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Abstract

Enhanced Array Design for Tidal Power Generation
A thesis submitted for the degree of Doctor of Philosophy

Susannah Cooke
Brasenose College, Oxford

Trinity Term 2016

Tidal stream energy is a predictable source of renewable energy. Tidal stream

turbines have been proposed as a way to extract useful energy from the tide. Many

arrays of such devices will need to be installed to extract significant amounts of energy.

The presence of an array of turbines within a tidal flow will impact the flowfield, as

complex fluid interactions occur across multiple scales. This thesis is concerned with

the behaviour of tidal turbines arrayed across channels. Experimental and analytical

work is carried out to investigate array behaviour and to create new modelling tools

to replicate this behaviour.

Linear Momentum Actuator Disc Theory (LMADT) is employed to develop a new

analytical model for a long row array of tidal turbines split into multiple smaller, co-

linear row arrays. An argument of separation of scales is used to facilitate this model.

It is found that increases in power extraction beyond that of a single continuous row

array are possible.

Experimental work is carried out on a row array of eight porous discs, simulating

a short row array of tidal turbines. Disc porosity and spacing are varied to investigate

thrust on the array, flow behaviour behind the array and an ‘inferred’ power removed

from the flow. The results are compared to previously developed theoretical models.

Good agreement is found with the trends of the analytical model, for example that

there is a peak power coefficient which can be reached through appropriate selection

of spacing and disc resistance. Differences from theory are found in the total thrust

and power measurements, as well as in some aspects of the flow behaviour in the

array wake. Reductions in thrust and power towards the ends of the array are also

identified as ‘end effects’ which are not included in the analytical model.

Based on these results a new semi-empirical model is proposed, using LMADT

with experimental data closure. This model allows variation of the disc resistance

across a row array. Values from the experimental work are used as inputs to the

model, and the results compared to experimental measurements of flowspeed, thrust

and power. Although agreement with experimental results is found in some areas,

there are still some discrepancies between the analytical model and the experimental

results. This indicates that there are additional factors that contribute to end effects

on a short row array.



Nomenclature

Variables

α Device induction factor

β Bypass induction factor

γ Wake induction factor

η Basin efficiency

Θ Open area ratio

κ Pressure coefficient of device resistance

ν Kinematic viscosity

ρ Fluid density

τ Reynolds stress

A Cross-sectional area

a Alternate device induction factor, a = (1− α)

B Blockage ratio

CP Power coefficient

CT Thrust coefficient

d Device diameter

f Frequency

Fr Froude number

g Gravitational acceleration

h Channel height

L Characteristic length

m Number of sub-arrays in array

n Number of devices in sub-array or array

p Static pressure

P Power

Q Volumetric flow

q Dynamic pressure

Re Reynolds number
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s Edge to edge spacing

St Strouhal number

T Thrust

t Time

U Steady-state flow speed in the x direction.

u Instantaneous flow speed in the x direction.

u Velocity vector

w Channel width

Subscripts

0.3d Value at 0.3 disc diameters downstream of array

1 LMADT channel position: at upstream device streamline boundary

2 LMADT channel position: immediately upstream of device

3 LMADT channel position: immediately downstream of device

4 LMADT channel position: at downstream static pressure equalisation

5 LMADT channel position: immediately downstream of core/bypass mixing

∞ Freestream flow

A Array scale

B Bypass flow

C Channel flow

D Device flow

disc Disc plane

F Farm scale

G Global scale

i Pertaining to the ith streamtube

L Local scale

S Single streamtube (Chapter 7 only)

W Wake

Superscripts

+ Immediately upstream of an LMADT station
− Immediately downstream of an LMADT station
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Abbreviations

ADV Acoustic Doppler Velocimetry

BEM(T) Blade Element Momentum (Theory)

CFD Computational Fluid Dynamics

DAQ Data Acquisition

LES Large Eddy Simulation

LMADT Linear Momentum Actuator Disc Theory

PTO Power Take Off

RANS Reynolds-Averaged Navier-Stokes

SWE Shallow Water Equations

TKE Turbulence Kinetic Energy
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Chapter 1

Introduction

The power present within tidal currents around the world represents a source of

predictable renewable energy. Given that tidal currents can be easily forecast, they

offer the opportunity to provide a much more predictable supply of energy than other

renewable sources such as wind or solar power. Over the last two decades, interest

in exploiting this potential has grown, resource assessments have been undertaken in

countries where the tidal currents are strongest, and developers have designed devices

capable of extracting this energy. The UK has significant potential for tidal energy

generation due to the high tidal currents or tidal range present at multiple locations

around its coastline [14]. As such, there is considerable public and private interest in

developing such capacity. This chapter will give a short review of the current state of

commercial development, resource estimation and national targets. A more detailed

review of the current state of tidal turbine modelling is undertaken in Chapter 2 to

place the work undertaken in this thesis into context.

Two types of technology currently exist at viable commercial scale to exploit tidal

power; tidal barrages and tidal stream turbines. Tidal barrages are an established

technology, whereby the potential head of water at sites with high tidal range is

held behind a dam and expelled through turbines within the dam which generate

1



(a) Axial-flow

(b) Cross-flow

Figure 1.1: Artists’ impressions of a) an array of axial-flow tidal turbines and b) an
array of cross-flow tidal turbines. (Images reproduced with permission of a) Scottish-
Power Renewables and b) Ocean Renewable Power Company.)

electricity. There are currently a small number of tidal barrage sites in operation

around the world, of which the largest is the La Rance power plant in France, with

a generating capacity of 240 MW [94]. The requirement to dam an estuary or bay

to create such capacity, however, is not always popular or justifiable, as it will not

only affect tidal range but may also have significant ecological impacts. In the UK,

multiple barrage schemes have been considered, particularly in the Severn Estuary,

but the challenges to mitigate environmental impacts are significant [53]. As such,

the tidal lagoon project in Swansea Bay is the only tidal range project in development

in the UK at present [133].

Tidal stream turbines, by comparison, do not entirely block tidal flows with a

dam. Instead, they rely on individual turbines, sometimes grouped in arrays, which

only block the flow insofar as the tidal current is slowed down by their presence. They

therefore operate in much the same way as wind turbines, capturing available power

from the ambient freestream flow. As a result, they must be placed in locations with

2



Figure 1.2: SeaGen turbines
(Image reproduced with permission
of Atlantis Resources.)

Figure 1.3: AR1000 prototype turbine
(Image reproduced with permission of Atlantis
Resources.)

relatively high speed tidal flows. There are two main types of tidal stream turbine

design under development: axial-flow turbines, sometimes referred to as horizontal

axis turbines, which extract energy from flow parallel to their rotational axis; and

cross-flow turbines, which do so with flow transverse to the rotational axis. Cross-

flow turbines can be either vertical or horizontal, and so the term ‘horizontal axis

turbine’, which is sometimes used for axial-flow turbines, will not be used in this

thesis to avoid confusion. The two types of technology are shown in Figure 1.1.

Given that the majority of recent deployments of prototype turbines have been axial-

flow turbines [94], this thesis will assume that deployed turbines are likely to be of

the axial-flow variety. It should be noted, however, that this is only relevant to the

work described herein insofar as the turbine cross-section perpendicular to the flow

is generally assumed to be circular.

It is worth noting that other tidal stream energy devices are also under develop-

ment, such as oscillating devices or tidal ‘kites’ [100], however these are currently at

early stages of design and prototyping, and are not considered within this thesis.

3



1.1 Current State of Industry

Tidal stream turbines are approaching the stage of industry maturity where multiple

large-scale prototypes are undergoing testing, with the first full-scale installations now

underway. The UK in particular has several commercial-scale prototypes in testing

or development, as well as imminent commercial deployment of a small number of

turbines. Examples of large-scale axial-flow prototype turbines include the dual-

turbine SeaGen installation in Strangford Narrows, as shown in Figure 1.2, which

has 1.2 MW capacity and has been exporting power to the grid since 2009 [94]. This

two-turbine structure is now in the process of being decommissioned after exporting

a total of 10 GWh to the grid. ScotRenewables have recently deployed a 2 MW

dual-turbine floating generator as shown in Figure 1.4 which will operate at the

European Marine Energy Centre (EMEC) test site in Orkney, UK [99]. A number of

other device prototypes have also been or are currently being tested at EMEC, whose

facilities include grid connection and performance monitoring. Examples include

the single turbine models of Atlantis Resources’ AR1000 as shown in Figure 1.3

and Andritz Hydro Hammerfest’s HS1000 [48] as shown in Figure 1.6. Full-scale

commercial installations of tidal turbines are due to be constructed within the near

future, with MeyGen’s initial 4-turbine array in the Pentland Firth to be installed by

the end of 2016. Cable installation on this project is now complete, subsea turbine

structures have been installed and the first of four 1.5 MW turbines manufactured

by Andritz Hydro Hammerfest and Atlantis has now been installed and is producing

power [98]. Similarly in France, OpenHydro have deployed a ducted, open-centre

turbine as shown in Figure 1.7, recently completing installation of the second turbine

in a two-turbine array at Paimpol-Bréhat which will export 1 MW to the grid [93].

EDF and OpenHydro are working towards the ‘Normandie Hydro’ installation of a

full commerical array of seven 2 MW turbines in 2018 [93]. These projects will yield

the first large-scale data regarding tidal stream turbines deployed in arrays, although

4



Figure 1.4: Deployment of ScotRenewables’ SR2000 dual-turbine floating generator
(Image reproduced with permission of Scotrenewables Tidal Power Ltd.)

the widespread successful deployment of tidal arrays which could lead to continued,

long-term industrial investment is still some way off [12].

1.2 Tidal Resource Assessment

Tidal resources are geographically diverse around the globe, with most locations suit-

able for tidal stream turbine deployment restricted to a relatively small number of

countries with sites of high tidal stream velocity. As a result, only countries with

these resources are prioritising investment in tidal stream technology; examples of

such countries are the UK, Ireland, Canada and New Zealand, where sites with high

tidal flows are found. A map of the peak spring tidal flow speeds in UK waters is

shown in Figure 1.5.

Resource assessments are crucial to understanding the potential for tidal energy

extraction. Uihlein & Magagna [124] summarised the various resource assessments

that have been undertaken in multiple countries around the world; in the UK, several

studies have been undertaken to attempt to quantify the total tidal resource available.

Given the complexity of the problem, and the difficulty in obtaining the required

wealth of data, estimates of available resource can vary widely. When interest in

tidal stream turbines began increasing in the late 20th century, estimates of available

5



Figure 1.5: Peak flow speed in m/s for mean spring tide around the UK. (Image
reproduced from Atlas of UK Marine Renewable Energy Resources, DTI, 2004 [69]
with permission of ABPmer. Data sourced from http://www.renewables-atlas.info/.
©Crown Copyright.)

power were usually based on kinetic energy flux, similar to the wind industry [39].

This assumption continued to be used in detailed assessments of the tidal resource

as the first industrial-scale turbine installations in the UK were under discussion and

development [42]. However, subsequent tidal energy studies have highlighted that this

approach is not always correct for tidal power, particularly since tidal flows are not

unbounded, whilst wind is usually assumed to be. Exemplifying the variability, the

Carbon Trust published two reports, in 2005 and 2011, which respectively estimated

the UK’s available resource at 18 TWh/yr and 29 TWh/yr [9] [15]. This can be

compared to the total UK energy supply of 360 TWh in 2015 [31]. The earlier Carbon

Trust report used a simple kinetic energy method, as used in the wind industry, while

the latter amended this in line with more recent tidal research to model tidal turbine

farms as frictional drag terms within a coastal-scale model. Subsequently, the Crown

Estate published a revised figure of 95 TWh/yr [37], using the same hydrodynamic

6



Figure 1.6: HS1000 prototype tur-
bine
(Image reproduced with permission
of Andritz Hydro Hammerfest.)

Figure 1.7: OpenHydro deployment
at Paimpol-Bréhat
(Image reproduced with permission of
DCNS/OpenHydro.)

methodology as the Carbon Trust 2011 report but relaxing several of its constraints

to allow more shallow-water and low-energy sites to be included [38]. While these

energy estimates for all UK coastal waters are very variable, the local estimates

of the tidal resource within specific tidal basins are more immediately relevant to

developers. Therefore, the British Standards have recently been updated to include

guidance on standardised methodology to assess the available tidal energy [57] at

sites identified for potential development. Specific computational studies of individual

areas for potential development will be discussed further in Section 2.3.3. As resource

assessments become more accurate, developers’ certainty in power predictions will

increase and aid general confidence in the industry.

1.3 National and International Policies

Renewable energy as a whole has been undergoing growth around the world, and is

the second largest contributor to global electricity generation [56]. The majority of

renewable generation at present comes from hydropower, as shown in Figure 1.8a.

However, there has been recent significant growth in wind and solar generation, par-

ticularly in the more wealthy countries of the Organisation for Economic Co-operation

7



(a) World (b) OECD

Figure 1.8: Energy source shares in a) world and b) OECD members’ electricity gen-
eration, 2015. (Image ©OECD/IEA 2016, Key Renewable Trends, IEA Publishing
[56]. Licence: www.iea.org/t&c.)

and Development (OECD), as shown in Figure 1.8b. Many countries have set targets

for renewable energy generation in the future, including the European Union’s target

for 20% of energy generation from renewables by 2020, as set in 2009 [95]. This target

of 20% varies by country according to their previous energy mix and potential; the

UK’s 2020 target, legally binding within EU law, is 15% [28]. This target includes all

forms of energy generation and consumption, i.e. not only electricity but also heat,

transport etc. Although progress towards this target continues to be made [30], it

has recently been identified by the UK’s National Grid, studying multiple scenarios

for future energy usage, that the target will be missed [50]. This is not due to the

generation mix for electricity, however, which remains on target, but due to the likely

failure to meet heat and transport targets.

The European Commission has a target to reduce greenhouse gas emissions to 80-

95% below 1990 levels by 2050 [21]. Having considered various scenarios for achieving

this target, it is noted that all rely on increased electricity generation to replace trans-

port and heating reliance on carbon-intensive fuels. Renewable electricity generation

will have an important part to play in this process.

Within electricity generation in the UK, technologies such as onshore wind energy
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and hydropower are now solidly established, coupled with rapid growth in solar energy

and offshore wind energy. Tidal energy is not as advanced as these technologies, but

has high predictability and potential for high density energy generation. It is therefore

identified as an important area for incentivisation and growth. It is a key element

of the UK’s Renewable Energy Roadmap (published in 2011 [28]), and is supported

through ongoing policies thereafter [29]. There continues to be support for research

and development, including support for pre-commercial array demonstrations such

as the initial MeyGen deployment, partially funded by the the Marine Energy Array

Demonstrator grant scheme [30]. Support such as funding and provision of testing

sites such as EMEC are allowing the UK tidal energy sector to lead the world in

deployment of early commercial turbine models. Government policies such as this are

crucial to the development of tidal stream energy in the UK and around the world,

together with co-operation between developers. This will be particularly important

in the next decade as the industry strives to reach technological maturity and bring

costs of energy down in line with market values [12].

1.4 Future Development

Although individual or dual turbines have been deployed, as described above, sig-

nificant commercial success at array scale must be achieved before the tidal stream

industry can be considered to have reached maturity [12]. Successful deployment will

be reliant on better understanding of the resource, fluid dynamics, turbine build costs,

offshore maintenance, electrical transmission costs etc. In particular, understanding

the behaviour of turbines within arrays is essential, as no single turbine can extract

all the available power in the most promising tidal sites. Array behaviour is known

to be complex, and can increase or decrease extractable power based on non-intuitive

relationships. As such, much work is being undertaken to investigate the behaviour
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of tidal turbines in arrays, as discussed by Vennell et al. [129]. Enhancing the un-

derstanding of this behaviour will be critical to ensuring commercial success at array

scale, and is the focus of this thesis.
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1.5 Aims and Outline of this Thesis

A large body of work has been carried out to investigate the behaviour of tidal

turbines, but there are still gaps in understanding which prevent knowledge being

easily applied to future design and installation of such devices. In particular, array

behaviour is the subject of much recent study and has complexities beyond those

previously considered for wind turbines. This thesis focuses on analytical models as

a simple, computationally light tool to allow fundamental behaviours of tidal turbine

arrays in constrained flows to be studied. Recognising, however, that analytical mod-

els are often seen as being too far removed from real fluid flow to allow for their use in

the commercial design process, experimental work is also included to validate these

models and develop corrections for them. The thesis focuses on array-scale modelling

as being the most relevant to the current state of technological development, as arrays

are now being designed and built for commercial operation. Given the large body of

work indicating that single row arrays perform optimally for power extraction (as will

be further discussed in Chapter 2), the thesis will focus on this type of array layout.

• Chapter 2 undertakes a literature review of modelling methods used for tidal

turbines: analytical, computational and experimental. Modelling of arrays in

particular is highlighted, and conclusions drawn regarding the general trends

seen.

• Chapter 3 explores a new analytical model which has been developed to inves-

tigate the potential for splitting a single row array into multiple shorter row

arrays across a wide tidal channel. The formulation of this model is described,

and results are presented which show that there is potential to further improve

energy extraction beyond that of a single unbroken row array in such a channel.

• Chapter 4 discusses the set-up and results of a short scoping experiment car-

ried out using existing equipment to investigate the single row array model of
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Nishino & Willden [87]. This scoping exercise was designed to confirm the vi-

ability of further experiments and to focus the planned parameter space and

measurements to be taken. Results from these experiments are compared to

predictions from analytical theory.

• Chapter 5 describes the implementation of experimental testing designed to

fully investigate and validate the single row array model of Nishino & Willden.

The design of experimental equipment to facilitate these tests is discussed, and

data quality methodology observed during testing is described.

• Chapter 6 presents the results of the main experimental testing of a single

row array of eight porous discs, varying spacing and disc porosity to investi-

gate changes in behaviour. Results for both thrust and extractable power are

discussed and compared to the predictions of analytical theory. Wake measure-

ments of flow behaviour are studied to investigate the validity of assumptions

made within the analytical theory. Differences between a short row array and

the quasi-infinite array assumed in analytical theory are discussed.

• Chapter 7 looks at ways to implement the impact of end effects on a short

row array as seen in the experimental results. A revised analytical model with

capacity to vary resistance across an array is presented, and its results are com-

pared to experimental results. Recommendations are made regarding further

work required to fully model end effects.

• Chapter 8 presents conclusions to the work of this thesis, and gives recommen-

dations for further work which could be carried out in this area to extend the

current understanding of row array behaviour of tidal stream turbines.
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Chapter 2

Review of Modelling of Tidal

Turbines and Arrays

Given high potential energy yields, and government policies encouraging tidal energy

development, much work is presently being undertaken to further develop the technol-

ogy. Tidal turbines are large, expensive devices to commission, install and maintain.

Understanding their potential energy yield, build requirements and lifetime mainte-

nance cost are crucial to ensuring that installations are profitable and deliver the

performance expected. The design decisions in each of these areas are driven by the

fluid mechanics of the environment in which the turbine will be located, in terms of

the forces on the turbine and the energy resource available. Installing more than one

turbine in the same area (i.e. building a tidal array) will incur additional inter-turbine

effects through interactions with fluid flow. It is therefore critical to understand the

fluid flow through and around turbines and arrays prior to design and installation of

production-scale devices. Modelling of fluid dynamics is complex, whether done an-

alytically, computationally or experimentally, and will inevitably require some com-

promises and assumptions to achieve results over a reasonable timescale. A large

amount of research has already been undertaken in this area, some of which is now

13



(a) Device-scale (b) Array-scale

(c) Basin-scale

Figure 2.1: Examples of different scales of computational modelling: a) the velocity
field around a single rotor (from Fleming, 2014 [40]); b) the velocity field around a
staggered array of turbines (from Malki et al., 2014 [73]); c) the velocity field around
row arrays in the Anglesey Skerries basin area (from Serhadlıoğlu et al., 2013 [107]).
(Images reproduced with permission of a) C. Fleming and b, c) Elsevier.)

being used to guide the design of the first generation installations of tidal turbine

arrays.

The flow around a turbine, or an array of turbines, is governed by fluid interac-

tions at multiple scales. As such, modelling has focused on understanding the fluid

behaviour at each different scale, often attempting to decouple interactions where

possible to simplify the problem. Device and array scale modelling are usually car-

ried out using channels of rectangular cross-section with prescribed flow speeds, while

basin scale modelling includes accurate bathymetry and tidal forcing but simplifies

power extraction to avoid the need to fully model a tidal turbine interacting with the

flow. The different scales are exemplified in Figure 2.1, which shows computational
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results from work at each of these scales. This chapter reviews the available liter-

ature, considering modelling work performed in terms of scale of model and types

of model (experimental, analytical (theoretical) and computational). This thesis fo-

cuses on understanding the behaviour of tidal turbine arrays through analytical and

experimental modelling, and as such these areas are discussed in more depth.

2.1 Device Scale Modelling

Device scale modelling is taken to be any modelling which focuses only on a single

device. Such modelling typically analyses either the performance of a specific rotor

design, or a specific aspect of tidal turbine behaviour which can be analysed using

only one device. These models can also form the basis of expanded models for array

or basin modelling if they are simple enough to be replicated.

2.1.1 Experimental Modelling

Experimental modelling of single devices ranges from the large-scale testing of proto-

type production turbines in offshore conditions down to small-scale models of device

behaviour using either rotor scale models or porous emulators in recirculating flumes

or towing tanks. In all cases, these tests are undertaken to establish loads on the

device, potential power output and consequences to the surrounding fluid flow and

local environment.

2.1.1.1 Porous Discs

A porous disc, which can emulate the flow resistance of a tidal turbine, can be used

to investigate flow patterns around a device and the thrust loading on it. They

are restricted by their inability to simulate swirl or other rotational properties of a

turbine, and the fact that they have no power take-off mechanism. However, if these
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restrictions are considered of low importance to the area of study then porous discs

afford a simple, cheap and reliable way to investigate device-fluid interaction without

complicated scaling or power take-off (PTO) requirements. The porosity of the disc

determines its resistance to the flow, and as such a variety of different resistances can

be easily investigated using multiple discs.

Porous discs were previously used in experimental investigation of wind turbine

wakes for this reason, as described in Sforza et al. [108] in the early 1980s, where a

series of experiments were carried out using multiple porosities of a single porous disc

to investigate the relationship between wake development and turbine thrust.

Similar studies have been carried out more recently for tidal turbine research.

Porous discs have been used in small-scale experiments where dimensions are re-

stricted by available testing facilities. In such situations, attempts to use scale rotors

result in extremely high tip speed ratios if scale similarity is achieved (which then

induce unrealistic swirl and pressure gradients into the flow field). Porous disc studies

of this kind typically focus on the relationship between device thrust, which can be

replicated through varying disc porosities, and downstream wake development.

Bahaj et al. [5] carried out one of the earliest evaluations of the feasibility of ex-

perimental testing of marine tidal turbines in 2007, identifying and investigating the

parameters which govern wake development and recovery. Having identified thrust

coefficient as one of the most important characteristics to correctly simulate, they

drew on the earlier use of porous discs as wind turbine simulators and carried out a

series of experiments using porous discs in a water flume. They successfully demon-

strated that porous discs could adequately simulate the far wake region of a tidal

turbine, allowing them to be used for simple experimental simulation where wake

interactions were of foremost importance.

Whelan (2010) [135] used both a porous disc and a rectangular porous strip, as

shown in Figure 2.2, to investigate the effects of free-surface proximity on the thrust
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Figure 2.2: An example of an experimental porous strip on the left, and porous disc
on the right. (Image reproduced from Whelan, 2010 [135] with permission.)

performance of tidal devices. The output of this work was used to inform a revised

analytical model for free-surface effects.

Sun (2008) [117] used discs with two different porosities to investigate the dif-

ferences between an experiment in a towing tank and an experiment in the more

natural channel of a dam overflow, as well as comparing these results to predictions

from a computational actuator model. The results showed higher force on the less

porous disc, as would be expected, but also found variations in thrust loading be-

tween the channel experiment and the towing tank. These were judged to be due to

both a sheared profile in the channel and the influence of ambient turbulence. It was

also found that increased flow speed resulted in increased energy extraction but also

increased wake recovery length.

Multiple experimental studies with single porous discs have been carried out at the

University of Southampton. Harrison et al. 2010 [52] compared wake measurements

downstream of porous discs to wake predictions from a three-dimensional computa-

tional method using actuator discs, and found good agreement. Myers & Bahaj 2010
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[84] and Bahaj et al. 2012 [4] investigated the streamwise wake velocities downstream

of a single porous disc, using discs of varying porosity at varying depths within the

water column. They concluded that higher resistance discs had a greater wake veloc-

ity deficit immediately downstream but that this difference disappeared by approxi-

mately six disc diameters downstream. This result agrees with other work carried out

using scale rotors [81] [82] and shows that far wake mixing is governed primarily by

ambient turbulence. Immersion depth of the rotor was also studied, together with a

variation in bed roughness. It was discovered that turbines low in the water column

have a wake that persists further downstream, and that increasing bed roughness can

exacerbate this problem. The potential requirement for a non-axisymmetric model

to incorporate these factors was identified.

There is also an area of research that focuses on understanding the behaviour of

porous discs themselves, and their potential weaknesses for simulating rotating de-

vices, despite their ease of deployment. Taylor [119] is widely recognised as having

developed reasonable theoretical relationships in the 1940s governing the behaviour

of porous discs’ drag coefficients as related to their open area ratio, but further work

has improved upon this understanding. Graham [49] compared Taylor’s theory to

experimental measurements in the 1970s and found that the prediction of drag co-

efficient was only reasonable for relatively low disc resistance. Castro [17] found a

distinct change in disc behaviour once disc open area ratio dropped below approxi-

mately 20%. This work was largely focused on wind turbine applications, but more

recently the behaviour of porous discs has been revisited by Blackmore et al. [10],

with a focus on tidal channels and experimental simulations. This new study found a

dependence of porous disc drag coefficients on both the turbulence intensity and tur-

bulence length scales of the oncoming flow. This result has implications for relating

experimental results from porous discs directly to real-world behaviour of turbines in

tidal flows.
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2.1.1.2 Scale Rotors

Unlike porous discs, which are usually adopted for small experimental work where

facility constraints mean that rotors would be difficult to accurately construct or run,

scale rotors can be deployed in larger tests, up to and including prototype testing

of commercial tidal turbine rotors. An example of the latter would be the testing

undertaken by Andritz Hydro at the offshore EMEC test facility [48], where the rotor

diameter of 21 m gave a rated output of 1 MW. Similar large-scale testing is also

being undertaken by other major developers such as Alstom [78].

The majority of research, however, is still being done using smaller-scale rotors in

well-instrumented test facilities. This leads to lower Reynolds numbers, due to the

reduced diameter of the rotors (and often reduced flow speed of the facilities versus

real tidal sites). As a result, differences in tip speed ratio, thrust coefficient and power

coefficient are experienced in such experimental testing. The Froude number of an

experimental facility may also vary significantly from that of a real tidal channel.

It is possible, however, to match some of these non-dimensional parameters where

required for the study of specific aspects of rotor behaviour.

An early set of experiments carried out by Myers & Bahaj [83] on a 1:30th scale

rotor of 0.4 m diameter in a recirculating flume with 0.84 m water depth experienced

significant variation in free surface height before and after the rotor, including a

hydraulic jump downstream due to some flow becoming supercritical. This was judged

to be due to the effects of a much higher Froude number in the experimental channel

than would be found in real tidal channels, combined with a high blockage ratio

(determined as being the ratio of device frontal area to channel cross-sectional area).

A further set of experiments by Bahaj et al. [3] explored a scale rotor of 0.8 m diameter

in both a cavitation tunnel and a towing tank of 1.8 m depth, but with a focus on the

thrust and power characteristics of the rotor, rather than its wake. Tests were carried

out at different rotational speeds and blade pitch angles to establish representative
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thrust and power curves, and to establish whether cavitation was probable. Cavitation

was not recorded for tip speed ratios lower than 7, and further work carried out by

Batten et al. identified appropriate tip speed ranges below this to avoid cavitation.

Whelan [135] undertook scale rotor experiments as well as porous disc experi-

ments, investigating the phenomenon of free-surface influence and the characteristics

of unsteady flow, including inertial terms. The scale rotor was deployed in both a

small flume channel and a wind tunnel of much larger cross-section. This work vali-

dated an analytical model for free-surface effects [134] and provided insight into the

inertial effects of unsteady flow around the rotor. Possible corrections to numerical

models which could be made accordingly were identified. Further investigation into

the effects of unsteady flow on the thrust performance of a scale rotor was carried

out by Milne et al. [80]. Unsteady loads associated with stall were found to be far

greater than those in unstalled conditions, meaning that turbines operating near the

blade stall point risk large increases in thrust and hence fatigue.

Whelan & Stallard [136] proposed the use of a scale rotor that was not geomet-

rically scaled to match a proposed full-scale design, but instead designed to perform

better at low experimental Reynolds numbers whilst maintaining similar rotational

speeds to full-scale turbines. This enabled performance parameters such as the rela-

tionship between thrust coefficient and tip speed ratio to be matched to the full scale.

This was prioritised because wake development and wake interaction are governed

by momentum extraction and by swirl (both directly influenced by thrust coefficient

and tip speed ratio). Data collected from such representative rotors may well be

more applicable to field behaviour of full-scale rotors than the behaviour of exactly

geometrically scaled copies of those rotors would be. This is particularly relevant for

scale modelling of arrays, where wake interactions are particularly important.

The alternatively scaled rotor design has been used in subsequent experimental

work undertaken at the University of Manchester. Several studies of small arrays
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Figure 2.3: An example of an experimental scale rotor. (Image reproduced from
Mycek et al. 2014 [81] with permission of Elsevier.)

and wake interactions using this rotor are discussed in Section 2.2.1.2. The rotor’s

individual performance and wake generation were fully investigated and discussed by

Stallard et al. 2015 [114]. It has also been used as a single rotor to study the influence

of waves by Olczak et al. [92], being placed in a recirculating flume with waves

generated opposing the current. The variation in wake deficit downstream of the rotor

for different wave climates was explored. For all wave heights considered, a reduction

in wake deficit was measured downstream of the turbine, showing increased mixing

due to waves. The depth to which the wake was affected by this was determined

by the significant wave height, with more energetic waves found to cause more rapid

wake recovery. Similar results have been found by de Jesus Henriques et al. [26],

who extended their study [27] to the reduction of wave-induced thrust loads through

appropriate blade pitching.

The rotor used in the de Jesus Henriques studies was originally designed and

deployed by Tedds [120] [121], and includes a variable number of blades and with

variable blade pitch angle. This rotor was deployed in a flume where inlet turbulence

and inlet velocity profile could be varied, so that the effects of these parameters on

the turbine wake could be studied. Comparisons were also drawn to the porous disc

studies of Harrison et al. [52] and Myers & Bahaj [84], and it was found that turbulent
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kinetic energy decayed significantly faster behind the turbine than behind the disc.

This was expected, due to additional turbulent mixing caused by rotor swirl and

tip vortices, and was confirmed by this testing. Additionally, significant turbulence

anisotropy was discovered in the wake regions for all testing configurations, casting

doubt on assumptions of turbulence isotropy which are often made in computational

work. However, little variation in wake behaviour was found by varying the inlet

turbulence intensity from 2% to 5%, or in introducing a sheared profile. It was

concluded that perhaps these changes had not been significant enough to witness

wake variation as reported by others such as Chamorro et al. [18]. Chamorro’s study

showed significant coupling of turbine response with onset flow turbulence below a

critical frequency, which could impact the behaviour of deployed devices in real tidal

flows near to sources of large energetic vortex structures, such as submerged rock

pinnacles or human-built structures. However, Mycek et al. [81] also performed

single rotor experiments with varying turbulence, and found that even though wake

behaviour was strongly impacted by freestream turbulence, mean rotor performance

was less affected. The rotor used in this experiment is shown in Figure 2.3.

Experimental deployment of scale rotors continues to be one of the most well-

regarded ways to investigate the behaviour of single turbines, and recent work con-

tinues to cover a wide scope of areas of investigation. This ranges from Jordan et al.’s

[63] confirmation of lack of wake recovery for rotors near to the bed as highlighted in

Bahaj et al.’s 2012 porous disc work [4], through Jeffcoate et al.’s [59] investigation

of rotor submergence which found power losses when a rotor is too close to the free

surface, all the way up to ocean deployment of full-scale commercial devices such as

SCHOTTEL’s relatively small rotor [60] or Alstom’s much larger one [78].
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2.1.2 Analytical Modelling

Analytical modelling of tidal turbines involves reducing the governing fluid equations

to a point where they can be fully closed and solved without the need for a discretised

computational solver. This is done by making assumptions about the flow, and the

turbine, which are appropriate to the conditions of turbine operation. While it is not

possible to extract full operating parameters and flow regime information from such

models, they can provide a generalised and simple method to investigate trends of

turbine/flow interaction. They are of particular interest for studying interactions at

array scale, where the ‘ideal’ array layout is often unclear or non-intuitive. They can

be used to establish trends of behaviour or facets of generalised flow behaviour in

tidal channels which can then be taken advantage of to maximise power extraction

or energy efficiency.

