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Abstract

This thesis investigates the power generation potential of diffuser augmented
horizontal axis tidal stream turbines. The use of diffuser augmentation for such
devices is not a new concept, though many questions remained unanswered
regarding the device performance and economics. This work highlighted a number of
limitations within the literature on such devices and aimed to clarify the main

factors which affect their performance and economics in tidal stream flows.

Extant numerical modelling methods for diffuser augmented turbines were
shown to produce inaccurate power prediction results due to modelling
simplifications. The accurate numerical modelling of diffuser augmented turbines
was made possible by the derivation of an extended blade element momentum
turbine model within computational fluid dynamics. This model was verified
experimentally and found to reproduce the experimental data accurately, matching

both power outputs and diffuser surface pressures.

The investigation was undertaken using a combination of numerical modelling
and wind tunnel experimentation. It was found that effective diffuser augmentation
requires a rotor with a thrust of approximately 1/2 that of a bare rotor. The rotor
geometry was found to have a significant impact upon the boundary layer flows and
therefore the diffusion and power output. The impact of the hub and the component
geometry interactions were also highlighted. It was also found that diffuser
augmentation allows sustained performance under yawed flows and potential for
improvement in highly turbulent flow. It was shown that diffuser augmented devices

with lower area ratios are more efficient at power capture.

An economic analysis was performed, combining a derived cost model and an
annual energy production analysis using real tidal stream data, incorporating flow
yaw and turbulence effects. It was shown that using current technology, bare rotor

type devices are the more economically viable means of power generation.
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1 INTRODUCTION

1. Introduction

1.1. Background

The requirement to produce energy with low carbon emissions has been
deemed increasingly important recently due to the increasing awareness of climate
change. The research is unequivocal in the demonstration of the presence of climate
change and that this has been caused to a large extent by the emission of
greenhouse gases [1, 2|. The massive increase in COy emissions caused by human
activity in the last 160 years can be seen in Figure 1, and the economy sectors to

which they were attributable in 2010 are shown in Figure 2.

(=2 B TR+ < <= R |

Total carbon emissions from fossil-
fuels (billion metric tons of C)

1850 1870 1890 1910 1930 1950 1970 1990 2010
Year

Figure 1: Total annual CO, emissions 1850-2010 [3]
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Figure 2: CO, emissions by source 2010 [4]
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In order to avert potentially extensive ecological damage from climate change
it has become to be seen as a necessity to combat greenhouse gas emissions. As can
be seen in Figure 1, the largest single source of COy emissions is the production of
energy, which accounted for 26% of all COy emissions in 2010. The fuel sources for
the global electricity supply are shown in Figure 3. As can be seen, 66.5% of the
world’s electricity supply is generated from steam turbine power plants burning
fossil fuels [5]. This type of generation is one of the prime drivers of greenhouse gas

generation in the energy sector, which renewable energy aims to displace.

Nuclear, 12.8%

Natural Gas, )
22.2% /0 Hydroelectric,

/ 16.8%

Wind. 1.7%

Other, 1.6%

Geothermal.0.3%

ar )
Coal, 39.9% Solar, 0.2%

Figure 3: 2010 world electricity generation by source [5]

With the increased need for the generation of low emission energy, the study
of renewable energy has been given a boost. The issue faced is the ability to
economically capture sufficient quantities of energy to reduce or eliminate the need
for nuclear or fossil fuel options. This has led to a significant investment in

renewable energy, with a total market value of $247.6bn in 2013 [6]

Wind energy has thus far been the largest benefactor of the increased
investment with 39% of the total renewable investment in 2007, a trend which is
expected to continue with an estimated share of 32% in 2017 [7]. It is considered
unlikely however that wind energy alone will ever be able to fulfil the energy needs
of society due to the transient nature of the wind and relatively high unit power
cost [8]. There are alternative energy sources that may aid in the transition, such as

hydropower, ocean energy, solar energy, biomass and geothermal energy [9].

Hydropower is currently the world’s largest source of renewable energy

accounting for 83% of the global total, and forming 16.8% of the total world
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electricity supply in 2010 [5]. The vast majority of this is the result of large scale
“traditional” hydropower schemes such as those seen at Itaipu in Brazil or at the
Three Gorges in China. Large scale hydropower, which is defined as having a
capacity of greater than 10 MW, forms 94% of all hydropower generation, with the
remainder from small hydropower [10]. The large scale schemes, whilst renewable in
the sense that their fuel source is not depleted, have been questioned on their
sustainability due to the environmental impact of the dams and associated
hydrological issues [11, 12]. In addition to this, many of the developed world’s large

scale hydropower resources have already been tapped [13, 14].

The development of renewable energy and its commercial attraction requires
sources of energy which are both relatively cheap and predictable. As a result of this
there has been an interest in the exploitation of tidal power in its various forms due
to the relatively high energy density for a renewable technology and the predictable,

though periodic, nature of the power generation [15].
1.2. Tidal Generation

1.2.1. Extraction Methods

The power available in the tides can be exploited in one of two ways, either
through more traditional approaches similar to those used for low head hydropower,
or through the exploitation of tidal streams. The former option would encompass
the construction of tidal barrages, such as that at La Rance [16], or tidal lagoons.
These barrages or lagoons enclose a body of water which is either higher or lower
than sea level, depending upon the tidal phase. Allowing the water to flow in or out
of these water bodies through turbines will generate power. This method of
extraction has the advantage that potentially large amounts of power can be
generated, for example a conservative design for the proposed Severn Estuary
barrage could provide up to 8.6 GW of power and supply 17 TWh of energy
annually [17]. The costs associated with such projects are potentially large however

and the potential environmental impacts could be significant [18].

Tidal stream generation operates in much the same way as wind energy. The
kinetic energy of the free flowing fluid is converted into rotational energy of the
turbine, spinning a generator from where the power is exported. This resource is
available on a vast scale in the world’s oceans, with an estimated 3TW of potential

ocean current power available, although the amount considered feasible to extract is
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only around 3% of this value [19]. This reduced figure of around 90GW is greater
than the UK’s peak power demand of 53.4GW in the winter of 2013/14 [20].

1.2.2. Terminology

For the purposes of this thesis, the term tidal stream generation is used for the
conversion of freestream kinetic energy of a tidal flow into the kinetic energy of the
turbine. There are many related terms which have been used to describe this, the
more common being terms such as ‘Marine Current Generation’, ‘Ocean Current

Generation, ‘Tidal In-Stream Energy Conversion’ or ‘Tidal Generation’ [21].

Many aspects of the physics of tidal stream generation are applicable also to
the capture of fluid kinetic energy from river flows. The term ‘Hydrokinetic Energy
Conversion’ was proposed by Khan et al. [21] as terminology which reflects the

interrelation between such devices.

1.2.3. Existing Tidal Stream Generation

In the recent past there has been a large amount of interest in the extraction
of tidal stream power, with a range of extraction technologies suggested [21]. With
the large body of technical expertise derived from the wind energy industry the

horizontal axis turbine has received the most intense interest [15].

Horizontal axis machines dominate the existing examples of tidal stream
generators, with 82% of the total commercial or pre-commercial projects in 2009
being of this type [21]. The prevalence of these units can largely be traced to the
wind generation market, where the horizontal axis wind turbine (HAWT) has
established superiority [22]. Due to the advanced nature of the research in the field

it is easier to commercialise such technologies for tidal stream generation.

The predominance of horizontal axis turbines in the wind energy sphere has
led to the development of very similar overall devices for tidal stream generation.
There are many examples of companies with existing or planned test facilities for
such devices, such as Alstom’s Deepgen, MCT’s SeaGen, Andritz Hydro’s HS1000,
Atlantis Resources AR1000 and Voith Hydro’s HyTide 1000 [23]. Examples of some
pre-commercial tidal stream generators which are under testing at the European

Marine Energy Centre at the time of writing can be seen in Figure 4.

One proposed feature for the improvement of the generation performance of a

horizontal axis turbine is the presence of a duct around the rotor to increase the
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flow velocity at the rotor plane [24]|. Ducting is the emplacement of profiled surfaces
in the vicinity of the rotor to alter the flow characteristics at the rotor plane to
maximise the generation potential. Figure 5 shows a schematic arrangement of a

ducting system and its various components.

Alstom Deepgen Andritz Hydro Hammerfest
HS1000

Atlantis Resources AR1000 OpenHydro
Open-Centre Turbine

Figure 4: Example pre-commercial tidal stream generators [23]

Diffuser augmented turbines are not a new concept. The prospect of diffuser
augmentation of wind turbines is something that has been considered for many
years, with the history of development being summarised by Phillips [25]. The
adoption of diffuser augmented wind devices has been questioned primarily on the
basis of the generation potential, associated costs, performance at off angle flows and
the necessity to design for storm loadings. The use of such devices for tidal stream
generation is potentially more attractive as the loadings and directionality of the

flow are much more predictable due to the nature of tidal flows [26].
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Exit Plane
Flange

Turbine\—/

Inlet
Nozzle  Diffuser

Figure 5: Schematic diagram of a generalised duct arrangement

The overall performance and cost effectiveness of diffuser augmented tidal
stream generators are the factors on which the uptake of this technology will be
decided. Though there has been renewed interest in the performance and modelling

of such devices in the recent past, the situation remains far from clear.

1.3. Thesis Scope

This thesis examines the performance and merits of diffuser augmented tidal
stream generators. Through a combination of computational fluid dynamics,
numerical analysis and experimental work, the determinants of device performance
are found and the efficacy of the device is assessed. This work has led to a number

of original contributions to the study of diffuser augmented tidal stream generators.

Firstly, the modelling of diffuser augmented turbines has been addressed.
Previously there was a considerable degree of uncertainty in the power prediction of
diffuser augmented tidal stream generators, with a number of methodologies
proposed. The implementation of blade element momentum theory within 2D
computational fluid dynamics, coupled with tip loss correction and turbulence
generation models has accurately replicated the turbine operation. This improved
turbine model was verified experimentally, both with and without a diffuser, and

was found to accurately predict the power output of the rotor.

A set of experimental results has been generated for representative diffuser

geometry, along with a detailed procedure for their generation. This being the most
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detailed set of experimental results for a diffuser augmented tidal stream turbine yet

generated. The effects of yaw on diffuser augmented devices have been clarified.

The performance of a diffuser augmented tidal stream generator is assessed for
the first time with a full assessment of hydrodynamic conditions. It is shown from a
survey of historical diffuser augmented devices from both the wind and tidal sectors
that no device has previously exceeded the peak power coefficient of a bare turbine.
The device derived here also performs less efficiently than the bare rotor equivalent.
It is shown however that the impact of turbulence and flow yaw on a ducted rotor is
substantially different to that seen in a bare rotor. The diffuser augmented device is
shown to exhibit limited performance degradation at yaw angles of up to £30°, with

performance improving in highly turbulent flow typical of a tidal channel.

Finally, the economics of diffuser augmented tidal stream generators are
examined. Using a capital expenditure, operating and maintenance cost model built
from previous studies and benchmarked against current commercial devices the cost

of electricity is calculated and device configurations are contrasted.

1.4. Thesis Structure

The research presented in this thesis can be broken down into five sections:

1. The first two chapters, the introduction and literature review, provide
an overview of the current state of tidal stream generation and how
this fits into the broader need for renewable energy. The history,
previous research and performance parameters defined in the literature
are then summarised and presented. The necessity and basis for the
work contained within this thesis are set out.

2. The next two chapters detail the numerical methodologies employed
within this thesis and the results of the models. Methodologies are
presented for geometry optimisation, computational fluid dynamics and
the improved turbine modelling. The results of analyses of diffusers
and diffuser augmented turbines are then presented.

3. The following two chapters provide information on the experimental
methodology used within this thesis and the results of the testing. The
design and construction of the test apparatus along with the

measurement techniques and methods are provided. The results of the
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tests are detailed and a comparison of the experimental results with
those of the numerical models is presented.

Chapter 7 contains the assessment of the economics and power
generation potential of a diffuser augmented tidal stream generator.
The basis for the cost model is detailed along with the methodology
and input data used for the assessment of the device performance. The
output data from the assessment of a realistic tidal site using both bare
and ducted rotors is presented.

The final part of this thesis draws together the information learned
from the various investigations. The information is then used to
produce conclusions on the performance of tidal stream generators,
with a detailed comparison of bare and diffuser augmented units being
drawn. Overall conclusions from the work presented are made and

recommendations for future work are provided.
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2. Literature Review

2.1. Tidal Stream Generation Environment

The tidal stream environment provides significant fluid dynamic complexity to
the design and operation of generation devices. The flow velocity varies temporally,
both over large timescales associated with the tides and short time scales associated
with flow turbulence and free surface effects. The flow also varies spatially due to
bathymetric effects and the effect of shear from the bed. This section provides a

brief overview of these factors and the effects that they can have on a device.

2.1.1. Freestream Energy
The kinetic energy available in a freestream tidal flow is a function of the fluid

density, the volumetric flow rate and the fluid velocity as seen in Equation 1.
P = 1/2 MpoUy” = 1/2 PARoUy* Equation 1

As can be seen from Equation 1, it is clearly beneficial to site generating units
in areas with high flow velocities, as the available power is proportional to the cube
of the velocity. The maximisation of velocity at the turbine plane is one of the key

motivations for the augmentation of turbines through the use of ducting systems.

2.1.2. Tidal Stream Currents

The power available in a tidal stream is derived from the movement of large
bodies of water between areas of differing elevation induced by lunar and solar
movement relative to the earth [27]. Tides affect all seas and oceans, but the extent
to which they generate the conditions for tidal energy extraction is highly dependent
upon the tidal regime present at each individual site [28]. The tidal regime is
informed by the bathymetry of the location and its surroundings and constraining of
the flow by nearshore land masses [29]. The magnitude and direction of the flow
velocity will change temporally and spatially due to the interaction of the tides with
the complex nearshore and bathymetric situations [30-33]. These variations have an

impact upon the generation potential of a tidal stream generator.

Since the tides are driven by the movement of the moon in the short term and
the sun on a longer term basis, they are highly predictable. Most locations around
the world experience semi-diurnal tides, with a period of approximately 12.5 hours.

Other locations experience diurnal tides or mixed tides depending upon the local




2 LITERATURE REVIEW

geography [27]. Over a longer timescale of approximately 29.5 days the interaction

of the sun with the moon creates the larger spring tides and the smaller neap tides.

2.1.3. Vertical Velocity Profile

The velocity throughout the depth of the water column in a tidal current flow
changes greatly as it is subject to shear from the seabed. There are a variety of
models which have been used to simplify this profile [31], the most commonly used

being the 1/7™ power law [30] as seen in Equation 2.

/7 :
z
Ux = Us o (3) Equation 2

As a result of the velocity profile, the position of the rotor within the water
column will have a significant impact upon the performance of a turbine. It is
recommended that the turbine is kept away from the bed to maximise output and

from the free surface to minimise wave effects and the impact on navigation [34].

The effect that the velocity profile has on the modelling of a tidal stream
device was quantified by Mason-Jones et al. [35]. A combination of experimental
and numerical data was used to verify non-dimensional relations of turbine
performance for both uniform and profiled flow cases. It was concluded that in a
uniform flow, so long as the volume averaged velocity across the turbine plane is
used to calculate the coefficients relating to the performance of the device, the

results were within 2% of those found with a vertical velocity profile.

2.1.4. Environmental Turbulence

The environment within which tidal stream generators operate is one with a
significant degree of turbulence, with turbulent intensities at hub height typically
being around 10% [36, 37]. The turbulence generation is primarily driven by the

complex bathymetry in the vicinity of sites suitable for tidal stream generation.

The effect of turbulence on the performance of tidal stream generators is a
source of ongoing research efforts. Maganga et al. [38] performed experimental tests
on a horizontal axis turbine in a flume tank with a blockage ratio of 3.5%. The
performance of their device was assessed at two turbulence intensities, 8% and 25%,
over a range of tip speed ratios. It was found that the effect of the increased
turbulence intensity was to reduce the peak power and thrust coefficients of the

rotor by 14% and 13% respectively.
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2.2. Horizontal Axis Turbine Physics

2.2.1. Theoretical Limits to Power Extraction

The extractable power available to the turbine is lower than that in the
freestream flow due to the relationship between the change in momentum across the
rotor plane and the mass flow rate. The available power is a function of the mass
flow rate through the rotor and momentum change induced by it. If the velocity at
turbine exit is zero, it therefore follows that the mass flow rate across the rotor is
also zero, meaning zero power production. The Betz limit [39], or more precisely the
Lanchester-Betz-Joukowsky limit [40] states that the maximum energy capture for
an infinitely thin rotor is only 59.3% of the available energy. This limit is based on
the application of momentum balance across the rotor with several assumptions.
These assumptions are that the flow is axial, incompressible, has a constant
upstream velocity and that the rotor does not possess a central hub or have any
mass. It can be shown that maximum power extraction occurs when the downstream

wake flow velocity is reduced to one third of that of the freestream velocity.

Limitations of the Betz model were noted and evaluated by Gorban et al. who
derived a new model known as the GGS model for the evaluation of the maximum
efficiency limit [41]. This model uses curvilinear flow and a velocity distribution
across the blades to overcome some of the simplifying assumptions made in Betz’s
theory. Solution of the GGS model places the maximum efficiency of a plane rotor
at 30.1%. This solution is overly conservative as devices with efficiencies greater

than this have been tested in both wind and tidal environments [42].

2.2.2. Blade Forces and Power Output

A horizontal axis turbine generates power from the kinetic energy of a fluid
through the use of profiled blades, which induce streamline curvature of the fluid
and therefore generate a lift force. This force, which acts on the blade, is
perpendicular to the local relative flow velocity and is what drives the turbine. As a
direct consequence of the generation of lift, a force is generated which acts in the
opposite direction to the lift and acts on the fluid. In addition to the lift force of the
blade there is also a drag force generated as the blade passes through the fluid. The
drag force also induces an opposing force in the fluid adding to the turbine thrust.
These forces and the directions in which they act relative to the blade section can be

seen diagrammatically in Figure 6.

11
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Figure 6: Forces on an aerofoil /hydrofoil section

It is the interaction of the various forces generated that drives the rotation of
the turbine, generates power and causes the wake to possess the structure which it
does. For a detailed treatment of the method of power production of a bare rotor

the reader is referred to Manwell [43], Spera [22] or de Vries [44].

2.2.3. Wake of a Horizontal Axis Turbine

There are two main effects which the turbine blade forces cause on the wake
of a horizontal axis turbine, a wake velocity deficit and a bulk swirling of the flow.
The wake velocity deficit is caused by the thrust force which is exerted by the rotor
on the fluid. This thrust force causes streamline expansion of the incoming flow
around the rotor, which due to continuity means that the flow in the wake must
move more slowly than the freestream flow. The wake swirl is induced by the rotor
as a result of Newton’s third law. Since the interaction of the fluid with the rotor

forces rotation of the turbine, the turbine must force rotation of the flow.

The velocity deficit and turbulence characteristics of the far wake of a
horizontal axis tidal stream generator are a source of interest as they determine the
interaction of devices within an array [45]. The near wake structure will affect the
power generation potential of the device [38]. There has been progress made in the
study of the far wake with uniform actuator disc models [46-50|, though these

models cannot fully capture the device’s impact upon the flow due to the omission

12
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of effects such as swirl and turbulence generation. The effect of the omission of the

interaction between the near and far wake is still unknown [47].

Experimental work to characterise the wake was conducted by Bahaj et al. [51]
in a hydraulic flume with a cross section of 1.37 m width and a depth of 0.50 m.
This work utilised a range of porous discs of 100 mm diameter and investigated the
wake recovery. It was found that the far wake is similar across all thrusts after
approximately 6 turbine diameters downstream. The structure of the near wake was
not assessed and the study was limited by the approximation of the turbine as a

disc, omitting swirl and tip vortices and assuming a uniform resistance profile.

Maganga et al. [38] performed experimental tests on a horizontal axis turbine
in a flume tank with a blockage ratio of 3.5%. For the wake tests, the three blade
rotor was operated at a tip speed ratio of 18 and a Reynolds number, based on the
rotor diameter and freestream velocity, of Regyy,, = 6.4 X 105. It was found that the
wake structure and velocity deficits are highly dependent upon the overall level of
turbulence in the wake. It was also found that the wake structures are similar to
those exhibited in wind turbines, though as a result of the experimental parameters

direct comparison with wind turbines was not possible.

The swirl level in the wake of a horizontal axis tidal stream generator was
investigated by Morris et al. [52]. The level of swirl was investigated using
computational fluid dynamics results from rotors with a range of blade numbers and
tip speed ratios at a Reynolds number, based on the rotor diameter and freestream
velocity, of Regoy,, = 3.1 X 107. It was found that the near wake of the turbine
forms a Rankine vortex but that the swirl was of insufficient strength to impact
upon the axial velocity of the flow. For a three bladed rotor operating at a tip speed
ratio of 2, the swirl in the wake was found to be weak, with a peak normalised swirl
velocity of Ug /U, = 0.50 at x/Rp, = 0.2, degrading to Ug /U, = 0.198 at x/Rg, = 2.

These values correspond to swirl angles of 26.5° and 11.2° respectively.
2.3. Diffuser Flows

2.3.1. Purpose and Mechanism of a Diffuser

Diffusers are used to slow the inlet fluid and recover the flow’s kinetic energy
in the form of pressure. This recovery of the turbine exhaust’s kinetic energy allows
for a significantly reduced pressure at the inlet [53|. Diffusion is the process whereby

as the flow expands from the inlet it must lose velocity, but the energy (neglecting

13



2 LITERATURE REVIEW

loses) must remain constant and so the pressure must rise. As a result the diffuser

performance is tied to the ratio of the inlet and outlet areas [54].

In reality the flow within a diffuser is more complex and is dominated by the
boundary layer flow on the diffuser interior surface. The design of the diffuser and
the flow conditions within the diffuser will determine the state of the boundary layer
along the interior walls of the diffuser. If the flow is poorly conditioned, something
that is dealt with later in this chapter, or the diffuser is poorly designed, flow
separation will be induced. When flows separate from diffuser walls, losses are
induced in addition to a reduction in the effective cross sectional area of the diffuser.
This means that factors which cause adverse pressure gradients such as the
divergence angle and curvature of the walls are of particular interest. The effect of
the interaction between the area ratio and rate of expansion on the flow attachment
can be seen in Figure 7, which shows the conical diffuser flow regimes with a

uniform inlet flow profile, for a range of area ratio and wall angles [55].
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Figure 7: Flow regime boundaries for conical diffusers [55]

Typically, horizontal axis tidal turbine designs will employ a hub, situated on
the diffuser axis, to house the generating and electrical gear for the device [56]. The
inclusion of a hub within a diffuser design changes the type of diffuser and hence the

flow dynamics. Figure 8 shows the diffuser types which are most pertinent to
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diffuser augmentation of tidal stream turbines. As most turbine designs employ a
hub which is of a limited radius, the geometry of the diffuser used for augmentation
of tidal stream generators can best be thought of as a combination of a conical and
an annular diffuser as seen in Figure 8. As a result of this combination there may be
fluid dynamic effects from both types of diffuser present, depending upon the

position within the diffuser and the relative component sizes.

Conical Annular Tidal Stream
Figure 8: Axisymmetric diffuser geometry terminology

Commonly the performance of a diffuser is expressed by the static pressure
recovery coefficient. This coefficient relates the pressure recovery from diffuser inlet
to exit to the dynamic head at inlet as seen in Equation 3. Note that the values
used in Equation 3 are area averaged values.

Cpr = % Equation 3
/ 2PN

The ideal pressure recovery is that which would occur in an idealised diffuser
with no losses or flow separations. The ideal pressure recovery is a function of the
area ratio between the diffuser inlet and outlet as expressed in Equation 4. The
diffuser efficiency is an expression relating the actual and ideal pressure recovery
coefficients as a measure of the diffuser efficiency. The diffuser efficiency ranges from
no diffusion at 0, to unity with an ideal diffuser. The diffuser efficiency can be

expressed as in Equation 5.

A
Corgoas = 1 — (A_:_,) Equation 4
C
&= C Pr Equation 5
PTldeal

2.3.2. Effect of Reynolds Number on Diffusion
The Reynolds number will impact upon the flow in the diffuser as it will

impact upon the boundary layer growth and separation along the interior surfaces.
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McDonald et al. [57] investigated the effect of Reynolds number on a range of
geometries of conical diffuser using water as the working fluid. Tests were conducted
for Reynolds numbers, based on the diffuser throat diameter and flow velocity, in
the range Rep;y,, = 5.0 X 103 to Repiy,; = 1.0 X 10°. It was found that there were
significant Reynolds number effects below Rep;y . = 7.0 X 10* , which were
attributed to laminar separation downstream of the throat. When the Reynolds
number is greater than Rep;y,. = 7.5 X 10%*, the flow was turbulent at inlet and the

Reynolds number influence ceased.

Gibson [58], Patterson [59] and Cockrell et al. [60] investigated the effects of a
range of Reynolds number on conical diffusers with incompressible flow. The
Reynolds numbers in these studies were calculated based on the diffuser throat
diameter and flow velocity. Patterson and Cockrell et al. found that Reynolds

number effects are negligible above a Reynolds number of Rep;y,, = 3.5 X 10%, with

Gibson finding that dependency ceased at Rep;y,, = 5.0 X 10%.

The literature, which is summarised in Table 1, suggests that the main effect
of the Reynolds number is to alter the inlet boundary layer profile and impact the
diffusion through boundary layer development. The effect of the inlet boundary
layer profile will be examined in more detail in Section 2.3.4. There is however

broad agreement that at Reynolds numbers higher than Rep;y,, = 7.5 X 10* there

should not be any significant Reynolds dependency remaining.

Author Year Diffuser Type Reynolds Independence Above
Gibson 1912 Conical Re = 5.0x10"
Patterson 1938 Conical Re = 3.5x10"
Cockrell et al. 1963 Conical Re = 3.5x10"
McDonald et al. 1966 Conical Re = 7.5x10"

Table 1: Summary of papers pertaining to Reynolds dependence of diffusion

2.3.3. Effect of Swirl on Diffusion
The effect of inlet flow swirl on the performance of diffusers is of importance
as the wake of a turbine will generate a degree of flow swirl. Study of the impact of

swirl on the performance of the diffuser has been approached by several authors.

Fox et al. [61] investigated 24 conical diffuser geometries at a Reynolds

number, based on the diffuser throat and flow velocity, of Rep;y, = 1.5 % 105, with
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inlet swirl angles of up to 22°. It was found that swirling inlet flow did not affect the
performance of lightly separated or unseparated diffusers, however for those with
larger separation, significant performance increases were obtained. It was shown
that to achieve a prescribed pressure recovery, the diffuser can be made shorter for

the same area ratio with the introduction of swirl.

Lohmann et al. [62] investigated the effect that inlet swirl had on annular
diffusers formed of two cones, with a varying cant angle on the hub wall, which
exhausted to the atmosphere. The Reynolds number was Rep;y,, = 1.3 X 10°, based
upon the distance between the walls and mean flow velocity at inlet. It was found
that when the cant angle of the hub was zero, when the hub walls were parallel to
the axis, the diffuser effectiveness was increased by 9.7% by the addition of inlet
swirl at an angle of 30°. In this case the area ratio was 1.5 and the ratio of the
length to the inlet radius was 10. The presence of swirl was found to move the
separation from the external wall to the hub wall of the diffuser, though in these

experiments the hub radius was greater than the inlet height.

Elkersh et al. [63] examined the effect of inlet swirl and diffuser geometry on
equiangular annular diffusers. Testing was undertaken on three geometries with
different lengths, interior angles and area ratios at Reynolds numbers, based on the
diffuser throat diameter and flow velocity, around Rep;y,, = 3.0 X 105. It was found
that for all geometries the inclusion of swirl of up to 30° increased the pressure
recovery, but that beyond this angle the recovery dropped. This trend in the
pressure recovery was due to the suppression of the wall separation at lower swirl

angles and induced separation from the hub once beyond 30° of swirl.

Kumar et al. [64] found that for a range of straight-walled annular diffusers
with Reynolds numbers, based on the diffuser throat diameter and flow velocity, in
the range Rep;y,, = 1.8 X 10° to Repiyp;, = 2.9 X 105, the effect of swirl was to
increase the pressure recovery up to a critical swirl angle, and to adversely affect it
thereafter. Swirl was more beneficial in cases where there was appreciable flow
separation for axial diffuser flow, with an optimum swirl angle of 25° being reported
to increase pressure recovery by 18%. The mechanism for the improvement in
pressure recovery was the suppression of separation on the diffuser wall, with the

degradation at larger angles assigned to excessive rotational kinetic energy losses.
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Clausen et al. [65] examined the influence of swirl on the boundary layer of a
conical diffuser with an included angle of 20° at a Reynolds number, based on the
diffuser throat diameter and flow velocity, of Rep;y,, = 2.0 X 105. It was found that
greater swirl tends to suppress flow separation from the diffuser at the expense of
the generation of a region of flow circulation on the diffuser axis. The presence of

swirl was found not to directly affect the boundary layer turbulence.

Cerantola and Birk [66] investigated the influence of swirl on a diffuser where
the inlet flow was exhausted through a negative wall angled annular diffuser around
an elongated centrebody into a conical diffuser section. Reynolds numbers, based on
the diffuser throat and flow velocity, in the range Rep;y,, = 0.9 X 10> to
Repiy,,; = 2.2 X 105 were examined with inlet swirl angles in the range 0° to 42°. An
increase in the pressure recovery if the swirl angle was increased up to 11.5° was
found, but that it dropped off rapidly thereafter. The reduction was caused by the
formation of a large region of recirculation behind the rear of the centrebody. This
suggests that the optimum swirl angle is lower than in previous studies, though this
is due to the negative wall angles reducing separation on the diffuser wall. As the
influence of swirl in previous studies was the suppression of diffuser wall separation

it is therefore not surprising that limited gains were found when none is present.

There is broad agreement in the literature, which is summarised in Table 2,
that moderate flow swirl can improve diffuser performance, particularly where
separation occurs with no swirl present. The improvement is found to be most
significant when the swirl angle is between 25° and 30°, and is generated through
suppression of separation on the diffuser wall. At larger swirl angles the performance
drops due to a combination of hub separations and rotational kinetic energy losses
through skin friction on the diffuser wall. The swirl from a horizontal axis wind
turbine, comparable to those examined in this thesis, was found by Medici et al. [67]
to be 15° at one turbine diameter downstream, at tip speed ratios around the
maximum efficiency point. It is therefore likely to be the case that diffuser inlet
swirl at high turbine loadings typical of high power capture will be beneficial to the
diffusing potential. At low rotor loadings the swirl is unlikely to be of a magnitude

significant enough to effect the diffusion.
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Author Year  Diffuser Re Effect(s) of Swirl
Little impact where flow does not separate

Fox et al. 1971 Conical 1.5x10° Acts to suppress separation and increases
pressure recovery

Performance increased by suppression of
diffuser wall separation

Divergent 5
Lohmann et al. 1979 A © 1.3x10° Excessive swirl moves separation from
nnular ;

diffuser to hub wall
Optimum swirl is around 30°

Di ont 1.8x10% ¢ Performance increased by suppression of

Kumar et al. 1980 tvergen ox ,O diffuser wall separation
Annular 2.9x10°

Optimum swirl is around 25°

Performance increased by suppression of

diffuser wall separation

Equiangular

Elkersh et al. 1985 3.0x10° Excessive swirl moves separation from

Annular
diffuser to hub wall
Optimum swirl is around 30°
Clausen et al. 1993 Conical 2.0x10° Swirl acts to suppress diffuser wall

separation and generate hub recirculation

Negative wall Excess swirl acts to create a recirculating

0.9x10” t
Cerantola & Birk 1993 angle annular X107 to

. . 2.2x10°
into conical x Optimum swirl is around 11.5°

zone behind the centrebody

Table 2: Summary of papers relevant to the swirl dependence of diffusion

2.3.4. Effects of Turbulence, Transience and Boundary Layers

The effect of inlet turbulence on a plane walled diffuser was investigated by
Hoffman [68]. Turbulence was generated using a set of rods which were orientated
either between the two diverging walls or between the two end walls. The Reynolds
number, based on the diffuser throat diameter and flow velocity, for all experiments
was Repy,, = 7.8 X 10*. It was found that turbulence aided in the attachment of
the flow to the diffuser walls and that the pressure recovery performance was
increased for all conditions tested. An integral length scale of >7 times the inlet
boundary layer displacement thickness and an intensity >3.5% provided the greatest
benefit. An eddy orientation parallel to the wall and perpendicular to the flow was
found to be the most beneficial. For an included angle of 20°, the peak pressure

recovery coefficient was increased by 9.8%.

Further work by Hoffman [69] using the same diffusers and inlet conditions as
previously [68] found that with high turbulent intensity (5%), small integral scale
inlet turbulence, the pressure recovery coefficient for the 20° included angle diffuser
could be increased by 22%. This improvement was assigned to the turbulence

delaying separation and reducing flow distortions due to increased mixing.
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Azad et al. [70, 71| investigated turbulent flow in a conical diffuser. It was
found that the structure of the turbulence was more uniform close to the diffuser
axis, but as the wall region was approached the magnitude of the turbulent
orientations changed. The axial and circumferential components of the turbulence

peaked at the wall and the radial component at the boundary layer interface.

Klein [72] reviewed the literature on the effects of inlet conditions on conical
diffusers and found that an increased turbulent intensity increased the pressure
recovery potential. The primary influence of the turbulence was stated to be the
enhancement of turbulent mixing between the boundary layers and the remaining
flow. It was noted that fully developed pipe flow at inlet produced a higher pressure
recovery than uniform inlet flow. The influence of the Reynolds number was stated
to be caused by its effect on the state of the boundary layer. The designs surveyed
where the boundary layer had transitioned ahead of the diffuser were found to

perform independently of the Reynolds number.

Fox et al. [73] investigated the flow regimes of curved diffusers with a range of
flow turning angles at Reynolds numbers, based on the diffuser throat diameter and
flow velocity, of up to Rep;y,, = 3.9 x 10*.  The diffusers tested encountered the
same flow regimes as straight walled diffusers, though at different area ratios
depending upon the wall curvature. Stall inception was found to be a function of the
included angle, turning angle and aspect ratio. It was found that for diffusers with
turning angles of less than 30°, the conditions for the first appreciable stall were the

same as for straight walled diffusers where the other parameters remained constant.

Dean [74] surveyed literature on the impact of the outflow from a compressor
or centrifugal pump as the inlet flow to vaneless diffusers and attempted to model
the flow theoretically. It was found that diffuser transience cannot be modelled with
the use of axisymmetric inlet data and that total pressure loss in a diffuser may be

reduced by the distortion of the flow accompanying turbomachine exit conditions.

Adenubi [75] assessed the impact of turbomachine exit flow conditions as the
inlet conditions for an annular diffuser. A two stage compressor was used to
generate a range of swirling turbulent inlet flows. It was found that the periodic
unsteadiness in the wake was caused to dissipate rapidly by the diffuser, but that
this generated high turbulence intensity flow. This increased intensity was found to

improve diffuser performance over that for low turbulence, axial inflow conditions.
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Zeier [76] investigated four annular diffuser geometries with a one stage
compressor outflow as the inlet flow to the diffuser. It was found that the increased
turbulence level in the flow leads to considerably higher pressure recoveries than for

low turbulence, steady axial inflow due to the delay in flow separation.

Senoo et al. [77] examined the effect of aerofoil type vortex generators
installed 0.4 throat diameters upstream of the inlet of conical diffusers with a range
of divergence angles and area ratios of 4. The tests were conducted at Reynolds
numbers, based on the diffuser throat diameter and flow velocity, of between
Repiy,, = 3.0 X 10° and Repiy,, = 7.0 X 10°. It was found that the presence of the
vortices helped to suppress the separation of the flow from diffusers which would
ordinarily separate. The number and angle of generators was found to be important,
with a greater number of more heavily angled generators providing a better pressure
recovery. The pressure recovery was found to be increased to the equal of the best

conical diffuser for a prescribed area ratio through the use of the generators.

ESDU [55] summarised the research on vortex generators and provided a guide
to their design for maximising pressure recovery. The vortex generators promote
mixing between the boundary layer and bulk flow, increasing boundary layer
momentum and preventing flow separation. It is suggested that the use of vortex

generators alone is not an efficient means of control at half angles of over 15°.

