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Abstract

Harnessing the power of the ocean for sustainable energy generation is a compound,

intricate task. In designing a tidal turbine rotor for long-term operation, a collation be-

tween high-efficiency hydrodynamic performance and robust structural integrity is im-

perative; this is more so when analysing the physics of an unconventional tidal turbine.

This study investigates the hydrodynamic and structural performance of a full-scale,

high-solidity, open-centre, ducted tidal turbine by implementing a numerical framework

for a coupled fluid-structure interaction analysis.

The analysis primarily tackles the hydrodynamic performance of the tidal turbine

by means of a temporal, blade-resolved computational fluid dynamic approach utilising

Reynolds Stress turbulence modelling capacities. The model achieves similarity values

of over 0.96 with three-bladed, horizontal-axis tidal turbine experimentation data in

validation of three distinct parameters: power coefficient, thrust coefficient, and wake

velocity profiles. Within aligned-flow conditions, the resultant hydrodynamic perfor-

mance characteristics of the ducted turbine portrayed a peak power coefficient of 0.34,

with a thrust coefficient of 0.97, at a nominal tip-speed ratio of 1.75; coefficient trend

agreement was attained between the numerical model, experimentation data established

in literature, and blade-element momentum theory.

In analysing the performance within yawed-flow conditions, increases in torque and

mechanical rotational power were acknowledged within a limited angular range at dis-

tinct tip-speed ratio values. Through multiple yaw iterations, the peak attainment was

found to fall at a bearing of 23.2o, resulting in a maximum power increase of 3.22%,

together with an extension of power development to higher tip-speed ratios. Subse-

quently, by migrating the hydrodynamic outcomes into a finite-element model, the



rotor structural mechanics were investigated to acknowledge the most applicable blade

design. The resultant axial deflections were found to be insubstantial, albeit inducing a

significant maximum strain of 1.2%, where the reinforced blade design was established

to be the most suitable.

Following a turbulence model evaluation for the turbine design, the analytical for-

mulae established in ducted turbine theory were solved utilising the data acquired, pre-

senting a novel formula derivation. In culmination, explicit vortices were numerically

generated within the flow domain, upstream of the turbine, in effort of acknowledging

performance disparity due to turbine-vortex interaction.
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Chapter 1

Introduction

In establishing the basis of the thesis, this chapter puts forward the premise of the

motivations, objectives, and investigations tackled to holistically represent the research

endeavours in evaluating the numerical blade-resolved 
uid dynamics and structural

mechanics of a ducted, high-solidity tidal turbine utilising a coupled 
uid-structure

interaction approach.

1.1 Prelude

E�orts to increase the e�cacy of energy-generating turbines have been in constant

development following their implementation in the global market. At the forefront of

the pertinent research is the e�ort of increasing the mass-
ow through the turbine, along

with the constrainment and alignment of the wake 
ow, to facilitate further turbine

installations [1]. As a result of the research and development attained, a conventional

classi�cation of installations has been implemented around a turbine rotor: unidirec-

tional ducts and bi-directional ducts. Both systems have been considered to enhance

the performance of a turbine by increasing the 
ow velocity along the structure as a

result of the induced physical phenomena. Albeit the potential improvements, the per-

formance capacities of a rotor within a bi-directional duct under open-ocean conditional

parameters are inadequately understood.

The physics governing the 
ow within a vacant duct, in contrast, are widely un-
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derstood. In accordance to Bernoulli's principle, the energy state of an ideal 
uid is

a relationship between its kinetic and potential energy, hence a function of its pres-

sure, density, and velocity, through a spatial discrepancy [2]. In consideration of a bi-

directional duct with a constricted section, hence a decrease in internal cross-sectional

area, a Venturi e�ect phenomenon is induced through the system. Through this e�ect,

in concordance to the principle of mass continuity, the axial velocity of an incompress-

ible 
uid increases along the constriction, along with a decrease in static pressure. In

this con�ne, the application is numerically simplistic if a �nite section of a duct system

is considered, as the parameters are largely consistent. Yet an open-ended duct suc-

cumb to variable conditional parameters of an external 
uid domain, together with the

implementation of a rotor, which, as a structure, will vary the pressure and velocity

gradients through the duct, shall induce high degrees of complexity. Nonetheless, the

potential increase in 
ow velocity through the turbine, as a result of the Venturi e�ect,

is of particular interest.

Albeit a handful of recent research ventures have tackled the 
uid dynamics of the

implementation of a duct feature in a turbine system, they have had numerical forms of

methodological limitations, such as analytically capturing mass and momentum conti-

nuity through the duct [3], or discretising the blade structure into elements [4], rather

than portraying the true physicality. To overcome the limitations, this research puts

forward a numerical analysis of the hydrodynamic and structural performance of a

ducted, high-solidity tidal turbine, coupled within a one-way 
uid-structure interaction

approach. This methodology emphasises the presence of duct-rotor a�liation due to

the implementation of blade-resolved computational 
uid dynamic analysis. Coupling

general continuity at both the domain and turbine, this feature allows the modelling

of 
ow three-dimensionality at the rotor, together with induced turbulence e�ects, in

further e�ort of numerically replicating the true performance of the tidal turbine.
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1.2 Aims & Objectives

To accomplish the task at hand, the aims instigating the pursuit of this research

were established:

(i) To enhance the available knowledge regarding the performance of ducted tidal

turbines in aligned, yawed, and vortex 
ow conditions; and

(ii) To put forward a computationally-e�cient, high-precision methodology in design

selection / material selection of turbine blades.

