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Abstract

A three dimensional computational model of a full scale axial flow tidal turbine has
been used to investigate the effects of a range of realistic environmental conditions on
turbine performance. The model, which is based on the Reynolds averaged Navier-Stokes
equations, has been developed using the commercial flow solver ANSYS Fluent.

A 1:30 scale tidal turbine is simulated in an open channel for comparison to existing
experimental data. The rotor blades are directly resolved using a body-fitted, unstructured
computational grid. Rotor motion is enabled through a sliding mesh interface between
the rotor and the channel boundaries. Reasonably good agreement in thrust and power is
observed. The computed performance curves are offset from the measured performance
curves by a small increment in rotor speed.

Subsequently, a full scale axial flow turbine is modelled in a variety of conditions
representative of tidal channel flows. A parametric study is carried out to investigate
the effects of flow shear, confinement and alignment on turbine performance, structural
loading, and wake recovery. Mean power and thrust are found to be higher in sheared
flow, relative to uniform flow of equivalent volumetric flow rate. Large fluctuations in
blade thrust and torque occur in sheared flow as the blade passes through the high velocity
freestream flow in the upper portion of the profile and the lower velocity flow near the
channel bed. A stronger shear layer is formed around the upper portion of the wake in
sheared flow, leading to enhanced wake mixing.

Mean power and thrust are reduced when the turbine is simulated at a lower position in
a sheared velocity profile. However, fluctuations in blade loading are increased due to the
higher velocity gradient. The opposite effects are observed when the turbine operates at
greater heights in sheared flow.

Flow misalignment has a negative impact on mean rotor thrust and power, as well
as on unsteady blade loading. Although the range of unsteady loading is not increased
significantly, additional perturbations are introduced due to interactions between the blade
and the nacelle.

A deforming surface is introduced using the volume-of-fluid method. Linear wave
theory is combined with the existing free surface model to develop an unsteady inflow
boundary condition prescribing combined sheared flow and free surface waves. The relative
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effects of the sheared profile and wave-induced velocities on turbine loading are identified
through frequency analysis. Rotor and blade load fluctuations are found to increase with
wave height and wave length.

In a separate study, the performance of bi-directional ducted tidal turbines is inves-
tigated through a parametric study of a range of duct profiles. A two dimensional axi-
symmetric computational model is developed to compare the ducted geometries with an
unducted device under consistent blockage conditions. The best-performing ducted device
achieves a peak power coefficient of approximately 45% of that of the unducted device.
Comparisons of streamtube area, velocity and pressure for the flow through the ducted
device shows that the duct limits the pressure drop across the rotor and the mass flow
through the rotor, resulting in lower device power.
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Chapter 1

Introduction

1.1 The case for tidal energy

There has been renewed focus on renewable and sustainable sources of energy in recent

years, driven by a number of issues. The first issue is the steady increase in mean atmo-

spheric temperatures since the industrial revolution in the 18th century. This temperature

rise is attributed to the Greenhouse Effect, where solar radiation reflected away from the

surface of the earth is partially absorbed in the atmosphere and re-radiated back towards

the earth (Solomon et al., 2007). The effect is exacerbated by the presence of so-called

greenhouse gases, such as carbon dioxide and methane, in the atmosphere. The concentra-

tion of atmospheric carbon dioxide has been measured continuously by the US National

Oceanic and Atmospheric Administration at Mauna Loa Observatory in Hawaii since

1958 (NOAA, 2014). Since then, values have increased from circa 310 parts per million

(ppm) to current values of 400 ppm, as shown in figure 1.1 (a). Ancient records indicate

that this value has never previously exceeded 300 ppm (Petit et al., 1999). The correlation

between the concentration of atmospheric carbon dioxide and global temperature rise is

indicated in figure 1.1 (b) (Hansen et al., 2006; NASA, 2014), where ‘temperature anomaly’

indicates the deviation of global annual mean surface temperature from reference values

in the period 1951-1980. In order to mitigate the negative impacts of climate change,
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Figure 1.1: (a) History of monthly mean atmospheric carbon dioxide concentration at Mauna
Loa Observatory for the period 1958 - 2014 (NOAA, 2014), and (b) global annual mean surface
temperature anomalies for the period 1880 - 2014 (NASA, 2014).

the Intergovernmental Panel on Climate Change (IPCC) has recommended that efforts

to reduce greenhouse gas emissions be made across all industrial sectors (i.e. energy,

transport, agriculture) and all regions (IPCC, 2014). Our current reliance on fossil fuels

as an energy source can be reduced through the development and adoption of renewable

sources such as tidal energy.

A second issue driving the development of renewable sources of energy is the depletion

of existing fossil fuel reserves. While a range of projections for future fossil fuel production

and consumption exist (e.g. the annual report by EIA (2014)), it is generally accepted that

these resources are finite and must ultimately be replaced. MacKay (2009) evaluates the

potential of a variety of sustainable energy resources for the UK, including wind, solar,

biomass and tidal, and concludes that a combination of such resources would be necessary

to produce sufficient energy in the absence of fossil fuels. The UK has a relatively rich tidal

resource, estimated at 20.6 TWh per year, or 5–6% of its annual electricity demand (Carbon
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Trust, 2011). A detailed study of the available resource in the Pentland Firth by Adcock

et al. (2013) explores a selection of energy extraction scenarios within practical constraints,

and calculates mean available power of 1.9 GW for the best performing case. If the resource

at the Pentland Firth and at other high energy tidal sites around the UK is harnessed, tidal

energy can make a meaningful contribution to the country’s energy supply, and reduce

dependence on non-renewable resources.

1.2 Technical challenges in tidal energy research

There are three main challenges relating to the development of tidal energy. Firstly, the

available resource must be calculated. This requires consideration of basin scale tidal

dynamics, and how energy extraction at one site may affect the available energy at other

sites within the same tidal system. Secondly, the optimal arrangement of tidal turbines at

a particular site must be determined. This involves the analysis of the effects of device

spacing and thrust on the performance of the array as a whole. The third challenge concerns

the design and analysis of individual tidal energy converters, which is the focus of this

thesis.

A brief overview of previous research at each of these scales is now given. In subsequent

sections, the particular methods used and topics examined in this thesis are discussed in

detail.

1.2.1 Basin scale

In order to estimate the available energy at a tidal site with reasonable confidence, the effect

of energy extraction on the tidal dynamics must be examined. Many analytical models have

been developed to find general limits to power extraction based on bed resistance (Garrett

and Cummins, 2005), tidal forcing (Garrett and Cummins, 2005; Vennell, 2010, 2011),

flow confinement (Garrett and Cummins, 2007; Houlsby et al., 2008) and free surface

deformation (Houlsby et al., 2008; Whelan et al., 2009). Energy extraction from multi-
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(a) Full domain

(b) Close-up view of region where
energy extraction is modelled

Figure 1.2: Figures from the paper by Adcock et al. (2013), showing the computational grid used
in their model of the Pentland Firth. Permission to reproduce this figure has been granted by The
Royal Society.

channel systems has been modelled by Atwater and Lawrence (2010), Cummins (2013)

and Draper et al. (2014).

While these models are very important for obtaining general limits to power extraction

and understanding fundamental interactions between tidal farms and tidal channels, real

tidal sites are usually modelled numerically. Specific details for a tidal site, such as

coastline geometry, bathymetry, tidal forcing and turbine location can be prescribed, and

the flow field can be computed through numerical solution of the equations governing

shallow water flows. Energy extraction can be modelled by increasing bed friction in the

region of the tidal farm (Bryden et al., 2007; Divett et al., 2013). Draper et al. (2010)

present an improved method of representing energy extraction based on an analytical model

of power extraction (Houlsby et al., 2008), and which has subsequently been adopted by

other authors. (Adcock et al., 2013) use this turbine representation in a shallow water

solver to model a range of power extraction scenarios in the Pentland Firth, Scotland (see

figure 1.2), and Serhadlıoğlu et al. (2013) use the same model to model power extraction

at the Anglesey Skerries, Wales.

Limited experimental studies have been carried out for energy extraction at basin scale;
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Figure 1.3: Figure from Malki et al. (2014) showing velocity fields (in metres per second) for two
array layouts. Layout (b) is reported to produce 10% more power than layout (a). This result has
been computed using a RANS-BEM model, described in section 1.4.1.2. Permission to reproduce
this figure has been granted by Elsevier.

one such study is that of Draper et al. (2013).

1.2.2 Array scale

At the array scale, the layout of a farm must be optimised to maximise array power and

efficiency (the ratio of useful mechanical power to the total power given up by the flow,

including mixing losses). The input conditions for array scale modelling, such as flow

velocity and channel geometry, are determined from basin scale assessments of a tidal site.

Individual devices are usually represented in an idealised manner, e.g. a one-dimensional

momentum sink.

Nishino and Willden (2012a) extend the model of Garrett and Cummins (2007) to

account for fences of turbines partially blocking a wide channel, and identify the relation-

ship between inter-device spacing, power extraction and efficiency. Further work has been

carried out to extend the model to shorter fences of fewer turbines, and compared results

to computations (Nishino and Willden, 2013).

Using a computational model, Hunter et al. (2013) investigate how array power and

efficiency may be optimised by varying the operating points of individual devices within

an array. Many computational studies have examined the effect of wakes on downstream

devices within an array, for example those by Bai et al. (2009) and Malki et al. (2014).

Figure 1.3 is taken from Malki et al. (2014), and shows velocity fields for two array

configurations. The second array, labelled ‘b’ produces approximately 10% more power.



CHAPTER 1. INTRODUCTION 6

Figure 1.4: Figure from Kang et al. (2014) showing the structure of a vortex core downstream
of a tidal turbine. The flow direction is from the top left to the bottom right. This result has
been computed using a large eddy simulation where the turbine geometry is directly resolved, and
is discussed further in section 1.4.1.4. Permission to reproduce this figure has been granted by
Cambridge University Press.

An experimental study of wake merging for three adjacent turbines has been presented

by Stallard et al. (2013).

1.2.3 Device scale

The challenge at the device scale is to maximise power and efficiency while maintaining

structural strength and reliability. Device power and thrust must be determined so that

an effective support structure can be designed. However support structure design affects

turbine performance by exerting additional drag on the flow and reducing the power

available to other devices in an array. The behaviour of the wake is also of interest, as

it affects flow conditions for downstream devices. Figure 1.4 is taken from a study into

the fluid mechanics of wake meandering by Kang et al. (2014). This model is discussed

further in section 1.4.1.4. These performance metrics are affected by conditions in the tidal

environment such as the velocity profile, freestream turbulence, flow alignment and waves.

A range of device types have been proposed for tidal energy extraction. Axial flow

devices, similar to wind turbines, have been developed by Marine Current Turbines (2014)*,

Tidal Generation Ltd. (2014)† and Verdant Power (2014). Variations of this type of device

*now owned by Siemens
†now owned by Alstom
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include ducted turbines (Clean Current Power Systems Inc., 2014; Lunar Energy, 2014;

Atlantis Resources, 2014) and ducted open-centre turbines (OpenHydro Group Ltd., 2014).

Cross flow devices, similar to the Darrieus wind turbine, have been developed by Kepler

Energy Ltd. (2014) and the Ocean Renewable Power Company (2014).

This thesis focuses on the computational modelling of axial flow devices in a variety of

flow conditions representative of the tidal environment. The particular aims of this research

are outlined in the next section, followed by a detailed review of relevant turbine and flow

modelling methods in section 1.4.

1.3 Research objectives

The first aim of this research is to develop a three dimensional computational model of

an axial flow turbine which predicts rotor power and structural loading with reasonable

accuracy. Initial development work is carried out at model scale so that results can be

compared to experimental measurements, and a full scale turbine model is subsequently

developed.

The second objective is to examine the performance of the full scale turbine in flow

conditions representative of the tidal environment. Computational techniques for modelling

highly sheared, turbulent, confined and yawed flows are described, and a method for

modelling free surface waves is developed. Turbine performance is evaluated generally in

terms of mean rotor power and thrust and wake development. Subsequently the unsteady

loading on turbine blades is examined in detail.

The final objective is to gain further insight into the fluid mechanics of ducted tidal

turbines. A simplified computational model is used to compare the performance of a range

of parameterised duct geometries.

This work has been carried out as part of the PerAWaT project (Rawlinson-Smith et al.,

2010). Funded by the Energy Technologies Institute*, this project was a collaboration

*www.eti.co.uk
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between a number of industrial and academic institutions, and involved numerical and

physical modelling of wave and tidal energy generation.

1.4 Computational methods for predicting and evaluat-

ing turbine performance

A review of existing literature relevant to the aims of this thesis is now presented. The com-

putational framework for the models in this thesis is the Reynolds averaged Navier Stokes

(RANS) equation solver ANSYS Fluent (ANSYS Inc., 2012b). The RANS equations are a

filtered form of the equations governing unsteady fluid flow, where semi-empirical closure

models are employed to account for high-frequency turbulent motion which is impractical

to calculate directly. Details of discretisation and solution of the RANS equations are given

in chapter 2.

Analytical and computational methods for predicting and evaluating the performance

of axial flow tidal turbines are reviewed in two parts. Firstly, a series of approaches to

the analysis of rotor performance of increasing complexity are introduced. The simplest

approach, where the rotor is represented as a porous disc, is used in chapter 5 where the

performance of a range of ducted devices is evaluated.

The most elaborate rotor model, where the geometry is resolved dynamically, is used to

examine turbine performance in a variety of flow conditions in chapters 3 and 4 and hence

is discussed in detail. Details of spatial and temporal resolution, turbulence modelling, and

computational load are compared where available.

In the second part of this review, methods of reproducing characteristic features of tidal

flows are examined. In particular, existing methods of modelling sheared, turbulent flow

and free surface deformation are reviewed.

Finally, a selection of experimental and computational studies of ducted turbines are

reviewed and compared.
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Figure 1.5: Distributions of streamtube area A, velocity u and static pressure p according to actuator
disc theory.

1.4.1 Rotor modelling

1.4.1.1 Actuator disc

The simplest approach for the analysis of flow through an axial rotor is to reduce the

problem to one dimension, neglecting the radial and tangential components of the flow.

Lanchester (1915), Betz (1920) and Joukowsky (1920) independently developed this

method for the analysis of propellers and wind turbines in unconstrained flow (van Kuik,

2007). The rotor is represented as an actuator disc, i.e. an infinitely thin disc which presents

a uniform resistance to the oncoming flow. The physical analogue of the actuator disc

is a porous disc, examples of which are tested by Graham (1976), Whelan et al. (2009)

and Draper et al. (2013). Numerical implementations of actuator disc theory are often

termed ‘numerical porous discs’. Far upstream, the flow has a uniform velocity u0 which

reduces as the flow approaches and passes through the actuator disc. The cross-sectional

area of the core streamtube A expands upstream of the turbine to satisfy continuity, and
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the static pressure p increases. The resistive force of the disc T is balanced by a pressure

change across the disc,

T = (p2 − p1) Ad (1.1)

where stations 1 and 2 correspond to the locations immediately upstream and downstream.

Between stations 2, where the core flow pressure is below that of the bypass flow (which

remains constant with a value of p = p0) and station 3 (far downstream) where the core

pressure has recovered to p0, the flow decelerates further with a corresponding increase

in streamtube area. This model is used to derive the theoretical limit of power extraction

from an unbounded flow (see Burton et al. (2001)), which is

CP =
P

1
2 ρu3

0 Ad
=

16
27

(1.2)

where CP is the non-dimensional power coefficient, and ρ is fluid density. At this operating

point, the velocity through the disc is u1 = u2 =
2u0
3 and the velocity far downstream is

u3 =
u0
3 .

This model has been extended to account for flow confinement by Houlsby et al. (2008)

and Garrett and Cummins (2007), who find that peak power coefficient is increased by

a factor of (1 − B)−2, where the blockage ratio B is the ratio of the turbine area to the

channel area.

A rotor can be represented numerically in an analogous manner, where the turbine is

represented as a thin porous disc. The resistance of the disc in the axial direction takes the

form of a momentum sink M ,

M =
1
2

K ρu2
d (1.3)

where K is a momentum loss coefficient. While this representation of a rotor is extremely

simple, it has been used successfully in a wide range of computational studies of tidal

turbines. Batten et al. (2013) used this method within a RANS model to compare predic-

tions of wake development with measurements from a physical rotor model between 5D

and 10D downstream, observing good agreement in profiles of velocity and turbulence
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intensity. Nishino and Willden (2012a) examine the effect of blockage and turbulent

wake mixing on power extraction by a porous disc, finding good agreement with previous

analytical predictions (Houlsby et al., 2008; Garrett and Cummins, 2007).

Due to its simplicity, the porous disc model is not computationally demanding and

hence can be practically applied in parametric studies, where other aspects of the flow

can be examined. For example, Hunter et al. (2013) apply the model to investigate local

blockage effects in arrays of up to 8 devices, arranged in single and multiple rows. Sun et al.

(2008) use it in conjunction with a volume-of-fluid method to examine the effect of energy

extraction on the free surface of the flow. The performance of ducted and open centre tidal

turbines, in aligned and yawed flow has been studied by Belloni et al. (2013) and Belloni

(2013). Various uni-directional ducted turbine geometries are compared by Shives and

Crawford (2012) in order to identify an optimum design. A similar approach is applied to

the design of a bi-directional ducted turbine in chapter 5, following on from preliminary

work in Fleming et al. (2011).

1.4.1.2 Blade element momentum theory

The primary limitation of the theoretical and computational actuator disc models is that a

radial variation in thrust is not allowed. Additionally, the swirl induced by a real rotor is not

reproduced. These issues are addressed in blade element momentum (BEM) theory, where

the sectional lift and drag forces of the rotor blade are distributed azimuthally across a thin

disc. In the analytical model, the flow is divided into a series of concentric annuli, which

are assumed to be independent of one other (i.e. radial flow is assumed to be negligible).

While it is valid for wind and tidal turbine rotors, this assumption would not be appropriate

for situations where a significant radial imbalance exists, for example in a gas turbine.

At each annulus, fluid momentum is balanced with the blade forces in the streamwise

and azimuthal direction to calculate the velocities induced in the streamwise and azimuthal

directions. Hence non-uniform distributions of thrust and torque are permitted along the
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Figure 1.6: (a) Velocity vectors and (b) force vectors according to blade element momentum theory.
The blade element is travelling from left to right.

rotor blade. The induced velocities are expressed as induction factors,

a =
u0 − u1

u0
(1.4)

a′ =
Ω

2ω
(1.5)

where a is the axial induction factor, a′ is the tangential induction factor, Ω is the angular

velocity of the wake and ω is the angular velocity of the blade. These induction factors

are used to calculate annular power and thrust, which are then integrated over the full

rotor (Burton et al., 2001). Appropriate blade forces for a given angle of attack are obtained

from measurements of the blade profile in two-dimensional flow. It is often necessary to

extrapolate lift and drag force values for angles of attack outside the range of the available

data, using methods such as that suggested by Viterna and Corrigan (1981).

Velocity and force diagrams for a blade element are presented in figure 1.6. The

relative velocity at the blade, U, is the sum of the axial velocity, u0 (1 − a), and radial

velocity, ωr (1 + a′). The lift force, L, and drag force, D, for that angle of attack, α,

are obtained from experimental data. These sectional forces are then resolved into a

streamwise component, Fx , and an azimuthal component, Fθ .

The basic model is applicable to unconfined flow only; Whelan et al. (2009) propose

a correction to the axial induction factor to address this. Additionally, the model is axi-

symmetric, and semi-empirical corrections are often applied to account for yawed or
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sheared flow (Burton et al., 2001).

The flexibility of the model is greatly improved when implemented as a momentum

source within a RANS model, referred to hereafter as RANS-BEM. The shortcomings of

the analytical model, e.g. artificial corrections for blockage, shear and yaw, are overcome

as the general flow field is computed numerically, with BEM theory applied only to the

rotor disc region. While this method is more elaborate than the computational porous disc

model in that it includes wake rotation, it is still lightweight enough to be suitable for array

scale modelling and parametric studies.

Models of this type have been developed by a number of authors for various applications.

Ammara et al. (2002) uses such a model to investigate the effect of upstream wakes on

turbine performance in a wind turbine array. Similar studies on arrays of tidal turbines have

been carried out by Turnock et al. (2011) and Malki et al. (2014). Malki et al. investigate

the effect of device layout on total array power, and identify favourable array configurations.

Velocity fields for two array layouts from this study are presented in figure 1.3.

Batten et al. (2013) develop a RANS-BEM model for comparison to physical mea-

surements by Myers and Bahaj (2009), and achieve good agreement in rotor performance

and wake recovery. More elaborate applications of this type of rotor model include the

investigation of bend-twist coupling in a composite blade (Nicholls-Lee et al., 2013) and

cavitation inception (Buckland et al., 2013).

McIntosh et al. (2011) implement an inverse BEM model for rotor design within a

RANS simulation. The method is applied to rotor design for a ducted turbine, showing

that the bespoke ducted rotor design outperforms a generic rotor designed for operation

in unbounded flow. Belloni (2013) uses this model to design rotors for ducted and open

centre turbines which are subsequently simulated in aligned and yawed flow. A study of

the effect of blockage by Schluntz and Willden (2013) shows that a rotor designed for one

particular level of blockage outperforms rotors designed for other blockage values.
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1.4.1.3 Actuator line

A limitation of RANS-BEM models is that streamwise and tangential rotor forces are

distributed across the rotor disc area. Discrete blade effects, such as blade-tower interaction

and near wake flow structure, cannot be reproduced.

Individual rotor blades can be modelled using actuator line theory, where a rotor blade

is represented as a radial line sink of momentum. Local velocity magnitude and angle

of attack are calculated at a series of radial locations (collocation points) along the line,

and appropriate streamwise and azimuthal forces are applied to the flow based on two

dimensional lift and drag data for the blade profile. This type of model typically requires

a greater computational resource than the foregoing models, as an unsteady numerical

scheme is required to track the motion of the rotor blades. Additionally, actuator line

models are often used to examine the structure of the near wake, which can require higher

spatial resolution and higher-order techniques for turbulence closure. However, it is not as

costly as methods where the blade geometry is resolved.

An actuator line model has been developed for wind turbine rotors by Sørensen and

Shen (2002), which predicts rotor power very well and reveals the helical structure of

the near wake. This implementation has subsequently been combined with large eddy

simulation (LES) to examine the performance of wind and tidal turbines in unsteady flow

fields (Churchfield et al., 2012, 2013).

One shortcoming in the model by Sørensen and Shen (2002) is that, for stability reasons,

the momentum source cannot be applied at a singular point, as the velocity at that point

will be inaccurate. Instead, it must be distributed over a certain volume, dependent on

grid resolution, and the velocity can then be read at the collocation point. Schluntz and

Willden (2014) have recently presented a more robust method for the introduction of the

momentum source, where velocity is sampled at several points adjacent to the location

of the momentum source. This information is used to deduce the velocity magnitude and

angle of attack, from which the appropriate momentum source can be applied based on the

reference aerofoil data. This approach requires no assumption about the distribution of
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the momentum source; the appropriate distance between the momentum source and the

velocity sampling points has been determined through a simple grid convergence study. A

distance of one local chord length, c, is found to be appropriate for a local mesh resolution

of c/4.

1.4.1.4 Direct resolution of rotor geometry

A criticism of RANS-BEM and actuator line models is that they rely on lift and drag

measurements for aerofoil sections in two-dimensional flow to calculate local momentum

sources, which are then applied to a three-dimensional flow field. This approach is not

applicable to situations involving static stall, dynamic stall or stall delay. For flow angles

beyond the point of static stall, sectional force data must be extrapolated. Dynamic stall,

which may occur as a rotor blade interacts with a non-uniform velocity profile, cannot

be predicted due to the quasi-steady assumption of these models. Stall delay is a three-

dimensional phenomenon, observed in experimental and numerical models of rotating

wind turbine blades (Butterfield et al., 1992; Hu et al., 2006). Additionally, BEM theory

does not account for unsteady flow effects and hence is not suitable in cases where the

inflow velocity is unsteady or where wake dynamics influence blade loading.

Direct resolution of the rotor is necessary when the flow field around the blade is likely

to depart from the steady, planar assumptions of the RANS-BEM and actuator line models,

or when particular flow features at the blade scale are to be investigated. Such models,

also termed ‘blade-resolved’ models, are more computationally demanding due to the

degree of spatial resolution necessary to capture the high velocity gradients in the boundary

layers at the blade surfaces. One technique commonly used to reduce computational load

is to simulate rotor motion by recasting the governing equations in terms of a moving

reference frame (MRF). The MRF approach can be used in conjunction with periodic

boundary conditions along planes of axial symmetry in the domain to further reduce the

computational load.

In a blind comparison with the NREL Phase VI wind turbine experiment, Sørensen
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et al. (2002) use a steady state MRF approach to predict the performance of the turbine at

a range of free stream velocities. Good agreement is observed for rotor torque as well as

for the radial distribution of streamwise force for the lowest velocity case (7 m s−1). Poor

agreement at higher freestream velocities is attributed to stalled conditions at the rotor

blades (Hand et al., 2001).

Hu et al. (2006) use a moving reference frame model of the NREL Phase II ‘Combined

Experiment’ wind turbine to reproduce and investigate the stall delay observed in that

experiment.

The MRF method has also been used by Ferrer and Munduate (2007) in a study of three-

dimensional flow around a selection of blade tip geometries. In a validation case against

the NREL Phase VI wind turbine experiment the authors achieve excellent agreement in

streamwise force coefficient and chordwise pressure distribution along the middle sections

of the blade, while streamwise force is over-predicted at the root and tip sections.

The steady MRF model has been applied to a tidal turbine rotor by O’Doherty et al.

(2009), who match the power and thrust characteristics of a model scale device using

a variety of turbulence models. This model is developed further by Mason-Jones et al.

(2012) and is used to identify appropriate methods of normalising turbine performance

coefficients in sheared flow conditions. However, the MRF model is not ideal for use

in conjunction with a sheared velocity profile. The rotor geometry does not move, so a

particular blade will only encounter a portion of the incoming flow, rather than interact

with the full velocity profile. For cases such as this, a dynamic rotor model should be used.

This type of model is employed in studies of a full scale tidal turbine in sheared flow in

chapter 3 and with a deforming free surface in chapter 4; hence previous work is reviewed

here.

Typically, rotor motion is enabled in a blade-resolved RANS model by subdividing

the computational domain into rotating and stationary portions, which are separated by a

sliding interface. An additional computational load is introduced, as blade motion must

be simulated using an unsteady scheme where the geometry is advanced incrementally at
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discrete intervals of time (timesteps). The entire flow field must be solved at every timestep,

so computational cost is directly proportional to the number of timesteps. The expense of

this method is such that it is necessary to compromise between various objectives based on

the available computational resource:

• Spatial resolution should be sufficiently high to adequately resolve high gradients in

the flow field, particularly at boundary layers.

• Temporal resolution should be sufficiently high to adequately resolve unsteady flow

features and geometry motion.

• The turbulence model should be capable of predicting flow behaviour in turbulent

boundary layers, e.g. velocity profile, wall shear and flow separation.

• The simulation should be continued for sufficient time to allow transient flow features

to dissipate and a periodic solution to develop.

• Upon reaching a periodic state, the simulation should be continued further to enable

the extraction of time-averaged performance metrics.

• Multiple cases should be simulated so that the effect of a model parameter can be

studied.

A measure that is often used to address the first point above, the high spatial resolution

required to resolve boundary layers, is wall modelling. Rather than directly resolving high

velocity gradients at a wall boundary, a theoretical model is used to calculate the velocity at

a larger distance from the wall. With this method, discussed further in section 2.1.8, a larger

distance is permitted between the wall and the first grid point, resulting in considerable

savings of computational expense. The distance in the normal direction (y) between

the wall and the first grid point is measured in non-dimensional units, y+ = uτy/ν,

where ν is kinematic viscosity, uτ =
√
τw/ρ is friction velocity, τw is wall shear and ρ is

density. Where wall resolution is mentioned in the following review of blade-resolved

models, values below y+ = 11 indicate that direct resolution of the boundary layer was
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attempted (although y+ should be lower than 5 for proper resolution of the boundary layer,

as discussed in section 2.1.8), and values above this indicate that wall functions were

employed.

It is rare that all of the modelling objectives listed above are met simultaneously; a

recent example is the study of the mechanism underlying experimentally-observed tidal

turbine wake meandering by Kang et al. (2014) (see figure 1.4). In their model, the

computational domain is discretised into 165 million grid points. Large eddy simulation is

used for turbulence closure, and the turbine is simulated in operation for 70 revolutions

(56 × 103 timesteps) following the dissipation of start-up transients. The authors show how

wake meandering is initiated through an interaction between an inner vortex core shed from

the hub and the outer shear layer of the wake. The application of a geometry-resolving

LES model is justified by showing that lower order actuator disc and actuator line rotor

models do not predict this mechanism correctly.

Gómez-Iradi et al. (2009) reproduce the NREL Phase VI experiment (Hand et al.,

2001) using a blade-resolved model. Two types of sliding mesh interface are used. In the

first case, a cylindrical interface extends from the upstream to the downstream boundaries,

inside of which the turbine rotates relative to the boundaries of a rectangular-section

domain. This method does not allow the supporting tower to be included. They achieve

good agreement in blade root bending moment and shaft torque using a computational

grid of 7 million elements. The boundary layers are directly resolved, with the k-ω model

used for turbulence closure, and a timestep size such that the rotor advances 0.25◦ every

timestep. In a second case the turbine is simulated in a cylindrical domain, and the tower

geometry is included. The sliding mesh interface is located in a plane perpendicular to the

flow, between the rotor and tower. Using a grid of similar size, they match measurements

of the tower wake reasonably well.

Mason-Jones et al. (2013) add a sliding mesh interface to their previous MRF model

(Mason-Jones et al., 2012) and examine the effect of velocity shear and support structure

geometry on rotor performance and loading. They use the Reynolds stress model (RSM)
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for turbulence closure, based on previous comparisons of turbulence models in an MRF

model (O’Doherty et al., 2009) (although considerable scatter exists in the experimental

reference data, and the realisable and renormalisation group k-ε models tested yielded

similar results). While this model is more computationally costly than the k-ε and k-ω

families of turbulence models, it enables the reproduction of turbulence-driven phenomena,

e.g. secondary flows in rectangular channels (Nezu, 2005). However, the authors do not

investigate turbulence-driven flow features. The computational domain is discretised with

1.84 million elements, and wall functions are used to resolve the boundary layers. The

timestep size is not reported, but the rotor appears to advance by 45◦ every timestep for

the case where no support structure is modelled, and 23◦ for the cases where a support

structure is included. Due to the large timesteps used, this model should be considered as

a series of steady simulations with different rotor orientations, rather than a continuous

unsteady simulation. The sheared velocity profile is taken into account when comparing

rotor performance in uniform and sheared flows, where the reference velocity is calculated

based on the volumetric flow rate through the rotor. The results show that mean rotor

power and thrust is reduced when a support structure is included. Additionally, the authors

attribute periodic fluctuations in blade thrust and torque to the sheared velocity profile,

and show how the magnitude of these fluctuations increase when a support structure is

introduced.

Using a grid of 8 × 105 elements and the k-ω SST turbulence model, McSherry et al.

(2011) simulate the model scale tidal turbine experiment by Bahaj et al. (2007). They

report good agreement in computed and measured power at low and moderate rotor speeds,

and attribute discrepancies at high rotor speeds to cavitation effects.

McNaughton et al. (2014) implement a new sliding mesh method in an open-source

finite volume flow solver, and use it to simulate a tidal turbine in a towing tank as tested

by Bahaj et al. (2007). They compare predictions of power and thrust by RANS models

with k-ω SST, k-ε and RSM turbulence closure and an LES model against experimental

measurements. A related study by Afgan et al. (2013) compares flow field data computed
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by the k-ω SST and LES models. For the RANS models, the computational domain is

discretised by 3.7 million elements, and the boundary layers are directly resolved. The

LES model uses a grid of 7.4 million elements. In each case the model is run for 24

rotations, requiring 5 × 105 timesteps (equivalent to less than 0.02◦ degrees per timestep).

