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ABSTRACT

Oscillating-foil hydrokinetic turbines have gained interest over the years to extract

energy from renewable sources. The influence of the sweep angle on the performance

of a fully-passive oscillating-plate hydrokinetic turbine prototype was investigated

experimentally in the present work. The sweep angle was introduced to promote

spanwise flow along the plate in order to manipulate the leading edge vortex (LEV)

and hydrodynamically optimize the performance of the turbine.

In the present work, flat plates of two configurations were considered: a plate

with a 6◦ sweep angle and an unswept plate (control), which were undergoing fully-

passive pitch and heave motions in uniform inflow at the Reynolds numbers ranging

from 15 000 to 30 000. The resulting kinematic parameters and the energy extraction

performance were evaluated for both plates.

Planar (2D) particle image velocimetry (PIV) was used to obtain patterns of

the phase-averaged out-of-plane vorticity during the oscillation cycle. The circulation

in the wake was then related to the induced-forces on the plate by calculating the

moments of vorticity of the LEV with respect to the pitching axis of the plate.

Tomographic (3D) PIV was implemented in evaluating the influence of the span-

wise flow on the dynamics of the vortex structure in three-dimensional space. The

rate of deformation of the vortex length was quantified by calculating the deformation

terms embedded in the vorticity equations, then linked to the stability of the vortex.

The results show evidence of delay of the shedding of LEV and increased vortex

stability, in the case of the swept plate. The manipulation of the LEV by the spanwise

flow was related to the induced kinematics exhibited by the prolonged heave forces

experienced by the swept plate, which led to the higher power extraction performance

at high inflow velocities. In the presence of spanwise flow, positive vortex stretching

along the vortex line increased the stabilization of the vortex core and prevented the

onset of helical vortex breakdown, observed in the case of the unswept plate. The

use of the sweep profile on the plate has led to the improvement of energy extraction

performance of the fully-passive hydrokinetic turbine.
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Chapter 1

Introduction

1.1 Hydrokinetic energy

In the current energy and economic climate of the world, the cost of energy from

conventional fossil fuel sources is targeted to increase [1], while its sources grow scarce.

At this pace of the development of societies, anthropogenic emissions are not slowing

down [2], and any proposed policy, such as the Paris Agreement, to contain climate

change appears to be lacking [3]. The environmental demise will be inevitable without

the substitutions of hydrocarbons as the primary energy source. Efforts to utilize

renewable environmental sources for energy, such as rivers and biofuels have begun

in several countries.

However, green energy harvesting at a large scale requires strong economic devel-

opment of government and scientific infrastructure to ensure sustainable development

[4]. This means the switch from hydrocarbons to renewable sources is not as simple

as the flickering of a light switch. Countries would have to strike a balance between

economic growth and energy efficiency, and here is where most developing countries

would favour the prior. Nevertheless, the adaptation of green energy at the large

scale had started across the world, demonstrated by the use of large windmills, hydro

dams and solar farms.

Over the years, many forms of energy harvesting devices from various sources

of energy have been proposed. The interest in energy harvesting via hydrodynamic

energy conversion has been gradually growing. Rapid urbanization usually located

close to body of waters, such as coastal waters and waterways, are within reach

of hydrodynamic potential energy. Not to mention, the significantly higher energy
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density of fluid flow, compared to wind, makes these moving bodies of water attractive

sources of energy. Furthermore, water flows are more consistent and predictable,

which can lead to efficient integration of energy into the electrical grid.

In recent years, there has been an abundance of research and progress on the

development of hydrokinetic turbines, which focuses on the conversion of hydrody-

namic energy, from their surroundings into usable mechanical energy. Hydrokinetic

turbines specifically cross-flow turbines show great promise in energy harvesting from

moving bodies of water with shallow depths. Cross-flow turbines are devices with

their rotational axis oriented perpendicularly to the incoming flow direction, which

take advantage of lower channel depths through the effective use of extraction win-

dows that are extended in the lateral direction. The extraction window, in this case,

is a rectangular swept area which is wider orthogonally and narrower vertically, suit-

able for low depth applications [5]. Cross-flow turbines can be implemented into

unconventional places such as shallow streams and non-uniform tidal currents, urban

water supply pipelines [6] and even the recapture of energy from the tailraces of dams

[7]. In fact, the application of such technologies can be considered a potential solu-

tion to the energy crisis in rural and remote communities due to its applicability at

unconventional locations.

There are two common types of cross-flow turbines: the vertical-axis turbine

and the oscillating-foil turbine, presented in Fig. 1.1(a) and Fig. 1.1(b), respectively

[8]. Vertical-axis turbines are classified as a rotary type turbine, consisting of sev-

eral blades revolving about the axis perpendicular to the flow. Depending on the

configurations of the blades, the rotary-type cross-flow turbines are further classified

into multiple types such as the Darrieus turbines, Gorlov turbine, Savonius turbine

and more [5] [9] [10] [11]. Vertical-axis turbines are insensitive to the direction of

the incoming flow and can achieve efficiencies comparable with their counterpart,

horizontal-axis turbines [11] [12].

However, vertical-axis turbines suffer from the fundamental problem of scaling,

that is common in rotary systems. Rotary systems are limited by the balance between

three factors: the size of the blade (considering the construction strength to overcome

the centrifugal forces), the available velocity of the incoming flow and the resulting

power coefficient. These three factors define the tip-speed ratio (TSR), the ratio

between the tangential speed of the blade tip to the speed of the incoming flow.

Peak energy extraction efficiency can only be achieved at optimal TSR, and beyond

the optimal value, the efficiency reduces drastically [13] [14] [15]. The scaling of
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Figure 1.1: Types of cross-flow hydrokinetic turbines: vertical-axis turbine (a) and oscillating-foil
turbine (b). Adapted from [8].

the size of the rotary turbine changes the TSR value, in which limits the range of

optimal operational conditions, further reducing the area of application for increasing

turbine sizes. Furthermore, rotating blades are also prone to cavitation at the tips,

generating high-frequency noises. Large scale implementation of rotary turbine farms

will eventually add on to the list of anthropogenic noise pollution [16].

Therefore, there is a recent shift of interest in the field of cross-flow turbines into

the oscillating-foil concept. Oscillating-foil turbines pose as an attractive alternative

to the traditional rotary turbines, which overcome the issues mentioned on scaling

and noise. The oscillating-foil turbine concept is the main subject of this thesis and

will be thoroughly described in the following sections.

1.2 Oscillating-foil turbine

Oscillating-foils

Oscillating-foils are streamline bodies moving in two degrees of freedom within a

given flow, undergoing heaving motion and pitching motion. The heaving motion

corresponds to the movement of the foil in the direction perpendicular to the direction

of flow. The pitching motion corresponds to the axial rotation of the foil about its

pitching axis. The heave and pitch motions can be described as a function of time,

h(t) and θ(t), respectively. The amplitude of the heave motion, H0 corresponds to

the maximum displacement of the pitching axis from the equilibrium position. The
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amplitude of the pitch motion, P0 corresponds to the maximum pitch angle about the

pitching axis. Fig. 1.2 summarises these concepts visually over one oscillation cycle.

Figure 1.2: General concept of an oscillating foil over one period.

The concept of oscillating-foils is inspired by nature. Oscillating-foil adopts the

principle of repetitive oscillatory motion of rotation and the motion of translation

of streamline body, which is usually seen in the flapping of bird’s wings, beating of

insect’s wings and undulation of fish’s caudal fin. Scientists have found out that

flapping-wings utilizes the significant adverse pressure gradient caused by the manip-

ulation of the leading edge vortex (LEV) [17]. The pressure gradient creates high

instantaneous lift forces. This mechanism provides the means for small-scale wings

of insects to carry their own weight [18] and the high manoeuvrability performed by

fish [19].

The study of oscillating-foils undergoing pitch and heave motions has grown over

the years. As a matter of fact, with the current accelerated progress in technological

advancement, the study of oscillating-foils has grown tenfold in the 21st century

[20] [21]. Oscillating-foils can produce high instantaneous forces by utilizing certain

unsteady flow features, unlike traditional rotary turbines, that are dependent on

smoothly attached flows. Extensive research has been done to adopt the concept of

oscillating-foil, not only into propulsion systems, such as unmanned machines [22],

ships and submarines [23] [24], but also onto energy extraction devices.

However, strict kinematic profile must be imposed on the foil to appropriately

function an oscillating-foil system. Meticulous control of the simultaneous motion of

heave and pitch is required to achieve a high level of performance. These motions must

also be constrained under unsteady flow features to prevent damping or uncontrolled

positive feedback. The control and constraint of such a system involve the use of

intricate mechanical design of the degrees of freedom. Computationally, the modelling



5

of such systems has a certain level of complexity as well. The difficulty of such balance

between the control and constraint of the degrees of freedom is deemed the primary

cause of the absence of practicable deployment of oscillating-foil technologies at a

large scale, at the moment.

Fully-active oscillating-foil turbines

The adoption of the oscillating-foil concept on energy harvesting application was first

suggested by McKinney and DeLaurier [25] in the form of a fully-active oscillating

foil. Full-active oscillating foil turbines are specific to turbines with actively prescribed

motions in both heave and pitch of the foil. These motions are usually prescribed

sinusoidally with a phase lag between the heave and pitch. The sinusoidal heaving

motion, h(t) and pitching motion, θ(t) can be defined in the function of time as:

h(t) = H0sin(γt+ φ) (1.1)

θ(t) = θ0sin(γt) (1.2)

where θ0 is the pitching amplitude, H0 is the heaving amplitude, γ is the angular

frequency, φ is the phase lag and t is the time. Physically, these prescribed motions

are either constrained by mechanical links attached between the heave and pitch, or

prescribed individually by direct control of forces, usually generated electrically.

Extensive compilations of research on oscillating-foil technologies in regards to

energy harvesting applications can be found in the reviews by Young et al.[20], Xiao

and Zhu [26] and Wu et al. [21]. Numerical studies by Jones et al. [27] and later, Kin-

sey and Dumas [28] assessed the feasibility of fully-active turbines. Energy generation

efficiencies were found to be comparable to the commonly used horizontal-axis tur-

bines and other alternative forms of cross-flow turbines. Later on, multi-foil tandem

systems that harvest the remaining wake energy of the upstream foil were developed

with the aim of large scale construction of oscillating-foil turbine farms [29] [30] [31].

However, in the latest in situ deployment of oscillating-foil turbine technologies

had provided discouraging results. Prototypes by The Engineering Business Ltd

[32] and Pulse Tidal Ltd produced sub-par efficiencies. Further developments on

these prototypes were economically unsustainable, following with the unfortunate

liquidation of Pulse Tidal Ltd and the halt on the Stingray turbine project. Kinsey
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et al. [33] performed in situ experiments on a dual-hydrofoil turbine. The turbine was

able to achieve peak power extraction efficiencies of 30% but it was deemed highly

susceptible to losses. The prototype by Kinsey et al. was a one degree of freedom

turbine. The one degree of freedom was made possible via a four-link mechanism

on each of the heave and pitch motions. The authors estimated that the mechanical

loss of the prototype turbine was at least 25% of the total power extracted and was

associated with the friction generated from the complex linkage system.

Numerically and experimentally, fully-active oscillating-foil turbines have shown

great energy harvesting potential from the surrounding flow. However, the practical

implementation of constrained coupling between the heave and pitch motion of the

foil requires complex structural design and the need for multiple electrical generators.

Not to mention, strictly imposed motion of the foil leads to further friction losses in

power and, induced mechanical stresses that occur under unpredictable perturbation

and turbulence from incoming currents. Thus, researches have started investigations

on the simplification of such constraints, mainly by removing the need for active

controls and replacing them with passive systems.

Semi-passive/Fully-passive oscillating-foil turbine

Passive oscillating-foil systems involve the use of passive constraints on any or all

degrees of freedom of the foil. Semi-passive oscillating-foils are systems where part of

the motion of the foil is actively prescribed and the other is passively constrained. If all

degrees of freedom of the foil are passively constrained without the use of any active

prescription, the oscillating system is considered to be a fully-passive oscillating-

foil. The passive constraints are commonly implemented in the form of stiffness and

damping parameters. The adjustment of these stiffness and damping parameters are

responded by the change in the amplitudes and frequency of the passive heave and

pitch motions of the foil. Here, the motions remain bounded but at the same time,

are able to move freely and have unrestricted relative phase lag.

Semi-passive oscillating-foil systems were assessed by several researchers numer-

ically and experimentally. The authors reported reasonable efficiencies in the order

of 30% to 40% [34] [35] [36] [37] [38]. Physically, the practical implementation of the

semi-passive system would require power input to actively impose one of the degrees

of freedom, while disregarding any mechanical coupling or additional motors on the

passive degree of freedom, a step forward towards simplicity than the fully-active
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systems.

Greater simplification to the oscillating-foil system into a fully-passive system

was initially demonstrated by Poirel et al. [39] and followed by Peng and Zhu [40].

The proposed design consist of self-induced evolution of both heave and pitch motions

by the interaction between the foil and the flow. Physically, the motions of the foil

were constrained elastically by springs and dampers to maintain a self-sustained limit

cycle oscillations. A number of other works have focused on studying the structural

response and stability analysis of the aeroelastic phenomenon and have determined

multiple modes of oscillatory response [40] [41] [42] [43]. Optimal energy harvesting

has been linked to one oscillation mode of high amplitude in the heave and pitch

motions along with the presence of harmonic wake-body synchronization. Previous

research showed that in order to achieve such behaviour, careful selection of structural

parameters are required. The seven core structural parameters are listed in the next

section.

