also smaller magnitude due
to the faster traveling wavy motion. Further increase of the Strouhal number leads to larger
amplitude and longer duration of the force in the thrust regime, and therefore to a total time-
averaged thrust force.

To examine more in-depth the behavior of the time dependent horizontal force, the time histories
of the three force coefficients within one complete period in steady-state conditions for two
cases f =1.0s! and f = 1.5s™! are shown in Figure 6-7. The friction force C,, varies
little with time, i.e., is approximately constant in both cases, and gets larger at higher frequency.
The pressure force C,, keeps positive (drag force) during one cycle at f = 1.0s71 while it is
always negative at f = 1.5s71. It is considered that the pressure force often makes an essential
contribution to the propulsion of the undulatory fish with traveling wavy motion. When the
negative Cy, is large enough to exceed the positive Cy,, the swimming fish is able to generate
thrust force instead of experiencing drag.
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Figure 6-7. Instantaneous horizontal force coefficients for the NACA 0012 fish-like foil within one oscillation
period at St = 0.2 (left) and St = 0.3 (right) at Re; = 5000

The coefficients of the time-averaged thrust Fy and drag Fj, (defined in Egs. (6.6) and (6.7))
for the NACA 0012 fish-like foil at Re; = 5000 are shown in Figure 6-8. It is found that the
swimming fish can generate thrust force when its undulatory frequency is large enough (St >
0.20).
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Figure 6-8. Total horizontal force coefficient, thrust and drag components of the NACA 0012 fish-like foil vs.
Strouhal number at Re;, = 5000

Many previous researchers have attempted to reveal the mechanism whether the undulatory
motion of a swimming fish is drag-reducing or drag-increasing. Barrett et al. (1999) concluded
that the undulatory motion is drag-reducing as the upper bound drag estimate was found to be
less than that of the corresponding rigid body drag. But Liu and Kawachi (1999) and Anderson
et al. (2001) indicated that the friction drag increases due to the undulatory motion in their
numerical and experimental studies, respectively. Fish et al. (2014) suggested that the dolphin
can produce high thrust without requiring special drag-reducing mechanisms and the pressure
drag can increase as the animal swims. The main reason for these contradictory hypotheses is
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the inherent difficulty to separate the net thrust and drag forces in experimental and numerical
models. By adopting the aforementioned decomposition method, we are able to compute the
total drag force Fp and together with the two drag components (Fp, and Fp,) and thus
estimate the impact of the undulatory motion on the different contributions to the hydrodynamic
forces.

Figure 6-9 illustrates the averaged drag and thrust forces experienced by the NACA 0012 fish-
like foil within the St = 0 — 0.40 at Re; = 5000. For easier comparison with the rigid-body
case, the results in the plot are normalized by the total horizontal force acting on the still rigid
NACA 0012 fish-like foil (St = 0). For example, the nondimensional averaged total drag force
here is written as Fj; = Fp,/FE.(St = 0).
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Figure 6-9. Time-averaged total drag, pressure and friction drag (left) and time-averaged total thrust, pressure and
friction thrust (right) normalized by the rigid body total drag of the NACA 0012 fish-like foil vs. Strouhal number

at Re, = 5000

From this figure we can see that the total drag force Fj, of the NACA 0012 foil has a sharp
initial increase from 1 to 2 above that of the rigid fish drag up to St = 0.10. Then the Fj
starts to decrease with the increase of the Strouhal number, and the value drops below the rigid
fish drag around St = 0.23. However, the total drag force starts increasing again after St =
0.30 and exceeds the rigid fish drag when St > 0.34 at this Reynolds number.

The friction drag force Fj,, increases almost monotonically with St while the pressure drag
force ﬁﬁp has a similar tendency as the total drag for small Strouhal numbers and then

decreases asymptotically toward zero at St > 0.30. It is obvious that the variation of the F}
for this NACA 0012 fish-like foil is dominated by the large variation of the pressure drag
(between 0 and 1.23), and the friction drag becomes the major contributor to the total drag
force at high Strouhal numbers. The right plot of Figure 6-9 proves that the friction component
of the horizontal forces cannot make contributions to the thrust force, which is as expected. The
source of the thrust force come from the pressure force.

The above results could provide some insights into the effect of undulatory motion on fish drag
force and help reconcile the conflicting suggestions given by previous researchers.
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Vortex structures in the wake

The wake is closely associated with the hydrodynamic characteristics in fish swimming, and
the vortex shedding is often discussed in order to understand the mechanisms behind the
propulsive performance of a fish with traveling wavy motion. Here, the wake regimes under
different conditions are analyzed as a function of the Strouhal number and of the oscillation
frequency. This can allow to identify the transition between different regimes and their
connection with drag-to-thrust transition.

Figure 6-10 shows the instantaneous spanwise vorticity fields of the NACA 0012 fish-like foil
at Re;, = 5000 with various undulatory frequencies. The vorticity contours are obtained at the
time instant t/T = 0 after the simulation comes to the steady state.
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Figure 6-10. Instantaneous spanwise vorticity contours for the NACA 0012 fish at Re, = 5000 and St = 0.10,
0.16, 0.20, 0.24, 0.30, 0.40

It is found that the wake regimes of the undulatory fish are consistent with the phase diagram

of vortex regions observed for the rigid flapping foils illustrated in chapter 5 and reported by
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Schnipper et al. (2009). As the swimming amplitude of the NACA 0012 fish-like foil is fixed
in this case, the variation of the oscillating frequency is the only cause of the Strouhal number
change. The region of 0.10 < St < 0.40 is dominated by 2-single-vortex shedding per period
(2S) wakes, i.e., von Karman (vK) wake at small frequencies and reverse von Karman vortex
street at large frequencies. In the region with St < 0.10, the wakes behind the fish tail would
be more complex and can contain more than two vortices per oscillation period. For the present
St = 0.10 case, there are two vortex pairs shed per oscillation period (2P) from the fish tail.
The vortex pairs move away from the wake centerline and slowly turn anticlockwise (clockwise)
on the lower-hand (upper-hand) side of the centerline. It is interesting to note that though the
geometry and kinematics in the present fish swimming problem is different from those of the
pitching foils or oscillating cylinders, the boundary between the 2S and 2P regions in our
numerical simulations is qualitatively similar to the boundary found by Schnipper et al. (2009)
and Williamson and Roshko (1988).

The wake transition from 2P to 2S with increasing oscillation frequency involves a change in
the timing of the vortex shedding and in the strength of the vorticity production at the trailing
edge and in the side boundary layers. In our first 2S wake case, St = 0.16, the strong
downstream vortex in a pair merge with the same-sign upstream vortex during the shedding at
the fish trailing edge, and the wake appears to be a von Karméan type 2S wake. With further
increase of the undulatory frequency, the vortex street evolves into the aligned wave scenario
where vortices of alternating signs align on the symmetry line of the wake. Followed by this,
the wake is transited into the reverse von Karman wake when the Strouhal number is large
enough, St = 0.30 for instance. However, the vK-reverse vK transition does not coincide
with the force transition from drag to thrust, as known from Figure 6-5 that the total horizontal
force at St = 0.30 is still a drag. The force transition would often take place at a slightly larger
Strouhal number, as pointed out for the flapping foil.

Influence of Reynolds number

As known from chapter 5, the critical Strouhal number at which the total horizontal force
changes from drag to thrust is not universal but depends on the Reynolds number of the flow.
To systematically quantify the effect of Reynolds number on the hydrodynamic loads and
associated flow patterns of carangiform swimming, a series of numerical investigations have
been carried out for various Re; and St. Viscous flow simulations are performed for the
NACA 0012 fish-like foil at intermediate Reynolds numbers ranging from Re; = 1250 to
Re; = 9500. For this Reynolds number study, the Strouhal number St is varied from 0.10 to
0.40, consistently with the validation cases at Re; = 5000.

The dependence of the time-averaged horizontal force coefficient on the Reynolds number is
shown in Figure 6-11. When the Reynolds number Re; increases, the total horizontal force
coefficient C, decreases towards negative values, and its variations with St exhibit
essentially qualitative trends as those observed for Re; = 5000. For the Re; = 1250 case,
the mean horizontal force is of drag type at all the examined values of St. As the Re,
increases, the critical St* (where C, turns negative) decreases, indicating that the force

transition is easier to occur for the swimming fish from drag to thrust at higher Reynolds
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number. However, this decrease of the St* of varying Reynolds numbers becomes much

smaller with the increase of Re;. From the results of the pressure C_xp and friction C,,,

components, the pressure force C_xp remains nearly the same for different Re; while, as

expected, the friction force C,, is highly dependent on Re;. C,, is always positive for the
undulating fish-like foil in a current and decreases with the increase of Re;, the influence of
this parameter seems to become less pronounced near the highest examined values. Thus, for
the examined cases the dependence of the total horizontal force on the Reynolds number is
mainly because of the change of shear stresses while the pressure contribution is dominated by
inviscid effects.
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Figure 6-11. Time-averaged horizontal force coefficients of the NACA 0012 fish vs. Strouhal number at different

Reynolds numbers

The time-averaged power coefficients at various Reynolds numbers are illustrated in Figure 6-
12. It clearly shows that the total power requirement of the fish-like swimming decreases as the
Re;, increases. Because the Cpp is linearly connected to the total horizontal force C, by
definition, Cp, decreases monotonically with the increase of Re; and this decreasing rate
becomes less pronounced at higher Reynolds number. However, the time-averaged swimming
power Cps changes little with varying Re;, indicating that the undulatory fish requires almost
the same power in the flow with different viscosities to perform the same lateral oscillations of
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the traveling wavy motion, especially at high Strouhal numbers. Therefore, the main reason for
the differences of the total power with varying Reynolds number relates to Cpp. The total
power coefficient Cp; decreases to a minimum value around St = 0.20 and increases
sharply afterwards. It is noted that this concave trend becomes more obvious at sufficiently
high Re; keeps similar features if increasing further the value of this parameter. These results
confirm that it is of benefit for the undulatory fish to swim around St = 0.20~0.30 to reduce
the input power requirement.
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Figure 6-12. Time-averaged power coefficients of the NACA 0012 fish vs. Strouhal number at different Reynolds

numbers

To understand the influence of the Reynolds number on the hydrodynamic characteristics of
fish-like swimming, the instantaneous spanwise vorticity fields of the NACA 0012 fish-like
foil with oscillation frequency f = 1.5s™! at Re, = 5000 and Re; = 9500 are shown in
Figure 6-13 at the start phase during one period (time instant t/T = 9). In the present two
cases, the flow patterns after the fish exhibit similar reverse von Kérmén (vK) wakes, but the
involved vortical intensity at Re; = 9500 is clearly stronger. Besides, the reversed vortex
pairs have larger lateral distances from the wake centerline at this Reynolds number than at
Re; = 5000, which suggests larger propulsive forces. The local flow field close to the fish-like
body highlights that the shear layer is generated along the body surface and is gradually shed
downstream to form concentrated vortices and that the vorticity intensity in the shear layer
tends to be higher for the higher Reynolds number case. These qualitative features are also
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possessed by the fish undulating at the same frequency and with Reynolds number between
5000 and 9500. However, as known from Figure 5-35 and Figure 6-10, the fish-like foil
experiencing drag force always have a von Karman (vK) wake, thus the fish undulating at f =
1.5s71 with Reynolds number lower than 5000 has qualitatively different flow patterns.
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Figure 6-13. Instantaneous spanwise vorticity contours for the NACA 0012 fish at St = 0.30 in the case of (left)
Re; = 5000 and (right) Re; = 9500
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Figure 6-14. Pressure and pressure gradient on the top (y*) and bottom surfaces (y~) for the NACA 0012 fish at
St = 0.30 for different Reynolds numbers
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However, it is difficult to identify where along the body the flow separation actually starts to
occur from Figure 6-13. Based on the boundary-layer theory, Schlichting and Gersten (2015)
have pointed out the fact that flow separation in steady inflow occurs only in decelerate flow,
i.e., an adverse pressure gradient on the body surface (dp/ds > 0, where s represents the
curvilinear coordinate along the fish body starting from the leading edge to trailing edge). In
our case we also have an undulatory motion of the body but still this condition is relevant for
flow detachment. To this purpose, Figure 6-14 provides the pressure and the pressure gradients
along the top (+) and bottom (—) sides of the NACA 0012 fish-like foil at various Reynolds
numbers at the start phase during one cycle (time instant t/T = 9). For the present St = 0.30
case, the flow along the top surface begins to detach from the body around x/L = 0.05. From
the pressure gradient results, it is found that the flow at higher Re; tends to separate closer to
the leading part of the body. The same thing also happens for the bottom surface, i.e., the
adverse pressure gradient starts from about x/L = 0.32 at Re;, = 9500, and about x/L =
0.62 at Re; = 1250. However, due to the traveling wavy body motion, the maximum value
of the adverse pressure gradient on the bottom surface decreases with the increase of Re;.

To compare the vorticity field in the wake region at different Reynolds numbers, the vorticity
impulse term introduced in chapter 5, Py, = — fVl yw,dV, is calculated in the wake region

shown in Figure 6-15.

wake

Figure 6-15. Schematic view of the wake region in the control volume

The results of Py, for the NACA 0012 fish-like foil at St = 0.30 are presented in Figure 6-
16 within one oscillation period, for Re; = 5000 and Re; = 9500. This wake-region
computation confirms qualitatively a larger thrust contribution connected with higher Reynolds
number, and it is consistent with the flow features of stronger reverse von Karman wake shown
in Figure 6-13.
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Figure 6-16. The contribution to the vorticity impulse term Py, (see chapter 5) of the NACA 0012 fish-like foil

from the vorticity field in the wake region at different Reynolds numbers

Influence of fish shape

From the physical and numerical investigations described in the previous chapters, it is
known that the fish/foil with different profiles can have different behaviors and performances.
In this section, numerical simulations of two NACA fish-like foils are carried out to investigate
the effect of body shape on the hydrodynamics of undulatory swimming. The swimmers
employed here are the NACA 0012 and NACA 0021 fish-like foils, and the same kinematics is
prescribed for them so to highlight the shape effect.

Figure 6-17 shows the time-averaged force and power coefficients of the NACA 0021 fish-like
foil at Re; = 5000, to be compared to the numerical results of the NACA 0012 fish-like foil
in Figure 6-5. One should note that the force coefficients here are defined using the fish body
length (i.e., normalized by 0.5pUZ2L). From the results, the NACA 0021 and NACA 0012 fish-
like foils are associated with similar friction component C,, while the pressure component
Cyp of the NACA 0021 fish-like foil is much higher than that of the NACA 0012 fish-like foil.
Therefore, the total horizontal force acting on NACA 0021 fish-like foil is larger than the
NACA 0012 fish-like foil at all the examined Strouhal numbers, which indicates the NACA
0021 profile experiences larger drag force and has weaker capability to generate propulsion
force. The NACA 0021 fish-like foil can only experience the thrust force when the frequency
is higher than f > 1.8s71. From the plots of the power coefficients, we found that as the
undulatory frequency increases, the swimming power Cpg of the NACA 0021 fish-like foil
increases slower than that of the NACA 0012 fish-like foil, which means that it requires less
power to actuate the traveling wavy motion of the NACA 0021 fish. However, the Cpp of the
NACA 0021 fish-like foil is higher than that of the NACA 0012 fish-like foil in all the examined

cases, which is consistent with tendency of the pressure force C_xp. Therefore, the time-

averaged total power coefficient of the NACA 0021 fish-like foil is overall larger than that of
the NACA 0012 fish-like foil. The differences in Cpy between the two fishes are the largest at
f = 0.5s71, and become smaller as the frequency increases. Their values are about the same
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at f =2.0s™!. The minimum value of the Cpy for the NACA 0021 fish-like foil occurs
around f = 1.2s71 (St = 0.24).
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Figure 6-17. Time-averaged horizontal force coefficients (left) and power coefficients (right) for the NACA 0021
fish at Re;, = 5000

