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The Transverse Horizontal Axis Water Turbine (THAWiRs been proposed as a tidal device
which can be easily scaled and requires fewer fatimals, bearings seals and generators than
a more conventional axial-flow device. The THAW#®vite is a horizontally deployed
variant of the Darrieus cross-flow turbine, in whithe blades can be oriented into a truss
configuration to produce long, stiff multi-bay rogo

This thesis establishes and combines a set of ncahemodels, which predict the
hydrodynamic and structural performance of the THRAWévice, with sufficient confidence
to assess the feasibility of such a device at b dcdile installation and to optimise its
performance.

Tests of 1/20 scale experimental models of the THAWT device haemonstrated that the

truss configured device is capable of producing growith an efficiency close to that of the
parallel configured turbine. In addition, variat®in the configuration of the scale models
have indicated how several design parameters afiechydrodynamic performance of the
device.

A two-dimensional Navier-Stokes blade element mdued been developed, in which the
THAWT device is represented using an actuator dglin The addition of a hydrostatic free
surface deformation correction has resulted in aehavhich is capable of matching
experimental results with sufficient fidelity andcaracy.

Blade loads from the numerical hydrodynamic mod®lehbeen applied to a beam finite
element analysis, to predict the stresses inducéuki hydrofoils of the THAWT device.

The numerical and hydrodynamic models are combimigdal a Linear Channel Momentum
model to predict the performance of the THAWT devat a full scale tidal location. The
effect that the device has on the channel flowaatdis how much energy is available for
extraction and how this energy might be most effily obtained. When considering
material fatigue the analysis suggests that thetstral design considerations dominate over
the hydrodynamic considerations.
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Nomenclature

a acceleration due to driving head across tidal cebm/'$
Ac cross-sectional channel areg, m
Ac enclosed area of blade cross sectioh, m
An area of material in blade cross sectioh, m
A projected frontal area of turbine?m
A area for beam shear calculatiorf, m
B blockage ratio
c chord length, m
Cy void fraction
Crad = 1 /zpzoz ” radial blade force coefficient
Cro= 1 A pf:oz » tangential blade force coefficient
Co coefficient of drag
C coefficient of lift
Cr coefficient of power
Cr coefficient of thrust
d turbine diameter, m
D drag force, N
E Young’'s modulus, Pa
E extracted energy, J
F force, N
Fr= Z:oo Froude number
F. centripetal force, N
Fe critical Euler buckling load, N
F radial blade force per unit length, N/m
Fraa radial blade force, N
Fy tangential blade force, N
g gravitational constant, nf/s
G shear modulus, Pa
h flow depth, m
he critical depth, m
H total head, m
I second moment of area; m
et effective torsion constant,’m
= % reduced frequency
k beam natural frequency constant

[ blade length, m



L lift force, N

Lbay turbine bay length, m

L tidal channel length, m

M blade moment, Nm

m mass per unit length, kg/m

m mass flowrate, kg/s

n number of blades

N number of rotor bays

N number of fatigue cycles

Nt number of cycles to failure

p pressure, N/fm

P power, W

q shear flow, N/rf}

Q tidal channel volume flow rate,s

r blade radius, m

Mo perpendicular radius to shear vector, m

R= % stress ratio

Re Reynolds number

s= % turbine solidity

S distance around hydrofoil profile, m

S backward facing step height, m

S shear force, N

t hydrofoil thickness, m

te actuator cylinder thickness, m

tw hydrofoil section wall thickness, m

T thrust, Nm

u stream-wise flow velocity, m/s

\% transverse flow velocity, m/s

Vip neap tide velocity 5 m below the surface, m/s
Vsp spring tide velocity 5 m below the surface, m/s
Vg resultant blade velocity, m/s

w loading force per unit length, N/m

X hydrofoil profile coordinate/flow domain stream-wiposition, m
y hydrofoil profile coordinate/flow domain cross-flgeosition, m
z flow domain base elevation, m

a geometric angle of attack, degrees

op = % flow induction factor

L= Lbay bay length to diameter ratio

X



angle subtended by lift to drag triangle, degrees
deflection, m

deflection due to bending, m

deflection due to shearing, m

deflection at centre of beam, m

angle subtended by twisted blade, degrees
kinematic viscosity, its

bypass mixing efficiency of energy extraction
rotation angle, degrees

tip speed ratio

tip speed ratio at peak power

dynamic viscosity, Pa s

fatigue degradation parameter

average tangential blade sweep angle, degrees

phase of water level difference between channed end

flow density, kg/ m

stress, N/rh

stress amplitude, N/m

mean stress, Nfm

residual strength, N/m

initial strength, either compressive or tensilenN/

turbine angular velocity/M2 tidal frequency, rad/s

coordinate for backward facing step problem

OR

0o

T shear stress, Nfm
w

o natural frequency, rad/s
Subscripts

c shear centre coordinate
H a total head basis

k a kinetic flux basis

s

X in the x-direction

y in the y-direction

z in the z-direction

XX about the x-axis

yy about the y-axis

Xy product moment of area

*

coordinate system normal to the swept blade axis



CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

This thesis describes a series of scale experinwgnitd confirm that a truss configuration
of the Transverse Horizontal Axis Water Turbine @WT) is capable of producing
significant amounts of power that will exceed thanthester-Betz limit, as well as the
development of a series of numerical models of TRAWT device, which enable the
assessment of the technical feasibility and opatros of a full scale device for a given tidal
location.

Awareness of global warming is becoming increasingidespread, as climate change is
beginning to significantly affect the quality ofdiof many people around the world. There is
increasing scientific evidence that one of the nw@ontributing factors to this effect is the
release of greenhouse gases via the productiomesfye from fossil fuels (Solomoet al,
2007). In an effort to tackle this issue, the Usvgrnment has targeted cut-backs in carbon
dioxide emissions of 60% by the year 2050 (DTI, 200n 2005 the supply from electricity,
gas and water utilities contributed an estimate 26 the total UK emissions in carbon
dioxide equivalent, making it the largest contribgtsector of greenhouse gases (National
Statistics, 2005). The government also predicts tbaghly 25 GW of new electricity
generation capacity will be required by 2025 tolaeg closing coal, oil and nuclear power
stations (DTI, 2006). Many technologies in theemgable sector, such as wind farms,
hydroelectric and solar photovoltaics, have beareld@ed to meet some of this demand, and
are now relatively well established. Despite tistaklishment of these technologies, the
intermittency and de-centralisation of renewablsotgces necessitates a greater range of
devices for renewable energy supply to becomebiEagirosset al, 2006).

Tidal power is one such developing technology, Whitcarnesses the kinetic and
gravitational potential energy in tidal streams. alfcompared to other renewable sources,
tidal streams are a relatively reliable sourceradrgy, as tidal movements can be accurately
predicted in terms of direction, timing and magdéu The rapid development of devices for

tidal energy exploitation is being encouraged byegpoment initiatives and by private
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investment (DTI, 2006). The horizontal axis, aflalv turbine is the most common design
of a tidal stream turbine. A number of variantstlws type of device, which incorporate
features such as flow-guiding shrouds or specifounting techniques, have been proposed
by different developers (O'Rourket al, 2009), but the underlying hydrodynamics remain
similar for these devices. However, a drawback wiich designs is that their size cannot be
increased significantly, because the limited depthow at most sites restricts their diameter.
Tidal stream energy is likely to be more expenshan either other renewable resources or
combined cycle gas turbines, until at least hurglrefl megawatts capacity is installed
(Callaghan, 2006). To achieve this scale of poyesreration using axial-flow devices, many
relatively small units (< 5 MW) would have to beptteyed. This thesis proposes that it
would be more economic to use a device which chadstretched laterally across a tidal
flow, and presents the Transverse Horizontal Axeté¥ Turbine (THAWT) as an alternative
design that can be scaled in this way. This dewca variant of the Darrieus concept
(Darrieus, 1931), and incorporates a patent pengtugllsby et al, 2008b) truss design to
increase the stiffness and strength of the stractsee Figure 1.1). This increased stiffness
and strength allows longer units to be constructaad reduces the overall costs of
foundations, bearings, seals and generators. Afalle device might have a diameter of 10 —
20 m and would operate in a flow depth of 20 — 50Bach rotor might be in the range 40 —

80 m long, and would consist of perhaps 3 to 6sbaf blades.

Figure 1.1 — Rendered CAD image of the THAWT dewittethe sea cut away
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1.1. Thesisscope

The aim of this thesis is to investigate the tecahieasibility of the truss THAWT concept
by understanding how variations in the design eftilrbine affect the relationship between
the hydrodynamic and structural performance of dbeice, and their implications for the
economic viability of a full scale installation.

To meet this aim the following objectives have bekosen:

. Demonstrate that a truss THAWT device is capablaabfieving an efficiency and
power output similar to that of the parallel-blad#slice, which has been shown to exceed
the Lanchester-Betz limit in small scale tests.

. Develop a model of the device hydrodynamics whiglcapable of predicting the
power output and blade forces with a sufficientrédegf fidelity and accuracy.

. Develop a structural model of the THAWT rotor, whiis capable of predicting the
induced blade stresses, based on the blade loadisted by the hydrodynamic model.

. Combine the results from the hydrodynamic and strat models of the THAWT
device to predict how the power produced and exgelitetime of a device are affected by
various aspects of design configuration, in a gitvdal location.

A major factor that has been identified in the techl feasibility of the THAWT device is
the extent to which blade stresses vary with coméijon and scale. A review of the
literature published on cross-flow turbines, seeafiér 2, indicates that the effect that
variations of design configuration and flow conalitihave on the blade forces and stresses is
not explicitly understood. Chapter 3 outlines pnatary analyses, including a dimensional
analysis, which predicts how the blade forces atrdsses scale with various turbine
parameters. As a precursor to more comprehensineencal analyses, this preliminary
analysis informs of which parameters are the migstifcant in the design of a device and
offers a first order validation of numerical simiidas, when varying parameters which have
not been explored experimentally.

Previous tests of the THAWT device demonstratedstprificant potential of the parallel-
bladed configuration (McAdam, 2007), but with pdwydrofoil performance due to problems
of small scale modelling, the results from the grasnfiguration were not comparable. To
assess whether the structural novelty of the tam¥iguration has potential for further
development, it is necessary to show that the deidccapable of producing a significant

amount of power, similar to that produced by theappal-bladed configuration. Whilst the

3
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hydrodynamic performance of the truss THAWT devamrild be explored by numerical
modelling alone, this approach is likely to requaensiderable development of numerical
techniques to achieve a sufficient accuracy. Iditaxh, the confidence in such a method
would always be lacking in the absence of validagrperimental results. It was decided that
the most economical method of demonstrating thattthss THAWT device is capable of
producing power, with an efficiency approachingttbé the parallel-bladed configuration
would be to test a scale model of the device erpartally. A series of 1/20th scale
experiments are described in Chapter 4, and thsasaf the results from these tests is
conducted in Chapter 5, with both configurationsdefiice exceeding the Lanchester-Betz
limit for realistic Froude number flows.

Whilst all numerical models of physical phenomermalaased on assumptions, the fidelity
and accuracy of these models are likely to dependiteether the most significant physical
features are modelled accurately. It is uncleav Bophisticated a model of a high solidity
cross-flow device in an open channel flow, suclhas proposed in this thesis, must be in
order to achieve a sufficient level of fidelity aadcuracy. However, the simple numerical
models of the THAWT device that have previously rbeeveloped (McAdam, 2007) are
incapable of achieving a satisfactory level of $amiy with corresponding experimental
results. Simulation of the performance of the dewvill be improved by identifying the
assumptions that are inaccurate and replacing tpade of the simulation with improved
models. A first attempt at this process is conediéh Chapter 6, by combining the Linear
Momentum Actuator Disc Theory for Open Channel FlafnHoulsby et al. (2008a) with a
blade element representation of the turbine memberproduce the Momentum Blade-
Element model (M-BE). In comparison with the expemtal results of Chapter 5, the
accuracy of the underlying assumptions are funtefned, leading to the development of the
Navier-Stokes approach described in Chapter 7, lwhiisplays significantly improved
fidelity and accuracy when compared to the M-BE etod

By applying the blade forces, predicted using tlyelrddynamic numerical model of
Chapter 7, to a structural model of the THAWT rottowill be possible to perform a more
guantitative analysis of the relationship betwed®n tydrodynamic and structural trade-off in
the design of a device. This is achieved in Chatasing a beam element finite element

model of the THAWT device.
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Designing a single generic THAWT device for alldicites is unrealistic, and a device
should be tailored for each location. When a pidétidal location has been identified, the
effect that a device has on the flow regime in ttlaannel must be assessed in order to
understand what configuration of turbine will alldhe maximum amount of energy to be
extracted. However, the technical viability ofstloievice will depend on its ability to produce
a useful amount of power for a realistic amounttiafe. The large oscillatory loads
experienced by the blade of a cross-flow devicemtbat fatigue damage accumulation is
likely to dictate the operational lifetime of a de. A synoptic approach to this problem is
conducted in Chapter 9, where flow conditions predi by a simple channel model are
applied to the numerical hydrodynamic and stru¢tomadels of Chapter 7 and Chapter 8, to
provide estimates of the power and stress thatbeilproduced. Damage is accumulated in a
fatigue analysis, which allows the optimisation afdevice based on relevant metrics of

performance.



CHAPTER 2. LITERATURE REVIEW

Chapter 2

Literature review

In an effort to minimise the warming effect thantans have on the global environment the
rapid development of devices for renewable energgetation is being encouraged by
government initiatives and by private investment ([2007).

Of the various forms of renewable energy whichtargeted for exploitation, tidal power
has an advantage due to an accurate forecast awgrtérm horizons (Denny, 2009). It is
anticipated that tidal power will therefore be lebsillenging and possibly more economic to
integrate into an electrical system than other foohrenewable energy, which are relatively
unpredictable.

Further economic incentives for the developmereakwable devices are predicted within
Europe, with plans to build a renewable power sgydrwhich will act as a buffer for excess
renewable energy, and offer a market through wthiehcountries surrounding the North Sea
may trade clean energy (Jha, 2010). Similar inves are likely to reduce the problem of
renewable device intermittency, as well as imprgvithe renewable energy market

competitiveness.

2.1. Modern tidal technology

The tidal market is adolescent when compared tal\amd solar, with no distinct optimum
design or location (Khaat al, 2009).

The methods of energy extraction from the tides loarbroadly separated into the two
categories of tidal range extraction, typically iagled through barrages, and tidal stream
extraction. Whilst the energy potential from tidi@rrage technology is large, the significant
resources required for a single installation and timclear environmental impacts have
prevented its wide scale adoption (DECC, 2010).

The majority of tidal stream devices currently evdlopment can be further split into three
categories of design;

. Axial-flow turbines

. Cross-flow turbines
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. Oscillating and other devic

211 Axial-flow turbines

The most common design of tidal device is the cativaal axia-flow turbine(Khanet al,
2009) which superficially resembles a wind turbine thHes been converted for L
underwater. A number of variants of this type of devi which incorporae features such as
flow-guiding shrouds or specific mountinechniques, have been proposed by diffe

developersas shown by examplesFigure 2.1.

Removable
Section

(a) Triton Tidal stream devic (b) Rotech Lunar Energy dev
(en.wikipedia.org) permission to reproduce (O'Rourke et al., 20(), permission to
this figure grantd by Wikipedia reproduce this figure grated by Elsevier Ltd.

Figure 2.1 - Example concet images of axial-flowidal turbine desigr

Investment in axiaflow devices has been driven by a high degree ofidence in the
technology, due to a substantial amount of previesearch conducted by the wind indu:
into the fluid dynamic and :wuctural aspects of device design. Predictionsi@ferformanc
of axialflow turbines are relatively accurate and simpl@éoform, using techniques as be
as numerical momentum mod(Battenet al, 2006) Control methods ch as variable pitch
regulation are commonly used to protect devicesiflagh speed flows, and to optimise
efficiency of operationKhar et al, 2009) The current perceived market leaders in thd
stream energy sector are Marine Current Turbinés, wstalled a commercial scale 1.2 v
device, Seagen shown kigure 2.2 in Strangford Narrows in April 2008. The devicas
been supplying power to the Irish electricity gsidce January 201(Fraenkel, 201).
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Figure 2.2 -CAD rendered image of the MCT Seagen de(Fraenké, 2011) permission to
reproduce figure online not granted

A drawback with axiaflow turbinesis that their size cannot be increasignificantly,
because the limited depth of flow at most sitesricts their diamete(Brydenet al, 1998).
To achievea significant scale (power generation using axitw devices, many relativel
small units must beleployet in an array, each requiring expensive marine fotiods.
Further costs are likely to be incurred with theintenance of the many bearings, seals
actuators, especially with the use of variable hpitwontrol, in an environment whe

maintenance will be inherently difficult and expmes

2.1.2. Cross-flow marineturbines

The vast majority of cro-flow turbine designs are based on the Darrieus eq shown
in Figure 2.3 originally conceived as a verticexis wind turbine and patented the French

aeronautical engineer Georges Jean Marie Da (Darrieus, 1931).

Figure 2.3 -Image from the 1931 patent by Georges Darri(Darrieus, 193) permission to
reproduce figure online not granted

Whilst the development of the Darrieus turbine deckin the wind industry, due to t
wider adoption of the axi-flow wind turbine, the concept has now emerged enesal

designs of modern tidal devic(Antheaumeet al, 2008, O'Rourket al, 2009). The main
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advantage of the cross-flow Darrieus design isctmesistency of performance with flow from
any direction normal to the axis of the rotor, whreduces the necessity of complex control
and yawing mechanisms when compared to the comveitaxial-flow device (Fujisawa and
Shibuya, 2001).

However, when compared to a conventional axial-fibevice the difficulty in predicting
the behaviour of a cross-flow device is signifitgnhcreased (Ponta and Jacovkis, 2001,
Paraschivoiu and Allet, 1988) and suffers from gigant inaccuracy for devices in confined
flows or with a high blockage (Paraschivoiu, 2002).

A further significant disadvantage of the Darriengss-flow device is the large oscillatory
loading regime to which the blades are exposedchwleaves them susceptible to fatigue
failure (Ashwill and Leonard, 1986, Peace, 2003).

Darrieus cross-flow devices experience acceleratire to variations in torque, as a result
of the varied lift and drag produced by the bladeirdy a rotation. The magnitude of the
torque ripples is dependent on the number andtatien of blades (Shionet al, 2000), with
an increasing number of blades acting to smoothdiwie profile, as well as improving the
self-starting ability. The Gorlov turbine (Gorloi997) was designed to address this problem

by using a helical system of blades, shown in Fdgu4.

Figure 2.4 - Image of a Gorlov helical turbine ro{@'Rourke et al., 2009) permission to
reproduce this figure granted by Elsevier Ltd.

The amount of energy that a single turbine mayaektirom a tidal stream is dependent on
the ratio of device swept area to the cross-seatiarea of the flow, defined as the blockage
ratio B, as described in section 2.7.2. Cross-flow devexes capable of achieving greater
blockage ratios than conventional axial-flow desiesd are therefore capable of extracting a
greater amount of energy from the flow with a senghit. Several suggested Darrieus cross-

flow devices have been designed to benefit fronh Hitpckage effects, including the Blue
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Energy Tidal Fence (O'Rourlat al, 2009) and the close-packed vertical axis fencBatter
(Salter, 2009), as shown in Figure 2.5.

(@) Blue Energy Tidal Bridge System  (b) Single vertical axis rotor of the Salter tidahce
(O'Rourke et al., 2009) permission to (Salter and Taylor, 2007) permission to reproduce
reproduce this figure granted by Elsevier Ltd. this figure granted by SAGE Publications Ltd.

Figure 2.5 - Concept images of proposed cross-fidal turbines

It is well accepted that variable pitching of thades of a Darrieus cross-flow device is
likely to increase the efficiency of energy extract(Camporeale and Magi, 2000, Gretton
and Bruce, 2005). However, implementation of \@agpitch is substantially more complex
in cross-flow devices than axial-flow devices (Friead, 2002), due to the necessity to
cyclically pitch the blades, whereas axial-flow @& only require adjustments on a time
scale related to the variation in tidal flow. Tdignificant increase in mechanical complexity
and potential maintenance costs have preventedadbetion of variable pitching in any
commercial propositions of cross-flow devices.

A special mention should be made of the horizoptigned cross-flow device, TidGen of
Ocean Renewable Power, shown in Figure 2.6. Whdéstring the closest similarity to the
THAWT device studied in this thesis, the TidGenidewdoes not make use of the blades as

structural members or of the potential applicabba high blockage ratio (Fountain, 2010).

Figure 2.6 - Ocean Renewable TidGen device (wwarge@ewablepower.com) permission
to reproduce this figure granted by Ocean RenewRBblger Company

10
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Oscillating and other devices

% Dore

(a) Pulse Tidal Oscillating Win (b) Tidal sails (c) Minesto ‘Deep Greer
(www.pulsetidal.com) pergsion (www.tidalsails.com) permission tadal kite (vww.minesto.com)
to use this figure granted Wulse use this figure granted by Tidal pemmission to use this figure
Group Sails AS granted by Minesto AB

Figure 2.7 Rendered images Oscillating and other tidal stream devi
As shown in Figure 2,7esigns of devices with various mechanisms faraekng energ
from tidal streams have been posed. A comprehensive review of these devicesois
carried out in this thesis, due to the wide ranfed@vices which have been propost
However, it should be noted that while designsxadleor cros-flow devices are likely to b
applicable to genar tidal locations, various alternative designs milge more economical

or technically feasible in specific tidal flows locations

2.2. TransverseHorizontal AxisWater Turbine (THAWT)

Rather than using many relatively small units afiwantionalaxialflow turbines, t would
be more efficient taise a device which could Istretchedaterally across a tidal floo The
Transverse Horizontal Axis Water Turbine (THAWT)ashorizontal variant of the Darrie
concept and was conceived at Oxford Universityroleo to meet this requirement, as shc

in Figure 2.8.

Figure 2.8 -CAD rendered image of a truss THAWT device sparaisigetch of chann

11
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The THAWT device employs a truss design of blasésich is intended to increase the
rigidity of the structure, so that it can be sthetd across a channel without significant

increases in blade stresses.
2.2.1. Basic mechanics

A simplistic analysis of a Darrieus turbine assurieg the flow field is unaffected by the
turbine blades, so that the flow is steady andoummf The basic Darrieus turbine design is
made up of a number of hydrofoils, which rotatewkamn axis in an oncoming flow as shown

in Figure 2.9.

Figure 2.9 - Diagram of velocity components in @ibdarrieus turbine analysis

When the turbine is rotating in a uniform oncomiloyv the components of velocity add to

give a resultant velocity vectd of length:

Vg = \/(rw sinf)? + (rw cos 6 + Uy, )? 2.1
This resultant velocity acts at an angle of inchanto the hydrofoil section.

Uy Sin O )

a= tan‘l( 2.2

rw + Uy cos b
A lift force per unit length is generated perpenthc to the resultant velocity and a drag

force per unit length is generated parallel tordsailtant velocity.
L= 1/2 pVr2cC, 2.3
D= 1/2 pVr%cCp 2.4

These lift and drag forces have components in dngéntial direction which result in a

torque about the axis of the turbine.

Torque = r(L sina — D cos a) 2.5

12
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(a) Forces on the upstream half of the device F(ores on the downstream half of the device

Figure 2.10 - Diagrams of forces generated by r@sulvelocity components

Figure 2.10 shows that positive torque is produeea@ny angle of turbine rotation, as long
as the magnitude of the angle of attaak greater than the angle subtended by the lidirag
ratioy. This highlights the importance of the choicebt#de section and the corresponding
lift to drag characteristics on the magnitude of tienerated torque and power. Aerofoil
sections which appear symmetrical to the flow asenmonly used in order to produce
positive torque, despite the oscillation of the langf attack between positive and negative
values, during a full turbine rotation (Antheaumteal, 2008, Leclerc, 1997, Shioret al,
2000). If the profile of the flow incident to therbine is uniform and the flow is not slowed
through the rotor, the device theoretically produpewer with equal efficiency in flows from

either direction.

2.3. Steady flow techniquesfor analysis of tidal devices

One of the first techniques used for calculatinggdmount of energy that may be extracted
from a body of fluid by a single stage turbine hge tinear momentum actuator disc theory
shown in Figure 2.11 (LMADT) (Burtoet al, 2001). Momentum theory assumes inviscid,

steady, one dimensional flow.

- @
u;=u U=aosu| | U3 Uy
—) T
Pi P
______________ _ P2 || p;
U

Figure 2.11 - Linear momentum actuator disc theory
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In this analysis it is assumed that the overaluwgd surrounding the disc is unbounded, so
that it is only necessary to analyse the flow pagsshrough the turbine. It is also assumed
that in the process of extracting energy the twlmparts a thrust on the fluid, which results
in a reduction of linear momentum.

By applying Bernoulli’'s equation for the regionddre and after the turbine and setting up
a momentum equation for the entire domain, it issgde to calculate the thrust generated by
the turbine, and the power that it absorbs.

P Tu,
B 1/2 puA; B 1/2 puA;

Differentiation reveals that the maximum occurs whe= %5 u,, giving @ maximum power

Cor 2.6

coefficient ofCpy = *%,7. This has become widely known as the Lanchesétz-Bmit and is
widely accepted in the wind industry as the maximamount of energy that can be extracted

by a single unbounded axial-flow device.

2.3.1. Actuator disctheory in Darrieusturbineanalysis

LMADT was first used to model the performance oDarrieus cross-flow turbine by
Templin (1974). Templin’s method employed simplade element theory with lift and drag
characteristics taken from experiments at a siRglgnolds number and for a given aerofoll
section, corresponding to validating experimeri®r a given input velocity field the blade
element theory predicts the thrust produced bytdhgine in the stream-wise direction. This
thrust acts as a reduction in momentum acrossdtv@t@r disc and can be used in LMADT to
recalculate the velocity through the turbine. Thiscess is iterated until the co-efficient of
thrust generated by both LMADT and blade elemeabith converge to a single value. As
documented by Templin, this method is effectivepnedicting the amount of power that
would be produced by lightly loaded blades at Igwspeed ratios and low solidities, as the
velocity through the turbine is likely to be reletly uniform. However, the accuracy of the
technique is reduced for higher thrust, high sbédior high tip speed ratios.

A more complex multiple-streamtube method was dmed by Strickland (1975). In this
model the actuator disc is separated into a sefiadjacent streamtubes, all aerodynamically
independent. This is very similar to the processafeingle streamtube except a more accurate

flow-field may be calculated, giving more accuratedictions of the power produced. This

14
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improves on the basic streamtube theory, but stiffers from only being able to predict
induced velocities in lightly loaded turbines.

A fluid particle passing through a Darrieus crdssvf turbine encounters two sets of
blades. One on the front side of the turbine adlthd enters, and again on the rear side as it
leaves. To factor this issue into the momentuncutation, the linear momentum double
actuator disc theory (LMDADT) was developed (Newm&a®83). Due to the expansion of
the flow, a volume of fluid passing through thesfidisc does not encounter the second disc,
as shown in Figure 2.12. In a similar fashion itaglke actuator disc theory, Bernoulli's
equation is applied to the different regions, buirmentum is then applied separately to the
central flow and to the flow which bypasses theosdcdisc, so that there are now three
equations. This allows independent solutions lar ¢alculation of the thrusts on each disc

and the corresponding power co-efficient, as shiomaguation 2.7.

Figure 2.12 - Linear momentum double actuator tligory

Tiua, + Truay
CPk = 1 3
/2 puAe

Newman showed by differentiation that the maximuswer coefficientCpy = %5 occurs

2.7

whenu, = %5 u; andus = %/s uy. This suggests that a double actuator disc tarisitapable of
producing approximately 8% more power than a siagteator disc turbine.

Double-multiple streamtube theory was later devetpvhich is simply an amalgamation
of double actuator disc and multiple streamtub@ermheand has proven to predict accurately
experimental results for lightly loaded wind turkén(Paraschivoiu, 1982).

For multiple streamtube and double actuator digomhto be valid it has to be assumed
that the momentum equations between the adjacesanstubes, or annuli, are independent,

so that the forces between the regions are nelgligib
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2.3.2. Actuator Cylinder model
It was theoried by Madsel(1982)that a stream tube model would not be able to set

a crossflow device, because of the differences in the getoynof the flat actuator disc al
that of cylindrical turbines.

Madsen’s proposed technique distributes the blad®$ onto the geometry of a cylind
based on blade element calculations perforusing the local flow field. A new flow field i
then calculated by discretising the area arounduti®ne and performing a t-dimensional
momentum balance for each element using the Eugjeat®mns and continuity (seFigure
2.13. By alternately performing the two calculatioti® process converges on consis
thrust values in a similar fashion to the multiskeeamtube methods of Paraschivoiu
Strickland. Unlike the methods by Paraschivoiu and Stricklathés technique allows tF
turbine to apply a nostreamwise momentum change to the flow, which ixhmmore

representative of the conditions in a Darrieuss-flow device.

(a) Coarse grid used fccalculation (b) Streamlines based on absolute velc

Figure 2.13 1mages of actuator cylinder calculatio(Madsen, 1982) pefission to reproduce
figures online not granted by source

This technique allowed Madsen to predict the pemtorce of the device and t
development of the downstream wake. The accurbsyah a technique is unknown due t

lack of validation, and consequently it does not appediave been adopted sin

2.3.3. LMADT in open channel flow

Despite the success of LMADT for the predictionmafid turbine performance, it is wide
accepted that the constraints on air flow are difieto the constraints on an open chal
flow of water (Bryderet al, 2007) Whereas a volume of decelerating air is rel&tifree to

expand, a volume of open channel water is congtddny its density and the free surface
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forms. For this reason it is now assumed unsutablapply basic LMADT to tidal stream

flows.
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Figure 2.14 - Linear momentum actuator disc theoryopen water flow (Houlsby et al., 2008a)

Linear momentum actuator disc theory for open ckhifilow is a single actuator disc
technique to tackle the issue of momentum theorgnropen channel flow (Houlskst al,
2008a). In this technique there is a volume afiftlhat decelerates and expands as it passes
through the turbine (see Figure 2.14). This volwhé@uid is constrained by an accelerated
bypass flow and eventually the two flows mix togwoe the downstream condition.

The Bernoulli calculation is slightly modified frothe techniques described previously and
takes into account the total head for regiors2land 3-4. As in previous methods,
momentum is calculated across the system and #efuthe continuity equations allows a
solution to be found.

Non-dimensional variables are used to simplify @nalysis of this technique (Table 2.1).
One of the key variables is the Froude number guggon 2.8), which describes the state of

the upstream flow and is well documented for emgsthannels.
Uco

ghe

Fr =

2.8

The blockage ratidB is defined as the proportion of the channel csexdional area
occupied by the turbine, and defined in equatién 2.

B =
A, 2.9

The turbine induction factat,, defined in equation 2.10, is simply the ratiotloé flow

velocity at the turbine to the free stream flowocety.
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u

a T 2.10

The coefficient of thrustC; is the amount of thrust generated by the turbiman-
dimensionalised by a product of the dynamic pressuithe upstream flow and the stream-
wise area of the turbine, as shown in equation.2.11

T

The power coefficient for the turbine can then biwated as described in equation 2.12,

Cr 2.11

and is a coefficient which has been non-dimensisedlby the incident upstream kinetic flux.
CPk = ach 212
Given three of the variables in Table 2.1 the reingi two variables can be calculated

using LMADT-OCF, which allows the prediction of teéect that a specific device will have

on a flow, or conversely, to predict what desigrde¥ice would impart a specific effect on a

tidal flow.
Variable Symbol
Froude number Fr
Blockage ratio B

Flow induction factor]  a,

Thrust coefficient Cr

Depth change dh/hw

Table 2.1 - Non-dimensional variables used in LMABTopen channel flow
The power coefficients calculated by LMADT for opehannel flow describe a perfectly
efficient inviscid turbine, where the only losseghe system are those in mixing downstream.
This means that the amount of power available éottinbine is the amount of head power
extracted, less the power lost to mixing, so byimising the mixing losses one would expect
the turbine performance to improve. We can defime efficiency of this system as the
amount of power available to the turbine in relatio the amount of power extracted from the

flow, as shown in equation 2.13.

Cpk Cpk

2.13

NMmix = =
CPH CPk + CPk—mixing

Mixing losses occur due to the difference in thioeities of the flow through the turbine
and the bypass flow. For a given value of depthnge across the device, losses due to

mixing can be reduced by a combination of increasiie blockage ratio and by reducing the
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difference in velocity between the flow through tinebine and the bypass flow, so that the

flow behind the turbine is more uniform.
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Figure 2.15 - Inviscid kinetic power coefficientltiplied by blockage ratio at Fr = 0.15 for several
fixed blockage ratios and depth change, calculasidg LMADT-OCF (Houlsby et al., 2008a)

Figure 2.15 illustrates the amount of power that ba extracted from a flow at a Froude
number of 0.15, for several fixed blockage ratind fixed depth change. It is evident that in
the situation where the depth change across thieedes/not limited, increasing the blockage
ratio of a device results in a significant increasthe amount of power that is available to the
device. However, it is also evident that if thecamt of power that could be extracted and the
corresponding depth change across the device wienged for any reason, be it
environmental, social or other, a greater proparidd the power removed from the flow
would be available to a higher blockage ratio deyvighich would achieve the depth change
at a significantly greater induction factor. Indea device with a low blockage ratio would
not be capable of achieving some values of depamgdy, at which point multiple rows of
device would be required to extract the availaldachfrom the flow.

Figure 2.15(a) shows that when a high depth ch&B¥eof upstream depth) is available
from the flow, utilising an increased blockage gasignificantly increases the amount of
power that is available to the device, therefotkioing downstream mixing losses. However,
if the depth change is limited to a relatively lealue (1% of upstream depth), such as that
shown in Figure 2.15(b), the benefits of increashmgblockage ratio are less significant.

The amount of power that can be converted to ussfeitgy is always less than the inviscid

prediction of LMADT-OCF, due to viscous losses lire turbine rotor itself. The maximum
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useful power output from a device is thereforellike occur when the maximum proportion

of energy is made available to the turbine and/ibeous losses at that point are minimised.

2.4. Non-steady flow techniquesfor analysisof cross-flow devices

Whilst the sophisticated momentum actuator disc efeodre capable of predicting the
performance of the Darrieus rotor under lightlyded conditions and at attached flow angles
of attack, they are relatively inadequate for salveeasons (Stricklanat al, 1979).
Predictions of turbine performance and blade Ida&tsome inaccurate for even moderately
high thrust devices, due to an oversimplifying seassumptions about the flow field. The
wake structure and propagation cannot be accuraieylated, which has been identified as
important when considering the placement of rotorsclose proximity to each other.
Additional models must be implemented, of at lesshi-empirical nature, in order to model
the hydrofoil performance due to non-steady andusdpd flow phenomena. Several non-

steady numerical approaches have been develoeddfiort to overcome these issues.

24.1. Vortex model based techniques

Altering the simple momentum models to alleviatesth issues was thought to be
impractical and the increases in the use of contiputal power led to the development of
several free vortex models of Darrieus type turbidering the 1970s (Fanucci and Walters,
1976, Wilson, 1978). The vortex method is basegatential flow, but often features extra
conditions to correct for phenomena due to visgosiOne of the most developed three
dimensional free vortex model of the Darrieus rdimrdate was developed by Strickland
(1979). Whilst the single line vortex used in &land’s model to represent the aerofolil is a
simplification on some previous techniques, it wak that this would model the flow
adequately at distances greater than roughly oneddength from the aerofoil. Strickland
also overcame the inadequacies of the less soiesti momentum techniques to model
aerofoil stall by combining the Kutta-Joukowski lavith aerofoil section test data. Whilst
the accuracy of predictions of the device perforoeaand blade forces were improved (see

Figure 2.16), the computational cost was signifilyaincreased.
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Figure 2.16 Power coefficient against tip speed ratio for thigcBland free vortex mode(1979)
permisson to reproduce figure online not granted by psbér

The applicability of the basic vortex method isited due to the use of published aero
data to dictate the bladerces. Questions have been raised over the validitpodelling
circulation about a pitching aerofoil over a cundélar path, using published data fr
experiments on nopiching, norrotating sectionsRonta and Jacovkis, 20). Whilst some
vortex models include adjustmenerms to compensate for some flow effects, tl
adjustments tend to be specific to the aerofoilearfiguration of turbine, and render 1
models relatively inflexible

In an attempt to improve the accuracy of the blexee prediction whilst maintaing a
relatively low computational cost, some attemptgehgeplaced the region close to the bl
with a more sophisticated ‘mic-model’, as shown in Figure 2.13uch athe Constant-curl
Laplacianapproach of Ponta and Jacov(2003)or the panel method of Waiet al. (2007).
These models are intended to offer a more accwiatalation of the foil hydrodynamic

using an alternative method to the basic vomodel.

Figure 2.17 -Method used in combined free vo-finite element modePpnta and Jacovkis, 20)
permgsion to reproduce figure granted by Elsevied.Lt

21



CHAPTER 2. LITERATURE REVIEW

However, despite the successful simulation of pherma, such as dynamic stall using
vortex methods for other applications (Ekaterinamsl Platzer, 1998), the ‘micro-models’
which have been used to date have not addresdgdhelcomplex flow phenomena to which

foils in a cross-flow device are prone.

24.2. CFD techniques

Most modern methods for approaching fluid dynamicbfems solve the Navier-Stokes
(N-S) momentum and continuity equations given imampns 2.14 and 2.15. There are
various techniques that can be utilised to sole MRS equations with a high degree of
accuracy. However, the substantial requiremerntoofiputational resources mean that they

have not been widely adopted until recently (Ekaters and Platzer, 1998).
ou
pE—uV2u+p(u-V)u+Vp=F 2.14

V-u=0 2.15

A mesh is used to discretise the flow field so ttieg N-S equations can be solved
numerically as a set of algebraic equations. Thesetwo main methods of discretising and
solving the N-S equations; Finite-Element (FE) &mdte-Volume (FV).

The FV technique subdivides the solution space anfmite number of control volumes,
which can be of a structured or unstructured shapd, form a grid (Ferziger and Peri'c,
2002). The N-S conservation equations are intedraver the surface, volume and time and
applied to each control volume to form an algebexgeiation per control volume, which
involves unknowns from the control volume centrg,veell as the neighbouring volumes.
The equations must be linearised, which requiregeaative solution method. One of the
benefits of the FV technique is that the integratapproach for each individual control
volume produces a solution that inherently consered of the appropriate physical
guantities.

The FE technique employs a similar methodologyhtd tised for structural analysis. The
solution space is separated into a series of ellsmmsmg a mesh. Functions of a given order
are used to approximate the variation of fluid pseters in each element. This results in a
matrix of equations for the solution domain, whete solved by minimising the weighted

residual error. Unlike FV, conservation conditiars only achieved over the entire domain,
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but this is not seen as a disadvantage if the appadion of the flow parameters is superior
to that of the FV approach (Zienkiewiez al, 2005).

The main problem in solving the N-S equations is fitale at which turbulence and
transition should be modelled. The full N-S eqmadi can be solved by direct numerical
simulation (DNS), in which case the solution witiciude turbulence and transition of the
scale of the mesh elements. However, for mostl@nob the scale of turbulence which
significantly affects the solution is small and uggs a mesh with a very high number of
degrees of freedom. This comes at a substantmpuatational cost and limits the method to
solutions that are not relevant to engineering lerab, with flows of very low Reynolds
number where the range of turbulent length scalesduced.

The Reynolds-averaged Navier-Stokes (RANS) and d.aegldy simulation (LES)
techniques use time averaging and spatial averagingltering, respectively of the N-S
equations in order to avoid the necessity of resglgmall scale turbulence (Johanstral,
2002). Instead of resolving the small scale twebo, these techniques use separate models
to approximate the effect of the ignored turbulenghich tends to contribute to the N-S
equations as an added turbulent viscosity termweer, there is no turbulence model which
is applicable to all situations and these modeksno$truggle to accurately simulate transition.

The large computational cost of simulating bothftoe field and local blade mechanics of
a cross-flow device have often led to the use dd Nwodelling in only one or the other.
Brahim et al. (1995) applied the RANS equations tiihree dimensional vertical axis wind
turbine model. Due to the computationally expeasiequirements of modelling the blade
physics in 3D, the problem was simplified by apptyia force from the blades through the
terms in the momentum equations at the approploaiEtions. The forces were calculated
based on the aerofoil lift and drag characteristrdsich were evaluated using a 2D model
(Tchon and Paraschivoiu, 1994). This model pravidesmall increase in the accuracy of
turbine performance prediction, when compared ¢dftbe vortex model of Strickland (1979).
The marginal improvements were considered to batively expensive in terms of
computational effort when compared to the simptatex method.

Work by Antheaume et al. (2008) predicted the perénce of a vertical axis Darrieus tidal
turbine using a three-dimensional N-S model, inchthe forces applied by the blades were

applied to the N-S momentum equation in an actuagbnder approach. The blade forces
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were simply evaluated from static aerofoil tesagathich means that no dynamic stall effects
were taken into consideration. Whilst the numénadel compared favourably at high tip

speed ratios with wind turbine experiments perfatna Sandia Laboratories, the poor
correlation of low tip speed power coefficients niseydue to the inaccuracies of using static

blade characteristics in such a dynamic systershaan in Figure 2.18.
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Figure 2.18 - Results from Sandia National Labor&® experiments and the three-dimensional N-S
model by Antheaume (2008) permission to reprodgceef granted by Elsevier Ltd.

Further increases in available computational pdveste led to the development of models
of entire rotors and their surrounding flow fiel@dnsulet al, 2009, Howellet al, 2010).
However, the accuracy of performance predictionthese models is rarely a significant

improvement over that of other less computationeXgensive techniques.

2.5. Complications of local blade mechanics

When predicting the forces generated by an aerdfad8 most common to use simple
aerofoil theory and published aerofoil data, whadisumes that the lift and drag produced by
an aerofoil section is a function of three basigakdes; the incident velocity, the Reynolds
number of the flow and the angle of attack relatvghe blade chord. It has now become
accepted that, due to the unsteady flow experiebgealturbine blade in Darrieus motion, to
accurately predict the lift to drag characterisb€sin aerofoil it is necessary to understand the
flow field around the blade in greater detail (&tandet al, 1979, Tchon and Paraschivoiu,

1994, Wanget al, 2007).
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25.1. Flow curvatur e effects

A turbine blade in Darrieus motion experiences avitnear flow, as opposed to the
rectilinear flow in which the majority of publishedrofoil data has been produced (Migliore
et al, 1980). This results in a variation of the angflattack experienced by the section along

the length of the chord, as shown in Figure 2.19.

Figure 2.19 - Image showing relative velocity veston a blade in a curvilinear flow field,
modified from Migliore et al. (1980)

Migliore (1979) used conformal transformation toowhthat by using a symmetrical
aerofoil in a curvilinear flow there is a changeeiifiective camber and an introduction of an
effective angle of incidence, in addition to theialsblade angle of attack. A Darrieus cross-
flow device using straight chorded blades expegeran increased effective angle of attack
on the upstream half of the device and a redudedtafe angle of attack on the downstream
half. This causes the upstream half of the detacstall at a higher tip speed ratio and the
downstream half to stall at a lower tip speed rattas unclear from the research by Migliore
whether this phenomenon is beneficial to the peréorce of the device. As one would
expect, the magnitude of this virtual camber antual incidence are strongly dependent on
the solidity of the device.