A fully-passive turbine prototype examined by Boudreau et al. [44] was able to

exploit such an operating regime and achieved promising energy extraction efficiency

in the order of 30%. The exact prototype was used in the present work and is further

described in Section 2.1. Even so, the reported efficiency is still far from the values

recorded from numerical predictions, suggesting that precise parameterization and

the balance of structural components are difficult and physically laborious. These

challenges prompt the need for other means of optimization to reach the goal of

practical applications of fully-passive oscillating-foil turbines.

1.3 Optimization of oscillating-foil turbines

Oscillation mode corresponding to motions of large heave and pitch amplitude suits

best for energy harvesting applications. In general, the motion of the two degrees of

freedom and the synchronization between both can be quantified by four kinematic

parameters. The kinematic parameters are heave amplitude, pitch amplitude, oscil-

lation frequency and phase lag. Optimal values of these kinematic parameters was

determined by several research groups [28] [35] [38] [45] [46] [47] and can be found

well summarized in the review papers by Wu et al. [21], and Xiao and Zhu [26].

In a fully-passive system, the kinematic of the foil is dependent on the structural

parameters imposed on the system. They are the seven dimensionless structural pa-

rameters (m∗h, I
∗
θ , S

∗, k∗h, k
∗
θ , D

∗
h, D

∗
θ) embedded in the governing equations of motion
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of the foil presented in Section 2.1. The manipulation of these structural parameters

influences the response of the foil and the resulting limit-cycle oscillation mode. Op-

timization of these parameters can alter the kinematic parameters to fall within the

desired oscillation mode of large heave and pitch amplitude, which is optimal for en-

ergy harvesting [40] [41] [42] [43] [46] [48] [49]. The prototype developed by Boudreau

et al. [44] used in the present work was based on the numerical optimization of

the structural parameters by Veilleux and Dumas [48] [46]. Optimization of such

kind deals with preventing the instability of the system, specifically the divergence

instability and the flutter instability.

Separating from the fundamental problem of instability in aeroelastic systems,

fluid dynamics and fluid-structure interaction in the near vicinity of the foil can also

influence the kinematic parameters of the foil. Fluid-structure interactions, such

as with the LEV, can transform the surrounding pressure field of the foil and the

resulting motion of the foil. It is universally known that all lift-based foil technology

suffers from the stall phenomenon. As the angle of attack of the foil increases, LEV

grows in size and strength, feeding from the shear layer. The separation of flow occurs

when the stagnation point transverses pass the trailing edge of the foil. Here the LEV

is shed into the wake and the adverse pressure gradient stabilizes. The foil then stalls

and experience a decrease in the dynamic force experienced by the foil [50]. Therefore,

clever manipulation of the LEV and the surrounding pressure field can be utilized to

delay or, in some cases, entirely prevent the stall phenomenon.

Several researches have investigated several means to alter the flow topography

surrounding a foil and control the LEV. Among the studies on foil deformation, Le and

Ko [51], and Liu and Xiao [52] considered chordwise flexibility of the foil while Siala

and Liburdy [53], and Totpal et al. [54] examined chord actuation of the foil, in which

all depend on the similar principle of modifying the effective local angle of attack of

the foil. Investigation on certain foil shape configurations ranging from cylinders to

flat plates [55], to NACA foils [56] and even interesting geometries of NACA foil

hybrids [57], have reported improvement in energy harvesting performance. Zhu et

al. [58] and Bouzaher et al. [59] have performed tests on the use of Gurney flaps

on the trailing edge of the foils and concluded an increase in lift forces due to the

increase in the pressure gradient across the foil. Qadri et al. [60] proposed the use of

heave and pitch limiters to indirectly enforce certain heave and pitch kinematics of

the foil, preventing dynamic stall.

The physical manipulation of the flow field, although through varying means, all
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focuses on certain key principles to hinder the separation of flow and control the LEV.

The control of the vortex ensures that the centre of pressure concentrates close to the

aerodynamic centre of the foil for an extended period of time, in return providing

prolonged lift forces on the foil. The mentioned campaigns, tackling only the flow

field in two-dimensions, were successful in this matter. Alternatively, works by Kinsey

and Dumas [61] and Kim et al. [62] have looked into the three-dimensional effects

of the oscillating-foil turbine and proposed the use of appropriate aspect ratio of the

foil and end plates to minimize tip losses. Their work suggested that strategic use

of certain three-dimensional effects can also provide a positive contribution to energy

harvesting potential, in which prompted the use of spanwise flow component in the

present work, to optimize the fully-passive oscillating-foil turbine prototype.

1.4 Spanwise flow component

The vector component of an incident flow onto a leading edge with a sweep angle,

∧ can be decomposed into chordwise and spanwise flow components. The chordwise

flow component is the flow vector parallel to the chord line, while the spanwise flow is

the flow vector perpendicular to the chord line. Both flow components are illustrated

in Fig. 1.3 for an infinite-span swept wing. This suggests that the flow structure

around a swept wing must be considered in three dimensions.

Figure 1.3: Vector components of the flow on the infinite-span swept wing.
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Unlike the leading-edge stagnation point in a two-dimensional (2D) flow, a swept

wing has a non-zero velocity along the spanwise direction of the leading edge. This

creates a leading-edge attachment line instead of a stagnation line along the span

of the swept wing. The development of the attachment line boundary layer also

differs with the stagnation point boundary layer, where the three-dimensionality of

the attachment line boundary layer causes lower surface pressure as compared to the

stagnation pressure [63]. The flow field response to these pressure changes is reflected

in the flow separation and the formation of the primary LEV.

The notion of spanwise flow component stabilizes the LEV was first proposed

by Ellington et al. [64] on their study of LEV on insect flights. Three-dimensional

(3D) flow structure similar to the conical LEV on delta wings, was observed on their

mechanical hawkmoth wing model. The convection of circulation towards the wing-

tip was determined to be the source of stable LEV attachment in the majority of the

downstroke motion of the wing. Later on, several other claims on the cause of the

stability of LEV has been raised. Birch and Dickinson [65] conducted further studies

on LEV attachment on insect wings and have concluded that the downwash near

the wing-tip was the more likely source. Lentink and Dickinson [66] through their

revolving wings experiments claimed that it was the centripetal acceleration and

Coriolis effects that caused stabilization of LEV. Nevertheless, with the increasing

investigations on the effects of spanwise flow on wings in the recent years, the general

consensus is that spanwise flow does provide a positive contribution to the stability of

the LEV attachment [67] [68] [69] [70] [71]. However, spanwise convection of vorticity

alone does not ensure stable LEV attachment [72] [73].

The present work is motivated by the spanwise flow study on plates through the

use of a sweep profile, conducted by Beem et al. [74]. The study was an actively

prescribed heave-only plunging motion of a flat plate, and have reported an absence

of LEV stabilization. On the other hand, evidence of the delay of LEV shedding was

present when the flat plate was swept. Wong et al. [68] followed up with experi-

mentation on flapping plates with sweep profiles and found evidence on regulation of

vortex strength through the spanwise flow. Later, Wong and Rival [71] outlined im-

proved LEV stability in the presence of spanwise vorticity transport. These series of

works verified the important notion of LEV stability on the sweep profile of wings and

inspired the further study on the three-dimensionality of flow on energy harvesting

turbine.
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1.5 Objectives

Optimization on the system dynamics via structural alteration of the foil has proven

to be effective in optimizing turbine technologies. However, it can be argued that the

practical implementation of such methods is specific to controlled scenarios, usually

within laboratory settings. From an economical and practical point of view, affordable

means of optimization are required to push forward the real-world implementation of

the oscillating-foil turbine technology.

The primary objective of this campaign is to optimize the oscillating-plate proto-

type hydrodynamically, through fluid-structure interactions of the three-dimensional

effects. The present work assesses the use of spanwise flow on the optimization of

the fully-passive turbine concept demonstrated by Boudreau et al. [44]. The study

involves the simple use of a sweep profile on the leading edge that promotes the span-

wise flow component along the span of the plate. As an elementary investigation into

the spanwise flow on oscillating-foil turbine, the present work studies the use of a flat

plate instead of the favoured NACA shaped foil to prevent vortex dynamics stemming

from the geometry of the foil. Thus, the secondary objective of this campaign, the

evaluation of the distinct influence on the LEV by the spanwise flow, can be better

performed.

To the current knowledge of the author, there have been no publications on the

direct use of spanwise flow to optimize the performance of oscillating-foil turbines.

Considering the use of such optimization method involving unsteady events in three-

dimensional space, high fidelity simulation of the 3D flow would be cost and time

ineffective. In this aspect, the proposed experimental work adds on to the knowledge

gap surrounding 3D flow phenomena of oscillating-foil technologies. Furthermore,

most published works on the understanding of the principle of LEV stabilization and

spanwise flow were based on settings involving actively-actuated foils. The use of

passive scenarios in observing the cause and effect of LEV stabilization via spanwise

flow will provide a novel perspective to the field.

Provided the opportunity of a well-built fully-passive turbine prototype by Boud-

reau et al. [44] and the appropriate visualization means, up to the third dimension,

available in the Fluid Mechanic Laboratory, in the University of Victoria, the author

has chosen to experimentally study the influence of sweep angle on the LEV and

its relation to the power extraction performance of a fully-passive oscillating-plate

hydrokinetic turbine prototype.
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The author aims to add to the collective effort of oscillating-foil studies, specifi-

cally on the subject of the induced vortex. The present work is aspired to contribute

to the practical development of oscillating-foil turbines and the eventual large scale

applications in the coming time.

1.6 Structure of the thesis

The following chapters start with the description of the governing equations of the

oscillating-plate turbine prototype, following up with the experimental setup, the

visualization techniques and the results. Finally, the thesis is concluded with a sum-

mary of the main results and recommendations for future work. The majority of the

thesis is written with the purpose of journal publication, where each chapter would

represent a section of the published paper:

Chapter 1 General background of oscillating-foil turbines. Various methods of op-

timization of the fully-passive oscillating-foil turbine. Objective of the present

work.

Chapter 2 Describes the fundamentals of the oscillating-plate turbine prototype and

the experimental method.

Chapter 3 Summary of the planar and tomographic Particle Image Velocimetry

techniques.

Chapter 4 The power extraction performance of the oscillating-plate turbine proto-

type between the unswept and swept plates.

Chapter 5 Visualization of the flow field in two-dimension and three-dimension.

Estimation of the induced-forces acting on the plate by calculating the moment

of vorticity. The three-dimensional study of the vortical structure of the LEV.

Chapter 6 Concluding statements of the proposed results and a list of recommended

directions for the future work.
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Chapter 2

Experimental system and

techniques

2.1 Fully-passive turbine prototype

The fully-passive turbine prototype in the current campaign is the same physical

prototype used in the study by Boudreau et al. [44]. For detailed descriptions of

the design and calibration of the prototype, the reader is referred to the previous

work mentioned. Key parameters relevant to the present work are discussed in the

following. An important difference between the present work and the investigation

by Boudreau et al. is the cross-sectional and spanwise geometry of the foil. In the

current campaign, the NACA 0015 foil was replaced with a flat plate. Moreover, a

sweep angle with respect to the direction of the inflow was introduced along the span

of the plate. The details of the plate geometry are provided in Section 2.2.

A schematic of the two degrees of freedom oscillating-plate system is shown in

Fig. 2.1. The plate of chord length, c was free to move in the heave direction along

the y−axis and the pitch direction, about the z−axis. The heave and pitch positions

are indicated in Fig. 2.1 as h(t) and θ(t), respectively. The direction of fluid flow was

oriented towards the positive x−direction. The pitching axis was located at distance

xp downstream from the leading edge of the plate and was always parallel to the

z−axis, perpendicular to the flow direction. Both the heave and pitch motion were

elastically constrained by heave springs of stiffness kh and pitch springs of stiffness kθ.

Damping in both heave and pitch motions are indicated by Dh and Dθ, respectively.
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Figure 2.1: Schematic of the passively oscillating-plate.

The dimensionless governing equations for the heaving and pitching motions of

the passively oscillating-plate derived using a Lagrange approach presented in the

thesis of Veilleux [48], are shown in Eq. 2.1 and Eq. 2.2, respectively. The super-

scripts (·) and (··) denotes the first and the second derivatives with respect to time,

respectively.

CFy/2 = m∗hḧ
∗ + S∗(θ̈∗cosθ − θ̈∗2sinθ) +D∗hḣ

∗ + k∗hh
∗ + CFy Coulomb/2 (2.1)

CM/2 = I∗θ θ̈
∗ + S∗ḧ∗cosθ +D∗θ θ̇

∗ + k∗θθ + CM Coulomb/2 (2.2)

The terms defining Eq. 2.1 and Eq. 2.2 are expanded and shown from Eq. 2.3 to

Eq. 2.7. All the variables and terms appearing in the governing equations of motions

are listed in Table 2.1, accompanied with their respective descriptions.