Although the force results in Figure 6-17 illustrate that the friction components of the two fishes
approximately coincide, it does not necessarily represent that the shear stresses acting on their
bodies are the same because the NACA 0021 fish-like foil has apparently blunter body. A more
appropriate method for analyzing the friction force is the normalization using the fish profile
length, i.e., Cxy pro = va/O.SpUZme. The perimeter of the NACA 0012 and NACA 0021
fish-like profiles are, respectively, Ly, = 2.04m and 2.10m at the equilibrium position. For
the pressure component of the horizontal force, the maximum thickness of the fish would be a
more suitable characteristic length (i.e., Cyp p = Fy,/0.5pU 2D). From the results in Figure 6-
18, Cyy pro of the NACA 0021 fish is slightly lower. This is different from the finding in
chapter 5 that the Cy,, ;o of the pitching NACA 0021 foil is larger than that of the pitching
NACA 0012 foil, which might be due to larger flow acceleration along the thicker foil body.
Owing to the undulatory fish-like motions, it becomes challenging for the flow to remain
attached along the body with the increase of the Strouhal number, especially around the trailing
part. The blunt body shape of the NACA 0021 fish-like foil is expected to enlarge this flow
separation effect, and thus the shear stresses along this fish are smaller than those along the
NACA 0012 fish-like foil. This will be illustrated in the later discussion in terms of vorticity
fields around the two geometries. The difference in Cy, p between the two NACA fish-like
foils enlarges with the increase of the undulatory frequency. At the smallest examined frequency,
the pressure coefficients are similar. Then, the Cy, p of the NACA 0012 fish-like foil declines
sharply towards negative values, which indicates its good capability in generating propulsive
forces. On the contrary, the Cy, p of the NACA 0021 fish-like foil decreases slowly from
0.52 to —0.37, and only when the frequency is very high its value can exceed the friction
force, i.e., about f > 1.8s71. It suggests that the body shape can have a greater influence on
the Cyp p as the oscillation frequency increases.
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Figure 6-18. Time-averaged pressure and friction force coefficients for the NACA 0021 fish at Re; = 5000

Figure 6-19 shows the instantaneous spanwise vorticity fields at the start phase during one cycle
(instant t/T = 9) to illustrate the flow patterns of the NACA 0012 and NACA 0021 fish-like
foils at Re;, = 5000 with the oscillation frequency f = 1.5571. As the corresponding
Strouhal number is relatively small (St = 0.30), the wakes behind the undulatory fishes are
advected in the form of an aligned wake, i.e., there are two single vortexes shed per oscillation
period (2S) from the fish-like tail and their distances to the wake centerline are symmetry. By
comparing the results, the downstream vortex of the NACA 0021 fish-like foil is slightly
stronger, which might be due to larger flow acceleration along its blunter profile. From the local
vortical structures close to the body, it looks that the NACA 0021 fish-like foil experiences

more severe flow separations in the aft part, thus leading to more pressure loss than for the
NACA 0012 fish-like foil.
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Figure 6-19. Instantaneous spanwise vorticity contours for the NACA 0012 (left) and NACA 0021 (right) fish-like
foils at Re; = 5000 and St = 0.30

To carefully estimate the flow features along the fish-like foils, the pressure and its gradient
along the top and bottom sides of these bodies at the start phase during one cycle (time instant
t/T =9) are illustrated in Figure 6-20. It is found that the flow past the NACA 0021 fish-like
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foil tends to detach from the body around x/L = 0.10, and it occurs later for the NACA 0012
fish-like foil on both sides. Due to the lateral undulations of the fish-like body, the adverse
pressure gradients on the top surface for both fish-like foils remain for a large portion (until
x/L = 0.80 for the NACA 0021 fish). Herein, the gradient gradients along the NACA 0021
fish-like foil are larger than those for the NACA 0012 fish-like foil, indicating stronger flow
detachment can happen in this region. On the bottom surfaces, the pressure gradient results are
similar for the two fish-like foils except that the values of the NACA 0021 fish are slightly
larger at some points.
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Figure 6-20. Pressure and pressure gradient on the top (y*) and bottom surfaces (y~) for the NACA 0012 and
NACA 0021 fish-like foils at Re, = 5000 and St = 0.30

The coefficients of the time-averaged thrust F; and drag F,, of the NACA 0021 fish-like foil
at Re; = 5000 are obtained by Egs. (6.6), (6.7) and (6.8) and documented in Figure 6-21. The
simulation results show that the main differences of the forces between the two fish-like foils
are drag at low St and become thrust at high St. The NACA 0021 fish-like foil starts to
generate thrust force at St = 0.20 slightly earlier than the NACA 0012 fish-like foil (St >
0.20), but it has limited ability to obtain as large thrust force as the slimmer geometry. As
expected, the drag force of the NACA 0021 fish-like foil is much higher due to its blunt profile
at small frequencies. After the fish-like foils start to generate larger thrust forces, the differences
in the drag forces experienced by the two fishes become smaller. By comparison with the force
results in Figure 6-17, we can understand that at St = 0.4, the drags of the two fishes are
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dominated by the friction force, and the pressure components give almost all the contributions
to create propulsions. The drag force at high St is less affected by the shape of the fish body.
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Figure 6-21. Total horizontal force coefficient, thrust and drag components vs. Strouhal number at Re; = 5000

Viscous flow simulations have been performed for the NACA 0021 fish-like foil also at
intermediate Reynolds numbers ranging from Re; = 1250 to Re; = 9500. In this study, the
Strouhal number St is varied from 0.10 to 0.40, consistently with the cases for the NACA
0012 fish-like foil. Though the NACA 0021 fish-like foil has a thicker profile, the dependences
of the time-averaged horizontal force coefficients and the power coefficients on the Reynolds
number are similar to those for the NACA 0012 fish-like foil, as presented in Figure 6-22. When
Re, increases, the C, and Cpy are shifted towards smaller values, and they exhibit
essentially qualitative trends. The swimming NACA 0021 fish-like foil would require the least
power input around St = 0.20~0.30.
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Figure 6-22. Time-averaged horizontal force and power coefficients for the NACA 0021 fish-like foil vs. Strouhal
number at different Reynolds numbers
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Using the scaling law for the drag-thrust transition introduced in chapter 5, which used the

following variables defined as: R, = Re; -\/LD/a and S, =St*-./L?/a. Figure 6-23

shows the drag-thrust transition lines for the two examined NACA fish-like foils at various
Reynolds numbers. The R, in the plot is represented in the inverse form so that a power law
between the critical Strouhal number and Reynolds number is depicted by a straight line.
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Figure 6-23. Best-fit curves of the drag-thrust transition plotted on the phase spaces of S, — 1/R,

Swimming efficiency

It is of certain that the Froude propulsive efficiency can also be calculated directly from the
results of numerical simulations according to Eq. (6.9) and we refer to it as CFD in the following
discussion. Figure 6-24 shows the computation results of the NACA 0012 fish-like foil at
Re;, = 5000 by using this CFD approach. The values at small Strouhal numbers are zero
because the fish does not have capability to generate thrust by performing very slow undulations,
i.e., St < 0.20 under this condition.
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Figure 6-24. Froude efficiency of the NACA 0012 fish-like foil calculated by CFD method vs. Strouhal number at

Re, = 5000
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One should note that the calculation of the Froude efficiency formula can only be applied under
inline steady swimming when the thrust and drag force counterbalance. If this equilibrium
condition is violated, the fish will either accelerate or decelerate. Then the velocity can no
longer be a constant value and thus the calculation for Froude efficiency is not meaningful.
Therefore, the propulsive efficiency of the fish should be computed at the critical Strouhal
number St* (drag-thrust transition) for a given Reynolds number, when the fish is assumed to
swim steadily at a constant speed. For example, the total horizontal force of the NACA 0012
fish-like foil is zero around St = 0.30 at Re;, = 5000, and thus the Froude efficiency is only
valid around this value of the Strouhal number.

Table 6-2 documents the Froude efficiency of the NACA 0012 fish for different Re; at the
corresponding value of St* using the EBT, EBT-2 and CFD methods. From the results plotted
in Figure 6-11 we have found that the critical Strouhal number decreases with the increase of
the Reynolds number, which indicates that the fish can achieve constant-speed swimming with
lower frequency (wave speed of body undulation) at higher Re;. According to the formulas for
EBT and EBT-2, it is clear that the swimming efficiency within the range of Re; =
1250~9500 is an increasing function of the Reynolds number and these two methods yield
similar efficiency values. When it comes to the CFD method, interpolations have been adopted
to calculate the thrust force and lateral power loss at the corresponding critical St* and this
would lead to errors in the efficiency calculations. The results of CFD method differ
significantly from the values calculated by the two EBT formulas. This discrepancy is
understandable in part because the EBT is an inviscid, slender-body theory, and it is not at all
applicable at sufficiently low Reynolds numbers where the viscous forces play an important
role. The CFD results do not show an obvious increasing trend of the swimming efficiency
within the examined Re; range. The propulsive efficiency for the NACA 0012 fish-like foil is
around 33% at the intermediate Reynolds numbers (i.e., Re,~103%). This is consistent with the
numerical computation 1 = 23% obtained by Borazjani and Sotiropoulos (2008) at Re; =
4000 for a 3D fish using the same approach. However, it should be considered that the
efficiency values obtained by CFD are restricted to Re;~103, and can be somewhat lower than
the swimming efficiencies at larger Reynolds numbers. For example, Borazjani and
Sotiropoulos (2008) reported that the Froude efficiency at infinite Re; is twice as large as that
at Re; = 4000. Therefore, it is important to point out that this carangiform swimming mode
can become more effective at higher Re;, but the Froude efficiency at the intermediate
Reynolds number changes little. Moreover, from the previous discussion on Reynolds number
influence, the critical St* decreases with Re;, which implies slower lateral body undulations
at higher Re;, and thus less swimming power consumption and higher efficiency, as shown in
Table 6-2. At St* the time-averaged axial power is zero because the mean horizontal force over
a period is zero. Therefore, the total power required at St* is only the power used to perform
traveling wavy motions. Given the aforementioned ambiguities in the definition of a meaningful
and objective measure of swimming efficiency, the CFD results suggest that the power
requirement might be a better measure for quantifying the efficiency of fish swimming.
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Table 6-2. Froude efficiency (%) at critical Strouhal number for the NACA 0012 fish-like foil

Re, EBT EBT-2 CFD Cps at St*
1250 75.00 72.61 34.24 0.244
2500 78.57 76.00 33.54 0.162
5000 81.85 79.10 33.08 0.102
6250 82.68 79.89 32.92 0.092
8000 83.69 80.85 32.70 0.079
9500 84.48 81.60 32.29 0.072

Influence of Strouhal number

To systematically quantify the influence of Strouhal number on the hydrodynamic
performance of the carangiform fish swimming, the undulation amplitude is varied while the
oscillation frequency remains a constant at Re; = 5000. In this section, three fixed frequencies
f=15s"1 f=1.8s"1 and f = 2.0s™! with varying amplitude are examined. In the case
of fixed f = 1.5s71 case, the swimming amplitude is amplified from A/L = 0.2 to 0.23.
For the cases with f = 1.8571 and f = 2.0s~1, the swimming amplitude is decreased from
A/L = 0.2 to 0.1. The resulting time-averaged horizontal force coefficients for the NACA
0012 fish-like foil are shown in Figure 6-25 and should be compared to the values of the cases
with fixed amplitude and changing frequency, i.e., the cases studied for the NACA 0012 fish-
like foil in Figure 6-5.
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Figure 6-25. Time-averaged horizontal force coefficient for the NACA 0021 fish-like foil vs. Strouhal number at
Re, = 5000

The results show that the critical Strouhal number St* at the drag-thrust transition is not
exactly the same and suggest that the undulating frequency and amplitude can affect the fish
swimming performance using different mechanisms. This is consistent with the phase diagrams
we have plotted in chapter 5 and the experiments carried out by previous researchers. For the
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fixed amplitude with varying frequency cases, the net force is zero at frequency approximately
f = 1.57s7 1. From the results of fixed f = 1.8s™! and f = 2.0s™! cases we find that when
the fish applies smaller amplitude of swimming pattern and larger frequency, the critical St*
reduces, and larger amplitude with smaller frequency leads to higher critical St*. This shows
that the St is not the only parameter that affects the fish-like swimming behavior.

The Froude efficiency results calculated using CFD method are given in Figure 6-26. Because
strictly speaking the Froude efficiency formula makes sense only at the equilibrium condition,
its value for the different cases examined in Figure 6-26 is documented in Table 6-3 with the
corresponding values of the critical Strouhal number.
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Figure 6-26. Swimming efficiency calculated by Eq. (6.9) vs. Strouhal number at Re; = 5000

Table 6-3. Froude efficiency (%) at critical Strouhal number for the NACA 0012 fish

case St* corresponding f or A n
Fixed A =0.2m 0.31 f=157s"1 33.08
Fixed f =1.5s71 0.33 A=0.22m 35.47
Fixed f =1.8s71 0.29 A=0.16m 29.15
Fixed f =2.0s71 0.28 A=0.14m 25.74

In these examined cases, the Froude efficiency grows with the increasing amplitude and
decreasing frequency. It suggests that within the examined Strouhal number range at Re; =
5000, the fish may undulate at lower frequency with larger amplitude to achieve higher
swimming efficiency. The limit of the amplitude is supposed to be related with its body
physiology and the fish in natural has made its own best selection.

6.2  Self-propelled fish-like swimming foil

It has always been attractive for biologists, hydrodynamicists and engineers to observe and
understand the fish locomotion in water. As aforementioned, there have been a large number of
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papers experimentally and numerically studying a deformable body fixed in its position in a
uniform current or tethered with the opposite velocity in a quiescent fluid. However, apart from
the assigned stream in the forward direction, the fish body can also experience either lateral or
angular motions, perceived as recoil motions (Paniccia et al., 2021b). Some investigations
pointed out that the recoil effects induced by the fluid interaction with the deformable fish can
be significant and this can affect the resulting fish locomotion (Maertens et al., 2017). Therefore,
it is important to study the hydrodynamic behavior of a self-propelled fish with/without
constrained gaits in water both physically and numerically.

As a matter of fact, investigating the performance of carangiform fish with different shapes and
under various swimming conditions, could however pose challenges to experimental studies. It
may be difficult to impose experimental control over live fish, such as searching for a fish of
desired body shape or let the fish swim constantly at certain tail-beat frequency. Another
challenge is to obtain the detailed flow fields around the live fish, which are always important
for analyzing fish propulsion performance. It is particularly difficult because most of particle
image velocimetry (PIV) techniques can only provide the flow measurements in 2D planes
(Tytell, 2007) or in a restricted 3D volume smaller than fish swimming space (Raffel et al., 2018).
Meanwhile, with the increase of computational capability, the computational fluid dynamics
(CFD) method has become an attractive alternative approach to study the fish swimming
performance and to convey detailed flow images. In addition, it is also a powerful complement
to real-fish experiments while it allows wide parametric studies through systematic changes in
the body geometry and/or the swimming kinematics. Therefore, free-swimming fish-like foils
under various flow conditions are numerically examined here by using the solvers described in
chapter 4. One should also note that, because steady-state self-propelled conditions correspond
to zero mean horizontal force, the resulting Strouhal number is always the critical Strouhal
number.

6.2.1 Self-propelled foil in calm water and current

The purpose of the present section is to systematically investigate the hydrodynamic
performance of a self-propelled carangiform swimmer in different hydrodynamic environments.
As main results, the time-averaged forward swimming speed, the fish locomotion and the wake
patterns are obtained and discussed for fishes in different flow conditions. Herein, the effect of
the fish shape is also examined by comparing the results of two different fish-like geometries.

For a proper comparison with the undulatory swimming fishes fixed in current, as discussed in
section 6.1, we continue to select the NACA 0012 and NACA 0021 foil profiles as the fish
model at rest. They are placed in the viscous fluid and start undulating their bodies in the
carangiform swimming pattern, but they are free to accelerate or decelerate depending on the
experienced hydrodynamic loads. For the self-propelled fish, there is no tether to absorb the
excess force acting on the fish body. When the fish starts to perform periodic lateral undulatory
motions, the body would generate a thrust-type force, which initially leads to a time-averaged
acceleration to the swimmer. The swimming speed continues to increase until the mean force
during one oscillating cycle becomes zero, and then the fish reaches a steady state that can be
characterized by constant swimming speed U, Reynolds number Re; and Strouhal number
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St. The present work will analyze the swimming performance of the self-propelled fish with
focus on the asymptotic steady state condition in terms of various performance metrics, such as
locomotion velocity, power consumption, swimming efficiency, etc. The wake structure
associated with the fish is also investigated at the asymptotic steady state.

Numerical setup

The locomotion of the undulatory fish is obtained by coupling the body dynamics and the
fluid dynamic actions, and the corresponding self-propulsion strategy is developed in the
OpenFOAM toolbox as introduced in section 4.5. The effectiveness and accuracy of this
strategy has been verified by correctly predicting the horizontal motions of various heaving
elliptic foils. As for the tethered undulatory fish-like foils, the deformation of the fish is handled
by the overset grid method, and the governing Navier-Stokes equations are solved in a 2D
computational domain including the fish-like body, defined by a rectangle of —2L < x < 7L
in x direction and —3L <y < 3L in y direction, as shown in Figure 6-3. The boundary
conditions in this study should be appropriately set under different flow conditions. A no-slip
condition is enforced along the deformable swimming fish. Zero gradient conditions are applied
to the top and bottom domain boundaries. For the self-propelled fish swimming in open-water
current, a uniform inflow condition is enforced at the inlet while a uniform pressure condition
is used at the outlet. A sinusoidal ramp function is employed for the inlet velocity to avoid a
break-down at the beginning of the numerical simulations. For the calm-water case, the fluid
velocity at the inlet boundary is set as zero. The boundary conditions in the third direction (z
direction) for all variables are set to be empty as none of them are solved consistently with the
two-dimensional flow assumption. For the interpolation layer in the overset mesh, the “overset”
boundary condition is applied.