Initial analytical models of a single rotor in unbounded atmosphere were developed

in the early 20th century. Lanchester [68], Betz [8] and Joukowsky [64] all developed

simple models for the flow through an unbounded propellor: given the difficulties

in scientific communication between England, Germany and Russia during the First

World War it seems likely that they each developed these independently [125]. These

one-dimensional models are based on balancing mass, momentum and energy across a

control volume through and around the rotor, and rely on a few simple assumptions.

Most importantly, that the flow can be split into a ‘core flow’ which passes through

the rotor and a ‘bypass flow’ which does not (separated by a streamline), with no

viscous effects and no mixing in the vicinity of the rotor. Far downstream, static

pressure is assumed to return to atmospheric pressure prior to any mixing taking

place. All three models are similar, and demonstrate several key features of flow

around a wind turbine, such as half of the flow deceleration taking place upstream of

the rotor and half downstream. They each also derived the theoretical upper limit of

energy extraction which such a turbine can achieve: 16
27

or 59% of the available kinetic
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Figure 2.4: An analytical device model adapted for the case of a tidal channel. (Im-
age reproduced from Garrett & Cummins, 2007 [46] with permission of Cambridge
University Press.)

energy in the flow. This is obtained at an ideal flow speed through the rotor of 2/3 of

the undisturbed flow speed. This limit is now known as the ‘Betz Limit’, and has been

taken as the ideal maximum performance coefficient of wind turbines throughout their

development. It is also frequently referenced by tidal turbine developers, as it is a well-

known benchmark, however the model uses assumptions applicable to wind turbines

in the open atmosphere. As such, it includes assumptions such as the downstream

induction factor at the static pressure recovery point (the ratio of downstream flow

speed to undisturbed upstream flow speed) being twice the induction factor at the disc

plane. This is a consequence of assuming full static pressure recovery downstream of

the wind turbine as the flow through the turbine regains atmospheric pressure. This

and other assumptions need to be amended to provide a more accurate representation

of a tidal turbine in flow bounded by a free surface or channel edges.

This amendment was carried out by Garrett & Cummins in 2007 [46], who re-

vised the wind turbine assumptions to those likely to prevail for single tidal turbines:

a relatively shallow channel with a bounding free surface and a total depth not likely

to be more than a few turbine diameters in total. This makes the area of the tidal

turbine significant compared to the cross-sectional area of the channel; the ratio of

these two areas is referred to as ‘blockage’, ie the proportion of the channel’s cross-

sectional area blocked by the turbine. Given the incompressibility of water and the
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proximity of bounding surfaces, the assumption of downstream static pressure return-

ing to atmospheric (or upstream) pressure is unrealistic when blockage is significant.

This assumption is replaced by a requirement for downstream flowspeed to return

to upstream flowspeed, following static pressure equalisation across the channel and

subsequent mixing of core and bypass flow. The channel set-up for this model is

shown in Figure 2.4. Reframing the equations in this form changes the relationship

between upstream and downstream speeds such that it is no longer true that half the

flow deceleration takes places upstream and downstream of the rotor. It also shifts

the point of maximum energy extraction away from an induction factor of 1/3, and

increases the theoretical maximum of energy extraction by a factor of 1
(1−B)2

, where

B is the blockage ratio defined previously. This indicates that tidal turbine efficiency

can actually exceed the Betz limit in blocked flow, extracting a higher proportion of

the available kinetic energy. It should be noted, however, that this energy ‘extraction’

refers to all energy removed from the flow, not just the energy successfully converted

into electricity (or any other form of useful work).

The Garrett & Cummins model assumes a rigid lid, i.e. no free-surface defor-

mation between upstream and downstream of the tidal turbine, which is justified by

restricting the model’s applicability only to channels with relatively low Froude num-

ber (particularly when blockage becomes high). This restriction was addressed by

Whelan [134], following experimental work to investigate free-surface deformation as

discussed in Section 2.1.1.2. Her revised model allows for solution of the case where

the free-surface deforms over a single rotor, so long as the flow remains subcritical.

This showed that increasing Froude number increases the available extractable power,

with the model validated through the experimental work for high and low blockage

conditions. Draper et al. [34] extended the model further to include an expression for

the downstream mixing, allowing device efficiency to be measured and also enabling

the analytical actuator disc model to be embedded within the computational solution
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of the shallow water equations. Arrays of multiple rows of turbines were also con-

sidered, and are discussed further within Section 2.2.2. Similarly, Vogel et al. [132]

proposed a correction for two-dimensional depth-averaged computational simulations

based on an LMADT model.

2.1.2.1 Blade Element Momentum Theory

Blade Element Momentum theory (BEM) was originally developed by Glauert in 1935

[47]. It is a revised formulation of the momentum equations used in actuator disc

modelling, which allows for variation of thrust and flowspeed across the disc. The

theory discretises the disc into multiple annuli, which can then model the properties

of a turbine at any radius. Assuming an infinite number of blades, the turbine’s blade

properties (i.e. lift and drag coefficients) are then smeared around the rotor at each

radius to create a homogenous axisymmetric model. Corrections are made to account

for the number of blades being finite, and to correct for three-dimensional effects

such as tip loss [109]. Given that BEM allows modelling of a turbine blade’s true

lift and drag characteristics as opposed to the homogenised single thrust coefficient

for an actuator disc, while still being an efficient method numerically, it has become

a popular tool for modelling wind turbines [13]. It has recently been adapted for

tidal turbine modelling by both Masters et al. [76] and by Vogel [130], the latter

including a blockage correction which removes the wind-turbine assumption that the

induction factor at the downstream pressure equalisation point must always equal

twice the induction factor at the disc plane, as previously discussed for the actuator

disc models.

2.1.3 Computational Modelling

Although this thesis is not focused on the use of computational modelling methods,

a large amount of research is devoted to such methods because they can enable de-
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tailed design of turbine rotors without the requirement for repeated experiments. If

computational efficiency improves further, they could also be used for detailed de-

sign and optimisation of large arrays of turbines within realistic bathymetry for a

designated tidal site. Computational studies also inform experimental and analytical

work undertaken, and vice versa. An overview of computational modelling methods

available, and of the main highlights of modelling to date in each area, is therefore

given here and in the later array-scale and basin-scale sections.

As with all modelling of tidal turbines, computational fluid dynamics (CFD) meth-

ods are largely based on historical work previously developed for wind turbines, with

modifications to make the modelling techniques more applicable to the tidal context.

The majority of these methods are based on simplified application of the governing

Navier-Stokes equations, in particular the Reynolds-Averaged Navier Stokes (RANS)

equations which are generated through Reynolds decomposition of the flowspeed into

average and fluctuating terms. Substituting this decomposition into the Navier-Stokes

equation and taking a time average gives the following governing equation of RANS:

∂ū

∂t
+ (ū · ∇)ū = −1

ρ
∇p̄+ ν∇2ū−∇ · (u′u′) (2.1)

where u is the three-dimensional velocity vector, ū denotes the time-averaged value,

u′ denotes the fluctuating component, p is pressure, ν is kinematic viscosity and ρ is

fluid density. The other governing equation of RANS is the continuity equation:

∇̄ · ū = 0 (2.2)

In order to solve these equations, the turbulence effects (which are confined to

the u′u′ term commonly known as the Reynolds stress tensor) must be replaced by

another term which can be more easily calculated. In general, this is done by relat-
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ing it to an additional viscosity-type term, sometimes described as an eddy viscosity.

This allows the time-varying terms to be replaced by average values to enable solu-

tion of the equations in a discretised, meshed form over a fluid domain of interest.

Various industry and commercial codes such as ANSYS Fluent, OpenFOAM, STAR-

CCM+ and others are available to implement this, with multiple options of ‘turbulent

viscosity’ closures which can be applied as required.

Other numerical modelling options do exist which are not based on RANS; the

most commonly used within tidal energy is Large Eddy Simulation (LES). Rather

than using Reynolds averaging to simplify the Navier-Stokes equations, this approach

applies a spatial filter to the Navier-Stokes equations, such that only scales greater

than the filter scale, i.e. ‘large eddies’, are resolved. Smaller-scale structures are

indirectly modelled with a subgrid-scale model. This allows modelling of strongly

anisotropic flows dominated by large-scale structures very well, which is an advan-

tage over the RANS modelling methods. LES has been used successfully in the wind

industry [103] and has now been adopted for tidal turbine modelling as well. It

does have significant drawbacks for modelling full-scale devices, since its computa-

tional cost is strongly dependent on Reynolds number. Additionally, where any solid

boundaries and hence boundary layers are present, LES is considerably more expen-

sive than RANS because its mesh resolution increases rapidly due to the requirement

to resolve small-scale turbulent structures.

It is also possible to carry out simpler two-dimensional modelling by numerically

implementing the shallow water equations across a discretised mesh: this is typically

used for larger-scale modelling such as that of coastal basins where the flow can be

treated as essentially two-dimensional.
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2.1.3.1 Embedded Actuator Methods

Actuator methods are the simplest form of computational modelling regularly used

to model single tidal turbines, and are based on the simple representation of any

tidal device as a pure momentum sink, created in appropriate areas of the modelling

domain where the device is present. These methods are often computationally simple

enough to allow modelling of arrays.

The simplest version of this is an actuator disc or strip: an area of cells with a

momentum loss term (equivalent to a force term) to model the presence of a turbine.

Within a 2-dimensional grid or 3-dimensional meshed domain, actuator disc models

can be solved with relatively low computational cost. However, they have drawbacks

similar to those of porous discs in physical experiments; they cannot create rotational

effects such as swirl or tip vortices in the flow. Due to their computational efficiency,

though, they are popular for use in simulations where computational resources are

limited or large/multiple simulations need to be performed. Early work using an

in-house CFD code was carried out by MacLeod et al. [71]. Further instances of

actuator disc modelling of single tidal devices in CFD include the work of Sun et

al. [118], looking at both 2D and 3D models and validating the results against their

experimental work, and Gant & Stallard [44] who investigated the use of unsteady

RANS methods to improve turbulent behaviour. Harrison et al. [52] developed an

embedded actuator disc method validated against experimental tests on single porous

discs carried out by Myers & Bahaj [84]. The actuator disc method continues to

be used, although given improvements in computational efficiency it is now more

effectively used for complex scenarios such as multi-turbine arrays, as discussed in

Section 2.2.3.

Actuator line models can also be employed. These were developed by Sørensen &

Shen [112] for wind turbine simulations, and subsequently adapted to be embedded

into RANS or LES solvers. Instead of representing a turbine as a single homoge-
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Figure 2.5: Contours of normalised velocity through a rotor in a BEM-CFD model,
shown at two different submergence depths. (Image reproduced from Malki et al.
2013 [74] with permission of Elsevier.)

nous disc where force terms are applied, these represent individual turbine blades by

lines of point forces. Embedded within a CFD model, these actuator lines can be

rotated to move as a turbine, and thus introduce rotational effects on the flow from

the turbine’s presence which actuator disc models cannot replicate. While computa-

tionally more expensive than actuator disc modelling, this is still more efficient than

CFD with fully-resolved rotating blades, and so has become popular for tidal turbine

modelling. Single device models have been created for wind turbine cases [122] [104],

but for tidal turbines actuator line modelling has mostly only been deployed for more

complex array modelling, where its computational efficiency and improved accuracy

over actuator disc models are most valued.

2.1.3.2 Embedded Blade Element Modelling

Blade element models can also be embedded within a CFD simulation to provide

an improved version of an actuator disc simulation. This allows real turbine blade

properties of lift and drag to be applied within the simulation, and also includes some

three-dimensional effects through the addition of a swirl velocity and more accurate

representation of blade loading with tip loss modelling. This works iteratively by

calculating velocity terms within the CFD model, inputting those to the BEM model,
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calculating resulting forces and momentum impact, then substituting those back into

CFD and recalculating the velocity field. This is a computationally efficient model

which requires no CFD modelling of complex areas such as boundary layers at the

turbine itself. As such, it is frequently used in array modelling, but has also been

used for modelling single turbines, as for example done by Malki et al. [74]. A set of

velocity contours from this work is shown in Figure 2.5. Power and thrust coefficients

of a rotor can be reasonably well matched to experimental results using this method,

and as such it has significant value for modelling feasibility of turbine designs in terms

of turbine loading and power output, as carried out by Hunter [54].

2.1.3.3 Blade-Resolved Modelling

The most computationally intensive form of numerical modelling is what is known as

‘fully resolved’ or ‘blade-resolved’ modelling, where all solid surfaces within the flow

are fully represented: i.e. turbine blades, hub, support structure, seabed etc. This

requires detailed meshing of all areas where boundary layers are present in order to

capture the small turbulence scales properly, which strongly increases computational

cost. Only a small number of blade-resolved CFD studies have been carried out

at full deployment scale: McNaughton et al. [79], Sequeira and Miller [106] and

Fleming [41] [40] all modelled Tidal Generation Limited’s 1 MW turbine, which has

a diameter of 18 m. The majority of other blade-resolved studies have, to date,

modelled experimental scale turbines, often enabling comparisons between the CFD

results and experimental results. For example, the experimental rotor reported in

Bahaj et al. [3] has a sufficiently full data set attached that it has been used for

validation of CFD models by McNaughton [77] and Afgan [2], who carried out both

RANS and LES simulations of the same rotor. In general, blade-resolved CFD models

provide the most accurate computational representation of tidal turbines.
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2.2 Array Scale Modelling

In order to achieve significant amounts of energy extraction, multiple tidal turbines

will have to be deployed at any potential site, forming an array of turbines similar to

wind turbine arrays or ‘wind farms.’ Even the commercial prototype SeaGen installa-

tion in Strangford Narrows, consisting of two rotors mounted to the same cross-beam,

is an array of sorts with the potential for interaction between the two rotors, affecting

both rotors’ performance. Given the constrained space requirements for many tidal

sites, complex bathymetry and tidal turbine wakes which persist far downstream,

tidal arrays cannot be constructed similarly to wind farms where the spacing aims to

minimise interactions between turbines. Investigation of array behaviour, and inter-

actions between turbines, is therefore a priority as the industry moves into the first

commercial array deployments, and much work has been undertaken across all forms

of modelling to understand the behaviour of tidal turbines in various array layouts.

For the purposes of this review chapter, an ‘array’ is defined as any local group of

turbines (2 or more) which is modelled within its local flow, but does not extend to

modelling many tens of turbines individually within tidal farms, where modelling of

the wider flow and bathymetry in the surrounding tidal basin is required: these are

discussed in Section 2.3.

2.2.1 Experimental Modelling

Even more than single device modelling, experimental array modelling is restricted by

the size of experimental facilities available, as multiple devices need to be modelled.

Reducing the size of devices reduces the Reynolds number and potentially makes the

results less applicable to full-scale turbines, so most array modelling is carried out in

relatively shallow channels with a reasonable width/depth ratio. The exception to

this is devices being modelled in each other’s wake, where the length of the channel
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(a) In Line (b) Staggered

Figure 2.6: Simple illustration of a) in line and b) staggered configurations for multi-
row arrays.

matters more than the width. A small amount of research using small-scale array

models is also being undertaken in open water to avoid these constraints, although

there are additional considerations of consistent inflow and the ability to fully measure

the flowfield.

When testing multiple scale models in an array configuration, there are obviously

limitations on how many devices can be arrayed in the testing facility, and an inabil-

ity to simulate all possible configurations, even for a small number of devices. Such

testing is often used to validate numerical models so that further configurations can

be investigated computationally. The research discussed below, therefore, is focused

on a small number of array configuration types: devices in line behind one another;

and devices side-by-side across the flowstream. When multiple row arrays are consid-

ered, the configurations considered are ‘in line’ or ‘staggered’ arrangements, as simply

shown in Figure 2.6.
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Figure 2.7: Experimental set-up of three porous discs in a staggered, two-row config-
uration. (Image reproduced from Myers et al., 2011 [86] with permission of Elsevier.)

2.2.1.1 Porous Discs and Strips

As for single devices, porous discs are an attractive option for array modelling due to

their ease of manufacture, low cost and easy modification. They also have the benefit

of being easily able to replicate exactly the same resistance to the flow across multiple

discs simultaneously. Using rotors requires a control system to ensure the same tip

speed ratio is achieved and maintained across all rotors in order for this to be true.

As porous discs do not introduce this complexity, they have been used extensively in

experimental array modelling.

Porous strips (usually rectangular in shape) can also be used to model an entire

array as an area of resistance to the flow. An example of this is Daly et al. [24],

who mounted a single 100 mm × 300 mm porous strip at varying distances from the

side wall of a flow channel. This was done to investigate the effects of positioning an

array either centrally or off-centre within a tidal channel. Array positioning closer

to the edge of the channel was found to lead to lower intensity, more diffuse wakes

downstream, but this came at a cost of increased velocity close to the channel edge

and thus potentially increased scour in a real tidal channel.

Myers et al. [86] [85], meanwhile, investigated the case of two porous discs side

by side with varying separation. They found an increase in thrust at the closest
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spacing (0.5 disc diameters between disc edges), identifying that the wakes of the

two discs merged downstream to become a single wake. The flow between the discs

was also slower than the inflow velocity. For a wider spacing of 1 disc diameter, a

‘jet’ of high-speed flow was identified between the two discs, persisting some distance

downstream, so that the wakes merged further downstream than in the closest case.

Increasing the spacing to 1.5 disc diameters prevented the wakes merging at all in the

25 diameter downstream distance observed. They also investigated the case of a ‘2-

row’ array: in this case, a single third disc placed downstream of the two parallel discs

at 1.5 diameter separation, within the accelerated jet flow created between them. This

arrangement is shown in Figure 2.7. It was found to be subject to a higher thrust force

than the two upstream discs. The wake from this disc was seen to merge with that of

the two upstream discs, as well as appearing to contribute to their earlier dissipation

and re-acceleration. An opportunity to optimise the performance of staggered turbine

arrays through careful choice of inter-turbine spacing was identified.

Xiao et al. [137] investigated the behaviour of porous discs placed directly down-

stream of each other. They found that, in an array of 4 discs placed in a line down-

stream, the third and fourth discs had similar loading and similar wake patterns, and

thus concluded that the array effect was fully developed by disc 3 and that disc 3 and

its wake was a good representation of a disc in an infinitely long array. They found

that the first disc in such an array experienced higher thrust. They also found that

velocity deficit was slightly decreased immediately behind the fourth disc of a 4-disc

array versus a single porous disc, however the TKE values were significantly higher

and the wake persisted further downstream overall.

2.2.1.2 Scale Rotors

A configuration of three 3-bladed in-line scale rotors was investigated by Jo et al. [62]

and used to validate a CFD model. The rotors were aligned, with hub separations of 1
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diameter and 1.5 diameters tested. The rotors were free to rotate, and their rotations

per minute (RPM) were recorded to evaluate the interactions between them. It was

found that a significant drop-off in rotor speed occurred between the first and second

rotors and between the second and third, in the order of 15% at 1 m/s flow speed.

From the data available, it was projected that adding additional rotors downstream

would lead to additional losses.

Mycek et al. [82] similarly studied two 3-bladed in-line rotors, having concluded

that the dataset presented by Jo et al. [62] was insufficient for comparison to other

work. Their study varied the turbulence intensity in the flume, with one test carried

out at 3% freestream turbulence intensity and one at 15%. They instrumented only

the second rotor in the configuration, but were able to compare its performance to a

single rotor studied in [81]. They found a very significant drop in power coefficient

for the low turbulence case, with even as large a rotor separation as 10 diameters

leading to a drop-off of 50% in power for flow with 3% turbulence intensity. However,

they found significantly more promising results for the 15% turbulence intensity case,

where from 6 diameters downstream the rotor performance began to approach that of

the single rotor case. Wake properties downstream of the second rotor were measured

and were also found to be very similar to those behind a single rotor for the high

intensity cases. From these results, the authors conclude that the downstream tur-

bine’s performance in high turbulence is similar no matter the inter-device distance,

and from this they project that multiple turbines could be similarly aligned behind

each other without further impacting performance. However, they do highlight that

this could be affected by staggered configurations which would affect the surrounding

flow differently, and suggest that more experiments should be carried out on this type

of array.

Stallard et al. [113] studied a group of up to five 3-bladed rotors arranged lat-

erally across the flow in a ‘row’ or ‘fence’ array configuration. They compared wake
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behaviour in the case of a single rotor to that of two, three or five rotors side-by-side

in the same experimental facility. Flow measurements were taken up to 12 diameters

downstream of the array, allowing wake evolution to be compared across the different

cases. They also included the effect of waves opposing the current in some cases and

studied the effect on velocity deficit and turbulence decay in the wake. For the three-

rotor case, they altered the separation between rotors and concluded that the wake

behaviour approached that of separate single rotors for spacings of two diameters or

greater between rotor centres. However, for closer spacings such as 1.5 diameters

there was an array influence on the wake behaviour, whereby the wakes were seen to

merge within 4 diameters downstream. Waves opposing the flow were seen to have

limited effect, increasing velocity fluctuations but not substantially changing the lat-

eral or vertical flow profiles. Olczak et al. [91] also report results for multiple rows of

rotors, some in line with upstream rows and some staggered, which show significant

drop-off in thrust measured on the downstream rotors except where they extend into

accelerated bypass flow around the edges of the array.

Olczak’s work also discusses the concept of superposition of far-wake velocity

profiles, allowing the wake of downstream rows to be predicted by an additive com-

bination of single wake profiles. This superposition model is developed and explored

further by Stansby & Stallard [116]. A wake velocity profile from a single rotor is su-

perimposed onto the freestream flow behind a row array to determine inlet velocities

for downstream rows of rotors; these rotors’ wakes are then similarly superimposed

taking into account their modified inflow velocity; and this process is repeated until

the flowfield is complete. Geometric blockage corrections were applied to ensure that

the same volumetric flux passed through each row. The predictions from this simple

model were found to agree reasonably well with experimental results, although they

tended to under-predict the velocity deficit closely behind the array. It should be

noted that, while the results were not quite as well matched to experimental data as
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Figure 2.8: Support structure for two scale rotors being tested side-by-side in open
water. (Image reproduced from Jeffcoate et al. 2016 [61] with permission of Elsevier.)

those produced by Olczak’s RANS-BEM model as defined in [91], this method is much

more efficient numerically. It is thus suited to the problem of array optimisation. The

positions of rotors were allowed to move both laterally and longitudinally within the

flow, with the superimposed wakes being recalculated in each case and a maximum

of the net power produced by the array being sought. This yielded several interesting

array configurations, which were significantly different depending on whether the flow

was modelled as uni-directional or bi-directional. In the bi-directional case, which is

most applicable to tidal turbines, the rotors remained broadly in parallel rows, but

their spacing altered to achieve maximum power output. Note that the results of this

optimisation were not validated against experimental results, though the fixed array

results were.

Jeffcoate et al. [61] tested two larger, 4-bladed scale rotors of 1.5 m diameter

in open water, using a previously designed platform to push rotors through the still

water of a lake. These rotors were tested in a side-by-side configuration and a down-

stream in-line configuration, with measurements of rotor thrust, torque and mechan-

ical power being taken. The support structure and rotors in the water are shown in

Figure 2.8. The rotors were large enough to contain onboard electrical generators in

the hubs, so full electrical power measurements were also taken. Firstly, individual
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rotor performance upstream and downstream of its own support structure was tested,

and found to be independent of positioning. It was noted that this may be more a

function of geometry for this particular rotor/support structure combination, and less

of a general result. Rotor performance in parallel was then tested, with the two rotors

being placed side by side at 1.5 diameters and 2 diameters centreline separation. A

slight increase in performance of each rotor was found in this configuration, of ap-

proximately 6% for each rotor (at both spacings). The rotors were then rearranged

into an in-line configuration with one turbine directly behind the other and retested

at 2 diameters and 6 diameters spacing. A significant power drop was witnessed on

the downstream rotor, with reductions of 63% at two diameters downstream and 59%

at six diameters downstream. Comparison was made to the results of Mycek et al.

[82] and it was concluded that the low turbulence in the still lake water, considered

to be lower than 3% turbulence intensity, may have been a contributing factor to

this significant drop-off in power. A final configuration with the second rotor both

downstream and offset from the first rotor was tested, where performance returned

to match the single independent turbine case. It was therefore concluded that the

wake of the first rotor was relatively narrow and did not impact rotors 1.5 diameters

away from the centreline at 6 diameters downstream.

2.2.2 Analytical Modelling

Given the complexities of modelling large arrays either experimentally or computa-

tionally, a significant area of research involves developing analytical models to predict

array behaviour, or upper limits of possible array behaviour, to guide future research

and design. Following Garrett & Cummins’ [46] adaptation of momentum theory

for a single device within a confined tidal channel, others have extended the work in

different ways to consider the problem of an array of tidal turbines within a channel.

Vennell [126] [127] combined the 2007 Garrett & Cummins model [46] with previ-
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ous work by Garrett & Cummins [45], which focused on the flow through a channel

between two tidal basins, and the reduction in that flow when resistance is presented

to the flow in the form of tidal turbines. Combining the two models allowed Vennell

to produce an analytical model which accounted for a reduction in flow speed when

tidal turbines are placed in the flow, so long as the tidal turbines are considered to

occupy only a short section of the total length of the channel. Given that the 2007

model of Garrett & Cummins could equally model a single device or multiple devices

with the same operating parameters, this allowed Vennell to model a tidal ‘farm’ of

either a single row of identical turbines or multiple rows of them (with the assumption

that the arrays were far enough apart for there to be no wake interaction). A number

of findings resulted from this work, in particular the need to ‘tune’ tidal turbines

to achieve optimal performance in different channel conditions: this has particular

implications for array development where part of an array is built first, and then

more turbines are added later, since the optimal tuning for the first turbines installed

will no longer be optimal once later turbines are built. It was also found that, if

designing an array to minimise the total number of installed turbines (and hence,

most likely, the cost) then the number of turbines per row should be prioritised over

the number of rows in an array: arrays with fewer rows and more turbines per row

perform better. This model does however make some assumptions which may not

be true for all arrays: in particular, it assumes that the turbines are spread equally

across a channel, each occupying the same local proportion of channel area.

The work of Vennell was combined with the work on single actuators by Whelan

et al. [134] and Draper et al. [34] to allow analytical modelling of potential turbine

arrays in a real tidal site at the Bay of Fundy by Karsten et al. [65]. They found

that such arrays could potentially generate up to 2500 MW of power with only a 5%

reduction in flow rate through the tidal channel of interest. They then considered

constraints on turbine location such as channel depth, and studied the rate of power
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Figure 2.9: Cross-section through a ‘partial array’ of devices which only partially
span the width of a tidal channel. (Image reproduced from Nishino & Willden 2012
[87] with permission of Cambridge University Press.)

increase as additional turbines were added to the model, demonstrating that the po-

tential size and power of any array is strongly restricted by the locational constraints

on where turbines can actually be placed.

Draper et al. [34] considered arrays of rows of turbines as well as single devices,

and is one of the few studies to recommend increasing the number of rows within an

array. This is based on a measure of turbine efficiency calculated as a ratio of power

extracted at the turbine to total power extracted from the flow (i.e. including mixing

losses downstream, though excluding bed friction in this case). This prioritises low

head drop across turbines and as such more rows with fewer turbines, exerting lower

thrust on the flow, are preferable. This does not, however, mean that greatest overall

power extraction can be achieved with such a configuration.

Nishino and Willden [87] took a different approach from Vennell to allow a ‘partial

array’ to be modelled, spanning only some of the width of the channel, as shown in

Figure 2.9. Working only from the Garrett & Cummins 2007 model, they defined

two different scales of fluid behaviour, device-scale and array-scale. By making the

assumption that these scales are entirely separate due to mixing lengths of one device

versus a long row array, they were able to replicate the Garrett & Cummins model

inside itself at the two separate scales. In this new model, the concept of ‘blockage’

- the area ratio of device cross-sectional area to local channel area - becomes more

complex, as in the inner model the local channel area effectively becomes the cross-

sectional area of channel around that device only. The blockage for this inner model
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is referred to as ‘local blockage’, while the effective blockage of the outer array model

- the ratio of total array width to channel width, assuming depth is constant across

the channel - is referred to as ‘array blockage.’ Equating the total device thrust at

both scales enables the inner and outer models to be coupled, and the performance of

the entire ‘partial array’ to be analysed. Individual devices are again assumed to be

identical to one another, and it is also assumed that the row array is sufficiently long

that expansion effects in the local channels can be ignored. An optimal combination

of local and array blockages could be found for any device (with characteristics defined

by its total induction factor), and that the theoretical maximum of energy extraction

exceeded that predicted by Garrett & Cummins [46]. A correction to this model

was later developed, also by Nishino & Willden [88], to allow for shorter row arrays

where expansion in the local channels was possible. This was done through the

introduction of flow expansion factors, whose relationship to the number of turbines

was approximated by a power law. It was still assumed that all devices have the same

induction factor, and that all local channels have the same expansion factor. This

revised model was compared to a 3D-RANS model with embedded actuator discs. The

results of predicted power and thrust coefficients were found to have reduced slightly

from the original partial array model of [87], bringing them closer to the RANS results

although still slightly higher. The closest match to the RANS simulation occurred

with highest simulated turbulence.

Vogel et al. [131] amended the original Nishino & Willden model for a long row

array [87] to include a deformable free-surface and the effects of Froude number,

analogous to the correction carried out by Whelan et al. [134] for the original Garrett

& Cummins model and including the downstream mixing as developed by Draper et

al. for a single device [34]. This showed a similar improvement in array performance

at higher Froude numbers to that seen by single device models, due to a reduction

in bypass flow cross-section caused by increased deformation of the free surface with
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increased Froude number.

Draper & Nishino [35] also revisited the original Garrett & Cummins 2007 model

[46] to consider rows of tidal turbines placed in an in-line or staggered configuration.

To allow downstream rows to be modelled, they assume that streamwise spacing

between rows is sufficient for pressure equalization to occur, but not sufficiently large

that significant wake mixing has occurred in the upstream wakes. This allows in-line

downstream actuators to be placed within the wake of an upstream actuator while

maintaining conservation of energy in all surrounding streamlines, thus enabling the

equations to be closed and solved. In the case of staggered devices, conversely, the

downstream actuator is defined as being in the bypass flow of the upstream one. It was

found that the performance of staggered devices was dependent on global blockage,

since in the entirely unblocked case the bypass flow speed would not alter due to the

presence of the upstream device and as such the downstream device would behave

as an independent device in unconstrained flow. This model identified a trend of

power coefficients across various array configurations with one or two rows as follows:

maximum power was found for a single row with all turbines in the same plane; then

two rows of staggered turbines with close spacing such that accelerated bypass flow

can be exploited; then two rows of staggered turbines with large separation between

the rows; and finally lowest power for two rows of rotors in-line behind each other.

A recommendation was therefore made that, where possible, turbines be placed in a

single row array in the same cross-stream plane.

2.2.3 Computational Modelling

Computational modelling of arrays is limited by the scale and complexity of the

problem. As such, computationally intensive methods such as blade-resolved RANS

simulations are usually not appropriate, and simpler embedded models for the tur-

bines are used. Most studies to date have focused on either replicating experimental
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data to validate computational methods, or evaluating potential array layouts.

2.2.3.1 Actuator Methods

An actuator strip was embedded in a RANS implementation by Daly et al. [25] with

varying velocity inlet profiles, with previous experimental work [24] using a porous

strip used to validate the numerical results. A 1/8th log law velocity profile specified

at the upstream boundary was found to provide the best fit to experimental results.

An uncertainty was also raised regarding the design of the porous strip, and the lack

of guidance available on hole distribution to achieve a uniform resistance to the flow.

Generally, though, the numerical results were found to provide a good match to the

experimental ones.

Bai et al. [7] used an embedded actuator disc approach to model arrays of 1, 2 and

3 rows of staggered turbines in a 3D RANS simulation. They found improvements in

power performance due to the blockage effect when additional devices were added

in the same row, but did not find this same effect when more rows were added

downstream. Additionally, they found a feature whereby moving downstream rows

further downstream, away from the upstream rows, caused a drop-off in power, which

was counter to their expectations that row arrays would perform better when more

widely separated down a channel.

Hunter et al. [55] embedded a varying number of actuator discs in 3D RANS

simulations and used them to investigate the possibilities for ‘tuning’ each turbine’s

resistance to the flow, i.e. allowing actuator discs in different positions to present

varying resistance to the flow. This was then used to investigate a number of theories

regarding the optimal arrangement of row arrays, in particular whether best perfor-

mance is achieved with a single row or with a staggered array. Arrays of 4, 7 and

8 devices were modelled within a channel to investigate this. Figure 2.10 shows the

variation in static pressure upstream and downstream of a 7-device array from this
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Figure 2.10: Contours of pressure coefficient around a row array of seven actuator
discs. Flow is in the positive x-direction. (Image reproduced from Hunter, 2015 [54]
with permission.)

work. The findings showed that, within a single row of devices, optimal power per-

formance was achieved with a uniform resistance coefficient across the array. When

the array was then staggered, power was seen to drop off with increasing distance

between upstream and downstream turbines. It was not seen to be possible to in-

crease the total array power coefficient above the maximum that was achieved with

a single row with uniform resistance. However, it was found that if an array were

staggered, its performance could be slightly improved by tuning the downstream discs

to have lower resistance than the upstream ones. This was also found to have the

added benefit of making thrust distribution more similar across all discs. However,

this result was obtained in uni-directional flow. For a bi-directional flow such as most

tidal sites, therefore, the tuning of upstream and downstream rows would need to be

varied between flood and ebb tides to achieve this performance.