During scale tests of the THAWT device by McAdand(2), in an attempt to negate the
effects of flow curvature the profile of a symmeadi hydrofoil section was ‘wrapped’ around

the circumference of the turbine using equatioa$ 2nd 2.17.

x' = (r+y)sin (g) 2.16

y' = (r+y)cos (;) 2.17

The resulting section, shown in Figure 2.20(b),arsticipated to produce no virtual
incidence or camber and to achieve zero lift whetatmg in a stationary flow. This is
intended to allow the performance of the hydroiieithe curvilinear flow to be modelled by

published aerofoil data, measured using symmetaieadfoil in rectilinear flows.
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Figure 2.20 - Images of blade sections used inraxgats by Consul

To explore the effect on the performance achiewea IDarrieus device using hydrofoils
wrapped onto the turbine circumference, Consul 82@@rformed a series of experiments on
symmetrical and cambered blades using the Darrnetes apparatus developed during the
undergraduate Masters project of McAdam (2007).e Tesults from these experiments are
shown in Figure 2.21, and demonstrate that ther roting the wrapped blade sections
produces significantly more power than the rotorwhich the rectilinearly symmetrical

blades are adopted.
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Figure 2.21 - Power curves for rectilinearly symrigatl and wrapped blade rotors in a 0.3 m/s flow
As well as experiencing a curvilinear flow, a bladetion in Darrieus motion also imparts
a centripetal acceleration on the generated sutbacedary layer (Miglioreet al, 1980).
These centripetal forces will modify the boundaydr development on the blade surface and
possibly force separation or delay separation ddipgron the orientation of the high and low
pressure surfaces of the aerofoil. This phenomenay act to delay stall on the upstream

half of the turbine and accelerate stall on themgiveam half of the device.

25.2. Dynamic stall

It is relatively widely accepted that dynamic stadls a significant effect on Darrieus cross-
flow devices (Brochieret al, 1986, Paraschivoiu and Allet, 1988). Dynamidl s&athe
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process by which rapidly increasing the angle tdch delays the onset of stall to grea
angles of attack and corresponding greater liftffments. Fowever, when stall does
eventually occur it tends to be more severe in the static case.

Experiments have shown that dynamic stall occucailee of the shedding and passac
a vortextike disturbance which induces a highly -linear pressure fie (McCroskey, 1981).
If the frequency and amplitude of the oscillatioa Erge enoug, the vortex shedding is we

organised and clearly define

(a) Lift (b) Drag

Figure 2.22 +Foil performance characteristics during dyna stall on a Vertol VI-7 aerofoil
at M = 0.06 and k = 0.1QMcCroskey, 1981) permission to reproduce ffeguonline not granted

Instead of the usual mechanism of stall, in whiepasation of the boundary layer dio
adverse pressure gradients causes a decreaseandifin increase in drag, a vortex is
from the leading edge, which remains attachededdh and moves towards the trailing ec
(1—2 of Figure 2.2 When stall does occur it is more severe thanhe static case and-
attachment of the flow is often delayed, resulimg hysteresis of lift and dre

The characteristics of a foil during dynamic sare affected by many factors such as
pitching rate of the foil, the Mach number of thanf, the foil section profile and the range
angle of attackKrancis and Keesee, 1¢, McCroskeyet al, 1982) However, experimen
have shown that the effacof dynamic stall are most significant at low Maaimbers M <
0.3), and for values of reduced frequena dimensionless measure the pitch rate of an
aerofoil (Tang and Dowkl199¢) defined in equation 2.18greater than 0.C

we
2u

o

k= 2.18

The blades of a tidal turbine exclusively operatdliach number flows significantly low:

than 0.3. Assuming that the velocity term in @gus2.18can be approxiated by the mean
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blade velocity in a cross-flow device, the redussibcity can be expressed purely as a
function of the turbine solidity and number of ldadas shown in equation 2.19.

wc wc wc c mXsolidity

k:—:—:—:— —_—
2u,, 2Vyp 2wr 2r n 219

It would therefore be expected that a device with & fewer blades is likely to be
significantly affected by dynamic stall when coniigd with a solidity greater than 0.1, which
includes all of the THAWT devices tested and aredyis this work.

Despite the significant reduction in the performawot the foil post dynamic stall, greater
performance than that theoretically calculated ftero attributed to the positive effect of
dynamic stall (Brochieet al, 1986).

Whilst limited simulation of the dynamic stall plenena has become possible due to the
increase in computational power applied to numericendels (Consulet al, 2009,
Ekaterinaris and Platzer, 1998, Johanetal, 2002), the current time required to simulate
this complex flow phenomenon and the low level @fuaacy renders this method unsuitable
for integration into most global turbine models.

Several models, not based on numerical analysist &t the prediction of the dynamic
stall characteristics of foils, which tend to trabke progress and history of the foil pitching, in
order to predict the performance characteristicangt given time. Some ‘synthesis’ models
require the use of load measurements from osagafoils in wind tunnel experiments
(Reddy and Kaza, 1987), while others use semi-eocapiequations, which extend the static
foil performance into the dynamic stall phenomeogighman, 2002). Whilst the availability
of experimental data on a chosen foil can oftervgmethe use of synthesis methods, many

semi-empirical models lack rigour and generalityewlapplied to different foil sections.

2.6. Freesurface modelling

Whilst the performance of a wind device can betinsdyy accurately modelled using
numerical models or momentum approaches (Bueioal, 2001, Paraschivoiu, 2002), the
prediction of the performance of a tidal devicefusther complicated by the boundary
constraint of the free surface. As described ttige 2.7.2, the mechanism by which energy
is extracted from a tidal flow is the reductiontofal head. For the sub-critical open channel
flows, which account for the vast majority of theal stream sites around the UK, a reduction

in total head results in a decrease in depth andcaease in the average velocity of the flow.
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The influence of the free surface on the flowldfieneans that common momentum
techniques used to calculate the performance dfseifow devices are inappropriate. As
described in section 2.3.3, LMADT-OCF demonstrales the amount of energy available to
a device in an open channel flow is greater thamathount of energy available to a device in
an unbounded flow. As shown in Figure 2.23, fdatreely low blockage devices the amount

of extra power available is relatively small, whampared to the unbounded case.
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Figure 2.23 - Kinetic power coefficient availabtea device for a range of blockage ratios B,
calculated using LMADT-OCF (Houlsby et al., 2008a)

Due to the complexity and computational cost of atioally modelling the deformation of
the free surface, most two dimensional studiesre$xzflow tidal devices have ignored free
surface deformations (Antheaurae al, 2008, Gretton and Bruce, 2005). Some argue that
modelling the free surface is not necessary, asredection in accuracy is small when
modelling relatively low blockage scenarios. Hoeewhen modelling devices of greater
blockage ratioB = 0.5 for example, the amount of power availablsignificantly increased
by a factor of up to 4.6.

There are two main approaches to computing freacirflows; interface-tracking and
interface-capturing. Interface-tracking is comnyonsed in both Finite-Element and Finite-
Volume techniques (Mahrenholtz and Markiewicz, 198Renkiewicz et al, 2005). This
method is concerned with simulating a single ptugtiid and changing the geometry of the
free surface boundary in order to model the deftioneof the interface. Most commonly,
functions are set up calculate the deformatiorhefftee surface, based on the constraint of

flow parallel to the free surface (Carrietal, 2005, Zienkiewiczt al, 2005). The geometry
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of the free surface can then be updated and thelntad be remeshed at each time step, so
that the solution can be obtained iteratively. Pphecess of repeated mesh updating can be
computationally costly, and so a simpler approashta use hydrostatic adjustment
(Zienkiewiczet al, 2005). In the hydrostatic adjustment techniquimerical model with a
fixed domain is allowed to progress to an advanseldition, before the free surface is
adjusted, by assuming a hydrostatic distributionpdssure. Hydrostatic adjustment also
requires several iterations to achieve an accgtgion.

Interface-capturing is most commonly used in FiMtdume techniques (Mahrenholtz and
Markiewicz, 1999). The usual implementation ofstibeéchnique, called Volume of Fluids
(VOF), is to assign each control volume with a véidction of a given phase,. The
solution domain extends over the fluid and air psawith the void fraction set, = 1 for
liquid andc, = 0 for air. Control volumes with a void fractibketween 0 <, < 1 contain the
interface and the change in void fraction is goedrhy a transport equation.

Upwinding techniques are commonly used to addi@#ifviscosity in the stream-wise
direction to stabilise the oscillations which ocaaorsolving the Navier-Stokes equations,
when the convective terms dominate over the dWiserms (Zienkiewiczt al, 2005). The
volume of fluid method often requires relativelyngalex schemes to prevent the smearing of
the interface by upwinding techniques and to estlabhe exact location of the interface. The
computation costs are also increased by the négedanodelling the dynamics of the fluid,
gas and interface phases. However, this techngparticularly suited to modelling flows in
which air becomes trapped in the liquid phase oewtine forces applied to the fluid by the

air phase are significant.

2.7. Tidal stream energy resource

2.7.1. Tidal energy around the UK

The renewable resource of the rise and fall of tile is predominately caused by the
gravitational pull of the moon on the oceans aradhrth. This periodic swell of water can
be thought of as a wave whose amplitude varies dmtvecoastal regions around the world,
depending on the bathymetry of the continentalvaselnd the local channels and basins
(Arbic and Garrett, 2010, Garrett, 1972). Theltataount of energy dissipated in the global
tidal system has been relatively well established.a TW, of which roughly two thirds can

be accounted for by the principal M2 semi-diurndé t(Cartwright, 1993). The dissipated

30



CHAPTER 2. LITERATURE REVIEW

energy is assumed to be predominantly due to timeafiion of boundary layers at the bottom

of shallow seas (Jeffreys, 1921), although morentcesearch has indicated that 25-30%
may be dissipated in deep oceans (Egbert and Ra{,)2 The interaction of tidal movements

between oceans, continental shelves and local ltwssis complex, but using mechanical

analogues of the global tidal system, Arbic andr&t(2010) predicted that only a fraction of

the present dissipation rate is available for huose This implies that tidal power can never
meet the needs of more than a small fraction ofdmumenergy demands, although it could
provide useful amounts of energy in certain locstio The European Shelf has been
identified as an area of high tidal energy dissgratas shown in Figure 2.24, with 170-260
GW of energy dissipation (Egbert and Ray, 2001).
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Figure 2.24 - Chart of global tidal dissipation (Egyt et al., 2004) permission to use figure
granted by the American Geophysical Union

Charts produced by the UK Department of Trade amtlidtry suggest that of the tidal
power available to the UK, the majority is locatis# specific sites (DTI, 2004). Estimates at
these sites indicate that power in the order ohwgjts is available for extraction (Burroes
al., 2009, Rainey, 2009). This would allow the febes#xtraction of tidal energy using large
scale devices that benefit from economies of seeld,supply up to 6% of the UK electricity

demand (Black&Veatch, 2005).

2.7.2. Principles of energy extraction
Until recently it has been assumed that the gnérgwn from a tidal flow is extracted as

kinetic energy. On that basis, most tidal turbiaes rated by their kinetic power coefficient,
shown in equation 2.20, and many have assumedh@adheoretical Lanchester-Betz limit of

59% (Manwell, 2002) in air also applies to undeesvatirbines (Khart al, 2006).
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Another general assumption is that as kinetic gnégextracted, the flow velocity will
decrease and the depth will increase due to a p@tsmn of mass. Experimental tests have
proven this assumption to be incorrect, as enexgnaetion from flows of a Froude number
similar to that of real tidal channels causes thgthl of the flow to decrease (McAdanhal,
2010, Myers and Bahaj, 2007).

The explanation for this decrease in flow depthmstédrom the fact that an extraction of
energy from an open channel flow results in a rednof the total head, defined in equation

2.21 (Massey and Ward-Smith, 1998).

2

u
H=h+— 2.21
2g

As almost all tidal flows are subcritical, a redantin total head results in an increase in

flow velocity and a decrease in depth, as showFigare 2.25.
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Figure 2.25 - Variation of total head with flow dbgor a constant volume flow rate (Oldfield, 2004)
Turbine efficiency, or head power coefficient, caow be defined as the amount of
mechanical power produced non-dimensionalised éyathount of total head extracted from

the flow, as shown in equation 2.22.

P turbine

Con=——"7"—"7—~ 2.22
e mg(Hy — Hy)
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Current research and commercial developers tendutie the kinetic efficiency of a
device, because an understanding of head extra@tion open channel flows has only
recently become a familiar concept. As the bloekeggio tends towards zero the maximum
attainable head efficiency limits towards the Lassthr-Betz limit. Because the majority of
tidal devices in development only achieve smalckémge ratios it could be argued that it is
not necessary to measure the performance of adickm turbine using the head efficiency
metric. In practice the head power coefficienttie correct measure of how efficient a
turbine is at extracting energy from a flow andlwillow for fair comparisons of all tidal
stream devices in the market.

2.7.3. Typical UK tidal stream parameters

Figure 2.26 shows the Froude number of severahgatdidal stream sites around the UK

that were studied by Black & Veatch (2005), durantidal assessment of the UK.

0.25 -
h=15m  h=30m
. 0.2 S X e et
~h=60m
% 0.15 X Xk e
Z e | e £
) SR e X
S 01 MG St S
o ’ 2k e
0.05 XX
O T
0 1 2 3 4 5

Rated Velocity (m/s)

Figure 2.26 - Froude number of potential tidal sitne sites around the UK, based on data in
(Black&Veatch, 2005)

The reported data shows that of the tidal streaitis avrated flow velocity greater than 2
m/s, which might be considered those with the ggtatnergy potential, most are within the
Froude number range 6f1 < Fr < 0.2. This indicates that potential tidal sites in ti€ are
exclusively subcritical and have a significanthegger proportion of potential head available

for extraction than kinetic head.

2.8. Structural analysesof tidal devices
Very little data has been published regarding stinat analyses of tidal devices, perhaps

due to the commercial adoption of most designsthadeluctance of private companies to
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make such information publicly available. Howeubdg tools and methodologies required for
a structural analysis of a tidal turbine are likedybe similar to those previously undertaken
by the wind industry.

‘Bladed for Windows’, developed by Garrad Hasdara commercial program originally
designed to predict the aerodynamic and struchedbrmance of wind turbines, and is used
commonly throughout the wind industry. The prograses a combination of blade element
theory and momentum actuator disc theory, with oteicorrections and extensions for
different flow phenomena, to predict the perfornearand loading of a turbine rotor
(Bossanyi, 2003). As well as performing an analysf the blade and tower natural
frequencies using a modal analysis, the aerodynandadnertial loads are applied using beam
theory to predict the stresses induced in the &ireac Based on the expected cycle of loads a
fatigue analysis is conducted using the assumtidinear cumulative damage.

Whilst the ‘Bladed’ method from Garrad Hassan isodjoat providing parameter
optimisation and feasibility estimates for an alitturbine design, more specific designs of
rotor blades are commonly performed using (sheli)ef element models, in order to optimise
the use of material (Bechly, 1997, Koagal, 2005). These designs often focus on the effect
of material fatigue due to industry standard logdatterns (Delfet al, 1997, Konget al,
2005).

Design for fatigue in wind turbines has become mssleas, despite the relatively low
amplitude fluctuations in blade stress experienbgdwind turbine blades, a significant
proportion of blades fail due to material fatigi¢aftman and Corning, 2006). Due to the
large oscillatory loads experienced by the bladesDarrieus cross-flow device (Ashwill and
Leonard, 1986, Peace, 2003), fatigue is also likelye a significant factor on the stress limits

of any structural design.

2.9. Material fatigue considerations

A major factor that is anticipated to severely efffihe design of a cross-flow tidal device is
the reduction in stress at failure over the lifetiof the turbine due to cyclic fatigue. During a
single rotation of a cross-flow device the anglatéck and lift force produced by the blades
reverse direction, resulting in an oscillating loa the blade members. Over the design
lifetime of the device, which can be as long asy8rs, the rotor blades are likely to be

subjected to 10or more fatigue cycles (Hartman and Corning, 20@®jich is likely to result
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in material failure at a level of stress signifitgriower than the static material strength. Itis
therefore important to understand how to desigrotarrstructure and to choose a blade
material so that cyclic fatigue damage is minimised

The mechanism of fatigue is not completely undedtand is commonly believed to
commence via small cracks in the atomic structfiee material, and to develop from the first
few cycles of stress, over several thousands dfomdl of subsequent cycles, until eventual
failure (Benham and Warnock, 1976). It is gengrabksumed that in the cyclic process of
fatigue, material damage is accumulated, whichlmthrough plastic (low cycle < 3)0or
elastic (high cycle > T fatigue. The onset of fatigue can also be affédty several factors
such as locations of stress concentrations, vansitin temperature and chemical corrosion.

Despite a significant amount of research into trezligtion of the service life of a material
subjected to significant cyclical stress, the canipy of the mechanisms mean that there is
no complete solution. The cyclical stresses adpbea material are typically characterised by
three main factors; the mean stress, stress amgland the stress ratio, shown in equations

2.23, 2.24 and 2.25 respectively.

_ Omax + Omin

Om = > 2.23

Oa = Omax — Omin 2.24
Omin

R=—— 2.25
Omax

S-N plots are commonly used as an empirical metifqaredicting how many cycles of a
given stress amplitude and mean stress that aialatan endure before failure is expected to
occur, as shown in Figure 2.27(a). The modifie@@nan relationship can be used to predict
how the fatigue life is further affected by the mesress and stress ratio, as shown in Figure
2.27(b). Note that the alternating stress in FegRr27(b) is defined as half of the stress
amplitude. Miner’s rule (Miner, 1945) is then cowmly applied to calculate how various

states of cyclic stress accumulate damage in arialed@d lead to eventual failure.
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Figure 2.27 - Typical $ and Goodman diagram for a GFRP material
(Sutherland and Mandell, 2005) permission to ugeré granted by John Wiley and Sons

The blades of large scale axial-flow wind devices @@mmonly constructed using glass
fibre reinforced plastic (GFRP) composite due sarélatively low cost and good strength and
stiffness to weight ratio (Deltt al, 1997, Konget al, 2005, Sutherland and Mandell, 2005).
The favourable properties of this material, andekisting experience in manufacturing large
scale aerofoil structures for the wind industrys hcentivised the use of composite materials
in the construction of new tidal devices (Yousigal, 2010).

Despite the favourable properties of composite riesefor blades of a tidal device, the
prediction of fatigue failure is further complicdtdue to the non-homogenous structure and
anisotropic properties of the fibre-resin matrixA stress cycle in which the material
experiences a tensile stress and a compressiwgs ¢ireC) has been shown to degrade more
rapidly than one that simply experiences a varyiewgsile load (T-T), due to accelerated
debonding of the fibres and resin around transvéses (Gamstedt and Sjogren, 1999).
This means that the fatigue life of a multi-lamaa@bmposite material is likely to have an
increased dependence on the stress ratio, whenatethpo a more homogenous material
(Mandell et al, 2003, Philippidis and Vassilopoulos, 2002, Sudret, 2004), and a more

comprehensive Goodman diagram is required, suttedshown in Figure 2.28.
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Figure 2.28 - Goodman diagram illustrating the \aion in fatigue life with stress ratio for
an industry standard layup of GFRP (Sutherland Btehdell, 2005) permission to use figure
granted by John Wiley and Sons

It has also been suggested that variable amplitating, as might be expected on a tidal
device in a sinusoidally varying tidal range, mayse accelerated degradation of the material
(Delft et al, 1997). Techniques such as residual stiffnesgesidual strength methods have
been used to improve the prediction of the fatigfeeof a specimen under variable amplitude
loading, and have been successfully validated Ipgements on material samples (Schaff and
Davidson, 1997, Sutherland and Mandell, 2005). eél@x, the significant differences in
material properties between various designs of amitg layup mean that it is often necessary

to use experiments in order to calibrate one orendegradation parameters (Wahl, 2001).

2.10. Previous experimental and analytical work

There appears to be no prior published researdtoiizontally mounted cross-flow tidal
devices. Prior to this DPhil project three undadyrate Masters projects were carried out
(Banfield, 2006, Burgess, 2006, McAdam, 2007), rtieest comprehensive being the work by
McAdam.

2.10.1. Undergraduate Masters project performed by McAdam (2007)

In undergraduate masters work by McAdam (2007) itpdrodynamic performances of
three main rotor variants, shown in Figure 2.29%enested experimentally, each rotor being
of a diameter of 0.16m and solidity of 0.3. Durthgse experiments the parallel three-bladed
device produced power with a kinetic efficiencyngiigantly greater than the Lanchester-Betz

limit, highlighting the significant potential of (hTHAWT device. However, tests of a truss

37



CHAPTER 2. LITERATURE REVIEW

configured device were ineffective, due to the gigant variations in hydrofoil performance

with moderate changes in Reynolds number, whercregihe blade chord.

(a) Three parallel blades (bpix parallel blades (c)Six trussed blades
Figure 2.29 - CAD images of rotors tested by McAd2007)

The experimental data were used in an attemptliiorage a simple numerical spreadsheet,
which solved the basic blade element equations 2.%. It was hoped that this model could
be used to predict the mechanical power produceghlgyscale or configuration of the device.
This process proved to be unsuccessful due torbss gimplification of the hydrodynamics
behind the numerical model. A poor understandiintpe variability in aerofoil performance
with varying Reynolds number, as well as the assiomf steady and uniform flow at the
velocity of the upstream flow meant that the torgud power produced by the turbine could
not be predicted with any accuracy.

The simple hydrodynamic model was used in an attémpredict the forces acting on the
turbine blades, which were applied to a simplifiedte element model of the turbine, as

shown in Figure 2.30.

Figure 2.30 - Post-processing images of exaggerdéddrmation of the parallel three-bladed device
from the structural analysis program (SAP)

Despite the inaccuracy of the forces produced ey ribmerical model, the structural
analysis suggested a significant decrease in stresleflection in the truss configuration of
the device, when compared to the parallel-bladdarta.

The findings of this study demonstrated that, & tmydrodynamic performance of the

parallel-bladed device could be replicated in tlesg configuration, it would be possible to
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create a structurally rigid device with the potehto produce power at efficiencies gree

than the Lanchestd&etz limit.

2.10.2. Undergraduate Masters project performed by Swidenbank

In order to improve the hydrodynic modelling of the THAWT device, Swidenba
(2009) implemented a numerical model of a par-bladed THAWT device during h
undergraduate Masters project, using a combinatfc@FD and blade element theory. 1

" scale THAWT experiments performed

model specifications were matched to the
2008 at Newcastle University, described in moraiti@t Chapter 4 the results from whic
were used to validate the numerical model. In otdemprove the prediction of the flo
field around the device, when compared to previteshniques, Swidenbank used

COMSOL multiphysics package, a partial differentialuation solver, to solve the-S
equations. The rotor was modelled using an aatuatbnder in which the forces we

predicted using blade element theory, as shovFigure 2.31.

Figure 2.31 -Visualisation of streamlines through an actuatdirgjer (Swidenbank, 20()
The velocities predicted by the-S equéions were used to perform the blade elen
calculations, which required the resultant veloaityl angle of attack to be calculated in te

of the streanwise and vertical velocity components as showrgiméions2.26 and 2.27.

2.26

2.27

After recognising the significance that dynamidldias on the performance of the turbi
Swidenbank chose to use lift curves modified inocagance with empirical dynamic st
data, as shown in Figure32. Despite the effect of dynamic stall on the dchgracteristic:

of the aerofoil, the drag curves were unchangea fitte static cas
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Figure 2.32 - NACA 0018 lift curves modified for @SOL analysis based on data in
(Swidenbank, 2009)

In order to achieve results in a short period ofeti Swidenbank chose to use a solution
algorithm which converges on a steady state solutibo converge on a steady state solution
turbulent eddies and vortices must be stabilised,tlsat no significant time varying
perturbations exist in the solution. To stabilibe solution and remove time varying
perturbations it was decided to apply artificiatrepic diffusion, which adds viscosity to the
flow, greater than that which would be expectegractice.

As well as the need for an unrealistically largeoant of viscosity, the requirements of the
steady state solver resulted in the failure of esgence below a tip speed ratio of roughly
2.4, at which point the maximum angle of attackpproximately 22°. As the angle of attack
reaches 22° the hydrofoil characteristics begindhset of dynamic stall, causing a severe
drop in lift and a large shear that is likely todute high vorticity, which prevents
convergence of the steady state solution.

When performing this analysis, one might choosethinekness of the actuator cylinder to
be equal to the thickness of the hydrofoils, st tihe turbine influence is limited to the swept
area of the device. Unfortunately, the inabilifytioe steady state solver to deal with high
shear meant that to allow convergence the actasormust be substantially thicker than the
blade thickness, so that the applied force frondike is applied across a greater area.

Despite the limitations of the steady state solaed recognising that calculations using
blade element theory lack the ability to model aately the more complex flow phenomena
anticipated in a Darrieus cross-flow device (sedtiee 2.5), the accuracy in prediction of
power curve was significantly improved when comgate previous models, as shown in

Figure 2.33.
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Figure 2.33 - Comparison of predicted kinetic édficy for the 1/20 scale turbine at a
Froude number of 0.17 and a blockage ratio of @8dal on data in (Swidenbank, 2009)

The main drawbacks of the model developed by Svindek are the poor consistency of
convergence of a solution and the large amounneftiining that is required, which are both
due to the use of the steady state solver. Tlssses make the model difficult to validate and

apply to devices of a varying geometry or with eliéint flow parameters.

2.11. Conclusions

From the available literature it is unclear whidpects of the design of the THAWT device
will dominate the technical feasibility of a fultale turbine. It has therefore been decided to
obtain experimental data and develop numerical #sogheorder to perform a quantitative
comparison of the factors which most significardi§ect the structural and hydrodynamic
performance of the device. With an understandinth® relationship between the structural
and hydrodynamic performance, it will be possibte assess which factors affect the

technically feasibility, when the conditions ofeal tidal location are considered.
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Chapter 3

Blade Force and Stress Preliminary Analysis

In order to assess the feasibility of the THAWT ide\it is necessary to explore how the
blade forces and induced stresses vary with thigmesnfiguration and flow parameters. It
iIs possible to create sophisticated numerical nsoadl the turbine hydrodynamics and
structural performance. However, a simple undadstey of the effect that varying the design
configuration has on blade force and stress quiikdicates which aspects of design are most
significant in the optimisation of a device, antbats the first order validation of nhumerical
analyses, when experimental results are not availab

This chapter outlines an application of simple disienal analysis to the THAWT device,
followed by preliminary analyses which can be glyiaksed to assess how variations in the
design configuration and upstream flow parametelisaffect the structural feasibility of the
device. The accuracy of the preliminary analysisekplored by comparing with the

numerical models of Chapter 7 and Chapter 8.

3.1. Scenariofor dimensional analysis

U=l

Figure 3.1 - Diagram of velocity components in aibdarrieus turbine
This analysis focuses on the derivation of the maxn radial force produced by a blade of

a cross-flow Darrieus turbine, and the maximum cedlblade stress, at the operating tip
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speed ratio. Itis assumed that the maximum Hiaae and corresponding stress are induced
at the furthest upstream point of the rotor, wheeemaximum angle of attack is anticipated
to occur. The combination of velocity componentpezienced by the blade result in a lift
force, which is perpendicular to the resultant congnt of blade velocity, as shown in Figure

3.1.

3.2. Variablesand dimensionless groups

Table 3.1 lists the variables that are considerethis analysis and their dimensions of

length, mass and time.

Variable Symbol | Dimension
Blade lift force per unit length  F_ ML/T?
Density p M/L3
Resultant blade velocity VR L/T
Angle of attack a -
Chord length c L
Upstream flow velocity u, L/T
Component of blade velocity wr L/T
Velocity incident at turbine u L/T
Turbine diameter d L
Flow depth h L
Number of blades n -
Maximum blade moment | Mpax ML /T2
Blade second moment of area | L*
Blade thickness t L
Maximum stress Omax M/LT?
Bay length Lbay L
Gravitational acceleration g L/T?

Table 3.1 — Variables used during the dimensiomalsis of the THAWT turbine

With 15 variables and three dimensions there ardih2nsionless groups that can be used

to relate the variables, which may be conveniesglgcted as shown in Table 3.2.
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Group Symbol | Relation to variables
Fy
Coefficient of lift C T oz
L 1/2 pVRZC
Tip speed ratio of peak power p "
Flow induction factor a Y,
.- nc
Solidity S p—
Blockage ratio B d/h
. . . O-maxl
Dimensionless bending factor - Mt
max
. . Mmax
Dimensionless moment factor - 3
FLLbay
Dimensionless blade velocity facto - wr/ A
. . I
Dimensionless second moment of area - pep
Cc
Bay length to width ratio B Lbay/d
Ugo
Froude number Fr —
Jgh
Thickness to chord ratio - t/.

Table 3.2 — Dimensionless groups used during thedsional analysis of the THAWT turbine

Several of the dimensionless groups in Table 3x& Haeen derived from meaningful
physical relationships of the problem. As shownFigure 3.2, a blade member can be

approximately modelled as a pin-jointed beam utigkeruniform loading of the blade force.

Fy

(Y N Y NNV
L &

Figure 3.2 - Representation of a turbine blade asnaply supported beam

The maximum moment induced in the blade is giverdpyation 3.1 and is used to derive
the dimensionless moment factor.

FLLbayz
Mmax = 8

My y 3.1
FLLbayZ B

The stress induced due to this bending momentlcsileded using equation 3.2, which is
used to derive the dimensionless bending factor.

Mmax)’max

I
O] y 3.2
Mmaxt 2

Gmax -
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It is assumed that the operating angle of attacknmisll, so that the blade lift force is
generated approximately perpendicular to the btkaed about the weaker blade axis. The
second moment of area about the blade axis islagdclusing equation 3.3 and is used to
derive the dimensionless second moment of arearfaas shown in equation 3.4, which

applies to geometrically similar blades.

I =fy2 dA 3.3

I
— =~ const 3.4
t3c

This analysis assumes that the turbine spans tive ehannel width, so that the blockage
ratio B, defined as the proportion of the cross-sectiehainnel area that is occupied by the

device, can be defined as the ratio of the rotamaiterd and the flow depth.

3.3. Dimensional analysisof blade forces

3.3.1. Relationship between induction factor and tip speed ratio

It is assumed that for any configuration of thessrflow Darrieus turbine, at the operating
tip speed ratio the angle of attack at the mostre@s point of rotation is fixed. This value
would be just less than the angle that would inciia#, so that higher angles of attack would
cause blade stall and poorer turbine performant& might expect this to be the angle of
attack which induces the optimum lift to drag rdbo the hydrofoil. It is also assumed that
the performance characteristics of the hydrofoilndd vary with changes in configuration or
flow parameters, such as due to changes in Reynoitber.

For small angles, the angle of attack can be ezprkss:

u

a~=— 3.5
wr

Substituting relations for the flow induction fact@nd the tip speed ratio into equation 3.5
demonstrates that the induction factor thereforeesgroportionately with the tip speed ratio,

as shown in equation 3.6.

u AUy, Oy
constant = — = = A_
wT wT p 3.6

o az [ /1]7
This relationship is significant in understandirgphvariations in the turbine configuration
are likely to affect the hydrodynamic and struckyerformance of the device. If a change in

the configuration of the device results in a vaomtof the produced thrust and the
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accompanying flow velocity through the rotor, aswh in Figure 3.3, it would be expected

that the operating point of the device would ocaua different tip speed ratio.

aLu

Figure 3.3 - lllustration of the effect on angleatfack by increasing the induction factor

3.3.2. Derivation of variation of force per unit length

It has been assumed that the coefficient of lifiied at the point of maximum radial force,
at the operating tip speed ratio. It is furthesuesed that the operating tip speed ratio is high
enough for the component of blade velocity to lgmificantly larger than the incident flow
velocity. Therefore, the resultant velocity can &gproximated as equal to the blade

component of velocity as shown in equation 3.7.

Aple D> U

V= A, 3.7

Substituting equation 3.7, the solidity and theckbme ratio into the relation for lift per
unit length produces equation 3.8.

F _ Fin
1/2 plpzumzc 1/2 nplpzuooszh

C, = constant = 3.8

By substituting the expression for Froude numbéo iequation 3.8, it is possible to
conclude that the lift force per unit length varassshown in equation 3.9.

_ Fin _ Fin
1/2 Py Ue2sBh 1/2 npgh, Fr2sBh?

C

3.9
LR OC,1,,2Fr2sB
pgh? n

It is assumed that the fluid density and gravitaioconstant do not vary with changes to

the device scale or configuration.
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This analysis therefore demonstrates that the sigsificant change of radial blade force is
a quadratic increase due to the Froude numbereofidlv, the operating tip speed ratio and

the length scale of the entire problem.

3.4. Dimensional analysis of induced stresses

The dimensionless moment factor is constant forvangset of blade end restraints. By
combining this expression with the dimensionlesadb®y factor, an expression can be

derived which relates the blade stress to the fpecaunit length, as shown in equation 3.10.

Umaxl 1
—
FyLyay 0 /16 3.10
Substituting the dimensionless second moment @&f faetor, the bay length to width ratio,
the solidity and blockage ratio into equation 3pt6duces an equation as shown in equation

3.11.

2

Omax] O maxS°> (t
const «

Filpay’t Fin3B?B\c
3.11
. homax Tl3,82

FL S3(t/C)ZB

Combining equations 3.9 and 3.11 produces an emudgscribing the scaling of stress, in
relation to all of the variables in question, anditates the most significant variables in the
scaling of induced blade stress, as shown in equatil2.

Omax Ay Frin?p?

pgh sz(t/c)z

3.12

Equation 3.12 therefore indicates that for a giVenude number of flow the stresses
induced in the turbine blades scale linearly whit geometric size of the entire domain, at the
most upstream point of rotation and at the opegdimspeed ratio. The stresses experienced
in a scale model of a device should be multipligcthe geometric length scale in order to
predict the stresses experienced by a full scaleegf the Froude number is conserved.

For the case that the Froude number is not coederquation 3.13 suggests that the blade
stress scales with the square of the flow veloaijch is obtained by substituting the
expression for the Froude number into equation.3.TBis expression illustrates that for a

given flow velocity the blade stress does not waith the length scale of the domain.
Omax Apznzﬁz
U 2t/ N2

PUe 52( /C)

3.13
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It should be noted that this analysis is derivedhmassumption that the hydrofoil lift and
drag characteristics do not change significantlghwsdcale. In practice, an increase in
Reynolds number will result in an increased lifdrag ratios at higher angles of attack. The
effect that an increased Reynolds number has esssscaling is unclear due to the competing

factors of a higher lift coefficient and a redudgdspeed ratio.

3.5. Anticipated effect of negative offset pitch

Equation 3.12 suggests that reducing the operépngpeed ratio of the device is likely to
significantly reduce the stresses induced in therrblades. It is proposed that applying an
offset to the blade pitch is one method which migdtused to reduce the operating tip speed
ratio of the device.

The blades of a Darrieus turbine are most commaniyled so that the blade chord is
neutrally pitched, which is defined as when therdhs tangential to the rotor pitch circle. A
simple analysis, in which the flow is unaffectedtbg presence of the turbine, would suggest
that this results in similar performance from thestweam and downstream halves of the
device. However, basic momentum theory and expmarial observations (Shionet al,
2000) indicates that a high solidity device, sushtlaat suggested in this thesis, may be
capable of producing a great enough thrust to vwheyflow pattern experienced by the
upstream and downstream halves of the device. Therence of a reduced velocity on the
downstream half of the device is confirmed numdigcan Chapter 7. The lower flow
velocity experienced by the downstream half ofdbeice is anticipated to result in a reduced
angle of attack and corresponding lift coefficienthis analysis therefore assumes that the

majority of the power is produced by the upstreath &f the rotor.

—-— +ve pitch
—— neutral pitch Cr P
. /4 e N
---------- -ve pitch ,
,
K
downstream -
Ve
.
2 o
7 A upstream
/7
r
\. /-/ -

Figure 3.4 — The effect on lift coefficient of viagythe blade offset pitch
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Varying the blade pitch offset changes the positibthe lift and drag polars with angle of
attack, as shown in Figure 3.4. Positive pitcdained as one which increases the apparent
angle of attack on the upstream half of the devillee peak in lift coefficient on the upstream
half of the device is achieved at a reduced anfjlgtack for a positive offset pitch, which
would require an increase in tip speed ratio.

By applying a negative fixed offset pitch, it istiaipated that the operating tip speed ratio
is reduced and that the magnitude of the geomeatrige of attack incident to the blades is
increased. As shown in Figure 3.5, the combinatiban increased magnitude of angle of
attack and a negative fixed offset pitch is expidcte significantly improve the lift

performance of the downstream blades.

— neutral pitch C;

7777777777777777777777777777777

.......... -ve pitch

downstream

upstream ¢

Figure 3.5 — The effect on lift coefficient of ayatve offset pitch
In addition to the improved lift performance of tlewnstream blades, by operating at an
increased angle of attack the resultant forcetisipated to orient the resultant force vector in

a more tangential direction, as shown in Figure 3.6

Figure 3.6 - Vectors of relative velocities anddes for a device with a negative fixed offset pitch
Grey lines represent the vectors of a neutrallghgtd device at a higher tip speed ratio
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By operating at a reduced tip speed ratio the ntadeiof the upstream lift and drag
vectors is likely to decrease. However, the chaogie power and thrust produced by the
device is not obvious, due to the additional ctwitipn from the downstream half of the
turbine.

It is anticipated that by applying a negative fixeffiset pitch, the hydrofoil lift to drag
performance is improved and that the ratio of poedipower to thrust is likely to increase.

While a small improvement in the performance ofrass-flow device due to a negative
pitch has previously been noted (Freris, 1990),etffiect to a high solidity device of a high

blockage has not been studied in detalil.

3.6. Conclusions

The analytical dimensional analysis of a Darrigysetdevice with varied flow and design
parameters illustrates the significant role thaiowss parameters play in the scaling of blade
forces and the corresponding stresses.

Minimising the aspect ratio of the rotor and thenier of blades, and maximising the
solidity and blade thickness, appear to be the raffsctive ways to reduce the stresses
induced in the turbine blades.

The use of negative fixed offset pitch is suggested method of reducing the operating tip

speed ratio and may potentially result in improfigdrodynamic performance of the device.
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Chapter 4

Newcastle experimental setup

Previous experiments on the THAWT device had prdfierpotential of the parallel-bladed
configuration (McAdam, 2007). However, it was itéed that varying the turbine
configuration from three to six blades resultedaimeduction in Reynolds number, which
severely affected the performance of the devicd, armreduced accuracy of the hydrofoil
profile. The results from the truss configuratioarestherefore not useful for comparison with
other configurations or representative of a largeale device. The ability to validate
analytical or numerical models of the device wagesay limited, due to the complexity of
the low Reynolds number (hydrofoil Re4 x 10) flow phenomena.

It was decided that a set of experiments on atasgale model of the device would offer
the ability to compare the performance of varioasigh configurations, as well as to allow
the validation of numerical models, which couldrtiee used to predict the performance of

the device at full scale.

4.1. Newcastle University combined wind, wave and current tank

Figure 4.1 — Photograph looking downstream the wtialcted CWWC tank, with a flow depth of 1m

The combined wind, wave and current (CWWC) tanklevcastle University was chosen

for the simple factors of availability and pric&/ith a width of 1.8 m, a maximum depth of 1
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m and a working section length of 11.25 m, thisomdflume tank offers the ability to

simulate flows of up to 1 m/s (see Figure 4.1).

4.2. Rotor design

4.2.1. Basic dimensions

It was decided that geometric similarity would baimtained with the device tested by
McAdam (2007), with the initial intention of allomy a simple comparison of rotor
performance with an increased Reynolds number.edBas this criterion a rotor diameter of
0.5 m and blade length of 0.875 m was chosen.

A full scale THAWT device would feature several dme units attached end-to-end,
creating a long, multi-bay rotor. To simulate timsa scale model a single bay is isolated,
minimising the flow that may pass around the sidfethe device, and only allowing flow to
pass above and below the rotor. This was achibyashrrowing the span of the flume to a

width of 0.96 m, as shown in Figure 4.2.

Figure 4.2 — CAD rendered image of the CWWC tark thie flow partition installed
The flow is narrowed using a 5th order polynomialkei contraction (Bell and Mehta,

1988), which significantly reduced the flow turbote, as well as narrowing the channel.

4.2.1. Configuration variants
The ‘truss’ THAWT device, shown in Figure 4.3(9,the main focus of the experimental

programme, but two other configurations of turbimere chosen as variants for comparison.
A parallel six-bladed device, shown in Figure 4)3(@simply a horizontal implementation of
the Darrieus concept, and is the main variant éongarison. By removing half of the blades,

a three parallel-bladed variant of half the turlsonédity was also available to test.

52



CHAPTER 4. NEWCASTLE EXPERIMENTAL SETUP

(a) Parallel configuration (b) Truss configuration
Figure 4.3 — Main variants of THAWT device usediésts at Newcastle

The truss turbine consists of blades which hawveaggbt axis, but twist from one end of the
rotor to the other, as shown in Figure 4.4(b).

The configuration of the truss blades is improveeérahe previous design of McAdam
(2007). As shown in Figure 4.4(a) the blades efttliss rotor at each end are radially offset,
S0 as to reduce the effect on the trailing bladthefwake generated by the leading blade, on
the upstream half of the device. This means tiatwist of the blades is non-uniform, due to

the requirement of the hydrofoil chord being tartgeno the pitch circle at each point.

e

N

Far end of blade /
é Near end of blade
\;
(a) Truss blade end geometry (b) CAD rendered tblede assembly

Figure 4.4 — Demonstrations of truss blade geomatiy assembly
The distance for the radial offset was arbitracitypsen as approximately half the length of
the blade chord, 30 mm. The radial positions eflitade ends were subsequently chosen so
that the mean radius over the entire blade lerggggual to the radius of the parallel-bladed

configurations at 0.25 m.

4.2.2. Rotor solidity
Shiono et al. (2000) concluded that the solidigfirted in equation 4.1, which would yield

the greatest efficiency in a vertical axis Darrigyse water turbine is approximately 0.18.
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nc
= 4.1
S nD

However, this result was obtained using a vertscas turbine of an undefined blockage
ratio in an undefined range of Reynolds number $lowThe turbine tested by McAdam
(2007) was designed with a solidity of 0.3, belowiat the chosen method of blade
manufacture was unfeasible. It was decided thabee scientific approach to choosing the
rotor solidity for the Newcastle tests should bepkayed.