As basic study, the self-propelled fish is restricted to swim freely only along the streamwise
direction. The lateral undulatory motion of the self-propelled fish coincides with the swimming
mode used in the forced fish-like foil simulations, as prescribed in Egqs. (6.1-6.3). The
simulations are continued until the asymptotic steady state is reached, i.e., the mean swimming
speed U approaches a constant value. This speed during the steady swimming depends on the
fish oscillating frequency, and consequently, Re; and St also depend on the frequency f
due to their relationship with U. Therefore, the fish swimming frequency should be carefully
selected in order to obtain the steady state Re; in a desired range. To accomplish this, the
results of the forced fish-like swimming foils from the precious section 6.1 can be used herein
as guidance. For example, the critical Strouhal number St* is found to be about 0.31 for the
NACA 0012 fish-like foil at Re; = 5000, which means that the swimmer could self-propel
itself at a constant speed equal to the corresponding velocity of the inlet current. On the contrary,
the simulations of a free-swimming fish can be considered as a sort of inverse problem of the
forced undulatory fish case, as we now fix the oscillating frequency and aim to find the resulting
free-swimming speed U at steady state. Therefore, if the self-propelled fish performs
undulations at the frequency corresponding to the value of St* for the tethered fish, the free-
swimming speed U at the steady state is expected to be the same as the current velocity in the
tethered case, with the assumption of the same fluid viscosity. And if the self-propelled fish

oscillates itself at another frequency, the final swimming speed would become a different value.
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As described in chapter 4, the self-propulsion strategy moves the body boundary to the new
positions according to the calculated displacement, and the mesh surrounding the body should
also be moved together in order to maintain its good quality. In this numerical study, the
displacementLaplacian solver is employed to handle the mesh motion and deformation within
the body-fitted overset grid. As the self-propelled fish in calm water will swim forward at the
speed corresponding to the current velocity of the critical St* for the tethered fish, the body-
fixed grid will also follow the fish motion. A practical technique for using the aforementioned
numerical solver is to avoid the mesh being overstretched during simulation, and the cells with
low aspect ratio can help the gird to remain in good quality during movement. A grid refinement
study is carried out for both NACA 0012 and NACA 0021 fishes swimming at f = 1.0s™! in
a fluid with kinematic viscosity v = 2 X 10~*m? /s (same as that in the tethered fish case at
Re;, = 5000). The uniform structured hexahedral cells forming the meshes are given in Table
6-4. We shall refer to the grids of NACA 0012 fish as Grid 4-6, and the grids of NACA 0021
fish as Grid D-F.

Table 6-4. Grid resolutions for the NACA 0012 and NACA 0021 fishes

NACA 0012 Grid 4 Grid 5 Grid 6
Nodes along fish 114 154 198
Cells in BG grid 135000 240000 540000

NACA 0021 Grid D Grid E Grid F
Nodes along fish 114 160 222
Cells in BG grid 135000 240000 540000

The locomotion of the swimming fish along the x-axis is calculated by setting the fish model
to be neutrally buoyant, i.e., the body density equals to the fluid density (p,/pf = 1). In the
convergence study, the mass of the 2D NACA 0012 fish is around 0.082 kg/m and the one of
the 2D NACA 0021 fish is around 0.143 kg/m. The time step is 0.002s to ensure that the
maximum Courant number is less than 1 for the dynamic simulations. From the force results in
Figure 6-17, it is known that both fishes still generate drag forces at the oscillation frequency
f =1.0s7! with inlet flow U, = 1m/s, indicating that they cannot speed up to this velocity
when the tether is removed. Here, the NACA 0012 and 0021 fishes are released in currents with
income flow velocity being U, = 0.5m/s and U, = 0.3m/s, respectively. In this scenario,
the actual (total) swimming fish speed is the sum of the velocity obtained by solving the surge-
motion equation and the opposite of the current velocity, i.e., U, = U, — U.. The calculated
total swimming velocity histories of the two NACA fishes using different grids are shown in
Figure 6-27. Negative values of the velocity indicate that the fish is swimming towards the
negative x-axis, i.e., to the upstream direction in this study, as shown in Figure 6-1. It can be
observed from the figures that the NACA 0012 and 0021 fishes reach the asymptotic steady
state after about 15 and 20 cycles, respectively. There are obvious differences between Grid 4
and 5 for the NACA 0012 fish and between Grid D and E for the NACA 0021fish, that might
be because Grid 4 and Grid D are too coarse for the self-propulsion simulations. The computed
total speed histories of finest grids (Grid 6 and Grid F) also exhibit slightly smaller absolute
values than the medium grids (Grid 5 and Grid E), but the differences between them are very
small compared to the coarsest grids, demonstrating a good level of convergence. Though the
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finest grids are expected to predict more accurate results, the computational cost for a simulation
of t/T = (0:55) is much more expensive: Grid 6 takes 92908s(~ 26h) compared to Grid
5 (23523s = 6.5h) while Grid F takes 89049s(~ 25h) compared to Grid E (22706s =
6.3h). Therefore, as a compromise between accuracy and efficiency, Grid 5 and Grid E are
employed for all the further self-propelled fish simulations.
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Figure 6-27. Time history of the total speed for self-propelled NACA 0012 (left) and NACA 0021 fish (right)

swimming at f = 1.0s™! in current with three different grid resolutions

Comparison between calm water and current scenarios

The swimming performances of the NACA 0012 fish are examined under two different
hydrodynamic environments: in calm water and in open-water current. For the calm-water case,
the fish is released from the equilibrium position in still water and starts the undulatory motion
with a constant oscillation frequency until a steady swimming speed U, is reached; for the
open-water current case, the total fish-swimming speed is U; = U, — U,. The results for the
NACA 0012 fish under these two hydrodynamic conditions at oscillation frequency f =
1.0s7! and f = 1.5571 are shown in Figure 6-28. Herein, the values of the inflow velocity
U, aresetas 0.5m/s and 0.9m/s in the two current cases, respectively.
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Figure 6-28. Time history of the total fish-swimming speed for self-propelled NACA 0012 swimming at f =
1.0s7! (leftyand f = 1.5s! (right) in calm water and current
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It can be observed from the results that the swimmer reaches the asymptotic steady state after
same cycles in both calm water and current regardless of the swimming frequency. The final
steady-state swimming speeds in calm water and current exhibit little differences in the plots.
This is documented quantitatively by table 6-5 in terms of the time-averaged values. The
forward speed of the NACA 0012 fish at steady state is slightly faster in current than that in
calm water, which may be caused by larger mesh motion/deformation of the overset grids fitted

to the fish body.

Table 6-5. Time-averaged steady-state swimming speed of the NACA 0012 fish in calm water and current

U, Calm water (m/s) Current (m/s) Error
f=10s""1 -0.580 -0.586 0.89%
= 1.5s" -0.945 -0. . 0
5s71 0.94 0.948 0.34%

Figure 6-29 shows the instantaneous spanwise vorticity fields of the NACA 0012 fish
swimming at the above four conditions. The vorticity contours are obtained at the time instant
t/T = 60, i.c., after the simulation has reached the steady state. The parameters with superscript
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Figure 6-29. Instantaneous spanwise vorticity contours for the NACA 0012 fish swimming at f = 1.0s™! (top)
and f = 1.557! (bottom) in calm water (left) and current (right)

The simulations in calm water and current conditions predict approximately the same
asymptotic state for the self-propelled fish swimming along the streamwise direction. As the
grids in current cases can retain better original mesh structure and quality, the fish swimming
in currents are studied in the following analysis.
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Effect of tail-beat frequency

As discussed in section 6.1, the undulatory motions performed by the tethered NACA 0012
fish in current can lead to different drag-/thrust-type force depending on the oscillation
frequency. Here, the fishes are released to self-propelling themselves with the same examined
frequencies as in Figure 6-5 to compare occurrence and features of free-swimming scenarios in
the two numerical set-ups. The corresponding instantaneous spanwise vorticity fields of the
NACA 0012 fish are shown Figure 6-30. The vorticity contours are obtained at the time instant
t/T = 60, i.e., after the simulation has reached the steady state.
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Figure 6-30. Instantaneous spanwise vorticity contours for the NACA 0012 fish swimming in currents at different
frequencies

It can be found from the plots that the wakes are of similar reverse-vK pattern for all the self-
propelled fishes. These reversed shedding vortex streets are associated with the propulsive
performance of the undulatory fishes. As the horizontal hydrodynamic forces experienced by
the fishes at the asymptotic steady state are averagely zero, corresponding to the drag-thrust
transition in the forced swimming foil cases, the reversed vK configurations in the figures do
not exhibit very large wake widths.
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For the forced fish-like swimming foil, the critical frequency for the drag-thrust transition in a
current with velocity U, = 1m/s is estimated to be approximately f = 1.57s~1. Therefore,
the self-propelled fish swimming at this frequency is also simulated for comparison.
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Figure 6-31. Time history of the total speed for self-propelled NACA 0012 foil swimming at different frequencies

in currents

Figure 6-31 shows the time histories of the total forward swimming speed of the NACA 0012
fish for the examined oscillation frequencies. As expected, the fish with larger oscillation
frequency is able to reach higher forward speed. Besides, it is found that the fish reaches the
asymptotic steady state after slightly more cycles at larger f. The time-averaged values of the
fish swimming speeds for all the examined frequencies are documented in Table 6-6. Here, the
phase velocity w/k = fA is often used to normalize the swimming speed of the fish, U* =
U./fA. The results of this nondimensional speed also exhibit an increasing tendency with the
undulatory frequency. In order to better identify the relationship between the fish swimming
speed and frequency, two other characteristic lengths are selected and examined: the wake width
(hy) and the distance between two vortices in the same row (l,,, as shown in the fifth contour
of Figure 6-30). It should be noted that the the estimate of these wake features from the
contounrs are not absolutely accurate, but they can give some insights to investigate the
relationship.

Table 6-6. Time-averaged steady-state swimming speed of the NACA 0012 fish

f(s™ 0.5 0.8 1.0 1.2 15 1.57 2.0
7, (m/s) -0.247 -0.445 -0.586 -0.728 -0.948 -1.002 -1.337
U* =U,/f2 -0.494 -0.556 -0.586 -0.606 -0.632 -0.638 -0.668
h,, (m) 0.015 0.015 0.03 0.03 0.045 0.045 0.06
U, =U/fh, | -32.92 -37.07 -19.52 -20.21 -14.04 -14.18 -11.13
1, (m) 0.525 0.570 0.585 0.615 0.630 0.630 0.660
U; = U./fl, | -0.941 -0.975 -1.001 -0.986 -1.003 -1.013 -1.012
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Figure 6-32 illustrates the relationships between these fish swimming speeds and oscillation
frequency. From the results of U, it is seen that the time-averaged dimensional forward speed
is approximately proportional to the swimming frequency. The nondimensional speed U*
becomes larger at higher frequencies, indicating that the increase rate of the fish forward
velocity is larger than that of the frequency. As the shedding vorticities at the asymptotic steady
state for all the examined cases exhibit similar reverse-vK wake patterns and do not have sharp
differences from the aligned vortex streets, the estimated wake widths are relatively small
compared to the fish thickness (D = 0.12m). The speed normalized by h,, shows an overall
decline tendency with the increase of frequency. From the plot of U}, we observed that the fish
forward speed U; is equal to the product of the oscillation frequency f and characteristic
wake length [,,, indicating that for the NACA 0012 fish, the vortex street shed from the fish
body is dominant by the convection by inflow.
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Figure 6-32. Relationship between the forward speed of self-propelled NACA 0012 and swimming frequency

Above discussions focused on the fish swimming speeds at various oscillation frequencies
without considering the corresponding power requirement to reach the steady-state condition.
The thrust force defined by Eq. (6.6) and the swimming power defined by Eq. (6.4) are
calculated during simulations. Figure 6-33 illustrates the time histories of the nondimensional

coefficients, Cpyr = FT/%pUlzL and Cps = PS/%prL, where U; = 1BL/s (the current
velocity in the forced swimming foil study). Based on the adopted thrust definition, Cpr; and
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Crr¢ are always positive, while a positive value of Cpg; or Cpgiindicates that the fish needs
to consume energy to perform undulatory motions during swimming cycle. With the increase
of the fish oscillation frequency, both Crr and Cpg show increasing fluctuation amplitudes,
indicating that the NACA 0012 fish can generate larger thrust force at higher frequency, but it
also requires larger power input to remain in a steady swimming motion. As last note, Cpr
and Cps of the fishes with different undulating frequencies exhibit their minima and maxima
at the same time phases during the cycle.
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Figure 6-33. Thrust force and swimming power coefficients of self-propelled NACA 0012 swimming at different

frequencies in currents

It has been found that the NACA 0012 fish swimming at larger frequency can reach higher
forward speed, generate larger propulsion force, but also needs larger input power. Being able
to swim faster is not necessarily associated with higher efficiency and more quantitative analysis
should be carried out to identify the swimming efficiency. Table 6-7 documents the time-
averaged values of the NACA 0012 fish thrust force and swimming power for all the examined
frequencies. In addition, for the self-propelled fish with certain kinematics, there should be a
unique Strouhal number and Reynolds number corresponding to the steady-state forward speed,
and their values are provided as well in the table. The swimming efficiency is calculated using
the CFD method according to Eq. (6.9). As presented in the forced swimming foil section, the
NACA 0012 fishwith f = 1.57s~1 experiences the drag-thrust transition, and here, the results
of the self-propelled fish at f = 1.50s™! are comparable to those of the tethered fish. The
critical St is a decreasing function of Re;, similarly as for forced swimming fishes. Although
the Reynolds number for all the examined cases varies a lot, the corresponding Strouhal
numbers stay in a range of 0.25~0.35, which agrees with the most cruising aquatic animals in
nature. The self-propelled fish swimming kinematics get closer to this range of Strouhal number
as Re; increases. The values of the Froude efficiency of the NACA 0012 fish are around 0.3
for Re,~103, also consistently with those of the tethered fishes swimming at different
Reynolds numbers reported in Table 6-2. However, it should be noted that as thrust and drag
counterbalance during the steady-state self-propelled motion, the Froude efficiency is not a
proper measure of the actual swimming performance in this case. Therefore, the mechanical
cost of transport (COT), defined as the ratio between the expended energy and the travelled
distance of fish, i.e., COT = Ps/U,, has been adopted by many researchers in the last decade
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(see e.g., Paniccia et al., 2021a). This is also used for the following analysis in a dimensionless
form, as described by Bale et al. (2014), i.e.:

COT* = COTW:—%AP (6.13)
Here A, isthe projected area (length in 2D case) of the swimmer’s body in the lateral direction.
COT* quantifies the energy consumption during propulsion, and therefore a lower value is
desirable because it indicates greater mechanical efficiency to move for a unit distance. The
nondimensional COT results documented in Table 6-7 show that the self-propelled NACA 0012
fish require less COT with the increase of the examined frequency, i.e., it has the most efficient
swimming performance at Strouhal number 0.299 in the present study.