Computational loads of 0.14 × 106 and 4.4 × 106 CPU-hours are quoted for the RANS

and LES models respectively.

The best results are achieved with the LES model, which predicts power and thrust

well across all rotor operating points. The k-ω SST and RSM models perform similarly

to one another, predicting power and thrust well at the peak power operating point, and

under-predicting power at other operating points. Very poor results are observed with the

k-ε model, with peak power under-predicted by nearly 50%. In fact, the poor performance

of this turbulence model in adverse pressure gradients, as often occurs for aerofoil flows,

was the motivation for the development of the k-ω SST model (Menter et al., 2003).

McNaughton (2013) simulates a full scale turbine in sheared velocity profiles based

on physical measurements at a tidal site reported by Gunn and Stock-Williams (2013).

A grid of 8.4 million elements is used to discretise the geometry, with 2.8 million of

these within the sliding mesh region. Wall functions are used to model the boundary

layers, with a maximum dimensionless wall distance of y+ = 500 reported. The effect

of freestream turbulence, velocity profile, and flow alignment on rotor performance and

loading is examined, where power and thrust are normalised on the mean velocity across

the swept area of the rotor.

Two blade-resolved models are presented later in this thesis. In chapter 2, a model of

a 1:30 scale turbine is developed and compared with results from an experimental study.

Details of the domain dimensions, grid resolution, timestep size and flow time are given

in section 2.2.2. In chapters 3 and 4, a full scale turbine is modelled in a variety of flow

conditions. Spatial and temporal resolution of the model is described in section 3.2.
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1.4.2 Computational modelling of environmental conditions

Another important aspect of computational modelling of tidal energy converters is the

representation of the tidal environment. Measurements reported by Gunn and Stock-

Williams (2013) and Mason-Jones et al. (2013) show that tidal flows exhibit a high degree

of velocity shear and free stream turbulence. Additional environmental factors, such as

turbine spacing and waves, affect turbine performance and loading.

1.4.2.1 Sheared and turbulent inflow

The majority of the device-scale studies cited in section 1.4 have been carried out in uniform

flow. Tidal turbine performance in sheared flow has been examined by Batten et al. (2008),

Mason-Jones et al. (2013), and McNaughton (2013). In the first two models a 1
7 power law

is used to represent the velocity profile, while in the third model polynomial profiles based

on site data are used. In the absence of a turbulence-generating mechanism such as bed

shear (as opposed to a no-slip condition), high levels of turbulence intensity (e.g. on the

order of 10%) are not sustainable, and free stream turbulence decays between the inlet and

the rotor plane. This is often addressed by prescribing a higher value of turbulence at the

inlet to achieve a target value at the rotor plane (Nishino and Willden, 2012a; Batten et al.,

2013). McNaughton (2013) reports that the prescription of high turbulence intensity (10%)

in conjunction with a sheared velocity profile causes the velocity profile to change as the

flow progresses downstream. Hence, studies of the effects of sheared flows are carried out

in low free stream turbulence.

Gant and Stallard (2008) use an unsteady upstream boundary condition to generate

large scale structures in the flow past a numerical porous disc. They report that a 9:1 ratio

of resolved turbulence (via the unsteady boundary condition) to modelled turbulence (via

the k-ε turbulence model) results in a turbulent flow field which is sustained well in the

downstream direction. The resolved eddies dissipate as they are convected downstream,

with a corresponding increase in modelled turbulent kinetic energy. Wake mixing is

enhanced relative to a reference case where a steady inflow condition is prescribed. The
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computational cost of this method is not reported, but it is likely to be high due to the

timestep required to generate coherent structures at the inlet boundary.

For the model scale turbine simulations in chapter 2, a logarithmic law velocity profile

is specified, with matching profiles of turbulence parameters. Rough wall conditions are

applied at the bed and sides of the channel to maintain these profiles in the streamwise

direction. For the full scale model in chapters 3 and 4, a self-sustaining sheared flow profile

is applied, based on an assumed linear shear profile between the channel bed and free

surface. A shear force is directly imposed at the channel bed, which maintains the velocity

profile in the downstream direction and assist turbulence generation.

1.4.2.2 Effect of blockage

Blockage, which is the ratio of the swept area of the rotor to the local flow channel,

greatly influences device performance. As discussed previously, Garrett and Cummins

(2007) and Houlsby et al. (2008) show that the peak power increases by a factor of

(1 − B)−2. Nishino and Willden (2012b) extend the Garrett and Cummins model in a

different direction, examining the effect of local turbine spacing on the maximum power

extracted by a single row of equally-spaced turbines extending partially across a tidal

channel, and show that the Betz limit of CP = 0.593 can be increased to a new maximum

of CP = 0.798 for this type of array.

A number of computational studies on blockage effects have been carried out using

actuator disc and RANS-BEM rotor models, e.g. the studies by Nishino and Willden

(2012a) and Schluntz and Willden (2013), previously mentioned in the context of rotor

modelling. Additionally, Nishino and Willden (2013) use a RANS actuator disc model to

validate an extension to their momentum theory for partial arrays which is applicable to

relatively short turbine fences.

In this thesis, the effect of blockage on turbine performance, structural loading and

wake development is examined in section 3.6.
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1.4.2.3 Effect of yawed flow

McNaughton (2013) examines the performance of a full scale tidal turbine in yawed flows

of up to 15◦ and shows how mean power and thrust can be renormalised to account for flow

misalignment using a method by Bahaj et al. (2007). Maximum fluctuations in rotor power

and thrust of 15% and 6.4% respectively are observed, and blade power and thrust fluctuate

by up to 20% and 30% respectively. These fluctuations are attributed to the alteration of the

local velocity magnitude and angle at the blade as it sweeps through the yawed oncoming

flow. The supporting tower is identified as the source of asymmetry in the wake.

Turbine operation in yawed flows of 15◦ and 30◦ is modelled in section 3.7. The

unsteady loading of turbine blades and the development of the wake are examined.

1.4.2.4 Free surface deformation and waves

The behaviour of an open channel flow is dependent on the non-dimensional Froude

number, Fr = u/
√
gh, where u is velocity, g is gravitational acceleration, and h is water

depth (Chaudhry, 2007). In supercritical flow, when Fr > 1, the streamwise velocity is

greater than the speed at which disturbances can travel along the free surface, and hence

information cannot be transmitted in the upstream direction. When Fr < 1 the flow is

subcritical, and disturbances can travel in all directions. Typical Froude numbers for flows

past tidal turbines range from Fr ≈ 0.05 for a flow of velocity u = 1 m s−1 in water of depth

h = 40 m, to Fr ≈ 0.2 for a u = 3 m s−1 flow in 20 m deep water. A rigid lid boundary

condition, applied in the many of the rotor models previously discussed, implies a Froude

number of Fr = 0.

As mentioned in the previous section, Whelan et al. (2009) show how the free surface

height change and turbine power can be calculated analytically for an actuator disc rotor

operating at given values of blockage, thrust and Froude number. In computational models

involving more complex geometry and which include the effects of viscosity and turbulence,

the thrust on the device is not known a priori and hence the appropriate height difference

between the upstream and downstream boundaries corresponding to a steady-state solution
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Figure 1.7: Schematic diagrams of (a) uni-directional and (b) bi-directional ducted turbines.

cannot be prescribed in advance. Sun et al. (2008) circumvent this issue using a RANS-

based volume-of-fluid model. The volumetric flow rate of water is prescribed at the

upstream boundary, and the solver allows the downstream water depth to reduce to balance

the turbine thrust. Consul et al. (2013) present an alternative approach, which allows for a

velocity profile to be prescribed (although this was not demonstrated in their investigation).

As a difference in upstream and downstream water depth is developed during the solution

of their model, the water depth at the downstream boundary is adjusted iteratively to ensure

the upstream water depth is unaffected. This method was considered for the deforming

free surface study presented in chapter 4, but was found not to be suitable for unsteady

free surface conditions, i.e. waves. As a result, low frequency error waves are observed in

the domain, but do not influence the general findings of this study.

1.4.2.5 Ducted turbines

Many tidal energy converters currently in development feature a ducted rotor due to

perceived advantages over an unducted rotor (Lunar Energy, 2014; Clean Current Power

Systems Inc., 2014; OpenHydro Group Ltd., 2014). The primary effect of a duct, when

its internal surface is cambered appropriately, is to accelerate the flow at the rotor plane

beyond the free-stream velocity. However this effect is reduced when the rotor is in

operation, as its thrust will oppose the flow. Other beneficial effects include realignment of

yawed flow studied in detail by (Belloni et al., 2013), and protection of the rotor blades.
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Early experimental work has been carried out on uni-directional ducts by Foreman and

Gilbert (1983) in an effort to improve wind turbine performance by increasing the flow

velocity at the rotor, whilst also increasing the pressure drop across it. Conventionally,

the internal duct angle β must be small in order to avoid an overly high pressure gradient

within the duct, as this would cause boundary layer separation and render the diffuser

ineffective. Foreman and Gilbert (1983) find that the internal angle can be increased and

the diffuser length reduced through the introduction of boundary layer control slots, which

allow higher momentum fluid from the bypass flow to re-energise the boundary layer on the

internal surface of the duct. Experiments are carried out on a range of steel and aluminium

ducts, with the rotor represented by a wire mesh (Foreman et al., 1983). The internal angle

and location of boundary layer control slots are varied. The best performing duct tested

achieved a reported power coefficient based on disk area of 1.93, which surpasses the Betz

limit by a factor of 3.25.

Phillips (2003) claims that the results reported by Foreman et al. (1983) are overly

optimistic, as factors such as area blockage (5% for that case) and inaccuracies in velocity

measurement were not accounted for. The author recalculates the reported performance

metrics to arrive at an adjusted maximum CP of 1.2. In the same body of work, a range

of ducted devices are tested, again taking advantage of a slotted design to enable use of

a shorter diffuser with a wider internal angle. The best performing device achieved a

reported CP of 1.03.

Computational studies have also indicated that ducts can be used to increase the power

coefficient of wind and tidal turbines. The duct geometry developed by Hansen et al. (2000)

is based on a NACA 0015 aerofoil section, with camber introduced to achieve an internal

angle of 30◦ at the duct exit. While boundary layer control slots are not used, a small gap

is allowed between the rotor tips and duct wall of 0.004D to delay separation. A peak

power coefficient of 0.94 is reported.

Following the methodology of Hansen et al. (2000), Shives and Crawford (2012)

simulate a range of uni-directional duct geometries based on a solid NACA 0015 section,
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Figure 1.8: Schematic diagram showing how the diameter of an axial flow tidal turbine may be
limited, typically by tidal levels above and channel geometry below.

where thickness, camber and angle of attack are varied. Again, the device features a gap of

0.004D between the rotor tips and duct wall. The maximum CP achieved is approximately

1.2.

The experimental and computational investigations cited above imply that the Betz

limit of CP max ≈ 0.593 may be exceeded through the use of a flow-concentrating device.

However, the comparison is unfair for a number of reasons. Firstly, as the projected

frontal area of an unducted device is increased with the addition of a duct, the blockage

B is increased. This may lead to a considerable increase in CP, as discussed earlier in

section 1.4.2.2. Secondly, basing CP on rotor area is unfair if the ducted device is larger

than the unducted device. The power coefficient should express the power generated to

that available in an unperturbed flow intersected by the entire device, whether or not a duct

is employed. Further, it is likely that channel depth will dictate the maximum external

dimension of the device, so this dimension, and not rotor diameter, would be held constant

in a candidate device study for a real tidal site. Figure 1.8 shows how the diameter of an

axial flow device would typically be constrained by the geometry of a channel.

In table 1.1, the power coefficients of the aforementioned devices are recalculated on
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the new basis of total projected area. Details of the geometry, such as duct length L, ratio

of duct exit area to rotor area Aexit/Arotor, duct internal angle β and Reynolds number are

reported where available. Duct length and Reynolds number are given in terms of rotor

diameter D. Note that blockage is based on the maximum projected frontal area, i.e. Aexit.

Examining the reported values for CP rotor, the ducted devices all appear to exceed the

Betz limit by factors greater than 1.0. However, when CP is renormalised on total frontal

area (by scaling by the area ratio Aexit/Arotor), more modest performance metrics result.

Note that the entry in the first row in table 1.1 is the original result reported by Foreman

et al. (1983), and was believed to be erroneous by Phillips (2003), whose adjusted value of

Foreman’s power coefficient is given in the second row. The device of Hansen et al. (2000)

achieves the highest value: CP = 0.51. However, it still does not surpass the performance

of an ideal unducted rotor in unbounded flow, which is CP ≈ 0.593.

A similar comparison of ducted turbine performance has been presented by Belloni

(2013), which also emphasises inconsistencies in blockage ratios in the evaluation of

ducted turbine performance. The additional parameter ‘blockage bias’ is compared, which

accounts for the difference in blockage ratio in comparisons of bare and ducted rotors.

The author uses actuator disc and RANS-BEM methods to model ducted and open centre

turbines in aligned and yawed flow. Two modes of operation are identified for a bi-

directional ducted turbine in aligned flow. When rotor thrust is low, the flow follows

the contours of the duct geometry, and acceleration effects are observed. When thrust is

increased beyond a particular threshold, the flow separates from the exterior of the leading

edge, generating a large region of recirculating flow around the duct which increases the

Table 1.1: Comparison of uni-directional ducted devices.

Author CP rotor
Aexit
Arotor

CP B L β ReD

Exp.
Foreman 1.93 2.62 0.74 open-jet 0.49D 90◦ -

Foreman (adj.) 1.20 2.62 0.46 open-jet 0.49D 90◦ -
Phillips 1.03 3.00 0.34 6.0% 0.48D 110◦ 2.4 × 105

Comp.
Hansen 0.94 1.84 0.51 0.4% 1.06D 31◦ 5 × 107

Shives ∼ 1.2 2.87 ∼ 0.4 2.7% 1.03D 83◦ -
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effective blockage of the device. Power coefficient can be improved, depending on the

degree of effective blockage, but energy is also lost to viscous effects in the recirculation

zone.

A duct design exercise is carried out in chapter 4, based on an initial comparison of

various duct geometries with a bare rotor at consistent blockage ratios by Fleming et al.

(2011). This revised study adopts some modelling techniques from Shives and Crawford

(2012), namely a two-dimensional axi-symmetric domain and a structured computational

grid.

1.5 Outline of thesis

The remainder of this thesis is presented in five chapters.

The computational framework is introduced in chapter 2. Details are given of the

discretisation and numerical schemes used in ANSYS Fluent to solve the governing flow

equations. A computational model of a 1:30 scale tidal turbine is developed for comparison

with experimental data. Methods used to reproduce the appropriate levels of shear and

turbulence in the free stream flow are described. Predictions of turbine performance by the

model are compared with physical measurements. The structure of the wake in the near

field of the modelled turbine is examined.

In chapter 3, a model of a full scale tidal turbine is generated. A method of modelling

sustainable sheared profiles of velocity and turbulence is described. The effects of shear,

elevation in sheared flow, blockage and yaw are examined in a parametric study. In

particular, the effects of these conditions on the unsteady loading of the turbine blades are

quantified.

This model is extended to include a deforming free surface in chapter 4. A theoretical

model for free surface wave motion is combined with the existing sheared profile model.

The turbine is simulated in conditions of combined velocity shear and waves, and the

effects of wave height and length on turbine performance and loading are examined.
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In a separate study in chapter 5, the effect of a bi-directional duct on tidal turbine per-

formance is examined. A set of duct geometries is generated parametrically and evaluated

relative to an unducted turbine under constant blockage conditions. Streamwise profiles of

streamtube area, velocity and pressure are compared to identify the mechanisms behind

poorly performing and well performing duct profiles. A 1:60 scale three-dimensional

computational model of one of the parameterised geometries is produced, and predictions

of total device thrust are compared to experimental data.

The conclusions of the various studies in this thesis are summarised in chapter 6, and

suggestions are made for future work.



Chapter 2

Methods and validation

In this work, computational models are used to simulate the operation of tidal turbines in a

variety of flow conditions. The purpose of this chapter is to describe the general features

of the computational models, and steps taken to assess the accuracy of these models.

The first part of the chapter begins with a presentation of the governing equations, be-

fore describing techniques employed for their numerical solution, such as time-averaging,

turbulence modelling, and spatial and temporal discretisation. Algorithms for the simul-

taneous solution of the discretised continuity, momentum and turbulence equations are

discussed. Following this, methods of spatial discretisation of the computational domain

are introduced. Unstructured and structured grid generation is discussed, as both methods

are used later in this work. This part ends with a discussion of wall modelling, where the

highly-sheared flow at a no-slip wall is accounted for.

The second part of this chapter focuses on the validation of a three-dimensional model

of a tidal turbine. The geometry and flow conditions are based on a physical experiment at

model scale. Spatial discretisation of the domain is based on a grid convergence study of

a two-dimensional section of the rotor blade. Numerical predictions of rotor power and

thrust are compared with experimental data, as well as velocity profiles in the wake region.

Finally, the wake structure of the computed flow field is examined and prominent flow

features are highlighted.

30
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2.1 Computational methods

2.1.1 The Navier-Stokes equations

The mathematical description of a fluid element in motion is based on three physical

considerations: conservation of mass, Newton’s second law, and conservation of energy.

Mass conservation requires that the rate of increase of mass of an inertially fixed control

volume of fluid must be balanced by the net rate of mass flow into that volume.

∂ρ

∂t
+ ρ

∂ui

∂xi
= 0 (2.1)

where ρ is density, t is time, and ui and xi are the velocity and position tensors. Water

flowing in a tidal channel may be treated as incompressible, so the continuity equation

reduces to
∂ui

∂xi
= 0. (2.2)

Newton’s second law dictates that the sum of surface and body forces on a fluid

element must be balanced by the rate of change of momentum of that element. Pressure

and viscous forces act on the surface of a fluid element, and are accounted for with separate

terms in the momentum equation (equation 2.3). Where present, gravitational, centrifugal,

electromagnetic and Coriolis forces act throughout the fluid element, and are accounted

for collectively per unit mass by the source term fi. Assuming that the dynamic viscosity

µ is spatially constant and the flow is incompressible, momentum transport in a fluid can

be described by the following conservative form of the Navier-Stokes equations (Wilcox,

1994)

ρ
∂ui

∂t
+ ρ

∂

∂x j

(
u jui

)
= − ∂p

∂xi
+ µ



∂2ui

∂x j∂x j
+

∂2u j

∂x j∂xi


 + ρ fi (2.3)

where p is the static pressure. The two terms on the left hand side are inertial, representing

unsteady and convective acceleration respectively. On the right hand side, the pressure

gradient term ∂p
∂xi

acts against the direction of acceleration, as indicated by its negative
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Figure 2.1: A time history of velocity at a point, showing fluctuations of a small timescale, T1, and
large timescale, T2, after Wilcox (1994).

sign. The second term on the right hand side represents the diffusive effect of viscosity.

Heat transfer in tidal flows at the scale of tidal devices is negligible, and hence the

transport of energy is not modelled.

2.1.2 Reynolds-averaged Navier-Stokes equations

The velocity of an unsteady flow is a function of both position and time. At a given point

in a typical tidal flow, the velocity will fluctuate with a range of timescales, e.g. monthly

and diurnal periods related to tidal forcing, the period of rotor revolution, the timescales of

vortex-shedding from the turbine blades and support structure. At the smallest timescales,

those of turbulent eddies within boundary layers and free shear layers, kinetic energy is

converted to heat through viscous action. The timescales of this mechanism are several

orders of magnitude lower than those related to the blade and rotor. Figure 2.1 illustrates

velocity fluctuations on two distinct timescales, a small scale denoted T1 and a large scale

denoted T2. In many practical cases, the small scale fluctuations may be represented

through a turbulence model.

The flow velocity may be expressed as the sum of a time mean component ui (which in-

cludes slowly varying oscillations, e.g. vortices shed from the blades and support structure)
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and a fluctuating component u′i .

ui (x, t) = ui (x) + u′i (x, t) (2.4)

Substitution for the instantaneous pressure and velocity in equation 2.3 in terms of their

mean and fluctuating components, followed by time averaging, results in the Reynolds-

averaged Navier Stokes (RANS) equations in conservation form.

∂ui

∂xi
= 0 (2.5)

ρ
∂ui

∂t
+ ρ

∂

∂x j

(
u j ui

)
= − ∂p

∂xi
+ µ



∂2ui

∂x j x j
+

∂2u j

∂x j∂xi


 −

∂

∂x j

(
ρu′ju

′
i

)
+ ρ fi (2.6)

Comparison of equations 2.3 and 2.6 highlights the Reynolds stress tensor, denoted by

τi j = −ρu′ju
′
i . This symmetrical tensor introduces six additional unknowns, which must be

solved along with the three velocity components and the pressure. Closure of the existing

system of four equations (the continuity equation and the three momentum equations) is

achieved through the introduction of a turbulence model.

Turbulence models generally make use of the Boussinesq approximation, or an ex-

tension thereof, where Reynolds stresses may be linked to mean rates of deformation

(Versteeg and Malalasekera, 1995)

τi j = µt

(
∂ui

∂x j
+
∂u j

∂xi

)
− 2

3
ρkδi j (2.7)

where µt is known as the eddy viscosity and k is the specific kinetic energy of the turbulent

fluctuations,

k =
1
2

u′iu
′
i . (2.8)

The Kronecker delta (δi j = 1 if i = j and δi j = 0 for i , j) is used to account for the

normal Reynolds stresses (for which i = j) correctly.

A variety of turbulence models exist which may introduce zero, one, two, or more
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equations to relate µt to flow parameters such as specific turbulent kinetic energy k, specific

dissipation rate ω, and the turbulence dissipation rate ε. For example, in the standard

k − ω model, µt = ρk/ω. Transport equations are then used to account for the production

and dissipation of the turbulence parameters throughout the flow field. The turbulence

model provides the additional information necessary to close the system, which can be

fully described by equations for conservation of mass (equation 2.5), conservation of

momentum (2.6), the Boussinesq approximation (equation 2.7), transport of turbulence

modelling terms (equations 2.9 and 2.10), and the relationship between the turbulence

model terms (k and ω in the current case) and the eddy viscosity, µt = f (k,ω).

Throughout this work, the shear stress transport (SST) k-ω turbulence model (Menter,

1994) is employed, as it is capable of modelling flow separations, which can occur in flows

past slender bodies such as aerofoils, rotor blades and turbine ducts. This model blends

two constituent turbulence models, the k-ω and k-ε models, using a blending function

based on wall distance. In near-wall regions, the former model dominates, and the latter

model dominates in the far field. The transport equations for this model are presented

below in a simplified form (ANSYS Inc., 2012a).

ρ
∂k
∂t

+ ρ
∂

∂xi
(kui) =

∂

∂x j

[(
µ +

µt

σk

)
∂k
∂x j

]
+ Gk − Yk + Sk (2.9)

ρ
∂ω

∂t
+ ρ

∂

∂xi
(ωui) =

∂

∂x j

[(
µ +

µt

σω

)
∂ω

∂x j

]
+ Gω − Yω + Dω + Sω (2.10)

where σk and σω are the turbulent Prandtl numbers for k and ω respectively, the term

G represents generation, Y represents dissipation, D is a cross-diffusion term and S is

a user-defined source term. The cross-diffusion term results from the translation of the

standard k-ε transport equations into equations based on k and ω. Empirical coefficients

are used in the equations describing the terms G, Y and D, thus closing the turbulence

model and the RANS equations. Values for turbulence intensity and length scale are

chosen by the user, based on assumptions about the flow environment, and applied as inlet

boundary conditions to the model.
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Two-equation turbulence models, such as the k-ω SST model used here, assume that

the boundary layer is fully turbulent from the point of its initial development. In reality,

as a boundary layer develops from the leading edge of an aerofoil section it is initially

laminar. After some distance, dependent on Reynolds number, the boundary layer flow

becomes unstable and a turbulent boundary layer develops. At high Reynolds numbers

(Re > 106 for an aerofoil (Lissaman, 1983)) this transition point is close to the leading edge

and the assumption of a fully turbulent boundary layer is reasonable. However, at lower

Reynolds numbers the extent of the laminar boundary layer becomes significant. The skin

friction is lower in this region, and hence the assumption of a turbulent boundary layer may

result in the over-prediction of drag. It is possible to predict the point of transition using a

more sophisticated turbulence closure, such as the Transition SST model by Menter et al.

(2004). However such models usually require the solution of additional transport equations,

increasing the computational load. The full scale rotor blades simulated in chapters 3 and 4

are in the fully turbulent regime, and hence the k-ω SST model is considered appropriate.

For the model scale turbine examined later in this chapter, the rotor blades operate in a

transitional Reynolds number range. However, the physical model on which the current

simulations are based was tested in a highly turbulent flow. Given the added expense

of a transition model, and the possibility that free-stream turbulence would trigger early

transition of the boundary layer, the k-ω SST turbulence model is used.

In the blade-resolved dynamic rotor models presented in this thesis, the unsteady form

of the RANS equations (URANS) is solved. The instantaneous flow field is computed

for a series of discrete points in time (timesteps). At each timestep, the rotor geometry is

rotated by an increment and the flow field is updated. Unsteady flow features at the scale

of the turbine, such as vortices shed from the rotor blades and supporting structure, may

be directly resolved, while small-scale turbulent fluctuations are modelled as regions of

increased effective viscosity. This assumption of separable scales of turbulence, which

is the basis of URANS modelling, is not strictly correct. In a real tidal channel, no such

distinction between large and small scale turbulence can be made, as a continuous spectrum
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of turbulence scales exists. However a URANS-modelled flow field can be considered as

an ensemble average of many real flows, and the tidal turbine models developed here are

useful for predicting average turbine performance and wake development in that context.

2.1.3 The finite volume method

The simulations presented here are carried out using the commercial Reynolds Aver-

aged Navier-Stokes (RANS) flow solver ANSYS Fluent (ANSYS Inc., 2012b). The

discretisation and solution of the RANS equations is considerably complicated, due to

unsteadiness, the inter-dependence of the velocity and pressure fields, and the non-linear

transport of momentum. For the sake of clarity, the finite volume method is demonstrated

for one-dimensional, steady state convection and diffusion of a scalar φ, following (Ver-

steeg and Malalasekera, 1995). Subsequently, methods for temporal discretisation and

pressure-velocity coupling are discussed.

Steady convection and diffusion of a scalar φ in one dimension is described as

d
dx

(ρuφ) =
d

dx

(
Γ

dφ
dx

)
(2.11)

where u is velocity, ρ is density and Γ is the diffusion coefficient. Continuity must also be

satisfied,
dρu
dx

= 0. (2.12)

Integration of equations 2.11 and 2.12 over the control volume ∆V on a uniform grid

(illustrated in figure 2.2) yields

(ρuAφ)e − (ρuAφ)w =

(
ΓA

dφ
dx

)
e
−

(
ΓA

dφ
dx

)
w

(2.13)

(ρuA)e − (ρuA)w = 0. (2.14)

The derivative terms at the faces e and w are approximated by taking a central difference



CHAPTER 2. METHODS AND VALIDATION 37

PW E
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Figure 2.2: One-dimensional domain divided into discrete control volumes, adapted from Versteeg
and Malalasekera (1995). The control volume ∆V around the node of interest P is indicated by
a broken line. The west and east faces of the control volume are designated w and e respectively,
while the neighbouring nodes are labelled W and E.

of the adjacent nodal values. Defining the convective mass flux per unit area as F = ρu

and the diffusion conductance as D = Γ/δx, the transport and continuity equations become

Feφe − Fwφw = De (φE − φP) − Dw (φP − φW ) (2.15)

Fe − Fw = 0 (2.16)

The values of φ at the faces are also approximated by central differences, e.g. φe =

(φP + φE ) /2. With some algebraic manipulation, the discretised transport equation can

then be presented in a general form,

aPφP = aWφW + aEφE (2.17)

where the coefficients a are

aW = Dw +
Fw

2
(2.18)

aE = De +
Fe

2
(2.19)

aP = aW + aE + (Fe − Fw) . (2.20)
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Figure 2.3: Illustration of two neighbouring tetrahedral elements within an unstructured grid,
after ANSYS Inc. (2012a). The common face is shaded in grey.

A shortcoming of the central differencing scheme is that the influence of flow direction is

not taken into account. In a strongly convective flow, the value of φ at a cell face should be

influenced to a greater degree by the upstream nodal values, known as upwinding. ANSYS

Fluent uses a second-order upwind discretisation scheme.

2.1.4 Discretisation for unstructured grids

While the preceding one-dimensional model serves as a useful introduction to the finite-

volume method, discretisation methods employed by ANSYS Fluent are now discussed in

the context of a three-dimensional unstructured grid, following ANSYS Inc. (2012a).

Two neighbouring tetrahedral elements from an unstructured grid are illustrated in

figure 2.3. Scalar variables φ are stored at element centroids c. These values are used

directly for the calculation of diffusion terms in the finite volume equations, which are

discretised to second-order accuracy using a central differencing approach. The values of

convection terms in the governing equation however are required at the element faces f ,

and are interpolated using a second-order upwind differencing scheme.

φ f = φc0 + (∇φ)c0
· r0 (2.21)
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∇φ is calculated using a least squares cell-based method as follows. The change in φ

between the current centroid c0 and the centroids of neighbouring cells ci is expressed as

(∇φ)c0
· ∆r0i =

(
φci − φc0

)
(2.22)

where ∆r0i is the vector between the centroids c0 and ci. The procedure is repeated for

each centroid surrounding c0, yielding an over-determined system of equations which can

be solved using the least-squares approach.

2.1.5 Temporal discretisation

For unsteady flow, the time-dependent term dφ/dt must also be discretised. ANSYS Fluent

uses a fully-implicit scheme for temporal discretisation, where the solution variable φ at

the current timestep n appears on both sides of the finite volume equation, e.g.

φn − φn−1

∆t
= F

(
φn) (2.23)

where F represents the discretised finite volume equation. The sliding-mesh interface in

ANSYS Fluent, used in the unsteady tidal turbine models in this thesis, is compatible with

first-order discretisation only. Fully-implicit time discretisation is unconditionally stable;

however an overly large timestep will be detrimental to solution accuracy.

2.1.6 Solution algorithm

The solution of the RANS equations is complicated due to the inter-dependence of the

pressure and velocity fields. The continuity and momentum equations are intricately

coupled, and must be solved through iterative methods. One such method, available in

ANSYS Fluent and used throughout this work, is the SIMPLE algorithm (Patankar and

Spalding, 1972), and is described in detail by Versteeg and Malalasekera (1995).

The SIMPLE algorithm begins with estimations of the pressure and velocity fields. A
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pressure correction equation is used to calculate a pressure correction field, The pressure

and velocity fields are then updated, and additional transport equations (e.g. for turbulence

modelling terms) are solved. The procedure is repeated iteratively until the velocity and

pressure fields converge to an acceptable degree. Under-relaxation, where a fraction of the

old value of a variable is combined with its new value, is employed to avoid divergence

of the solution. Following convergence, time is incremented by the timestep ∆t, and the

procedure is repeated.

The procedure is repeated, with the newly computed pressure and velocity fields

providing the initial values for the next iteration (step 2e). This algorithm is continued in

an iterative manner, until the pressure and velocity fields have converged to an acceptable

degree. Under-relaxation, where a fraction of the old value of a variable is combined with

its new value, is employed to avoid divergence of the solution. Following convergence,

time is incremented by the timestep ∆t, and the procedure is repeated (step 3).

2.1.7 Mesh types

The geometrical domain in which the flow field is to be calculated is discretised into an

array of elements over which the finite volume equations are solved. Two approaches to

domain discretisation are generally used – structured and unstructured mesh generation.