CFy =
Fy

0.5ρU2
∞bc

CFy Coulomb =
Fy Coulomb
0.5ρU2

∞bc
(2.3)

CM =
M

0.5ρU2
∞bc

CM Coulomb =
MCoulomb

0.5ρU2
∞bc

(2.4)
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m∗h =
mh

ρbc
I∗θ =

Iθ
ρbc4

S∗ =
S

ρbc3
(2.5)

k∗h =
kh

ρU2
∞bc

k∗θ =
kθ

rhoU2
∞bc

2
D∗h =

Dh

ρU2
∞bc

D∗θ =
Dθ

ρU2
∞bc

3
(2.6)

h∗ =
h

c
ḣ∗ =

h

U∞
ḧ∗ =

ḧc

U2
∞

θ̇∗ =
θ̇c

U∞
θ̈∗ =

θ̈c

U2
∞

(2.7)

In a given flow, the 9 dimensionless structural parameters that define the two degrees

of freedom of motion of the system are:

m∗h I∗θ S∗ k∗h k∗θ D∗h D∗θ CFy Coulomb CM Coulomb

Naturally, oscillation does not last forever due to the presence of damping. The

viscous damping in heave, Dh,v and pitch, Dθ,v along with the Coulomb friction in

heave, Fy Coulomb and pitchMCoulomb in the bearings provide undesired losses in the sys-

tem. Another additional source of damping in heave was the adjustable eddy-current

braking. The eddy-current braking imitates an energy sink, or more specifically the

equivalent energy conversion into electricity output for the system. The total linear

damping coefficient is then defined as the sum of all sources of damping in as shown in

Eq. 2.8 and Eq. 2.9, for the heave and pitch degrees of freedom, respectively. The lin-

ear heave damping coefficient was contributed both from the viscous damping and the

desired energy sink, while the linear pitch damping coefficient consists only of viscous

damping from the bearing. Although, the prototype was equipped with eddy-current

braking in the pitch degree of freedom, it was not implemented in any case in the

present work.

Dh = Dh,e +Dh,v (2.8)

Dθ = Dθ,v (2.9)

The energy sink in heave consists of a thin aluminum plate attached to the

heave carriage, which travels through a magnetic yoke placed at a determined relative

distance. With the knowledge of the heave velocity of the carriage and the calibrated

heave damping coefficient of the eddy-current brake [44], the cycle-averaged power

dissipated through the eddy-current brake, Ph,ej can be estimated according to:
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Table 2.1: Variables and terms involved in the governing equations of motion. Adapted from [44].

Symbol Units Definition
b [m] True span length
b′ [m] Effective span length (b cos∧)
c [m] Chord length in the streamwise direction
ρ [kgm−3] Water density
U∞ [ms−2] Freestream velocity along the x−axis
h [m] Heave position of the pitching axis along the

y−axis
θ [rad] Pitch angle (clockwise is positive)
t [s] Time
xp [m] Distance between the leading edge and location

of pitching axis
xθ [m] Distance between the centre of mass and the

location of pitching axis (positive when pitch
axis is upstream of the centre of mass)

Fy [N ] Hydrodynamic force component in the heave
direction (y−direction)

M [N ·m] Hydrodynamic moment of force component
about the pitch axis (z−axis)

Fy Coulomb [N ] Coulomb friction force component in the heave
direction (y−direction)

MCoulomb [N ·m] Coulomb friction moment of force component
about the pitch axis (z−axis)

mh [kg] Mass of all component undergoing heave mo-
tion

Iθ [kg ·m2] Moment of inertia about the pitching axis
S [kg ·m] Static moment (mass of all components under-

going pitching motion times xθ)
kh [N/m] Heave stiffness coefficient
kθ [N ·m/rad] Pitch stiffness coefficient
Dh [N · s/m] Total linear heave damping coefficient
Dh,e [N · s/m] Linear heave damping coefficient of the eddy-

current brake (desired energy sink)
Dh,v [N · s/m] Linear heave damping coefficient of the heave

bearings
Dθ [N · s ·m/rad] Linear pitch damping coefficient of the pitch

bearings
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Ph,ej =
1

Tj

∫ t+Tj

t

(Dh,e ḣ
2) dt (2.10)

where T is the oscillation period and the subscript j denotes values from a jth cycle.

The two essential performance parameters used in evaluating energy extraction per-

formance, the efficiency ηe and the power coefficient in heave CPh,e
, are defined from

the cycle-averaged dissipated power as follows:

ηe j =
Ph, ej

0.5 ρU3
∞b
′dj

(2.11)

Cph,e j = ηe j
dj
c

(2.12)

where dj is the heave distance (between the extrema) of the plate during a jth cycle.

The efficiency is the ratio between the power extracted by the turbine and the total

available power across the entire extraction window, defined by the heaved area of the

plate. The power coefficient is the ratio between the power extracted by the turbine

and the total available power across the surface area of the plate.

The motion of the plate undergoing oscillation are evaluated using the kinematic

parameters. These parameters denote the reduced frequency of the oscillation, the

phase lag between the heave and pitch motions, the heave amplitude, and the pitch

amplitude of the plate. The kinematic parameters are indicated in Eq. 2.13 to Eq. 2.16

as f ∗, φ, H∗0 and θ∗0, respectively.

f ∗j =
fjc

U∞
(2.13)

φj =
360◦

Tj
(tθmax j − thmax j) (2.14)

H∗0 j =
hmax j − hmin j

2c
(2.15)

θ0 j =
θmax j − θmin j

2
(2.16)

All corresponding values of the kinematic and performance parameters presented

in Section 4 were averaged over 90 oscillations. It is important to note that the true
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span length, b was kept constant for all plates and was used to evaluate the normalized

structural parameters of the system, such as the ones shown in Eq. 2.3 and Eq. 2.6.

However, performance parameters, such as the ones shown in Eq. 2.11 and Eq. 2.12

were directly related to the transfer of hydrodynamic forces by the flow on to the

extraction window and surface area of the plate. Thus, it is evaluated by the effective

span length, b′. These span length components are demonstrated in Fig. 2.3.

2.2 Experimental setup

All experiments were conducted in the Fluid Mechanic Laboratory water channel at

the University of Victoria. The water channel had a cross-sectional dimension of 0.45

m by 0.45 m and a length of 2.5 m. The only component of the fully-passive turbine

prototype interacting with the flow of fluid was the plate, as shown in Fig. 2.2(a). All

other components of the prototype were placed above the water level, in which were

laid on the walls of the channel. The components that characterize the structural

parameters are presented in Fig. 2.2(b). The water level height at rest was set to 0.37

m and the plates were positioned to be 50 mm under the free surface, of which the

shaft protrudes.
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Figure 2.2: The setup of the fully-passive turbine prototype on the water channel.

Two stainless-steel plates were used in this campaign: a flat plate with the

leading edge parallel to the pitching axis (unswept) and a flat plate with a sweep

angle, ∧ = 6◦ between the leading edge line and z−axis. Going forward, the unswept

flat plate and flat plate with the sweep profile will be referred to as unswept plate

and swept plate, respectively. A schematic of the unswept and swept plates in the

side view is shown in Fig 2.3. Both plates had the same thickness of 5 mm and

streamwise chord length of c = 50 mm. The true span length of both plates were

b = 300 mm. ∧ = 6◦ was chosen because it corresponds to an effective span length

difference, (b − b′)/b and effective chord length difference (c − c′)/c of about 1% as

compared to their respective true lengths. This sweep angle ensures that the aspect

ratios and geometric features between the unswept and swept plates were consistent

and comparable between each other.

The centre of mass of the plates were located at the mid span and at the mid

chord point, xp/c = 1/2 from the leading edge. The pitching axis location of the

unswept plate was placed at xp/c = 1/3 from the leading edge, equivalently xθ/c =

1/6 upstream from the centre of mass, as it is indicated in Fig. 2.3. The third-chord

point (xp/c = 1/3) is the preferred location for the pitching axis in many pitching

foil applications [28], because it places the aerodynamic centre closer to the centre of

pressure, a location where the force vector of the total sum of a pressure field acts

upon. As it is shown in Fig. 2.3, xp along the span was constant for the unswept

plate but this was not the case for the swept plate. The dissimilarity in the position

of xp causes a difference in fluid dynamic forces on the plate, however, was managed
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Figure 2.3: Schematic of the unswept plate (a) and the swept plate (b) in the side view.

in the broader sense by positioning the location of the pitching axis of the swept plate

at xθ/c = 1/6 upstream from the centre of mass. The positions of xθ were the same

between the two plates.

Circular endplates were attached at both tips of the plate to minimize the influ-

ence from the free surface of the water and tip losses. The size of the endplates were

0.5c from the leading edge and trailing edge of the plate to the filleted edge of the

endplates, which is an efficient size recommended by Kim et al. [62] at minimizing

tip losses. This corresponded to an endplate with a diameter of 2c mounted at the

mid chord point, at each end of the plate. The endplates were made of Lexan poly-

carbonate and had a thickness of 0.06c. The material was transparent to allow light

to pass, which enabled the visualization of flow fields in the vicinity of the plates,

with the endplates remain attached.

2.3 Experimental techniques

The reader is recommended to refer to the measurement protocol of the experiments

and data collection described by Boudreau et al. [44]. Essential and contrasting

points will be stated in this section out of necessity.
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The frictional damping from the bearing alters with time due to wear. To

account for the changes, the different frictional contributions in heave and pitch were

estimated before and after conducting each series of experiments. The estimated

viscous damping and Coulomb friction values (D∗h,v, D
∗
θ , CFy Coulomb and CM Coulomb)

of each test are given below. The reader is directed to the publication by Boudreau

et al. [44] for the methodology that was used to estimate these frictional contribution

values.

The position in heave and pitching angles of the plates were recorded with two

rotary encoders, for roughly 100 oscillations. The encoders had a sampling frequency

of 1147.7 Hz. The digital signals were converted into 0 − 5 v analog signals which

were then read by the NI USB-6218 data acquisition board connected to a laptop.

The inflow freestream velocity was measured using Particle Image Velocimetry

(PIV) at 12.95 Hz at the location upstream of the plate. The inflow freestream

velocity was estimated by averaging 200 instantaneous velocity fields. The standard

deviation across the mean streamwise velocity field was computed to be less than 0.1%,

signifying the uniformity of the inflow. The turbulence intensity of the streamwise

velocity fluctuations was calculated to be 1% and less.

Temperatures of the water surface and the aluminium sliding plate were mea-

sured using an IR thermometer. The water surface temperature was assumed to be

the bulk water temperature and was used in determining the water properties to

compute the structural and performance parameters. The calibrated heave damping

coefficient of the eddy-current brake [44] was corrected for temperature difference

based on the recorded temperature of the aluminium sliding plate.
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Chapter 3

Quantitative flow imaging

Particle Image Velocimetry (PIV) was employed several instances in this campaign in

the measurement of inflow freestream velocity and two-dimensional wake and three-

dimensional vortex structures. The flow was seeded with silver coated hollow glass

spheres with a mean diameter of 10 µm and was illuminated by the Quantel Evergreen

Nd:YAG 532 nm wavelength dual pulsed laser. Davis LaVision 10.0.5 software was

utilized for raw image acquisition and final vector field calculation. A schematic of the

PIV setup in the Fluid Mechanic Laboratory is presented in Fig. 3.1. Two types of

PIV techniques were carried out in this campaign: Planar (2D) PIV and Tomographic

(3D) PIV. The focus of each type of PIV technique is unique, depending on the field of

view and resolution that each PIV can provide, and is further described in Section 3.1

and Section 3.2 below. The spanwise locations of the data acquisition plane (DAP)

and data acquisition volume (DAV) are denoted by the normalized span, z∗ = z/b′

where the upper and bottom tip of the plate corresponds to z∗ = 0 and z∗ = 1,

respectively.

3.1 Planar (2D) Particle Image Velocimetry

The Planar (2D) PIV was used to observe the wake structure of the oscillating-plate.

The wide field of view offered here enabled the capture of the initial growth of the

LEV and its subsequent shedding into the wake. The 2D PIV field of view was

illuminated by expanding the laser beam into a planar sheet with diverging lenses.

The field of view was captured with a single camera, LaVision XS 6M camera, labelled

C1 in Fig. 3.1, placed at the bottom of the channel. Camera C1 was equipped with
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a 24 mm focal length lens. The field of view of the raw image capture was 235

mm by 185 mm and had a resolution of 2752 × 2200 pixels, in the x− and y−axis,

respectively. Image acquisition was triggered by the data acquisition board when the

plate reached a predetermined heave location recorded by the heave rotary encoder.

The heave locations correspond to specific phases of the plate oscillation. Due to the

passive nature of the system, slight phase variation was expected to arise from the

fluctuating heave velocity of the plate at any given instance of the image acquisition

trigger. However, the variations were assumed to be small enough to be accounted for

by the ensemble averaging of a set number of flow fields. 300 instantaneous velocity

fields were used in the ensemble averaging at the same phase of the plate oscillation to

obtain the phase-averaged distribution of the flow velocity. The number of averages

used was determined by checking the convergence of Eq. 5.1, where the approach is

further explained in Appendix A. An initial interrogation window of 64 × 64 pixels

to a final pass of 32 × 32 pixels with 75% overlap of the neighbouring interrogation

windows was applied in the multi-pass vector calculation process [75]. The final PIV

results had a spatial resolution of 0.69 mm/vector. The spatial domain of the out-

of-plane vorticity fields shown in Section 5.1 spanned 170 mm by 180 mm in the x−
and y−axis, respectively.

3.2 Tomographic (3D) Particle Image Velocimetry

The Tomographic (3D) PIV provides measurements of the flow velocity in a three-

dimensional volume. This technique is useful in observing the spanwise variation of

a given vortex structure. The 3D PIV setup consisted of a total of three cameras:

camera C1 (similarly set up as in the 2D PIV), and two additional LaVision Imager

Intense cameras, labelled C2 and C3 in Fig. 3.1. Camera C1 was equipped with a 24

mm focal length lens. Camera C2 and C3 were equipped with 28 mm focal length

lens, each. The three cameras were placed in a linear configuration perpendicular to

the streamwise flow [76] [77]. The aperture angle, β was adjusted to 54◦, which was

within the suggested range of aperture angle, 20◦ < β < 60◦ [77] [78] for optimal

volumetric reconstruction quality. The laser sheet thickness was expanded into a

volume with a thickness of z = 30 mm by adjusting the divergent sheet optics and

divergent lenses attached at the head of the laser.