Table 6-7. Time-averaged steady-state results of the NACA 0012 fish

f(s™ 0.5 0.8 1.0 12 1.5 2.0

Re, = U.L/v 1235 2224 2928 3639 4742 6684

St* = fA,/U; 0.405 0.360 0.342 0.330 0.316 0.299
Crrq 0.0078 0.0168 0.0241 0.0324 0.0464 0.0737

Cps1 0.0036 0.0141 0.0271 0.0464 0.0894 0.2057

n 0.349 0.347 0.343 0.337 0.330 0.324

cor* 3.657 3.089 2.889 2.767 2.618 2.404

Effect of body mass

Biomimetic studies and observations of fishes have obtained a wide array of information on
the kinematics for the propulsive performance, and these findings can guide towards green and
novel solutions of underwater robots for marine applications. Though the fish in water is often
neutrally buoyant, the biomimicking robots can either have same density as fluid or be heavier.
The body mass of the NACA 0012 fish is thus changed to understand its influence on the self-
propelled behavior. Here, three values are selected: a 2D fish body with the same density as the
fluid, leading to a mass m = 0.0082kg, a 2D body with density 10 times larger, leading to
m = 0.082kg, and a much heavier body with m = 0.2kg. Figure 6-34 shows the time histories
of their total swimming speeds in the same inflow current. From the plots we can see that the
heavier NACA 0012 fishes are not easy to be swept downstream when they are released in the
current as the neutrally buoyant one, but they do have limited capability to accelerate rapidly.
The 10-time-density fish requires about 30 more cycles with respect to the lightest one to reach
the steady-state swimming motion, while the heaviest fish cannot achieve steady motion even
after 90 cycles, and it is still slowly going towards the asymptotic steady state. Besides, it can
be found that the velocity fluctuations during swimming are much smaller for the fish with
larger mass. However, as expected the time-averaged total swimming speeds of the fish with
m = 0.0082kg and m = 0.082kg are approximately same at the asymptotic steady-state,
equalto U, = —0.948m/s and U, = —0.950m/s, respectively.
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Figure 6-34. Time history of the total speed for self-propelled NACA 0012 swimming at f = 1.5s~1 with
different mass

During the numerical simulation, the smaller acceleration of the heavier fish leads to lower
mesh movement following the fish body, and therefore the overset grid can maintain a good
structure and quality as at the initial state. Figure 6-35 shows the instantaneous spanwise
vorticity fields of the NACA 0012 fish with larger solid densities at time instant t/T = 90. The

wakes exhibit similar patterns, but the vorticity intensity of the m = 0.082kg case is slightly
larger than that of the m = 0.2kg case.
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Figure 6-35. Instantaneous spanwise vorticity contours for the NACA 0012 fish-like foil of different mass
swimming in currents at different frequencies

Body shape effect

To investigate the influence of body shape on the hydrodynamics of carangiform swimming
behavior, two fishes with different profiles are studied with the same kinematics. Here, the
NACA 0021 fish is chosen to be compared with the NACA 0012 fish. The NACA 0021 fish is
released to swim freely in streamwise direction in the same current condition as the NACA 0012
fish. Figure 6-36 shows the time histories of the total swimming speed U; for the two fishes
with oscillation frequency f = 1.0s™! and f = 1.5571. As known from the previous

discussion in the forced-swimming case, the NACA 0021 fish always experiences larger drag
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forces than the NACA 0012 one under the same lateral motion and inflow conditions. Therefore,
it is expected that the NACA 0021 fish cannot swim as fast as the NACA 0012 fish when the

same flexible motion and hydrodynamic environment are considered. The results in Figure 6-
36 confirm this.
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Figure 6-36. Time histories of the total speeds for self-propelled NACA 0012 and 0021 fishes swimming in the
same current at f = 1.0s™! (left)and f = 1.5s71 (right)

The corresponding instantaneous spanwise vorticity fields of the NACA 0012 and 0021 fishes
in the above cases are shown in Figure 6-37. The vorticity contours are obtained at the time
instant t/T = 60 during the steady-state swimming. From the figures we find that the wakes
after the NACA 0021 fish are also of the reverse-vK wake type. Its vorticity intensity is stronger
than that of the NACA 0012 fish, but its wake length and width are smaller.
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Figure 6-37. Instantaneous spanwise vorticity contours for the NACA 0012 (left) and 0021 (right) fishes swimming
at f =1.0s7! (top)and f = 1.5s71 (bottom)
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The greater vorticity intensity of the NACA 0021 fish-like foil might be associated with larger
horizontal force oscillation amplitude, as illustrated in the left plot of Figure 6-38. The right
figure shows that the friction drag for the NACA 0012 fish is higher than that of the NACA
0021 fish, which could be due to the flow would remain attached in a larger portion of the foil,
but the absolute values of the pressure force are overall larger for the NACA 0012 fish compared
to the NACA 0021 fish, leading to stronger thrust generation capability of the NACA 0012 fish.
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Figure 6-38. Non-dimensional horizontal force (left) and the pressure (solid line) and friction (dash line)
components (right) of self-propelled NACA 0012 and 0021 fishes

The time-averaged values of the fish swimming speeds at various frequencies are documented
in Table 6-8. Similar as for the NACA 0012 fish, the total swimming speed U, and its
nondimensional value U* are increasing functions with respect to the undulatory frequency.
As the widths of the wakes (h,,) after the NACA 0021 fish tail are even smaller than those of
the NACA 0012 fish, thus making it more difficult for estimation from vorticity contours. The
values of wake length [,, prove that they are smaller than those of the NACA 0012 fish,
consistently with results in Figure 6-37.

Table 6-8. Time-averaged steady-state swimming speed of the NACA 0021 fish

f(s™H 0.5 0.8 1.0 1.2 15 1.8 2.0
T, (m/s) -0.206 -0.373 -0.491 -0.613 -0.804 -0.993 -1.137
T 0.413 -0.466 -0.491 -0.511 -0.536 -0.552 -0.569
1, (m) 0.450 0.495 0.510 0.540 0.555 0.555 0.570
Uy =U./fl, | -0917 -0.942 -0.962 -0.946 -0.966 -0.994 -0.998

Figure 6-39 illustrates the relationship between the fish swimming speed (U, and U;) and the
oscillation frequency. From the left plot we can see that the total swimming speed of the NACA
0021 fish is also proportional to the frequency, but its increasing rate is lower than that of the
NACA 0012 fish, which suggests that the NACA 0021 fish has limited propulsive capability
especially at higher frequencies. The right plot illustrates that the forward speed U, of the
NACA 0021 fish also apporoximately equals to the product of the oscillation frequency f and
characteristic wake length [, but its values are slightly smaller than those of the NACA 0012
fish. However, it should be noted that the measurement of the wake features of the NACA 0021
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fish may contain larger errors as the values are smaller than those of the NACA 0012 fish. It
indicates that the wake shedding from the NACA 0021 fish body is dominant by the convection
of the inflow as well.
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Figure 6-39. Relationship between the swimming speed and frequency of self-propelled NACA 0012 and 0021
fishes

The NACA 0012 fish is found to swim faster with the increase of the oscillation frequency, but
it also uses larger thrust force and requires more input power to perform the corresponding
undulatory motions at higher frequencies. Figure 6-40 shows the comparisons of the thrust force
and swimming power coefficients, Crr and Cpgq, between the NACA 0012 and 0021 fishes
with different frequencies. The results illustrate that the NACA 0021 fish generates less thrust
force than the NACA 0012 fish, and the difference between them become larger with the
increase of swimming frequency. However, the swimming power required by the self-propelled
NACA 0021 fish coincides with that of the NACA 0012 fish at all the examined frequencies,
because it is consumed to perform the undulatory motions of the same kinematics. The lower
thrust generation, the lower fish swimming speed, and the same power consumption suggest
that the NACA fish with thicker body profile is less efficient than the thinner fish, as reported
later.
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Figure 6-40. Time-averaged thrust force and swimming power coefficients of self-propelled NACA 0012 and 0021

fishes swimming at different frequencies in currents
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Table 6-9 reports the Reynolds number, the critical Strouhal number and the nondimensional
COT of the NACA 0021 fish during the steady-state swimming motion, together with the
corresponding values for the NACA 0012 fish. The critical St of the NACA 0021 fish is also
a decreasing function of Re;. Due to smaller swimming speed achieved by the NACA 0021
fish, the Reynolds number of the self-propelled fish is lower than that of the NACA 0012 fish
at all the examined frequencies. On the contrary, the critical Strouhal number of the free
swimming NACA 0021 fish is much higher with respect to the NACA 0012 fish. In addition,
the COT™ required by the self-propelled NACA 0021 fish is about 16~19% higher than that
of the NACA 0012 fish. The results also indicate that the efficiency of the NACA 0021 fish
improves at larger Reynolds number and smaller Strouhal number. It is known that most of the
real fishes choose to swim within the Strouhal number range of 0.25~0.35 with the aim of
efficient cruising, and this study on fish-shape effect may help to explain why the wild
carangiform swimmers tend to have slender, streamlined instead of blunt bodies from the
hydrodynamic point of view.

Table 6-9. Critical Strouhal, Reynolds number and COT of the self-propelled NACA 0021 fish

f(s™ 0.5 0.8 1.0 12 1.5 2.0
NACA | Re, 1235 2224 2928 3639 4742 6684
0012 | st* 0.405 0.360 0.342 0.330 0316 0.299
coT* 3.657 3.089 2.889 2767 2618 2.404
NACA | Re, 1032 1864 2451 3065 4022 5687
0021 st* 0.485 0.429 0.408 0.391 0.373 0352
cor* 4358 3.621 3.370 3.188 2.990 2.782

Recoil effect

Apart from the fish locomotion in the longitudinal direction, the oscillatory lateral and
angular velocities, identified as the recoil motions, can also make a significant influence on the
swimming performance. To evaluate the recoil effect for a free-swimming fish in open water,
the simulations of the self-propelled 2D fish with the prescribed undulatory motion are carried
out with/without various constrained motions, i.e., some recoil reactions are prohibited in the
corresponding cases. As a primary result, the locomotion speed, oscillating recoil velocities and
swimming efficiency are measured for the fish under different constrained gaits.

Same as the method for calculating fish locomotion, the recoil motions are numerically solved
by coupling the dynamics of the fish body and of the surrounding fluid. At each time step, the
fluid and the fish kinematics are updated sequentially. As the lateral forces and hydrodynamic
torques experienced by the fish body are relatively large during undulatory motion, the
corresponding accelerations at the center of mass can be quite large. In order to ensure the
convergence to a solution, two types of under-relaxation are used in the recoil cases, explicit
and inertial. The explicit under-relaxation method employed in OpenFOAM uses the
accelerationRelaxation parameter to control the change in the body motion state at an
intermediate iteration. The inertial under-relaxation method is based on approaches as those
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described, for example, by Sun and Faltinsen (2011), in which the added mass effect is
considered to stabilize the numerical solver. It inserts an estimate of the added mass force to
both left and right-hand-sides of the motion equation, i.e., on the left-hand-side the effective
mass of the system is increased with an estimate of the added mass, and on the right-hand-side
an additional added mass force is used by multiplying the same estimated added mass with the
body acceleration approximated with a value known from the previous time instant. In the
simulations of the self-propelled NACA 0012 fish recoil cases, the accelerationRelaxation
value of the explicit method is set to 0.1, and the added mass value of the inertial method is
0.78 kg/m according to Korotkin (2008). In addition, a sinusoidal ramp function within the
first second has been used for the fish swimming motion starting from equilibrium position to
the described amplitude in Eq. (6.2), in order to avoid a break-down at the beginning of the
numerical simulations. The comparison of the two under-relaxation methods showed good
consistency in predicting the locomotion speeds of fish swimming at f = 1.0s™2, as illustrated
in Figure 6-41, The inertial under-relaxation method is applied for the recoil studies in the
following work.
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Figure 6-41. Time history of the forward (left) and lateral (right) speeds for self-propelled NACA 0012 fish

swimming at f = 1.0s™!

in current with angular constraint using different under-relaxation methods

To evaluate the effect of the recoil motions accompanying the fish locomotion generated by
body undulations, the comparisons between a fish whose lateral recoil is allowed and a fish
who is free only in streamwise direction are shown in Figure 6-42. The instantaneous spanwise
vorticity fields for the two cases are presented in Figure 6-43 at the time instant t/T = 60.
The contours do not document substantial difference in terms of wake structure; the locomotion
results indicate that, for the swimming frequency f = 1.0s™1, the fish free in streamwise and
lateral directions has a lateral recoil velocity oscillating at the same frequency as the undulatory
motion and would reach 14% lower forward speed than a fish only free in streamwise direction.
As the propulsive force for the fish locomotion comes from the fish swimming power due to
the fish prescribed undulatory motion, it is suspected that for a fish free in both streamwise and
lateral directions, the fish has spent less power into the forward motion and thus achieving a
lower forward swimming speed. However, one must note that the numerical inviscid studies by
Paniccia et al. (2021b) suggested the fish free in streamwise and lateral directions would swim
faster. This poses a research question about the relevance of viscosity in this framework. It is
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apparent that the recoil can significantly affect the fish swimming behavior, and a more in-

depth analysis on recoil effect under various motion constraints should be carried out. This is
left as recommendation for future studies.
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Figure 6-42. Time history of the forward (left) and lateral (right) speeds for self-propelled NACA 0012 fish
swimming at f = 1.0s™! in current with different constraints
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Figure 6-43. Instantaneous spanwise vorticity contours for the NACA 0012 fish swimming at f = 1.0s™! free in

streamwise (left) and streamwise and lateral directions (right) at time instant t/T = 60
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Figure 6-44. Instantaneous forward (left) and lateral (right) speeds for self-propelled NACA 0012 fish free in
streamwise and lateral directions at different frequencies in currents
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Figure 6-44 shows the instantaneous total forward swimming speed and lateral speed of the
self-propelled NACA 0012 fish, free to swim in both streamwise and lateral directions, under
different undulatory frequencies. The results illustrate that the fish-like foil can achieve higher
forward and lateral speeds with larger oscillation frequency. Compared to the swimming speed
of the self-propelled NACA 0012 fish that only moves in streamwise direction, as shown in
Figure 6-31, the total forward speed of the fish free in both streamwise and lateral directions is
smaller at all the examined frequencies.

Table 6-10 documents the time-averaged values of the forward swimming speed for the self-
propelled NACA 0012 fish with different frequencies. The calculations indicate that in all the
examined cases, the forward speed of the fish-like foil swimming freely in streamwise and
lateral directions (referred as X + Y in Table 6-10) is about 14% lower than that of a fish only
free in streamwise direction (referred as X). As the traditional Froude efficiency is not a suitable
efficiency measure for steady-state self-propelled swimming, the cost of transport is applied
here to quantify the fish propulsive efficiency. The results show that the NACA 0012 fish with
lateral recoil motions consumed less energy by 14~17% than the fish only free in the
streamwise direction. This finding of COT reduction for fish with recoil motions is consistent
with the fish COT results reported by Paniccia et al. (2021Db).

Table 6-10. Time-averaged steady-state swimming speed U, and COT of the self-propelled NACA 0012 fish with

different constraints

f(s™) 0.5 0.8 1.0 1.2 1.5 2.0
T, (X) -0.247 -0.445 -0.586 -0.728 -0.948 -1.337
T, (X+7) -0.211 -0.384 -0.503 -0.627 -0.820 -1.159
Reduction 14.49% 13.77% 14.15% 13.89% 13.49% 13.27%
CoT*(X) 3.657 3.089 2.889 2767 2.618 2.404
COT*(X +Y) 3.141 2.590 2.421 2.296 2.162 2.006
Reduction 14.10% 16.14% 16.19% 16.99% 17.41% 16.58%

6.2.2 Self-propelled foil in a tunnel

The investigation on the fish swimming behaviour and performance has been undertaken by
many researchers from biology and hydrodynamics, and a wealth of data has been provided
from these studies from physical experiments. Different types of swim tunnels have been
designed and developed by biologists with the focus on estimating metabolic parameters. In
such respirometer tanks, the tunnel volume is often set to be less than 200 times the fish volume
with the aim of obtaining more accurate measurement of oxygen level from the water inside. It
results in limited space for a swimming fish and this might affect the fish behaviour both
mentally and physically. Besides, the fish is often smart enough to swim close to the bottom
and side boundaries in order to find a place with lower current velocity and save energy for
swimming. Both aspects indicate potential wall effects on fish swimming performance, which
is of significance for hydrodynamic analysis and biological underwater vehicle development.
Moreover, the metabolic parameters measured could not either correspond to the actual values
for a fish in open-water conditions. This section will investigate the wall effect on the

hydrodynamic behavior of a self-propelled swimming fish in tunnels.
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The maximum thickness of the NACA 0012 fishis D = 0.12m, and here it is used to normalize
the width of the swim tunnel h,. Here, the swim tunnel size is varied systematically from h, =
6m (i.e., hy/D =50) to h; = 0.72m (h;/D = 6), and the NACA 0012 fish is released to
perform self-propelled motion in these tunnels at oscillation frequency f = 1.0s™! and f =
1.5s71 in the currents with inflow velocity U, = 0.5m/s and U, = 0.9 m/s, respectively. It
should be noted that for a self-propelled fish in infinite domain, the fish can achieve the same
total steady-state swimming speed despite of the value of the enforced current velocity, as
proved by comparison between the cases of calm water and currents. However, when the fish
swims in a laterally restricted fluid domain, the current also interacts with the wall boundary,
leading to boundary-layer effects. This fact and the interaction of the fish itself with the walls
result into different final swimming states of the fish in different inflow conditions. In the
following, the numerical simulations examine a fixed current velocity while investigating the
wall effect of the swim tunnel on the fish behavior.