In result, an itemisation of the objectives was established to discretise the e�orts

constituting this work:

(i) To conduct a critical literature review focusing on current, state-of-the-art ex-

perimental, analytical, and numerical modelling investigations in relation to the

performance outcomes of ducted turbines and induced 
ow phenomena when suc-

cumb to a dynamic 
uid 
ow;

(ii) To establish a one-way 
uid-structure interaction model of a true-scale ducted,

high-solidity tidal turbine within veri�ed tidal 
ow conditions implementing �bre-

reinforced material properties;

(iii) To develop a validated blade-resolved numerical model, coupled with a high-order

turbulence model, of a horizontal-axis tidal turbine in application of rotary blade

analyses;

(iv) To establish the hydrodynamic performance and wake pro�les of a ducted, high-

solidity, open-centred tidal turbine, within veri�ed tidal conditions, when suc-

cumb to 
ow vectors both aligned and misaligned to the turbine axis;

(v) To analyse the structural response of a high-solidity turbine rotor when succumb

to aligned and yawed hydrodynamic 
ow conditions, and propose an appropriate

internal blade design;
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(vi) To acknowledge the most appropriate Reynolds-Averaged Navier-Stokes turbu-

lence model for the numerical hydrodynamic analysis of a full-scale ducted tur-

bine; and

(vii) To establish the impact of discrete vortices upon the hydrodynamic properties of

a ducted tidal turbine when present within the incoming 
ow.

1.3 Layout of the Thesis

This thesis undertakes a one-way (partitioned-approach) 
uid-structure interaction

(FSI) analysis of a ducted, high-solidity tidal turbine, where the numerical modelling

schemes simulating the hydrodynamic 
ow, and the induced structural response, were

resolved separately utilising two distinct, yet coupled, solvers. The hydrodynamic in-

vestigations within the domain, undertaken by means of �nite-volume computational


uid dynamics (CFD), were primarily carried out to analyse the performance of the

power-generating structure, and subsequently utilised as boundary conditions to estab-

lish the degree of structural discrepancy by means of the �nite-element method (FEM).

This thesis consists of eleven discrete chapters.

The second chapter presents a description of the underlying physics governing

aerofoil theory and its utilisation in establishing the e�ciency of power-generating

horizontal-axis turbines. In compliment, supplementary adaptations into ducted tur-

bine con�gurations, together with rotor characterisation in yawed 
ow and vortex 
ow

conditions, are expounded. Furthermore, commercial applications implementing ducted

tidal turbine technology are discussed, in addition to a detailed review of the recent,

state-of-the-art ducted turbine experimental, analytical, and numerical investigations.

The third chapter provides a detailed elaboration into the background concepts of

fundamental turbine theory and their numerical modelling capacities in speci�cation

to linear momentum (actuator disc) theory, blade element theory, and their coupled

approach, whilst elaborating ducted turbine and yawed 
ow adaptations. In addition,

the governing continuity equations, together with the turbulence models required to

numerically describe a turbulent regime, are expanded as resolved by the computational
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uid dynamics technique. Furthermore, the physical characterisation of the numerical

model, where the formulae utilised in relation to the physical parameters of the tidal

turbine and in analysis of the 
uid continuum, are speci�ed.

The fourth chapter depicts the methodological procedures with which the one-way


uid-structure interaction analysis was performed. Describing the geometrical models,

hydrodynamic parameters, and structural properties utilised within the turbine setup, a

characterisation of the numerical framework, in reference to the techniques implemented

within the computational 
uid dynamic and �nite element solvers, is presented.

The �fth chapter describes the validation outcomes of a blade-resolved computa-

tional 
uid dynamic model whilst coupled with a high-order Reynolds-Averaged Navier-

Stokes turbulence model, employed for rotary blade analyses, attaining good compari-

son with experimentation analysis of a bare horizontal-axis tidal turbine.

The sixth chapter describes the hydrodynamic performance analysis concerning

a true-scale, ducted, high-solidity tidal turbine in axially aligned 
ow utilising the

validated blade-resolved computational 
uid dynamic model, elaborating the induced


ow physics.

The seventh chapter describes the hydrodynamic performance analysis concerning a

true-scale, ducted, high-solidity tidal turbine in yawed 
ow conditions utilising the val-

idated blade-resolved computational 
uid dynamic model, detailing the augmentation

in rotor performance.