Similar to the 2D PIV setup, the images were captured when the data acqui-

sition board was triggered by the heave rotary encoder. Slight phase variation in
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Figure 3.1: Schematic of the Particle Image Velocimetry setup.

the acquired images, as explained in Section 3.1, was expected. The variations were

accounted for by the phase-averaging of a set number of flow fields. The seeded par-

ticle density across all cameras was estimated to be 0.045 particles per pixel (ppp),

which was within a reasonable range of the recommended optimal density at 0.055

ppp [77] [78]. Raw data were first pre-processed to remove background intensity and

noise by subtracting the local minimum from each pixel over 3×3 pixel region. Next,

particle intensities differences stemming from inhomogeneous laser illumination were

normalized over 150 pixels local average. Sliding Gaussian smoothing of 1.5 pixels

were applied to improve the particles in the images. Volume self-calibration was per-

formed three times to reduce the initial calibration disparity to an average of 0.02

voxels [79].

The resulting field of view spanned 121 mm by 168 mm by 30 mm with a reso-

lution of 2137 × 2968 × 530 pixels, on the x−, y− and z−axis respectively. Volume

reconstruction was performed using 6 multiplicative algebraic reconstruction tech-

nique (MART) algorithm iterations [80]. Multi-pass 3D vector calculation of 8 passes

was executed with an initial interrogation volume of 96×96×96 voxels to 32×32×32

voxels at 75% overlap of the interrogation windows and the vector grid spacing [79].
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A 3× 3× 3 polynomial smoothing was applied between each step of the correlation.

The final vector field of the reconstructed volume, which required an average pro-

cessing time of 8.5 minutes for each velocity volume, had a spatial resolution of 0.45

mm/vector. The 3D phase-averaged distribution of the flow velocity was obtained

by ensemble averaging of 250 instantaneous velocity fields at the same phase of the

plate oscillation. The phase-averaged velocity gradients which were susceptible to

greater noise were further smoothed with a 3 × 3 × 3 spatial filter. The smoothing

process was iterated 10 times. After considering the loss of quality at the edge of

the reconstructed volume, the volume of interest (VOI) of all presented 3D flow field

results in the present work had a reduced thickness of 22 mm (instead of the illumi-

nated thickness of 30mm). Additional details on the selection of the VOI and the

assessment of the tomographic PIV data quality are provided in Appendix B.1. The

final 3D PIV results shown in Section 5.3 spanned 80 mm by 110 mm by 22 mm in

the x−, y− and z−axis, respectively.
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Chapter 4

Hydrokinetic performance of the

oscillating-foil turbine

4.1 Baseline case of the unswept oscillating-plate

The baseline case for the unswept plate was selected from a series of preliminary test

performed at Re 19 000. The case chosen was a consistent, reliable, high achiev-

ing energy extraction case in terms of both efficiency and power coefficient for the

unswept plate. The normalized structural parameters governing this case are listed in

Table 4.1. Since the streamwise chord and true span of both plates were similar, the

normalized structural parameter: k∗h, k
∗
θ and D∗h,e remained consistent between the

plates at a given Re number. The only difference within the normalized structural

parameters between the separate plates was the total heaving mass, m∗h moment of

inertia, I∗θ and static moment, S∗ of the system, which was inevitable when introduc-

ing two plates of varying geometry. The total volume of each plate did not change

significantly due to the small sweep angle, resulting in minimal changes in m∗h. How-

ever, a more prominent difference was observed for I∗θ and S∗ and was due to the

sweep angle distributing mass further away from the pitching axis.

The values of the structural parameters and those of the normalized structural

parameters are of separate values. For example: kh is a structural parameter and k∗h is

a normalized structural parameter. The entirety of the following experiments measur-

ing the performance of the two plates were executed with the structural parameters

(kh, kθ and Dh,e) set constant. The variable parameters in the entire campaign were:

the inflow velocity, the sweep angle of the plate and the presence of endplates. The
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Table 4.1: The normalized structural parameters of the unswept plate at the baseline case.

Normalized
structural parameter

∧ [◦]

0 6
m∗h 4.26 4.25 ±0.05
I∗θ 0.323 0.350 ±0.003
S∗ 0.113 0.105 ±0.001
k∗h 3.43 ±0.02
k∗θ 0.209 ±0.002
D∗h,e 0.88 ±0.03
Re 19 000

impact of these variable parameters on the energy extraction performance will be

discussed in the next section. The normalized structural parameters vary with in-

flow velocity, U∞ as defined in Eq. 2.5 and Eq. 2.6. Since, the structural parameters

were selected based only on the baseline case, the normalized structural parameters

were then structurally optimized only for the baseline case. Therefore, the impacts of

the kinematic and performance matrices in relation to varying velocities were resulted

from the non-constant normalized structural parameters. It is then important to note

that the discussions of the following results focus on the result trends corresponding

to the two separate plates, rather than the individual trend of each plate.

4.2 Effects of the inflow velocity on the turbine

performance

The variable parameter of the presented results in this section is the inflow velocity,

U∞. The inflow velocity range considered here is from 0.3 m/s to 0.6 m/s, which

corresponds to the range of Reynolds numbers from Re 15 000 to Re 30 000. The

effective flow velocity in chordwise direction of the plate is a function of the incoming

inflow velocity and has a magnitude of U∞ cos(∧). Figure 4.1 shows the effect of the

inflow velocity on the turbine performance and kinematic parameters (normalized

heave amplitude, pitch amplitude, oscillation frequency and phase lag). All structural

parameters were kept constant with reference to the normalized structural parameters

baseline values mentioned in Section 4.1. Additional data points (marked × and ∗
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for the unswept plate and swept plate respectively) of equivalent baseline cases from

Appendix D was also included to demonstrate the repeatability of the results. The

standard deviations of all the kinematic and performance parameters of both plates

reported in this section are summarized in Appendix E.

Starting from the low inflow velocity at U∞ = 0.3 m/s, the unswept plate was

able to achieve sustainable oscillation, but the swept plate was not. As the velocity

was increased to 0.35 m/s, the swept plate was also able to oscillate. It is sug-

gested that the observed increase in the minimum threshold inflow velocity required

to establish self-sustained oscillations in the case of the swept plate was due to the

combination of a larger moment of inertia and a reduced effective inflow velocity (by

a factor of cos ∧) relative to the case of the unswept plate. At U∞ = 0.35 m/s, the

unswept plate produced a maximum efficiency and power coefficient of η = 23.6 %

and Cp = 0.61. Both efficiency and power coefficient decreased with increasing inflow

velocities of 0.37 m/s and above. The swept plate on the other hand achieved a max-

imum efficiency of η = 22.7 % at U∞ = 0.35 m/s. The relatively constant efficiency

values persisted until U∞ = 0.41 m/s and then proceeded to drop for higher inflow

velocity values. In contrast to the case of the unswept plate, the power coefficient of

the swept plate increased with inflow velocity and reached a maximum of Cp = 0.78

at U∞ = 0.50 m/s.

These results suggest a sensitivity to the natural frequency of the heaving and

pitching motions of the plates with respect to the oscillation frequency. The natural

frequency of the two degrees of freedom can be represented by the reduced heave

natural frequency (f ∗n,h =
√
k∗h/m

∗
h/2π) and the reduced pitch natural frequency

(f ∗n,θ =
√
k∗θ/I

∗
θ/2π). The reduced frequency, reduced heave natural frequency and

reduced pitch natural frequency as a function of inflow velocity of both plates are

plotted in Fig. 4.2. The points of the high efficiency for both plates correspond to

the points where the reduced frequency stayed within close proximity to the reduced

heave and the pitch natural frequency. As the reduced frequency deviated far from

the reduced natural heave and pitch frequency values shown in Fig. 4.2(a), a decline

in efficiency was observed in Fig. 4.1(c). The deviation of the natural frequencies are

indications of the poor synchronization between the heave force and heave velocity,

resulting in poor energy extraction performance [81]. The phase lag between the

heaving and pitching motion also diverged from the optimal value of 90◦ [28] when

the reduced frequency of the system intersected the heave natural frequency, leading

to the increase in oscillation frequency shown in Fig. 4.1(a) and the decrease in heave
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(a) Frequency (solid purple) and phase lag (dashed green) (b) Normalized heave amplitude (solid cyan) and pitch
amplitude (dashed red)

(c) Efficiency (solid black) and power coefficient (dashed
orange)

Figure 4.1: Turbine performance and kinematic parameters functions of inflow velocity (U∞). Open
symbols (◦) represent results of the unswept plate (∧ =0◦) and filled symbols (•) represent re-
sults of the swept plate (∧ =6◦). The initial and final viscous damping and coulomb friction of
each series of test were: D∗h,v = [0.09 − 0.11]; D∗θ = [0.007 − 0.007]; CFy Coulomb = [0.01 − 0.04];
CM Coulomb = [0.006 − 0.006] and D∗h,v = [0.09 − 0.10]; D∗θ = [0.007 − 0.007]; CFy Coulomb =
[0.02− 0.01]; CM Coulomb = [0.006− 0.006] for the unswept plate and swept plate, respectively. The
vertical dashed line corresponds to the baseline case.



30

Figure 4.2: Reduced frequency (solid black), reduced heave natural frequency (dashed blue) and
reduced pitch natural frequency (dashed red) as a function of the inflow velocity (U∞) for the
unswept plate (∧ =0◦) (a) and the swept plate (∧ =6◦) (b).

amplitude shown in Fig. 4.1(b).

In the case of the swept plate, when the values of natural frequency coincided

with the reduced heave natural frequency in Fig. 4.2(b), large amplitudes in the

heave motion occurred, as shown in Fig. 4.1(b). The increase in heave amplitude

at higher inflow velocities is correlated with the large power coefficient values in

Fig. 4.1(c). These observations in the present work are in agreement with the findings

from the previous campaign by Boudreau et al. [44] where maximum efficiency and

power coefficient values of the oscillating-foil turbine were achieved when the reduced

frequency and heave natural frequency matched. However, large heave amplitudes of

H∗0 > 1.3 reduced the efficiency as the angle of attack decreased at certain phases of

the oscillation with increasing swept area [26]. Furthermore, as the extraction window

increases, power extraction of the turbine could not keep up with the increasing flux

of kinetic energy passing through the extraction window, leading to lower efficiency.

At higher inflow velocities, the swept plate arrived at the design constraint of the

turbine prototype at H∗0 = 1.8, which was confined within the walls of the water

channel. Thus, the inflow velocity in the case of the swept plate were limited to

U∞ ≤ 0.50 m/s.

The swept plate obtained consistent efficiency values throughout the tested ve-

locity range and high power coefficient values at higher inflow velocities. The phase

lag remained unchanged in the range of 100◦. This phase lag corresponds to the range

of optimal value for high efficiency cases reported by Boudreau et al. on semi-passive

[38] and oscillating foil propulsion systems [82]. The reduced frequency for all cases
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of the swept plate also fell well within the optimal range of f ∗ = 0.1 ∼ 0.15 suggested

by Zhu [45] and, Xiao and Zhu [26] for energy harvesting oscillating foils.

According to the results, it can be concluded that the energy harvesting perfor-

mance of the swept plate was consistent over a wider range of velocities. This finding

indicates that the operation of the swept plate turbine will not be affected by non-

uniform inflow velocities that are frequently present in streams and tidal currents.

The swept angle is an important construction parameter that should be considered

in any energy harvesting oscillating-foil turbines.
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Chapter 5

Quantitative flow patterns

5.1 Two-dimensional flow patterns

The out-of-plane vorticity fields in the vicinity of the plates and in the wake were

obtained using the PIV technique at the single value of the inflow velocity U∞ = 0.41

m/s. The chosen inflow velocity here correspond to the point where differences in

the kinematic and performance matrices become prominent between the cases of the

unswept plate and swept plate. The vorticity field was used to provide insights into

the relation between the kinematics of the plate motion and the energy extraction

performance of the two plates under consideration by studying the space-time evo-

lution of the shed vortices. The location of the 2D PIV DAP along the z−axis can

be identified via the normalized span, z∗ = z/b′ where the upper and bottom tip

of the plate is z∗ = 0 and z∗ = 1 respectively, as presented in Fig. 3.1. Since the

vortical structures in the case of the unswept plate were symmetric with respect to

the midspan plane z∗ = 0.5 [61] [83], PIV data were acquired only at the midspan

plane for the unswept plate. Figure 5.1 shows the phase-averaged out-of-plane di-

mensionless vorticity field for the unswept plate at z∗ = 0.5. Two vorticity fields at

z∗ = 0.5 and z∗ = 0.88 were considered in the case of the swept plate to observe

the effects to spanwise vorticity transport at different depth. Figure 5.2 and Fig. 5.3

shows the phase-averaged out-of-plane dimensionless vorticity field for swept plate at

z∗ = 0.5 and z∗ = 0.88, respectively. The origins of the x− and y−axis correspond

to the location of the pitching axis when the plate is at rest (h/c = 0).