Lengani et al. [78] investigated the use of low profile vortex generators within
an asymmetric planar diffuser, with the generators mounted on the side parallel to
the inflow. The generators were able to reduce losses within the diffuser by 50%, due

to increased boundary layer mixing and suppression of flow separation.

Santner et al. [79] examined the influence of low profile vortex generators on
the flow through an annular S-shaped inter-turbine diffuser and a 2D diffuser with
the same radial curvature. It was found that for the 2D diffuser the vortex
generators suppressed the flow separation. In the S-shaped inter-turbine diffuser
total losses were increased by the presence of the vortex generators, despite the
reduction in separation. This effect was said to be caused by the unsteady flow onto
the generators preventing the formation of steady vortices. It could be inferred
therefore that steady vortex structures, such as those emanating from a turbine

blade tip at constant speed would improve the overall device performance.
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Table 3: Summary of papers relevant to the dependence of diffusion on turbulence,

transience and boundary layer development
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Zhang et al. [80] examined the effect of a Karman vortex generator on the
diffusion within a conical diffuser. The Karman vortex generator is a ring torus of a
diameter slightly smaller than the diffuser throat, mounted in the diffuser throat.
The shape of the torus induced the formation of a von Karman vortex street which
oscillates perpendicular to the diffuser wall direction. Through the suppression of
separation it was found that the pressure recovery could be improved by 97% over

the uncontrolled case, with a ring radius of 0.77R; and a thickness of 0.077R;.

The literature, as summarised in Table 3, suggests that an increased turbulent
intensity aids the diffusion potential of a diffuser through mixing and increased
boundary layer momentum. The increase in momentum of the boundary layer flow
prevents separation from the interior of the diffuser and increases the diffusion
potential. It is suggested that the interaction of the transience from turbomachines
with the diffuser breaks down periodic functions, generating high turbulence
intensities and small length scales which further aid pressure recovery. The use of
vortex generators has been shown in the literature to improve the pressure recovery
performance of diffusers. It could be inferred from the literature that rotating
vortices of constant strength, such as would be found in the wake of a horizontal
axis tidal turbine would be likely to improve mixing of the boundary layer flow,

postpone flow separation and improve performance.

2.3.5. Effect of Axial Velocity Profile and Diffuser Wall Jets

The effect of the axial velocity profile on the performance of a diffuser was
noted by ESDU [54], who stated that the pressure recovery performance of a diffuser
can be increased if the inlet flow profile is of a wake shape. The wake velocity profile
being characterised by increased wall velocities with a reduced centreline axial
velocity. The danger of reducing the centreline velocity too far and inducing a region

of flow recirculation on the centreline was noted.

Nicoll et al. [81] tested the impact of annular injection immediately
downstream of the diffuser inlet on the pressure recovery performance of three
conical diffusers with included angles of 10°, 20° and 30° and a constant area ratio of
3. The tests were conducted with axial inlet flow at Reynolds numbers, based on the
diffuser throat diameter and flow velocity, of between Rep;y, = 4.5 X 105 and
Repiyp,, = 91 X 105. It was found that an improvement in the pressure recovery of
130% over a design without injection was possible, with a mean injection velocity

which was between 110% and 120% of the inlet mean velocity.
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Kwong et al. [82] investigated active boundary layer control using blowing of
wall jets for a conical diffuser with a range of included angles and Reynolds numbers.
Methodologies used were steady annular blowing, steady blowing from discrete
circumferential nozzles and actively controlled transient blowing from discrete
circumferential nozzles. It was found that for a 16° included angle diffuser at a
Reynolds number, based on the diffuser throat diameter and flow velocity, of
Repiyp,, = 3.0 X 105, that steady discrete circumferential blowing and steady annular
blowing could increase the pressure recovery coefficient by 150% and 167%
respectively, when the area normalised mass flow rate of the jet was 18% higher
than the bulk flow. The pressure recovery from the transient blowing from discrete
circumferential nozzles was stated to remain the same as for steady blowing, but

was able to attenuate frequency effects as desired and reduce flow noise.

Lo et al. [83] investigated the transition of flow from an annular inlet to a
conical diffuser section, as might be found in a diffuser augmented tidal stream
generator. The inflow had a turbulent boundary layer on both the diffuser and
centrebody walls and the option of Coanda blowing around the curved rear of the
centrebody. It was found that the flow was prone to separating from the rear of the
centrebody without blowing, but that blowing could suppress this. Blowing of too
large a magnitude caused the flow to separate from the diffuser wall. A wake vortex
formed at the rear of the centrebody during blowing, formed by the pressure
distribution within the duct as the inflow had no swirl component. The diffuser

performance was stated to be tied to the separation from the hub.

Author Year Diffuser Inlet Profile Effect(s) of Inlet Profile
Improvement of pressure recovery in diffuser
Developed flow with by 130% possible with jet

annular injection jet  Optimum jet velocity between 110-120% of the

mean flow velocity

Nicoll et al. 1970 Conical

Performance increase due to elevated wall

. velocity relative to centreline
ESDU 1976 Range Wake shape . . )
Reduction of centreline velocity too far leads to

recirculating zone

Pressure recovery increases of 150% and 167%

Range of wall blowing for discrete and annular blowing respectivel
Kwong et al. 1994 Conical nge of w wing g resy y

techniques Transient discrete blowing enabled attenuation
of specified frequencies
1 Blowing all suppressi f centr ki
Lo et al. 2012 Conical Centlebo.dy wa owml? allows suppression of centrebody wake
blowing separation through Coanda effect

Table 4: Literature summary on the effects of axial velocity profile on the diffusion
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There is agreement within the literature, which is summarised in Table 4, that
the pressure recovery performance of a diffuser can be increased through the
application of wall jets. These jets act to delay separation from the diffuser interior
surface and increase the volume in which diffusion can occur. The tip gap jet formed
between a turbine and the casing is therefore likely to improve diffuser performance
and hence increase the duct velocity. The jet thicknesses are small relative to the
bulk flow. It could be expected that as the size of the gap and jet grow, there would
be a loss of energy to the turbine as the flow is redirected. The hub wake is stated

to have a more limited impact upon the performance of the diffuser.

2.4. Diffuser Augmented Turbines

The study of diffuser augmentation of horizontal axis turbines has been
mooted for many years, with a large body of study within the wind energy industry
[24, 25, 53, 84-98|. In recent years there has also been an interest in the potential for
diffuser augmentation of tidal stream turbines [26, 99-110].

2.4.1. Physics of Power Augmentation

The augmentation available from ducting comes from an increased mass flow
rate, which increases the flow velocity at the rotor plane [24, 26, 84, 92, 96, 108|.
The main mechanism for increasing the mass flow rate is a reduction of the pressure,
both at the rotor plane and the diffuser exit, to below that which would be possible
to sustain for a bare turbine. This pressure reduction causes additional flow to be
drawn into the duct. Since the cross sectional area of the duct is fixed at the rotor,
continuity means that an increase in the mass flow rate causes an increase in the
flow velocity. As can be seen from Equation 1, this increase in the velocity causes an

appreciable increase in the power available for extraction by the rotor.

Ducts use a variety of methods, such as nozzles, diffusers and flanges to reduce
the exit pressure, maximise the flow velocity and draw more fluid through the rotor
plane. The degree of augmentation available will depend upon the duct design and
the interaction of the duct with the turbine [26]|. Various types of ducting have been
proposed, ranging from simple geometries with only a diffuser, to more complex ones
integrating the use of aerofoils with slotted diffusers. The main components that are

used in ducting are inlet nozzles, diffusers and exit plane flanges.
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2.4.2. Quantifying Device Efficiency

Whilst the theoretical limitations of Section 2.2.1 still apply to turbine units
when ducted, the power output can be increased via an increase in the mass flow
rate across the rotor [24, 84]. The augmentation quantifies the ability of the duct
surrounding the rotor to increase the flow rate through the rotor rather than a
change in the physics underlying the conversion of energy. In order to provide an
accurate comparison of devices, a number of metrics have been proposed, the most
simplistic of which is using the turbine power coefficient as defined in Equation 6.
This metric is easy to understand and provides a useful comparator to the
performance of other devices but does not reflect the need to make best use of the
channel cross section. It can also give the impression of a performance which is

superior to a bare rotor without properly quantifying the effect of the duct.

P

B I — Equation 6
1/2 ono3ARO

CPRo

An augmentation factor is defined by Igra [94] as in Equation 7. The
augmentation factor uses the pressure drop across the turbine and the volumetric
flow rate through the turbine to express the power available to the ducted unit,
which is then normalised by the comparable freestream energy, limited by the Betz
limit. This equation compares the power output from a ducted turbine with that of
an ideal bare turbine. This metric is not however very intuitive and provides a poor

comparator of performance relative to a bare turbine.

ApROVRo

G =
0593/ pU., Ag,

Equation 7

Belloni and Willden [99] proposed the use of the basin efficiency, defined as
the output power from the turbine normalised by the overall power removed from
the flow by the presence of the device, as shown in Equation 8. This metric is useful
when considering the effect of a device upon the performance of an array of devices,
but is again a less intuitive comparator of relative device performance. This metric
is easily calculable from CFD data but would be problematic in the real world as

the data far upstream and downstream of the device is most often unknown.

P
- (PeUxdA) inrrow — @eUxdA) ourrLow

¢ Equation 8
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In order to simplify the assessment of the relative power output and to reflect
the need to make best use of the available channel cross section, it is proposed that
the power coefficient based on the duct’s outer area is used. This metric, as defined
in Equation 9, enables a more direct comparison of the relative performance of

devices and prevents the appearance of potentially misleading performance figures.

Crp; = m Equation 9
2.4.3. Theoretical and Numerical Modelling of Augmented Turbines

Fletcher [88] used blade element theory and assumptions of the diffuser
performance to examine the theoretical performance of bare and diffuser augmented
turbines. The model showed broad agreement with the experimental data which was
used to verify it. It was noted that the use of screens for the modelling of diffuser
augmented turbines may under predict their output power by up to 30%. The
optimum solidity of a turbine was estimated to be between 0.10 and 0.15, depending

upon the blade section used for the rotor construction.

Loeffler [111] applied the method of singularities to the calculation of the flow
field within a slotted diffuser. It was found that this model provided agreement to
the flow field found in this case, as the slots prevent flow separation meaning that
an inviscid approximation holds to some extent. For diffusers with some degree of

separation this method is likely to be ineffective in its prediction of the flow.

Dick [112] applied momentum theory to investigate the power capture limits
of wind energy concentrator systems. It was found that the limit on the outer area
power coefficient of the device may be increased by a factor of 1.3 above the Betz
limit. The author qualifies that this prediction is based upon simplifications and

that the experimental data used for verification was taken from small scale models.

Hansen et al. [92] used an actuator disc model implemented within CFD to
analyse the performance of a diffuser augmented wind turbine. The model was
verified for a bare turbine against one dimensional theory and the diffuser was
placed around the rotor and again verified against one dimensional theory. The
author states that the power augmentation cannot exceed the cube of the increase in
the throat velocity and that an actuator disc model is sufficient to model the flow in
the diffuser. The statement that diffuser augmented flow can be adequately

modelled by an actuator disc rests on invalid assumptions however. The CFD model,
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where no flow swirl or turbulence are present is validated against one dimensional

theory, where again these effects are not present.

Lawn [113] used one dimensional theory to examine the power production
possibilities of a diffuser augmented turbine. By modelling the duct using prescribed
efficiencies for the inlet and diffuser geometries and using this to calculate the
momentum balance, an analysis of different operating conditions was completed. It
was found that if an efficient diffuser is coupled with a lightly loaded rotor then a
power enhancement of 33% over a bare turbine of the same outer diameter can be
achieved. If the relative areas were taken into account the power coefficient would
most likely be lower than the equivalent bare rotor. This approach is based very
heavily on correct estimation of the duct’s swallowing capacity from the efficiencies

and would therefore require validation of the results before use.

Werle et al. [114] utilised a one dimensional analysis of a diffuser augmented
flow to express the likely effect of a diffuser on power production and found that it
is dominated by the duct’s non-dimensional force coefficient. This model is validated
against the CFD data of Hansen [92]. The model matched the CFD data well at low
turbine thrusts, but as a one dimensional model fails to predict the separation in the
diffuser, at high turbine thrusts the model becomes invalid. It should also be noted

that the data against which it is validated is itself limited as previously discussed.

A one dimensional modelling methodology based on momentum theory was
presented by van Bussel [24]. It was found that the augmentation potential of a
ducted unit was tied to the mass flux through the rotor plane and predicted that the
rotor behaved exactly as it would for a bare turbine in a higher velocity flow with
an optimum pressure drop of 8/9 of the local dynamic pressure over the rotor plane.
It was found that the means to increase the mass flux was a reduced diffuser exit

pressure. This model was again validated against Hansen’s [92] CFD data.

Phillips [25] used a modified blade element momentum method to predict the
performance of a diffuser augmented wind turbine. The effect of the diffuser was
incorporated using an empirical equation for the throat velocity. The model showed
good agreement with the experimental results when amended data for the lift and
drag of the blade sections was used. The limitations of this model are that the

empirical equation requires experimental data to be fitted and is only valid for that
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specific diffuser and rotor geometry. The requirement to have experimental data

before calculating the power means that this model is ineffective as a design tool.

Gaden and Bibeau [100] used a uniform actuator disc momentum source model
implemented within CFD to evaluate the performance of diffuser augmented tidal
stream turbines. The momentum source model was validated for a bare turbine by
comparing the wake velocity deficit for a number of operating points to theoretical
predictions. The validation is therefore only validating the fact that the momentum
source is replicating an idealised uniform actuator disc and not the behaviour of a

turbine. In addition the model omits the effects of swirl and turbulence on the flow.

Sun et al. [101] used the blade element momentum method to predict the
performance of a diffuser augmented tidal turbine. The results of this model were
verified against experimental results from a model device in a circulating water
channel. Whilst this method produced a match with the experimental results, it
separated the problem into three stages; determination of the throat velocity profile
with a CFD analysis of an open diffuser, prediction of the output power of the
turbine using the BEM method and application of a correction factor. The key
disadvantages of this approach are that a correction factor has to be obtained in
advance and the rotor flow profile is not updated for the interactions between the
diffuser and rotor. The omission of the variation of rotor thrust, and therefore the
change of the mass flow rate in the duct with the changing tip speed ratio is likely

to have caused the difference between the calculated and experimental results.

Shives [115] further developed the theory of Lawn [113], by including the blade
element momentum method and thereby including the effects of wake rotation and
radial variation in the rotor plane velocity. An implementation of the blade element
actuator disc model within CFD, which modelled the rotor’s impact on the flow
solely on the blade’s lift and drag forces, was also developed. The ducted BEM
approach is limited by the need to estimate the efficiency of diffusion of the
geometry without the impact of the rotor wake being known. This limitation is
overcome by the BEM CFD, where the rotor and diffuser interaction is explicitly
modelled and the diffuser efficiency is calculated. Using this calculated efficiency the
two models were compared and found to provide results which matched well. The
limitations of this approach are that the implementation of the BEM CFD overlooks

the impact of turbulence, tip losses and the turbine’s wake state on the performance.
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As a result, although the two models matched well, they do not provide an accurate

assessment of the device’s power output.

Mclntosh et al. [116] implemented the blade element model momentum model
within CFD for the assessment of flow within a duct. This model was again based
upon blade lift and drag forces only, though tip loss corrections were implemented
for bare rotors. The tip loss model was not implemented for diffuser augmented
units as it was found by Fleming et al. [117] that the tip vortices which generate
these losses do not form in a diffuser. Fleming et al. matched the diffuser throat
diameter to the rotor diameter, omitting a tip gap, which explains the finding that

the vortices do not form, as there is no gap through which the flow can pass.

Ohya et al. [118] implemented another version of BEM CFD initially based
upon the blade lift and drag forces only. It was found that the results from this
model did not match experimental results as the tip gap jet was not replicated. In
response a tip loss model was developed, which was formed of a linearly increasing
tip loss in the region r/Rg, > 0.93. It was found that this tip loss model improved
the accuracy of the predictions but did not fully replicate the jet profile. The model

was not extended for the quantification of the power output of the device.

The literature on the modelling of diffuser flows, as summarised in Table 5 is
limited in the extent to which flow effects such as swirl and turbulence have been
considered. One dimensional approaches over simplify the analysis of diffuser
augmented units, which are subject to complex flows. Agreement is reached between
the one dimensional models, but these are validated against further numerical data,
which has in itself incorrect underlying assumptions of the flow field. The blade
element momentum approach provides a more complete and accurate assessment of
the flow physics, but has not yet been implemented in a way which allows for direct

analysis of the performance of the device or the full quantification of interactions.

2.4.4. Augmentation of Wind Turbines

The study of diffuser augmentation of turbines dates back a number of years,
with the idea originally intended for use with wind turbines. With the physics of
wind and tidal turbines being so similar, studies of the work on the augmentation of

wind turbines are directly relevant to diffuser augmentation of tidal turbines.
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2 LITERATURE REVIEW

2.4.4.1. Inlet Geometry

The inlet nozzle is a common feature of duct configurations and exists to guide
the flow towards the rotor plane with the minimum of losses. Work by Ohya et al.
[97], which looked at the concepts of diffuser augmentation from first principles,
highlights the necessity of a suitably designed inlet section to prevent flow
separation from the duct’s surface prior to a rear diffusing section. In the case of
Ohya’s trials, improvements in the throat velocity of 17% were found when an inlet
was incorporated with a conservative diffuser design with a half angle of 4°. The
importance of the inlet would become more pronounced as the geometry becomes

more severe and the adverse pressure gradient on the boundary layer increases.

2.4.4.2.  Diffuser Augmentation
For a full treatment of the stages of diffuser augmented wind turbine (DAWT)
history the reader is referred to Philips [87]. What follows is an overview of

developments pertinent to the development of diffuser augmented tidal turbines.

Kogan and Seginer [119] examined a range of shroud configurations with a
combination of inlet designs, conical diffuser designs and annular aerofoil exit rings.
The investigation was conducted experimentally with the use of a range of screens of
varying thrust and centrebodies of different thicknesses. Experiments were
conducted between Reynolds numbers, based on the diffuser throat diameter and
freestream flow velocity, of Rep;y,, = 3.5 % 10* and Rep;y, = 6.0 X 10°, with a
trend for increasing performance with Reynolds number. This trend could be
explained by the degradation of diffuser performance at low Reynolds number as
detailed in Section 2.3.2. The performance was independent of the device yaw angle
for £20° of yaw and the performance increased in the configuration with the largest
radial size at a yaw angle of 30°. Though it is not possible from the data presented
to calculate the blockage effects at yaw, the author states that it was not possible to
rotate the device in the wind tunnel beyond a certain point. This suggests that the

device may be considerably oversized for the tunnel within which it was tested.

Kogan and Seginer found the optimum augmentation factor to be 4.46, with a
ring shaped aerofoil at exit, a diffuser length to diameter ratio of 7, diffuser exit area
ratio of 3.5 and a flap exit area ratio of 7. The power coefficient based upon the exit
outer diameter is calculated as 0.38, as noted by Igra [93] however, the size of the

duct makes this design impracticable.
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Igra [93, 94|, following from the work of Kogan and Seginer and recognising
that diffusers form the most significant part of ducting systems, experimented with
a variety of configurations of diffuser geometries in order to derive compact duct
units. In these experiments, a progression was made from longer, diffuser only
geometries, tested with screens, to shorter ducts incorporating turbine models. The
key finding from Igra’s work was that the augmentation can be improved via the
use of boundary layer control methods. The control methods tested were bleeding
holes and annular wings at diffuser exit, which formed an effective extension to the
diffuser with external blowing. It was found that bleed holes were difficult to
optimise, whilst annular rings could increase the augmentation factor, as defined by
Equation 7, by 65%. The relationship between the thrust of the rotor and the
diffuser augmentation was noted, with the peak performance being found at lower

disc loadings, the value depending upon the duct geometry.

The peak power coefficient found by Igra, based upon the outer diameter from
the trialled geometries, was around 0.25 for the case of an aerofoil cross section
annular wing diffuser with bleeding. This geometry was tested with a screen across
the throat area to mimic the turbine. This simplification could lead to poor

prediction of the output due to the omission of flow swirl and the tip gap jet.

Igra also suggested that blade tip losses could be reduced in the case of ducted
units as a result of the proximity of the rotor to the duct walls. The potential gains
from this effect were not quantified but would depend upon the tip gap’s size
relative to the blade geometry. A smaller gap may well cause reduced blade tip
losses, but would also interfere with the formation of the tip gap jet and act to
suppress near wall turbulence in the diffuser. Both of these effects would act to
reduce the possible diffusion as a result of mechanisms detailed in Sections 2.3.4 and

2.3.5, and therefore act to reduce power output for the device.

In addition to the above it was also found by Igra [94] that the diffuser
continues to operate without a degradation of efficiency at yaw angles of up to +30°,
due to the flow being aligned with the rotor within the duct. It was noted by the
author that blockage effects may be partially responsible for this effect.

Foreman [89] and Gilbert et al. [53] of the Grumman Aerospace Corporation
investigated the use of diffuser designs based upon a conical geometry with the

inclusion of boundary layer control methods. The turbine was modelled by a screen
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and a centrebody was included to replicate hub effects. It was found that the
turbine must be sited in an area of constant cross section to prevent separation prior
to diffuser inflow. The use of slots within a wide angle diffuser was found to
suppress separation and enhance diffuser performance, though flow swirl and tip jets
were omitted. In this study the best geometry was an approximately conical diffuser
with a curved inlet and an included angle of 60°, employing slots at two downstream
locations. The optimum geometry was found to give an augmentation factor of 1.89,
with an area ratio of 2.78, meaning that the power coefficient of the device based on
the outer diameter was 0.40. This compares well with efficient bare turbines but is
likely an inaccurate assessment of the output due to the turbine model. The

omission of tip jets is less important due to the boundary layer slots in the diffuser.

Gilbert et al. [91] refined the modelling of the Grumman Aerospace diffuser
augmented turbine through the use of a scale turbine to replace the screen. In the
case of the small scale models a Reynolds dependency was found as the Reynolds
number, based on the diffuser throat diameter and freestream flow velocity, was
below the Rep;y = 7.5 X 10* limit suggested by the literature in Section 2.3.2. For
larger scale models no relationship was noted. The turbine wake’s swirl was noted to
improve diffuser performance, with the throat flow velocity being found to be 35%
higher than for a screen of the same thrust. The concept of a dump diffuser or exit
plane flange, dealt with in more detail in Section 2.4.4.3, was formed by structural
considerations. For the final design incorporating an exit plane flange an
augmentation factor of around 3.2 was found, though the size of components is not

stated and so it is not possible to translate this into a power coefficient value.

Flay et al. [87] and Phillips [25] report on the construction, monitoring and
subsequent improvements to the Vortec 7, a full scale version of the diffuser
developed at Grumman Aerospace. The original design had a power coefficient
based on the diffuser exit area of around 0.18. The improved design, a multi-slotted
diffuser with an area ratio of 2.22, was found to have a power coefficient based on
the device outer diameter of 0.37. The design of Phillips had the ability to maintain
performance in yawed flow of up to £15°. The performance at yaw was assigned to
the slots in the diffuser wall allowing the flow to remain attached to the interior

wall around the circumference and therefore align the bulk flow with the rotor.

Bet et al. [85] examined the use of small annular aerofoil section diffusers,

finding that a design with two annular sections with a gap between to form a slot
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provided the best performance. It was found that an increase of the output power to
twice that of a bare turbine could be generated by a diffuser with an area of
approximately 2.4 times larger, meaning that the power output would only be 83%
of an equivalently large rotor. It was found that the addition of freestream

turbulence aided the performance of the diffuser.
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Figure 9: Diffuser power coefficient against back pressure for diffuser augmented

wind turbines surveyed by van Bussel [24]

The power coefficients based on the diffuser exit area from a survey by van
Bussel [24] of diffuser augmented wind turbines are presented against the diffuser
back pressure in Figure 9. The power coefficients here may relate to variants of the
authors designs which are not their final stated design, for example because the
overall device length was considered too high. This diagram shows that although no
diffusers augmented devices are close to the Betz limit, the performance is broadly

comparable to a modern high efficiency wind turbine.

The literature on diffuser augmented wind turbines suggest that the
development of such units has not led to a design which outperforms a bare turbine
of an equivalent size to the outer diameter of the duct. The interest in diffuser
augmentation of wind turbines can be seen to fade after 2003 as a result of their
perceived shortcomings, though there has been subsequent interest in diffusers with

exit plane flanges.

2.4.4.3. Exit Plane Flange
It has been found that an exit plane flange can reduce the diffuser exit
pressure, boost the flow velocity through a duct and therefore increase the power

available to the rotor. A body of work has been generated around flange
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augmentation to which the reader is referred for more detail [84, 86, 96-98, 111].

The typical configuration of an exit plane flange can be seen in Figure 10.

Wind Turbine Diffuser

Flange

Figure 10: Exit plane flange arrangement and flow schematic [84]

Ohya [97] conducted wind tunnel tests on a diffuser with varying diffuser half
angles and exit plane flange heights at a Reynolds number, based on the freestream
velocity and throat diameter, of Rep;y = 2.4 X 105. The optimum size of the exit
plane flange was found to be a function of the diffuser’s length and diameter at exit.
It was found that for a diffuser with a length to diameter ratio (L/D) of 1.5 and half
angle of 12°, the optimum flange size, defined by the ratio of flange height to
diffuser diameter (h/D), was 0.5 with a turbine model in the throat. If the flange
size was increased beyond this point, an increase in the pressure upstream of the
diffuser inlet was created, degrading the unit’s efficiency. It was also found that the
introduction of an exit plane flange provides passive yaw control, which allows for
the simplification of the ducted unit. A power output of 4 to 5 times that of a bare
turbine was generated through the use of this duct arrangement, though when
normalised by the duct’s outer area the power coefficient would be reduced to

between 57% and 72% of that of the bare turbine.

Further work by Ohya [96] extended the use of exit plane flanges to “compact
wind lenses”. The longer straight walled conical diffuser was replaced with shorter,
curved wall diffusers with the exit plane flanges still present. The radius of the
diffuser was significantly reduced, with the ratio of the duct’s external area to the
throat area being only 1.87 for the case selected for field testing and the exit plane
flange height being significantly reduced to only 10% of the throat diameter. A peak

power coefficient based on the duct’s outer area of 0.48 to 0.54 was found in field
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tests, though it does not state the time period over which these values were achieved

and whether or not they might be as a result of transient effects.

Chen et al. [86] investigated the use of a small flanged diffuser augmented
wind turbine for power capture from moving vehicles. The investigations were
conducted experimentally in a wind tunnel with low blockage. A range of rotor
solidities were tested, with and without the duct, over a range of Reynolds numbers,
based on the diffuser throat diameter and freestream flow velocity, from
Repiy,, = 2.3 X 105 to Repiy,, = 4.6 X 105. The performance of the device relative to
the bare turbine was dependent upon the rotor solidity, with the greatest relative
performance improvement being 164% at a Reynolds number of Rep;y = 2.3 X 10°
and a solidity of 30%. When this improvement is normalised, the performance is
only 65% of that of a comparably sized bare rotor. It was noted that the turbine’s
solidity had an inverse relationship with the potential for power capture of the
diffuser augmented unit, an effect which could be predicted by the increased thrust
in the diffuser throat. It was also seen here that the Reynolds number has an inverse
relationship with the diffuser performance, which runs contrary to the theory seen in
Section 2.3.2. This effect is likely to be due to flow separation at inlet due to the

omission of inlet geometry and the consequent jet flow in the diffuser.

The literature on exit plane flanges suggests that their inclusion may in fact
reduce the power coefficient of a ducted device relative to the bare rotor of the same
outer diameter. The use of smaller flanges has been found to increase the
performance of the ducted unit but this was with a much reduced height and it is
unclear to what extent this was attributable to the flange or whether it was in fact

the result of an improved diffuser design.

2.4.5. Diffuser Augmentation of Tidal Turbines

The first attempt to the author’s knowledge to use a duct for the
augmentation of water current turbines was made by Kirke [26], who used a two
dimensional slotted diffuser for the augmentation of a Savonius vertical axis turbine.
It was found that an increase in the power output of 70% could be made. The
throat and exit areas of the diffuser are not given; however an approximation
measured from the sectional diagram indicates that the area ratio is around 3. This
means that the power coefficient of the device based on the outer diameter would in

fact be only 57% of that of the bare rotor.
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Setoguchi et al. [108] examined the performance of two way diffuser
augmented devices, aiming to remove the need to move the device in a reversing
tidal current. Experimental work was performed in a wind tunnel on three
geometries with retractable exit plane flanges at each end, which would be activated
depending upon the flow orientation. No turbine model of any kind was used in the
throat during these experiments, which were conducted at a Reynolds number of
Repiy,, = 6.0 X 105. The peak flow velocity through the duct was found to be 1.3
times larger than the freestream flow when the brim diameter was twice the throat
diameter, meaning an increase in the available power of 220%. The area ratio of the
device even without a brim would be 10.8, the diffuser power coefficient could

therefore not possibly meet or exceed that possible for a bare turbine.

Munch et al. [105] and Luquet et al. [103] reported on the design and
performance assessment of a dual ducted turbine unit developed under the
MegaWattForce Project. Computational optimisation and experimentation were
conducted on diffuser and rotor geometries for tidal turbines using an undisclosed
optimisation methodology. A small included angle, high aspect ratio, curved wall
diffuser coupled with a twin curved blade rotor was derived from the optimisation.
Experiments were conducted in a towing tank at a Reynolds number, based on the
diffuser throat diameter and freestream flow velocity, of Rep;y = 6.1 X 105. Tt was
observed that a two bladed rotor outperformed a four bladed version, something
that could be explained by the reduced thrust increasing the swallowing capacity of
the duct. The peak power coefficient based on the diffuser outer diameter was found
to be 0.335 for the runs conducted. The full scale device design uses a pump system
within a small nacelle to provide high pressure fluid for land based turbines. As a
result of pressure transmission losses the overall system efficiency is likely to be

significantly lower than for a comparably sized bare turbine and generator unit.

Belloni et al. [99] studied the effect of geometry and thrust on open centred
and bi-directionally ducted turbines. The study was conducted using 3D CFD with
a porous media to simulate the turbine. The study was conducted at a Reynolds
number, based on the diffuser throat diameter and freestream flow wvelocity, of
Rep;y,, = 1.6 X 107, representative of full scale tidal flow. It was found that
although there was a thrust dependency on the power output, the power was never

ever able to reach that of a bare turbine of the same outer diameter.
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Reinecke et al. [107] derived an inflected wall diffuser using axisymmetric two
dimensional computational fluid dynamics with a uniform actuator disc turbine
model and a support vector regression metamodel. The derived model was tested in
a towing tank at a Reynolds number, based on the diffuser throat diameter and
freestream flow velocity, of Rep;y,, = 3.7 X 10° with the rotor of Bahaj et al. [120,
121]. A peak power coefficient based on the turbine diameter of 1.74 was found,
when calculated over the diffuser diameter a peak power coefficient of 0.528 was
found. However the blockage ratio of 15.6% is large and no blockage correction was
applied. To give an idea of the correction which may be necessary, Bahaj [120, 121]
cites a correction of 18% to the power coefficient of a bare rotor with a blockage
ratio of 17% and a thrust coefficient of 0.8. As the diffuser is a solid body, the

thrust, and therefore the correction in this case may be still higher.

Sun et al. [122] utilised the duct geometry of Ohya et al. [96] with a rotor
designed specifically for this purpose. The blades sections were a modified Gottingen
570 at the root and an M-F07x, developed by AIST (National Institute of Advanced
Industrial Science and Technology in Japan) and Fuji Heavy Industries, elsewhere.
The combined device was tested in a circulating water channel at a Reynolds
number, based on the diffuser throat diameter and freestream flow wvelocity, of
Rep;y,, = 1.9 X 10°. It was found that a peak power coefficient based on the turbine
area of 0.88 was attained at a blockage ratio of 7.4%. When the power coefficient is
calculated over the duct’s outer area the result is 0.47, a value which corresponds to

that found by Ohya et al. [96].

The literature surveyed is of agreement that the use of bi-directional ducts
causes the power coefficient of the overall device to drop relative to a bare rotor.
There is a trend for the use of lower thrust rotors to maximise the power output of

diffuser augmented devices.

2.4.6. Additional Benefits of Diffuser Augmentation

A number of additional merits of diffuser augmentation of tidal stream devices
have been claimed in the past. Kirke [26] states that the use of a duct acts as a
barrier between marine life and the turbine, though the inverse would seem to be
true as there is a likelihood of objects passing in front of the duct being drawn
through the duct and turbine. It is also stated that the duct blocks sunlight, which
will interfere with the growth of marine life on the blade and duct surfaces,

increasing the performance in the long term. The use of a duct may also act to
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reduce the cost of the device powertrain as the size of the rotor can be reduced and

the generator speed can be increased.

It has been claimed by several authors [26, 115, 116, 123] that the use of a
duct has the potential to suppress the tip vortices and losses associated with bare
turbines. This is disputed however by Ohya et al. [118], whose experimental results

and numerical model appear to indicate the presence of such losses.

2.4.7. Demerits of Diffuser Augmentation

The main issue facing the use of diffuser augmentation of turbines is the cost
of the diffuser structure itself. Phillips [25], de Vries [44] and Shives [115] all make
reference to this, with Shives going so far as to say that it would seem unlikely that
they can be made to operate economically as a result. As the device economics are
ultimately the main factor in their acceptance this is therefore something which

must be investigated further.

Shives [115] and Ohya et al. [118] note large scale unsteadiness and
recirculation in the wake of the diffuser. It is suggested by Shives that this could
lead to a fluctuating rotor plane velocity and therefore cyclical loading on the

blading, leading to fatigue of the rotor blades and ultimately to blade failure.

2.5. Concluding Remarks

The literature suggests that many of the features which are exhibited in the
wake of a turbine, such as increased turbulence, tip vortices, swirl etc, are those
which also benefit the pressure recovery performance of a diffuser. Though to the
author’s knowledge there has been no study on the interaction of these effects on the
performance. The presence of a jetting flow in the tip gap region between the rotor
and casing is also something which has large potential gains for diffusion. It is
suggested that the careful choice of the turbine parameters could greatly affect the

performance of the combined device.

The modelling of diffuser augmented turbines has proven to be limited in its
effectiveness due to the assumptions made about the flow. Many of the studies, both
experimental and numerical, have noted that the omission of flow effects through
the use of an actuator disc model or screen does not accurately reflect performance.
In particular it is noted that the omission of swirl has a large impact upon the
performance of a diffuser augmented device. This is something which is a reflection

of the evidence that moderate flow swirl at diffuser inlet increases the diffuser’s
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pressure recovery ability. There currently exists no accurate analytical or numerical

model for the prediction of performance of diffuser augmented turbines.

The performance of diffuser augmented turbines relative to that of a bare
turbine of the same outer diameter has been a source of debate. Claims in the
literature of diffuser augmented devices exceeding the Betz limit are made based on
the use of the rotor area as a reference, which is misleading. The literature suggests
that the Betz limit also holds for the rotor area if corrections are made for the
increased mass flux across the rotor plane which the diffuser induces. A survey of
the literature suggests that no extant diffuser augmented device has outperformed a

modern, high efficiency, horizontal axis turbine of the same outer diameter.

The testing methodologies of diffuser augmented devices, the range of
performance metrics used and the range of device designs has led to a lack of clarity
on the subject of diffuser augmented turbines. There is little comparative study on
standardised geometries and the basic fluid interaction is not well understood. The
lack of inclusion of blockage correction for both experimental and numerical results

is something which has caused over inflation of potential power outputs.

The effect of a realistic tidal flow on the performance of a diffuser augmented
turbine is one which has not hitherto been answered. It has been reported that the
performance of bare rotors is degraded by both flow which is yawed relative to the
turbine and turbulent flow. The literature suggests that turbulent flow may in fact
be beneficial to diffuser augmented devices and that yawed flow may not impact

diffuser augmented devices until at a large yaw angle.