Structured meshes consist of regular rectangular or hexahedral elements which are

mapped to the boundaries of the domain in a continuous manner. To generate a structured

mesh, the domain is subdivided into a number of ‘blocks’, and element distributions are

specified along the edges of each block. Hence the modeller has a high degree of control

over mesh density throughout the domain. However refinement at one location, e.g. a

boundary layer, will continue in each coordinate direction throughout the domain. This

can lead to unnecessarily high resolution of the flow in the far field, with a consequent

waste of computer storage and load. Additionally, highly skewed and high aspect ratio

elements can occur, which may lead to poor convergence of the solver. The structured

approach is described in further detail in chapter 5, where it is used for the simulation of a



CHAPTER 2. METHODS AND VALIDATION 41

series of two-dimensional duct profiles for a tidal turbine.

Good quality structured meshes are difficult to generate for complex three-dimensional

geometries, such as the tidal turbine rotor modelled in this work. In this approach,

maximum element dimensions are specified at surface and volume regions throughout

the computational domain. The domain is then subdivided into unstructured triangular

or tetrahedral elements in an automated fashion. Two algorithms are used for the three-

dimensional models in this work. The octree algorithm is a ‘top-down’ method, where

the domain is subdivided into many tetrahedra, of uniform size based on the smallest

dimension specified in the domain. Where an element is smaller then the local size limit,

groups of 8 elements are merged to produce larger elements. This process is repeated

recursively, until element sizes are just below the specified local size limits. An example of

this approach is the three-dimensional model of a ducted turbine in figure 5.23 of chapter 5.

The second approach to three-dimensional unstructured mesh generation is the De-

launay algorithm (ANSYS Inc., 2012c). Beginning with a mesh consisting solely of

two-dimensional triangular surface elements, layers of tetrahedral elements are grown

from the surface elements, with the elements of subsequent layers increasing in volume by

a constant ratio, until the domain is filled. Node locations in a new layer are determined

by Delaunay triangulation of the nodes in the preceding layer. In a similar manner to

the octree approach, element size can be limited in local volume regions throughout the

domain. The Delaunay method has been used for the turbine model later in this chapter, as

well as the models in chapters 3 and 4.

The boundary layer flows adjacent to the rotor and support structure geometry require

very high mesh resolution in the wall-normal direction. This is achieved by generating

layers of high aspect ratio prismatic elements from the triangular elements on these surfaces.

The pre-existing tetrahedral elements are either displaced in the wall-normal direction or

deleted.



CHAPTER 2. METHODS AND VALIDATION 42

Laminar 
sublayer

Buffer 
layer

Log law
region

Figure 2.4: Non-dimensional velocity u+ as a function of non-dimensional wall distance y+.

2.1.8 Wall modelling

Approaches to modelling the turbulent velocity profile near a wall boundary are dis-

cussed now, following Schlichting (2000) and Versteeg and Malalasekera (1995). Velocity

is expressed in non-dimensional form as u+ = u/uτ, where the friction velocity is de-

fined as uτ =
√
τw/ρ, and τw is wall shear and ρ is fluid density. Wall distance is

non-dimensionalised as y+ = yuτ/ν, where ν is the kinematic viscosity of the fluid. The

region very close to the wall, y+ < 5, is known as the laminar sublayer, where velocity is

dependent on wall distance and fluid viscosity. In dimensionless form, this relationship is

expressed as u+ = y+. Further from the wall, in the range y+ > 25, the velocity profile can

be expressed by the law of the wall,

u+ =
1
κ

ln y+ + C+ (2.24)

where κ = 0.41 is the von Kármán constant and C+ is an empirically determined constant

with a value of approximately 5 for a smooth wall.
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Two methods are used in RANS modelling to account for the high velocity gradient

in a turbulent boundary layer. Firstly, the boundary layer can be resolved explicitly. This

approach requires that the wall-adjacent centroid lies within the laminar sublayer, i.e.

y+ < 5, and the laminar sublayer velocity relationship is used to calculate velocity. The

rate of increase of centroid spacing in the wall normal direction must be limited such that

the velocity gradient is adequately captured. This can lead to high numbers of elements in

the computational grid, increasing the computational cost of the simulation.

The second approach to account for the boundary layer velocity gradient is to set a

larger wall normal distance, such that the wall-adjacent centroid falls within the logarithmic

law layer, y+ > 25. In this case, the logarithmic law of the wall is used to calculate the

velocity at the wall-adjacent centroid. If the wall-adjacent centroid falls within the buffer

layer, neither wall law is appropriate, and the accuracy of the solution suffers. The

implementation of the k-ω SST turbulence model in ANSYS Fluent includes an ‘enhanced

wall treatment’, whereby the laminar sublayer law is blended smoothly through the buffer

layer into the logarithmic law region (ANSYS Inc., 2012a). This method mitigates the

adverse effects which would otherwise occur when the wall-adjacent centroid falls within

the buffer layer.

Both of these approaches are used for various models in this work. In the blade-resolved

model of a tidal turbine at experimental scale in section 2.2.2, the boundary layers at the

blade surfaces are fully resolved. Wall functions are used to model the boundary layers

for the full scale turbine simulations in chapters 3 and 4. Two models of a ducted tidal

turbine are presented in chapter 5. In the two dimensional axi-symmetric model, used

for a comparative study of a range of duct geometries, the boundary layers at the duct

surfaces are resolved. In the second case, a model scale ducted turbine is simulated in a

three-dimensional domain, and wall functions are employed at the duct surfaces.
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2.2 Validation

A primary aim of this thesis is to investigate the effects of flow conditions such as shear,

confinement, alignment and waves on the power and loading of an axial flow tidal turbine

through computational modelling. Development of the computational techniques, such as

grid generation and the application of boundary conditions was carried out at model scale.

Predictions of turbine performance and wake development were compared to experimental

data to assess the effectiveness of the developed methods, which were subsequently applied

in the full scale simulations.

Details of the physical model are not publicly available (Buvat et al., 2012) so a

description of the experiment is given here. The computational approaches to reproduce

the experimental conditions are then described, and the results of the two models are

compared.

2.2.1 Physical model

A model scale tidal turbine was built and tested as part of the PerAWaT project (Rawlinson-

Smith et al., 2010). Testing was carried out by project partners Électricité de France (EDF)

at the National Hydraulic and Environment Laboratory (NHEL) at Chatou, Paris (Buvat

et al., 2012).

2.2.1.1 Water channel

The recirculating water channel at NHEL of length 80 m, width s = 1.5 m, with a working

section of approximately 72 m and maximum water depth of h = 1.2 m. The bottom and

one side wall of the flume are lined with concrete, and the other side wall is constructed

from transparent perspex. For these tests, the centreline flow velocity was ucl = 0.55 m s−1

and the depth was h = 0.8 m, resulting in a Froude number (based on centreline velocity)

of Fr = ucl/
√
gh = 0.196. These conditions are equivalent to the full scale turbine (with

diameter D = 18 m) operating in flow of velocity ucl = 3 m s−1 and depth h = 25 m. The
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Figure 2.5: Contours of time-averaged streamwise velocity at the rotor plane in the absence of a
turbine. The vectors indicate the direction and magnitude of spanwise flow, with the largest vectors
corresponding to 0.02uref .
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Figure 2.6: Contours of time-averaged turbulence intensity at the rotor plane in the absence of a
turbine.

flow is conditioned by a series of grids at the flume entrance, and a polystyrene block is

used to stabilise the free surface. The flow is allowed to develop for a distance of 32 m

before encountering the rotor.

Three orthogonal components of velocity are measured using a SonTek acoustic

Doppler velocimeter (ADV). The measurement volume is less than 0.1 cm3, and the

precision of the sensor is 1% of the velocity magnitude. Velocity measurements are taken

at a frequency of 25 Hz over a period of 120 s. A manually-operated traversing rig is used

to set the position of the ADV at prescribed locations in the flow field while a test is in

progress. The precision of the sensor location is 0.001 m.

A two-dimensional profile of streamwise velocity at the rotor plane in the absence of
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Figure 2.7: (a) Contours of time-averaged streamwise velocity and (b) vectors indicating spanwise
flow magnitude and direction for open channel flow measurements by Nezu and Rodi (1986)†.

the turbine is presented in figure 2.5. Velocity does not increase monotonically from the

channel boundaries to the centre of the free surface, as would be expected for laminar

channel flow. Instead, maximum velocity occurs in a region between 60% and 80% of the

water depth. A region of low velocity is present around the vertical midplane (y = 0) of

the flow, extending from the channel bed up to a depth of approximately z = 0.3h. It is

clear from figure 2.6 that this low velocity region is also highly turbulent.

Nezu (2005) explains that secondary currents in turbulent flow through a straight chan-

nel‡ are affected by spanwise gradients in Reynolds stresses. Specifically, the generation of

secondary currents is related to the gradient of the difference between the normal Reynolds

stresses in the cross-stream plane, ∂2

∂y∂z

(
v′2 − w′2

)
. These secondary currents then affect

the spanwise distribution of the mean streamwise velocity u.

Measurements of flow in an open channel by Nezu (2005) are shown in figure 2.7,

showing similar features to the velocity field in figure 2.5. In both cases, a clockwise circu-

lation is observed in the upper left hand corner, along with an anti-clockwise circulation in

the lower left hand corner of the channel. Note also that the magnitude of the secondary

flows is similar; the maximum spanwise velocity is approximately 2% of the reference

streamwise velocity.

†With permission from ASCE. This material may be downloaded for personal use only. Any other use
requires prior permission of the American Society of Civil Engineers.

‡Note that secondary currents can be generated by channel curvature for laminar or turbulent flow.
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Turbulence-related secondary flows cannot be predicted numerically by turbulence

models based on the Boussinesq approximation, as this hypothesis assumes that the normal

Reynolds stresses are equal, u′2 = v′2 = w′2 (Versteeg and Malalasekera, 1995; Schmitt,

2007), and hence the Reynolds stress term related to secondary currents, ∂2

∂y∂z

(
v′2 − w′2

)
,

cannot arise. The k-ε and k-ω families of turbulence models fall into this category.

Algebraic stress and Reynolds stress turbulence models are capable of predicting such

flows, but are more costly in terms of computational demand. Time-averaged secondary

currents do not usually occur when the aspect ratio of the channel is greater than h/s = 5,

although they can develop over time due to sediment transport at the channel bed. Such

flows are not expected to be a significant issue for tidal turbines, as the aspect ratio of

a tidal channel would typically greatly exceed h/s = 5, and long-term secondary flow

patterns are unlikely to occur due to the periodic variations in velocity magnitude and

direction. Hence it is considered unnecessary to attempt to reproduce secondary flows

in the full scale tidal turbine modelling undertaken later in this work, and an isotropic

turbulence model is used. Some disagreement in velocity profiles will occur between the

velocity and turbulence profiles measured in the EDF flume and the current computational

model.

2.2.1.2 Turbine

The model turbine has a three-bladed axial flow rotor with a radius of R = 0.3 m. The

resulting area blockage, defined as the ratio of the swept area of the rotor to the cross-

sectional area of the channel, is B ≈ 23.6%.

A NACA 4415 profile is used for the rotor blades. The chord length varies linearly

from c = 0.025 m at the radial location r = 0.2R up to a maximum value of c = 0.095 m

at r = 0.4R, and then varies linearly down to c = 0.037 m at r = 0.93R. Beyond this

radius, the chord length reduces to 0.033 m at the blade tip. Blade section twist, β, varies

linearly from 30◦ at r = 0.2R down to 5◦ at r = 0.93R. The Reynolds number at the radial

location r = 0.8R ranges from Re ≈ 7.2 × 104 for a tip speed ratio λ = utip/u∞ = 3, to
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Figure 2.8: CAD rendering of the model turbine with the major dimensions indicated. The rotor
rotates anti-clockwise from this perspective.

Re ≈ 1.2 × 105 for a tip speed ratio of λ = 5. The rotor blades are manufactured by casting

a hard polymer-glass powder composite around a tapered steel spar.

The rotor speed is connected to a speed-controlled Maxon RE30 generator. Thrust

and torque sensors, manufactured and calibrated by Futek and each with an accuracy of

0.06%, are connected to the main rotor shaft. These signals are amplified on-board to

maintain signal quality. The instrumentation is calibrated by measuring the rotor speed via

a tachometer, and cross-referencing it to the voltage applied by the controller. Shielded

cables are used to minimise electromagnetic interference from the generator.

The generator is housed within a cylindrical nacelle measuring approximately 0.65 m

in length and 0.08 m in diameter. The rotor features a rounded nosecone of radius 0.4 m.

The turbine is suspended from above by a tower of diameter 0.04 m.

The turbine is tested at 26 tip speed ratios in the range 0.25 < λ < 7.5. Measurements

of wake velocity are taken at a finite set of locations for tip speed ratios of λ = 3.5 and

λ = 4.5.
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2.2.2 Computational model

A computational model of the turbine is developed using the flow solver ANSYS Fluent.

Pertinent aspects of the model are described in this section, and predictions of rotor

performance and wake development are compared with experimental measurements.

2.2.2.1 Velocity and turbulence profiles

As discussed previously, the velocity profile observed in the EDF flume cannot be repro-

duced using an isotropic turbulence model. In this computational model, the velocity

profile is based on a logarithmic law of the wall,

u =
uτ
κ

ln
η

η0
(2.25)

uτ =

√
τw

ρ
, (2.26)

where uτ is the friction velocity, η is the distance from the nearest wall normalised by total

profile height, η0 is the wall roughness height, and τw is the shear force at the wall. A

modification is made to the profile beyond a certain distance from the wall, ηblend so that

the gradient tends to zero at the upper boundary. The following adjustment is made to the

profile when η > ηblend, and is illustrated in figure 2.9.

uadj = − (1 − ηblend)2 − (1 − η)2

2ηblend (1 − ηblend)
(2.27)

Horizontal and vertical velocity profiles are blended to produce a two-dimensional

profile with the same reference (e.g. centreline) value.

u (y, z) =

u(y)
y +

u(z)
z

1
y + 1

z

(2.28)

The same wall roughness height used to derive the velocity profile is prescribed in the

corresponding rough wall boundary condition at the bed and sides of the computational

domain. A wall roughness height of y0 = z0 = 3.307 × 10−4 m is used, based on a
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Figure 2.9: Illustration of the correction (thick line) made to the logarithmic velocity profile to
force the velocity gradient to zero at the upper boundary.

least squares fit of a logarithmic velocity profile to the measured profile along the vertical

midplane y = 0. The same wall roughness height is applied at each wall boundary, despite

the fact that two boundaries are of concrete and the other is of perspex. A symmetry

condition is applied to the upper boundary to approximate the free surface as a rigid lid.

Differences between the computed and measured velocity profiles are dominated by the

presence of secondary currents in the physical case, and will not be reduced significantly by

changes to the wall roughness parameter. A cross-section of the computed velocity profile,

extracted from the turbine simulation at the plane x = −2D is presented in figure 2.10. The

contour scale is identical to the experimental case in figure 2.5 so that direct comparison

can be made. While the experimental velocity profile is irregular due to secondary currents,

the discrepancy within the rotor region (marked by the broken line) is generally less than

5%.

Profiles of turbulent kinetic energy k and specific dissipation rate ω are prescribed at

the inlet boundary, based on the inlet velocity profile. The algebraic turbulence model

of Cebeci and Smith (1974) is used to calculate kinematic eddy viscosity, νt , based on
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Figure 2.10: Contours of computed normalised streamwise velocity at the plane x = −2.5D, for
comparison with figure 2.5. The velocity tends to zero at the lower and lateral boundaries and are
included in the contour level u/uref < 0.75 so that the same colour scale as figure 2.5 may be used.
The broken line marks the outline of the rotor.
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Figure 2.11: Contours of computed turbulence intensity at the plane x = −2.5D. The broken line
marks the outline of the rotor.

velocity gradient and wall distance.

νt =


κ2z2 ��� ∂u

∂z
��� if 0 < z < zc

αUeδ if zc ≤ z
(2.29)

where zc is the smallest wall distance where both equations return the same value, α =

0.016 is a constant, Ue is the velocity at the edge of the boundary layer (in this case the

velocity at the free surface z = h or along the midplane y = 0, and δ is the displacement

thickness. The turbulent length scale, l, is calculated by rearranging the mixing length
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model of (Prandtl, 1925),

νt = l2
�����
∂u
∂z

����� (2.30)

The turbulent kinetic energy, k, may be related to the turbulent length scale and eddy

viscosity by dimensional considerations Schlichting (2000); Prandtl (1945)

νt = cPl
√

k (2.31)

where cP is a constant with a value of 0.55. Finally, the specific dissipation rate is calculated

from turbulent viscosity and turbulent kinetic energy using the definition of νt from the

k-ω SST turbulence model Wilcox (1994); Menter (1994)

νt =
k
ω
. (2.32)

A computed profile of turbulence intensity at the plane x = −2.5D is presented in

figure 2.11, and compares reasonably well with the corresponding experimental profile in

figure 2.6.

2.2.2.2 Spatial discretisation

Discretisation of the computational domain is driven by two opposing considerations.

Firstly, grid resolution should be sufficiently high that relevant physical flow features at the

rotor and wake can be captured, and the prediction of turbine performance is satisfactory.

Secondly, it is desirable to minimise the computational cost of the model by limiting the

total number of elements, so that it can be run multiple times to facilitate the investigation

of various operating conditions.

The sensitivity of rotor performance to grid resolution is examined through a grid

convergence study on a two-dimensional aerofoil profile based on the rotor operating

conditions. At a tip speed ratio of λ = 4, corresponding to peak power extraction, the

blade Reynolds number at the radial position r = 0.8R is Re = 9.6 × 104.
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Three two-dimensional unstructured grids of increasing refinement are generated about

a NACA 4415 profile. Views of the ‘coarse’ resolution grid are presented in figure 2.12.

The largest element size at the blade surface is 0.08c, reducing to 0.01c at the leading edge

and 0.0025c at the trailing edge. Element size is limited to 0.64c in the far field.

Several layers of high aspect ratio quadrilateral elements are used to resolve the

boundary layers at the blade surfaces. As discussed in section 2.1.8, wall functions can

be used to model the boundary layer within the wall-adjacent elements. This typically

enables larger wall-adjacent elements (with wall-normal height of y+ > 25) and fewer

layers of quadrilateral boundary layer elements, thereby reducing computational load.

However, wall functions are intended for steady, attached flow, and do not predict boundary

layer separation well (Versteeg and Malalasekera, 1995). It is likely that boundary layer

separation will occur at portions of the rotor blades during operation. It may be necessary to

capture these features of the flow in order to achieve good agreement in rotor performance

with the physical model. Hence a wall-resolved approach is taken, with the wall-adjacent

element heights corresponding to y+ < 11.25 (ANSYS Inc., 2012a).

For the coarse grid, the wall normal cell height is 1 × 10−4 and the height of subsequent

layers increases by a factor of 1.5.

The ‘medium’ resolution grid is generated by subdividing each element in the high

resolution area around the aerofoil to produce four ‘child’ elements. Elements in the far

field are not subdivided. Mesh quality, i.e. element aspect ratio and transitions in size, is

improved through the application of a smoothing algorithm. This procedure of subdivision

and smoothing is repeated to produce the ‘fine’ mesh. The resultant refinement ratio across

the set of grids is r = 2.0. Dimensions for each grid are listed in table 2.1.

Table 2.1: Element size limits in terms of the chord length c for the grid refinement study. The
three columns on the right hand side describe the resolution of the boundary layer region.

Mesh Aerofoil Leading edge Trailing edge 1st cell height Layers Growth ratio

Coarse 0.08 0.01 2.5 ×10−3 1 ×10−4 12 1.5
Medium 0.04 5 ×10−3 1.25 ×10−4 5 ×10−5 24 1.22

Fine 0.02 2.5 ×10−3 6.25 ×10−5 2.5 ×10−5 48 1.1
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(a) (b)

(c)

Figure 2.12: (a) The coarse computational grid for the aerofoil convergence study with inset
close-up views of (b) the aerofoil section and (c) the trailing edge. The flow direction is generally
from left to right, at an angle of attack α relative to the blade chord. The distance between the
leading edge and the domain boundaries is 15 chord lengths.

Each aerofoil grid is simulated in steady flow at Re = 8.3 × 104 for consistency with

available experimental data (Miley, 1982). Velocity magnitude and direction are specified

along the upper and lower domain boundaries as well as the curved upstream boundary

(see figure 2.12). The aerofoil is simulated at angles of attack in the range −6◦ < α < 12◦

by altering the direction of the velocity at the inflow boundaries. Information on the

freestream turbulence intensity is not available; a relatively low, uniform value of T I = 2%

is prescribed at the inflow boundary along with a turbulence length scale of l = 0.1c. A

uniform pressure condition of p = 0 Pa is applied at the downstream boundary.

The flow field is calculated using the steady solver of ANSYS Fluent, which is valid for

cases where the flow remains attached. The k-ω SST turbulence model is used. A second
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Figure 2.13: Distribution of non-dimensional wall distance y+ at the aerofoil surface for three levels
of grid resolution.

order upwind scheme is used for the discretisation of momentum and turbulence terms.

The SIMPLE algorithm is used for pressure-velocity coupling (Patankar and Spalding,

1972). Lift and drag forces are monitored during the solution, as well as residual values of

the transport equations returned by the solver. Convergence is determined primarily when

the relative error of lift or drag changes by less than 0.1% in 100 iterations. This typically

occurs within 1000 to 3000 iterations for the coarse and medium grids, and between 3000 -

6000 iterations for the fine grid. In this time, the residual values from the solution of the

continuity and momentum equations reduce by 6 orders of magnitude, whereas those for

the turbulent kinetic energy and dissipation rate reduce by 4 - 5 orders of magnitude.

For effective resolution of the boundary layer, at least one cell centroid should lie

within the viscous sublayer, corresponding to y+ < 5. This is the case for the three grids

(apart from a portion at the leading edge of the coarse grid), as shown in figure 2.13.

Plots of lift coefficient, CL = L/1
2 ρu2∞c and drag coefficient, CD = D/1

2 ρu2∞c are

displayed in figures 2.14 (a) and (b), with comparison to experimental data (Miley, 1982).

Solutions on the three grids generally exhibit good numerical convergence for moderate an-

gles of attack, −6◦ < α < 6◦. At higher angles of attack, the flow separates from the upper

surface of the aerofoil upstream of the trailing edge. Grid convergence is affected in this

range as the separation point is highly dependent on local grid resolution. The separation
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Figure 2.14: Comparison of computed results from coarse, medium and fine resolution grids with
experimental measurements of (a) drag coefficient and (b) lift coefficient for a NACA 4415 profile
at Re = 8.3 × 104.
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Figure 2.15: Effect of Reynolds number on physical measurements of (a) drag coefficient and (b)
lift coefficient for a NACA 4415 aerofoil (Miley, 1982). The data at Re = 8.3 × 104, indicated by
the solid black line, corresponds to the experimental data in figure 2.14 above.
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point can only occur at discrete locations along the aerofoil surface corresponding to grid

points, and may not be consistent between the three levels of grid resolution. Unsteady

vortex-shedding will also result from flow separation, and is outside the scope of this model

as it cannot be captured accurately by a steady flow solver. Additionally, it is unlikely

that it will be feasible to capture flow features at this scale in the three-dimensional rotor

model.

Significant differences are present between the numerical predictions and experimental

measurements of lift and drag. The lift coefficient is slightly over-predicted for the full

range of angles of attack, with the grids converging to values away from the experimental

data. For flow angles below about 4◦, drag is under-predicted, and at higher angles it is over-

predicted. Drag coefficient is under-predicted at all flow angles, and again the computed

values tend to reduce further with increasing spatial resolution. This disagreement is due

to the fact that the turbulence model is applicable to fully-turbulent flow only, whereas the

aerofoil is operating in a transitional Reynolds number regime. The forces on the physical

model in the transitional Reynolds regime are extremely sensitive to free stream turbulence

and surface roughness. At higher Reynolds numbers the measured drag decreases and

tends towards the computed values, as shown in figure 2.15.

A three-dimensional unstructured grid is generated for the model scale rotor using

the dimensions of the coarse grid presented above. Maximum element sizes at the blade

surface correspond to those in table 2.1. Twelve layers of prismatic elements are generated

at the blade surfaces, with a wall-adjacent cell height of 5 × 10−6 m, and a growth ratio of

1.5. This results in a dimensionless wall distance of y+ < 3 at the blades when the flow

field has been solved. The maximum element size in the near field, defined as the region

bounded by the planes x = −0.1D, x = D, y = −0.6D and y = 0.6D, is 0.25c. Beyond

this region, element size increases to 0.5c. A summary of element size limits is given in

table 2.2. The total numer of elements is 4.75 million. An oblique view of the surface

mesh on the rotor and sliding mesh interface is presented in figure 2.16.



CHAPTER 2. METHODS AND VALIDATION 58

Figure 2.16: (a) Oblique view of the surface mesh on the experimental scale turbine model, also
showing the sliding mesh interface, and (b) a cross-section through the volume mesh around a rotor
blade at the radial location r = 0.8R. Element sizes in this region are based on the coarse grid in
figure 2.12.

2.2.2.3 Rotor motion

A sliding mesh interface is used to enable angular motion of the rotor relative to the domain

boundaries. The rotor and spinner are enclosed within a cylindrical region which is lined

with non-conformal surface meshes of two-dimensional triangular elements on either side,

as shown in figure 2.16. The timestep size is ∆t = 0.0034 s, corresponding to an angluar

increment of the rotor of ∆θ = 0.6◦. This is equivalent to the r = 0.8R blade section

advancing linearly by 0.1c0.8R, where c0.8R is the local chord length.

Table 2.2: Element size limits in terms of the blade chord length c at the radial location r = 0.8R
for the three dimensional rotor mesh.

Location Element size limit

Spinner 0.20c
Nacelle 0.25c
Tower 0.15c

Near field 0.25c
Far field 0.50c
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2.2.3 Comparison of model scale simulation and experiment

The turbine is simulated at tip speed ratios of 3, 4 and 5. Velocity, turbulence and wall

boundary conditions are as described in section 2.2.2.1. A uniform pressure profile of

p = 0 Pa is specified at the outlet boundary, six diameters downstream of the rotor. A

symmetry condition is applied at the upper boundary of the domain, approximating the

free surface as a rigid lid. The rotor is simulated at a constant tip speed ratio for at least two

‘flow-through’ periods, i.e. the length of time taken for a fluid parcel to travel from the rotor

plane to the outlet boundary, which typically takes 20 seconds in total, or approximately

6000 timesteps. Ten sub-iterations are taken per timestep, in which time the solution

residuals reduce by at least four orders of magnitude. The total computational load is

approximately 900 CPU-hours on a high-performance computing cluster with a clock rate

of 2.0 MHz.

Rotor performance is reported in terms of thrust and power coefficients, defined

respectively as

CT =
T

1
2 ρAru2

ref

; CP =
P

1
2 ρAru3

ref

, (2.33)

where ρ is the density of the fluid, Ar is the swept rotor area and uref is a reference velocity.

The reference velocity for the current experiment and model is taken as the freestream

velocity along the rotor centreline, uref = ucl = 0.55 m s−1.

The operating point of the turbine is presented non-dimensionally as a tip speed ratio,

λ =
utip

uref
(2.34)

where the tip velocity of the blade is defined as utip = ωR and ω is angular velocity.

The computed and experimental results are compared in figure 2.17 (a) and (b). Thrust

is over-predicted by the computational model at all operating points. This can be attributed

to the over-prediction of sectional lift at the rotor blades, evident from the results of the

two-dimensional model in figure 2.14.

Reasonable agreement in power is achieved at tip speed ratios of λ = 3 and λ = 4, but
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Figure 2.17: Comparison of computed and measured (a) thrust coefficient and (b) power coefficient
for the model scale turbine.

power is over-predicted at λ = 5. Overall, the computed power curve is shifted to the right

of the measurements by ∆λ = 0.5. The peak power point occurs where the rotor blade

is operating at the angle of attack corresponding to a maximum ratio of lift force to drag

force. Computed and measured lift-to-drag ratios, L/D, for the NACA 4415 profile from

the preceding convergence study are plotted as a function of angle of attack in figure 2.18.

The computed result is produced from the coarse grid, which is similar to the resolution of

the rotor blade. The angle for maximum L/D is about α = 7◦ for the experimental data,

while it is reduced to α = 5◦ in the numerical model. The numerically modelled rotor will
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Figure 2.18: Comparison of computed and measured lift-to-drag ratio for the NACA 4415 aerofoil
studied in section 2.2.2.2. The computed result is produced on the coarse grid from the convergence
study.

consequently reach its optimum operating point at a higher tip speed ratio (lower angle of

attack) than the experimental case.

Wake measurements were taken at the streamwise locations x = −4.67D, 2.33D,

3.33D, 4.83D, and 6.33D for the rotor tests at the operating points λ = 3.5 and 4.5.

Velocity was measured for periods of 2 minutes at a frequency of 25 Hz at points spaced

roughly 0.1h apart along the planes y = 0 and z = h/2. The computations were run

concurrently with the experiments, at tip speed ratios of λ = 3, 4 and 5, and hence

computed wake data is not available at exactly the same operating points. The flow field

for the λ = 4 simulation is time-averaged over one-third of a rotor revolution, and wake

data is extracted along lines corresponding to the experimental wake traverses. As the

computational domain extends only 3D upstream and 6D downstream, data is extracted

at x = −2.5D and 5.5D (0.5D inside the domain boundaries) for comparison with the

experimental measurements at x = −4.67D and 6.33D respectively. Streamwise velocity

is presented in non-dimensional form, with the velocity profile upstream of the rotor plane

(at x = −4.67D for the experimental data and at x = −2.5D for the computational data)

used for normalisation.

Vertical profiles of computed and measured streamwise velocity are presented in

figure 2.19. The computational model generally predicts a larger velocity deficit than the
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Figure 2.19: Profiles of streamwise velocity u normalised by the upstream profile u∞ (z) at a series
of downstream locations along the vertical midplane y = 0. Solid black line, — : computational
data at λ = 4; dashed blue line, – – – : experimental data at λ = 3.5; dash-dot red line, − · −· :
experimental data at λ = 4.5.
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Figure 2.20: Profiles of streamwise velocity u normalised by the upstream profile u∞ (y) at a series
of downstream locations along the horizontal midplane z = 0.5h. Legend as above.
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Figure 2.21: Profiles of turbulence intensity T I at a series of downstream locations along the
horizontal midplane z = 0.5h. Legend as above.
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physical model, which is consistent with the general over-prediction of thrust in figure 2.17

(a). In the physical model, the wake deficit is greater at the higher tip speed ratio, λ = 4.5,

due to increased rotor thrust. At x = 2.33D, both models features local minima in

velocity at elevations of z = 0.25h and z = 0.75h which correspond to the outboard radial

sections of the rotor where thrust is highest. An additional minimum is observed in the

computational data at mid-depth corresponding to the nacelle. These undulations in the

wake velocity profile mix out by x = 4.83D in the physical model, and x = 5.83D in the

computational model, indicating weaker wake mixing in the latter case. This is also visible

in the horizontal velocity profiles in figure 2.20.

The vertical profiles show that the wake occupies most of the vertical distance in

the channel, due to the large size of the rotor relative to the water depth, D = 0.75h.

Comparison of the vertical and horizontal profiles indicates that greater bypass flow

acceleration occurs at either side of the wake than above and below.

The computational model over-predicts bypass acceleration, which follows from the

over-prediction of the device thrust and wake deficit. Note that the upstream velocity close

to the walls is very low, so small increases in velocity in this region appear large due to

normalisation. Despite this, it is apparent that the wall boundary does not impart sufficient

shear on the flow. A new sheared flow model with an improved boundary condition is

described in chapter 3, where the operation of a full scale tidal turbine in a variety of flow

conditions is investigated.