Since the motion of the plate was symmetrical for the first-half and second-half

of the oscillation cycle, the vorticity patterns corresponding to the oscillation cycle
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Figure 5.1: Phase-averaged out-of-plane dimensionless vorticity fields at sequential phases t∗ = 0/10
(i), 1/10 (ii), 2/10 (iii), 3/10 (iv) and 4/10 (v) for the unswept plate (∧ =0◦) at z∗ = 0.5. The filled
symbol (•) corresponds to the location of the pitching axis. The flow velocity U∞ = 0.41 m/s was
directed from top to bottom.
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Figure 5.2: Phase-averaged out-of-plane dimensionless vorticity fields at sequential phases t∗ = 0/10
(i), 1/10 (ii), 2/10 (iii), 3/10 (iv) and 4/10 (v) for the swept plate (∧ =6◦) at z∗ = 0.5. The filled
symbol (•) corresponds to the location of the pitching axis. The flow velocity U∞ = 0.41 m/s was
directed from top to bottom.
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Figure 5.3: Phase-averaged out-of-plane dimensionless vorticity fields at sequential phases, t∗ = 0/10
(i), 1/10 (ii), 2/10 (iii), 3/10 (iv) and 4/10 (v) for the swept plate (∧ =6◦) at z∗ = 0.88. The filled
symbol (•) corresponds to the location of the pitching axis. The flow velocity U∞ = 0.41 m/s was
directed from top to bottom.
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were essentially identical, but opposite in sign. The first-half of the oscillation cycle

is presented in the phase-averaged vorticity fields within five sequential phases t∗ =

0/10, 1/10, 2/10, 3/10 and 4/10. The following discussion focuses on the evolution of

the LEV in a complete oscillation cycle, starting from its formation at the leading

edge to the shedding.

The initial formation of the LEV within the boundary layer could not be vi-

sualized at the phases t∗ = 0/10 and 1/10 due to the light reflection from the plate

surface and the limited spatial resolution. At phase, t∗ = 2/10, the negative clockwise-

rotating LEV, labelled A, was formed for all considered cases. In all considered cases,

the boundary layer at this phase was still attached. The vortex A on the unswept

plate, shown in Fig. 5.1(ii) was more developed than the LEV on the swept plate in

Fig. 5.2(ii) and Fig. 5.3(ii), both in size and in magnitude. The more developed vor-

tex in the case of the unswept plate created a larger local pressure difference between

the two sides of the plate, leading to large pitch angles at the current phase t∗ = 2/10

and t∗ = 3/10 seen in Fig. 5.1(iii) and Fig. 5.1(iv).

At phase t∗ = 3/10, the circulation of the vortex A further increased in all

considered cases. The vortex A of the unswept plate grew faster than the vortex A

corresponding to the swept plate. Dynamic pitching at large angles achieved by the

unswept plate led to the formation of a secondary vortex, indicated by the region of

positive vorticity between the vortex A and the surface of the plate. The secondary

vortex is labelled as A′ in Fig. 5.1(iv). According to Doligalski et al. [84], the

formation of the secondary vortex corresponds to shedding of the primary LEV, which

initiates the stall phenomenon. The following phase of the oscillation cycle at t∗ =

4/10 in Fig. 5.1(v), shows the unswept plate undergoing deep stall and the subsequent

stroke reversal, which results in decreased heave amplitude and power extraction

performance (Fig. 4.1).

In the case of the swept plate, the growth of vortex A in size, along the span

of the plate was slower than the case of the unswept plate. The spanwise transport

of vorticity inhibited local growth of vortex A, especially at the upper-half span of

the swept plate. High concentration of vorticity near the bottom tip of the plate at

z∗ = 0.88, promoted the growth of vortex A in Fig. 5.3, but not to the extent shown

in case of the unswept plate in Fig. 5.1. The shedding of the vortex A of the swept

plate at z∗ = 0.88 occurred later in the cycle at t∗ = 4/10 (Fig. 5.3(v)) as compared to

the unswept plate, in which the LEV was shed at t∗ = 3/10 (Fig. 5.1(iv)). However,

this trend was observed only at the spanwise location z∗ = 0.88 in the case of the
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swept plate. The secondary vortex was not observed at z∗ = 0.5, indicating that the

shedding of the vortex A did not occur. The difference in LEV shedding at different

spanwise location denotes that the growth of the LEV was not uniform along the

span of the swept plate. This observation also suggests that the LEV at the upper

portion of the span remained attached during the entire period of the oscillation. This

finding matches the description by Picard-Deland et al. [81] and Boudreau at al. [49],

who reported that highest efficiency values were obtained when the boundary layer

remained attached. The attached LEV led to the generation of smooth continuous

heave forces during the oscillation cycle.

Note that in the presence of the weaker vortex A, the pressure difference between

the two sides of the swept plate was smaller than that of the unswept plate. Therefore,

the pitch angles of the swept plate were much lower during most of the oscillation

cycle. During these phases t∗ = 2/10 to 4/10, the swept plate essentially performed

a heave-only motion, resembling the results reported by Mumtaz Qadri et al.[60]

for oscillating-foils with pitch limiters. During such oscillations, the duration of the

stroke reversal phase was shortened. In the absence of stall, the heaving distance

was increased, providing an opportunity to increase the power extraction from the

heaving motion. As a result, high power coefficient values were achieved by the swept

plate, as shown in Fig. 4.1.

The LEV convected towards the trailing edge of the plate and proceeded to

shed downstream during the stroke reversal phase. The remaining discussion in this

section considers the LEV shed during the previous oscillation cycle. This positive

(counter-clockwise) LEV is labelled B in Fig. 5.1, Fig. 5.2 and Fig. 5.3. Similar to

vortex A described above, the vortex B occupied a larger area and had a larger peak

vorticity in the case of the unswept plate, compared to its counterpart in the case

of the swept plate. The vortex B was positioned farther downstream of the trailing

edge of the plate in the case of the unswept plate at the spanwise location z∗ = 0.5

(Fig. 5.1(i)) and in the case of the swept plate at z∗ = 0.88 (Fig. 5.3(i)) compared to

the case of the swept plate at z∗ = 0.5 (Fig. 5.2(i)), where the secondary vortex was

absent.

The strong circulation in the core of the vortex B of the unswept plate led to the

rapid dispersion of vorticity (vortex burst) in the subsequent phases of the oscillation

cycle. The dispersion of vorticity was related to the instability of the vortex core

which is discussed in more detail in Section 5.3.2. In the case of the swept plate,

the dispersion of vorticity was less pronounced. At z∗ = 0.5, the vortex core of the
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vortex B of the swept plate remained mostly intact, as shown in the plots of Fig. 5.2.

The change in vorticity magnitude of the vortex B between the spanwise locations

z∗ = 0.5 and z∗ = 0.88, shown in Fig. 5.2 and Fig. 5.3, respectively, indicates that

vorticity dispersion occurred primarily in the z−direction. The dynamics of dispersion

observed in both cases are linked to the rate of deformation of the vortex length in

Section 5.3.3.

5.2 Contributions of the shed vorticity to the in-

stantaneous forces on the plate

The momentum of a vortex-flow can be used in estimating the flow-induced forces

acting on the plate by implementing a concept introduced by Lighthill [85] and Lamb

[86]. The vector force acting on the plate can be calculated according to:

F =
d

dt
ρ

∫
r · ω dV (5.1)

where
∫
r ·ω dV is the integral of the moment of vorticity with respect to the point of

the application of the force. This method has been successfully applied for the cases of

oscillating cylinders and foils by Oshkai and Rockwell [87], Siala and Liburdy [88], and

more recently by Iverson et al. [89]. The contributions of the shed out-of-plane vor-

ticity corresponding to the LEV, to the flow-induced forces were found by calculating

the normalized integrals of the moments of the phase-averaged out-of-plane vorticity,

the general dynamics of which are described in Section 5.1. The moments of vorticity

acting in the streamwise (x−) and the lateral (y−) directions were then calculated as

(Mω)x = −[1/(U2
∞c)]

∫
yωz dA and (Mω)y = −[1/(U2

∞c)]
∫
xωz dA, respectively, where

the point of the force application was assumed to be at the location of the pitching

axis. The rate of change of the moments of vorticity, d[(Mω)x]/dt and d[(Mω)y]/dt

provide the instantaneous force coefficients experienced by the oscillating-plate in

their respective direction.

The calculated moments of vorticity corresponding to the LEV were categorized

into those corresponding to the vortex A in the first-half of the oscillation cycle

(t∗ = 0/10 to t∗ = 4/10) and the vortex B in the second-half of the oscillation cycle

(t∗ = 5/10 to t∗ = 9/10). Figure 5.4 presents the moments of vorticity of the LEV

in the case of the unswept plate at the spanwise location z∗ = 0.5. Figure 5.5 and
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Figure 5.4: Calculated moments of vorticity (Mω)x (a) and (Mω)y (b) of the vortex A (•) and the
vortex B (◦) for the unswept plate (∧ =0◦) at z∗ = 0.5.

Fig. 5.6 shows the moments of vorticity of the LEV in the case of the swept plate at

z∗ = 0.5 and z∗ = 0.88, respectively.

Contributions of the shed negative vorticity, (Mω)− were evaluated for the mo-

ments of vortex A and contributions of the shed positive vorticity (Mω)+ were eval-

uated in the opposite sign, using the moments of vortex B from the previous cycle.

Note that because of the symmetry of the plate oscillations, these moments corre-

spond to the same negative (clockwise-rotating) when considering a single oscillation

cycle. The moments of vorticity of the vortex A and the vortex B are represented

in the figures by the filled (•) and the open symbols (◦), respectively. The area of

integration corresponds to the region occupied by respective vortex A and vortex B.

The area of integration of the vortex B includes the layer of the shed positive vorticity

extending from the plate to the core of the vortex.

The sequential locations of the vortex core with respect to the pitching axis are

provided in Fig. 5.7. They were determined by tracking the position of the local
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Figure 5.5: Calculated moments of vorticity (Mω)x (a) and (Mω)y (b) of the vortex A (•) and the
vortex B (◦) for the swept plate (∧ =6◦) at z∗ = 0.5.

maximum of the magnitude of vorticity within the specified area of integration.

At the beginning of the cycle from t∗ = 0/10 to t∗ = 1/10, the calculated

moment of vorticity were negligible because the LEV represented by the vortex A

was not resolved. As the vortex A grew and travelled away from the pitching axis

in the successive phases from t∗ = 2/10 to t∗ = 4/10, the calculated moments (Mω)x

and (Mω)y increased in magnitude. The moments of vorticity for all considered cases

followed a similar trend over a complete oscillation cycle. The moment of vorticity

contributing to the force in the lateral direction (Mω)−y and induced by the negative

vortex A, was larger in the case of the unswept plate, as shown Fig. 5.4(b). The

larger magnitude of the moment (Mω)−y for the unswept plate can be explained by the

stronger circulation and the larger displacement of the vortex core from the pitching

axis. Despite having a weaker circulation of the vortex core, the calculated moment

(Mω)−y in Fig. 5.6(b) corresponding to the swept plate at z∗ = 0.88 was comparable

with that corresponding to the unswept plate due to the larger displacement from the
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Figure 5.6: Calculated moments of vorticity (Mω)x (a) and (Mω)y (b) of the vortex A (•) and the
vortex B (◦) for the swept plate (∧ =6◦) at z∗ = 0.88.

pitching axis, shown in Fig. 5.7(b). Since the displacement of vortex A in the lateral

direction was small, no significant moment (Mω)−x was produced during the first-half

of the cycle in all considered cases.

The contributions of the shed positive vorticity by the counter-clockwise-rotating

vortex B occurred as the LEV convected downstream away from the trailing edge,

during the second-half of the cycle from t∗ = 5/10 to t∗ = 9/10. In Fig. 5.4(b), the

positive rate of change of the calculated moment in the lateral direction d[(Mω)+
y ]/dt

was the largest for the unswept plate at t∗ = 5/10 and t∗ = 6/10. The larger

rate of change of the calculated moments implies that the instantaneous heaving

force experienced by the unswept plate was higher than the force experienced by the

swept plate at that phase, resulting in a larger heave velocity and higher oscillation

frequency (Fig.4.1). Dissipation of the vortex B that occurred from t∗ = 7/10 to

t∗ = 9/10 decreased the positive rate of change of the calculated moments, as shown in

Fig. 5.4(b). The decreased positive rate of change translated to reduced instantaneous
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Figure 5.7: Location of the vortex A (a) at phase t∗ = 2/10 to t∗ = 4/10 and the vortex B (b) at
phase t∗ = 0/10 to t∗ = 4/10 with respect to the pitching axis.

heaving force experienced by the unswept plate at the end of the oscillation cycle.

In the case of the swept plate, the contribution of the shed positive vorticity

to the flow-induced lateral force had a smaller positive rate of change d[(Mω)+
y ]/dt

according to Fig. 5.5(b). The lack of the dissipation of the vortex B of the swept plate

produced a consistent rate of change of (Mω)+
y throughout the entire second-half of the

cycle. The observed trend of the calculated moment (Mω)+
y corresponds to the good

synchronization of the heaving motion of the swept plate and the smooth, gradual

variation of the heaving force exerted on the plate that is described in Section 4.2 and

Section 5.1. At t∗ = 9/10, part of vortex B travelled outside of the data acquisition

area, leading to an incomplete capture of the shed vorticity. The incomplete capture

of the vorticity was especially prominent in the case of the swept plate at z∗ = 0.88

where the calculated moments exhibited and unphysical trend between t∗ = 7/10 to

t∗ = 9/10, as shown in Fig. 5.6.

The calculated moment (Mω)+
x is associated with the flow-induced force of the
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plate acting in the streamwise direction, which is of limited significance in energy

harvesting applications. Given that vortex B was not significantly convected in the

lateral direction, the trend of moment (Mω)+
x was predominantly determined by its

circulation, resulting in a linear variation for (Mω)+
x in all considered cases. Nonethe-

less, it is useful to note that the moment (Mω)+
x was smaller in the case of the swept

plate, compared to that of the swept plate.