Churchfield et al. [20] used an actuator line method embedded in an LES sim-

ulation to investigate two effectively infinitely wide rows of turbines, in staggered
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and non-staggered configurations. They came to the same conclusion as several other

studies regarding staggered versus non-staggered downstream rows, namely that rows

staggered to place downstream turbines in the location of flow which has been accel-

erated between upstream turbines produce significantly better performance than rows

which are not staggered in their positioning. They also found that the performance

of non-staggered rows improved with increased streamwise separation between rows.

Their use of LES and rotating actuator line models also enabled them to study the po-

tential for counter-rotating turbines and the existence of asymmetric wake behaviour.

They concluded that counter-rotating turbines offered limited benefit. Asymmetric,

sometimes meandering wakes, as developed within their model, were concluded to

be an inevitable consequence of a sheared inflow profile causing a sheared rotating

wake flow. This can be visualised by imagining a sheared inflow profile into the wake

which, within a 90° rotation downstream, now has higher streamwise velocity on one

side than on the other. Conclusions were also drawn regarding the minimum domain

size necessary for LES to simulate the largest turbulent structures within the flow.

2.2.3.2 Blade Element Models

Embedding BEM models of turbines within a RANS simulation, so-called coupled

RANS-BEM or RANS-BEMT modelling, has become an increasingly popular way of

studying small arrays, and a number of different areas of interest have been investi-

gated recently using this methodology.

Turnock et al. [123] simulated a single turbine in a domain of varying widths,

representing a turbine within an infinitely wide array, with lateral separation equal

to the domain width. Downstream wake measurements were also taken to estimate the

performance of potential further turbine rows downstream. It was found that power

capture was maximised when lateral separation between turbines in the same row

was minimised, but longitudinal separation between rows of turbines was maximised.
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Malki et al. [72] also used a coupled RANS-BEM model to study a variety of

arrangements of turbines. They investigated the available power in the flow accel-

erated between two upstream turbines towards a downstream turbine positioned in

a staggered configuration between them. It was found that the power output of

the downstream rotor was a function of both lateral spacing between the upstream

turbines and longitudinal spacing to the downstream one: generally, lower longitu-

dinal spacing was required with lower lateral spacing, until lateral spacing became

sufficiently low that upstream turbine wakes impinged on the downstream turbine.

Optimal downstream positioning was found to be less than two diameters behind the

upstream rotors for most configurations. Further work was carried out [73] to addi-

tionally investigate two laterally spaced rotors alone and two longitudinally spaced

(in line) rotors alone, as well as carrying out a study on an array of 14 turbines. The

performance of the downstream rotor was found to suffer in the in line configuration,

as has been reported in other studies, with performance recovering towards that of

a solo turbine the further downstream it is placed. Lateral spacing closer than two

diameters did not affect the performance of the two laterally spaced turbines, but

was found to hinder flow recovery downstream. Finally, the 14 turbine array was

compared in two configurations: that of a staggered 4-row arrangement with equal

spacing between all rows; and a configuration where the first and second staggered

rows were brought much more closely together, with the third and fourth rows fur-

ther downstream and equally closely spaced with respect to each other. These two

configurations are shown in Figure 2.11. The altered configuration was chosen based

on the trends witnessed in the two- and three-rotor cases. It was found that this

alteration achieved a 10.7% power performance increase.

Schluntz & Willden [105] used a coupled RANS-BEM model to design rotor ge-

ometries for specified blockage ratios, representing rotors in row arrays with different

spacings. They ran simulations of single rotors at these blockage ratios and iteratively
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Figure 2.11: Velocity fields around two staggered array configurations of 14 rotors,
one conventionally spaced (left image) and one adjusted according to studies of lateral
and longitudinal spacing (right image). (Image reproduced from Malki et al. 2014
[73] with permission of Elsevier.)

adjusted the rotor blade chord and twist to achieve the highest possible power coef-

ficient. Having done this for four different blockage ratios, the performance of each

specific rotor design was then tested in other blockage cases, i.e. off-design blockage

conditions. The rotor designed for highest blockage, i.e. closest lateral spacing to

other turbines in a single row array, was able to achieve the highest power coefficient.

However, it would also need to be designed to withstand the highest thrust coefficient.

The rotors designed for higher blockage condition had significantly higher solidity and

slightly lower twist. When operating rotors away from their design blockage, all rotors

witness an improvement in performance under high blockage, as might be expected.

Operating a rotor in a blockage condition for which it was not designed was found

to lead to performance up to 21% below that of the rotor designed for that blockage

condition. It was also found that the rotor designed for highest blockage imposed

greater than optimal thrust forces on the flow, extracting maximum power at the

cost of increased mixing losses.

Bai et al. [6] used a RANS-BEM method to model three turbines mounted to a

triangular support structure. Having validated their model for a single turbine against

the Bahaj et al. [3] experimental results, they investigated the effect of flow direc-

tionality by simulating the support structure in three different rotational positions

relative to the incoming flow, and with differing inter-turbine spacings. Turbines

downstream of other turbines’ wakes were found to suffer significant performance
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losses. A revised support structure design placing the turbines in the same lateral

plane, with one vertically above the other two instead of longitudinally behind them,

was proposed to avoid these issues.

Olczak et al. [91] carried out a series of RANS-BEM simulations of the experimen-

tal work undertaken by Stallard et al. [113] [114], as well as comparing the simulation

results to the wake superposition model developed by Stansby & Stallard [116]. The

RANS-BEM model generally gave good agreement with experimental data for in-line

arrays when appropriate turbulence models were applied, however it was found to

consistently over-predict thrust on a row array by around 10%. It was also less good

at predicting the flowfield for the case of a staggered array where downstream rows

were laterally offset from upstream ones. The error in thrust prediction increased for

downstream rows, with up to 38% discrepancy seen in the final row of a 3-row array.

2.2.3.3 Other Methods

Due to the computational complexity of performing blade-resolved simulations on

multiple rotors simultaneously, this method is not popular for array simulations. Early

work by O’Doherty et al. [90] used such a simulation to investigate the behaviour of a

support structure with 5 turbines, and to evaluate the required coefficient of friction

between frame and seabed to prevent movement if no other fixings are used. The five

turbines were arranged in a V-pattern. It was found that the power performance of

the array was reduced by approximately 12% when the structure was arranged such

that the apex of the V was upstream as opposed to downstream in the flow. The

turbines at the ends of the two arms were found to extract most power from the flow

in either orientation. It was also found that the requirement on sliding prevention

through bed friction would not be achieved for a standard steel/concrete frictional

interface, and as such additional anchorage or piling would be required.

Carlier et al. [16], by contrast, used a different computational implementation,
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Figure 2.12: Set-up of experimental arrangement including a headland model and
a row array of porous discs. (Image reproduced from Draper et al. 2013 [36] with
permission from EWTEC.)

of panel-based turbine representation with vortex methods to allow a representation

of turbulence in the flow. They investigated the case of two in-line turbines and

three staggered turbines, and compared them to the experimental results reported by

Mycek et al. [82] and Kervella et al. [66] respectively. Good agreement was found for

the in-line turbines, but less so for the staggered arrangements of three turbines. The

effect of ambient turbulence is also highlighted and proposed for further investigation.

2.3 Basin Scale Modelling

As highlighted in Section 2.2, ‘basin scale’ modelling for the purposes of this review

is considered to be any work that takes into account the wider area around a tidal

installation, including realistic bathymetry, coastlines and tidal forcing. The com-

plexity of modelling such a large system is obviously high, and as such only relatively

simple models have been used to date to investigate this scale. Many results are also

specific to a particular installation being considered due to the influence of the local

tidal behaviour.
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2.3.1 Experimental Modelling

Very little experimental work has been carried out to date which reflects basin-scale

channel geometry and relatively large arrays. One example is Draper et al. [36],

which included a headland model as shown in Figure 2.12. Rows of porous discs were

used in this work to model turbine arrays stretching across a wide channel, with and

without a headland model present, in both steady and oscillatory (i.e. bi-directional)

flow. The Froude number was relatively well-matched between experiment and actual

values for real tidal sites. The Reynolds number was not, however the flow was always

turbulent. No significant increase in force on the porous emulators was witnessed

as the rows of discs were moved closer to the headland feature. A depth-averaged

numerical model was simultaneously developed and compared, with reasonably good

agreement but with differences in areas where velocity deficits should exist, i.e. in

device wakes or behind the headland.

2.3.2 Analytical Modelling

Garrett & Cummins [45] were the first to propose an analytical, one-dimensional

model for the flow through a constrained channel between two tidal basins, with a

row array of tidal stream devices extracting power within the channel. The channel

is assumed to be short compared to tidal wavelength, which is reasonable for most

tidal channels. Governing equations of motion for the flow through the channel are

established, with the flow assumed to exit as a jet into the lower tidal basin, with an

associated energy loss. A drag term proportional to flowspeed squared is introduced

to represent the force imposed by the turbine fence on the flow. Given that the

flow through the channel is driven by the elevation head difference between inflow

and outflow, this can be balanced against flow acceleration and opposing forces from

turbines and bed friction. This calculation allows a maximum power which can be

extracted from the flow to be calculated, given that if the flow is too strongly opposed
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it will slow down and less power will be available. The findings from this work indicate

that there is an upper bound of energy that can be extracted from any tidal channel,

which is calculated to be approximately 0.22ρg∆hQmax where ρ is the density of

water, g is the gravitational constant, ∆h is the amplitude of tidal head and Qmax is

the maximum volumetric flux through the undisturbed channel. This value is found

to depend slightly on whether bed friction or turbine friction dominate the opposing

force terms. This study gives a simple relationship between a channel’s geometry and

bulk flow and the ability to extract power from it, and as such has been included in

later analytical work focusing on arrays in channels, such as Vennell’s studies [126]

[127].

Blanchfield et al. [11] subsequently extended the Garrett & Cummins model to

allow for channels which connect to the open ocean on one side but to a constrained

lagoon on the other. They also developed variables to describe the bay geometry

which influence the available power relationship. However, they found that the upper

bound on extractable energy developed in the previous work [45] was still the average

result for this new configuration, albeit with slightly wider variance.

Vennell [128] also expanded this model to investigate the types of energy loss

taking place within the flow: losses to bed friction, mixing, support structure drag

and actual useful energy production. Tidal channels were divided into two distinct

types, large straits and shallow channels, and the behaviour of each was observed to be

significantly different in terms of these types of energy loss. Large straits, where bed

friction does not dominate the channel behaviour, were observed to have significantly

more potential for tidal energy extraction.

Smeaton et al. [110] [111] have also developed these models between unconstrained

basins and between a basin and a constrained lagoon to investigate the effect of

channel constriction. Introducing a smoothly curved restriction in either channel

width or depth, they studied the effect of varying restriction size on channel power
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potential. They concluded that depth constrictions caused greater potential loss

than width constrictions, although noted that this was due to their assumption that

channels were wide and that bed friction did not apply on the vertical sides of the

channel. They also showed that, for a channel between two large basins, introducing

a constriction could only ever reduce the power potential of the channel. However,

for a channel connecting a smaller lagoon to the ocean, resonant modes were possible

which could lead to a peak power potential with increasing channel constriction. It

was noted, however, that extracting the maximum power in any scenario such as

these would result in a reduction in flow rate sufficiently large to be ecologically

unacceptable in most cases.

2.3.3 Computational Modelling

Given the complex bathymetry, geometry and flow regimes of basin-scale problems,

most computational modelling to date has utilised a variety of the two-dimensional,

depth-averaged version of the Navier-Stokes equations, also known as the shallow

water equations. Within these models, turbines and arrays can be embedded as

simple frictional energy sinks, although this can lead to an over-prediction of power,

as discussed by Vogel et al. [132]. It is preferable to use a momentum sink term based

on an LMADT model of the momentum loss across an array.

Draper et al. [33] investigated the case of a tidal row array located next to a

generalised headland, similar to the experimental case studied in [36]. The array was

represented as a line momentum sink within the simulation, and resultant power ex-

traction and flow patterns were studied. Similarities were found to the case of a tidal

channel, in that available power is maximised as array blockage ratio increases. How-

ever, differences from the channel case were also identified, notably the asymmetry of

array bypass flows between the headland side and the ocean side, and the fact that

maximum extractable power is limited due to the ability of the flow to bypass the
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Figure 2.13: Velocity field around a potential array near the Anglesey Skerries, im-
plemented in a SWE model including bathymetry and coastline. (Image reproduced
from Serhadlıoğlu et al., 2013 [107] with permission of Elsevier.)

array on the ocean side. It was also found that high residual shear stresses existed at

the bed around a tidal array site, and as such the impacts on sediment movement or

even coastal erosion could be significant.

Adcock et al. [1] and Serhadlıoğlu et al. [107] focused on exploring the poten-

tial of various tidal array positions within areas of interest for tidal energy in the

UK, namely the Pentland Firth and Anglesey Skerries respectively. They both used

an implementation of the shallow water equations with LMADT implementation of

turbines embedded as described by Draper [34]. Adcock et al., looking at the tidal

channel site of the Pentland Firth, found that bed friction could play an important

role in the available power which an array could target, particularly for small ar-

rays. It was also found that multiple row arrays of turbines in different parts of the

Pentland Firth had significant interaction with each other in how they remove energy

from the flow through the whole channel. It was therefore recommended that the

process of site leasing be reconsidered to reflect this. To extract the maximum po-

tential power from the Pentland Firth, it was found that arrays would need to span

the entire channel, causing up to 30% reduction in flow rate. Serhadlıoğlu et al.,
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meanwhile, investigated the headland site of the Anglesey Skerries and the effect of

placing multiple row arrays in series or parallel configurations offshore. It was seen to

be better for tidal power extraction to place arrays closer to the Skerries (which are

small islands just offshore from the headland), and to place rows in parallel rather

than in series.

Sánchez et al. [101] [102], meanwhile, considered the case of a tidal estuary in the

north of Spain, the Ria de Ortigueira, and used a three-dimensional model using the

shallow water equations with vertical layers implemented in a domain encompassing

the entire estuary to allow evaluation of vertical phenomena. They used this model

to investigate the effect on transient and residual currents within the estuary caused

by the presence of a tidal turbine array, concluding that the residual currents are

affected more widely around the array, but that the fundamental patterns of estuarine

circulation are not changed by the presence of an array. This model was also used to

study differences in the resulting flowfield between an array of floating devices and

an array of bottom-mounted devices, implemented as momentum sinks within the

appropriate vertical layers. It was found that the floating array could extract up to

60% more power, due purely to the higher flow velocities at the top of the water

column, but that the impact of the two arrays on the wider estuarine circulation was

similar. However, significant differences in flow behaviour were found close to the

array, where flow retardation and acceleration were seen in different vertical layers.

The results from this study also highlighted the importance of site-specific modelling,

since some flow behaviour was unexpected, such as surface flow speed decreasing

above a bottom-mounted array despite flow diversion.

Chen et al. [19] carried out modelling of proposed row arrays near Zhaitang

island, off the east coast of China. The turbines were again modelled as a momentum

sink, within a three-dimensional domain that allowed for varying bathymetry around

the island. A variety of array spacings were investigated, and similar findings to
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other studies were reported: the power coefficient of multiple in-line row arrays is

generally lower than for a single row, and for a single row performance improves

when blockage is increased. For total power extraction, an array with the lowest

lateral spacing considered (2 diameters) and moderate longitudinal spacing between

rows (10 diameters) was found to best maximise the potential of the area available

for tidal turbine deployment.

Instead of modelling a specific area of interest for tidal energy, Harang et al. [51]

created an idealised model of a tidal channel linking two large bodies of water, with

flow driven by tidal head forcing. This forcing allows for replication of real tidal

behaviour and linking the channel to the open basins allows for replication of flow

features such as a jet exiting the channel, which was seen to exist in simulation results.

A number of configurations of array arrangement were simulated, some uniform, some

staggered, some asymmetric across the channel. A uniform single row was still found

to be optimal, but staggered arrangements which overall occupied the entire width of

the channel (even if part of the array was offset downstream) were found to extract

a significant amount of the available power, up to 95% of the optimal value. This

may be valuable if it is not possible to span an entire tidal channel with turbines, e.g.

where shipping channels are required.

Divett et al. [32] utilised an LES-type implementation of the two-dimensional

depth-averaged Navier-Stokes equations to investigate the tuning of large arrays in

tidal channels, with adaptive mesh to better resolve eddies in turbulent wakes. They

simulated up to 7 in-line rows of turbines in a channel driven by tidal head forcing,

and again established that there is a significant drop-off in power captured per turbine

as the number of rows increases: 20 turbines are required in a 2-row array to capture

more power than 12 turbines in a single row. They also found a strong linear relation-

ship between the power extracted by any array tuned to extract maximum possible

power and the resultant reduction in freestream velocity, which is in agreement with
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Figure 2.14: Velocity field at peak flood and array layout for 80 turbines following
optimisation routines in a SWE model of the Pentland Firth Inner Sound. (Image
reproduced from Culley et al., 2015 [23] with permission of EWTEC.)

one-dimensional analytical models.

Funke et al. [43], Kramer et al. [67] and Culley et al. [23] have developed and ex-

tended an optimisation tool for tidal array development which implements turbines as

bed friction terms within large two-dimensional domains modelled using the shallow

water equations. A gradient-based optimisation is employed to move turbines within

a specified domain according to increasing parameters of interest, such as energy

extraction or cost. A standard initial rectangular layout of in-line rows of turbines

was used as the starting condition for multiple simulations, carried out in idealised

channels and also in a simulated region of the Pentland Firth. When the optimi-

sation routine was applied, it was found that turbines would move away from their

initial regular spacing and form fewer rows of more densely-packed turbines, including

turbines lining the edges of the rectilinear area they were restricted to. These rows

would be approximately perpendicular to flow direction where possible, as shown

in Figure 2.14. Increases in energy extraction of up to 24% were witnessed in the

Pentland Firth simulation with an array of 80 turbines. Jacobs et al. [58] aimed to

investigate the validity of the configurations generated by this optimisation approach,

and as such implemented both a two-dimensional steady-state model with high vis-
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cosity and a two-dimensional LES-type model to investigate the power produced by

regular configurations and by those produced by the optimisation model. The regular

configurations considered were multi-row arrays, with 7.5 diameters lateral separation

between turbines and 10 or 20 diameters longitudinal separation between rows, both

in-line and staggered, in a generalised rectangular channel. An optimised configura-

tion for the same number of turbines in the same channel was also considered. The

optimised configuration was found to extract significantly more power than the ‘stan-

dard’ ones in both steady-state and LES models, in the order of 40% greater. This

was despite the fact that the ‘optimised’ solution had not fully converged, and had

asymmetry suggesting a local maximum rather than a global one. However, it should

be noted that none of the ‘standard’ array configurations considered in any of these

studies had the high blockage ratios and small number of rows indicated as optimal

by many of the other studies discussed in this section, which might be expected to

perform rather better than the non-optimised ones considered in these studies.

2.4 Conclusions

A large quantity of work has been undertaken to model tidal turbine behaviour at

device, array and basin scale. Computational models are widely used to study indi-

vidual rotor design, and to model tidal channels with varying bathymetry. Analytical

models provide an opportunity for simple examination of trends and prediction of

available upper limits of power extraction. Experimental models provide validation

to computational and analytical work, while highlighting areas of interest that require

further investigation. When considering array design, it is clear from the experimen-

tal, computational and analytical work undertaken that aligning turbines downstream

of each other results in significant power losses, while aligning them side by side into

a row array has the potential to increase power extraction. However, there are lim-
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itations to the analytical models available for row arrays of this type, and there are

only a small number of experimental studies of row array configurations of more than

a few devices. This thesis will focus on addressing these limitations and providing

new analytical tools for the design of row arrays of tidal turbines, supported by data

from experiments.
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Chapter 3

Modelling Sub-Arrays Within a

Tidal Turbine Farm

Analytical modelling has been widely used in investigation of tidal turbine behaviour,

both for single devices and for arrays of devices. The advantage of analytical mod-

elling is that it is (usually) mathematically simple, requiring minimal computational

capacity. It is also device-independent, as it simulates any device as a simple actua-

tor (i.e. momentum sink) within the environment. The results of analytical theory

are therefore applicable to all turbine designs, so long as their thrust behaviour is

adequately captured. However, since all analytical theory in this area centres on

one-dimensional models, there are significant limitations to the geometric complexity

that can be sensibly modelled.

Analytical modelling has been extended in many ways since its development for

wind turbines by Lanchester, Betz and Joukowsky in the early 20th century. It was

first adapted for tidal turbine configurations by Garrett & Cummins in 2007 [46] and

has since been applied in multiple ways to investigate potential array configurations

for tidal turbines, to explore theoretical limits to power extraction [126] [127] [87]

[35].
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This chapter introduces the assumptions and governing equations for Linear Mo-

mentum Actuator Disc Theory (LMADT), and discusses how these have been adapted

for the investigation of a single ‘partial fence’ array of a row of turbines partially span-

ning a wide tidal channel. A new model will be presented in Section 3.3 onwards to

extend the concept to consider the potential of multiple co-linear partial row arrays,

designated as ‘sub-arrays’ for clarity.

3.1 Modelling of Wind Turbines using LMADT

Modelling of wind turbines using momentum theory to gain insight into their maxi-

mum potential for power extraction was first carried out by Lanchester in 1915 [68].

It was independently repeated by Betz [8] and Joukowsky [64] in 1920, and the up-

per theoretical limit derived from this work is now commonly known as the Betz (or

Lanchester-Betz) limit.

Linear Momentum Actuator Disc Theory (LMADT) involves a one-dimensional

model of momentum balance through an actuator disc that exerts force on the flow.

Several significant assumptions are made to simplify the fluid mechanics of the prob-

lem. The set-up for an actuator disc representing a wind turbine is shown in Fig-

ure 3.1. The main assumptions are: that there is a uniform ‘core flow’ which passes

through the disc plane, surrounded by a uniform ‘bypass flow’ which does not, and

that these two flows are separated by streamlines with no mixing across them; that

the problem can be considered one-dimensional, with axisymmetric streamtube ex-

pansion; and that the size of the atmosphere is sufficiently large, relative to the size

of the device, that atmospheric pressure can be assumed throughout the bypass flow.

The flow is assumed to be incompressible, and irrotational while the streamtube is

expanding. What occurs downstream of the point where the streamlines become

straight and parallel is not modelled, and turbulent mixing is assumed to occur there.
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Figure 3.1: Illustration of a streamtube expanding around an actuator disc in uncon-
fined flow.

A full derivation is given in Burton et al. [13], however the following provides

a summary of the governing equations. Firstly, conservation of mass along the core

streamtube is used to create geometric relationships between the flow speeds at each

location:

ρA∞U∞ = ρADUD = ρAWUW (3.1)

where ρ is air density, A and U denote areas and flowspeeds respectively, and the sub-

scripts are as follows: ∞ for the far upstream freestream flow prior to any expansion,

D for the disc plane and W for the point in the wake at which pressure p returns to

p∞ and the streamlines become straight and parallel. This allows each flowspeed to

be expressed in terms of the others through an area ratio. For example:

UD =
A∞
AD

U∞ (3.2)

for the relationship between flowspeed at disc plane and inflow speed. This is more

commonly expressed as

UD = αU∞ (3.3)

where α is an induction factor. [Note: the term ‘induction factor’ is also used in

the literature for a, where α = (1 − a). Thus α represents the proportion of inflow

velocity remaining at the disc plane, while a represents the reduction in velocity from
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inflow to disc plane. In this work, however, α will be used for preference.]

The ratio of wake velocity to inflow velocity can be calculated similarly as:

UW = γU∞ (3.4)

where

γ =
A∞
AW

(3.5)

Conservation of momentum is then used to equate the force on the flow to the

change in momentum of the flow through the core streamtube. Given that the sur-

rounding bypass flow is at atmospheric pressure, this force comes entirely from the

pressure difference across the actuator disc:

(p+
D − p

−
D)AD = (U∞ − UW )ρADUD = (U∞ − UW )ρADαU∞ (3.6)

The pressure terms are removed through consideration of Bernoulli’s equation

along a streamline, where the core flow is split into upstream and downstream sections

to evaluate the pressures upstream and downstream, excluding the disc plane where

energy is removed. Assuming incompressibility and constant flow height along the

core streamtube, this leads to:

1

2
ρU2
∞ + p∞ =

1

2
ρU2

D + p+
D (3.7)

and

1

2
ρU2

W + p∞ =
1

2
ρU2

D + p−D (3.8)

These combine to give:

(p+
D − p

−
D) =

1

2
ρ(U2

∞ − U2
W ) (3.9)
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Combining Equations (3.6) and (3.9) yields the result that:

UW = (2α− 1)U∞ = (1− 2a)U∞ (3.10)

which shows that half the core flow speed is lost upstream of the actuator disc, and half

downstream. This is a key result used in much analytical theory for wind turbines.

The definition of power as the rate of work done by the flow at speed UD passing

through an actuator disc and exerting a thrust TD allows a power coefficient, defined

as:

CP =
P

1
2
ρADU3

∞
(3.11)

to be calculated as:

CP = 4(1− α)α2 (3.12)

Differentiation of this equation yields a maximum CP of 16
27

or 0.593 at an optimal

α of 2
3
. This upper theoretical bound on power coefficient is known as the Betz limit,

or Lanchester-Betz limit. However, this only holds true for the case of a wind turbine

in unconfined atmosphere, where the pressure can be assumed to be atmospheric in

the bypass flow, and to eventually return to atmospheric pressure in the wake.

3.2 Modelling of Tidal Turbines and Arrays

The one-dimensional model of flow through a wind turbine was extended by Gar-

rett & Cummins in 2007 [46] for the case of a tidal turbine in a relatively confined

tidal channel. When modelling a tidal turbine instead of a wind turbine, the original

assumptions need to be revisited. The assumptions of one-dimensionality, irrotation-

ality and no mixing across streamlines are largely unaffected by the change from wind

to tidal. The incompressible assumption is in fact more justifiable in water than in

air. However, the assumption of constant atmospheric pressure surrounding the core
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flow, and a return to atmospheric pressure in the wake prior to any mixing taking

place, is no longer adequate for the case of a confined tidal channel.

To resolve this, Garrett & Cummins assumed that the flow in a tidal channel

was subject to ‘rigid lid’ constraints, i.e. that the cross-sectional area of the flow

downstream of the turbine is equal to that upstream. This is a reasonable assumption

at low Froude numbers, and allows a boundary condition of flow speed recovery

downstream to replace that of pressure recovery downstream. As shown in Figure 3.2,

this requires the inclusion of a ‘mixing’ zone downstream of the pressure equalisation

point, which returns all flow to the inflow velocity (with an associated pressure drop).

The model for a single tidal turbine, as developed by Garrett & Cummins, is

described below, followed by an extension by Nishino & Willden which expands the

single turbine model to a partial array model.

3.2.1 Single Turbine (Garrett & Cummins)

A single device in a channel is shown in Figure 3.2, with the channel, device and

bypass flow speeds (designated by UC , UD and UB respectively) shown at various

locations along the channel axis in terms of the device and wake induction factors, α

and γ. The locations correspond to positions of interest within the channel. Position

1 is the upstream undisturbed flow, where velocity and pressure are equal across the

channel, while positions 2 and 3 are immediately upstream and downstream of the

turbine within the core flow, and as such witness the same flow speed. Wake expansion

takes place prior to position 4 where pressure equalisation across the channel occurs,

and position 5 is sufficiently far downstream that all mixing events have occurred and

velocity has equalised across the channel cross-section.

The ‘local’ subscript L is not strictly necessary, but is introduced to denote the

scale of channel flow immediately surrounding the device, as distinct from the array

and tidal farm scales discussed later. It is also necessary to introduce the concept
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Figure 3.2: Schematic of a single device in a constrained channel.

of local blockage into the model: the proportion of the local channel cross-sectional

area taken up by the device. The analytical model presented is a function of non-

dimensional blockage and is not dependent on either turbine form or channel shape.

However, circular axial flow turbines and rectangular section channels are used to

exemplify array configurations for ease of understanding. The definition of local

blockage, BL, for such a turbine in a channel is:

BL =
πd2/4

hw
(3.13)

where d is the turbine diameter, and h and w are the channel height and local channel

width respectively. Note that 0 ≤ B ≤ 1 for all types of blockage, since it denotes

a percentage blockage of the surrounding channel. In particular, for the case of the

blockage ratio of a circular turbine within its local channel, this local blockage ratio

can never exceed the area ratio of a circle in a square, i.e. 0.785.

The upstream flow speed is now denoted by UC , the undisturbed channel flow

speed, instead of the U∞ traditionally used for freestream flow. The flow speed ratios
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αL and γL are defined as α and γ previously. As the bypass flow speed also changes

along the channel length due to the constriction imposed by the channel, a new speed

ratio is introduced:

UB4 = βLUC (3.14)

where, through geometric relationships, βL can be expressed as a function of αL and

γL:

βL =

(
1− αLBL

1− αL

γL
BL

)
UC (3.15)

As for the unconfined model, equations of conservation of mass and momentum

are set up, but with the total force on the flow through the disc including a force from

the pressure difference p1− p4. This can be resolved by invoking Bernoulli’s equation

along the bypass flow, which must have the same energy at position 1 as at position

4, as it does not pass through the disc and no other work is done on it. The governing

equations become the geometric relations of conservation of mass:

A1UC = ADUD2 = AD4UD4 (3.16)

(AC − AD4)UB4 + AD4UD4 = ACUC (3.17)

conservation of momentum:

TD = ρ(ACU
2
C − (AC − AD4)U2

B4 − AD4U
2
D4) + AC(p1 − p4) (3.18)

TD = AD(p2 − p3) (3.19)
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and conservation of energy, or Bernoulli’s equation:

p1 +
1

2
ρU2

C = p4 +
1

2
ρU2

B4 (3.20)

p1 +
1

2
ρU2

C = p2 +
1

2
ρU2

D2 (3.21)

p3 +
1

2
ρU2

D3 = p4 +
1

2
ρU2

D4 (3.22)

Combining these equations shows that a relationship for the local thrust coefficient

exists as a function of the local channel induction factors:

CTL = (1− γL)

[
(1 + γL)− 2BLαL
(1− (BL/γL)αL)2

]
(3.23)

which in turn are related through:

αL =
1 + γL

(1 +BL) +
√

(1−BL)2 +BL(1− 1/γL)2
(3.24)

The power output can be characterised in this model as

PD = TDUD = TDαLUC (3.25)

which, through the standard definition of power coefficient as given in Equation (3.1),

gives

CPL =
PD

1
2
ρU3

Cπd
2/4

= αLCTL (3.26)

It is therefore possible to characterise the performance of the idealised turbine

in terms of both power and thrust coefficients if either the device or wake induction

factor is known (or assumed). In this way the performance of the device over a wide

range of induction factors can be investigated for any given blockage ratio. When

considering the maximum possible power coefficient achievable, it is found that this
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increases because of the blockage effect:

CPmax =
16

27

1

(1−BL)2
(3.27)

i.e. the available power is multiplied by a factor of (1− BL)−2, which will always be

greater than 1. BL must, however, remain relatively low for the assumptions of rigid

lid flow and constant channel mass flux to remain valid, as too high a flow resistance

will result in significant changes to channel flux in a real tidal channel (as discussed

previously by Garrett & Cummins in [45]).

While it is possible to correct this model for the rigid lid and low Froude number

assumption, as done by Whelan et al. [134], we continue to use the rigid lid assump-

tion throughout this work. It is noted that relaxation of this assumption tends to

increase available power through reduction of channel area downstream of turbines

and hence acceleration of flow through the turbine. As such the rigid lid version is a

conservative estimate of available power.

3.2.2 Partial Array (Nishino & Willden)

When considering a ‘partial array’, i.e. a row array of tidal turbines which does not

completely span the width of a tidal channel, a revised model is required. Following

Nishino & Willden [87], the single ‘device’ within the channel now becomes an array,

within which there are n local channels which operate in exactly the same fashion

as each other, as shown in Figure 3.3. In each local channel there is a turbine,

and the flow through the turbine can be characterised in the same way as described

above, except that the upstream flow for each turbine local flow passage now becomes

UA - the flow speed approaching the array. UA itself is determined within an outer

LMADT model for the array. The modelling scale separation assumption requires

pressure equalisation and velocity recovery to occur homogeneously across all n local
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Figure 3.3: Illustration of the multiple scales of streamtubes in the partial array
model.

flow passages, well upstream of the point where array scale mixing commences. Hence,

the velocities at the upstream and downstream turbine passage boundaries are both

equal to UA and provide a kinematic matching point to the array scale problem.

The channel characteristics at array scale, such as induction factors, are now

denoted with an A subscript to separate them from the local characteristics specific

to the turbine channel.

This results in new expressions for the flow speed and induction factors within the

local and array-scale channels:

UD = αLUA (3.28)

UA = αAUC (3.29)

Local blockage is defined as the ratio of the area of the device under consideration at

each scale to the area of the local turbine channel:
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BL =
πd2/4

h(d+ sL)
(3.30)

and array blockage as the ratio of array width to overall channel width:

BA =
n(d+ sL)

w
(3.31)

where sL is the local spacing between the edges of each turbine within the array.

The array’s ‘area’ is taken to be its width (n times the diameter of the turbines plus

the spacing between them) times the channel height, thus giving each turbine an

individual local channel of height h and width d+ sL.