Figure 6-45 shows the time histories of the total swimming speed U; for the fish with two
different undulatory frequencies. The case labelled h;/D = oo represents the fish swimming
in an infinite fluid domain without boundary effects, i.e., open-water current cases in previous
sections. It can be found from the results that when the tunnel is 50 times wide of the fish
thickness, there are little differences between the swimming speed in the tunnel and in infinite
domain. As the swim tunnel becomes narrower, the self-propelled fish experiences stronger
decrease in the swimming speed, especially when the tunnel width h,/D < 10.
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Figure 6-45. Time history of the total speed for self-propelled NACA 0012 fish swimming at f = 1.0s™! and
f = 155! in tunnels with different widths

Table 6-11 documents the time-averaged values of the fish swimming speed for all the examined
tunnel widths and the corresponding speed drop with respect to the fish swimming in the infinite
domain. These quantities demonstrate that when the distance between the fish body and the
tunnel boundary is large enough, i.e., h;/D = 50 in this NACA 0012 fish case, the tunnel wall
has little influence on the fish swimming performance. As the tunnel width decreases to
h¢/D = 10, the swimming speed becomes 10% lower than the fish speed in infinite domain.
Below this tunnel size, a small decrease of the tunnel width can lead to a big reduction of the
total fish forward speed. This tendency is more obvious for the self-propelled fish swimming
with larger undulatory frequency.
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Table 6-11. Time-averaged steady-state swimming speed U, of the NACA 0012 fish

he (m) oo 6.0 3.0 1.5 1.2 0.9 0.72
he/D oo 50 25 12.5 10 75 6
f=1.0s"" -0.586 -0.581 0.572 -0.544 -0.526 -0.482 -0.432
Reduction - 0.87% 2.37% 7.14% 10.24% 17.62% | 26.25%
f=15s"1 -0.948 -0.942 -0.928 -0.885 -0.853 -0.756 -0.670
Reduction 0.71% 2.10% 6.73% 10.06% 2033% | 29.33%

Figure 6-46 illustrates the relationship between the nondimensional swimming speed and the
tunnel width. The left plot explicitly shows a sharp drop of the fish speed when the tunnel is
very narrow (h; < 1.5m, i.e., h;/D < 12.5). The figure on the right indicates that the fish
swimming speed can be nonlinearly associated with the tunnel size.
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Figure 6-46. Relationship between the swimming speed of the self-propelled NACA 0012 and tunnel width

The instantaneous spanwise vorticity fields at the time instant t/T = 60 of the NACA 0012
fish swimming in tunnels at f = 1.0s™! are shown in Figure 6-47. Little difference can be
seen from the comparison between the wake in the case of h,/D = 50 and the wake in the
infinite domain case (see the first contour in Figures 6-37). It can be observed from the figures
that when the width of the swim tunnel decreases, the fish wake structures have similar
configurations, i.e., the wake length and width are approximately the same, but the vorticity
intensity becomes stronger. As the fish total swimming speed is reduced in narrower tunnels, it
is found that the total speed U, is no longer proportional to the characteristic wake length [,,,.
Instead, the shedding vortex seems to be still dominated by the inlet current velocity regardless
of the fish swimming behavior in tunnels. When h;/D < 10, the side walls get so close to the
undulatory fish that the boundaries begin to have significant interaction with the wake. From
the last two contours of Figure 6-47, the wake width increases as the tunnel width decreases,
and the vortex street shows an apparent reverse-vK type, indicating that the fish may struggle
to generate larger thrust force in order to balance a larger drag force.
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Figure 6-47. Instantaneous spanwise vorticity contours

tunnels with different widths

0.0260 T T T
[

0.02554 B
0.0250 4 B
Crn

0.0245 B
0.0240 T T T

0.00 0.05 0.15

0.10
D/h

t

0.20

for the NACA 0012 fish swimming at f = 1.0s™! in

0.034 T T T
ZjPSl

0.032- 1
0.030 E
EPSI

0.028 E
0.026 T T T

0.00 0.05 0.10 0.15 0.20
D/h,

Figure 6-48. Time-averaged thrust force and swimming power coefficients of self-propelled NACA 0012 fish
swimming at f = 1.0s™? in tunnels with different widths
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To elucidate the influence of the tunnel size on the hydrodynamics of self-propelled swimming
fish, Figure 6-48 shows the calculated thrust force and swimming power coefficients of the
NACA 0012 fish swimming at f = 1.0s™! in tunnels with different widths. As the size of the
tunnel becomes smaller, i.e., the value of D/h; gets larger, both the thrust force and swimming
power consumption increase, while the total swimming speed reduces. It represents that the
swimming fish experiences larger thrust/drag forces, at lower total forward speed in narrower
tunnel, and requires more power input to perform the self-propelled undulatory motion with the
same kinematics.

The Reynolds number, the critical Strouhal number, and the nondimensional COT of the self-
propelled NACA 0012 fish in the examined swim tunnels are documented in Table 6-12 and
Figure 6-49. The results show that when the fish swims in a tunnel with smaller width, it requires
higher Strouhal number than the fish in a larger domain, and the critical St of the NACA 0012
fish is inversely related with Re;. The right plot illustrates that the energy consumption
coefficient of the NACA 0012 fish increases with the decrease of the tunnel width. It means that
the self-propelled fish swims less efficiently in restricted water domain. Based on these 2D
laminar-flow findings, it is suspected that the biological respirometer tank can have an influence
on the swimming fish behavior and the performance investigated in labs might be less efficient
than the fishes in nature. Therefore, swim tunnels should be designed suitably wide to minimize
the boundary effects for more accurate hydrodynamic studies.

Table 6-12. Asymptotic steady-state results of the NACA 0012 fish with f = 1.0s™! in tunnels

h:/D © 50 25 12.5 10 7.5 6
Re; 2928 2903 2859 2719 2628 2412 2159
St* 0.342 0.345 0.350 0.368 0.380 0.415 0.463

coT* 2.889 2.921 2.991 3.249 3.426 3.937 4.783
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Figure 6-49. Strouhal number vs. Reynolds number and nondimensional COT of the self-propelled NACA 0012

fish swimming at f = 1.0s™! in tunnels with different widths

The effect of recoil has also been evaluated for the self-propelled NACA 0012 fish swimming
in tunnels with different widths, and the predicted forward and lateral speeds for fish with
angular constraint swimming at f = 1.0s™! are shown in Figure 6-50. The results of U,
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exhibited similar qualitative dependence on the tunnel width as that of the self-propelled fish
only moving in streamwise direction (Figure 6-45). When the tunnel width is 50 times of the
fish thickness, there are little differences between the swimming speed in the tunnel and in
infinite domain, but the swimming speed drops rapidly with the decrease of the tunnel width,
especially at h;/D < 10. However, the values of U, for the recoil cases are smaller than those
in the left plot of Figure 6-45 under the same swim tunnel environments. For the lateral
swimming speeds of the self-propelled NACA 0012 fish, the tunnel width is found to have little
influence. It is therefore suspected that the lateral swimming speed depends primarily on the
prescribed undulatory motion of the fish body.
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Figure 6-50. Time history of the forward (left) and lateral (right) speeds for self-propelled NACA 0012 fish with

angular constraint swimming at f = 1.0s™! in tunnels with different widths

Table 6-13 documents the time-averaged values of the forward swimming speed for the self-
propelled NACA 0012 fish in different swim tunnels and the reduction of U, for fish with
lateral recoil motions (X + Y) compared to the fish only moving in streamwise direction (X).
For the cases at h;/D > 25, U, of the fish free in streamwise and lateral directions remains
about 14% smaller than that of a fish only free in streamwise direction, demonstrating that the
tunnel wall has little influence on the fish swimming performance when the distance between
the fish body and the tunnel boundary is large enough. As the tunnel width decreases, the
differences of the fish swimming speed between X +Y and X cases become larger. The
results indicate that the boundary walls close to the fish body could have an influence on the
hydrodynamics of fish swimming. Moreover, compared with the open-water scenario discussed
in the previous section, the effect of recoil on fish locomotion speed seems to be enhanced in a
narrow swim tunnel.

Table 6-13. Time-averaged steady-state swimming speed U, of the NACA 0012 fish at f = 1.0s™!

he (m) oo 6.0 3.0 1.5 1.2 0.9 0.72
h./D o 50 25 12.5 10 75 6
T, (%) -0.586 -0.581 0.572 -0.544 -0.526 -0.482 -0.432
T, (X +Y) -0.503 -0.498 -0.487 -0.451 -0.422 -0.361 0.314
Reduction 14.21% 14.28% 14.91% 17.01% 19.69% 25.15% | 27.32%
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The instantaneous spanwise vorticity fields at the time instant t/T = 60 for the NACA 0012
fish with lateral recoil motions and swimming at f = 1.0s™! in the two narrowest tunnels are
shown in Figure 6-51. It can be observed from the figures that the wake structures have a strong
interaction with the tunnel boundaries and present an apparent reverse-vK type of wake, as
compared to the wake in the infinite water domain in Figure 6-43 where the vortex streets are
almost aligned. The wake width increases with the decrease of tunnel width. By comparing the
last two contours of Figure 6-47, the wake length and width for the fish free in both streamwise
and lateral directions are smaller than those of the fish only free along streamwise direction,
which could be associated with smaller thrust force of fish with recoil motions.
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Figure 6-51. Instantaneous spanwise vorticity contours for the NACA 0012 fish swimming at f = 1.0s™! free in

both streamwise and lateral directions in tunnels with different widths

Figure 6-52 illustrates the calculated thrust force coefficient, swimming power coefficient, COT,
critical Strouhal number and Reynolds number of the NACA 0012 fish with lateral recoils
swimming at f = 1.0s™! in different tunnels. With the decrease of the tunnel size, i.e., the
value of D/h; gets larger, both the thrust force and swimming power consumption increase,
and the values for the fish free in streamwise and lateral directions are always lower than those
of the fish free in streamwise direction. The cost of transport results indicate that the self-
propelled fish with lateral recoil has better swimming efficiency than the fish only free in
streamwise direction in all the examined swim tunnels, but as the distance between tunnel
boundaries and fish body becomes very small, the COT of the fish with lateral recoil motions
rises rapidly and gets closer to that of the fish only free in streamwise direction, demonstrating
that a self-propelled fish experiences a severe efficiency drop in restricted water domain and
the hydrodynamic advantage of recoil seems to be reduced. The last plot of Figure 6-52 shows
that the critical St of the NACA 0012 fish is inversely related with Re;. It has already been
documented in Tables 6-11 and 6-13 that in a swim tunnel with smaller width, the self-propelled
fish experiences always smaller locomotion speed, indicating smaller Reynolds number. The
relationship between St and Re; confirms that the self-propelled fish with lateral directions
requires higher Strouhal number in a narrow water domain. It is interesting to note that, even
though the fish would achieve different swimming speeds without and with lateral recoil in the
same tunnel, it follows the same relationship between St and Re;. The above findings suggest
the effect and recoil and boundary wall can have a large influence on the hydrodynamics of self-
propelled swimming fish. It is suspected that the respirometer tanks could reduce the fish
propulsive efficiency and speed, and the experimental data might underestimate fish critical
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swimming speed and maximum metabolic rate. Therefore, swim tunnels should be designed
suitably wide to minimize the boundary effects for more accurate hydrodynamic studies. One
should note that these findings are based on 2D flow conditions; confirmations from 3D
investigations are desirable and are left as recommendations for future studies.
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Figure 6-52. Time-averaged thrust force and swimming power coefficients, COT and St vs. Re, of self-
propelled NACA 0012 fish swimming at f = 1.0s™! in tunnels with different widths

6.3 Summary

In this chapter, the fish-like foils with carangiform swimming mode have been numerically
studied to understand the hydrodynamic mechanisms of their propulsive performance. They are
simulated in two different scenarios. One is the fish-like foil being held in a fixed position under
an incoming uniform stream, and the other one is the fish self-propelling itself in the fluid.

For the first scenario, the simulations of the forced fish-like swimming foil have been verified
by good agreement with previous numerical data in reference papers in terms of hydrodynamic
forces and powers. The thrust and drag forces experienced by the fish is decomposed according
to the method proposed by Borazjani and Sotiropoulos (2008). For the forced swimming NACA
0012 fish with Re; = 5000, it can generate thrust force only when its undulatory frequency is
large enough (St > 0.20), and the source of the thrust comes from the pressure component.

184



Chapter 6. Fish-like swimming foil studies

The wake regimes of the forced swimming fish are consistent with the phase diagram of vortex
regions observed for the rigid flapping foils illustrated in chapter 5 and reported by previous
researchers. The wake transits from complex paired vortex shedding (2P) to von Karman wake,
aligned wake and reverse-vK wake with the increase of the Strouhal number, and the drag-
thrust transition occurs within the reverse-vK wake regime. In addition, the effect of the
Reynolds number is studied for the forced fish-like swimming foils. It is found that the force
transition occurs at smaller Strouhal numbers at higher Reynolds number, and the reason is
mainly that the shear stress decreases while the pressure force changes little. The study of the
body shape effect shows that the blunt fish-like foil experiences larger drag force and generates
less thrust than the slim swimming foil. Besides, the propulsive performance of the undulatory
fish-like foil is compared against the rigid pitching foil with the same oscillation amplitude and
frequency, it indicates that undulatory propulsion mode can be more efficient under the
examined conditions.

In the second scenario, the fish is released to perform self-propelled locomotion in water using
the developed self-propulsion strategy introduced in chapter 4. For a fish free to move in the
streamline direction, the predicted swimming speed under different conditions is consistent with
the velocity in the force transition case obtained from the forced swimming foils. In order to
reach higher swimming speed, the fish needs to undulate with higher frequency. The wake
patterns are of the similar reverse-vK regime at the steady-state swimming as the horizontal
force experienced by the fish is time-averaged zero. The body mass of the fish can slow down
its acceleration process but have little influence on the final swimming speed. In order to explain
the effect of body shape on the swimming behavior from the hydrodynamic perspective, the
self-propelled NACA 0012 and 0021 fishes are simulated and compared. It is found that the
blunt NACA 0021 fish cannot achieve as high speed as the slim NACA 0012 fish with the same
kinematic conditions. The fish with a thicker body generates less thrust force but requires the
same mechanical power input for undulations, thus leading to less efficient swimming
performance. The effect of lateral recoil motion has been examined and the swimming
efficiency, measured by cost of transport, indicates that the fish free in both streamwise and
lateral directions has better propulsive efficiency than the fish only moving in streamwise
direction.

It is important to notice that a lot of data in terms of fish swimming kinematics and wake flow
observations are obtained from the experiments in respirometer tanks, where the boundaries of
the tunnel are often close to the fish body. From the hydrodynamic point of view, the wall effect
is too important to be ignored for the study of fish swimming motion. Here, the self-propelled
NACA 0012 fish is released to swim along the centerline of the tunnel. The decrease of the
tunnel width results in the decrease of the fish swimming speed. The boundary layers along the
tunnel walls have stronger interaction with the wakes after the fish tail, especially when the
tunnel width is less than 10 times of the thickness of the NACA 0012 fish in our examined cases.
Both the drag force and power consumption increase for fish in a narrow tunnel. The swimming
efficiency calculation indicates that the fish may swim less efficient in the tanks than in the wild.
Therefore, a swim tunnel with enough space is suggested for the hydrodynamic investigation
on a swimming fish.
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Chapter 7

Conclusions and further work

The swimming behaviors of two different fish species have been investigated experimentally,
and the propulsive performance of various fish-like foils have been examined numerically.
Herein, both rigid and deformable foil scenarios have been studied. The main purpose of the
work has been to observe fish kinematic features under different swimming speeds and to
understand the fluid mechanisms behind their extraordinary propulsive performances by means
of systematical numerical simulations. The investigated physical phenomena were quantified
and compared with findings from previous research, and the numerical predictions were
validated and verified with reference data. The influence of several parameters on fish-like foil
propulsion have been analyzed to shed light on the improvements of bio-inspired underwater
vehicles and real-fish experimental setups. A morphing strategy has been proposed and
optimized based on the studies of foil shape effect to enhance foil propulsion performance.

This final chapter concludes the thesis work by summarizing the main activities and findings
and presents recommendations where further work can be pursued.

7.1 Conclusions

The main findings from the real-fish observation experiments are summarized in Section 7.1.1,
while main results for the investigation of various fish-like foil propulsive performance are
presented in Section 7.1.2.

7.1.1 Physical investigations

Fish swimming modes can be classified into two generic categories based on their locomotion
features: one is body and caudal fin swimming (BCF), and the other is median and paired fin
swimming (MPF). In the present study, observation experiments were carried out on two
different fish species, one BCF swimmer and one MPF swimmer, to investigate their swimming
performance and behaviors under different conditions.

Labriform swimmer

A series of experiments were performed on shiner perch (Cymatogaster aggregate), a
labriform swimmer using primarily pectoral fins and assisted by the caudal fin at high speed, in
a Steffensen-type swimming tunnel. Fish were randomly assigned to one of the three
experimental scenarios: a solitary fish (Single), a schooling pair of fish (Pair), and a false pair
where a single fish swims alongside a video of a conspecific fish (False pair). The swimming
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performances of the fish, including swimming speed, pectoral fin beat frequency and amplitude,
gait transition and metabolic rate, in current with various inflow velocities were compared and
analyzed to examine the hydrodynamic and behavioral advantages during fish schooling.