The main stated demerit and ultimately the main point which must be
answered in order for diffuser augmentation to be used commercially is the cost
element. The cost of a diffuser for an augmented tidal stream device has not

previously been examined.
Findings from the literature provide scope for research into the following areas:

1. Generation of a methodology to accurately assess the performance of
diffuser augmented devices.
2. Production of a generic diffuser geometry and analysis of the important

aspects of turbine and diffuser interaction.
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Assessment of the effects of a realistic tidal flow on the generation
potential of a diffuser augmented device.
Quantification of the cost and generation potential of diffuser

augmented tidal stream turbines.
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3. Numerical Methods

This chapter presents the methods, models and parameters employed within
the numerical models and simulations within this thesis. The use of the classical
blade element momentum method is detailed along with the derivation of the blade
element momentum method equations for use with computational fluid dynamics.
The CFD setup, common parameters, techniques and solution methods are provided.
The methodology for the derivation of the diffuser geometry is detailed, including

details of the problem definition, objective function, numerical setup and resolution.

3.1. Blade Element Momentum Model

Blade element momentum theory is used in the classical form within this
thesis to predict the performance of bare turbines, but has also been adapted to
model both bare and diffuser augmented turbines when coupled with the CFD code.
The classical blade element momentum method is introduced and derived and the

extensions and changes made from this for the actuator disc CFD code are detailed.

As detailed in Chapter 2, the use of blade element momentum theory within
CFD is not a new concept but has omitted key aspects of the rotor flow profile in
the modelling versions attempted thus far. In the variations seen so far, at least one,
though usually two or more of the parameters, including tip losses, turbulence
generation functions or a defined power output calculation methodology are omitted.
The implementation detailed here brings together all of these into an integrated
model with low computational expense which is suitable for the power output and

flow profile assessment of horizontal axis tidal turbines, be they bare or ducted.

The aspects of the derivation of blade element and momentum theory which
are pertinent to the derivation of the implementation of the blade element
momentum within computational fluid dynamics are detailed within this section.
For further information on the derivation of the classical BEM method the reader is

referred to Manwell et al. [43] or de Vries [44].

3.1.1. Momentum Theory

Momentum theory is based upon actuator disc modelling of the turbine, where
a number of assumptions are made. The actuator disc is a simplified representation
of the rotor, where the rotor is infinitely thin and circumferentially uniform. The

assumptions made in momentum theory are detailed in Table 6.
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Number Assumption

1 Ambient pressure both far upstream and downstream
Homogenous, steady and incompressible flow

An infinite number of blades

No change in elevation

Uniform disc thrust

(=2 N N V)

No frictional drag

Table 6: Assumptions made here in momentum and blade element theories

During the derivation of momentum and blade element theories reference
locations relative to the turbine are used, these are indicated in Figure 11. Here,
position 1 is far upstream of the turbine at ambient pressure and freestream velocity,
with position 4 also at ambient pressure. Across the rotor from position 2 to position

3, there is a discontinuity in the pressure, but the velocity is continuous.

- Streamtube

- Boundary

1 2 3 4
Figure 11: Momentum theory reference stations for a bare rotor

Due to the conservation of momentum, the thrust on the rotor is equal to the

change in fluid momentum from the actuator disc as expressed in Equation 10.
T = Ul(pAlU)l - U4(pA4U)4 Equation 10

Using Bernoulli’s principle, taking one control volume upstream of the rotor

and one downstream, Equation 11 and Equation 12 can be written respectively.
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p1+ 1/2 pU;* =p, + 1/2 pU,? Equation 11
ps + 1/2 pUs* = py + 1/2 pU,* Equation 12

Combining Equation 10 with Equation 11 and Equation 12, and noting that
the velocities at stations 2 & 3 are identical, the thrust on the rotor can now be

expressed as in Equation 13.
T = 1/2 PA2 (U12 - U42) Equation 13

The relationship between the velocities at the different stations is commonly
expressed using the axial induction factor which is defined in Equation 14.
U, -U; 1

= (1 U‘*) Equation 14
a= 0, > U, quation

The theory up to this point neglects the radial distribution of thrust and the
rotation of both the turbine and the wake. In order to include these effects it is
necessary to adapt the treatment of the previous equations and to include additional
rotational terms. The radial variation in the thrust distribution can be accounted for
by breaking the rotor streamtube into a number of separate concentric annular

streamtubes as shown diagrammatically in Figure 12.

dr

Figure 12: Definition of analysis annular streamtubes

Using Equation 13 and Equation 14, the thrust on an annular streamtube can

be expressed as Equation 15.

dT = 4pU;2%a(1 — a)mrdr Equation 15
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The rotation can now be included within the method by the use of Equation

16, as derived by Glauert [124].
p2—ps =p(Q+ 1/2 w)or? Equation 16

Defining an angular induction factor as in Equation 17, the thrust on a
streamtube can now be expressed as in Equation 18, with the torque on the rotor

expressed as Equation 19.

a' = >a Equation 17
dT = 4pU?a(1 — a)mrdr Equation 18
dQ = 4pUQa’(1 — a)nr3dr Equation 19

The power output from an annular element of the rotor can now be found

using the relation given by Equation 20.

dP = dQQ Equation 20

3.1.2. Tip Loss Correction
In order to enhance the accuracy of the analytical predictions of momentum
theory it is necessary to account for tip losses from the blade. The most common

method for this is Prandtl’s tip loss correction, calculated using Equation 21.

_ (B/Z) [1 - r/RRo]

(T / RRO) sing

2
frir = (—) cos™"|exp
s

Equation 21

The losses from the near hub region of the turbine blades can also be
accounted for using the Prandtl model by amending Equation 21 as shown in
Equation 22. The total loss function can then be defined as the product of the hub

and tip loss functions as in Equation 23.

_(2> -1
faue = - cos exp

_ (B/Z) [r/RRo B r/RHUB]

(T/RHUB) sing

Equation 22

f = frirfuus Equation 23
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The Prandtl tip loss correction is based upon a simplification of the vortex
sheets shed in the wake of the turbine, where it is assumed that the sheets are shed
as planar sheets parallel to the rotor plane at periods tied to the blade passing
frequency. The spacing of these sheets can then be calculated as a function of the
turbine radius, tip speed ratio and the number of blades. This sheet shedding and

the flow around the sheets are shown diagrammatically in Figure 13.

Freestream

»
> Ll

Figure 13: Diagram of the vortex sheet shedding and flow around the vortex sheets

for Prandtl’s tip loss correction method

The influence of the induced radial velocity on the axial velocity is calculated
using potential flow theory, assuming that the blades are infinitely long. The

reduction in axial velocity is used to assess the tip loss correction with Equation 21.

The limitations of the Prandtl model at higher tip speed ratios and with fewer
blades were noted by Glauert [124], who compared it to the Goldstein solution [125].
The Goldstein solution assesses the problem in a more complete way, replicating the
helical vortex structure in the wake using Bessel functions. As a result of the
increased fidelity of the model it is accepted that the Goldstein solution is the more
accurate tip loss correction model [126]. Due to the significantly higher
computational expense, difficulty of application and relatively minor difference in
results, the Goldstein solution is not commonly used within BEM, and it is the

Prandtl model that is most commonly applied [44, 127].

The combined tip and hub loss correction factor provides a coefficient varying
along the blade length, tending to zero at both blade extremes. When corrected, the
expressions for the thrust and torque from Equation 18 and Equation 19 now

become those in Equation 24 and Equation 25 respectively.
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dT = 4fpQ?%a’(1 + a)mr3dr Equation 24

dQ = 4fpUQa’(1 — a)mr3dr Equation 25

3.1.3. Blade Element Theory

In blade element theory, the rotor is broken down into a number of non-
interacting elements which are treated separately. It is assumed that since the
elements are small, the forces on the rotor blades can be calculated from the sum of
the lift and drag forces acting on the blade elements. Figure 14 shows the flow

angles and forces acting on a blade element.

4 Rotor Plane

e x
¢ Urel

Figure 14: Flow angles and forces on a blade element

The rotational speed of the turbine is usually quantified within horizontal axis
turbines by the tip speed ratio of the rotor, which is defined as in Equation 26. The

local tip speed ratio for each blade element is then given by Equation 27.

QR
AR =— Equation 26
Us
Qr  Agr
F=—= R Equation 27
Ul RRo

The relative velocity of the flow onto the blade element can be calculated

using Equation 28 and the angle of relative flow found using Equation 29.
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Urer = +/[U; (1 —a)]2 + [Qr(1 + a")]? Equation 28
t Li{l-a) Equation 29
= uation
ane Qr(1+a’) 4

The angle of attack of the blade section can then be calculated using Equation
30. The angle of attack allows the blade section’s lift and drag data to be queried
and the lift and drag coefficients to be found.

a=@-—-y Equation 30

Using the blade section’s lift and drag data, the lift and drag forces on the

blade element can be expressed as in Equation 31 and Equation 32 respectively.
dFL = 1/2 CLpURELZCdr Equation 31
dFD = 1/2 CDpURELZCdr Equation 32

The thrust force and the torque on the annular section exerted by the blade

element can then be calculated using Equation 33 and Equation 34 respectively.
dF; = 1/2 BpUgg?(Cpcos@ + Cpsing)cdr Equation 33

dqQ = 1/2 BpUggr,2(CLsing — Cpcosg)crdr Equation 34

3.1.4. Blade Element Momentum Model

By coupling momentum theory and blade element theory the flow at the rotor
plane and the rotor’s power output can be predicted. This section provides the
details of two coupling methods, that for classical BEM and that for BEM CFD.
The classical BEM, which can be used for direct calculation of the power coefficient
of the rotor utilises the upstream flow data and relies on the assumptions of
momentum theory to infer the rotor plane velocities. The BEM CFD uses the CFD

solver to analyse the flow pattern and relies much more on blade element theory.

3.1.4.1.  Coupling in Classical Blade Element Momentum Theory

Blade element theory has been wused extensively in the past for the
performance prediction of bare rotors. The BEM model is used within this thesis to
assess the power output of bare rotors and is also the basis for the extended BEM
CFD detailed in Section 3.1.4.2. To combine the blade element and momentum

models, the thrusts from Equation 24 and Equation 33 are equated, including the
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rotor solidity as defined by Equation 35. The drag coefficient term is ignored as is
the common practise within the blade element method, as this has a limited impact
upon the power output from a bare rotor model [44]. The resulting expression for

the axial induction factor is as Equation 36.

o= E Equation 35
2nr
_ 1
a= Afsin2¢ Equation 36
oCrcosp

The validity of Equation 36 depends upon the wind turbine’s wake state.
Eggleston and Stoddard [128] define two wake states pertinent to wind turbines, the
windmill state and the turbulent state. These states are illustrated diagrammatically
in Figure 15. The type of the wake state depends upon the thrust of the rotor and
hence the axial induction factor. As the rotor thrust increases from the lightly
loaded windmill state, the rotor streamtube expands on the downstream side due to
the retarding effect of the turbine. Once the rotor thrust passes the critical value of
Cy = 0.96 the rotor wake becomes highly turbulent with areas of flow recirculation

and the one dimensional momentum theory is no longer valid.

_ —_— -——— _

-

Windmill Wake State Turbulent Wake State

Figure 15: Diagrammatic representation of wind turbine wake states

The expression for the axial induction factor seen in Equation 36 holds when
the rotor is operating in the windmill state. When the axial induction factor exceeds
0.4, which is at a thrust coefficient of approximately 0.96, the turbine begins to
operate in the turbulent wake state and Equation 36 is no longer valid. To account
for this effect, an empirical relationship for the axial induction factor was computed
by Glauert [128|, which uses the thrust coefficient from Equation 37 to calculate the

axial induction. This expression is given by Equation 38.
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dF.
Cr = Z—T Equation 37
pUq “mtrdr
a= (1/f) [0.143 + /0.0203 — 0.6427(0.889 — C7)| Equation 38

To combine the blade element and momentum torque models it is necessary to
equate Equation 25 and Equation 34, again ignoring the drag term, with the angular

induction factor then being defined as Equation 39.

1

4fcosp 1
O'CL

a= Equation 39

In order to solve this set of equations for the axial and angular induction
factors it is necessary to iteratively approach the solution. Using a suitably selected
initial value (see Manwell et al. [43]) the procedure can be iterated until the

difference between the estimates from one iteration to the next become negligible.

Once the axial and angular induction factors and the angle of the relative flow

are known, the turbine power coefficient can be calculated using Equation 40.

AR

8
Cp = A_zf fsin? p(cosp — A,.sing)(sing + A,.cos@) [1 — (CD/CL) cotq)] A2dA,
R 2

HUB

Equation 40

3.1.4.2.  Coupling for Blade Element Momentum CFD

The assumptions made in classical BEM theory that are used to infer the
rotor plane velocity may not necessarily hold since they are defined for an idealised
case where the only factor which affects the flow is the turbine. In reality the flow at
the rotor will be influenced by a number of other factors, for example the turbine’s
hub, the support structure, the local bathymetry or bodies in the vicinity of the
rotor such as a diffuser. To accurately predict the power coefficient in these
conditions a flow solver must be coupled with BEM theory to assess the flow. This
section deals with the coupling of equations with reference to a diffuser augmented

turbine, though the methods are also applicable for use with bare rotors.

With a diffuser augmented device the relationship of the upstream and
downstream velocities to the rotor plane velocity via the axial induction factor

becomes invalid due to the effect of the duct on the flow around the rotor. In this
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case, the streamtube that passes through the rotor contracts as it passes through the
duct and then expands again within the diffuser and wake as seen in Figure 16. The
axial induction factor retains a physical meaning, and can be used to predict the
thrust force exerted by the rotor on the flow, but cannot be used to infer the rotor

plane axial velocity from the upstream velocity, or to predict the far wake velocity.

U,

Actuator
Disc

- Streamtube
* Boundary

T T —

Figure 16: Momentum theory reference stations for a diffuser augmented rotor

This decoupling of the axial induction factor and the upstream velocity means
that the approach used for a bare rotor will no longer be valid for a diffuser
augmented device. As a result, the relations derived for the analysis of a bare rotor
which refers to the upstream velocity need to be removed and the equations instead
reframed to perform an analysis at station 2. The relative velocity and the angle of

relative flow now become Equation 41 and Equation 42 respectively.

UReL = \/szz + [Qr + UZG]2 Equation 41
tang = D Equation 42
(p .Q.r + UZe q

In order to calculate the axial induction factor Equation 43 is used. This is an
updated version of Equation 36, where the effect of the drag coefficient has been
carried through. The motivation for this is the effect of the thrust of the rotor on
the swallowing capacity of the duct and hence the rotor plane velocity. An accurate
prediction of the rotor thrust is required for the flow solver to assess the flow field in

and around the diffuser, due to diffusers’ sensitivity to rotor thrust.
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1
+ 4fsin?¢ Equation 43
o(Crcosp + Cpsing)

As with the bare rotor, the axial induction factor derived using Equation 43 is
only valid in the windmill wake state, where the thrust coefficient is below 0.96. The
axial induction factor must therefore be calculated using Equation 38. Due to the
presence of the diffuser, the thrust coefficient must be calculated using the local flow
conditions rather than those of the upstream flow. The thrust coefficient can now be

derived from Equation 15 and Equation 33, and expressed as Equation 44.

_0(1—a)?*(Cycosg + Cpsing)

Cr Equation 44

sin%¢

The calculation of the angular induction factor is achieved through a
derivation based upon Equation 25 and Equation 34. This was necessary as it was
found that the equivalent function for the angular induction to Equation 43 caused
numerical instabilities in the flow solver. Working through the derivation the

angular induction can be expressed as Equation 45.

a= Lz,x (C sing — Cpcose) Equation 45
AfrQsin?¢@

The expressions for the axial and angular induction factors are implemented
within the CFD as momentum sinks and sources respectively using the methodology
detailed in Section 3.2.4.2. Once implemented within the cell zone the CFD solver
was iterated and the velocity field calculated. In order to calculate the power
coefficient the axial and angular velocities at the rotor plane are exported from the
flow solver. This velocity data allows the direct calculation of the relative flow angle

onto the rotor at each radial station using Equation 42.

The power coefficient of the rotor can be calculated once the variables have
been reframed for use at the rotor plane. In order to reframe Equation 40 for use at
station 2, it is necessary to remove reference to the upstream velocity. Therefore, to
calculate the local tip speed ratio Equation 26 and Equation 29 must be combined
and rearranged to give the local tip speed ratio as Equation 46. This relationship
breaks down when a>0.4, and the local tip speed ratio for that element must be
calculated using interpolation or extrapolation from adjacent elements. The local tip
speed will now be lower within the duct than if it were inferred from the

relationship of the tip speed ratio and the local radius due to the increased axial
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velocity at the rotor plane as a result of the presence of the duct. The equation for
the power coefficient can now be rewritten as Equation 47.

(1-a)

1 .
Ar = / tampm Equation 46

5 costp (1-ay|[A- )@+ D1 (¢
SR ( ) 1=(" to|da
=" oot o S (1) [ D (oo

Equation 47

Evaluation of Equation 47 can also provide the power output of a turbine
using the classical coupling of blade element theory. Equation 47 is in fact
interchangeable with Equation 40, since at this stage the upstream flow references
have been rephrased using geometric relations to remove the relevant upstream flow
references. Evaluation of the dA, term must now take account of the effect of the
duct and the impact that this may have on the local tip speed ratio in addition to
the need to account for the change in blade radius. The expression for the change in
the local tip speed ratio can be evaluated using Equation 48. The power coefficient

can be calculated by numerically integrating Equation 47 along the blade.

_ Qr; 1 (1 - aj_l)

A, =—) —
" Uy tClTlQOj_l (1 + dj_1)

Equation 48

An approximate analytical approach to the solution of the above equations
may be possible using the theory of Lawn [113]. This neglects a number of factors
however, importantly the flow swirl and velocity profile across the rotor are
neglected. Analysis would also require the efficiency of the diffuser to be known as a

function of the rotor behaviour, which without prior work is not possible.

In order to solve the above system of equations it is necessary to implement
the blade element momentum model within a flow solver, which will enable the
interaction of the rotor and diffuser flows to be arrived at precisely. The flow
velocities necessary for the computation of the power output can be output from the
CFD model, the angles calculated, and using the methodology detailed above the

power coefficient can be found for any operating condition.

This model provides the first complete methodology for the assessment of the

performance of diffuser augmented tidal stream turbines. The model can be
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implemented with a low computational expense relative to fully resolved CFD

simulations, whilst retaining the ability to accurately predict the power output.

3.1.4.3. Modelling Limitations and Computational Expense

The computational expense and accuracy of the calculation of the power
coefficient of a horizontal axis turbine will decide the method which is employed.
The method chosen will usually be that which meets the modelling requirements of
the problem at the least computational expense. The accuracy of the method will
depend upon whether it accounts for the full range of flow phenomenon which are
present in the modelled scenario. For example classical BEM would not be used
where the rotor was ducted, nor would 2D BEM CFD be used where the flow was
yawed. The assumptions of the implementation of blade element momentum theory

contained within this thesis are detailed in Table 7.

Number Assumption

1 Ambient pressure both far upstream and downstream
Homogenous, steady and incompressible flow

Flow is unconstrained by the surroundings

Uniform disc thrust

2

3

4 No change in elevation

5)

6 No rotor coning, tilt or deflection
7

No rotor yaw

Table 7: Assumptions of BEM theory as implemented within this thesis

The 2D implementation of BEM CFD within this thesis reduces the number of
assumptions made by the incorporation of the flow solver. The flow solver allows the
impact of the rotor’s surroundings to be modelled whilst maintaining a relatively

low computational expense. The assumptions of BEM CFD are detailed in Table 8.

Number Assumption
1 Steady flow
2 No change in elevation
3 No rotor coning, tilt or deflection
4 No rotor yaw

Table 8: Assumptions of BEM CFD as implemented within this thesis
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Rotor coning, tilt, deflection and yaw can all be incorporated within both
BEM and 2D BEM CFD via coordinate transformations based upon the rotor

geometry. For more details on the use of such transformations see Mikkelsen [129].

The computational times for the blade element momentum model, blade
element momentum computational fluid dynamics in both two and three dimensions,
and fully resolved 3D CFD are presented in Table 9. The details of the 3D BEM
CFD and the fully resolved 3D models are taken from McIntosh et al. [130].

Method CPU Time (hrs) No. Cells
Blade Element Momentum 1.37x10” -

Blade Element Momentum CFD - 2D 2.53 2.55x10°
Blade Element Momentum CFD - 3D 8 7.00x10°
Fully Resolved 2000 4.40x10°

Table 9: Computational time for the various turbine models per tip speed ratio

As can be seen from Table 9 the method of choice would be the BEM method
where possible due to its high speed. As detailed above however there are a number
of scenarios in which the modelling assumptions of BEM preclude its use and where
another model must be applied. For the calculation of the power coefficient of a

diffuser augmented turbine the 2D BEM CFD is by far the most efficient means.

3.1.5. Ideal Bare Turbine Blade Shape
The ideal shape of a turbine blade incorporating wake swirl can be calculated
by following the methodology detailed in Manwell et al. [43]. This method neglects
the tip losses and drag of a real rotor and is therefore not truly ideal, but provides a
starting point for the assessment of a suitable blade shape. Partially differentiating
Equation 40 by the angle of relative flow and rearranging gives Equation 49.
sing(2cosp — 1)

A= Equation 49
" (1 —cosp)(2cosp + 1) quation

Using Equation 49, the ideal angle of relative flow and ideal chord can be
found using Equation 50 and Equation 51 respectively. The lift coefficient here

should correspond to the angle of attack where the ratio Fo/Fy is at a minimum.

¢ =2/3tan™! (1//1T) Equation 50

58



3 NUMERICAL METHODS

T
c=—=—=—(1—-cosp) Equation 51

3.2. Computational Fluid Dynamics

The computational fluid dynamics undertaken within this thesis uses two
commercial codes, one for meshing and another for the problem solution using the
Reynolds-Averaged Navier-Stokes equations. Meshing was conducted using Ansys

ICEM 14.0 and the calculations were performed using Ansys Fluent 14.0.

3.2.1. Turbulence Modelling

The turbulence model used for all simulations was the Transition SST
implementation of the k-» SST model. In a comparative study of turbulence models
for flow within a planar asymmetric diffuser, El-Behery and Hamed [131] found that
the k-o» SST and v’-f models performed well. DalBello et al. [132] investigated the
flow in a planar subsonic diffuser and also found that the k-« SST model accurately
predicted separation and velocity profiles. The k-c» SST model has been used for the
study of draft tubes for hydropower turbines [133] and diffuser augmented stream

tidal turbines [99, 104, 110, 122| and has been found to perform well.

The Transition SST implementation of the k-« SST model within Ansys
Fluent is as detailed by Menter et al. [134] and Langtry and Menter [135]. The
Transition SST model differs from the k-« SST model in that it includes two
additional transport equations, one for the intermittency and one for transition
onset utilising the momentum thickness Reynolds number. The advantages of this
model are that it is largely grid independent and provides enhanced accuracy in the
prediction of separation. The grid independence is as a result of the use of automatic
wall treatment, where the solver uses a blending function to ensure a smooth
transition between fully resolved modelling of the boundary layer and wall function
modelling. The addition of the terms for intermittency and the momentum thickness

Reynolds number are based upon empirical data.

3.2.2. Common Boundary Conditions

The velocity profile that would be present in a tidal channel was neglected in
all cases to simplify the calculations. It has been shown by Mason-Jones et al. [35],
that the key performance characteristics found in a uniform flow and those found in
a flow with a vertical velocity profile are within 2% of one another when the area-

averaged velocity across the rotor plane is used. The velocity profile was therefore
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neglected, enabling axisymmetric two dimensional modelling in all cases. In all of

the CFD calculations the solver settings used were as detailed in Table 10.

Parameter Setting

Solver Type Pressure-Based

Density Model Incompressible

Turbulence Model Transition SST
Pressure-Velocity Coupling SIMPLE
Gradient Spatial Discretisation Standard
Under Relaxation Factors 0.1-0.7

Spatial Discretisation 2nd Order Upwind

Table 10: Common CFD solver parameters

3.2.3. Material Properties

Within this thesis there are three basic simulation types when broken down by
material properties, with the material used for the calculations depending upon the
purpose of the simulation. The first of these is full scale simulations of tidal stream
devices, for which the material used was sea water. Runs conducted to verify the
accuracy of the CFD approach using the data of other authors were run using the
material properties used by those authors in their experiments. Details of these
verification runs can be found in Section 3.2.6. The final simulation type is that
aimed to replicate experimental data from the wind tunnel, where the material
properties of the air were calculated as detailed below. In all cases the fluid is
treated as being incompressible, as a result either of being incompressible with water

or being approximately incompressible at the tested flow speeds in air.

Where sea water is used as the fluid, the material properties were found using
a data set provided by Sharqawy et al. [136], at a temperature of 5°C and a salinity
of 35g/kg. The material properties can be seen in Table 11.

Parameter Setting
Density 1028 kg/m®
Dynamic Viscosity 1.6345x10™ Pas

Table 11: Material properties of sea water
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Where air was used as the fluid to match the wind tunnel results, the material
properties were matched to each experimental case according to the ambient
conditions at the time. The dynamic viscosity was calculated using Sutherland’s law,
as detailed in Equation 52, with the coefficients for air being as given in Table 12.

The density was calculated using the ideal gas equation for dry air.

q %2 qrer tS .
U= ,uREF( ) Equation 52
qRreF q+ts
Variable Value Units
HREF 11716x10" ke ms
qREF 273.15 K
S 110.4 K

Table 12: Coefficients of air for use with Sutherland’s law

3.2.4. Actuator Disc Modelling

The modelling of a turbine within the CFD in this thesis is achieved through
the use of an actuator disc model, be that a uniform actuator disc or one based on
blade element momentum theory. Both of these models require user specified
momentum sink profiles acting on either a face zone between cells or a group of cells
known as a cell or porous zone. The key difference between the two implementations

is the complexity of the user specified resistance profile.

3.2.4.1.  Uniform Actuator Disc Model

The uniform actuator disc model can be implemented as either a porous jump
or a porous media within the CFD. The porous jump is a simplified model which
acts on a face zone between adjacent cells; the porous media has more modelling
parameters available and acts on a cell zone. The porous jump acts in the direction
perpendicular to the face, whereas the porous media can have separate momentum
sink components in the x, y and z directions. In this thesis, the porous media is
homogenous and is located such that the flow direction is perpendicular to the

boundary and the models can therefore be viewed as being essentially identical.

The pressure drop for a porous jump and the momentum source term for a

homogenous porous media can be seen in Equation 53 and Equation 54 respectively.
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The difference between the two being that in the porous jump, a notional thickness

is specified, whereas in the porous media the thickness is that of the cell zone.

Ap = — (% Uy + (jp].prn> Axy, Equation 53
u .
S=— ([_? Uy + Cp]-prn> Equation 54

In Equation 53 and Equation 54 there are viscous and inertial terms. Since the
pressure loss in a turbine is proportional to the flow’s dynamic head, the viscous

term was neglected and the sources simplified as Equation 55 and Equation 56.
Ap = _(ijprn)AxM Equation 55
S= _(ijprn) Equation 56

The source terms are implemented within the momentum conservation

equation in the CFD code within the body force term Fin Equation 57, which also

includes the other external body forces.
% (ol uu T +pg+F Equation 57
5 (pU) + VpUU = =Vp + V. () + pg + F quation

In order to make a representative turbine model implementation with porous
models, the source must be related to the turbine thrust. The thrust coefficient of a
turbine is as given by Equation 58. The definition of the static pressure drop across

the porous model, assuming only inertial losses, is as seen in Equation 59.

T Ap
Cr = = —Ro Equation 58
Ppoyn_Aro  Ppyn,,
Aprgo = KprnRo = A3CM(:1:)jI903/11M Equation 59

Since the velocity across the turbine plane is continuous in the case of a
porous jump and essentially continuous for a thin porous media, the total pressure
change across the rotor is then the static pressure change. Combining Equation 58
with Equation 59, the thrust coefficient can be expressed as in Equation 60.

U’ Uy’

Cr = <T.02> K; = <T.02> Axpy Gy Equation 60
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3.2.4.2. Blade Element Actuator Disc Model

The blade element actuator disc was implemented within a cell zone in the
CFD using the blade element approach detailed in Section 3.1.4.2. The forces for the
source terms were found using Equation 61 and Equation 62, which are derived from

Equation 15 and Equation 19 respectively.

2
dT = %{m;ﬂr Equation 61
—a
dFy = 4apU,nr?0dr Equation 62

The turbulence generated by a turbine is included within the CFD through
the use of an empirical relation derived by Crespo and Hernandez [137]. The
turbulence intensity is related to the axial induction of the rotor by Equation 63.

The turbulent kinetic energy can be found using Equation 64 to derive Equation 65.

I =0.725a Equation 63
k= 3/2 (U,D)? Equation 64
k= 2523/1600 nrdrpU,>a? Equation 65

To arrive at the source terms, the forces and turbulent kinetic energy must be
applied per unit cell volume and so the source terms are simply the forces calculated
at the cell centroid divided by the cell volume. In cases where the cell zone is more
than one cell thick, the term must be divided by both the cell volume and the

thickness of the cell relative to the thickness of the cell zone.

3.2.5. Meshing Parameters

During the course of the numerical work, meshing was undertaken using both
structured and unstructured meshes. The unstructured meshing was used for all
simulations within the optimisation procedure detailed in Section 3.3, with

structured meshing being used for simulations in all other cases.

3.2.5.1.  Near Wall Mesh Parameters

The near wall region of the unstructured meshes was generated such that the
y' value was below 5 except where there was significant flow acceleration, where it
was below 10. For the structured cases, the y' was below 1 everywhere. This

resolution is improved over that of Shives and Crawford [110] and Mehmood et al.
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[104] for the modelling of diffuser augmented turbines. In these cases acceptable

matching to the results against which the models were validated was found.

The low value of y', coupled with the numerical setup of the problems means
that whilst the solver is not fully resolving the boundary layer flow within the
diffuser, the boundary layer structure will be accurately replicated [132|. Boundary
layer resolution being important to accurately asses the separation point within the

diffuser and hence the diffuser performance.

3.2.5.2.  Unstructured Meshing

An unstructured meshing approach was used for the optimisation routine
within this thesis in order to ensure that the mesh quality within each grid would be
of an equal quality. This was important given the necessity to give a fair comparison
of the range of geometries. A fully unstructured mesh was used by Shojaeefard et al.
[133] for the optimisation of draft tubes for micro hydro turbines, who validated
their results against experimental data. The predictions of the pressure recovery
coefficient for the draft tube from the CFD were found to correlate with the

experimental results with a coefficient of 0.9993.
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Figure 18: Magnified views of the example unstructured mesh
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The mesh used for the optimisation was refined to produce a small y' value in
the boundary layer. The entire mesh was refined in the wake of the device, with an
increasing refinement closer to the device and a finer still refinement around the
rotor model. An example of a full mesh can be seen in Figure 17, which shows the
full extents of an example automatically generated mesh. Magnified views of the

same mesh can be seen in Figure 18.

3.2.5.3.  Structured Meshing

The approach used during structured meshing was to use a variable cell
density, with higher cell concentrations in areas where the flow was influenced by
the objects being modelled. The mesh was such that the boundary layer was again
fully resolved within the CFD. The blocking strategy used for the structured meshes

is shown in Figure 19. An example of a low density mesh can be seen in Figure 20.
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Figure 19: Blocking strategy for structured meshing

Magnified views of the mesh for a full density combined diffuser and porous
cell zone mesh can be seen in Figure 21. The refinement of the grid around the
diffuser structure and the high density mesh within the tip gap jet region can both
be seen. The cell zone into which the turbine model was implemented is also clearly

visible here as the region of red cells at the diffuser throat.
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Figure 20: Low mesh density view of a structured mesh
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Figure 21: Detailed views of a full density mesh with porous cell zone

3.2.6. Validation of CFD Methodology
The CFD methodology employed within this thesis was validated using
experimental data from two sources, firstly against diffuser data provided by ESDU

[54] and then against data from McDonald and Fox [57].

3.2.6.1. CFD Validation against ESDU Data
ESDU characterises the flow in a diffuser according to a number of flow
regimes, which are described by the degree of transience and attachment to the

interior diffuser wall. In order to assess the ability of the CFD methodology used
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here to replicate diffuser performance under a range of different flow conditions, a

range of geometries were chosen to be simulated and the results verified.

The ESDU results were obtained for diffusers and tailpipe combinations with a
range of lengths, area ratios and angles. The ESDU experiments were obtained with
incompressible flow and a uniform inlet velocity, with an inlet pipe length of = 2R;
and tailpipe length of 4R, < L1,y < 16R,. A schematic of the tested geometry,
which was then used as the CFD input geometry can be seen in Figure 22. The

results of the experiments summarised by ESDU are shown in Figure 23.
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Figure 23: ESDU performance chart for conical diffusers with tail pipes [54]

The details of the geometries tested and the key dimensions for the CFD cases
tested can be seen in Table 13. In all of the cases listed in Table 13, the material

used was water, with a density of 1000 kg/ m” and a viscosity of 0.001 Pas.
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Variable Units Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Half angle ° 6 4 10 8 45 20
Ri m 0.200 0.200 0.200 0.200 0.200 0.200
R. m 0.242 0.256 0.271 0.312 0.600 0.491
Lp; m 0.400 0.800 0.400 0.800 0.400 0.800
Lpi/Ri - 2 4 2 4 2 4
A/A, - 1.465 1.638 1.830 2.440 9.000 6.031
Re - 8.00E+05 8.00E4+05 8.00E+05 8.00E+05 8.00E4+05 8.00E+05

Table 13: Dimensions for ESDU CFD verification cases

A wide range of possible geometries were tested, with cases from all of the
flow regimes as presented by ESDU. The results of the CFD runs detailed in Table

13 are presented against the equivalent experimental cases in Table 14.

Variable Units Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Cpr CFD - 0.495 0.587 0.607 0.698 0.193 0.366
Cpr ESDU - 0.450 0.540 0.590 0.690 0.200 0.360
Difference % 10.000 8.704 2.881 1.159 -3.500 1.667

Table 14: Comparison of CFD results with ESDU performance data

The results of this verification show that the CFD methodology is accurate in
assessing the flow development within diffusing flows for a wide range of boundary
conditions. The performance at lower diffuser angles is modelled with a lower degree
of accuracy than for the higher angles, which is due to the under prediction of the
total pressure losses resulting from wall turbulence at these low angles. The total
pressure losses were under predicted by 9.69% and 5.89% for cases 1 and 2
respectively, a large part of the difference in the pressure recovery coefficients. Since
diffusers used for the augmentation of tidal stream turbines are shorter, higher angle

diffusers, this CFD methodology is well suited to the present application.

3.2.6.2. CFD Validation against McDonald & Fox Data

McDonald & Fox [57] conducted a large number of experimental runs on a
range of diffuser geometries using water as a working fluid aiming to derive maps of
diffuser performance. In addition, runs were conducted on a 15.6° half angle diffuser
with Lp;/R; = 4, to investigate the effect of the Reynolds number on the diffuser
pressure recovery. It was found that at Reynolds numbers, based on the diffuser

throat diameter and flow velocity, of below Rep;y . = 7.5 X 10* there is a sudden
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loss of performance due to laminar separation upstream of the diffuser inlet. Above

this value the flow behaves independently of the Reynolds number.

To validate the performance of the CFD for a range of Reynolds numbers, a
set of simulations were run in order to replicate the experimental data. The
geometry used by McDonald and Fox was two large water tanks with differing
heads, connected by a conical diffuser. To replicate this, the CFD geometry was
established as shown in Figure 24. The working fluid for the CFD simulation was

water, with a density of 1000 kg/ m® and a viscosity of 0.001 Pas.

1m 0.21m 2m
4 PRESSURE INLET PHESH['HEO["I'I,E'I'E
0.5m =
15.6°
L AXIS ...

Figure 24: CFD domain to mimic McDonald & Fox experimental setup

The results of the CFD simulations are shown in Figure 25, along with the
results of McDonald & Fox [57]. It can be seen that the CFD captures the effects of
the laminar separation, replicating the maximum and minimum pressure recovery
coefficients well. The prediction of the point at which the laminar separation starts
to become suppressed within the diffuser is also well predicted. However, the stall
recovery within the CFD occurs more gradually than in the experimental data. The
accuracy of the separation prediction capabilities of CFD codes are a well

documented issue and so this is not entirely surprising [138, 139].