During the design of the Newcastle turbine the Motum-Blade Element (M-BE) model,
the most advanced open channel flow model of thAWH device available at the time and
described in Chapter 6, was used to predict the apmopriate value of solidity. The M-BE
model combines the Linear Momentum Actuator Disedry for Open Channel Flow
(LMADT-OCF) with basic hydrofoil theory to preditiie forces acting on the turbine blades,

and is capable of accounting for the effects o€kége ratio and Froude number.
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Solidity Solidity
(a) Power output (b) True efficiency

Figure 4.5 — Predictions of the performance of Nevcastle prototype rotor using the M-BE moded at
flow velocity of 0.4m/s and with a varied blockagto

Figure 4.5(a) shows that a peak in power outpptaslicted for a solidity of approximately
0.35. However, Figure 4.5(b) suggests that the #fiiciency, defined as the amount of
power extracted non-dimensionalised by the totabuamh of power extracted from the flow,
falls sharply for values of solidity greater tha2.0 Based on this information it was decided
to use a turbine solidity of 0.25, which combindsgh power output and a high efficiency.
With half of the number of blades, the soliditytbé three bladed device $s= 0.125 The
chord length of the truss blades, perpendiculahéoblade axis, is reduced by the cosine of
the azimuthal sweep, so that the total fractiothefturbine circumference occupied by blades

Is the same as that in the parallel configurations.
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4.2.3. Hydrofoil design and manufacture

The preliminary analysis in Chapter 3 demonstrétas the stresses induced in the blades
of the THAWT device are highly dependent on therbfall thickness to chord ratio. A basic
analysis, during the previous experiments on theAWH device by McAdam, led to the
choice of the NACA 64021 symmetrical hydrofoil section, because of @&ase in
manufacture and its favourable lift characteristics

A simple study performed by Consul (2008) usinghlgdrofoil analysis tool Xfoil (Drela,
2004) indicated that a hydrofoil significantly tker than 18% is likely to suffer early
boundary layer separation at the low Reynolds nurfibes expected in the Newcastle tests.
The 18.4% thick ClarkY-sym hydrofoil (generated twyrroring the upper surface of the
standard ClarkY foil), was therefore suggestechasmost suitable for the Newcastle turbine,
due to its ability, at the expected Reynolds numtzemaintain a greater lift to drag ratio to
higher angles of attack than other similar hydia$ections.

The M-BE model of Chapter 6 indicates that the peakerformance for a fixed pitch
cross-flow device occurs when the hydrofoils amasetrical and neutrally pitched, where no
lift is produced with a zero angle of attack. Nge (Migliore and Wolfe, 1979, Miglioret
al., 1980) used conformal mapping to predict that arofail with a straight chord in the
curvilinear flows experienced by a cross-flow tadiwould induce an increased effective
incidence. In an effort to achieve a neutral pitolevious experiments performed on the
THAWT design by McAdam (2007) used a symmetricadrojoil whose chord was

‘wrapped’ onto the pitch circle of the turbine,sk®wn in Figure 4.6.

y y
T e N g

r r
(c) Rectilinearly symmetrical section (ircumferentially ‘wrapped’ section

Figure 4.6 - Images of straight and wrapped hyadilcfections
In the case of the truss device, the hydrofoilieacts defined in a plane normal to the
blade axis. The choice of a curved hydrofoil is mped by experiments performed by
Consul, which demonstrate that the turbine perfoigeas significantly higher when curved

blades are used, as opposed to straight chordddsylas shown in Figure 4.7.
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Figure 4.7 — Comparison of straight chord and curved chaatles, based on data in Consul (2008)
After exploring the available manufacturing optiahsvas decided to produce the turbine
blades from carbon composite material. Three mdinoulds were CNC milled and polished
from 2014 Dural Aluminium, one pair for the paraliéades and one pair of moulds for each

of the two twist geometries.

200 gsm twill

30‘0 g‘sm ‘UD

30‘0 g‘sm ‘UD

110 gsm cross ply
110 gsm cross ply

T T ]
3(‘)0%sm‘UD‘

Closed Cell foam core

Figure 4.8 — Carbon fibre composite layup
A close cell foam core was wrapped in the 1.3 thivk carbon fibre composite layup,

shown in Figure 4.8, before curing in a heatedgras shown in Figure 4.9(a).

(a) CAD rendered image of moulding process (b) Fieistruss blade with jig and
inserts in place

Figure 4.9 - Manufacturing process of the Newaabthdes
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After excess flash was removed from the leadingteaiting edges, the blades were cut off
to the appropriate length, and compound angle enctise of the truss blades, before inserts
were glued and pinned into the blade ends for fatt@nit to the endplates, as shown in Figure

4.9(b).

4.2.4. Test rotor specification
The specification of the turbines used in the Nestledests is given in Table 4.1.
Default axis height above flume base (m) 0.425
Average diameter D (m) 0.5
Rotor lengthLygy, (M) 0.875
Truss blade, (m) 0.277
Truss blade; (m) 0.247
Truss blade length (m) 0.899
Endplate thickness (m) 0.010
Truss blade average tangential sweg€p) 12.0
Rotor soliditys 0.25
Parallel chord (mm) 65.45
Truss chord in plane normal to blade axis (mm) 4.0
Hydrofoil thickness to chord ratio 0.184

Table 4.1 — Newcastle test rotor specifications

4.3. Test apparatusand instrumentation
The mechanical and structural components of the tggaratus were designed,
manufactured and assembled as part of this projébe turbine was mounted in the flume

using a frame constructed from aluminium angleisects shown in Figure 4.10.

Figure 4.10 — CAD rendered image of frame and nelassembly
A gap in the wooden partition allowed the turbireafs to pass through to the pulley

system, which operated in the still water of thdipaned section, so that the free stream flow
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was undisturbed. The power was transferred froniutiene using a toothed pulley system to
a driven shaft, and then through a flexible couplima 6 Nm TORQSENSE RWT320 rotary
torque and speed sensor, which was commerciallpratdd by Sensor Technology to
measure speed to within one revolution per minatetarque with an accuracy of 0.015 Nm
(0.25% of the full torque capacity). The torquens® was then flexibly coupled to a
Telemecanique Lexium 05 BSH 1003P servo motor, lwhias operated in Pl speed control
by a D28M2 controller with the factory default sgdeop proportional gain of 0.0153 A/rpm
and an integral time of 13.2 ms, in order to applybsorb the power necessary to achieve a
steady rotational speed.

A 2:1 gearing ratio in the toothed pulley systenswaed to double the angular velocity at
the torque sensor, so that the torque was redwucedthin the accurate range of the sensor.
This is anticipated to increase the error on thasueements of torque and decrease the error

on the measurements of rotational speed by a fattr

43.1. Flow instrumentation
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Measured streawise velociiym/s)
Figure 4.11 — Point measurements of velocity byAD¥ at various flume spanwise positions

As shown in Figure 4.11, point velocity measurermemére taken across the width and
depth of the flume tank at several volume flow satasing a Nortek Vectrino acoustic
Doppler velocimeter (ADV), with an accuracy of 5% of measured value £1 mm/s. The
velocity profile was fitted to the expression givenequation 4.2, wherg and x are the
distances from the flume base and wall respectialg w is the channel width. The
remaining variables in equation 4.2 were found bgimising the sum of the square of the

error for forty four positions in the channel cregstion.

u=(A+By)y"x™(w —x)" 4.2

58



CHAPTER 4. NEWCASTLE EXPERIMENTAL SETUP

The volume averaged flow velocity was approximdigdntegrating the velocities over the
channel area. The ratio of the flow velocity meament at a point 0.1 m below the flow
surface and approximately mid-span of the charstewn in Figure 4.12, to the volume
averaged velocity was calculated and used to appedg the volume averaged flow velocity

for the subsequent tests.

x - Acoustic Doppler Velocity Probe
O - Capacitance wave probe

Figure 4.12 — Plan view of flume setup includingtinmentation locations

The stream-wise position of the ADV was chosen tonmain satisfactory distances from
the inlet contraction and the turbine axis of rotat so that a relatively free stream velocity
measurement could be obtained during the expergnehtcapacitance wave probe was
placed upstream of the turbine, close to the vilgaiobe in order to measure consistent
upstream flow conditions. A second wave probe plased as far downstream as possible in
an attempt to measure the depth of the downstreamefiter free surface perturbations due to
the turbine had subsided. However, in many casdace perturbations continued to the end
of the flume, and datasets in which inaccurate omeasents of depth change across the
device occurred are highlighted in Chapter 5 ardueled from the subsequent analysis. The
capacitance wave probes were assumed to offerearlwariation in depth with capacitance
and were calibrated on site each day to minimigentieasurement error due to instrument
drift and tank leakage. Data acquired from the femmsors, as well as the rotary torque and

speed sensor, were recorded digitally using thencertial package LabView.

4.4. Experimental schedule
There are two main dimensionless variables whichlmaused to scale the geometry and
flow conditions for a set of scaled tidal streamdeloexperiments; the Reynolds number and

Froude number, defined respectively in equatioBsaaAd 4.4.
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Re = 22P 4.3
u

Fr— 4.4
gho

The Froude number and Reynolds number cannot #taled simultaneously, so when
scaling it must be decided whether to maintainadistic scaled Froude number or Reynolds
number (Massey and Ward-Smith, 1998). This is det@ff between free surface effects and
local blade effects, which has been encountereshlpydesigners for decades.

As the Reynolds number of the flow increases, tiag doefficient of a hydrofoil reduces
and the maximum lift coefficient, limited by stalj, increases. If a turbine of very small
blockage ratio were used in a relatively low veipdidal channel, variations in the Froude
number would have a significantly smaller effect the performance of the turbine than
variations in the flow velocity and Reynolds numbétowever, the performance of a turbine
of a relatively large blockage ratio in a relativéliigh velocity channel would be dominated
by variations in the Froude number rather thanRlegnolds number. This is because the
effects of variations in the Reynolds number onrbfall lift and drag coefficients decrease
as the Reynolds number increases (Sheldahl andaK]it®81). The Froude number is a non-
dimensional ratio of the kinetic and gravitatiopakential energy in a fluid flow. Neglecting
any effect from varying Reynolds number, using BinBlomentum Actuator Disc Theory for
Open Channel Flow (Houlslst al, 2008a) it is possible to show that the powerlabée to a
turbine is a function of Froude number only.

Limitations on flow velocity meant that in the Neagtle flume it would not be possible to
replicate flow conditions with a Reynolds numberagh as that experienced by a full scale
device. For this reason it was decided to scalkinva realistic range of Froude number, 0.1
< Fr < 0.22, which could be experienced in a falle tidal stream. If the linear dimensions
are scaled by a factd\, in order to maintain Froude similarity the vetgaof the flow should
be scaled by the factafN.

By scaling with constant Froude number, the powedpced by the turbine would be
conservative, as the relatively low Reynolds numbeuld reduce the performance of the

turbine when compared to a full scale device.
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44.1. Blade pitching
Several studies have indicated that the performarica Darrieus type device may be

improved by using a dynamic pitching scheme (Grettod Bruce, 2005, Salter and Taylor,
2007). Despite this fact it was decided to usedikéades, as this would allow for a single
piece rotor, which is structurally stiff and recgsrrelatively little maintenance.

As described in section 3.5, the anticipated deagts of the flow through the device is
likely to result in differing power take-off fronhé upstream and downstream halves of the
device. The use of a fixed offset pitch has bemgested as a method for varying the turbine
operating tip speed ratio and is anticipated taltés changes to the device performance.

To explore this experimentally the apparatus alldarsthe parallel turbine blades to be
pitched by 2° both positively and negatively (aipes pitch acting to increase the apparent

angle of attack on the upstream half of the turpine

4.4.2. Blockageratio

The depth of flow for the majority of the teststins series of experiments is 1 m, which
results in the turbine occupying 50% of the depthhe flow. LMADT-OCF demonstrates
that, for a given Froude number flow, the blockaago of a rotor has a significant effect on
the potential performance of the device (Houlsbwl, 2008a). In order to explore the effect
of the blockage ratio on the turbine performancsetaof tests were performed with reduced
depth of 0.8 m, producing a blockage ratio of 0.6ZE®»r a given Froude number, the flow
velocity and anticipated Reynolds number of thevfle reduced for the higher blockage test,
but it is assumed that small variations in Reynaddsnber at this scale do not have a

significant effect on the hydrofoil performance,sé®wn in Figure 6.1.

443 Reversal of flow direction

By swapping the attachments at each end of theéntirland turning it around so that the
device rotates in the opposite direction, it isgilole to test the turbine in reverse without
changing the direction of the flow in the flume. lfj&/e “forward” flow is defined as the
bottom of the turbine rotating in the same direttas the flow.) Tests were performed with a
“reversed” device to explore whether the perforngant the turbine changes significantly

when the direction of the tidal flow is reversed.
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444, Turbine height in flow
A simple analysis of the THAWT device using LMADTEB does not indicate that the

amount of power available to the device varies wh#vertical position in the flow. In order
to explore this, a set of experiments were perfarmigh the rotor axis moved to 0.2 m above

the default position, raising it to 0.625 m abdve lume base.

4.45. Waves
An auxiliary test was conducted using the wave mgkiapability of the CWWC tank. The

CWWC tank wave paddles submerge into the flow fedoave, to a height of 0.3 m above the
flume base, and move in a stream-wise motion tgeptavaves, as shown in Figure 4.13.
The generated waves are not fully representativeuefoffshore waves, which tend to occupy
only the top region of a channel. The period amgplaude of the waves were arbitrarily set
at 1 s and 25 mm respectively, corresponding tb dtdle waves of approximately 4.5 s

period and 0.5 m amplitude, using Froude scalingniidan, 1977).

|
|
|
|
|
|
| _——a

]0.3 m

Figure 4.13 — Side view of oscillating wave paddles inNleevcastleCWWC tan

The final schematic of tests undertaken is givehahle 4.2.

h.. (m) 1.0 0.8
B 0.5 0.625
U.. (m/s) 0.3 04| 05| 07/ 03 04 05
Fr 0.096| 0.13 0.16 0.2 0.11 0.14 0.8
Truss * * * * * * *
Reverse Truss * *
Truss with waves *
Truss position varied vertically * * *
Parallel six blade * * * * * * *
Reverse six blade * *
Pitched six blade * *
Parallel three blade * * * * * * *

Table 4.2 — Schematic of experimental tests
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Ideally, for each set of flow conditions and couofigtion, a power curve would be
produced in which each point represents the pedooa of the turbine while operating at a
steady state. To test in steady state conditionsgaiar increments of tip speed would be very
time consuming, and due to limited time in the Nasile facility a more convenient scheme
was required. The chosen solution was to use therncontroller to accelerate the turbine
gradually using a low gradient ramp, as shown guf@ 4.14, so that the system had time to

react continuously and simulate steady state comndit
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Figure4.14 — Example of speed ramping during an experina rpm/min
The validity of estimating the steady state perfamnce of the device with a ramping speed
of 5 rpm/min was explored both by studying the agesis of the rising and falling ramps, as

well as through tests of the device with a rampaif the gradient, as shown in Figure 4.15.

1 4 —5 rpm/min ramp
08 - —2.5 rpm/min ram
0.6
S
0.4 1
0.2 1
O T T T T
0 1 2 3 4

Tip speed ratio

Figure 4.15 —Tests of the six parallel bladed device at 0.5 mithy 5 and 2.5 rpm/min ram
With no visible difference between the resultswids assumed that the quasi-steady

assumption was valid.
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4.5. Data calibration

Figure 4.16(a) shows an example of the torque dattly measured from the torque-
speed sensor, in which the large fluctuationseetid of the test are due to the high angles of
attack and unsteady stall experienced by the tarblades, as the tip speed ratio is reduced.
Negative values of torque indicate regions in whadwer must be applied by the motor-
generator in order to achieve the desired tip spatos. Figure 4.16(b) shows a magnified
section of this torque trace in which the fluctaas are due to a combination of the frequency

response of the motor speed control loop and thginga blade forces during a turbine

rotation.
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Figure 4.16 - Raw measurements of torque for thsstturbine afFr=0.17 and B = 0.5
The raw data were re-sampled down to 20 Hz usimepli interpolation, and a 500 sample
width Hamming window was applied to smooth the datashown in Figure 4.17(a). After
smoothing, the data were corrected using the fafigwcalibration values, an example of

which is shown in Figure 4.17(b).
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Figure 4.17 - Post processing of data for the trugbine atFr=0.17 and B = 0.5
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The measurements of flow velocity at the ADV velpgrobe were calibrated using the
method described in section 4.3.1, to provide asomegment of the volume averaged flow
velocity over the course of each test.

By running the apparatus with the endplates mouated shaft in place of the turbine, the
torque due to the drag on the endplates and fnigticthe power train was measured. This
process was carried out at several values of flelocity and over a range of angular
velocities. The measurements of torque were caéiiraising these values, to isolate the
torque produced by the turbine alone.

At the beginning of each day the value of eachldgpbbe was recorded with no flow, so
that the drift on the instrument amplifier could leasured. Measurements of depth were
also taken at various flow velocities and with mwbtne in place, so that the head loss
generated due to the velocity profile shear cowddgbantified. Applying these calibration

values to the experimental results allowed theldepange due to the turbine to be isolated.

4.6. Confidencelimits of experimental data

It is necessary to perform an error analysis taldisth the confidence limits on the data
obtained from the experimental tests. Based ondaimgted accuracy of each piece of

instrumentation the possible measurement errorsdoln quantity are given in Table 4.3.

Maximum value at peak power  Minimum value at ppaker

Value | Instrument error (% Value Instrument e
Measured torque| 5.07 Nm 0.59% 0.46 Nm 6.47%
Torque calibration 2.43 Nm 1.23% 0.48 Nm 6.20%
Angular velocity | 88.0 rpm 0.28% 29.5 rpm 0.85%
Flow velocity 0.68 m/s 0.65% 0.29 m/s 0.84%

Table 4.3 — Possible measurement errors due touimsnt accuracy

The percentage instrumentation errors for each tqyaare smaller when the measured
values are greater and use a larger proportioneofiseful instrumentation range.

When used to calculate metrics such as the kipetwer coefficient at peak power, the
greatest anticipated error is a linear combinatibthe individual errors, with the minimum
measured values for each respective quantity. rmAsgy that the error contributed by the
torque calibrations is proportional to the fractamfrthe total torque, the worst case error in the
calculation ofCpk is £16.3%. However, it should be noted that wilenmeasured quantities
occupy their greatest values during the experimeheslinear combination of errors predict

an error bound ofpk of £3.4%.
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Applying the same process to the calculation offidence limits for the tip speed ratio of
peak power/y, results in error bounds of +1.7% and +0.9%, respely for the maximum
and minimum measured quantities.

The probability that the maximum error for eachcpieof instrumentation will occur
simultaneously is remote. The quoted values arare therefore likely to be conservative
estimates. These bounds in error should be takenaccount when observing the accuracy
of comparisons with the numerical models of Chaptand Chapter 7, and when assessing
the performance of a full scale device in Chapter 9

It should be noted that further error is likelyld® incurred in the calculation of the volume
averaged flow velocity due to the approximationhaf flow field using equation 4.2.

The capacitance wave probes were the only pieceguwpment which were not calibrated
to within a given measure of accuracy. Measuremehtthe flow depth were of a lower
priority than the other measurements and so the tvas not allocated to measure the
accuracy of the wave probe instrumentation. As stie calculated depth changes across the
device are not the main focus of the experimentalumerical analyses. There is likely to be
an increased error in the measurement of depthgelsazcross the device due to the fact that
the downstream flow measurements were too closketalevice to measure fully recovered
flow. This issue is highlighted in the analysistioé experimental results and in comparisons

with the later numerical models.
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Chapter 5
Experimental results
In this chapter the performance of the differenticke configurations are compared in terms

of the kinetic power coefficient, defined in eqoati5.1, and the head power coefficient,

defined in equation 5.2.

P
Copp = 51
1/2:0Atugo
oo p
PH= 3+
g (h +12‘—g) 52

The kinetic power coefficient, also widely known #ee power coefficient or kinetic
efficiency, is commonly used in both the wind aithit stream industry, in order to compare
device performance. This metric assumes that teehanism for the extraction of energy
from a flow is the conversion of a proportion oétimcident kinetic flux to useful power, and
a reduction in the total kinetic energy of the flowVhilst this is accurate for relatively
unconstrained flows, the mechanism of energy etitnadrom an open channel flow is the
conversion of total head to useful power. The header coefficient is presented here as a
more comprehensive metric for the comparison @l tedream devices. In order to calculate
the head coefficient of power it is necessary tovkrihe change in total head due to the
device, which can be calculated from the depth gbabhetween fully mixed locations
upstream and downstream of the turbine. As destrin Chapter 4 this was not fully
achieved during the experimental tests, but itaefebed that in the tests on low Froude
number flows the depth was sufficiently recover@offer estimates of the head efficiency of
the device. Using this metric the true efficieradythe various design configurations can be

compared.
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5.1. Basicfeaturesof the experimental results
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Figure 5.1 - Results for the six truss-bladed devtan average Froude number of 0.09 and a
blockage ratio of B = 0.5

Figure 5.1(a) shows a typical power curve recordeding an experiment, after the
smoothing and calibration process has been app®diescribed in Chapter 4. The motor
speed has been ramped to obtain the performartbe divice over the entire power curve in
a quasi-steady fashion. The power curve exhibliglashape in which power is reduced at
high tip speeds due to low angles of attack ant Higg, and at low tip speeds due to stall at
high angles of attack. While a steady rotatioqedes! is achieved over the majority of the
power curve by braking the turbine, using the maera generator, negative power is
measured at higher tip speed ratios by applyingipegorque.

Figure 5.1 (b) shows the measurement of depth éhangpss the device as the tip speed
ratio is varied and demonstrates that the depthgdhancreases with an increase in tip speed
ratio. The increase in depth change is due tonttrease in thrust produced by the device as
the tip speed ratio is increased.

The salient values of turbine performance overehtgre range of tests are listed in Table
5.1, in which the performance of the device and tweresponding flow parameters
correspond to those measured at the tip speedabpeak power output,. The values of
flow velocity and Froude number are calculated fribra average flow velocity during an
individual test. These salient values are thogel aliring the subsequent analyses. The tests
described as ‘Top bearing’ refer to the apparatudiguration in which the turbine axis

position is raised vertically by 0.2 m, as desdibesection 4.4.4.

68



CHAPTER 5. EXPERIMENTAL RESULTS

Test | Configuration Notes U,(m/s)| Fr | Power (W) | 4, | dh/h | Cpr | Cpp
1 Truss 0.29 0.09 2.93 211 0.6% 56% 1%
2 Truss 0.41 0.13 8.77 214 12% 62% 20%
3 Truss 0.55 0.17 24.37 280 25% 71% 20%
34 Truss 0.67 0.21 54.90 2.9%.5% | 85% | 14%
36 Truss Repeat 0.53 0.17 23.46 2172 2/0% 71% 23%
Truss Repeat 0.67 0.21 54.03 2|783% | 80% | 14%
5 Truss Reverse 0.29 0.09 2.19 2[72 0.6% 41% 13%
6 Truss Reverse 0.54 0.17 23.84 2180 24% 70% 20%
15 Truss Top bearing 0.29 0.09 3.00 2194 0% 57/%% 1
16 Truss Top bearing 0.54 0.17 33.98 3106 3/0% 10(2%
35 Truss Top bearing 0.66 0.21 70.10 3110 45% 11®@%%
37 Truss Waves 0.54 0.17 23.43 2[70 19% 6D9% 25%
9 Six parallel 0.29 0.09 3.18 271 0.6 57% 18%
10 Six parallel 0.41 0.18 9.57 259 12% 65% 201%
11 Six parallel 0.54 0.1y 27.52 265 2.6% 78% 20%
12 Six parallel 0.66 0.21 59.29 278 6.4% 92% 165%
38 Six parallel Repeat 0.29 0.09 3.53 2171 0.6% 6722%
39 Six parallel Repeat 0.55 0.17 28.42 2|68 2/9% % 7919%
7 Six parallel Reverse 0.29 0.09 2.85 2|72 0% 53%6%
8 Six parallel Reverse 0.54 0.17 26.77 2168 2/6% % 7721%
19 Six parallel 2° -ve pitch 0.29 0.09 3.84 213249%.| 66% | 35%
20 Six parallel 2° -ve pitch 0.55 0.17 29.87 21415% | 84% | 38%
17 Six parallel 2° +ve pitclp 0.29 0.09 2.70 3]195%.| 51% | 21%
18 Six parallel 2° +ve pitcﬂm 0.54 0.17 23.44 3|127.098 | 71% | 16%
21 | Three parallel 0.29 0.09 5.10 386 0.4% 95% 45%
22 | Three parallel 0.41 0.13 13.44 340 1.0% 88% %34
23 | Three parallel 0.55 0.18 34.12 3381 1.7% 93% % 38
24 | Three parallel 0.67 0.22 69.45 3.44.6% | 100% | 24%
31 Truss h=0.8m 0.26 0.09 3.92 357 13% 102% 19%
32 Truss h=0.8m 0.35 0.12 12.34 3/53 2.2% 129%% 27
33 Truss h=0.8m 0.51 0.19 57.30 3169 6.4% 179%% 28
28 Six parallel h=0.8m 0.26 0.09 441 3133 1.392% | 22%
29 Six parallel h=0.8m 0.37 0.13 15.88 3[31 3.1%561%| 23%
30 Six parallel h=0.8m 0.53 0.19 67.05 3/286% | 192% | 30%
25 | Three parallel h=0.8m 0.26 0.09 5.21 390 1/0%29% | 33%
26 | Three parallel h=0.8m 0.39 0.14 19.22 4.15 %1/6152%| 50%
27 | Three parallel h=0.8m 0.53 0.19 60.26 4.25 9%3|8174%| 48%

Table 5.1 — Full table of experimental results afteoothing and calibration, with bold type
representing depth change measurements that areelynto be fully recovered
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5.2. Repeatability of results

Figure 5.2 shows that the recorded peak powerhdemnge and, for the selected tests
are repeated with a mean error of less than 5%a®8@2.3% respectively. It is assumed that
the error in the repeatability of the depth chaisggue to the close proximity of the turbine to

the downstream depth probe.
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Figure 5.2 - Comparison of analysed data with repbdity tests performed at matching velocities
and setups
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5.3. Comparison of truss blade performance at a blockageratio of B = 0.5
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Figure 5.3 - Comparison of performance curves fer truss-bladed device over a range of Froude
numbers at a blockage ratio B = 0.5

Figure 5.3(a) shows power against tip speed ratives for four Froude number flows, and
demonstrates that the truss THAWT device produgesak in power at a tip speed ratio of
between 2.7 <i, < 2.9. This suggests that the optimum variationangle of attack
experienced by the blades, throughout a rotatiooyrs at a consistent tip speed ratio over a
range of Froude number flows. The preliminary gsial of Chapter 3 suggests that a
consistent tip speed ratio over a range of Froudeber indicates that the induction factor
experienced by the device remains relatively coristd the point of maximum power
extraction. This is significant in the design diufl scale THAWT device, as it demonstrates
that for a given flow geometry, the tip speed rationaximum power would remain relatively
constant over the whole tidal cycle.
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It is also clear that as the velocity and Froudeler is increased, the turbine produces
positive power up to a greater tip speed ratiois Thlikely to be due to a combination of two
factors; a reduction in hydrofoil drag coefficieas the Reynolds number increases with
Froude number, allowing positive components ofuertp be achieved up to greater tip speed
ratios, and an increased deflection of the flovdfias the Froude number is increased,
resulting in an increased angle of attack. At sachmall scale, where relatively small
changes in Reynolds number have perceptible eftecthe lift and drag characteristics of the
hydrofoils, the assumption used in the preliminamalysis of Chapter 3, that changes to the
scale of the device and blades will have a nedégéifect on the hydrofoil characteristics,
may only be valid for very small changes in Reysaldmber.

Unfortunately, the low tip speed ratio data for thgher Froude number flows is
unavailable due to a poor frequency response ofrib#r controller at the low tip speeds,
where the turbine behaviour is highly unsteady.

Figure 5.3(b) illustrates that the THAWT device egds the Lanchester-Betz limit of
kinetic power coefficient, used in wind turbine ang for flows of a Froude number greater
than roughly Fr = 0.15. This compares favourablgxperimental results performed on more
conventional horizontal axis devices (Babapl, 2007).

A kinetic power coefficient greater than the Larstke-Betz limit is possible due to
channel blockage effects and the sub-critical matfrthe flow, as described in Chapter 2.
Tidal flow conditions differ from those assumedtire classical Lanchester-Betz solution, in
that (a) the flow is of finite depth and (b) graibnal effects on the fluid are significant
(Houlsby et al, 2008a, Whelaret al, 2007). When these effects are taken into accaunt,
greater amount of power can be extracted than atelic by the simple Lanchester-Betz
analysis. For instance, at a Froude number of @1dd a blockage ratio of 0.5, Linear
Momentum Actuator Disc Theory for Open Channel Fig¥oulsbyet al, 2008a) suggests
that the amount of energy made available for ektrady a device is increased by a factor of
4.6, when compared to a kinetic flux analysis. Pphenomenon of increased power in tidal
flows has previously been observed in tests of nooreventional, axial-flow tidal devices
(Myers and Bahaj, 2007).

Figure 5.3(c) demonstrates that for Froude numlbersfup to Fr = 0.13 the depth change

across the device increases with the tip speed, ratiggesting an increase in the thrust
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produced by the turbine, up to the tip speed maitipeak powet,. This is likely to be due to

a greater proportion of the rotor achieving attactiew and producing an increased amount
of lift, as the average angle of attack decreas#s an increasing tip speed ratio. The
gradient of the depth change decreases significdmtl values of tip speed greater thgn
which suggests that the thrust produced by thecdekemains relatively constant in this
region. Assuming that the flow obeys the assumgtmf LMADT-OCF, these results suggest
that the average induction factor experienced gy davice also remains constant in this
region (Houlsbyet al, 2008a).

However, whilst the results at lower Froude numk@irs< 0.13) suggest that the thrust
remains relatively constant at tip speed ratiogtgrethary,, the results differ for the highest
Froude number experiment Fr = 0.22, which exhihitgradual decrease in depth change
across the device with an increase in tip speedd.rathis is likely to occur due to the
measurement of unmixed, and unrecovered flow, atdthwnstream depth probe, but as the
tip speed ratio increases the added turbulence finhendevice causes accelerated mixing, and
the flow at the probe is increasingly recoveredan8ing waves may also contribute to the
variability of the depth change measurements didridlow velocities. The erroneous depth
change results are highlighted in bold text in €bll and are disregarded throughout the
course of this analysis.

Over a Froude number range of 0.09 < Fr < 0.17the&s device achieves a peak head
power coefficient of between 17.3% and 20.0%, whNADT-OCF suggests that between
63.5% and 65.5% of the total energy removed from ¢hannel is available for useful
extraction. Whilst these values would be expectethtrease marginally if the depth were
measured at a point further downstream, where durtieight recovery might be expected,
they give an approximation of the efficiency witthieh the device converts the available
energy into useful power. This would indicate ttreg truss THAWT device is less efficient

than more conventional horizontal axis devices épahal, 2007).
5.4. Comparison of basic configuration variations

Three basic variations of device were tested. ddrallel six-bladed device with a solidity
of 0.25, the six-bladed truss with a solidity c2®.and the parallel three-bladed device with a

solidity of 0.125, which will be referred to as thaw solidity’ case.
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Figure 5.4 - Comparison of performance achievepestk power by the three basic THAWT
configurations over a range of Froude number atackage ratio B = 0.5

Figure 5.4(a) shows that the low solidity devicepeuformed both the six parallel-bladed
device and the six truss-bladed device in termgosfer output at a given flow velocity by a
factor of between 1.09 — 1.65. The differenceenfgermance is highlighted when the power
produced by the devices is non-dimensionalisechbyiricident kinetic flux in Figure 5.4(b).
This suggests that reducing the solidity frems 0.25 is likely to result in more favourable
hydrofoil lift to drag performance over a greateogortion of the turbine rotation. However,
the preliminary analysis of Chapter 3 indicated tbductions in solidity are likely to result in
significant increases in blade stress.

Figure 5.4(b) shows that the six parallel-bladediceachieves kinetic power coefficients
greater than the truss-bladed device by factoledfieen 1.03 - 1.08, resulting in head power

coefficients greater by factors of 1.04 - 1.09 extipely.
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Figure 5.4(c) demonstrates that the depth changessathe six parallel and truss-bladed
devices are substantially greater than that acheskw solidity device. Based on the Froude
number, depth change and blockage ratio for eadffigevation, LMADT-OCF is used to
predict the thrust experienced by the device. Hihetic power coefficients achieved at the
respective values of thrust are shown in Figure 3bthis figure, the total amount of power
that is extracted across the affected region of i plotted as ‘Total Power’. Some of this
power is lost in downstream mixing and all of teenaining power is theoretically available
for extraction by a device with no viscous lossesich is interpreted as the inviscid

maximum power available to the device.
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Figure 5.5 - Kinetic power coefficients of totalvpar extraction for the theoretical inviscid case
(Houlsbhy et al., 2008a) and experimental resultdtie three and six parallel-bladed and truss-bldde
configurations at a Froude numberi=0.09 and a blockage of B=0.5

Figure 5.5 shows that the thrust produced by tlve dolidity device is reduced when
compared to the higher solidity devices, which &sgg a higher average induction factor
through the low solidity device. At the higher uation factor the losses in the channel due to
downstream mixing, represented by the distance dmiwthe total power curve and the
inviscid power curve, are smaller than for the hsgiidity devices. As well as reducing the
mixing losses in the downstream region, the lovidgyl device produces less viscous losses
in the rotor, represented by the distance betwé&enekperimental power curve and the
inviscid power curve, indicating that the efficignor head power coefficient (the ratio of the
height of the power curve to the height of theltptawer line), is significantly higher for the
low solidity case. The mean pe@ky achieved by the lower solidity device over thegaof
experimental Froude numbers is 39%, which is saltisly higher than the&Cpy values of

19% and 20% achieved by the truss and six pafaleled device respectively. The improved
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performance of the three-bladed device agrees thiéhprediction of LMADT-OCF, that a
design which induces in a high induction factohyglrodynamically superior to one which
significantly slows the flow.

With a greater flow velocity through the low sotididevice, the preliminary analysis of
Chapter 3 suggests that the rotor must operaten abhcreased tip speed ratio in order to
maintain the optimum angle of attack and to avdadle stall. This is confirmed in Figure 5.4
(d), which shows that the peak powers in the thnleded tests occur at an average tip speed
ratio 0.6 greater than the six parallel and trdasidxd configurations.

None of the three devices experience significamiatians ini, as the Froude number is
increased, with an average increase of 4.7% oweexiperimental range. It is believed that
the small increase ify, with Froude number is due to a small increaséénimduction factor
and a corresponding increase in angle of attactheadepth change is increased and the flow
iIs constricted to higher velocities through the idev This effect appears to be more
significant than the increase in the stall angléhvan increasing Reynolds number, which

would be expected to reduce both the inductiorofaatd operating tip speed ratio.
5.5. Effect of avaried fixed pitch

As described in section 3.5, an anticipated deagtar of the flow through the turbine is
likely to result in differing power take-off fronhé upstream and downstream halves of the
device. A negative fixed offset pitch was suggeste a method for reducing the operating tip
speed ratio of the turbine and is expected to ingthe device performance.

To explore this experimentally, slots in the enthdaof the turbine allow for the blades to
be pitched by 2°, both positively and negativelyp@sitive pitch acting to increase the

apparent angle of attack on the upstream halfefulbine), as shown in Figure 5.6.

+ve pitch

’

Resultant
force

Figure 5.6 - lllustration of the direction of pask pitch
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Figure 5.7 - Comparison of performance achievedhieysix parallel-blade device with a fixed offset
pitch and a blockage ratio B = 0.5

As shown in Figure 5.7(a) and (b), by applying an2gative fixed offset pitch to the six
parallel-bladed device the performance of the tebis significantly improved. When
compared to the neutrally pitched case, the peadtiki power coefficients are increased by
factors of 1.16 and 1.07 for the Fr = 0.09 and Br} cases respectively.

As demonstrated in Figure 5.7(c) the negativelghatl device further benefits from a
reduced depth change across the flow domain, aaasinncrease in the average head power
coefficient, from 19.6% for the neutrally pitchedndiguration, to 36.0% for the negatively
pitched configuration. This significant increaseeificiency indicates that a high solidity six-
blade device is capable of achieving levels of gremiince approaching that of a lower

solidity device, by use of a negative fixed offgith.
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LMADT-OCF suggests that with a reduced depth chattgeinduction factor through the
device is increased. One might expect that thead#vice must therefore operate at a greater
tip speed ratio in order to maintain the optimustrdbution of angle of attack. However, due
to the effective 2° reduction in the angle of dttagperienced by the hydrofoils, as a result of
the fixed offset pitch, on averagg occurs at a value 0.3 lower than the neutrallghgtl
device, as shown in see Figure 5.7(d).

Using an analysis similar to that described inisacb.4, the kinetic power coefficients
achieved by the negatively pitched device at a deonumber of 0.09 are plotted for the

respective values of thrust coefficient in Figur.5
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Figure 5.8 - Kinetic power coefficient for the,@bpower extraction, the theoretical inviscid case
(Houlsby et al., 2008a) and experimental resultstie three and six parallel bladed and truss bl&de
configurations at a Froude number of Fr=0.09 antllackage of B=0.5

Figure 5.8 shows that by applying a 2° negativehpibe thrust produced by the device has
been significantly reduced, to a value even lowantthe low solidity device. This reduction
in thrust results in an increase in head powerfmefit to an average of 36.5%, and marks a
significant improvement in efficiency over the naliyy-bladed configuration.

These results suggest that the reduced tip spea reproved downstream blade
performance and improved orientation of the restlfarce vectors, as described in section
3.5, have a net effect of increasing power outputeanreducing the overall thrust. This effect
is observed and explored more quantitatively in tdrgue traces predicted by the Navier-

Stokes Blade-Element model of Chapter 7.
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5.6. Variation of the turbine blockageratio

In order to minimise the amount of apparatus regliior the series of experiments the
effect of variations in blockage ratio were exptbt®y reducing the depth of the flow in the
flume tank. By reducing the depth of flow from amximately 1.0 m to 0.8 m, the blockage

ratio was increased from 0.5 to 0.625.
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Figure 5.9 - Comparison of performance achievethieysix trus®laded device with a blockage ra
of B=0.5and B =0.625

Figure 5.9(a) shows that by increasing the blockage fromB = 0.5 toB = 0.625 the
amount of power that is produced by the turbinggsificantly increased. The kinetic power
coefficient that is achieved suggests that theagela extracting more power than is available
from the upstream incident kinetic flux. This igedto the increased extraction of total head,
indicated by Figure 5.9(c), which shows that witte tincrease in blockage there is an
accompanying increase in the depth change acresdetvice. An increase in depth change
suggests that the thrust produced by the higheckblge device has been significantly

increased, which will increase the horizontal loaguirements of the turbine foundations.
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Despite the increase in depth change across theeddéive head power coefficient is
increased fronCpy = 18% for theB = 0.5 case t&€py = 24% for theB = 0.625 case. By
blocking a greater proportion of the channel ama,increased thrust can be maintained,
whilst achieving a high induction factor and lowxing losses. These observations are
supported by numerical simulations of the devicaducted in Chapter 7.

The accelerated flow through the device also regultan increase in the angle of attack
experienced by the hydrofoils and therefore thdageis likely to stall at a higher tip speed
ratio, as indicated by Figure 5.9(d). This is imeéntal to the structural performance of the
device, both due to the increased thrust and amase in the forces that are acting on the
turbine blades.

However, the benefits of increasing the blockag® @nd maximising the head extraction
may significantly outweigh the additional requirerteeon the structure and foundations. It is
likely that the blockage of a device will be lindtéy a combination of constraints, most of
which will be site dependent. The amount of cleeeaabove and below is likely to be
dictated by the size of rolling and floating obgett the flow, as well as shipping restrictions.
It is also possible that a given turbine fence v limited to a certain depth change,

corresponding to either a reduced thrust devieereduced blockage ratio.
5.7. Effect of waves

A solitary test was performed with waves of 1 sigmrand 25 mm amplitude,
corresponding to approximately 4.5 s period andr.amplitude at full scale, to briefly

explore whether waves would affect the performasfdee device.
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Figure 5.10 - Comparison of performance achievethieysix trusdladed device at a Froude numl
of 0.17 with and without waves of 1 hz and appratéty 25 mm amplitude
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Figure 5.10(a) shows that the power curve produmedhe device with waves was less
smooth than that of the steady current conditiofiis is not surprising as the velocity field
experienced by the device is much more variableawdver, the maximum kinetic power
coefficient of the device in waves was the samiaisof the steady flow device. While these
results suggest that the performance of the tunmifienot be severely impaired by waves on
a full scale installation, the effect on a deviéelifferent configuration and waves of differing

frequency and amplitude are likely to be more digaunt.
5.8. Consistency with flow from either direction

One of the commonly stated advantages of the Rerriarbine is its ability to operate
efficiently with flows from any direction, normad tthe rotor axis. In order to validate this
assumption for the THAWT device the ends of th@ratere swapped, so that the turbine
would rotate in the opposite direction, as showirigure 5.11, allowing the effect of flow

from the opposite direction to be explored, withoaitersing the direction of the flow in the

flume.
ﬂ ﬂ
U Uy
(a) forward configuration (b) reverse configuration

Figure 5.11 - Setup of forward and reversed comdulevices

Figure 5.12 shows that a device in a reversed gordtion achieves a kinetic power
coefficient that is close to, but slightly loweraththat achieved by the forward configured
device. The low power outputs for low Froude numth@vs means that a small error in
power measurement can cause large differences éet@sults of a given flow velocity. It is
therefore assumed that there is an uncharactetigtiarge error in the measurement of the
reversed configuration of the truss device at & flelocity of 0.3 m/s. The average reduction
in kinetic power coefficient when using a reversedfigured device for the remaining three

tests was 3.2%, anig was repeated with an error of 0.6%.
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Figure 5.12 - Comparison of the performance of fimdvand reverse configured devices

The reduction in power achieved by the reversedcdeg an expected result as the effect
of the free surface deformation is to accelerageflibw over the top half of the device, and
any velocity profile due to shear at the base efftame will cause a reduction in velocity at
the bottom half of the device. While both of thebanges in velocity are beneficial to the
forward configured device, where accelerationdhattop and decelerations at the bottom will
increase the velocities experienced by the turtbteeles, both effects will reduce the
velocities experienced by the reverse configuredcgeand are therefore expected to reduce
the produced power.

Whilst the consistency of the performance of theiake with flow from either direction
indicates that the differences in velocity at tbp &nd bottom of the test flume are relatively
small, the flow field experienced by a full scakevite may be significantly different due to
turbulence, stratification of the flow and an exagged velocity profile due to bed roughness.

These factors should be explored in more deptrsiplyson a site by site basis.

5.9. Effect of turbinevertical position in the flow

0.325m| e

Figure 5.13 - Distance to the free surface in ekpents exploring the effect of vertical position
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In order to assess how the vertical position ofdbeice in the water column affects the

performance of the turbine, tests were performdd thie axis of the truss-bladed rotor raised

so that the distance to the free surface was redfroen 0.325 m to 0.125 m, as shown in

Figure 5.13.
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Figure 5.14 - Comparison of performance achievethieysix truss-bladed device with a blockage
ratio of B = 0.5 and mounted at two vertical pasits so that the top blade is 0.125 m and 0.325 m

from the free surface

Figure 5.14(a) shows that by reducing the distaridbe turbine from the free surface, the

power produced by the THAWT device is increasetiigher Froude number flows. The

increase in power, with an increase in verticaghgiresults in an increase in the kinetic

power coefficients by factors of between 1.01 21a% shown in Figure 5.14(b).