Horizontal profiles of turbulence intensity are compared in figure 2.21. Turbulence

intensity is defined as

T I =
U′

U
(2.35)

where U is the time mean of velocity magnitude and U′ is the fluctuation of velocity about

the mean. In the experimental case, U′ is taken as the root mean square of the directional

velocity fluctuations,

U′ =

√
1
3

u′2i . (2.36)
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Figure 2.22: Instantaneous iso-surface of Q = 2 s−1, coloured by pressure coefficient, for a rotor
speed of λ = 4.

where the index i indicates summation over the three directions x, y and z. In the com-

putational model, turbulence intensity is calculated from the turbulence kinetic energy k,

which is calculated by the k-ω SST turbulence model.

U′ =
2
3

√
k (2.37)

Figure 2.21 highlights that turbulence intensity is greatly under-predicted by the computa-

tional model.

As the experimental measurements are relatively sparse, greater insight into the be-

haviour of the flow around the turbine can be gained through visualisation of the computed

flow field. Coherent structures in the flow field can be identified by Q-criterion (Jeong and

Hussain, 1995),

Q = −1
2

(
Si j Si j − Ωi jΩi j

)
(2.38)

where Si j and Ωi j are the symmetric and anti-symmetric parts of the velocity gradient

tensor ∂ui
∂x j

. This parameter is more effective for the isolation of vortex structures than

pressure and vorticity. Although the local pressure at the core of a vortex is lower than the

surrounding fluid, such local pressure differences will be outweighed by large variations of

the pressure field due to the operation of the turbine. Vortex structures can be identified by
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constant values of vorticity; however in this case such structures cannot be isolated from

vorticity due to shear in the freestream flow.

An instantaneous iso-surface of Q = 2 s−1 is presented for the turbine operating at

λ = 4 in figure 2.22, where the rotor speed is λ = 4. The wake has a helical structure,

formed as vorticity is shed from the blade tips and convected downstream with the mean

flow. This structure is interrupted by the tower and ultimately fades downstream as the

wake mixes. Vorticity is also shed from the sharp corner near the blade root. The resulting

root vortices wrap around the nacelle, where the pressure is lower due to wake rotation,

and merge together before departing from the rear of the nacelle. The iso-surfaces are

coloured by pressure coefficient,

cp =
p − p∞
1
2 ρu2

ref

(2.39)

where p∞ is the pressure far upstream. Highest pressure occurs at the upstream sides of the

rotor blades, the front of the spinner, and at a stagnation line along the upstream surface

of the supporting tower. In general, pressure is lower downstream of the rotor, with the

lowest values occurring during the formation of the tip and root vortices, and in the shear

layers of the tower.

2.3 Conclusion

This chapter has introduced the general numerical methods which are used throughout this

work. The equations governing incompressible, unsteady fluid flow have been presented,

and techniques for their numerical solution have been described.

A validation exercise has been carried out at model scale for comparison with experi-

mental data. Steps taken to reproduce the flow and geometry have been described. The

sensitivity of the solution to the resolution of the computational grid has been examined

for the case of a two-dimensional blade section.

A three-dimensional model has been produced to simulate the operation of a 1:30 scale

tidal turbine. Over-prediction of thrust and a shift in the power curve are attributed to
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under-prediction of blade drag, which was observed in the two-dimensional convergence

study.

The computed flow field for the model scale turbine has been compared to the experi-

mental case, and differences have been highlighted and discussed. The lower velocities

observed in the wake of the computed flow field relative to measurements are attributed

to the over-prediction of rotor thrust and a lower rate of wake mixing. Finally, the com-

plex structure of the wake has been examined using the numerical model, and the helical

structure of the near wake has been highlighted.

This model is further extended to account for highly sheared, turbulent flow at full

scale in chapter 3. Subsequently, in chapter 4, a free surface model is introduced and the

effect of waves on turbine performance is examined.



Chapter 3

Effect of environmental conditions on

turbine performance at full scale

3.1 Introduction

The experimental scale computational model from chapter 2 is now used to simulate a

full scale tidal turbine in a variety of flow and blockage conditions. A different sheared

flow model, consisting of self-sustaining profiles of velocity and turbulence parameters, is

described and implemented. The sensitivity of computed results to spatial and temporal

resolution is assessed. A series of parametric investigations are then carried out, where

velocity shear, turbine spacing, and flow alignment are perturbed. The effects of such

environmental factors on power extraction, structural loading and wake development are

identified and analysed.

3.2 Computational model

3.2.1 Turbine geometry

The full scale turbine features a three bladed, axial flow rotor of diameter D = 18 m. The

centrebody consists of a spinner and a nacelle, with a diameter of 3 m and total length of

67



CHAPTER 3. ENVIRONMENTAL CONDITIONS 68

2D

4D
3D

6D

D = 18 m

direction

of flow

Figure 3.1: Isometric view of the turbine in the computational domain.

approximately 10 m. The spinner has a semi-ellipsoidal profile with a major-to-minor axis

ratio of 1.5 : 1. A cylindrical monopile of diameter Dtower = 2 m supports the device from

below. The hub height is hhub = 18 m = 1D. This corresponds to mid-depth in the flow,

which has a total depth of h = 2D = 36 m.

The rotor geometry is based on a proprietary design obtained through the PerAWaT

project. The blade section is based on a NACA 633-4x aerofoil, where the thickness x

ranges from 55% at the root to 18% at the tip.

The computational domain has a rectangular cross section of width y = 4D and depth

z = 2D, resulting in a blockage ratio of B = 0.0982. An isometric view of the turbine

within the computational domain is presented in figure 3.1.

3.2.2 Spatial discretisation

In order to determine the potential sensitivity of computed data from the three-dimensional

turbine model to grid resolution, a convergence study is carried out on a two-dimensional
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aerofoil. The geometry and Reynolds number for the convergence study are based on

those at a radial section through the blade at r = 0.8R, a rotor tip speed ratio of λ = 4.5,

and a reference velocity of 2 m s−1. At this location, the local Reynolds number based

on chord length is Re = 7.2 × 106 and the blade section is 26% thick (NACA 633-426).

Experimental data is available from Abbot and von Doenhoff (1959) for the 18% thick

NACA 633-418 profile, so this section is used for the convergence study.

The computational domain is discretised using the same approach detailed in sec-

tion 2.2.2.2. ‘Coarse’, ‘medium’ and ‘fine’ resolution grids are generated, with resolution

increasing uniformly by a refinement ratio of r = 1.5 between each grid. Due to the high

Reynolds number of the flow, direct resolution of the boundary layers would require a

degree of wall-normal resolution that will be impractical in the three-dimensional rotor

model. Hence wall functions are used to model the velocity profile in the boundary layers,

and the target range for non-dimensional wall distance is y+ > 25. Further details on wall

modelling are given in section 2.1.8. Element size limits for each of the three grids are

listed in table 3.1. Domain dimensions and boundary conditions are equivalent to the grid

resolution study in section 2.2.2.2. A close-up view of the aerofoil as discretised by the

coarse grid is presented in figure 3.4 (a). The full grid is not shown, as it is very similar to

the low Reynolds number grid in figure 2.12 (a).

The aerofoil is simulated in steady flow for a series of angles of attack in the range

−6◦ < α < 12◦. Profiles of non-dimensional wall distance y+ at the aerofoil surface

are compared for each of the three grids at an angle of attack of α = 6◦ in figure 3.2.

The wall-adjacent centroids in each case are located in the logarithmic law region of the

Table 3.1: Element size limits in terms of the chord length c for the grid refinement study. The
three columns on the right hand side describe the resolution of the boundary layer region, where
‘1st cell’ denotes the wall normal distance of the wall adjacent cell, Nlay is the number of boundary
layer elements and G.R. is the growth ratio of the boundary layer elements.

Mesh Leading edge Trailing edge Near field Far field 1st cell Nlay G.R.

Coarse 0.02 1.8 ×10−3 0.12 0.46 1 ×1−3 6 1.5
Medium 0.013 1.2 ×10−3 0.08 0.31 6.67 ×10−4 9 1.3

Fine 8.67 ×10−3 8 ×10−4 0.032 0.20 4.45 ×10−4 12 1.23
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pressure surface

suction surface

Figure 3.2: Distribution of non-dimensional wall distance y+ at the aerofoil surface for three levels
of grid resolution.

boundary layer, and hence wall functions can be used appropriately.

Lift and drag coefficients are presented as a function of angle of attack for each grid

in figure 3.3. Experimental data for the same profile operating at a Reynolds number of

Re = 1× 106 (Abbot and von Doenhoff, 1959) is also plotted. Good numerical convergence

is observed across the series of grids, i.e. at a given angle of attack, the difference between

the medium and fine grid solutions is much less than that between the coarse and medium

grid solutions. Numerical predictions of lift coefficient compare well with experimental

data for flow angles −6◦ < α < 5◦. At higher angles of attack, lift is under-predicted

in the coarse grid solution. Drag is over-predicted on all grids, with little performance

improvement between the medium and fine grids. The lift-to-drag ratio is under-predicted

by the three numerical solutions, indicating that a three-dimensional rotor model based on

these grid dimensions will under-predict power and over-predict thrust.

A three-dimensional rotor grid is generated based on the dimensions of the coarse

aerofoil grid, using the Delaunay algorithm detailed in section 2.1.7. Six layers of high

aspect ratio prismatic elements are grown from each surface. The first cell height is allowed

to float so that a gradual transition is ensured between the uppermost layer of prismatic

elements and the adjacent tetrahedral elements. This improves solution convergence, but

increases y+ at the blade surface. A cross-section of the rotor grid, showing the 26% thick
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Figure 3.3: Comparison of computed results from coarse, medium and fine resolution grids with
experimental measurements (Abbot and von Doenhoff, 1959) of (a) drag coefficient and (b) lift
coefficient for a NACA 633-418 profile. The computational data is at Re = 7.2 × 106 and the
experimental data is at Re = 6 × 106.

(a) 2D grid (b) 3D grid

Figure 3.4: (a) A close-up view of the coarse grid from the two-dimensional grid convergence study,
showing the NACA 633-418 profile. (b) Cutplane through the full scale computational domain
showing mesh resolution in the vicinity of the rotor blade at the 80% radial station. The blade
section at this station is equivalent to a NACA 633-426.

blade section at r ≈ 0.8R, is compared with the coarse version of the two-dimensional

18% thick convergence study grid in figure 3.4. Contours of y+ at the rotor surfaces are

presented in figure 3.5. The surface mesh and the sliding mesh interface are also shown.

The maximum tetrahedral element size in the near field region is 1.0c, and in the far field

region is 2.0c, where c is the blade chord length at r = 0.8R. The total number of elements

in the rotor region (within the sliding mesh interface) is approximately 5.2 × 106. The far

field, outside of the sliding mesh interface, is discretised by 5 × 105 elements, resulting in

a total element count of 5.7 × 106.
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Figure 3.5: (a) Oblique view of the turbine showing the triangular surface mesh and contours
of non-dimensional wall distance y+. The sliding mesh interface is also shown. (b) Front view
showing the suction surface of the uppermost blade. (c) Reverse view showing the suction surface
of the uppermost blade. The turbine is operating at λ = 4.5 in uniform flow of uref = 2 m s−1.

3.2.3 Sheared flow model

As discussed in the review on RANS modelling of sheared flow in section 1.4.2.2, modelled

turbulence tends to decay between the inlet boundary and the rotor plane. McNaughton

(2013) reports that high levels of inlet turbulence (T I = 10%) affect the prescribed sheared

velocity profile as the flow develops in the downstream direction. In order to preserve the

desired velocity profile, a low level of turbulence intensity must be specified at the domain

inlet. Gant and Stallard (2008) address this issue by prescribing an unsteady flow field at

the upstream boundary. The resolved unsteady structures introduce shear throughout the

flow, and as they dissipate the level of modelled turbulent kinetic energy is maintained. The

timestep required for this method will depend on the timescales of the resolved turbulence,

and could add additional expense to the current model, which already has a high cost due

to the blade-resolved sliding mesh rotor mode.

An alternative method for prescribing a sheared velocity profile, which is self-sustaining

and features moderate levels of turbulence (5% < T I < 10%) has been developed by
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McIntosh (reported in Fleming, McIntosh and Willden (2013)). The model is described

and demonstrated in the following sections, and is used later to investigate the effects of

sheared flow on the performance, loading and wake development of the current full scale

tidal turbine.

3.2.3.1 RANS modelling of sheared flow

Analytical profiles of streamwise velocity, u, turbulent kinetic energy, k, and specific

dissipation rate, ω, are derived for planar open channel flow following Schlichting (2000),

and applied at a boundary three diameters upstream of the rotor plane. The velocity profile

is a function of bed friction coefficient, c f , and reference velocity unom (defined formally

in equation 3.6). The friction velocity, uτ, is defined as

uτ = unom

√
c f

2
, (3.1)

from which the applied bed shear, τw, is calculated,

τw = ρuτ |uτ |. (3.2)

We assume a linear variation of shear from a maximum of τw at the channel bed to a

minimum of τ = 0 at the free surface. This shear profile may be expressed as a function of

dimensionless depth, η = z/h, where h is water depth,

τ(η) = τw(1 − η) = ρνt
du
dη

dη
dz
, (3.3)

as shown in figure 3.6. The shear τw is applied as a boundary condition to the bed of

the computational model. For high shear cases, reversed flow can occur in the elements

adjacent to the channel bed. Such flow is unphysical; however it is necessary to obtain a

physically sensible profile throughout the rest of the water column. For stability of the

numerical model, the bed shear is reduced to τw = 0 Pa close to the outlet boundary of the
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Figure 3.6: Variation of shear and velocity with depth for uniform flow (cf = 0) and a sheared flow
case (cf = 0.007).

domain.

Using an ansatz for turbulent eddy viscosity, νt (Schlichting, 2000),

νt =
1
6

uτhκ
[
1 − (1 − η)2

] [
1 + 2(1 − η)2

]
, (3.4)

equation 3.3 can be integrated to yield the velocity profile for a turbulent open channel

flow,

u(η) =
uτ
κ

ln
(

η(2 − η)
2η2 − 4η + 3

)
+ uh (3.5)

where κ = 0.41 is the von Kármán constant and uh is the streamwise velocity at the free

surface.

The reference flow velocity (used previously in equation 3.1) is defined as the average

of the velocity profile,

unom =

∫ 1

0
u(η)dη, (3.6)

which is solved for uh,

uh = unom − c, (3.7)
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where

c =
uτ
κ

(
ln

4
3
− π√

2
+
√

2 arctan
1√
2

)
, (3.8)

which closes the model.

A bed friction coefficient of c f = 0.007 is chosen throughout the remainder of this

study, as this value leads to a velocity profile within the bounds of the flow measurements

at a real tidal site reported by Gunn and Stock-Williams (2013). Velocity profiles for

uniform flow (c f = 0) and sheared flow (c f = 0.007) are plotted in figure 3.6, which are

derived from the linear shear profiles in figure 3.6. The velocity profiles are matched in

terms of volumetric flow rate. However, the velocity at mid-depth is higher in sheared flow,

which will be reflected in higher loads on a tidal turbine placed at that depth.

The profile of turbulent kinetic energy, k, resulting from this velocity distribution is

calculated using the one-equation turbulence model of Bradshaw et al. (1967),

k =
τt

aρ
=

u2
τ (1 − η)

a
, (3.9)

where a = 0.3 is a turbulence constant. Subsequently, a profile of specific turbulence

dissipation rate, ω, may be calculated using equation 3.10.

ω =
k
νt
. (3.10)

The profile of turbulence intensity, T I, is also calculated from the profile of turbulent

kinetic energy,

T I = 100

√
2
3

k . (3.11)

3.2.3.2 Demonstration of sheared flow model

A brief demonstration of this sheared flow model is now given. Sheared flow is simulated in

an empty channel, showing that profiles of velocity and turbulence parameters are sustained

in the streamwise direction. The domain is two dimensional, extending 20h downstream,
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where h = 36 m is the domain height (equivalent to water depth). It is discretised by a

structured grid consisting of uniform quadrilateral elements. There are 360 evenly spaced

nodes (element boundaries) in the streamwise (x) direction and 72 evenly spaced nodes

in the vertical (z) direction. A friction coefficient of c f = 0.007 is chosen to derive the

bed shear and the inlet flow profiles (velocity and turbulence parameters). The equivalent

uniform bulk flow is 2 m s−1, corresponding to a Reynolds number (based on water depth

h) of Re = 7.2 × 107. The free surface is modelled as a rigid lid, and a uniform pressure

of p = 0 Pa is applied at the domain outlet.

The shear force applied at the channel bed acts in the upstream direction, which may

lead to reversed flow at the bed for highly-sheared velocity profiles. This is a physically

unstable situation which cannot be accurately captured using a steady RANS solver. Hence

an unsteady RANS solver is used, with the timestep size chosen such that the flow field

residuals reduce by at least four orders of magnitude at each timestep during the calculation.

A timestep size of 0.1 s was used, and the total simulation time was 720 s (equivalent to a

flow passage of twice the domain length).

Vertical profiles of velocity and turbulence parameters are compared at a range of

distances downstream of the channel inlet in figure 3.7. In each case, the blue line

represents the profile prescribed at the inlet boundary (x = 0h). It is important to note

that the turbulence profiles are not quite in equilibrium with the velocity profile at this

point, due to the simple algebraic turbulence model employed in their derivation at the

boundary. A more elaborate two-equation turbulence model (k-ω SST) is employed by

the RANS solver, so some relaxation of the velocity and turbulence profiles is observed

between 0h and 4h downstream. The velocity profile is sustained very well beyond this

point, although some further development of the turbulence parameters k and ω occurs.

Note that the velocity at the channel bed is actually negative; this is a consequence of the

high shearing force applied at this boundary, which is necessary to achieve the desirable

profile through the rest of the water depth. Notably, the turbulence intensity T I remains

within a reasonably high range of 4% < T I < 8%; the higher levels of turbulence intensity
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Figure 3.7: Development of velocity and turbulence profiles for two dimensional open channel flow
using the current sheared flow model, where uref = 2 m s−1.

observed in real tidal channels are likely due to additional influences such as bathymetry.

3.3 General details of full scale turbine model

The turbine is now simulated at a range of operating points in a variety of flow conditions.

Velocity and turbulence profiles from the sheared flow model presented in section 3.2.3

are applied at the upstream boundary, 3D from the rotor plane. A corresponding shear

force is applied at the lower boundary to represent the channel bed. A symmetry condition

is applied at the upper boundary of the domain, approximating the free surface as a rigid

lid. A uniform pressure of p = 0 Pa is prescribed at the downstream boundary which is

6D from the rotor plane. Periodicity is prescribed at the lateral boundaries of the channel,

simulating an in finite fence of turbines. A sliding mesh interface is used to allow motion
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of the rotor relative to the channel boundaries. The rotor advances by 2◦ every timestep:

ten timesteps are required for the blade to travel a circumferential distance of one chord

length at the radial location r = 0.8R. Typical timestep size is ∆t = 0.03 s, and simulations

are run for at least 80 s of flow time to allow the wake to convect beyond the domain outlet.

Computations take approximately 80 hours to complete when run in parallel on four 2.3

GHz CPUs on a high performance computing cluster, equivalent to 320 CPU-hours.

3.4 Turbine performance in sheared flow

The turbine is simulated at tip speed ratios of λ = 3.5, 4.5 and 5.5 in uniform flow, where

c f = 0, and sheared flow, where c f = 0.007. Tip speed ratio is usually defined with

reference to the freestream velocity, which poses a difficulty for sheared flow cases. While

the sheared and uniform profiles are based on the same reference velocity of 2 m s−1, the

velocity in the rotor region h/4 < z < 3h/4 differs as can be seen in figure 3.6. To ensure

the rotor is turning at the same angular velocity relative to the flow directly upstream in

both flow cases, it is defined as follows,

λ =
Rω

1
Ar

∫
Ar

u∞(y, z) dA
(3.12)

where the upstream velocity is averaged over the projected area of the rotor, Ar (which

includes the centrebody).

Instantaneous contours of normalised streamwise velocity u/uref are plotted on a

vertical midplane through the computational domain for two operating cases in figure 3.8.

In figure (a), the tip speed ratio is λ = 4.5 and the bed friction coefficient is c f = 0,

corresponding to uniform flow of 2 m s−1. The corresponding thrust coefficient, based on

the reference velocity uref = 2 m s−1, is CT = 0.81. The turbine is operating at the same tip

speed ratio in sheared flow (c f = 0.007) in figure (b). The thrust coefficient in this case,

CT = 0.85, is slightly higher than for uniform flow.

Features common to both flows include the reduction of velocity as the flow approaches
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(a) Uniform flow; cf = 0

(b) Sheared flow; cf = 0.007

Figure 3.8: Contours of normalised velocity u/uref at the vertical midplane through the turbine
operating at λ = 4.5 in uniform and sheared flow. The direction of flow is from left to right.

the turbine, the reduced velocity in the wake of the rotor, and the increased velocity in

the bypass flow above the wake. The bypass acceleration is not visible directly below the

wake due to the presence of the tower.

Although the volumetric flow rate for both profiles is the same, the velocity across the

rotor 0.25h < z < 0.75h is higher for the sheared profile (see figure 3.6). Correspondingly

the wake velocity is slightly higher in the sheared flow case.

3.4.1 Wake development in sheared and uniform flow

Wake mixing is examined by comparing time-averaged fields of velocity and turbulence

intensity. Data is interpolated onto a uniform grid of spacing 0.1D in each direction and

averaged over a period of one third of a revolution, corresponding to the period of axial

symmetry of the rotor. As the interpolation grid does not capture the turbine geometry or

sliding mesh interface exactly, some unphysical artefacts arise in those areas. However, the

time-averaged data is valid away from the turbine (outside the range −D/2 < x < D/2).

Contours of time-averaged normalised velocity are presented at the vertical midplane

y = 0 in figure 3.9 (a). Velocity is normalised on the upstream profile, u(z)/u∞(z). For

the sheared flow case, the velocity at a particular elevation, u(z), is normalised by the
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Figure 3.9: Comparison of (a) time-averaged normalised velocity u/u∞ and (b) turbulence intensity
T I at the vertical midplane of the channel, y = 0, in uniform and sheared flow. The turbine geometry
has been obscured due to the interpolation and time-averaging process, but is present at x = 0D.
The rotor speed is λ = 4.5.
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velocity directly upstream at the same elevation, u∞(z), enabling the wake deficit to be

directly compared with the uniform flow case. Comparison of the flow fields in the region

5D < x < 6D reveals a higher rate of mixing in the sheared flow case. The velocity of the

bypass flow above the wake is higher in sheared flow, due to the higher freestream velocity

in the upper portion of the channel. This leads to higher shear between the wake and the

bypass flow above it, generating increased turbulence in that region and enhancing wake

mixing, as shown in figure 3.9.

Wake mixing is also enhanced by the higher ambient turbulence in sheared flow.

Ambient turbulence in the range of 4% < T I < 10% is observed in the sheared flow case,

whereas the turbulence intensity is around 1% in uniform flow. In uniform flow, the bypass

flow is accelerated evenly above and below the wake, resulting in greater symmetry of the

shear layer about the mid-depth plane.

3.4.2 Rotor performance and loading

Power and thrust coefficients are compared for a single blade and the full rotor in sheared

and uniform flow in figure 3.10, where each data point represents a mean value and the

errorbar tails represent the 5th and 95th percentile values. The first observation to be made

from these results is that a single blade undergoes a larger relative load fluctuation than the

rotor in both uniform and sheared velocity profiles. This can be investigated further by

comparing load fluctuations on a single blade and rotor in figure 3.11, where the unsteady

thrust and torque histories are normalised by their respective mean values. The rotor is

operating at a tip speed ratio of λ = 4.5, corresponding to peak power extraction.

In uniform flow (figures (a) and (c)), the blade undergoes a sharp dip of about 10% in

axial load and 33% in torque once every revolution as it passes upstream of the tower. A

region of elevated static pressure and reduced freestream velocity exists just upstream of

the tower. As a rotor blade encounters this region, the angle of attack and the local velocity

magnitude are reduced, resulting in lower sectional lift and drag, and consequently thrust

and torque.
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Figure 3.10: Blade and rotor thrust and power coefficients in uniform and sheared flow. The
errorbars represent the 5th and 95th percentiles of the fluctuations in thrust and power.
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Figure 3.11: Loading history on a blade and the rotor in uniform and sheared flow. The rotor speed
is λ = 4.5.
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The loading pattern on the single blade is qualitatively different in sheared flow,

exhibiting a more continuous pattern of loading and unloading. The highest loading occurs

when the blade is in the upper portion of the flow where streamwise velocity is highest. The

asymmetry in the loading history on either side of the mean load is due to the variation of

the velocity profile. The gradient of the velocity profile increases with depth, so the blade

loads change more rapidly in the lower portion of a revolution. When the loads on the three

blades are summed together, the relative load is greatly reduced. The influence of shear

appears to be cancelled out, with the tower remaining as the only source of unbalanced

load on the rotor.

A further observation from the power and thrust curves in figure 3.10 is that the load

fluctuations on the blade are influenced by the velocity profile, whereas those on the

rotor are not. Thrust and torque histories are compared in uniform and sheared flow in

figure 3.12. Examining the effect of shear on a single blade (figures (a) and (c)), we see

that the magnitude of the thrust and torque forces are similar during the tower interaction at

t/T = 0.5 and t/T = 1.5. At this azimuthal position, the blade extends from h/4 < z < h/2,

where the undisturbed velocity of the sheared profile is close to 2 m s−1, as shown in the

comparison of velocity profiles in figure 3.6. Hence the local velocity just upstream of the

tower is similar for both flow cases, resulting in similar blade loads.

In sheared flow, the forces on the blade are higher while it passes through the upper

portion of the flow, peaking at the top-dead-centre position (t/T = {0,1,2}). This local

increase in load occurs because the velocity in the sheared profile in this region (h/2 <

z < 3h/4) is greater than 2 m s−1, again illustrated by figure 3.6.

The nature of the loading history on the rotor appears to be unaffected by the velocity

profile (figures (b) and (d)). When the loading histories for each blade are summed, the

portion of load fluctuation due to the velocity profile appears to be balanced across the

rotor, while the influence of the tower remains. The mean thrust and torque (and power

coefficient) on the rotor is increased in the sheared velocity profile, due to the higher kinetic

flux passing through the rotor.
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Figure 3.12: Loading history on a single blade and the rotor in uniform flow (solid line, —) and
sheared flow (broken line, - - -). The rotor speed is λ = 4.5.

3.4.3 Shear force and bending moment distribution

The increase in magnitude of the load fluctuations on the rotor blade in sheared flow has

consequences for the fatigue life of the blade. Fatigue life is proportional to the number of

load cycles, and inversely proportional to the magnitude of the stress cycles. The stress

in the blade is a function of its geometry and the bending moment distribution. As the

blade is a cantilevered beam, the highest local bending moment is expected to occur at the

root. The distribution of bending moment M is calculated by integrating the distribution of

shear force V from the tip to the root of the blade following equation 3.14. The shear force

is calculated following equation 3.13 from the distributed load q which is retrieved from
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the simulation results.

dV
dr

= −q (3.13)

dM
dr

= V (3.14)

Distributions of axial, azimuthal and radial loads on a blade oriented at an azimuthal

angle of θ = −125◦ is presented in figure 3.13 (a). These load distributions are produced by

segmenting the blade into radial sections and summing the directional forces at each surface

element within a segment. The rotor loading is highest in the axial direction, peaking at

approximately r = 0.8R. The radial load is strongest in the region 0.2 < r/R < 0.6, as

the blade surface elements have a significant component of area in the radial direction due

to the reduction in blade thickness. Radial loads are directed outward as suction forces

dominate at each radial segment and at the blade tip. Contours of pressure coefficient on

the rotor blade are projected in the spanwise direction in figure 3.13 (b), highlighting the

areas where radial forces are significant. The negative pressure forces on the downstream

surface (upper surface in diagram) exert a radial load on the blade, as well as axial and

tangential loads. Note that the magnitude of the limits of cp are high as it is based on the

freestream velocity rather than the local velocity in the rotating reference frame.

The range of magnitudes of the distributed axial loads qx over a full revolution in

uniform and sheared flow are presented in figure 3.14. In the uniform flow case, the peak

load (occurring at r = 0.8R) varies by 8.6% due to tower shadow. A much larger variation

of peak load of 22.4% is observed in sheared flow.

The distribution of sheared force is calculated by integrating the distributed load along

the blade from tip to root. The only reaction force occurs at the blade root, so the shear is

largest at this location. The shear force reduces to zero at the tip of the blade, where no

reaction is provided.

The flapwise bending moment distribution is calculated by integrating the sheared

force distribution. The largest bending moment occurs where the blade is supported at its
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Figure 3.13: (a) Distributions of axial (◦), azimuthal (�) and radial loads (4) on a single blade, along
with (b) an end view of rotor blade rotating at λ = 4.5 in uniform flow, showing the distribution of
pressure on the blade surface.

root, and reduces to zero towards the blade tip which is unsupported.

The effect of velocity profile on blade stress can be examined by comparing distributions

of bending moment, as this parameter contributes directly to blade stress. The comparison

of bending moment distributions in figure 3.14 show that the magnitude and fluctuations are

higher in sheared flow. The root bending moment has an average magnitude of 1.28 MN m

and a fluctuation of 8.6% in uniform flow which is due to tower shadow. In sheared flow,

the mean root bending moment increases by 10% to 1.41 MN m, due ultimately to the

higher kinetic flux through the rotor. Additionally, the sheared profile increases the range

of root bending moment to 21%.

Distributed load, shear force and bending moments in the azimuthal direction are

affected by sheared flow in a similar manner, as shown in figure 3.15. The mean edgewise

root bending moment is increased by 9.5% from uniform to sheared flow. The fluctuation

in bending moment increases from 14.5% to 39%.

3.4.4 Renormalisation for sheared flow

For comparison of turbines in sheared flow, alternative definitions of thrust and power

coefficient can be defined, taking the level of flow shear into account. The distributed thrust
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Figure 3.14: Distributed axial load qx , axial shear force Vx , and flapwise bending moment Mflap on
a blade in uniform flow (left) and sheared flow (right) over a full revolution at λ = 4.5.
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Figure 3.15: Distributed azimuthal load qθ , axial shear force Vθ , and edgewise bending moment
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Figure 3.16: Comparison of turbines in different shear profiles from figure 3.10 (b) and (d) with
renormalised performance coefficients.

on the rotor can be normalised by the second moment of the upstream velocity profile

(area-average of velocity squared),

C′T =
T

1
2 ρ

∫
Ar

[
u∞(y, z)

]2 dA
, (3.15)

where the integration is performed on the undisturbed profile far upstream of the rotor over

the area which is intersected by the projected swept area of the rotor, Ar. Similarly, power

can be normalised by the third moment of the upstream profile,

C′P =
P

1
2 ρ

∫
Ar

[
u∞(y, z)

]3 dA
. (3.16)

These alternative performance coefficients enable direct comparison of turbines oper-

ating in different velocity profiles. The various moments of the current velocity profile

are listed in table 3.2. The comparison of turbines in different sheared flow profiles is

now repeated using the new definitions of power and thrust coefficient. Note that the

definition of tip speed ratio in equation 3.12 already takes velocity shear into account.

Table 3.2: List of the various moments of the velocity profile

Profile details Velocity moments [m s−1]
uref [m s−1] cf zhub 1st 2nd 3rd

2.0 0.0 0.5h 2.0 2.0 2.0
2.0 0.007 0.5h 2.09177 2.09409 2.09636
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Figure 3.17: Comparison of turbine efficiency in uniform and sheared flow. The theoretical result
in figure (a) is calculated for an ideal turbine using momentum theory (Garret and Cummins, 2007).
The tails in figure (b) represent the 5th and 95th percentiles of efficiency.

The respective thrust and power curves, shown in figure 3.16 collapse, showing that the

differences in upstream velocity profile are properly accounted for. This result implies that

turbine performance in a given velocity profile can be predicted based on knowledge of

performance in a different velocity profile, including uniform flow.