At the end of the oscillation cycle, the moments (Mω)x and (Mω)y reached their

maximum magnitudes. The overall moments of vorticity were smaller in the case of

the swept plate, which is counter-intuitive considering that the performance of the

swept plate as an energy-harvesting device was better than that of the unswept plate,

as discussed in Sections 4.2 and 5.1. According to Eq. 5.1, a vortex that convected

farther away from the plate and that contained larger circulation provided a larger

contribution to the flow-induced force on the plate. In the case of the swept plate, the

rate of change of the streamwise displacement of the shed vortex B (Fig. 5.7(b)) was

greater, and the vortex core was more stable, compared to the case of the unswept

plate. The general dynamics of the LEV in the case of the swept plate suggest that the

unchanging positive rate of change of the moment of vorticity in the lateral direction

d[(Mω)+
y ]/dt will persist for a longer period of time, for phases t∗ > 9/10, compared to

the decreasing d[(Mω)+
y ]/dt of the unswept plate. This proposes that the summation

of the moment of vorticity over the time domain in the case of the swept plate would

then be significantly larger than that of the unswept plate.

The summation of the moment of vorticity over the time domain is defined as

the impulse of the vortex-flow where the impulsive force induced by the vortex-flow

is calculated by the integration of the induced force (Eq. 5.1) over time,
∫
F dt.

Therefore, the appropriate parameter to consider when relating the induced forces to

the energy harvesting performance would be the impulse of the vorticity. However,

given the limited range of available data in the time domain in the present work,

meaningful values of the impulse of vorticity were not obtained.

5.3 Three-dimensional vortex structure

The analysis of the quantitative flow patterns described in Sections 5.1 and 5.2, in

conjunction with the turbine performance described in Section 4.2, indicates that

controlled growth rate of the LEV and its core stability are the key factors in main-

taining high flow-induced forces in the lateral direction, which are beneficial for the
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performance of the turbine. Tomographic (3D) PIV was implemented to study the

effects of the spanwise flow component on the LEV structure and to gain insights

into the underlying three-dimensional fluid mechanics. This analysis is focused on

the positive (counter-clockwise) vortex B at the phase t∗ = 1/10 of the oscillation

cycle.

The three-dimensional reconstruction of the phase-averaged structure of the vor-

tex B was achieved by employing the Q criterion as a parameter defining the spatial

extent of the vortex. In this approach, the Q criterion [90] defines a vortex as the

regions where the local magnitude of the rate of rotation of the fluid exceeds the

magnitude of the rate of strain:

Q =
1

2
(‖Ω‖2 − ‖S‖2) (5.2)

where Ω is the rate of rotation tensor, S is the rate of strain tensor and ‖ ‖ represents

the tensor norm. The iso-surfaces of the Q criterion are presented in Fig. 5.9 and

Fig. 5.10 for the LEV of the unswept plate and the swept plate, respectively. The

iso-surfaces of the Q criterion corresponding to Q = 15, 225 and 850 were used to

visualize separate structural features of the vortex B. The iso-surface of Q = 15

represents the outer edge of the vortex. The iso-surface of Q = 225 represents the

inner region of the vortex. Lastly, the iso-surface of Q = 850 represents the core of

the vortex.

A schematic of the location of the tomographic PIV data acquisition volume with

reference to the plate and the 2D flow patterns is provided in Fig. 5.8. The x− and

y−axis origin in Fig. 5.9 and Fig. 5.10 corresponds to the pitching axis of the plate

at rest (h/c = 0), similar to the phase-average vorticity plots shown in Figs. 5.1−5.3.

The z−axis location along the span of the tomographic PIV reconstruction volume

corresponds to the spanwise location z∗ = 0.74. The capture of the data acquisition

volume was performed closer to the bottom tip of the plate to minimize the distance

of the VOI from the cameras, which reduced light reflection from the free surface and

improved the reconstruction quality of the volume. The details are further described

in Appendix B.1.
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Figure 5.8: Schematic of the location of the tomographic PIV data acquisition volume with reference
to the plate and the 2D vorticity plots at t∗ = 1/10.

5.3.1 Spanwise variation of the structure of the LEV

The outer three-dimensional structure of the LEV produced by the unswept plate was

parallel to the pitching axis of the plate (z−direction), as shown by the iso-surfaces

corresponding to Q = 15 in Fig. 5.9. The lack of spanwise variation in the outer

structure of the vortex indicated that the LEV was shed at the same phase of the

oscillation cycle along the entire span of the unswept plate.

In the case of the swept plate, the outer structure of the LEV structure, rep-

resented by the iso-surface Q = 15 in Fig. 5.10, exhibited a tilt in the downstream

(x−) direction. This observation, which indicates the presence of a dominant non-

zero vorticity component in the x−direction, that was expected due to the presence

of the sweep angle between the leading edge and the z−axis. Moreover, the LEV

exhibited a tilt in the transverse (y−) direction, as can be seen in Fig. 5.10(c). This

observation indicates the presence of a dominant non-zero vorticity in the y−direction

that emerged due to the delayed shedding of the LEV along the span of the plate.

Specifically, the shedding of the LEV was initiated early in the heaving oscillation

cycle in the vicinity of the bottom (downstream) tip of the plate, as indicated by

the patterns of the z−direction vorticity component described in Section 5.1. As the

swept plate continued to heave in the y−direction, the portion of the LEV that was
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Figure 5.9: Iso-surface of the Q criterion of the vortex B in the case of the unswept plate (∧ =0◦)
at phase t∗ = 1/10. Axonometric view (a), y−normal view (b) and x−normal view (c).
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Figure 5.10: Iso-surface of the Q criterion of the vortex B in the case of the swept plate (∧ =6◦) at
phase t∗ = 1/10. Axonometric view (a), y−normal view (b) and x−normal view (c).
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still attached to the top (upstream) section of the plate was carried with it. At the

same time, the y−position of the shed portion of the LEV in the vicinity of the bot-

tom (downstream) section of the plate remained relatively unchanged. This delayed

vortex shedding along the span of the plate resulted in the oblique vortical structure.

5.3.2 Inner structure and stability of the core of the LEV

In the case of the unswept plate (Fig. 5.9), the inner region and the core of the

vortex B, represented by the iso-surface of the Q criterion, Q = 225 and Q = 850,

respectively, exhibit the onset of instability in the form of the double-helical spatial

structure. This structure is a manifestation of the instability of the core of the vortex,

and it is a precursor of the vortex breakdown [91] that has been documented for the

LEVs of delta wings [91] [92] [93] and for swirling flows [94] [95]. The instability

of the inner region and the core of the LEV in the case of the unswept plate leads

to an early breakdown and relatively small contribution of the LEV to the loading

on the plate, as discussed in Section 5.2. Moreover, the core of the LEV exhibits

a three-dimensional, axisymmetric instability, manifested in the form of the relative

difference in the magnitude of the two helical strands of vorticity represented by

the iso-surfaces of Q = 850. This instability is conceptually similar to the vortex

breakdown mechanism observed for flows in rotating cylindrical enclosures [96] as

well as swirling jets and wakes [97].

The helical structure of the core of the LEV was not observed in the case of

the swept plate (Fig. 5.10), which indicates that the vortex core remained stable at

the shown phase of the oscillation cycle. The enhanced stability of the core of the

LEV had a beneficial effect on the energy-extraction performance of the swept plate

in terms of generation of high-magnitude loading on the plate that was sustained

over a large portion of the oscillation cycle, as discussed in Section 5.2. The physical

mechanism of suppressing the three-dimensional instability is likely related to vortex

stretching [98], which is described in more details in Section 5.3.3.

5.3.3 Deformation and stretching of the LEV

The Navier-Stokes equation of a viscous flow is written as:

DU

Dt
= −∇p+ ν∇2U (5.3)
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where U is the velocity vector, p is the pressure and ν is the kinematic viscosity. The

vorticity equation is derived by taking the curl of the Navier-Stokes equation, Eq. 5.3:

δω

δt
= ∇× (U × ω) + ν∇2ω (5.4)

where ω is the vorticity vector. Considering incompressibility of the fluid ∇ · U = 0,

and the curl of a gradient vector being zero, ∇ · ω = 0, the vorticity equation is

expanded into:

Dω

Dt
=
δω

δt
+ (U · ∇)ω = (ω · ∇)U + ν∇2ω (5.5)

deformation term diffusion term

On the right hand side, the vorticity equation Eq. 5.5 consist of the deformation

term (ω · ∇)U and the diffusion term ν∇2ω. The term (ω · ∇)U represents the rate

of deformation of vorticity due to a combination of turning and stretching motions,

while the term ν∇2ω represents the rate of diffusion of vorticity due to viscosity. It

should be noted that in a 2D flow the deformation term is identically equal to zero

due to the fact that the vorticity vector is normal to the velocity vector everywhere

in the flow domain. In this section, the contributions of the stretching and turning

motions to the deformation term are related to the vorticity transport in the LEV of

the oscillating-plate and the stabilization of LEV.

By expanding the deformation term, (ω ·∇)U into its individual Cartesian com-

ponents, as shown in Eq. 5.6a to 5.6c, the turning and stretching motions can then

be defined. The vorticity stretching term, (ω · ∇)U‖ represents the deformation rate

of the vortex length along the vortex line. The vorticity turning terms, (ω ·∇)U> and

(ω · ∇)U⊥ represents the deformation rate of the vortex length away from the centre

of curvature and along the tangential line, respectively.

x :
Dω

Dt
= ωx

δux
δx

+ ωy
δux
δy

+ ωz
δux
δz

(5.6a)

y :
Dω

Dt
= ωy

δuy
δy

+ ωz
δuy
δz

+ ωx
δuy
δx

(5.6b)

z :
Dω

Dt
= ωz

δuz
δz

+ ωx
δuz
δx

+ ωy
δuz
δy

(5.6c)

(ω·∇)U‖ (ω·∇)U> (ω·∇)U⊥
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The iso-surfaces of the vorticity turning terms for the unswept plate are plotted

in Fig. 5.11 and Fig. 5.12, respectively. The iso-surfaces of the vorticity turning

terms for the swept plate are plotted in Fig. 5.13 and Fig. 5.14, respectively. The iso-

surfaces of the vorticity stretching terms are plotted in Fig. 5.15 and Fig. 5.16 for the

unswept plate and swept plate, respectively. In each figure, the pink colour represents

an iso-surface of the Q criterion, Q = 15, which provides a spatial reference for the

extent and location of the LEV. The superscripts + and − indicate the direction of

the deformation with respect to the labelled Cartesian components. For example, the

label x+ indicates a deformation of vorticity in the positive-x-direction.

In the case of the unswept plate, the vorticity turning terms (ω · ∇)U> and

(ω · ∇)U⊥ shown in Fig. 5.11 and Fig. 5.12, appeared in approximately equal zones

of positive and negative directional contributions. The iso-surfaces representing the

positive and negative contributions of the turning terms (ω ·∇)U>y (Fig. 5.11(b)) and

(ω · ∇)U⊥x (Fig. 5.12(a)) formed a helical configuration, while the iso-surfaces repre-

senting other turning terms formed pairs of parallel elliptical cylinders corresponding

to the positive and negative contributions. Both types of the spatial structure resulted

in a near-zero net turning deformation in each of the Cartesian directions.

In contrast, in the case of the swept plate, the vorticity turning terms in all

Cartesian directions were non-zero, as shown in Fig 5.13 and Fig 5.14. It should

be noted, however, that these terms still produced a nearly zero combined turning

deformation i.e. (ω · ∇)U>x + (ω · ∇)U⊥x ≈ 0. The absence of the net turning of

vorticity was expected in both cases based on the time evolution of the LEV shown

in Fig. 5.1, which exhibited no turning movement.



51

Figure 5.11: Iso-surfaces of the vorticity turning term (ω · ∇)U> = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the unswept plate (∧ = 0◦). The iso-surface of
the Q = 15 is indicated by the light pink colour.
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Figure 5.12: Iso-surfaces of the vorticity turning term (ω · ∇)U⊥ = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the unswept plate (∧ = 0◦). The iso-surface of
the Q = 15 is indicated by the light pink colour.
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Figure 5.13: Iso-surfaces of the vorticity turning term (ω · ∇)U> = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the swept plate (∧ = 6◦). The iso-surface of the
Q = 15 is indicated by the light pink colour.
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Figure 5.14: Iso-surfaces of the vorticity turning term (ω · ∇)U⊥ = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the swept plate (∧ = 6◦). The iso-surface of the
Q = 15 is indicated by the light pink colour.
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The positive and the negative contributions of the vorticity stretching terms

in the x− and the y−directions, (ω · ∇)U‖x and (ω · ∇)U‖y, shown in Figs. 5.15(a)

and 5.15(b) for the case of the unswept plate, did not cancel each other as was the

case with the vorticity turning terms. The vorticity stretching terms (ω · ∇)U‖x and

(ω · ∇)U‖y both provided net negative contributions to the vorticity transport. The

effects of the vorticity stretching on the dispersion of the LEV can be observed in the

sequence of the patterns of the out-of-plane vorticity in Fig. 5.2.

In the case of the unswept plate, the LEV exhibited negative stretching in the

z−direction, (ω · ∇)U‖z in the core of the vortex. This type of deformation likely

stemmed from the centrifugal forces that displaced fluid from the core of the vor-

tex. This displacement resulted in a flow resembling a meridional circulation ob-

served in lid-driven cavity experiments [95] [99]. In contrast to the case of the swept

plate, where the LEV exhibited predominantly positive stretching in the z−direction

(Fig. 5.16(c)), the negative z−component stretching did not enhance stability of the

LEV in the case of the unswept plate.