The kinematic analysis of the experiments showed that the pectoral fin beat frequency increased
with fish swimming speed almost linearly in all scenarios, indicating that the fish consumed
more energy to keep up with the increasing inflow velocity. It was found that the back fish in a
real Pair treatment used apparently lower fin beat frequencies than the front fish and the ones
in other scenarios during steady swimming state, i.e., before gait transition speed. This
demonstrates that there are hydrodynamic advantages in being the back fish in a swimming
school, and that the back fish does not use as much energy for swimming as the front fish or as
it would if it was alone. Another important observation was that at higher swimming speeds
(around and above gait transition speed), the fin beat frequency of the fish in False Pair was
noticeably lower than that in other treatments. This may be due to the “fake friend” on the
computer monitor displayed steady swimming performance. It indicated that the fish in the
experiments were sensitive to the visual stimuli and there was hypothesized to be a calming
effect of swimming together with another steady individual when high speeds were involved.

The metabolic rates of the examined fish were analyzed with respect to the swimming speed
using a hydrodynamic-based power function model. The results demonstrated that the average
metabolic cost of the real fish school was always smaller than that of the single swimming fish.
Besides, the fish with a fake friend were found to have lower oxygen consumption relative to
the single fish from speed 3.5BL/s and higher, which suggested that the presence of an
accompany "fake" fish remaining always steady may calm down the real fish that was struggling
to maintain swimming.

It was concluded that schooling confers both hydrodynamic and behavioral advantages over
swimming alone for a gregarious fish, but that the relative contribution of the two influences
depends on the speed of swimming. At low speeds hydrodynamic effects outweigh behavioral
effects, but at high speeds when an individual may start to struggle with the effort required to
maintain swimming, the presence of another fish who remains calm may have a calming effect
on the fish that is struggling.

Sub-carangiform swimmer

Observation experiments were carried out on Atlantic salmon Salmo salar post-smolts, a
typical sub-carangiform swimmer propelling itself by bending its body into a backward-moving
propulsive wave that extends to its caudal fin, in a Blazka-type swim tunnel. The current
velocity inside the tunnel was controlled to increase incrementally with the focus on
investigating the salmon behavior and kinematics at different swimming speeds. The swimming
performance of the hatchery-reared fish in the flume was recorded over the entire trials. The
influence of salmon body size, current velocity and tunnel boundary walls were analyzed to
identify important factors affecting the fish swimming capability.

Individual swimming salmon in the swim tunnel produced a significantly lower critical
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swimming speed compared to biological data of wild fish and fish swimming in larger flumes.
The tail beat frequency of the fish increased almost linearly with the swimming speed. Both
critical swimming speed and tail beat frequency of the examined salmon tended to decrease
with the fish size. One possible reason for these observations could be the blunt body shape of
the hatchery-reared fish, which caused larger hydrodynamic loads acting on the fish body. The
side-wall effect of the swim tunnel should be another important reason to explain these
behaviors of fish. The hydrodynamic interaction between fish swimming motion and boundary
walls in a narrow swim tunnel may lead to the underestimate of fish critical swimming speed.
The analysis on the boundary wall effect of swim tunnel suggested that fish swimming
performance could be compromised in restricted water space. Therefore, the fish experimental
setup should be improved to be suitably large for more accurate hydrodynamic studies.

7.1.2 Numerical simulations

In order to understand the mechanisms behind high propulsive performance of fish, especially
the ones with sub-carangiform swimming mode, a series of hydrodynamic scenarios has been
examined by CFD simulations using OpenFOAM. As the fish appendages are of secondary
importance in this study, the fish body is modelled as a rigid or deforming foil interacting with
a current or advancing in otherwise calm water without the presence of a free surface.

A numerical method capable of simulating self-propelled rigid and/or flexible bodies with
periodic lateral motions has been proposed. The implemented self-propulsion strategy in
OpenFOAM, verified to be numerically accurate and efficient through an oscillating elliptic foil
case, is adopted to predict the swimming locomotion of a carangiform fish-like body.
Convergence for spatial and temporal discretizations was demonstrated. The use of dynamic
morphing and overset mesh methods was analyzed for moving bodies/boundaries. A detailed
study was performed for examining the influence of time discretization method, overset region
size, as well as mesh ratio between overset and background mesh. This analysis helps to guide
researchers in proper selection of numerical parameters in OpenFOAM. The employment of
overset grid proved to be useful to handle the large flapping and swimming motions of fish-like
foils. Reasonable agreement was observed for both hydrodynamic loads and flow features in
the pitching and swimming foil cases compared to previous experimental and numerical
findings.

Rigid foils and morphing strategies

Though the kinematics and dynamics of swimming fish are complex, some key propulsion
characteristics of fish tail and fins can be obtained from a simplified model of flapping foils.
The propulsive performances of three rigid pitching foils with the same chord length but
different fish-like profiles: the tear-shaped semi-circle foil, NACA 0012 foil and NACA 0021
foil, were systematically examined with varying Reynolds (500: 4000) and flapping amplitude-
based Strouhal numbers (0.036: 1.07). The trailing edge of NACA 0012 foil is as sharp as the
semi-circle foil, but its maximum thickness is much smaller. In contrast, the NACA 0021 foil
has the same maximum thickness as the semi-circle foil, but it is thicker in the aft part. As
previous experimental research revealed that a quasi-2D mechanism often contains key
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dynamical elements of most flapping foil systems, the numerical simulations in this study were
carried out in two-dimensional conditions. The results of the semi-circle foil were validated
against reference experimental data in terms of hydrodynamic forces and wake characteristics.

Detailed investigations and comparisons of the three different foils were performed with the
focus on thrust force, required power and wake features. It was found that for these rigid
pitching foils, their instantaneous horizontal forces and input powers had the extreme values
nearly at the same phases, respectively, and that both the maximum thrust and the maximum
drag force approximately synchronized with the inflection points of input power history.
However, the body shape of flapping foil made a big difference on the values of the
hydrodynamic loads. The oscillation amplitude of the instantaneous horizontal force was found
to be associated with the trailing edge shape and the value increased for sharper geometries.
The maximum drag force of the NACA 0021 and semi-circle foils were similar, occurring
slightly after the foil passed its mean position, while the value for the slimmer NACA 0012 was
smaller. It confirmed the primary role of the maximum thickness in the front part of the foil.
The input power histories showed that the results of the semi-circle foil and NACA 0012 foil
practically coincided, while the maximum required power of the NACA 0021 foil was smaller.
It confirmed the importance of the trailing edge shape for the hydrodynamic torque acting on
pitching foils and indicated that a thicker trailing edge could lead to lower input power
requirement. Besides, the pressure and friction force decomposition showed that friction-force
component depended highly on the forepart of foil profile and the possible vortex shedding
occurring there; the main features of the pressure-force component depended on the trailing-
edge shape and the resulting shedding vortex.

In addition, the numerical results of the three examined flapping foils demonstrated that the
drag-thrust force transition occurred after the transition from the well-known von Karman (vK)
wake to the reversed-vK vortex street, which is not expected from inviscid-flow theory, but
agrees with many experiments.

Based on the results of the rigid NACA foils, it was attempted to identify a morphing strategy,
involving volume change of the foil, with the aim of combining the advantages of the rigid foils
with different profiles, i.e., to maximize the thrust similarly to that of the NACA 0012 foil while
minimizing the required input power to a level comparable to that of the NACA 0021 foil. The
performances of deformable NACA foils were investigated by a developed OpenFOAM code.
The results illustrated that as the phase between morphing and pitching motion changes, the
maximum thrust and drag force can occur at different instants within one pitching period, but
the extreme values of the input power results still occur at similar phases as the rigid foils. The
numerical simulations proved that the proposed morphing strategy could serve to our scope,
and the deformable NACA foil morphing with a phase ¢ = 7w /4 with respect to the pitching
motion was identified as the optimal morphing strategy in terms of the parameter ¢. In fact, it
resulted in a foil subjected to a limited torque and robust as NACA 0021 foil while retaining the
capability to create large propulsion force. These results, directly relevant for the examined
rigid-foil scenario, can pave the way for the use of morphing strategies to target optimized
behavior between two generic rigid-foil scenarios.
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For a foil flapping at a given Reynolds number, there should be a unique Strouhal number, at
which oscillatory motion produces sufficient thrust to exactly cancel the hydrodynamic drag,
making constant-speed self-propulsion possible. The relationship between the critical Strouhal
number at the drag-thrust transition and the Reynolds number was therefore investigated. The
critical Strouhal number was found to be a decreasing function of the Reynolds number and lay
mostly in the range of (0.2: 0.4) where fish-like swimming and flapping flight often occur,
suggesting that the conclusions obtained here should be relevant as interpretation tools in the
study of natural systems.

Fish-like swimming foils

The swimming performance of fish-like foils with carangiform swimming mode were
numerically studied to understand the hydrodynamic mechanisms of their propulsive
performance. The numerical simulations were performed in two different scenarios. One is the
fish-like foil, with prescribed undulatory deformations and restrained rigid motions, under an
incoming uniform stream, and the other one is the fish self-propelling itself in the fluid.

For the first scenario where the forced fish-like swimming foil was examined, the simulation
results were verified by good agreement with reference numerical data in terms of the
hydrodynamic force and power. It was shown that as the foil undulatory frequency increased,
the horizontal force experienced by the fish body changed linearly from drag to thrust, while
the required power input was a concave curve. A force decomposition method was employed to
distinguish thrust from drag. The results illustrated that the forced swimming NACA 0012 fish
was able to generate thrust force only when its oscillating frequency is large enough (St > 0.20
at Re; = 5000), and this thrust came from the pressure force component. The wake regimes
and the pattern transitions were consistent with the phase diagram of vortex regions obtained
from the flapping foils. In addition, a series of simulations were performed to investigate the
influence of Reynolds number. It was seen that the force transition occurred at smaller Strouhal
numbers for higher Reynolds number, and the reason was mainly that the shear stress decreased
while the pressure force varied little. The hydrodynamic performance of NACA 0021 fish was
compared with that of the NACA 0012 fish to examine the body shape effect, which
demonstrated that the blunt fish-like foil experienced larger drag force and had more limited
capability to generate thrust than the slim swimming foil with sharper trailing edge.

In the second scenario, the locomotion of the self-propelled swimming fish-like foil was
investigated using the developed self-propulsion strategy method. For a fish free to move in the
streamline direction, the predicted swimming speed was found to be consistent with the velocity
in the drag-thrust force transition case obtained from the forced swimming foils. As expected,
the fish undulating its body with higher frequency was able to reach higher swimming speed.
The wake patterns at the steady-state swimming were of the reverse-vK regime, which was
reasonable as the horizontal force acting on the fish body is time-averagely zero. The body mass
of the fish could slow down its acceleration process but has little influence on the final
swimming speed. Through the body-shape effect study, it was found that the blunt NACA 0021
fish cannot achieve as high speed as the slim NACA 0012 fish under the same kinematic

conditions. The fish with a thicker body generated less thrust force but required the same
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mechanical power input for undulations, thus leading to less efficient swimming performance.
This finding could help to explain why the hatchery-reared fish which were out of shape in our
salmon experiments swam noticeably slower than the wild slim fish.

Given the fact that many real-fish experiments were carried out in respirometer tanks, where
the boundaries of the tunnel were often close to the fish body, the hydrodynamic influence of
side walls on the fish swimming performance was examined through systematic simulations
with varying swim tunnel width and assuming 2D flow conditions. The numerical results
predicted that the fish swimming speed decreased rapidly as the tunnel became narrower. The
boundary layers along the tunnel walls had stronger interaction with the vortex shedding of the
fish, especially when the tunnel width was less than 10 times of the thickness of the examined
NACA 0012 fish. Both the drag force and power consumption increased with the decrease of
tunnel width. The swimming efficiency calculation indicated that the fish may swim less
efficiently in the tanks than in the wild. Therefore, a swim tunnel with enough space is suggested
for both biological and hydrodynamic investigations on a swimming fish. For instance, the ratio
between the tunnel width and fish body width should be at least larger than 10.

7.2 Recommendations for further work

The present studies can be pursued further in many different aspects and several topics that

deserve additional attention are presented here:

e In the salmon observation experiments, the fish swimming performance under different
current velocity conditions was recorded by multi-cameras. The videos of all the examined
fish can be further analyzed to delicately calibrate the kinematic model of Atlantic salmon
post-smolts as well as determine the values of oscillation frequency and amplitude at various
swimming speeds, which could provide as background and theoretical support for numerical
predictions of fish propulsive performance.

e The labriform swimmer uses primarily pectoral fins for cruising, but it should be noted that
it transits into the body-caudal fin swimming mode at high speeds and burst swimming. The
experimental data obtained after gait-transition can be analyzed to identify its kinematic
model, and then compared against that of the BCF swimmers to reveal their similarity and
difference. It could help to understand and find out the optimal swimming motion for
underwater-vehicle propulsion based on the values of relevant locomotion parameters.

e The investigation experiments on real fishes were carried out in respirometer tanks, which
provided limited space for fish movement. The boundary layer along the tunnel walls can
make a big difference on the hydrodynamic loads acting on the fish body and therefore the
fish swimming performance. It is of great importance to perform real-fish experiments in
swim tunnels of different sizes and investigate the influence of boundary walls on fish
swimming behaviors. In this context, another important aspect to be ensured is the quality

of the inflow in the flume.
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The recoil effects induced by the fluid interaction with the deformable fish can be significant
and affect the resulting fish locomotion. The lateral recoil motion of a fish in a tunnel could
be more complex due to the wall effect.

The natural swimming behaviors of the fish are likely to be compromised in the present
physical investigations due to the narrow space within the tunnel. It means that the fish
oscillation amplitudes reported in experiments can be different from those in an open-water
domain. A correction factor is suggested to be identified for reasonable use of experimental
data.

With the requirement of developing and improving bio-inspired underwater vehicles, an
optimal multi-joint strategy can be assessed to better represent the flexible swimming
behavior, i.e., to assess if a minimum number of rigid body sections and joints exists above
which high propulsive and maneuvering performances of the biological fish-like locomotion
can be realized and if it can be comparable to that of soft control strategies.

It is demonstrated that fish can enjoy hydrodynamic advantages during schooling and their
swimming can become more efficient. The propulsive performances of fish schooling
should be carried out physically and/or numerically to form a map on their swimming
behavior at different speeds, and these findings can be compared with individual swimming
fish to quantify the improvement of propulsion efficiency and the reduction of consumed
energy.

The effectiveness of visual stimuli as fish calming mechanism and improving swimming
performance especially at high speeds should be examined as auxiliary tool to support fish
welfare in aquaculture systems designed for offshore environments.

Numerical studies in this work were carried out at in the range of intermediate Reynolds
numbers (~10%) with the assumption of viscous flow and without turbulence-flow model
because the previous experiments support a quasi-2D mechanism and the flow is laminar
close to the oscillating foil while transition to turbulence is expected to happen in the far
field. The next research step can examine the role of turbulent-flow effect and capture the
evolution features of vortex shedding in 3D.

The critical Strouhal number at drag-thrust force transition of a flapping foil is found to be
inversely related to the Reynolds number. A universal scaling law, quantifying the influence
of foil profile, is recommended to be further identified for a better prediction of the
propulsive performance, i.e., regardless of foil geometries.

A thickness-varying morphing foil strategy is proposed in this study to maximize thrust
generation and minimize the required input power. We can also develop other methods for
morphing foil design, and one simple way is to change the position of the maximum
thickness. Moreover, depending on the application, the 3D effect should also be considered
in the real case. Offshore wind turbines represent a possible scenario of a morphing foil
strategy as bio-inspired solution for improving green-energy production. For instance, it

could be targeted to lower cut-in and rated velocity of wind turbines in Mediterranean Sea
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and increase the cut-out speed for wind turbines in North Sea. Therefore, morphing foil
strategies can be useful and give some insight into novel wind turbine blade’s shape design
to reach these targets.

CFD simulations in 3D are computationally more expensive and require special attention to
ensure accurate prediction, however, they are important to highlight similarities and
differences with respect to simplified 2D fish-like foil scenarios. Moreover, reliable 3D
predictions represent a crucial option when experiments are not directly available or feasible.
The simulations on 3D fish swimming motion can help to study local flow behavior around
the moving body and the complex turbulence-flow features under different conditions; in
addition, it can shed light on the proper design of bio-inspired underwater robotics. In this
context, reliability of the simulations represents the major challenge.