The present CFD approach is sufficiently accurate to capture the flow effects
present within the diffuser as a result of Reynolds number dependent separations.
The resolution of the point at which the laminar separation reduces is accurate to
within a Reynolds number difference of 2.0 X 103. The accuracy of the resolution of
the elimination of the laminar separation with Reynolds number is less precise,
though the CFD agrees with experimental data on the magnitude of the pressure
recovery. As the work undertaken here has Reynolds numbers which will be of the
order of Rep;y,, > 3.0 X 105 this is thought to be minor as the magnitude of the

pressure recovery response is predicted to within 1.49% at higher Reynolds numbers.
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Figure 25: Comparison of McDonald & Fox data with CFD results

3.3. Geometry Optimisation

The methodology for the optimisation of the geometry uses CFD, a Kriging
surrogate model and a genetic algorithm to produce a representative model for

further numerical and experimental investigation.

3.3.1. Overall Procedure

The design methodology is broken into a number of stages: specification of the
domain and design conditions, generation of the input geometries, testing of the
input geometries, Kriging surrogate model generation, searching of the surrogate
model and retrieval of the optimal solution. The final stages of this cycle are
repeated until the results converge, at which point the optimum solution has been

found. The optimisation procedure can be seen diagrammatically in Figure 26.

3.3.2. Input Parameters

The extents of the domain and the conditions under which the process was
undertaken were informed by real world constraints and assumptions of them. Since
the device was assumed to be unidirectional, the size of the optimisation domain
was decided by the assumed channel depth of 30 m and the need for rotation of the
device to face the reversed tidal current. The assumed channel depth was chosen as
being towards the lower end of possible operational depths for tidal stream devices
given the current state of the art [28]. A further constraint was that there should be
a clearance of 2 m at all times between the device and the seabed or the free surface,

meaning that the radius of rotation must be limited to 13 m.
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Initial work indicated that Lp;/R, = 2 provided an upper limit for the length
of the device to balance best use of the channel cross section during operation with
the need for rotation. It was therefore decided to use a maximum length of 16m and

a maximum radius of 10 m. Figure 27 shows the domain and assumptions employed.

Definition of Design of Create & Mesh
Parameters Experiments Geometries

A

Run CFD Calculations|
& Analyse Outputs

Create/Update Not
Kriging Model Converged

A 4

Run Genetic
Algorithm

Check Convergence

Output Geometry "4 Corverged

Figure 26: Geometry optimisation procedure
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Figure 27: Tidal channel geometry and optimisation constraints
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3.3.3. Design of Experiments

The experimental design is of importance to the overall model accuracy that
can be achieved from the initial generation of CFD runs. There are a variety of
experimental design methods which could be employed, with the choice depending
upon the nature of the problem which is being evaluated. A comprehensive survey
conducted by Simpson et al. [140] states that there is a general consensus amongst
researchers that the best methods for use with deterministic experiments are space
filling designs. Space filling designs are created to cover the computational domain

with a distribution of experiments that is as close as possible to a constant density.

Faced Central Composite Latin Hypercube
1r @ [ o 1
° [ ]
PY [ ]
0.5} 0.5 . ®
[ ]
oo e ° ° N i .
[ ]
® [ ]
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PY ®
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-1 [ ] [ ] L ] 1
-1 -0.5 0 0.5 1 1 0.5 0 0.5 1
n n

Figure 28: Example two dimensional face centred central composite and latin

hypercube experimental designs

There are a variety of space filling designs available, but the most common is
the use of a Latin Hypercube design as proposed by McKay et al. [141]. The Latin
Hypercube design used was that implemented within MATLAB. This function
allows for progressive iterations of the design to be made to allow for optimisation
according to a variety of criteria. The design used in this optimisation was iterated
to maximise the minimum distance between adjacent design points and therefore to
ensure, as far as possible, a uniform distribution across the design space. Example
two dimensional face centred central composite and Latin hypercube experimental
designs of the same sample size can be seen in Figure 28. Note that the face centred

central composite design has a number of central points.

In the optimisation there were six points which formed the control points for
the Non-Uniform Rational Basis Spline diffuser geometry. These points were free to
move with the degrees of freedom shown in Figure 29, giving a total number of

variables for the experimental design of 11.
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Ps

Figure 29: Degrees of freedom for control points

Initial simulations suggested that a conical diffuser with an included angle of
8° and an inlet radius of 8.5 m provided the best pressure recovery in the diffuser.
This information was used to generate the centreline of the optimisation domain.
The extents of the domain were set such that the limits were everywhere within 2 m
of the centreline, unless this violated the original maximum size constraints, in
which case they were then curtailed. The domain was split up into five sub-domains
of equal size, and the movement of the associated control point was limited by the
extents of the sub-domain. The sub-domains were employed to ensure that the
geometries do not depart too markedly from montonicity, so that the NURBS curve
does not self-intersect and so that the size of the surrogate model can be minimised.

Figure 30 shows the optimisation domain with the point sub-domains.

Input
Line
E ...............
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Figure 30: Optimisation domain and sub-domains

The design of experiments methodology generates a series of values,
—1 < n,{ <1, for each of the design variables. These values are then translated into

the Cartesian coordinate system using shape functions.
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3.3.4. Coordinate Transformation

In order to translate the coordinates from the experimental design into
Cartesian coordinates, shape functions were used similar to those used in finite
element analysis. There were two types of shape function used, depending upon
whether the point was free to vary in one or two dimensions. The one dimensional
shape functions were used to determine the coordinate for the inlet radius since the
axial coordinate was fixed at the origin. For all of the other points, a two
dimensional transformation was used. The transformation of the two dimensional

coordinates is mapped as indicated in Figure 31.

(X:},y:s)

Figure 31: Transformation map from 2D Cartesian coordinates to shape functions

The Cartesian coordinates were calculated with Equation 66, Equation 67 or

both, depending upon whether the transformation was one or two dimensional.

n

x = Z Nix; Equation 66
i=1
n

y = Z N;y; Equation 67
i=1

The one dimensional shape functions use only the one variable to transform
the coordinates, since there are two points then there are two shape functions, given

by Equation 68 and Equation 69.
N, = 1/2 a-4&€ Equation 68

N, = 1/2 1+9 Equation 69
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For the two dimensional shape functions, there are four points and so there

are four shape functions for the coordinates, given by Equation 70 to Equation 73.

Ny = 1/4 1-mA-5) Equation 70

N, = 1/4 T+m@A-98) Equation 71

N3 = 1/4 T+m@A+8) Equation 72

N, = 1/4 1-mA+8 Equation 73
3.3.5. Geometry Creation

3.3.5.1.  Diffuser Geometry

The geometry for the diffuser was created using NURBS curves as these allow
for the creation of complex, curved geometry, with only a limited number of control
points. This is useful for the optimisation as it allows the representation of complex
diffuser geometries with a minimal number of variables from the experimental
design. For a full treatment of NURBS and their mathematical background the
reader is referred to Piegl & Tiller [142]. For the purposes of the optimisation

contained within this thesis cubic basis functions were utilised.

3.3.5.2.  Hub Geometry

The geometry of the hub was excluded from the optimisation as it was
assumed that the effect would be limited. Research conducted by Phillips [25]
suggested that the effect of a small hub or centrebody within the diffuser did not
produce a large wake and so would consequently have a limited impact upon the
flow. As a result of this and the desire to simplify the optimisation procedure as far

as possible, the hub was omitted.

3.3.5.3.  Extents of Computational Domain
The NURBS diffuser geometries were imported into the meshing software and
the computational domain was constructed around them. The extents of the domain

can be seen schematically in Figure 32 along with the boundary types.

The diffuser was inserted at x=0 m with a porous jump to represent the
turbine extending from the axis to 95% of the throat radius. The tip gap of 5% of
the throat radius gap was included as it was found during preliminary calculations

that this enhanced the diffuser pressure recovery. The problem was formulated with
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a velocity inlet upstream, an outflow downstream, a zero-shear wall along the

exterior of the domain and an axis passing along the turbine and diffuser axis.
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Figure 32: Computation domain schematic with boundary types
3.3.6. CFD Setup

3.3.6.1.  Boundary Conditions

A freestream velocity of 2.75 m/s was used for the inlet flow velocity as this is
a representative value for the rated velocity of existing tidal devices [56]. Inlet
turbulence was set at a low level, with a turbulence intensity of 2% and a length
scale of 10 mm. The porous jump was specified in order to be representative of a
high performance rotor and diffuser coupling. Given the input parameters, an
examination of a summary of diffuser augmented wind turbines from Phillips [25]
suggested that for a high augmentation, a thrust coefficient of approximately 0.45
would be an appropriate value for the rotor. As can be seen in Equation 60, the
thrust coefficient is tied to the ratio of the square of the freestream and turbine
plane velocities. Since the form of the duct geometry is unknown beforehand, and
therefore so is the flow velocity at the rotor plane, it was assumed that the effect of
the duct would be to accelerate the flow to the freestream velocity in the throat,
meaning that the velocity ratio term can be neglected. As a result, in order to
achieve a thrust coefficient of 0.45, the porous jump was specified with a thickness

of 0.1 m and a pressure jump coefficient of 4.5 m™.

3.3.6.2.  Convergence
The CFD was run for 4000 iterations, with the convergence criterion for the
CFD being the weighted residuals dropping to 1x10™. The transcript files and

outputs files were then collated by the optimisation code. If the solution failed to
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converge, the result was given an objective function value of zero as it was assumed

that this was a poorly conditioned diffuser causing convergence difficulties.

3.3.7. Objective Function

To compare the performance of a duct to that of a bare rotor, the metric must
reflect the power capture abilities of the duct relative to its outer dimensions. Since
the power in the fluid which is available to the rotor is proportional to the cube of

the throat velocity, an area power coefficient was defined as in Equation 74.

1
/ZpAROUR03 _ RpoUgo®

- RDi2U003

Cpyg = Equation 74

1
f2panU?

The area power coefficient is analogous to the power coefficient based on the
diffuser’s outer area for an actuator disc of a prescribed thrust. The thrust of the
actuator disc model will depend upon the velocity ratio as seen in Equation 60. The
relative device performance was found to be the same whether the area power

coefficient or the power coefficient based on the diffuser’s outer area was used.

3.3.8. Metamodelling

The use of metamodelling for optimisation problems within engineering has
been the subject of much research, with notable reviews being published by Simpson
et al. [140] and Wang and Shan [143]. Since the CFD modelling results are
deterministic and the underlying physical phenomena highly non-linear, a Kriging

approach to metamodelling is appropriate.

Kriging is a mathematical method, originally created for geostatistics, that
estimates a variable at an unobserved location given a set of input sample values for
the variable. A review of Kriging methodology is outlined by Kleijnen [144]. Kriging
has previously been used successfully for engineering optimisations in a range of
environments and conditions [145-148]. The Matlab implementation of Kriging was
achieved using the Design and Analysis of Computer Experiments (DACE) toolbox
of Lophaven et al [149]. The DACE toolbox is a Matlab toolbox for the

implementation and analysis of Kriging models in computational experiments.

The Kriging model specifies a general model and a set of departures from that

model and can be expressed as in Equation 75.
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Y(w) =Zu) + W) Equation 75

The objective function results from the CFD were used to construct a Kriging
model within DACE wusing the standard regpoly0 regression function and
exponential correlation. The regression function was chosen as due to the relatively
sparse nature of the sample points, higher order functions cannot be used. The
correlation function was chosen to be non-differentiable as the highly non-linear
nature of the flow separation effects in the diffuser meant that a continuously
differentiable function would not adequately represent the flow conditions. As a
result the exponential correlation was chosen as the most commonly used of the

non-differentiable functions [150].

3.3.9. Genetic Algorithm

Due to the size of the design space and the number of variables present, it was
not feasible to interrogate the Kriging model for every possible design, meaning that
a search algorithm was necessary. There are a wide variety of search methods which
exist for the location of an optimum, a genetic algorithm was chosen as it provides
one of the most commonly used and promising search algorithms [147]. The use of a
surrogate model and genetic algorithm allows for a significantly reduced amount of

computation over the use of a genetic algorithm alone [147, 151].

A genetic algorithm is designed to mimic the evolutionary behaviour which is
seen in nature and as such each successive generation should be an improvement on
the last. The genetic algorithm which was used here was formed from several steps.
The first step was to produce the initial population, which was generated using a
Latin Hypercube experimental design, with 1000 points from the entire design space.
Once the initial generation had been decided, a fitness level was associated to each
member of the population. The fitness in this case was the Kriging predictor of the
objective function added to the departure term. This addition was required as the

Kriging predictor alone otherwise peaks at, or close to, the sample points.

The next stage of the process was to randomly split the population into two
sections, the males and the females. It should be noted that all ‘random’ processes
within this algorithm are controlled by Matlab’s random number generator. Once
the split is complete the mating of the two halves is allowed to take place such that
a proportion of the populace, controlled by the crossover rate, are allowed to mate.

In this case a crossover rate of 0.7 was used. If a male and a female mate, the
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offspring contains a random number of chromosomes (design variable values) from
one partner and the remainder from the other. The remaining 30% of the original

population who do not mate survive until the next generation.

Once mating has been completed a mutation phase commenced. In this phase,
1% of the population was randomly selected and a random number of its
chromosomes were changed. The change in chromosome values was controlled by a
random generation of a value subject to the design space limits. After this phase has
been completed, a fitness level was calculated for the new generation by
interrogating the Kriging model. The fittest member of that generation was noted
and the next generation was allowed to evolve. In this optimisation, 100 generations

of the genetic algorithm were completed for each iteration loop seen in Figure 26.

Once the last generation was created, the overall optimum value was found by
evaluating the best individual from all of the fittest individuals for each generation.

The optimum was used to determine the input for the next step of the optimisation.

3.3.10.  Convergence Assessment

Since the fitness level for each predicted value was defined as the sum of the
prediction and the associated error, this allowed for a measure of the model
convergence to be evaluated. The optimisation procedure was iterated until the
prediction of the objective function by the optimisation routine was within 1% of
the associated prediction from the CFD simulation. Once this criterion had been

reached the solution was said to have converged and the global optimum found.

3.3.11.  Optimisation Summary

The optimisation routine detailed above allows the derivation of high
efficiency diffuser geometry for use with a horizontal axis turbine. The motivation
for running through the above procedure, which involves a significant quantity of
computation, is to arrive at a diffuser geometry which is devised to directly address
the challenges of the tidal stream environment. In particular the procedure is a
direct means of addressing the need to make best use of the channel cross section by

maximising the power per unit of device frontal area.

The alternatives to the use of this methodology for the selection of diffuser
geometry are to employ an alternate optimisation routine or to manually select one.
The use of alternative algorithms would likely require still greater computational

expense due to the inefficiencies of those methodologies as opposed to that detailed
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here [147, 151]. Manual selection of diffuser geometry, based for instance on existing
hydrofoil sections, would require a considerable time investment and would most

likely result in a sub-optimal design.

3.4. Concluding Remarks

This chapter details the numerical methodologies and their setups used within
this thesis, the motivation for their use and where relevant their derivation. This
chapter contains the derivation and implementation details of the extended blade
element momentum model for use within computational fluid dynamics which was
generated as a part of this thesis. This chapter also provides the optimisation

routine by which the diffuser geometry used within this thesis was derived.

The models derived here are used for detailed assessments of bare and diffuser
augmented turbine flows in Chapter 4. The output results from these models are

then compared with experimental results in Chapter 6.
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4. Numerical Results

This chapter presents the results obtained from the numerical analyses
performed as a part of this thesis. Results from both the blade element momentum

model and the computational fluid dynamics runs are detailed.

4.1. Experimental Turbine Blade Design

The blade element momentum model was implemented as a stand alone
program for the assessment of the performance of bare rotors. The BEM code was

used as a tool to assist in the design of the turbine for use within this thesis.

4.1.1. Cavitation

In the development of the blade design the effect of cavitation on the rotor
must be considered. Cavitation occurs when the pressure in water drops to a value
below the vapour pressure and the water vaporises. Cavitation can adversely affect
the efficiency of a rotor both in the short term due to reduced lift and increased
drag, and in the long term by damage to the rotor [152]. The cavitation performance

can be evaluated using the cavitation number, which is seen in Equation 76.

c—_P~=Pv _par+pgd—py
1/2 ono2 1/2 pU002

Equation 76

The extent of cavitation will depend upon the value of the cavitation number.
The higher the cavitation number the less likely cavitation is to occur and vice-versa.
Cavitation is more likely near to the free surface due to the decreased pressure and

would be more likely within a diffuser due to the reduced sub-ambient pressures.

In order to control cavitation at a given depth, either the static or dynamic
pressure at the object of interest must be controlled. In the case of a turbine, the
former can be achieved through careful hydrofoil section and size selection [153].
The latter can be controlled by minimising the dynamic pressure that the blade
experiences. This means that a rotor with a high efficiency at a low tip speed ratio

is desirable. The rotor in this case was designed to operate at a tip speed ratio of 4.

The use of a rotor within a duct is likely to increase the inception of cavitation
due to the reduced pressure at the rotor plane. This is an effect which has been

noted in hydropower turbine draft tubes, particularly with wake swirl and the
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associated low pressure vortex core [152]. To account for the increased risk of

cavitation it is desirable to increase the resistance of the bare rotor to cavitation.

4.1.2. Blade Section Characteristics

The aerofoil section that was chosen for the design of the turbine was from the
NACAG638xx family of sections. This aerofoil family has been used previously by
Molland et al. [153], Batten et al. [154] and Bahaj et al. [120], the work of whom is
widely referred to in the literature. In order to simplify the rotor design a
NACAG63818 section was used at all radii on the blades. The lift and drag
coefficients as calculated by XFoil [155] at a Reynolds number, based on the blade
chord and freestream flow velocity, of Re,y, = 2.5 X 10%, can be seen plotted

against the angle of attack in Figure 33.
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Figure 33: NACAG63818 lift and drag coefficients against the angle of attack from
XFoil at Reyy, = 2.5 % 10°

As a result of manufacturing limitations for the experimental rig, which are
detailed in Section 5.1.2.3, the blade section used for the experimentation was an
adaption of the NACA63818 geometry. The trailing edge of the NACA63818 section
was rounded to allow for precise manufacture at the scales at which the
experimental rig was constructed. The trimming of the rear part of the section had
the effect of increasing the angle of the section relative to the original chord line.
The curtailing also increases the degree of symmetry across the chord line. The two

blade sections can be seen in Figure 34.

The performance of the rounded NACA63818 section was assessed using CFD,
as due to the trailing edge modifications, XFoil is no longer suitable to model the

flow at the rear of the section. The behaviour of the rounded section is different to
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that of the NACAG63818 section as can be seen in Figure 35, which shows the lift

and drag coefficients for the two blade sections against the angle of attack.
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Figure 34: NACA63818 and rounded NACA63818 aerofoil cross sections
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Figure 35: NACA63818 and rounded NACAG63818 lift and drag coefficients against
the angle of attack at Recy = 2.5 X 10°

The behaviour at low and negative angles of attack is similar in both cases,
albeit with a higher lift coefficient in the case of the NACA63818 section. This could
be expected as there should be a greater degree of streamline curvature induced by
the sharp trailing edge on the NACAG63818 section and therefore greater lift. This
can be seen in Figure 36(a), where there is a reduced pressure at the trailing edge in
the rounded case which, when coupled with the higher leading edge pressure on the

suction side, serves to reduce the lift coefficient.
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Figure 36: Pressure coefficients around the blade section at Re.y, = 2.5 X 105 for

angles of attack of (a) 10° and (b) 22.5° for NACA63818 and rounded sections

At high angles of attack, the variation of the trailing edge means that the drag
is significantly increased due to the low pressure separated region behind the section.
This can clearly be seen in Figure 36(b), where there is low pressure on both blade

faces at the rear of the section in the rounded case.

The CFD simulations were conducted at three Reynolds numbers to capture
the effects due to the change of relative velocity experienced by the blade during

rotation. The results of these analyses can be seen in Figure 37.
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Figure 37: Lift and drag coefficients of the rounded NACAG63818 section over the

operating range of Reynolds numbers and angles of attack

It is clear from Figure 37 that the NACA6318 profile with the rounded trailing
edge has a considerable Reynolds number dependency. This dependency being due
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to the pattern of laminar separation on the suction side of the blade and whether
there is sufficient energy in the flow to re-attach and form a separation bubble. The
pressure coefficient distribution around the section at angles of attack of 10° and

27.5° can be seen in Figure 38.

It can be seen in Figure 38(a) that at the higher Reynolds number and low
angles of attack there is a laminar separation bubble which forms at x/Lp; = 0.3 and
re-attaches around x/Lp; = 0.45. In the lower Reynolds number cases there is
laminar separation and complete detachment from the section and generation of
vortex shedding from the rear. This complete detachment and vortex generation
leads to a substantially reduced lift and an increased drag. This pattern mirrors one
which has been previously detailed by Yarusevych et al. [156] for low Reynolds

numbers aerofoil flows such as those for small wind turbines.
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Figure 38: Pressure coefficients around the blade section for a range of Reynolds

numbers for angles of attack of (a) 10° and (b) 27.5° for the rounded section

At higher angles of attack the behaviour of the sections becomes much more
alike, with separation from close to the leading edge on the suction side as seen in
Figure 38(b). This similarity of flow regimes as the angle of attack increases is the
reason why at a high angle of attack the lift and drag properties of the section
converge. The convergence is as a result of the increasingly complete separation
from the section as the angle of attack increases, which by 27.5° is fully developed.
The large drag forces are generated by the large low pressure region of recirculating

flow to the rear of the blade section.
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4.1.3. Ideal Blade Shape

The blade design for the turbine was initiated from an assessment of the ideal
blade shape as given by Manwell et al. [43]. For an ideal bare rotor with wake swirl,
the optimum angle of relative flow and the optimum chord distribution are given by
Equation 11 and Equation 12 respectively. The value of C, used here is that which

corresponds to the angle of attack at which the ratio Fo/Fy is the highest.

¢ = (2/3)tan‘1 (1/?\r) Equation 77
8
c= o (1 — cosp) Equation 78
BC,

Using Equation 11 and Equation 12, the design tip speed ratio of 4, a three
bladed geometry and the lift and drag data for the NACAG63818 airfoil, the ideal
distributions of the local relative flow angle, angle of attack and the chord length

can be found, which are displayed in Figure 39.

-------- Blade Pitch Angle
........ Angle of Attack
— Chord /Ry,

20 . ‘ .

Figure 39: Ideal distributions of the relative flow angle, angle of attack and

normalised chord length for a rotor designed for a tip speed ratio of 4

The distributions show the variations in the ideal shape are non-linear along
the blade length and that both geometrical properties decrease asymptotically
towards the blade tip. These results would be expected, with a longer chord and
higher blade pitch in the root section to exploit the lower relative flow velocities and
higher relative flow angles at the blade root. The angle of attack is held constant at

the optimum for the section, except where the tip losses dominate.

86



4 NUMERICAL RESULTS

The performance for the ideal rotor at Regyy, = 5.3 X 10° based on the rotor
diameter and freestream velocity can be seen in Figure 40. The ideal blade shape

has a peak power coefficient of 0.443 at the design tip speed ratio of 4.
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Figure 40: Power coefficient against tip speed ratio for ideal rotor with NACA63818

blades at a Reynolds number of Regoy,, = 5.3 X 105 based on the rotor diameter

4.1.4. Designed Blade Shape

In order to simplify the manufacture and subsequent analyses it was decided
that the use of a blade with a linear distribution of both blade pitch and chord was
preferable. Using the ideal blade shape as a guide, a blade geometry was derived
with the blade pitch and chord distributions as seen in Figure 41.
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Figure 41: Relative flow angle, angle of attack and normalised chord length for the

final blade design with a NACAG63818 section at a tip speed ratio of 4

The differences between the blade shapes in the ideal and design cases are

evident upon examination of Figure 39 and Figure 41. In the design case, because of
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the enforced linearity in the blade pitch distribution, the angle of attack varies along
the blade, whereas in the ideal case the angle of attack is held constant at the
optimum condition. This variation in the angle of attack away from the optimum
means that the performance of the rotor will be inhibited. The performance curve of
the ideal blade rotor and the design case rotor can be seen in Figure 40 and Figure
42 respectively. The ideal blade shape has a power coefficient of 0.443 at the design
tip speed ratio of 4. The design case has a power coefficient of 0.394. The effect of
the reduced lift at low angles of attack relative to the NACA63818 section, as seen
in Figure 35, causes a reduction in the peak power coefficient by 11.1%. The
increase in drag can be seen to significantly degrade the performance of the rotor at

high tip speed ratios, where the relative velocity and therefore drag force is highest.
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Figure 42: Power coefficient against tip speed ratio for design rotor with

NACAG63818 blades at Regoy,, = 5.3 X 10°

4.1.5. Power Output of the Bare Rotors

When the shape of the rounded NACA63818 blade sections used on the
experimental rig and detailed in Section 4.1.2 is taken into account, the performance
of the rotor is altered. The performance curves for the rotor at zero pitch and with
the pitch angle reduced by 5° can be seen in Figure 43. The increases in the drag
coefficient have reduced the performance of the rotor over the range of tip speed
ratios. The range of tip speed ratios over which the rotor can generate power has
been reduced and the power output at all operating points has also been reduced.
These rotors perform well given the limitations of the blade section used for their
construction and are representative of horizontal axis turbine physics. The use of
these rotors to investigate the properties of diffuser augmented turbines and the

interaction of the diffuser and the rotor will produce representative results.
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Figure 43: Power coefficient against tip speed ratio for the rounded NACA63818
rotor blades at the two tested pitch angles

4.2. Experimental Diffuser Geometry Design

The geometry optimisation routine detailed in Section 3.3 was iterated to
generate the diffuser geometry used within this thesis. In this section the model’s
assumptions are justified, the convergence and accuracy of results are analysed and

the final output geometry used for further investigation is detailed.

4.2.1. Effect of the Tip Gap Jet

The effect of the tip gap jet on the performance of a diffuser augmented
turbine was examined through simulation of conical diffusers with uniform actuator
disc turbine models at inlet. The cases examined had the same geometries as the
ESDU cases used to verify the CFD, the exception being that here the diffusers had
no inlet nozzle or tailpipe and were also subject to external flow. The simulation

domain can be seen in Figure 44. The geometries are detailed in Section 3.2.6.1.
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Figure 44: Simulation domain and setup for tip gap jet study
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The tip gap was varied by altering the proportion of the diffuser throat which
was covered by the porous jump, i.e. a 5% tip gap has 95% of the radial throat
distance covered by the porous jump. The porous jump used for the uniform
actuator disc was specified as being the same as for the optimisation, as detailed in
Section 3.3. Three tip gap sizes were used for this study, no tip gap, 5% and 10% tip

gap. The results of these simulations can be seen in Figure 45.
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Figure 45: Pressure recovery against area power coefficient for tip gap jet study

The results shown in Figure 45 reveal a great deal about the performance
characteristics of diffuser augmented turbines. There are three types of diffuser
which can be seen here, low, medium and high angle diffusers. For the low angle
diffusers, which are exemplified by Case 1 and Case 2, the inclusion of a tip gap jet
flow inhibits augmentation performance. There is no appreciable increase in the
pressure recovery caused by the jet as the flow is able to remain attached to the
diffuser’s inner surface without the additional boundary layer momentum of the tip
gap jet. As there is no gain in pressure recovery, there is therefore no potential gain
in the power output. In fact, the power output drops as the area of the turbine

model is decreased as the mass flow rate through the rotor drops.

For the medium angle diffusers, such as Cases 3 & 4, the tip gap jet effect is
significant. The flow is unable to remain attached to the diffuser interior wall
without the addition of energy to the boundary layer through the tip gap jet. This
means that the pressure recovery and power augmentation performance both

increase with a jet of moderate size. In Case 3, as the jet size increases beyond the
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critical point the performance is once again inhibited by both the reduction of the
rotor area and the fact that the separation from the diffuser wall has already been
fully suppressed. In Case 4, the pressure recovery performance is also inhibited by
the enlargement of the tip gap jet beyond the critical point as the velocity of the jet
relative to the bulk flow is reduced. This reduction in the jet’s relative energy causes

the flow to begin to separate again towards the rear of the diffuser.

With the high angle diffusers, there are two flow regimes. In the less extreme
Case 6, the tip gap jet is demonstrably very effective at increasing both the pressure
recovery and the power augmentation. This is due to the momentum increase in the
boundary layer which is increasingly effective as the size of the tip gap jet grows up
to 10% and is able to move the separation point further along the diffuser interior
wall in the streamwise direction. In Case 5, the tip gap jet is ineffective due to the
jet separating from the wall very early and blowing into the diffuser’s interior. This
combination of the minor pressure recovery improvement and the reduction in rotor

area means that the power output is reduced by the presence of the jet.

It can be seen from Figure 45 that there is only limited correlation between
the pressure recovery performance of the device and the area power coefficient, with
the best diffusing device not necessarily being the best at power augmentation. It
can be concluded however that a for a conical diffuser with no inlet swirl and a
constant pressure loss across the throat the performance is best with a moderate

wall angle and a tip gap jet of around 5% of the throat radius.

4.2.2. Convergence of the Optimisation Routine

The optimisation routine started with 250 geometries defined by the Latin
Hypercube experimental design. The routine converged within a further 23 CFD
simulations. The results for the area power coefficients can be seen against the
pressure recovery coefficients for those devices in Figure 46. The strength of the
optimisation methodology in preventing further poor quality simulations after the
initial generation is visible in these results. The optimisation is therefore able to
accurately predict the locations within the design space at which there are high
quality geometries. The ability to rule out large parts of the design space allows

improved rates of convergence over routines which do not employ a metamodel.

The speed of convergence of the optimisation routine could be due to a

number of factors. It has been noted that the spacing and locations of the initial
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generation of points affects the error of a sample point [151]. The genetic algorithm’s
efficiency will also affect the performance of the algorithm. There is also however an
element of chance within the speed of convergence due to the random nature of both
the initial geometry sampling methodology and the progression of the genetic
algorithm. Since the error in a Kriging model is heavily tied to the distance of an
unknown point from the nearest known points, the predictions will be better if the
initial sample point falls closer to the optimum. This improved prediction means
that fewer points will have to be evaluated before the routine converges.
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Figure 46: Area power coefficient against pressure recovery coefficient for the

optimisation simulations with the diffuser inlet at the duct minimum diameter

The pressure recovery in some cases is below zero due to the shape of the
diffuser. Where there is limited or negative expansion in the streamwise direction, a
low or negative pressure recovery coefficient can exist due to the lack of diffusion. It
is evident that there is a relationship between the area power coefficient and the
pressure recovery coefficient. The best performing devices tend to have a high
pressure recovery coefficient and a low total pressure loss. Figure 47 shows the
diffuser efficiency against the area power coefficient. The trend for higher
performance at higher diffuser efficiency, i.e. at a high pressure recovery coefficient
and a low total pressure loss coefficient, leads to the conclusion that the

performance of a diffuser augmented device is correlated to the efficiency of diffusion.

The final geometry output from the optimisation routine can be seen in Figure
48. As can be seen, the optimisation routine has produced a diffusing duct shape
which also has an inlet nozzle. The is due to the optimisation routine compensating

for the lack of a specified inlet geometry, minimising the losses which would
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otherwise occur due to separation from the leading edge of the duct. It can also be
seen that the optimisation has maximised the size of the duct within the
computational domain, with both the maximum possible axial and radial sizes which
were specified as boundary conditions for the optimisation routine.
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Figure 47: Diffuser efficiency against the area power coefficient for the optimisation

simulations with the diffuser inlet at the duct minimum internal diameter
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Figure 48: Final NURBS output geometry from the optimisation routine

The final output diffuser geometry from the optimisation, as seen in Figure 48,
when combined with a uniform actuator disc turbine model with a tip gap of 5% of
the diffuser throat radius, has an area power coefficient of 1.535 and a pressure
recovery coefficient of 0.511 (0.744 when defined from the point of maximum
contraction) under the optimisation flow conditions. The power coefficient based on
the duct outer area is 0.691 at a thrust coefficient of 0.986. As can be seen from
Figure 49, the high performance is as a result of the duct shape coupled with the tip
gap jet suppressing almost all separation from the diffuser wall. This, in addition to
the inlet contraction acting to suppress any separation from the diffuser inlet mean

that the device is highly efficient and is able to recover more pressure and increase
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the flow velocity at the rotor plane. This design is however idealised due to the zero

thickness geometry and the use of a uniform actuator disc turbine model.

Y/Ry;

Figure 49: Velocity contours and streamtraces for final NURBS output geometry

from the optimisation routine at Rep;y, = 3.4 X 107

4.2.3. Diffuser Geometry Definition

Once the geometry from the optimisation run had been finalised it was
necessary to make amendments in order to make the device three dimensional, easily
manufactured and to remove some of the simplifications made in the optimisation
routine. In order to achieve this, the duct was moved axially forward such that the
turbine was situated at the throat of the duct. The exterior surface of the duct was
generated by taking a line axially in the streamwise direction from the NURBS
duct’s leading edge, rounding the leading edge and blending this with a curve at the
rear. The curvature of the rear section was specified to maintain a smooth thickness
distribution along the rear part of the duct. The leading and trailing edges of the
duct were then rounded. A cross-section of the geometry which was used for

experimental testing can be seen in Figure 50.
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Figure 50: Cross-section of the final experimental diffuser shape
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When combined with a uniform actuator disc turbine model with a tip gap of
5% of the diffuser throat radius, this geometry has a power coefficient based on the
duct outer area of 0.612 and a pressure recovery coefficient of 0.659 at a Reynolds
number, based on the diffuser throat diameter and freestream flow velocity, of

Repiy,, = 3.6 x 107 and a thrust coefficient of 0.890. The diffuser flow under these

conditions can be seen in Figure 51 along with velocity contours and streamlines.
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Figure 51: Velocity contours and streamtraces for experimentally tested diffuser at

ReDiUOO =36X 107

It can be seen that there is a change in the flow structure between the
optimisation output device as seen in Figure 49, and the tested diffuser shape as
seen in Figure 51. The main cause of this variation is the reduction of the “lift” force
generated by the geometry. The loss of lift means that the swallowing capacity, the
ability of the duct to draw flow in towards the turbine, is reduced, which in turn

reduces the mass flow rate through the rotor plane and the available power.

The loss of lift is caused by the reduction of the streamline curvature caused
by the duct and the associated increase in the interior pressure and drop in the
exterior pressure as can be seen in Figure 38. This drop in pressure on the exterior
of the duct reduces the pressure differential across the duct wall and means that less
flow is drawn through the duct. This change in pressure distribution can be seen in
Figure 52. The reduction in the pressure recovery of the device with the
experimental geometry is due to the loss of lift associated with the change of

geometry. The pressures in the diffuser throat are lower in the NURBS geometry

95



4 NUMERICAL RESULTS

however as the pressures at the exit are almost the same in both cases, the pressure

recovery is higher in the NURBS case despite the dynamic pressure being higher.
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Figure 52: Pressure coefficients around the diffuser for the NURBS geometry and

the experimental diffuser geometry

The necessity to make a workable 3D design for the diffuser means that there
will be some degree of loss of lift in order to facilitate this. The design here is

provides a high efficiency diffuser which is suitable for the experimental work.

4.3. Effect of the Reynolds Number

The impact of the Reynolds number on the power output of a diffuser
augmented turbine was examined using both the uniform actuator disc turbine
model and the blade element actuator disc model. This enabled the quantification of
the Reynolds number effects on a device and allows for the comparison of responses
between the two turbine models. In order to increase the applicability of the results
to a real device, the geometry of the hub is now included within the computations.
The hub used has a radius of y/R=0.20 and a length of x/R=1.5. The geometry

used for the assessment of the Reynolds number effects can be seen in Figure 53.

The analyses were conducted in the range 2.0 X 10® < Rep;y < 1.0 X 107,
which covers the Reynolds numbers for both full scale tidal device operation and
also model scale. The Reynolds number was calculated based upon the diffuser
throat diameter and the diffuser throat area averaged wvelocity. The power
coefficients resulting from both turbine models can be seen plotted against the

Reynolds number in Figure 54.
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Figure 53: Diffuser and hub geometry in the Reynolds number sensitivity studies
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Figure 54: Power coefficient against Reynolds number for both the UAD and

BEMAD turbine models

It is evident from Figure 54 that each turbine model responds differently to
the Reynolds number. The blade element actuator disc model, the more complete of
the two, predicts a response where there is low performance at low Reynolds
numbers, which increases with Reynolds number and is more or less constant by
Rep;y,, ~ 3.0 X 10° and has a static value by Repiy,, ~ 1.0 x 10°. The uniform
actuator disc model predicts a more complex response which is highly dependent

upon the Reynolds number.