The eighth chapter elaborates a one-way 
uid-structure interaction numerical model

utilised in investigating the structural mechanics of the rotor blades comprising the

ducted, high-solidity tidal turbine. Coupling the hydrodynamic outcomes as bound-

ary conditions in e�ort of acknowledging the most applicable setup, three distinct

designs are investigated: solid blades, cored blades, and reinforced blades, utilising

�bre-reinforced composite material properties, analysed within criteria related to blade

axial deformation, induced radial strains, and rotor speci�c mass.

The ninth chapter depicts an evaluation between the three most applicable `spe-

ci�c dissipation rate' Reynolds-Averaged Navier-Stokes turbulence models for rotating

bladed structures. By distinguishing the performance outcomes, an assessment is put
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forward, evaluating the numerical terminology variation most e�ective in attaining a

more representative simulation: the Wilcox assumption, the Menter assumption, or the

Boussinesq-Menter assumption.

The tenth chapter describes the hydrodynamic performance analysis concerning a

true-scale, ducted, high-solidity tidal turbine in vortex 
ow conditions by inducing a

�xed vortex along a cell-zone within the domain, upstream of the rotor. Varying the

diameter of the induced vortex stream in impact with the turbine, the de�ciencies in

rotor performance are elaborated.

The eleventh and �nal chapter presents a general description of the investigations

carried out throughout the thesis, with concluding remarks and a closing summary,

together with an outline for future work.

1.4 Research Gap & Novelty of the Study

Having established a comprehensive literature review in relation to the hydrody-

namic and structural analysis of a ducted, high-solidity tidal turbine, four main factors

were identi�ed:

(i) what is the blade-resolved performance in real-ocean conditions;

(ii) what is the performance variation in yawed 
ow conditions, and its causation;

(iii) what is the ideal interior structural design of the rotor blades under the acknowl-

edged conditions; and

(iv) what is the performance variation in vortex 
ow conditions.

In an e�ort to tackle the research questions and ful�l the research gap within the

work presented, each chapter has a degree of novelty in its analysis to tackle the is-

sues raised. Notably, this consisted of the implementation of computationally-intensive

turbulence models, 
ow condition variations in evaluating the ducted turbine perfor-

mance, comparison of numerical model assumptions, and manipulation of the domain

to induce 
ow phenomena, where:
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The �fth chapter provides an implementation of the Standard `speci�c dissipation

rate' Reynolds-Averaged Navier Stokes turbulence model in numerically simulating a

blade-resolved, three-bladed tidal turbine to acquire hydrodynamic rotor performance

validation, together with wake velocity pro�le development downstream of the turbine.

The sixth and seventh chapter evaluate the hydrodynamic performance of a blade-

resolved numerical representation of the ducted tidal turbine within aligned and yawed


ow conditions, utilising the Standard Reynolds-Stress turbulence model. The blade-

integrated performance results were elaborated and veri�ed by means of experimen-

tation, blade-element momentum theory, and linear momentum theory in e�ort of ac-

knowledging the variation in the hydrodynamic performance.

The eighth chapter tackles a three-dimensional, solid-body, �nite-element analysis

of a high-solidity rotor blade for a ducted turbine. The static pressure and wall shear-

stress distribution loads were imported from the hydrodynamic solver onto the �bre-

composite blades in the structural solver as boundary conditions, establishing a one-way


uid-structure interaction in the investigation of appropriate interior structural designs.

The ninth chapter puts forward the implementation of two supplementary `spe-

ci�c dissipation rate' turbulence models in analysing the performance of the ducted,

high-solidity tidal turbine in variations of the Standard Reynolds-Stress model, Base-

line Reynolds-Stress model, and Shear-Stress Transport eddy-viscosity model. Further

to the evaluation, the analytical formulae established through ducted turbine theory

were solved utilising the data gained through the numerical simulations to establish

a calibration e�ort for analytical models. A novel formula was then derived utilising

one-dimensional momentum continuity, in concurrence to the theory, speci�cally for

the static pressure and axial velocity at the turbine outlet.

The tenth chapter provides a manipulation of the geometrical domain by segregating

a cylindrical partition. By coupling a physics code to the cell-zone, �xed vortices are

introduced within the domain in the direction of the turbine. This permits vortex

interaction with the rotor, investigating the discrepancy in the performance due to the

induced hydrodynamic phenomenon.
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1.5 Contribution to Knowledge

In recognition of providing to the state of the art, the following achievements were

attained:

Journal Papers

M. G. Borg, Q. Xiao, S. Allsop, A. Incecik, and C. Peyrard, \A numerical perfor-

mance analysis of a ducted, high-solidity tidal turbine," Renewable Energy. Accepted

- 2020.

M. G. Borg, Q. Xiao, S. Allsop, A. Incecik, and C. Peyrard, \A numerical 
uid-

structure interaction analysis of a �bre-composite, ducted, high-solidity tidal turbine

rotor in aligned and yawed 
ow conditions," Ocean Engineering. Under Review.