The increase in power at higher Froude number flmag be due to the acceleration of the

flow near to the free surface as the depth is rediacross the device. The proximity of the

high solidity turbine to the deforming free surfaseexpected to force a high velocity stream
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through the bypass, which will cause an increastnénvelocity experienced by the turbine
blades. The increase ip, shown in Figure 5.14(d), supports this theorg@sncrease in the
angle of attack experienced by the blades at angipespeed ratio suggests an increase in the
velocity through the device.

Despite an increase in the depth change acrossigier positioned device, shown in
Figure 5.14(c), the average head efficiency isaased from 19.0% to 21.0%, suggesting an
improvement in the true efficiency of the devic@/hilst the performance of the device is
improved by moving the rotor closer to the freefats, it is anticipated that this will reduce
the performance of a device in a reversed conftqarawhere the blades at the top of the
rotor will be moving in the same direction as ticeederated flow. Accelerating the flow in a
narrow region close to the free surface is likely}cause supercritical flow at a lower Froude
number and so a design should maintain a giveardistto the free surface during an entire
tidal cycle, which prevents any possibility of supéical bypass flow from occurring. There
may also be limitations on how close to the fregase the turbine can be placed due to site

specific constraints.
5.10. Torquefluctuations

Any basic analysis of a Darrieus turbine predibtst the magnitude of torque fluctuations
iIs reduced as the number of blades increases (Parami, 2002, Shioncet al, 2000).
Designs of turbines with swept or helical bladegehbeen developed in order to reduce the
torque fluctuations, without requiring an increasehe number of turbine blades (Gorlov,
1997, Zanettet al, 2010).

Figure 5.15 shows a plot of torque fluctuationsorded for the three and six parallel-
bladed devices, which has been calculated by stitgathe average torque for the period
from each data point to illustrate the magnitudélwftuations. As expected, the magnitude
of torque fluctuations are significantly reduced using a six-bladed design rather than a
three-bladed design, with rms values of 0.17 al@® @or the three and six-bladed devices

respectively.
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Figure 5.15 - Comparison of raw torque traces owes turbine rotations by the three and six
parallel-bladed devices at a Froude number of Gafil a speed of 45rpm

Despite the use of swept blades in the truss desiigme is no improvement in torque
fluctuation when using the six-bladed truss, asospg to the six parallel-bladed device, with
rms values of 0.07 and 0.06 respectively. This paydue to similar torque fluctuations
between the two designs or due to the magnitudthefactual torque fluctuations being

smaller than those due to the feedback control tdape motor controller.
5.11. Anticipated trade-offsin structural and hydrodynamic performance

By applying the preliminary analysis of Chaptero3the gathered experimental data, the
effect that configuration variations have on thadel stress can be predicted.
Omax )lszanZﬁz
X

pgh sz(t/c)z

5.3

The effect that variations in the design configiorathave on the induced blade stress is
explored using equation 5.3 of the analytical pnelary analysis. As the configuration of the
truss device was not varied during the experimehisresults from the parallel-bladed device
at a Froude number of 0.17 are analysed usingithengional analysis. The assumption that
variations in design configuration have similareeté on the truss and parallel-bladed device

is explored in Chapter 7 and Chapter 8.

5.11.1. Effect of reduced solidity

Tests were performed with a six parallel-bladedick of soliditys = 0.25 and with a three-
bladed device of reduced solidisy= 0.125. By reducing the solidity of the devicenh
0.25-0.125 the kinetic power coefficient and head poegefficient are increased by factors
of 1.19 and 1.88 respectively. This improvemenpénformance is anticipated to occur due

to a reduced thrust and an increased velocity a fihrough the rotor, so that the turbine
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blades operate with improved lift to drag charastes for a greater proportion of the turbine
rotation. The improvement in performance for thelueed solidity turbine was also
accompanied by an increase in the operating tipcspaio by a factor of 1.25.

When combining the changes to the turbine sglidite number of blades and the operating
tip speed ratio, the net effect of reducing théineg solidity from 0.25— 0.125, predicted
using equation 5.3, is an increase in blade strgss factor of 1.56. It should be noted that
the anticipated increase in blade stress when megltlee turbine solidity is significantly more
severe when the number of blades remains constdmnth is likely to be the case for

variations in the design of the truss configuredicke

5.11.2. Effect of negative offset pitch

Tests were performed with the turbine blades conéid at a neutral pitch of 0° and a
negative fixed offset pitch of -2°. By reducingetfixed offset pitch from 0° to -2° the kinetic
power coefficient and head power coefficient arereased by factors of 1.07 and 1.86
respectively. This increase in performance iscgdied to occur due to an increase in the
amount of power produced by the downstream halthef device and a decrease in the
produced thrust. Due to the use of a negativeebffstch, the improvements in device
performance were accompanied by a decrease irp#rating tip ratio by a factor of 0.91.

With no other salient variation in the turbine dgaofation, equation 5.3 predicts that the
reduction in operating tip speed ratio will resulta reduction of blade stress by a factor of
0.82. This analysis therefore suggests that apgly negative offset pitch is a more

favourable method of increasing performance, wienpgared to reducing the device solidity.

5.11.3. Effect of increased blockage

The results for increased blockage are comparesdd roude number of 0.13, due to an
inaccurate measurement of depth change at gréaterélocities for the high blockage tests.
Tests were performed on devices with blockage satid3 = 0.5 and an increased blockage
ratio of B = 0.625. By increasing the blockage ratio frorh t 0.625 the kinetic power
coefficient and head power coefficient are incrdasgfactors of 2.32 and 1.12, respectively.
This improvement in device performance is anti@dab occur due to an acceleration of the
flow through the device, which results in an ine@@ the tip speed ratio of peak power by a

factor 1.28.
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With no anticipated variation in blade stress dua varied blockage ratio and ignoring the
change in the length scale of the experimental doneguation 5.3 predicts that the increase
in operating tip speed ratio when increasing trechkdge ratio will result in an increase in
blade stress by a factor of 1.64. This analysisgesis that while the amount of power
extracted and the available energy to the devicebeasignificantly increased by increasing

the blockage ratio, a significantly detrimentalresse in blade stress is likely to be incurred.
5.12. Conclusions

This chapter uses a series of scale model expetsntershow that the truss variant of the
THAWT produces power with a kinetic power coeffitieclose to that of the conventional
parallel-bladed device. The results show that lWbéhparallel and truss-bladed devices are
capable of producing power at kinetic power coédfits greater than the Lanchester-Betz
limit. Furthermore, the power available to the TWA device is not simply a function of the
incident kinetic flux, but is increased becauselotkage effects.

A fixed negative pitch (relative to the tangenttbe pitch circle) has been shown to
increase the power produced by the turbine, as ageteducing the depth change across the
device and reducing the tip speed ratio at whiehpsak power is extracted. This is achieved
by redistributing the magnitude of the angle o&cltbetween the upstream and downstream
halves of the high solidity device, and is predidie reduce blade stress.

Increasing the blockage ratio and reducing therrstdidity have been shown to improve
the performance of the device. However, applyimg preliminary analysis of Chapter 3
indicates that these hydrodynamic improvementdilkeety to be accompanied by significant
increases in the induced blade stress. Furtherrtifwreeffects of reversing the flow direction
have been shown to have a negligible effect onpth@er produced by the turbine in the
Newcastle flume. However, it should be noted tthe flow conditions that might be
expected at a full scale installation, such aseiased turbulence, stratified flow and a varied
velocity profile, will affect the performance ofdhiTHAWT device, but the significance of
these effects is likely to be site-specific anduregjfurther testing and analysis once a site has
been chosen.

It is anticipated that blades on a full scale dewill experience flows of a greater
Reynolds number, resulting in improvements in thie dnd drag characteristics of the

hydrofoil, and an increase in the efficiency of tevice.
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Chapter 6

Momentum Blade-Element hydrodynamic model

A numerical model of the THAWT hydrodynamics is egsary in order to predict the
power produced, the blade forces and the effeatesfgn configuration variations, for any
scale of device. Whilst experiments provide perfance measurements with a high degree
of confidence, the costs of performing extensiveapeeter searches is often too high.
Therefore, the results from key experiments aremonly used to validate numerical models,
which can perform these parameter searches monoexgcally.

Comparisons of previous numerical models of the WHA device with corresponding
experimental results (McAdam, 2007) indicated tkate underlying assumptions were
inaccurate. The main identified inaccuracies wheassumptions of no disturbance to the
flow-field due to the device and hydrofoil perfornta characteristics that did not vary with
Reynolds number.

In order to address these problems it was dedidadodel the flow field using Linear
Momentum Actuator Disc Theory for Open Channel FIMMADT-OCF) (Houlsbyet al,
2008a) and to model the performance of the hydotaing published lift and drag data, and
interpolating with Reynolds number. The use ofombined LMADT and blade element
theory has previously been attempted by Templirr4)9but by utilising the LMADT-OCF
this technique is applied to a tidal turbine inl@n constrained by a free surface. This
technique is only applicable to a two-dimensionahlgsis of the device, which allows
comparisons and validations to be drawn with thpeermental results from the parallel-

bladed device of Chapter 5.

6.1. Blade edement model

The forces acting on the turbine blades are cakdlasing the blade element equations 6.1
to 6.5, and differ from the more basic equationsention 2.2.1 with a reduction in velocity

through the turbine, dictated by an induction faeto

Vg = \/(ra) sin0)? + (rw cos 6 + @y, )? 6.1
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1 AU Sin 6
a = tan
rw + AUy oSO

L= 1/ZPVR2CCL
D= 1/2pVR2CCD

Torque = r(L sina — D cos a)

6.3

6.4

6.5

The radial and tangential forces are calculat@tusquations 6.6 and 6.7.

Fradiaqt = Lcosa + Dsina

Ftangential =Lsina—Dcosa

6.6

6.7

The stream-wise thrust produced by a blade is zkmli using equation 6.8.

T = Lsin(6 — a) + Dsin(6 — a)

These calculations are performed over 5° incremehtsirbine rotation in an attempt to

yield time average values of torque and thrust.

As described in Chapter 4, the 18.4% thick ClarkgyaShydrofoil was selected for use in
the experimental tests at Newcastle University. il8¥khe ClarkY-Sym section proved to be
effective during these experiments, there is ndiglied hydrofoil performance data available
over the range of experimental Reynolds numbere @uimited experimental facilities and
the time required to accurately model the hydrodbaracteristics numerically, it was decided
to use lift and drag coefficients interpolated frpoblished data of a NACA 0018 aerofoil by
Sheldahl and Klimas (1981) (see Figure 6.1), basedhe angle of attack and Reynolds

number.
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Angle of attack)

Figure 6.1 — NACA 0018 lift coefficients at varideeynolds numbers, based on dataShgldahl an

Klimas, 1981)
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Due to similar predicted performance of the NAG®L8 section and the ClarkY-Sym, as
shown in Figure 6.2, there is believed to be liiiditional error introduced in the M-BE
model through the use of NACAQ0018 aerofoils in plat the ClarkY-Sym aerofoils used in

the experimental campaign.
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—o— Sheldahl & Klimas

-3 - Xfoil ClarkY-Sym
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Angle of attack (°)

Figure 6.2 - Comparison of lift curves predicted tloee NACA 0018 section (Sheldahl and
Klimas, 1981) and the ClarkY-Sym section predibie-foil (Drela, 2004) at Re = 1x£0

6.2. Linear Momentum Actuator Disc Theory for Open Channel flow
model
For a realistic Froude number flow it can be shawmg LMADT-OCF (Houlsbyet al,
2008a) that as the induced depth change acrodalalgvice is increased, the total amount of
power available for extraction increases signiftaabove the total kinetic power in the

upstream flow (see Figure 6.3).
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Figure 6.3 - Maximum Kinetic Power coefficient agsidepth change at a Froude number of 0.13
and for a range of blockage ratios, calculated gdiMADT-OCF (Houlsby et al., 2008a)
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With a blockage ratio of 0.5 and measured experiaietiepth changes in the range
0.004 < dh/h < 0.065, LMADT-OCF predicts that the amount of energy &alale to the
experimental turbine of Chapter 5 is a factor ofta®.7 times greater than the amount of
kinetic energy in the upstream incident flow.

Whilst the Double Actuator Disc Theory (LMDADT) oNewman (1983), multiple
streamtube method of Stickland (1975) and doubl#&hphel streamtube method of Parschvoiu
(2002) offer the ability to vary the flow velociiy accordance with the thrust from the
turbine, none of these techniques are capable dehliag the constraint due to a free surface
and the accompanying increase in available eneffiyese models may provide adequate
results for low Froude number flows or low blockagpenarios, but it is felt that they are not
able to predict the results achieved during the ddestte experiments and are not suitable to
extrapolate to larger scales.

In order to maintain a consistent specific enenggilable to the device, to allow validation
against experimental measurements, it was decidedsé LMADT-OCF to predict the
velocity at the turbine for the blade element clttans. Based on the coefficient of thrust
Cr, calculated using blade element theory, and the-damensional flow parameters for
Froude number Fr and blockage rddican estimate of the induction factor is calculaistohg

LMADT-OCF.

6.3. Combination of two techniques

In order to predict the performance of the THAWide the Momentum-Blade Element
(M-BE) model requires the upstream flow parametdrselocity and depth, as well as the
turbine geometry parameters of solidgynumber of blades, radiusr and lengthl. An
estimate of the initial induction factor providéetrequired information for the forces acting
on the blades to be predicted using blade elentesdry. The coefficient of thrust is
calculated from the mean of the blade thrust fondach has been calculated using equation
6.8. Based on the coefficient of thrust and the-dimmensional flow parameters of Froude
number and blockage ratio, an improved estimatd@finduction factor is calculated using
LMADT-OCF. A solution is found by repeating thigopess until the change in thrust
coefficient between iterations falls below a suiaihreshold. By repeating this process over
a range of tip speed ratios a power curve can bgedeand compared to other numerical

hydrodynamic models or experimental results (sgargi6.4).
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Figure 6.4 - Typical power curve produced by thé&KE-model

6.4. Comparison of M-BE with experimental results
The results from the experiments performed on 2™ scale THAWT prototype at

Newcastle University, described in Chapter 5, hbgen used to assess the accuracy with
which the M-BE model predicts the performance & THAWT device. The two main sets
of experiments used for comparison in this chapterthose performed on the three-bladed
and six-bladed parallel devices. The performarideeotruss device is initially neglected due
to the additional complexity involved in the threieensional effects of the configuration.

The results used for comparison are shown in Talile

h.. (m) 1.0 0.8
B 0.5 0.625
U.. (m/s) 0.3 04| 05| 07/ 03 04 05
Fr 0.096| 0.13 0.16 0.2 0.11 0.14 o018
Parallel six blade * * * * * * *
Pitched six blade * *
Parallel three blade * * * * * * *

Table 6.1 — Experiments used as comparison for MriBEel

Comparisons of the reversed configuration and daregtical position experiments are not
explored, as there is no change to either the LiM@amentum model or the blade element
modelling, and so variations of these factors halve no effect on the M-BE predictions.

Ratios of the performance predicted by the numeM#@E model to the experimental
results for the kinetic power coefficie@p./Cpke tip speed ratiopy/i,e and depth change
(dh/hy)/(dh/he), each at the point of peak power, are used tesagbie accuracy and fidelity of
the M-BE model.

As described in Chapter 5 the depth change measutsrfrom the experiments at higher

Froude number flows were inaccurate due to a ldckulb depth recovery. The depth
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measurements that are suspected to be erroneoid) ee indicated in Chapter 5, are

therefore omitted from the subsequent analysis®@M-BE model.
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(a) Comparison of experimental, Momentum-Blade (b) Comparison of experimental,
Element model and basic Blade Element model of = Momentum-Blade Element model
McAdam (2007)

Figure 6.5 - Comparison of experimental results ancherical predictions of the six bladed THAWT
device at a Froude number of 0.13 and a blockagie &t 0.5 in the Newcastle flume tank

Figure 6.5 illustrates that the M-BE model offerssignificant improvement in the
prediction of the THAWT device performance, whemgared to the previous basic Blade
Element model, developed by McAdam (2007). Thekgsawer output and the tip speed
ratio predicted by the M-BE model is significantbwer than those predicted by the simple
Blade Element model, and has notably improved ttelify with the experimental data.
The similarity of the predicted power curve usihg M-BE model, for tip speed ratios greater
than the peak power, appears to match the shapiee afxperimental results. However, the
lack of a model for the complex flow phenomena nigistall for a pitching hydrofoil is likely
to contribute to the sharp drop in power predidigdhe M-BE model at low tip speed ratios

and high angles of attack.
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Figure 6.6 - Predicted kinetic efficiency and acpamying induction factor for the six-bladed
THAWT device, using the M-BE model at a Froude rmurob0.13 and a blockage ratio of 0.5

The improvement in accuracy prediction of the M-BEdel over the basic Blade element
model is due to a reduced velocity predicted atttineine by the LMADT-OCF, and used in
the blade element calculations. Figure 6.6 shdwas &s the tip speed ratio increases, the
impedance of the turbine also increases, causimgdaction in the flow velocity. For
example, the M-BE model predicts that a six parhlladed device operating in a Froude
number flow of 0.13 and with a blockage ratio d @xperiences a peak in power when the
velocity at the turbine is 58% of the free streagtouity. The operating angle of attack is
reduced due to the reduction in velocity at théing, resulting in a reduction of the tip speed

ratio of free running and of peak power.
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Figure 6.7 - Graph comparing predictions using MeBE model and recorded by experiment
over the range of simulated experiments
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However, as shown in Figure 6.7 the M-BE modelaysttically over-predicts the kinetic
power coefficient and depth change of the variaudigurations of device by mean ratios of
Crik/Crre = 1.82 and (/'h,)/(dh/he) = 1.54.

6.4.1. Comparisons of basic parallel-bladed tests

Figure 6.8 demonstrates that the mean ratio€=®f/Cpk. for the three-bladed and six-
bladed devices predicted using the M-BE model a& Jand 2.29 respectively, which
indicates a significant over-prediction of the pcéed peak power. Whilst the accuracy of the
prediction of the performance of the device istreddy poor, the M-BE model successfully
simulates the increase in available energy as tbedé number is increased and allows for

the simulation of a device which is capable of exiveg the Lanchester-Betz limit.
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Figure 6.8 - Graph comparing kinetic efficienciegdicted using the M-BE model and
recorded by experiment at a blockage ratio of 0.5

The main cause for the over-estimate of power ptiedi is due to the simplicity of the
flow field provided by the LMADT-OCF, for use ingtblade element calculations. LMADT-
OCEF predicts a reduction in stream-wise flow at degice and a corresponding increase in
the velocity of the flow in the bypass. In order this to occur a proportion of the upstream
flow must be displaced vertically, the vector arderof which cannot be predicted by
LMADT-OCF alone. A set of experiments were carr@md on the 1/20th scale device at
Newcastle University, in which the path of bubbtessing through the turbine were imaged
using Particle Image Velocimetry (PIV) (Shi, 2008) results of which are not discussed in

this thesis. During these tests it was observad tthe thrust from the upstream half of the
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device caused a reduction in flow velocity withimetturbine to a near standstill, which
affected the blades on the downstream half of db@rr A large proportion of the error in the
prediction of peak power by the M-BE model can ¢fi@e be attributed to an unrealistically
high estimate of the velocity on the downstreant bfathe device. For a turbine of relatively
low impedance this effect will be negligible, bulllvaecome more significant as the stream-
wise thrust produced by the device becomes mongfisignt, or as the blockage ratio is

decreased.
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Figure 6.9 - Comparison of the kinetic power cadfit predicted by M-BE and experimental
tests for the three bladed THAWT at a Froude nurob@c13 and a blockage ratio of 0.5

A lack of accuracy when modelling the reductionvielocity through the device also
produces the disparity in the accuracy of predichetween the three and six-bladed devices.
Figure 6.8 and Figure 6.9 show that the error enghediction of peak power by the M-BE
model is lower for the three-bladed device than $hebladed turbine. The three-bladed
device offers a lower impedance to the flow, sa tha reduction in velocity through the
turbine is relatively low, and the modelled flownclitions by the M-BE model are more
representative. This evidence suggests that iardodmodel high solidity devices using the
M-BE model, the reduction in velocity between thpstweam and downstream halves of the
device must be accounted for.

The inaccuracies in the M-BE model due to the dé&fle of the flow field also affect the
predictions of depth change. Whilst the predictexiver output of the blade element
calculations are dependent on the induction fadtwe, depth change across the device is

predominantly affected by the variation in the éoednt of thrust produced by the device.
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With an unrealistically high velocity experienceglthe blades on the downstream half of the
device, the depth change predicted by the M-BE inagreater in magnitude than the

experimental measurements, as shown in Figure 6.10.
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Figure 6.10 - Graph comparing depth changes predict peak power using the M-BE
model and recorded by experiment

Over the basic range of parallel-bladed experimtémsM-BE model over-predicts the tip
speed ratio at which peak power occurs by an aeeragp ofiy/ipe = 1.42. In Figure 6.11
we can see that for the six parallel-bladed detheeerror ini; is relatively constant, and can
be seen in the power curves as a shift of the ctoveigher tip speed ratios, as shown in

Figure 6.5(b) and Figure 6.9.
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Figure 6.11 - Comparison between experimental tssarid M-BE predictions af, for the six
parallel-bladed device at a blockage ratio of G%er a range of Froude numbers
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6.4.2. Comparison of fixed offset pitch results

In a similar fashion to the basic parallel-bladedts, the M-BE model over-predicts the
amount of power produced by the six parallel-blatiethine with a fixed offset pitch, as
shown in Figure 6.12 (a). The assumption thabfitenum turbine performance occurs for a
device in a uniform steady flow when the pitchimgle is neutral is supported by the M-BE
model, which predicts a small reduction in power wth the negatively and positively

pitched tests when compared to the neutrally pagrediction.
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£ o =
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M-BE Cp, M-BE dh/h
(@) Comparison of2,, (b) Comparison of dh/h

Figure 6.12 - Graph comparing M-BE predictions angerimental results for the six paralleladec
device with a fixed offset pitch at a blockagecati 0.5

The M-BE model also overestimates the depth chanile,the greatest error occurring in
the simulation of the negatively pitched experinrseas shown in Figure 6.12(b).

The fixed offset pitch experiments performed at Nastle indicate that a negative offset
pitch (a positive pitch acts to increase the apgaaagle of attack on the upstream half of the
turbine) improves the performance of the devicanoyeasing the power output, reducing the
operating tip speed ratio and decreasing the dejp#imge across the turbine. Due to the
assumption of the uniform, steady velocity throdBE model turbine, a fixed offset to the
blade pitch does not cause any significant chaongtheé predicted performance. This is
because an increase in pitch will cause an incrieabe angle of attack on the leading side of
the device and a reduction in the angle of attackhe downstream half of the device. When
compared to the neutrally pitched predictions eyNiBE, the same flow conditions incident
on both halves of the device result in a slightuadihn in power output for the fixed offset

pitch design, and the tip speed ratio of peak pawerains relatively unchanged. As shown
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by Figure 6.13, the M-BE model does not predictdhanges i, that were observed during

the experiments.

- -x— Experimental
C--ee____ ¢ 4 A S ©
-©- M-BE
3.5 1
o X
@ -
3 n - -~
_-x-7 -
————— 2.5 4
-
I T 2 T 1
-2 -1 0 1 2

Pitch angle (degrees)

Figure 6.13 - Comparison between experimental tssarid M-BE predictions df, for the six
parallel-bladed device at a blockage ratio of GabFr = 0.09

This indicates that it is necessary to model threngke in velocity between the upstream and
downstream halves of the device in order to acelyairedict the performance of a device

with a varying fixed offset pitch.

6.4.3. Comparison of increased blockage prediction

An additional set of experiments were performeNeatcastle University with an increased
blockage ratio, which was achieved by reducingdéeth of the flow from 1 m to 0.8 m, so
thatB = 0.625. Experimental results demonstrate that asingl the blockage ratio causes a
significant increase in the power output, the fgeed ratio of peak power and the depth
change across the device.

The LMADT-OCF procedure is limited to predictingetivelocity through the device and
the corresponding depth change when the bypass@mains sub-critical. If the bypass flow
becomes supercritical then a non-isentropic hydrajmp occurs, which means that
Bernoulli’'s equation can no longer be applied te tiypass flow downstream of the turbine.
A device would not be designed to produce a hydrguimp, which induces significant
mixing losses. A configuration of device that ieda a supercritical flow does not produce a
real solution in the LMADT-OCF model, and indicatbat the thrust produced by this device

Is too great and is an unfeasible design.
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Figure 6.14 - Power curve for the six parallel-béadevice at a Froude number of 0.19 and a
blockage ratio of 0.625

In the calculation of the power curve for the siaded device at a flow velocity of 0.5 m/s
and a blockage ratio @& = 0.625, the thrust predicted by the M-BE modefla@ases to the
point that the bypass flow becomes supercriticataning no real solution is available.
Figure 6.14 shows the predicted power curve uégobint of supercritical bypass flow and
the breakdown of the solution. This suggests sghabmbination of such a high blockage,

solidity and flow velocity does not allow for a felble design of device.

- X- Exp.Fr=0.13

3 _
- ©- M-BEFr=0.13
2.5 - N2 —X— Exp. Fr =0.09
2 | el —6— M-BE Fr = 0.09
S 15 e’ %
/” X
1 s
05 | X
O T T T 1
0.4 05 0.6 0.7 0.8
B

Figure 6.15 — Comparison of kinetic power coeffitimeasured experimentally and predicted by the
M-BE model, for the six parallel-bladed device atied blockage ratio and Froude number

In a similar fashion to the lower blockage prediot, the M-BE model over-predicts the
power produced by the six and three parallel-bladkadces with a blockage & = 0.625 by
factorsCpi/Cpie Of 1.68 and 1.31 respectively. The reduced emq@erformance prediction

at the higher blockage ratio Bf= 0.625 is anticipated to occur due to a highdoaity flow
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through the device, which is closer to the LMADT-©&pproximation. However, the M-BE

model achieves the correct qualitative changes winedicting the increase in performance of
the device as the blockage ratio is increasedhawirs in Figure 6.15. This suggests that
whilst the M-BE model is unsuitable for accuratphedicting the performance of a higher
blockage device, it is still a useful tool for prethg how changes in blockage ratio might

affect the turbine performance characteristics.

6.5. Conclusions

The Momentum Blade Element model (M-BE) demonssratesignificant improvement
over the basic Blade Element model of McAdam (20@hen compared to the experimental
results of Chapter 5. The improvement in the ptexh of the device performance is due to
the more accurate modelling of the hydrofoil chteastics in the lower Reynolds number
flows and the calculation of the velocity incidemith the rotor blades, using the Linear
Momentum Actuator Disc Theory for Open Channel F@MADT-OCF).

Despite its improvement over the basic Blade Elémardel, the M-BE model achieves a
relatively poor level of accuracy when predictihg performance of the THAWT device and
is incapable of simulating the change in perforneanih a fixed offset pitch. However, the
model achieves good fidelity when simulating tharaye in performance with variations in
blockage ratio and Froude number.

The main deficiencies in the M-BE model, which tenidentified from comparisons with
experimental results are:

. An inability to model the two-dimensional nature tbe flow field, especially with
respect to the downstream half of the device.

. Poor prediction of the hydrofoil characteristicspecially the dynamic stall simulation
of the turbine blades, which affects the predictodrthe device performance at low tip speed
ratios.

Whilst the prediction of the hydrofoil characteigstcan be improved, the limitation of the
one-dimensional momentum model does not allow lfier dimulation of even simple two-
dimensional flow fields. With this severe hindrantis felt that a reasonable amount of time
spent improving the model will not achieve a sigiht improvement in the prediction of the
performance of a relatively high solidity devicAn improved method of modelling the flow

field is therefore required, with a greater sopbation than a simple momentum technique.
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Chapter 7

Quasi-steady Navier-Stokes Blade Element model

One of the main objectives of this thesis is toedey a numerical model of the THAWT
device, which is capable of predicting the powetpatiand blade forces with a sufficient
degree of fidelity and accuracy.

As demonstrated in Chapter 6, combining Linear Moime Actuator Disc Theory for
Open Channel Flow (LMADT-OCF) with basic blade edsrhtheory results in an over-
prediction of the device performance by a meanofadf 1.82, when compared to
experimental data. The main deficiencies in tharidotum Blade Element model (M-BE),
which have been identified from comparisons withexkmental results are:

. An inability to model the two dimensional naturetbé flow field, especially with
respect to the downstream half of the device.

. Poor prediction of the hydrofoil characteristicsdaaspecially the simulation of
dynamic stall of the turbine blades, which affatis prediction of the device performance at
low tip speed ratios.

In order to improve the model fidelity and accuradyprediction, a numerical model has
been adopted, based on the undergraduate mastgestpwork of Swidenbank (2009) (see
Chapter 2). Swidenbank demonstrated that the acgusf performance prediction for the
THAWT device is significantly improved, as shown kigure 2.33, by solving the two-
dimensional incompressible Navier-Stokes equatitmnsnodel the flow field around the

device.
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Figure 7.1 - Comparison of predicted kinetic effiuiy for the 1/2Dscale turbine at a
Froude number of 0.17 and a blockage ratio of Bdsed on data in (Swidenbank, 2009)
This technique models the THAWT device as an actuatlinder, as shown in Figure 7.2,
where the forces produced by the blades are céécllasing blade element theory, in a

similar fashion to the model developed by Anthea(20®8).

Figure 7.2 — Surface plot of the velocity fieldatNS-BE model (Swidenbank, 2009)

The improved fidelity and accuracy of prediction power, when compared to the
experimental results of Chapter 5, suggests tleasithulation of the flow hydrodynamics and
blade forces are also likely to be significantlyprmoved. However, the poor robustness of the
steady state solver in the Swidenbank model mdwatsttcannot be easily applied to devices
of varying configuration and scale, making it umabie for exploring various turbine
configurations and flow parameters. In order tivesohis problem it was decided to develop
an improved Navier-Stokes blade element model (&$-Bbased on the work by
Swidenbank, with a focus on achieving an accurahetisn for a range of flow conditions
and turbine configurations.

A hydrostatic assumption of pressure variation lwe flow is used to simulate the
deformation of the free surface and to create tBeBE-FS model. This model allows the
effect of the free surface deformation on the peméince of the device to be explored and

indicates to what extent the increased solutiom tiihsuch a method is necessary.
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Finally, a set of equations are defined in ordeapproximate the change in performance
and blade force when a truss configured devicanslated.

The models described in this section are intendedddel the performance of the THAWT
device in idealised conditions that were experidnmgthe experimental device of Chapter 5.
As such they do not include complicating factorshsas blade end effects or any other three
dimensional effects. It should also be noted thase models therefore do not account for
flow phenomena which are likely to be experiencgdalfull scale device, such as breaking

waves, gusting flow or device end effects.

7.1. Methodology

7.1.1. COMSOL Multiphysics - Navier-Stokes partial differential equation
solver

In a continuation of the work performed by Swidank, the application chosen to create
the NS-BE model is the fluid dynamics module of @®MSOL Multiphysics package.
While being relatively simple, this commercial sadte package offers an improved method
of flow field simulation over the M-BE technique,ithout the extensive time investment
required by more comprehensive CFD applicationse fluid dynamics module of COMSOL
Multiphysics solves the incompressible form of thiavier-Stokes equations (see equations
7.1 and 7.2) using the Galerkin finite element rodtl{Zienkiewiczet al, 2005). The
Galerkin method solves the Navier-Stokes equatimsigg trial functions for the variables in
question and minimises the weighted residual error.

du
pE—V- [0(Vu+ (Vu)T)] + p(u-V)u+Vp =F 7.1
V-u=0 7.2
whereu is the flow velocity vectorp is the pressure in the elememts the fluid density and
F is the vector of body force acting on the eleméhtnear’ or ‘Quadratic’ elements can be
selected, which use trial functions of either linea quadratic order respectively, in the

variable approximations of the N-S equations.

7.1.2. Choice of NS-BE solver technique

Swidenbank selected a “stationary” solver in ortersimplify the post processing of
results, which converges to a solution in whichreéh&re no time dependent perturbations. It

was assumed that by using a time averaged stgiiesentation of the turbine and by
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damping out any unsteady eddies and vortices usitayge amount of isotropic diffusion
(explained further in section 7.1.3), that a steathte solution would achieve an accurate
prediction of the device performance.

Despite the heavy use of isotropic diffusion, tequirement for the problem to reach a
steady solution caused the model to lack robustmédssh rendered the model inflexible, due
to the required fine tuning of the flow and turbiparameters to achieve convergence.
Simulation of hydrofoil stall was not possible digethe relatively fast change in lift force
around the cylinder circumference, close to stalljsing high shear and shed vortices, so that
a steady state solution could not be reached.ast necessary to spread the force applied by
the actuator cylinder over a large area so thathlo&kness of the cylinder was significantly
larger than that of the blades, resulting in atgregeld of influence than that which would be
experienced in practice.

It was decided for the NS-BE model, that a timeethelent solver would be implemented to
overcome the restrictive nature of the steady statwer and to allow a more stable
convergence on a steady or non-steady solution.e DA solver, a time dependant
differential-algebraic equation (DAE) solver witloth direct and preconditioned Krylov
subspace methods for the linear systems (DASPKjdiHarshet al, 2005), has been chosen
to solve the finite element discretisation of th&Mquation. The IDA solver uses an implicit
time-stepping scheme and includes a Newton sotveolive the resulting nonlinear system of
equations. This solver was chosen over the aliemmethods due to a good robustness and
applicability to a wide range of problems, as sstge by software documentation
(COMSOL, 2008).

The UMFPACK (Unsymmetric MultiFrontal method) (Dayi2004) direct solver was
chosen over the alternative direct and iterativéhiods to solve the linear system, also due to

robustness.

7.1.3. Solution stabilisation

When using the Galerkin finite element method, nuecaé oscillations occur due to the
convective terms dominating over the diffusive teremd make the solution inherently
unstable (Zienkiewiczt al, 2005). COMSOL uses stabilisation techniquesettuce the

numerical oscillations and allow convergence tonéque solution. This is achieved by
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adding artificial viscosityar to the diffusion term of the N-S equation, as shamwequation

7.3.

ou
Psr ™ V- [+ pare)(Vu+ (Vu)T)] + p(u.Vu) + Vp = F 7.3

In COMSOL Multiphysics there are three in-built hecques for modifying the added
artificial diffusion term; an isotropic diffusion ethod, a Galerkin least-squares (GLS)
method and a streamwise-upwind Petrov-Galerkin @GUPnethod, supplemented by
crosswind diffusion. Whilst more sophisticatedritean SUPG technique, trial simulations of
the NS-BE model using GLS rarely result in the @ngence to a stable solution, and has
therefore been discarded.

Added isotropic diffusion is controlled using thaning parameterdy, which is
incorporated into the added viscosity term, giverequation 7.4, in which represents the
mesh element size.

Hart = Sighl|lul| 7.4

By increasing the diffusion term of the N-S equatibe introduction of isotropic diffusion
will reduce the dominance of the convection terrd sduce spurious oscillations.

The SUPG method varies the weighting functions iagpio the N-S equations to change
the influence of diffusion in the direction of tkielocity vector, and resulting discontinuities
normal to the stream-wise direction are smoothadguthe crosswind method (John and
Knobloch, 2007). This technique is more sophistidahan the isotropic diffusion method
and allows the convergence of a solution usinggaifstantly reduced amount of added
diffusion. The amount of crosswind diffusion th&tintroduced is controlled using a tuning
parameter C,, the range for which should bé < C, < 0.5 for low Mach number
incompressible flows (COMSOL, 2008). However, theact equations used to implement
this technique in COMSOL are not documented andirtfieence ofC, must therefore be
explored for each problem.

Swidenbank chose to use only isotropic diffusiorhes stabilisation technique to remove
oscillations in the solution, as well as to damy ame varying eddies and vortices. Due to
the poor stability of the steady state solver, #meount of viscosity required to achieve
convergence was unrealistic of the actual flow ammts in the flume. Swidenbank
recognised that increasing the amount of stabgisirtificial viscosity resulted in an increase
in the power produced by the turbine. This washaited to additional inertia transferred
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from the bypass to the flow immediately downstreafirthe device, where in practice the
turbine wake has a low velocity. The value chdsgrswidenbank for the tuning parameter
was 0.2, but the coarse meshes used (see Figudg &sd contributed to an increase in
effective viscosity due to the element size vagahl the added viscosity factor of equation

7.4.

7.14. Backward facing step model

In order to understand the dependency of the NSaBiflel on artificial diffusion, a
backward facing step problem has been used to denate how the various techniques and
stabilisation parameters affect the solution. Inbackward facing step problem, a
discontinuity in the channel width causes a separaf the flow and an area of recirculation,
as shown in Figure 7.3. The length from the difiooity to the reattachment point is
dependent on the Reynolds number, step height amdemtum thickness (Etheridge and
Kemp, 1978). As the Reynolds number of the flownizreased additional separations and
recirculations have been shown to occur downstrefatine primary separation point (Armaly

et al, 1983).

L L L L L L L L LSS LS

s | LD

I‘///////////////////

i X
Figure 7.3 - lllustration of typical backward fagjrstep problem, including areas of recirculation
With no turbulence model (see section 7.1.6) iagsumed that the model is unable to

resolve turbulence of a scale smaller than the etésnused, validation using the backward

facing step exercise must be performed using loynBles number laminar flows. Armaly et
al. (1983) used laser Doppler imaging to measwraldvelopment of the flow downstream of

a backward facing step in an air tunnel with anaggion ratio of 1.94, over a range of 100 <

Re < 7000, where the characteristic length for Reynolds number is the inlet width.

Comparisons between experimental results and noaterpredictions by Armaly

demonstrated that for flows of a Reynolds numbeatgr than roughly 400 the nature of the

flow becomes three dimensional, when multiple datan zones occur, so that a two

dimensional numerical model is unable to prediet $keparation and reattachment lengths.

Using the fluid mechanics module of COMSOL Multiglos, a Navier-Stokes model of the
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apparatus has been created with matching dimenammh®oundary conditions to those of the

experiments performed by Armaly (see Figure 7.4).

200 500

l____y_ __

5.2

S

Figure 7.4 - Dimensions of backward facing stepisét (Armaly et al., 1983) dimensions in mm
A mesh has been used in which the element gemsitincreased at the non-slip
boundaries and at the step discontinuity, so thatésolution of the steep velocity gradients

Is maximised, as shown in Figure 7.5.

Figure 7.5 — Mesh density used for the back steplpm
A grid convergence test explores the solution aamuwith varied grid refinement, element
order and stabilisation techniques. Figure 7.6 atestrates that using quadratic order
elements and SUPG stabilisation, convergence id @m allows for a greater variation in
element scale factor without significantly reducitige accuracy of the simulation, when

compared to linear elements or isotropic diffusion.
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Figure 7.6 - Predictions of reattachment lengtirat= 100 for linear and quadratic elements using
either crosswind or isotropic artificial diffusioover a range of grid mesh spacing

Figure 7.7 demonstrates that using quadratic oeteenents and SUPG stabilisation the

numerical backward facing step model achieves gagdeement with the numerical
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Figure 7.7 - Reattachment lengths over a rangeeyfBlds number for numerical and experimental
data from Armaly et al. (1983) and numerical castidns in COMSOL using SUPG diffusion

As shown in Figure 7.8, variations in the valudha isotropic diffusion parametég have
a significant effect on the accuracy of the solutidhis is likely to occur because increasing
the isotropic diffusion parameter simply increasgesflow viscosity and effectively decreases
the Reynolds number. In contrast, variation of ¢hesswind diffusion consta@y has little

to no effect on the solution, possibly due to omiyor application of streamwise upwinding
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at such a low Reynolds number.
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Figure 7.8 - Comparison of reattachment lengthsvieen experimental data from Armaly et al. (1983)

and numerical calculations in COMSOL using a ranfiéotropic diffusion tuning parameters

Figure 7.9 demonstrates that using quadratic cetlanents with SUPG stabilisation, the

velocity profiles predicted using the numerical mbalosely match those recorded by

Armaly et al This suggests that the use of this techniqueroffgeater accuracy than

isotropic diffusion in simulations of the THAWT dee.
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Figure 7.9 - Comparison of reattachment lengthRat= 100 and various distances from the step
between experimental results recorded by Armad).€1983) and predicted using COMSOL using

SUPG diffusion

Figure 7.10 shows that increasing the isotropidudibn parametei;; results in an

increase in the error of prediction of the maximuatocity in the velocity profile at the step

discontinuity. Both Figure 7.10 and Figure 7.8 gegj that the level of added isotropic

diffusion in the simulations by Swidenbank is likeb have had a significant effect on the

effective Reynolds number in the flow.
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Figure 7.10 - Demonstration of the increase in ewbvelocity profile prediction by increasing
6;4 when compared to experimental results by Armah}.€1983) at ¥s; = 0 and Re = 100

7.1.5. Stabilisation applied to NS-BE model

Despite accurate results and no variation with @edsCy for the backward facing step
exercise, initial tests of the NS-BE model dematstt that variations irCy affect the
prediction of the performance of the THAWT devictn a higher Reynolds number flow,
where the convective terms dominate over the diffuserms and there are greater
discontinuities in the crosswind direction genettaby upwinding, the amount of diffusion
added in the direction normal to the flow streamdiishould be calibrated and minimised for a
given geometry and mesh.

In the case of the NS-BE simulation of the THAWTpesments, SUPG stabilisation with
crosswind diffusion alone does not add sufficiemdcesity to stabilise the solver. A
combination of SUPG and isotropic diffusion is resagy in order to consistently reach a
solution, for the varied turbine and flow configiimas. Of the two techniques, isotropic
diffusion appears to introduce more error to thieitsan than increased crosswind diffusion,
and so the focus of the balance between thesed@lmigues is to minimise the isotropic
component, while maintaining a stable solution arow overall additional viscosity.

The chosen artificial diffusion parameters ©f = 0.05 anddy = 0.003, result in an
approximated over-prediction of 1% on power, bldvalthe convergence of a stable solution

for NS-BE simulations of the experimental testscdeégsd in Chapter 5.

7.1.6. Turbulence modelling
As noted in section 2.4.2 modelling turbulencenspen field in the numerical simulation

community, with no single technique establishethasmost suitable. There is no turbulence
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model applied to the simulation of the NS-BE modiele to the simplicity of the COMSOL

MultiPhysics software. Recent research suggeatstiiie use of numerical stabilisation alone
can substitute for the addition of explicit visdgsdue to modelled turbulence of a scale
smaller than the elements used (Guasch and C&b06&). However, for the NS-BE model it

has been assumed that the scale of turbulence whittbe resolved is of the scale of the
elements. In the absence of additional explicgcosity from a turbulence model, the
accuracy of the model will depend to what degreedtales of significant turbulence have
been simulated. By using the actuator cylinderraggh, the necessity of modelling the
significant small scale turbulence in the bladeruary layer has been removed. However,
the simulation of the flume velocity profile andetlwake development is likely to be

inaccurate. It has been assumed that these irspesirdo not result in significant errors and

do not dominate the solution.