As well as the local and array scale, a global scale is now introduced to relate

directly from the devices to the full channel, to represent the turbines’ performance

in terms of the known upstream flow conditions. For example, the global induction

factor, defining the flow speed through the device in terms of the upstream flow speed

of the entire channel, becomes:

αG =
UD
UC

=
UD
UA

UA
UC

= αLαA (3.32)

It is then possible to consider conservation of mass, momentum and energy through

each of the defined flow channels at local, array and global scale. The separate

scales are related to each other through the kinematic matching of flow speeds as

described above, as well as the fact that the total array thrust must equal the sum

of the individual turbine thrust forces. As with Garrett & Cummins’ single turbine

model [46], this allows solution of the entire problem for thrust and power coefficients

when the turbine’s local induction factor is specified. Investigation of the maximum

extractable power limit shows that it is once again found to increase, this time to

a new maximum of 0.798 for an infinitely wide channel (compared to 0.593 in the

original Betz limit).
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3.3 Tidal farm model

There are limitations to the extensions of the partial array model that are possible

in terms of modelling different physical channel situations, given the assumptions

made regarding the flow within each theoretical channel. For example, a channel’s

bypass flow is treated as one single body of water, so that it cannot represent any

asymmetrical positioning of an array within a channel, which may create pressure or

flow speed imbalances within the bypass flow. This is a significant limitation on the

application of analytical models to real deployments, where asymmetric positioning

of turbine arrays is likely due to bathymetry or shipping channels, but within the

bounds of a one-dimensional model it is not possible to allow for such cases. However,

a further extension of the model is possible to represent the more realistic case of a

single row of turbines divided into several smaller sub-rows. Thus, we consider an

additional degree of scale separation, to allow for the situation involving a very long

row of turbines within a wider channel split into m large sub-arrays, as shown in

Figure 3.4. This creates an additional enveloping channel at the ‘farm’ level which

can be subjected to LMADT analysis, much as the ‘partial array’ model of Nishino &

Willden [87] created the outer array channel housing the inner turbine channel model.

In this problem, the flow field is considered at the local, array and farm scales.

The local channel is the flow immediately surrounding each device, as in the partial

array model. The array channel contains a single sub-array and half the spacing to

each of the two neighbouring sub-arrays, analogously to the definition of the device

channel within the array. The farm channel is then the full channel, where the entire

farm of sub-arrays now partially fills the whole channel and is treated as the ‘device’

at this scale.

If n is sufficiently large, all device-scale flow events around the turbine will occur

much faster than the array-scale events around them. This is a key assumption made

by Nishino & Willden in the partial array model. If m is sufficiently large the same
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Figure 3.4: Example of a tidal farm layout with sub-arrays, showing device and sub-
array channel scales. Superscripts + and - on flow speeds are included to show the
recovery of the local channel speed from upstream to downstream of each scale of
device.

will be true for the array scale flow events and the farm scale channel flow around

them. This allows each scale of channel to be considered as a separate version of the

single LMADT channel, whereby all mixing occurs before the flow equalises to that

channel’s inlet velocity (i.e. position 5 in Figure 3.2 for the local or array channel) and

forms the device exit flow at the next channel scale (i.e. position 3 in Figure 3.2 for

the array or farm scale channel), where pressure equalisation and mixing at that scale

commence. Kinematic compatibility between scales is provided by the full velocity

recovery within each problem scale, such that the channel scale velocity, UC , is seen

upstream and downstream of the farm scale, the farm scale velocity, UF upstream

and downstream of each sub-array, and the array scale velocity, UA, upstream and

downstream of each device. Low Froude number is assumed to ensure this, as was

also done by Garrett & Cummins [46] and Nishino & Willden [87]. However, it is
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noted that a free-surface correction could potentially be applied if desired, following

Whelan [135] and Vogel [130]. Such a correction would be expected to increase the

maximum extractable power due to downstream cross-section reduction. However,

the trends of power extraction would be expected to remain the same, so the model

presented is equally valid to investigate the manipulation of sub-array blockages to

achieve greater power.

Induction factors are redefined at each scale as:

UD = αLUA (3.33)

UA = αAUF (3.34)

UF = αFUC (3.35)

where the subscript F denotes the farm scale. The local, array and farm blockage

ratios within this model are defined as

BL =
πd2/4

h(d+ sL)
(3.36)

BA =
n(d+ sL)

n(d+ sL) + sA
(3.37)

BF =
m(n(d+ sL) + sA)

w
(3.38)

where sA is the spacing between sub-arrays, analogous to the local spacing sL between

turbines. An alternative view of an example tidal farm, simplified for clarity, is shown

in Figure 3.5 with these blockage ratios illustrated.
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BF =
m(n(d + sL)+ sA)

w

m arrays 
n turbines per array 

BA =
n(d + sL)

n(d + sL)+ sA
BG =

mnπd 2 / 4
hw

= BLBABFBL =
πd 2 / 4
h(d + sL)

Figure 3.5: Illustration of blockage at multiple scales within sub-array model. Note:
it is mathematically assumed that m and n are both significantly greater than 5, but
for clarity of illustration they are displayed as such here.

It is also useful to define the global induction factor and blockage ratio, relating

the turbine local fluid flow and turbine geometry to the overall channel characteristics:

αG =
UD
UC

=
UD
UA

UA
UF

UF
UC

= αLαAαF (3.39)

BG =
mnπd2/4

hw
= BLBABF (3.40)

As before, following the work of both Garrett & Cummins [46] and Nishino &

Willden [87], the equations of conservation of mass, momentum and energy along

the channels at each scale can be combined to obtain the array and farm thrust

coefficients at each scale, as well as the relationship between the induction factors.

These equations are versions of equations (3.23) and (3.24) for each of the other scales

of channel:

CTA = (1− γA)

[
(1 + γA)− 2BAαA
(1− (BA/γA)αA)2

]
(3.41)

CTF = (1− γF )

[
(1 + γF )− 2BFαF
(1− (BF/γF )αF )2

]
(3.42)
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αA =
1 + γA

(1 +BA) +
√

(1−BA)2 +BA(1− 1/γA)2
(3.43)

αF =
1 + γF

(1 +BF ) +
√

(1−BF )2 +BF (1− 1/γF )2
(3.44)

The key relationship which allows these equations to be solved is the fact that the

total thrust at all scales must be the same. This allows the thrust coefficients at each

scale to be related to each other through geometry and velocity (in which q denotes

the dynamic pressure):

CTL =
Thrust on single device

Local inlet q × single device area
=

TD
1
2
ρU2

Aπd
2/4

(3.45)

CTA =
Thrust on single array

Array inlet q × array frontal area

=
nTD

1
2
ρU2

Fhn(d+ sL)
= α2

ABLCTL

(3.46)

CTF =
Thrust on entire farm

Channel inlet q × farm frontal area

=
mnTD

1
2
ρU2

Chm(n(d+ sL) + sA)
= α2

Fα
2
ABABLCTL

(3.47)

Considering the entire channel, it is possible to define thrust and power coefficients

at the global scale, which relate total thrust and power to the upstream channel inlet

flow speed and total device frontal area:

CTG =
mnTD

1
2
ρU2

Cmnπd
2/4

= α2
Aα

2
FCTL (3.48)

CPG =
mnTDUD

1
2
ρU3

Cmnπd
2/4

= αLα
3
Aα

3
FCTL (3.49)

The above relationships (3.46) and (3.47) between the thrust coefficients form the
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link between the different scales of the model. Substitution of the thrust coefficient

equations at each scale, equations (3.23), (3.41) and (3.42), yields array and farm

scale relationships between the axial and wake induction factors. Given that these

induction factors are already related to each other through equations (3.43) and

(3.44), it is therefore possible to solve the simultaneous equations for αL and γL,

and subsequently for αA and γA, αF and γF . Note that although equation (3.47)

appears to create a direct link between the device-scale and farm-scale problems, the

array-scale problem must still be solved because the array-scale induction factor αA

is still required in this equation, and it cannot be otherwise determined.

All of the above equations can thus be solved, either analytically or numerically,

for a given value of either αL (or equivalently γL), which is a function of device design

and operation. For each possible combination of blockage ratios, there will be an

optimal axial induction factor, relating to an unspecified optimal design, which will

result in maximum CPG. This theoretical maximum may be found by considering an

appropriate range of induction factors.

3.4 Results

Within the model described above, there are four independent variables which can be

set to explore different scenarios: three blockage ratios and an induction factor. The

model is solved numerically to obtain all power and thrust parameters of interest. This

results in a large parameter space which is best understood by considering specific

different scenarios as outlined below. Each of these represents a particular design

case where this model would be relevant.
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Figure 3.6: Variation of CTL, CTG,
CPL and CPG with aL (aL = 1− αL),
for BL = 0.49, BA = 0.61, BF = 0.44
and BG = 0.131.

Figure 3.7: Variation of maximum CPG
against BF , for fixed BG = 0.131,
showing cases of fixed BL = 0.65
and BL = 0.49.

3.4.1 Fixed Array

The simplest case to consider is that of an array where the geometry of the array layout

and the basic turbine design have already been developed, such that all blockages are

fixed. The only variable remaining is the turbine induction factor, representing the

ability to tune turbine performance in such a case (assuming that all turbines are

tuned to the same induction factor). It is therefore possible to plot the maximum

power coefficient that such an array can achieve against the local turbine induction

factor.

This relationship, together with those for CPL, CTL and CTG is shown in Figure

3.6 for a case where BL = 0.49, BA = 0.61, BF = 0.44 and thus BG = 0.131. This is a

specific value of global blockage considered by Nishino & Willden [87], and the results

are therefore plotted against aL instead of αL to enable comparison with this work.

For this selection of blockage ratios, it can be seen that CPL peaks at a higher value

of aL than CPG. This is due to the fact that at higher aL, i.e. greater flow resistance

through the turbines, CTL increases significantly. This decreases flow speeds through

the turbines and so reduces the total power coefficient based on global channel flow

speed, CPG. This is similar to previous results by Nishino & Willden [87] for a partial
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array.

3.4.2 Fixed Global Blockage

Another realistic scenario for tidal array development is that of an array where site

selection has been completed, and investment has been secured, effectively prescribing

the number and size of the turbines. With this knowledge of total turbine frontal area

and channel cross-sectional area, the global blockage ratio is fixed. However, local,

array and farm blockages can still be varied based on the final design of the turbines,

their support structures and the overall proportion of the channel to be used. We

again consider the specific case of BG = 0.131, which could equate to a tidal farm of

ten arrays of ten 20 m diameter turbines in an 8 km wide channel with 30 m depth.

In Nishino and Willden’s partial fence model, at this level of global blockage, it

was found numerically that maximum power was available when BL = 0.49. This

can be replicated within the farm model as the case where BA = 1 and all arrays

are joined end-to-end to create one single partial array. Doing so produces identical

results to the [87] model at this value of local blockage. Retaining the same local

blockage, but moving the arrays apart to increase farm blockage (and decrease array

blockage), produces an increase in the maximum global power available, as can be

seen in Figure 3.7.

Also shown in Figure 3.7 is a similar power curve for the case of BL = 0.65, which

at this global blockage corresponds to the maximum CPG available within the farm

model. (See later discussion of Figure 3.8.) This local blockage ratio would represent

an ‘over-blocked’ scenario in the partial array model (where BA = 1, so BF = 0.2015).

This can be seen from the fact that the maximum CPG available at this lower bound

is significantly below that at the lower bound of the BL = 0.49 case that resulted from

the partial fence model (here, BA = 1 corresponds to BF = 0.2673). This is due to

the fact that, in a continuous partial fence with a local blockage of 0.65, the increased
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Figure 3.8: Contours (in greyscale) of maximum CPG for a range of BF and BL, for
fixed BG of 0.131. Dashed red contours overlaid show corresponding basin efficiency
η.

resistance of the array blocks the flow and reduces power output. It can be seen

that moving the sub-arrays apart and allowing internal bypasses between sub-arrays

quickly increases the power output and allows the farm to achieve greater power than

was possible with a continuous array, for both the BL = 0.49 and BL = 0.65 cases.

Note that the scenario of fixed BL and BG is one of a fixed device design and a

fixed number of devices available for deployment in a known channel and therefore

represents a realistic scenario in which the design variables are the spacing between

sub-arrays and the tuning of the turbines (determining BF and αL).

If local blockage is allowed to take any value, the surface of maximum achievable

power coefficient at all possible BL, BA and BF is shown in Figure 3.8. Each point in

this plot represents the maximum CPG at a specific blockage combination for any αL,

i.e. the peak value of the Figure 3.6 equivalent at every point. While BA is not shown
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explicitly in this plot, it is determined at each point because it is inversely related to

BL and BF , as they are related through Equation (3.40) and BG is constant. The

curved lower boundary shows where BA = 1, i.e. along this line the sub-arrays meet

with no array bypass flow between them and the model reduces to the single partial

array model of Nishino & Willden [87] .

It can be seen that for the given global blockage of 0.131 it is possible to increase

CPG from the partial array model maximum of 1.011 to a new maximum of 1.087,

i.e. a 7.5% increase. The increase in maximum CPG when sub-arrays are allowed is

achieved by increasing the local blockage ratio from 0.49 to 0.65 and spacing out sub-

arrays such that the farm spreads from occupying 27% of the overall channel width to

occupying 36% of it. If such a high local blockage is not achievable, however, it should

be noted that even with the local blockage optimised for the Nishino & Willden [87]

partial array model at 0.49, it is still possible to increase CPG by 5% as shown in

Figure 3.7 merely by breaking the continuous fence into sub-arrays, decreasing BA

and increasing BF so that the farm covers 44% of the channel (up from 27%). This

corresponds to moving vertically up the plot from the BA = 1 lower boundary at

BL = 0.49. At low values of BL, there is very little variation in CPG, but where

higher local blockage is possible then the use of sub-arrays can achieve significant

gains in extractable power.

It is clear when considering the form of the CPG plots and their maxima at any

level of global blockage that there is a hierarchy of which blockage is most important

for power output. The point of maximum power for BG = 0.131 occurs at BL = 0.65,

BA = 0.56 and BF = 0.36. This pattern of BL > BA > BF at CPGmax is repeated

at all global blockages considered. This shows that high local blockage is the most

important to increase power output, supported by lower surrounding blockages at the

array and farm scales.
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3.4.2.1 Basin Efficiency

While CPG is an important measure of the potential power extraction that a tidal

farm can achieve in a given location, it may also be important to consider the basin

efficiency η, which is the ratio of power extracted by the turbines to total energy

removed from the flow due to their presence. Within this model, the basin efficiency

is related to the global induction factor, aG, by:

η =
power extracted

power removed
=

mnPD
mnTDUC

=
UD
UC

= αG = (1− aG) (3.50)

The basin efficiency achieved at the point of maximum CPG is also shown in

Figure 3.8 as a function of BL and BF . The contours of basin efficiency show that, in

general, basin efficiency decreases as extractable power is increased. Since power and

thrust are directly related through channel flow speed in this model, increasing thrust

increases power extraction, which contributes to low basin efficiency by increasing the

difference between core and bypass flow speeds at each scale. Increased flow speed

differentials lead to increased shear between the bypass and core flows, causing greater

energy dissipation at the boundary and thus reducing basin efficiency as this energy

is lost from the flow. However, it should be noted that the lowest values of η do not

completely correspond with the highest values of CPG, and so it would be possible to

achieve a compromise situation with a relatively high power coefficient which would

avoid the worst energy losses for the channel as a whole. This could be important

where channels are likely to contain more than one tidal turbine farm along their

length, to ensure there is as much energy as possible remaining in the flow after it

passes the upstream farm. It is also important where environmental concerns are

significant, and changes in the flow environment need to be minimised. It can be seen

that it is possible to increase farm output power without reducing basin efficiency:

for example, following the η = 0.52 contour to the right from the curved BA = 1
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Figure 3.9: Potential % gain in maximum
CPG possible in moving from partial array
model to farm model, for a range of BG.

Figure 3.10: Contours of maximum CPG
for an infinitely wide channel (BF =
BG = 0).

boundary tracks up the contours of CPG while retaining the same basin efficiency.

In doing so, BF , i.e. total width of fence, remains approximately constant. This

physically corresponds to taking a partial array and splitting it into sub-arrays by

increasing BL, i.e. bunching turbines more closely together to open up bypass flows

between sub-arrays.

Note that the basin efficiency at maximum CPG, η = 0.51 (i.e. aG = 0.49), falls far

below that anticipated by unblocked Lanchester-Betz type theory, for which η = 2/3

(aG = 1/3) at the point of maximum power extraction.

3.4.3 Effect of Global Blockage

Figure 3.9 shows an exploration of the potential of this tidal farm arrangement of

turbines for varying levels of global blockage within a channel. It starts from the

position of the partial array model, and shows the percentage increase in maximum

possible CPG when moving to the farm model, i.e. splitting up the long array to form

sub-arrays. This potential increase in available power is shown over a range of global

blockage from 0 to 0.5, assuming all other blockages are free to take any value in order
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to achieve CPGmax. It can be seen that the potential to exploit the tidal farm model

and gain increased available power by creating a sub-array structure is highest at low

global blockages. (It should be noted that the percentage gain in available power

continues to decrease within the model at values of BG > 0.5. However, geometric

constraints mean that it is unlikely that this value of global blockage will ever ever

be exceeded in a real channel.) However, at low global blockage it can be seen that

there is significant potential to increase power output merely through the creation of

sub-arrays, possibly in the order of 5-8%.

3.4.4 Infinite Width Channel

It is finally of interest to consider the case of an infinitely wide channel, where w →∞

and BG → 0 (as BF → 0), and the far field effects of the tidal farm become negligible.

For tidal turbines, which exist in a constrained medium, this case is analogous to

the wind turbine in free atmosphere, where the Lanchester-Betz limit of 0.593 is

the maximum power coefficient achievable. For the partial array model, Nishino &

Willden found a limiting maximum power coefficient for the infinite channel width

case of 0.798, where the local blockage contributed to the increase in extractable

power. Both of these cases can be seen within the parameter space shown in Figure

3.10. The Betz limit is seen at the graph’s origin, where BL = BA = 0, and the

partial array limit occurs where the highest value of CPG is found along the BA = 0

axis.

Allowing both BL and BA to vary in the tidal farm model, the limiting value of

CPGmax as BF → 0 is found to be 0.865 at BL = 0.576 and BA = 0.459. This is a

more than 8% increase over the partial array case. As was the case at non-zero global

blockage, this is achieved at a higher local blockage than that of the partial array

CPGmax.
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3.5 Discussion

The results presented in this chapter show that there is potential to optimise tidal

turbine power yield through the careful choice of turbine and array spacing. The above

analysis assumes that actuator discs are perfect energy extractors and as such it is

not expected that the theoretical power maxima presented above could actually be

reached by a real turbine farm. Further, the assumptions in the model require arrays

and channels much larger than are currently under consideration for any commerical

tidal power installation. In particular, the assumption that all wake mixing events

at each scale take place within that scale well prior to initiation of wake mixing at

the wider scales results in a very long overall channel length required to permit this

assumption, potentially longer than most channels in which such a large tidal farm

could be placed. The computational work of [88] to validate the partial array model

showed that, although maximum theoretical values of CPG as predicted by their

partial fence model were not achieved in the computational simulation, the shape of

the performance curves generally agreed and showed maxima at similar points. The

computational results were also much closer to the partial array model predictions

than to the simple single device model of [46], showing that the theoretical device-

channel scale separation did reflect a dominant part of the flow behaviour. It is

therefore thought likely that in the new farm model, when introducing an additional

such layer of scale separation, the predicted gains in available power in moving from

a continuous array to multiple sub-arrays are also real and achievable, even if viscous

effects render those gains less than the analytical model might suggest.

This model does not consider many physical constraints which will affect the

ability of a real tidal farm to achieve the blockages and power outputs predicted. The

densest possible packing of circular, horizontal axis turbines within a channel the same

depth as the turbine diameter is 0.785, which is not much greater than the optimal

local blockages suggested by this model (0.65 for BG = 0.131), and in practice would
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be very difficult to achieve given bathymetry constraints and the natural change of

channel depth over the tidal cycle. (As an example, the estimated variation between

highest and lowest tides at EMEC’s Fall of Warness test site is 3.5 m, with total

water depth at lowest tide from 13 m at the shallowest test position to 49 m at the

deepest [70]. This would significantly affect the maximum blockage that could be

achieved at high water when devices must avoid breaking the surface at low water.)

Even in the case where the local blockage remains the same, moving from one long

partial array style row of turbines to multiple sub-arrays as posited here might invoke

losses due to array end effects on each of the sub-arrays. It should also be noted that

increasing thrust to the level required to extract maximum power may reduce the

flow rate through a channel, but this is dependent on each channel’s characteristics:

geometry, bed friction, and tidal forcing. Any consideration of flow rate reduction

must therefore be undertaken on a site-specific basis for any given installation, as the

impact will vary between sites.

It is suggested that most real tidal turbine installations will set their approximate

global blockage relatively early in the design process, once a site has been identified

and a total number of turbines (and their size) has been proposed. It is clear that

the greatest potential for gains from creating sub-arrays comes in channels where

there is reasonably low global blockage, although given the quasi-inviscid and scale

assumptions within the model, these gains may not apply to small arrays in narrow

channels. However, for larger installations in wide channels (but maintaining low

global blockage), local, array, and farm blockages will be determined following the

selection of a site, based on device design and bathymetry constraints (BL), support

or sub-array design (BA), and wider channel usage allowing for shipping lanes and

other marine use (BF ). At this stage of development, the model shows that there is

potential to improve power yield by considering blockage at all these scales before the

tidal farm layout is fixed.
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3.6 Conclusions

A new theoretical model has been proposed to investigate the efficiency of a long

cross-stream tidal farm partially blocking a wide channel in depth-constrained flow,

where the tidal farm is comprised of multiple sub-array fences in a single plane. This

model creates three scales of fluid flow around the device, the sub-array and the tidal

farm, in a manner similar to the two-scale ‘partial array’ model of Nishino & Willden

[87].

The power that can be extracted from the flow is found to be maximised by careful

selection of local, array and farm blockages, where high local blockage is found to

be the most influential for increased power. The new model shows an increase in

extractable power compared to the single fence ‘partial array’ model of up to 8%

at low global blockage. In the case of an infinitely wide channel, this increases the

maximum power coefficient achievable from the Lanchester-Betz limit of 0.593 in

unconstrained flow, past the Nishino & Willden partial fence maximum of 0.798, to

a new theoretical maximum of 0.865.

This model provides a theoretical framework of a new mechanism to potentially

increase tidal farm power. Further physical investigation would be required to estab-

lish the practicalities of implementing this in a real tidal farm, as real bathymetry

and turbine dimensions will affect whether an arrangement of sub-array turbine rows

such as this could actually be constructed. Each row array may also suffer from end

losses due to being shorter than the quasi-infinite length assumption made here.
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Chapter 4

Scoping Exercise for Partial Array

Experiments

As discussed in Sections 2.2.2 and 3.2.2, the analytical model of Nishino & Willden

[87] predicts improvements in available power when a row array of turbines is arranged

to take advantage of blockage effects. Computational modelling was carried out by

Nishino & Willden which partially validated this model [88], however no experimental

modelling of such a row array has previously been completed. Previous experimental

work by Myers et al. [85] studied the behaviour of two porous discs next to each

other, and found an increase in thrust as the discs were moved closer together. This

is expected given the trends of increasing thrust with increasing local blockage in

the Nishino & Willden partial array model. Stallard et al. [113] studied the wakes

of three scale rotors arranged in a short row. Although they did not report thrust

or power variation for varying inter-rotor spacing, they did identify that the rotor

wakes merged to form a single array wake when the rotors were placed more closely

together. This may be related to the assumptions of scale separation within the

Nishino & Willden model, showing an overall array wake persisting much further

downstream than individually distinct rotor wakes for closely spaced devices.
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Given the lack of experimental data on row arrays, a series of experiments were

planned to compare directly to the analytical model. Porous discs were chosen to

represent tidal turbines, being simple to set up and not requiring careful torque or

power control as scale rotors do. As discussed (in Section 2.1.1.1), porous discs are

not perfect emulators of tidal turbines since they are irrotational and do not impart

rotation or swirl to the flow. They do, however, offer a simple method of studying

the interactions between device thrust, position, grouping etc and the resulting fluid

behaviour. As such, they have previously been used to investigate the potential for

tidal turbine interaction (e.g. Myers et al. [86] [85]).

The experiments were designed to be carried out on row arrays of porous discs

in the 5 m wide recirculating flume at the University of Manchester, simulating a

turbine fence array partially filling a tidal channel. The experiments targeted a para-

metric area where beneficial effects of close inter-disc spacing were expected, from the

predictions of partial fence theory. Specific spacings and disc porosities were targeted

to optimise the parametric investigation.

Initially, a short scoping experiment using two arrays of five porous discs was

carried out over a two-week period in April 2014. The set-up and outcomes of this

scoping exercise are discussed in this chapter. Following this, additional experimental

equipment and methods were developed to design and test multiple arrays of eight

porous discs across the parameter space of interest in two further experimental runs,

as will be described in Chapter 5. The results of these eight-disc experiments are

then discussed in Chapter 6.

A small suite of measurements were defined, which could reasonably be gathered

within the two-week window available for this exercise: thrust measurements which

could be gathered using strain gauges fitted to the towers, and a limited number of

wake flowspeed measurements available from a single Acoustic Doppler Velocimetry

(ADV) probe fitted to a moving traverser. All data were collected using LabView
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routines already developed on the computer measuring setup. An array of five discs

was chosen as this was the maximum number of support towers available at the Uni-

versity of Manchester, thus removing the need to manufacture additional equipment.

Where measurement techniques remained the same between the scoping exercise and

the later full experiments, they will be further described in Chapter 5, which details

the set-up for the full suite of experiments.

The aims of the scoping experiment were twofold: (i) to investigate whether the

increased thrust expected from partial array theory at close spacings was detectable

on a short array in a scale flume at moderate Reynolds numbers; and (ii) to gain

initial insight into the wake behaviour behind the array which could provide valida-

tion or interrogation of the basic assumptions of fluid flow underlying partial fence

theory. The outcomes of this could guide the design of experiments to investigate the

behaviour of partial arrays in more detail.

4.1 Equipment

The existing University of Manchester equipment used for disc mounting and posi-

tioning during the scoping exercise consisted of five individual strain-gauged towers,

with discs centrally mounted slightly offset from their base. At their tops, the towers

were mounted in rigid blocks which could be clamped to a gantry placed across the

flume, as shown in Figure 4.1. In order to enable the downstream ADV traverser

gantry, shown on the right of Figure 4.1, to move as close to the array as possible,

the discs were mounted to a singly-supported gantry. This is shown in Figure 4.1,

including a block of wood providing a simple support to the front edge of the gantry.

This had disadvantages in terms of twist under self-weight, which was corrected with

individual metal shims clamped under the top blocks to ensure verticality of the tow-

ers. As it was not possible to safely access the towers once the flume was running, it
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is unknown whether any additional twist or non-verticality was caused by the thrust

force exerted on the array by the flow. No obvious large deflection of the array was

visible from the side of the flume, so the set-up was considered sufficient for the

purposes of the scoping exercise.

The scoping exercise was carried out with the assistance of University of Manch-

ester staff who had previously carried out experimental work using the same equip-

ment, and set-up methods were replicated from previous work with their assistance.

The general setup of the experiment was very similar to that shown in Figure 5.4 for

the full set of experiments, although with five discs rather than eight. The disc array

was positioned 6.6 m downstream of a porous weir at the flume inlet which dissipates

large-scale turbulence. The total length of the 5 m wide flume is 12 m, although flow

measurements were only taken up to 5 disc diameters (1.35 m) downstream of the

Figure 4.1: Set-up of initial scoping exercise, using equipment provided by University
of Manchester. Towers are individually clamped and shimmed onto gantry.
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array. The average flow speed in the working area was found to be 0.468 m/s.

4.2 Configurations

4.2.1 Disc Porosities

The polyvinyl chloride (PVC) discs used for the experimental work were 6 mm thick

and 270 mm in diameter. Target porosities were achieved by machining multiple 12

mm holes in a regularly spaced pattern across the discs, except the area where the

disc was mounted to the tower. The number of holes gives the porosity, or open area

ratio, Θ, for the entire disc area.

Two different porosities of disc were used during the scoping exercise, with five

discs of each porosity used to create the partial fence array. One porosity was chosen

to be discs that the University of Manchester had already manufactured and used for

other experimental work, to minimise additional manufacturing required. This set of

discs had an open area ratio of Θ = 0.52, created by machining 264 12 mm diameter

holes symmetrically around a 270 mm diameter disc. Researchers at Manchester had

previously recorded this disc porosity having a thrust coefficient of CT = 0.85 when

deployed individually in the flume, with CT defined as:

CT =
T

1/2ρU2
∞Adisc

(4.1)

where Adisc is the disc area and U∞ is the undisturbed upstream flowspeed, measured

to be 0.468 m/s during the scoping exercise.

In order to compare the data to the analytical theory, it was initially assumed

that the disc pressure coefficient, κ, defined in Equation (4.2), could be related to the

disc open area ratio by Equation (4.3):
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Figure 4.2: Example of Θ = 0.33 porous disc as manufactured to fit Manchester
support towers.

∆p =
1

2
κρu2

D (4.2)

Θ2 =
1

1 + κ
(4.3)

where uD and ∆p are the flow speed through and pressure drop across the disc,

respectively. The second equation is an approximation of a relationship found by

Taylor [119]. It is known that the actual relationship between κ and Θ may vary

depending on the internal geometry of the porous disc as well as its open area, as

demonstrated for example in [135], however further exploration of this relationship

is not within the scope of the current work. Therefore, Taylor’s relationship was

taken as a first approximation to compare theoretical results, which can be expressed

in terms of κ, to experimental work where only Θ is known. This assumption was

later re-evaluated when experimental data on the true κ value of each disc became

available, and is discussed further in Section 6.2.1.

The disc porosity of Θ = 0.52 of the existing Manchester discs corresponds to a

predicted disc pressure coefficient κ, as defined in Equations (4.2) and (4.3), of 2.68.

This is quite a low pressure coefficient within the parameter space predicted to be

of interest by the theoretical model, so an additional set of discs with lower porosity
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and higher resistance was manufactured in Oxford. These discs were also of 270 mm

diameter, with a central mounting point to fit onto the University of Manchester’s

towers, but manufactured with only 169 12 mm holes, resulting in an open area

coefficient of Θ = 0.33 and a predicted pressure coefficient of κ = 7.97. An example

of this disc is shown in Figure 4.2. The different disc arrays will be referred to by

their predicted pressure coefficient throughout this chapter.

4.2.2 Array Spacing

The aim of the scoping exercise was to examine one of the central predictions of partial

fence theory, that closely-spaced arrays sustain more thrust and can thus potentially

extract more power. This theory, as discussed in Chapters 2 and 3, predicts that, for

a single partial array with a fixed total device area and fixed disc resistance, thrust

will increase as local blockage BL is increased. This corresponds to array blockage

(BA) reducing as the array length shortens and the array fills less of the total width

of the channel.

It was therefore of interest to investigate a wide range of inter-disc spacing within

the arrays, ranging from widely to closely spaced. All arrays were placed at the

same lengthwise position in the flume, 6.6 m downstream of the inlet grid. Three

array blockages were initially targeted as being of interest, starting from the base

case of BA = 1, where the discs are equally spaced across the channel to give no array

blockage effect. This corresponds to an intra-array spacing, defined as the ratio of

inter-disc spacing s to disc diameter d, of s/d = 2.7. A closest spacing was identified

as s/d = 0.1, where the distance between the discs reduces to 2.7 cm, corresponding

to an array blockage of BA = 0.36. An intermediate spacing of BA = 0.54, s/d = 1

was then chosen as a point where the array covered just over half the channel width.

For both disc porosities, arrays at these spacings were set up across the flume,

and downstream measurements of wake flowspeed were taken to investigate wake be-
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haviour. After these arrays were tested, an additional two intermediate array spacings

were identified as desirable in order to explore the parameter space more fully and to

enable the trend of behaviour to be assessed. These were the cases of BA = 0.405 and

BA = 0.675. Unfortunately, wake measurements were not taken in these cases, but

thrust measurements were recorded. An overview of the configurations tested and

the wake traverses of measurements taken in each case is given in Table 4.1.

Table 4.1: Array Configurations

Discs
κ = 2.98 κ = 7.97

Main Configurations BA = 1, s/d = 2.7
(including four downstream BA = 0.54, s/d = 1

wake measurement traverses) BA = 0.36, s/d = 0.1
Additional Configurations BA = 0.675, s/d = 1.5
(no wake measurement) BA = 0.405, s/d = 0.5

4.3 Traverse Measurements

For each of the six main configurations (two disc porosities at three spacings), four

sets of wake measurements were taken at 0.5d, 1d, 2d and 5d downstream. Typically

45 measurement points were taken at mid-disc height across the width of the array,

with measurements taken both behind the discs and in the internal and external by-

pass flows. These measurements were taken using the programmable ADV traverser

as described in Section 5.4. Due to the restrictions on lateral movement of the ADV

traverser across the flume (given safety measures to prevent equipment contacting

the edges of the flume or falling off the ends of the traverser), it was not possible to

measure outside the edges of the outermost discs in the most widely spaced arrays

of BA = 1. No measurement of external bypass flow therefore exists for these con-

figurations: however, as the discs are equally spaced across the flume in this case it

would not be expected that the ‘external’ bypass flow would in fact differ from the
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‘internal’ bypass flows in any way.