M. G. Borg, Q. Xiao, S. Allsop, A. Incecik, and C. Peyrard, \A blade-resolved nu-

merical analysis of a ducted, high-solidity tidal turbine in yawed 
ow," Applied Energy.

Under Review.

Research Awards

OCEANS '18 MTS/IEEE Kobe, Japan Conference, \Student Researcher Compe-

tition", 1st Place (O�shore Renewable Energy Section)j 2nd Runner-Up (Overall),

Kobe, Japan

Energy Transfer Protocol (ETP) Conference '18, \ETP Researcher Presentation

Competition", 1st Place (Marine Energy Division), Glasgow, Scotland, United King-

dom.

Conference Papers

M. G. Borg, Q. Xiao, A. Incecik, S. Allsop, and C. Peyrard, \Analysing Fibre

Composite Designs for High-Solidity Ducted Tidal Turbine Blades" in OCEANS '19

MTS/IEEE Marseille, (Marseille, France) , IEEE, 2019.

M. G. Borg, Q. Xiao, A. Incecik, S. Allsop, and C. Peyrard, \An Actuator Disc

Analysis of a Ducted High-Solidity Tidal Turbine in Yawed Flow," in ASME 2019,

38th International Conference on Ocean, O�shore, and Arctic Engineering, OMAE

2019, (Glasgow, Scotland), ASME, 2019.

M. G. Borg, Q. Xiao, A. Incecik, S. Allsop, and C. Peyrard, \Blade-Explicit Fluid-

8



Chapter 1. Introduction

Structure Interaction of a Ducted High-Solidity Tidal Turbine," in 7th Oxford Tidal

Energy Workshop (OTE2019), (Oxford, United Kingdom), University of Oxford, 2019.

M. G. Borg, Q. Xiao, A. Incecik, S. Allsop, and C. Peyrard, \Numerical Analysis

of a Ducted High-Solidity Tidal Turbine," in OCEANS '18 MTS/IEEE Kobe, (Kobe,

Japan), IEEE, 2018.

1.6 Chapter Summary

This chapter consisted of an introduction to the thesis, putting forward the premise

of the motivations, objectives, and investigations tackled, holistically representing the

research endeavours implemented in evaluating the blade-resolved 
uid dynamics and

structural mechanics of a ducted, high-solidity tidal turbine.
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Chapter 2

Literature Review

This chapter presents a general elaboration of the physical concepts tackled through-

out this work in investigating the response of a ducted, high-solidity tidal turbine.

Primarily, the fundamental aerofoil theory governing the e�cacy of power-generating

horizontal-axis turbines is detailed, together with adaptations into ducted turbine con-

�gurations, in addition to output variations in di�ering environmental 
ow conditions.

In compliment, commercial applications of the adoption of ducted turbines for large-

scale projects in the tidal industry are acknowledged, accompanied by a detailed review

of the recent, state-of-the-art ducted turbine experimental, analytical, and numerical

investigations portrayed in respect of the current work.

2.1 Background Knowledge

In representation of the concept of ducted, high-solidity, horizontal-axis tidal tur-

bines, a description of fundamental aerofoil blade theory is primarily put forward with

regard to the forces and torques induced by the pressure distribution, and its aug-

mentation due to a shroud installation, whilst succumb to aligned, yawed, and vortex


ows.
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Figure 2.1: Local velocities at a blade element of a turbine rotor

2.1.1 Horizontal-Axis Turbine Blade Dynamics

A horizontal-axis turbine describes an energy-extracting system comprising of lift-

generating bladed surfaces, positioned radially about a shaft, aligned characteristically

with the direction of the domain free-stream 
ow. In consequence of the revolving

motion, the distinct cross-sections along the blade are subjected to a relative velocity

(Vvel) as a function of the free-stream velocity (U1 ) and the rotational velocity (
 ro),

illustrated in Figure 2.1, together with the induced wake velocities, in the axial (UZo )

and the tangential (U� o ) directions relative to the rotor, due to the disturbance of the


uid by the rotor [5]:

Vrel =
q

(U1 � UZo )2 + (
 ro + U� o )2 (2.1)

In accordance to the relative velocity, its angle with the rotor plane, the in-
ow

angle (� o), may hence be established in relation to the velocity components:

tan � o =
U1 � UZo


 ro + U� o

(2.2)

where the in-
ow angle is equivalent to the summation of the angle of attack (� ) and
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the geometric blade angle (� ):

� o = � + � (2.3)

The fundamental expressions for the forces developed within dynamic 
ow condi-

tions upon a structure may be expressed as perpendicular components of the resultant

force, drag (FD ) and lift ( FL ) forces, in-line and normal to the relative velocity, induced

by the 
uid-structure interaction. Composed of pressure forces and frictional viscous

forces, perpendicular and parallel to the structure surface, respectively, net drag and

lift are established by means of their summation:

dFD = ( p � p1 )(n̂ � î ) dS + � w(t̂ � î ) dS (2.4)

dFL = ( p � p1 )(n̂ � k̂ ) dS + � w(t̂ � k̂ ) dS (2.5)

wherep is the static pressure at the surface with surface area dS, p1 is the atmospheric

pressure,n̂ is the vector normal to the surface dS, î is the unit vector parallel to the

direction of the relative velocity, � w is the shear stress acting on the surface dS, t̂ is

the vector tangent to the surface dS, and k̂ is the unit vector perpendicular to the

direction of the relative velocity.