7.1.7. Application of the actuator cylinder forces

Figure 7.11 —An example of blade force vectors distributed tigiothe actuator cylind
The actuator cylinder provides a time averagedessptation of the THAWT device. The
force applied by a blade at a specific point onabeiator cylinder is calculated using basic
aerofoil theory, and is divided by the area of tiyender and multiplied by the number of
blades, as shown in equations 7.5 and 7.6 andrdbesl in Figure 7.11. This is intended to

achieve the application of the time averaged fofaeach location on the actuator cylinder.

F o= 1/2 pcVr*Cin 75
L= 2nrt, '
1 2
Fo= /2PCVR Cpn 76
b= 2nrt, '
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With both cross-flow and stream-wise componentsvelbcity, the calculation of the
resultant velocity and angle of attack differ frahe previous M-BE model, as shown in

equations 7.7 and 7.8.

Vg =\/(u+wy)2 + (v — wx)? 7.7
xu + yv
a = tan_l (—y 2) 7.8
XV — yu — wr

wherew is the angular velocity of the blade.

The values of resultant velocity and angle of &ttare used to approximate the lift and
drag coefficients, as described in section 7.1.Be forces in the stream-wise and cross-flow
directions are calculated using equations 7.9 ab@d. 7

F,(v — wx) + Fp(u + wy)
E. = v
R

7.9

P Fp(v — wx) — F,(u + wy)
y = VR

7.10

A gravitational force opg is applied to all elements, which becomes phylsicgnificant
when later modelling free surface flows.

The power output is calculated in a similar fashiorthe Swidenbank model, in which the
torque applied within the actuator cylinder is nplied by the angular velocity, as shown in

equation 7.11.
P= f w(xF, — yF,) dA 7.11
A

While this method largely ignores the effect of asiveam blades interacting with the
vortices generated by upstream blades (Fujisaw&saitniya, 2001). The severe reduction in
velocity through the upstream half of the devicansicipated to reduce the Reynolds number
of the flow significantly, so that viscous forcegnainate over inertial forces and eddies and
vortices are dissipated. This assumption is reuei® by observations of bubbles passing

through the rotor during PIV imaging of the Newtastxperiments (Shi, 2008).

7.1.8. Lift and drag data

It was noted that the performance of the THAWT dewould be predicted with greater
accuracy by improving the approximation of the loydil lift and drag characteristics. In
order to improve the accuracy with which the lifidedrag characteristics of the hydrofoils are
predicted, it is clear that the complex flow phereoi must be better approximated.
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7.1.9. Reynolds number variation

Over the full range of the Newcastle experimeritg, Reynolds number experienced by a
non-stalled blade is likely to vary between rouglily x 10* < Re < 2.7 x 10°. As
illustrated in Figure 7.12, this variation in Rela® number is likely to induce significantly
different hydrofoil characteristics and that itnecessary to account for the variations in lift
and drag with Reynolds number, when predictingdbeice performance. It was therefore
decided to interpolate the appropriate lift andgdrarves based on published aerofoil data by

Sheldahl and Klimas (1981) in a similar fashiorthie M-BE model (see section 6.1).

Re =5.3e4 Re =5.3e4
17---Re=27e5 067 ---Re=27e5
0.8 - /77N . 0.5 -
/ \ _°
N - 4
06 - // ~__- 0.4
&) / $0.3 -
0.4 - 2
,' 0.2 -
0.2 - 0.1 -
O T T 1 0 ----- T 1
0 10 20 3( 0 10 20 3C
Angle of attack (degrees) Angle of attack (degrees)
(a) Comparison of lift coefficient (b) Comparisdndoag coefficient

Figure 7.12 - Comparison of aerofoil characteristioterpolated from NACA 0018 tables produced
by Sheldahl and Klimas (1981)

7.1.10. Conformal mapping
Research by Migliore et al. (1980) suggests thatraight chorded blade in a curvilinear

flow will experience a virtual incidence, which Wihcrease the effective angle of attack of
the blade. Resultant velocity components, prediagng conformal mapping, suggest that a
straight chorded blade in a linear flow and a bladapped’ around the circumference of the
turbine pitch circle in a curvilinear flow have slan profiles. It is therefore assumed that
published aerofoil lift and drag characteristicsll vaffer a good approximation of the

performance of the blades of the THAWT device.

7.1.11. Dynamic stall
The hydrofoils of the THAWT device experience awmiltgting angle of attack, which is
likely to induce the effects of dynamic stall, asscdribed in section 2.5.2 and illustrated in

Figure 7.13.

114



CHAPTER 7. QUASI-STEADY NAVIER-STOKESBLADE ELEMENT MODEL

Figure 7.13 Example lift curve of a NACA0012 aerofoil duringndwnic stall at a reduced frequer
of k =0.26 McCroskwy, 1981) permission to reproduce figure oelnot granted

While numerical models have been developed whieh aole to predict the effect
dynamic stall of aerofoils with a relatively higlegree of accurac(Ekaterinaris and Platze
1998, Tchon and Paraschiiu, 1994) the time required to simulate the complex f
phenomena make these methods unsuitable for it@graith the N-BE model

There are two main categories of technique for iptied) the performance of aerofo
during dynamic stall that anot based on numerical analysis; ‘synthesis’ amadi-empirical
methods Reddy and Kaza, 19). However, bdt of these methods calculate the performé
of the hydrofoil based on the current local flowdahe stall history of the blade, which mal
them unsuitable for application to the actuatoinddr approach of the MBE model. The
calculation of the blael forces at a point in the actuator cylinder carsiotply refer to the
conditions at a previous tir-step, as would normally be done with a dynamicl
approximation, as the blades have effectively bisemeared’ throughout the area of 1
cylinder.

While the approximated lift and drag characteristica bydrofoil could be calculated pri
to the NSBE simulation and simply used as a lookup table rémge of angle of attack var
with changes in the turbine solidity, blockage, tte number and tispeed. It has therefo
been decided to approximate the effects of dynastalt by simply extending the lift cun
predicted by Sheldahl and Klim(1981), so that no stall of theydrofoil occurs, as shown
Figure 7.14 There have been no modifications applied tadtlag curves of the hydrofoi
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Figure 7.14 - Comparison of static lift curve withear lift curved used in NS-BE COMSOL analysis

By ignoring the effect of stall, the power cuatetip-speed ratios lower than that at which
dynamic stall is expected to occur is unlikely ® dccurate, but it is hypothesised that the
performance of the device at greater tip speedgatiould be representative.

It should also be noted that in the absence df s&the tip speed ratio is reduced, a plateau
of the power curve occurs due to the increase edlipted drag. Despite the fact that this
mechanism is unlikely to be accurate, it is cléwat tpredictions of the performance of the
THAWT device in the Newcastle flume are highly degent on the inclusion of a dynamic
stall approximation. Figure 7.15 shows that withthe effect of extended lift the NS-BE
model predicts stall of the device at a signifibagreater tip speed ratio than that achieved

during the Newcastle experiments.

6 1 —e—Extended lift
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4 1 Experiment
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Figure 7.15 - Comparison of power curves predidigdhe NS-BE model using static €irves and
dynamic ¢ curves for a three parallel-bladed device at alade number of 0.09 and blockage of 0.5
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7.1.12. Free surface defor mation (NS-BE-FS)

The mechanism by which energy is extracted frono@en channel flow is a reduction in
the total head. Due to a constant pressure dtdbesurface, the change in the amount of total
head across a fixed width domain can be expressiead equation 7.12, if the flow is steady

at the measurement points.
u2
AH=A<h+—> 7.12
29

The experiments at Newcastle University were peréa in a sub-critical open channel
flow, where a reduction in total head results idezrease in depth and an increase in flow
velocity. The fixed domain of the NS-BE model dowd allow for variations in depth, and
therefore effectively simulates a flow in a fixedmeter tube, where the extraction of energy
results in a reduction in pressure (Massey and Y8anih, 1998). It is possible to calculate
the corresponding open channel depth change frempréssure drop across the rigid domain
by equating the thrust produced by the device éntivo regimes. However, the velocity field
experienced by the device is not identical in thes®escenarios, as variations in the depth of
an open channel flow cause an acceleration of lhe, fwhich tends to improve the
performance of the turbine.

In order to understand how significant this effiscit is necessary to simulate a domain of
varying depth with a free surface of a constansguee. Several established techniques are
capable of accurately modelling free surface char{@arricaet al, 2005, Mahrenholtz and
Markiewicz, 1999, Zienkiewiczet al, 2005), however the majority of these techniques
significantly increase the computational costs chi@ving a solution. Due to the relatively
simple shape of the free surface during the exparisy with no breaking waves or other
complex anomalies, a surface-tracking method ptesé&self as a superior approach to the
surface-capture method. A surface-tracking methasl therefore been chosen for the NS-

BE-FS model.

7.1.13. Surface-tracking methodology

Computations using the surface-tracking approaehsaitable, as there is no expected air
trapped in the fluid phase, and the pressure applyethe air to the liquid phase is negligible
and does not vary along the channel length. Howéwe common application of free surface

deformation involves calculating the location oftfree surface, before redefining the
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boundary and re-meshing for each time step. IHels that this significant increase in
computational requirements is beyond the scopkeo$imple numerical model.

The hydrostatic adjustment method (Zienkiewetal, 2005) has been chosen to model the
free surface deformation in the NS-BE-FS model,ciwhis a less computationally costly
approach of surface-tracking. In this method arigpundary model is run to an established
solution, before pressure variations at the fretasa are used to predict the deflection of the
domain boundary, by assuming a hydrostatic presdigtibution in the fluid. This is
performed on the NS-BE-FS model once the converenterion (see section 7.2.6) for the
given boundary geometry has been met, at whicht iban pressure distribution at the free

surface is averaged over the previous simulatisiogeas shown in Figure 7.16.

|
% -
-
(o))

1

D

Gauge pressure (Pa)

X (m)

Figure 7.16 - Time averaged variation of pressuréha top of the rigid domain in the NS-BE model
By assuming that the pressure distribution in thmwfabove the free surface is
approximately hydrostatic, as shown in Figure 7thé, domain lid deflection at each point

required to achieve zero gauge pressure is appab&drusing equation 7.13.
p=0 P

e

Figure 7.17 — lllustration of the method for logadithe free surface based on the rigid lid pressure
distribution and assuming a vertical hydrostatiegsure distribution above the free surface

p
hpy1 = hy +E 7.13
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With a new free surface profile along the chantied, geometry for the domain is updated
by fitting cubic Bezier curves to the shape of tiee surface. The definition of a true free
surface is one along which the pressure is conatahthe flow at the surface is parallel to the
boundary. The first iteration of free surface thspment does not meet these conditions, due
to inaccuracies in the assumption of a hydrostpteEssure distribution, and a modified
velocity flow field due to the change in the boundaosition. However, iterating this
process allows the convergence of a more accucdiéas1. Over a series of iterations the
domain geometry is updated until the differencdrae surface profile falls below a given

threshold, and the solution is deemed to have agede

7.1.14. Free surface technique validation

In order to assess the accuracy with which the BS-B is able to track the deformation of
the free surface it was decided to perform a simapl@lation test by artificially reducing the

total head of the flow using a small increase isedaeight, as shown in Figure 7.18.

Uj | | U — h>

3m ! 12m | 9m
Figure 7.18 - Layout of free surface validation rabcreated using COMSOL Multi-physics
By elevating a subcritical flow to a greater heighgroportion of the total head is converted
to potential energy. The reduction in total heaglutts in an increase in velocity and decrease
of the depth of the flow. The difference in théatohead between the upstream and
downstream boundaries should be equal to the iseréa potential energy, caused by

elevating the flow, as shown in equation 7.14.
AE = 1hghz = tngAH = 1hgh (h + uz/zg) 7.14
For a given set of inlet flow conditions and fogigen elevation in height, the depth of the
outlet flow can be calculated using equation 7dy5noting the conservation of mass between
the upstream and downstream boundaries.

uy2hy?
2g

2
h23+ AZ_hl_ul/Zg h22+ =O 715
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The validation model has been created using the ssErameters and meshing as the main
domain of the NS-BE and NS-BE-FS models, differiogly in the use of symmetry
boundaries for both the base and free surface. uSliyg symmetry boundaries the only
significant extraction of energy from the flow igalto the increase in potential energy across
the elevation. The base of the flow is elevatedgia cubic Bezier curve in order to maintain
a smooth domain. The model converges much morkiguhan the NS-BE and NS-BE-FS
models due to the lack of a turbine, and so origwaiterations of each domain geometry and

sequential geometry updates are required to reatdady state solution.

Theory | NSvalidation model
h; (m) 1 1
u (m/s)| 0.544 0.544
z (m) 0.2 0.2
h; (m) | 0.7910 0.7915
u; (m/s)| 0.6878 0.6873

Table 7.1 — A sample result from the NS free sarfadidation model
As shown in Table 7.1 the error in the predictidrih@ depth change across the elevation
by the NS validation model was 0.07% for both teett of flow and velocity of flow. It is
felt that this is a sufficient degree of accurang go it is expected that the NS-BE-FS model
should accurately match the free surface elevatidghe amount of total head in the simulated

flow.

7.2. Turbinesmulation

7.2.1. Problem geometry

The NS-BE model adopts a similar domain geometrthéoSwidenbank model, but with
upstream and downstream lengths extended to malistie dimensions. The flume domain
is a rectangular section, whilst the turbine is giledl using an actuator cylinder that is
bounded by two circles. The average radius anckileiss of the actuator cylinder are,
r = 0.25 m and; = 0.012 m, the same as the hydrofoils used in\tbcastle experiments.
The distance of the centre of the actuator cylirican the base of the flow region is 0.425 m,
to match the geometry of the devices tested in Mstie The height of the main rectangular
region can be altered to allow the model to sineuldite experimental flows of a varied
blockage ratio, and the length of the domain carvéxéed in an effort to maximise the

downstream height recovery of the flow (see Figui®).

120



CHAPTER 7. QUASI-STEADY NAVIER-STOKESBLADE ELEMENT MODEL

Ay

! 0.425f@ -

L,

L,

Figure 7.19 - Geometry of the NS-BE model

7.2.2. Boundary conditions

The channel floor and channel lid boundary condgiosed for the NS-BE model are the
same as those in the Swidenbank model, with ngnasiil symmetry boundaries respectively.

Ideally the outlet conditions for the NS-BE modealuhd be representative of the Newcastle
apparatus so that the measured experimental deptige could also be used to validate the
numerical model. However, this cannot be achiedad to several complications. As
described in Chapter 4 the close proximity of thavev probe downstream of the device
resulted in measurements of depth prior to therfuling and recovery of the flow. When
combined with the unknown turbulence intensityha# flow in the Newcastle flume it would
be very difficult to accurately simulate the wakevelopment that occurred during the
experiments.

By using a time dependent solver and a low amotiatdded viscosity (see section 7.1.5)
the NS-BE model requires a very long downstreaniaedor the flow to mix fully and to
reach a hydrostatic pressure condition. The lenfttomain downstream of the device that is
required, whilst maintaining a fine enough gridgreater than that which can be achieved
using the available computing resources. The tartme that occurred in the experimental
flume may contribute by reducing the mixing lengththe wake to more realistic values
(MacLeodet al, 2002), but this cannot be simulated in the cursenple numerical model.

The positioning of the outlet boundary is furthemplicated by the three dimensional
nature of the flume exit at the Newcastle flume. aAdistance of 4.2 m downstream from the
device the flow separator ends and the channelsoperirom 0.96 m to a 1.8 m wide section,
which is “beached” to prevent the reflection of wav The flow exits through a grill at the
base of the outlet region and is re-circulatedh® wpstream section. It is not possible to
model the three-dimensional flow effects in thigleuregion using the two-dimensional

NS-BE model.
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Due to these complications it has been acceptddtibdlow will not achieve full mixing
before the outlet. It has been assumed that @eapiobn-uniform velocity at the outlet of the
fluid domain, variations in pressure due to thetihations in velocity are small compared to
the hydrostatic body force and so the pressure bearapproximated using a hydrostatic
distribution. This is imposed using a normal drdsstribution at the outlet using equation

7.16, which is a standard option of the COMSOL paek

[-pI+ u(Vu+ (Vu)T)|n = —Fyn 7.16
wheren is the vector normal to the boundary.
Equation 7.16 implies that the total stress intdregential direction is dictated 5. This
boundary condition implicitly sets a constraint the pressure, which for two-dimensional
flows can be described using equation 7.17.

Sun | 7.17
on

p=2u
If Su,/6n is small then equation 7.17 can be interpretep @sF,. In order to achieve a

hydrostatic body force at the outlej is given a value, as described in equation 7.18.

Fo = pgh—pgy 7.18
whereh is the flow depth andgis the distance from the base of the flume.

The distance of the outlet boundary from the devige= 17 m, was large enough to
maintain a consistent convergence of the model,tamarevent destabilisation due to large
vortices reaching the hydrostatic outlet boundary.

In a similar fashion to the outlet, the inlet boandcondition is also complicated due to
three-dimensional constraints in the Newcastle @urdn entering the flume the flow passes
underneath a set of wave paddles before beingweaddy the flow contraction. It is not
possible to model these three-dimensional effesiisguthe two-dimensional NS-BE model,
and it was therefore decided to simply use a umforlet flow with a velocity equal to the
volume averaged flow velocity, and to allow theoggty profile to develop withh; = 7 m, in

a similar fashion to the experimental setup.

7.2.3. Calculation of depth change
Linear Momentum Actuator Disc Theory for Open Chanrrlow (LMADT-OCF)

(Houlsbyet al, 2008a) suggests that, for a given Froude numberdnd blockage ratio, the

thrust produced by the device will dictate the Hegltange across the domain. The validation
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of depth change prediction by the NS-BE model &sdfore an important process, and would
suggest that the thrust produced by the devicetla@denergy extracted from the flow are
being modelled correctly.

With an inability to simulate the length of domaiacessary to achieve full mixing of the
turbine wake, LMADT-OCF has been chosen to pratietfully mixed depth change for each
given set of flow parameters and predicted thruBhis technique will allow comparisons
with the experimental results of lower Froude numib@vs, where measurements of depth

change were taken after substantial flow mixing beclrred, as described in Chapter 5.

7.2.4. Meshing
Grid convergence analyses indicate that signifigambrovements in accuracy can be
achieved using a finer mesh than the relativelysmanesh used by Swidenbank, shown in

Figure 7.20.

&

Figure 7.20 - An unstructured mesh used by Swiddniz009)

An increased element density has been used in dheaid of the turbine, so that the
deflection of the flow due to the applied turbimeces is modelled accurately, and along the
non-slip wall at the base of the channel, so that énergy dissipation in the high shear
boundary layer is more accurately simulated. lkheoto establish whether such a mesh is
suitable a simple grid convergence analysis haa pegormed, in which the basic mesh is

defined in Table 7.2, and shown in Figure 7.21.

Maximum element size (m) Maximum element growtie fa
Sub-domain 1 0.2 11
Sub-domain 2 0.012 N/a
Sub-domain 3 0.1 11
Non-slip boundary 0.1 N/a

Table 7.2 — Definition of basic mesh used for godvergence analysis
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Sub-domain 1

Sub-domain 3

Sub-domain 2

Figure7.21 - The element mesh used in the NS-BE model
Figure 7.22 shows the change in predicted powdhassize of elements used is varied

from that listed in Table 7.2, by an element s¢adtor.

28.8 -
2861 X Xx

284 X X

3282 X

5 X

()] -

g 28

L 27.8-
27.6 -
27.4

27.2 . . .
0 2 4 6

Element scale factor

Figure 7.22 — Plot of Power vs. Element scale fabtothe NS-BE model for the six parallel-
bladed device at a flow speed of 0.54m/s and &hbfye of 0.5

Based on an estimate of the expected value atgr&tspacing, the order of convergence
can be calculated from the slope of a plot of 4 against logy(h), whereE is the
prediction error andh is the element scale factor (Roache, 1998), awrsho Figure 7.23.
The expected value with zero grid spacing can bleulzded using the Richardson
extrapolation technique (Roache, 1998), from wimetv estimates of the prediction error can
be calculated. Iterating this process resultsnnegpected power at zero grid spacing of
28.71W and indicates that the mesh spacing witlelament scale factor of 1 achieves a
solution with an error of 0.24% on the predictidrpower. The order of convergence of this

scheme is 1.74.
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Figure 7.23 — Log-Log plot of error in power pretiin vs. element scale factor by the NS-BE
model for the six parallel-bladed device at a flspeed of 0.54m/s and a blockage of 0.5

7.2.5. Effect of low diffusion
With little added viscosity, when compared to thveidg&nbank model, vortices and eddies

are shed in the wake of the device and make theisoltime varying. Figure 7.24 shows the
mechanism by which vortices are created in the wakbich was also observed

experimentally by Ball et al. (1997) on tests offlpast porous bodies.

Hl 2
- - by s
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Figure 7.24 - Velocity contour plot of a six-bladEHHAWT device with the same dimensions as that
tested at Newcastle produced by the NS-BE modetiwit0.54m/s, B = 0.59;; = 0.01

While the accuracy of the solution is significanittyproved, the presence of time varying
shed vortices significantly increases the timedach a periodically or statistically steady

solution, when compared to the heavily damped mdeetloped by Swidenbank.

7.2.6. Solution convergencecriterion
The NS-BE model simulates a 15 s period, after e simulation can be re-run using

the previous velocity field as the initial condrig if the convergence criterion is not met.
Convergence of the model is defined as occurringeothe main variables used for
subsequent analysis have reached steady or pewnatlies. The variables chosen for the
convergence criterion are the power output andsthru

Estimates of the expected values of power outpdttharust are calculated from a third

order polynomial fit of experimental data from tdewcastle tests described in Chapter 5, for
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the six parallel-bladed device over a range of sitks. Convergence is defined as having
occurred once the variation in power and thrustehtallen below 0.1%, of the expected
values, over a 15 s period of simulation.

As demonstrated in Figure 7.25, for a standamukition of the THAWT device, the

values of power and thrust are within 0.1% of tfieial value after 16 seconds of simulation.
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Figure 7.25 - Development of expected error in poavel thrust over time for the NS-BE model for
the six parallel-bladed device at a blockage ratid®.5 and a Froude number of 0.17

In order to ensure that the free surface presgateluition is representative, the simulation
is run until the wake generated by the turbine meadhe domain outlet. The amount of time
required for this to occur is rarely shorter thdre ttime required to achieve the basic
convergence criterion. This process is also chmwigt for each free surface geometry update

of the NS-BE-FS model, as described in the follasection.

7.2.7. Application of the free surface model (NS-BE-FS)

The solution to the NS-BE model can be separatedtmo distinct zones. As shown in
Figure 7.26, the variation in pressure along thenakel is relatively smooth until a few metres
downstream of the device, at which point the predicdepth becomes more variable. If the
actual blades of the turbine were to be modelleal fime varying manner, fluctuations in the
force produced by the turbine would result in a-steady free surface over the turbine.
However, the free surface over the device is steddg to the implementation of the time
averaged actuator cylinder representation of tharta.

Despite the use of a time averaged rotor the irdlucake is non-steady, due to vorticies

generated in the wake and results in significarupieations of the free surface profile.
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Figure 7.26 — Free surface profile predicted by M®-BE-FS model for the six parallel-bladed device
at Fr =0.17 and B = 0.5, where the turbine is loedat x = 0

The variation of the surface pressure over subseqilerations of the free surface
deformation indicates that the flow upstream of #hed vortices settles to a steady state
solution relatively quickly, while the flow downsttm of this point is continuously variable
and does not show any signs of reaching a pergidie (see Figure 7.26). In order to define
when the free surface deformation process has cgeggea point is established in the steady
state region, immediately downstream of the turlaind prior to the wake perturbations, as a
reference point for the rate of change of the fedace. As shown by Figure 7.27, for the
simulation of a standard experimental test, afterthird geometry update the depth change

and power do not vary between 15 s iterations bsertttan 0.40% and 0.56% respectively.
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Figure 7.27 Convergence of depth change and power with itematwf the free surface geometry
the six parallel-bladed device at Fr = 0.13, a $ipeed ratio of 3 and B = 0.5

The criterion for convergence that has been chasé¢hat the free surface profile in the
steady state region should change by no more tl#&a Between consecutive iterations of the
free surface geometry update, and that the pretpbever should change by no more than

0.5% of the expected value over consecutive 15iegse
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7.3. Resultsfor NS-BE model
In a similar way to most turbine designs, experitaepower curves for the THAWT

device exhibit a bell shape, with low power outptihigh tip speed ratios, due to low angles
of attack, and at low tip speed ratios, due to bfgdlr stall. Figure 7.28 shows a typical
power curve predicted by the NS-BE model and demnates that, unlike the experimental
results, the predicted power output falls gradutaiywalues of tip speed ratio lower than peak
power. This is due to the use of the linear, edéenift curve to approximate the response of
the hydrofoil to dynamic stall. The point at whidjinamic stall would actually occur is very
difficult to assess, however the increasing dragraater angles of attack causes a ‘knuckle’
on the power curve, which has been taken as th@@pmate point of maximum power. It is
assumed that for tip speed ratios lower than thistpthe lift and drag characteristics are

inaccurate and these regions are therefore ignored.

1.2

Experimental
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Kinetic power coefficient
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Figure 7.28 - Graph comparing the kinetic powerftiogent predicted by NS-BE and experimental
tests for the three-bladed THAWT at a Froude nunobér13 and a blockage ratio of 0.5

While the full mechanics behind the dynamic stdlepomenon are largely ignored, this
approach offers a simple numerical insight into gegformance of the device when the
hydrofoil stall is delayed. Due to the complexafythe dynamic stall phenomenon it is felt
that this approach is appropriate in order to axprate the forces that act on the turbine
blades.

Despite the simplification of the effects of dynamtall, Figure 7.29 shows that the fidelity
with which the NS-BE model is able to predict trexfprmance of the THAWT device is a

significant improvement over the M-BE model. Thewacy of performance prediction is
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similar, and in some cases significantly betteranthpredictions using much more

sophisticated numerical models of lower solidityides (Howellet al, 2010).

1.5 - Experimental

- - -M-BE - N

Kinetic Power Coefficient

-1 -
Tip Speed Ratio

Figure 7.29 - Comparison of kinetic power coeffitgepredicted by M-BE, NS-BE and experiments
for the three parallel-bladed device at a Froudenuer of 0.13 and a blockage ratio of 0.5

The peak kinetic power coefficients and the comesing tip speed ratios and depth
changes have been tabulated in Table 7.3 for thergmental results, the M-BE model, the
NS-BE model and the NS-BE-FS model. The experialedepth changes which are

anticipated to be erroneous, due to a lack of flegovery, are highlighted in bold.

Experiment M-BE NS-BE NS-BE-FS

Fr B N [Pitch| Cpc | 4 | dh/h | Cpc | 45 | dh/h | Cpe | 4y | dh/h | Cac | 4y | dh/h

0.09| 05| 3 0 0.953.36| 0.42%| 1.20| 4.6 | 0.67% 0.88| 4 | 0.50%| 0.91 4 | 0.51%
0.13] 05| 3 0 0.883.40| 1.02%| 1.35| 4.7 | 1.429% 0.96| 3.8| 0.99%| 1.01 3.8 | 1.02%
0.18)] 05| 3 0 0.933.31|1.74%| 1.53|4.7| 2.72% 1.01| 3.8| 1.78%| 1.11 4 | 1.94%
0.21| 05| 3 0 1.003.47|460% | 1.66| 4.9 | 4.46% 1.05| 3.8| 2.74%| 1.21 3.8 | 3.01%
0.09| 05| 6 0 0.572.71| 0.61%| 1.31| 3.9 | 0.91% 0.64| 3.1| 0.58%| 0.65 3.3 | 0.60%
0.13] 05| 6 0 0.652.59| 1.20%| 1.54| 3.7 | 1.79% 0.76| 3.1| 1.12%| 0.83 3.1 | 1.18%
0.17f 05| 6 0 0.782.65| 2.64%| 1.78| 3.9 | 3.69% 0.81| 3.1| 2.01%| 0.94 3.2 | 2.24%
0.21| 05| 6 0 0.922.786.40% | 2.04| 4 | 6.12%| 0.85| 3.1 | 3.03%| 1.11 3.3| 3.67%
0.09| 05| 6| -2| 0.662.32|0.40%| 1.16| 4 | 0.88%| 0.71| 29| 0.57%| 0.74 2.9 | 0.58%
0.17| 05| 6| -2 | 0.84241|1.54%)|1.70| 3.9| 3.57% 0.88| 2.7 | 1.90%| 1.02 2.9 | 2.17%
0.09| 05| 6 2 0.513.19| 0.47%| 1.16| 4 | 0.87%| 0.43| 3.7| 0.60%| 0.45 3.7 | 0.62%
0.17| 05| 6 2 0.713.27| 2.98%| 1.69| 3.9 | 3.51% 0.67| 3.5| 2.05%| 0.78 3.7 | 2.31%
0.08| 0.625 3 0 1.29/ 3.90| 0.99%| 1.66| 5.3 | 1.10% 1.29| 4.4| 0.82%| 1.35 4.4 | 0.85%
0.12| 0.625 3 0 152 4.15| 1.64%| 1.97| 5.7 | 2.73% 1.39| 4.2| 1.72%| 1.53 4.4 | 1.88%
0.17| 0.625 3 0 1.74| 4.25|3.85% | 2.34| 6.1 | 6.06% 1.46| 4.2 | 3.37%| 1.78 4.6 | 4.06%
0.08| 0.625 6 0 1.22| 3.33| 1.31%| 2.01| 4.6 | 1.55% 1.10| 3.7 | 0.97%| 1.21 3.8 | 1.03%
0.12| 0.625 6 0 1.51| 3.31| 3.08%| 2.44| 4.4| 3.19% 1.31| 3.6| 1.97%| 1.57 3.6 | 2.22%
0.17| 0.625 6 0 1.92| 3.28| 6.61% | 3.39| 55| 9.85% 1.40| 3.6 | 4.35%| 2.49 4 | 6.58%

Table 7.3 — List of salient values for experimemtd simulations by the M-BE, NS-BE and NS-BE-FS
models
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Over the range of experiments that were simulasgaguthe NS-BE model, the ratios of the
numerically predicted kinetic power coefficieGbi/Cpie and tip speed ratidp/ipe to that
measured during experiments are 0.98 and 1.22, stethdard deviations of 0.12 and 0.06
respectively. This is a significant improvementtbe basic M-BE model, which achieved
average ratios d@pi/Cpke aNdipn/Ape 1.82 and 1.39, with standard deviations of 0.4) @A3
respectively.

The significant improvement in the accuracy of grediction of the performance of the
THAWT device is due to the improved simulation bé tflow field. Figure 7.30 shows that
the velocity field predicted by the NS-BE model wbuaot be accurately represented using
the simple steady, uniform stream-wise flow thatassumed by the M-BE model. The
velocity vectors demonstrate that there are sicguifi lateral velocity components in the flow
field around the actuator cylinder of the NS-BE mlodeducing the angle of attack on the

upstream half of the device when compared to atmiflow of the same magnitude.
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Figure 7.30 - Flow vectors overlaid on velocitydisurface plot around the actuator cylinder in the
NS-BE model for the six-bladed THAWTFat= 0.13, B = 0.5 and a tip speed ratio of 3

As illustrated in Figure 7.31, the deflection oé thow at the turbine significantly alters the
resultant velocity and angle of attack experierntmgthe turbine, whera’= u +v. Due to the
resulting vertical components of velocity the bladéthe top and bottom of the device, which
in uniform flow would have no angle of attack, newxperience an accelerated flow velocity
at an angle of attack and produce lift. The redueglocity on the rear-side of the device
results in a lower angle of attack and a redudeddidrag ratio when compared to a device
experiencing a uniform flow.
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Figure 7.31 — Velocity vectors and resultant foraegng on a high thrust cross-flow device

Figure 7.32 shows that the two-dimensional flowefieesults in a lower predicted average
angle of attack, despite the peak positive anglattaick remaining roughly the same, so that
positive torque is produced at a lower tip speetibraas observed in the Newcastle
experiments. It is also worth noting that withwaotdimensional flow field, the point on the
turbine circumference at which the angle of attigckero has shifted towards the front of the
turbine, so that the proportion of the upstreanh diadhe device experiencing a positive angle
of attack is reduced.

—— M-BE
‘ ---- NS-BE

Angle of attack (degrees)
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Figure 7.32 - Comparison of angle of attack arotimel circumference of the device for the six-bladed
THAWT at a Froude number of 0.13 and a blockage @t0.5, predicted using the M-BE and NS-BE
models

7.3.1. Comparisons of basic three and six-bladed testsat B = 0.5
Figure 7.33 shows that the average ratio€&f/Cpyie for the three and six parallel-bladed

devices are 1.04 and 1.07, with standard deviatain8.074 and 0.11 respectively. The
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consistency of prediction with both the three amebtaded devices indicates that the NS-BE

model is capable of accurately simulating the \emmaof velocity through the device.
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Figure 7.33 - Comparison of kinetic power coeffitgepredicted using the NS-BE model and
recorded by experiment for the parallel-bladed desiat a blockage ratio of 0.5

The accuracy of the prediction of the kinetic poweefficient is not uniform with Froude
number and the NS-BE model appears to under-predectpower produced by the six
parallel-bladed device at a Froude number of 0.R1s believed that this is due to the rigid
domain of the NS-BE model, which does not simullageacceleration of the flow through the
device, as the physical flow is constricted throwgimarrowed region by the free surface
deformation.

The accuracy of the prediction of the tip speetbrat which the peak power occufs, is
also significantly improved when compared to theBE-model. Figure 7.34, shows that the
average ratio of,/Ape for the basic three and six-bladed tests achiéyethe NS-BE model
is 1.15, with a standard deviation of 0.037, whgh significant improvement over the M-BE
model with a mean of 1.42 and standard deviatio.082. This improvement can also be
attributed to the accuracy with which the flow dieé modelled when compared to the M-BE
model. By simulating the vertical velocity compatge the angle of attack on the upstream
half of the device is reduced, so that the turlinable to operate at a lower tip speed ratio

before the onset of stall.
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Figure 7.34 -Comparison of tip speed ratio of peak power pregiaising the N-BE model
and recorded by experiment for the parallel bladegices at a blockage ratio of |

The reason for the mean o-estimation of tip speed ratio is thought to be ttudetail: of
the assumptions about the hydrofoil performancer ifstance the hydrofoil section whi
has been wrapped onto the pitch circle, operating curvilinear flow, has been assumet
behave like a straight chorded blade in a rectlinfiow. Howeve, the shift of the powe
curves to higher tip speed ratios predicted by N&-BE model may suggest that t
cambered blades of the experimental turbine expesi@ negative incidence, which has
been accounted for in the numerical mc

A further corribution to the positive shift of the tip speedioaof peak power may be di
to the effect of dynamic stall on the drag perfonoe of the hydrofoil. When a hydroft
undergoes delayed stall the drag remains relatillyuntil close to stall, when ere is a
dramatic increase in drag, as shownFigure 7.35 With a delayed increase in drag,

power produced by the device would continue togase into lowelip speed ratio

Figure 7.35 -An example drag curve of a NACA0012 aerofoil dudggamic stall at a reduce
frequency of k = 0.2@VicCroskey, 19€) permission to reproduce figeionline not granted
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Unfortunately, the complicating aspects of predigtihe hydrofoil performance is likely to
require extensive studies before any significanprowements in the model can be
implemented.

Figure 7.36 shows that the depth change predictedyuhe NS-BE model is accurate for
values up to 2%. It is believe that values of Hegftange greater than 2% are underestimated
primarily due to the measurement of un-recoveregtideduring the higher velocity

experimental tests. The underestimated depth ehnigkely to be further influenced by the

use of a rigid lid in the NS-BE simulations.
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Figure 7.36 - Comparison of depth change calculdtech NS-BE thrust and recorded by
experiment for the parallel bladed devices at ackége ratio of 0.5

7.3.2. Comparison of fixed offset pitch tests
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Figure 7.37 - Comparison of kinetic power coeffitgepredicted using the NS-BE model and recorded
by experiment for the parallel bladed devices ifixed offset pitch at a blockage ratio of 0.5
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As demonstrated in Figure 7.37, the mean ratiGr@f/Cpke predicted by the NS-BE model
for rotors with blade pitch offsets is 0.98, witlstandard deviation of 0.090, which is another
significant improvement over the mean of 2.10 aaddard deviation of 0.28 achieved by the
M-BE model. Unlike the M-BE model, the NS-BE modd$o correctly predicts that the
device produces more power with a fixed negativehpivhen compared to the neutral pitch,

and a reduced power for the positive offset pitch.

The NS-BE model shows good fidelity in simulatiftng tchange in tip speed ratio with an
applied fixed offset pitch, as shown in Figure 7.88spite an overestimate &4f similar to

that of the neutrally pitched tests.
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Figure 7.38 - Comparison of tip speed ratio of ppalwer predicted using the NS-BE model
and recorded by experiment for the parallel bladedices with a fixed offset pitch at B = 0.5

The ratio of depth change predicted by the NS-BHehto the experimental measurements
(dh/hy)/(dh/he) for the negatively pitched rotor is 1.33 on ageraand is significantly higher
than the mean ratio for the neutrally pitched testh B = 0.5 of 0.97. This suggests that the
thrust predicted by NS-BE model for the negativitghed device is also over-estimated.

7.3.3. Comparison of increased blockage tests

In a similar fashion to the basic parallel-bladests, the fidelity and accuracy with which
the NS-BE model predicts the power produced byinlceeased blockage turbine has been
significantly improved, as shown in Figure 7.39.heTmodel is most accurate when
simulating the performance at low Froude numbersrestthe rigid lid approximation of the
NS-BE model is more accurate. The fidelity of tigher Froude number simulations is

expected to improve with the simulation of the fseeface deformation.
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Figure 7.39 - Comparison of kinetic power coeffitgepredicted using the NS-BE model and
recorded by experiment for the parallel bladed desiat a blockage ratio of 0.625

As shown in Figure 7.40, the error in the predictaf 1, is reduced when simulating an
increased blockage dB = 0.625. The mean ratio Of/lpe for the higher blockage
simulations is 1.07 with a standard deviation d¥5@, which is lower than the mean and
standard deviation for the NS-BE predictions of ékerall range of experiments of 1.12 and

0.063 respectively.
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Figure 7.40 - Comparison of tip speed ratio of ppalwer predicted using the NS-BE model
and recorded by experiment for the parallel bladegices at a blockage ratio of 0.625

During the series of experiments, increasing tloekage ratio fronB = 0.5 toB = 0.625
resulted in an increase of the tip speed ratio ed#tkppower for the three and six parallel-

bladed devices by a mean factor of 1.22. By anadythe results of the NS-BE model, the
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reason for this increase iy becomes clear. The effect of the increased bigeksato force a

greater proportion of the flow through the turbiregion. Figure 7.41 shows that by
increasing the blockage ratio the induction faetpat the upstream point of the device is
increased, which causes an increase in the angldanfk experienced by the turbine blades

and an increased stalling tip speed ratio.
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Figure 7.41 — Comparison of induction factors a tipstream point of the device, predicted using the
NS-BE model

In a similar fashion to the lower blockage simwat, the NS-BE model predicts
accurately the depth change across the devicealoes up to 2%, as shown in Figure 7.42.
As the Froude number is increased, the measureofiamrecovered downstream depths is
anticipated to result in an underestimate of thatluehange by the NS-BE model and further
error is likely to be incurred due to the influeradehe rigid lid.
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Figure 7.42 - Comparison of depth change calculdteth NS-BE thrust and recorded by experiment
for the parallel bladed devices at a blockage rati®.625
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7.3.4. Summary of comparisonswith M-BE model
Table 7.4 shows that using the NS-BE model tlielity of the prediction of the

performance of the THAWT device is significantlypmved when compared to the M-BE

model, over the entire range of simulated experisien

M-BE NS-BE

Con/Cpie | Mean | St.dev | Mean | St. dev
3blade | 1.52 0.18 1.04| 0.074
6blade | 2.29 | 0.069| 1.07 0.11
Pitched | 2.10 0.28 0.98| 0.090
B=0.625| 1.50 0.21 0.88| 0.089
Over-all | 1.82 0.40 0.98 0.12

Table 7.4 — Ratios of kinetic power coefficientdiceed by the M-BE and NS-BE models to
experimental results for parallel-bladed experinsent

As well as improving the prediction of the powenguced by the device, Table 7.5
indicates that the NS-BE model is also able to iptdte tip speed ratio at which the peak

power occurs with a significantly greater accurd@n the M-BE model.

M-BE NS-BE
ApnfApe Mean | St.dev | Mean | St. dev
3blade | 1.40 | 0.023| 1.14| 0.047
6blade | 1.44 | 0.017| 1.16] 0.035
Pitched 1.45 0.26 1.15| 0.062

B=0625| 1.42 0.13 1.07| 0.057
Over-all | 1.39 0.13 1.12| 0.063

Table 7.5 — Ratios of tip speed ratio of peak pgwedicted by the M-BE and NS-BE models to
experimental results for parallel-bladed experingent

7.3.5. NS-BE bladeforce prediction

Figure 7.43 — Definition of blade forces

One of the primary roles of the NS-BE model in thisject is to predict the forces acting
on the blades of the THAWT device, in order to maise the accuracy of any subsequent

structural analysis.
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The tangential and radial force at each point adotire circumference of the actuator
cylinder is calculated using the predicted vertaad horizontal forces, as shown in equations

7.19 and 7.20.

Fg = —F,cos@ — F,sin@ 7.19
Frqq = —F;sinf + F, cos 7.20

For the following analysis of the forces predicteyl the NS-BE model, the radial and
tangential forces are non-dimensionalised as showequations 7.21 and 7.22. This will
allow the comparison of varied blockage ratios, iehthe Froude number remains constant,

but the upstream velocity has changed.

_ Frad
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Figure 7.44 - Comparison of angles of attack prestidoy the M-BE and NS-BE models for the six
parallel-bladed device at Fr = 0.13 at the tip spaatios of peak power, blockage B=0.5

Figure 7.44 shows that the use of a non-uniformaigl field in the NS-BE model predicts
a significantly different distribution of the angh¢ attack from the M-BE model around both
the upstream and downstream halves of the devide assumption of constant velocity in
the M-BE model results in a symmetrical distribatiof angle of attack. The NS-BE model
predicts a narrower region of turbine circumferemcavhich positive angles of attack are
achieved and the angle of attack on the downstitefrof the device is significantly altered,

when compared to the M-BE model.
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Figure 7.45 - Comparison of radial and tangent@aide coefficients predicted by the M-BE and NS-
BE models for the six parallel blade device at F8.23, B=0.5 and tip speed ratio of peak power

As shown in Figure 7.45 the changes to the angkdtatk predicted by the NS-BE model,
when compared to the M-BE model, cause significkifiérences in the predicted radial and
tangential forces. The region of turbine circurafere in which negative radial force occurs
is narrowed and the maximum force on the downstrealins reduced. Figure 7.45(b) shows
that the torque predicted by the NS-BE model onrthetrally pitched turbine is produced

mostly on the upstream half of the turbine.