It is clear from Figure 54 that the absolute value of the power output and the
trends in the power output predicted by the uniform actuator disc and the blade

element actuator disc models differ greatly. The absolute value of the power
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coefficient is consistently lower in the blade element actuator disc cases than the
uniform actuator disc cases due to simplifying assumptions made in the calculation
of the power coefficient for the UAD cases. The power coefficient is calculated for
the blade element actuator disc as detailed in Section 3.1.4.2 and for the uniform
actuator disc as in Section 3.2.4.1. It is clear that assuming that the entirety of the
total pressure drop across the rotor plane is converted to a work output in the
uniform actuator disc model is highly idealised. The accurate assessment of the
likely loses in the flow and the efficiency of energy conversion are problematic and
would be difficult to predict from the flow field calculated by the CFD as it is
markedly different from that which would be obtained from a real turbine as can be

seen from Figure 55 and Figure 56.
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Figure 55: Velocity contours and streamtraces for UAD model at Rep;y, = 1.3 X 107

It is evident from Figure 55 and Figure 56 that the flow structure differs
greatly between the uniform actuator disc and blade element actuator disc cases.
The primary difference is caused by the inclusion of flow swirl in the blade element

model, which induces a vortex in the rear of the diffuser.

A vortex can be defined by one of a number of vortex models, with the
Rankine and Lamb-Oseen vortex models being amongst the most common [157].
The Rankine vortex model assumes an instantaneous break between the rotational
core part of the vortex and the irrotational outer part of the vortex. The more

complete Lamb-Oseen vortex model, described by Equation 79, removes this
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singularity and more accurately predicts the interface between the two regions. The

value used here for @ is 1.25643, as suggested by Devenport et al. [158].

r 1 r?
Ug(r) = Uec?c (1 + %> [1 — exp (—wrc—z)] Equation 79
2.5
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Figure 56: Velocity contours and streamtraces for BEMAD model at a Reynolds

number of Rep;y = 1.1 x 107

When the outflow swirl profile from the blade element actuator disc model
diffuser is plotted against the equivalent Lamb-Oseen vortex, as seen in Figure 57, it
is evident that there is a close match in the core region which breaks down as the
radial distance is increased. This breakdown in the matching is due to two factors,
the constrained radial distance due to the diffuser interior wall and the forcing
influence of the rotor on the flow. In the idealised model, the flow outside of the
diffuser would also be free to rotate with the vortex, however in the diffuser case the
rotational energy is localised to the flow within the diffuser. The more significant
effect however is due to rotational forcing by the rotor, where swirl is induced along
the length of the blade as opposed to emanating from a central point as is assumed
in the Lamb-Oseen model. This forcing means that the outer part of the vortex can
no longer be considered to be purely irrotational and so will have a higher swirl
velocity than the Lamb-Oseen model predicts. The effect of the rotor (radius of r/r.
~ 8) can be seen clearly in Figure 57, where the swirl drops off rapidly beyond this

critical radius.
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Figure 57: Comparison of diffuser exit swirl profile from CFD models at a Reynolds

number of Rep;y = 1.1 X 10° with the equivalent Lamb-Oseen vortex

The response of the uniform actuator disc model to the Reynolds number is
caused by two main factors which vary with the Reynolds number, the strength of
the tip gap jet and the extent of the flow attachment to the hub. The blade element

actuator disc model’s response to the Reynolds number is driven by the tip gap jet

flow and the blade section lift and drag data.
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Figure 58: Velocity contours and streamtraces for UAD model at Rep;y = 1.0 X 10*

The strength of the tip gap jet varies with the Reynolds number as it is

influenced by the boundary layer thickness in the gap between the turbine tip radius
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and the diffuser wall. With a higher blockage of the gap, the energy in the jet is
reduced, meaning that the flow separates from the interior of the diffuser due to
insufficient momentum transfer to the boundary layer in the rear of the diffuser, as

can be seen in Figure 58 and Figure 59 for the UAD and BEMAD cases respectively.
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Figure 59: Velocity contours and streamtraces for BEMAD model at a Reynolds

number of Rep;y = 1.3 x 10*

The thickness of the boundary layer, and therefore the blockage of the gap, is
dependent upon the state of the boundary layer at the turbine plane. The thickness
of the boundary layer at the turbine plane for the uniform actuator disc cases can be
seen in Figure 60. At lower Reynolds numbers the boundary layer is laminar at the
turbine plane and blocks up to 25% of the tip gap. As the Reynolds number
increases the laminar boundary layer reduces in thickness and the blockage effect is
reduced, diffusion increases and therefore the power output increases. Once
transition to a turbulent boundary layer occurs at Reynolds numbers of around

Repiy,, = 1.5 X 10° the boundary layer remains thin at the turbine plane.

The levelling of the power output from the BEMAD cases is largely dependent
upon the blade section characteristics and the Reynolds numbers at which these are
provided. The data provided to the model here is such that by a Reynolds number

of Rep;y,, = 1.0 X 10° all sections will be utilising the same lift and drag curves.
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The uniform actuator disc response follows a different trend to the blade
element actuator disc as the flow also has a tendency to separate from the hub as a
result of the more adverse pressure gradient along the hub surface due to the lack of
a trailing vortex. At low Reynolds numbers the device suffers from separation from
the hub surface, which causes a significant reduction of the volume available for
diffusion and hence the power output. As the Reynolds number increases this
separation reduces as the separation point moves further towards the rear of the
hub. By Rep;y,, = 5.7 X 10° the flow is able to remain attached to the full length of
the hub and the power coefficient is unchanged beyond his point.
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Figure 60: Boundary layer thickness in the tip gap for the BEMAD cases

Given the propensity of the uniform actuator model to predict a flow structure
which is so different from that of a real turbine, the accurate prediction of the power
output using the uniform actuator model cannot be achieved. It is therefore
recommended that the assessment of the diffuser performance is only undertaken
with the use of representative rotor modelling, whether that is a blade element

actuator disc or a fully resolved 3D model.

The reaction of the blade element actuator disc to the Reynolds number
indicates that the flow structure remains very similar at Reynolds numbers above
Rep;y,, = 3.4 X 10° and is almost unchanged above Repiy,, = 1.1 X 10°. In reality
there may be changes at higher Reynolds numbers since the BEM CFD input data
stops for a Reynolds number based on the blade chord of Re.y_ = 2.5 X 10°. Any
changes above this Reynolds number would be likely to happen more gradually

however as the majority of transition effects have occurred by this Reynolds number.
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The importance of these findings are that it is therefore acceptable to test a
device at the model scale and still be able to accurately replicate the flow dynamics
which are found in a full scale device. This is particularly important for tidal stream

devices, where full scale Reynolds numbers can be of the order of 10" or 10°.

4.4. Effect of the Hub Geometry

In order to adapt the geometry derived from the optimisation routine to one
which was more representative of a real device and therefore suitable for further

development it was necessary to include the hub geometry.

4.4.1. Effect of the Hub Shape

In order to understand both the effect of modelling methods and the effect of
the hub geometry, a range of hub geometries were examined using the experimental
diffuser geometry and both the uniform actuator disc and blade element actuator
disc turbine models. The hub shapes tested in this study can be seen in Figure 61.
The hub geometries, all of which have a hub radius of y/R = 0.2, were derived to
attempt to suppress hub separation. Preliminary investigations of the flow field
using the UAD model and hub 1 indicated that there was separation from the hub
surface at x/r ~ 0.6 as can be seen in Figure 62. As a result of this perceived
separation issue, hub geometries which expanded in the streamwise direction with a
variety of end shapes were investigated. In addition a hub with a flat end was
trialled to investigate the effect of a dump hub on the power output, similar in

conception to the dump/exit flanges detailed in Section 2.4.4.3.
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Figure 61: Hub shape geometries examined
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Figure 62: Contours of velocity with streamtraces for hub shape 1 with a uniform

actuator disc model at Rep;y, = 4.1 X 105 and thrust coefficient of 0.646

The performance of the devices seen in Figure 61 was assessed using both the
blade element actuator disc and uniform actuator disc models in order to assess the
impact that the modelling assumptions would have on the predictions of the device’s
power output. The results from the uniform actuator disc and blade element
actuator disc models can be seen in Figure 63 and Figure 64 respectively, which
show the power, pressure recovery and thrust coefficients for each case.
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Figure 63: Coefficients for hub geometry cases using the UAD model for thrust
coefficient values approximating those of the standard pitch blading at TSR=4
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Figure 64: Performance coefficients for hub geometry cases using the BEMAD

turbine model and the standard pitch blading at TSR=4

It is evident from Figure 63 and Figure 64 that there are significant differences
in the performance of the diffuser augmented devices when using the different
turbine models, with large differences in the prediction of the device’s pressure
recovery and power generation characteristics. These differences are due to the
markedly different flow regimes induced in the diffuser by the different turbine
models. Normalised velocity contours and streamlines for the blade element actuator

disc model for hub shape 1 can be seen in Figure 65.
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Figure 65: Contours of velocity with streamtraces for hub 1 with a BEMAD model,
standard pitch blading at TSR=4, Rep;y, = 2.8 X 10% and C1=0.639
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When the blade element flow profile seen in Figure 65 is contrasted with the
comparable uniform actuator disc results as seen in Figure 62, it is evident that the
swirl is having a significant impact upon the flow within the diffuser. The flow
profile has changed due to the rotor inducing flow swirl in the rear of the diffuser,
with a low pressure region behind the rear of the hub, which causes the flow to be
drawn into a vortex around the diffuser axis. The absolute velocity in the diffuser
throat is also reduced as a result of the inclusion of the blade element actuator disc

model, despite both models having almost the same thrust coefficient.

The change in the axial velocity distribution within the diffuser throat as a
result of the inclusion of the blade element actuator disc model is due to the thrust
distribution in the rotor. In the uniform actuator disc model, where the value
Ax,,Cpj is constant across the blade area, the thrust is related only to the dynamic
head of the flow. As a result of the uniform boundary condition there is a tendency
towards a more uniform throat velocity. In the blade element actuator disc model,
where the thrust is tied to the blade geometry and the section lift and drag

properties, the thrust and velocity distribution are non-linear along the blade.

The reduction in the throat velocity with the inclusion of the blade element
actuator disc for an identical thrust is due to the inclusion of swirl into the flow.
The change of a portion of the flow momentum from purely axial flow to a
combined axial and rotational wake means that the axial velocity in the throat must
be reduced. This change results in a 36.3% reduction in the average throat velocity

when the blade element model replaces the uniform actuator disc model.

This change of the flow profile causes the difference in the pressure recovery
performances seen between Figure 63 and Figure 64. The significantly increased
pressure recovery seen in the BEMAD cases is due to the flow’s ability to remain
attached to both the hub and wall geometries and so to expand. This is further
aided by the lower throat velocity and the resulting lower dynamic pressure by
which the static pressure rise is normalised. There is a marked difference in the
pressure recovery performance of the devices relative to one another. In the BEMAD
cases, the hub shape is seen to have relatively little impact upon the pressure
recovery performances of the devices, with a maximum difference of 5.8% in the
pressure recovery coefficient, as opposed to 62.9% in the UAD cases. In the UAD
cases, the geometries with the streamwise hub expansion fair poorly compared to

those without, due to a tendency for the flow to follow the hub geometry and
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separate from the diffuser wall. This preference for diffuser wall separation means

that the effective area ratio is smaller and there is a reduced potential for diffusion.

The trend seen in the pressure recovery coefficient is also seen in the power
coefficient, with the blade element actuator disc model cases being within a much
narrower envelope, with a maximum difference of 1.6% in the power coefficient as
opposed to 14.5% in the uniform actuator disc model. It can therefore be inferred
that the effect of the hub shape upon the power output of the device is limited in
the case of the more realistic blade element actuator disc model. This therefore
means that the hub shape is not likely to be a significant factor in the performance
of a diffuser augmented turbine so long as it does not interfere with the generation

of the vortex trailing from the rear of the hub or induce separation from the hub.

The most significant implication of the results is that the uniform actuator
disc model greatly over predicts the power output of the diffuser augmented device,
with the average difference between the two model cases being a 36.4% reduction in
the power coefficient when the BEMAD model replaces the UAD model. This
difference in the calculation of the generated power is due to simplifications made in

the calculation of the uniform actuator disc power as stated in Section 4.3.

It is evident that if a uniform actuator disc model is used for the design of hub
geometry then an incorrect design choice could be made. The overestimation of the
power coefficient, omission of the flow swirl and inability to accurately model the
pressure recovery coefficient mean that a uniform actuator disc model is insufficient

for the modelling of diffuser augmented flows.

4.4.2. Effect of the Hub Size

The second part of the analysis of the hub geometry was to analyse the effect
of the hub radius on the power output of the diffuser augmented device. In order to
examine these effects two hub sizes were analysed, one with a radius of 8% of the
diffuser outer radius, and another of 20%. These sizes were chosen to be
representative of existing hub sizes for extant horizontal axis tidal stream devices
and to examine the effects of hub blockage respectively. The hub geometry used in
the 20% case is that detailed in Section 4.4.1 as hub shape 1. The 8% hub geometry

is the same shape with the geometry scaled by a factor of 0.4 in the radial direction.

The analyses were conducted using the standard pitch blading, scaled in the

radial direction such that the blade root extends to the hub. The computations were
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performed with the blade element actuator disc model over a range of tip speed

ratios. The results of the analyses can be seen in Figure 66.
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Figure 66: Power coefficient against tip speed ratio for diffuser with 8% and 20%
hub sizes and the standard pitch experimental blading

It is evident from Figure 66 that the hub radius has a significant effect upon
the power output of a diffuser augmented turbine. Interestingly the larger hub size
increases the peak power output of the diffuser augmented device despite the higher
throat blockage. The flow through a diffuser with a hub radius of 8% can be seen in
Figure 67, which is equivalent to the 20% hub data presented in Figure 65.

It can be seen from Figure 65 and Figure 67 that the presence of the larger
hub acts to shift the streamlines radially from the diffuser centreline and increases
the throat velocity. The hub size has not increased the thrust within the diffuser
throat in a way such that the flow is significantly retarded from the turbine.
Although there will be a point at which this retarding would occur, a comparatively
large hub, such as the 20% hub seen here, in fact increases the power output of a

diffuser augmented device.

This increase in peak power at larger hub radii is due to the hub causing the
flow drawn through the diffuser to be shifted radially from the turbine centreline
towards the centre of the blades. Due to the higher relative velocities of the flow at
greater radii from the centreline, larger forces and therefore torques are generated

and a larger amount of power is able to be extracted.
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Figure 67: Contours of velocity with streamtraces for 8% hub with a blade element
actuator disc turbine model, the standard pitch blading at TSR=4, a Reynolds

number of Rep;y = 3.4 X 10° and a thrust coefficient of 0.594

At higher tip speed ratios the performance of the larger 20% hub drops rapidly
and falls below that of the 8% hub, due to the increased thrust force which is
present. Although at a given tip speed ratio the rotor has nominally the same thrust
coefficient for both hub sizes, the hub itself also induces a thrust force on the fluid
due to the throat blockage. The larger of the two hubs is therefore more sensitive to
increases in the rotor thrust as the throat is blocked to a greater extent than with

the smaller hub and the combined thrust of the rotor and hub is greater.

4.4.3. Experimental Hub Geometry

The hub geometry used for the experimental runs was the result of number of
design considerations, the most important being the choice of drivetrain and the
need for cooling of the generator. As a result of these, which are covered in more
detail in Chapter 5, the geometry size and shape was constrained. The experimental
hub geometry is shown in Figure 68 along with the relevant parts of the turbine and
drivetrain. Initial studies indicated that the cooling slot flow and rotation of the
drivetrain had only minor impacts upon the flow over the diffuser. For the sake of
simplicity the geometry was modelled such that all components were stationary and

the cooling slot was covered by an expansion as can be seen in Figure 70.
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Figure 68: Experimental hub geometry definition

The experimental hub has a radius of 12.8% of the diffuser outer radius at the
rotor plane and a maximum radius of 14.8% to the rear. The expansion in the
geometry was included to allow for the creation of a cooling flow to be bled behind
the rotor, past the drivetrain and out of the tunnel. The performance of the device

can be seen relative to the 8% and 20% hubs in Figure 69.
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Figure 69: Power coefficient against tip speed ratio for diffuser with 8%, 20% and

experimental hubs and the standard pitch experimental blading

Figure 69 shows clearly that the experimental hub design performs appreciably
worse than both previously trialled hubs, even the smaller of the two, over almost

the full range of tip speed ratios examined. This finding runs counter to the findings
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in Section 4.4.2, where it is shown that larger hubs tend to perform better. The
reason that the performance of the experimental hub is degraded is that the cooling
slot and expansion, which are present in the experimental hub at x/R =~ 0.1, cause
flow separation from the hub. This separation means that a large volume of
recirculating flow blocks the diffuser exit and reduces the effective area ratio in
which diffusion can occur. This reduction in the diffusion potential means that the
diffuser’s swallowing capacity is reduced, reducing the rotor plane velocity and the
available power. The flow around the device at a tip speed ratio of 4 and a Reynolds

number of Rep;y = 2.9 X 105 can be seen in Figure 70.

0=

Figure 70: Contours of velocity with streamtraces for experimental hub shape with a
blade element actuator disc turbine model, the standard pitch blading at TSR—=4
and Rep;y,, = 2.9 X 10°

4.5. Further Diffuser Flow Modelling

4.5.1. Diffuser Leading Edge Modification

During the analysis of the diffuser augmented device it was noted that at high
rotor thrusts, which are particularly prevalent at higher tip speed ratios, there was a
tendency for the flow to separate from the nose on the exterior of the diffuser. This
separation effect can be seen clearly in Figure 65. In order to further improve the
performance of the device a profiled leading edge for the exterior of the diffuser was
trialled. This geometry modification, which can be seen in Figure 71, involved the
radial expansion of the diffuser leading edge such that flow which approaches the

leading edge with a radial velocity is gradually redirected rather than separating.

111



4 NUMERICAL RESULTS

=== (riginal Geometry
= Modified Geometry

0.8

y/RDj

0.6

02 04 06 08 1 12 14
x/Rop;

Figure 71: Modified diffuser leading edge geometry

The modified geometry was trialled with the standard pitch blading and both

the 8% and 20% hubs. The results can be seen in Figure 72. It can be seen that the

modification to the leading edge is able to improve the performance of the device

under certain conditions. In the case of the 8% hub, the thrust of the combined

rotor and hub is low, but grows as the tip speed ratio is increased. This increase in

the thrust causes minor flow separation from the diffuser leading edge on the

exterior surface in the original geometry, with re-attachment further downstream.

When the new geometry is trialled instead the separation is suppressed, as seen in

Figure 73 and the performance at higher tip speed ratios is improved.
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Figure 72: Power coefficient against tip speed ratio for diffuser with 8% and 20%

hubs, standard pitch blading and the original and modified diffuser leading edges

In the case of the 20% hub, the overall thrust within the diffuser throat is

increased for any given tip speed ratio relative to the 8% hub. This increased thrust
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leads to almost complete flow detachment from the exterior of the diffuser at the
leading edge with high rotor thrust as seen in Figure 65. This detachment causes a
loss in the “lift” force that the diffuser structure can generate and therefore reduces
the velocity at the rotor plane. When the leading edge modification is included, the
separation from the leading edge is completely suppressed as seen in Figure 74. This
suppression means that the power output of the device is increased by 3.4% at the

design tip speed ratio of 4 and by up to 26.0% at a tip speed ratio of 7.
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Figure 73: Contours of velocity with streamtraces for 8% hub with a blade element
actuator disc turbine model, standard pitch blading at TSR=4, a Reynolds number
of Rep;y, = 3.4 X 10° and a thrust coefficient of 0.595

The radial magnitude of the hub wake is seen to increase with the inclusion of
the leading edge modification, as seen from Figure 65 and Figure 74. This change of
the wake shape does not however adversely affect the power output of the device as
the increased hub losses are mitigated by the increased diffusion in the portion of
the diffuser where x/R>1 and 0.75<y/R<1. In this region the increased streamline
curvature induced by the improved diffuser leading edge section means that the
region of slower moving fluid to the rear of the diffuser is reduced. The pressure
recovery performance of the device at the operating tip speed ratio of 4 is also

improved by 3.4% as a result of the change of geometry.

The geometry seen in Figure 74 has a peak power coefficient of 0.654 based on
the rotor area and a peak power coefficient of 0.317 based upon the device outer

area. It is this device which is used within Chapter 7 for the comparison of device
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economics. The significance of this power coefficient is that the equivalent bare rotor
geometry with the standard pitched blading has a peak power coefficient of 0.233.
This means that for a low thrust rotor with a simplified rotor geometry the diffuser
is able to augment the power output of the device by 36.05%. When the blades are
pitched by 5°, the peak power coefficient based on the device outer area is increased
from 0.294 in the bare case to 0.305 in the diffuser augmented case, representing a
power augmentation of 3.7% over the bare rotor. The power output is however 3.8%
lower than for the standard pitched, more lightly loaded rotor. These results suggest
that augmentation is improved for more lightly loaded rotors and that high thrust
designs of the type typically employed for commercial scale bare rotors may suffer

from degraded performance from diffuser augmentation.
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Figure 74: Contours of velocity with streamtraces for 20% hub with a blade element
actuator disc turbine model, standard pitch blading at TSR=4, a Reynolds number
of Repiy,, = 3.5 X 10° and a thrust coefficient of 0.522

4.5.2. Effect of the Turbine Thrust

The effect of the turbine thrust on the performance of the device was
examined using the blade element momentum CFD model. There are two diffuser
cases, the standard diffuser as defined in Section 4.2.3 and the diffuser with the
leading edge modification as defined in Section 4.5.1. There are also two rotor cases,
the blades used during experimentation as defined in Section 4.1.4 and the ideal
blade geometry as defined in Section 4.1.3. The ideal blades were used for a
comparison as they give an approximately uniform thrust distribution across the

rotor. The turbine tip speed ratio was held constant at 4 and the thrust coefficient
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of the rotor was varied by pitching of the blades. The effect of the turbine thrust on
the diffuser’s power output can clearly be seen in Figure 75, which shows the power
coefficient based on the device outer area against the thrust coefficient for the rotor

when bare for the range of cases examined.

—8-Leading Edge Modified Diffuser, Ideal Blade, 20% Hub

-6~ Leading Edge Modified Diffuser, Experimental Blade, 20% Hub
-2~ Standard Diff, Ideal Blade, 20% Hub

—6—Standard Diff, Experimental Blade, 20% Hub

—BEM Ideal Rotor Bare, 20% Hub

— BEM Experimental Rotor Bare, 20% Hub
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Figure 75: Power coefficient based on the device outer area aginst the rotor thrust

coefficient for a range of cases examined at a tip speed ratio of 4

It is immediately evident from Figure 75 that the ideal bare rotor thrust
coefficient for a diffuser augmented rotor is approximately half that for when it is
operated in isolation. This is due to the interaction of the rotor with the diffuser
swallowing capacity. As the rotor thrust increases, the mass flux through the rotor
plane drops sharply and the power available to the rotor also falls rapidly. This drop
is particularly steep in the case of the experimental blading due to the rapid stall of

the blade tip region where the majority of the power is generated.

Another important finding that the results shown in Figure 75 highlight is the
fact that the rotor which performs less well when bare, is the rotor which performs
better when it is placed within a diffuser. The ideal rotor, which has an almost
uniform thrust distribution across the rotor plane, is well suited to bare rotor
operation since it optimises the axial induction of the rotor and maximises the
power extraction for the given blade section. For diffuser augmented operation the
power output is a function not only of the rotor’s characteristics, but also the effect

that the rotor wake has on the performance of the diffuser. In this case the
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experimental rotor outperforms the ideal rotor as the thrust distribution across the
rotor causes a stronger tip gap jet, whilst having a reduced thrust at the hub. This
flow profile supports attachment to both the diffuser and hub and therefore

increases the diffusion and swallowing capacity.

The improved performance with what at first appears to be an inferior rotor
design emphasises the importance of combined design for diffuser augmented devices.
In order to fully realise the potential of diffuser augmented devices it would be
necessary to consider the design of the diffuser, hub and rotor geometries

simultaneously since they are highly interrelated.

Given the arbitrary rotor design used within this thesis it is thought that
further gains could be made to the power coefficient of the device if all are optimised
simultaneously. McIntosh et al. [116] report a 17% increase in the power coefficient
when a bare rotor design is modified for the velocity profile that it induces within
the diffuser. This large improvement was found with only one step of what is

essentially an iterative procedure and so further gains may well be possible.

A 17% gain such as this would have the potential to increase the power
coefficient of the device derived here to 0.371, which is comparable with a typical
horizontal axis tidal stream turbine [159]. The use of combined optimisation, where
all components are considered together, has the potential to increase the power
coefficient above this. The simplified modelling methods derived within this thesis

would be ideally placed for such an analysis given the low computational expense.

The effect that the leading edge modification of the diffuser has on the power
coefficient is also clearly visible. In addition to the increased peak power coefficient,
there is also a shift of the rotor thrust at which this occurs to a higher value. Since
the rotor thrust is a by-product of the power capture process, it is therefore not
surprising that allowing a higher rotor thrust also allows greater power capture.
This highlights the extent to which the device design relies not only on the internal
diffusing flow, but also on the exterior flow of the device, in order to generate the

lift force which causes the flow acceleration and hence the power augmentation.

The effect that the lower ideal thrust coefficient has on the rotor design
requires a more detailed examination of the forces during operation, since the forces
will be amplified relative to a bare rotor due to the increased mass flux across the

rotor plane. In order to examine this, the in situ thrust coefficient is used, which is
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defined as in Equation 80. This is defined as the thrust force of the component in its
operating environment normalised by the fluid force in a streamtube the size of the
device outer area at the freestream velocity. For a bare rotor this is identical to the
thrust coefficient, for a diffuser augmented device this reflects the changes of the
forces due to the flow conditions induced by the rotor. The in situ thrust coefficient
is plotted against the bare rotor thrust coefficient for a bare rotor and the leading
edge modified diffuser with the experimental blades and 20% hub case at a tip speed
ratio of 4 in Figure 76.
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Figure 76: In situ Ct against the bare rotor Cr for a bare rotor and the leading edge

modified diffuser with experimental blades & 20% hub at TSR = 4

The results seen in Figure 76 show that the relation of the thrust force to the
rotor thrust coefficient for a diffuser augmented device are non-linear. It also shows
that at any given bare rotor thrust coefficient, the forces on the diffuser augmented
blade are less than for the comparable bare rotor case. The non-linearity of the
relationship between the two thrust coefficients is due to the effect that the rotor
thrust has on the swallowing capacity of the diffuser. At the higher bare rotor thrust
coefficients, the velocity in the throat falls and so the forces on the blades level off,

whilst the diffuser thrust falls due to the reduced axial velocity.
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The fact that at any given bare rotor thrust coefficient the forces on the
diffuser augmented blade are lower than for the comparable bare rotor case would
be expected since the rotor area and therefore the forces are smaller, despite the
increase in the rotor plane mass flux. For the diffuser augmented cases, at the peak
power coefficients the rotor thrust forces are lower than for the comparable bare
rotor cases, whilst the combined thrust is similar, with Cr g =0.77 at the peak
output as opposed to Ct = 0.72 for the equivalent bare rotor. It can also be seen
that the thrust coefficient peaks at the same point as the power output for the
diffuser augmented case, with the combined thrust dropping away at higher bare

rotor thrusts due to a reduced velocity.

The reduced blade force coupled with the reduced blade radius will mean a
lower bending moment on the blade during operation. The reduced stresses on the
blade mean that there is a potential here for cost savings to be made in the blade
design. Since the overall device thrusts are comparable at the optimum operating
points, there will be little effect of the device type on the structural considerations of

the tower and foundations if this diffuser type were used.

4.5.3. Effect of Freestream Turbulence on Power Output

The majority of tidal power sites evaluated at the time of writing have
turbulence intensities in the range 10-14%, but with higher values at some sites [160]
and when there are lower mean velocities [36, 37, 161, 162]. Turbulence intensities
vary between sites, with some sites’ turbulence intensity also exhibiting little
correlation to the mean velocity. The level of turbulence at a tidal power site will be

tied to the channel geography and bathymetry in the local area [163].

In order to assess the impact that the freestream turbulence has on tidal
stream devices, analyses were conducted on a range of device geometries using the
blade element momentum model CFD. The turbulence was specified as an inlet
boundary condition with a length scale of 0.86Rg, and a turbulence intensity which
was varied between simulations. This value of the length scale was chosen as it is
approximately that which would be found in a typical potential tidal stream power
site [162|. The blade element actuator disc turbine model with the standard pitch

blading at a tip speed ratio of 4 was used for all of the cases detailed in this section.

The methodology used here represents a significant simplification of the

turbulence field that a tidal stream device will encounter as it omits the transient
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nature of the turbulence, the spectrum across which it occurs and the anisotropy
which is present [162]. A further limitation of this approach is that there is a noted
drop in the level of turbulence in the flow from the inlet to the device itself [47]. In
order to correct for this loss of turbulence within the flow, the reference turbulence

was taken at a plane which was situated 1/2 blade radius ahead of the device.

Despite the limitations of the modelling approach it is thought that the
simulations detailed within this section provide a useful approximation and a good

first estimate of the effects of turbulence on the power output of devices.

4.5.3.1. Bare Rotor

The effect of turbulence on the power output of a bare rotor is something that
has been examined previously by a number of authors [38, 164-166], and is covered
in more detail in Chapter 2. Research conducted using scale models in water flumes
suggests that the power output of a turbine is adversely affected by the presence of
higher turbulence intensities, though the extent to which this occurs is contended

[38, 166]. No cause has been given for this reduction in either of these studies.

It was found by Watkins et al. [167], that on blades operating at low Reynolds
numbers, based on the blade chord and freestream velocity, of Reyy = 7.5 x 10%,
an increase in the turbulence intensity from 1.2% to 12.6% reduces the lift force at
low angles of attack, particularly between 5° and 10°, whilst improving performance
at high angles by preventing stall. This behaviour was also noted by Devinant et al.
[168], who performed experiments at Reynolds numbers, based on the blade chord
and freestream velocity, of between Re.y, = 1.0 X 10° and Re.y, = 7.0 X 10°, and
turbulence intensities from 0.5% to 16.0%. This reduction in performance at low
angles of attack, where turbines at higher tip speed ratios operate, was assigned to

fluctuations in the boundary layer created by small, high energy, turbulent eddies.

Research conducted experimentally in a flume using porous disks and
measuring the drag force on the disks, suggested that the power output may
increase with an increase in the turbulence up to turbulence intensities of around
13% for small length scales [165]. It has been suggested that changes in the power
coefficient of up to 20% could result from variations of the upstream turbulence
level. It was found that increases in the turbulence intensity always acted to
increase the drag coefficient, which is identical to increasing the thrust. The

turbulent length scale interaction was more complicated, with higher drag

119



4 NUMERICAL RESULTS

coefficients generally found at length scales around 1/2 of a rotor radius. At length
scales approximately equal to the blade radius, the minimum drag was found, with

continual increase of drag with turbulent intensity.

The results of the present analysis, which was conducted on the geometry as
seen in Figure 77, can be seen in Figure 78. It can be seen that in this analysis the
increased turbulence intensity acts to increase the power output and thrust of the

rotor as has been previously predicted by porous disk experimentation [165].
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Figure 77: Geometry used for bare rotor turbulence impact study

% Cp/max(Cyp)
vt G /max (Cop)

-8~ Velocity? /max(Velocity®)

—_
B>

0.99

Normalised Coefficient

10 15 20 25
Turbulence Intensity (%)

o
(Sl

Figure 78: Normalised power coefficient, thrust coefficient and cube of velocity

against the freestream turbulence intensity for the bare rotor

In the case of the blade element actuator disk used within this analysis, it is
evident that it is the increase of velocity through the rotor plane and the associated

increase in the available power that causes this. The increase in velocity, despite the
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increase in the thrust, is due to increased levels of wake mixing as seen in Figure 79.
This mixing energises the wake and increases the bulk velocity downstream,
allowing an increase in the velocity at the rotor plane. The minor differences in the
trends of the velocity and power coefficient seen in Figure 78 are as a result of the
change of the angle of attack and hence the forces on the blades as the velocity of

the fluid through the rotor plane changes.
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Figure 79: Wake recovery on the device centreline behind the hub for different

freestream turbulence intensities in BEM CFD

It can be said that due to differences noted between the performance trends of
actuator disks, whether blade element or uniform, and those of fully resolved
turbines, that modelling of turbines in turbulence using actuator disks should be
approached cautiously. Since the degradation in performance is suspected to be due
to changes in the lift and drag of the blade section, there is no reason in principle
why the blade element actuator disk model cannot be used for such modelling

provided that it is provided with lift and drag data across the turbulence spectrum.

4.5.3.2.  Derived Diffuser Geometry

The study of the turbulence response of the diffuser derived from this thesis
was undertaken using the geometry with a hub of 20% of the diffuser outer radius
and the diffuser casing leading edge geometry modification as seen in Figure 80. The
results from these runs can be seen in Figure 81, which shows the normalised power
coefficient against turbulence intensity. The trend seen here is the result of the
vortex generated in the diffuser due to the swirl pattern which is set up by the rotor

wake, and the enhanced uniformity caused by the flow turbulence.
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Figure 80: Geometry used for the analysis of the impact of turbulence on the

diffuser derived from this thesis
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Figure 81: Normalised power coefficient against turbulence intensity for diffuser

The normalised swirl velocity at the exit plane of the diffuser is shown in
Figure 82. At lower levels of turbulence intensity, between 0% and 9%, the swirl has
not been able to fully suppress the separation at the rear of the hub. The increase in
performance with increased turbulence intensity over this range is due to the
strength of the vortex growing and reducing the core radius, allowing a greater
volume for diffusion of the bulk flow in the region to the rear of the hub. This
therefore leads to an increased throat velocity and an increased power output. At
turbulence intensities above 9%, the hub separation is suppressed and the vortex
structure begins to weaken due to mixing caused by the strength of the surrounding

turbulence field [169].
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Figure 82: Normalised swirl velocity at the exit plane of the diffuser for CFD

simulations over a range of turbulence intensities for the derived diffuser geometry

Increased mixing behind the rotor as a result of the higher turbulence
intensities leads to a weakening of the vortex at the rear of the diffuser and
increased total pressure losses due to energetic mixing of the flow [54, 170]. These
increased losses also lead to a reduced pressure recovery. The pressure recovery
coefficient and total pressure loss coefficients can be seen against the turbulence

intensity in Figure 83.
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Figure 83: Pressure recovery and total pressure loss coefficients aginst turbulence

intensity for the derived diffuser geometry

The increased mixing also serves to alter the velocity profile at the rotor plane
as can be seen in Figure 84. At low intensities, the velocity tends to peak more in

the centre of the blade, where the majority of the power is generated. As the
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turbulence intensity increases, the throat velocity becomes more uniform along the
length of the blade, with the most significant change being the reduction of the peak
velocity at the blade centre. It is this redistribution which causes the loss of power

output at higher turbulence intensities.
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Figure 84: Rotor plane normalised axial velocity profiles over a range of turbulence

intensities for the derived diffuser geometry

These findings suggest that for diffusers which are optimised for low
turbulence environments there is little to be gained in performance with changes in
the turbulence intensity. Although minor gains in performance are noted with an
increase in the turbulence intensity from 0% to 9%, these are eliminated by around
13%. The maximum change in the power coefficient from the low turbulence
environment, in which most devices are initially tested, to the high turbulence
environment is only 0.6% of the maximum power. This limited reaction to the
turbulence intensity means that this particular diffuser geometry can be considered

to perform almost independently of the turbulence intensity.

The limitations of this analysis are however similar to those noted in Section
4.5.3.1, where the higher turbulence may increase the thrust of the rotor. As has
previously been noted in Section 4.5.2, an increased rotor thrust has the potential to
degrade the relative performance of the device due to a reduced swallowing capacity.
It is suggested therefore that although this analysis provides a starting point for the
assessment of turbulence on the performance of a diffuser augmented turbine, more

work still needs to be done to examine the effects of the full device interaction.
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4.5.3.3.  Sun and Kyozuka Diffuser

The turbulence response of the Sun and Kyozuka diffuser [122] was modelled
using the geometry which can be seen in Figure 85. The hub shape here was defined
to match the radial size of the Sun and Kyozuka hub, though the geometry is not

exactly the same as it has a rounded trailing edge.