Fluid-structure interaction studies, where the structure is the fish body, can help more
detailed understanding of fish propulsive motion. In this regard, OpenFOAM seems to be a
very attractive numerical tool and the fluid solvers can be coupled with many solid body
models within the extended OpenFOAM platform or some commercial structural software.
The studies demonstrated the influence of water environment on the fish swimming
behaviors; on the other hand, the fish swimming motions can also change the surrounding
fluid. A practical example is given by closed fish farms where fish can reduce the internal
current velocity and impose pressures on the boundaries of the cage. Performing fluid-
structure interaction analysis is therefore of significance for the aquaculture industry.
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Appendix A

Mean pressure distribution along NACA 0012
foil at AOA=15° and Re=1000

To verify the effectiveness and accuracy of overset grid method within OpenFOAM,
numerical simulations have been performed for a stationary NACA 0012 foil at AOA =
15° and Re = 1000 in a uniform current. With grid and time refinement studies, the
numerical simulations converged to the time-averaged horizontal-force coefficient

C, = 0.287 and lift-force coefficient C_y = 0.701 . The time-averaged pressure

coefficients around the NACA 0012 foil are presented and compared to the reference
values from Kurtulus (2015) and the results from Cognetti (2019) using different
computational domain size, as shown in Figure A-1. The results from OpenFOAM
show an overall good agreement with the reference data. The predicted pressure
coefficients around the foil leading edge are consistent with the results from Cognetti
(2019), and the values at the trailing edge agree better with the data from Kurtulus
(2015).

Pressure Coefficient
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Figure A-1. Time-averaged pressure coefficient along a stationary NACA 0012 foil at AOA = 15° and
Re = 1000
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Appendix B

Force calculation using conservation of fluid

momentum

The hydrodynamic forces on a foil can be obtained by conservation of fluid momentum
(CFM) in a closed control volume surrounding the body. This offers the opportunity to
cross-check the accuracy of numerical results in terms of integrated loads predictions.

The formulation of CFM for a stationary, non-deforming control volume (CV)
encompassing a stationary body, described for example by McClure and Yarusevych
(2019), is written as:

F= —%(IV pudV) — J; pu(u-n)dS — [, pndS+ [ (z-n)dS  B.1)

where F denotes the force vector acting on the body, V and S denote CV and the
outer boundary of the CV, respectively. The local quantities inside the integrals are
defined as follows: p is the fluid density, u the fluid velocity, n the outward-facing
normal on S, and T the viscous stress tensor field.

In the present work, the formulation for a moving CV is considered, which reads:

d
F= _E(fv pudV) — J; pu[(u—us) -njdS — [, pndS+ [, (r-n)dS (B2)
where ug denotes the local velocity of S.

In numerical simulations where the overset grid method is employed, Eq. (B.1) is useful
for a control volume extending outside the time-dependent overset grid and fixed to the
background grid, while Eq. (B.2) can be used within the region of the overset grid and
assuming a control volume changing in time consistently with this grid. For cases where
the overset grid is stationary, Egs. (B.1) and (B.2) should coincide.

Numerical examples for CFM calculation
Stationary NACA 0012 foil at AOA = 10°

For a stationary NACA 0012 foil placed at AOA = 10° and Re = 1000 in a uniform
current, the hydrodynamic force can be calculated by the CFM method using Eq. (B.1).
In the foil cases employing overset grid method, there are two grid systems. The control
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Appendix B: Force calculation using conservation of fluid momentum

volume can be therefore selected as a large region within the background gird or as a
small region within the overset grid. Figure B-1 shows the estimated instantaneous lift
force coefficients using three approaches:

1) Direct integration (DI) method of OpenFOAM,;

2) CFM method with a large CV within the background grid (CFM background);

3) CFM method with a small CV within the overset grid (CFM overset).

The results computed by CFM overset are in good agreement with DI except for slightly
smaller values. The curve of CFM background is not as smooth as those from the other
two methods, which is due to the linear interpolation used for information exchange
between background and overset grids. The time-averaged lift coefficients of the three
methods are documented in Table B-1. They are all consistent with the reference data
reported in Kurtulus (2015), and the errors between each other are not larger than
0.39%. However, it is suggested to adopt DI method or CFM in the overset grid around
a stationary body to ensure the accuracy of instantaneous hydrodynamic force
prediction.

0.45

—DI
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\, | —— CFM overset

0.44 N

0.43 1

0.42 1
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y
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Figure B-1. Instantaneous force estimated by different methods for a stationary NACA 0012 foil at
AOA =10° and Re = 1000

Table B-1. Time-averaged lift force coefficients calculated by DI and CFM
Reference DI CFM background CFM overset
0.417~0.423 0.4197 0.4201 0.4184

Pitching semi-circle foil

Force estimation is carried out for the rigid semi-circle foil pitching at Sr = 0.22,
Ap = 1.77 and Re. = 1173. The details of the numerical setup are introduced in
Chapter 5. In this flapping foil case, the hydrodynamic force can be calculated by Eq.

(B.1) in a stationary CV in background grid or calculated by Eq. (B.2) in a body-fixed
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CV in the overset grid. Figure B-2 illustrates the CV employed in the latter method,
which is selected as the inner half of the overset region.

Figure B-2. Schematics showing the control volume (CV, blue) inside the overset grid (grey) around a

pitching foil

The instantaneous horizontal forces within one pitch period measured by CFM method
in different control volumes are compared with the results of DI method, as shown in
Figure B-3. The values of CFM overset curve are slightly larger than those of DI results,
while the CFM background curve exhibits large noise during the whole pitch period.
This error mainly comes from the interpolation values of fringe cells within the
background grid.

2.0 DI

15 —— CFM background
— CFM overset

1.0

0.5

0.0
C,
-0.54
-1.04

-1.54

'20 T T T T T T T 1
45.00 45.25 4t5/._l§0 45.75 46.00
Figure B-3. Instantaneous horizontal force coefficients estimated by different methods for a semi-circle
foil pitching at Sr = 0.22, A, = 1.77 and Re, = 1173

The time-averaged horizontal force coefficients estimated by the three approaches are
documented in Table B-2. The mean thrust force predicted by DI is larger than that of
CFM method. In chapter 5, the DI results have been compared with the experimental
data and showed consistency with the force transition map, as presented in Figure 5-29.
It should be noted that a grid convergence test has not been carried out for the results
of the CFM methods. Therefore, it is suggested to perform an in-depth numerical-
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convergence study for applying the CFM method in hydrodynamic problems where the
overset grid method is employed within OpenFOAM platform.

Table B-2. Time-averaged horizontal force coefficients calculated by DI and CFM
DI CFM background CFM overset
-0.171 -0.102 -0.096
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Free-slip boundary condition on a moving body

In problems where fluid forces and moments on a moving body are required, the
movingWallVelcity boundary condition is a standard boundary condition provided in
OpenFOAM library. It sets the velocity to the desired value for moving walls when
employed in moving mesh cases and is equivalent to noS/ip boundary conditions when
employed in a stationary mesh case. However, if we want to calculate the hydrodynamic
loads under inviscid flow assumption, i.e., to set a free-slip boundary condition on
moving walls, a user-defined library should be implemented. In this work, a
slipMovingWallVelocity boundary condition is attempted using the method reported by
Gagnon (2019) and has been examined by the following cases.

Stationary NACA 0012 foil at AOA = 5°

In the case of a stationary body, the implemented slipMovingWallVelocity boundary
condition should coincide with the s/ip boundary condition in OpenFOAM. The lift
coefficient of a symmetric NACA 0012 foil has been calculated using the two boundary
conditions at AOA = 5°. It is possible to notice that for small values of AOA in the
inviscid flow or high Reynolds number (~10°), the ratio of analytical lift force
coefficient to AOA should be almost equal to 2. As OpenFOAM does not have an
explicitly inviscid solver for incompressible flow, the NACA 0012 foil has been
simulated at the Reynolds number of one million, which could be the upper limit of
numerical convergence for OpenFOAM simulations, as reported by Reid and Hunsaker
(2017). The estimated mean lift-force coefficients using the two, slip and
slipMovingWallVelocity boundary conditions are documented in Table C-1 and confirm
their consistency.

Table C-1. Time-averaged horizontal force coefficients calculated by DI and CFM

C, Analytical slip slipMovingWallVelocity
AOA =5° 0.548 0.527 0.525
Error - 3.72% 4.10%

Pitching von Mises foil

The 8.4% von Mises airfoil has been adopted to examine the slipMovingWallVelocity
boundary condition under harmonic pitch motion. The detailed parameters are
introduced in the work of Paniccia (2018) and Teng (1987). The foil has been
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numerically studied under two conditions:

1) at a low amplitude (6, = 0.01rad) oscillation and a rather high reduced
frequency (k = wc/U = 20) about the leading edge.

2) a lower reduced frequency (k = 0.8) and a larger amplitude (68, = 0.3973rad)
about the chord’s mid-point.

One should note that the frequencies and amplitudes in the present cases are outside the
parameter ranges used by the pitching foils in chapter 5, i.e., k = (2.89:14.43) and
0y = (0.04:0.27).

The drag and lift force coefficients of the von Mises airfoil under two pitching
conditions are shown in Figure C-1. The data from Paniccia (2018) are indicated as
UPC in the figures, and the present slipMovingWallVelocity boundary condition cases
are indicated as OF. In the high frequency pitching foil case, the hydrodynamic forces
are consistent with the reference results, but there are large discrepancies for the lift
force prediction in the low frequency case.

CL UPC CD UPC CL UPC CD UPC
® CLTeng ® CL Teng N ® CLTeng ® CL Teng
) CL OF CD OF CL OF CD OF
= £
E 0+ E 0 /
5] o
8 8
s 5.1
= =
7
24
-4 T T T T T -3 T T T T 1
0.6 0.8 1.0 12 14 5 10 15 20 25

t t

Figure C-1. Drag and lift force coefficients of the von Mises airfoil pitch at high frequency (left) and low
frequency (right)

The instantaneous spanwise vorticity fields of the two cases are shown in Figure C-2.
The wake behind the von Mises airfoil in the left contour is a well-organized reverse-
vK vortex street owing to the high oscillation frequency. However, when the foil pitches
at low frequency, the vortex shedding from the foil leading edge plays an important role,
which could be the main reason of large discrepancies in predicting the hydrodynamic
forces because in the infinite Reynolds-number prediction by Paniccia (2018) the vortex
shedding can only occur at the trailing edge. In order to carry out accurate simulations
of moving bodies with slip boundary conditions, further development should be carried
out in OpenFOAM library.
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condition on a moving body
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Figure C-2. Instantaneous spanwise vorticity contours for the von Mises airfoil pitch at high frequency
(left) and low frequency (right)
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Thesis)

Fatigue Strength of Titanium Risers — Defect
Sensitivity. (Dr.Ing. Thesis)

Nonlinear Shell Finite Elements for Ultimate
Strength and Collapse Analysis of Ship Structures.
(Dr.Ing. Thesis)

Wave-current interactions in the vicinity of the sea
bed. (Dr.Ing. Thesis)

Sloshing in rectangular tanks and interaction with
ship motions. (Dr.Ing. Thesis)

Geometry and Kinematics of Breaking Waves.
(Dr.Ing. Thesis)

Wash and wave resistance of ships in finite water
depth. (Dr.Ing. Thesis)

Utilization of VOC in Diesel Engines. Ignition and
combustion of VOC released by crude oil tankers.
(Dr.Ing. Thesis)

Wave Induced Motions of Two Ships Advancing
on Parallel Course. (Dr.Ing. Thesis)

Numerical and experimental investigation of
whipping in twin hull vessels exposed to severe wet
deck slamming. (Dr.Ing. Thesis)

Global Hydroelastic Response of Catamarans due
to Wet Deck Slamming. (Dr.Ing. Thesis)

Nonlinear Shell Finite Elements for Ultimate
Strength and Collapse Analysis of Ship Structures.
(Dr.Ing. Thesis)

Probabilistic Evaluation of FPSO-Tanker Collision
in Tandem Offloading Operation. (Dr.Ing. Thesis)

On the Suppression of Vortex Induced Vibrations
of Circular Cylinders by Radial Water Jets. (Dr.Ing.
Thesis)

Three-Dimensional Analysis of Slamming. (Dr.Ing.
Thesis)

Deposit Formation on Cylinder Liner Surfaces in
Medium Speed Engines. (Dr.Ing. Thesis)

Aspects of Ship Design: Optimization of Aft Hull
with Inverse Geometry Design. (Dr.Ing. Thesis)
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Sun, Hui

Rustad, Anne Marthine

Johansen, Vegar

Statistical Properties of Successive Ocean Wave
Parameters. (Dr.Ing. Thesis)

Numerical Methods for Flows with Evolving
Interfaces. (Dr.Ing. Thesis)

Blue-Chip or Sub-Standard. A data interrogation
approach of identity safety characteristics of
shipping organization. (Dr.Ing. Thesis)

An experimental study of hydrodynamic forces on
cylinders and cables in near axial flow. (Dr.Ing.
Thesis)

The Probability of Occurrence of Dangerous Wave
Situations at Sea. (Dr.Ing. Thesis)

Ocean current variability in relation to offshore
engineering. (Dr.Ing. Thesis)

Current Forces on Net-Structures. (Dr.Ing. Thesis)
Flow around marine structures. (Dr.Ing. Thesis

Lagrangian Modelling of Ocean Surface Waves and
Synthetic Aperture Radar Wave Measurements.
(Dr.Ing. Thesis)

Numerical calculation of viscous free surface flow
around marine structures. (Dr.Ing. Thesis)

Failure Assessment of Long Through Thickness
Fatigue Cracks in Ship Hulls. (Dr.Ing. Thesis)

Safety Management for Prevention of Occupational
Accidents. (Dr.Ing. Thesis)

Application of the CIP Method to Strongly
Nonlinear Wave-Body Interaction Problems.
(Dr.Ing. Thesis)

Modelling and Control of Trawl Systems. (Dr.Ing.
Thesis)

Control of Marine Propellers. From Normal to
Extreme Conditions. (Dr.Ing. Thesis)

Experimental Investigation of Wave Induced
Vibrations and Their Effect on the Fatigue Loading
of Ships. (Dr.Ing. Thesis)

A Boundary Element Method Applied to Strongly
Nonlinear Wave-Body Interaction Problems. (PhD
Thesis, CeSOS)

Modelling and Control of Top Tensioned Risers.
(PhD Thesis, CeSOS)

Modelling flexible slender system for real-time



IMT-
2007-25

IMT-
2007-26

IMT-
2007-27

IMT-
2007-28

IMT-
2008-29

IMT-
2008-30

IMT-
2008-31

IMT-
2008-32

IMT-
2008-33

IMT-
2008-34

IMT-
2007-35

IMT-
2008-36

IMT-
2008-37

IMT-
2008-38

IMT-
2008-39

IMT-
2008-40

Wroldsen, Anders Sunde

Aronsen, Kristoffer Hoye

Gao, Zhen

Thorstensen, Tom Anders

Refsnes, Jon Erling Gorset

Berntsen, Per Ivar B.

Ye, Naiquan

Radan, Damir

Thomassen, Paul

Pakozdi, Csaba

Grytoyr, Guttorm

Drummen, Ingo
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Alsos, Hagbart S.