7.3.6. For ce observations of the fixed offset pitch

By applying a fixed offset pitch to the blades loé tsix-bladed parallel configured device,
the power produced is increased, while decreasiagoperating tip speed ratio and depth
change across the flow domain. As previously destrated in this section, the significant
reduction in velocity through the upstream halfttid device means that the majority of the
power is extracted from the upstream half of thrbihe. By applying a negative offset pitch
the optimum distribution of angle of attack occatsa lower tip speed ratio, which reduces
the thrust produced by the device and increasesthetion factor at the upstream point of
the turbine by roughly 3%.

The variation of geometric and effective angle ek for a device with a negative fixed
offset pitch are plotted in Figure 7.46, where getiia angle of attack is defined as the angle
between the blade component of velocity and thelta# flow velocity and the effective
angle of attack is defined as the angle betweembltdue chord at the quarter chord point and

the resultant flow velocity.
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Figure 7.46 - Comparison of angles of attack prestidy the NS-BE models for the six pardiiisde
device with negative and neutral fixed offset patkr = 0.09, B = 0.5 and the correspondiig

Figure 7.46(a) shows that by operating at a lovwespeed ratio the angle of attack of the
blades of the negatively pitched device are in@eédsy a small amount. During a full
rotation of the device the geometric angle of &tteanges from -8.6° @« < 13.5°. Figure
7.46(b) demonstrates that by applying the 2° negdiked offset pitch the effective angle of
attack, from which the hydrofoil performance chéeastics are calculated, is translated to a
range of -10.6° «« < 11.5°. By having a more even distribution af ingle of attack on the
upstream and downstream halves of the turbinegphiemum lift to drag characteristics can be

maintained over a greater proportion of the rotruenference.
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Figure 7.47 - Comparison of tangential force caéint predictions by the NS-BE models for the six
parallel-bladed device with fixed offset pitch a@@ude number of 0.09, blockage B=0.5

As shown in Figure 7.47, the increased magnitudthefapparent angle of attack on the

downstream half of the device leads to an increatiee torque produced by the turbine.

141



CHAPTER 7. QUASI-STEADY NAVIER-STOKESBLADE ELEMENT MODEL

154  -==--- 2° -ve pitch
neutral pitch

-1.5 -
6 (degrees)

Figure 7.48 - Comparison of radial force coeffidigmedictions by the NS-BE models for the
six parallel-bladed device with fixed offset pittta Froude number of 0.09, blockage B=0.5

The greatest stresses in the THAWT device are damgéorces normal to the blade chord,
about which the hydrofoil section is weakest, arelapproximately equal to the radial force
produced by the blade. Figure 7.48 shows thatenthié range of the radial force remains
relatively unchanged by applying a 2° negative dibafset pitch, the maximum absolute
force is reduced.

By applying the negative fixed offset pitch, theme now two occasions in the rotational
cycle where the maximum absolute radial force ag;cone at approximately 90° of rotation
and one at approximately 350°. The peak in sta@s350° occurs as a result of a greater
effective angle of attack occurring on the bladprapching the oncoming flow, which has

been accelerated around the device.

7.3.7. Effect of blockage on blade forces

Increasing the blockage ratio of the device by 286t B = 0.5 toB = 0.625 causes a
beneficial increase in the predicted kinetic poweefficient and a detrimental increase in
thrust. As shown by Figure 7.49, for a Froude nendf 0.13, the increase in blockage ratio
also results in an increase in the range of rddrak by 32%. The increase in radial force is
likely to be detrimental to the structural perfomoa of the device and confirms that there
will be a trade-off between hydrodynamic and stadt performance when considering the

choice of blockage ratio for the device.
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Figure 7.49 - Comparison of radial and tangentiaide coefficients predicted by the B&-mode
for the six parallel bladed device at a Froude nembf 0.13 and blockage ratios of 0.5 and 0.625

7.3.8. For ce comparisonswith the analytical preliminary analysis

The preliminary analysis, described in Chapterrgdigts the magnitude of the force that
would be expected at the most upstream point ofdtw, as shown in equation 7.23, which

suggests that the expression shown in equationi§ @hstant.

F 1, %Fr2sB
o P 7.23
pgh n
il X n =C
pgh? Aszrsz B 7.24

By individually varying the Froude number Fr, sitlds, blockage ratidd and number of
bladesn away from a base configuration in simulations led NS-BE model, the accuracy
with which the preliminary analysis predicts theiadon in blade force is explored. For each
change of a given parameter, the tip speed ratjpeak power has been extracted from the
NS-BE prediction, from which the maximum blade ®fas been taken.

The base configuration, the range of each variakfdored and the values @Gf predicted
by the NS-BE model over the range of explored Wem are given in Table 7.6. For
reference, the NS-BE model predicts that the bas@guration listed in Table 7.6 results in a

CoaseValue of 1.70.

Base value | Range of explored values | Range of NS-BE predicted C
Froude number 0.14 0.08-0.21 1.59-1.70
Solidity 0.2 0.12-0.28 1.63-1.70
Blockage ratio 0.5 0.45-0.56 1.61-1.78
Number of bladeg 6 4-8 1.70-1.70

Table 7.6 — Parameters for a base configuration trerange of values which were explored
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As shown in Table 7.6, over the range of exploradables the blade force scaling is
consistent to within 7%, when compared to numemecadictions by the NS-BE model. This
suggests that the preliminary analysis providesiggaproximations of the blade force scaling
for realistic configurations of device design.

It should be noted however that the predictionoo€¢ scaling with solidity is unlikely to be
accurate as solidity reaches significantly highueal As the solidity tends towards a value of
s=1 (i.e. a solid cylinder) no flow will pass thugh the rotor, at which point no power will
be produced and the only force on the upstreanebhamlild be the increase in pressure due to
the stagnation point of the flow upstream of théincher. This would not be accurately
modelled by the NS-BE model and would invalidate thajority of the assumptions of the
preliminary analysis. However, both methods shduddaccurate for moderate values of
solidity.

Prediction of force scaling with a variation in thember of blades is perfectly matched
between the preliminary analysis and the NS-BEyamal This is due to the fact that by
maintaining a constant solidity between NS-BE satiahs, the forces applied to the fluid
remain consistent and ‘smeared’ around the actugtorder with the same distribution. The
interpretation of how much force is applied by ags blade is calculated during the post-

processing phase, and is simply a division by timalver of blades.

7.3.9. Validity of preliminary analysis assumptions

For all of the cases compared to the preliminarglyais, the maximum radial force has
occurred at approximately the most leading pointtio® rotor, which indicates that this
assumption is valid for the preliminary analysidowever, it should be noted that with the
use of negative pitch, it may be possible to chahgeoint of maximum absolute radial force
to a location on the downstream half of the devicewhich case the scaling of force

predicted by the preliminary analysis may no lorgeeaccurate.

7.4. Resultsof the FS-NS-BE model
The tabulated results for the NS-BE-FS model amwvshin Table 7.3. In modelling the

free surface deformation of the fluid domain theameatio ofCpy{Cpye for all of the analysed
tests has increased from 0.98 for the NS-BE mad#&l11 for the NS-BE-FS model, with the

most significant increase occurring in the higheougde number tests. Figure 7.50
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demonstrates that the free surface deformationesaasshift of the entire power curve to

greater power.

2 - Experimental
- - —Rigid
1.5 Deforming

Kinetic power coefficient
o
(6]

-1- Tip speed ratio

Figure 7.50 - Comparison of kinetic power coeffitiemeasured during experiment and predicted
using the NS-BE and NS-BE-FS models for the sillpabladed device &r=0.13 and B = 0.5

7.4.1. Comparison of basic three and six parallel-bladetestsat B = 0.5

As shown in Figure 7.51 the mean ratioGpf/Cpke predicted by the NS-BE-FS model for
the basic three and six parallel-bladed testslig With a standard deviation of 0.095, which
is higher than the mean and standard deviation0& and 0.087 for the NS-BE model.

While the NS-BE model was inconsistent with theuaacy of performance prediction of
the device over the range of Froude number, iteageen that by allowing the free surface to
deform, the variation in the kinetic power coe#ici follows a more consistent gradient when
using the NS-BE-FS model. This suggests thatddéianal power available to the device as

the free surface deforms is being modelled morsistantly.
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Figure 7.51 - Comparison of kinetic power coeffitgepredicted using the NS-BE-FS model and
recorded by experiment for the parallel-bladed desiat a blockage ratio of 0.5
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By modelling the free surface deformation the irtducfactor at the upstream point of the
device is increased, as shown in Figure 7.52. Asldvbe expected, the increase in the
induction factor becomes more significant as trmuBle number increases, due to the greater

induced depth changes.
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Figure 7.52 - Comparison between of predictionspstream induction factor by the NS-BE model
and the NS-BE-FS model for the parallel-bladedstest

As well as causing an increase in the rati€pf/Crke applying free surface deformation
results in an increase of the mean ratid@M,e from 1.15 for the NS-BE model to 1.18 for
the NS-BE-FS model. This increase/inis assumed to occur due to the increase in the
induction factor through the device at higher F®admbers, caused by the narrowing of the
flow domain, which results in an increase in theglas of attack experienced by the
hydrofoils, and an increased stall tip speed ratio.

The mean ratio of dh,)/(dh/he) is increased from 0.97 with a standard deviatbB.14
for the NS-BE model to 1.03 and 0.13 respectivehtiie NS-BE-FS model.

7.4.2. Comparison of fixed offset pitch results
In a similar fashion to the basic parallel-bladedults, the mean ratio @pk/Cpke for the

tests with a fixed offset pitch is increased frora8and a standard deviation of 0.090 for the

NS-BE model to 1.12 and 0.13 for the NS-BE-FS moakekhown by Figure 7.53.
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Figure 7.53 - Comparison of kinetic power coeffitgepredicted using the NS-BE-FS model and
recorded by experiment for the fixed offset piigiparallel-bladed devices at a blockage ratio d 0

The mean ratio of,/A,e for the fixed offset pitch experiments is increhé®m 1.14 and a
standard deviation of 0.062 for the M-BE model tb91and 0.041 for the NS-BE-FS model.
However, the fidelity of the variation in tip speedtio with a change of pitch shows good
correlation with that measured experimentally, la@ns in Figure 7.54. This indicates that

the relative effect of applying the fixed offsetghi is being accurately modelled.
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Figure 7.54 - Comparison of tip speed ratio of ppalver predicted using the NS-BE-FS model and
recorded by experiment for the parallel bladed desiwith a fixed offset pitch at B = 0.5

The mean ratio of (dh,)/(dh/he) predicted by the NS-BE-FS model is increased.@® 1
with a standard deviation of 0.38 from the NS-BEdictions of 0.98 and 0.39 respectively.
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74.3. Comparison of increased blockage results
2.5~
O3 Blades '/'/
%ff 2 X6 Blades ./'/ %
= ./({
Q _
£ 15 6.@(
@ X
o Ve
x 1 n /
LLl ya
T
0.5 ~ e
Ve
./'
O T T T 1

0 0.5 1 15 2 2.5
NS-BE-FSCp,

Figure 7.55 - Comparison of kinetic power coeffitgepredicted using the NS-BE-FS model and
recorded by experiment for the parallel bladed desiat a blockage ratio of 0.625

The correlation between the NS-BE-FS model preghistiof Cpx and the experimental
results is significantly improved when comparedh® NS-BE model predictions, as shown in
Figure 7.55. The mean ratio Gfk{Cpke for the high blockage results is 1.02 with a stadd
deviation of 0.023. The high blockage six pardtlielded result at a Froude number of 0.19,
is assumed to be erroneous due to the proximitigefree surface to the actuator cylinder, as

shown in Figure 7.56.

, = .

Figure 7.56 - Surface velocity plot produced by BE-FS model of the six parallel bladed device
at a blockage ratio of 0.625, a Froude number @BGand a tip speed ratio of 6

During the experiments, the highly accelerated bafrftbw above the turbine resulted in a
hydraulic jump downstream. Due to the use of tleompressible Navier-Stokes equations
and the simple hydrostatic variation of the freefae, the NS-BE-FS model is unable to
simulate accurately the nature of a supercritittad fand discontinuities such as a hydraulic
jump. However, this is not a significant limitatiof the model, as a full scale device in
which the bypass flow becomes supercritical isamtdicipated to be feasible, and will not be
required in subsequent simulations.

When compared to the NS-BE model, the NS-BE-FS mpdalicts an increase in the

mean ratio ofiyi/ipe to 1.10 with a standard deviation of 0.034. Hoerevhe ratio of
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(dh/hp)/(dh/he) predicted by the NS-BE-FS model is increased 0080 for the NS-BE model
to 0.91.

7.4.4. Summary of NS-BE-FSresults and blockage correction

NS-BE NS-BE-FS
Mean| St.dey Mean St. dev
3 blade 1.04] 0.074 1.13 0.11
6 blade 1.07 0.11 1.21 0.06p
Pitched 0.98| 0.090 1.12 0.13
B=0.625| 0.88) 0.089 1.02 0.023
Over-all | 0.98 0.12 1.11 0.12

Table 7.7 — Ratios of kinetic power coefficientdiceed by the NS-BE and NS-BE-FS models to
experimental results for parallel-bladed experingent

As shown in Table 7.7, by modelling the free swfdeformation of the flow domain the
predicted power output of the device has been asa®@. This is due to an increase in the
flow velocity through the device, caused by thestoation of the flow boundaries and is
more substantial as the flow Froude number is aswd.

The increase in power due to the modelling of tke surface deformation has resulted in
an over-prediction of the power produced by mosthef configurations of the experimental
turbine. This is believed to be predominantly tluéhe fact that the two-dimensional NS-BE
and NS-BE-FS models simulate a greater blockage ttedn the three-dimensional blockage
ratio of the experimental turbine.

The blockage ratio of a device is defined as tlop@rtion of the channel area occupied by
the turbine apparatus. Due to the two-dimensiaagire of the NS-BE models, the blockage
ratio B becomes the ratio of flow depth occupied by thebite, which is 0.5. However,
during the experiments the turbine operated wigfaa either side of the rotor, which allowed
the mounting of the device and prevented high dwagto shearing of the thin layer of water

near the walls, as shown in Figure 7.57.
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Figure 7.57 - CAD rendered image of the experimepparatus, demonstrating the gap
between the turbine end-plates and the flume wall

Accounting for the space at the side of the rotuces the proportion of the area
occupied by the device and peripheryBte 0.47. While a reduction in blockage ratio from
0.5 to 0.47 initially appears relatively insigndiat, Figure 7.58 demonstrates that at a Froude
number of Fr = 0.14, the average during the expartal tests, reducing the blockage ratio
from 0.5 to 0.47 results in a decrease in the alshdl power by a factor of 0.86, as predicted

by LMADT-OCF.
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Figure 7.58 - Predictions using LMADT for Open ChahFlow (Houlsby et al., 2008a) of
the peak attainable kinetic power coefficient fevides of blockage ratios of 0.5 and 0.47

A blockage correction can be applied by using LMADCTF to calculate the ratio of
available power for each experimental test, atkage ratios of 0.5 and 0.47, using the value
of thrust predicted in the NS-BE-FS model. Apptyiis blockage correction to the power
coefficients predicted by the NS-BE-FS model, reduthe mean ratio &py/Cpke OVer the
range ofB = 0.5 results, to 0.98 with a standard deviatib0.698, as shown in Table 7.8. A
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blockage correction cannot be applied to the hidhleckage data, due to a theoretical

supercritical bypass at the relevant Froude nurfibers.

NS-BE-FS NS-BE-FS
blockage corrected
Average| St.dey Average St dev
3 blade 1.13 0.11 0.97 0.10
6 blade 1.21 0.062 1.04 0.05
Pitched 1.12 0.13 0.97 0.11
Over-all 111 0.12 0.98 0.10

Table 7.8 — Ratios of kinetic power coefficientdiceed by the NS-BE-FS model, with and without
blockage correction, to experimental results forghel-bladed experiments

Due to the two-dimensional nature of the NS-BE ni®dds not possible to incorporate the
effect of flow past the sides of the device, altjioit should be noted that a full scale device
is expected to be made of many multi-bay devicesfence array. It is there anticipated that

the depth ratio will be more accurate when simotat full scale device.

7.4.5. Comparison of NS-BE and NS-BE-FS blade forces

The increased velocity through the turbine duehi® ¢onstraint of the free surface has
caused the forces produced by the rotor bladesd®ase, relative to the rigid lid model,
resulting in an over-estimate of the power produzgdhe device. It is thought that the most
significant influence on this over-estimate is #ienulation of a higher two-dimensional
blockage ratio than the three-dimensional blockageo of the experimental turbine.
However, it is hypothesised that the blockage ratmulated by the NS-BE and NS-BE-FS
models will be representative of the blockage rafia full scale, multi-bay device, where
gaps between devices will be a smaller proporticthe channel area.

If there are no appreciable differences in thedsrpredicted by the NS-BE and NS-BE-FS
models, the economies in simulating a rigid lid elodhs opposed to simulating the free
surface deformation, would suggest that the NS-B&deh should be used for future
simulations. However, if the differences are digant, the additional computational time
will result in a more accurate model of the bladeés, which will in turn allow for a greater

confidence in predictions of the operating lifetinofea device design.
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Figure 7.59 - Radial force coefficient predictedngsthe NS-BE and NS-BE-FS models for the six
parallel bladed device at a Froude number of 0d BJockage ratio of 0.5 and a},=3.1

As shown in Figure 7.59 for a Froude number of Q& effect of modelling the free
surface is relatively insignificant on the radiarde, which is the dominant force in the
structural analysis. The peak-to-peak amplitudthefradial force is increased by a factor of
only 1.04. As illustrated in Figure 7.60, thisexff becomes more significant as the Froude
number is increased, where modelling the free sarfdeformation at a Froude number of
0.21 causes an increase in the peak-to-peak adhpldiithe predicted radial force by a factor
of 1.11. In order to accurately predict the bldokees that are produced in higher Froude

number flows, the NS-BE-FS is used for the stradtanalysis of Chapter 8 and the case
study of Chapter 9.
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Figure 7.60 - Radial force coefficient predictedngsthe NS-BE and NS-BE-FS models for the six
parallel-bladed device at a Froude number of OZbJockage ratio of 0.5 and a},=3.1

Analysis of the forces predicted by the NS-BE ar®BE-FS models are conducted using

the blade forces at the tip speed ratio of peakgpowdowever, the mean ratios Qf/Ape for
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the NS-BE and NS-BE-FS models, over the range efcttimpared tests, are 1.12 and 1.16
respectively. Assuming that the blade forces sasalpredicted by the preliminary analysis of
Chapter 3, it would be anticipated that the blamteds are over-estimated by factors of 1.26
and 1.35 for the NS-BE and NS-BE-FS models respayti

It can therefore be assumed that the forces pestioy the NS-BE-FS at the predicted
values ofi, will be an overestimate of the true forces experel by the blades. A structural

analysis using these forces can therefore be asstoniee conservative.

7.5. Application to trussturbine
The NS-BE and NS-BE-FS models are limited to twoehsional analyses of the THAWT

device. While this is unsuitable for a detailedlgsis of the truss configuration of the device,
the effect on the hydrodynamic performance of thest geometry can be loosely explored,
and the change in the blade forces for use induttnuctural analyses can be predicted.

As shown in Figure 7.61, the radius of the stratglds blades varies at each end and along
the entire blade length. However, the radii of Hi@de ends in the experimental rotor of
Chapter 4 have been chosen so that the mean kddes rmatches the parallel device at
0.25m. It is therefore anticipated that a two-disienal analysis of the truss device with a

radius of 0.25m should be a good approximatiorifermean active radius of the rotor.

N

N

Figure 7.61 - An axial view in a rendered imagéheaf blades of the truss turbine
When predicting the performance of a swept wingisitommon to calculate the lift

produced by the hydrofoil due to the componentl@ivfnormal to the blade axis, which is
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simply a cosine reduction of the free-stream vé&yo@bbott and Von Doenhoff, 1959). The
blades of the truss configured THAWT device sweepboth the radial and tangential
direction. The average radial sweep angle of ttpe@mental prototype is 1.96°, which is
likely to have a negligible effect on the directiamd magnitude of blade forces, when
compared to the parallel configuration. Howevke éverage tangential sweep of the blades
is 12.0°, and would be anticipated to reduce tltkaleblade force acting on the blade by
approximately 4%, predicted using the cosine radnaif free-stream velocity. Considering
that future variations of the turbine may exhibgher sweep angles, it is felt that the effect of
the tangential sweep on the blade hydrodynamicslghee accounted for.

The effect of applying the cosine rule to the swaptles of the truss configured THAWT
device is to marginally increase the angle of &ttperpendicular to the blade axis and to
reduce the magnitude of the force produced by thaels. There is no predicted reduction in
the lift to drag ratio of the hydrofoils, which widusuggest that the efficiency of the device
should remain relatively unchanged. However, gy produced and true efficiency of the
truss device during experiments were reduced whempared to the parallel-bladed device.
While the application of the cosine normalisatioethod is accurate for attached flow,
research shows that swept wings, during transiiostall, experience detrimental changes in
the lift and drag which are not predicted (Cartd83, Uranga, 2011). At the Reynolds
number experienced by the experimental turbine lodper 5, where transition effects are
likely to be significant, the effect of blade swemay have had a substantial impact on the
device performance. The variation of this effectt®e Reynolds number is increased to a full
scale device is unclear.

Numerical simulations of swept wings have shownt ttiee pressure-lift and drag
coefficients, calculated using the velocity compuneormal to the blade axis, remain
approximately unchanged over a range of sweep saifgilenga, 2011). However, the path of
the flow across the chord tends to follow a patbselto the free-stream direction, which
would suggest that the magnitude and componentsobus drag is unlikely to vary from that
calculated in the free-stream direction.

In order to simulate this in the NS-BE-FS simulatipa method similar to that used by
Mclintosh (2009) has been implemented, where th#iceat drag at zero angle of attack is

taken as an approximate viscous component. Additidrag due to blade incidence is taken
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as an approximate inviscid drag coefficient, whihpplied in the direction perpendicular to

the blade axis, as shown in Figure 7.62.

D invisc

Figure 7.62 - Direction of drag components on aswsade
In this process the viscous drag is calculatedgusie viscous drag coefficient and the true
resultant velocity. The pressure-form lift andgimoduced by the hydrofoils are calculated
using the vector of resultant velocity, which hag projected onto a plane perpendicular to

the blade axid/,.., as shown in Figure 7.63.
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Figure 7.63 - Components of velocity acting on evilade
By applying a sweep to the rotor blades, the anfltack perpendicular to the blade axis
is marginally increased. This results in an inseem the tip speed ratio of peak power, in

order to maintain the optimum distribution of angfeattack.
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Figure 7.64 - Comparison of power curves for thesgrand parallel case using the NS-BE-FS model
As shown in Figure 7.64, the predicted power offfocient for the truss rotor is reduced by
a factor of 0.94, when compared to the paralleiagwvhich is less severe than the reduction
measured during experiments of 0.92. The disphgtyween the experimental results and the
numerical simulations are assumed to be a resuthefadditional effects of sweep on a

hydrofoil during transition or stall.

7.6. Limitationsof the NS-BE models
Whilst the NS-BE and NS-BE-FS models are able mutate the performance of the

parallel-bladed device with sufficient accuracyshiould be noted that several aspects of the
flow physics and the flow phenomena of a full sadeice have been modelled.

Due to the two-dimensional nature of the NS-BE niodiaree dimensional flow
phenomena have not been accounted for. A more a&rapsive model of the device should

simulate the blade end effects

7.7. Conclusions

The NS-BE model demonstrates a significant improx@nmn the accuracy of prediction of
the performance of the parallel-bladed THAWT dewwer previous models. The flexibility
of the model allows many variants of the turbinefguration and upstream flow parameters
to be accurately simulated. The fidelity of thesmulations, when compared with the
experimental results, suggests that a time averaggtdator cylinder, representation of the
turbine rotor is suitable for obtaining approxinoas of the turbine performance and blade
forces.

As well as allowing the performance and forceshef device to be predicted, the ease of

measuring parameters such as the flow inductiaioife@nd hydrofoil angles of attack allows
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the hydrodynamics behind the turbine to be bettmierstood. The NS-BE model has
highlighted the fact that negative pitch not ontntributes to the reduction in blade forces
and stresses by reducing the operating tip spdex bait the amount of power produced is
maintained by increasing the amount of power froemxdownstream half of the device.

By applying a free surface approximation to theib&S-BE model, resulting in the NS-
BE-FS model, the predicted kinetic power coeffitie increased. However, applying a
blockage correction using LMADT-OCF, and comparwwgh the previous experimental
results, indicates that the NS-BE-FS model undemeses the performance of tile= 0.5
devices by a factor of 0.98 and with a standardadiew of 0.098. It is felt that the NS-BE-
FS model is sufficiently accurate for applicatiorthe subsequent structural analyses.

It is noted that the model would be improved by arenaccurate model of the blade
performance characteristics. This would ideallydapable of simulating the effects of a

curved blade in Darrieus motion, undergoing dynasted.
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Chapter 8

Finite Element Structural Analysis

The main anticipated benefit of the truss configufélAWT device, over existing designs
of tidal stream turbine is that it can be relatyeasily scaled, allowing energy to be extracted
from a large area of flow, while minimising the colexity of the device and the number of
foundations. The ability of the device to producewpr has been demonstrated
experimentally in Chapter 5, but the structuraf@@nance of such a design must be explored
to assess its feasibility and how it might be omed. The blade forces that act on the
THAWT device have been predicted using the NS-BEcé& in Chapter 7, but a method is
required to predict how these forces will be trangfd to the foundations and the stresses that
will be induced in the rotor blades.

This chapter outlines the development of a numkficiie element model of the THAWT
device, which can be used to predict the streswshsced in the members of a rotor. The
objective is to allow the analysis of a full scalesign to be assessed, and to explore the
effects that variations in the design configurateord the upstream flow conditions have on
blade induced stresses. An accurate structuraehmsdhecessary to understand the trade-off
between the hydrodynamic and the structural peroca of the THAWT device, which has
been previously highlighted by the preliminary gsa outlined in Chapter 3.

8.1. Numerical structural analysis

In order to apply the predicted blade forces pitedian Chapter 7 to the structure of the
THAWT device, it was decided that the Finite Eletamalysis package ABAQUS would be
used, due to the flexibility in the range of eletseawvailable for analysis, the deep ABAQUS
knowledge base within the Department of EngineeBogence at Oxford University and the
convenience of a commercial FE code, as opposettiag a custom piece of FE software.

The analysis performed in this chapter is a stat@lysis of the rotor, which assumes that
the only loading is due to the hydrodynamic bladecés and the turbine centripetal

acceleration. The validity of these assumptiorexjdored in section 8.9.
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As well as allowing the exploration of the struetumproperties of the single bay
experimental prototypes, described in Chapter 4finitke element structural model of the

THAWT device is extended to model the multi-bay laggtion of the rotor.

8.2. Basic configuration

The basic configuration of device that has beersehas a metric for comparison against

variations in design configuration, is the six platebladed device, as shown in Figure 8.1

Figure 8.1 — Six parallel bladed device renderedABAQUS
The structural performance of this device is exgdoat full scale with corresponding flow

conditions, given in Table 8.1.

Parallel device
Mean turbine diameter (m) 10.0
Bay length (m) 10.0
Flow depth (m) 20.0
Flow velocity (m/s) 2.0
Froude number 0.143
Fixed offset pitch (°) 0.0
Blade thickness (%) 21.0
Solidity 0.25
Blade chord (m) 1.31

Table 8.1 — Basic case specification of device @isethe structural analysis

Simulations of a device of this configuration anthle using the NS-BE-FS model,
described in Chapter 7, predict that a peak of@pprately 510 kW will be produced at a tip
speed ratio of approximately 2.5.

The dimensional scaling of stresses, derived inp@ha3, indicates that the stresses vary
with the inverse square of the blade thickneshitoctratio. While the structural benefits of a
thicker hydrofoil are significant, the reduction ltydrodynamic performance due to early
boundary layer separation means that high thickfassare rarely used, so there are very

few published data for sections of a greater thesknthan 24%. Some work has been
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performed in reducing the drag produced by pasitylthick sections, for the root sections of
conventional axial-flow wind turbines, by using lart trailing edge (Danet al, 2010), but
the hydrodynamic performance of these sectiongilissgynificantly poorer than a thinner
section. Therefore, in order to meet the demamdsiag a relatively thick hydrofoil section
while maintaining sufficient hydrodynamic perforncan it was decided that the initial
structural analysis of the THAWT device would befpened with a NACA 0021 section,
due to the availability of lift-drag characterigtiover a range of Reynolds number (Sheldahl

and Klimas, 1981).

-0.6 - -04 -03 -02 -01-1E-1501 02 03 04 M 0.7 0.8

y (m)

x (m)

Figure 8.2 — Profile of NACA 0021 section, wrappedo turbine circumference, used for parallel
turbine analysis

With a chosen wall thickness of 40mm, an analysithe® NACA 0021 section using two-
dimensional warping elements in ABAQUS predictst ttiee structural properties of the

hydrofoil are as shown in Table 8.2.

L (MY | 8.13 x 10
lyy (MY | 1.32 x 107
Ly (MY | 7.55 x 10"
Jert (M?) | 2.54 x 10°
A (m) 0.10

Table 8.2 — Section properties of NACA 0021 usetrictural analysis

8.3. Adopted material properties

Glass and carbon fibre reinforced composites anenoonly used for the construction of
wind turbine blades and are a suitable materiatfermanufacture of the relatively complex
THAWT truss blades. While exhibiting the greatgesgth and modulus, the high cost of
carbon fibre reinforced plastics (CFRP) generalyits its use to a reinforcement material
(Gurit, 2011). It has therefore been decided tdopen initial structural analyses using the

properties of glass fibre reinforced plastic (GFRR)feasible design using GFRP should be
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economical and relatively easy to manufacture usrting techniques from the wind
industry. Increases in scale or performance cpokkibly be achieved at a later date using
CFRP as a reinforcement material in areas of higess or where a higher modulus is
required.

Designing a structural member using GFRP is famftoivial. The heavily anisotropic
nature of the composite material structure hasltexbun highly complex techniques for
accurately analysing the performance of composiyeids (Barbero, 2008). However, the
main objective of this structural analysis is tdigate the effect on the structural performance
of varying the device configuration, and to provaeleough estimate of the stresses which a
material in a given design must be capable of waitiding. It was therefore decided that the
detailed design of a blade section is outside topes of this project due to time constraints,
and so an estimate of a suitable blade materialplayust be made. This allows the
feasibility of such a design to be ascertaineddmgaring the maximum expected stresses to
the capabilities of a composite layup, taking bungkland fatigue into consideration. It was
therefore decided to approximate the material amdgenous, with properties that are
estimates of a real composite layup.

In a composite layup, uniform direction fibres (U&e laid in the direction in which the
maximum stress is expected to occur and therefsistrthe greatest forces in the section.
However, layers of UD fibre are weak in directiggespendicular to the reinforcement fibres,
because the only resistance to force in thesetiresccomes from the binding resin, which
will yield at a stress of an order of magnitude éovthan the fibres. Very few composite
structures are loaded only in one direction, andagers of fibre often aligned +£45°, called
biaxial layers, are used in a layup to offer resise to shear and torsion within a section.

Using materials suggested by a senior engineerugit GVicEwen, 2009), suppliers of
composite materials to the wind and marine techgylodustries, with a recommended ratio
of UD and biaxial fibres, the volume averaged props of a composite layup of two UD

layers for each layer of biaxial material are showmable 8.3.
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Sparpreg 1600g | WE91-2 600g | Combined 2:1 layup
(Gurit, 2009a) | (Gurit, 2009b)
Ply type ub Fleeced biax

Young's Modulu€ (GPa) 42 15 35.5

Ply thickness (mm) 1.1 0.7 2.9
Volumetric density (kg/m3) 2000 1600 1900

Shear modulu& (GPa) 3.8 3.0 3.6
Tensile strength (MPa) 945 135 750
Compressive strength (MPa) 840 435 740

Table 8.3 — Material properties used for the ABAQiSIysis
8.4. Choice of element type

8.4.1. Blade elements

In a finite element analysis the choice of strugfwwlement is driven by maximising the
economies of computational effort whilst producnegults of sufficient accuracy. A lack of
symmetry in the loading of the THAWT device abouty aaxes means that a full three-
dimensional analysis is necessary to model thectstral response of the device, for which
there are three basic element types availableg}sii992).

Solid elements use shape functions to describéipgacement of nodes in order to solve
for the stress and strain within the element. Tdpproach is very accurate when a high
element density is used and is able to model almogtshape of object. However, the large
number of nodes that are required to resolve higlerosolutions within three-dimensional
elements result in a large number of degrees etfiven, which are computationally expensive
to solve.

Shell elements reduce the number of degrees addredhat are required, when compared
to solid elements, by commonly assuming that lineemal to the material plane remain
normal, and therefore reduce each element to adtmensional problem. Shell elements are
limited to accurately modelling plane stress protden which the thickness of the object is
much smaller than the other two dimensions.

Beam elements further reduce the number of degrersedom, by assuming that planes
normal to the axis of the element remain plane,ctwhieduces the problem to a one-
dimensional solution for each element. Beam elésnaffer an accurate solution for
problems in which one geometric dimension of thgeabis much larger than the other two,
although with the extra facility of shear deforroatioffered by elements, such as the

Timoshenko beam elements, the accuracy of theisnlaan be enhanced.
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Due to the large aspect ratio of the members off th&WT device, the logical choice is to
use beam elements, which offer the greatest econoimgomputational effort, as they
significantly reduce the number of degrees of fomedhat must be solved, when compared to
solid or shell elements. Beam elements also allevdegrees of freedom at the blade joints
to be modified simply, without having to createui joint design, as would be necessary with
solid or shell elements.

Of the Timoshenko beam elements offered by ABAQhESHighest order elements model
cubic variations in displacement and linear vaoiagiin curvature and stress.

8.4.2. Support structure

The elements of the support structure, which jbie blades at the end of the rotor, are
initially modelled as rigid members, with all relet displacement between elements
constrained. Reference points at the centre cetlseipport structure, shown in Figure 8.3,

represent the shafts of the rotor and are constlanith the appropriate boundary conditions.

y End 1

Ref.
X

End 2

Figure 8.3 — Pasition of reference points for rigid suppdegrees of freedom
It is assumed that at full scale the displacemeatsal to the turbine axes would be fully
restrained, however the only constrained momealb@ut the axis of the rotor, in the direction

of torque, as shown in Table 8.4.

End 1 End 2
8, | Constrained Constrained
8, | Constrained Constrained
8, | Constrained Free
0, Free Free
0, Free Free
6, | Constrained Free

Table 8.4 — Displacement and moment constraintiseatentre of the support structures
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8.4.3. Joint degrees of freedom

At the nodes which join the deformable blade eleén the rigid support elements all
degrees of freedom are initially constrained, s the blades are effectively cantilevered at

each end, to achieve the theoretical moment digtab shown in Figure 8.4.
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Figure 8.4 — Bending moment distributions in mersherder uniform load with variation in end
degrees of freedom

By constraining all degrees of freedom, the maxintbheoretical bending moment occurs
at the supports and is two thirds of the maximueothtical bending moment at the centre of
a pinned blade. However, the ideal case is omehioh the moment achieved at the supports
is half of the maximum theoretical bending momertha centre of a pinned blade, resulting
in the lowest stresses due to bending. These e@lidse explored briefly in sections 8.8.6
and 8.8.9 by varying the constrained degrees eflfye at the blade ends and by varying the

stiffness of the support elements.

8.5. Order of convergence

The Timoshenko beam elements must be able to deburapresent the turbine blades,
which experience a uniformly distributed load aboutltiple axes, as well as torsion. The
highest order terms in the element shape functien caibic, which when differentiated
produce a linear expression for curvature and tbexanoment. The moment distribution in
a beam supporting a uniformly distributed load @aguadratically, so several beam elements
are required to model accurately the moment andsstdistribution in the beam. A
convergence test has been carried out to underBtamanany elements are required to obtain

a solution of a given accuracy, relative to thelgiaal solution.
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Figure 8.5 shows a model of a 10 m long singenemg rectangular member, which has
been created with section and material propertasdtch those described in Table 8.1 and
Table 8.3. All of the degrees of freedom of thel @edes have been restrained so that the
beam has fixed end supports. If the response efntember to a uniformly distributed
loading case is accurately predicted, when compiard¢lde analytical solution, then it can be
assumed that the member is capable of accurafelgsenting the turbine blades in the more

complex global model.

Figure 8.5 — Rendered image of a beam in ABAQUS
A uniformly distributed load of 10 kN/m was applital the length of the beam in tlye
direction. The analytical solutions for the disggments, moments and stresses are listed in

Table 8.5 and can be calculated using equation®@B (Benham and Warnock, 1976).

Deflection due to bending, (m) | 8.363 x 18
Deflection due to shedt (m) | 3.378 x 10
Total deflectiory (m) 8.701 x 10
Support bending moment (kNm 83.33
Mid-span bending moment (kNm) -41.67

Table 8.5 — Analytical solutions to beam bending

wlL?*
v 8.1

% 8EI
5 = WL 8.2

S~ 8GA,
_My 8.3

7=

The results from the FE model are shown in TalBeBhich demonstrates that the number
of nodes required to obtain an accurate solutiothéobending problem is relatively small,
with more than 14 elements producing an error éndalculation of mid-span moment of less

than 1%.
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No. elements|Element size|End deflection |% error|Support moment (% error|Mid-span moment (% error
(m) (mm) (KNm) (KNm)
2 2.500 8.70 0.019 62.50 25.00% -62.5 50.009
1.250 8.70 0.00¢9 78.13 6.25% -46.875 12.50%
8 0.625 8.70 0.00¢9 82.03 1.56P0 -42.9688 3.13%
16 0.313 8.70 0.00% 83.01 0.39%% -41.9922 0.78%
32 0.156 8.70 0.00% 83.25 0.10p% -41.748 0.20%
64 0.078 8.70 0.00% 83.31 0.02% -41.687 0.05%

Table 8.6 — ABAQUS solutions to convergence tests
All subsequent members in this chapter are compos@0 elements to produce accurate
representations of the moment distributions in kbi@des and supports, while allowing

solutions to be obtained in a suitable amountroéti

8.6. Multi-cell analysistechnique

The members of the THAWT truss are composed of dfgdr sections, which are a
relatively uncommon section shape for a structdesign. Based on the section properties of
a given element, ABAQUS calculates the resultantiae forces and moments, as shown in

Figure 8.6.

Sy,

My C_\

Fz

i Mz
Figure 8.6 — Forces and moments acting on a bldelment
Due to the relatively complex combination of forgexl moments, the point of maximum
stress within the aerofoil section cannot be egsigdicted and must be calculated. In order
to achieve this, a multi-cell analysis technique haen developed. The analysis of multi-cell
sections has previously been solved by Alfanole(1896) using graph theory. However, it
was felt that graph theory was not necessary fisrtisk as open sections would not be dealt

with.

8.6.1.

Bending moments about tixeandy axes and the force in thalirection cause longitudinal

Basic principles

stresses in the direction. Shear forces in tixeandy direction and the moment about the
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axis cause shear stresses to act in the planeedettion and contribute to the total stress
acting on an element of the section. Therefor@rder to maintain a simple analysis it has
been decided to analyse the stresses in the cuaxkest rather than converting all forces,
moments and section properties to the principas afehe section. The longitudinal stress
generated by the& andy bending moments and the force in thelirection are therefore
calculated using equation 8.4.

y(MyLyy + MyLey) — x(MyLey + Mylyy)
B (Ixxlyy - Ixyz) ’

Equation 8.4 requires the origin for the coordinsyistem to be located at the centroid of

V4

E,
A_s 8.4

the section, where equations 8.5 and 8.6 are igatisf

jgxtwds = j(di =0 8.5
fytwds = fydA =0 8.6
8.6.2. Derivation of shear stressdueto shear forces

To calculate the stresses generated by the two $breas and the axial moment, a set of

simultaneous equations are set up to solve foshiear flows within the thin walled section.

e

a
W
My CD \«F z

(a) Hydrofoil section (b) Infinitesimal elementsafction
Figure 8.7 — Resultant forces and stresses in adfgidl section

A thin walled section under bending and axial foesg@eriences direct stresses and shear
stresses, as shown in Figure 8.7. The resultané facting on the small section in Figure
8.7(b) is equal to the part of the total axial ®ecting through the section. By balancing the
forces acting in the-direction, an equilibrium relationship can be bithed between the

shear force, direct stress and axial force, as showquation 8.7.
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dt do dt t,, dF,
W( ) === 8.7

dsTaz) T T A az
By noting that the shear flogyis equal to the shear stressiultiplied by the thicknest, of

a given element, a partial differential equation tfte change in shear flow and shear stress

with respect to the distance around the sectioeived, as shown in equation 8.8.

dg dt dt,,

E— W& TE 8.8

Substituting equations 8.4 and 8.8 into equati@np8oduces an expression for the increase

in shear flow due to moments about the sectioshaw/n in equation 8.9.

dg (y(delyy + dMyLy) — x(dMy L, + deIxy)> -

ds v dz(Lexlyy — L)
Equations 8.10 and 8.11 define the gradient in nmbrdae to the shear force in the given

coordinate system.

ay s 8.10
dz x

My _ -S 8.11
dz y

Substituting equations 8.10 and 8.11 into equai®nand integrating around the perimeter
of the section allows the shear flow at any poinbé calculated, as shown in equation 8.12.
This expression contains a constant of integragiprwhich can be resolved using a boundary

or closure condition.

.= fo(—s,CIxx +SyLey) + ¥(=Sylyy + Silyy)
0

tyds + qo 8.12
(Ixxlyy - Ixyz) "

8.6.3. Solution technique

The problem is discretised by separating the hydrghape into a series of nodes which

are connected by surfaces, over which the sheanféwies, as shown in Figure 8.8.

B
qp> 481 q:

q-1)
qa1

qa2

qci 4cs
C

Figure 8.8 — Discretised blade section showing sifiea direction
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The increase in shear flow across a surface cavritten as shown in equation 8.13.

((=Sxlex + Syley) + yi(=Sy 1y + Syl
XL( xlxx y xy) yl( ; yiyy x xy) twiSi 8.13
(Ixxlyy _Ixy )

Shear flow continuity equations are included far ttodes which do not have contributing

qi — qi-1) =

shear surfaces. For the example in Figure 8.&thesild be:

42 = qp1 — qB3 8.14
dc3 = qc1 T 9c2 8.15
da1 = qa2 8.16

Equation 8.16 provides the closure condition, whatto implies that the integral of the

shear flow around the section is zero, as shoveguation 8.17.

fx(—lexx +Syley) +y(“Sylyy +Seley) 8.17
ds = .