3.4.5 Turbine efficiency

The efficiency of a tidal turbine is a measure of the mechanical power relative to the total

power lost by the flow. Losses include the transfer of momentum to the rotor blades, and

conversion of momentum to heat through viscous action in the wake of the turbine and

supporting structure. This metric is also used in chapter 5 to show how a ducted turbine

has additional viscous losses relative to an unducted turbine, and hence is less efficient. As

the rotor is now resolved, rather than modelled by a porous disc, efficiency can be defined

as

η =
Pmech

Plost
=
ωQ
Plost

(3.17)

where ω is angular velocity, Q is rotor torque, and Ttot is the total streamwise thrust on the

structure.
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In uniform flow, the total power lost can be found simply by multiplying the total thrust

on the device by the freestream velocity. In sheared flow however, the power lost is a

function of depth, so the product of the thrust on the device and the upstream velocity must

be integrated in the vertical direction.

Plost =

∫ h

0
T (z)u∞(z) dz (3.18)

The turbine geometry from the simulation solution should be discretised in the vertical di-

rection into thin strips, and the power lost at each elevation calculated. This process should

be repeated and averaged over one third of a revolution, so that every rotor orientation is

accounted for. While this method of calculation of efficiency is formally correct, errors

are likely to be introduced through the discretisation and averaging process. Instead, the

turbine forces and velocity profile are integrated separately and then multiplied together to

provide an estimate of efficiency.

Plost =

∫ h

0
T (z) dz

∫ h

0
u∞(z) dz = Ttoturef (3.19)

As the sheared velocity profile is based on the same reference velocity as the uniform

profile, it integrates to uref = 2 m s−1. The reference velocity is a constant, always equal to

2 m s−1, so this definition of efficiency is effectively the ratio of rotor power to total turbine

thrust. It is desirable to maximise rotor power and minimise total device thrust.

Efficiency is plotted as a function of power coefficient for uniform and sheared flow

cases in figure 3.17 (a). The same relationship is calculated for an ideal turbine using one-

dimensional momentum theory (Garret and Cummins, 2007). Both computed results yield

much lower power and efficiency than the theoretical limits due to viscous losses at the

rotor and tower surfaces and in the wake. As previously shown in figure 3.10, the turbine

produces more power in sheared flow, due to the higher freestream velocity at the rotor

height. The turbine also performs at higher efficiency in sheared flow, indicating that the

parasitic drag of the supporting structure is lower. By examining the flow fields in figure 3.8
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Figure 3.18: The turbine is simulated at elevations of z = 0.35h and z = 0.65h in a sheared velocity
profile based on a reference velocity of uref = 2 m s−1 and bed friction coefficient of cf = 0.007.

we can see that the tower encounters lower velocity flow in a sheared profile, resulting in

lower thrust. At the three tip speed ratios 3.5, 4.5, and 5.5, the time-averaged tower thrust

is higher in uniform flow by 22%, 14% and 10% respectively. The corresponding increases

in efficiency in sheared flow are 6.6%, 5.7% and 4.7%.

3.5 Effect of elevation on turbine performance

When installing a tidal turbine at a site where sheared flow occurs, a compromise may

arise with regard to the elevation of the turbine from the sea bed. In sheared flow profiles

where the velocity increases with distance from the channel bed, a rotor will produce more

mechanical power if positioned towards the water surface. However, the axial rotor thrust

and the length of the support structure will also increase, resulting in a higher overturning

moment at the foundation. Additionally, device efficiency may be reduced due to the

increase in relative size of the support structure. The trade-off between mechanical power

and structural loading at different elevations in sheared flow is examined in this section.

The turbine is simulated at two hub heights in sheared flow: close to the channel bed

(zhub = 0.35h) and close to the free surface (zhub = 0.65h), as illustrated in figure 3.18.

The velocity profile corresponds to a bed friction coefficient of c f = 0.007, consistent with

the previous study in section 3.4.
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Figure 3.19: Comparison of time-averaged normalised velocity u/u∞ at the vertical midplane of
the channel, y = 0, at low (zhub = 0.35h) and high (zhub = 0.65h) elevation. The turbine geometry
has been obscured due to the interpolation and time-averaging process, but is present at x = 0D.
The rotor speed is λ = 4.5.

3.5.1 Wake development

Qualitatively, the flow fields are quite similar to that shown in figure 3.8, where the hub

height is at mid-depth in the profile, zhub = h/2. Velocity and turbulence data for each case

is averaged over one third of a revolution so that the time-averaged effects of elevation on

wake development can be examined. In figure 3.19, contours of time-averaged velocity

at the vertical midplane through the rotor are compared for each elevation. Velocity

is normalised on the upstream profile, so that differences to the undisturbed flow are

highlighted.

In both the low and high rotor cases, insufficient space exists between the rotor and

the nearest bounding surface (the bed or surface respectively) for a strong shear layer to

develop. This has greater consequences for the wake in the low rotor case (upper figure),

as the velocity close to the bed is low due to flow shear and hence wake mixing is weak

in that region. Mixing is visible at the upper boundary of the wake, where the velocity

contours spread out between the downstream locations x = D and x = 6D. No such
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Figure 3.20: Comparison of time-averaged velocity and turbulence intensity at downstream planes
x = 2D and x = 4D for a turbine operating at λ = 4.5 at low (zhub = 0.35h) and high (zhub = 0.65h)
elevation.
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mixing is apparent at the lower boundary; the velocity contour lines remain at the same

vertical locations throughout the downstream region. In contrast, the wake in the high

rotor case is surrounded by higher-velocity flow, which generates shear around the full

circumference of the wake. Mixing is evident at both the upper and lower wake boundaries

between x = D and x = 6D.

The extent of the shear layer between the wake and bypass flows in the circumferential

direction is examined by comparing cross-stream sections of the velocity field at x = 2D

and x = 4D in figure 3.20 (a). In the lower turbine case (upper figure), the wake merges

with the low-velocity flow at the channel bed. Mixing of the wake occurs only at the shear

layers at the sides and top of the wake, and not underneath it. This is particularly evident

when comparing the turbulence generated by wake mixing in figure 3.20 (b). At x = 4D,

turbulence is generated at the sides and upper portions of the wake for the low rotor case.

However at the same downstream location for the high rotor case, turbulence is generated

all around the wake.

Although wake mixing occurs only at the upper and side portions of the wake for the

low rotor case, it is stronger due to the increased vertical shear at low elevations in the

velocity profile. Hence wake mixing begins earlier at the upper side of the wake, as can

be seen by comparing the turbulence intensity contours at x = 2D in figure 3.20 (b). At

x = 4D, the turbulence intensity in the upper portion of the low turbine wake is stronger

than that in the corresponding location of the high turbine wake.

3.5.2 Rotor performance and loading

Rotor power and thrust coefficients are compared for the two turbine elevations in fig-

ure 3.21. The highest values of thrust and power are observed for the high elevation case,

as the rotor encounters higher velocity flow in this region. At λ = 4.5, the mean axial thrust

on the high rotor is 24.6% greater than that on the low rotor. The overturning moment at

the base of the tower increases correspondingly from CM = 0.58 to CM = 1.35, where the
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(d) Rotor power coefficient

Figure 3.21: Blade and rotor thrust and power coefficients at low (zhub = 0.35h) and high (zhub =

0.65h) elevations. The errorbars represent the 5th and 95th percentiles of the fluctuations in thrust
and power.

moment coefficient is defined as

CM =
Mtower

1
2 ρu2

ref Aref Lref
. (3.20)

Mtower represents the moment at the base of the tower due to the loads on the entire

structure. The reference area Aref is the swept rotor area (including the centrebody) and

the reference length Lref is the rotor diameter.

Although the mean load is lower, the blades undergo higher fluctuations in loading in

the low rotor case, due to the greater differential in the velocity profile at the corresponding

rotor height range, 0.1 < z/h < 0.6. Flapwise and edgewise bending moment distributions

along a single rotor blade for a full revolution in each flow case are compared in figure 3.22.
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Figure 3.22: Distribution of flapwise (upper figures) and edgewise (lower figures) bending moments
for the low rotor and high rotor case over one revolution at a rotor speed of λ = 4.5. Note that the
edgewise bending moments use a smaller scale on the vertical axis.

The highest stress in the blade material will occur at the root, where the maximum bending

moment occurs. We can see that the mean flapwise root bending moment for the low rotor

case is 20.0% lower than that for the high rotor case, consistent with the load fluctuations

in figures 3.21 (a) and (b). The fluctuation in flapwise root bending moment, which is an

important parameter for fatigue design, is 29.0% for the low rotor case and 19.7% for the

high rotor case. The reduction in edgewise bending moment between the high and low

rotor cases is 19.7%, while the respective fluctuations increase from 36.0% to 51.7%.

It is clear that the vertical position of a rotor in a sheared velocity profile has conse-

quences for the structural design of a rotor blade. If a turbine is to be positioned away from

the channel bed, the mean velocity is likely to be higher, and the shear across the rotor is

likely to be lower. When the rotor is sited close to the channel bed, the blades will undergo

lower mean loading due to the lower freestream velocity, but more severe fatigue loading

due to the velocity differential across the rotor.
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Figure 3.23: Comparison of turbine efficiency at low and high rotor elevations. The theoretical
result in figure (a) is calculated for an ideal turbine using momentum theory (Garret and Cummins,
2007). The tails in figure (b) represent the 5th and 95th percentiles of efficiency.

3.5.3 Turbine efficiency

Efficiency is plotted as a function of power coefficient for the low rotor and high rotor

flow cases in figure 3.23 (a). The same relationship is calculated for an ideal turbine using

one-dimensional momentum theory (Garret and Cummins, 2007). Both computed results

yield much lower power and efficiency than the theoretical limits due to viscous losses

at the rotor and tower surfaces and in the wake. As previously shown in figure 3.21, the

higher rotor produces more power, due to the greater kinetic flux in the upper portion of

the velocity profile. The increase in power available to the rotor outweighs the additional

parasitic drag associated with the longer tower, resulting in greater device efficiency.

3.5.4 Renormalisation for sheared flow

The comparison of turbines in sheared flow at different elevations is now repeated using

the alternative definitions of power and thrust coefficient in equations 3.15 and 3.16. Again,

the respective thrust and power curves collapse, showing that the differences in upstream

velocity profile are properly accounted for. This result indicates that turbine performance in

a given velocity profile can be predicted based on knowledge of performance in a different
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Figure 3.24: Comparison of turbines at different hub heights from figure 3.21 (c) and (d) with
renormalised performance coefficients.

velocity profile, including uniform flow.

3.6 Performance in highly blocked flow

The effect of blockage on turbine performance is examined by changing the centre-to-

centre spacing of the turbines. This equates to altering the width of the computational

domain, due to the employment of periodic boundary conditions at the lateral boundaries

of the domain, as illustrated in figure 3.25. The sheared flow simulations from section 3.4

are chosen as a base case, where the device spacing is s = 4D and blockage is B = 0.0981.

A high-blockage case of B = 0.262 is produced by reducing the width of the domain to

s = 1.5D. Sheared flow velocity and turbulence profiles based on a bed friction coefficient

of c f = 0.007 are used for both cases, and the turbine is simulated at tip speed ratios of

λ = 3.5,4.5 and 5.5.

Table 3.3: List of the various moments of the velocity profile at each hub height.

Profile details Velocity moments [m s−1]
uref [m s−1] z f zhub 1st 2nd 3rd

2.0 0.007 0.35h 1.94933 1.95460 1.95970
2.0 0.007 0.65h 2.19033 2.19144 2.19253
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Figure 3.25: The device spacing is altered by modifying the domain width.

3.6.1 Rotor performance and loading

Thrust and power on the rotor and a single blade are integrated over a number of revolutions

and are presented in figure 3.26. The results follow the same trend as previous studies of

the blockage effect, for example those by Whelan et al. (2009) and Nishino and Willden

(2012a), where mean thrust and power increase with blockage.

The error bars indicate the 5% and 95% percentiles of the load fluctuations. The

fluctuations in blade loading are driven by the sheared velocity profile and the tower

interaction. It is apparent from figures (c) and (d) that blockage does not affect unsteady

fluctuations in thrust and torque loads, and consequently the range of fluctuation in root

bending moment.

Nishino and Willden (2012a) explain the mechanism behind the increase in thrust

and power in the context of a three-dimensional numerical porous disc model. At higher

blockage ratios, the velocity of the flow which bypasses the rotor is increased and its

pressure is reduced. Far upstream and far downstream of the rotor plane the flow is parallel.

As no pressure gradient can be supported in the cross-stream direction at these locations,
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(b) Rotor power coefficient
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(d) Blade power coefficient

Figure 3.26: Rotor and blade thrust and power coefficients at low blockage (w = 4D) and high
blockage (w = 1.5D). The errorbars represent the 5th and 95th percentiles of the fluctuations in
thrust and power.

pressure must be equal in the core and bypass flow channels. Hence the higher pressure

drop occurring in the bypass flow due to blockage leads to an increase in the pressure

reduction in the core flow across the rotor, and consequently higher thrust and power.

3.6.2 Wake development

The increase in pressure drop with blockage is evident in figure 3.27 (a), where contours

of time-averaged pressure are plotted at the vertical midplane y = 0 for each flow case at a

rotor speed of λ = 4.5. Pressure is expressed in coefficient form as cp = (p − p∞) /1
2 ρu2

ref .

A higher pressure drop is visible in the w = 1.5D case, both locally across the rotor plane

and overall between the upstream and downstream boundaries. Figure 3.27 (b) shows the
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Figure 3.27: Comparison of time-averaged normalised velocity u/u∞ and pressure coefficient cp at
the vertical midplane of the channel, y = 0, for turbine spacings of w = 4D and w = 1.5D. The
turbine geometry has been partially obscured due to the interpolation and time-averaging process,
but is present at x = 0D. The rotor speed is λ = 4.5.
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Figure 3.28: Comparison of turbine efficiency at low blockage (w = 4D) and high blockage
(w = 1.5D). The errorbar tails represent the 5th and 95th percentiles of efficiency.

corresponding velocity fields, normalised by the upstream profile u∞ (z). The increased

bypass velocity in the high blockage case is visible above and below the wake in figure (b)

(save for the interruption of the tower beneath the rotor). Higher velocity in the bypass

flow results in higher shear at the interface between the bypass and core flows, increasing

the rate of wake recovery. This is noticeable by comparing the regions of minimum wake

velocity which begin around x = 3D in both cases. At x = 5.5D, this region has mixed

out in the high blockage case, whereas it continues beyond x = 6D in the low blockage

case. Figure (b) also shows that at higher blockage the velocity through the rotor and in

the wake generally is increased.

Further reduction of the flow velocity through the rotor is possible by increasing the tip

speed ratio (which increases rotor resistance, as shown in figure 3.26 (a)). This leads to

increased power removal, and hence the optimum tip speed ratio is elevated, as indicated

in figure 3.26 (b).

3.6.3 Turbine efficiency

Further examination of figures 3.26 (a) and (b) reveals a greater relative increase in rotor

power than rotor thrust when the turbine spacing is altered from w = 4D to 1.5D. This

difference is reflected in a small increase in efficiency, shown in figure 3.28.
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Figure 3.29: Illustration of yawed flow approaching an infinite fence of tidal turbines.

3.7 Performance in yawed flow

Tidal flows are not strictly bi-directional. For example, Gunn and Stock-Williams (2013)

present measurements of tidal sites at the Fall of Warness, indicating misalignment between

flood and ebb tides in the range of 30◦. The effect of flow alignment on turbine performance

is examined here. An illustration of the model is given in figure 3.29.

Slight modifications are made to the reference sheared flow case from section 3.4 to

accommodate flow at arbitrary angles of alignment φ. The turbine and domain geometry is

not altered, and continues to represent an infinite fence of tidal turbines with a centreline

spacing of 4D. The desired velocity profile u∞ (z) is decomposed into an along-channel

(x) component of u = u∞ cos φ and a cross-channel (y) component of v = u∞ sin φ. Similar

modifications are made to the shear boundary condition at the channel bed, so that the

resultant bed shear acts directly upstream. The periodic condition at the sides of the

channel allows flow to pass out of one side of the domain and re-enter at the opposite side

in a continuous manner. The turbine is simulated at tip speed ratios of λ = {3.5,4.5,5.5} at

flow alignments of φ = {0◦,15◦,30◦}.
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Figure 3.30: Comparison of time-averaged streamwise velocity at mid-depth in the flow, z = h/2,
for flow alignment angles of φ = 0◦, 15◦, and 30◦. Velocity is normalised on the upstream
profile u∞ (z). The turbine geometry has been partially obscured due to the interpolation and
time-averaging process, but is present at x = 0D. The rotor speed is λ = 4.5.

3.7.1 Wake development

The development of the wake in yawed flow is presented in figure 3.30. Time-averaged

contours of normalised velocity u/u∞ are plotted at a horizontal plane at mid-depth in the

flow for flow angles of 0◦ (reference case), 15◦ and 30◦. The domains have been rotated

and presented in the reference frame of the oncoming flow to allow direct comparison

of the wakes. As the yaw angle is increased, the local flow channel reduces in width by

a factor of cos φ. The projected area of the rotor and tower also reduces by cos φ, and

hence blockage is almost constant (a small increase occurs due to the projected area of the

nacelle).

The yawed wakes are narrower in the horizontal direction, corresponding to the reduc-
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Figure 3.31: Contours of normalised velocity u/uref at cross-stream planes located 1D and 4D
downstream of the rotor in flows aligned at φ = 0◦, 15◦ and 30◦ to the rotor axis. The rotor speed
is λ = 4.5.

tion in projected width of the rotor. The magnitude of the velocity reduction in the wake

decreases in yawed flow. This is due to the rotor blades encountering off-design local flow

angles, where the lift-to-drag ratio is non-optimal, and hence torque and thrust are reduced.

There is an apparent drift of the wake in the direction of positive yaw (anti-clockwise)

which increases with the yaw angle. This is examined further by viewing cross-sections of

the flow at 1D and 4D downstream in figure 3.31. Contours of velocity, normalised by

the reference value of uref = 2 m s−1, are plotted at these planes for cases where flow is

aligned at 0◦, 15◦, and 30◦. The direction of flow is out of the page. The apparent drift

observed in figure 3.30 is possibly due to the rotating wake interacting with its respective

images through the bed plane and free surface plane. Greater vorticity is generated in the

upper portion of the wake as the local velocity at the blade is higher (and the wake rotates

slowly). Hence the upper image will have a stronger influence on the wake, causing the

upper portion to distort in the direction of rotation. This effect is very slight for unyawed
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Figure 3.32: An oblique view of the rotor and wake at a plane 1D downstream of the rotor and
normal to the mean flow direction, colored by normalised velocity u/uref . The instantaneous
pathlines highlight the rotation of the wake and show the local effects of the nacelle and tower. The
rotor speed is λ = 4.5.

flow, but is visible for the φ = 0◦ case at x = 4D, where the point of minimum velocity at

the centre of the wake has drifted to the right of the y = 0D line. The distortion is more

pronounced for yawed wakes due to their narrower, elliptical shape.

The cause of the horizontal asymmetry in the yawed wakes at the 1D downstream plane

is identified by examining the velocity field at that plane in relation to the turbine geometry.

An oblique view of this plane from the upstream direction is presented in figure 3.32

for the φ = 30◦ flow case. Contours of instantaneous normalised velocity are displayed

on the plane, corresponding to the time-averaged contours in the lower-left-hand plot in

figure 3.31. The pathlines highlight the rotation of the wake in the opposite direction to

that of the rotor, and indicate that the low-velocity regions within the wake are due to the

nacelle and the upper portion of the tower.

3.7.2 Rotor performance and loading

Forces on the individual blades and the whole rotor are presented in figure 3.33. Thrust

loading is defined in the streamwise direction, and azimuthal forces are calculated relative

to the axis of revolution of the rotor. Examining the integrated rotor loads (figures (c) and
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(a) Blade thrust coefficient
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(b) Blade power coefficient
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(c) Rotor thrust coefficient
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(d) Rotor power coefficient

Figure 3.33: Blade and rotor thrust and power coefficients for flow alignment angles of φ = 0◦,
φ = 15◦ and φ = 30◦. The errorbars represent the 5th and 95th percentiles of the fluctuations in
thrust and power.

(d)), it is clear that rotor thrust and power are reduced in yawed flow. There is a non-linear

relationship between the angle of flow alignment and rotor performance: doubling the yaw

angle increases the power reduction by a factor of 3.6 at λ = 4.5. The small fluctuations

observed in rotor thrust and power are attributed to the blade-tower interaction.

A reduction in blade thrust and torque due to flow misalignment is observed in the

blade loading plots in figures 3.33 (a) and (b). At λ = 4.5, the blade thrust fluctuations

relative to the mean reduce from 21% in aligned flow to 16% in both yawed flow cases.

Corresponding blade torque fluctuations are reduced from 38% at φ = 0◦ to 28% and 31%

at respective yaw angles of 15◦ and 30◦.

The quality of the blade loading history is affected by flow alignment, as shown in
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Figure 3.34: Loading history on a single blade in flow aligned at φ = 0◦ (—), φ = 15◦ (- - -) and
φ = 30◦ (· − ·). The rotor operating point is λ = 4.5.

figures 3.34 (a) and (b). Here, the thrust and torque on a single blade are traced over two

full revolutions in aligned and yawed flow. While the mean thrust and torque loads are

reduced in yawed flow, additional perturbations in thrust and torque are observed. The

black line in both figures represents the reference case of aligned flow, also shown earlier in

figure 3.11. The blade-tower interaction is identifiable as the minimum in thrust and torque

at t = 0.5T , and occurs earlier in yawed flow (for the positive angles of yaw examined

here, 0◦ < φ < 30◦). The oblique view of the rotor in figure 3.32 shows that the blade

passes upstream of the tower prior to reaching the bottom of its stroke (θ = 180◦). After

the blade passes the tower, the thrust increases as the blade moves up through the sheared

profile and encounters higher velocity freestream flow. During the up-stroke in yawed flow,

the torque history is perturbed as the blade passes behind the nacelle. The blade performs

well, with a reduction in thrust and increase in torque, after it passes through its highest

position (t = 0, T, 2T, . . . ) where it encounters undisturbed freestream flow. At the highest

yaw angle, φ = 30◦, the blade undergoes a secondary thrust fluctuation in the ‘upstream’

portion of a revolution due to interaction with the nacelle.

Distributed blade loads are integrated to produce moment distributions over a full

revolution in figure 3.35. While the magnitude of the mean flap-wise bending moment at

the blade root is reduced in yawed flow by approximately 15%, the relative fluctuations

increase from 23% to 35%. Although the edge-wise root bending moment is reduced both
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Figure 3.35: Distribution of flapwise (upper figures) and edgewise (lower figures) bending moments
for flow yaw angles of 0◦, 15◦ and 30◦ over one revolution. Note that the edgewise bending
moments use a smaller scale on the vertical axis.

in terms of mean value and relative fluctuation in yawed flow. At φ = 30◦ the frequency of

the root bending moment is the rotational frequency, due to the additional interaction with

the nacelle, shown in figure 3.34.

3.7.3 Turbine efficiency

As discussed in section 3.4.5, efficiency is a form of the ratio of turbine power to thrust.

Relatively large support structures and poorly designed rotor blades are associated with

low efficiency.

The centrebody is streamlined for aligned flow, but behaves as a bluff body at large yaw

angles. Unsteady vortex shedding from the nacelle will result in additional viscous losses

and reduce the efficiency of the turbine. Additionally, in yawed flow the blades perform

in off-design conditions for much of the revolution, as indicated by the loading history

plots in the previous section. Hence it may be expected that the efficiency of the turbine

would be greatly reduced in yawed flow. However, figures 3.36 (a) and (b) show that at

low angles of yaw (φ = 15◦) efficiency is hardly effected, indicating that the reduction in



CHAPTER 3. ENVIRONMENTAL CONDITIONS 112

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Power coefficient, CP

0.0

0.2

0.4

0.6

0.8

1.0
E

ffi
ci

en
cy

,η φ = 0◦

φ = 15◦

φ = 30◦

Theory

(a)

3.0 3.5 4.0 4.5 5.0 5.5 6.0
Tip speed ratio, λ

0.40

0.45

0.50

0.55

0.60

E
ffi

ci
en

cy
,η

(b)

Figure 3.36: Comparison of turbine efficiency in uniform and sheared flow. The theoretical result
in figure (a) is calculated for an ideal turbine using momentum theory (Garret and Cummins, 2007).
The tails in figure (b) represent the 5th and 95th percentiles of efficiency.

power is accompanied by an identical reduction in total thrust. At the higher yaw angle of

φ = 30◦, there is sufficient exposure of the nacelle to affect efficiency. At tip speed ratios

of 3.5, 4.5 and 5.5, efficiency is reduced by 2%, 4% and 8% respectively.

3.8 Conclusions

Tidal turbine performance has been examined under a variety of flow conditions as part

of a parametric study. The effects of velocity shear, turbine position, blockage and flow

alignment have been examined.

Sheared flow has been found to increase mean power and efficiency relative to uniform

flow. However the fatigue life of a blade would be reduced, due the higher amplitude of

the unsteady loads on the blades. As well as the slight reduction in blade loading due to

the tower interaction, a larger load fluctuation occurs as the blade rotates between the high

velocity flow in the upper profile and low velocity flow in the lower profile. Wake mixing

occurs at a higher rate in sheared flow due to increased velocity in the upper bypass flow

as well as higher ambient turbulence.

The power coefficient will be increased if a turbine is positioned higher up in a sheared
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velocity profile, due to the greater kinetic flux. For the type of velocity profiles examined,

the velocity gradient reduces towards the free surface, and consequently the amplitude of

the unsteady blade loads are reduced. The root bending moment on the tower is increased

due to the higher mean rotor load and the greater lever length. Despite the increase in

relative size of the support structure, device efficiency is improved slightly, as the increase

in power outweighs the increase in parasitic drag.

When the rotor is positioned close to the channel bed, power and thrust are reduced

due to the lower momentum at that elevation. No shear layer forms at the underside of the

wake, and hence the rate of wake mixing is reduced.

The effects of velocity shear on rotor power and thrust can be accounted for through

an alternative method of normalisation. The squared or cubed reference velocity term is

replaced by the second or third statistical moment of the undisturbed velocity profile, taken

over the swept area of the rotor.

When the lateral spacing of a row of turbines is reduced, mean thrust and power are

increased due to the blockage effect, where the higher velocity in the bypass flow enables

a greater pressure change across the rotor plane. The tip speed ratio corresponding to

peak power is increased. No significant increases in the relative amplitude of the unsteady

components of thrust and torque are observed. The higher bypass velocity also causes

stronger shear in the wake between the bypass and core flows, enhancing wake mixing.

Turbine performance in freestream flow aligned at 15◦ and 30◦ relative to the rotor

axis has been investigated. Rotor thrust and power are reduced with increasing yaw

angle as the blade operates at off-design local flow angles for significant sections of a

revolution. During the ‘downstream’ portion of a revolution, a relative increase in blade

thrust and a relative decrease in blade torque are observed, indicating stalled conditions.

The relative amplitudes of the unsteady components of blade loads are not affected greatly

by misaligned flow. However, at high yaw angles, an additional perturbation of the blade

loading can occur in the ‘upstream’ portion of a revolution due to interaction with the

nacelle. Device efficiency is reduced in yawed flow due to the reduction in power and the
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increase in parasitic drag because of the exposure of the side of the nacelle to the oncoming

flow.



Chapter 4

Effect of waves on tidal turbine

performance

4.1 Introduction

The full scale turbine model is now extended to include the effects of free surface waves

on performance. A two-fluid model is used to simulate air and water in an open channel

flow, and the volume-of-fluid (VOF) model is employed for free surface tracking. Linear

(Airy) wave theory is combined with the existing sheared flow model to calculate unsteady

velocity profiles as well as water depth at the upstream boundary. Various numerical

techniques required for the stability of the model, such as wave damping and variable

time-stepping, are described. A schematic representation of the main features of the model

is presented in figure 4.1.

The effect of a deforming free surface (without waves) is examined through comparison

with a rigid free surface case from chapter 3. The turbine is then simulated in a variety of

wave conditions, with perturbations on wave height and length. Rotor and blade loading

are compared to identify the effects of wave height and length. Loading histories are

presented for further evaluation of performance, and the influences of velocity shear, tower

interaction and waves are identified through frequency analysis.

115
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Figure 4.1: Schematic diagram of computational model showing general dimensions and free
surface location.

4.2 Volume of fluid model

4.2.1 Phase equation

The full scale tidal turbine model developed in chapter 3 is modified to include the effects

of a deforming free surface by the volume-of-fluid (VOF) method. The height of the

computational domain is increased so that a volume of air can be simulated above the water

flow. The fluid is identified by its phase γ, which has a value of γ = 0 for air (the primary

phase) or γ = 1 for water (the secondary phase). Phase values in the range 0 < γ < 1

indicate a mixture of fluids in the cell, which occurs at the free surface. The air-water

interface is tracked through the solution of the following continuity equation for the volume

fraction of the secondary phase (ANSYS Inc., 2012a),

1
ρw

[
∂

∂t
(γw ρw) + ∇ · (γw ρwuw)

]
= 0. (4.1)

The Fluent solver can account for mass generation and transfer through additional terms

in the volume fraction equation, but this is outside the scope of the current study. The air

phase volume fraction is calculated as the remaining volume of the cell,

γa = 1 − γw . (4.2)
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4.2.2 Discretisation scheme

The volume fraction equation is discretised using an explicit scheme,

γn+1
w ρn+1

w − γn
w ρ

n
w

∆t
V +

∑
f

(
ρwUn

f γ
n
w, f

)
= 0 (4.3)

where n is the previous time step, the subscript f denotes a value acting on the face of

an element, and U f is the volume flux through the face based on normal velocity. A

local timestep is used to calculate the motion of the free surface, and is set according to

a Courant number (named after the Courant-Friedrichs-Lewy condition (Courant et al.,

1928)) of CFL = ∆t/∆tchar = 0.25, where the characteristic timestep is

∆tchar = min
(
∆xi

Ui

)
, i = 1, . . . ,Nelem (4.4)

where ∆xi is the dimension of cell i in the direction of fluid motion, Ui is the velocity of the

fluid through cell i and Nelem is the number of elements in the domain. The minimum value

calculated by equation 4.4 becomes the characteristic timestep. Face fluxes are interpolated

using the ‘geo-reconstruct’ scheme, which is based on work by Youngs (1982) and has

been adapted for unstructured grids (ANSYS Inc., 2012a).

Representative values for density and viscosity are calculated based on the balance of

phases within a given cell. For example, density is calculated as

ρ = γw ρw + (1 − γw) ρa . (4.5)

Transport equations for momentum and turbulence scalars are solved in each cell using

representative material properties for the air and water phases. The second-order upwind

scheme is used for interpolation at cell faces, as described in chapter 2.
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Figure 4.2: Cross section through the computational grid at the vertical midplane y = 0, showing
element size limits at various locations in terms of the blade chord length at r = 0.8R, c = 1 m. The
domain extends three rotor diameters to the left and six rotor diameters to the right.

4.2.3 Spatial discretisation

The computational grid from the full scale turbine model in chapter 3 is modified to include

an air channel of height hair = 0.5D. Thirty layers of high aspect ratio prism elements

are generated in the free surface region to ensure high resolution of the phase gradient

between the air and water flows. The central layers, located at z = h, measure 0.1c in the

vertical direction, where c is the blade chord length at the radial location r = 0.8R. This

is equivalent to 0.1H for a wave height of H = 1 m and 0.05H for a wave height of 2 m.

Successive layers of elements increase in thickness by a factor of 1.05.