In the case that pre-established processed data has been developed for a speci�c

aerofoil, the induced forces may be analytically attained in relation to the properties

of a dynamic rotor within a free-stream:

dFD =
1
2

�cV 2
rel CD dr (2.6)

dFL =
1
2

�cV 2
rel CL dr (2.7)

where � is the 
uid density, c is the aerofoil chord length, CL and CD are the lift and

drag coe�cients, and r is the length of the blade cross-section.

In continuation, the resultant thrust ( T) and torque (Q) developed as a result of the

12



Chapter 2. Literature Review

Figure 2.2: Local forces at a blade element of a turbine rotor

lift and drag forces upon the bladed surfaces, illustrated in Figure 2.2, may be deduced:

dT = d Fz = d FL cos� o + d FD sin � o (2.8)

dQ = r � dF� = r � [dFL sin � o � dFD cos� o] (2.9)

which further establishes a coe�cient classi�cation of the resultant factors in relation

to the properties of a dynamic rotor within a free-stream:

dT =
1
2

�cV 2
rel CT dr (2.10)

dQ =
1
2

�cV 2
rel CQr dr (2.11)

where CT and CQ are the thrust and torque coe�cients.

In essence, therefore, as a 
ow-stream interacts with a turbine rotor, the kinetic

energy is extracted from the incoming free-stream velocity as the 
uid induces a pressure

upon the surface of the blades, instigating a force distribution upon an array of blade

cross-sections, consequently initiating a torque about the rotor centre of rotation; a

theoretical limit of 16 =27 (or 59:3%) was found to be the maximum degree of kinetic

energy that may be extracted by an ideal rotor, as derived by Betz [6], with 16=25 (or

64%) being the limit for two rotors in tandem, as derived by Newman [7].
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2.1.2 Ducted Horizontal-Axis Turbine Dynamics

Di�user-augmented turbines, also referred to as ducted turbines, have been pro-

posed as a 
uid-
ow energy conversion approach to potentially improve the economics

of converting kinetic energy from a free-stream into useful mechanical power. In con-

sideration of sustainable 
uid-
ow energy extracting systems, amongst the detrimental

aspects of their implementation is the relatively low energy density and periodic, inter-

mittent nature, of a 
ow-stream. In an e�ort to rectify this, the premise of the ducted

turbine concept puts forward the installation of a static shroud, encompassing the ro-

tor, to increase mass-
ow and, hence, the 
uid-energy density through the turbine as

an alternative to constructing large rotating structures to capture large quantities of


uid.

Physically, once a ducted turbine is succumb by a free-stream, the interaction with

the di�user results in a greatly diminished region of pressure downstream of the rotor,

compared with a bare turbine, dependent on the layout of the installation. As a result

of the augmented pressure drop, an enhancement in mass-
ow is induced through the

rotor; the incoming velocity, together with the resultant relative velocity, exhibit an

increase in magnitude, establishing a higher angle-of-attack, and, therefore, dependent

on the pitch and geometric con�guration of the aerofoil, a variation in the generated

lift, torque, and resultant power is produced. Ducted turbines have been theoretically

established to attain a peak power coe�cient of 49=25 (or 196%), equivalent to a 3.3

augmentation factor magnitude higher than the Betz limit, as derived by Riegler [8], due

to the degree of 
ow drawn in from a greater area upstream than that interacted with

by a similarly sized rotor in open 
ow, as illustrated in Figure 2.3. This considerable

reduction in downstream pressure, however, may induce very strong adverse pressure

gradients within the di�user as the 
ow attempts to exit, resulting in the de-energisation

of the boundary layer along the inner duct wall, diminishing boundary layer momentum,

and increasing the probability of boundary layer separation. In recognition, auxiliary

slots, illustrated in Figure 2.4, are fabricated for boundary-layer control to re-energise

the boundary layer, and sustain the di�user e�ciency through the pressure di�erence

and mass-
ow along the duct [9].
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(a) Representation of a bare turbine and its stream-tube boundaries

(b) Representation of a ducted turbine and its stream-tube boundaries

Figure 2.3: Illustration of stream-tube boundary distinctions between
bare turbines and ducted turbines [8]