In the case of the swept plate, the LEV exhibited a net positive stretching

in the x−direction, (ω · ∇)U‖x, while undergoing a net negative stretching in the

y−direction, (ω ·∇)U‖y, as shown in Figs. 5.16(a) and 5.16(b), respectively. However,

the magnitudes of the vorticity stretching in the x− and the y−directions were dif-

ferent, resulting in the unidirectional dispersion of the LEV, which is evident in the

out-of-plane vorticity plots of Fig. 5.2.

A significant amount of positive vorticity stretching in the z−direction, (ω·∇)U‖z

was observed at the core of the LEV of the swept plate, shown in Fig. 5.16(c). The

lengthening of the vortex reduced its diameter, which in turn led to the reduced

growth of LEV in the case of the swept plate that is discussed in Section 5.1. Fur-

thermore, the suppressed growth of the LEV ties directly to the stable vortex core

shown in Fig. 5.10. The stability of vortex core is in agreement with the observation

by Wong and Rival [71], who related stabilization of the LEV to vorticity stretching.

The stretching of vorticity is correlated with the increased velocity gradient

along the span of the plate. In severe cases, large velocity gradient along the span

was found to cause destabilization and bursting of the vortex [100] [101]. However,

in the current investigation, the sweep angle was relatively small, and the resulting

velocity gradient did not trigger destabilization of the LEV. On the contrary, the

moderate velocity gradient prevented the onset of the helical instability in the vortex

core and premature breakdown observed in Fig. 5.9 for the case of the unswept plate.
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Figure 5.15: Iso-surfaces of the vorticity stretching term (ω · ∇)U‖ = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the unswept plate (∧ = 0◦). The iso-surface of
the Q = 15 is indicated by the light pink colour.
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Figure 5.16: Iso-surfaces of the vorticity stretching term (ω · ∇)U‖ = ±75 in the x−direction (a),
y−direction (b) and z−direction (c) for the case of the swept plate (∧ = 6◦). The iso-surface of the
Q = 15 is indicated by the light pink colour.
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Chapter 6

Conclusion

The influence of the sweep angle of 6◦ on the fully-passive oscillating-plate turbine

prototype was investigated and the performance of the turbine was related to the

dynamic flow structure by analyzing the 2D and 3D LEV flow patterns. The use of

the planar and tomographic PIV in the present work was successful in evaluating the

flow field and visualizing the LEV. The appropriate PIV setups along with the data

quality and accuracy were assessed as well (Appendix A and Appendix B.1).

The kinematic and performance parameters of the unswept plate and the swept

plate were obtained for varying inflow velocity. The unswept plate was reported to

achieve maximum power coefficient of Cp = 0.61, and efficiency of η = 23.6% at low

inflow velocity of U∞ = 0.35 m/s. Beyond U∞ = 0.35 m/s, performance matrices of

the unswept plate diminished with increasing inflow velocity as the turbine deviates

from the ideal oscillation mode of large heave and pitch amplitudes. On the other

hand, the power coefficient of the swept plate increased with increasing inflow velocity,

reaching a maximum power coefficient of Cp = 0.78 at U∞ = 0.5 m/s. The efficiency in

the case of the swept plate remained relatively consistent at η ≈ 23% throughout the

majority of the tested inflow velocities, with an insignificant decrease at higher inflow

velocities. The swept plate was able to maintain oscillations of large heave amplitudes

throughout a wider range of velocities, which was ideal for the performance of the

turbine.

Planar PIV was utilized in the visualization of the flow structure of the wake

in first-half of the oscillation cycle. The initial formation of LEV and its subsequent

shedding into the wake were successfully captured in the phased-averaged out-of-plane

vorticity fields. In the case of the unswept plate, the high rate of growth of the LEV

led to the quick shedding of the LEV from the plate, which initiated deep stall. In
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the case of the swept plate, the growth of the LEV was suppressed by the presence of

spanwise transport of vorticity. The flow remained attached at the mid span of the

swept plate without any sign of the shedding of LEV. LEV shedding was observed

near the bottomward span where the vorticity was concentrated. However, the timing

of the LEV in the case of the swept plate still occurred later within the oscillation

cycle when compared to the case of the unswept plate. Dispersion of vorticity of the

shed LEV in the wake was observed in the case of the unswept plate, but the shed

LEV in the case of the swept plate remained coherent with less pronounced vorticity

dispersion. The lack of vorticity dispersion indicated that the LEV in the case of the

swept plate was more stable than that of the unswept plate.

The 2D flow field results were then correlated to the induced forces experienced

by the plate by calculating the moment of vorticity. The overall moment of vorticity

in the case of the unswept plate was larger in magnitude. Despite that, a significant

decrease in the rate of change of the moment of vorticity was observed in the case of

the unswept plate and was linked to the premature vortex breakdown seen in the 2D

vorticity fields. The rate of change of the moment of vorticity for the swept plate was

consistent due to the more stable vortex core. The results suggest that the overall

impulsive force induced by the vortex-flow on the swept plate over an oscillation

cycle was significantly larger than that of the unswept plate, which was in accordance

with the better performance parameters achieved by the swept plate at higher inflow

velocities.

The effects of the spanwise flow component on the dynamics of the LEV struc-

ture were further analyzed using the 3D flow field obtained from the tomographic

PIV technique. The proposed notion on delayed shedding of LEV vortex was veri-

fied from the spanwise variation of the structure of the LEV. Vortex core breakdown

in the form of helical configuration was observed in the case of the unswept plate.

The deformation and stretching of the LEV were also quantified using the vortex

deformation terms embedded in the vorticity equation and linked to the vortex dis-

persion seen in the 2D flow fields. The results showed that positive stretching at the

core of the vortex, along the vortex line, which was present in the case of the swept

plate, improved the stability of the LEV and mitigated the onset of premature vortex

breakdown.

The main conclusion from the present work is that the sweep angle parameter

is a valuable structural parameter in oscillating-foil systems. The results show that

the total power extraction of the plate benefit from continuous prolonged heave force
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rather than a short high instantaneous burst of force seen in the case of the unswept

plate. The introduction of the sweep angle on oscillating-plate was effective in in-

ducing such kinematics involving large heave amplitudes, which led to the significant

increase in energy extraction performance, especially at higher inflow velocities. The

spanwise flow component produced by the sweeping of the leading edge was success-

ful in the control of the growth rate of the LEV and the subsequent delay of LEV

shedding. Vortex core stability was also improved in the presence of spanwise flow.

The combination of these LEV dynamics was determined to be factors enhancing the

turbine performance. Thus, the sweep angle should be considered when designing

oscillating-foil energy harvesting devices in the future.

6.1 Future Work

The present work has opened the path for an effective method of hydrodynamic op-

timization of oscillating-foil turbines. The present work initiated the utilization of

the sweep profile concept and verified its capability to improve the energy harvest-

ing performance of oscillating-foil turbines. Nevertheless, the improvement was only

demonstrated for a single sweep angle case at ∧ = 6◦. There are much more to explore

on the subject. Further progress is needed to fully utilize the proposed findings onto

practical applications of oscillating-foil systems. The following are the recommend

directions of research ensuing the present work.

A parametric study of the normalized structural parameters of the swept plate

should be performed. Recalling from Section 4.1, only one set of structural parameters

was tested in the present work. A parametric study across the normalized structural

parameters, similar to the work done in the previous campaign by Boudreau et al.[44],

is beneficial in exploring the system dynamic responses and relating them to the

extent of the energy-harvesting capability of the swept plate. A recommendation of

an immediate follow up study from the present work would be to increase the linear

heave damping coefficient, D∗h,e and determine the extent of the increase of the power

coefficient of the turbine at higher inflow velocities, in which was restricted by the

mentioned design constraint in the present work. The adjustment to D∗h,e will also

improve efficiency at higher inflow velocities by limiting the size of the extraction

window and the flux of kinetic energy passing through it.

Further research on various sweep angle should be performed as well. The span-

wise flow component induced by the sweep angle of 6◦ has demonstrated significant
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alternations to the LEV of the fully-passive system. The larger the magnitude of the

spanwise flow component will be. However, the moment of inertia and static moment

of the system also increases with the sweep angle. The study on various sweep angle

could be done to find a right balance between the spanwise flow component and hy-

drodynamical damping caused by the structural parameters, such as resistance caused

by the moment of inertia and static moment of the system. It is reasonable to assume

that there exists an optimal sweep angle which will improve the energy harvesting

capability of oscillating-foil turbines. Simultaneously, this proposed study of various

sweep angle will also characterize the relationship between the vortex stability and

the spanwise flow component.

The present work demonstrated that simple changes in the geometrical features

of the foil can provide significant changes in the fluid-structure interactions between

the fluid and the foil. Other than the sweep angle, additional geometrical features such

as the aspect ratio on the foil should be a focus of future endeavours. For example,

it is recommended to start from the simple study of the aspect ratio of a rectangular

swept foil, by manipulating the scaling of the chord length components (c and c′)

and span length components (b and b′), presented in Fig. 2.3. This study could then

be further branched into complex geometries involving varying chord length along

the span, such as the tapered foils which could balance the local static moment and

moment of inertia. Twisted wing, where azimuth angles are introduced between the

chords of each foil tip, also make an interesting investigation, in which the local angles

of attack varies along the span of the foil.

Lastly, the present work involved only the use of pitching axis oriented perpen-

dicular to the streamwise axis. The use of this orientation of the pitching axis caused

the dissimilarity in the position of xp, discussed in Section 2.2. The problem could

be solved by orienting the pitching axis to be parallel to the leading edge line. This

change in the orientation of the pitching axis shifts the aerodynamic center to align

better with the center of pressure. However, by doing so, gravitational effects come

into play. If the pitching axis is not placed at the center of the chordwise length of

the blade, gravitation force will act on the pitch degree of freedom of the foil, adding

another layer of complexity to the already complicated system. Nevertheless, the use

of gravity to alter the pitch kinematic of the foil also poses as another innovative

method of hydrodynamic optimization of oscillating-foil systems.
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Appendix A

Validation of vector fields acquired

from Planar PIV

The number of averaged instantaneous velocity fields is an important factor when

considering the accuracy of the data, which is prominent with the experimental setup

in the present work, where the instance of image capture is not consistent. As men-

tioned previously, the timing of the triggering of the image capture was based on the

heave position of the plate supplied by the heave encoder. Due to the passive nature

of the system, the dissimilarity of the heave velocity at each instance of image capture

resulted in slight phase variation between each acquired raw images for a given heave

position trigger. The moment of vorticity defined in Eq. 5.1 is a function of the x−
and y−displacements between the vortex and the pitching axis of the plate. Any

shift in the phase of the image capture will eventually reflect in the displacement of

the vortex from the pitching axis, and subsequently, the consistency of the calculated

moments.

The inconsistency in the phase of the image capture of the plate oscillation can

be solved by the ensemble averaging over a large number of raw images. However,

given an extended image acquisition period, the bearings of the prototype would

suffer a considerable amount of wear. The viscous damping and coulomb friction will

deviate far from its initial state at the start of each test, leading to discrepancies in

the results for the particular round of test. Thus, an optimal number of images was

needed to be determined to minimize the duration of the experiments, while obtaining

consistent and comparable results.

The number of averages was selected according to the number of instantaneous
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velocity fields required for the calculated moment of vorticity (Eq 5.1) of the phase-

averaged out-of-plane vorticity field to converge. A preliminary 2D PIV experiment

was conducted with the unswept plate at phase t∗ = 3/10 at inflow velocity U∞ =

0.41 m/s, matching the case described in Section 5.1. A total of 500 images were

acquired at 13 Hz. Figure A.1 shows the averaged moments of vorticity of each

positive and negative vorticity contribution in the x− and y−components with 25, 50,

150, 250, 300, 350, 400 and 500 instantaneous velocity fields. The moments of vorticity

approached convergence with an increasing number of averaged instantaneous fields.

Based on the convergence trend, 300 number of averages was determined to be the

optimal number of images that provided consistent results.

Figure A.1: The number of instantaneous vorticity fields and the calculated averaged moment of
vorticity in the x−component (a) and y−component (b).
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Appendix B

Assessment of the Tomographic

PIV data quality

B.1 Quality of the tomographic reconstruction

The z−plane boundary of the VOI was selected by studying the signal-to-noise ratio,

SNR of the illuminated volume. Estimation of SNR was done by dividing the intensity

measured within the VOI, IinsideV OI by the intensity outside the bounds of the VOI,

IoutsideV OI :

SNR =
IinsideV OI
IoutsideV OI

(B.1)

The intensity outside the illuminated volume was not zero due to the presence of

ghost particles. The ghost intensity was assumed to be uniform across the entire

reconstructed volume. A larger SNR value implies that the contribution of the ghost

particles within the VOI is lower compared to the contribution of the intensity by

the illumination, resulting in decreased noise and improved volumetric reconstruction

quality. According to Scarano [77], a volume reconstruction of SNR ≥ 2 is an indi-

cation of good reconstruction quality with high-confidence, usually complemented by

satisfactory Tomographic PIV recordings.

The double-frame imaging PIV technique involves the calculation of particle

displacements from two pulses of laser illumination. Figure B.1 shows the measured

z−intensity profile of the initial pulse (frame 1) and the subsequent pulse (frame 2)

across the reconstructed volume. Here, the reconstructed volume had a thickness of
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50 mm (an additional 10 mm on each side of the boundary), which was intentionally

larger than the thickness of the DAV of 30 mm to capture the ghost particles out-

side the illuminated boundary. Examples of the reconstructed volumes are available

in Appendix C to guide the reader on particles and intensities via physical repre-

sentations. The reconstructed volume spanned from z = 195 mm to 245 mm and

the boundary of the illuminated volume was z = 205 mm and 235 mm. Here, the

origin of the three-dimensional vortex structure described in Section 5.3, z∗ = 0.74

corresponds to z = 223 mm.