0.8

206

v/R

0.4

0.2

0 f -

-(]14 -0.2 0 ) 0.2 0.4 (];G
x/Rypy;
Figure 85: Geometry used for the analysis of the impact of turbulence on the

diffuser used by Sun and Kyozuka [122]

The results of this analysis can be seen in Figure 86, which shows the
normalised power coefficient and the normalised cube of the axial velocity against
the turbulence intensity. This diffuser geometry has potentially significant power
coefficient gains possible as a result of the turbulence and that these gains are
attributable to the significant possible gains in the swallowing capacity of the duct.
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Figure 86: Normalised Cp & Uy against I for Sun and Kyozuka diffuser
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The flow field around the diffuser at turbulence intensities of 0.99% and
25.05% can be seen in Figure 87(a) and Figure 87(b) respectively. It is immediately
evident that the area of flow recirculation behind the exit plane flange is suppressed
to a great extent by the increased level of turbulence. It can also be seen that the
path and nature of the tip gap jet differs greatly between the two cases. At low
levels of turbulence there is a splitting of the tip gap jet from the bulk flow and it is
then directed around the rear of the exit plane flange by the recirculation. At high
turbulence intensities the gap between the two flow structures reduces and the jet is
directed towards the former centre of the region of recirculating flow. This
redirection of the jet removes the majority of this area of recirculating flow allowing
enhanced diffusion and an enhanced swallowing capacity. By a turbulence intensity

of 22% this process has been largely completed and the power output levels.

Examining Figure 86 it can be seen that the normalised rotor plane axial
velocity is below unity at all locations and is closer to what may be expected from a
bare rotor. The rotor used here has a peak power coefficient of 0.233 and thrust
coefficient of 0.504 when operating as a bare rotor. The power coefficient based on
the diffuser outer area of the combined device is found to be 0.173 at a turbulence
intensity of 0.99%, which is below that of the bare rotor. At a typical tidal stream
turbulence intensity of 12.71% the power coefficient improves to 0.209, but is still

below that which would be expected of a bare rotor.

It was found by both Sun and Kyozuka [122] for a tidal device and by Ohya
and Karasundi [96] for a wind turbine that this diffuser geometry enables power
coefficients based upon the diffuser outer area of around 0.475. The rotor geometry
used by Sun and Kyozuka combined the use of two basic hydrofoil geometries, a
T41 (a modified Gottingen 570) at the root and M-F07x sections for the remainder.
The rotor geometry of Ohya and Karasundi is not given. This suggests that the
rotors of both Sun & Kyozuka and Ohya & Karasundi perform considerably better
than the one used here. When the rotor of Sun and Kyozuka was modelled within
the diffuser augmented BEM CFD at turbulence intensity of 2%, the power

coefficient based on the device outer area was found to improve to 0.190.

The response of the Sun and Kyozuka device to the freestream turbulence
shows that for devices which operate in regimes with high degrees of flow separation
and recirculation at low turbulence levels, there are potentially large gains in the

power output with increased turbulence intensities. The extent to which these gains
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are possible would depend upon the extent of the separation and the scale of the
turbulence. There is a noted trade off between the improvement potential at high

turbulence intensities and maximising the diffuser outer area power coefficient.
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Figure 87: Contours of velocity with streamtraces for Sun & Kyozuka diffuser at (a)

Repiy,, = 2.5 % 105 and 1=0.99% (b) Rep;y,, = 2.5 X 105 and 1=25.05%

4.5.3.4. Diffuser Parametric Study

The effect of freestream turbulence on the power output of a diffuser was
investigated through the generation of a range of diffuser geometries based upon
parameterised designs. The data used to create these designs was generated using a
two variable inscribed central composite experimental design, with the area ratio

and length to diameter ratio of the diffuser used as the variables. The area ratio
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between the diffuser throat and the diffuser exit plane was allowed to vary in the
range 1.50<A./A;<4.00 and the length to exit diameter ratio in the range
0.25<Lp;i/2Re<1.00. These ranges were chosen as they encompass the majority of
diffuser augmented device designs which have been trialled as detailed in Chapter 2.

The trial points can be seen in Figure 88, which shows the experimental design.
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Figure 88: Experimental design for the parameterised diffuser geometries

The geometries themselves were created as trumpet shaped diffusers formed of
cycloid curves, an example of which can be seen in Figure 89. The cycloid curves
were specified based upon the geometric information from the experimental design
and were formed adjoining a fixed geometry inlet section. The inlet section was
created to be of a minimal size and can be seen in Figure 89 from x<0. The purpose
of the inlet design was to suppress any separation from the leading edge of the
geometry and therefore give a fair comparison between the cases. The turbine was
situated at x=0, with a 5% tip gap between the turbine and the diffuser interior
wall. A hub of a thickness of 28.7% of the rotor diameter, with an overall length of

x/RRro~2.1 was used for all of the diffuser models.

The power coefficient based upon the rotor cross sectional area can be seen in
Figure 90, where it is plotted against the diffuser area ratio and length to outer
diameter ratio. The additional dotted line within Figure 90 represents the length of
the hub within the diffuser. This shows that there is a tendency for higher area ratio,
longer length diffusers to outperform smaller ones in terms of absolute power
generated due to their improved ability to diffuse the flow and increase the

swallowing capacity. This trend is due to the reduced wall angles present if a
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diffuser maintains the same area ratio when elongated. This reduced wall angle leads
to lower pressure gradients through the diffuser in the streamwise direction which

reduces separation of the flow from either the hub or casing surfaces.
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Figure 89: Parametric diffuser and hub geometry for case 4
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Figure 90: Power coefficient based on rotor area against area ratio & length to

diameter ratio at I = 8.91%, with case locations and hub length line

The pattern holds well for diffuser lengths above the hub length, but for
shorter diffusers this pattern is decreased and the area ratio is the primary driver.
This is due to the fact that for the longer diffusers there is the additional region
behind the hub into which the flow can diffuse. This means that the real area ratio
of the devices to the right of the dividing line is in fact higher. As the short diffusers,

particularly those at low area ratios, are elongated beyond the length of the hub,
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there is a more significant rate of increase of the power coefficient as the area ratio
is increased. It can be said in the case of this family of diffuser geometries that there
is the potential for improved performance with shorter hub lengths to take

advantage of the diffusion potential.

At the more extreme area ratios (A./A;>3.7) the performance of the devices
tends to fall away once more. This is because the pressure gradient increases to a
point where the region of recirculating flow to the rear of the hub, caused by flow

separation from the hub surface, begins to have an impact upon the throat velocity.

Comparing Figure 90 with Figure 91, which shows the pressure recovery
coefficient of the diffusers over the same region, reveals the extent to which the
power coefficient is dependent upon the pressure recovery in the diffuser. The two
dimensional correlation coefficient of the two variables is 0.676, indicating that they
are highly correlated. The trends are evident in both cases, with longer diffusers of

the same area ratio performing better and the hub length effect also present.
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Figure 91: Pressure recovery coefficient against the area ratio and length to

diameter ratio at I = 8.91%, with case locations and hub length line

When the power coefficient based upon the diffuser outer area is plotted, as
seen in Figure 92, it becomes clear that the most efficient diffuser augmented
devices are in fact those with the lower area ratios. This trend for improved
performance at lower area ratios can be explained by the diffuser not being able to

augment the fluid power at the rotor plane sufficiently to mitigate the increase in
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the normalising area. There is a trend for increased performance when the area ratio
and length to diameter ratio are increased simultaneously for longer diffusers with

A./A;>2, which is due to the wall pressure gradients as previously stated.

For the smaller area ratio diffusers (A./A;<2) the opposite is found, with the
best overall performance being from the low length, low area ratio diffusers. This is
due to the fact that the low area ratio diffusers are already at lower diffuser effective
angles and so increases in the length of the diffuser only serve to increase the total

pressure loss in the diffuser due to the additional wall lengths.
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Figure 92: Power coefficient based on the diffuser outer area against the area ratio

and length to diameter ratio at a turbulence intensity of 8.91%, with case locations

Interestingly, despite the fact that there are large divergence angles for some
of these diffuser cases, in none does the flow separate from the exterior wall due to
the strength of the tip gap jets. Instead the flow follows the exterior wall due to the
boundary layer momentum being increased by the tip gap flow, similar to the
pattern seen in Figure 70. The pressure gradient in the axial direction is still present
and has the effect of encouraging earlier separation from the hub and generating a

volume of recirculating flow to the rear of the hub along the device centreline.

The area ratio is plotted against the power coefficient based upon the device
outer area at a turbulence intensity of 12.71%, which is typical of a tidal power site,
in Figure 93. It is evident that for this family of diffuser geometries, there is a
correlation between the power coefficient and the area ratio, with lower area ratio

diffusers performing better, as shown by Figure 92. It can be seen that the power
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coefficient based on the outer area of diffusers with area ratios in the range 1<
A,/A;<2 can exceed those of a low thrust bare rotor. The nature of the response in
the range 1<A./A;<1.5 is unclear. As the area ratio returns to unity it could be
expected that the power coefficient would tend to that of the bare rotor, the path
which it takes through this region is unclear. This area is one which would merit
further research as compact, high efficiency diffusers are likely to be the most

economic means of diffuser augmented generation due to lower capital costs.
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Figure 93: Power coefficient based on the device outer area against the diffuser area

ratio at a freestream turbulence intensity of 12.71%

The impact of the level of turbulence on the performance of the devices can be
seen in Figure 94 and Figure 95, which show the change in the rotor area power
coefficient with changes of the turbulence intensity from 0.99% to 12.71% and 0.99%
to 22.42% respectively. These figures include contours of the effective diffuser half
angle, which is the angle between the diffuser wall at the rotor plane and the
diffuser wall at the exit plane relative to the diffuser axis. At typical operating
conditions, with turbulence intensities around 12%, there is a significant variation in
the response according to the diffuser geometry, with a maximum variation of
23.09% in the power coefficient when the turbulence level is increased. If the
turbulence intensity is increased from 0.99% to 22.42%, the variation in the power

coefficient is 22.76%.
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Figure 94: Contour plot of change in the rotor area power coefficient from 0.99% to

12.71% turbulence intensity, with lines of effective half angle and case locations
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Figure 95: Contour plot of change in in the rotor area power coefficient from 0.99%

to 22.42% turbulence intensity, with lines of effective half angle and case locations

From Figure 94 and Figure 95 it is clear that the effective wall angle is the
main driver behind the response of diffuser augmented devices to the level of
turbulence in the flow. There is a clear peak in the change in the power coefficient
around half angles of 20£2°. This trend is due to the ability of the turbulence to
promote boundary layer momentum on the hub, where there is a risk of separation.
At low angles the flow is attached at low turbulence and so little performance gain

is possible. At angles of around 20° the flow is normally detached and the turbulence
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acts to suppress this, leading to the peak performance gains. At more extreme wall
angles the pressure gradient in the streamwise direction within the diffuser is such
that the turbulence level is insufficient to prevent the separation and there are more

limited performance gains.

The region Lp;/Ri>2.5, 1.5<A./A;<2.5 is an anomaly of the surface plotting.
The estimate of the performance here is due to the gradient of the response surface
in the centre region being high and being extrapolated outside of the sampled region.

This leads to changes in the performance of the device which are not realistic.

The curvature of the peak region from the 20° line to a constant value around
A,/Ai=2.75 is due to the turbulence being able to suppress separation better in
shorter length diffusers. Diffusion suppresses turbulence and so shorter diffusers,
which tend to have lower pressure recoveries, exhibit higher turbulence intensities

throughout their length and are able to limit separation at higher angles.

The power coefficient based upon the diffuser outer area at a turbulence
intensity of 22.62% is shown in Figure 96. As can be seen the performance changes
that are induced by the turbulence do not change the overall trend for improved
performance at low area ratios. The changes do however reduce the influence of the
length to diameter ratio on the power output, with the shorter, higher angle

diffusers benefiting to a greater degree.
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Figure 96: Power coefficient based on the diffuser outer area against the area ratio

and length to diameter ratio at a turbulence intensity of 22.62%, with case locations
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The conclusion that can be drawn from the results seen above is that the
responses of diffuser augmented devices to turbulence vary with the device geometry.
There is a trend for diffusers with a large effective half angle to perform better at
higher turbulence intensities, but that this gain is not enough to offset the extra size
in the radial direction. This means that smaller area ratio diffusers perform better

than their larger counterparts regardless of the turbulence conditions.

In order to accurately assess the performance of a device under realistic
operating conditions it is important that the device is modelled at the expected
turbulence level present at a tidal site. It is evident that in the majority of cases the
assumption made during the testing that low turbulence conditions can be used to
assess the output of the device is unsuitable. It has been found that deviations of up

to 25% in the power coefficient can result from these modelling limitations.

4.6. Concluding Remarks

The key findings from this section are contained primarily within four
categories; turbine modelling and geometry, hub modelling and geometry, device

optimisation and turbulence modelling.

4.6.1. Turbine Modelling and Geometry

The turbine modelling, through the assessment of a number of different case
studies, found that uniform actuator disc modelling is unsuited to diffuser
augmented turbine flow. As the uniform actuator disc model omits many of the key
outflow characteristics of a turbine wake, such as flow swirl or turbulence, its use in
modelling the interaction of the rotor with a diffuser is limited. As can be seen from
Section 4.3, the uniform actuator disc model significantly overestimates the power

output of a device and is unsuited to diffuser augmented turbine modelling.

As a result of failings within the uniform actuator disc model the blade
element actuator disc was used extensively to model the behaviour and interaction
of the rotor and diffuser combination. It is recommended that as a much more
complete model the blade element actuator disc is used for modelling of diffuser

augmented turbines in all cases.

The turbine geometry was found to have a significant impact upon the
performance of a diffuser augmented device. High rotor thrust was found to reduce
the swallowing capacity of the duct and therefore to reduce the power output. The

optimum rotor thrust was found to be around half that of a bare rotor. The
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combined effect of the rotor and diffuser was found to bring the device thrust to

approximately the same level at the peak power output.

The crucial aspect of the rotor design is to ensure as far as possible that the
diffuser and hub wall flows are able to sustain sufficient energy to remain attached
and so to maximise the diffusion and power output. The importance of the tip gap
jet in the performance of the diffuser augmented device was highlighted. The
diffuser wall is the easier of the two surface boundaries to affect as the tip gap size
can be controlled with relative ease. The control of the hub flow is more problematic
but can be achieved through careful control of the near hub blade profile to
minimise thrust in this location. The potential for further performance gains through

combined device geometry optimisation is clear from these results.

4.6.2. Hub Modelling and Geometry

The effect of the hub on diffuser augmented devices has been shown to be
significant. The necessity for the housing of a drivetrain of large relative size to the
rotor when compared to a wind turbine means that the hub region becomes more
significant. The adverse pressure gradient, which is by definition present in a
diffusing section, tends to induce separation from surface boundaries and reduce the
diffusion potential. The modelling of the hub within diffuser augmented turbines is

therefore essential to accurately asses the power output and flow dynamics of device.

The effect of the hub shape was found to be relatively limited so long as it
does not induce separation too early, which leads to a large volume of recirculating
flow which blocks the diffuser exit. It is anticipated that minor performance gains
could be made by improved hub shape design but that the majority of any

improvements would be concentrated on optimisation of the diffuser.

The effect of hub size was found to be significant in the performance of a
diffuser augmented device. The larger hub sizes were found to outperform the
smaller device sizes due to the combined effect of streamline displacement and duct
swallowing. This increased the velocity at the rotor plane, whilst also passing the
fluid through a point further from the turbine axis, increasing the relative flow

velocity and therefore the magnitude of the blade forces.

4.6.3. Device Optimisation
The further modelling of the diffuser optimised under the initial optimisation

conditions highlighted the modelling limitations of the original approach. In
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particular the omission of hub and rotor geometries and the infinitely thin diffuser
section limited the routine. The further modelling also showed the extent to which
the interaction of the component flows is critical to the performance of the device as
a whole. It is therefore likely that a combined optimisation approach, in which the
hub, rotor and diffuser geometries are considered simultaneously, would provide

geometries with much improved power generation capabilities.

4.6.4. Turbulence Modelling

The modelling of diffuser augmented devices response to turbulence has noted
limitations in that the rotor response is not fully modelled and that turbulence
specification is limited. The results presented here provide a baseline assessment of
the effect of turbulence but more detailed work in the area is needed. In particular

the role of turbulence in the performance of the rotor requires clarification.

The complexity of turbulence characteristics and the large spectrum of
frequencies and amplitudes over which it occurs within a tidal channel mean that
more detailed experimental or modelling work is required. The assessment of
turbulence effects would be best achieved through experiments, as full unsteady 3D

CFD simulation investigating all parameters would be computationally expensive.

The model does however show that there are potential performance gains to
be obtained through the use of diffuser augmentation. There is however a trade off
between the potential for performance gains under turbulent conditions and the
performance of the device in low turbulence conditions. The effect of turbulence is to
suppress separation on diffusers with significant adverse pressure gradients. These
diffusers tend to be ones in which there is a large divergence angle and so have a
low power coefficient based on the diffuser’s outer area. The performance under
turbulence is improved for these devices, but not to the point where they are

competitive with those diffusers with a smaller cross sectional area.
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5. Experimental Methods

5.1. Apparatus

5.1.1. Wind Tunnel

The Durham 2m” wind tunnel was used for all of the experimental research
conducted as part of this thesis. The tunnel is an open-jet, open return type wind
tunnel with an inlet contraction ratio of 7.7:1. The tunnel is powered by two dual
entry centrifugal fans housed downstream of the test section in the fan housing. The
key features of the wind tunnel are shown in Figure 97. For more detail on the

design of the wind tunnel the reader is referred to Sims-Williams et al. [171, 172].

7.7:1 Bellmouth inlet

Turbulence generation system
Overhead gantry traverse

Steel gantry assembly

Centrifugal fan
L N housing
Boundary layer ¥y X P e
suction S \ P ‘
Under floor turntable *
traverse

Flow splitter

Figure 97: Isometric wind tunnel view detailing the salient features

The wind tunnel is fitted with a three axis overhead gantry traverse system
which is used to control the position of the five hole pressure probe. The traverse
enables the probe to be moved to any position downstream of the rotor, up to 8
turbine radii downstream of the rotor, 4 turbine radii crosswind in both directions
and 2 blade radii above and below the rotor axis. These limits are shown in Figure

98, where the flow enters the section along the x-axis.
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2R

2R,

Model origin

Figure 98: Traverse limits in the wind tunnel as a function of the blade radius

The tunnel has features which were not used in this thesis, the boundary layer
suction at the inlet and a turbulence generation system. More details on the TGS
and the flow dynamics within the wind tunnel after installation can be found in the
work of Mankowski [173]. This study confirmed that the flow through the nozzle is
unchanged from the pre-existing nozzle, with no bulk yaw or pitch being induced in

the flow when the TGS system is not being actively utilised.

5.1.2. Diffuser & Turbine Experimental Rig Construction
The general arrangement of the combined diffuser and turbine rig with the
location of the sub-assemblies can be seen in Figure 99. The details of the

experimental rig construction and sub-components are detailed in this section.

5.1.2.1.  Diffuser Assembly

The diffuser, the geometry of which was derived using the procedure detailed
in Chapter 3 and is defined in Chapter 4, was constructed at 1/ 40™ scale for testing
in the wind tunnel. This scale was chosen such that realistic Reynolds numbers of
up to Rep;y, = 7.0 X 10° (based on the throat diameter and freestream velocity)
could be achieved whilst ensuring that blockage of the wind tunnel was minimised.

The key dimensions of the model scale diffuser can be seen in Figure 100.

The scale used means that the wind tunnel blockage is only 9.8% of the jet
area. For the tunnel type and dimensions used the corrections to the velocity field
are of the order of 1.18%, or a 3.58% change in the power output [174, 175]. This

correction is however conservative as the calculations assume that the combined
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device is a solid blockage, rather than having a passage through the centre (albeit
one with a degree of thrust blockage). The actual correction factor is thought to be
negligible, something backed by Chen & Liou [176], who state that correction to the

power output of a wind turbine model is not necessary at blockages of below 10%.

Diffuser assembly

Nacelle and cover

Nacelle support strut
and fairings
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\_ ./ Supportstn
S and fairings
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Figure 99: Diffuser and turbine rig salient features
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Figure 100: Diffuser body cross section showing key dimenions

The diffuser body was CNC machined from a block of modelboard, which was
laminated within the School of Engineering’s workshop. The block was constructed
from laminated sheets of 1500 mm x 500 mm x 50 mm Alchemie M651 modelboard
which were cut to size and joined with Alchemie’s Alchemix MG651 adhesive. The
block was then CNC machined at Precision 2000 Ltd. in Newcastle-upon-Tyne. The

diffuser body was varnished on all surfaces to create a smooth surface.
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The diffuser has a number of slots cut into the geometry as seen Figure 101.
These slots are to facilitate the fitting of the static pressure tapping insert, allow
access for the associated pressure tubing and to provide a mounting area for the

diffuser and nacelle strut to the base, which mounts to the under floor force balance.

Pressure line slot

Diffuser body & cover

Static pressure
tapping insert

Trailing edge

Mounting point

Figure 101: Diffuser assembly details

The details of the static pressure tapping insert can be seen in Figure 102. The
insert was constructed using a Stratsys Objet Eden 500V and Fullcure 720 material

using a Fullcure 705 support material.

Diffuser attachment point 0.50mm® Tapping
/\

Tubing attachment points Pressure tubing cavity

Pressure tubing

Figure 102: Diffuser static pressure tapping insert details

Once the piece was made, the tapping holes were cleared of the support
material using a compressed air supply and hypodermic tubing was inserted into the

interior holes to allow attachment of the pressure tubing. The join between the
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hypodermic tubing and insert was sealed with epoxy resin and the seal tested. The
insert screws into the diffuser body, with the tubing leaving the cavity via a covered
slot which runs to the support strut mounting point as seen in Figure 101. The

locations of the static pressure tappings are detailed in Figure 119 in Section 5.3.4.

5.1.2.2. Mounting Assemblies
The diffuser body is secured onto a mounting assembly, onto which is also
secured the nacelle support strut, which passes through a slot in the diffuser. The

overall layout of the structural parts of the model can be seen in Figure 103.

The main mounting assembly is formed of a 40 mm x 80 mm x 3 mm box
section and is sized such that the axis of the diffuser is at the centre point of the
wind tunnel jet. The mounting assembly sits above the tunnel floor and is fixed onto
the under floor force balance pins. On the top of the mounting assembly the diffuser
bolts onto the mounting plate and the nacelle strut passes through the diffuser
before also being bolted onto the mounting plate. The details and dimensions of the

main diffuser mounting assembly can be seen in Figure 104.

\

Turbine blades \
\ \ Nacelle & Cover

“Internal strut base

Diffuser mounting
plate \\\\-\

‘\\\
e Fairing att

. achments
Box section strut

40x80mm

Floor mounting
base plate

Figure 103: Mounting assemblies shown in rotor only configuartion view

The fairings for the mounting struts were constructed using vacuum forming
of 2 mm thick plastic sheeting around profiled wooden moulds cut using a laser. The

resulting sections were trimmed to size manually and fitted to the rig.
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Figure 104: Diffuser mounting assembly details and dimensions

5.1.2.3. Turbine Geometry

The rotor blades were designed as detailed in Chapter 3 using a NACA63818

aerofoil section, with the resulting geometry detailed in Chapter 4. In order to

realise lightweight, cost effective blading which would not overly deform at the

operational rotational speeds, the blades were constructed using ABS plastic. The

blades were manufactured using a Makerbot Replicator, with a printing layer

thickness of 0.20 mm. In order to achieve the surface finish necessary for testing the

blades surfaces were polished until smooth. The key dimensions and attachment

details of the turbine blades can be seen in Figure 105.

Countersunk holes for

Hub radius drivetrain attachment
——— / W,
_ \

-

17mm | _|

Rounded NACAG3818

130mm Aecrofoil Section

163mm

Figure 105: Turbine blade details for non-pitched blade design
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Due to manufacturing constraints with the Replicator machine and the small
size of the blades, it was not possible to replicate the sharp trailing edge of the
NACAG63818 aerofoil. As a result, the aerofoil section was rounded at the trailing
edge, as seen in Figure 34, such that the blade shape could be accurately
constructed. For more information on the rounded aerofoil used here refer to

Chapter 4, where the section properties are presented.

Blade chord

NACAG3818

As Built
(Rounded
NACAG63818)

Figure 106: NACA63818 and rounded NACA63818 aerofoil cross sections

There were two separate sets of blades manufactured for testing as detailed in
Chapter 4, which are defined for the purpose of this thesis relative to the base case
blade, which is referred to as the zero pitched blade set. Both sets of blades use the
same aerofoil section and have the same chord distribution, and both maintain a
linear relationship for both chord length to blade position and pitch angle to the
position along the blade. The distribution of the chord and pitch can be seen in

Table 15, with the pitch angle being defined as seen in Figure 107.

Pitch (deg)

r/R c/R 0° Blade -5° Blade
0.20 0.143 29.490 24.490
0.30 0.1374 26.116 21.116
0.40 0.1318 22.742 17.742
0.50 0.1262 19.369 14.369
0.60 0.1206 15.995 10.995
0.70 0.115 12.621 7.621
0.80 0.1094 9.247 4.247
0.90 0.1038 5.873 0.873
1.00 0.0982 2.500 -2.500

Table 15: Blade geometry details for the experimental blade sets
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Figure 107: Definition of the blade pitch angle

5.1.2.4.  Drivetrain & Nacelle

The drivetrain was based around an AXI5330/24 three phase permanent
magnet motor. This motor was designed to power model aircraft and as such has
the primary qualities which were required, a small size, high power output and a
high shaft speed. The motor has a 63 mm external diameter and is able to supply
approximately 1.5 kW at 7000 rpm. During testing the motor was operated as a
motor, to overcome the cogging torque of the permanent magnets, and then as a

generator. The peak rotational speed for the turbine during testing was 10,000 rpm.

TQM301
Torque

AXI 5330/24 Transducer 5
Motor N

Rotor blade
housing i
N /
Nose cone \ ) s

Motor-transducer
\ connecting piece

Motor-rotor

connecting pin

Rotor blades

Figure 108: Exploded view of the turbine drivetrain assembly
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The rotor was attached within the drivetrain as shown by Figure 108, which
shows an exploded view of the complete turbine drivetrain. The rotor blades were
secured into the nose cone assembly, which was attached to the motor shaft through
a connecting pin. The motor was then secured to an Omega TQM301 reaction
torque transducer, full details of which are provided in Section 5.3.1. The torque
transducer attached to a supporting base such that the drivetrain was cantilevered
from the transducer-base attachment point in order to avoid contact between the

drivetrain and base which would have invalidated the torque readings.

The key dimensions and layout of the drivetrain can be seen in Figure 109,
along with the fairings and nacelle. The nacelle fairings were constructed in sections
using a Makerbot Replicator and were fixed onto the drivetrain support. The
fairings were subjected to the same surface treatments as the blades to ensure a
good surface finish. The fairings for the nacelle support were manufactured in the

same way as those for the main mounting strut fairings detailed in section 5.1.2.2.

300mm

AXI5330/24
Motor

Motor-transducer
connecting piece

)
4

s
. X —=
TQM301

Torque
‘ Transducer

I/ B

=y Cantilever support —
for drivetrain

Interior support 107mm
strut mounting

62mm

Figure 109: Drivetrain and nacelle details and salient features

The drivetrain and nacelle were secured to the diffuser mounting strut,
ensuring that where the diffuser was in place, that the blade clearance within the

throat was distributed such that is was uniform circumferentially.
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5.1.2.5.  Electrical Arrangement

The electrical layout, including the power, control and logging circuits for the
experimental rig can be seen in Figure 110. The electrical power system is required
to start the rotor in motor mode, dump the electrical power generated during
turbine operation and to enable speed control. The switching between motor and
turbine operation was achieved through a 3 Phase Double Throw (3PDT) relay
switch (Magnecraft 7T88XCXM4L-12D) which was actuated remotely.

During motor operation, the rectifier and resistor part of the circuit was
isolated by the relay and the AXI5330/24 motor was supplied with three phase
power via a Jeti Spin 77 Opto speed controller. This acted as an inverter to convert
the DC power supplied into three phase AC power for the motor operation. Speed
control for the motor operation was achieved via a PWM signal supplied to the

controller by the user through the controlling PC.

r 3

TSX3510 Jeti Spin 77
35V 10A DC . Opto Speed
Power Supply Controller

Variable 3 Phase

Three phase

Resistance . bridge Double S ?iilt)l}:s];ox
Bank rectifier Throw Relay P

Turbine

Controller

NIDAQ Datalogger

KEY

Power system component
@ Data acquisiton

Logging and control

3 Phase power connection
DC power connection
Physical connection
Sensor monitoring

NB. Arrows indicate the direction(s) of transfers < » Data or signal

Figure 110: Schematic of the electrical power, logging and speed control circuits
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During turbine operation, the inverter part of the circuit was isolated by the
relay and the power from the generator was passed to a resistance bank. The layout
of this resistance bank can be seen in Figure 111. The three phase power from the
generator was converted to DC power to be passed to the resistance bank using a
three phase bridge rectifier (IXYS VUOG62). The resistance bank was formed of two
dual coil variable resistors (Zenith Electrical Company Ltd., 8.2 A, 28 1) actuated
remotely from the controlling PC by a Unislide traverse unit and stepper motor
combination. Speed control of the turbine was enacted using the traverse control of

the resistance bank to vary the opposing force to the motion of the rotor.

Rectifier

Isolating
cross bar

3PDT Relay

Stepper motor Traverse Dual coil variable
resistor

Figure 111: Resistance bank general arrangement

5.2. Experimental Configurations

This section gives an overview of the three separate cases which were
examined during the experimentation and the conditions which were tested. The
measurement methodologies used for each case are stated and are described in detail
in Section 5.3. The experimental rig was placed within the wind tunnel working
section, approximately 1/4 of the way into the test section. The position of the rig

within the tunnel can be seen in Figure 112.

5.2.1.1.  Diffuser Only Experimental Configuration

The diffuser only experimental configuration can be seen in Figure 113. The
slot into which the nacelle support strut is placed can be seen open here, during
experimentation this slot was covered such that it was flush with the interior surface

of the diffuser. In this configuration, only the static pressures from the diffuser and
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the aerodynamic forces from the force balance were recorded. The electrical power

system was not installed here as it was only required to control the turbine.

7.7:1 Bellmouth tunnel inlet
Centrifugal fan

1045mm | 4 e 3560min " housing
1 | - \
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Figure 112: Position of the experimental rig within the wind tunnel
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Figure 113: Diffuser only configuration within the wind tunnel looking upstream

towards the working section inlet

The experimental runs conducted for the diffuser only case can be seen listed
in Table 16, where the Reynolds number is based on the diffuser throat diameter
and freestream velocity. These runs were conducted primarily to evaluate the
structure of the flow within the diffuser with a variation on the Reynolds number.
Additional runs were undertaken to evaluate the impact of the diffuser yaw angle

and the interaction between the two factors.
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Velocity = Reynolds Yaw (Deg)

(m/s) Number  _45.0 -33.8 -31.8 -22.5 -11.3 0.0 11.3 22.5 31.8 33.8 45.0
5.0 1.25E+05 X

8.7 2.17E+05 X X X

11.3 2.82E+05 X

14.4 3.60E+05 X

17.5 4.38E+05 X X X
20.6 5.17E+05 X

23.8 5.95E+05 X

26.3 6.60E-+05 X X X

26.9 6.73E+05 X

30.0 7.52E+05 X X X X X X X X X

Table 16: Experimental tests conducted for the diffuser only configuration

5.2.1.2.  Rotor Only Experimental Configuration

The salient features of the rotor only experimental configuration can be seen
in Figure 114. The turbine can be seen mounted on the nacelle support strut
assembly, which is secured onto the diffuser mounting assembly. The power and
data cables from the nacelle can be seen to pass out from beneath the nacelle
support assembly and pass through the box section of the diffuser mount and out of
the wind tunnel through the floor. In the rear, the five hole probe can be seen
mounted on the end of a carbon fibre shaft protruding from the base of the

overhead gantry traverse system.

Five hole
Outflow

probe
Turbine Flow splitter
Floor
mounting Turntable
traverse

Figure 114: Rotor only configuration within the wind tunnel looking downstream

towards the working section outflow

In this configuration, the speed and torque of the motor shaft were recorded as

well as the motor temperature, three phase power variables and the aerodynamic
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forces from the under floor force balance. Five hole pressure probe traverses were

also conducted in the wake of the device as detailed in Section 5.2.1.4.

The experimental runs conducted for the rotor only case for each blade set can
be seen listed in Table 17, where the Reynolds number is based on the rotor tip
diameter and freestream velocity. These runs were conducted to evaluate the power
output from the rotor with variations of the Reynolds number, yaw angle and tip
speed ratio. The tip speed ratio range tested varied between cases, being limited by
both the mechanical limits of the apparatus and the rotor’s Cp — Az curve. For the

zero yaw cases, the rotor was tested up to a minimum tip speed ratio of 5.

Velocity = Reynolds Yaw (Deg) Tip Speed
(m/s) Number  _45.0 -31.8 -30.0 -15.0 0.0 15.0 30.0 31.8 45.0 Ratio
15.0 3.76E+05 X 0.5 to Limit
16.8 4.20E+05 X 0.5 to Limit
17.1 4.27B+05 X X X 0.5 to Limit
18.5 4.64E+05 X 0.5 to Limit
20.3 5.07E+05 X 0.5 to Limit
22.0 5.51E+05 X X X X X X X 0.5 to Limit
23.8 5.95E+05 X 0.5 to Limit
25.5 6.39E+05 X 0.5 to Limit
26.9 6.75E+05 X X X 0.5 to Limit
27.3 6.83E+05 X 0.5 to Limit
29.0 7.27E+05 X 0.5 to Limit

Table 17: Experimental tests for the rotor only configuration with each blade set

5.2.1.3.  Diffuser and Rotor Experimental Configuration

The key features of the combined diffuser and rotor experimental
configuration can be seen in Figure 115. The turbine can be seen mounted within
the diffuser assembly, which is secured onto the diffuser mounting assembly. In this
configuration, the speed and torque of the motor shaft were recorded as well as the
motor temperature, three phase power variables, diffuser static pressures and the
forces from the under floor force balance. Five hole pressure probe traverses were

also conducted in the wake of the device as detailed in Section 5.2.1.4.

The experimental runs conducted for the combined diffuser and rotor only
case for each blade set can be seen listed in Table 18, where the Reynolds number is

based on the diffuser throat diameter and freestream velocity.

The runs detailed in Table 18 were conducted to evaluate the power output

from the rotor with variations of the Reynolds number, yaw angle and tip speed
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ratio and to investigate the associated aerodynamic effects within the diffuser. The
tip speed ratio range tested varied between cases, being limited by both the
mechanical limits of the apparatus and the rotor’s Cp — Ax curve. For the cases

where there was no yaw, the rotor was tested to a minimum tip speed ratio of 6.

Outflow

o |
WDutham

University

Diffuser

Turbine
Floor
mounting Turntable
traverse

Figure 115: Combined diffuser and rotor configuration within the wind tunnel

looking downstream towards the working section outflow

Velocity  Reynolds Yaw (Deg) Tip Speed
(m/s) Number  -45.0 -31.8 -30.0 -15.0 0.0 15.0 30.0 31.8 45.0 Ratio
15.0 3.76E+05 X 0.5 to Limit
17.1 4.27TE+05 X X X 0.5 to Limit
18.5 4.64E+05 X 0.5 to Limit
22.0 5.51E+05 X X X X X X X 0.5 to Limit
25.5 6.39E+05 X 0.5 to Limit
29.0 7.27TE+05 X 0.5 to Limit

Table 18: Experimental tests conducted for the combined diffuer and rotor

configuration with each blade set

5.2.1.4.  Wake Traverses

Wake traverses were conducted for the rotor only and combined diffuser and
rotor cases on two separate planes, a longitudinal plane at turbine axis height and a
transverse plane parallel to the rotor plane. The planes used were identical for both
experimental configurations. The layouts of the planes and the sample points can be

seen in Figure 116, where the vertical plane is at x/R=1.6.
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Figure 116: (a) Horizontal and (b) vertical planes and sampling points with

coordinates normalised by the blade radius

The wake traverses conducted and the associated conditions are detailed in

Table 19. All of the wake traverses were conducted using the -5° pitch blades.