For the reason that rotor power is relative to the 
ow-rate and pressure drop of

the 
ow-�eld, as described by linear momentum theory, the resultant performance of

a rotor within a free-stream may be potentially improved by a signi�cant degree. Yet,

albeit the advantages, for the shrouded turbine concept to be commercially viable,

the structural costs of the di�user installation must be �rmly o�set by the improved

annual energy production as a result of the enhanced power generation; a compromise

between di�users with large outlet-to-inlet area ratios and structural expenditure is

therefore required [11]. In essence, this classi�cation of energy conversion systems may
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Figure 2.4: Schematic of the 
ow-�eld along a boundary-layer-control
di�user-augmented turbine con�guration; depicts the additional momentum injection

through auxiliary slots, preventing boundary layer separation within the duct [10]

be considered to potentially provide a signi�cant contribution to the global energy

requirements, moreover in site-speci�c cases with lower mean 
ows, if established to be

cost-competitive with alternative energy-generating systems. In concisely elaborating

the advantages of the implementation of a turbine equipped with a duct, established

by means of theoretical analysis, �eld experiments, and numerical simulations, the

following aspects have been put forward:

1. Improved rotor e�ciency { As elaborated, the installation of a di�user generates

a high pressure di�erence fore and aft of the rotor and, together with a Ven-

turi converging-diverging pro�le at the throat of the duct, the incoming velocity

of the tidal stream is accelerated toward the rotor, resulting in a concentration

of mass-
ow through the turbine. This augmentation of 
ux induces an output

power increase factor of approximately four to �ve times that of conventional
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turbines [12]; this, however, is solely applicable to the dynamics of a di�user

(uni-directional duct) turbine. The power output of a ducted turbine with a

cylindrical (bi-directional) external duct pro�le is theoretically correspondent to

that of an unshrouded rotor possessing an identical rotor-disc area as the duct

inlet and exit areas, whilst attaining an equivalent pressure drop, of the ducted

arrangement [13]. As comparable power generation capacities may be attained,

smaller rotor blades may therefore be utilised within a ducted turbine arrange-

ment, thereby keeping costs of manufacture and maintenance down.

2. Consistent output at both tidal directions (bi-directional duct) { A bi-directional

turbine unit incorporates a symmetrical duct & rotor system in which the blades

are designed to attain equivalent performance in either tide direction. In this

respect, there is no need to rotate the entire unit or vary the pitch of the blades

when the tide turns, reducing capital and operational costs.

3. Limitation of wake expansion { Downstream of a single bare rotor, 
ow continuity

through the stream-tube is sustained as the volume of the 
ow expands due to the

comparatively lower static pressure, increasing the possibility of wake-interaction

with neighbouring turbine units. With a duct installation, the 
ow boundaries

immediately downstream of the rotor are physically de�ned, hence limiting the

wake expansion from interacting with turbines in the vicinity [9].

4. Reduction in turbine noise { The vortices generated from the blade tips that

create acoustic pulsations are suppressed by the interference of the boundary layer

within the di�user shroud; correspondingly, the noise is reduced de�nitively [14].

5. Shallow water implementable { Within sites where large, cumbersome turbines

are not suitable, smaller, shrouded turbines may be seabed-mounted, permitting

safe navigation of the water ways [15].

6. Eco-benign & bio-fouling resistant { As the blades are concealed, shrouded rotors

are unexposed to the environment installed within, hence presenting little to no

visual impact. Additionally, bio-fouling is potentially reduced due to the shroud
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presence, diminishing natural light exposed upon the blades, while the increased

velocities through the turbine 
ushes the shroud throat and rotor, disallowing

organisms to attach at the increased velocities [16].

7. Improved safety { The turbine blades, rotating at high rotational velocities, are

shrouded from impacts with foreign objects [12].

8. Performance sustainability under yawed and unsteady conditions { In the case of

a �xed turbine succumb to yawed 
ow, the local 
ow at the throat, instigated

by the pressure drop, largely converges to a vector normal to the aperture plane,

and hence the rotor plane, due to the variation in cross-sectional area within the

duct. Considering that the yaw angle is not substantial, the induced outcome is

adequate in aligning the intake 
ow velocity to be perpendicular to the rotor; as

a result, any variations in tidal stream direction o�set from the axis of the rotor

will be counteracted and balanced by the 
ow phenomena [17]. In addition, due

to the convergence region ahead of the rotor, the static pressure build-up reduces

the unsteadiness of the 
ow across the turbine, improving the uniformity of the

performance output [13].

9. Flange-based yaw control { In the case of a non-�xed turbine, the 
ange along

the outlet of its di�user enables uni-directional ducted turbines to rotate with the

incoming 
ow, given a variation in 
ow direction, to face the free-stream, acting

as a passive yaw mechanism [12].

2.1.3 Turbine Dynamics in Yawed Flow Conditions

Yawed 
ow conditions describe a 
uid domain in which the free-stream acts at a

vector non-perpendicular to the rotor plane of a power-generating turbine. A bare tur-

bine operating in yawed conditions typically brings about diminished energy conversion

e�ciency, as depicted in Figure 2.5, due to the lessened exposed rotor area, altering

both the resultant axial velocity through, and pressure di�erence fore and aft of, the

rotor, indi�erent of the rotor solidity [18, 19]. Succumb to the angular 
ow direction,

the rotating blades additionally experience a variation in relative velocity, and hence
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Figure 2.5: Variation of maximum power coe�cient as a function of yaw angle [21]

angle-of-attack with azimuthal blade position, inducing unsteady 
uid load variations

and relevant structural responses along rotational periods [20].