A device spacing of s = 1.5D is chosen for consistency with the high blockage case

in section 3.6 of chapter 3 and to minimise computational load. The resulting element

count is approximately 5.6 × 106. For comparison, the total number of elements in the

equivalent rigid lid case is 5.5 × 106.
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4.2.4 Turbulence damping

Wave motion at the free surface may cause large local differences in velocity between the

air and water phases, leading to unphysical turbulence generation. Stability of the VOF

model is improved by damping turbulence in the vicinity of the free surface through the

introduction of a source term to the transport equation for specific dissipation rate ω,

Si = Ai∆nβρi

(
6Bµi

βρi∆n2

)2

(4.6)

where the subscript i identifies the phase, A = 2γi |∇γi | is the interfacial area density, ∆n

is the cell height normal to the interface, β = 0.075 is the coefficient of destruction in the

k-ω model, and the turbulence damping factor is tuned to a value of B = 105 based on

preliminary simulations.

4.2.5 Variable time stepping

Stability of the VOF model is improved through the use of variable time stepping. The

global timestep size for solution of the transport equations, ∆tglobal, is altered depending on

the velocity of the air-water interface and the local mesh density according to the following

equation

∆tglobal = CFLglobal∆tchar. (4.7)

where the characteristic timestep ∆tchar is set for the phase continuity equation based on a

Courant number of CFL = 0.25 (equation 4.4) and the global Courant number is set to

CFLglobal = 2.0. If the local velocity at a point along the free surface interface increases,

the global timestep will be reduced and vice versa. Changes to timestep size are limited

to ±2% per timestep. At the beginning of the simulation, timestep size is ramped from

∆tglobal = 10−5 s to a typical value of ∆tglobal = 0.012 s (with slight variation to maintain

the global Courant number at CFLglobal = 2.0) over the first 400 timesteps.
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Figure 4.3: Characterisation of linear waves.

4.3 Boundary conditions

4.3.1 Upstream boundary condition

The sheared velocity boundary conditions introduced in chapter 3 are extended to include

the unsteady induced velocities and water depth associated with free surface waves. Water

depth can be described as a function of time t and streamwise distance x using linear wave

theory (Airy, 1841),

ζ (x, t) = a cos αw (4.8)

where the wave amplitude is equal to half the wave height, a = H/2, and the wave phase is

defined as

αw = k x − ωt. (4.9)

The height of the water phase is specified as an unsteady boundary condition at the domain

inlet,

hw (t) = h + ζ . (4.10)

The wave number k is the spatial frequency of the wave, i.e. the number of radians per unit

distance,

k =
2π
λw

(4.11)
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and λw is the wavelength (see figure 4.3).

The intrinsic wave frequency σ is related to wavelength (or wave number) through the

dispersion relation,

σ =
√
gk tanh (kh) (4.12)

where g is acceleration due to gravity and h is mean water depth (h = 36 m for the current

model for consistency with the rigid lid model in chapter 3). The dispersion relation can

be simplified to ω = k
√
gh for cases of shallow water waves, where h < λw/20 and to

ω =
√
gk for deep water waves, where h > λ/2. The waves examined in this study fall

into the intermediate depth category, and hence the general form of the dispersion relation

is used.

The frequency of waves travelling on a current of velocity U is altered due to the

Doppler effect. The observed wave frequency ω in a stationary frame of reference is

ω = σ + kU. (4.13)

In the present model, where the underlying flow is sheared, the current speed is taken as

the velocity at the free surface in the absence of waves, U = ufs.

The profiles of horizontal and vertical wave-induced velocities are

uw(z) = σa
cosh (k (zw + h))

sinh (kh)
sin αw (4.14)

vw(z) = σa
sinh (k (zw + h))

sinh (kh)
cos αw (4.15)

where the origin of the vertical coordinate in the wave reference frame zw is zero at the

mean water height z = h. It is considered acceptable to superimpose these wave-induced

velocities upon a sheared velocity profile, as the velocity gradient is low in the upper

portions of the flow where the effect of waves is greatest (see figures 3.6 and 4.12).

The underlying sheared velocity profile is based on a bed friction coefficient of c f =

0.007 and reference velocity of 2 m s−1 for consistency with the rigid lid model in chapter 3.
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The corresponding free surface velocity, upon which the observed angular frequency is

based, is ufs ≈ 2.2 m s−1. A constant velocity of u = ufs is prescribed for the air phase at

the inlet.

During a revolution, the minimum distance from a blade tip to the free surface is D/4.

At this distance, the rotor blades do not cause any measurable local disturbances to the

free surface, and hence resonance between the waves and rotor is not expected.

4.3.2 Downstream boundary condition

The downstream boundary condition presents a difficulty in RANS modelling of a tidal

turbine in open channel flow, as the depth change due to energy extraction, and hence the

reduced water depth at the downstream boundary, is not known a priori. One method of

addressing this issue is to prescribe the volumetric flow rate and upstream water depth,

and allow the downstream depth to adjust accordingly. However the existing sheared flow

model from chapter 3 is based on a prescribed-velocity boundary condition, and hence

would be incompatible. The method presented by Consul et al. (2013) allows a velocity

profile to be prescribed, and adjusts the downstream depth iteratively until the turbine thrust

is balanced by the change in water depth. However this approach is only suitable where a

steady solution exists. Hence it is necessary in the current model to fix the water depth at

the downstream boundary (h = 36 m). A hydrostatic pressure gradient corresponding to

the downtream water depth applied along the downstream boundary.

Waves are damped prior to reaching the outlet boundary, in the region 4D < x < 6D,

to suppress reflections in the upstream direction. In this region, also known as a ‘numerical

beach’, The following sink term is added to the momentum equation,

S = −C
(

1
2
ρ |w | w

)
f (x) f (z) (4.16)

where w is the vertical component of velocity and C is a damping coefficient. A value of

C = 105 is used for all cases in this study, based on preliminary simulations of an empty
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channel. The damping functions in the streamwise and vertical directions are

f (x) =

(
x − xs

xe − xs

)2

(4.17)

f (z) = 1 − z − zfs

zb − zfs
(4.18)

where the subscripts ‘s’ and ‘e’ denote the start and end of the damping zone, and ‘b’ and

‘fs’ correspond to the channel bottom and free surface.

4.3.3 Other boundary conditions

The remaining boundary conditions are consistent with the rigid lid model in chapter 3.

Periodicity is applied to the lateral boundaries, and a symmetry condition is applied at the

upper boundary (adjacent to the air flow). A shear force is prescribed along the channel

bed to achieve a bed friction coefficient of c f = 0.007.

4.4 Simulated cases

The turbine is simulated in operation in sheared flow and a variety of wave conditions,

listed in table 4.1. The tip speed ratios are increased for all cases, apart from the cross-

comparison case with no waves, so that the peak in the power curve can be captured.

Simulations are run for a flow time of 100 seconds, to allow the wake to convect through

the downstream boundary and to allow a sufficient number of waves to pass through the

domain for statistical analysis. The wake takes approximately 80 seconds to reach the

downstream boundary. Waves travel at the phase velocity of

cp =

√
g

k
tanh (kh). (4.19)

Waves of length 36 m take approximately 21.6 seconds to pass from the upstream to

the downstream boundary, while the longer 72 m waves take 15.3 seconds. Depending
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on the size of the variable time steps, the total number of time steps required for 100

seconds of flow time varies in the range 6000 – 8000. Running on a 16-core node of a

high performance computing cluster with a clock rate of 2.0 GHz, each simulation takes

approximately 130 hours of wall time to complete, resulting in a computational cost of

2000 CPU-hours.

4.5 Wave decay

The water depth, h, identified by a fluid phase value of γ = 0.5, is recorded at discrete

locations along the vertical midplane y = 0 at every timestep during the simulation.

Histories of water depth are plotted for each wave condition in figure 4.4, indicating the

vertical range of motion of the free surface due to waves. The rotor speed is λ = 5.5 in each

case. In case (a), where no waves are modelled but free surface deformation is allowed,

some free surface motion is evident. This is attributed to low-frequency error waves,

which are caused by the inconsistency between the fixed water depths at the upstream

and downstream boundaries and energy extraction by the turbine. The effect of energy

extraction at the rotor plane, x = 0D, is visible as a small reduction in mean water depth

downstream of this plane. A similar reduction in mean water depth occurs for the other

three wave cases, (b), (c) and (d). A wave height of H = 1 m is prescribed in case (b), but

the observed wave height at the upstream boundary (x = −3D) is slightly smaller by about

10%. The reason for this is unclear; one possible cause is insufficient grid resolution across

the wave envelope, particularly at the minimum and maximum depths. The observed wave

height is well-maintained as far as the wave damping zone at x > 4D, indicating low

Table 4.1: List of wave operating cases simulated.

Wave height, H [m] Wavelength, λw [m] Tip speed ratio, λ

0 N/A 3.5, 4.5, 5.5
1 36 4.5, 5.5, 6.5
2 36 4.5, 5.5, 6.5
1 72 4.5, 5.5, 6.5
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Figure 4.4: Histories of water depth h during the simulation of three wave cases: (a) H = 0 m; (b)
λw = 36 m and H = 1 m; (c) λw = 36 m and H = 2 m; (d) λw = 72 m and H = 1 m. Instantaneous
samples of the free surface, where γ = 0.5, are indicated by the blue squares which overlap to form
vertical bands. The reference water depth is h = 36 m. Mean free surface depth is indicated by
the solid black line (—), and the upper and lower bounds of the wave envelope are marked by the
broken red lines (– – –). The rotor speed is λ = 5.5 in each case.
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numerical diffusion.

When the prescribed wave height is increased to H = 2 m (figure (b)), the observed

wave height at the inlet boundary is 15% lower at 1.7 m. A higher initial rate of decay

relative to case (a) is also apparent, before the wave height stabilises around x = −D.

The increase in wave height at the beginning of the numerical beach zone at x = 4D

could indicate the presence of a standing wave caused by the sudden introduction of wave

damping. While the damping functions (equations 4.17 and 4.18) are continuous, the

numerical beach could act like a discontinuity if the damping coefficient C (equation 4.16)

is overly high. While a standing wave would interfere constructively and destructively

with the prescribed waves over time, only the constructive interference (i.e. increase of

wave peaks and decrease of wave troughs) would be visible in figure 4.4. At the same

time, it appears that the H = 2 m waves are insufficiently damped prior to reaching the

downstream boundary at x = 6D, which is expected to cause some reflection of waves in

the upstream direction. These issues suggest that a longer numerical beach zone with a

lower damping coefficient would be appropriate for these wave conditions.

The waves in case (d), where λw = 72 m and H = 1 m, behave similarly to those in

case (b). The only difference is at the interface to the numerical beach, where again the

effects of a standing wave are observed. A longer damping zone and a lower damping

coefficient may reduce this effect.

4.6 Comparison of the rigid lid and volume-of-fluid mod-

els

Prior to the investigation of the influence of waves on turbine performance, it is necessary

to identify differences due to the free surface model in isolation. To this end, the turbine

is simulated under a deforming free surface (volume-of-fluid model) but in the absence

of waves, for direct comparison with the rigid lid model from chapter 3. Illustrations of

the rigid lid and free surface models are given in figure 4.5. The key difference between
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Figure 4.5: Illustrations of (a) the constant pressure profile for the rigid lid model and (b) the
hydrostatic pressure gradient in the volume-of-fluid model.

the models is the depthwise pressure profile. In the rigid lid case, the effect of gravity

is not modelled, and the pressure profile is uniform across the upstream flow. In the

volume-of-fluid model, the free surface is allowed to deform, and gravity is included as a

body force. The corresponding pressure profile is hydrostatic, described by the relation

p(z) = ρg (h − z).

Thrust and power coefficients for the blade and rotor are presented in figure 4.6.

Generally, a decrease in thrust and an increase in power are observed on a single blade and

the full rotor in the deforming free surface case.

A slight reduction in blockage occurs in the deforming free surface case. In this model,

a fixed air-water interface height of h = 36 m and a hydrostatic pressure gradient are

prescribed at the downstream boundary. Because energy extraction by the rotor causes

a change in free surface elevation, the upstream water depth must increase accordingly

(note that the downstream water depth is fixed in this model), reducing the area blockage.

However, the increase in water depth is only 0.22% at λ = 4.5, with a corresponding

blockage reduction of 0.22%, which is unlikely to affect rotor performance.

The improvement in power-to-thrust ratio observed in the deforming free surface case

is more likely to be due to a change in the wake induction factor. The local flow angles

at the rotor blades are altered so that they operate at a higher lift-to-drag ratio for a given

rotor speed, shifting the peak power operating point to a higher tip speed ratio.
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(a) Rotor thrust coefficient
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(b) Rotor power coefficient
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(d) Blade power coefficient

Figure 4.6: Blade and rotor thrust and power coefficients with rigid and deforming free surfaces.
The error bars represent the 5th and 95th percentiles of the fluctuations in thrust and power.

The fluctuations in rotor power and thrust, indicated at the 5th and 95th values by the

error bars in figure 4.6, are not affected by the free surface model. While blade thrust is

likewise unaffected, fluctuations in blade power are increased dramatically in the deforming

free surface case. Figure 4.7 shows histories of thrust and torque on a single blade over two

revolutions, beginning at the top-dead-centre (θ = 0◦) position. Whereas the blade thrust

history for both cases is qualitatively the same, the blade torque history is greatly affected

in the deforming free surface model. In addition to the increase in torque amplitude, the

location of the extreme loads on the blade is shifted. The tower interaction still occurs

at the same point, just after the bottom of the revolution, t/T = 0.5,1.5, . . . , and can be

identified in the torque plot as a slight inflection.

The increase in torque amplitude in the volume-of-fluid model is due to the hydrostatic
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Figure 4.7: Loading history on a single blade over two revolutions for the rigid and deforming free
surface models. The rotor speed is λ = 4.5.
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Figure 4.8: Comparison of blade torque over a single revolution with rigid lid and volume-of-fluid
models for a rotor speed of λ = 4.5.

pressure gradient, which is not present in the rigid free surface case. A buoyancy force

acts on each blade in the positive vertical (z) direction. The blade geometry is treated as a

void in the computational domain and hence does not experience any gravitational force

to counteract the bouyancy force. The effect of buoyancy on blade torque is illustrated

in figure 4.8, where the torque on a single blade over a full revolution is compared for

both free surface models. The blade rotates clockwise, in the direction of increasing

angular coordinate θ. In figure (a), the local distributed torque qθ varies within the range

0.25 < qθ < 1.25, remaining positive at all radial stations and blade orientations. Minimum

torque occurs where the blade interacts with the tower just beyond the θ = π point, and
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torque is highest in the upper portion of the flow in the sector 0 < θ < π
2 . The effect of

buoyancy is visible in figure (b), particularly at the inboard radial stations where local blade

volume is largest. During the downstroke (0 < θ < π), the hydrostatic pressure gradient

acts against the blade and reduces torque. In fact, torque is negative at the blade root, as

indicated by the blue contour levels. During the upstroke (π < θ < 2π), the buoyancy

force assists the blade and increases torque, with local values of distributed torque qθ at

the root increasing by a factor of five.

Fluctuations in blade torque are also frequency dependent, and increase with rotor

velocity as shown in figure 4.6 (d). Note that this result is not truly representative of the

physical scenario, as the turbine geometry is modelled as a void in the fluid and therefore

has zero mass. Neutrally-buoyant blades, for example, would be expected to undergo

torque loading similar to that predicted by the rigid free surface model.

It is interesting to note that the blade positions where buoyancy has no net effect on

torque occur before the blade reaches the vertical positions of θ = 0 and θ = π, as shown in

figure 4.7. The vertical pressure gradient is converted into positive or negative contributions

to local torque depending on the orientation of the local surface normal vector. Hence the

blade angles corresponding to peak load will change for different blade geometries.

Velocity fields at the vertical midplane y = 0 are compared for the rigid and deforming

free surface models at an operating point of λ = 4.5 in figure 4.9. In both cases, streamwise

velocity is normalised by the velocity profile at x = −3D and averaged over one third of a

rotor revolution. While the bypass velocity above the wake is similar for both cases, lower

acceleration is observed in the bypass flow below the wake for the deforming free surface

case. This appears to be due to differences in the way the velocity profile develops upstream

of the turbine. In the rigid free surface case, some acceleration occurs upstream of the

turbine near the channel bed (z < 0.15h) as the profile develops between the upstream

boundary and the rotor plane. This is also observed in the lower blockage case studied in

chapter 3 (see figure 3.27). The development of the velocity profile is slightly different with

a deforming free surface and hydrostatic pressure gradient, with some reduction occurring
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Figure 4.9: Contours of normalised time-averaged velocity u/u∞ at the vertical midplane y = 0 for
the rigid and deforming free surface models. The rotor speed is λ = 4.5.

in the region z < 0.15h upstream of the tower. This deceleration somewhat masks the

acceleration in velocity further downstream in the bypass flow beneath the wake.

4.7 Effect of wave height

The deforming free surface model is now used to investigate the effect of wave height on

rotor power and loading. Wave heights of H = 1 m and H = 2 m are modelled, both with a

wavelength of λw = 36 m.

An instantaneous view of the turbine in operation under free surface waves of height

H = 1 m and length λw = 36 m is presented in figure 4.10. Contours of velocity, nor-

malised by a reference value of uref = 2 m s−1, are plotted on the vertical midplane y = 0.

The free surface is identified by an iso-surface of constant phase, γ = 0.5. The local stream-

wise velocity is elevated immediately beneath each wave crest and decreased beneath wave

troughs due to the wave-induced orbital velocities. These wave-induced velocity compo-

nents also affect the wake of the turbine, and are visible as undulations in the wake velocity

contours. Downstream of the plane x = 4D, the numerical beach model is active and the
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Figure 4.10: Isometric view of the turbine operating at λ = 5.5, showing the instantaneous velocity
field at the vertical midplane y = 0 with free surface waves of height H = 1 m and length λw = 36 m.
The free surface is highlighted by a surface of constant phase, γ = 0.5, shaded according to depth
z/h.

waves are damped.

Rotor and blade power and thrust are presented in figure 4.11, where the data points

represent mean values and the error bars indicate the 5th and 95th percentile values. While

there is no consistent trend in mean values of power and thrust, fluctuations increase gener-

ally with wave height. This increase is due to wave-induced velocities in the horizontal

and vertical directions, which alter the local flow angles along a rotor blade, particularly

while it is in the upper portion of a revolution. Profiles of maximum and minimum profiles

of induced velocities in the horizontal and vertical directions are compared for different

wave heights in figure 4.12. The rotor extends from z = 0.25h to z = 0.75h, as marked

by the broken black lines. An increase of wave height causes increases to the maximum

horizontal and vertical induced velocities, consistent with equations 4.14 and 4.15, where

the amplitude term arises in the numerator.

It is observed in figures 4.11 (a) and (c) that fluctuations in thrust are relatively larger

for an individual blade than the full rotor. Thrust histories for each blade and the rotor

in the absence of waves (the deforming free surface case from section 4.6) are presented

in figure 4.13. The rotor is operating at a tip speed ratio of λ = 6.5, and in each case

measurements are presented for an integer number of revolutions within the interval
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(b) Rotor power coefficient
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(c) Blade thrust coefficient

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Tip speed ratio, λ

0.0

0.1

0.2

0.3

0.4
Po

w
er

co
ef

fic
ie

nt
,C

P

(d) Blade power coefficient

Figure 4.11: Blade and rotor thrust and power coefficients for waves of length λw = 36 m and
heights H = 0 m, 1 m and 2 m. The error bars represent the 5th and 95th percentiles of the
fluctuations in thrust and power.
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Figure 4.12: Maximum (a) horizontal and (b) vertical components of wave-induced velocity
according to linear wave theory for different wave heights. The vertical extents of the rotor are
marked out by the broken black lines. Note that these events are separated by a phase angle of
αw = π/2.
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Figure 4.13: Histories of thrust loading on each blade and on the rotor for the deforming free
surface case with no waves. The rotor speed is λ = 6.5 and the vertical scale is consistent across all
plots.

0.0 0.2 0.4 0.6 0.8 1.0
Frequency, f [Hz]

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

C
T

am
pl

itu
de

(a) Blade

0.0 0.2 0.4 0.6 0.8 1.0
Frequency, f [Hz]

(b) Rotor

Figure 4.14: Frequency components of the (a) blade and (b) rotor thrust histories from figure 4.13.
The broken blue line (– – –) marks frequency of the rotor, f rotor. The normalised resolution is
∆ f / f rotor = 0.056.
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20 s < t < 100 s. The individual blades undergo large fluctuations in thrust due to the

effect of the sheared velocity profile, as discussed in section 3.4 of chapter 3. A single

frequency corresponding to the rotor speed is evident in the blade load histories, and a

phase difference of θ = 120◦ exists between each due to the even distribution of blades

about the rotor hub. When the thrust contributions of each blade are summed together, the

unsteady components due to velocity shear cancel out. The lesser effect of the blade-tower

interaction remains, occurring at three times the rotor frequency. Slight meandering of the

rotor load history occurs due to low frequency error waves. These waves have two causes:

the increase in water depth upstream of the turbine due to energy extraction, discussed in

section 4.6, and imperfect damping of waves within the numerical beach zone.

A fast Fourier transform (FFT) (Cooley and Tukey, 1965) is applied to the blade and

rotor load histories in figure 4.14 to identify the frequency components and ascertain their

relative strengths. The frequency-domain output from the FFT is scaled and normalised

so that the signal power in each frequency bin is representative of the magnitude of the

corresponding load fluctuations, with some losses due to low frequency noise and spectral

leakage. The processed FFT output is reported as ‘CT amplitude’ or ‘CP amplitude’,

highlighting the relationship to the magnitude of the unsteady components in the thrust

and power histories. Frequency resolution is calculated as ∆ f = 1/Tinterval, where Tinterval

is the total length of the signal. The normalised frequency resolution is

∆ f
fcycle

=
1

Ncycles
(4.20)

where fcycle is the frequency of the feature of interest (i.e. wave or rotor), and Ncycles is

the number of cycles of the feature of interest in the time interval. Normalised frequency

resolution is reported in the captions of all frequency spectra reported here.

As expected, a single frequency is observed for the blade loading history at f rotor =

λuref/2πR = 0.23 Hz, with higher harmonics occurring at integer multiples of the fun-

damental frequency. When the blade loads are summed, the rotor frequency component
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is cancelled out, and the tower effect is observed at f tower = 3 f rotor = 0.69 Hz. The low

frequency error waves appear in the frequency spectrum in the range f < 0.1 Hz.

When linear waves of H = 1 m and λw are introduced, the loading histories become

more complex, as shown in figure 4.15. The wave loading occurs at a different frequency to

that of the rotor, resulting in a slight modulation of the blade load histories. The frequency

of this modulation, or ‘beating’, is equal to the difference between the rotor and wave

frequencies,

fbeat = | fwave − f rotor | . (4.21)

The rotor and wave frequencies are readily identified in the blade load frequency plot in

figure 4.16. Harmonics occur at integer multiples of these frequencies, and some low

frequency content arises due to error waves in the domain. The observed wave frequency

ω is calculated as

ω = σ + kufs (4.22)

where σ is the intrinsic wave frequency calculated from the dispersion relation (equa-

tion 4.12). For the current case of λ = 36 m waves superimposed on a current with free

surface velocity of ufs = 2.2 m s−1, the observed frequency is ω = 0.27 Hz. This frequency

is identified by the red dash-dot line in figure 4.16. From this figure it is clear that a

sheared velocity profile causes greater fluctuations in thrust than free surface waves for

this operating case.

When the blade forces are summed in figure 4.15, the range of thrust fluctuation is

reduced slightly, but appears to contain higher frequency components. Frequency analysis

of the thrust history on the rotor in figure 4.16 (b) shows that this small reduction in thrust

fluctuation is due to the cancelling out of the shear effect at the rotor frequency. Free

surface waves have a greater influence on the rotor as a whole, and will have a negative

impact on the fatigue life of the rotor power shaft and the turbine support structure. The

higher frequency component in the rotor load history is due to the blade-tower interaction,

similarly to the case without waves. The effect of error waves in the computational domain
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Figure 4.15: Histories of thrust loading on each blade and on the rotor for waves of length λw = 36 m
and height H = 1 m. The rotor speed is λ = 6.5 and the vertical scale is consistent across all plots.
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Figure 4.16: Frequency components for the (a) blade and (b) rotor thrust histories from figure 4.15.
The broken blue line (– – –) marks frequency of the rotor, f rotor, and the dash-dot red line (– - –)
marks the wave frequency, fwave. The normalised resolution of the primary frequency components
are: ∆ f / f rotor = 0.056, ∆ f / fwave = 0.047.
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is again evident for this operating case, firstly as the meandering of the rotor loading

history, and secondly as the low frequency content in the blade and rotor frequency spectra.

4.8 Effect of wave length

The effect of wave length on turbine performance is presented in figure 4.17, where thrust

and power are compared for waves of height H = 1 m and wavelengths λw = 36 m

and 72 m. Mean values of thrust and power on a single blade and the full rotor are not

significantly affected by a change of wavelength. Unsteady blade and rotor loading is

increased generally, as indicated by the error bars which represent the 5th and 95th percentile

loads. This increase can be explained by examining profiles of maximum wave-induced

velocity, shown in figure 4.18. In the region where the rotor lies, 0.25h < z < 0.75h, the

magnitudes of the horizontal velocity uw and vertical velocity uw profiles are greater for

the λw = 72 m case.

The quality of the thrust loading histories on the blades and rotor operating at λ = 6.5

in waves of H = 1 m and λw = 72 m are examined in further detail in figure 4.19. A more

pronounced, higher frequency beat occurs here relative to the λw = 36 m case previously

examined in figures 4.15 and 4.16, due to a larger difference between the wave and rotor

frequencies. In fact, the wave frequency is now lower than the rotor frequency, as shown

in figure 4.20 (a), and causes fluctuations similar in magnitude to the sheared velocity

profile. The waves move slowly enough that a given wave can influence a single blade over

a full revolution. When a rotor blade is in phase with a wave crest, i.e. the rotor is close

to its azimuth as a wave passes through the rotor plane, the streamwise velocity will be

increased and maximum blade thrust will occur. This occurs at times t = 10 s, 30 s and 50

s for ‘Blade 1’ in figure 4.19. The maximum blade load is reduced if the blade is in phase

with a wave trough, as streamwise velocity will be reduced, and is observed at t = 20 s,

40 s and 60 s. The minimum blade loads are affected in a similar manner, but to a lesser

extent because the induced velocities reduce with depth, as shown in figure 4.18.
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(b) Rotor power coefficient
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(c) Blade thrust coefficient
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(d) Blade power coefficient

Figure 4.17: Blade and rotor thrust and power coefficients with free surface wavelengths of
λw = 36 m and 72 m. The error bars represent the 5th and 95th percentiles of the fluctuations in
thrust and power.
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Figure 4.18: Maximum (a) horizontal and (b) vertical components of wave-induced velocity
according to linear wave theory for different wave lengths. The vertical extents of the rotor are
marked out by the broken black lines. Note that these events are separated by a phase angle of
αw = π/2.
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Figure 4.19: Histories of thrust loading on each blade and on the rotor for waves of length λw = 72 m
and height H = 1 m. The rotor speed is λ = 6.5 and the vertical scale is consistent across all plots.
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Figure 4.20: Frequency components for the (a) blade and (b) rotor thrust histories from figure 4.19.
The broken blue line (– – –) marks frequency of the rotor, f rotor, and the dash-dot red line (– - –)
marks the wave frequency, fwave. The normalised resolution of the primary frequency components
are: ∆ f / f rotor = 0.056, ∆ f / fwave = 0.072.
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Figure 4.21: Histories of thrust loading on a single blade and on the rotor for waves of length
λw = 72 m and height H = 1 m. The rotor speed is λ = 5.5 and the vertical scale is consistent
across all plots.

The increase in unsteady rotor load with wavelength can be seen by comparing rotor

load histories (figures 4.15 and 4.19) and frequency spectra (figures 4.16 (b) and 4.20 (b)).

As wavelength increases, the effect of the wave extends to greater depths, as shown in the

comparison of velocity profiles in figure 4.18. At λw = 72 m the profile across the entire

rotor is affected by wave motion, and hence the entire rotor is loaded in phase with the

waves. Additional higher frequency loading is still evident in figure 4.20 (b) due to the

blade-tower interaction.

The interaction between the rotor and wave frequencies is explored further in fig-

ures 4.21 and 4.22, where the turbine is operating at λ = 5.5 and the wave conditions are

λw = 72 m and H = 1 m. In this case the wave frequency, fwave = 0.178 Hz, is very close

to the rotor frequency, f rotor = 0.195 Hz. A long wavelength beat, with a low frequency of

fbeat ≈ 0.016 Hz (equation 4.21) is observed on the rotor blade history.
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Figure 4.22: Frequency components for the (a) blade and (b) rotor thrust histories from figure 4.21.
The broken blue line (– – –) marks frequency of the rotor, f rotor, and the dash-dot red line (– - –)
marks the wave frequency, fwave. The normalised resolution of the primary frequency components
are: ∆ f / f rotor = 0.067, ∆ f / fwave = 0.072.

4.9 Conclusions

The rigid lid model from chapter 3 is extended to include free surface waves using the

volume-of-fluid method. Unsteady inflow profiles of velocity and fluid phase are prescribed

at the inlet boundary, based on linear wave theory combined with the previously-developed

sheared flow model.

Turbine performance is compared for the deforming and rigid free surface models. The

power and thrust curves for the turbine are offset slightly to higher tip speed ratio. Power is

slightly increased and thrust is slightly reduced when the free surface is allowed to deform,

indicating that the rotor blades operate at a higher lift-to-drag ratio for a given tip speed

ratio. Large fluctuations in blade torque are observed which are attributed to buoyancy

due to the hydrostatic pressure gradient. These fluctuations would be greatly reduced for

neutrally-buoyant blades.

Mean rotor power and thrust are not significantly affected by changes to wave height.

However thrust and torque fluctuations increase with wave height, as the magnitudes of

induced velocities in the upper portion of the water column are increased. Frequency

analysis indicates that velocity shear is the primary source of fatigue loading on a rotor

blade. The effect of shear is cancelled out over the full rotor due to axial symmetry, and
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wave loading becomes the dominant cause of unsteady loads on the rotor.

Blade and rotor load fluctuations also increase with wave length, but mean values are

not affected. The induced velocity profile increases in magnitude and extends deeper into

the water column as wavelength is increased. The influence of waves on unsteady blade

loading becomes similar in magnitude to that of velocity shear. Unsteady rotor loads also

increase greatly — a doubling of wavelength results in a threefold increase in rotor thrust.

The interaction of the rotor and wave frequencies is also examined. When the difference

between these frequencies is small, long-period modulation of the blade loading history

is observed. Positive interference between the wave crest and blade position results in

increased thrust loading.

The results of the current computational model highlight the additional unsteady loads

introduced by free surface waves. Such loading will have a negative consequence for the

fatigue life of the rotor blades, power shaft and support structure, and should be considered

in structural design.



Chapter 5

Design and analysis of a bi-directional

ducted turbine

5.1 Introduction

Many prominent tidal turbine designs feature a ducted rotor. The duct is variously claimed

to accelerate the flow through the rotor via a venturi effect (thereby increasing power), to

align yawed flow with the rotor axis, and to protect the blades from debris suspended in

the flow (Clean Current Power Systems Inc., 2014; OpenHydro Group Ltd., 2014; Lunar

Energy, 2014).

The primary objective of this chapter is to assess the claims of improved performance

of ducted turbines. A secondary objective is to identify geometrical features which are

beneficial for ducted turbine performance, through examination of a range of candidate

designs.

In order to set practical limits to the scope of this study, certain constraints are placed

on the duct geometry. For example, the duct is required to operate in the same manner for

flood and ebb tidal currents, and the ratio of length to diameter should be similar to existing

commercial designs. A range of two-dimensional duct profiles are produced within these

constraints, and simulated in the same flow conditions using a RANS solver.

144
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Device performance is assessed based on considerations of power and efficiency. The

performance of the ducted designs relative to an unducted turbine is examined. Subse-

quently, subsets of the ducted designs are compared to assess the effects of duct curvature

and thickness on performance.

An optimal duct design is then simulated at model scale for comparisons with physical

tests carried out by a third party.