All ADV measurements were taken for 60 seconds in each position. Each configu-

ration with downstream traverse thus accumulated approximately 180 total minutes

of thrust data while the traverse measurements were being taken.

As discussed, no ADV measurements were taken downstream of the BA = 0.405

and BA = 0.675 configurations for either disc porosity, as these tests were included

at the end to provide additional thrust data for the parameter space investigation.

Thrust measurements for each of these configurations were recorded for a total of 10

minutes to ensure robustness of the mean thrust measurement.

Thrust measurements from the individual strain gauges on each tower were recorded

through a National Instruments amplifier and DAQ setup, as this had been previously

set up for this equipment. Other quality measures such as calibration and undisturbed

flow measurements in horizontal and vertical traverses were taken, similarly to the

full set of experiments as described in Chapter 5, and these were incorporated into

the results. Average values of Turbulence Kinetic Energy (TKE) in the freestream

were found to be of the order of 0.003 m2/s2, corresponding to a Turbulence Intensity

(TI) of 9%.

The data collected during the scoping exercise were in the same format as those

for the later experiments, and a small suite of data processing programs were created

to interrogate the raw data gathered. These generated values of thrust coefficient,

flow speed averages and time-varying turbulence quantities to be further analysed.

These programs were later further developed, forming the model for the wider range

of programs created for the full set of experiments later carried out, as discussed in

Section 5.5.
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4.4 Thrust Measurements

The theoretical thrust variation predicted for a partial fence array of this size in the

channel width of the flume was calculated from the theoretical partial fence model

described in Chapter 3. It should be noted that this calculation was done using the

2012 Nishino & Willden model [87], not their 2013 revision [88] to include short fence

expansion factors, as these factors could not be measured during the experiment.

Global thrust coefficient was then calculated for the arrays tested, as:

CTG =

∑5
1 Tdisc

1/2ρU2
∞(5Adisc)

(4.4)

These measured values of CTG are plotted against the theoretically predicted val-

ues for a long fence array in Figure 4.3. A simple linear fit has been applied to the

experimental values to allow the trends to be clearly seen.

It can be seen that there is a significant gap between all measured thrust coeffi-

cients and the theoretical predictions, across all configurations. This is expected as

a result of the differences between the analytical case of a very long fence array and

the actual case of a much shorter fence of discs. In particular, end effects can be

expected to reduce the thrust on the outer discs, and with only 5 discs, these effects

are likely to be felt across much of the array, leading to significant reductions in the

overall global thrust coefficient. It is also likely that the separation of mixing scales

assumption is less robust for shorter arrays, as the characteristic length of the array

approaches the same order as the characteristic length of each individual disc. This

would limit the ability of the partial fence arrangement to create higher flow speeds

through the device bypass flows. An additional consideration is that the disc pressure

resistance factor κ could not be experimentally measured for these discs. It is known

that Taylor’s relationship between open area ratio and pressure resistance factor, as
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Figure 4.3: Comparison of experimental CTG results with predicted theory, for discs
with resistance coefficients κ = 2.68 and κ = 7.97. Experimental results have a linear
fit plotted through them.

defined in (4.3), is not always reliable for all disc geometries. It is therefore possible

that the κ calculated for each disc may not be correct.

However, despite these discrepancies, it can be seen that an overall trend of in-

creased CTG with increasing local blockage (i.e. decreasing s/d) exists, similar to

that predicted by theory. For the case of the less resistive disc, κ = 2.68, there is

a 9% increase in CTG from the most widely-spaced case ( BA = 1, s/d = 2.7) to

the most closely-spaced (BA = 0.36, s/d = 0.1), from 0.94 to 1.03, which is very

similar to the 10% increase from 1.16 to 1.28 predicted by the analytical model. In

the case of the low porosity disc, κ = 7.97, there is a larger disparity: theory predicts

a 23% increase in CTG from 1.62 to 1.99, while experimental results show only a 12%

increase from 1.39 to 1.55.The results for the higher resistance disc indicate that the

disagreement between theory and experiment may increase with increasing thrust,

causing greater flow diversion around this short length array. It might be expected
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that these discrepancies would be reduced in longer fence arrays.

Generally, however, these trends of increasing thrust show that the effects of

grouping together devices into partial fence arrays which are predicted by partial

fence theory do indeed exist, and can be measured at an experimental scale even with

a fence length as short as only five devices. This was therefore taken as justification

to design an expanded experimental program of testing for a longer, 8-disc fence, as

will be discussed in Chapters 5 and 6.

4.5 Flow Measurements

4.5.1 Downstream Velocity Field

Downstream flowfields were measured and analysed for the main configurations as

shown in Table 4.1. This allowed insight into the flow behaviour downstream of the

array, particularly relevant to assumptions made in partial fence theory, but also to

inform measurement processes in the full set of experiments.

Measurements were taken at disc ‘hub height’ i.e. mid-depth behind all arrays, at

0.5d, 1d, 2d and 5d downstream of the array. The downstream flowfields for all six

main configurations are shown in Figure 4.4. The lengths of velocity vectors in these

plots have been scaled to avoid overlapping, and the x and y axes are not to the same

scale. However, the x and y components of flow velocity are plotted in proportion to

each other and as such the direction of each plotted vector is correct.

A number of things can be seen in this figure. Firstly, wake expansion immediately

downstream of the array, followed by contraction further downstream, is observed as

would be expected in a blocked, incompressible environment. This can be seen both

at the individual disc scale (as in Figure 4.4f) and at the global array scale (as in

Figure 4.4b). Secondly, it can be seen that wake mixing is not complete by 5d

downstream, as flow speeds are not uniform and in many cases visibly not parallel.
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(a) κ = 2.68, BA = 0.36
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(b) κ = 7.97, BA = 0.36
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(c) κ = 2.68, BA = 0.54

Streamwise Position Behind Discs (m)

C
ro

s
s

­S
tr

e
a

m
 P

o
s

it
io

n
 (

m
)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

(d) κ = 7.97, BA = 0.54
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(e) κ = 2.68, BA = 1
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(f) κ = 7.97, BA = 1

Figure 4.4: Plots of downstream flow vectors for all configurations with wake traverses.
Upstream disc positions are indicated by grey bars.
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This is expected, however, as the array width is 5(d + s) in all cases, and full wake

mixing would not be expected prior to one array width downstream in any case.

Given the overall restriction of the length of the flume at 12 m total, with the array

placed 6.6 m downstream of the inlet, it is likely that full array wake mixing did not

complete within the length of the flume.

As regards conclusions which can be drawn regarding the fluid dynamic processes

which contribute to partial array behaviour, it is of interest to consider the varying

levels of mixing which have occurred by 5d downstream for each array. The closely-

spaced arrays show a nearly consistent velocity profile across the array wake itself,

with velocity differences between disc flows and internal bypass flows mixing out.

However, there is still a significant velocity deficit between the array wake and the

external bypass flow. The more widely-spaced arrays, by contrast, still show velocity

deficits downstream of the discs compared to the internal bypass flows, such that their

internal array wake is less fully mixed by 5d downstream. This effect appears to be

governed more strongly by array spacing than by disc resistance coefficient: there are

few visible differences between the two disc types at 5d downstream for any spacing,

even where the further upstream profiles differ significantly.

Regarding measurement techniques, it is clear that while there are sufficient mea-

surements across the internal bypasses when the bypasses are reasonably narrow, such

as in Figure 4.4c where a smooth profile is observable between disc core flow and by-

pass flow, in the wider spacings such as Figure 4.4f there is insufficient data regarding

the transition from disc core flow to internal bypass flow. Similarly, there are large

gaps for all arrays between the outermost measurements behind the outer discs and

the next outward measurement in the external bypasses. Little information is gained

by having widely spaced external bypass measurements stretching out to the edges

of the flume, while information regarding the edge of the array wake is lost as no

intermediate measurements were taken. This was noted as an area to be remedied in
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future experiments. (It should be noted that only one measurement was taken in the

internal bypass located at 4 m across the flume in the BA = 1 arrays: this was due

to an error in measurement processes.)

4.5.2 Measurements Away From Mid-Depth

Flow measurements taken in the internal and external flow bypasses were all at mid-

depth, assuming that to be a representative mean flow speed (as later discussed

in Section 5.3). Additional measurements were taken above and below mid-depth

behind each disc in the closest downstream traverse at 0.5d. There were 4 additional

measurements per disc, arranged in an X-form as shown in Figure 4.5a. The intention

of these additional measurement points was to gain additional data from which to

calculate an overall average flow speed behind the disc, as well as potentially providing

insight into mixing processes downstream of the discs. A vertical line of measurement

points behind each disc was not included as it was considered likely that the influence

of the upstream support towers would cause the uppermost half of these points to be

unrepresentative.

Figure 4.5b shows an indicative example of the flow measurements gained at these

additional points in comparison to those taken along the mid-depth line. The mag-

nitude of each data point in this plot is scaled on the magnitude of Ux measured

there. It can be seen that the additional points lying on the X-form provide some

additional data, however it is difficult to draw many conclusions from this. Differ-

ences between the magnitudes of Ux from one side of a disc to the other can indicate

slight misalignment of measuring points and disc position, however this can also be

seen in the 5 mid-depth points measured behind each such disc as well. Differences

in Ux magnitude between the top and bottom halves of each disc are no more signif-

icant than they are in the freestream, as would be expected. Otherwise, the pattern

of flowspeed appears to be broadly rotationally symmetric around the discs shown
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(a) Flow measurement positions at 0.5d behind a BA = 0.54 array

(b) Ux magnitude (m/s) at 0.5d behind a κ = 0.797, BA = 0.54 array

Figure 4.5: Measurement points and example Ux magnitude at each point in the 0.5d
downstream traverse for the κ = 0.797, BA = 0.54 array. Note sides of flume are
cropped so not all external bypass points are visible.

on the right hand side of Figure 4.5b, with the horizontal asymmetry of the other

discs probably due to poor positioning of discs relative to ADV position. There is no

consistent pattern across all five discs which can be extracted from this data to give

worthwhile information about the flowfield away from mid-depth.

It is clear that a considerably higher density of points would be necessary to fully

study the 2-dimensional variation of flow behind each disc area. Given that static

porous discs do not fully emulate rotors, so that no information regarding wake swirl

etc could be gained by doing this, it was decided that this would be an unnecessary use

of experimental time. The purpose of this experiment was to analyse the quasi-two-

dimensional interaction between device and array wake mixing in a short fence array

of devices, which could be done using only mid-depth measurements. It was therefore

concluded that off-mid-depth points should not be included within the further planned

experimental work, as they almost doubled the measurements per disc and added no

particular benefit to analysis.
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4.5.3 Reynolds Stresses and TKE

It was possible to do investigate turbulence-related quantities in the array wake, in

particular the Turbulence Kinetic Energy and the Reynolds stress per unit density in

the x-y plane. These are defined as:

τxy = −u′xu′y (4.5)

TKE =
1

2
(u′2x + u′2y + u′2z ) (4.6)

where u′x, u
′
y and u′z denote the fluctuating components of the x, y and z fluid

velocities respectively, and an overbar denotes the time average. The Reynolds stress

and TKE are both measures of the turbulent mixing energy present in the flow and

can provide insight into the mixing processes occurring in the wake. Of particular

interest is any difference between the mixing mechanisms at disc scale and at array

scale, since these are crucial to the assumption of scale separation made in partial

array theory.

The downstream profiles of τxy and TKE are shown in Figure 4.6 for the two

closely-spaced configurations of the lower resistance disc (κ = 2.68; BA = 0.36 and

BA = 0.54). The profiles plotted are line plots fitted to the data gathered at individual

measuring points, and are therefore approximate in areas where fewer measurements

were taken. (Measurement points can be seen in Figure 4.4 as the base of each flow

vector.)

It is possible to observe several trends in these measurements, which support

observations previously made about the flowfield, and which could also support the

scale separation arguments in partial array theory. Once again, the more closely-

spaced array shows more completed mixing across the array wake by 5d downstream,

with the TKE plot (Figure 4.6a) no longer showing clear variation between disc wake
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Figure 4.6: TKE and Reynolds stress τxy for two fence spacings. Upstream disc
positions are indicated by grey bands.

and internal bypass flow. The τxy plot (Figure 4.6c) shows considerably less variation

across each disc’s wake than for the wider spacing (Figure 4.6d).

It can also be seen that some of the downstream measurement points were not as

directly behind discs or within internal bypass flows as might have been desired. For

example, the τxy variation in the lowest internal bypass for the closely-spaced array,

shown in Figure 4.6c, is not of the same magnitude as those recorded in other bypasses

in this array, even though the TKE measurement within this bypass is still recorded

as being equally high. Similarly, both the TKE and τxy plots for the widely-spaced

array show peaks at the lower edges of the internal bypasses, but not the upper edges,

when by symmetry of the array one would expect them to be present in the shear
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layers at both sides of each disc. This was considered likely due to the imprecision

in setting up arrays with towers clamped individually at any point across the flume.

The difficulty of positioning these perfectly within a limited time window - when the

ADV positioning is absolute within the flume - could easily cause slight measurement

offsets relative to the discs. This inevitably leads to some flow features being missed.

Relatedly, from these plots, one could conclude that mixing in the internal by-

passes initiates more strongly immediately downstream of the array than mixing in

the external bypasses. The peaks of TKE and τxy for both arrays are seen within

the array wake and internal bypass flows, not within the external bypass or the shear

layer between it and the array wake. This would support the assumption in partial

array theory that mixing both initiates and concludes at device scale before initiat-

ing at array scale (which would potentially be around 5d downstream or beyond, so

not visible in these measurements). This was indeed the conclusion drawn from this

initial set of experiments and reported in [22].

However, care must be taken with this conclusion as a very low number of mea-

surements were taken in the external bypass flows: only 3 measurements were taken

in each external bypass, and they were equally spaced across the whole external by-

pass area that the ADV traverser was able to access. They are therefore very widely

spaced, particularly in the case of the most closely-spaced arrays: for the BA = 0.36

array, the first measurement in the external bypass is taken 425 mm beyond the last

measurement in the array, or 420 mm beyond the edge of the outermost disc. For

the BA = 0.54 array, this reduces to 263 (or 258) mm, but it is still clear that these

points are taken quite far away from the array in terms of the wake. They may

therefore miss external bypass mixing processes occurring in the wake shear layer

entirely if this shear layer is in fact narrow enough to occupy the space between the

outside of the array and the first external bypass measuring point. This drawback

to the measurement point positioning was not foreseen ahead of testing, and it was
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not possible to retrospectively add additional measurement points closer to the array.

Further investigation of TKE and Reynolds number in the full set of experiments,

as discussed in Section 6.3.2, demonstrated that significant mixing events did indeed

exist close to the edges of the arrays, which were missed in these measurements, and

thus that the conclusion of complete scale separation was incorrect.

4.6 Conclusions

From the results obtained in this scoping exercise, it can be seen that the behaviour

predicted by partial array theory, i.e. that more closely-spaced arrays can support

higher thrust and thus therefore potentially produce additional power, can be wit-

nessed in a small experimental set-up such as this, even with a fence array as short

as five devices. Wake behaviour can also be captured which may help to explain the

blockage effects and the interaction between the device and array scale fluid flow.

This study provided the impetus to plan and execute a larger set of tests on a

longer array of eight discs, the results of which are described in the following chapter.

However, lessons learned from this scoping exercise were invaluable in determining the

scope and execution of the larger set of experiments. The key points are summarised

here:

• A robust support structure was developed and designed as described in Sec-

tion 5.1.1 to allow quick, repeatable movements of towers from one position to

another when changing discs or altering array spacing.

• Disc and tower design was altered to allow a) mounting to new support structure

and b) double-point fixing of discs to towers.

• Measurements were only taken at mid-depth in the later experiments, having

established that taking a low density of points away from mid-depth added no

particular understanding.
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• The positioning of measurement points within the external bypasses was altered

to skip the far outside flow where no mixing occurred, to focus on the flow nearer

to the array and ensure that mixing events were captured.

• General positioning of measurement points behind discs and in internal bypasses

was altered to improve the data capture if discs did become slightly offset, i.e.

bringing points behind discs inwards to ensure that it was always certain that

they were positioned in the disc wake.

• A means of measuring power extracted from the array needed to be developed,

as while thrust behaviour could show increasing trends as predicted by theory,

it could not identify an optimal spacing of peak performance, since only the

power coefficient peaks and drops off in the over-blocked case: thrust coefficient

continues to increase. This led to the investigation of ‘inferred power’, which

will be discussed in more detail in Section 5.8.

• A greater range of disc resistances and spacings also needed to be tested to

achieve any ability to identify this area of peak performance.

• Understanding of the wake behaviour immediately downstream behind the ar-

ray is of more value when comparing to the assumptions of partial array theory,

since it is most closely comparable to where the scale separation is assumed

in the theoretical model. Therefore, traverses near to the array should be pri-

oritised for establishing the validity of these assumptions, though with some

further downstream traverses taken if possible to establish other trends of wake

behaviour.

This knowledge gained from the short scoping exercise was thus used to inform not

only the design of the equipment for further experiments as will be described in Chap-

ter 5 but also the scope and detail of measurements taken and analysis performed, as

will be discussed in Chapter 6.
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Chapter 5

Experimental Methods to

Investigate Partial Array

Behaviour

Using the experience gained from the scoping experiment, a full suite of experiments

using an eight-disc array was developed. New support methods were designed and

implemented, and a variety of porous discs with multiple different porosities was made

to allow a wider parameter space to be investigated. A method was also developed

to allow investigation of power extracted from the flow, in addition to the thrust and

flowspeed measurement capability. Two sets of experimental work were carried out,

one in October-November 2014 and the second during April-June 2015.

This chapter describes the set-up for these experimental tests, the methodology

employed in data recording and the data quality assessments made during testing. It

also includes discussion of some differences in results obtained between the two sets

of data, and makes a conclusion as to which results will be presented and discussed

in Chapter 6.
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5.1 Physical Set-Up

5.1.1 Support Structure

The experience of using the equipment for the scoping exercise described in Chap-

ter 4 showed that, while the electrical system and data acquisition worked well, the

physical set-up for each experiment was time-consuming and not always robust or

repeatable. This was due to a number of factors: each support tower required in-

dividual measurements of verticality and shimming to correct for gantry twist; the

single M4 screw connection between disc and tower led to significant flow-induced

vibration and consequent loosening of the screws; and in order to take wake measure-

ments closely behind the discs, a specific gantry needed to be used, which was only

partially supported at each end, as shown in Figure 5.1a. This reduced the ability

to control gantry twist, worsening the alignment problem. While it was possible to

spend time on set-up for a single array and achieve robust, repeatable positioning,

this was felt impractical for a scope involving multiple array configurations. A differ-

ent, more robust, support structure which took account of these factors was designed

as shown in the drawing of Figure 5.2. Figure 5.3b shows the system, with flow in

operation and measurements being taken.

This new structure was compatible with the existing flume, sitting on top of a

cross-flume gantry. However, the structure was also capable of being cantilevered

off the back of the gantry, bringing it closer to the flow measurement equipment,

and thus allowing a fully-supported gantry to be used (Figure 5.1b). The structure

was fabricated from aluminium, avoiding known problems of corrosion, but was de-

signed to be sufficiently rigid, with the towers mounted to a square box section. This

mounting was achieved through M6 bolts and nuts, requiring no shimming, holding

the tower attachments flush to the support structure as shown in Figure 5.3a. The

support towers were regularly checked during testing, particularly after they had been
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(a) Singly-
supported

(b) Doubly-supported (c) Disc mounting

Figure 5.1: Photographs of: a) a singly-supported gantry as was used in the scoping
exercise to allow the ADV equipment to be positioned sufficiently close to the discs;
b) a doubly-supported gantry as was used in the full experiment where the support
structure was cantilevered off the front of the gantry; c) mounting detail between disc
and tower in the full experiment.

relocated, to check their verticality. The full support structure was clamped to the

gantry at every cantilever arm location to ensure a fully rigid system.

The disc support towers were manufactured from 15 mm diameter stainless steel

tube, with an inner diameter of 10 mm. Flats were machined into the tube wall at

the top of the tower, on which strain gauges were applied. Discs were mounted flush

with the back of the tower, attached to a solid section with a machined flat surface.

Each disc was fastened to this solid section through a screw at its centre and another

20 mm from the outer diameter, as shown in Figure 5.1c. This flush mounting of

the disc, with two fixing points, was found to reduce high frequency flow-induced

vibrations which had been observed during the scoping exercise.

Θ (Open Area Ratio) 0.25 0.3 0.35 0.4 0.45 0.5 0.6
No. of radii for holes 7 7 7 7 8 8 9
Total no. of 12 mm holes 127 152 177 203 228 252 302

Table 5.1: Porous Discs
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Figure 5.2: Assembly drawing of entire support structure, resting on a gantry.

(a) Single disc (b) Array of discs in position

Figure 5.3: Photographs of: a) a single disc and its support tower, seen from down-
stream of the array. Strain gauges are mounted under the black protective coating at
the top of the tower; b) disc array seen from upstream of the array. ADV traverser
equipment and probe support can be seen behind the array.

112



d	
  
s	
  

wake	
  traverses	
  

wA	
  wC	
  

inflow	
  weir	
  	
  
6.8m	
  upstream	
  

BA	
  =	
  wA	
  /	
  wC	
  

device	
  bypass	
  

array	
  bypass	
  

x	
  

y	
  

z	
  

1	
  

2	
  

3	
  

4	
  

5	
  

6	
  

7	
  

8	
  

flow	
  

Figure 5.4: Diagram of experimental arrangement within flume, shown from above
(not to scale). Flow direction is from the left. Example disc positions for an array
are marked by bold black lines, and the disc numbering convention is shown.

5.1.2 Porous Discs

The PVC discs used for this experimental work were designed to be the same size as

those used in the scoping experiment, 6 mm thick and 270 mm in diameter. Desired

disc porosities were again achieved by machining multiple 12 mm holes in a regularly

spaced pattern across the discs, except that the disc mounting arrangement was

different, so a larger area had no holes in (as shown in Figure 5.1c). Eight discs were

made for each of seven porosities, as detailed in Table 5.1. In order to design discs

to target the area of interest in analytical theory, it was again assumed that the disc

pressure coefficient, κ, defined in Equation (4.2), could be related to the disc open area

ratio by Equation (4.3). This assumption will be discussed further in Section 6.2.1,

given the results of measured thrust and κ values during this experiment.

The still water depth of the flume, h, was 0.45 m. The fence arrays of eight discs

were positioned centrally within the flume width, at mid-depth, with equal inter-disc

spacing between the discs. This inter-disc spacing, s, was varied to investigate the

effect of spacing on array performance. A general arrangement is shown in Figure 5.4,
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Masses, in order of use Measured mass Deviation from 100g

1 98.07 g -1.93%
2 98.57 g -1.43%
3 98.29 g -1.71%
4 98.30 g -1.70%
5 98.90 g -1.10%
6 98.12 g -1.88%
7 98.91 g -1.09%
8 98.18 g -1.82%
9 98.60 g -1.40%
10 98.22 g -1.78%

Table 5.2: The measured masses of the nominally 100 g weights used during calibra-
tion, and their percentage deviation from nominal mass.

identifying important parameters such as the disc diameter d and inter-disc spacing

s, array and channel widths, wA and wC . Thrust on each individual disc was mea-

sured using a full bridge of linear strain gauges, mounted at the top of each support

tower under a protective waterproof coating (see Figure 5.3a). Flow measurements

were taken downstream of the array at mid-depth using a Nortek Vectrino+ Acoustic

Doppler Velocimetry (ADV) probe, aligned in the cross-stream direction. The axis

origin is taken as being in the plane of the discs, at the water surface, at the right-

hand edge of the flume relative to the flow, as shown in Figure 5.4. This gives a

right-handed coordinate system with x positive in the streamwise direction, y pos-

itive across the flume and z positive upwards. Over the course of all testing, each

array configuration had at least two downstream wake traverses of ADV measure-

ments taken, at 0.3d and 1d downstream of the array. For a small number of arrays

(i.e. those with highest or lowest total thrust) traverses further downstream were

also taken. The approximate position of the 0.3d and 1d traverses is also shown in

Figure 5.4.
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5.2 Electrical Set-Up

At the top of each tower, two double linear EA-06-125PC-350 strain gauges produced

by Vishay were mounted on flats machined into the tower to provide a full bridge of

strain gauges measuring the axial strain along the tower, wired to measure bending.

These strain gauges were individually connected to National Instruments SCC-SG24

‘Strain Gage Input Module’ amplifiers, with a gain of 100, mounted in a National

Instruments SC-2345 carrier with shielding. Their output was passed to LabVIEW

data acquisition software through a National Instruments analogue DAQ. The strain

gauge system was calibrated multiple times during testing by clamping each tower

horizontally and loading the disc central mounting point with calibration weights

up to 1 kg, in 100 g increments. These weights were separately weighed to confirm

their true mass, as they were designed with a ±5% tolerance. This mass, used for

calibration calculations, is shown in Table 5.2. A tower undergoing calibration is

shown in Figure 5.5a. An example of output voltage plotted against load during

calibration is shown in Figure 5.5b. Table 5.3 shows the calibration factors calculated

for all 8 towers across the 4 separate sets of calibration measurements taken during

the second 6-week testing programme. It was not possible to directly compare with

the calibration results from the first set of tests, since instrument amplifiers were

exchanged between the two sets of tests.

For each array configuration, a number of initial and final measurements were

taken for each test, to allow the total thrust on the discs to be isolated from the

thrust on the towers: (i) strain gauge readings were taken in still water with only

the towers present; (ii) in flow with only the towers present; (iii) in still water with

the discs mounted to the towers. This enabled a disc-only measurement of thrust to

be calculated. It should be noted therefore that only the calibration gain (load vs.

output gradient) was required, as the force calculation process takes account of the

no-flow condition, so no signal offset was required from the calibration.
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(a) Calibration set-up
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(b) Calibration example: Tower 2

Figure 5.5: Calibration: a) a photo showing the setup of calibration for each individ-
ual tower, clamped horizontally with calibration weights applied at the disc centre
mounting point; b) an example of calibration results (for Tower 2, in Calibration 2)
showing point data (blue circles) at every 100 g increased load and output voltage
reported, with a least-squares linear fit applied (red line).

A relatively long period of measurement was required for each calibration point

due to the difficulty of fully isolating the work area from ambient vibrations from

surrounding equipment, such as other water pumps etc in the same building. Due to

time constraints, calibration readings after each mass was added were restricted to 60

seconds for calibrations 1, 3 and 4. During calibration 2, however, 120 seconds was

able to be allowed for each reading. It can be seen that the measurements taken in

the other calibrations differ by no more than ±3%, and show no clear trends of change

Tower Calibration 1 Calibration 2 Calibration 3 Calibration 4
(Newtons/Volt)

1 21.0820 20.7255 20.7670 20.9576
2 22.8386 22.3099 22.0890 21.7923
3 21.0496 20.7242 20.8071 20.8154
4 21.6458 21.2882 21.2563 21.2818
5 21.0943 20.7458 20.7873 20.8018
6 21.3813 21.0923 21.1007 21.0607
7 21.3343 20.9674 20.9108 20.9443
8 21.2497 20.8986 20.7962 20.9550

Table 5.3: Calibration factor results (gradient of load/voltage plots) from four sepa-
rate calibrations during second set of tests, shown to 4 d.p.
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Figure 5.6: Freestream Ux a) horizontal and b) vertical profiles at mid-depth and
mid-span, respectively, through the working area. Linear fit is included in a) to show
the slight asymmetry of flow, and in b) to show the approximately linear relationship
of Ux with depth. Horizontal dashed lines indicate the lateral and vertical extent of
the arrays tested.

over the course of testing. Calibration 2, with the longest measurement time, was

therefore taken to have the most reliable calibration factors for use in all calculations.

5.3 Flow Conditions

The mean flow speed through the working area in the x direction was found to be 0.469

m/s at mid-depth. This flow speed is created through the action of two recirculating

pumps acting in parallel. A slight asymmetry was found in the undisturbed Ux

flow speeds at the measurement plane, as shown in Figure 5.6a. The vertical shear

profile of the undisturbed flow within the working area at the centreline of the flume

(Figure 5.6b), was found to be approximately linear through the 20-80% depth in

which the discs were placed. This is in agreement with the log law profile determined
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previously for this flume by Olczak et al. [92], and allowed mid-depth measurements

to be taken as mean flow speeds. Any large-scale turbulent structures created by

the pumps were dissipated by an upstream grid weir, located 6.8 m upstream of

the array. Average values of Turbulence Kinetic Energy (TKE) in the undisturbed

freestream, with no array present, were found to be in the region of 0.003 m2/s2, and

the Turbulence Intensity (TI) was found to be 9%.

5.4 Measurements

The vertical and cross-stream position of the ADV probe was controlled remotely

through programmable traverser controls, allowing multiple measurements to be taken

in one cross-stream plane without stopping the flow or manually moving the traverser.

Changing the traverser’s streamwise position, to capture different cross-stream planes

of the flow, was achieved through manual repositioning of the gantry in stationary

water. The number of points sampled in each traverse was around 70, all taken at

mid-depth. For wider array spacings, some additional points were included to capture

the spatial variance of the device and array bypass flows. The Nortek Vectrino+ ADV

probe was able to sample flowspeeds at a distance of approximately 50 mm from the

probe centre, in a water volume of 6 mm diameter and 15 mm length [89].

The data presented in this chapter was taken across two sets of tests, as further

discussed in Section 5.7. During initial set-up of the first tests, the ADV probe was

found to be misaligned in the x-z plane, having become rotated within its housing

collars. Re-alignment was not possible at the time, as it was considered likely to

damage the probe and no replacement probes were available. Therefore, numerical

correction of this rotation was applied to all test measurements taken, based on the

average flow rotation observed in freestream measurements taken across the working

area at mid-depth. The average angle by which the freestream measurements were
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seen to deviate from horizontal flow was found to be 4.6 degrees. An opposite rotation

of 4.6 degrees in the x-z plane was therefore subsequently applied to all experimental

data taken. Prior to the second set of tests, the misalignment of the ADV probe had

been mostly corrected by manual readjustment; however, the same observation and

correction of flow rotation was still carried out to ensure consistency, although in this

case the angle of rotation was only in the order of 1 degree and did not significantly

affect the data.

Thrust and flow measurements were sampled simultaneously at 200 Hz, with ev-

ery flow measurement point being sampled for 60 seconds. These parameters were

based on work carried out in the same flume previously [22] [113]. Nortek, the ADV

manufacturer, recommend a minimum of 30 seconds of sampling in unstable flow

[89]. The ADV probe data quality (such as signal-to-noise ratio, particulate reflec-

tion count, etc) was also monitored continuously throughout testing, using Nortek’s

PolySync software. Since thrust measurements were recorded simultaneously with

flow measurements, several hours of thrust data were accumulated during the wake

traverse process for each array. Thrust figures represent an average over at least an

hour for each configuration. It should be noted that the flow speed measurements

from the ADV were not recorded directly from the PolySync software, due to the

difficulties inherent in aligning the readings with strain gauge measurements being

recorded within LabVIEW. Instead, the ADV signals were recorded by LabVIEW

concurrently with strain gauge readings.

5.5 Data Processing

For every 60 second measurement window per flow point sampled, LabVIEW pro-

duced a file with 12000 (60 × 200 Hz) entries of 12 values: 8 for the strain gauge

readings, and 4 for the flow speeds. The Vectrino+ ADV gives a single reading in the
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Figure 5.7: Diagram of data processing flow, from collections of LabVIEW data
files for each traverse behind each configuration through to power, thrust and flow
comparison graphs across all configurations.

x and z directions, but provides two measurements of the y component of flow speed.

These two measurements are averaged to obtain a more robust measurement of the

y velocity.

For each array configuration tested, it was necessary to collate all these 60 second

measurement windows into one measurement record to allow time-averaged measure-

ments of thrust to be calculated. Once this had been performed, it was then possible

to carry out further calculations to rotate the flow as described in subsection 5.4 and

align it to the global coordinate system. Further processing of strain gauge data into

disc load, flow speed measurements into wake flow properties, and combining flow

speed measurements with thrust measurements to provide an ‘inferred power’ mea-
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surement were then carried out. (The concept of an ‘inferred’ power will be further

discussed in section 6.2.2.) The full suite of data collected for each configuration,

the procedures carried out on each set of data, and the Matlab programs written to

achieve this, are illustrated in Figure 5.7. These programs were made to be easily

applicable to all future datasets collected, allowing results to be easily calculated im-

mediately after testing of each array, so that problems could be identified at an early

stage, prior to subsequent tests.

5.6 Data Quality

5.6.1 Real-Time Flow Monitoring

Measurements of flow speed readings from the ADV and strain gauge output for

all eight discs were taken simultaneously and recorded in LabVIEW. Data quality

metrics for the ADV output were also monitored throughout testing using the Nortek

PolySync software. This allowed standard data quality measures such as the Signal-

to-Noise ratio (SNR) and auto-correlation to be observed constantly during testing

so that any problems could be immediately rectified. The ADV probe also reports,

through PolySync, the particulate count measured within the water. This is an

important metric because the ADV technology relies on reflection of acoustic pulses

from suspended particulates in the flow, and there is a minimum particulate threshold

which the ADV requires.