Oceanographic studies have tackled the variance in the instantaneous direction of

a tidal current, establishing a non-linear relationship with both water depth and peak

tidal velocity [22]. Albeit the acknowledgement of the periodic, cyclic characteristics

of the mean velocity of tidal currents [23], further analyses have been performed on

band-passed time series of barotropic and baroclinic velocity components that retain a

semidiurnal frequency band tidal species [24]. The principal axis analysis of barotropic

band-passed currents demonstrated the polarisation of semidiurnal tidal ellipses in the

cross-isobath direction. In contrast, baroclinic tidal currents were found to be less

polarised; towards the surface, at 10 m depth, the principal axes were consistently

oriented to the cross-isobath direction, yet the tidal ellipses were found to be less

elongated in comparison to barotropic currents. The polarisation of baroclinic tidal

ellipses dissipated further along the near-bottom layer, at which the principal axes

ceased orientation in the cross-isobath direction. Estimating the spectral amplitudes of

baroclinic velocity components at layer depths farther than 10 m, the phase di�erences

were acknowledged to delineate the vertical structure of the semi-diurnal frequency

band tidal species, resulting in the near-surface and near-bottom 
ows to attain an
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approximately opposite (180o) phase di�erence. Furthermore, Pham and Martin [25]

and Pham and Pinte [26] conducted numerical models to simulate the tidal cycle at the

Paimpol-Br�ehat site. Acknowledging an asymmetric velocity in both magnitude and

direction at 
ood and ebb, higher maximum velocity magnitudes were attained within

the prior, with two prevailing bearings being identi�ed along the bi-directional 
ow,

120o and 320o clockwise from North during 
ood and ebb, respectively, establishing an

average-depth angular discrepancy of 20o.

Albeit modern turbine designs are con�gured with yaw mechanisms to align the

rotor to the free-stream, a number of tidal turbines currently in operation are either

installed upon the seabed by means of a gravity base framework [27], or just below

the waterline secured to a vessel [28]. As a result, the response to an abrupt variation

in 
ow direction is either slow-moving or non-existent and, hence, in consequence, is

present within yawed conditions for a substantial period of its operational lifetime.

Nonetheless, rotors operating within turbine farm conditions may, alternatively,

be subject to e�ciency increases as a result of the yawed 
ow circumstances; a down-

stream rotor, succumb to axial 
ow within a turbine farm, may attain e�ciency ratings

of solely 40% to that of a standalone rotor due to the reduced energy within the wake of

upstream turbines, dependent on the mean velocity magnitude and turbulence intensity

conditions of the free-stream [29]. Upon being subject to yawed 
ow conditions, there-

fore, a turbine farm may collectively generate a higher degree of power due to lesser

interactions between rotors and the induced wakes. For this reason, in consideration of

a turbine system that sustains e�ciency through an angular 
ow bearing, further power

output may potentially be generated within a farm when succumb to yawed 
ow at an

optimal bearing; yawed 
ow investigations are therefore imperative in acknowledging

the variation in power conversion e�ciency of a turbine rotor.

2.1.4 Turbine Dynamics in Vortex Flow Conditions

In consideration that the analysed ducted tidal turbine may be installed within a

tidal turbine farm site that potentially constitutes a turbulent, vortical domain, the

resultant hydrodynamic e�ects upon the structure may induce a substantial variation
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in response performance, and, hence, encumber the operational capacity of the tidal

installation. Classifying the induced physics dependent on the length-scale size of

the eddy currents present within the 
ow, Clark [30] described the e�ects imposed in

relation to the 
uid-structure interaction.

Upon blade rotation, the helical wake sheets shed from the trailing edge in
uence

the 
ow parameters upstream of a neighbouring turbine rotor. The sheets are distorted

by large (l lrg ) to middle ( lmid ) scale vortices, and di�used by small (lsml ) scale vortices,

non-linearly manipulating the in-
ow velocity interacting with the downstream rotor

blades; the distortion and dissipation of the vortices present within the turbine wake

vary the mean mass-
ux and velocity pro�les of the 
ow, altering mean and periodic

loads, as the wake interacts with downstream rotors.

In reference to the 
uid-structure interaction, 
ow 
uctuations having a charac-

teristic length scale smaller than the blade chord length, lsml < c rtr , in
uence the

boundary layer properties at the blade surface, notably skin friction and transition

location, varying the mean drag-and-lift coe�cients of a blade section. The hydro-

dynamic performance of a device is therefore a�ected without physically exerting a

load, as the scale is signi�cantly smaller than the structure itself, and hence any direct

loading disperses over the surface; this occurrence alters dynamic stall and cavitation

susceptibility, transpiring periodically within the rotor cycle. Mid-scale eddies have a

characteristic length scale that is larger than lsml , yet not of considerable size to be

misinterpreted for a variation in the mean 
ow. As a turbine wake is considered to

physically represent a dynamic variation of the mean 
uid-
ow, the upper limit of the

mid-length scale range is taken to be the turbine disc diameter,crtr 6 lmid 6 2Rrtr .