5.2 Ducted turbine design generation

The aims of this study are twofold: firstly to determine whether a ducted turbine out-

performs a conventional bare turbine, and secondly to identify geometrical features which

are beneficial to the performance of a ducted turbine. To this end, a series of duct geometries

are devised, based on observations of industrial prototypes, and within certain constraints.

The first constraint is that the duct should be symmetric about the rotor plane to

allow bi-directional operation without any yawing mechanism. While it is expected that

uni-directional ducts would be most likely to improve turbine power output (Shives and

Crawford, 2012) the added complexity and expense related to a yawing mechanism may

outweigh any benefits. Secondly, the ratio of duct length L to diameter D is set to unity,

which is similar to the Clean Current device (2014)*. Finally, all curved surfaces are

constructed from circular arcs. This is a trade-off between simplicity of design, where

straight sections and corners might be preferable, and hydrodynamic considerations, where

corners are rounded by complex curves. An arc of radius rLE = 0.0125D is used to

represent the leading and trailing edges of all ducts. The inner and outer surfaces of each

duct profile are constructed by joining the leading edge with straight lines or tangential

arcs.

The candidate designs are presented in figure 5.1, where all dimensions are given in

terms of the device radius R. The first profile, duct E, is produced by joining the leading

*Other prominent designs feature longer or shorter ducts (Lunar Energy, 2014; OpenHydro Group Ltd.,
2014), but the effect of duct length to diameter is not examined here.
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(a) Duct E

(b) Duct D (c) Duct C

(d) Duct H (e) Duct B

Figure 5.1: Profiles of ducts tested in parametric study, where R = 10 m.

and trailing edges with straight lines. Two series of designs are produced by perturbing

the inner and outer surfaces of duct E. Ducts D and C are produced by joining the leading

and trailing edges with parallel curved lines, producing thin profiles. Ducts H and B are

produced by joining the leading and trailing edges with a straight outer surface, and a

curved inner surface, leading to thick profiles.
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5.3 Computational modelling

For this investigation, a 20 m diameter axial flow turbine is modelled in water of 40 m

depth. Devices are spaced 60 m (3D) apart, resulting in a blockage ratio of B = 0.131.

Each device must be simulated at a range of operating points so that the points of peak

power and efficiency are captured. As five candidate duct designs and one unducted device

are to be compared, up to forty simulations may be necessary. Hence it is desirable to

minimise the computational cost of the model while still capturing the pertinent physical

features of the flow.

In this computational model, the flow is assumed to be steady, with a uniform velocity

of u = 2 m s−1. The resultant Reynolds number based on device diameter is Re = 4 × 107.

The primary effect of the rotor in a ducted turbine is the thrust it applies on the flow

in the axial direction. As the focus of this comparative study is on duct performance,

other features of rotor flow, such as non-uniform blade loading and swirl, are deemed

less significant. Hence the rotor can be represented as a numerical porous disc (see

section 1.4.1.1 for further discussion), which presents a resistance to the flow in the

streamwise direction but does not impart swirl. The resistance of the disc in the axial

direction takes the form of a momentum sink M ,

M =
1
2

K ρu2
d (5.1)

where ρ is the fluid density, K is the momentum loss factor and ud is the local axial velocity

at the disc. The momentum loss factor is varied within the range 0 < K < 5 to emulate the

thrust of a rotor at a range of angular speeds.

The problem can be further reduced by neglecting the support structure and converting

the rectangular cross section of the flow through a single device into a circular cross section

of equivalent area, as shown in figure 5.2. The flow through the circular section channel

may be computed on a two-dimensional, rectangular, axisymmetric grid, marked by the

broken line in the same figure.



CHAPTER 5. DUCTED TURBINES 148

!"#$%&'(

)!

*+!

,!

"!

-.(/01213.425
6.(234

6378913.4
.:':5.;

Figure 5.2: Illustration of simplification of three-dimensional rectangular domain (at left) to
two-dimensional axisymmetric domain of equivalent blockage (red rectangle at right).

A uniform velocity of 2 m s−1 is prescribed at the upstream boundary, which is 5D

from the rotor plane. At the same boundary, a turbulence intensity of T I = 10% and length

scale of l = 0.1D are specified, similar to the high turbulence case of Nishino and Willden

(2012a). At the downstream boundary, 10D from the rotor plane, constant pressure of 0 Pa

is applied. The inner radial boundary is assigned as the axis of symmetry as required by

the two-dimensional axi-symmetric solver in ANSYS Fluent. A symmetry condition is set

at the outer radial boundary.

5.3.1 Spatial resolution

The computational domain is discretised into quadrilateral elements using an unstructured

multiblock approach. The same prototype grid, i.e. blocks and element numbers, is applied

to each duct profile with only minor adjustments. A grid convergence study is carried out

on duct C. Due to its thin profile and high curvature, this geometry is expected to be most

senstive to spatial resolution. Following the method outlined by Roache (1998), the same

flow case is simulated on a series of successively refined grids, and certain outputs of the

model are checked to determine the degree of spatial convergence.
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(a) The O-grid block enveloping the duct profile is visible here. The inner radial boundary (axis of
symmetry) and outer radial boundary are both visible. The upstream boundary is five diameters to
the left, and the downstream boundary is ten diameters to the right.

(b) Detail of transition between O-grid block and
far-field rectangular blocks.

(c) Detail of resolution at leading edge.

Figure 5.3: Three views of grid III, showing (a) the general resolution around the device, (b) the
transition from the duct O-grid to the far field grid and (c) the resolution at the leading edge. The
coloured contours represent streamwise velocity normalised by the upstream value.
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The coarsest grid for duct C, labelled grid III, is presented in figure 5.3. The gridlines

are superimposed upon contours of normalised streamwise velocity u/u∞ to give a qual-

itative indication of the flow field resolution. The upper figure (a) shows that the duct

profile is enclosed in an O-grid, which extends approximately 0.15D from the duct surface.

There are 40 elements in the wall-normal direction, 20 elements along the leading and

trailing edges respectively, and 60 elements along the inner and outer surfaces respectively.

The height of the elements adjacent to the duct surface is h = 2.5 × 10−5D, and each

successive layer of elements within the O-grid region grows by a factor of 1.2. The nodes

are uniformly distributed at the leading and trailing edges, but node spacing increases

by a factor of 1.2 along the duct profile towards the disc plane. Rectangular blocks of

elements are used to connect the curved O-grid region to the domain boundaries. Node

spacing is matched across the interface between grid blocks, e.g. where an O-grid block

meets a far-field block, and elements increase in size in the direction away from the duct

by a constant factor (typically less than 1.05). There are 50 elements upstream and 100

elements downstream of the O-grid region. The regions between the inner and outer radial

boundaries and the O-grid block are discretised with 10 and 20 elements respectively.

Two further grids are generated by subdividing each element in the base grid by a

factor of r = 2 in each direction. Hence each element in grid III is subdivided into

four child elements to produce grid II. The procedure is repeated on grid II to produce

the highest resolution grid I. A consequence of this method of refinement is that for the

higher resolution grids, the duct is slightly faceted: a length of curved surface which is

approximated by a single element edge in grid III will be approximated by the same edge

in grids II and I, but with two elements and four elements respectively. Using a consistent

refinement ratio between grids, and refining in both the axial and radial directions, ensures

that the aspect ratio remains constant across all grids. A constant aspect ratio is necessary

to achieve order of convergence p close to the formal order of the discretisation scheme

used in the solution of the governing equations (Salas, 2006).

A disc momentum loss factor of K = 1 is chosen as the operating point for the
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Figure 5.4: Profiles of non-dimensional wall distance y+ at the surface of the duct for the grids used
in the convergence study.

convergence study, as preliminary computations suggested that this point would correspond

to peak power coefficient. All other simulation parameters, i.e. boundary conditions and

solution methods, are consistent with the later comparative study of duct geometries.

The implementation of the k-ω SST turbulence model in ANSYS Fluent uses an

enhanced wall model. As described in section 2.1.8, this means that a blending function is

used in the boundary layer model between the laminar sublayer and the log-law region.

Hence the error associated with wall-adjacent grid points being located in the buffer zone

of the boundary layer (where non-dimensional wall distance is in the range 5 < y+ < 30

(Schlichting, 2000)) are mitigated. Profiles of y+ at the surface of the duct are presented

for grids I, II and III in figure 5.4.

Two metrics are used to determine convergence. Firstly, the mean streamwise velocity

at the disc is reported, as device power is a function of this parameter*. Disc velocity is

reported in non-dimensional form, normalised by the upstream velocity u∞. Secondly,

the drag (streamwise force) on the duct is examined, as it greatly affects the efficiency

of the device (c.f. equation 5.10). Duct drag Dduct is presented as a coefficient, CD duct,

normalised by the free stream dynamic pressure and the total frontal area of the turbine

*To be precise, power is a function of the spatial average of the cube of streamwise velocity taken across
the disc surface.
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Table 5.1: Details of grids for duct C convergence study along with results for duct drag and mean
disc velocity.

Grid h Nelem CD udisc/u∞
III 2.5 × 10−5D 15700 0.423 0.9252
II 1.25 × 10−5D 62800 0.403 0.9215
I 6.25 × 10−6D 251200 0.398 0.9205

(including the duct where present), Atot,

CD duct =
Dduct

1
2 ρu2∞Atot

. (5.2)

Disc velocity and duct drag are presented for each grid in table 5.1.

The error of a computational model can be expressed in the form of a Taylor expansion,

fe = fc + chp + H.O.T ≈ fc + chp (5.3)

where fe represents the exact solution for a model output parameter, fc is the computed

solution, h is a measure of the grid spacing, p is the order of convergence of the numerical

scheme, c is a constant and H.O.T. are higher order terms. For a two-dimensional grid,

equation 5.3 is valid only where the aspect ratio of each element remains constant across

all grids (Salas, 2006). Roache (1998) derives the following formula to calculate the order

of convergence from three grids with a consistent refinement ratio r ,

p =
ln

( fIII− fII
fII− fI

)
ln (r)

(5.4)

where the Roman numerals correspond to the grids introduced previously. The observed

polynomial order calculated by equation 5.4 may differ from the formal order of the

numerical scheme due to factors such as non-uniform element spacing, grid skewness, and

application of boundary conditions. The formal order of the current model is p = 2. The

exact solution towards which the computations asymptote with increasing grid refinement
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can be extrapolated using Richardson’s method,

fe = f I +
f I − f II

rp − 1
, (5.5)

where the observed value of p from equation 5.4 is used, rather than the theoretical value

of p = 2.

The numerical error of a fine grid solution can be computed with respect to a coarser

grid as follows:

E =
ε

rp − 1
(5.6)

where ε is the normalised error ��� f I − f II
���/ f I. Roache recommends the application of a

factor of safety to E to produce the grid convergence index, GCI = FsE. Where three grids

have been used to estimate p, a factor of safety of Fs = 1.25 may be used.

The above convergence metrics are only valid if the set of computed solutions lie within

the asymptotic range of convergence to the exact solution. This is true if successive GCI

values differ only by a factor of rp. Hence a ratio of GCI values may be defined as follows,

rGCI =
GCII−IIrp

GCIII−III
(5.7)

for which a value of rGCI = 1 indicates asymptotic convergence.

The above convergence metrics are presented in table 5.2 based on solutions for (a)

disc velocity and (b) duct drag coefficient. Convergence study (b) produces an observed

polynomial order of p = 1.907, which is very close to the formal order of accuracy of

the discretisation scheme (second-order upwinding). The corresponding result from (a) is

p = 3.0, which implies that the numerical errors are one order higher (i.e. smaller) than

expected. However this is not necessarily the case; the value of p may be affected by

factors such as grid skewness and uneven element spacing. Importantly, studies (a) and

(b) report low grid convergence indices for the two finer grids (II and I), and the results

are within the asymptotic range of convergence. Grid II is chosen as the basis for the
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Table 5.2: Results of grid convergence study on duct C.

Metric p fe GCI I-II [%] GCI II-III [%] rGCI

(a) udisc/u∞ 3.000 0.9535 0.0195 0.156 1.001
(b) CD 1.907 0.396 0.611 2.260 1.013

discretisation of each duct geometry in the subsequent parametric study. Recall that the

geometry of duct C was slightly faceted by grid II in order to strictly maintain a constant

aspect ratio for all elements. This requirement is no longer necessary for the parametric

study, so the respective duct geometries can be captured as fully as the element spacing of

grid II allows.

A bare disc of diameter D = 20 m is simulated for comparison with the various duct

geometries. Another convergence study is carried out to determine the uncertainty of this

model. Following the procedure outlined above, three grids of quadrilateral elements are

produced, differing by a constant refinement factor of r = 2. The coarsest grid, labelled III,

features 30 elements vertically along the disc. The element at the rotor tip has a height

of hy = 5 × 10−3D, and the elements increase in size towards the centre of the disc by

a factor of 1.08. There are 40 elements between the rotor tip and outer radial boundary

of the domain, increasing in size from hy = 5 × 10−3 at the tip by a ratio of 1.07. The

streamwise nodal spacing across the disc plane is hx = 0.018D, increasing by a factor of

1.03 in the upstream direction (80 elements) and 1.02 in the downstream direction (130

elements). Preliminary computations suggest that peak power for the ducted turbine occurs

around K = 4. However, the disc exerts high thrust on the flow at this operating point,

introducing unsteadiness in the wake, and hence the degree of iterative convergence of

the steady solver is reduced. As the effect on disc power is very small (good agreement is

achieved with theory at high operating points later in figure 5.5), and the computational

cost of the model must be minimised to facilitate the examination of a large number of

cases, an unsteady solver is not used. An operating point of K = 2, corresponding to

moderate thrust, is chosen for the grid convergence study. The three grids for the bare disc

are presented in table 5.3 along with results for mean streamwise velocity.
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The mean disc velocities calculated by the three grids agree to the third decimal point,

indicating that even the coarsest grid resolves the flow with sufficient accuracy. Grid III is

chosen for further simulations at a full range of disc operating points for comparison to the

ducted turbine computations.

Comparisons are made with actuator disc theory in confined flow (Garret and Cummins,

2007; Houlsby et al., 2008) in figure 5.5. The disc operating point is presented in terms of

induction factor,

a =
u∞ − udisc

u∞
. (5.8)

where udisc is the spatial average of velocity through the disc. Performance is reported in

terms of the power coefficient,

CP =
P

1
2 ρArefu3∞

=
∆pAdiscudisc

1
2 ρArefu3∞

(5.9)

where P is power, Adisc is disc area, udisc is the spatial average of streamwise velocity

across the disc, and Aref is the reference area. The high turbulence case, corresponding

to the later parametric study, predicts higher values of CP than theory. This result is in

qualitative agreement with Nishino and Willden (2012a) who show that at similar blockage

(their 2.5D × 2.5D case) an increase in freestream turbulence level leads to an increase in

CP. They attribute this increase in power to the enhanced mixing of the core and bypass

flows. The increased shear acting on the interface between the core and bypass flows

reduces the bypass velocity and increases the core velocity, thereby drawing a higher

volume flux through the disc for a given momentum loss factor K (visible as a shift in

operating point to the left in figure 5.5). The theoretical model treats the flow as inviscid

Table 5.3: Details of bare disc grids along with results for mean disc velocity.

Grid h Nelem udisc/u∞
III 5 × 10−3D 14212 0.7516475
II 2.5 × 10−4D 56848 0.751551
I 1.25 × 10−4D 227392 0.751433
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Figure 5.5: Comparison of computed and theoretical results for bare turbine. Black line: theoretical
result from Garret and Cummins (2007); red circles: computed result for low free stream turbulence
from convergence study; blue crosses: computed result for high free stream turbulence case.

and hence this effect is not taken into account. A very low freestream turbulence case is

also compared in figure 5.5, where it lies on top of the theoretical curve.

5.4 Results

5.4.1 General effect of duct on performance

Power curves for the ducted devices and an unducted device are compared in figure 5.6

(a) at operating points K = {0,0.25,0.5,1,2,3,4} (increasing from left to right along each

curve). The reference area for the calculation of power coefficient (equation 5.9) is taken

as the total frontal area of the device, including a duct where present. The unducted

device which has been simulated for comparison has the same diameter as the external

duct diameter, D = 20 m for consistency of blockage ratio. The importance of comparing

device performance has been highlighted in the discussion of previous studies of ducted

turbines in section 1.4.2.5.

All of the ducted devices exhibit peak power coefficients in the range 0.4 < CP < 0.5,

whereas the unducted device achieves a maximum CP of 0.85. Most of the duct designs

accelerate the flow above the freestream velocity at low levels of rotor loading (K < 0.5),
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Figure 5.6: Comparisons of (a) power coefficient and (b) basin efficiency for the ducted turbines
and the bare disc. The operating points correspond to momentum loss factors K = {0, 0.25, 0.5, 1,
2, 3, 4}, increasing in the clockwise direction.
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as indicated by negative values of induction factor a. This increase in velocity at the rotor

is a design intention; however such acceleration must outweigh any reduction in rotor area

and pressure change in order to have a beneficial effect on power. While this does occur

for devices B - D at operating points below K = 0.5, the unducted device has the highest

peak power coefficient.

It is noted that similar geometries yield similar power curves. Highest flow acceleration

is achieved by ducts B and C, which have the highest curvature. The power curve for duct

E is similar to that of the bare disc, but peaks at a much lower power coefficient. The

moderately curved ducts, D and H, perform similarly to each other, and their power curves

lie between the straight duct E and the highly curved ducts B and C.

The broad, flat power curves for the ducted devices indicate that they perform well

(relative to their maximum CP value) across a broad range of operating points. However,

peak power coefficient may be a more useful metric for comparison, as control methods

can be employed to constrain turbine operation to a narrow operating range. Hence, the

unducted turbine is the optimum device in this comparison.

The straight duct, E, performs similarly to the bare disc, in that it produces little

acceleration at the K = 0 operating point

Another important performance metric for a tidal turbine is the ratio of useful power

to total power lost from the flow. This term is denoted ‘efficiency’ here following Shives

and Crawford (2010). The ‘useful power’ is the mechanical power transmitted to the shaft

of the turbine, in the absence of mechanical losses. For a porous disc, it is calculated as

Puseful = Tdiscudisc = ∆pAdiscudisc. The total power lost from the flow includes losses due

to viscous effects such as flow separation from the duct and wake mixing as well as the

useful mechanical power. Shives and Crawford (2010) show that this power is calculated

by considering the total resistance to the flow, i.e. the thrust on the disc and duct, at the

freestream velocity.

Plost = (Tdisc + Tduct) u∞ = (∆pAdisc + Tduct) u∞ (5.10)
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It is likely that regulators will limit the allowable change to water levels or flow speeds at a

given tidal site. Any energy extracted from an open channel flow results in a reduction in

water depth, whether that energy is converted to electrical power or lost to viscous action.

Of course, a certain amount of viscous loss is necessary, such as that due to wake mixing

resulting from the rotor thrust*. Any unnecessary losses, such as those associated with poor

hydrodynamics of the supporting structure, should be minimised. Note that the current

model simulates a tidal turbine within a rigid tunnel, so free surface deformation is not

modelled.

The ideal operating point for a tidal turbine can be identified by considering both power

coefficient and efficiency. Basin efficiency is presented as a function of power coefficient

for each device in figure 5.6 (b). The momentum loss factor increases in a clockwise

direction from K = 0 to K = 4 along the curves in this figure. Immediately we can see that

all of the ducts examined have a detrimental effect on efficiency relative to the unducted

device. In particular, a dramatic reduction in efficiency occurs for each ducted device at at

a point in the range 1 < K < 2. At higher values of disc resistance, very large reductions in

efficiency are observed, while the power coefficient changes very little. The ideal operating

point for the ducted devices is therefore just before the sharp drop in efficiency. This

sudden drop is due to a change in the nature of the flow around the duct, as discussed by

Belloni et al. (2013). Further discussion of this is given in section 5.4.3.

As observed in figure 5.6 (a), and discussed above, the peak power coefficients of each

ducted device occur in the range 0.4 < CP < 0.5, whereas the unducted turbine has a much

higher power coefficient. The cause of this limitation in power may be investigated by

comparing physical properties of flow through a ducted and unducted device.

The cause of the power limitation affects all of the ducted devices to a similar degree,

and hence is not strongly dependent on duct curvature. For comparison to the bare turbine,

it is sensible to choose a device which does not introduce secondary effects such as flow

acceleration or separation, which would add unnecessary complexity. Hence device E is

*In fact, the efficiency of a porous disc rotor model tends towards η = 1.0 with decreasing resistance,
and consequently, decreasing useful power.
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Figure 5.7: Contours of increasing volumetric flow rate for the unducted device at K = 3 (left) and
device E at K = 2 (right). The broken line marks the streamtube which intersects the disc perimeter.
The radial scale r/R is stretched relative to the axial scale x/D by a factor of 8.

chosen for comparison with the unducted device. As this duct has no camber, it does not

provide any acceleration to the core flow, but it still has a peak power coefficient close to

the maximum of all ducted devices considered.

The appropriate operating point at which to compare each device is chosen based on

consideration of efficiency as well as power coefficient. Device E produces almost the

same amount of power at momentum loss factors of 2 < K < 4. However, the efficiency

is reduced from η = 0.72 to η = 0.65 in this range. Hence the ideal operating point for

device E is K = 2. The same argument is made in choosing K = 3 as the best operating

point for the unducted device.

Defined in equation 5.9, power coefficient is a function of the area and velocity of

the flow through the disc, as well as the pressure change in the flow as it passes through

the disc. If a streamtube corresponding to the flow through the disc only is identified,

representative values of area, velocity and pressure may be calculated for the flow passing

through the disc, which may then be compared for different devices.

The patterns of the computed flow fields for the unducted device and device E is

visualised in figure 5.7 as contours of volumetric flow rate Q = uπr2 (i.e. streamtubes).

The distance between streamtubes is a function of velocity and radial position. Streamtube

spacing decreases in regions of increased velocity or radius.

The bounding streamtube marks the region of constant volumetric flow rate which
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Figure 5.8: Streamtube area and for unducted device at K = 3 and device E at K = 2.
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Figure 5.9: Contours of streamwise velocity for the unducted device at K = 3 (left) and device E at
K = 2 (right). The upstream velocity is u∞ = 2 m s−1. The radial scale r/R is stretched relative to
the axial scale x/D by a factor of 8.

passes through the rotor only for each case. The cross-sectional area of each streamtube is

calculated from the radius and compared in figure 5.8, where the duct is observed to limit

the flow expansion downstream of the disc.

Contours of streamwise velocity u for the unducted device and duct E are compared

in figure 5.9. The streamtube which bounds the rotor flow, identified from figure 5.7,

is superimposed. The volumetric flow rates through each streamtube are compared in

figure 5.10. The increased rate of wake recovery in the unducted case is consistent with

the expansion and subsequent relaxation of the streamtube, observed in figure 5.8.

The static pressure fields of the unducted device and device E are presented in fig-

ure 5.11. A representative streamtube pressure p̄ is defined as the average value of static

pressure in the radial direction at each axial location. Using the radial location r as a
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Figure 5.10: Streamtube mean streamwise velocity for unducted device at K = 3 and device E at
K = 2.
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Figure 5.11: Contours of static pressure for the unducted device at K = 3 (left) and device E at
K = 2 (right). The radial scale r/R is stretched relative to the axial scale x/D by a factor of 8.

weighting criterion, the representative streamtube pressure is calculated as

p̄ =

∑n
i=1 ri pi∑n

i=1 ri
. (5.11)

Streamwise profiles of streamtube pressure for the bare disc and duct E are compared in

figure 5.12.

Numerical values for streamtube area, velocity and pressure change across the rotor

are listed in table 5.4. From this table, as well as figures 5.8, 5.10 and 5.11, it is evident

Table 5.4: Comparison of area, velocity, pressure and CP for the unducted device and device E.

Device K Adisc [m2] Udisc [m s−1] ∆pdisc [Pa] CP η

Unducted 3 314.16 1.30 2380 0.833 0.727
E 2 283.53 1.23 1626 0.432 0.725
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Figure 5.12: Streamtube mean pressure for unducted device at K = 3 and device E at K = 2.

that the pressure change across the disc is affected most significantly. The rotor of device

E is 10% smaller than the unducted case. This is necessary for blockage to be constant

between the two devices; both devices have an equal total frontal area of A = 314.16 m2.

Figures 5.7, 5.9 and 5.11 show that the flow field upstream of each device is quite

similar: there is an increase in pressure and area and a decrease in velocity as the flow

approaches the turbine. However, differences arise at the turbine and in the downstream

region. In the unducted case, the streamtube continues to expand as it passes through

the rotor, accompanied by a large reduction in static pressure to a level below that far

downstream. Downstream of the unducted rotor, the streamtube reduces in size, in balance

with velocity and pressure recovery. The pressure reduction across the ducted rotor is

limited on the downstream side. This is because the duct constrains the flow to be parallel

(see figure 5.7), and hence a difference in pressure between the duct and the downstream

flow cannot be supported. This effect is also observed for the curved duct geometries in

the following sections. Additionally, the reduced area and velocity through the ducted

rotor are equivalent to a reduced volumetric flow rate, reflected in the streamtube area at

x = −5D in figure 5.8.

5.4.2 Effect of duct curvature

The effects of particular geometrical features on the performance of a ducted turbine may

be examined by selecting subsets of the devices tested. By comparing devices E, D and
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(b) Streamtube bulk velocity
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Figure 5.13: Variation of streamtube area, velocity and pressure in the streamwise direction for
ducts C, D and E, showing the effect of duct curvature.

Table 5.5: Comparison of area, velocity, pressure and CP for devices C, D and E at operating points
corresponding to peak performance.

Device K Adisc [m2] Udisc [m s−1] ∆pdisc [Pa] CP η

C 0.5 176.71 2.34 1483 0.468 0.559
D 1 240.53 1.71 1542 0.483 0.741
E 2 283.53 1.23 1626 0.432 0.725
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B, the effect of camber on performance can be studied. The degree of profile curvature

increases from duct E, which is not curved, to duct C, which is most curved. In the absence

of a rotor, and provided the internal flow remains attached, increased duct curvature will

result in higher flow speed at the duct throat. However, the active area of the device (i.e.

the rotor area) is reduced correspondingly. Additionally, if a resisting force is presented to

the flow, as a rotor would provide, the acceleration effect will be mitigated. These three

features of throat velocity, rotor area and rotor resistance influence the generated power

and the device efficiency in a complex way.

Each of these devices are assessed at their optimum operating point, which is chosen

based on considerations of power coefficient CP and efficiency η. The chosen operating

points are K = 0.5 for device C, K = 1 for device D, and K = 2 for device E. It can be

seen in figure 5.6 (b) that the operating points of devices C and E do not coincide with the

point of maximum CP. In these cases, a neighbouring operating point with a slightly lower

CP and a significantly higher η are deemed optimal.

Streamwise profiles of streamtube area, velocity and pressure are presented in fig-

ure 5.13, and the corresponding numerical values at the disc are listed in table 5.5. We

can see that device D performs best in terms of power coefficient and efficiency. Device

C does accelerate the flow through the rotor as intended by its design. However the area

and resistance of the rotor are lower than the other devices and these factors outweigh

the increase in throat velocity. Additionally, the efficiency of this device is much lower

than the others; this will be investigated in section 5.4.3. Device E exhibits the highest

streamtube area and pressure change at the disc. In this case the power is limited by the

velocity through the disc: no acceleration is provided by this duct.

Ducts D and E are both operating at reasonably high values of efficiency. At higher

momentum loss factors K , the efficiency drops dramatically. The relationship between

geometry, disc resistance and efficiency is now investigated.
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Figure 5.14: Contours of total pressure p0, normalised on freestream dynamic pressure, for devices
B (upper row) and C (lower row) at momentum loss factors of K = 0.5 (left hand side) and K = 2
(right hand side). Darker shades correspond to lower total pressure, i.e. greater local energy loss.
For each case, the static pressure component has been shifted to a common upstream value. The
yellow streamline indicates the edge of the recirculation zone.

5.4.3 Efficiency of ducted turbines

Figure 5.6 (b) shows that there is a sharp reduction in efficiency at a particular operating

point for each device. As the disc resistance is increased above K = 0, the power and

efficiency increase accordingly. When the efficiency reaches a maximum value, the power

continues to increase. As power reaches a maximum value, and begins to reduce, there

is a dramatic drop in efficiency. The cause for this change in efficiency is investigated by

comparing the flow around a ducted turbine at low and high levels of disc resistance.

Contours of total pressure for devices B and C at low and high levels of disc resistance

are presented in figure 5.14. The static pressure component of total pressure for each case

has been shifted to achieve a common upstream value. The same colour scale is used

across the four figures, with darker shades corresponding to lower static pressure. Where

present, the recirculating region outside the duct is marked with a yellow streamline.

Ducts B and C are illustrated in the upper and lower figure rows respectively. The left
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hand figures correspond to a low rotor resistance of K = 0.5, and the right hand figures

correspond to a higher resistance of K = 2.

In each case, the energy transferred to the porous disc is indicated by a step change in

total pressure within the duct. Areas of viscous loss, where kinetic energy is converted to

heat, are visible as dark shades at the exterior and directly downstream of the duct.

At low rotor resistances, e.g. plots (a) and (c), the flow approaches the duct almost head-

on, and either follows the contours of the duct (devices B, E, H), or separates beyond the

leading edge (devices C, D). The static pressure upstream of the rotor increases with rotor

resistance, reducing the axial velocity and increasing the radial velocity. The stagnation

point migrates from the leading edge along the inner-surface of the duct, consequently

affecting the flow around the leading edge. For the flat-sided devices, B, E and H, the flow

separates from the leading edge, resulting in a recirculation zone where viscous losses are

increased, shown in plot (b). The sharp reduction in efficiency observed for these devices

is due to the onset of flow separation in the range 1 < K < 2. For the concave devices, C

and D, separation occurs much earlier, with a resultant increase in size of the recirculation

region, as shown in plot (d). For these devices, a small change to the point of separation

has a large effect on the recirculation zone and consequently the efficiency.

The performance of flat-sided and concave duct profiles are now compared. Streamtube-

averaged plots of area A, mean velocity U and mean pressure p are presented for ducts

B and C in figure 5.15 at their optimum operating point of K = 0.5. We can see from

figure 5.1 that the only difference between these geometries is the external surface. However

a slightly higher disc velocity and pressure jump are observed for duct C in figure 5.15

and table 5.6. Figure 5.14 shows that at K = 0.5 a region of separated flow exists outside

duct C, which is not present for duct B. The effective blockage is therefore higher for

Table 5.6: Comparison of area, velocity, pressure and CP for devices B and C.

Device K Adisc [m2] Udisc [m s−1] ∆pdisc [Pa] CP η

B 0.5 176.71 2.28 1395 0.427 0.736
C 0.5 176.71 2.34 1483 0.468 0.559
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Figure 5.15: Comparison of streamtube variables for ducts B and C, showing the effect of duct
thickness.

duct C, and consequently the core and bypass flows are accelerated slightly. The pressure

change is modelled as a function of the velocity at the disc, ∆p = 1
2 ρU

2
disc, and hence is

higher for duct C than duct B. This results in a higher power coefficient of CP = 0.43 for

duct C. While flow separation at the leading edge has beneficial consequences for device

power, it reduces device efficiency greatly. The small increase in power (4.9%) is achieved

at the cost of a 26.3% reduction in efficiency as shown in table 5.6. Device B is a more

favourable design due to the improved efficiency.

While there is a direct trade-off between profile thickness and device efficiency for

ducts B and C, this is not the case for ducts D and H. Unlike the comparison between

devices B and C, the concave profile (D) is superior to the flat-sided profile (H), as the

increase in peak power coefficient (11.6%) outweighs the reduction in efficiency (1.3%)

(table 5.7).
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(a) Duct D at K = 1.

(b) Duct H at K = 1.

Figure 5.16: Flow expansion downstream of the device is visible by comparing the orange streamline
against the rectangular grid. Although the expansion downstream of duct D is only slightly greater
than that downstream of duct H, there is a marked effect on disc pressure change, disc velocity, and
power. The contours of pressure coefficient cp highlight the reduced pressure just downstream of
the disc.