Configuration Plane Nominal Re Tip Speed Ratio
Rotor Only Horizontal 4.90E+05 5.3
Rotor Only Vertical 4.90E+05 5.3
Combined Horizontal 5.30E+05 5.5
Combined Vertical 5.30E+05 5.5

Table 19: Wake traverse details and flow conditions

5.3. Data Collection and Measurement Techniques

The data collection and measurement techniques used within this thesis are
detailed in this section. The layout of the complete setup of the transducers and
logging equipment for the combined diffuser and rotor experimental runs can be
seen in Figure 117. For the diffuser only or rotor only runs the experimental setup

differed as some components were removed, see Section 5.2 for more information.

5.3.1. Torque Sensor Measurements

The torque sensor used was a reaction torque sensor type unit mounted at the
rear of the cantilevered drivetrain as seen in Figure 108 and Figure 109. The unit
was an Omega TQM301-45N model. This unit has an operating range of 0-45 Nm of
torque with a safe overload capacity of 150%. The unit has a stated combined

maximum linearity, hysteresis and repeatability error of +0.2% of the full scale span.
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The transducer was amplified with a gain of 1000 using a load cell amplifier
which was constructed using a strain gauge amplifier (RS 308-815). The calibration

and operation of the torque sensor was undertaken with the same equipment.

Turbine
~ Mountin
Assembly

=
3 Phase Motor

KEY
@ Monitored component el Pressure tubing
@ Data acquisiton <« -+ - ¢+ « + p Physical connection
i v - Sensor monitoring
Logei
@ 088INg <«—> Dataor signal

NB. Arrows indicate the direction(s) of transfers
Figure 117: Logging layout for experimental runs

The unit was calibrated in place on the drivetrain to ensure that the addition
of the cantilevered drivetrain did not affect the calibration. The calibration was
undertaken using known masses applied via a lever arm of a known length. The

" oof a gram. The

masses were weighed using scales and recorded to within 1/10
length of the lever arm was measured using a pair of Vernier callipers and recorded
to 1/ 10™ of a millimetre. The voltage output was recorded at 800 Hz in a low noise
environment using a National Instruments NIDAQmx USB-6218 logging card and
recorded on the controlling PC. The uncertainty in the measurements was

calculated from the calibration data and found to be +1.64x10” Nm [177].
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The compensated temperature range of the sensor is 16°C to 72°C, with
thermal effects of £0.0028% of the 45 Nm rating per degree Celsius. The
maintenance of the sensor within the thermal operating conditions was verified by
the use of the thermocouple installed within the nacelle. To minimise noise, the
sensor was also fitted with a screened cable. The components of the torque sensor

enable measurement of signal frequencies of up to 200 Hz.

5.3.2. Reflective Phototransistor
The turbine rotational speed was measured by a reflective phototransistor

type optical switch. The position of the sensor can be seen in Figure 118.

Turbine | Nacelle fairing

AXI5330/24
| — TQM301
OPB704

B, S I Nacellestrut
: and fairing

Figure 118: Nacelle layout with location of the OPB704 reflective phototransistor

The model used was an Optek OPB704, which was mounted beneath the
motor, between the nacelle support strut and the fairing. The AXI5330/24 motor’s
exterior was free to rotate with the rotor and nose cone assembly and this was used
covered for 50% of the circumference with a matte black finish and 50% with a

reflective silvered finish, to trigger the reflective phototransistor.

The OPBT704 sensor generates a square wave output signal of 0-5 V with the
output dependent upon the surface onto which it is directed. The accuracy of the
rotational frequency measurements taken with the OPB704 sensor was verified
through comparison with the phase frequency data from the PPA2530 power

analyser detailed in Section 5.3.7.
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In order to calculate the error in the frequency values captured using the
OPB704 sensor an experiment was undertaken using a stroboscope. The stroboscope
was set to a range of frequencies over the operating range of the turbine and the
errors in the calculation of the frequency were determined. It was found that the

combined data collection and processing error was +0.023 Hz.

5.3.3. Pressure Transducers

Pressure transducers were used to record static pressure measurements from
the diffuser surface, pressures from the five hole probe and the wind tunnel’s
reference pressures. The pressure transducers used in all cases were Sensortechnics
HCLA12X5DB transducers. These have an operating range of 0 Pa to 1.25 kPa with
a proof pressure of 5 kPa. The peak pressures expected during testing were of the
range 0 Pa to 980 Pa, and so they were more than adequate for these experiments.
The units have a reported drift of 0.1% of full scale span (FSS) per year, with
thermal effects in the range -25°C to 72°C being a maximum of 2.0% of FSS. The
error in the pressure readings was calculated from data gathered by supplying the
transducers with a range of known pressures from an oil filled manometer. The error

in the pressure readings was found to be £0.169 Pa.

The transducers were formed into banks of two sizes, double transducer banks,
intended for pitot-static probes and five transducer banks intended for use with five
hole probes. The transducer’s calibration was verified using an oil filled micro-
manometer prior to testing. All connections to the transducers were made using

Thermo Scientific Nalgene pressure tubing.

5.3.4. Static Pressure Tappings

The static pressure tappings on the diffuser surface were connected to a 64
port Scanivalve which was controlled via the Durham Software for Windtunnels
suite. The DSW software is a collection of programs written in C code for the
automated control and data collection of experiments within the wind tunnels of
Durham University. There were a total of 28 static pressure tappings on the diffuser
surface, distributed as seen in Figure 119. There were a total of 7 tappings
distributed evenly along the exterior surface of the diffuser and 21 tappings
distributed along the interior surface. The tappings on the interior are primarily
grouped around the turbine plane at X/Lp; = 0.2, with an increased spacing towards
the trailing edge. The tappings end at X/Lp; = 0.78 as there is insufficient space

within the diffuser cross section to include further tappings.
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Figure 119: Static pressure tapping locations on the diffuser surface

5.3.5. Five-Hole Pressure Probe

In order to assess the wake of the turbine and diffuser and derive the pressure
and velocity fields, a five hole probe was used. The Durham University five hole
probe geometry can be seen in Figure 120, along with the hole numbering system.
The hole numbering system indicated here is based on the reader looking head on to
the tip of the probe. The probes are made of steel, with a rapid prototyped head
and a rapid prototyped stay within the steel boss. The pressure is transferred from
the head to the pressure tubing attachment points by means of hypodermic tubing,

with the head to tube joints being sealed by epoxy resin.

Smm

3mm

%

5 No
Hole 2 < Hole 1
Rapid prototyped Hole 0 Hole 4 5 x Hypodermic
head .
tubing
[ Steel body Hole 3 Steel boss

100mm

115mm

Figure 120: Details of the Durham University five hole probe with hole numbering
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Within this work the probe has been used only for the steady state assessment
of the wake structure. The probes have sufficient resolution however that they can
be used to assess high frequency transients within the flow through the use of

transfer function corrections for the tubing attenuation.

The equations used to obtain the average pressure and the flow yaw, pitch,

total and dynamic pressure coefficients are given by Equation 81 to Equation 85.

P11t P2t p3tps

Pave = 2 Equation 81
Cyaw = PPz Equation 82
Po — Pave
b3 —p
CPITCH = m Equation 83
Po — Pt
C,, = ——— Equation 84
be Po — Pave d
Pt — Pave .
Cprn = W Equation 85

To calibrate a probe, the probe is set to traverse over a high density grid of
pitch and yaw angles and the coefficients in Equation 81 to Equation 85 are
calculated at each point. The reference velocity was calculated from a nozzle
calibration, which used static pressures upstream and downstream of the nozzle to
derive the flow velocity. The flow velocity and static pressure were used to calculate

the total and dynamic pressures necessary for Equation 84 and Equation 85.

When the probe was used for testing, the coefficients were again calculated
and the calibration map was interpolated in two dimensions to recover the actual

yaw and pitch angles as well as the total and dynamic pressures.

The probe used in the work contained here was calibrated at a wind speed of
22 m/s over an angle range of £60° for both pitch and yaw, with a grid density of
2.5°. The probe coefficients tend to breakdown where the magnitude of the flow
angle relative to the axis of the probe exceeds 45°, and so flow in these regions
cannot be resolved using the five hole probe. Since the wakes of the device
configurations examined here were not expected to deviate excessively from the axial

direction this was sufficient for the work conducted here.
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5.3.6. Force Balance

The under floor force balance employed in the testing was mounted onto the
under floor traverse turntable. For further information on the details of the under
floor balance the reader is referred to Sims-Williams et al. [171]. The force balance

was calibrated using methodology detailed by Mankowski [173].

5.3.7. Three Phase Power Measurements

Three phase power measurements were captured using a Newtons4th Ltd
PPA2530 three phase power analyser. This power analyser allows for measurement
of power flows with currents of up to 30 A and voltages of up to 3 kV per phase
with an accuracy of +0.04% of the reading. The power analyser is capable of
connecting to the reflective phototransistor and torque sensor and hence provides
the calculated mechanical power in addition to the basic and derived electrical
properties. The device can be connected to a PC via a variety of methods, with a
USB connection employed here. The PPA Datalogger software which accompanies
the device was used as the main means of providing real time performance data to

the user for the operation of the rig as this is relayed to a graphical user interface.

The data from the power analyser was used mainly for the control of the
experimental rig but was also saved onto the controlling PC with a time stamp
along with the data from the NIDAQmx card. This data was collated with the
NIDAQmx data in post-processing and enabled checks to be made on the drivetrain

data as stated in Section 5.3.2.

5.3.8. Logging Methodology

The data logging during the experimentation was achieved through the use of
the DSW software suite, which has a wide variety of logging and data processing
functions. The DSW software is able to interface with all of the necessary hardware
detailed in Figure 117 and to log the output data. The NIDAQmx card is able to log

up to 16 differential channels at a maximum frequency of 250 kHz.

The experimental data was sampled at a frequency of 1024 Hz, which
compared to a peak blade passing frequency for the turbine of 500 Hz (though the
frequency was usually far below this). The logging frequency was limited by the
response times of the various transducers, with 1024 Hz being able to capture the
most rapid changes that these produce. The data contained here is intended to be

steady state data. In order to mitigate the proximity of the sampling frequency to
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the peak blade passing frequency, the sampling time was extended to 4s for each
data point taken. This means that for the fastest turbine rotational speed the data

is averaged over a total of approximately 2000 blade passes.

5.3.9. Filtering Methodology

During preliminary testing it was found that there was a large quantity of
electrical noise which was present in some of the voltage signals which were entering
the datalogger. These signals were treated using one of two possible methods, a low
pass filter circuit inserted between the transducer and datalogger and/or numerical

low pass filtering applied during post-processing.

The filter circuits used were 250 Hz low pass filters, which were implemented
where the anticipated signal frequency was to be below 250 Hz and where the
underlying physical significance of the signal would remain unchanged. The
reference pressures and the signal from the resistive phototransistor were run
through these circuits. The resistive phototransistor was treated, as although the
peak blade passing frequency is 500 Hz, the peak rotational frequency, the measured
quantity, was only 166Hz. In order to maintain a clear signal, which allowed

frequency determination, the higher frequency noise was eliminated.
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Figure 121: Numerically filtered for example signal using a 5 Hz low pass filter

The reference pressures were treated with numerical filtering using low pass
filters which were based upon 3rd Octave Class 0 Bandpass Filters as per ANSI
S1.11-2004 [178]. The bandpass filter midpoint was used as the low pass filter design

frequency, with the form of the low pass filter remaining identical to the bandpass
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above this frequency. Below this frequency the transfer function magnitude
employed was set to unity such that lower frequency components are replicated
exactly in the filter output. The output from a sample signal which has passed
through the 250 Hz filter circuit and then through a numerical 5 Hz low pass filter

can be seen in Figure 121.

5.3.10.  Overall Estimate of the Uncertainty

The uncertainties in the estimates of the wvariables used within the
experimental sections of this thesis have been calculated and are presented in Table
20. The values have been calculated using methodology detailed by Hughes and
Hase [177]|. The uncertainties in the measured variables are all below 0.56% of the

full scale readings, with derived quantities all below 1.00% of the full scale values.

Variable Error Unit
Distance +0.100 mm
Pressure +0.169 Pa
Temperature +0.250 °C
Density +0.004 kg /m’
Velocity +0.066 m/s
Viscosity +1.24x10° Pas
Reynolds Number +1147.896 -
Pressure Coefficient +0.004 -
Pressure Recovery Coefficient +0.004 -
Frequency +0.023 Hz
Rotational Speed +0.144 rad/s
Tip Speed Ratio +0.012 -
Torque +0.002 Nm
Power +1.051 W
Power Coefficient +0.003 -

Table 20: Errors in the experimental and derived quantities

The main source of divergence of results from the quantities which could be
expected in unbounded flow will be the effect of the wind tunnel blockage. As stated
in Section 5.1.2.1, a conservative estimate of the effect of the blockage is a change in
the velocity field of the order of 1.18% and a 3.58% change in the power output. It

is considered that given the very low overall level of the uncertainties within the
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experimental methodology, that the results provide an accurate assessment of the

physical phenomenon under investigation.

5.4. Concluding Remarks

This chapter details the experimental methodologies and setups used within
this thesis. This chapter contains details of the experimental rig design, apparatus
set up and data processing methods such that the results are reproducible. The level
of uncertainties within the experiments have been quantified and found to be low
enough that the results provide an accurate assessment of the phenomenon
investigated. The results from these experiments are detailed in Chapter 6, where

they are compared with the numerical results from Chapter 4.
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6. Experimental Results

6.1. Diffuser Characterisation

In order to understand the behaviour of the combined diffuser and turbine
device it is first necessary to understand the flow through the empty diffuser. In this
section, results for the diffuser are presented for the cases tested as detailed in

Chapter 5 and compared with the relevant CFD cases detailed in Chapters 3 and 4.

6.1.1. Effect of Reynolds Number

The effects of variations in the Reynolds number of the incoming flow were
quantified for the open diffuser by tests performed with a varying inlet flow velocity
in the wind tunnel. The inlet speed was varied in the range from 15 m/s to 29 m/s,
giving a range of Reynolds numbers from Rep;y = 2.7 X 10° to Repy,, = 7.2 X 10°,
where the Reynolds number was calculated using the tunnel inlet flow velocity and
the diffuser throat diameter. The static pressure coefficient from the experimental
results along both the exterior and interior diffuser surfaces can be seen in Figure

122, which also shows the cross section of the diffuser geometry.
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Figure 122: Experimental static pressure coefficient around the diffuser for empty

diffuser with variation of the Reynolds number, showing the diffuser geometry

The trends in the pressures which can be seen in Figure 122 show that the

majority of the diffusion is occurring in the rear section of the casing due to the
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streamwise expansion of the flow. The diffusion occurs over the length 0.2 < LL <
Di
0.8, where the flow remains attached to the interior of the casing. At Li = (.8 the
Di

flow has insufficient boundary layer energy and separates from the surface of the
casing preventing further flow expansion and diffusion. The static pressure

coefficient results are compared with the CFD predictions in Figure 123.
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Figure 123: Experimental and CFD static pressure coefficients around empty

diffuser with variation of the Reynolds number, showing the diffuser geometry

An increase in the Reynolds number moves the separation point of the flow
forward along the interior diffuser surface. This move in the separation point causes
a reduction in the flow expansion, reducing diffusion and therefore increasing the
pressure coefficient along the interior surface of the casing. The CFD results provide

a good approximation to the experimental results at low Reynolds numbers but fail

to predict the separation bubble in the range 0.1 < Li < 0.3 on the interior diffuser
Di

surface seen at higher Reynolds numbers.

6.1.2. Effect of the Yaw Angle

The effect of the yaw angle on the diffuser was examined by investigating the
static pressure along the diffuser interior surface for a range of flow angles. Figure
124 shows the definition of the yaw angle within the wind tunnel and the location of
the static pressure tapping insert within the diffuser. Figure 125 and Figure 126

show the static pressure coefficient around the diffuser geometry for the downwind
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and upwind halves of the traverse respectively. Upstream and downstream refer to

the location of the static pressure tapping insert relative to the diffuser orientation.

Inlet

Tapping L Turntable

Insert
Positive Yaw Negative Yaw
Figure 124: Definition of yaw angle for diffuser only cases
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Figure 125: Experimental static pressure coefficient around empty diffuser with

variation of yaw angle on downstream section, showing the diffuser geometry

The trends seen in Figure 125 for the downwind section are less revealing
about the state of the diffuser flow than the upwind data seen in Figure 126. This is
because the turning of the diffuser interior towards the perpendicular of the inflow
means that the pressures are a function of the inflow dynamic pressure. As a result

the yaw pressures are compared on the upstream section of yaw traverses elsewhere.
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Figure 126: Experimental static pressure coefficient around empty diffuser with

variation of the yaw angle on upstream section, showing the diffuser geometry

It can be seen from Figure 126 that even a slight yawing of the flow induces
earlier diffuser stall. At 11.25° the separation point begins to move forwards within
the diffuser, with the stall process mostly complete by 22.50°. Once the yaw angle
passes 33.75° the flow is completely stalled within the diffuser on the upwind side.

6.1.3. Effect of the Nacelle Geometry

The inclusion of the nacelle and the associated support strut, without the
rotor, has a significant effect upon the flow within the diffuser. The pressure
coefficient distribution around the diffuser can be seen in Figure 127, which also

shows an axisymmetric cross section of the diffuser and hub geometries.

It can be seen from the experimental results presented in Figure 127 that the
diffuser’s ability to sustain a low pressure in the throat has been removed to a large
extent by the inclusion of the nacelle and strut. The combined effect is to
significantly reduce the diffusion potential of the device by causing a blockage in the

rear of the diffuser. The blockage is caused by flow separation from the hub around

the expansion at % = 0.3. The exact location of the separation within the experiment
is not known, though the separation of the flow at 2—C = (.3 within the CFD provides

a good approximation to the flow conditions experienced in the real device.

Normalised velocity contours and streamtraces plotted from CFD data can be seen
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in Figure 128 for a Reynolds number, based on the diffuser throat diameter and

freestream velocity, of Rep;y, = 5.9 X 105.
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Figure 127: Static pressure coefficient around diffuser for diffuser and nacelle case

with variation of the Reynolds number, showing the diffuser and nacelle geometries
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Figure 128: Contours of normalised velocity and streamtraces from CFD for

experimental hub and diffuser with no turbine at Rep;; = 5.9 X 10°

As can be seen from Figure 128, the separation of the hub flow generates a
volume of recirculating flow in the rear of the diffuser, which blocks the diffuser exit
and reduces the flow velocity, therefore increasing the pressure within the diffuser

throat. The problem of resolution of the separation point in the CFD model means
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that the diffusion which occurs is over predicted and as a result so is the swallowing
capacity of the diffuser and the pressure reduction in the throat. In contrast to the
diffuser only case, the flow does not separate from the interior diffuser wall as it now
separates instead from the hub. The reduced swallowing capacity of the duct with
the nacelle geometry acts to suppress the separation of the flow from the diffuser in

the range 0.1 <2—C< 0.3 at the higher Reynolds numbers as the flow velocity is

reduced and so the state of the boundary layer in this region is changed.

6.2. Rotor Characterisation

The next stage in understanding the behaviour of a combined diffuser and
turbine arrangement was to examine the flow around the rotor. In this section,
results from the wind tunnel for both rotor geometries detailed in Chapter 4 are
presented. In this section, where the Reynolds number is referenced it is based upon

the freestream velocity of the flow and the rotor diameter.

6.2.1. Effect of Reynolds Number

The effects of variations in the Reynolds number of the incoming flow upon
the performance of a bare turbine were investigated by varying the inlet flow
velocity in the wind tunnel. The inlet speed was varied in the range from 15 m/s to
29 m/s, giving a range of Regoy, = 2.7 X 10% to Regoy,, = 7.2 X 105. The results for
the variation of the rotor power coefficient with the tip speed ratio and Reynolds

number are shown in Figure 129 for the two rotors used in the tests.
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Figure 129: Power coefficient against rotor tip speed ratio for bare rotors with

variation of the Reynolds number (a) 0° pitch (b) -5° pitch
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Figure 129 shows that at low Reynolds numbers the rotors both suffer from a
reduction in the power coefficient, this being particularly marked with the non-
pitched rotor. This effect on the performance is caused by laminar separation of the
flow from rotor blades at low Reynolds numbers as detailed in Chapter 4. This
effect is particularly noticeable at low tip speed ratios due to the lower relative flow
velocity. The performance at higher tip speed ratios is improved as the rotational
speed of the rotor acts to increase the relative velocity at the blade and therefore
the Reynolds number over the blade section. At the full operational device scale
these effects would become negligible due to the significantly greater Reynolds

numbers experienced by the blades at the operating conditions.

6.2.2. Verification of the Rotor Only Blade Element CFD

The experimental results at a Reynolds number of Regyy, = 5.5 X 10% are
compared with those from the blade element momentum model and the
implementation of the blade element momentum model within the CFD in Figure

130. Full details of the models and their implementation are presented in Chapter 3.
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Figure 130: Comparison of blade element momentum, blade element mometum CFD

and experimental results at Regoy,, = 5.5 X 10° for (a) 0° pitch (b) -5° pitch blades

It can be seen from Figure 130 that both models implemented here provide a
good approximation to the power output of a bare turbine. The BEM CFD is the
more accurate of the two models as it is a more complete model of the turbine and
its operating conditions. The BEM CFD is able to calculate the flow field around
the complete turbine and hub arrangement and allows some degree of inclusion of

the radial flow component. In contrast, the flow velocities for each blade element
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within the BEM model are based upon momentum theory and neglect the hub

geometry and the effect of radial flow.

The accuracy of both the BEM and BEM CFD are reduced at low tip speed
ratios. This is likely because both models are implemented without post-stall
corrections, which would affect the low tip speed ratios more due to their greater
relative flow angles. The most commonly used correction is that of Viterna and

Corrigan [179], which corrects the lift and drag coefficients in the post stall region.

The results from the BEM CFD model are very close to those which were
arrived at experimentally for both rotor geometries as can be seen in Figure 130. It
can therefore be said that this method provides an improvement in the calculation
of the power coefficient of a bare rotor over the blade element momentum method.
The computational expense for the BEM CFD is higher than for the BEM method,
as detailed in Chapter 3, and therefore the uses of this model are likely to be
confined to more complex problems. Problems where the BEM CFD method may
prove beneficial (if the model is extended to 3D) are those where traditionally a
fully resolved 3D rotor would ordinarily be used, such as for interactions with
bathymetry or array interactions for example. In order to extend the BEM model to
3D and make it suitable for non-axial flow it would be necessary to include
compensation in the local relative flow vector for yawing and pitching flows in a

manner similar to that detailed for yawed flows in Section 6.2.3.

6.2.3. Effect of the Rotor Yaw Angle

The effect of the flow angle on the rotor was investigated by rotating the
complete turbine apparatus about the support strut axis. The yaw angle and the
direction of rotation are defined in Figure 131. The results for the variation of the
rotor power coefficient with the tip speed ratio and yaw angle are shown in Figure

132 for the two rotors used in the tests.

The results of the variation of the yaw angle seen in Figure 132 show that the
power outputs of bare rotors are susceptible to changes in the flow angle. It can be
seen that the greater the yaw angle, the more significantly the power coefficient is
reduced. This relationship is to be expected, as changing the yaw angle of the rotor

will change the local relative flow angle and therefore the blade’s angle of attack.

In order to calculate the angle of attack of the blade under yawed flow at any

azimuthal position, it is necessary to calculate the angle of relative flow with change
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of the yaw angle. The coordinate system used for this calculation is shown in Figure
133. The coordinate transformation can be achieved using Equation 86 and the

calculation of the velocity components for a planar rotor using Equation 87 [129].

Turbine Rotation

Inlet

Turntable

Positive Yaw

Negative Yaw

Figure 131: Definition of yaw angle and turbine rotation for rotor only case
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Figure 132: Effect of yaw and tip speed ratio variation on the power coefficient for

bare rotors at Regoy,, = 5.1 X 10° (a) 0° blade pitch (b) -5° blade pitch

The change in the angle of the local relative flow for a rotor at the yaw angles
shown in Figure 132 can be seen in Figure 134 plotted against the azimuth angle. It
is evident that there are significant departures in the local relative flow angle from

the zero yaw case; this is particularly true when the blade is retreating. These
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changing local relative flow angles lead to degraded performance as the blade
experiences flow which is incident at angles where the section performance is

degraded and in many cases where the section is stalled.
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Figure 133: Rotor yaw coordinate system

0 0 1
cosf —sinf O
sin@ cos8 O

Uyro Equation 86

nyz =

{UN} _ [cosesine(l — cosy) cos?6 + sin*Ocosy sin@simp] {g;} Equation 87

Uy cos@siny sin@siny cosp 1|y
X

He= (1
=)
T

—_

=)

j =)
T

Local Relative Flow Angle (°)

1
W
(=]

T

0 50 100 150 200 250 300 350
Azimuth Angle (°)

Figure 134: Local relative flow angle against the azimuth angle and yaw angle at

mid-span for a planar rotor at a tip speed ratio of 4
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In addition to the degraded performance of the rotor due to the local relative
flow angle variation, there is also an effect from the normalising power. When the
power coefficient is calculated, the power is normalised by the power available to
the rotor at a yaw angle of 0°, meaning that yawed flows are penalised more heavily

as less frontal area is presented to the flow.

A notable result from Figure 132 is that when the yaw angle of the device is
positive the power coefficient is greater than when the device is yawed to the
corresponding negative angle. This runs counter to that which might be expected
given the ideal symmetric distribution of the local relative flow angle with azimuthal
position seen in Figure 134. This effect is thought to be due to the effect of the
nacelle support on the flow in the range of azimuth angles 250°<8<290°. The
support fairing, when misaligned with the flow, induces streamline curvature in the
incoming fluid. The effect of this geometry would be to further misalign the flow due
to inducing transverse flow as well as acting to reduce the local relative flow velocity.
The transverse velocity is induced such that the flow is aligned to some extent with

the support fairing as seen diagrammatically in Figure 135.

Figure 135: Diagrammatic representation of the effect of the hub support fairing on

the flow direction at the rotor plane

The aligning of the flow with the normal of the rotor plane acts to reduce the
effective yaw angle onto the rotor plane in front of the support. The performance of
the rotor in this region is improved for both positively and negatively yawed rotors,
though as this is where the positively yawed rotors experience their greatest

departures in the local relative flow angle they have the most to gain.
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If the power coefficient of the rotor at each yaw angle normalised by the peak
power coefficient is plotted for both rotors, as seen in Figure 136, it is evident that
the -5° pitch blades perform better under yawed flows.

a Rotor 0° Pitch
# Rotor -5° Pitch

1,
% 0.8"
A
0.6/ &
< . A,
O 04 £ '
B
0.2r :;: %

—%0 —40 -20 0 2‘0 40 60
Yaw (Degrees)

Figure 136: Normalised peak power coefficient against yaw angle for both blades

When the angle of attack is plotted against the azimuthal position as seen in
Figure 137, it becomes clear that this is because the angle of attack remains closer
to the optimum angle of attack during rotation due to the blades’ pitch distribution.
The performance characteristics of the blades are therefore more favourable with the

-5° pitch and the rotor’s power output is increased.
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Figure 137: Angle of attack against the azimuth angle and yaw angle at mid-span

for a planar rotor at a tip speed ratio of 4
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6.2.4. Rotor Wake Flow Structure
Understanding of the interaction between the turbine and diffuser requires
knowledge of the propagation of the rotor wake. In order to investigate this wake,

traverses were conducted on planes parallel and perpendicular to the flow.

6.2.4.1.  Offset Transverse Plane Parallel to the Rotor Plane

The flow field on an offset transverse plane in the rotor wake at TSR=5.3 and
Regoy,, = 4.9 X 10°, on the Y-Z plane at 1.8 blade radii downstream of the rotor
plane is presented here. The location of the traverse plane and directions of motion
are presented in Figure 138. The offset of the traverse plane is such that the

traverse plane is identical to the diffuser exit traverse plane used in Section 6.3.4.

1.5/ Traverse

Inlet Flow Plane \

m ....... @: D

Turbine Rotation

=l 0 1 9
x/Rg,

Figure 138: Location of the downstream offset plane relative to the bare rotor

The radius used for the normalisation is the blade radius, with the -5° pitch
blades used. The time averaged images are looking upstream towards the rotor
plane, with the turbine rotating in the counter-clockwise direction. Figure 139 shows
total and static pressure coefficient distributions, where the total pressure coefficient
is defined as in Equation 88. Figure 140 shows the normalised velocity in the wake.

C. = Pt—Ptoo
Pt 1/ZF’Uoo2

Equation 88

In Figure 139 and Figure 140, the main features of the time averaged rotor
wake, such as the hub wake, tip losses and wake expansion can be distinguished.

The hub wake is clearly visible in the velocity deficit at the plane’s centre. The
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effect of the tip vortices, with the reduced velocity and stagnation pressure losses
can be clearly seen around the circle at r/Rp,~1.05. The wake expansion is limited
in scale due to the thrust of the rotor, but can also be seen due to the wake’s
expansion to r/Rp,~1.15 at the traverse plane. The support strut is also visible in
the lower half of the wake at y/R=0, with a reduced total pressure, velocity and
weakening of the tip vortex induced turbulence around r/Rp,~1.05.
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Figure 139: (a) Total and (b) static pressure coefficients for -5° blade pitch rotor at
TSR=5.3 and Regey,, = 4.9 X 105, on Y-Z plane at 1.6 blade radii downstream of

the rotor
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Figure 140: (a) Normalised velocity (b) turbulence intensity with -5° blade pitch at
TSR=5.3 and Reg,y,, = 4.9 X 105, on Y-Z plane at 1.6 blade radii downstream of

the rotor

Figure 141 shows the radial and tangential velocity components in the rotor
wake. The rotor generated wake swirl is visible in Figure 141(b) as a bulk negative
tangential velocity in the clockwise direction, counter to the turbine rotation, where

r/Rpro<1. The swirl velocity is particularly strong towards the centre of the plane,
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indicating that a vortex was formed around the rear of the nacelle similar to that
seen within the CFD results presented in Section 4. This explaining why the hub

wake’s extent has reduced by the traverse plane.

The effect of the strut is visible here, as due to the length of the fairing, the
swirl velocity is distorted in the lower half of the plot and is no longer axisymmetric,
as the flow is forced around the fairing. This leads to a high swirl velocity in the
region y/Rpr,<0, z/Rr,<0 and a lower swirl velocity in the region y/Rg,>0,
7/RRro<0, where the swirling flow from the rotor is directed towards the fairing. The
radial velocity distribution shows that the wake closes around the rear of the nacelle
and that the wake is contracting by this distance downstream of the rotor plane.
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Figure 141: Normalised (a) radial and (b) tangential velocity with -5° blade pitch at
TSR=5.3 and Reg,y,, = 4.9 X 105, on Y-Z plane at 1.6 blade radii downstream of

the rotor

The velocity deficit in the turbine wake is compared to that calculated using
the blade element momentum CFD in Figure 142. This shows broad agreement with
the experimental results, meaning that the major flow structures of the wake are
being resolved. This agreement means that the near wake, the region of flow which
will interact with the diffuser, is represented faithfully. This then means that the

BEM CFD implementation for the diffuser should maintain accuracy.

The large kink that is evident in the velocity distribution seen in Figure 142 is
due to the spanwise distribution of the power contribution from each blade element,
which can be seen in Figure 143. It is clear that the section towards the tip of the
blade at this tip speed ratio is doing the majority of the work of the rotor. This
increased tip work acts to increase the axial induction factor at the blade tip and so

results in the region of velocity deficit seen in the wake. Conversely, the lower power
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output from the central portion of the blade leads to a lower axial induction factor

and therefore a higher wake velocity.
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Figure 142: Comparison of computed normalised axial velocity distribution at

traverse plane with experimental data for the bare rotor with -5° blade pitch
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Figure 143: Spanwise distribution of blade elements’ contribution to rotor power
coefficient and axial induction factor for the -5° blade pitch rotor at TSR=5.5 and
Regoy,, = 4.9 X 105, calculated using the BEM model

6.2.4.2.  Longitudinal Plane at the Rotor Axis
In addition to the transect parallel to the rotor plane a longitudinal transect
was taken on the X-Y plane of the wind tunnel at the turbine axis height. This

transect was taken in the rotor wake at TSR=5.3 and Regyy,, = 4.9 X 105. The
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normalising radius is the blade radius, with the -5° pitch blades being used. Figure

144 shows the wake pitch and yaw distributions.
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Figure 144: (a) Yaw and (b) pitch angles in degrees in the rotor wake for -5° blade
pitch rotor at TSR=5.3 and Reg,y, = 4.9 X 105, on X-Y plane at axis height

The wake structure seen in Figure 144 exhibits only limited yaw, meaning the
area of the wake is not changing to a notable extent in the streamwise direction.
The pitch distribution indicates a wake which is swirling heavily around the rear of
the nacelle and exhibits the velocity distribution of a vortex, with increasing swirl
velocities towards the vortex core. Figure 145 shows the total and static pressure

coefficients, with Figure 146 showing the normalised velocity.
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Figure 145: (a) Total and (b) static pressure coefficients in the rotor wake for -5°

blade pitch rotor at TSR=5.3 and Reg,y,, = 4.9 X 105, on X-Y plane at axis height

Figure 145 and Figure 146 show the strength of the tip vortices and the
associated velocity deficit and stagnation pressure losses seen in the tip region as
well as the turbulence in the wake. These distributions are to be expected as the

blade geometry has a flat tip, meaning that the tip vortex strength will be relatively
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high. The level of turbulence in the test environment means that the wake takes
some time to break down, as detailed in Section 6.2.4.3. The level of turbulence will
impact upon the performance of the diffuser as it is one of the main drivers of the

ability of the flow to remain attached to the diffuser casing.
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Figure 146: (a) Normalised velocity and (b) turbulence intensity in the wake for -5°
blade pitch rotor at TSR=5.3 and Reg,y,, = 4.9 X 105, on X-Y plane at axis height

6.2.4.3.  Wake recovery

The wake recovery is an important parameter within the study of tidal stream
turbines since it will effect the interaction of devices within an array and the spacing
between devices which is necessary. Wake recovery is quantified through assessment
of the axial velocity deficit in the wake along the device centreline [180]. The

velocity deficit on the centreline of the -5° pitch rotor wake is shown in Figure 147.
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Figure 147: Comparison of experimental and BEM CFD predicted wake recovery for
-5° blade pitch rotor at Regoy, = 5.5 % 10°, with a turbulence intensity of 4.71%
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It can be seen from Figure 147 that the bare rotor wake recovers to 65% of the
freestream velocity by 9 rotor radii downstream of the rotor plane. It can also be
seen that the BEM CFD model provides an accurate assessment of the magnitude of
the wake recovery. As can be seen from the results seen in Section 4, the turbulence

in the freestream has a large impact upon the expected wake recovery.

6.3. Combined Diffuser and Rotor Characterisation

In this section, where the Reynolds number is referenced it is based upon the

freestream velocity of the flow and the diffuser throat diameter.

6.3.1. Effect of Reynolds Number

To quantify the effects that a variation of the Reynolds number has on the
performance of the rotor and diffuser combination, a set of experimental runs were
conducted using the two blades sets over a range of operating speeds. The results of
these experimental runs can be seen in Figure 148, which shows the effect of the
Reynolds number and tip speed ratio on the power coefficient of the two rotor
pitches used in this study. The Reynolds number here is based upon the freestream
velocity of the flow and the diffuser throat diameter. The tip speed ratio is defined
as the ratio of the tip speed of the blades to the freestream velocity, in the case of a
diffuser augmented device, the direct relation of this quantity to the relative flow
angle is convoluted. As the flow speed in the diffuser throat will in most cases be
above that in the freestream and significantly above that found at the rotor plane of

a bare turbine, the real tip speed that the rotor experiences will be reduced.