(Ixxlyy - Ixyz)
With n nodes andn cells, this provides — m independent equations. To solve forithe
values of shear flow and the additional twist pait dlength of the sectiofg /1), m + 1
additional equations are required. For each ofmtheells of the section an equation for the
twist of the cell is written, as shown in equati®i8, which is derived from basic torsion

theory (Timoshenko and Goodier, 1970).

0
frds = 24,6 7 8.18

where A is the area enclosed by the mid-line of the peofilickness. By using a single
variable for the twist angle, the section is caasid to twist by the same amount in each
cell.

The final equation that is required is the speatfan that the sum of the contributing
moments from the shear surfaces should equal thieedorsion, as shown in equation 8.19

(Benham and Warnock, 1976).
fqrsds =M, 8.19

A solution may now be found which will yield theesr flows around the section and the
twist of the section. The actual value of the twidies on the input of an accurate shear

modulus, enclosed area and member length.
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8.6.4. Shear centre (X, Y¢)

If the section in question is non-symmetric, anliggpshear will induce torsion about the
axis of the beam. It is possible to calculateltization of the shear centre for the section, the
point through which a load should be applied st tioatorsion is induced in the section. This
can be done by solving a set of slightly modifiedidtaneous equations to those described in
section 8.6.3. Equation 8.19, the sum of the masndue to shear equals the torsion about
the blade axis, is replaced with equation 8.20twist about the blade axis and a single shear
force is applied in thg direction.

6=0 8.20

The solutions to the simultaneous equations arslibar flows that occur in a non-twisting
section due to a single shear force.

However, there will be a torsion about the cenfrhe current coordinate system if it is not
coincident with the shear centre. Using equatid® 8he generated torsion can be calculated,
which would be opposed if the shear force werequlaat a distancig. from the centroid as

specified by equation 8.21.
Y. =— 8.21

Thex-coordinate for the shear centre can be calculadedy the same technique.

8.6.5. Equivalent torsion constant Je

The equivalent torsion constant may be calculagddguthe same technique as outlined in
section 8.6.3. Instead of applying shear forcesaatorsion to the section, only a torsiafy,

is applied. Jes is then calculated using equation 8.22.

M, 6
l

=G 8.22

Jerr
8.6.6. Method of application
The above technique can be applied to any closagesbf thin walled section. The initial
step is to specify an outer profile for the shap@ng nodes that are numbered in the same
fashion as those in Figure 8.8, i.e. starting atrtpht hand side and moving anti-clockwise.
The thickness of the section can be specified e@keainiform or varying at each node point,

as shown in Figure 8.9.

170



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

Figure 8.9 — Image showing inner, outer and midfipge of a noded hydrofoil section
Similar to most thin walled problems, the calcwas of shear flow are performed at the
mid-section of the wall thickness and so it is rssegy to identify node and surface offsets
from the outer profile. Figure 8.10 shows that thie-way nodesN) are located a distance
of half the section thickness on a line that rueppndicular to the vector between the profile

nodes P) either side. The distances for each connectinigse §) are easily calculated.

Figure 8.10 — Technique for placing nodes at mid pointsection wall thickness
The process of locating the mid-section line camseantersections at sharp corners, such
as the trailing edge of the hydrofoil section, Beven in Figure 8.11. The nodes outside of

these intersections are ignored during the calicuigtof shear flow.

Figure 8.11 — Diagram showing hydrofoil profile nodes amdssing of calculated mid-section
Nodes and surfaces are added for any vertical shebs which are desired within the
section, which can be specified by their percentiigiance along the chord. For each cell, a

closed “loop” is specified. Each loop containgsa ¢f the included nodes, where the sign of
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the node identifier represents a positive or nggatontribution to the torsion within the loop,
which is used for constructing equation 8.18.

The area of each cell, the entire enclosed aredhentbtal material area are calculated for
use in equations 8.4 and 8.18. All node positemesre-centred on the centroid of the section,
about which the perpendicular radii are calculateduse in equation 8.19.

The second moments of area of the section are latdduby simply summing the
contribution of each surface using equation 8.28, the corresponding equations fgy and
Ly

Ly = f ydA 8.23

The shear centres are calculated using the rodégseribed in section 8.6.4.

All of the accumulated data is stored so that it ba quickly used for the analysis of a
beam element without having to be recalculated é¢meh. For each element of hydrofoil
section the shear stress can be calculated ustngdbroach outlined in section 8.6.3. The
stress due to the bending moment aboutxth@dy-axes are calculated using equation 8.4,
before the maximum total stress, including contidns by the shear stress, is calculated

using equation 8.24.
Gmax GZ GZ 2 T 2 1/2 8 24
o =2 51G) + Q) ) '
The maximum stress within the entire structuretban be easily found by searching.

8.6.7. Multi-cell validation - tube section

In order to assess whether the multi-cell analisisapable of accurately predicting the
resulting stresses in a given section a series eoichmark validation tests have been
performed.

The first simple benchmark tests are the torsiahsrearing of a circular tube, as shown in

Figure 8.12. The bending of the tube is not pentx as this is relatively trivial.

(a) Torsion (b) Shear

Figure 8.12 — Validation tests performed on a ciacuube section
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Table 8.7 shows the dimensions of the tube andntterial properties (of mild steel) used

for the analysis.

Outer radius (m) 0.03
Wall thickness (m) 0.002
Tube length (m) 0.2
G (GPa) 80.8

Table 8.7 - Tube dimensions and material properties

When a torsion of 0.1 Nm is applied about the axithe tube section the theoretical shear
stress and twist of the section can be calculas&aguequations 8.25 and 8.26 (Timoshenko

and Goodier, 1970).

M.t 8.25
T = .
Ji
0 = ML 8.26
-5 .

The section properties, shear stress and sectish wedicted using a 72 node multi-cell

analysis are compared to the theoretical valudsbie 8.8.

Theory Multi-cell analysis | Error (%)
Second moment of arég=I(m") | 1.534x 1077 1.532< 1077 0.13
Torsion constand (m*) 3.068< 1077 3.058¢ 1077 0.33
Section ared (m?) 3.644x 107* 3.652 1074 0.22
Shear stress(Pa) 9.452¢ 103 9.465< 103 0.14
Section twist) (°) 8.086x 1077 8.094x 1077 0.10

Table 8.8 - Section properties, shear stress antigetwist predicted using torsion theory and riault
cell analysis

The multi-cell analysis technique is satisfactoalyle to predict the section properties as
well as the shear stress and section twist to wilth% of the theoretical calculations.
When a vertical shear force of 1 kN is appliedhe tube section the maximum theoretical

shear stress can be calculated using 8.27.

=t 8.27

Tmax
The shear stress predicted using the multi-aedllysis is compared to the theoretical
values in Table 8.9. The multi-cell analysis pegslithe maximum shear stress within a

satisfactory accuracy.

Theory | Multi-cell analysis | Error (%)
Shear stress(MPa) | 5.488 5.486 0.04

Table 8.9 - Shear stress predicted using torsieoty and multi-cell analysis
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8.6.8. Multi-cell validation - box section

A small increase in the complexity of the problesmintroduced by simulating torsion and

shear for a rectangular section, as shown in FigLir@.

s,

(a) Torsion (b) Shear

Figure 8.13 — Validation tests performed on a regialar box section with points of significance
highlighted for shear tests

Table 8.10 shows the dimensions of the box searmhthe material properties (of mild

steel) used for the benchmark tests.

Box outer width (m)| 0.05
Box outer depth (m)  0.03
Box thickness (m) | 0.002
Box length (m) 0.2
G (GPa) 80.8

Table 8.10 - Tube dimensions and material propertie

When a torsion of 10 Nm is applied about the afishe turbine section the theoretical

shear stress and twist of the section can be eaézlilusing equations 8.28 and 8.26
(Timoshenko and Goodier, 1970).
T =2q4, 8.28
The section properties, shear stress and sectish fov a 40 node box section, predicted

using the multi-cell analysis, are compared tothi®®retical values in Table 8.11.

Theory Multi-cell analysis | Error (%)
Second moment of arég(m”) | 4.513< 1078 4.62% 1078 251
Second moment of arég (m*) | 1.016< 1077 1.056x 1077 3.94
Torsion constande; (m®) 9.507 1078 9.385¢ 1078 1.3
Section ared (m?) 3.04x 10~* 3.11x 107* 2.3
Shear stress(Pa) 1.860x 10° 1.844x 10° 0.86
Section twist (°) 2.604x 10™* 2.63% 107* 1.27

Table 8.11 - Section properties, shear stress astian twist predicted using torsion theory and
multi-cell analysis

The increased error in the multi-cell predictiontloé section properties of the rectangular

section, relative to tube section, are due to tlaeduracy at the corners of the thin walled

174



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

assumption. This has resulted in greater secondents of area and section area than the
true values. As the wall thickness is reduced gtfner in prediction of the section properties
are also reduced. This problem is not anticipédeble as significant when performed on an
aerofoil section where there are fewer cornersthaese are dealt with, as described in section
8.6.6. Despite the relatively poor predictionstlué section parameters the shear stress and
section twist are predicted to within approximatéB6 of the theoretical values, which is
deemed acceptable.

When a vertical shear force of 1 kN is appliedh® box section the theoretical shear stress

can be calculated using equation 8.29 (TimoshenkidGoodier, 1970).

S A'y

r =222 8.29
twlxx

The shear stress predicted at the salient paigtsighted in Figure 8.13(b) using the

multi-cell analysis is compared to the theoretiadlies in Table 8.12. The multi-cell analysis

predicts the maximum shear stress within a sat@fa@ccuracy.

Theory Multi-cell analysis | Error (%)
Shear stress atrgPa) 0 0 0.00
Shear stress ati(Pa) | 7.455< 10° 7.23% 10° 2.90
Shear stress atrdPa) | 9.617 10° 9.635« 10° 0.19

Table 8.12 - Shear stress predicted using tordi@ory and multi-cell analysis
The error in shear stress at the corner of themngt® section is relatively high due to the
thin walled assumptions of the multi-cell analysshnique. However, the maximum shear
stress is calculated with a relatively high accyrac
The accuracy of the section property calculatiod #e stress prediction both increase as

the wall thickness is decreased.

8.6.9. Multi-cell validation - hydrofoil section

In order to assess the accuracy of the multi-aelysis technique on a hydrofoil section,
which will be the main structural member for the ANWT device, the properties of the
section described in section 8.2 have been prebiogng the multi-cell analysis and
compared to a two-dimensional ‘warping element’ Inegls model in the commercial FE
program, ABAQUS. In this model the nodal degreeBaedom of the finite element, cross-

section model represent warping displacements,simdar fashion to Saint-Venant’'s “semi-
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inverse method” (Timoshenko and Goodier, 1970),ciiallow the shear centre and beam
torsional rigidity to be accurately determined.

The predictions of the section properties are ginehable 8.13.

ABAQUS | Multi-cell analysis| Error (%
Second moment of aréa, (m*) | 8.13 x 107* 7.95 x 107* 2.2
Second moment of aréa, (m*) | 1.32 x 1072 1.29 x 10~2 2.2
Product moment of areé,,, (m*) | 7.55 x 10~4 727 x 1075 3.8
Torsional constant s (m*) | 2.54 x 1073 2.34%x 1073 6.1
Material area,,, (m?) 0.101 0.100 0.7
Shear centrg,. (m) —0.20 -0.21 4.4
Shear centr&. (m) 6.42 x 1073 5.13 x 1073 20.1

Table 8.13 — Predictions of the hydrofoil sectisoperties by ABAQUS and multi-cell analysis

The second moments and product of inertia, and rahigrea are calculated within a
satisfactory error. The larger errors in the claton of the torsional constant and positions
of the shear centre are due to the inaccuracidbeothin walled assumptions. However,
neither value is considered to be critical in thk&glation of the structural performance of the
THAWT device. The significant decrease in timeuiegd to calculate the stresses within the
section, when compared to the two-dimensional nteahadel, result in a satisfactory level of
performance from the multi-cell analysis technique.

While the multi-cell technique allows for the cdltion of shear stresses within a multi-
cell structure, only single celled sections haverbanalysed in this thesis, due to the lack of
significant additional strength from shear websatiéed in Chapter 9. However, the multi-

cell technique allows for the more detailed desighydrofoil sections in future work.

8.7. Uniform load

In order to build confidence in the structural F6del, the complexity of the problem is
progressively incremented. While the blade loadhghe physical THAWT device varies
similar to that predicted in Chapter 7, a prelinnynanalysis is carried out in which a uniform
load is applied to the model. During this preliany analysis the expected theoretical section

forces and moments can be calculated and usedasiation.

8.7.1. Single bay parallel model

The NS-BE-FS model predicts that a parallel-bladedice of design configuration and

flow parameters, described in Table 8.1, will inelan average stream-wise thrust of 525 kN.
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In this preliminary analysis the blade forces gopli@d as a distributed load in the stream-

wise direction of 8.75 kN/m on each blade, as shwFigure 8.14.

%
’ZJ
X

Figure 8.14 — Rendered image of the uniformly diated

load in ABAQUS

The structural performance of the turbine is siaddor incremental rotations of 5° about

the rotor axis. The moments and magnitudes of spah displacement predicted by the FE

structural model accurately match those predictedimple beam theory, as shown in Figure

8.15. For each rotation of the rotor, the stresgach node of the hydrofoil section is

calculated using the multi-cell analysis technigescribed in section 8.6.

100 - Mx-theory 9

T 80 - o= Mx-FE 3

é 601 N, = ----- My-theory _6

% 40 - - O- My-FE g 5

§ O X T T f E 3

£ -200 45 135 180 2

£ -40 - S‘&& 2 1

; - O T T T T

c -60

> g0 PSS ooce 0 45 90 135 180

_ " Blade positior? (degrees
-100 Blade positiord (degrees) P (deg )
(a) Maximum moment (b) Root sum of squares ofatisphent

Figure 8.15 — Comparison of theoretical predicti@m finite element simulations

Table 8.14 shows that the maximum stress induceithe@nparallel-bladed device is due

almost exclusively to the component of bendingsstre

Maximum stress (MPa) 16.46

Component due to bending (MPa 16,

69

Component due to axial force (MPg) -O0.

8

Component due to shear (MPa) 0.

D4

Table 8.14 — Maximum stress and components obtheds during

a rotation of the single bay

uniformly loaded parallel-bladed device
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The maximum stress occurs due to the bending coempa@about the weakeraxis of the
hydrofoil section, which results in the point of ximaum stress on the top surface of the
hydrofoil, at the point of greatest distance frdra heutral axis, as shown in Figure 8.16.

02r

0.1F / o, 5

B of P;
= -..,_\ 5 (MPa)
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-0 L I ! ! l | -15
33 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
x (m)

Figure 8.16 -Distribution of stress around the hydrofoil section the element of maximum stres:
the parallel bladed device with a uniform load

8.8. NS-BE-FSloading
While confidence has been established in the Fictsiral model with simple uniform

loading, the accurate prediction of the structuealponse of a deployed turbine will depend
heavily on the accuracy of the loading appliedh® model. The NS-BE-FS model offers the

most accurate prediction of blade forces afterdeion against experimental results in

Chapter 7.

Figure 8.17 — Sign convention of blade forces piane perpendicular to the blade axis
Components of radial and tangential force are ptediby the NS-BE-FS model for use in

the structural analysis, defined as positive indinections shown in Figure 8.17.
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8.8.1. Comparisons of loading
20 - Frad (NS-BE-FS)
----- Fo (NS-BE-FS)
15 1 Frad (Uniform)
10 - Fo (Uniform)
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Figure 8.18 — Radial and tangential componentsisifrithuted force predicted by the NS-BE-FS
model, for the parallel device of configuration dialv parameters given in Table 8.1

As shown in Figure 8.18 the predicted loading by NS-BE-FS model for the parallel-
bladed device differs significantly from the uniiofoading case, with the vast majority of the
blade force concentrated in the radial directidime peak in radial force, which is anticipated
to produce the peak stresses via bending abowveh&er blade axis, is approximately three
times greater than the peak radial force applietheuniform loading case, and occurs at

approximately 89° of rotation.

8.8.2. Multi-bay parallel
Figure 8.19 shows a multi-bay variant of the patalladed device, where the degrees of
freedom of the blade ends are restrained, whiamegessary so that the structure does not

become a mechanism.

Figure 8.19 — Rendered image of a four bay pardlladed rotor in ABAQUS
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As shown in Figure &0, the concentration of radial load in the B&-FS simulations at
the upstreanpoint causes an increase in the maximum stredseisingle bay configuratic

from 16.5 MPa to 52.1 MF

30C ~
—NS-BE-FS

25C 1 X Uniform

rS_fSZOC-

=

~—

1
]

£10¢ -

15C -

50

0 T T T 1

Figure 8.20 -Variation in maximum absolute stress for the pail-bladed, uniformly loadesingle
bay and N-BE-FS loaded multi-bay devices

Whilst it might be expected that the bending stigssuld increase quadratically with 1
number of bays, or length of rotcFigure 8.20actually shows an approximately quadri
increase until three bays of device, after whiaoh shress scales linearly with the numbe
bays. For up to three bays of device the high pea&dial force at the upstream point of
rotor dominates the magnitude of the peak stréssugh bending about the hydrofoil mir
axis, due to the local loading. HowevFigure 8.21shows that a pariel-bladed rotor with
several bays does not deform like a beam and nopfaales do not remain plane to
‘neutral axis’. Instead each bay shears indiviguahd so the hydrodynamic loads
transferred from bay to bay via a shearing actathar tha a bending action. The increase
stress at the end supports is therefore due tantinease in strea-wise force on the roto
with an increasing number of bays, rather thanremease in transferred moment, wh

would be expected in a conventioneam.

Figure 8.21 -Exaggerated image of deflection of a six bay pal-bladed device under uniform lo
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The deflection of a uniformly loaded beam with binl supports would be expected to
increase quartically with length. However, dughe shearing of the bays the deflection of

the device with three or more bays actually inaesaapproximately cubically with the

number of bays, as shown in Figure 8.22.
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Figure 8.22 — Deflection of a six bay parallel-bémbldevice under NS-BE-FS load
The maximum stress in the single bay device ocatithe upper surface of the hydrofoil
section, because of the relatively large bendingnerd due to hydrodynamic lift occurring
about the weaker axis of the section, and littlenaot is generated about the stronger axis of
the foil. However, when the device is used in dtirnay configuration the maximum stress

occurs at the trailing edge of the foil, the pdurthest from the neutral axis of the section, as
shown in Figure 8.23.

0.2

01F 100
: : 0 o
OF (MPa)

y (m)

-0.1F -100

0.2 ‘ '
0.6 oy 02 0 o2 o4
X (1m)
Figure 8.23 -Distribution of stress around the hydrofoil section the element of maximum stres:
the multi-bay parallel bladed device
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This occurs in the blade members whose chords aral@ with the main direction of
thrust and deflection, which act as shear webgesidt a greater proportion of the shear force
and moment at the rotor ends than blades whosedshare perpendicular to the main

direction of thrust and deflection. Figure 8.24whk that as the number of bays increase, the
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bending moment and shear acting in the plane obldde chord increase significantly when

compared to those acting in the plane normal tdokaeée chord.

7 g L 500 T

Moment (MNm)

(a) Moment (b) Shear force

Figure 8.24 — Components of moment and shear gidh# of maximum stress in the NS-BE-FS
loaded parallel-bladed device

As shown in Figure 8.25, the maximum stress inpaeallel-bladed device occurs almost
exclusively due to the increasing bending stre¥ghile the shear force in the chord-wise
direction increases rapidly with the number of hake upper and lower hydrofoil surfaces

act like shear webs, so that the component of stezgs does not increase significantly. The

component of axial stress is negligible.

300 -

Bending

Figure 8.25 — Variation in components of the maximairess with an increase in the number of bays
for the NS-BE-FS loaded parallel-bladed device

The maximum stress always occurs in the elemenishwjoin the blades to the end

supports, for all number of bays.
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8.8.3. Single bay truss model
The design parameters for the truss configuratidri¢ch has been modelled for comparison
with the parallel bladed variant, are given in BaBI15. The section properties are given with

reference to a plane perpendicular to the blade.

Mean turbine diameter (m) 10J0
Solidity 0.25

Blade outer radius (m) 5.54

Blade inner radius (m) 4.94
Bay length (m) 10.0

Angle subtended by bladg(®) 46.1
Average tangential swept angl€®) | 20.4

Blade length (m) 10.4
Fixed offset pitch (°) 0.0
Blade thickness (%) 21.p

Blade chord (m) 1.22

Table 8.15 — Truss configuration specification e¥ide used for the structural analysis
In a similar fashion to the experimental devicesalibed in Chapter 4, at the joints with the
support members the blades are offset circumfeigntand each element of the blade
member is oriented so that the blade chord is tarajeo the pitch circle, as shown in Figure

8.26. This results in a blade which twists alasdength.

(a) Oblique view (b) Stream-wise view (c) Axialwie
Figure 8.26 — Rendered images of a single bay tdesgce in ABAQUS

The results in Chapter 5 and Chapter 7 show tlraa fgiven set of flow parameters and
averaged design parameters, the peak power outpatgarallel and truss configured device
occur at a different tip speed ratios and valuethafst. The NS-BE-FS model predicts that
the operating conditions for a parallel and a tie@msfigured device, defined in Table 8.1 and
Table 8.15, experiencing a set of flow conditiomstching those given in Table 8.1, produce

peak performances as described in Table 8.16.
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Configuration Paralle|] Truss
Peak power (kW) 510 484
Tip speed ratio of peak power 25 27
Thrust (kN) 525 | 511
Table 8.16 — Performance of the full scale paradliedl truss device, as predicted using the NS-BE-FS
model
20 - Frad (parallel)
Frad (Truss)
15\ =----- Fo (parallel)
10\ T Fo (truss)
5 - "ﬂ‘g\
Y ‘d"' ™
£ o 00
g 5]
L -10 -
-15 -
-20 -
-25 -
-30 -

Blade positiord (degrees)

Figure 8.27 — Comparison between NS-BE-FS predistaf radial and tangential components of
distributed force for the parallel and truss configtions

Figure 8.27 shows that the members of the trussceleexperience lower radial and

tangential force components than the parallel goméd device. However, as shown in Table

8.17 the stress induced in the blades of the sibgle truss device are higher than those

experienced by the parallel bladed device, duedonabination of an increase in blade length

and a decrease in blade profile thickness, whictecgessary to maintain a consistent solidity.

Maximum stress (MPa) 60.91
Component due to bending (MPa 60,31
Component due to axial force (MPg) 0.34
Component due to shear (MPa) 3.93

Table 8.17 - Stress induced in the single bay N&8H#oaded truss-bladed device

In a similar fashion to the parallel-bladed devittes maximum stress occurs on to the top

surface of the hydrofoil section at the profileqddurthest from the neutral axis.

When combined with the fact that a truss configudeglice produces less power than a

parallel-bladed device, the increase in blade strethe truss rotor shows that for a single bay

device a parallel-bladed turbine is a more desgrabhfiguration.

184



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

8.8.4. Multi-bay truss

A model of the multi-bay truss has been created smmilar fashion to the parallel bladed
device. However, the geometry of each consecuttayeis rotated by 60° so that the blade

geometry remains continuous, as shown in Figurg. 8.2

Figure 8.28 —Rendered image of a four bay truss bladed |
Figure 8.29 shows that as the number of bays isesdhe increase in stress in the truss
rotor is significantly lower than that in the paeibladed device. Despite experiencing a
greater stress on a single bay, a truss configuragsults in a reduction in maximum stress
for a multi-bay configuration, when compared toaagtiel-bladed device. For example, a six
bay truss-bladed device is estimated to experiappeoximately 40% of the stress that would

be induced in a parallel-bladed device of the sdimensions.
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Figure 8.29 — Comparison of maximum induced stress
Unlike the parallel-bladed device the truss dewcts similar to a beam and planes normal
to the ‘neutral axis’ remain approximately plans, shown in Figure 8.30. Increasing the
length of the rotor therefore causes a quadraticease in the stress due to a transfer of

bending moment, through each section of the stre¢tuthe supports.
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Figure 8.30 — Exaggerated image of deflection sixebay truss-bladed device under uniform load

Due to the fact that the truss device acts likeeanly the mechanism by which the
hydrodynamic forces are transferred to the rotgpsus is predominantly through axial
forces in the blades, similar to a conventionatdru Figure 8.31(a) demonstrates that the
amount of bending that contributes to the maximtnass in the truss rotor remains relatively
constant as the number of bays is increased. i3 piedominantly the bending stress induced
by the loading of the individual blade. The in@ean stress is caused by an increase in the
axial component of stress as the number of baysisased. Figure 8.31(b) shows that as the
number of bays is initially increased, the builtsapports of the truss and parallel-bladed
configurations cause the maximum stress to occthieatantilevered supports at the ends of
the rotor, which do not experience significant hfoaces. However, as the number of bays is
increased, the rising axial force in the truss mmrhtion moves the location of the maximum

stress to the middle bays of the rotor.
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(a) Stress due to bending component (b) Strestodadal component

Figure 8.31 — Comparison of the maximum blade stde® to bending and axial components of
section force and moment

Figure 8.32 shows that the greatest axial forceiscm the middle bays of the multi-bay

truss rotor, as would be expected in a deflectizanin
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3.3 MN

i

-3.3 MN
Figure 8.32 — Axial force distribution in an 8-baxyss configuration device with NS-BE-FS loading

Components of shear remain relatively constantiasignificant for both the truss and the
parallel device over the range of number of bays.

In a similar fashion to the parallel-bladed devite, point of maximum stress occurs on the
top surface of the hydrofoil section for a singlayb However, as the number of bays
increases the built-in condition for the blade eallisw small additional components of force
and moment to be transferred to the blades, sahkatoint of maximum stress moves to the

trailing edge of the hydrofoil, as shown in Fig@&r83.
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Figure 8.33 -Distribution of stress around the hydrofoil section the element of maximum stres:
the multi-bay truss bladed device

By using a truss configuration rather than a pakalbnfiguration, not only is the maximum
stress reduced, but there is also a significantedse in the maximum deflection of the rotor,

as shown in Figure 8.34.
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Figure 8.34 — Comparison of maximum deflection for thegsrand parallel configurations
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8.8.5. P-A considerationsin buckling

The increase in axial forces within the structuiréhe truss rotor, as the number of bays is
increased, suggests that buckling of the blade reesthay become significant.

A beam loaded in compression, such as that showigire 8.35, can fail due to buckling
instability at a load significantly lower than tha&tquired to yield the structural material, as
derived by Euler (Williams and Todd, 2000). Thedfy assumes that the compressive load
will cause a moment in the deflected beam that edlise buckling failure. The critical load

for buckling failure depends on the end constraamis flexural strength of the beam.

Figure 8.35 — Simply supported beam deflecting uadempressive load

Oran (1976) outlined an improved method for predgcthe critical buckling load of a
beam, which proved to be highly accurate even whendeformations of the structure are
quite large. This work was later unified with aahdeflection theory to provide a complete
solution to the buckling problem (Martin, 1994, B&m, 2007). However, the low failure
strain of composite materials, which are most {ikel be utilised in the THAWT device,
mean that large deformations are unlikely to odmfore bending failure of the members, and
the more complex techniques of buckling predicaom assumed unnecessary.

For the built-in blade members of the multi-bayides analysed in sections 8.8.2 and 8.8.4
the minimum axial load which can theoretically catelure by buckling is given in equation

8.30.

_ 4m2El

.= 8.30

By searching within each analysis for the elemeitt the greatest compressive axial force,
the risk of buckling can be explored. As showririgure 8.36, despite neither configuration
of turbine experiencing axial compressive forcesaofjreat enough magnitude to cause
member buckling, the truss rotor experiences aifgigntly greater risk of buckling when

compared to the parallel-bladed device.
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Figure 8.36 — Proportion of Euler buckling load exgnced

The lateral loading of the blade causes additideélection, however the critical axial load

required to cause buckling of the member remaichamged.

8.8.6. Pinned truss frame

The most conservative estimate of structural peréorce on the truss configuration is
provided by releasing the angular constraints @bthde ends to produce a pin jointed frame.
In order to explore this, the simulations of thass turbine described in section 8.8.4 have
been repeated, with the blade end constraints @tion about thex and y-axes removed.
Rotations about the blade axis remain constraiasdthe blades are not allowed to freely

pitch in practice.
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Figure 8.37 — Comparison of maximum induced st@sa NS-BE-FS loaded device over a range of
number of bays

The induced stress in a single bay of the trusfigumation is increased by a factor of 1.46
as a result of replacing the built-in conditiortla blade ends with a set of pinned constraints.
This agrees with the expected increase in bendirggss due to an increase in maximum
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bending moment by a factor of 3/2. As shown inuF&g8.37, the offset of increased stress
remains as the number of bays is increased. Tiféxteis due to the bending stress
component in both the built-in and pinned configiora remaining relatively constant, while

the axial stress components increases for fourarerbays in a similar fashion, as shown in

Figure 8.38.
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(a) Stress due to bending component (b) Strestodadal component

Figure 8.38 — Comparison of absolute componentsefmaximum stress due to bending and axial
components of section force and moment in the N&BIbading case

Figure 8.38(b) demonstrates that the occurrencéhef maximum stress in the truss
configuration of device differs between the builtand the pinned blades, for rotors of up to
four bays. The maximum stress in the single baygu truss is not restrained to the
cantilevered end supports, so the contributionxadlastress to the maximum stress increases
with the number of bays for rotors of two or moey$.

Due to the release of moment at the end of theepifolades ends there is little transfer of
section forces and moments between blades, otlaer dikial force. This means that the
section forces other than the axial force remalatikely constant, regardless of the number
of bays. A blade is only required to resist ttamsmitted axial force and the bending moment
that is applied locally from the hydrodynamic farcéhe bending moment about the weaker
axis of the hydrofoil therefore dominates the positof the maximum stress in the section,
which occurs on the top surface of the hydrofailday number of bays.

However, due to the release of the angular degrereedom at the blade ends, the axial
compressive force required to cause buckling isiced by a factor of 4, when compared to a

built-in member. Due to a similar magnitude of maxm axial compressive force in the

190



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

built-in and the pinned structures, the likelihoodl failure by buckling is therefore

significantly increased, as shown in Figure 8.39.
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Figure 8.39 — Comparison of the proportion of Eubeickling load experienced for NS-BES- loadec
devices

With a release of the rotational constraints on litegle ends the stiffness of the pinned
truss device is significantly reduced, when comgaie the built-in variant, as shown in

Figure 8.40.
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Figure 8.40 — Comparison of maximum deflectiontifierpinned truss and built-in truss and parallel
configurations

8.8.7. Fatigue consider ations

As shown in Figure 8.41, the stress ratio can fawggnificant effect on the alternating
stress (or half-amplitude of stress) that can bmtai@ed over a given number of cycles, on a
standard piece of GFRP laminate. As the numbeycits approaches)® the highest levels

of stress can be maintained in a compression-casiore loading scheme, but as the mean

191



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

stress approaches zero, the available materialgstreeduces significantly and continues to
reduce for higher mean stress.
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Figure 8.41 - Goodman diagram illustrating the \aions in fatigue life with stress ratio for an
example multi-directional ply laminate of glassnferced composite (Sutherland and Mandell, 2005)
permission to use figure granted by John Wiley &ads

Uniform loading produces the same magnitude okstmn the upstream and downstream
halves of the device in each node of each hydrsgmtion, but opposite in sign, resulting in a
zero mean stress and a stress ratio of -1. Howekier uneven distribution of loading
predicted by the NS-BE-FS model produces differamgplitudes of stress on the upstream

and downstream halves of the device and non-zeam Isieess.
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(a) Maximum stress amplitude (b) stress ratio

Figure 8.42 — Comparison of maximum stress ampditard the corresponding stress ratio
Figure 8.42(a) demonstrates that even the single haalt-in supported truss device
experiences a half-amplitude of stress of approteipab0 MPa, which is likely to cause

material failure oven0® cycles. However, it should be noted that thithis peak value of
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stress and does not represent the average oviedaheycle. A full fatigue analysis over the
lifetime of the device is required to predict if teaal failure would occur.

For all of the single bay devices, the greatestsstris due to the peak lift force at
approximately 90° of rotation. However, whilst @peatest moment in the built-in blades is a
hogging moment at the blade ends, the greatest momehe pinned blades is a sagging
moment at the centre of the blade. As the nod¢herhydrofoil profile with the greatest
distance from the neutral axis is the same in bathfigurations, the built-in blades
experience a peak stress which is tensile anditimeg blades experience a peak stress which
is compressive. For the single bay rotors, thenrsteess at the point of maximum stress
amplitude is therefore tensile for the built-inddg and compressive for the pinned blades, as
shown in Figure 8.42(b). This effect continuesthie pinned rotor, as the peak stress is
consistently generated at 90° of rotation due sagging moment. However, as the number
of bays is increased the parallel-bladed deviceerepces a peak stress due to the inter-bay
shearing at approximately 180° degrees of rotatidnch results in a mean stress at the point
of peak amplitude much closer to zero, and a strae close to -1. The complex
superposition of forces in the built-in truss cgofiation result in a significant reduction in
the mean stress at the point of peak magnitudéhatca four or more bay truss device, with
either built-in or pinned blade supports, would mtain a higher material strength for a given
number of fatigue cycles.

The desire to produce a fatigue cycle with a mampressive mean stress has also been
experienced in other designs of cross-flow dev&iagimore conventional materials (Zanette

et al, 2010).

8.8.8. Additional centripetal loading

As well as experiencing a hydrodynamic load dudht blade and flow velocity, the
members of the THAWT device experience an additidoece due to the centripetal
acceleration of the rotating blades. The magnitfdee radial force per unit length is simply

calculated using equation 8.31, which assumedltleablade centre is full of water.

F. = mro? 8.31
Because the centripetal force acts equally onlatlds in any position there is no effect on

the total thrust or power produced by the devidewever, as shown in Figure 8.43 the effect
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of the centripetal force is to increase the ratbate experienced by a single blade by 1.7

kN/m, causing a decrease in the peak absolute &réé%.

30 1 —— Hydrodynamic

204  ==-=-- Plus centripetal

10 1 \

I:rad (kN/m)
o

Blade positiord (degrees)

Figure 8.43 — Comparison of loading with and withoantripetal forces of the parallel-bladed device
The increase in radial force due to the centrip&talding causes a decrease in the
maximum tensile stress experienced by the hydrafoidles of the rotor, however the

maximum compressive load is also increased andheoamplitude remains relatively

unchanged, as shown in Figure 8.44.
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Figure 8.44 — Comparison of peak stress amplituitle &nd without centripetal loading
Despite the lack of change in the stress amplittlde, additional centripetal force has

caused a reduction in the peak stress for eachgtwafion, and a stress ratio closer to -1, as

shown in Figure 8.45.
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Figure 8.45 — Comparison of stress ratio at pealpbtonde with and without centripetal loading

8.8.9. Non-rigid supports

While idealised rigid inter-bay supports offer anple basis on which the blade structural
mechanics of the THAWT rotor can be analysed, @l rigter-bay support is not possible in
practice. The choice of either the material ompghaf the inter-bay supports are not clearly
defined, but the most suitable design is one whatimises parasitic drag and weight, whilst
maintaining a sufficient degree of strength. Cosiigs are therefore a likely material choice,
due to their good strength to weight ratio.

The end plate system used in the Newcastle expetgnéescribed in Chapter 4, are
aluminium plates. Whilst being simple to manufaetand allowing for many configurations
of device to be tested, the aluminium plates aweyend would not be feasible on a full

scale.

(a) Straight member supports (b) Ring member suppor
Figure 8.46 — Truss turbine rotors using differeopport member configurations

Figure 8.46 shows two alternative designs of supp@mber, which would substantially
reduce the weight of the end plate design. Thagttt member support configuration offers
an axially stiff support structure, but the swedphe streamlined members relative to the

rotation of the rotor is likely to result in a cabution of profile drag, which will reduce the
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torque produced by the device. While the ring supmember solution resolves the issue of
parasitic profile drag, the axial stiffness andeealsmanufacture is likely to be reduced.

A comprehensive study of the shape of the suppnrttsire is beyond the scope of this
thesis, so in order to briefly explore how the lelatructural mechanics are affected by a non-
rigid support structure the straight member supponfiguration is used, as shown in Figure
8.47. In order to maintain a simple analysis @& tlew structural members in the model, the
support member profile is the same NACA0021 sectsnthe blade members, prior to

‘wrapping’ onto the rotor circumference.

Figure 8.47 — Rendered image in ABAQUS of a noik8gpported truss frame
The stress induced in the blade members is higahexddent on the section properties of
the support structure. As shown in Figure 8.4@\apg section properties of the same scale
as those used for the blade members results gndisant rise in blade stresses for the built-

in truss, and a significant rise in maximum deftactfor all configurations.
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(a) Maximum blade stress (b) Maximum deflection

Figure 8.48 — Structural performance of the norigigupported THAWT device with support
members at a scale factor of 1
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A multi-bay design using this configuration is kelly to be feasible due to the rapidly

increasing stresses in the support members, assindwgure 8.49.
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Figure 8.49 — Maximum magnitude of stress indundtie nonrgid support members of the THA\
device with support members at a scale factor of 1

However, by linearly scaling the dimensions of Hupport members using a geometric
scaling factor, the levels of stress induced inlitegle members and support members of a
multi-bay device return to more realistic value$iew considering the likely fatigue strength

of the materials, as shown in Figure 8.50.

140+ Rigid 300 -
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(a) Maximum blade stress (b) Maximum support merstoess

Figure 8.50 — Maximum magnitude of stress indunealsix bay built-in truss device with a varied
support member scale factor

A scale factor of 2 was chosen, at which point rtieximum stress amplitude is feasible
and further increases in member size have relgtitde effect on the stress induced in the

blade and support members.
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Figure 8.51 — Comparison of maximum absolute bEdess between rigid and non-rigid support
structure configurations with a support member sepfactor of 2 (pinned truss curves are overlaid)

As shown in Figure 8.51, use of the non-rigid supptructure results in a minor reduction
in the blade stress in the built-in parallel conf@tion and almost no change in the pinned
truss configuration. The breakdown of the comptsen stress in Figure 8.52 demonstrates
that the decrease in stress in the parallel cordtgan occurs due to a reduction in the
bending stress, which is probably due to a relaratif the built-in moments. The pinned
truss does not experience any additional bendingnemts from the support structure and no

significant increase in axial stress.
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(a) Stress due to bending component (b) Stressodadal component

Figure 8.52 -Comparison of blade stresses due to bending arad eamponents of section force &
moment at the location of peak stress for the ragid non-rigid support structures with a support
scale factor of 2

However, the blade stress in the non-rigid builtrirss increases at a greater rate than the
rigid configuration, due to a rise in the bendimtigess as the number of bays is increased. In
contrast to the rigid supported built-in truss, evhtransitions from a bay shear mechanism to

an axial dominated stress as the number of bayscreased, the non-rigid built-in truss
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transitions to a bay shear mechanism as the nuofldgays is increased. Careful design of
the support structure should allow the occurrerfdbe shear mechanism in the built-in truss

at the desired number of bays to be avoided.
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(a) Maximum deflection (b) Percentage of Euler caagive buckling load

Figure 8.53 — Comparison of deflection and riskafer buckling for the rigid and norigid support
structures with a support scale factor of 2

The additional compliance and reduction in stiffhned the rotor, due to the non-rigid
support members, results in an increased maximutectien as shown in Figure 8.53(a).
The increase in deflection is most severe in tree a the pinned bladed truss. With no
significant change in the magnitude of the maximeompressive forces in the structure the

risk of buckling remains unchanged from the rigighort case, as shown in Figure 8.53(b).
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Figure 8.54 — Comparison of fatigue stress indicafor the rigid and non-rigid support structures
with a support scale factor of 2

As shown in Figure 8.54(a) the negligible changéhm maximum stresses of the parallel

and pinned truss configurations is matched in thakpstress amplitudes. The peak stress
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amplitude of the built-in truss is increased angragimately matches that of the pinned
configuration for 8 bays. The stress ratios atkpgtaess amplitude also reflect the same
trends, however the stress ratio of the built-usdr is substantially variable and does not

appear to follow any discernible pattern, perhayes th the changing mechanism defining the

maximum stress.
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Figure 8.55 — Comparison of maximum absolute suppember stress with a support member
scaling factor of 2

Despite the distinct differences in the rate ofréase of blade stress with the number of
bays for the three configurations, the differenoeshe support member stresses are less
significant, as shown in Figure 8.55, with the pladed truss support members experiencing

the greatest stress.
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Figure 8.56 — Comparison of support member stresstd bending and shear components of section
force and moment at the location of peak stresg#®mnon-rigid support structures with a support
scale factor of 2

However, the components of support stress for thit-ip truss configuration differ

significantly from those of the parallel and piratdéd truss, which are dominated simply by
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bending stress, as shown in Figure 8.56. Thesstrekiced in the support members of the
built-in truss configuration is dominated by sigeaint shear forces in both thendy-axes of
the section. The use of shear webs is likely Wuce the stress induced due to shear
components in the non-rigid truss configuration.

The axial stress induced in the support membeadl tiiree configurations are insignificant
and do not exceed 1 MPa. This indicates that énegived hydrodynamic benefits of using a
ring configuration of support members may outwaigh reduction in structural performance.
However the ease of manufacturing is still likeby de an issue with the use of the ring

configuration.

8.9. Validity of astatic analysis

The FE analysis has been performed assuming d$tetting of the rotor at any given
position of rotation. It is assumed that a statnalysis is valid if there are no additional
forces as a result of resonating vibrations. Wahildynamic analysis of the turbine would
indicate whether the frequency of rotation and ifggds likely to induce resonance in the
rotor, a much more comprehensive structural modmllaev be required and is beyond the
scope of this project. A first order estimate loé natural frequency of a beam is given by
equation 8.32 (Howatsaet al, 1991), where the value kfdepends on the support conditions

of the beam.

El
wWog = k W 8.32

The mass per unit length which is applied in eque8.32 is a combination of the blade
material mass and an added mass due to the diddlaakaround the body. To a first order
approximation, it is assumed that the added masa foydrofoil shape is a cylinder whose
diameter is equal to the chord length of the bi@fennen, 1982).

The natural frequency for a pin supported trussrrbtade, with structural and material
properties as described in sections 8.3 and 88@edicted at 1.94 Hz, which is significantly
higher than the anticipated frequency of blade ilgadf 0.16 Hz, one period of loading per
turbine rotation, in a 2 m/s flow. It can therefdre assumed that an individual rotor blade
would not be expected to experience a force a@uéncy close to its natural frequency.

The same methodology can be applied to a multitey truss rotor, which acts like a

beam. The equivalent flexural stiffnegd, of a four bay rotor is calculated using equation
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8.33 (Howatsonet al, 1991), based on the thrust load on the entirectsire and the
maximum deflection at the centre.

wlL?*

L= 8.33
384E]

Assuming that the added mass is now six timesdddedimass of a single blade, the natural
frequency for a four bay rotor is predicted at appnately 1.62 Hz. However, with six
blades the forcing frequency is possibly six tirttes frequency of rotation, at 0.95 Hz. This
simple analysis indicates that there is a safetyofaof approximately 1.6 on the resonant
forcing, which means that the dynamic responsé®fMHAWT device should be explored in

further structural analyses.