Mid-scale vorticial motions exert bouts of snap (un)loading as blades pass through

the eddy formations, inducing a variation in the local angle-of-attack, a�ecting blade

bending modes and amplitudes. Similar to smaller scales, local extreme variations in

angle-of-attack caused by mid-scale vortices may induce dynamic stall and/or cavita-

tion. Large-scale eddies, having a characteristic length-scale larger than the turbine

disc diameter, l lrg > 2Rrtr , exert uniform parameters once evaluated over an area as

large as a turbine disc, yet encompass intermittency and 
uctuations on a larger scale
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of the domain; the eddies hence induce a variation in accordance to the mean 
ow

within the entire domain, yet the parameters induced upon the turbine structure are

largely consistent due to the physical magnitude.

2.2 Commercial Applications of Ducted Tidal Turbines

Tidal stream turbine (TST) technology has been in its primal, developmental phase

for the past decade with substantial potential, yet has not taken o� as rapidly as

had been predicted. This outcome has been argued to be largely due to engineering

challenges in designing for extreme operating conditions, in combination with political

and environmental factors, which has limited the rate of industry maturity [1]. Albeit

the drawbacks observed in the tidal industry, European, North American, and Asian

states have largely invested in the deployment of full-scale tidal turbine arrays, with

a wide range of the European investment being installed within territorial waters of

France and the United Kingdom [31].

In speci�cation to ducted turbine con�gurations, interest had been notably enticed

due to the potential increase in power extraction as a result of the enhancement of mass-


ow through the rotor. A number of commercial endeavours have attempted to adopt

ducted turbine technology in attaining economical prospects, yet a substantial quantity

of the investments have ensued in insolvency and cessation to the point that, as of late

2019, the pursued tidal projects have been either largely abandoned or are currently

ambivalent [31, 32]. Consequently, despite the milestones, the imminent commercial

instability of the development of ducted turbines may potentially falter the perception

of this technology.

2.2.1 Bi-directional Ducted Tidal Turbine Projects

Bi-directional turbine units describe a symmetrical duct & rotor system with a

converging-diverging aperture. Inducing a Venturi e�ect at the throat, the blades are

designed to attain equivalent performance in either tide direction, rendering yaw mech-

anisms unessential, hence advantageous in limiting the quantity of moving components
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in the system, and, therefore, capital and operational cost of the installation.

Lunar Energy Ltd.

The Rotech tidal turbine, a robust �ve-bladed structure developed by Lunar Energy

Limited in collaboration with Rotech Fabrication Limited, was conceptually designed

to generate a peak device power of 1.5 MW at a rated 
ow-speed of 3.1 m:s� 1 [33].

The 27 m long, 1200 tonne turbine, with inner and outer diameters of 16 m and 21 m,

respectively, therefore attained a power coe�cient of 0.32; a prior, three-bladed version,

19.2 m long with a 15 m external diameter, was deemed to generate a rated power of

1 MW [34]. The turbine body, supported by a heavy-duty bracket, as illustrated in

Figure 2.6a, was designed to sink through the site seabed by means of gravity, reducing

the anchoring cost; the rotor was constructed to be separable from the bracket and

shroud to facilitate maintenance. Experimentation had been undertaken in 2007, with

site development in British waters proposed in 2011, yet the project was not further

developed.

Clean Current Power Systems Inc.

The Clean Current CC035B turbine, a four-bladed structure with a 20 m-diameter

rotor, illustrated in Figure 2.6b, was designed in collaboration with Alstom SA to

generate a peak device power of 2.2 MW and 3.5 MW at rated 
ow speeds of 3.0 m:s� 1

and 3.5 m:s� 1, respectively [34, 38]. Tested within Canadian waters prior to project

abandonment in 2015, the turbine was arranged to anchor to the seabed by a single pile

or gravity base. The turbine boasted a simple design with generator magnets embedded

into the rotor blades, and windings in the stationary shroud, hence making a nacelle

redundant and consigning an aperture in replacement; the direct-drive, variable-speed,

permanent magnet generator permitted the capacity to produce both alternating and

direct current [33].

Atlantis Resources Corporation Pte Ltd.

The Solon (AS) tidal turbine, a six-bladed, 20 tonne, 8 m-long structure with rotor

and duct diameters of 5 m and 7 m, respectively, illustrated in Figure 2.6c, had un-

dergone o�shore tow-testing along the coast of Singapore in 2008, producing in excess

of 500kW in 4.1 m:s� 1 
ow; a 0.1, 0.5, 1, and 2 MW turbine series was made avail-
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