During the first set of tests, it was observed that the data quality had reduced,

with many noise spikes visible in the live ADV data, and a particulate count below 30

at times. Nortek’s recommendation [89] is that the particulate count should not drop

below 60 for reliable measurements. It was found that the quantity of particulates in

the water had dropped due to a coagulant being added to the water during routine

flume maintenance. This was rectified by using a broom to disperse settled particulate
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Figure 5.8: 10s of Uz measurements taken at the outermost bypass position, a) before
and b) after the problem of a low particulate count was identified and rectified.

matter into circulation, returning the particulate count to around 80, and reducing

noise in the signal. A visual example of this is shown in Figures 5.8a and 5.8b,

comparing 10 seconds of raw Uz data at a point in the bypass flow, before and after

the low particulate count was discovered and rectified. It can be seen that, while

there is large-scale turbulent fluctuation visible in both sets of measurements, the

first set (with a particulate count around 30) has considerably more high-magnitude

noise than the second set (taken with particulate count readings of 80-90). Note

that although Uz is displayed here, all velocities showed similar spikes: Uz is shown

because it consists of a single ADV measurement, unlike Uy, and it has a low average

velocity in this bypass position, unlike Ux, making the effect of measurement noise

more clearly visible.

This problem was discovered on the day that the particulate count dropped, since

the noise spikes were visible on live PolySync data displayed while tests were running.

Once discovered and rectified, care was taken throughout all testing to keep the

particulate count above 60.

122



5.6.2 Variability Due To Flow-Driven Behaviour

Apart from the specific problem of the ADV particulate counts, the data quality of

the time-averaged, nominally steady-state measurements, taken during testing was

generally seen to be affected by the turbulent nature of the flow, and by flow-induced

vibrations on the discs and towers. Load measurements of the towers in flow, without

discs, are shown in Figure 5.9. This clearly displays flow-induced vibrations, as might

be expected from vortex shedding from the tower cylinders. Taking the Strouhal

number of a long cylinder as 0.2, since the Reynolds number is around 6000, the

vortex shedding frequency for a 15 mm diameter tube in flow at 0.45 m/s is calculated

from:

St =
fL

u∞
(5.1)

where St is the Strouhal number, f is the vortex shedding frequency, L is the

characteristic dimension of the object in flow (in this case the tower diameter) and u∞

is the freestream flow speed. Taking the freestream speed as 0.45 m/s, the calculated

vortex shedding frequency is 6 Hz, and therefore the frequency of drag oscillation

(twice that of vortex shedding) would be expected to be 12 Hz. Figure 5.9,shows the

towers have a fluctuating load with a frequency of around 13 Hz, as 13 full cycles are

visible within Figure 5.9a. There is also a power peak at approximately 13 Hz in the

Power Spectral Density of the signal (Figure 5.9b), further discussed in Section 5.6.3.

This vibration appears to be due entirely to vortex shedding from the towers.

With discs mounted to the towers, vortex shedding effects become more complex,

and will exist at multiple frequencies, with characteristic lengths of the tube diam-

eter, disc diameter and disc internal hole diameter all present. It is not possible to

effectively remove all vortex shedding effects and freestream turbulence effects on the

measurements taken. However, their contribution to the total signal should average
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Figure 5.9: Raw strain gauge data from a single support tower during a baseline test
with no discs attached, for towers spaced 0.4d apart. Data is shown as a) the time-
varying series over the first second of measurement and b) a Power Spectral Density
plot for the full 10-minute measurement.

zero over a long time, since they are respectively oscillatory and stochastic effects.

Given the vortex shedding frequency of 13 Hz observed for the tower, the 60 s mea-

surement window adopted is long enough to allow time-averaged measurements to be

used without error.

5.6.3 Electrical Noise and Spectral Analysis

Fourier transform analysis of typical measurements of streamwise velocity, using Mat-

lab’s FFT function, can be used to calculate the Power Spectral Density (PSD) of

each signal, giving a measure of the power contained within the signal at each fre-

quency. Neglecting 0 Hz (i.e. the mean value), typical PSD plots for both Ux (Figure

5.10a) and disc load (Figure 5.10b), show the distribution of signal power across the

frequency spectrum. It should be noted that these two plots are taken from the same

60 s sampling window, when the ADV probe was in position behind Disc 3, and thus

show the flow behind the disc load presented, measured simultaneously.

It can be seen that the PSD of the Ux signal shows distribution of power across the

frequency spectrum with a smooth attenuation away from low frequencies, as might
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(a) PSD of Ux, 0.3d downstream of Disc 3
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(b) PSD of the load force recorded on Disc 3

Figure 5.10: Power spectral density plots of Ux and disc load, taken for Disc 3 in the
Θ = 0.3, s/d = 0.2 array, neglecting mean values.

be expected from turbulent flow. The PSD of the disc load signal, while similar, also

shows an unexpected increase in signal power around 75 Hz and again around 90 Hz.

A power increase around these frequencies was seen consistently across all discs, across

multiple tests, and is therefore considered highly likely to be the result of electrical

interference from other equipment in the vicinity. The cables connecting strain gauges

to the measuring equipment, although electrically shielded, were all several metres

long, and had to be routed past the power cables to the ADV traverser, among other

possible sources of interference. A similar analysis of the PSD of both the Ux and

tower strain gauge measurements with no flow present, i.e. in still water, as shown

in Figures 5.11a and 5.11b, shows no such high-frequency peaks. (Note that the

raw strain gauge data is interrogated here since this still water reading forms the

‘zero’ load condition for normal load calculations, and as such the actual load on the

disc cannot be calculated in this case without use of calibration offset data which

is not used elsewhere.) It was therefore concluded that these peaks are likely due

to other equipment involved in the experimental testing, such as the water pumps

or the traverser motors, and that it could not therefore be easily excluded once the

experiments had commenced.
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(a) PSD of Ux with no flow
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(b) PSD of the raw strain gauge data recorded
for Tower 3 with no flow

Figure 5.11: Power spectral density plots of Ux and disc load, taken as part of a still
water measurement for a s/d = 0.2 array, neglecting mean values.

However, the peak power seen at these frequencies with operational flow is con-

sistently around -40 dB, always at least 20 dB less than the signal power due to

flow excitation seen at low frequencies (i.e. . 10Hz), and significantly below the

power of the mean signal, generally recorded at around 30 dB. It is concluded that

this noise is sufficiently low to be considered insignificant when calculating mean disc

loads. Additionally, the time-varying component of the disc load measurement is not

considered within the results presented, since it is dominated by the low frequency

turbulence and vortex-shedding properties of porous discs, which are not of interest

for this study. Only time-averaged disc loads are of interest. Time-varying signal

analysis is restricted to flow measurements only to explore turbulence; the flow mea-

surement signal shows no such high-frequency peaks. The small high-frequency peaks

in the disc measurements were deemed not relevant for the scope of the experimental

testing.

126



-0.5 0 0.5 1
U

x
 (m/s)

0

2

4

6

8

10

P
ro

b
a
b
ili

ty
 D

e
n
s
it
y

(a) Outer bypass
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(b) Array wake edge
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(c) Behind Disc 1 tower

Figure 5.12: Probability density of flow measurements taken at three points 0.3d
behind a Θ = 0.35, s/d = 0.3 array. Scattered probability density is shown for bin
size of 1 mm/s flow speed. Solid line shows standard normal distribution PDF for
the same mean and standard deviation as each sample.

5.6.4 Validity of Time-Averaged Measurements

The signal variance due to the lower frequency mechanical flow effects described

above, however, may still be significant. It is therefore of interest to know whether

the flow and load measurements are in line with a normal (or Gaussian) distribution,

as might be expected from turbulent flow. A normal distribution has no skew; the

mean value can be taken without concern for an asymmetric distribution around that

mean.

Figures 5.12a to 5.12c show typical probability density results for flow measure-

ments within this experiment. The values shown are taken from three different flow

measurement points in the 0.3d downstream traverse behind an array of Θ = 0.35

discs at s/d = 0.3 spacing. The three measurement points were chosen as: (a) a point

in the outer bypass; (b) a point just inside the array wake where flow is strongly re-

tarded and strong mixing is present; and (c) a point immediately behind the tower

support of the first disc in the array, where negative Ux values may be seen. These

three points are considered to represent the full spectrum of turbulent, chaotic flow

regimes immediately behind the array. These are compared to standard normal dis-

tributions for the same values of mean and standard deviation, plotted using Matlab’s

native ‘pdf’ function.
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(c) Disc 7

Figure 5.13: Probability density of load measurements on three discs in a Θ = 0.35,
s/d = 0.3 array. Scattered probability density is shown for bin size of 0.01 N. Solid line
shows standard normal distribution PDF for the same mean and standard deviation
as each sample.

All three measurement points display a very close match to a normal distribution,

despite their differing flow conditions. The mean values of these 60 s measurements

are therefore representative of the flow. The fit is also sufficiently good that data

can be used to calculate quantities such as Reynolds stresses which rely on the time-

variant flow components.

For the same array, typical examples of load probability density are shown in

Figures 5.13a to 5.13c for multiple discs. Although considerably more scatter is

observable for load than for Ux, they still broadly conform to a normal distribution,

and are equally weighted around the mean, so that average measurements are reliable

for analysis. The cumulative nature of the thrust data, collected over multiple 60 s

long measurement periods, ensures additional robustness of the averaged data.

This analysis indicates that the flow measurements are of sufficiently high quality

to allow average flow speeds and time-varying turbulent quantities to be analysed.

Similarly, all load measurements required for further analysis can be extracted as

time-averaged values, with no further quality processes required.
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5.7 Data Sets

The data presented in Chapter 6 comprises two sets of data from two periods of

experimental work in the same facility and with the same equipment, approximately

six months apart (Oct-Nov 2014 and Apr-Jun 2015). The first set of tests was carried

out to investigate the parameter space and explore where areas of interest, such as

peak power extraction, might lie. The second set of tests then focused on exploring

these areas more fully. There is significant overlap between the configurations tested in

both sets, however the second set of experiments forms the more complete exploration

of the parameter space of interest. Tables 5.4a and 5.4b show the configurations

tested in both sets of experiments. It can be seen that the second set includes more

measurements of high blockage and high thrust arrays, with closer spacing and higher

disc resistance; it was found from the first set of tests that this was the area where a

point of peak power extraction might lie.

Upon taking the measurements of the overlapping configurations, a significant

discrepancy in the thrust measurements recorded between the first and second sets

of tests was discovered. Global thrust measurements were consistently lower in the

second set of tests by approximately 7-8% across all configurations. The reason for

this could not be determined during the second set of tests and subsequent analysis.

During this second set of tests, once the discrepancy had been found, strain gauge

calibration was repeated four times and every part of the thrust measurement sys-

tem was fully checked to ensure no bias was entering the measurements through the

amplifiers or wiring connections. Physical set-up variables were also investigated to

check how they affected the thrust measurements: shimming of the support structure

was undertaken to achieve a small amount of non-verticality in the towers and discs;

the entire array was offset by 30 mm in the cross-stream direction; one particular

configuration (Θ=0.3, s/d=0.2) was fully retested three times in each of these condi-

tions to ensure repeatability. There was no significant flow speed discrepancy in the
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Array Dimensions Θ (Open Area Ratio)
s/d BA wA 0.25 0.3 0.35 0.4 0.45 0.5 0.6

0.05 0.45
2.27
m

0.1 0.48
2.38
m

Xx o Xx Xx

0.2 0.52
2.59
m

Xx Xx Xx Xx Xx Xx

0.3 0.56
2.81
m

Xx Xx o Xx

0.4 0.60
3.02
m

Xx Xx Xx o

(a) First Tests, Oct-Nov 2014

Array Dimensions Θ (Open Area Ratio)
s/d BA wA 0.25 0.3 0.35 0.4 0.45 0.5 0.6

0.05 0.45
2.27
m

Xx Xx Xx Xx

0.1 0.48
2.38
m

Xx Xo X X

0.2 0.52
2.59
m

Xx X X X

0.3 0.56
2.81
m

Xx X X X

0.4 0.60
3.02
m

Xx X X X

(b) Second Tests, Apr-Jun 2015

Table 5.4: Array Configurations. Wake traverses taken for each configuration are
indicated as follows: X- 0.3d; x - 1d; o - other traverses further downstream.
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Figure 5.14: Comparison of 0.3d downstream wake traverse measurements taken in
the first set of tests to three retests taken in the second set, including one taken with
the entire array 30 mm offset from the flume centreline.

measurements taken between these retests and the earlier set of tests, as shown in

Figure 5.14. This figure shows the similarity of the downstream profiles between the

first set of tests and the second set, including retests, for this specific configuration,

meaning that a change in flow behaviour within the facility was ruled out as a possible

cause of the difference in thrust measurements.

It was concluded that nothing physical had changed in the testing environment

between the two sets of tests. However, the total array CTG was found to vary no more

than 1% between the three retests taken during the second set of testing, between

1.6316 and 1.6413, whilst the same array in the first set of tests had recorded a

CTG of 1.757. The possibility of dependence on Reynolds number was considered,

as the two sets of tests took place at different times of year with different ambient

temperatures. This same configuration was retested at 70% flow speed to represent

the most extreme possible change in Reynolds number (equivalent to a 10°C reduction

in water temperature). This also gave a value of CTG only 1% higher than the lowest
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recorded in the other retest, at 1.6468. The variability of up to 1% is much more in line

with expectation of measurement error for this experiment. Given the recalibration,

system checking, sensitivity studies and retesting carried out in the second set of

experiments, it was determined that strain gauge measurements taken in the second

set of tests were robust, and therefore that those taken in the first set of tests could

not be trusted. The load measurements from the first set of tests have been discarded

and are not reported within this thesis. All thrust and power data presented are taken

only from the second set of tests.

However, given the similarity between wake flow measurements as discussed above,

it is not believed that there is any reason to discard flow measurement data from the

first set of tests, particularly where this can shed additional light on features of the

fluid dynamics involved. In some cases, additional flow measurements were taken

in the first set of tests which were not repeated in the second set of tests due to

time constraints (such as some 1d downstream traverses). Where these cases are of

interest, therefore, flow data are presented from the first set of tests. Where this is

the case, it is made clear that these measurements are from the first set of tests.

5.8 Inferred Power and Disc Flow Averaging

Point measurements of flow speed were taken downstream of every array to investigate

the power removed from the flow by the array. This can be calculated from the

standard relationship Pdisc = TdiscUdisc, where Pdisc and Tdisc are respectively the power

removed at the array plane and the thrust experienced by a single disc. Udisc is the

time-averaged component of flow speed through the disc in the x-direction, averaged

over the area of the disc. Within this experiment, however, it was not possible to

measure Udisc directly. An ADV probe measures flow speed through calculation of

the doppler shift in acoustic pulses that it sends out after they reflect from moving
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particulates within the flow. Any stationary objects nearby, such as flume boundary

walls or a porous disc, will also reflect these acoustic pulses, introducing noise into the

signal and error into the measurement. While it is obviously impossible to obtain Udisc

directly, this also places a restriction on how closely downstream U can be measured

without incurring large amounts of error. The control software for the specific Nortek

Vectrino+ ADV probe used in this experiment reports signal correlation within its

quality data. A series of initial tests were therefore carried out with the ADV probe

positioned at various flow depths directly behind the centre of a disc, 0.2d, 0.25d

and 0.3d downstream, and the signal correlation was monitored. The correlation

of the ADV signals was found to vary particularly strongly across these downstream

positions. At 0.2d downstream, the average correlation was found to be approximately

50%. At 0.25d downstream, this increased to an average 70%, and at 0.3d had risen

to an average 80%, with all measurement points showing correlation above 70%. A

baseline of 70% correlation was also observed in freestream measurements with no

nearby reflective surfaces. Therefore, 0.3d downstream was determined to be the

closest point to the array at which flow measurements should be taken to avoid

introducing significant error through reflections from the array.

The concept of ‘inferred power’ was introduced to allow investigation of power

removed by the array. This is defined as Pdisc,inferred = TdiscUdisc,0.3d, where Udisc,0.3d is

the average streamwise velocity of the flow behind each disc at 0.3d downstream. The

inferred power will always be lower than the true power removed from the flow by

each disc, since the flow will continue to decelerate downstream of the disc as pressure

recovery takes place (i.e. Udisc,0.3d < Udisc in all cases). The proportional decrease

of Udisc to Udisc,0.3d is not fixed across all cases, since the length of the wake and the

mixing processes are a function of array thrust, array geometry and blockage ratios.

Theoretically, it would be possible to estimate the relationship between Udisc,0.3d and

Udisc for each configuration using assumptions from Betz and from partial fence theory.
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However, this has two drawbacks. Firstly, the analytical models do not allow for

physical distances, so the total length of the wakes behind each disc and array would

need to be measured in order to calculate the proportional length of 0.3d to the entire

wake. This was considered impractical within this experimental set-up. Secondly,

since the purpose of this experimental work was to compare to analytical theory, it is

unhelpful to implicitly include the basic assumptions of analytical theory within the

core measurements being taken. Therefore, Udisc,0.3d and inferred power are compared

consistently across all array configurations.

A number of point measurements of flow speed in the x, y and z directions were

taken at mid-depth using the Nortek Vectrino+ ADV probe. Due to the quantity of

discs in each array, and the 60 seconds required for robust flow speed measurement at

each point, flow speeds were measured at 5 points only behind each disc: at the disc

centre, and at r/3 and 2r/3 on each side (i.e. -90 mm, -45 mm, 0 mm, 45 mm and

90 mm horizontal positions relative to the centre of each disc). A method to obtain

an average Udisc,0.3d from the Ux component of these measurements for each disc was

therefore required.

Initially, a simple arithmetic mean of the five measurements was considered. How-

ever, this had a number of drawbacks. Firstly, the central measurement of Ux directly

behind the centroid of the disc was found to be strongly influenced by the presence of

the support tower, which obscures the disc at this point. Ux was therefore found to

be significantly retarded at this point, and became negative for the discs with highest

resistance to the flow, as can be seen for e.g. discs 1 and 4 in Figure 5.15. This

negative flowspeed was not considered to be representative of the flow throughout

the central portion of the disc, but almost entirely an artifact of the presence of the

tower. This value was therefore removed from the calculation, however an arithmetic

mean of the other four measurements, implying a square plug profile in the disc wake,

is still an over-simplification. A weighting method was then considered, whereby each

134



point measurement of velocity was weighted by an appropriate annulus area:

Udisc,0.3d =

(
U2r/3 + U−2r/3

2
π(r2−(

r

2
)2)+

Ur/3 + U−r/3
2

π((
r

2
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6
)2)+Ucπ(

r

6
)2

)
/Adisc

(5.2)

where Adisc is the disc area, r its radius and the subscripts on U denote measurements

taken behind the centre of the disc or at the ±r/3 and ±2r/3 positions. Alternatively,

if omitting the central measurement, this becomes:

Udisc,0.3d =

(
U2r/3 + U−2r/3

2
π(r2 − (

r

2
)2) +

Ur/3 + U−r/3
2

π(
r

2
)2

)
/Adisc (5.3)

It was considered whether this method could be further improved through the use

of interpolation and extrapolation to give an estimated flow speed at every radius

across the disc. Due to the low number of point measurements, linear methods were

used to interpolate between all five points measured and extrapolate to the edges of

the disc beyond the outer points, as shown by the solid blue lines in both Figures 5.15

and 5.16. However, this method was found to be somewhat unreliable. A flaw inherent

to this method is that the estimated flow speed with highest error will always be that

at the outer edge of the disc, as it represents the furthest point from any measurement

taken and is calculated from extrapolation rather than interpolation. Due to the

geometry of the discs, however, this is the flow speed which is weighted most heavily

by annulus area when integrating to calculate the average flow speed across the disc,

compounding the error. Particularly in cases of high disc resistance (and therefore

higher turbulence), the outer measurements taken on each disc (at −2r/3 and 2r/3)

were not always found to be higher than those taken at −r/3 and r/3, causing a

linear extrapolation to predict a continued reduction in flow speed towards the outer

edge of the wake, as can be seen for all discs in Figure 5.16. This is not physically

135



−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 1 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 2 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 3 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 4 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 5 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 6 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 7 (mm)

U
x

−100 −50 0 50 100

0

0.2

0.4

Posi t ion ac ross d i sc 8 (mm)

U
x

 

 

Measu re d valu e s

Ex trap olat ion

We ighte d valu e s

Figure 5.15: Raw velocity measurements, extrapolation and weighted assumptions at
0.3d downstream behind an array of Θ = 0.3 discs with s/d = 0.2 spacing.
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Figure 5.16: Raw velocity measurements, extrapolation and weighted assumptions at
0.3d downstream behind an array of Θ = 0.25 discs with s/d = 0.1 spacing.
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realistic and clearly creates a large error in the estimated flow speed at the outer

edges of the disc. Additionally towards the outer edges of the disc fence, array wake

expansion even within the 8.1 cm to 0.3d downstream also meant that the points

at which measurements were taken, while centred on disc position, might not be as

central within the disc wake as desired. This could introduce further error into the

assumptions of the interpolation/extrapolation method.

After careful consideration of each of these measurements, it was decided to pro-

ceed with calculating inferred power based on an average speed calculated from area

weighting of the ±r/3 and ±2r/3 measurements, with no interpolation or extrapola-

tion, as shown by the dashed lines in Figures 5.15 and 5.16. The central measurement,

directly behind the tower support, was omitted as being unrepresentatively retarded

compared to the wake flow surrounding it. Double-checking the results produced with

or without this measurement in the area weighting method showed that, since it only

acts across the small central area of the disc, the only impact was to slightly reduce

the overall power calculated for all configurations. Its omission did not at all affect

the trends of power extraction across configurations.
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Chapter 6

Partial Array Experimental

Results

6.1 Partial Fence Theory

The scoping exercise, described in Chapter 4, provided the basis for a full suite of

experiments on a partial fence array of eight porous discs. This work was designed

to investigate the predictions of the model for a partial fence array, developed by

Nishino and Willden [87], as detailed in Section 3.2.2. This is an analytical model

built on the assumptions of Linear Momentum Actuator Disc Theory (LMADT),

showing that optimisation of different blockage ratios in combination with device

characteristics such as induction factor could increase the available power from the

case of a homogeneous fence of tidal turbines stretching across the entire width of a

channel. For such fence arrays, a peak power point is found in terms of array geom-

etry (and hence blockage characteristics), which could be exploited by devices with

the correct thrust behaviour to extract the maximum power. This analytical model

was compared to computational results by Nishino & Willden [88] with reasonable

agreement. However, no previous experimental work has explored a sufficient number
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of devices and adequate measurements of thrust across all devices to experimentally

confirm this theory. The primary intention of the experimental work described here

was to investigate whether the theory’s prediction of increased thrust and power was

realisable at experimental scale.

A number of assumptions are made for theoretical analysis to allow the governing

equations to be solved. First, it is assumed that device-scale mixing and array-scale

mixing occur at different length scales, and that device-scale mixing is complete before

the onset of array-scale mixing. Second, the partial fence is assumed to be of quasi-

infinite width, meaning that every device and device wake is considered to be identical

to each other. These assumptions allow both the device scale problem and the array

scale problem to be solved numerically, coupled only by the equality of applied thrust

across both scales. An intention of the experimental work is therefore to examine the

validity and limitations of these assumptions.

It should be noted that the analytical theory has been amended to consider wake

expansion correction factors, to allow for the case of a finite short fence array instead

of a quasi-infinite one. A comparison to computational results shows reasonable

agreement [88]. The results of the experimental work described here, however, could

not be compared to the amended model, since it was not possible to calculate the

non-dimensional wake expansion coefficients from the measurements taken. The com-

parison is instead made against the uncorrected model of [87]. However, one finding

from the later paper [88] was used to inform the experimental design; partial fence

arrays of different lengths were considered, with numbers of devices in the array vary-

ing from 2 up to 40. It was found, as expected, that longer arrays behaved more like

the quasi-infinite theory. An array of 8 devices was computationally investigated in

some detail, as forming a compromise between ideal power output and a realistic size

of fence array which might be constructed. An eight disc array was similarly chosen

for the experiments as an array size at which partial fence array effects ought to exist,

139



but which is testable at a reasonable disc size within the Manchester facility.

This chapter describes the results obtained from the experimental testing, includ-

ing thrust, power and flow behaviour for multiple 8-disc configurations. Note that,

as discussed in Section 5.7, thrust and power results are reported exclusively from

the second set of tests carried out, due to concerns over the quality of thrust data

from the first set of tests. However, some data on wake behaviour from the first set of

tests is presented in addition to data from the second set: this is highlighted wherever

these results are included.

6.1.1 Disc Resistance

Prior to comparing experimental results to theory, it was necessary to establish

whether the porous discs, designed in accordance with Equation (4.3) to give a desired

pressure coefficient κ, were in fact resisting the flow to the desired degree. While, as

with the power calculation described in Section 5.8, it was not possible to measure

the discs’ κ values directly, due to the inability to measure Ux in the disc plane, a

representative ‘0.3d downstream’ κ0.3d value can be calculated from the thrust and

flow measurements taken for every array tested. Given flow deceleration behind the

discs, and the κ relationship defined in Equation (4.2), this value is expected to be

greater than the real κ value of the discs (i.e. κ0.3d > κ). The computed values for

κ0.3d in each configuration are shown in Table 6.1, and are approximately 30% lower

than the values computed via the κ − Θ relationship of Equation (4.3), κΘ. Hence,

κΘ > κ0.3d > κ and thus Equation (4.3) cannot be taken as a good approximation

for these discs. Ideally, this κ − Θ relationship would have been revisited with the

experimental data gathered, to allow better disc design. However, given the inability

to measure true κ, and the probability that it varies with blockage or wake mixing

conditions, the data gathered was insufficient to allow such a study. As this was

not the focus of this experimental work, however, it was decided to continue with
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s/d
Θ κΘ 0.05 0.1 0.2 0.3 0.4

0.25 15 10.78 10.03 9.95 9.53 9.18

0.3 10.11 6.97 6.81 7.01 7.11 7.26

0.35 7.16 5.30 5.35 5.50 5.60 5.93

0.4 5.25 3.58 3.65 3.77 3.97 4.05

Table 6.1: κ0.3d evaluated from total thrust and U0.3d for each array, compared with
κΘ predicted by Equation (4.3).

the discs as created and evaluate results using the measured κ0.3d only, rather than

the expected κΘ. In the following sections, results are therefore reported against the

design open-area ratio, Θ, but also where relevant the measured pressure coefficient,

κ0.3d.

6.2 Results: Thrust and Power

6.2.1 Thrust Variation Across Configurations

A plot of the variation of the experimental global thrust coefficient, CTG, is shown

in Figure 6.1a. The red diamonds on this plot mark the experimental measurements

taken in the second set of tests, with numerical values shown in Table 6.2. The

contours are interpolations (using basic triangulation methods native to Tecplot®

plotting software) between these twenty points to show trends. The theoretical vari-

ation in CTG as predicted by analytical theory across the same parameter space is

shown in Figure 6.1b.

It can be seen that there is a significant difference in the magnitude of the global

thrust coefficient measured in experiments versus that expected by theory. This

is likely to be due to differences between the behaviour of a finite eight disc fence

array and the quasi-infinite fence assumed by theory. In addition to the difference

in magnitude of recorded CTG, a further difference is seen to be that in the theory,
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Figure 6.1: Contours of global thrust coefficient as measured experimentally and
as predicted by theory. Red diamonds mark the actual experimental measurements
taken as detailed in Table 6.2: contours on plot a) are interpolated from these.

CTG continues increasing as local blockage is increased; i.e. moving towards the left

of the plot as disc spacing is decreased. However, this effect is considerably weaker

in the experimental data presented: while thrust clearly increases with decreasing

disc porosity, the correlation with decreasing spacing is not as strong. There is even

a slight drop-off visible at the closest spacing and highest thrust; for the Θ = 0.25

arrays at s/d = 0.1 and s/d = 0.05, CTG reduces from 1.8336 to 1.8238 respectively.

These measurements are still close, potentially within the margin of overall error.

As such, although there are clear trends of increasing thrust with decreased spacing,

the data do not absolutely prove an ability to carry continually increasing thrust as

inter-disc spacing is reduced, as predicted by the theory.

This discrepancy between theory and experiments in terms of both magnitude

and general trends may be due to the end effects inherent to a finite fence array. The

theory assumes a quasi-infinite array length, allowing the assumption that all devices

and device wakes within the array behave identically. A finite fence will not support

a homogeneous high thrust across all eight discs, since the outer discs will experience
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s/d
Θ κ0.3d 0.05 0.1 0.2 0.3 0.4

0.25 ≈ 10 1.8238 1.8336 1.8017 1.8028 1.7845

0.3 ≈ 7 1.6390 1.6260 1.6316 1.6106 1.6015

0.35 ≈ 5.5 1.4323 1.4190 1.4064 1.4121 1.4031

0.4 ≈ 4 1.2353 1.2187 1.2334 1.2100 1.2092

Table 6.2: Global thrust coefficient for each configuration from experimental mea-
surements. The highest value is highlighted in blue.

additional effects due to flow diverting around the ends of the array rather than being

forced through the discs. The thrust on the end discs will therefore be lower. This

effect is shown by the distribution of CTG across all discs in Figure 6.2 for the Θ = 0.3

discs. The thrust coefficient in this plot is normalised by the area of each single disc,

as with a local thrust coefficient, but uses the global array upstream flowspeed. It is

therefore denoted as CTGdisc, so the total array CTG is simply the average of all CTGdisc

values shown for that array. This plot shows a number of relevant effects, although

it is biased by asymmetry of the flume flow as discussed in Section 5.3. Note that

CTGdisc is plotted against disc number, not the physical position of discs within the

flume. This enables comparison of results across different array spacings. Disc 1 is

the disc furthest from the y origin as shown in Figure 5.4, disc 8 closest to it.

It can be seen that asymmetric thrust occurs across every array, which is consid-

ered likely to be due to the asymmetry of the flume’s undisturbed flow (as discussed

in Section 5.3) combined with some feedback effects due to the presence of the array.

Neglecting this bias, however, it can be seen that a quasi-parabolic distribution of

thrust coefficient across the array exists in all cases, with central discs mostly sus-

taining higher thrust than those towards the outer edges. A slight increase in thrust

across all discs can be seen as spacings are reduced, contributing to the trends for

the whole array shown in Figure 6.1a and Table 6.2; however, a particularly large

drop-off in thrust is seen on the two outer discs, 1 and 8, in the most closely spaced
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Figure 6.2: Individual values of CTGdisc for arrays of Θ = 0.3 discs at all spacings.
Discs are numbered from left to right as viewed from upstream.

s/d = 0.05 and s/d = 0.1 cases. It can be seen that, if all discs were able to sus-

tain the same thrust as those in the centre, the s/d = 0.05 array could achieve a

CTG value of approxmately 1.68, instead of the average 1.64 observed, an increase of

2.4%. Thus, the individual disc measurements confirm that end effects exist for this

relatively short partial fence, and that they limit the thrust behaviour of the array.

6.2.2 Inferred Power Variation Across Configurations

Similar to the thrust coefficient, the measured values of inferred global power coeffi-

cient can be compared to the theoretical power coefficients, as shown in Figure 6.3.

Again, the experimental contours are interpolations based on a triangulation of the

twenty measurements taken, each marked with red diamonds on the plot (and shown

in Table 6.3 for reference). This data is plotted against κ0.3d rather than κΘ derived

from the empirical Equation (4.3).

A difference is once again seen between experiment and theory. The reduction in
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Figure 6.3: Contours of global power coefficient as measured experimentally (using
inferred power calculation) and as predicted by theory. Red diamonds mark the actual
experimental measurements taken as detailed in Table 6.3: contours on plot a) are
extrapolated from these.

magnitude of the power coefficient is partly due to the drop in CTG already observed,

and partly due to inferred power always being lower than true power (as previously

discussed given that Udisc,0.3d < Udisc). Importantly, there is also a slight shift in the

potential peak power coefficient location. Partial fence theory predicts that as a ho-

mogenous fence of identical devices, equally spaced within the fence array, is brought

closer together (reducing s/d), there will eventually be a peak power coefficient avail-

able at an appropriate combination of s/d and Θ. Beyond this point, however, the

flow through the array will choke, with flow diverting around the outside of the array,

so the available power will drop. For this array, with a global blockage of 0.2, the

theory does not predict peak power occurring until a spacing lower than s/d = 0.05 is

reached. This was not tested experimentally due to the extremely low disc spacings

required (0.05d = 13.5mm). The theory also predicts a drop-off in power as disc

resistance is increased above approximately κ = 9.

In the experimental data it can be seen that the peak inferred power coefficient,

although perhaps still outside the parameter space tested, has shifted towards the
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s/d
Θ κ0.3d 0.05 0.1 0.2 0.3 0.4

0.25 ≈ 10 0.7613 0.7865 0.7793 0.7854 0.7920

0.3 ≈ 7 0.7991 0.7954 0.7887 0.7668 0.7545

0.35 ≈ 5.5 0.7461 0.7328 0.7122 0.7105 0.6831

0.4 ≈ 4 0.7277 0.7053 0.7064 0.6689 0.6614

Table 6.3: Global inferred power coefficient for each configuration from experimental
measurements. The highest value is highlighted in blue.

bottom of the plot, and away from the left axis. This implies that the performance of

this array is more negatively affected by both high disc resistance and closer spacing

than the theory would predict. The real arrays tested were able to remove highest

power from the flow in the Θ = 0.3 (κ ≈ 7) disc arrays, with a drop-off occurring

more steeply towards the κ ≈ 10 array than the prediction. As shown in Figure 6.3a,

peak values were found for Θ = 0.3 discs at their closest spacings, with CPG values

of 0.7954 and 0.7991 at s/d = 0.1 and s/d = 0.05 respectively.