8.10. Comparisonswith preliminary analysis

The preliminary analysis, described in Chapter reédggts the blade stress that would be

expected at the most upstream point of the ro®sh@mwn in equation 8.34, which suggests

that the expression shown in equation 8.35 is eomst
ROy N n3p?

F S3(t/C)ZB

8.34

3(t/ )
homar  * (/) B _ . 8.35
FL n3ﬁ2

By individually varying the ratio of bay length thameters, solidity s, thickness to chord
ratio £/, and geometric scale away from a base configuration for simulationshe FEA
model , the accuracy with which the preliminarylgsia predicts the variation in blade stress
is explored. This exercise is performed for singted four bay variants of the built-in
parallel, built-in truss and pinned truss configumas, with non-rigid supports of a section
scaled from the blade members by a factor of tWbe loading pattern used to predict the
values ofC is unchanged between the different variants dfite;, so that the value & is
unchanged. The values Gffor the base configuration and for each of théed#int variants

of turbine are given in Table 8.18.

Single bay Four bay
Parallel | Truss | Pinned Truss | Parallel | Truss | Pinned Truss
Cpase | 0.052 0.065 0.093 0.131 0.078 0.104

Table 8.18 — Values ofyG.for the single and four bay built-in parallel, litdin truss and pinned truss
turbine variants, as predicted by the FEA model

202



CHAPTER 8. FINITE ELEMENT STRUCTURAL ANALYSIS

For each variation of design parameter, the vafu@ is calculatecand converted to a ratio
of C/Cpase to show how the configuration variation affect® thccuracy of the scaling

assumptions. The base configuration, the rangesaoh variable explored and the range of

C/Cpasepredicted by the FEA model are given in Table 8.19

Single bay Four bay
Base Range Parallel Truss Pinned Truss | Parallel Truss Pinned Truss
p 1 05-15] 0.99-1.01 0.82-2381 0.83-2.28 01000 0.84-2.04 0.83 - 2.25
s | 03] 0125-04098-1.03 091-1.09 0.95-1.09 0.79-1/80 90.Z.85| 0.95-1.09
tc| 0.2 | 0.15-0.29 0.92-1.11] 0.94-1.06 0.94-1.09 1.00 - 1[02 90.9.04| 0.97-1.05
h | 20 10-30 | 0.97-1038 097-1.03 0.97-103 0.991| 0.97 -1.03 0.97 - 1.03

Table 8.19 — Range of Gj&.for the individually varied values of turbine cignfration
As shown in Table 8.19, the preliminary analysisduts the scaling of blade stress with a
variation in blade thickness to chord ratio and geometric scale for all of the variants of
turbine with sufficient accuracy. However, somgnsgicant inaccuracies occur in the

prediction of scaling with the length to width mand turbine solidity.

8.10.1. Length to width ratio scaling

As shown in Table 8.19, with a varied length to twidatio the blade stress scaling is
consistent to within 1% for both the single bay dodr bay variants of the parallel-bladed
device. However, as demonstrated in Figure 8/ staling of stress with a changefirs

inaccurate for both the built-in and pinned truagants.
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(a) Built-in truss (b) Pinned truss

Figure 8.57 — Comparison of Gjs.for the builtin and pinned truss devices with 1 and 4 bays a
range of length to width ratios
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The difference between the FEA model predictions @@ preliminary analysis is due to
the changes in the turbine geometry that occur wherength to width ratio is varied. The
preliminary analysis assumes that a change inetigth to width ratio of the turbine is simply
a change to the length of the turbine blade. H@&wnewhen the length to width ratio of the
truss device is varied the blade sweep angle s\ased, which results in further changes to

the blade and chord length that are not predicyethé preliminary analysis.

8.10.2. Solidity scaling

As shown in Table 8.19, the preliminary analysisuaately predicts the scaling of stress in
the single bay parallel bladed device over a ravfgdesign solidities within approximately
3%. The FEA predictions of the blade stresse$iénsingle bay truss variants of the turbine
over a range of solidities also show good fideltgh the preliminary analysis, with errors
less than approximately 9%.

However, the accuracy of the preliminary analysgsrdases as the number of bays of the
built-in turbines increase. The error in bladeessr scaling is increased to 80% and 85%
respectively for the parallel and truss-bladedthknildevices. The error in the blade stress

prediction for the pinned truss device remaingparaximately 9% for a four bay rotor.

8.11. Concludingremarks

A static beam element FE model has been chosensagadle method of modelling the
structural performance of configurations of the THMA device. A multi-cell analysis
techniqgue has been employed to calculate the swé@ssthe hydrofoils, which has been
successfully validated against theoretical sol#iohstandard section shapes.

Three main configurations of the THAWT device hawsen simulated; parallel, truss-
bladed, with all degrees of freedom constrainethatblade ends, and a truss bladed device,
with the degrees of freedom in the main bendingetdisions released. The models have been
extended to multi-bay configurations by stackindividual bays end to end, initially with a
rigid support structure in between each bay.

Applying the loads predicted by the NS-BE-FS moduwljcates that the increase in stress
with an increase in the number of bays varied fgantly between the parallel and truss
configurations. The disparity appears to be dotethdy a difference in the mechanism by

which the applied load is transferred to the reigpports, with the parallel configured device
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shearing bay by bay and the truss configured devdeéorming similar to a beam with planes
normal to the neutral axis remaining relativelynaga

The different mechanisms of load transfer are alsmompanied by significantly different
components of stress and the significant increageending moment with an increase in the
number of bays experienced by the parallel bladedcd does not occur in the truss
configurations. However, the truss devices expegea significant increase in blade axial
force, indicating that there is likely to be a nienbf bays at which the failure mechanism in
the truss devices transitions from failure duedondng stress to failure due to buckling.

Comparisons with the fatigue life of likely matdsiandicate that blade fatigue is likely to
be a critical design criterion, however a more clatgpfatigue analysis is required to assess
the feasibility of a device in a specific tidal reg.

Replacing the idealised rigid support members @f tbtor with realistic sections and
material properties indicates that significant &wcare transferred through the support
members, and that an increased stiffness is rejualative to the blade members. A more
comprehensive blade design, incorporating featwesh as shear webs in the support
structure members, may offer improved structurdigosance.

A comparison with the preliminary analysis of Clea@ indicates that the effect of scaling
of the rotor geometric scale and blade thicknesghord ratio are relatively accurately
predicted by the preliminary analysis. Howeveg #tcuracy of the preliminary analysis
technique is reduced when predicting the scalingladle stress for the truss turbine, over a
range of length to width ratios, and for the mbhiy built-in configurations, over a range of

turbine solidities.
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Chapter 9

Case study at Papa Westray

The feasibility of a design of THAWT device is hégveliant on the trac-off between the
structural and hydrodynamic performance of theitb Dominating facto of a design are
likely to be sitespecific, such as the variation in flow velocityeova tidal cycle and tr
amount of channel friction. In order to explore tmain design considerations likely to
encountered, one of the main objectives of thisis is to integrate the hydrodynamic &
structural models of the THAWT device, to predicwhthe power produced and expec
lifetime of a device are affected by various aspedtdesign configuration, at a chosen t

location.

9.1. Site specification

The poper selection of a tidal location and deviceikely to be a complex problen
Current estimates of the power potential of tidedssare based on the kinetic energy |
(DTI, 2004) However, this is a relatively pc measure of the available energy, due to

effect that a device has on the channel 1

Figure 9.1- Map of possible tidal fence location at Papa Wey
In order to explae the effect that a device has on a realistic ablarntidal site has bes
chosen based on the survey performed by Black aatc¥t during the first round of tid
stream energy resource assessments in the(Black&Veatch, 200). The 2 km wide

channel separating the Scottish islands of Westral/ Papa Westre shown in Figure 9.1,
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has been chosen as a representative average daddioh, as shown in Figure 9.2, which

shows key parameters for typical candidate sitesrat the UK.

Froude Number

Figure 9.2 - Froude number of potential tidal stneaites around the UK based on data in
(Black&Veatch, 2005)

The undisturbed flow conditions at the Papa Westiteyare given in Table 9.1.
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Rated Velocity (m/s)

Average peak spring velocitysy(m/s)

2.93

Average peak neap velocity,Mm/s)

1.46

Ratio of ebb/flood velocities

0.84

Mean depth (m)

30

Average peak spring elevation (m)

Average peak neap elevation (m)

Fr at peak spring

0.17

Fr at peak neap

9.2. Effect of thrust on channd flow

In a tidal channel, such as the Papa Westray chahedlow is driven by a head difference
between the inlet and outlet.
driving head difference, flow acceleration and ltteses due to channel friction, turbine thrust
and exit flow separation (Garrett and Cummins, 2005A Linear Channel Momentum
model (LCM), which simulates the relationship betwehese variables in a one dimensional

linear channel over a tidal cycle, has been deeeldyy Vennel (2010), where the variation in

velocity is calculated by solving equation 9.1.

ou

— = asin

at

(a)t+ ¢g) —(
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0.085
Table 9.1 — Undisturbed flow parameters at PapatWdgdased on data in (Black&Veatch, 2005)

1.63
0.68

The volume flow rdepends on the balance between the
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In order to understand the effect that a device drashe channel dynamics, the driving
head and channel friction must be ascertained. edevwy in the absence of the availability of
either piece of information, from which the otheayrbe derived, the most appropriate value
to estimate is the coefficient of friction. A cé@iefent of friction of 0.01 has been chosen as a
conservative estimate, based on the assessmentasftigl tidal channel sites performed by
Salter (2009). Furthermore this is also anticipai@dffer a conservative estimate of the
energy available from the site. In an iterativegasss, values of driving head are varied until

the correct channel velocity parameters are obtiaia® shown in Figure 9.3.

3
2
1
0

u(m/s)
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Figure 9.3 — Time series of velocity at spring tidé¢he Papa Westray channel predicted by the LCM
model, with a constant driving head of 0.146 m amltiving head semi-amplitude of 0.885 m

A semi-amplitude of driving head of 0.885 m andstant driving head of 0.146 m result in
the appropriate undisturbed spring tide conditiortdaving established a model which is
matched to the undisturbed channel at spring adeljtional thrust from a tidal device is
applied to predict the relationship between devigest, reduction of flow velocity and the
amount of available power. For the specific thr&sbude number and blockage ratio at each
time step, Linear Momentum Actuator Disc Theory @wen Channel Flow (LMADT-OCF)
(Houlsbyet al, 2008a) has been used to predict the amount oépextracted from the flow
and the amount of power that is lost due to dowastr mixing. It is assumed that the length
scale of wake mixing is significantly less than tlegth of the channel and that any increase
in friction, due to an accelerated bypass flowagligible.

In order to extract energy from a flow a device maSer additional retarding thrust,
resulting in a reduction in the volume flow rat€igure 9.4 shows the reduction in volume
flow rate when a fence of tidal devices of blockaggo B = 0.5, spanning the entire channel

width, is applied with a varying thrust coefficient
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Figure 9.4 — Variation of channel flow velocity wthrust coefficient for a single device in
the Papa Westray channel at spring tide, predittethe LCM model

As the thrust is increased the amount of poweraet¢d from the flow also increases, but
an increase in the mixing losses and a reductiaimeénamount of flow passing through the
device mean that a maximum occurs in the amoupbuwfer available to the device. Figure
9.5 shows the total power extracted from the flowd ghe amount of power that would be
produced by an inviscid turbine. The differencéwiaen these two values represents the
power lost due to downstream mixing of the flowor Fow values of thrust, very little power
is extracted from the flow, insignificant velocigyadients in the wake result in small mixing
losses and the turbine has a negligible effect fmn tolume flow rate of the channel.
However, above a given value of thrust the flonotigh the turbine is choked and instead
bypasses the device, causing all of the power eetlafrom the flow to be lost in downstream
mixing. It should be noted that the choking of flev through the device differs from the
definition of flow choking by Garret and CumminO(@a), where the channel volume flow

rate is choked.
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Figure 9.5 — Variation of peak power at spring tigeedicted by the LCM model
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As shown in Figure 9.5 the maximum peak power atbél during a spring tide to a single
fence of tidal device of blockage ratio 0.5 andugiircoefficient of 3.0 is approximately 376
MW, and induces a reduction in flow velocity to ghly 78% of the undisturbed flow
velocity. The amount of power is therefore sigrafitly greater than the 230 MW that is
predicted by an energy flux calculation of the whalbed channel, assuming a peak
efficiency of extraction equal to the LanchestetzBamit of 59%.

When focussing on the mean power output over agidal period, as shown in Figure
9.6, the maximum available average power of 132 M%urs at a slightly elevated

coefficient of thrust of 3.2 and a reduction inoa@ty to 77% of the undisturbed value.
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Figure 9.6 — Variation of mean power with thrustareduced flow-rate at spring tide, predicted by
the LCM model

While a designer might choose to simply maximisepgbwer produced by the device, with
a finite tidal resource it may be more desirablentximise the efficiency with which a single
device extracts energy. The bypass mixing efficyetthe proportion of extracted energy that

is made available to a device of a given blockage ris defined as shown in equation 9.2.

_ Pinviscia
Nmix =

9.2

P extracted

Figure 9.7, demonstrates that the losses due tmgtosam mixing are minimised for a

device of zero thrust, which will in turn generaero power.
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Figure 9.7 — Variation of bypass mixing efficiemgainst thrust coefficient at spring tide, with
efficiency and thrust at peak power highlighted
A more useful indicator of the performance ofexzide might be some combination of the
mean inviscid power and the mixing efficiency. #&sexample, Figure 9.8 shows the case if
these two factors are combined as a product. @blyothis simple product should be
weighted depending on the impact of each variablehé desired design criterion, but this

initial investigation weights the two parametersmly.

Figure 9.8 — Graph of product of mean power ougnd bypass mixing efficiency against thrust
coefficient at spring tide, with product and thrastpeak power highlighted

As shown in Figure 9.8, the optimal operating paotording to the product criterion
occurs at a reduced thrust coefficient, when coetpan the peak mean power point. By
operating at the peak product point, as opposeithéopeak power point, the mean power
available and the device thrust are reduced byfadf 0.95 and 0.69 respectively. However,
the efficiency with which energy is made availatwethe device is increased from 66% to
75%. It is clear that operating in this regime bamificant benefits, in terms of maximising

the available resource, whilst maintaining a higyel of device performance.
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However, if a tidal device of such a high thrustrevaot feasible, a designer might choose
to install two rows of tidal fence in the channés shown in Figure 9.9, by using two rows
of device the peak mean power available at spraeyis increased by 30% to 171 MW. The
maximum occurs at a thrust coefficient, for each of device, of 2.3 and a reduction in flow
velocity to 71% of the undisturbed value. The ®gmixing efficiency with which energy is

made available for extraction also increases, 668t to 74%.
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Figure 9.9 — Variation of mean power with thrustlareduced flow-rate for two rows of device at
spring tide, predicted by the LCM model

While the mixing efficiency of each device, at aam thrust, remains the same for each
row of turbine, by using two rows of turbines thmaunt of thrust applied by each can be
reduced, but extracting greater amounts of poweradl It should be noted the configuration
of turbine array in which the greatest amount of/@ois made available for extraction, is an
infinite number of rows of device, each extractiag infinitesimal amount of power.
However, it is fairly obvious that a solution usingany rows of devices is economically
infeasible. In the case of the Papa Westray chatireequestion must be asked as to whether
the 30% increase in available power will econoniycahd environmentally justify doubling
the number of rotors and foundations, and furteducing the flow velocity in the channel.

It should be noted that the values of power quatdtiis section are those which would be
achieved by a device with no viscous drag. Thertion of this power that is converted to
useful power will depend on the viscous efficiemdythe device, which varies significantly

between designs and configurations of device.
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9.3. Turbinelife model

By combining the predictions of the LCM model withvose of the hydrodynamic and
structural models of Chapter 7 and Chapter 8, #hak gppower produced and blade stress
induced by a given design of THAWT can be prediceer the tidal cycle. By modelling the
accumulation of material damage, due to fatigue,amount of time which a device is likely
to survive before failure is predicted.

It should be noted that the LCM model simulatesdeaalised installation of the THAWT
device in which the rotor achieves a blockage ratiB = 0.5 over the entire channel area and
the added channel thrust of the turbine has netefie the head difference across the channel.
Also, by approximating the performance of the dewising the idealised numerical models
of Chapter 7 and Chapter 8, the effects on theddydramic and structural performance of
the device from complex flow phenomena, such asutance intensity, shear profiles, wave
loading and gusting flow, are not accounted for.

Figure 9.10 shows the variation in flow velocityeo\a fortnight cycle in the Papa Westray

channel, based on the flow parameters in Table 9.1.

T ,...U...U....u%.i.?.J..V..V?.V?V.,V..U.fu.’f.u...U...

t (hours)

Figure 9.10 — Variation of undisturbed flow velgoitver a fortnight tidal cycle
The tidal cycle is discretised into segments ofi22hours, corresponding to a single cycle
of a semidiurnal tide. The driving head requiredathieve the corresponding undisturbed
flood and ebb tides during each segment are céérlilasing the LCM model.
Based on the thrust predicted by the NS-BE-FS moild€hapter 7, a subsequent run of the
LCM model produces the time series of flow velodityt is expected with the additional

thrust from a fence of tidal devices, as shownigufe 9.11.
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Figure 9.11 — Comparison of flow velocities ovespaing tidal period with and without a tidal fence

This time series is subsequently discretised its&gments, and the velocity for each is
used to calculate the power output and the numibeturbine rotations, based on the
performance predictions of the NS-BE-FS model ier gwept truss blade forces, as described
in section 7.5. Despite small variations in theckhge ratio, due to the surface elevation
changing during a tidal cycle, the NS-BE-FS simal® of the THAWT device are
conducted at a steady blockage ratio of 0.5. Th&imum error in the blockage ratio is
therefore approximately 5%.

The blade stress amplitude and mean blade stremggiaien flow velocity are predicted
using the Finite Element structural analysis of @8a8. The stress state and number of
turbine rotations are used to calculate the accatedldamage during the segment and to
assess whether the current stress state indube® faf the blade, as described in section 9.4.

This process is carried out for a given designudbihe over consecutive fortnightly tidal
cycles until the fatigue failure criterion is meiThe onset of the fatigue failure criterion
therefore defines the expected lifetime of the devand the power predicted by the NS-BE-
FS model can be integrated up to that time to ptede total power produced.

The performance of a basic configuration of THAWEAvide, described in section 9.5, is
assessed over the expected lifetime, before tlggHen width ratigs and rotor soliditys are

varied to explore how the feasibility and optimisatof a device might be improved.

9.4. Fatiguelifecalculation

While the accumulation of damage through fatigueley is relatively well understood in
common homogenous structural materials, such aslsnehe effect of fatigue on fibre
reinforced composites is less well known. Dueh®tariety of fibre reinforcements, bonding

epoxies and geometry of the layups of these twatdoents, the mechanical properties of

214



CHAPTER 9. CASE STUDY AT PAPA WESTRAY

composite materials vary significantly. With traddional considerations of complex fatigue
mechanisms such as fibre de-bonding and delamm#@@Gamstedt and Sjogren, 1999) the
prediction of fatigue life of composite materiadsa complex issue.

A comprehensive analysis of the fatigue life ofsgldibre reinforced plastics (GFRP) has
been performed by Mandell et al. (2003), usingrgdaseries of fatigue tests, performed on a
relatively ‘industry standard’ layup. By combiniigsts at several values of stress ratio, a
comprehensive model has been created of how diffesteess cycles accumulate as fatigue

damage, as shown in Figure 9.12.
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Figure 9.12 — Goodman diagram for a standard GFRyRp based on data in (Mandell et al., 2003)
Further research by Sutherland and Mandell (2006)yced a ‘95/95’ fit of this data,
which predicts the number of fatigue cycles forreatress state that 95% of samples would
be expected to survive. The ‘95/95’ fit was talesna lower bound of the expected material
lifespan. This model was validated by applyingmas material strength degradation models
to experimental samples, loaded with a stressmpattt@t had been recorded during tests of an
axial-flow wind turbine. This work indicated thiaie best method of predicting fatigue failure
under variable loading, which offered the greatesturacy and most realistic simulation of

the path to failure, was a generalised non-linesidual strength model of the form

@]' 14 (Ui - Uo) <Ni + (Ni—l)*>v 9.3

0o ) Nfi(o'm' 0q)
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whereN; is the current number of stress cyclls,) is the number of previous equivalent
cycles determined for the current stress levehaisdthe degradation parameter. The number
of previous equivalent cycles is the number of eyalvhich would give the current residual
stress ratiodr/ag]; if cycled only at the current stress statg 62);.

The residual compressive or tensile strength afsteps is given by equation 9.4, which
implies that the residual tensile and compressivengths reduce proportionately as a

monotonically decreasing function.
OR
@8); = () (o), 0.4
0o/,

Failure occurs when a tensile stress exceeds thentuensile residual strength, or when a
compressive stress exceeds the current compressideial strength.

As shown by Sutherland and Mandell (2005) the gdised residual strength method
offers a more accurate prediction of fatigue Itiart the simple Miner’'s rule approximation,
which is often recommended in wind turbine desigidglines (DNV, 2010). The chosen
degradation parameter = 0.265, for the fatigue calculations of the THAVWdEvice, was

found to result in the best fit to experimentalad@d/ahl, 2001).

9.5. Badscturbinedesign

A basic configuration of THAWT device has been @msand variations in design
parameters indicate the impact such changes hatheedrasibility of the device.

In order to maintain consistency between chaptkeesbasic geometry closely matches that
of the structural analysis of Chapter 8, with th@nmrconfiguration parameters listed in Table

9.2.

Mean turbine diametdd (m) 15.0
Solidity s 0.25
Bay length of diameter ratj® 1.0
Average blade tangential swept angl€) | 20.4
Fixed offset pitch (°) -2.0
Blade thickness to chord ratio (%) 24.0

Composite Young’s modulus (GPa) 35.5

Composite tensile strength (MPa) 750

Composite compressive strength (MPa) 480

Table 9.2 — Basic truss configuration specificatofrdevice used for the case study analysis

The turbine diameter of 15 m has been chosen ieraadmaintain a blockage ratio of 0.5.

The change to a fixed offset pitch of -2° was choas both experimental and numerical

216



CHAPTER 9. CASE STUDY AT PAPA WESTRAY

simulations of the device suggest that this willimmgse the performance of the turbine. One
area which has been identified with significantgmtial to reduce blade stress is the thickness
to chord ratio. Thick hydrofoil sections are protwe flow separation due to premature
boundary-layer transition, and so performance charistics for foils are rarely published for
thickness to chord ratios greater than 24% (Detral, 2010). For this reason a blade
thickness of 24% was chosen, and the drag coeftiased in the NS-BE-FS model are
increased, relative to the NACA0021 data of Shdldaid Klimas (1981), by a factor of
1.075, predicted using the Xfoil panel method (Br&004).

The blade section shown in Figure 7.46 has beesethafter a simple optimisation study,
in which the blade stress was minimised, whilenagttng to restrict the amount of blade
material. The thickness of the majority of thetgetis given in metres by 0.04xce3(or a
six-bladed device of solidity of 0.25 and scalewéirly with variations in the blade chord

length. The sections of reinforcement are twicetlinekness of the basic shell.

0.3¢

0.33¢

Figure 9.13 - Image of blade section used for cagdy analysis

It should be noted that the foil section illustchie Figure 9.13 represents the necessary
section at the point of highest stress in the srec It is likely that the wall thickness of the
sections elsewhere would be reduced in order tonmse the amount of material used. The
use of support sections of twice the chord lendtthe® blade members has been implemented,
due to the analysis of Chapter 8, and all bladeedsions and layups have been scaled
appropriately. It is acknowledged that there ibssantial scope for further optimisation of
this section and the impact that it has on theebladmber stresses and deflections.

The power coefficient predicted by the NS-BE-FS gldths been reduced by an arbitrary

factor of 0.85 in order to represent the lossestdulke support members of the truss rotor.
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9.6. Results

9.6.1. Basic configuration

The NS-BE-FS model predicts that the truss conéigudevice ofs = 0.25,5 = 1 and
D = 15 m achieves a kinetic power coefficient over @anticipated range of flow velocities, as
shown in Figure 9.14. This compares favourablyhwibe performance of the more
conventional low blockage MCT Seagen device, wlaichieves a kinetic power coefficient

of approximately 0.38 (MCT, 2009).
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Figure 9.14 — Variation of predicted kinetic poveerefficient over a range of flow velocity, for the
truss device witlf = 1 and s = 0.25

Over the entire tidal cycle in the Papa Westraynok§ the NS-BE-FS model predicts that
a single 15 m long bay of the truss device prodacpsak power of 1.57 MW and an average
power of 0.31 MW, with an average thrust coeffitiehapproximately 2.4. When the device
spans the entire width of the 2 km channel LMADT#O@edicts that on average a total of
104.5 MW is removed from the flow. 29 MW of tharxcted energy is lost as mixing losses,
leaving 75.5 MW of power available to the devid@ef this available power, the NS-BE-FS
model predicts that on average 41.9 MW is extraatedseful power, which is approximately

40% of the total power and 55% of the available @ow
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Figure 9.15 — Variation of predicted device lifedanduced blade stress amplitude over a varied
number of bays, for the truss device with 1 and s = 0.25

The expected lifetime of a device, before fatigagufe of the blade material, is heavily
dependent on the induced blade stress amplitudeshdwn in Figure 9.15, despite a linear
variation in the maximum induced blade stress aompdi with the number of bays, the
expected lifetime of the device increases expoalyis the number of bays is reduced.

Due to the fact that the efficiency of the deviaesl not change as the number of bays is
increased, the main benefit of increasing the nurobeotor bays is to reduce the number of
required foundations and generators, as showngar&i9.16. The cost of foundations is
anticipated to be the most significant capital @eshe installation of a turbine array.
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Figure 9.16 — Variation in the number of requirediidations over a varied number of bays, for the
truss device witl# =1 and s = 0.25

It is evident that a five or six bay device, of tharent configuration, is not feasible due to
expected lifetimes of approximately 8.7 and 3.5ryeaspectively. The 23.3 years expected
lifetime of the four bay device is shorter than #micipated required lifetime of a renewable

device of 25 — 30 years. Whilst adopting a threg Hdesign significantly increases the
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anticipated life of the device to 68.9 years, thstof foundations increases by approximately

1.33, when compared to the four bay design.

9.6.2.

One method which can be used to maintain a longeicd is to reduce the bay length to

Variation of bay length to width ratio

width ratio of the turbine}. As shown in Figure 9.17, by decreasing the kagth to width
ratio, the lifetime of a device of a given lengghsignificantly increased. This is due to a
reduction in the bending load experienced by aividdal turbine blade. By moving from
the four bay truss with a length to width ratigfof 1, to a 10 bay truss with a length to width
ratio of # = 0.5, the average power produced by the devicedigcerl by a factor of 0.83.
However, the lifetime of the device is increasaahfrapproximately 23.3 years to 176.2 years

and the number of required foundations is redugedl factor of 0.8.
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Figure 9.17 — Variation in device lifetime and Kiogoower coefficient for a range of length to widt
ratios at s = 0.25

An expected life of 176.2 years may be significahiher than the desired design lifetime,
but this approach demonstrates that reducing tgtHeof an individual bay can be used to
reduce the stress induced in the device and thebewumf required foundations, without
significant drops in the power output. Howevertlas number of bays is increased, the axial
loads that the blade members are subjected toalgil increase, so that the device is more

susceptible to failure by member buckling, as nwa&d in Chapter 8.
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9.6.3. Variation of solidity

As indicated in Chapter 5 there is a trade-offhia thoice of device solidity, between the
hydrodynamic and structural performance of the rrotd-igure 9.18(a) demonstrates that

reducing the solidity of the device is likely tachease the power produced.
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Figure 9.18 —Kinetic and head power coefficientsdicted by the NS-BE-FS model for a range of
solidity atp =1

Furthermore, by reducing the solidity of a devites thrust produced by the tidal fence is
significantly reduced and the corresponding heédiefcy, with which the turbine converts
extracted power into useful power, is significartigher, as shown in Figure 9.18(b).

However, as shown in Figure 9.19, the increasdrass amplitude and the accompanying
dramatic decrease in design lifetime, which refwoitn reducing the solidity of the device,
mean that the structural considerations dominatk iadicate that higher solidity devices

would be more economical.
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Figure 9.19 — Variation in blade stress amplitudelalevice lifetime for a range of solidity/at 1
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9.6.4. Alternative variationsto the design configuration

The preliminary analysis of Chapter 3 suggests ttiatblade thickness of the rotor blades
has a significant impact on the induced blade séi®s It is assumed that the blade thickness
of 24%, used in this analysis, is the maximum thatld be feasible due to the lack of
adoption of higher thickness blades for all but thest extreme applications. However,
without comprehensive numerical modelling it isfidiflt to predict the lift and drag
characteristics of a hydrofoil of higher thicknesgiich may prove to be suitable for the
THAWT device application.

While the preliminary analysis of Chapter 3 does indicate a reduction in blade stress
with a reduction in blockage ratio, the resultsnir€hapter 5 indicate that a reduction in
blockage is likely to cause a reduction in the apenal tip speed ratio. It might therefore be
possible to reduce blade stresses with a reduofibiockage ratio. This has not been studied
for the Papa Westray channel due to the anticipegddced influence that blockage has on
the blade stressing, when compared to other vansiin design parameter. However, while
reducing the blockage ratio of the device is likielyreduce the induced stress, maintaining a
bay length to width ratio means that for a givermbar of bays, the rotor length will
decrease. This will result in an increased nunabdoundations and is assumed to adversely

affect the economic feasibility of the device.

9.6.5. Power capping or cutting

The results that have so far been analysed irs#tBon assume that the turbine operates at
the peak power point over the entire tidal cycldowever, there are several benefits to
capping the maximum power generated by the devikg.demonstrated by the preliminary
analysis of Chapter 3 and Figure 9.20, the indubkxte stress amplitude increases
quadratically with an increase in flow velocity. u®to the increments in stress amplitude
having a substantial effect on the number of fatigycles before material failure, avoiding

the areas of maximum stress is favourable.
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Figure 9.20 — Variation of induced blade stress hiuge with velocity for a four bay truss device
with # =1 and s = 0.25, predicted using the FE analygi€hapter 8

By capping the amount of power produced by the agvit is also possible to produce a
more consistent amount of power over a sustaineddgef time, as shown in Figure 9.21,
which is likely to be favourable when integratindal devices with the national electricity
grid. The losses in a standard generator at \@wyslpeed result in a significant drop-off in
the amount of power generated (Mclintosh, 2009)sle®wvn in Figure 9.21 where it is

assumed that no power is generate below approxyrE@@o of the rated power.
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Figure 9.21 — LCM simulation of the Papa Westragroiel for g8 = 1 and s = 0.25 truss device, with
power capped at 50% of the maximum power available

By capping the amount of power that is extractedldevice, the size of generator that is
required can be significantly reduced, while th&alt@mount of energy extracted is only

marginally reduced.
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Figure 9.22 — Variation in extracted mechanical gyyeover a range of rated power caps, fof a 1
and s = 0.25 truss device

Figure 9.22 demonstrates that as the rated powexr génerator is reduced, from that
required to operate at peak output over the etitleg cycle, there is an initial increase in the
energy extracted, due to the fact that more posvexiracted during the lower velocity flows.
However, further reductions in the rated capacityth@ generator reduce the amount of
mechanical power extracted. It should be notetilizaeducing the size of generator to half
of the rated capacity, required to operate oveetitee tidal cycle, the amount of mechanical
extracted energy is reduced by approximately 148% reducing the rated power in this way,
the capacity factor of the generator is increasawh fapproximately 19% to 34%.

The choice of reduction in rated power is likelydepend heavily on economic factors.
However, it appears obvious that capping the powfea given device is likely to be
significantly beneficial, and has been adoptedh®ydurrent market leaders, Marine Current
Turbines (MCT, 2009).

Axial-flow turbines, such as the MCT Seagen devare able to regulate the maximum
power that is produced using pitch controlled bladall or feathering. However, the
mechanism by which the power of the truss THAWT idevnight be capped is unclear.
Without the ability to feather the blades of theefi truss rotor, the likely mechanism of
reducing the power generated at any given flowarglas to operate at a tip speed ratio lower
than the tip speed ratio of peak power, as showkigare 9.23. Operating in this region will
require robust speed control of the device, whichkiely to be undergoing severe blade stall

and unsteady torque. The effect that blade stalldm the fatigue of the device is unclear and
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cannot be simulated by the NS-BE-FS model, andIdhibnerefore be analysed in order to

assess the feasibility of power regulation by blsidél control.

10

Power (W)

O T é T S T
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Tip speed ratio

Figure 9.23 — Experimental power curve for the $rdsvice at a Froude number of 0.13,
demonstrating the reduction in power when reducingncreasing the operating tip speed ratio

The power produced by the device can also be rédhbgeoperating at an increased tip
speed ratio, as shown in Figure 9.23. Howeverpthde stresses in this region are likely to
be greater than those at the operating point aridcseasing the operating tip speed ratio is

not anticipated to be an economic method of powpping.

9.7. Device environmental impact

After growing confidence in the safety of tidal lhires with respect to marine life
(Riddoch, 2008), the environmental impact of altdkvice has been limited to factors, such
as the wake-induced velocity and acoustic inteneitya device (Li and Calisal, 2010).
Despite the acceptance that arrays of devicesimvphart a significant momentum loss to a
channel flow (Antheaumet al, 2008), macro scale research on the effect otlinisst on the
channel flow characteristics are relatively newajaret al, 2010) and are often site-specific
(Atwater and Lawrence, 2010). It is therefore 13seey to also assess whether the installation
of a tidal device, and the resulting reduction oiume flow rate through the domain, are

likely to adversely affect the local ecosystem.

9.8. Conclusions
A synoptic analysis of truss THAWT device in thgpRaVestray channel has been used to
demonstrate that a design of device is technidafsible, which is able to operate for a

realistic lifetime of 25 or more years. By opengtiat a kinetic power coefficient significantly
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greater than the Lanchester-Betz limit, the deviscékely to be economically competitive
when compared with alternative designs.

It has been shown that the structural consideratadrdesign configuration dominate over
the hydrodynamic considerations. This results ftbm significant effect of fatigue cycling
on the expected operating lifetime.

Methods for reducing blade stress and increasiegotberating lifetime of a device have
been proposed, including a reduction in the bagtlemo width ratio and the capping of the
rated power of the device. As well as reducingl®lstressing, capping the rated power of the
device allows for the use of a smaller generatbickvachieves a higher capacity factor and a

more consistent power output, without significamégucing the total energy extracted.
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Chapter 10

Conclusions and Future Work

In order to investigate the technical feasibilifytloe truss configured THAWT device, and
to understand how the trade-off between the hydranhyc and structural performance of the
turbine affects the economic viability, a serie®bjectives were identified:

. Demonstrate that a truss THAWT device is capabladbfieving an efficiency and
power output similar to that of the parallel-blad#slice, which has been shown to exceed
the Lanchester-Betz limit in small scale tests.

. Develop a model of the device hydrodynamics whiglcapable of predicting the
power output and blade forces with a sufficientrdegof fidelity and accuracy.

. Develop a structural model of the THAWT rotor, whiis capable of predicting the
induced blade stresses, based on the blade loadisted by the hydrodynamic model.

. Integrate the hydrodynamic and structural modelshef THAWT device to predict
how the power produced and expected lifetime oéwdad are affected by various aspects of

design configuration, in a given tidal location.

10.1. Fluid dynamics
1. Experimental tests of a 1/2Gcale prototype of the THAWT turbine have showat th

the truss configured device is capable of produpioger with an efficiency greater than the
Lanchester-Betz limit, with a maximum measu@gof 0.85 at a Froude number of 0.21.

2. The results from the experimental tests have beed to validate a Navier-Stokes
actuator cylinder numerical model of the device,iolthis capable of simulating the

deformation of the open channel free surface (NSFBE The NS-BE-FS model has shown
that a relatively simple numerical model of the idevis capable of matching experimental
results with good accuracy and fidelity, and alldtvs mechanics affecting the hydrodynamic
performance of the device to be better understood.

3. The significance of modelling the free surface defation has been shown to vary
with the Froude number of the flow, in agreementhwthe analytical linear momentum

actuator disc for open channel flow derived by Hbylet al. (2008a), and is likely to cause
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an increase in the blade loading by a factor ofl ¥dr a Froude number of 0.21, when
compared to a non-deforming free surface analysis.

4. The NS-BE-FS model has demonstrated that the tmgistt THAWT device causes
significant deflection of the incident flow, redalj in significantly different blade loading
and device performance when compared to a moreectional low solidity cross-flow
device.

5. Experimental test configurations with increasedckéme and reduced solidity have
been shown to result in an increase in hydrodyngmeitormance. However, preliminary
dimensional analyses indicate that these configuratariations will also induce a significant
increase in blade stresses.

6. Experimental and numerical modelling has indicéteat negative fixed offset pitch
significantly improves the performance of the deviand is anticipated to reduce blade

stresses due to a lower operating tip speed ratio.

10.2. Structural analysis

A static beam finite element analysis of the vasiconfigurations of the THAWT device
has been implemented, with fluid loading prediatethg the NS-BE-FS model. A multi-cell
blade section analysis technique is derived and tes@redict the location and magnitude of
the stresses in the structure.

1. The structural analysis has shown that the maxinstiress induced in the truss
configured device increases with an increase inntlmaber of bays at a significantly lower
rate than a device with a parallel configurationbtddes. The difference in the rate of
increase of blade stress is due to differing meishanin the transfer of the blade forces to the
rotor supports, with the parallel-bladed deviceasimg bay by bay and the truss configured
device bending like a beam, with shear planes mnemgiapproximately plane to the neutral
axis.

2. A comparison of the induced stresses in blade mesmhade of a realistic glass fibre
reinforced polymer, against the fatigue strengththaf material over approximately 110
loading cycles, indicates that cyclic fatigue kely to limit the length and operating lifetime

of a THAWT rotor.
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3. Decreasing the bay length to width ratio of a trgssfigured rotor reduces the
bending stress in the blade members, but incrddads axial loads and may cause buckling

of the blade members to become the dominant fath@ehanism.

10.3. Full scale performance

The NS-BE-FS and finite element structural modedsehbeen combined with a Linear
Channel Momentum model to simulate the Papa Westragnel, chosen as a representative
tidal site, with idealised flow conditions to expdothe effect of installing a tidal array on
channel flow and the implications to the technfealsibility of the THAWT device.

4. It has been shown that in the idealised flow cood# of the Papa Westray channel
that an array of THAWT device, which produces aatge amount of power than the
equivalent swept area of conventional axial flowides, is technically feasible and is capable
of resisting the applied hydrodynamic loads ovep@Bore years.

5. When considering the accumulation of fatigue danthgestructural considerations in
the design of a device substantially outweigh thituénce of variations in hydrodynamic
performance. For example, despite improving thérégynamic performance of the device,
reducing the solidity of the THAWT rotor is showm tender the turbine infeasible due to a
significantly reduced operating lifetime.

6. The peak stresses may be reduced by decreasirmayhength to width ratio. This
allows the spacing between device supports to beeased, which reduces the number of
required foundations and is anticipated to sigaiiity improve the economic feasibility of an

array.

10.4. Completed further work

The accuracy of the prediction of the structuradl d&tydrodynamic performance of the
THAWT device have a strong influence on the degfegver engineering that is necessary in
order to design a full scale device that is guamahtto survive for a given operational
lifetime. Whilst the hydrodynamic and structurarfermance of the THAWT device can be
approximated using numerical models, the validatibthese models using scale experiments
IS necessary to gain confidence in their accur&gmparison against as many measurements
as possible will therefore allow for the most coetnsive validation.

A further series of experimental tests at Newcadtleversity were carried out in January

2011 on a 1.5 m long three bay truss rotor and anllong single bay parallel-bladed device.
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Measurements of blade strain, device thrust antregs and downstream flow profiles and
depth were taken, which will allow for the validati of the entire flow domain and local
blade hydrodynamics. The data from these tests havbeen comprehensively analysed and
are therefore not presented in this thesis.

Further tests on devices of increased scale, gmecedly offshore prototypes, will reduce

the inaccuracies due to Reynolds number scalindglamdturbulence and stratification.

10.5. FutureWork

10.5.1. Hydrodynamic modelling
The aspect of the NS-BE-FS model which has beentiftel as the most significant in

improving the accuracy of the model is the simolatiof the blade lift and drag
characteristics. This requires a technique fodigteng the lift and drag of the wrapped and
swept blades, in curvilinear motion and with undtelow phenomena such as dynamic stall.
With the current methods available for simulatingde mechanics, it is debatable whether
this technique should be applied by simulatingititkvidual blades or by corrections to the
lift and drag curves applied in an embedded blddment method. The level of turbulence
modelling that is required depends on the sma#lggtificant scale of turbulence, which is
likely to be a benefit of the actuator cylinder hu.

Modelling the device in three dimensions is likedyallow a more accurate simulation of
the blockage effects, the affect of the varieddrtedius and the simulation of the turbine
support structure.

Simulations of the full scale device should obviguaclude as much detail of the site-

dependent flow properties, including the velocitgfpe, turbulence and flow stratification.

10.5.2. Structural analysis

A dynamic analysis of the THAWT structure shoulddomducted in order to increase the
confidence that no loading will occur at a frequealose to the fundamental frequency of the
rotor. Whilst a beam element analysis may allowtfe accurate prediction of the section
forces and moments, a more comprehensive analysiseohydrofoil sections should be
carried out in order to optimise the required cositgodesign of the blades. This is often
carried out in the wind industry using a shell ttnelement analysis. Shell or solid finite

element analyses of the structure will also all@w & more comprehensive design of the
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support structure and joints, so that the momenzerenced by the rotor blades are
minimised.

The analysis of the fatigue properties of the {ikblade material should be significantly
improved, possibly with experimental validation, @ fatigue damage accumulation is
possibly the most important aspect of accuratebdisting the operating lifetime of the

device.

10.5.3. Basin scale analysis

A more comprehensive model of a chosen tidal locatill improve the accuracy of
modelling the effect that the device has on thenokhflow and offer a more accurate
prediction of the energy that is available to tle&ide. There is some debate as to the scale
that such a model should extend. However, whersidering the scale of the THAWT
devices that are proposed, it is likely that sirtingathe boundary conditions substantially

further than the channel boundaries will be neggssa

10.5.4. Motor and foundation design

While the power takeoff and foundation design hiaeen largely ignored during the course
of this investigation, minimising the costs of taé&/o design considerations is likely to have
the most significant impact on the economic fedigjof a full scale installation.

Intelligent choice of the generator design, geadand control is likely to have a significant
impact on the amount of required maintenance, wisicdso a significant economic factor in
the design of a marine turbine. The successfukldgwment of a control methodology for
power capping of the THAWT device is also likelyltave a significant effect on the blade

stressing and operating lifetime of the device.

While further work will improve the accuracy in thprediction of the THAWT
performance, the work in this thesis has estaldisimel combined a set of numerical models,
which predict the hydrodynamic and structural penfance of the turbine with sufficient
confidence to assess the feasibility of such acgeat a full scale installation and to optimise

its performance.
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