The concave curvature of the external surface of duct D is very slight, and at the

operating point for maximum CP (K = 1) the bypass flow remains attached. The flow

follows the camber of the duct profile and departs from the trailing edge at an outward

angle with respect to the axial direction. This enables a pressure gradient to be supported

between the duct exit and the downstream boundary. The pressure field and downstream

flow expansion of duct D and H are compared in figure 5.16. Pressure is expressed as the

coefficient cp,

cp =
p − p∞
1
2 ρu2∞

(5.12)

where p is the local static pressure and p∞ is the freestream value. An orange streamline

highlights the larger expansion of the wake of duct D relative to duct H. This expansion is

slight, but can be observed clearly by reference to the rectangular gridlines in each figure.

To illustrate the relationship between flow curvature and pressure change, we consider
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Figure 5.17: Schematic diagram of one-dimensional inviscid flow passing through a ducted turbine.
The broken line represents the streamtube separating the core and bypass flows.

a one-dimensional inviscid flow between the rotor plane (station 3) and the point of

pressure equalisation downstream (station 4). By continuity within the streamtube, shown

in figure 5.17, the velocity will reduce as the streamtube expands. Correspondingly, the

static pressure will increase to satisfy conservation of energy. If the angle at which flow

departs from the trailing edge, α, is increased, the change in cross sectional area between

the disc and point of pressure equalisation, ∆A34 = π
���r2

3 − r2
4
���, will increase. The pressure

change, ∆p34 =
���p3 − p4

���, must also increase. The pressure far downstream is not greatly

affected by small changes in duct curvature (it is more sensitive to total device thrust).

Hence the pressure change ∆p34 is reflected in a reduced level of static pressure at station

3, just downstream of the disc.

The reduced pressure downstream of the disc for device D allows for a greater pressure

change across the disc, as shown in figure 5.18 (c). Plots (a) and (b) in the same figure

indicate that the volumetric flow rate through the disc is increased. Device D has a higher

streamtube area upstream and a higher mean disc velocity than device H. The values of

disc area, velocity and pressure change are listed in table 5.7.

Note that this effect, where the duct imparts radial momentum to the flow at the trailing

edge, is only possible for low external curvature and moderate disc resistance, where the

Table 5.7: Comparison of area, velocity, pressure and CP for devices D and H.

Device K Adisc [m2] Udisc [m s−1] ∆pdisc [Pa] CP η

D 1 240.53 1.71 1540.49 0.483 0.741
H 1 240.53 1.64 1414.29 0.428 0.753
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Figure 5.18: Comparison of (a) streamtube area, (b) streamtube volumetric flow rate and (c)
streamtube pressure for ducts D and H.

bypass flow remains attached. If separation was triggered at the leading edge, perhaps by

surface imperfections or freestream turbulence, this beneficial effect would be lost.

5.5 Three-dimensional computational model

5.5.1 Introduction

Within the PerAWaT project, researchers at the University of Manchester and Électricité

de France (EDF) constructed and tested a physical model of a ducted tidal turbine. The

experimental methods are described here as they have only previously been documented

in a confidential industrial report (Fleming, McIntosh, Willden, Stallard and Feng, 2013).

A three dimensional computational model of a ducted turbine is then developed for

comparison to this experimental data.
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Figure 5.19: Schematic diagram of a typical porous disc with porosity k = 1.61 and resistance
coefficient K = 0.9. Dimensions are in millimetres.

5.5.2 Experimental methods

5.5.2.1 Test description

A model scale ducted turbine was tested at a range of operating points in an open channel

measuring 1.5 m wide with a water depth of 0.8 m*.

Three turbine models were tested: a ducted turbine, and two bare turbines. One of the

bare turbine models had a diameter corresponding to the rotor of the ducted turbine, and

the diameter of the second bare turbine model corresponded to the outer diameter of the

ducted turbine.

The model duct was constructed from glass-filled polyamide 12 by a rapid-prototyping

method. The duct profile was based on device H from the preceding study in section 5.4.

The profile in figure 5.1 (d) was scaled down by a factor of 1.555 × 10−2 to fit a porous

disc of diameter Ddisc = 0.27 m. The resulting model had an external diameter and length

of D = L = 0.311 mm, corresponding to a blockage ratio of B = 0.063.

5.5.2.2 Porous disc rotor model

For both the unducted and ducted turbine models, the rotor was represented physically by a

porous disc (see figure 5.19), which presents a similar resistance to flow in the streamwise

*The tests reported in section 2.2.1 were also carried out in this channel.
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direction for a given rotor operating point. A benefit of the porous disc model in this

situation is that it allows for consistent comparison between unducted and ducted turbines.

McIntosh et al. (2011) show that a rotor designed for operation within a duct will have

different twist and chord distributions to one designed for operation in isolation.

The swirl which would be imparted by a real rotor is not reproduced by a porous

disc. For this investigation into the effect of a duct, swirl is considered to be of secondary

importance relative to streamwise thrust (provided no interior separation occurs at the

downstream side of the duct). The resistance of a porous disc is governed by its porosity,

k, defined as the ratio of open area (holes) to solid area.

k =
Aopen

Asolid
(5.13)

Hence a porous disc can represent a rotor at a single operating point only. In order to

represent the full range of operating states, a set of discs of varying porosity must be used.

To enable comparison with the numerical porous disc model used in the computational

study, the disc resistance is measured in terms of a resistance coefficient K , defined as

K =
T

1
2 ρAdiscu2

disc

. (5.14)

Note that the resistance coefficient K of a physical porous disc is analogous to the momen-

tum resistance factor K of a numerical porous disc and may be compared directly. Sets of

270 mm and 311 mm diameter discs were manufactured from 6 mm thick acrylic with a

range of porosities. The resistance coefficients K for each disc porosity k were determined

through preliminary testing, and are listed in table 5.8. Discs 1 - 5 were tested with and

without a duct, while discs 6 and 7 match the blockage of the ducted turbine.

The porous discs listed in table 5.8 are used to represent three turbines. The set of

270 mm discs are used in combination with the model scale duct to represent a ducted

turbine. The blockage of this device in the water channel is B = 6.3%. The same discs are

also tested in isolation, representing a 270 mm unducted turbine (B = 4.8%). Finally, the
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two 311 mm discs represent a bare turbine with equivalent blockage to the ducted turbine,

B = 6.3%.

5.5.2.3 Flume characterisation

The baseline flow in the EDF flume in the absence of a turbine was characterised prior to

the experimental campaign, and is discussed in detail in section 2.2.1. The streamwise

velocity at the rotor centreline for this case was 0.55 ms−1 and velocity and turbulence

profiles have been presented previously in figures 2.5 and 2.6.

5.5.2.4 Performance measurement

!
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Figure 5.20: Diagram of support tower for (a) the unducted disc and (b) the ducted disc.

The model turbine was supported from above by a 15 mm diameter tower with an

embedded strain gauge, as indicated in figure 5.20. The strain gauge was calibrated prior

Table 5.8: List of porous discs with porosity and resistance coefficient.

Disc Diameter, D [m] Porosity, k Resistance coefficient, K

1 0.27 2.15 0.6
2 1.61 0.9
3 1.00 1.8
4 0.30 10.0
5 0.22 16.0

6 0.311 1.00 1.8
7 0.30 10.0
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to each test to determine the (linear) relationship between voltage output and thrust. Strain

is sampled at 200 Hz for 120 seconds during each test. Prior to the connection of a turbine

model (a ducted/unducted porous disc) to the tower for each test, the hydrodynamic thrust

on the tower alone was measured. This residual drag was subtracted from subsequent

measurements with the model turbine. Thrust is normalised on the upstream centreline

velocity of uref = 0.55 m s−1.

CT =
T

1
2 ρu2

ref A
, (5.15)

In the case of a ducted turbine it was not possible to isolate the thrust on the disc alone, as

there was no measurement of strain between the disc and duct. However, if a computational

model can be developed which matches the experimental conditions and accurately predicts

the total thrust on the device, it can be used to reasonably estimate the disc thrust.

5.5.3 Computational model

The ducted devices in section 5.2 were simulated at full scale in uniform flow with

low ambient turbulence. The present experiments are carried out at reduced scale in

vertically and horizontally sheared flow. The simplification of the full scale model into

a two-dimensional problem by assuming axisymmetric flow in a cylindrical domain is

not appropriate at model scale due to the velocity shear. Hence a three-dimensional

computational model, capable of simulating horizontal and vertical sheared velocity

profiles, is generated. As with the full scale simulations, an assumption of steady flow

is made; therefore unsteady phenomena such as vortex shedding from the duct, disc and

support structure will not be captured.

The computational domain consists of a rectangular channel of width and height

corresponding to the flume width and water depth respectively, extending 5D upstream and

10D downstream of the rotor plane, as shown in figure 5.21. The duct geometry is generated

by revolving the profile of the scaled duct H in figure 5.1 (d). In each computational

simulation, the area blockage is equivalent to the corresponding experimental run.
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Figure 5.21: Isometric view of the computational model of the ducted turbine at model scale.

Figure 5.22: Comparison of measured (left) and computed (right) velocity profiles for the model
scale turbine tests.

The velocity profile upstream of the turbine is sheared in the horizontal and vertical

directions, due to the rough sides and floor of the flume. The sheared flow model from

section 3.2.3 is used here, with modifications to allow horizontal and vertical profiles to

be combined. A fully-developed turbulent velocity profile is generated numerically by

assuming a linear variation of shear vertically from a given value τw at the channel bed

to τ = 0 at free surface, and horizontally from τw at the channel sides to τ = 0 at the

vertical midplane. Two values are required to describe the profile: a reference velocity,

taken at the centreline of the flume (coincident with the turbine centreline), and a bed

roughness coefficient, c f = τw/
(

1
2 ρu2

)
. A friction coefficient of c f = 0.005 is found to
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Table 5.9: Size limits for triangular and tetrahedral elements in the base grid for the current three
dimensional computational model.

Region Element type Max edge length

Leading edge 10−3D
Trailing edge Triangular 2.5 × 10−3D

Duct flank 0.025D

Duct near field 0.05D
y < w/4 Tetrahedral 0.1D

w/4 < y < w/2 0.2D

fit the undisturbed velocity profile at the vertical midplane of the flume. The resulting

two-dimensional profile is compared with the experimental case in figure 5.22.

Profiles of turbulent kinetic energy kt and specific dissipation rate ω are also prescribed

at the upstream boundary. These profiles are derived from the velocity profile using an

algebraic turbulence model, which is described in section 3.2.3.

A shear force of τw = c f
1
2 ρu2 per unit area is applied at the channel bed and walls to

sustain the velocity and turbulence profiles. A symmetry boundary condition is applied

along the vertical midplane of the turbine so that only one side of the channel needs to be

modelled geometrically. The free surface is represented by a symmetry boundary condition

at the upper boundary of the domain. Any deformation of the free surface due to power

extraction is considered secondary to the current comparisons of ducted and unducted

turbine performance. At the downstream boundary, a uniform pressure of p = 0 Pa is

applied.

The rotor is modelled as a numerical porous disc, as described previously in sec-

tion 1.4.1.1. The turbines are simulated at momentum loss coefficients K = {0.6,0.9,1.8,10,16}
for consistency with the resistance coefficients of the physical model.

5.5.3.1 Spatial discretisation

The domain is discretised with an unstructured grid of three-dimensional tetrahedral

elements, as described in chapter 2. The maximum edge length of the triangular surface

elements at the leading edge of the duct is 10−3D, so that this surface is resolved by at
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Figure 5.23: Isometric view of base grid showing the tetrahedral elements at a horizontal plane at
mid-depth.

least 32 elements along its circumference. Preliminary computations revealed that ducted

device performance was less sensitive to trailing edge resolution, so a larger element edge

size of 2.5 × 10−3D is prescribed here, resolving the trailing edge curvature with at least

16 elements circumferentially. Surface elements grow from the leading and trailing edges

to a maximum edge length of 0.025D on the inner and outer surfaces of the duct. A

maximum tetrahedral element edge length of 0.05D is prescribed in a cuboidal region

which encloses the ducted turbine and extends three diameters downstream. Outside this

region, two further element size limits are set. In the region which encloses the turbine,

extending from y = 0 to y = s/4, where s is channel width, a maximum element size of

0.1D is allowed. Away from the turbine, between the planes y = s/4 and y = s/2, the

maximum element edge length is 0.2D. These zones, where the maximum element size is

controlled, are visible in figure 5.23, and the element sizes are listed in table 5.9.

Wall functions are used to model the boundary layer at the duct surface. The target

dimensionless wall distance is y+ > 25. Five layers of prism elements are generated, with
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Figure 5.24: Close-up view of base grid showing resolution in the vicinity of the leading edge of
the duct.

(a) (b)

Figure 5.25: Contours of dimensionless wall distance y+ on the (a) the base grid and (b) the coarse
grid. The surface mesh at the leading edge is not shown for clarity.

a scaling factor of 1.1 between each layer. The prism-generating algorithm prioritises

a smooth transition between the uppermost layer of prism elements and the adjacent

tetrahedral mesh, allowing the heights of the wall adjacent prisms to float. The resulting

mesh topology at the leading edge is presented in figure 5.24. Contour plots of y+ on the

duct surface are shown for the base mesh (and a coarse mesh) in figure 5.25. Although

non-dimensional wall distance values of 5 < y+ < 25 are observed near the leading

and trailing edges, this is not expected to adversely affect the solution due to the use of

enhanced wall functions in the k-ω SST turbulence model in ANSYS Fluent, as discussed
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Table 5.10: Comparison of duct drag CD duct and normalised disc velocity udisc/u∞ for 3D and 2D
simulations of model scale test case.

Grid y+ Nelem CD duct udisc/u∞
3D coarse y+ < 60 2.5 × 105 0.134 0.804
3D base y+ < 40 2 × 106 0.136 0.805

2D y+ < 2 14100 0.140 0.826

in section 2.1.8.

Ideally, each three-dimensional element should be divided at the midpoint of each edge,

producing eight child elements (whether the parent element is tetrahedral or prismatic).

The resulting refined mesh would contain 8 times more elements, approximately 16 × 106

in the current case, which increases the computational load beyond the available resource.

Conversely, a coarse mesh which shares the same nodal locations as the base mesh

would contain only 2.5 × 105 elements, and may not capture the geometry adequately.

In presenting the grid convergence index (GCI), Roache (1997) suggests that it is not

necessary to use a refinement factor of r = 2, but it should of course be greater than r = 1.

With this in mind, a coarse mesh is generated by scaling all element edge size limits by

a factor of r = 1.5. Predictions of duct drag coefficient CD duct and average normalised

velocity at the disc udisc/u∞ are produced on the coarse and base grids to allow a grid

convergence index to be calculated.

The test case for this mesh sensitivity study is modified to allow comparison with

a two-dimensional model based on that presented in section 5.3.1, which exhibited low

discretisation error. While blockage and Reynolds number remain consistent with the

experiment, the flume velocity profile is not modelled. A uniform flow velocity of u =

0.55 m s−1, a uniform turbulence intensity of T I = 10% and a length scale of l = 0.1D are

applied at the upstream boundary.

The scale of the 2D axisymmetric model from section 5.3.1 is reduced so that the

duct now measures R = 0.311 m in diameter. The outer radial boundary of the domain is

modified to match the blockage of the experiment, where B = 0.063. The topology of the
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coarse grid III is used here. While grid III achieves a dimensionless wall distance in the

range 10 < y+ < 20 at full scale, it is expected to achieve a much lower value of y+ < 1 at

model scale, where the Reynolds number is greatly reduced. The results of the three grids

are presented in table 5.10.

When solutions from only two grids are available, the observed order of the numerical

scheme cannot be calculated. The formal order of convergence (p = 2 in this case) may

be used, but a larger factor of safety of Fs = 3 should be applied when calculating the

grid convergence index (Roache, 1998). The relative error for the base grid is calculated

using equation 5.6, where the refinement ratio is r = 1.5 and order of convergence is

p = 2. The base grid convergence index is then calculated as GCIbase = FsE. Values of

GCIbase for duct drag and average disc velocity are presented in table 5.11, indicating that

discretisation error is acceptably low.

5.5.4 Results

The effect of the duct on turbine performance is now examined. Initially, computations

and measurements of the thrust on each device are compared to determine how well the

computational model performs. The computed power is then presented for case and the

effect of the duct is discussed.

5.5.4.1 Comparison of computed and measured thrust

Computed predictions and experimental measurements of thrust are presented in figure 5.26.

For both datasets, turbine operating point is described in terms of the disc resistance

coefficient K rather than induction factor a, which was used previously in section 5.2. This

Table 5.11: Grid convergence indices for the 3D unstructured grid based on mean disc velocity and
duct drag coefficient.

Metric GCIbase [%]

udisc/u∞ 1.36
CD duct 2.97
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(c) Ducted 270 mm disc

Figure 5.26: Comparison of computed and measured thrust on the three devices. Note that in (b)
the 311 mm disc is simulated at 5 operating points but tested at only two operating points.

is because unnecessary uncertainty would be introduced by estimating the induction factor

from the measured thrust coefficient. As described previously, the thrust on the tower in

isolation is subtracted from the measured thrust for each operating point, leading to the

thrust on the disc alone. In the case of the ducted disc, the reported thrust is that on the

disc and duct, but not the tower. As the experimental thrust fluctuates during the sampling

period, error bars are used to represent each operating point. The centre of each error bar

symbol corresponds to the mean of the thrust signal, and the length of each tail represents

one standard deviation. For certain operating points, raw data was not available, so the

mean value as provided by the experimentalists is used, and the error bar length is set to

zero. These points are K = 0.9 and K = 16 for the 270 mm bare disc (figure 5.26 (a)), and
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K = 1.8 for the ducted 270 mm disc (figure 5.26 (c)).

Good agreement in thrust is observed for low-to-moderate levels of resistance coeffi-

cient, where K < 1.8. For the range K > 1.8, thrust is over-predicted by the computational

model. This divergence of computed and measured thrust for low porosity discs reflects a

limitation in the physical model rather than the numerical model. Numerical and physical

porous disc models are intended to emulate an ideal turbine, i.e. a turbine which removes

streamwise momentum from the flow without viscous losses. At low-to-moderate disc

resistance, both models behave as intended. Streamwise momentum is extracted from the

flow, and while viscous losses are present in the shear layer where the flow separates from

the disc edge, the relative effect of viscosity is negligible and the resulting wake is steady.

As the resistance of a physical disc is increased (by reducing the number of holes), the

disc approaches the behaviour of a solid disc, where viscous forces are more significant,

triggering vortex shedding and unsteady separation from the disc. This mode of behaviour

is no longer representative of an ideal turbine, and the physical model is no longer valid.

Graham (1976) shows that vortex shedding occurs for a rectangular porous strip above

K = 4, which is consistent with the deviation in numerical and physical thrust observed

here. The limiting CT for a solid disc in the current conditions can be calculated for

comparison to the current results. Yeung (2010) presents experimental data from a variety

of sources to examine the drag of a solid disc in confined flow. The same author develops

the following model to predict the thrust of a solid disc for a given blockage B (Yeung,

2009),

CT = 0.831




(1 + 0.831B) −
√

(1 − 0.831B)2 − 8B(1 − B)6

4B(1 − B)6


 . (5.16)

The result of this model should represent the upper limit for porous disc drag, as porosity

is reduced to zero (i.e. a solid disc).

For the lower blockage case of B = 0.045, corresponding to the 270 mm disc, equa-

tion 5.16 yields a limiting thrust of CT solid = 1.41. This value lies below the maximum

computed thrust for a numerical porous disc (which continues to represent an ideal rotor)

of CT ≈ 1.7 in figure 5.26 (a). Measured thrust on the low-porosity (K > 10) discs in the
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Figure 5.27: Comparison of computed power coefficient for bare and ducted discs.

same figure are below the solid disc value of CT = 1.41 but appear to tend towards this

limit. Similar behaviour is observed for the 311 mm disc in figure 5.26 (b), where the

blockage ratio is B = 0.063. The theoretical limit in this case is CT solid = 1.49. Computed

maximum thrust for an ideal porous disc is above this threshold, while measured thrust for

the porous disc at of resistance K = 10 is below this limiting value. Further tests of lower

porosity discs and a solid disc would be required to verify this analysis.

As device power could not be measured directly from the experimental data, we rely on

the computational model to determine the effect of the duct at model scale. Comparisons

are made at disc resistances of K = {0.6,0.9,1.8} only, where the computational and

physical models report the same device thrust. The operating point is represented in this

case by the induction factor a (defined in equation 5.8) to allow direct comparison with the

results in section 5.2 for a tidal turbine at full scale.

In figure 5.27 the duct power coefficient is normalised on the total frontal area of the

device, i.e. the area based on the maximum external diameter of the duct (311 mm). This

is compared with simulations of a bare disc of diameter 311 mm, which has an equivalent

frontal area. The same trend which was observed earlier at full scale (c.f. figure 5.6), is

repeated here. The duct reduces the power at the moderate resistances tested, and the

curves indicate that the ducted device may produce more power at very low disc resistance

(K < 0.6). The ducted device exhibits a very broad range of operating points where CP is
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close to maximum. However, if a rotor can be controlled to operate close to peak CP, the

bare device is considered superior.

5.6 Conclusions

The objectives of the first part of this study were to assess the performance of a ducted

turbine relative to an unducted turbine and to identify beneficial features of a duct. A

series of bi-directional duct designs were produced by combining circular arcs and altering

camber and thickness. These devices, along with a bare turbine, were each simulated

under the same flow conditions using a simplified two-dimensional RANS model. Tur-

bine performance was assessed in terms of power and efficiency. The unducted turbine

outperformed all of the ducted turbines, achieving a power coefficient of CP = 0.83 and

an efficiency of η = 0.73 at its optimum operating point. The best-performing ducted

device, D, achieved a power coefficient of only CP = 0.48 at its best operating point. The

corresponding efficiency at this operating point was relatively high at η = 0.74, as leading

edge flow separation did not occur. Note that the results of this comparison between bare

and ducted rotors are not general: an idealised rotor model has been used, and the effect of

blockage ratio has not been examined.

The area, mean pressure and bulk velocity were calculated at each streamwise location

in the streamtube bounding the rotor flow. Comparisons of these parameters show that a

duct limits flow expansion downstream of the disc, thereby reducing the pressure reduction

behind the disc and the volumetric flux through the disc, ultimately limiting the power

coefficient of the device. The ducted devices undergo a sudden reduction in efficiency

when the disc resistance is increased beyond a certain point. At this point, dependent

on duct geometry, the flow separates from the leading edge. Kinetic energy is lost to

heat through viscous action in the recirculating region which develops outside the duct,

resulting in reduced efficiency.

Physical testing of a ducted porous disc has been carried out by a third party. The
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thrust on the disc, and duct where present, was derived from a strain gauge embedded

in the support shaft. A three-dimensional computational model developed to match the

blockage and flow conditions of the flume. Good agreement in thrust was observed for

unducted and ducted discs at low to medium resistance. The reason for the divergence in

thrust results at higher resistance is that the physical disc approaches the behaviour of a

solid disc due to viscous behaviour, while numerical disc continues to emulate an ideal

rotor. Within the range of agreement with the experiment, the numerical model shows that

device power is reduced by a duct at model scale.

The primary conclusion of this study is that an unducted turbine outperforms a bi-

directional ducted turbine in terms of power and efficiency. If a duct is to be designed for a

tidal turbine for other reasons, such as alignment of flow and protection of blades, a thin

duct profile with slight camber performs best.



Chapter 6

Conclusions

A three dimensional computational model of a full scale axial flow tidal turbine has been

used to investigate the effects of a range of realistic environmental conditions on turbine

performance. The model, which is based on the Reynolds averaged Navier-Stokes (RANS)

equations, has been developed using the commercial flow solver ANSYS Fluent.

The rotor of the turbine is directly resolved using a body-fitted grid, and motion is

enabled through the introduction of a sliding mesh interface between the rotor geometry

and the channel boundaries.

The boundary conditions and dimensions of the domain are modified to reproduce a

range of operating conditions based on observations of tidal channel flows. Self-sustaining

profiles of sheared velocity and turbulence profiles are generated using an existing method,

where the prescribed velocity and turbulence profiles are maintained by a shearing force

at the channel bed. The inter-device spacing of an infinite fence of turbines is modified

by changing the width of the computational domain and prescribing periodic boundary

conditions at the lateral boundaries. The periodic conditions at the lateral boundaries also

enable the simulation of yawed flow.

A deforming free surface is introduced using a two-phase model, where the passage of

air above the free surface is included. Linear wave theory is combined with the existing

sheared flow model and applied as a boundary condition to the channel, allowing turbine

187



CHAPTER 6. CONCLUSIONS 188

operation in a combination of sheared flow and free surface waves to be examined. This is

the first time, to the author’s knowledge, that such a flow has been reproduced successfully

in a RANS model.

In a separate study, the performance of bi-directional ducted tidal turbines is inves-

tigated. In an effort to identify an optimum profile for a bi-directional duct, a series of

candidate designs are generated parametrically. A two dimensional axi-symmetric RANS

model is developed to examine device performance in confined flow conditions. A three-

dimensional model is subsequently produced for comparison to existing experimental

data.

Key findings from each of these investigations are now presented.

6.1 Key findings

6.1.1 Tidal turbine performance in sheared, confined and yawed flow

6.1.1.1 Effect of shear

• The thrust and power of a tidal turbine is higher in sheared flow than in a uniform

flow of the same volumetric flow rate. This is due to the higher kinetic flux through

the swept rotor area in the sheared velocity profile.

• The unsteady loading on a turbine blade is greatly increased in sheared flow. The

rotor encounters a greater range of freestream velocities when passing between the

high velocity flow in the upper portion of the sheared profile and the low velocity

flow near the channel bed. This type of fatigue loading should be accounted for in

the structural design of tidal turbine blades.

• The rate of wake recovery is increased in sheared flow. The high velocity flow

in the upper portion of the sheared profile is accelerated further in the bypass

flow due to blockage effects, generating a stronger shear layer at the edge of the
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wake. Additionally, the sheared velocity profile supports a higher level of ambient

turbulence, which enhances wake mixing.

• Turbine performance in sheared flow is also dependent on elevation. Mean power and

thrust are reduced when the device is positioned close to the channel bed. However,

the amplitude of unsteady loads on the rotor blades is increased due to the higher

gradient in velocity in this region. Additionally, the rate of wake mixing is reduced,

as a shear layer cannot form beneath the wake. A compromise is highlighted between

the higher mean power and thrust attainable at high elevation in sheared flow, and

the increased overturning moment on the supporting structure. Despite the increase

in the relative size of the support structure, device efficiency (power-to-thrust ratio)

is improved slightly, as the increase in power outweighs the increase in parasitic

drag.

6.1.1.2 Effect of flow confinement

• When the lateral spacing of a row of turbines is reduced, mean thrust and power are

increased due to the blockage effect, where the higher velocity in the bypass flow

enables a greater pressure change across the rotor plane.

• The higher bypass velocity results in greater shear in the wake between the bypass

and core flows, enhancing wake mixing.

6.1.1.3 Effect of flow alignment

• Rotor thrust and power are reduced in yawed flow, as the blades operate at off-design

local flow angles for significant sections of a revolution.

• Unsteady blade loads in yawed flow are similar in relative magnitude to those in

aligned flow if the velocity profile is consistent. However, at high yaw angles, an

additional perturbation of the blade loading can occur in the ‘upstream’ portion of a

revolution due to an interaction with the turbine nacelle.
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• Device efficiency is reduced in yawed flow. Parasitic drag is increased due to the

side-on interaction of the flow with the nacelle, which is expected to cause unsteady

vortex shedding.

• A small but consistent distortion of the wake was observed in the yawed flow cases.

This is a consequence of the rotating wake interacting with its images in the bed and

free surface planes.

6.1.2 Effect of free surface waves

• Large differences in blade torque are observed in a comparison of rigid and deforming

free surface models, in the absence of waves. A hydrostatic pressure gradient is

present for the deforming free surface case, and exerts buoyancy forces on the rotor

blade (which is modelled as a void) as it rotates.

• Thrust and torque fluctuations on the rotor and blades increase with wave height,

but mean values are not affected. Frequency analysis indicates that unsteady rotor

loading is dominated by wave-induced velocities, but the sheared velocity profile

remains the dominant influence on unsteady blade loading.

• Blade and rotor load fluctuations also increase with wavelength, but mean values

are not affected. The induced velocity profile increases in magnitude and extends

deeper into the water column as the wavelength is increased. The influence of waves

on unsteady blade loading becomes similar in magnitude to that of velocity shear.

Unsteady rotor loads also increase greatly — a doubling of wavelength results in a

threefold increase in rotor thrust fluctuations.

• The interaction of the rotor and wave frequencies is also examined. When the

difference between these frequencies is small, long-period modulation of the blade

loading history is observed. Positive interference between the wave crest and blade

position results in increased thrust loading.
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6.1.3 Performance of a ducted tidal turbine

• The primary conclusion of this study is that an unducted turbine outperforms a bi-

directional ducted turbine in terms of power and efficiency. If a duct is to be designed

for a tidal turbine for other reasons, such as alignment of flow and protection of

blades, a thin duct profile with slight camber performs best.

• The unducted turbine was found to outperform all of the ducted turbines examined

in a comparison at constant blockage. The best-performing ducted device achieves a

peak power coefficient of approximately 45% of the unducted device.

• Comparisons of streamtube area, velocity and pressure for the flow through the

ducted device show that a duct limits flow expansion downstream of the rotor. The

pressure reduction behind the disc and the volumetric flux through the disc are

reduced as a result, ultimately limiting the power coefficient of the device.

• Ducted devices undergo a sudden reduction in efficiency when the disc resistance

is increased beyond a certain point. At this point, dependent on duct geometry, the

flow separates from the leading edge. Kinetic energy is lost to heat through viscous

action in the recirculating region that develops outside the duct, resulting in reduced

efficiency.

6.2 Future work

Suggestions for future work based on the findings of this thesis are presented in this section.

6.2.1 Full scale rotor model

• This study has highlighted the magnitudes of the unsteady components of blade

loading in sheared flow. For example, distributions of shear force and bending

moment along a rotor blade over a revolution have been calculated. This data could

be used as an input to fatigue calculations for the design of a tidal turbine blade.
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• The downstream boundary was located six diameters from the rotor plane. A

lower-order rotor model which is less computationally demanding, e.g. an actuator

line method, could be used to simulate the rotor. The downstream length of the

computational domain could then be increased, and the effect of shear, blockage and

yaw on the development of the far wake could be examined.

• The current computational model uses wall functions to model the boundary layers

at the rotor surfaces. The effect of this assumption on rotor performance could be

examined (assuming the same computational resource) by producing matching axi-

symmetric models: one using wall functions and the other with resolved boundary

layers. Rotor motion could be simulated using a moving reference frame method.

6.2.2 Waves model

The current model of free surface waves on sheared open channel flow is a new develop-

ment, and could be improved in many areas.

• Comparisons of a rigid and deforming surface showed that the rotor blades can

undergo large fluctuations in torque due to buoyancy. In the field, it is more likely

that tidal turbine blades are neutrally-buoyant, and hence such torque fluctuations

will not be an issue. Neutrally-buoyant blades could be simulated in the current

model by discretising the interior of the rotor geometry and assigning solid material

properties to that region. The density of the new solid could be set to that of water.

• Discrepancies in prescribed and observed wave height of 10% – 15% were observed

in the simulated wave cases. These could possibly be reduced by increasing the

vertical resolution in the vicinity of the free surface.

• Further testing of the wave damping zone at the outlet boundary is required to

determine an appropriate length for wave damping. Results from the current study

suggest that the length of the damping zone should be increased when higher or

longer waves are modelled.
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• The current parametric study was limited, in that only three wave conditions were

examined. With some improvements to wave resolution and damping, this model

could be employed to investigate a much wider range of wave conditions.
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