Graczyk, Mateusz

simulations and control applications

Modelling and control of tensegrity structures.
(PhD Thesis, CeSOS)

An experimental investigation of in-line and
combined inline and cross flow vortex induced
vibrations. (Dr. avhandling, IMT)

Stochastic Response Analysis of Mooring Systems
with Emphasis on Frequency-domain Analysis of
Fatigue due to Wide-band Response Processes
(PhD Thesis, CeSOS)

Lifetime Profit Modelling of Ageing Systems
Utilizing Information about Technical Condition.
(Dr.ing. thesis, IMT)

Nonlinear Model-Based Control of Slender Body
AUVs (PhD Thesis, IMT)

Structural Reliability Based Position Mooring.
(PhD-Thesis, IMT)

Fatigue Assessment of Aluminium Welded Box-
stiffener Joints in Ships (Dr.ing. thesis, IMT)

Integrated Control of Marine Electrical Power
Systems. (PhD-Thesis, IMT)

Methods for Dynamic Response Analysis and
Fatigue Life Estimation of Floating Fish Cages.
(Dr.ing. thesis, IMT)

A Smoothed Particle Hydrodynamics Study of
Two-dimensional Nonlinear Sloshing in
Rectangular Tanks. (Dr.ing.thesis, IMT/ CeSOS)

A Higher-Order Boundary Element Method and
Applications  to Marine Hydrodynamics.
(Dr.ing.thesis, IMT)

Experimental and Numerical Investigation of
Nonlinear Wave-Induced Load Effects in
Containerships considering Hydroelasticity. (PhD
thesis, CeSOS)

Maneuvering and Seakeeping of a Singel Ship and
of Two Ships in Interaction. (PhD-Thesis, CeSOS)

An Age-Based Replacement Model for Repairable
Systems with Attention to High-Speed Marine
Diesel Engines. (PhD-Thesis, IMT)

Ship Grounding. Analysis of Ductile Fracture,
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT)

Experimental Investigation of Sloshing Loading
and Load Effects in Membrane LNG Tanks
Subjected to Random Excitation. (PhD-thesis,
CeSOS)
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Holstad, Anders
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Kong, Xiangjun

Kristiansen, David

Efficient Prediction of Dynamic Response for
Flexible amd Multi-body Marine Structures. (PhD-
thesis, CeSOS)

Propulsion control and thrust allocation on marine
vessels. (PhD thesis, CeSOS)

Technical Condition Indexes and Remaining Useful
Life of Aggregated Systems. PhD thesis, IMT

Hydrodynamic Coefficients for Vortex Induced
Vibrations of Flexible Beams, PhD
thesis, CeSOS

Ultimate Strength and Reliability-based Design of
Ship Hulls with Emphasis on Combined Global and
Local Loads. PhD Thesis, IMT

Bond Graph Modelling of Marine Power Systems.
PhD Thesis, IMT

Two-Dimensional Numerical and Experimental
Studies of Piston-Mode Resonance. PhD-Thesis,
CeSOS

Applications of a Standard High Reynolds Number
Model and a Stochastic Scour Prediction Model for
Marine Structures. PhD-thesis, IMT

Simplified Analysis and Design of Ships subjected
to Collision and Grounding. PhD-thesis, IMT

Vortex Induced Vibrations of Free Span Pipelines,
PhD thesis, IMT

Heuristic Methods for Ship Routing and
Scheduling. PhD-thesis, IMT

Experimental Investigation and Numerical in
Analyzing the Ocean Current Displacement of
Longlines. Ph.d.-Thesis, IMT.

A Numerical Study of Wave-in-Deck Impact usin a
Two-Dimensional Constrained Interpolation Profile
Method, Ph.d.thesis, CeSOS.

Bond Graph Modelling of Fuel Cells for Marine
Power Plants. Ph.d.-thesis, IMT

Numerical Investigation of Turbulence in a Sekwed
Three-Dimensional Channel Flow, Ph.d.-thesis,
IMT.

Reliability-Based Assessment of Deteriorating
Ship-shaped Offshore Structures, Ph.d.-thesis, IMT

A Numerical Study of a Damaged Ship in Beam
Sea Waves. Ph.d.-thesis, IMT/CeSOS.

Wave Induced Effects on Floaters of Aquaculture
Plants, Ph.d.-thesis, CeSOS.

11



IMT
2010-59

IMT
2010-60

IMT
2010- 61

IMT
2010-62

IMT
2010-63
IMT
2010-64

IMT
2010-65

IMT
2010-66

IMT
2010-67

IMT
2010-68

IMT
2011-69

IMT -
2011-70

IMT —
2011-71

IMT —
2011-72

IMT —
2011-73

IMT —
2011-74

IMT —
2011-75

Ludvigsen, Martin

Hals, Jorgen

Shu, Zhi

Shao, Yanlin

Califano, Andrea

El Khoury, George

Seim, Knut Sponheim

Jia, Huirong

Jiao, Linlin

Abrahamsen, Bjorn Christian

Karimirad, Madjid

Erlend Meland

Yang, Limin

Visscher, Jan

Su, Biao

Liu, Zhenhui

Aarsather, Karl Gunnar

An ROV-Toolbox for Optical and Acoustic
Scientific Seabed Investigation. Ph.d.-thesis IMT.

Modelling and Phase Control of Wave-Energy
Converters. Ph.d.thesis, CeSOS.

Uncertainty Assessment of Wave Loads and
Ultimate Strength of Tankers and Bulk Carriers in a
Reliability Framework. Ph.d. Thesis, IMT/ CeSOS

Numerical Potential-Flow Studies on Weakly-
Nonlinear Wave-Body Interactions with/without
Small Forward Speed, Ph.d.thesis,CeSOS.

Dynamic Loads on Marine Propellers due to
Intermittent Ventilation. Ph.d.thesis, IMT.
Numerical Simulations of Massively Separated
Turbulent Flows, Ph.d.-thesis, IMT

Mixing Process in Dense Overflows with Emphasis
on the Faroe Bank Channel Overflow. Ph.d.thesis,
IMT

Structural Analysis of Intect and Damaged Ships in
a Collission Risk Analysis Perspective. Ph.d.thesis
CeSoS.

Wave-Induced Effects on a Pontoon-type Very
Large Floating Structures (VLFS). Ph.D.-thesis,
CeSOS.

Sloshing Induced Tank Roof with Entrapped Air
Pocket. Ph.d.thesis, CeSOS.

Stochastic Dynamic Response Analysis of Spar-
Type Wind Turbines with Catenary or Taut
Mooring Systems. Ph.d.-thesis, CeSOS.

Condition Monitoring of Safety Critical Valves.
Ph.d.-thesis, IMT.

Stochastic Dynamic System Analysis of Wave
Energy Converter with Hydraulic Power Take-Off,
with Particular Reference to Wear Damage
Analysis, Ph.d. Thesis, CeSOS.

Application of Particla Image Velocimetry on
Turbulent Marine Flows, Ph.d.Thesis, IMT.

Numerical Predictions of Global and Local Ice
Loads on Ships. Ph.d.Thesis, CeSOS.

Analytical and Numerical Analysis of Iceberg
Collision with Ship Structures. Ph.d.Thesis, IMT.

Modeling and Analysis of Ship Traffic by
Observation and Numerical Simulation.
Ph.d.Thesis, IMT.
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Wu, Jie

Amini, Hamid

Nguyen, Tan-Hoi

Tavakoli, Mohammad T.

Guo, Bingjie
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Sten, Ronny
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Fang, Shaoji

You, Jikun

Xiang ,Xu

Dong, Wenbin

Zhu, Suji

Zhou, Li

Ushakov, Sergey

Yin, Decao

Hydrodynamic Force Identification from Stochastic
Vortex Induced Vibration Experiments with
Slender Beams. Ph.d.Thesis, IMT.

Azimuth Propulsors in Off-design Conditions.
Ph.d.Thesis, IMT.

Toward a System of Real-Time Prediction and
Monitoring of Bottom Damage Conditions During
Ship Grounding. Ph.d.thesis, IMT.

Assessment of Oil Spill in Ship Collision and
Grounding, Ph.d.thesis, IMT.

Numerical and Experimental Investigation of
Added Resistance in Waves. Ph.d.Thesis, IMT.

Ultimate ~ Strength  of  Aluminium  Panels,
considering HAZ Effects, IMT

Wave Loads on Decks of Offshore Structures in
Random Seas, CeSOS.

Dynamic Simulation of Deep Water Drilling Risers
with Heave Compensating System, IMT.

Risk and resilience in global maritime supply
chains, IMT.

Fault Tolerant Position Mooring Control Based on
Structural Reliability, CeSOS.

Numerical studies on wave forces and moored ship
motions in intermediate and shallow water, CeSOS.

Maneuvering of two interacting ships in waves,
CeSOS

Time-domain fatigue response and reliability
analysis of offshore wind turbines with emphasis on
welded tubular joints and gear components, CeSOS

Investigation of Wave-Induced Nonlinear Load
Effects in Open Ships considering Hull Girder
Vibrations in Bending and Torsion, CeSOS

Numerical and Experimental Investigation of
Station-keeping in Level Ice, CeSOS

Particulate matter emission characteristics from
diesel enignes operating on conventional and
alternative marine fuels, IMT

Experimental and Numerical Analysis of Combined
In-line and Cross-flow Vortex Induced Vibrations,
CeSOS
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Al Ryati, Nabil

Firoozkoohi, Reza

Ommani, Babak

Xing, Yihan

Balland, Océane

Yang, Dan

Abdillah, Suyuthi

Ramirez, Pedro Agustin Pérez

Chuang, Zhenju

Etemaddar, Mahmoud

Lindstad, Haakon

Haris, Sabril

Shainee, Mohamed

Gansel, Lars

Gaspar, Henrique

Thys, Maxime

Aglen, Ida

Modelling and geometry optimisation of wave
energy converters, CeSOS

Technical condition indexes doe auxiliary marine
diesel engines, IMT

Experimental, numerical and analytical
investigation of the effect of screens on sloshing,
CeSOS

Potential-Flow Predictions of a Semi-Displacement
Vessel Including Applications to Calm Water
Broaching, CeSOS

Modelling and analysis of the gearbox in a floating
spar-type wind turbine, CeSOS

Optimization models for reducing air emissions
from ships, IMT

Transitional wake flow behind an inclined flat
plate-----Computation and analysis, IMT

Prediction of Extreme Loads and Fatigue Damage
for a Ship Hull due to Ice Action, IMT

Ageing management and life extension of technical
systems-

Concepts and methods applied to oil and gas
facilities, IMT

Experimental and Numerical Investigation of Speed
Loss due to Seakeeping and Maneuvering. IMT

Load and Response Analysis of Wind Turbines
under Atmospheric Icing and Controller System
Faults with Emphasis on Spar Type Floating Wind
Turbines, IMT

Strategies and measures for reducing maritime CO2
emissons, IMT

Damage interaction analysis of ship collisions, IMT

Conceptual Design, Numerical and Experimental
Investigation of a SPM Cage Concept for Offshore
Mariculture, IMT

Flow past porous cylinders and effects of
biofouling and fish behavior on the flow in and
around Atlantic salmon net cages, IMT

Handling Aspects of Complexity in Conceptual
Ship Design, IMT

Theoretical and Experimental Investigation of a
Free Running Fishing Vessel at Small Frequency of
Encounter, CeSOS

VIV in Free Spanning Pipelines, CeSOS
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Song, An

Rogne, Qyvind Ygre

Dai, Lijuan

Bachynski, Erin Elizabeth

Wang, Jingbo

Kim, Ekaterina

Tan, Xiang

Muliawan, Made Jaya

Jiang, Zhiyu

Dukan, Fredrik

Grimsmo, Nils 1.

Kvittem, Marit 1.

Akhtar, Juned

Syahroni, Nur

Beckmann, Eirik

Wang, Kai

Fredriksen, Arnt Gunvald

Jose Patricio Gallardo Canabes

Theoretical and experimental studies of wave
diffraction and radiation loads on a horizontally
submerged perforated plate, CeSOS

Numerical and Experimental Investigation of a
Hinged 5-body Wave Energy Converter, CeSOS

Safe and efficient operation and maintenance of
offshore wind farms ,IMT

Design and Dynamic Analysis of Tension Leg
Platform Wind Turbines, CeSOS

Water Entry of Freefall Wedged — Wedge motions
and Cavity Dynamics, CeSOS

Experimental and numerical studies related to the
coupled behavior of ice mass and steel structures
during accidental collisions, IMT

Numerical investigation of ship’s continuous- mode
icebreaking in leverl ice, CeSOS

Design and Analysis of Combined Floating Wave
and Wind Power Facilities, with Emphasis on
Extreme Load Effects of the Mooring System,
CeSOS

Long-term response analysis of wind turbines with
an emphasis on fault and shutdown conditions, IMT

ROV Motion Control Systems, IMT

Dynamic simulations of hydraulic cylinder for
heave compensation of deep water drilling risers,
IMT

Modelling and response analysis for fatigue design
of a semisubmersible wind turbine, CeSOS

The Effects of Human Fatigue on Risk at Sea, IMT

Fatigue Assessment of Welded Joints Taking into
Account Effects of Residual Stress, IMT

Wave Propulsion of ships, IMT

Modelling and dynamic analysis of a semi-
submersible floating vertical axis wind turbine,
CeSOS

A numerical and experimental study of a two-
dimensional body with moonpool in waves and
current, CeSOS

Numerical studies of viscous flow around bluff
bodies, IMT
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Daniel de Almeida Fernandes

Bo Zhao

Wenting Zhu

Amir Rasekhi Nejad

Arturo Jesus Ortega Malca

Dagfinn Husjord

Anirban Bhattacharyya

Qin Zhang

Vincentius Rumawas

Martin Storheim

Mia Abrahamsen Prsic

Tufan Arslan

Formulation and application of finite element
techniques for slender marine structures subjected
to contact interactions, IMT

Aerodynamic modelling of floating wind turbines,
CeSOS

Fatigue Performance of Copper Power Conductors,
IMT

Development of bivariate extreme  value
distributions ~ for  applications in  marine
technology,CeSOS

An output feedback motion control system for
ROVs, AMOS

Particle Filter for Fault Diagnosis: Application to
Dynamic Positioning Vessel and Underwater
Robotics, CeSOS

Impact of emission allocation in maritime
transportation, IMT

Dynamic Analysis and Design of Gearboxes in
Offshore Wind Turbines in a Structural Reliability
Perspective, CeSOS

Dynamic Response of Flexibles Risers due to
Unsteady Slug Flow, CeSOS

Guidance and decision-support system for safe
navigation of ships operating in close proximity,
IMT

Ducted Propellers: Behaviour in Waves and Scale
Effects, IMT

Image Processing for Ice Parameter Identification
in Ice Management, IMT

Human Factors in Ship Design and Operation: An
Experiential Learning, IMT

Structural response in ship-platform and ship-ice
collisions, IMT

Numerical Simulations of the Flow around single
and Tandem Circular Cylinders Close to a Plane
Wall, IMT

Large-eddy simulations of cross-flow around ship
sections, IMT
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Mats Jorgen Thorsen

Edgar McGuinness

Sepideh Jafarzadeh

Wilson Ivan Guachamin Acero

Mauro Candeloro

Valentin Chabaud

Mohammad Saud Afzal

Peng Li

Martin Bergstrom

Parametrisation of aquatic vegetation in hydraulic
and coastal research,IMT

Dynamic Analysis of the Instalation of Monopiles
for Offshore Wind Turbines, CeSOS

Dynamic Positioning of Marine Vessels in Ice, IMT

Numerical Analysis of Anchor Handling and Fish
Trawling Operations in a Safety Perspective,
CeSOS

Integrated Dynamic Analysis of Floating Vertical
Axis Wind Turbines, CeSOS

Experimental and Numerical Study of a Combined
Offshore Wind and Wave Energy Converter
Concept

Stochastic dynamic analysis and reliability
evaluation of the roll motion for ships in random
seas, CeSOS

Decision support for conceptual ship design with
focus on a changing life cycle and future
uncertainty, IMT

Time domain analysis of vortex-induced vibrations,
IMT

Safety in the Norwegian Fishing Fleet — Analysis
and measures for improvement, IMT

Energy effiency and emission abatement in the
fishing fleet, IMT

Assessment of marine operations for offshore wind
turbine installation with emphasis on response-
based operational limits, IMT

Tools and Methods for Autonomous Operations on
Seabed and Water Coumn using Underwater
Vehicles, IMT

Real-Time Hybrid Model Testing of Floating Wind
Tubines, IMT

Three-dimensional streaming in a sea bed boundary
layer

A Theoretical and Experimental Study of Wave-
induced Hydroelastic Response of a Circular
Floating Collar

A simulation-based design method for arctic
maritime transport systems
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Bhushan Taskar

Mohsen Bardestani

Fatemeh Hoseini Dadmarzi

Michel R. Miyazaki

Giri Rajasekhar Gunnu

Kevin Koosup Yum

Zhaolong Yu

Martin Hassel

Astrid H. Brodtkorb

Kjersti Bruserud

Finn-Idar Gretta Giske

Stian Skjong

Yingguang Chu

Sergey Gavrilin

Jeevith Hegde

Ida M. Strand

Erlend Kvinge Jorgensen

The effect of waves on marine propellers and
propulsion

A two-dimensional numerical and experimental
study of a floater with net and sinker tube in waves
and current

Direct Numerical Simualtion of turbulent wakes
behind different plate configurations

Modeling and control of hybrid marine power
plants

Safety and effiency enhancement of anchor
handling operations with particular emphasis on the
stability of anchor handling vessels

Transient Performance and Emissions of a
Turbocharged Diesel Engine for Marine Power
Plants

Hydrodynamic and structural aspects of ship
collisions

Risk Analysis and Modelling of Allisions between
Passing Vessels and Offshore Installations

Hybrid Control of Marine Vessels — Dynamic
Positioning in Varying Conditions

Simultaneous stochastic model of waves and
current for prediction of structural design loads

Long-Term Extreme Response Analysis of Marine
Structures Using Inverse Reliability Methods

Modeling and Simulation of Maritime Systems and
Operations for Virtual Prototyping using co-
Simulations

Virtual Prototyping for Marine Crane Design and
Operations

Validation of ship manoeuvring simulation models

Tools and methods to manage risk in autonomous
subsea inspection,maintenance and repair
operations

Sea Loads on Closed Flexible Fish Cages

Navigation and Control of Underwater Robotic
Vehicles
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