Figure. B.1 shows that the SNR values close to the boundary of the VOI at

z = 205 mm was decreased, especially for the SNR values of the second laser pulse.

This result is explained by the light reflection from the prototype components placed

above the water channel and the free surface. The reflected light from the first pulse

increased the background intensity during the capture of the second frame, resulting in

increased noise at the edge of the volume reconstruction at z = 195 mm. The effort

to prevent such reflection was taken by decreasing the exposure of metal surfaces

with black tape and reducing the energy of the laser pulse. However, the issue could

not be entirely prevented. Thus, the selected thickness of the VOI in the present

work was strictly limited to regions with SNR ≥ 2. The span z = 212 mm to 234

mm, marked by dashed lines in Fig. B.1, fulfilled such requirement. The estimated

IinsideV OI , indicated by the red horizontal line in Fig. B.1, was obtained by averaging

the intensity within the selected boundary. For the case of the unswept plate, the

estimated SNR was 0.46/0.195 = 2.36. For the case of the swept plate, the estimated

SNR was 0.60/0.26 = 2.3.

Several factors in the Tomographic PIV setup will influence the estimated SNR of

any volume reconstruction. This includes the aperture angle, β, seeding density, ppp,

laser pulse energy and the correct raw image pre-processing settings. Any reader who

wishes to attempt Tomographic PIV must pay critical attention to these parameters

to ensure reconstruction of appropriate quality.

B.2 Quality of the vector calculation

To access the quality and accuracy of the resulting 3D velocity vector field of the VOI,

the continuity equation as shown in Eq. B.2 for an incompressible fluid was verified

to see if it holds within the VOI. The joint probability density functions (PDFs) of

δUy/δy and −(δUx/δx + δUz/δz) for the case of the unswept and swept plates are
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Figure B.1: Measured intensity by the dual-pulse laser across the reconstructed volume in the case
of unswept plate (∧ = 0◦) (a) and swept plate (∧ = 0◦) (b).

shown in Fig. B.2 and Fig. B.3, respectively. The correlation coefficient, R2 between

the joint PDFs and the diagonal approaches 1.00 when Eq. B.2 is perfectly satisfied.

Visually, this R2 value would mean that all the contour lines in Fig.B.2 and Fig.B.3

fall right on the red diagonal line. Naturally, R2 value of 1.00 is difficult to replicate

in real-life scenarios.

δUx
δx

+
δUy
δy

+
δUz
δz

= 0 (B.2)

Here, the PDFs had the form of an ellipse shape. The calculated R2 value varies

for each z−plane vector field. The R2 value seems to be closely related to the SNR

of the volume reconstruction in Fig. B.1. The reconstruction quality at z = 207 mm

was estimated to be of poor quality (SNR < 2) and was rejected to be included in

the VOI. The poor quality of reconstruction was reflected in the R2 values of their

corresponding PDFs at 0.497 and 0.170, shown in Fig. B.2(a) and Fig. B.3(a) for the

case of the unswept and swept plates, respectively.

If the contours form an elongated ellipse with its major axis aligning with the

red diagonal line, a good correlation coefficient can be expected. Such was seen at the

selected boundary of the VOI at z = 213 mm, shown in Fig. B.2(b) and Fig. B.3(b),

where the R2 values were 0.837 and 0.707 for the case of the unswept plate and swept

plate, respectively. Figure B.2(c) and Fig. B.3(c) shows the averaged joint PDFs

across the entire VOI thickness. The condition of SNR ≥ 2 being the lower limit [77]

is to be held strictly to preserve the subsequent quality of the vector calculation of the
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volumetric reconstruction. An averaged R2 values of 0.84 and 0.77 was achieved for

the VOI of the unswept plate and swept plate, respectively, on par with the reported

values by Casey et al. and Eshbal et al. [102] [103]. Thus, the calculated R2 value

assured the quality of the calculated vector field of the VOI in the present work. The

quality of the vector field in any tomographic PIV work (including the present work)

can be further improved by increasing the number of instantaneous velocity fields

averaged. Reduction of the interrogation volume is also beneficial for the resulting

correlation coefficient, but comes at the cost of decreased vector resolution.

Figure B.2: Joint PDFs of the δUy/δy and −(δUx/δx + δUz/δz) in the case of the unswept plate
(∧ = 0◦) at z = 207 mm (a) and z = 213 mm (b), and averaged across the VOI (c). There are 15
contour levels.
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Figure B.3: Joint PDFs of the δUy/δy and −(δUx/δx + δUz/δz) in the case of the swept plate
(∧ = 6◦) at z = 207 mm (a) and z = 213 mm (b), and averaged across the VOI (c). There are 15
contour levels.
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Appendix C

Illuminated region and the ghost

intensity

Reiterating from the discussion above, on the assessment of the reconstructed quality

in Appendix B.1, the reconstructed volume here had a thickness of 50 mm (an addi-

tional 10 mm on each side of the boundary), intentionally larger than the thickness

of the DAV of 30 mm to capture the ghost particles outside the illuminated bound-

ary. Figure C.1 and Fig. C.2 show examples of the x−normal and y−normal views

of the volume reconstruction of each laser pulse, for the case of the unswept and

swept plates, respectively. Here, the origin of the three-dimensional vortex structure

described in Section 5.3, z∗ = 0.74 corresponds to z = 3 mm.

Ghost particles are clearly defined here as particles outside of the illuminated

region. They contributed to the ghost intensities, IoutsideV OI used to calculate the

SNR, defined in Eq. B.1. The decrease in intensity values seen in Fig. B.1 during

the second pulse was related to the reflected light from the first pulse. Figure C.1(b)

and Fig. C.2(b) clearly exhibit a substantial decrease in the thickness of the properly

illuminated region during the second pulse, compared to the first pulse. The reflected

light from the free surface and prototype components increased noise near the upper

boundary of the reconstructed volume, leading to poor SNR values. As stated above,

the VOI was selected where regions had SNR ≥ 2. The selected VOI boundary

corresponds to z = −8 mm ∼ 14 mm with respect to Fig. C.1 and Fig. C.2, which

lies within the properly illuminated region during both pulses.
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Figure C.1: An example of the x−normal view of the tomographic volume reconstruction at pulse
1 (a) and pulse 2 (b).
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Figure C.2: An example of the y−normal view of the tomographic volume reconstruction at pulse 1
(a) and pulse 2 (b).



72

Appendix D

Influence of the bottom endplate

A three-dimensional wing with finite length has tip vortices due to the pressure differ-

ence between the suction side and the pressure side. The leading edge vortex creates

a region of low pressure which promotes the transport of fluid from the pressure side,

leading to the formation of a tip vortex. Tip vortex decreases the effective angle of

attack of the wing, resulting in poor lift at the region of the tip. In the case of swept

wings, the flow of fluid is induced in the spanwise component, amplifying the trans-

port of fluid from the high pressure region to the low pressure region at the tip of the

wing. Taking this phenomenon into consideration, it is then important to character-

ize the extent of the induced tip vortex effects in the present work. The spanwise

flow component along the span of the blade was expected to induce tip vortices at

the bottom tip of the plate. The relation of the tip losses to the energy extraction

performance of the unswept and swept plates is investigated in this section.

The experiment was repeated at the baseline case (Re = 19 000) to observe

the effects on the energy extraction performance of the fully-passive oscillating-plate

without the bottom endplate. All structural parameters were kept constant, with

reference to the normalized structural parameters of the baseline case mentioned in

Section 4.1. Table D.1 summarises the results of the unswept plate and the swept

plate, with and without the attachment of the bottom endplate. As mentioned, the

results for the equivalent baseline cases (attached bottom endplate) were plotted in

Fig. 4.1 as a reference to the repeatability of the kinematic and performance param-

eters. The standard deviations of the kinematic and performance parameters of the

data presented in Table D.1 are provided in Appendix E.

In the case of the unswept plate, the bottom endplate did not significantly affect

the kinematic and performance parameters. A relative drop of 6% on the efficiency
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was observed during the absence of the bottom endplate. Slight variation in the

power coefficient was also observed but not much greater than its standard deviation.

Similar to a finite-span rectangular wing, the pressure distribution along the span of

the unswept plate is not uniform. According to the simulations done by Kinsey and

Dumas [61], and Villeneuve et al. [83], vortex generation is expected to be strongest

around the mid span and proceeds to grow much weaker near the tip. By removing

the bottom endplate, only the local pressure distribution near the vicinity of the

bottom tip was affected, which accounted for relatively little on the overall forces

acting on the plate. The prior explains the small consequence the bottom endplate

had to the overall energy extraction performance of the unswept plate.

Table D.1: Kinematic and performance parameters of the plates, with and without the presence of
the bottom endplate. The initial and final viscous damping and coulomb friction of each series of
test were: D∗h,v = [0.09 − 0.11]; D∗θ = [0.007 − 0.005]; CFy Coulomb = [0.03 − 0.01]; CM Coulomb =
[0.01−0.01] and D∗h,v = [0.10−0.13]; D∗θ = [0.018−0.007]; CFy Coulomb = [0.03−0.05]; CM Coulomb =
[0.02− 0.01] for the unswept plate (∧ =0◦) and swept plate (∧ =6◦), respectively.

∧[◦]
Bottom

endplate
f ∗ φ[◦] H∗0 P0[◦] η Cp

0 yes 0.148 84.9 0.980 82.3 22.1 0.614

Normalized Values

0 yes 1 1 1 1 1 1

0 no 0.95 1.12 1 0.90 1.03 0.94

6 yes 0.90 1.19 1.04 0.89 1.01 0.92

6 no 0 0 0 0 0 0

On the contrary, the swept plate was not able to achieve sustainable oscillation

without the bottom endplate. Any initial perturbation introduced to excite the plate

did not help as well. The same occurred for any inflow velocity. This observation

suggests that when the bottom endplate was attached, the local pressure distribution

near the vicinity of the bottom tip accounts for most of the overall forces acting on

the swept plate. The spanwise flow component transported vorticity towards the tip

where they concentrate. Without a blockade, the concentrated low pressure region

induced strong tip vortex, significantly decreasing the local effective angle of attack.

The tip vortex inhibited the initial growth potential of the vortex along the leading

edge of the swept plate, which reduced the instantaneous force experienced to initiate

the onset of stable oscillation at earlier phases of the cycle. This series of events
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prevented any sustainable oscillation from occurring. The results suggest that any

fully-passive oscillating-plate device with sweep angle will rely on bottom endplates

to prevent significant tip losses due to the spanwise flow, especially for plates of lower

aspect ratios, such as the plates in present work, where b/c = 5.
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Appendix E

Standard deviations of the

kinematic and performance

parameters

The time evolution of the normalized heave position and pitch position of the unswept

plate over 10 cycles are shown in Fig. E.1(a) and Fig. E.1(b), respectively. The figures

provide the reader a sense of the motions of the oscillating-plate and the respective

variation between each oscillation cycle.

Figure E.1: Time evolution of the normalized heave (a) and pitch (b) positions of the unswept plate
(∧ = 0◦) over 10 cycles at U∞ = 0.452 m/s.
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The standard deviations of the calculated kinematic and performance parameters

over 90 oscillation cycles for each case presented in the present work are listed here.

The standard deviations at each inflow velocity in Table E.1 and Table E.2 refer to

the results of the effects of the inflow velocity on the turbine performance, discussed

in Section 4.2. Table E.3 summarizes the standard deviations for the cases on the

influence of the bottom endplate, discussed in Appendix D.

Table E.1: Standard deviations of the kinematic and performance parameters of the unswept plate
(∧ = 0◦), presented in Fig 4.1.

U∞
[ms−1]

Standard deviation

Cp η H∗0 P0 f φ
0.302 0.018 0.006 0.012 0.897 0.007 2.33
0.347 0.021 0.006 0.012 0.761 0.011 2.21
0.368 0.012 0.003 0.010 0.655 0.011 2.50
0.411 0.014 0.004 0.014 0.525 0.014 2.60
0.452 0.012 0.003 0.020 0.568 0.019 2.68
0.494 0.011 0.002 0.020 0.522 0.019 2.80
0.544 0.007 0.002 0.016 0.367 0.021 2.80
0.597 0.004 0.001 0.011 0.333 0.022 3.33

Table E.2: Standard deviations of the kinematic and performance parameters of the swept plate (∧
= 6◦), presented in Fig 4.1.

U∞

[ms−1]
Standard deviation

Cp η H∗0 P0 f φ

0.302 0 0 0 0 0 0

0.347 0.021 0.006 0.016 0.917 0.007 2.49

0.368 0.021 0.005 0.016 0.796 0.007 2.55

0.411 0.021 0.004 0.016 0.848 0.008 2.21

0.452 0.020 0.004 0.016 0.850 0.009 2.46

0.494 0.034 0.006 0.022 1.902 0.018 3.65
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Table E.3: Standard deviations of the kinematic and performance parameters of the plates, with
and without the attachment of the bottom endplate, presented in Table D.1.

∧[◦]
Bottom

endplate
Standard deviation

Cp η H∗0 P0 f φ

0 yes 0.013 0.003 0.008 0.812 0.012 2.90

0 no 0.019 0.004 0.014 0.874 0.008 2.61

6 yes 0.019 0.005 0.015 0.868 0.007 2.34
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