Some of the discrepancy at close spacings may be explained by geometric consid-

erations: the analytical model contains no specified geometry for the actuator discs

or channels, and in particular cannot replicate the anisotropy in bypass flow channel

width around a circular disc within a rectangular local channel cross-section. At the

closest spacings, the horizontal width of the bypass flow has become very narrow at

mid-depth, even though the overall local blockage ratio is still reasonably modest.

This will negatively impact the ability of the bypass flows to accelerate the core disc

flow, thus incurring a negative impact on Udisc and on the extracted power.

A plot of inferred CPG across all discs for Θ = 0.3 and all spacings is presented

in Figure 6.4, and shows the impact of end effects. Again, CPGdisc is normalised on

single disc area but with global upstream flowspeed, so that total array CPG is the

average of all CPGdisc values. A small amount of flow asymmetry is still visible, and

the general parabolic distribution of power across the array is much more pronounced
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Figure 6.4: Individual values of CPGdisc for arrays of Θ = 0.3 discs at all spacings.
Disc numbering is as shown in Figure 5.4

than for thrust. This shows the inability of the discs towards the array edges to

extract as much power from the flow as those in the centre. This results in a much

lower total CPG for the array than might be possible if all discs could achieve the

same power extraction as the central discs (e.g. an approximate 9% increase in the

case of the Θ = 0.3, s/d = 0.05 array).

6.2.3 Variation of Thrust and Power Across Array

End effects are of particular interest in the case of a real partial fence array, as the

predicted increases in available power from the analytical theory may not be achieved

in reality. The fact that real arrays are of finite length means that flow diversion

around the array can reduce the total power and thrust values. The distribution of

individual CTGdisc and CPGdisc values across all discs in the array can be examined to

understand how this manifests across the length of a partial array such as this.

Figure 6.5 shows examples of the distribution of CTGdisc and CPGdisc across the

147



Disc Position Across Flume

C
T

G
d

is
c

0 1 2 3 4 5 6 7 8 9

1.2

1.6

2

Theta = 0.25

Theta = 0.3

Theta = 0.35

Theta = 0.4

(a) CTGdisc, s/d = 0.1

Disc Position Across Flume

C
T

G
d

is
c

0 1 2 3 4 5 6 7 8 9

1.2

1.6

2

Theta = 0.25

Theta = 0.3

Theta = 0.35

Theta = 0.4

(b) CTGdisc, s/d = 0.4

Disc Position Across Flume

C
P

G
d

is
c

0 1 2 3 4 5 6 7 8 9
0.6

0.7

0.8

0.9

Theta = 0.25

Theta = 0.3

Theta = 0.35

Theta = 0.4

(c) CPGdisc, s/d = 0.1

Disc Position Across Flume

C
P

G
d

is
c

0 1 2 3 4 5 6 7 8 9
0.6

0.7

0.8

0.9

Theta = 0.25

Theta = 0.3

Theta = 0.35

Theta = 0.4

(d) CPGdisc, s/d = 0.4

Figure 6.5: Values of CTGdisc and inferred CPGdisc calculated for all discs, shown for
s/d = 0.1 and s/d = 0.4 array spacings for all disc porosities.
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arrays, calculated as before, for a close spacing and a wide spacing, s/d = 0.1 and 0.4,

for all porosities of discs tested. It can be seen that the broadly parabolic distribution

of both thrust and power is much more of a feature for the closely spaced arrays. There

is less coherent structure to the distribution of power and thrust for the more widely

spaced arrays. It can also be seen that, within each array spacing, the higher thrust

discs also develop more parabolic distributions than the lower thrust ones. This

implies that end effects are more important for high thrust, closely spaced arrays:

the same ones which benefit most from the partial fence effect to achieve the highest

available power.

This effect can be quantified by considering the ratios of thrust and inferred power

between the inner discs (discs 4 and 5) and the outer discs (discs 1 and 8) in each

configuration. Tables 6.6a and 6.6b show these ratios for all configurations. It can be

seen equally clearly here that the central discs experience higher thrust and extract

higher power relative to the outer discs in almost all cases, and that this effect is more

marked for the more closely spaced, higher disc resistance arrays. The difference in

thrust coefficient can be seen to be up to 11% between the outer edge of the array

and the centre, and for the power coefficient this rises to nearly 24%.

It is of interest to cross-reference these tables with the total global thrust coefficient

of each array as shown in Table 6.2. It might be expected that the highest degree

of end effects would correspond to the highest total array thrust, as more flow will

divert around the array if it exerts greater force. However, it can be seen that this is

not quite the case: the highest total thrust coefficients correspond to all five spacings

of the Θ = 0.25 discs, whilst the highest ratio of central power coefficient to outer

is found with the closest spacing of the Θ = 0.3 discs. Overall it can be seen that

the arrays with the greatest achievable power, benefiting most from the partial fence

effect, do generally display the greatest ratios in both thrust and power between

innermost and outermost discs. End effects are therefore an intrinsic result of taking
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s/d
Θ 0.05 0.1 0.2 0.3 0.4

0.25 1.1037 1.1087 1.0836 1.0716 1.0614

0.3 1.0739 1.0794 1.0618 1.0418 1.0280

0.35 1.0632 1.0578 1.0270 1.0130 1.0132

0.4 1.0444 1.0384 1.0094 1.0050 0.9844

(a) CTGdisc ratio

s/d
Θ 0.05 0.1 0.2 0.3 0.4

0.25 1.1476 1.1487 1.1388 1.0909 1.0689

0.3 1.2359 1.1055 1.1696 1.0876 1.0769

0.35 1.1279 1.1754 1.1004 1.0849 1.0334

0.4 1.1633 1.1395 1.0803 1.0871 1.0502

(b) CPGdisc ratio

Figure 6.6: Ratios of CTGdisc and CPGdisc between innermost and outermost discs, for
all configurations. The highest value is highlighted in blue in each table.

advantage of partial fence effects to gain increased power extraction with any finite

fence array.

6.3 Results: Flowfield Behaviour

In order to understand the trends of thrust and power behaviour, it is helpful to

interrogate the data collected by the ADV probe across the downstream traverses for

every array: not just the streamwise component Ux used in the inferred power and

κ0.3d calculations, but also the cross-stream component Uy and vertical component

Uz, plus the additional information on turbulence that can be calculated from their

time-varying qualities.

As previously discussed in Section 5.7, two separate sets of tests were carried out,

and although the thrust measurements from the first set of tests were discarded as

erroneous, the flow measurements were sufficiently similar across both sets of tests
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that they are considered equally valid. Both sets are interrogated within this section

where relevant.

6.3.1 Wake Velocities and Expansion

When considering the data collected across both sets of tests, flow data was recorded

for all configurations tested at both 0.3d and 1d downstream of the array, allowing

mean and instantaneous flow quantities in the x, y and z directions to be investigated.

A total of five measurement points were taken behind each disc, three in each internal

bypass flow for the wider array spacings (two in the s/d = 0.1 configurations, and

one in the s/d = 0.05 configurations), and at least 5 in each external bypass flow. An

example of the mean flow field in the x-y plane, i.e. plan view, is shown in Figure 6.7

for four different spacings of the same porosity of disc, Θ = 0.35. It should be noted

that this figure is created from data drawn from the first set of tests undertaken, as

the 1d downstream traverses were not repeated for these configurations in the second

set of tests.

It can be seen that the flow behaviour is broadly as expected from the partial

fence theory: as s/d is reduced and internal bypasses become narrower, the internal

bypass flow is initially accelerated between the discs. Figure 6.7b, for example, clearly

shows internal bypass flows at 0.3d downstream to be at higher speeds than the outer

bypass flows. However, as inter-disc spacing is further reduced, these internal bypass

flow speeds are also more rapidly retarded by mixing with the disc wakes, as seen

at 0.3d downstream in Figure 6.7a. This can also be seen across the 1d downstream

traverse for all four configurations shown here, with the internal bypass flow speed

by this point progressively further reduced as disc spacing is reduced.

An additional aspect of the fluid behaviour which can be observed in these plots is

the level of velocity gradient in the outer bypasses. At 0.3d downstream, an x-velocity

shear can be seen developing in the s/d = 0.1 and s/d = 0.2 cases, while very little
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(a) s/d = 0.1 (b) s/d = 0.2

(c) s/d = 0.3 (d) s/d = 0.4

Figure 6.7: Flow speeds in the x-y plane at 0.3d and 1d downstream of arrays of
Θ = 0.35 discs, at different spacings. Measurements taken from the first set of tests.
Flow speed vectors are scaled by 0.25, and are shown in m/s plotted against the x-axis
(in m). Disc numbering is as shown in Figure 5.4
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shear is visible in the wide spacing of s/d = 0.4. At 1d downstream, sheared bypass

flow can be seen at all spacings, but with considerably stronger shear gradients on

more closely spaced arrays.

6.3.1.1 Bypass Flow Lateral Behaviour

The effect of array wake expansion on individual device wakes is not clearly visible

within these overall flow vector plots, however it can be observed more clearly by

plotting Uy alone, or the Uy/Ux ratio. These results are plotted here to show different

facets of the flowfield.

As the Uy values at individual measurement points are affected in disc wakes by

the expansion or contraction of the disc wake as well as that of the overall array

wake, the clearest indication of trends in the array wake can be seen by considering

Uy values in the internal and external bypass positions only, as shown in Figure 6.8a.

For these same points, the ratio of Uy/Ux can also be plotted, as in Figure 6.8b. All

measurements shown are from the second set of tests, showing values from the 0.3d

downstream traverse of each array, and measurement points behind discs (i.e. not in

bypass flows) have been omitted for clarity. It should be noted that these plots will

naturally be asymmetric as the sign of Uy will change at the centre of the array if

the wake is expanding (or contracting) symmetrically. These plots allow expansion

trends across all configurations to be generally compared.

It can be seen that across all array configurations there is expansion across the

array wake, causing internal bypasses to divert away from the centreline of the array as

the outer boundary of the array wake expands. However, it is of interest to note that

there is a generally linear gradient of Uy, and of Uy/Ux, across all internal bypasses,

while the near points in the outer bypasses show greater flow diversion with higher

magnitudes of both. This once again shows end effects in action. The generally linear

gradient across all inner bypass flows also shows that all internal disc wakes (apart
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(a) Uy

(b) Uy/Ux

Figure 6.8: Scatter plots showing the cross-stream velocity and the ratio of cross-
stream to streamwise velocity in internal and external bypass flows, 0.3d downstream
of all arrays.
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all disc porosities at s/d = 0.4 spacing. (Note y positive upwards on y-axis, so flow
on right hand side of flume, y < 2.5 m, is expected to have negative Uy.)

from those for discs 1 and 8) are expanding at approximately the same rate, as ∆Uy

between the internal bypass wakes on each side of these disc wakes is the same. This

is in line with the theoretical assumption that all individual device wakes can be

treated as identical across a quasi-infinite array. However, where the quasi-infinite

assumption breaks down at the ends of the array, the wakes of discs 1 and 8 can be

seen to be expanding faster, with a greater ∆Uy between the inner bypass on one side

of them and the outer bypass on the other.

Greater clarity can be achieved by restricting the number of configurations com-

pared, and by averaging the Uy velocities in each internal and external bypass. Fig-

ure 6.9 shows such a comparison for the array spacing s/d = 0.4. It can clearly

be seen that, the lower the array resistance is, the lower the gradient of Uy across

the array’s width. These arrays are all geometrically identical apart from the disc

porosities, with the same number of discs in the same positions. Increasing the disc
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Figure 6.10: Uy/Ux at 0.3d downstream of Θ = 0.3 discs at various spacings, with
linear (solid) and cubic (dashed) regression fits. Disc average values are plotted in
red, bypass averages in blue

resistance and thus the array thrust results in clear changes to the downstream wake

expansion. It is also clear that Uy values are higher in the external bypasses than

in the internal ones, meaning that the outer disc wakes are expanding more rapidly

than the inner ones.

This partially contradicts the assumptions of the revised analytical model pro-

posed by [88]. This model included device-scale wake expansion within the actuator

disc model, to allow for the effects of such expansion within a short fence array. How-

ever, it was assumed that every device wake expanded at the same rate, with all

sharing the same expansion factor at each downstream position. The experimental

results show that, while this is broadly true across the central device wakes, it does

not hold true in the case of the two end devices, whose wakes expand significantly

more.
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As an aside, Figure 6.8b shows outlying points in the external bypass flows on

both sides of almost all arrays. With reference to the Uy plot in Figure 6.8a it is

clear these are not instances of extreme flow diversion and high Uy, but rather sample

volumes where for 60 s the average Ux value was relatively much lower than the

average readings taken in these bypasses, such that |Uy| could be equal to or even

greater than |Ux|. There are far more of these outlying points, and they are more

extreme, in the right-hand bypass (relative to flow direction) at the bottom edge of

these plots. This gives further evidence of some asymmetry in the flow, as previously

discussed in Section 5.3. This may be directly linked to the thrust asymmetry across

discs, as shown in e.g. Figure 6.2, as these points could indicate flow approaching

disc 8 at an angle, failing to pass directly through the holes parallel to the x-axis

(as the discs are not perfect actuator discs and have a non-zero thickness), and being

diverted tangential to the disc. This would increase disc thrust but not disc power (as

shown in Figure 6.4). It is considered, therefore, that these outlying points - and in

particular the imbalance of them between the two external bypasses - are an artefact

of the basic flow conditions in the flume, and are not relevant to the general study of

partial fence behaviour.

6.3.1.2 Disc Wake Lateral Behaviour

To study the entire array wake’s expansion properties, including the flow behind

individual discs, an averaging system for all points behind each disc is used to get

a single overall Uy value for each disc wake. As discussed in Section 5.8, a weighted

average scheme was considered the most robust option to average Ux values. This

same method was also used for Uy values with the central point ignored and other

measurements weighted by their appropriate disc area to reflect how much flow is

moving in a certain direction. Having also taken an average of Uy in each internal

and external bypass (with no weightings applied to these), the resulting bulk of Uy/Ux
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s/d
Θ κ0.3d 0.05 0.1 0.2 0.3 0.4

0.25 ≈ 10 0.2350 0.1463 0.1164 0.0769 0.0692

0.3 ≈ 7 0.1885 0.1405 0.1085 0.0834 0.0642

0.35 ≈ 5.5 0.1601 0.1344 0.0991 0.0819 0.0637

0.4 ≈ 4 0.1239 0.1046 0.0815 0.0695 0.0581

Table 6.4: Gradient (per m across flume) of a linear regression fit to Uy/Ux values
across the entire array, for all configurations. The highest value is highlighted in blue.

at 0.3d downstream can be analysed for every configuration. Examples of this are

shown in Figure 6.10 for four configurations of the Θ = 0.3 discs, together with linear

and cubic fits (generated through Matlab’s polyfit function). Broadly similar trends

are seen to those discussed previously, confirming that the array wake is expanding

self-similarly across its internal area, with the only significant variance from linearity

at the ends of the array, where additional expansion is again seen to be present.

The wake expansion can be analysed as a function of overall thrust exerted by the

array on the flow if it is plotted against κ and s/d, as was previously done for power

and thrust coefficients. Figure 6.11 shows the coefficients of a linear Uy/Ux versus y fit,

as provided in Table 6.4. It can be seen that the gradient of this expansion coefficient

increases with both increasing κ and decreasing array width, as the thrust imposed

on the flow by the array increases. This means that arrays designed to maximise

power output through careful selection of local blockage and increased thrust will

have increased wake expansion immediately downstream.

6.3.1.3 Downstream Behaviour

Following the study of wake expansion immediately behind the array, wake contrac-

tion can also be seen to occur very quickly downstream. This is almost certainly a

function of the relatively high global blockage of the array within the flume - certainly

higher than most proposed tidal turbine schemes at present. Figure 6.12 shows the
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Figure 6.12: Uy/Ux at four downstream positions behind Θ = 0.3 discs. Disc average
values are plotted in red, bypass averages in blue.

progression of Uy/Ux downstream across four traverses, and it can be seen that even

by two disc diameters downstream (i.e. less than a quarter of the array width) the

entire wake has begun to contract, and continues doing so thereafter. Wake contrac-

tion is a direct consequence of the requirement, discussed in Section 3.2.1 for tidal

turbines in incompressible flow, for velocity equalisation to occur downstream to en-

sure mass flux continuity. This contrasts the assumed continuous expansion of wind

turbine wakes to achieve pressure equalisation.

Given the short distance over which this array wake is seen to expand prior to

contraction, and comparing this to other studies of downstream wakes such as [115],

who studied the wake of a single scale rotor in the same facility, it would seem that

the high global blockage in this case has accelerated the process. Unfortunately the

amount of data collected during this experimental work is insufficient to confirm this

in more detail, since global blockage was not a parameter that changed across the
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configurations investigated. Although this single set of downstream traverses was

taken for this configuration, no additional downstream traverses were taken behind

arrays with different local blockage in the same set of tests (the second set). However,

an array wake showing contraction within two disc diameters downstream may well

mean that tidal turbine arrays with high global blockage may benefit from fast wake

contraction, which may enable any downstream rows of devices to be placed out of

the wake of upstream rows.

6.3.2 Turbulence and Mixing

It is possible to analyse the flow measurements taken to explore the fluctuating com-

ponents of fluid behaviour within the near wake. This involves investigation of Tur-

bulence Kinetic Energy (TKE) and Reynolds Stresses. TKE is defined as:

TKE =
1

2
(u′2x + u′2y + u′2z ) (6.1)

where an overbar denotes a time average and u′x, u
′
y and u′z denote the instantaneous

fluctuating components of the ux, uy and uz velocities. TKE is a measure of the kinetic

energy contained within turbulent flow structures, which are created by sheared flow

between the disc wakes and bypass flows, and as such it can be seen as a measure

of the strength of all the mixing process occurring in each section of the flow. The

TKE plots therefore display several features of the flow which might be expected

from partial fence theory or from the thrust and power measurements presented in

Sections 6.2.1 and 6.2.2.

An example of TKE distribution at 0.3d and 1d downstream is shown in Fig-

ure 6.13 for three different porosities at an identical spacing of s/d = 0.2. This figure

relates to the first set of tests, where wake measurements were taken 1d downstream

for this configuration.
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(a) Θ = 0.3

(b) Θ = 0.35

(c) Θ = 0.4

Figure 6.13: Values of TKE at 0.3d and 1d downstream of arrays with s/d = 0.2
spacing, for three disc porosities. Measurements taken from the first set of tests.
Grey bars show the projected downstream positions of the discs.
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It can be seen that values of TKE in the array wake generally decrease with

increasing disc porosity, as total array resistance to the flow decreases and thus lower

shear and mixing are present downstream of the array. As with the flowfield and

Uy plots, array wake expansion downstream of the array can also be seen for all

configurations, as the peak of TKE in the external bypass flow moves outwards from

the 0.3d measurement to the 1d measurements. This peak moves further than the

internal bypass peaks, similar to the Uy plots, showing that external bypasses are

expanding more than internal ones.

Distribution of TKE at 0.3d downstream for each array also shows differences

between the flow around the central discs and the end discs in each array: in this

case, values of TKE in inner bypass flows are seen to be significantly higher towards

the middle of the array than they are towards the outer edges. This corresponds

to lower thrust imposed on the flow by the outer discs in the previous investigation

of thrust distribution across arrays. In addition, the values of TKE in the outer

bypass flows are significantly higher than those in the inner bypass flows in all 0.3d

plots. This distinction disappears by 1d downstream. Outer bypass mixing therefore

initiates strongly behind the array concurrently with internal bypass mixing processes.

This contradicts the assumption in analytical theory that a scale separation exists

between device-scale mixing and array-scale mixing such that all device-scale mixing

is complete before array-scale mixing commences.

It is also possible to examine the Reynolds stresses, being the average shear stresses

on the fluid volume over the period of measurement. The Reynolds stress component

between any two directions i and j is defined as τij = −ρu′iu′j. For systems with

incompressible fluid, such as tidal turbines in water, this can be redefined per unit

density as τij = −u′iu′j for simplicity. In the coordinate system adopted for the

experiments, the most important fluid shear stress, when considering device wake

interactions and partial fence theory, is the shear stress in the xy plane due to velocity
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gradients between bypass flows and core flows across the array. These stresses will

determine the rate of the quasi-two-dimensional mixing across the array wake. The

Reynolds stress component for this mixing is thus:

τxy = −u′xu′y (6.2)

The sign of this Reynolds stress will vary depending on the directionality of the

shear: for example, it will be opposite on the two sides of a body in the flow, as the

flow behind the body develops opposing vorticity caused by symmetric shear layers

on either side. The -ve form of the equation reflects the convention of writing stresses

+ve which cause movement in the +ve direction: see Massey [75] for a discussion and

derivation.

For one high power configuration, that of Θ = 0.3 discs with s/d = 0.1 spacing,

additional downstream traverses were taken during the second set of tests, to give

measurements at 0.3d, 2d, 4d and 6d downstream. Given the 8(s + d) width of

the array, it was anticipated that even the 6d traverse would not be far enough

downstream to observe complete mixing out of the array wake. However, the area

upstream of array mixing being complete is still of interest when considering the

assumptions of partial fence theory. Given that device and array mixing have both

been seen to initiate immediately behind the array, it is particularly relevant to the

question of assumed scale separation whether internal device wake mixing completes

earlier than array wake mixing, or whether they proceed concurrently throughout the

total length of the wake.

Measurements of the average Ux, τxy and TKE values are shown in Figures 6.14 -

6.16. General trends of wake development in a partial fence array can be observed

in them. The 0.3d traverse shows a lot of chaotic mixing behaviour occurring im-

mediately behind the discs: TKE values are high both within inner bypasses, where

flow speed is high, and immediately behind the central tower, where Ux is close to
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Figure 6.14: Ux values measured at four distances downstream behind a Θ = 0.3,
s/d = 0.1 array. Grey bars indicate upstream positions of discs.
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Figure 6.15: τxy values measured at four distances downstream behind a Θ = 0.3,
s/d = 0.1 array. Grey bars indicate upstream positions of discs.
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Figure 6.16: TKE values measured at four distances downstream behind a Θ = 0.3,
s/d = 0.1 array. Grey bars indicate upstream positions of discs.

zero. As shown with the s/d = 0.2 arrays in Figure 6.13, the highest TKE and |τxy|

values occur immediately outside the outer discs of the array, in the outer bypasses.

This shows that mixing processes are strongest in the outer bypasses, even at 0.3d

downstream of the discs. This again strongly contradicts the theoretical assumption

that device-scale mixing initiates first. At the 2d traverse, wake structures are coher-

ent, with a clear internal wake deficit behind each disc and elevated τxy and TKE

values in the internal bypass flows. It should be noted, however, that τxy and TKE

values are still elevated in the external bypass flows above the values observed in the

internal bypasses. This can be seen to continue further through the wake, where in-

ternal device wakes can be seen to mix out and only the external, array-scale mixing

remains. By 4d and 6d downstream, there is a consistent Ux deficit across the entire

array wake, and a consistent increase in TKE across the array wake, while |τxy| is

close to zero across the main width of the array wake and only elevated at the edges

where Ux shear in the x-y plane is still present. These measurements support the
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other basic assumption of scale separation in partial fence theory; that mostly two-

dimensional external mixing at the ends of the array persists further downstream than

the three-dimensional internal mixing processes in, and between, the device wakes.

Further evidence of this can be seen by examining further downstream wake tra-

verses measured across different arrays in the first set of tests. For three arrays,

spanning the range of thrust imposed by arrays in this set of tests, an additional

wake traverse was carried out at 5d downstream. This enables the evolution of the

wake to be studied for each array, but also allows comparison between different arrays

of the downstream wake evolution. Ux profiles for each of the three arrays (Θ = 0.3

and s/d = 0.1, Θ = 0.35 and s/d = 0.3, Θ = 0.4 and s/d = 0.4) are shown in

Figure 6.17a. General trends of mixing over the downstream wake are as seen before,

with definite differences between internal and external bypass mixing scales. It is of

interest to compare the 5d profile across the three arrays. The overall streamwise ve-

locity deficit in the wake at this distance downstream behaves as might be expected,

being less for the low thrust Θ = 0.4, s/d = 0.4 array than for the higher thrust ar-

rays. However, individual disc wake velocity profiles are still visible for this low thrust

configuration, while for the high thrust Θ = 0.3, s/d = 0.1 array these have com-

pletely disappeared by 5d downstream, leaving only a uniform velocity deficit across

the entire array wake. This same trend can be seen in the τxy plot in Figure 6.17b,

which shows the Reynolds stress values in the x − y plane for the 5d traverse only,

comparing all three arrays. It can be seen that, while the values of τxy in the exter-

nal bypass flow are broadly similar across all three arrays here, the highest values in

the internal bypass flows all belong to the Θ = 0.4, s/d = 0.4 array. The average

value of TKE across the array wakes at 5d downstream, as shown in Figure 6.17b, is

very similar between all three arrays despite the differences in active internal mixing

processes occurring.

These findings are relevant for practical applications of partial fence theory, par-
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Figure 6.17: Values of Ux, τxy and TKE for three configurations, from first set of
tests. Ux is shown for 0.3d, 1d and 5d traverses downstream. τxy and TKE are shown
for 5d traverse only.
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ticularly in the case where multiple fence arrays are being considered, with some

downstream of others. It might be expected that it would be better to place ad-

ditional turbines downstream of arrays which have lower thrust and wider internal

bypass flows, as these would be expected to have less overall effect on the channel

flow. While such an array does have a lower downstream velocity deficit in the wake,

and thus higher potential for further arrays downstream to generate power, turbu-

lent structures within the wake are clearly also persisting further downstream for

the wider, lower thrust array. It would be undesirable to place turbines in locations

where high values of Reynolds stress still persist, as this will induce vorticity and in-

crease fatigue loading on turbine blades. It has been seen that the inferred available

power for the Θ = 0.3, s/d = 0.1 array is 20% higher than that for the Θ = 0.4,

s/d = 0.4 array, for the same total frontal area of device. As such, the fact that

the lower thrust array’s internal wake mixing processes nevertheless continue further

downstream may be very relevant to array design, particularly when combined with

the earlier observation that high blockage appears to lead to accelerated wake contrac-

tion. Care must therefore be taken when placing turbines in a multiple-row partial

fence arrangement, as it may be more efficient (in terms of available power versus

build and maintenance costs) to use a smaller number of high thrust, low s/d arrays

placed widely apart down a channel’s length. A larger number of lower thrust, high

s/d fences placed more closely downstream of each other, as often considered in the

literature at present, may lead to higher maintenance costs through fatigue because

of these wake mixing characteristics.

6.4 Sub-Array Investigation

The final element of the experimental work explored the ‘sub-array’ fence concept

developed in Chapter 3. Bothm and n (number of sub-arrays and number of devices in
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Figure 6.18: Values of CTGdisc and CPGdisc for Θ = 0.3 discs with s/d = 0.1, in
standard fence configuration (blue circles) and in ‘sub-array’ configuration with 0.2d
central spacing (red squares).

each array) need to be reasonably large to justify some of the theoretical assumptions.

It was considered likely to be difficult to explore this robustly within the experiment.

Given that an n of 8 had been chosen for the single partial fence study, an equivalent

use of m = 8 as well would require a 64-disc array, a minimum of 17.3 m wide using

the existing discs. This was not feasible using the same equipment and facilities.

However, it was possible to look at the case of two small sub-arrays of 4 discs each.

As partial fence array effects were seen with only 5 discs in Chapter 4, it was believed

that sub-arrays of 4 discs could also behave similarly.

One configuration tested previously for the single partial array experiments was

retested with an increased gap between the central two discs, thus creating a larger

internal bypass in the centre and splitting the array into two sub-arrays. The con-

figuration chosen for this test was that of Θ = 0.3, s/d = 0.1, a high thrust and

power array, as sub-array theory showed additional gains to be made from the peak

of partial fence theory. The spacing between the two sub-arrays was 0.2d, twice the

width of all other internal bypasses.

The global thrust coefficient, CTG, of this array was found to be 1.6445, 1% higher
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Figure 6.19: Values of Ux recorded downstream of a Θ = 0.3 array with s/d = 0.1, in
standard fence configuration (blue line and markers) and in ‘sub-array’ configuration
with 0.2d central spacing (red line and markers).

than that of the continuous fence array’s CTG of 1.6260. Thrust was higher on seven

out of eight discs in the sub-array case, as shown in Figure 6.18a. In the case of power,

however, the sub-array case performed marginally worse, with CPG = 0.7951 versus

the continuous partial fence’s CPG = 0.7954. The per-disc plot shown in Figure 6.18b

shows that there is no clear correlation of increased or decreased power across the

discs. It is of interest that the power performance of the central discs does not drop

off despite the bypass flow between them becoming wider.

Investigating the flow speed data shows very little discrepancy between the two

cases, except at the central internal bypass. Figure 6.19 shows a comparison between

Ux at 0.3d downstream for the two cases. The 0.2d wide central bypass shows an

increased flow speed versus that recorded in the continuous case: this is presumably
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due to an increased volume of flow resulting in a lower rate of deceleration through

mixing with the slower disc flows downstream of the array.

The conclusion of this short investigation was that further experiments on sub-

arrays, using this equipment, would likely be similarly inconclusive regarding potential

power increases available. A different experimental set-up would be needed to enable

greater numbers of longer sub-arrays to be investigated, before further information

could be gained.

6.5 Conclusions

The objective of these experiments was to compare the predictions of analytical partial

fence theory to the actual behaviour of a real fence array made up of 8 porous discs,

tested within a wide flume to allow expected partial fence behaviour to develop. The

findings from the experiments are threefold: firstly, that the total thrust and available

power for the disc array were significantly less than predicted by partial fence theory;

secondly, that the basic predicted trends of thrust and power as predicted by partial

fence theory do exist, and that increased power is available with a carefully chosen

combination of device thrust and array spacing; and thirdly, that the main differences

between theory and reality are that a complete scale separation between device and

array wake mixing does not occur in reality, and that end effects are significant in the

performance of a real partial fence with a finite length.

The reasons for the differences between the theoretically predicted values of thrust

and power and those observed experimentally cannot be completely proven, however

it is considered likely due to several contributing factors. The necessity of measuring

flow speed 0.3d downstream of the array instead of directly at the discs will reduce

the values of ‘inferred power’ calculated relative to the actual power removed by the

array. The choice of disc porosities made for this experimental work was based on
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a first-order relationship between disc open area ratio and ‘resistance factor’. This

relationship is known to be somewhat unreliable across varying porous disc designs,

and resulted in lower resistance discs being deployed than had been intended. General

energy losses due to viscous effects, which are not accounted for within the quasi-

inviscid analytical model, will also contribute to an inability to achieve the theoretical

maximum. In addition to all of these, it has been seen that end effects play a role in

reducing the ability of the total array to support high thrust and high power compared

to the quasi-infinite fence assumptions of the theory, where each device is assumed to

behave identically and suffer no impacts from end effects.

Given that this experiment was carried out with porous discs as turbine emulators

rather than with real rotors, however, the total measured values of CTG and CPG

are less relevant than for experiments modelling proposed real turbines: the main

intention of these experiments was to show whether the overall trends of partial fence

theory were correct, and whether greater power is available for closely-spaced, high

thrust arrays when the spacing and thrust values are carefully chosen to exploit this.

This was clearly shown to be true. Increases of up to 50% in thrust coefficient and

20% in inferred power coefficient were observed for a partial fence array of eight discs

from the lowest resistance arrays to the highest. The arrays tested encompassed a

parameter space of five values of inter-disc spacing and four values of disc porosity.

The array with the highest power coefficient was not, however, the array with the

highest thrust coefficient: the increase of 20% in power coefficient corresponded to an

increase of 35% in thrust coefficient. Where it is possible, therefore, to design tidal

turbines to withstand higher thrust and safely position them in very close spacings,

there is significant potential to increase available power, even when considering the

same device frontal area and total number of devices.

The analytical theory has been shown, however, to over-simplify the fluid flow

around a short fence array such as this, and two corrections in particular ought to be
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considered to make it more directly applicable to real array design in future. The first

is to revisit the assumption of separation of scales between device mixing and array

mixing. This is a key assumption within the theory to allow the scales to be decoupled.

However, it has been shown to be only partially true in the experiments: while array-

scale wake mixing is always seen to persist further downstream than device-scale wake

mixing, it is not seen to initiate later than that of device scale. In fact, the array

wake mixing processes in the outer bypass flows are seen to initiate more strongly

immediately behind the array than for the device wake mixing. This assumption

should therefore be revisited, though correcting it may complicate the simple model

to the point where it can no longer be solved. The second correction would be to

include the impact of end effects and device wake expansion in a short fence within

the analytical model. This has already been partially attempted analytically [88], but

unfortunately the wake expansion factors developed are not related to the geometry

or design of an array and thus cannot be measured with certainty for any real array

to substitute into the model. In addition, there is no allowance for end effects within

this model. As such, a model of array behaviour needs to be developed which includes

end effects and can incorporate experimental data to produce amended thrust and

power predictions.
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Chapter 7

Analytical Partial Array Model

with Variable Device Behaviour

The experimental work discussed in Chapter 6 showed significant variation in the dis-

tribution of both thrust and inferred power coefficients across all partial fence arrays

tested. The highest thrust arrays in particular showed a strongly curved distribution

of power coefficient, CPG, with significantly less power extraction at the ends of the

arrays. Similar behaviour has been seen in computational modelling such as that

carried out by Hunter [55]. However, there is presently no analytical model which

will allow these end effects to be included in simple array modelling. Such a model

would allow better prediction of array performance for a row array in a tidal channel,

and would enable developers to include these effects at design stage.

This chapter discusses end effects as witnessed in the experimental work. A num-

ber of potential methods to model these end effects within an analytical framework

are investigated. A simple model which allows thrust, power and flow variations

across an array and attempts to partially account for end effects is presented.
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7.1 Investigation of End Effects for Short Fence

Arrays

Thrust and inferred power were seen to vary across an eight-disc array during the

experiments. These effects are of significant interest to designers and developers as

they affect the build requirements and expected performance of devices in arrays,

however they are not entirely self-explanatory. To understand the reasons for these

end effects, and to include them in any form of modelling, the basis of this behaviour

must be understood.

It is therefore of interest to study other quantities that varied across the array

during experimental testing. This includes a) the flow speeds measured immediately

behind the disc, since inferred power was calculated from disc thrust multiplied by

these flow speeds and b) the measured disc pressure coefficient, κ0.3d. Although this

pressure coefficient might be thought to be an intrinsic property of a disc in any

configuration, the experimental data collected and discussed in Section 6.1.1 suggest

otherwise. The average κ0.3d across each array was shown to vary in a complex fashion

with array spacing: the highest resistance discs displayed a consistently decreasing

κ0.3d with increasing s/d, while the lowest resistance discs exhibited the opposite

behaviour. While κ0.3d is calculated from Udisc,0.3d, which does not necessarily vary

linearly with Udisc (as discussed in Section 5.8), this is insufficient to explain the κ0.3d

variation.

Breaking the results down further to investigate the κ0.3d values per disc gives

insight into the array behaviour. An example is shown in Figure 7.1a for the closest

and widest spacings of Θ = 0.4 discs. This disc resistance was chosen for investigation

due to having a relatively smooth κ variation across the array at both low and high

s/d, making model comparison easier. It can be seen that the average disc pressure

coefficient is higher for the more widely spaced array in this case. However, it can
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Figure 7.1: Values of flow speed and disc pressure coefficient, respectively measured
and calculated at 0.3d downstream of individual discs, for the Θ = 0.4 discs at closest
and widest spacings. Disc numbering is as defined in Figure 5.4.

also be seen that there is reasonably significant variation in the individual disc mea-

surements of κ0.3d across the array, circa 10% from average, with the highest values

occurring towards the edges and the lowest towards the centre. The reason behind

this variation is not clear, but it is thought that it may be due to the variation of

disc wake mixing behaviour with blockage and with other downstream mixing (such

as the outer array mixing processes).

The variation of the area-weighted U0.3d values across these same arrays are also

shown in Figure 7.1b, and can be seen to vary approximately inversely to κ0.3d as might

be expected. When considered within the behaviour of the wider array, however, this

distribution of flow speed is non-intuitive: one might expect the core flow through

the discs to be more retarded in the centre of the array, and to have higher velocity

towards the edges, as would be the case with the wake of a single device. However,

the opposite behaviour appears to be occurring: core flow through the outer discs is

slower than that through the central ones. As with the κ0.3d variation, this is likely

to be a function of the effective resistance of each disc and of the wake mixing events

occurring downstream of them. Without more detailed wake measurements along the

length of the wake, however, it is not possible to identify which mixing effects are
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causing this, nor exactly how. However, the ability to vary κ and Udisc across the

array, whether individually or together, would clearly be useful within an analytical

model aiming to reproduce these effects.

When designing such a model, it is necessary to evaluate the possible ways in

which such a correction could be applied. In particular, it is of interest whether

both κ and Udisc values (used in analytical modelling instead of the experimentally

measured κ0.3d and U0.3d values) can be independently varied. It is not clear from the

experimental results whether there is only one process at work causing both increase

in κ and decrease in Udisc at the ends of each array. Therefore, a model would ideally

allow the ability to vary both quantities quasi-independently (given that varying κ

alone will also alter Udisc values).

Note that, since the U0.3d measurements were based on only 5 measurement points

per disc, taken only at mid-depth, and since the experimental work focused only on 8

turbines in a specific cross-sectional area with a single value of global blockage, there

is limited parametric information with which to develop the model. This is particu-

larly important where empirical correction may be required. Further experiments or

computational work would usefully add to this knowledge base.

7.2 Revised Analytical Model with End Effects

Returning to Linear Momentum Actuator Disc Theory (LMADT) as used in Chap-

ter 3, a new model can be developed which allows a variation of κ across an array of

actuator discs to be used as an input. This results in an output variation of flowspeed,

thrust coefficient and power coefficient across the array.
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Figure 7.2: Model diagram for the multiple streamtube model, showing the single
bypass flow speed at position 4. The ith and (i+1)th channels are shown in detail
within an n-channel array.

7.2.1 Local Array Model

As shown in Figure 7.2, the model for the array itself consists of a finite specified

number n of actuator discs, all experiencing a constant approach flow speed UA. The

ith disc imposes a thrust Ti upon the core flow which passes through it. Each disc and

disc wake has local induction factors, αi and γi respectively, specific to the ith channel.

However, the bypass flow is considered to be homogeneous across the array, and thus

at station 4 (static pressure equalisation across the array) the bypass flow speed is

βUA around all device streamtubes. This assumption is equivalent to that made in

standard BEM theory for a single rotor, where only one bypass flow is included around

the edges of the rotor and all blade element streamtubes are assumed to share the

same bypass flowspeed at the static pressure equalisation point. The bypass flow data

from experiment is inconclusive as to whether this assumption is justified, since no

measurements were taken at the static pressure equalisation point within the device

wakes. However, internal bypass flow speeds were broadly similar at 0.3d and further

downstream, as shown for example in Figure 6.14.
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Since LMADT models are one-dimensional, and contain no information about the

cross-stream position of core or bypass flows, this model is equivalent to that shown

in Figure 7.3a (where the similarity to a BEM model can be more clearly seen). Since

the total thrust of all actuator discs can be summed to equal the thrust of the array,

we can also choose to represent this by a single aggregated streamtube model as

shown in Figure 7.3b. The subscript S is used for quantities specific to this version

of the model. This single streamtube formulation can be used to find a relationship

between the thrust coefficient and the bypass induction factor β, which can then be

used to solve the multiple streamtube problem. By reducing the model to a single

streamtube in order to do this, an assumption is made regarding the equivalence

of momentum flux between the single streamtube and multiple streamtube forms.

This assumption is that the average of the squared disc wake velocities at position 4,

1
n

∑n
i=1 U

2
4Di, can be considered equal to the square of the average disc wake velocity,

U4D
2

= ( 1
n

∑n
i=1 U4Di)

2. This assumption is justifiable provided the variation in U4D

is not too great across the array, and it is equivalent to the assumption made in the

blockage-corrected BEM method developed by Vogel [130] that U4D is calculated as

the average wake velocity across the rotor plane.

The governing equations for a single streamtube LMADT model are, as previously

discussed in Chapter 3, those of conservation of mass:

UAA1DS = αSUAA2DS = γSUAA4DS (7.1)

UAAA = βUA(AA − A4DS) + γSUAA4DS (7.2)

conservation of momentum:

TS = (p2 − p3)A2DS (7.3)

TS = (p1 − p4)AA + ρAAU
2
A − ρ(AA − A4DS)β2U2

A − ρA4DSγ
2
SU

2
A (7.4)
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Figure 7.3: Model diagrams for: a) an equivalent multiple streamtube model showing
the similarities to a standard concentric annulae BEM analysis; b) a representative
single streamtube which can be used to evaluate the array effects on the bypass flow.

and conservation of energy, or Bernoulli’s equation:

p1 +
1

2
ρU2

A = p2 +
1

2
ρα2

SU
2
A (7.5)

p3 +
1

2
ρα2

SU
2
A = p4 +

1

2
ργ2

SU
2
A (7.6)

p1 +
1

2
ρU2

A = p4 +
1

2
ρβ2U2

A (7.7)

Combination of equations (7.1) and (7.2) yields a geometric relationship between

the three induction factors in terms of the local blockage ratio, BL (the ratio of total

disc area to array channel area):

β =
1− αSBL

1− αS

γS
BL

(7.8)

Combination of the Bernoulli equations with the momentum equations (7.3) and

(7.4) yields:

TS =
1

2
ρU2

AA2DS(β2 − γ2
S) (7.9)
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TS =
1

2
ρU2

AA4DS(β − γS)(β + 2γS − 1) (7.10)

and setting these two equations equal to each other, noting that A2DS = γS
αS
A4DS

from equation (7.1), yields:

αS =
γS(β + γS)

β + 2γS − 1
(7.11)

Noting that equations (7.8) and (7.11) are both in terms of αS, γS and β, they

can be combined to eliminate αS and yield a quadratic expression for γS in terms of

β and BL:

γS =
−(β − 1)±

√
(1−BL)(β − 1)2 +B2

Lβ
2

BL

(7.12)

of which the correct root for a turbine is the positive one. A thrust coefficient for the

single streamtube is now defined as:

CTS =
TS

1
2
ρA2DSU2

A

(7.13)

where A2DS is the area of the effective device in the single streamtube formulation,

which is equal to the sum of the device areas across all the individual streamtubes,

nA2Di. (Within this model, all devices are assumed to have the same cross-sectional

area.) The single streamtube thrust, TS, is similarly the sum of the thrust across all

streamtubes,
∑n

i=1 Ti.

The positive root of equation (7.12) can now be substituted back into equa-

tion (7.9) to eliminate γS and eventually yield a quartic expression for β in terms

of the local blockage ratio and the single streamtube thrust coefficient CTS:

−3β4 +4β3 +2((2−BL)CTS +1)β2−4((2−BL)CTS +1)β+(1−BLCTS)2 +4CTS = 0

(7.14)

Only one of the roots of equation (7.14) is greater than 1 and non-complex for

turbine-appropriate values of BL and CTS. Therefore it is possible, using this equa-
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tion, to find β from a specified CTS.

Since the thrust to be imposed in the single streamtube formulation is equal to the

total thrust on all devices in the multiple streamtube formulation, the governing equa-

tions for the ith streamtube must now also be established. Taking this streamtube

(including a local area of bypass flow) to have cross-sectional area Ai as indicated in

Figure 7.2, the governing equations of conservation of mass, momentum and energy

for this streamtube become:

UAA1Di = αiUAA2Di = γiUAA4Di (7.15)

UAAi = βUA(Ai − A4Di) + γiUAA4Di (7.16)

Ti = (p2i − p3i)A2Di (7.17)

Ti = (p1 − p4)Ai + ρAiU
2
A − ρ(Ai − A4Di)β

2U2
A − ρA4Diγ

2
i U

2
A (7.18)

p1 +
1

2
ρU2

A = p2i +
1

2
ρα2

iU
2
A (7.19)

p3i +
1

2
ρα2

iU
2
A = p4 +

1

2
ργ2

i U
2
A (7.20)

p1 +
1

2
ρU2

A = p4 +
1

2
ρβ2U2

A (7.21)

It should be noted that Ai for each channel is unknown, as it is a function of the

thrust imposed in each channel and varies accordingly such that the bypass flow speed

is equal across all streamtubes. Therefore, it is not possible to close these equations

completely as was done for the single streamtube model, as the effective local block-

age of each individual streamtube is unknown. However, it is possible to combine

equations (7.15)-(7.21) as before to yield the following two device relationships for

each streamtube:

CT i = (β2 − γ2
i ) (7.22)
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αi =
γi(β + γi)

β + 2γi − 1
(7.23)

7.2.1.1 Substitution of experimental values and iterative solution

To proceed further, additional information is required, since the distribution of CTi

across the array is unknown. Data from the experimental campaign is used to allow

the model to be closed.

The variation in CT i across the discretised channels is found from the relation-

ship between thrust coefficient and the disc resistance coefficient in each channel, κi,

defined as:

κi =
∆p

1
2
ρU2

2Di

(7.24)

which, since CT i is defined as:

CT i =
Ti

1
2
ρU2

AA2Di

(7.25)

results in:

CT i = κiα
2
i (7.26)

and thus a prescribed distribution of κi will translate into a distribution of CT i once

αi is known.

Since TS =
∑n

i=1 Ti, CTS = 1/n
∑n

i=1CT i. Therefore, an iterative solution method

can be adopted, wherein the problem is first solved in the single streamtube formu-

lation for an initialising value of β. From this, a value of αS is generated which can

be used as an initial value for all αi. Using a prescribed distribution of κi, an initial

distribution of CT i is calculated. From this, the initial CTS is found and β is recalcu-

lated from equation (7.14). An iterative loop then commences wherein the following

steps are performed:
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1. γi is calculated from equation (7.22).

2. αi is calculated from (7.23).

3. CT i is calculated from equation (7.26).

4. β is recalculated from equation (7.14).

5. γi is recalculated as per step 1.

A low relaxation factor is applied to the recalculation of γi on each loop to aid

solution convergence. Convergence is sufficiently quick that this makes no noticeably

significant difference to calculation time.

This produces a fully closed solution for the inner model of the device streamtubes,

so long as a distribution of κi is provided. This is, once again, analogous to a BEM

rotor model where lift and drag coefficients of each blade section must be provided.

7.2.2 Channel Envelope for Partial Array Formulation

The model as previously described can only predict the behaviour of an array of

devices homogeneously spaced across a channel, sharing the same local blockage. In

order to preserve the partial array behaviour observed when grouping devices more

closely together within a wide channel, an outer LMADT model at array-scale is

required, as shown in Figure 7.4. This follows the method of Nishino & Willden [87]

as previously described in Section 3.2.2. Conservation of mass between the outer and

inner scales is ensured by continuity of UA between the channel scale and the multiple

streamtube scale, and the total thrust is matched between the two scales. Given that

a total value of thrust coefficient for the array is produced by the inner model, this

fixes the thrust in the array-scale model and allows solution of the outer scale. This

is done in exactly the same way as carried out in Chapter 3, calculating the array
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Figure 7.4: Illustration of the discretised array model within a channel envelope to
form a partial array model. Area shown within the dashed rectangle is the discretised
model previously described in Section 7.2.1.

wake induction factor, γA, as:

γA = 1−
(α2

ABLCTS)(1− αA

γA
BA)2

(1 + γA − 2BAαA)
(7.27)

which can be solved iteratively if an initial guess for αA is made. Once γA is found,

αA can be calculated from:

αA =
1 + γA

(1 +BA) +
√

(1−BA)2 +BA(1− 1/γA)2
(7.28)

and all other unknowns can then be found. This provides a closed model with a

‘partial array’ scale separation and a discretised array model allowing variation in

local streamtube behaviour for each device, where all device resistance coefficients

are specified.
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7.3 Results of Revised Model

Since the motivation behind the development of this model was the observed variation

in κ, CTG and CPG in the experimental work, it is of interest to compare the results

of the model to experimental data, where possible. The values of κ and α could not

be measured directly during experiments, due to the difficulties of bringing the ADV

probe close to the disc plane. However, it is possible to substitute the experimentally

measured κ0.3d values into the revised model as κ values and compare the output to

experimental measurements (particularly since Udisc,0.3d and CPG are also affected by

this restriction, and will be accordingly lower than their true values).

In order to do this, it makes sense to first remove some variability and asymmetry

in κ variation across the array by creating a symmetric κ0.3d profile as input to the

model. This can be done by averaging κ0.3d by disc position relative to the centre of

the array (i.e. averaging Disc 1 and Disc 8 to obtain an average ‘outermost disc’ value,

etc). The result of this process applied to the data previously given in Figure 7.1a is

shown in Figure 7.5, with the corresponding values of κ0.3d detailed in Table 7.1.
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Figure 7.5: Symmetric distribution of
κ0.3d for two Θ = 0.4 arrays

κ0.3d

s/d
Discs

1,8

Discs

2,7

Discs

3,6

Discs

4,5

0.05 3.9573 3.5403 3.4816 3.3317

0.4 4.3413 4.1283 3.9790 3.7557

Table 7.1: Averaged values of κ0.3d

Using these values of κ within the discretised array model, and adjusting the value

of local blockage according to both arrays’ s/d values, distributions of Udisc, CTGdisc

and CPGdisc are obtained. These results are shown in Figures 7.6 and 7.7.
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Figure 7.6: Distributions of flow speed, thrust and power coefficients across all discs
in a revised array model simulation of a Θ = 0.4,s/d = 0.05 array, with κ distri-
bution input taken from experimental measurements. The experimental record of
each measurement for this array, averaged to remove asymmetry, is also shown for
comparison.

Comparing these results with those measured in experiments allows some conclu-

sions to be made about the new model. Comparing the Udisc values generated by the

model to the measured values of U0.3d as shown in Figure 7.1b, it is clear that the

overall shape of the Udisc distribution is being reproduced correctly: discs with higher

κ values are experiencing lower flow speed, as would be expected. The predicted

velocities are also of the correct order, however the magnitude of Udisc is seen to be

higher in the model’s predictions than the measured values. It should be noted that

Udisc from the model and U0.3d from experiments are not directly comparable, since

one is a value in the disc plane (albeit calculated using κ0.3d) and one is a down-

stream measurement. It is therefore not helpful to compare them directly in terms

of magnitude. However, an additional difference can also be seen in the experimental

measurements for the higher thrust, closer spacing array (s/d = 0.05): there is a

larger drop-off in flowspeed at the edges of the array than is predicted by the model.

The probable over-prediction of flowspeed leads to an over-prediction of power

coefficient. CPG per disc again exceeds the measured values of inferred power coef-

ficient, this time by a greater margin. However, an ‘end effect’ causing reduction of

the power coefficient towards the edges of the array is clearly visible, as was desired,
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Figure 7.7: Distributions of flow speed, thrust and power coefficients across all discs
in a revised array model simulation of a Θ = 0.4, s/d = 0.4 array, with κ distri-
bution input taken from experimental measurements. The experimental record of
each measurement for this array, averaged to remove asymmetry, is also shown for
comparison.

although less pronounced than in the experimental data. It can be seen that if this

edge drop-off was not occurring, and every disc behaved the same as those in the

centre of the array (i.e. the assumption made in Nishino & Willden’s partial fence

model), the total power coefficient of the array would be higher. For the s/d = 0.05

array, this would correspond to an array CPG of 1.05 instead of the average of 1.04:

a 1% increase. Although this is significantly less variance than the 15% variation in

CPG seen in experimental testing, the distribution of CPG is still seen to follow the

same form as the variation of inferred CPG measured during experiments: that is, the

highest power is extracted in the centre of the array, with drop-off towards the edges.

The variation of thrust coefficient, CTG, however, is not seen to vary in the same

way as in experiments. Although less pronounced than the CPG distribution, the

experimental thrust coefficient was also seen to peak at the centre of the array, with

this effect becoming clearer for more closely spaced, higher thrust arrays such as the

s/d = 0.05 spacing shown in Figure 7.6b. (See Figure 6.5a for additional thrust

curves showing similar behaviour.) The new analytical model, however, predicts a

reduction in global thrust coefficient per disc towards the centre of the array, as shown

in Figures 7.6b and 7.7b.
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It is not entirely clear what is causing this change in the thrust distribution.

However, it is likely due to additional effects occurring towards the ends of the array

which are not reflected in the change of κ across the array. Given that a distribution

of κ is the only input to this model which causes variation in other variables, these

effects are therefore not included in the analytical model. Since the variation of κ

across the array is likely to be caused by changes in wake mixing behind the discs,

this does not capture any other ‘end effects’ due to e.g. flow diversion around the

ends of the array, and cross-stream variation in approach velocity. An effect such as

this could be modelled by a distribution of UA across the array. More pronounced

decrease in UA and hence Udisc towards the ends of the array would lead to thrust

falling off at the array ends and a more pronounced drop-off in power at the ends of

the array, as was witnessed experimentally.

7.4 Further Work

As discussed, the model produces a variation in flowspeed through the array as might

be expected. This flowspeed is, however, higher than that seen in experiments, albeit

calculated further upstream, and does not drop off as significantly at the edges of the

array as seen in experiments. This leads to an incorrect prediction of higher thrust at

the edges of the array, and a prediction of power coefficient which, while dropping off

at the edges of the array, shows far less of an end effect than that seen in experiments.

It is considered that an additional revision of the model to allow variation in

approach flow speed across the array could improve its ability to replicate results

from real arrays, as this would allow additional drop-off at the edges of the array to

be included, which would provide some correction to these errors. The physical basis

of this additional drop-off would come from the flow diverting around the ends of

the array rather than passing through it, caused by the pressure difference across the
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array. This is a physically separate effect from the alteration in κ across the array

due to variation in mixing processes downstream.

7.4.1 End Effect Models for Rotor Blades

A similar end effect phenomenon exists for rotor blades, aeroplane wings and other

such three-dimensional aerofoils. At the tip of a blade, the pressure difference between

the loaded and unloaded sides causes flow on the loaded side to divert around the

end of the blade, preventing it from contributing to lift forces (which create rotor

power). The physical geometry of a row array of tidal turbines also leads to upstream

high-pressure areas (as have been seen by others in computational modelling [55]

[104]), so similar flow leakage around the ends of the array may contribute to lower

performance by end devices.

The original tip-loss model for rotor blades was developed by Prandtl, in an ap-

pendix to the work of Betz in 1919 [96]. This was subsequently amended within a

Blade Element Momentum model by Glauert in 1935 [47], allowing tip losses to be

accounted for by embedding their effects within the inflow velocities applied. Further

development and correction of tip loss models based on the Prandtl/Glauert model

have been undertaken since, as discussed in Shen et al. 2005 [109]. These models

result in decay of both torque and thrust towards the edges of the rotor blade. Theo-

retically, a similar model to account for a change in inflow velocities could be applied

to the case of varying Udisc towards the edge of an array of turbines, if it could be

equivalently developed. It could be expected to contribute to reduced thrust at the

ends of the array as desired.

The basis of the blade tip loss models is the physical derivation by Prandtl [96] of

a model accounting for the form of flow around the ends of a rotor blade. Although

considering propellor blades at the time, instead of turbine blades, the derivation

holds. It is based on the observation that flow behind a rotor can be divided into
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(a) Helicoids in rotor
wake

(b) Equidistant
planes

Figure 7.8: Physical basis of Prandtl’s tip loss model, showing a) helicoidal separation
in the rotor wake and b) an equivalent system of equidistant planes with flow stream-
lines. (Figures are as shown in Prandtl 1919 [96], as republished by Universitätsverlag
Göttingen in 2010 [97]. Reproduction is licensed under a Creative Commons 3.0 BY-
ND licence: https://creativecommons.org/licenses/by-nd/3.0/)

multiple helicoids traced out by the blades as the flow passes through them, as shown

in Figure 7.8a. Prandtl observed that, when the helicoids were sufficiently closely

packed, radial velocities at the edges of the blades were sufficiently low to be disre-

garded, i.e. there was minimal tip loss of flow around the blade ends. He therefore

investigated the separation of these helicoids and its effect on circulation and bypass

flow entrainment. Using the simple case of a series of equidistant planes to represent

the helicoids, as shown in Figure 7.8b, Prandtl was able to derive a new expression for

the circulation around a blade along its radial span. The expression has a dependence

on the total number of blades in the rotor, and its rotational speed, as these both

affect the helicoidal separation in the wake.

After a review of this physical derivation of Prandtl’s tip loss model, it can be

seen that any attempt to modify it or develop a similar model for the case of array

end effects would not be straightforward. There is no physical equivalent in an array

wake to the helicoids entrained in a rotor wake by the rotation of the blades, and
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thus no downstream separation of planes to induce bypass flow entrainment. Whilst

it might be considered an extreme case with infinite plane separation, this would not

be solvable with the governing equations derived, and would also ignore Prandtl’s

observation that his correction would be less accurate for cases of fewer rotor blades.

It is considered possible that an equivalent correction factor could still be found

for a row array, if greater understanding of the flow mechanics behind the edges of the

array were gained: however, the wake measurements taken within the experiments

are not detailed enough to formulate such an understanding. As such, the possibility

of applying a ‘tip-loss’ style correction was not investigated further.

7.5 Conclusions

A new analytical model has been proposed which allows the inclusion of variable

resistance across a row of devices arranged in a partial array form. This variable

resistance was observed during the experimental work described in Chapter 6 and is

thought likely to be due to variation in wake mixing downstream of the array. The

new analytical model consists of a discretised array model embedded within an outer

array streamtube model as previously developed in partial array theory.

The results obtained from this model when using an experimentally measured

distribution of disc pressure coefficient across an 8-disc array only provide a partial

match to the observed distributions of flowspeed, thrust and power. Flowspeed and

power coefficient are seen to vary in the correct manner across the array, with higher

values towards the centre of the array. However, they are significantly over-predicted.

Thrust coefficient is seen to vary incorrectly, with higher values towards the edges of

the array.

The possibility of including additional end effects which might be expected, such as

flow diversion around the ends of the array analogous to tip loss effects on rotor blades,
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was considered. However, it was found that there were insufficient data from the

experiments carried out to develop a tip-loss style model, even though it is expected

that similar effects are occurring due to pressure difference across the array.

The model presented is therefore only partially successful at including all end ef-

fects present in a short row array of tidal turbines spanning part of a tidal channel.

However, it is a significant initial step which allows a measured variation of device

resistance to create a variation in flow speed and extractable power across the array,

and could easily form the basis of a more extensive model in future if further exper-

imental investigation were undertaken to properly parametrise the other end effects

present and implement cross-stream variation in approach flow.
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Chapter 8

Conclusions

This thesis has presented several areas of work, focusing on the behaviour of tidal

turbines in row arrays within channels. A new analytical model has been developed

for the case of a long row array split into multiple smaller arrays. Experimental work

has been carried out to interrogate assumptions and explore predictions from previous

analytical modelling for the behaviour of a single row array partially spanning the

width of a channel. The experimental findings were used to inform the development

of a new analytical model for a single row array which can account for some of the

end effects seen in short row arrays.

This chapter summarises the findings of each area of work, and makes recommen-

dations for future work in each area. Section 8.3 summarises the original contributions

made by this thesis.

8.1 Findings

8.1.1 Analytical Sub-Array Model

A new analytical model was developed for the case of a single long row array of

turbines split into multiple smaller, co-linear row arrays. The model uses scale sepa-
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ration between device, array and ‘tidal farm’ to evaluate performance at each scale.

A key assumption is that wake mixing at each sub-scale completes prior to the com-

mencement of mixing at the next scale. In addition, the sub-arrays are assumed to

be quasi-infinite in length (i.e. long but still finite in relation to the width of the

channel) so that end effects can be ignored.

The extractable power was found to increase by optimisation of the blockage ratios

at each scale. It was found that, for any global blockage ratio considered, maximum

power coefficient was always achieved when local blockage was higher than array

blockage, which in turn was higher than farm blockage.

A number of blockage scenarios were considered, leading to the result that the

power coefficient could be increased above the maximum achievable from a single row

array. Splitting the row array into multiple smaller arrays, with higher local blockage,

increased the power coefficient to a peak. However, further increases in local blockage

caused over-blocked flow and the extractable power dropped away.

In the case of zero global blockage (i.e. an infinitely wide channel) a new maximum

power coefficient of 0.865 is achieved at a local blockage ratio of 58%. This maximum

power coefficient is 8% higher than the maximum predicted for a single row array and

46% higher than the completely unconstrained case of the Lanchester-Betz limit.

8.1.2 Experimental Investigation of Partial Array Model

A series of experiments were performed to explore the performance of porous discs

in a recirculating flume, to provide data for comparison with the theoretical models.

Initially a scoping exercise was completed, using five discs, to identify the likely

parameter space for investigation. Based on these initial experiments new equipment

was designed and built, specifically to allow multiple disc porosities and inter-disc

spacings to be robustly tested. The main scope focused on providing experimental

data for comparison with the analytical partial array theory developed by Nishino &
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Willden [87]. The concept of ‘inferred power’ was introduced to allow comparison of

power coefficient as well as thrust coefficient.

Variations in thrust and power coefficients on the eight-disc array showed similar

trends to that predicted by the theory. Increasing thrust was recorded with both de-

creasing disc porosity and decreasing inter-disc spacing. A peak power coefficient was

identified within the parameter space, identifying an optimal choice of disc porosity

and inter-disc spacing. The thrust and power coefficients, however, were observed to

be of significantly lower magnitude than those predicted by the theory.

Additionally, ‘end effects’ were observed on this short row array, with end discs

experiencing lower thrust and power coefficients compared to those in the centre of

the array. A variation in measured disc resistance was seen across the arrays, even

though all discs in each array had the same open area ratio and thus nominally

the same resistance. The Nishino & Willden model does not allow any variation of

resistance, thrust or power across the array, so does not predict this effect.

The fluid behaviour in the array near-wake was compared to the assumptions made

underpinning the theory for wake mixing and scale separation. The assumption of

complete scale separation between device-scale mixing and array-scale mixing was

only partially supported by the experimental measurements. Device-scale mixing

was seen to complete prior to the completion of array-scale mixing, showing operation

of these effects at different length scales. However, array-scale mixing was seen to

initiate immediately behind the array, concurrently with device-scale mixing. This

contradicts the theoretical assumption that array-scale mixing does not commence

until device-scale mixing is complete.
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8.1.3 Analytical Partial Array Model with Variable Device

Behaviour

Following the experimental work, a new analytical model was developed capable of

including a distribution of disc resistance across an array of discs. The model is based

on Linear Momentum Actuator Disc Theory, and makes an assumption regarding the

uniformity of bypass flow speed in all local disc channels.

Experimental measurements of the distributions of disc resistance were used as

an input to the model, and the results were compared to experimental results. The

flowspeed distribution across the array was found to vary similarly to that measured in

the experiments, although the predicted magnitude is higher. However, the flowspeed

and power coefficients predicted by the model cannot be directly compared to exper-

imental results, which rely on measurements taken slightly downstream of the array.

The power distribution was found to drop off at the ends of the array, as desired,

although experimental drop-off was seen to be significantly greater, by approximately

an order of magnitude. The overall magnitude of the power coefficient as predicted

was significantly higher than that recorded in the experiment. The modelled thrust

distribution, which is directly comparable to experimental measurements, also showed

an increase in magnitude. However, the modelled thrust was seen to behave differ-

ently across the array compared to the experimental measurements. In particular,

there was an increase in predicted thrust towards the ends of the array.

This work indicates that the variation in disc resistance across the array is not

the only factor contributing to end effects. There is also likely to be a variation of

inflow speed approaching the discs, caused by flow diverting around the ends of the

array due to the pressure difference across it. However, given a lack of upstream

flow measurements in the experimental work, coupled with insufficient downstream

measurements to propose a new correction, this effect could not be captured within

the new model.
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8.2 Future Work

8.2.1 Analytical Sub-Array Model

Full computational or experimental investigation of a ‘sub-array’ model should be

carried out to validate the model and its new assumption of scale separation between

array scale and farm scale. The experimental work carried out on two four-disc arrays

was inconclusive regarding the potential for increased power predicted by the theory.

8.2.2 Experimental Investigation of Partial Array Model

Carrying out a similar scope of work on a row array of rotors rather than porous

discs would be a valuable exercise. This would gain additional information on wake

interaction effects relevant to real tidal turbines in such an array. Varying rotor tip

speed ratios, instead of varying disc porosity, would likely cause changes in wake

mixing downstream of the array. The use of rotors would also allow another degree

of freedom to be investigated, that of controlled cross-stream thrust variation.

8.2.3 Analytical Partial Array Model with Variable Device

Behaviour

Additional experimental measurements upstream and downstream of a row array

could allow development of a ‘tip-loss’ style correction for array flow. This would

provide an additional source of end effects for the model and further reduce flowspeed,

thrust and power at the ends of the array. Further amendment of the analytical model

to include varying inflow velocities for each disc would allow this effect to be captured.
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8.3 Contributions

Analytical Sub-Array Model

The sub-array model is the first analytical model to consider a row array split into

multiple smaller, co-linear rows. This required a reformulation of the Linear Momen-

tum Actuator Disc Theory equations to allow device scale, array scale and farm scale

channel flow to be modelled. This utilises the property identified within partial array

theory, but not exploited there, for multiple scales of LMADT channels to be nested

within each other.

Experimental Investigation of Partial Array Model

Experimental work carried out on an eight-disc array of porous discs in a recirculating

flume is presented. The thrust and flow data collected represent the first full experi-

mental dataset that explores a partial row array with multiple spacings and multiple

resistances. These data are compared to the predictions from partial array theory, al-

lowing valuable insight into the validity of the underpinning theoretical assumptions.

The data represent a significant new source of information regarding wake behaviour

downstream of a row array of this form.

Analytical Partial Array Model with Variable Device Behaviour

The amended analytical partial fence model is the first to allow variation of device

resistance across an array. This allows the model to predict variation in downstream

flowspeed, thrust or power across an array, and is therefore the first such model to

introduce end effects. The model compared favourably to trends observed in the

experimental work, and also identified areas which will require further development

of the model.
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