0.6 1 0.6
+ A
= ] I > a g ]
0.5 0.5
< aioy & & Re—4.3x10
= o K
“g 0.4/ 0.4/ g"? * Re=5.1x10°
< ® 2 Re=6.3x10°
5 0.2 0.2 3
D-‘ k-4
1 B 0.1
003 s U(}u"’#ﬁ |
0 2 4 6 8 0 2 4 6 8
Tip Speed Ratio Tip Speed Ratio

Figure 148: Effect of Reynolds number and tip speed ratio on the power coefficient
of (a) 0° blade pitch (b) -5° blade pitch diffuser and rotor combinations
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The increased power coefficient seen in the case of the -5° pitch rotor at low
Reynolds numbers is due to the blade construction. The higher Reynolds numbers
(> 5.6 X 10° in both blade cases) were tested with a stiffer set of blades than the
lower Reynolds number runs as the original sets of blades were found to be too
structurally weak for safe testing at the increased testing velocities. The effect of
this change of blades is limited in the case of the 0° pitch rotor as there is less thrust,
though the performance is slightly degraded at higher tip speed ratios. With the -5°
pitch rotor the stiffer blades cause a large drop in the performance over the higher

range of tip speed ratios, where there is a higher turbine thrust.

The increased stiffness acts to suppress blade deformation during operation.
The increased performance in the case of the more deformable blades is thought to
be due to rotor coning. The effect of the thrust on the lightweight blades will be to
induce what is essentially downstream rotor coning on the blade during operation.
This coning acts to increase the local relative flow angle [129], which in turn

increases the angle of attack of the blades, the rotor thrust and the power output.

Figure 149 and Figure 150 show the pressure coefficients for the 0° pitch and -
5° pitch blades respectively over a range of Reynolds numbers. The reduced thrust
from the stiffer blading is clearly visible in Figure 150, through the reduced exterior

separation and smaller pressure drop across the rotor plane.
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Figure 149: Pressure coefficient around diffuser for diffuser and rotor case with 0°

blade with variation of Reynolds number at TSR = 5
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Figure 150: Pressure coefficient around diffuser for diffuser and rotor case with -5°

blade with variation of Reynolds number at TSR = 5

The results seen in Figure 148 show the diffuser tends to reduce the relative
magnitude of the variations in the power coefficient caused by changes in the
Reynolds number. This effect is caused by the accelerating effect of the diffuser on
the flow, which increases the velocity at the rotor plane and therefore the Reynolds
number over the blade. At the full device scale the Reynolds number effects on the

blades would be negligible due to the significantly higher Reynolds numbers present.

It can be seen from Figure 148 that the diffuser acts to increase the turbine
power coefficient to a varying extent. For the non-pitched rotor, which when run
bare has a lower peak power coefficient and hence a lower thrust, the potential gains
are greater. For the non-pitched rotor the power coefficient is 126% greater than for
a bare turbine (9% greater when based on the diffuser outer diameter), whereas for
the -5° pitch rotor the gain is 84%. The latter representing an 11% decrease in the
power coefficient compared to a power coefficient based on the diffuser outer
diameter. This decrease in the peak power coefficient is caused by the thrust of the
rotor acting to cause a blockage of the diffuser throat, reducing the swallowing

capacity of the duct and therefore the throat velocity and power output.

The effects of the rotor thrust can be clearly seen when the pressure
coefficients around the diffuser surface are compared for a prescribed tip speed ratio.
It can be seen immediately from Figure 149 and Figure 150 that there is a

significant difference between the two, with the -5° pitch blades producing a higher
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thrust. This thrust is visible as a result of the enlarged region of exterior separation
at the diffuser leading edge and the increased pressure gradient across the rotor
plane. The power outputs for the diffuser and rotor combinations are approximately

equal at the Reynolds numbers being investigated, which seems counterintuitive.

The 0° pitch rotor is a lightly loaded rotor, meaning that the pressure drop
across the rotor is small, and that the mass flow rate through the duct will be larger.
The -5° pitch rotor is more heavily loaded, inducing a larger pressure drop across
the rotor, but retards the flow and so has a reduced swallowing capacity. Since the
power output is proportional to the product of the pressure drop and mass flow rate
the two rotors produce approximately the same power output with differing flow
regimes. The duct and rotor combination is therefore acting to limit the power at

higher thrusts due to the reduced ability to sustain an augmented throat velocity.

This change in the flow regime is again evidenced by Figure 151, which shows
the pressure coefficient around the diffuser surface for a selection of tip speed ratios.
It is apparent from Figure 151 that when the rotor thrust is low and the power
coefficient is limited, the blockage effect of the rotor is low. This low blockage
increases the swallowing capacity of the duct. This flow regime is characterised by
high throat velocities and low pressures along the diffuser interior surface, with a

small pressure drop across the rotor plane due to a low power output.

=1 .
[<b]
£
=0
Qe
&)
21 — : |
& -2 + —=Exp TSR—1
H 1 1 L L 1 1 L L 1
0201 0 01 02 03 04 05 06 07 08  £xpTSR=2
0.6 —-Exp TSR=4
0 ]
= 0.4 ‘
T~
-
0.2’ E 4
0 — N

02-01 0 01 02 03 04 05 06 07 08
x/Lip;

Figure 151: Pressure coefficient around diffuser for diffuser and rotor case with 0°

blade with variation of the tip speed ratio at Rep;y, = 6.3 X 105
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At high thrusts, when the power coefficient of the turbine is at a maximum,
the blockage effect of the rotor is significant. The flow regime in this state is
characterised by a heavily thrusting rotor, causing a large pressure drop across the
rotor and forcing flow around the diffuser. This flow re-direction can be seen
through the separation around —0.2 < x/Lp; < 0.0 on the diffuser’s exterior, caused

by flow approaching the leading edge with large radial velocity due to the blockage.

6.3.2. Verification of the Combined Blade Element CFD
The experimental results at Rep;y = 5.8 X 10° are compared with those from
the blade element momentum model within the CFD in Figure 130. Full details of

the models and their implementation are presented in Chapter 3.
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Figure 152: Comparison of blade element mometum CFD and experimental results

at Rep;y,, = 5.8 x 10° for (a) 0° pitch (b) -5° pitch blades

The blade element momentum CFD results seen in Figure 152 show a good
agreement with the experimental power coefficient curves. The power coefficient at
the lower tip speed ratios is, as with the bare rotor, the weak point of the model.
This is again thought to be due to the lack of inclusion of a post-stall model of the

blade section performance on the lift and drag data of the section.

These results indicate that the model sufficiently represents the rotor wake
characteristics such as the velocity deficits, tip losses, swirl and turbulence

generation over the range of tip speed ratios, such that the flow in the diffuser is
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realistic. This allows for accurate determination of the diffusion and swallowing

capacity of the duct and therefore of the overall power coefficient of the device.

The pressure coefficient around the diffuser surface from both the
experimental results and the CFD, at TSR=5 & Rep;y, = 5.8 X 105 can be seen in
Figure 153. The trends in the CFD calculation of the static pressure distribution
through the duct using the blade element momentum model can be seen to match
the experimental data well. The main flow features are clearly replicated in the CFD,
with the large area of recirculating flow on the diffuser’s exterior leading edge and
the pressure drop across the rotor plane both clearly visible. The CFD predicts a
larger pressure drop across the rotor, which would explain the overestimation of the
power coefficient at this tip speed ratio. The CFD also predicts a much steeper drop
in pressure, something which was expected as the turbine model has a very clearly
defined, steady tip gap. Within the experimental data the pressure transition takes

place over a greater distance due to the transience of the rotor.
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Figure 153: Pressure coefficient around diffuser for diffuser and rotor case with -5°

pitch blade, TSR=5, Rep;y, = 5.8 X 10°, showing the component geometries

The predictions at the higher tip speed ratios provide a good match to the
experimental data in the diffuser behind the rotor plane. At lower tip speed ratios,
where large parts of the rotor are stalled, the predictions of the performance diverge.
Figure 154 shows the static pressure coefficient distribution around the diffuser for

TSR=1 & Rep;y,, = 5.8 X 105. It can be seen that the CFD pressure distribution
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more closely resembles that of the diffuser without the rotor, as seen in Figure 154.
Due to the divergence of the lift and drag data of the blade section from the actual
post stall behaviour, there is an under prediction of the turbine thrust. This reduced
thrust is visible here from the lack of a clearly defined pressure drop across the rotor
plane and an elevated exterior leading edge surface pressure caused by complete flow
attachment at this point. It is thought that incorporation of a post stall model

within the BEM CFD would remove these errors at low tip speed ratios.
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Figure 154: Static pressure coefficient around diffuser for diffuser and rotor with -5°

pitch blade, TSR=1, Rep;y = 5.8 X 105, showing component geometries

Ahead of the rotor plane, on the interior surface of the casing, the CFD tends
to diverge from the experimental data, over predicting the pressures when heavily
loaded, and under predicting them when lightly loaded. These differences are, as
with the diffuser only cases presented in Section 6.1.1, the result of the CFD’s

inability to accurately determine the separation from the interior surface of the

casing ahead of the rotor plane at Li = —0.15.

Di

The model can be seen to accurately replicate the power coefficients and
pressure distributions seen within a diffuser augmented tidal stream turbine. These
results give confidence that the model is sufficiently accurate to assess the behaviour

and power generation potential of diffuser augmented tidal stream turbines.
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6.3.3. Effect of the Device Yaw Angle
The effect of the flow angle onto the combined rotor and diffuser device was
investigated by rotating the complete assembly about the support strut axis. The

yaw angle and the direction of rotation are defined in Figure 155.

Turbine Rotation

Inlet

| Turntable

Positive Yaw Negative Yaw

Figure 155: Definition of yaw angle and turbine rotation for diffuser and rotor

The results for the variation of the rotor power coefficient with the tip speed
ratio and yaw angle are shown in Figure 156 for the two rotors. The results seen
here clearly show the duct’s ability to sustain performance of the rotor at flows with
yaws of up to 30°. This effect is due to the duct acting to maintain the flow axial

direction around the rotor until the diffuser stalls.
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Figure 156: Effect of the yaw angle and tip speed ratio on the power coefficient with
(a) 0° blade pitch (b) -5° blade pitch rotors
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The static pressure coefficient around the diffuser for a range of yaw angles
can be seen in Figure 157. Only one half of the rotation (0° to 45°) is shown here, for
the reasons stated in Section 6.1.2. It can be seen that the exterior pressure
increases with the yaw angle, which would be expected as the tappings are turning

in such a way that the flow moves increasingly towards the perpendicular.

21
2
=t
-
T 0
o
o
§-1
& ()
s_‘ o
A -2 =15
T T —A— o
0.6r / . +i§°
Ry
04 g
T~
=
0.2’ E i
0 Y N

-02 -0.1 0 01 02 03 04 05 06 0.7 0.8
x/Lp;
Figure 157: Pressure coefficient around diffuser for diffuser and rotor case over yaw

angle range, with -5° pitch blade, TSR=5, Rep;y, = 5.5 X 10°

At low yaw angles the pressure coefficients within the rear of the diffuser
(x/Lp;>0) can be seen to remain similar. Diffuser stall occurs at a yaw angle of just
over 30°, with the start of stall being visible for the -5° blade pitch rotor at a
diffuser yaw angle of 32°. This stall is evidenced by the separation of the flow from
the diffuser at x/Lp;~0.46 and the resulting reduced peak power coefficient. At a
yaw angle of 45° the diffuser can be seen to be fully stalled along the interior,

leading to a significantly reduced power coefficient.

The separation is prevented at low yaw angles by the effect of the tip gap jet,
which acts to increase boundary layer momentum. The performance enhancement of
diffuser augmented turbines under yawed flows has been noted by Igra [94] and
Phillips [25]. Igra stated that the performance is due to an increase in lift generated
by the annular wing section under yawed flows of up to 15°. This explanation makes
the assumption that the annular wing’s lift increases up to the point at which the

diffuser stalls, which cannot explain the performance here up to +30°. The diffuser
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here can be seen to stall at angles of between 11° and 22°, as shown in Figure 126,

and so there must be another mechanism inducing the performance boost.

Phillips [25] stated that the performance was due to the slotted design of the
diffuser, with the slots adding momentum to the boundary layer flow. This
explanation would partially explain the results seen by Phillips, but would again not
explain the performance seen here as no slots are present. The separation
suppression seen here must then be due to the tip gap jet formed between the
diffuser and the rotor, and it is suggested that a large part of the performance

improvements noted by both Igra and Phillips were due to this same mechanism.

The stall phenomenon causes progressively decreasing power coefficients for
yaw angles which increase beyond 30°, with a 2/3 reduction in the power coefficient
being noted by 45° yaw. This ability to maintain performance at off angle flows is in
contrast to the performance of a bare rotor as seen in Figure 132. In this case, the
decrease in the peak power coefficient relative to the perpendicular flow condition is
greater at all angles than for a diffuser augmented device. The normalised peak
power coefficient’s relationship to the yaw angle can be seen in Figure 158 for both

the bare and diffuser augmented cases.
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Figure 158: Normalised peak power coefficient against the device yaw angle for both

rotors with and without diffuser augmentation

Figure 158 shows that the use of a diffuser allows for efficient power extraction
over a wide range of yaw angles and continues to outperform the bare rotor even

after the diffuser has stalled. This behaviour may allow a diffuser augmented device
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to outperform a static bare rotor in a flow whose yaw behaviour is transitory. It
would also allow the use of a static diffuser where some form of yaw compensation

mechanism may be necessary for a bare rotor.

6.3.4. Diffuser and Rotor Wake Flow Structure

This section examines the interaction between the rotor wake and the diffuser
and how this will affect the power output of the coupled device. In order to
investigate the wake, traverses of the device wake were conducted on planes parallel

and perpendicular to the direction of flow.

6.3.4.1.  Offset Transverse Plane Parallel to the Rotor Plane

The flow on a transverse plane in the wake at TSR=5.5 and Reynolds number
of Rep;y,, = 5.3 X 105, on the Y-Z plane at 1.6 blade radii downstream of the rotor
are presented here. The location of the traverse plane and directions of motion are

presented in Figure 159.
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Figure 159: Location of the downstream offset transect plane relative to the diffuser

The radius used for the normalisation of data is the blade radius, with the -5°
pitch blades being used. The time averaged images are looking upstream towards
the rotor plane, with the turbine rotating in the counter-clockwise direction. Figure
160 shows total and static pressure coefficient distributions on the plane, where the
total pressure coefficient is defined as in Equation 88. Figure 161 shows the

normalised velocity and turbulence intensity in the wake.

It can clearly be seen from Figure 160 and Figure 161 that the flow structure

of the wake has changed markedly from that seen with the bare rotor in Section
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6.2.4. The most significant effects are that the pressures and velocities at exit are
significantly below those found in the bare rotor case. The pressure drop is expected
as the motivation for the use of a diffuser for power augmentation is to reduce the
pressure behind the rotor plane to increase the swallowing capacity of the duct. The
velocity drop is caused by the diffusion of the flow and the necessity of the flow
velocity to drop as the pressure rises. The overall wake structure has also changed,
with the region of velocity deficit in the hub wake being significantly increased. The
wake expansion, primarily following the diffuser surface due to the higher energy

flow at the exterior, leads to a low velocity in the hub wake region.
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Figure 160: (a) Total and (b) static pressure coefficients with -5° blade pitch at
TSR=5.5 and Rep;y, = 5.3 X 10°, on Y-Z plane at 1.6Rg, downstream of the rotor
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Figure 161: (a) Normalised velocity and (b) Turbulence intensity with -5° blade at
TSR=5.5 and Rep;y, = 5.3 X 105, on Y-Z plane 1.6Rg, downstream of rotor

From the velocity distribution seen in Figure 161 it can be seen that the tip
vortices propagate downstream radially outward, following the expansion of the

diffuser. The high velocity tip gap jet, formed between the rotor and casing, can be
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seen around the circumference of the wake at r/Rgp, = 1.3. The shadow of the
diffuser trailing edge and associated velocity deficit is also visible around
r/Rp, = 1.4. The structure of the flow from the rotor tips has changed, with the
greater wake expansion in the diffuser and the high shear with the tip gap jet flow,

the tip structure has dissipated to some extent by exit.
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Figure 162: Normalised (a) radial and (b) tangential velocity with -5° blade pitch at
TSR=5.5 and Rep;y, = 5.3 X 10°, on Y-Z plane at 1.6Rg, downstream of the rotor

Diffuser augmentation causes the flow at the traverse plane to become more
uniform circumferentially due to the increased turbulence intensity. As can be seen
from Figure 140(b) and Figure 161(b) there is a large increase in the turbulence
intensity in the near hub region in the diffuser. The large turbulence intensity acts
to increase the level of mixing which occurs within the rear of the diffuser and hence
to smooth out circumferential variation. In order to quantify the circumferential
non-uniformity, the RMS variation of certain variables was taken circumferentially
for a number of radial stations and averaged across the traverse plane. The RMS

variation was calculated using Equation 89, with the results shown in Table 21.

RMS, = J(Ul_U)+(U2_U)+'“+(Un—l7)

n

Equation 89

Variable Units Rotor Diffuser Delta (%)
Po Pa 20.861 23.428 12.302
Ur/Ue - 0.039 0.023 -40.025
Up/Uee - 0.035 0.021 -41.078

Table 21: Circumferential RMS variations in the traverse plane flow properties
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As can be seen there is a significant increase in the uniformity of the velocity
field due to the enhanced mixing within the diffuser. The total pressure exhibits
marginally greater non-uniformity across the traverse plane due to the proximity of
the diffuser trailing edge to the measurement plane and the circumferentially
varying extent to which the wake is visible. If the RMS variation is averaged instead
over the range 0<r/R<1.4, then the percentage change is actually -31.129%, again

showing that the turbulence is reducing the non-uniformity across the exit plane.

The flow patterns seen in Figure 162(a) show that the radial velocity
components of the diffuser flow are greater than in the rotor only case seen in
Figure 141. The tendency of the flow to follow the tip gap flow along the diffuser’s
interior surface in preference to flowing axially along the hub is also seen. This is an
illustration of the Coanda effect [181], with the high velocity flow along the wall
encouraging the bulk flow to follow along the same path. The effect of the tip losses
on this flow pattern is to introduce a division between the tip gap jet and bulk flow,

the strength of which is dependent upon the velocity deficit in the tip region.

The tangential velocity distribution seen in Figure 162(b) exhibits broadly the
same structure as in the rotor only case. The wake swirls counter-clockwise, opposed
to the rotation of the rotor, but with a lower magnitude than in the rotor only case.
This reduction is due to the diffuser’s slowing of the wake flow. The extent to which
the strut is visible is greater in this case than in the rotor only case. Here the
tangential velocity can be seen to increase from a minimum in the strut shadow in
the bottom left sector and gradually increase as the flow swirls circumferentially

around to the bottom right sector and the pressure side of the strut fairing.

Figure 163 shows the circumferentially averaged axial velocity at the traverse
plane from the experiments against the results of the BEM CFD for the equivalent
run. It can be seen that the CFD predicts a much greater extent of mixing between
the tip gap jet and the bulk flow, with the jet barely evident by the traverse plane.
The jet within the experimental results can also be seen to diverge from the duct
casing, resulting in a velocity peak at y/Rg, = 1.3. The mixing seen between the jet
flow and bulk flow causes the velocity of the bulk flow to increase, with a peak

velocity reaching almost that seen in the freestream.

The CFD predicts that the hub wake at this tip speed ratio is characterised

by an area of recirculating flow, whereas the experimental results show a region of
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flow which is slow moving but at a constant velocity. The difference between these
flow regimes is likely to be caused by limitations in the modelling of the near hub
fluid dynamics and the rotor turbulence. In the experimental case the situation is
complicated by flow being bled behind the rotor for the generator cooling flow. This
bleed acts to suppress the boundary layer behind the rotor plane, which suppresses
trailing separation from the hub and the region of flow recirculation in the wake.
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Figure 163: Comparison of CFD normalised axial velocity distribution at traverse

plane with experimental data for diffuser augmented rotor with -5° blade pitch

The turbulence generation model used within the BEM CFD is likely to be the
prime driver of the diverging results seen here. The model, which ties the turbulence
intensity to the axial induction, as detailed in Section 3.2.4.2, is an empirical
relation for bare turbine rotors. The magnitude of the turbulent kinetic energy is
likely to be comparable, but as detailed in Section 2.3.4, flows within diffusers are
sensitive to the intensity, length scales and orientation of turbulent eddies. The
model here over predicts the overall mixing, as can be seen by the joining of the jet
and bulk flows. In order to gain a more detailed picture of the flow within the

diffuser from the CFD a more detailed turbulence generation model is needed.

6.3.4.2.  Longitudinal Plane at the Rotor Axis

In addition to the transect parallel to the rotor plane, a longitudinal transect
was taken on the X-Y plane of the wind tunnel at the turbine axis height. This
transect was taken in the rotor wake at a TSR=5.5 and Rep;y, = 5.3 X 10%. The
radius used for normalisation is the blade radius, with the -5° pitch blades being

used. Figure 164 shows the pitch and yaw distributions in the wake.
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What can be seen in Figure 164 is that the diffuser has a significant impact

upon the wake structure of the device. The yaw distribution shows that the wake

continues to expand after exit from the diffuser, aided by the radial direction of the

flow around the duct’s external surface, until x/Rg, = 2.3. Past this point the wake

flow contracts around the hub wake region and closes.
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Figure 164: (a) Yaw and (b) pitch angles in degrees in the diffuser wake for -5°

blade pitch rotor at TSR=5.5 and Rep;y, = 5.3 X 105, on X-Y plane at axis height

The pitch distribution seen in Figure 164(b) shows a wake where the overall

swirl level is consistent with that seen in the rotor only case, the overall magnitude

being reduced, but the swirling volume being higher. The wake can be seen to swirl

around the rear of the hub wake and when the flow closes around the rear of this

region the entire cross section of the wake continues to swirl, with the overall wake

pitching downwards as it moves downstream.
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Figure 165: (a) Normalised velocity and (b) turbulence intensity in the wake for -5°

blade pitch rotor at TSR=5.3 and Rep;y

= 5.3 x 10%, on X-Y plane at axis height
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The freestream flow mixes with the exterior of the wake, where the majority of
throughflow passes. The bulk flow through the rotor interacts transiently with the
slow moving region of flow around the hub at the diffuser exit. This causes the

generation of both a distinct shear layer and very high levels of turbulence.

The overall pattern of the flow through the diffuser can be inferred from
Figure 165. It shows a flow which is attracted to the interior diffuser walls by the
jet flow and through this mechanism is pulled from the hub surface. The tendency
of the bulk flow to radiate outwards from the axis leads to the region of slow

moving flow behind the hub, around which the bulk of the rotor wake tends to flow.

As seen in Figure 165, the overall wake velocity deficit is significantly greater
than for a bare turbine. In addition the pressure distributions seen in Figure 166

show that the wake is significantly less energetic than in the rotor only case.
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Figure 166: (a) Total and (b) static pressure coefficients in the diffuser wake for -5°

blade pitch rotor at TSR=5.5 and Rep;y, = 5.3 X 105, on X-Y plane at axis height

As seen from Figure 165 and Figure 166, the amount of energy captured by
the device compared to that which is lost to the flow as a result of the device is
lower than for a bare rotor. As a result of this a diffuser augmented device would be
less effective as part of an array than a bare rotor as there would be less energy

remaining in the flow for a downstream device in this case.

6.3.4.3. Wake Recovery

The axial velocity deficit along the centreline of the wake of the -5° blade
pitch rotor and the same rotor within the diffuser is shown in Figure 167. It can be
seen immediately that the wake recovery is considerably slower in the case of the

diffuser augmented turbine than the bare rotor. The velocity deficit in the diffuser
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augmented case was ~0.65U,, at x/R=9, whereas with the bare rotor the velocity
deficit was only ~0.30U,, at x/R=9. This reduction in the wake recovery is due to

the higher energy losses seen in the diffuser wake and the wake structure.

In the bare rotor wake the hub wake region is de-energised but with a
moderate turbulence intensity of around 20% as can be seen from Figure 146. The
flow surrounding the hub wake is more energetic, although with a lower turbulence
intensity. The proximity of the more energetic flow to the turbulent hub wake

means that the two regions mix and the wake recovers relatively rapidly.
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Figure 167: Experimental and BEM CFD wake recovery for -5° blade pitch bare
rotor and diffuser augmented rotors at Rep;y, = 5.5 X 105, with a turbulence

intensity of 4.7%

In the case of the diffuser augmented turbine, the flow separates from the hub
closer to the turbine plane and there is a large region of slow moving flow behind
the hub as can be in Figure 165. Although this region has higher turbulence levels
than with the bare turbine, the surrounding flow also possesses low energy and so

the mixing effect, whilst strong, limits effective recovery of the wake.

The departure of the CFD results from the experimental data is caused by the
prediction of the wake structure. As seen from Figure 163, the CFD predicts a
region of flow recirculation behind the hub when the experimental results suggest
that this region is slow moving flow. This inaccurate prediction of the near wake

propagates downstream to the far wake causing erroneous flow patterns.
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The results show that diffuser augmented turbines will need considerably
greater axial spacing distances in array formations than would bare rotors due to
the inability of the wake to recover. Given that optimum power generation
conditions in tidal power sites tend to be located within a relatively small

geographical area, this would lead to inefficient extraction of the available power.

6.4. Concluding Remarks

The key findings from the experimentation can be categorised into three
sections; verification of the turbine modelling methodology, wake recovery

performance and yaw effects.

6.4.1. Verification of Blade Element Momentum Turbine Model

The key finding of the experimental campaign was the verification of the blade
element momentum based computational fluid dynamics model for the estimation of
the power output of a diffuser augmented device. The model has been shown to

represent the power output of the device well for both power outputs tested.

The limitations of the current model have been noted at low tip speed ratios,
where the blade section is largely stalled or close to the stall point along the blade
length. A simple correction for post-stall section behaviour, such as that proposed
by Viterna and Corrigan [179], to the blade section performance data should correct
this divergence. It should be noted that the accuracy of the section data is the prime
driver of the model fidelity as with any blade element based model. It is therefore of
significant importance to ensure as far as possible that the data is accurate for the

flow conditions that will be experienced by the rotor at all points.

The BEM CFD model was shown to predict the approximate pressure
distribution around the diffuser section but only replicated the downstream flow
field with limited success. This was primarily due to the over prediction of mixing as
a result of the turbine’s turbulence generation model. It is therefore recommended
that further work is conducted to ascertain the turbulence structure generated
within the diffuser by the turbine and to tie this back to the turbine’s geometric
properties. An empirical relation can then be arrived at to represent the complex

turbulence field within the simplified BEM CFD model.

The model, despite it’s limitations in wake prediction, has been shown to be
accurate for the prediction of device performance at the design stage. Whilst this

model cannot supplant 3D CFD and experimental work for later stage development,
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it does effectively fill a niche for the rapid assessment of device performance. It is

therefore ideally suited to the comparison of component geometry effects.

6.4.2. Wake Recovery

The wake recovery for a diffuser augmented turbine has been assessed
experimentally for the first time as a part of this thesis. It has been found that the
wake of a diffuser augmented turbine is less energetic than for the equivalent bare
rotor. The velocity deficit in the diffuser augmented case was ~0.65U,, at x/Rp,=9,

whereas in the bare rotor case the velocity deficit was only ~0.30U,, at x/Rg, =9.

The significantly reduced wake recovery means that diffuser augmented
devices would need to be spaced over much larger axial distances within arrays.
This increased spacing, coupled with the reduced power coefficient, means that
diffuser augmented arrays make less efficient use of the available power than bare
rotors. As optimal conditions in tidal power sites tend to be concentrated within a

limited geographic area this is a significant limitation.

6.4.3. Effect of Yaw

The effect of yaw on diffuser augmented turbines has been investigated before
[25, 53, 94|, but there have been questions about the validity of the obtained results
raised by the authors themselves as a result of the excessive wind tunnel blockages.
The results obtained here, with blockage ratios of only 9.8% and in an open jet type

tunnel show that diffusers can produce performance benefits with yawed flows.

The results seen in this chapter show that the diffuser augmented turbine is
capable of maintaining device performance at around the peak, with yaw angles in
the range +30°. The main driver of this performance is the tip gap jet flow,
generated between the rotor and diffuser, which acts to suppress boundary layer
separation. The lack of separation means the swallowing effect of the diffuser
remains broadly similar with yawed flows and as a result of the diffuser geometry
the flow is largely aligned with the rotor at the rotor plane. At large yaw angles of
greater than £30°, the diffuser begins to stall and the performance drops rapidly.
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7. Diffuser Augmented Device Costs

The adoption of diffuser augmented devices in the tidal stream generation
industry will be driven by the costs and generation potentials associated with them.
Since the energy provided to these devices is free, the main factor which will affect
their uptake is the relationship between the device capital cost and the power
output. Using data gathered from a variety of sources and the experimental and
numerical data contained within this thesis, calculations of the generation and

economic aspects of full scale devices have been made.

7.1. Tidal Stream Turbine Cost Model

The basis of the cost model, derived here for diffuser augmented and bare
tidal stream devices, is the NREL wind turbine design cost and scaling model of
Fingersh et al [182]. This model uses a range of wind turbine metrics to estimate the

cost of energy of a device design based on a number of underlying assumptions.

7.1.1. Assumptions of the Tidal Stream Turbine Cost Model
There are a number of assumptions made by NREL in the construction of the

wind turbine design costs and scaling model, which are that:

1. The base device is a three bladed, upwind, variable speed turbine
The results are based on a mature design with mature components

The device is installed as part of a 50MW farm

= W N

A fixed charge rate of 11.58% is applied

These assumptions of the overall configuration are sensible given trends in the
tidal industry [21], and so this model can broadly be adapted for use for the cost
estimation of tidal stream devices. The assumption of the 5S0MW farm size is also a

sensible scale for the estimation of costs as it represents a medium scale array [183].

At this stage in the development of the tidal stream generation industry the
assumption of mature designs and mature component specification is unlikely to
hold. In order to overcome this limitation adaptations have been made to the NREL

model as detailed later in Section 7.1.2.

The fixed charge rate was calculated by NREL and covers items such as
return on debt and equity, financing, depreciation, income tax and insurance. The

rate was calculated based on a spreadsheet model of the likely project cashflows for
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a hypothetical wind farm. The exact value for this figure will have changed over
time, but for the purposes of this model it is deemed that in order to facilitate a fair
comparison no change is necessary since it represents a percentage adjustment. If
the absolute rather than the relative values from this model are to be used then the

fixed charge rate must be updated.

The configuration used for estimation within this thesis is a monopile
foundation in a water depth of 30m, with a cross beam and two devices (bare or
diffuser augmented) mounted onto this. It is therefore the same as the configuration
used by Bir et al. [184], similar to the configuration used by Marine Current
Turbines [185] and also resembles the diffuser mounting foreseen by Luquet et al.
[103]. The layout can be seen schematically in Figure 168. Although the work
contained within this thesis assumes this device layout, many of the aspects of the

scaling model are applicable to a variety of tidal stream turbine configurations.
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Figure 168: Assumed configuration for the present study cost model

There are a number of further assumptions or assertions made in the

construction and adaption of the cost model, these are that:

1. The baseline blade radius is 8 m
The design wind velocity is 8.5 m/s
The design tidal velocity is 2 m/s

Survival speeds are 60 m/s for wind and 6 m/s for tidal

AN B

The density of air is 1.225 kg/m” and that of seawater is 1028 kg/m’

It should be noted that the models detailed here use kW as the base unit for

power, kWh for energy and kNm for torque.
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All costs within the model are in pound sterling (GBP) as of July 2014. Price
inflation was calculated in the source currency and then converted to GBP using
rates of £1=€1.26 and £1=%1.69. Inflation rates were taken from the UK Office for
National Statistics [186], the United States Bureau of Labor Statistics [187]| and the
European Central Bank [188]. All cost formulae which have been directly adopted,
unless otherwise stated, have been multiplied by factor of 0.778 to convert from

December 2002 USD to July 2014 GBP.

The cost model is formed of two parts, the capital cost model and the
operating and maintenance cost model. The capital cost model is the more involved
part of the model and is based upon a summation of the costs of a number of parts
within the device. The operation and maintenance cost model uses a more simplistic

approach to estimation, which is based upon the annual energy production.

7.1.2. Capital Cost & Mass Model

The capital cost and mass models are formed on the basis that the cost or
mass are the sum of the project component costs or masses. NREL derived cost and
mass scaling models for the components found within a typical wind turbine. There
is a significant degree of crossover between the wind and tidal industries, the
functions however will not remain the same in all cases. Within this section the
NREL model is presented along with corrections, where relevant, made to enable

estimation of the costs and masses for tidal stream turbines in the present study.

7.1.2.1. Rotor Components
The rotor comprised of three components within the model, the blades, hub

and nose cone. The masses in the NREL rotor model are detailed in Table 22.

Part Model Equation
NREL m = 0.1452Rp;qq0 78
Blades (Each) Blade Blade
Present Study Mpradge = 4-899Rp1aq0 218
_— NREL Myyp = 0.954mp;44. + 5680.3
u
Present Study Myyp = 0.954mp;q40 + 5680.3
NREL mNose = 37RBlade - 5205
Nose Cone
Present Study Mpose = 310.504Rp;54. — 520.5

Table 22: Masses of the rotor components in the two mass models
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The blade mass estimation for the present study was based upon the NREL
mass with an adjustment factor computed using the blade design of Bir et al. [184].
This blade has a 9 m radius, and is a composite blade with epoxy slurry filler and a
mass of 3413.2 kg. It was assumed that the relationship of mass to length retains its
almost cubic, geometric nature, and the constant was amended so that the present

study’s blade mass model was equal to that of the Bir blade at a radius of 9m.

The hub mass relationship was assumed to remain the same as any necessary

correction was assumed to have been accounted for by the change in the blade mass.

The nose cone mass was amended from the NREL model, as the nose cone
mass would otherwise be negative at the relatively small device radii found in tidal
stream turbines. To account for this, the mass was altered by taking into account
the bending moments at the blade root. The root bending moment on a cantilevered
beam subject to a uniformly distributed load is given by Equation 90. Assuming
that the turbine thrust can be approximated as the pressure difference across the
rotor and that this is the product of the dynamic head and the power coefficient, the

idealised root bending moment on each blade can be calculated using Equation 91.

2
M= WR% Equation 90
1000\ (CppU?mRR,>
M:( : )( PP B“ Ro > Equation 91

Assuming that the power coefficient is constant, and using the values specified
in Section 7.1.1, the difference between the bending moments for any given rotor

radius is a constant factor of 8.392 applied to the blade radius.

The cost models for the rotor are given in Table 23. As can be seen, the costs
of the hub and nose were assumed not to have changed, beyond the currency and
temporal change, as this was accounted for in the change of the masses. The rotor
cost has changed markedly, as the NREL cost model would mean a cost which
would be negative at the radii under consideration. The cost here has been
calculated based upon the average proportion of the total capital cost that the rotor
represents for wind turbines from a survey of models by Engels et al. [189]. To
convert this to a value tied to the device’s characteristics, the cost per rated kW for

the MCT SeaGen, as given by Fraenkel [185] for a 10MW array was used.
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Part Model Equation
NREL ; _ 0.04019Rp 040> + 2.745Rg1040 %> — 955.24
Blades Blade 1-0.28
(Each) Present
Stud Epiage = 139.26Pgp7ip
y
NR,EL $Hub = 4.25mHub
Hub Present
Stud EHub = 4.25mHub
y
NREL $nose = 5.57Mpypse
Nose Cone Present
Stud Enose = 5:57Mpose
y

Table 23: Capital costs of the rotor components in the two cost models

7.1.2.2.  Drivetrain Components

The purpose of the drivetrain is to transfer the rotational energy of the rotor

through to the generator. The drivetrain is made up of a set of five components

within the model, the pitch bearings, low speed shaft, main bearings, gearbox and

the brake. The masses of these components are given in Table 24.

Part Model Equation
Pitch NREL Mpitch = 0.1719mpqq0 + 1207.47
Bearing Present Study Mpitcn = 0.1719mp 540 + 1207.47
Low Speed NREL myss = 0.0142(2Rp040)%2%8
Shaft Present Study Mygs = 48.920Rp440 2558
Main NREL Macaring = (oo Ratade — 0033) 0.0092(2Rgta00)*
Bearings 5

Present Study

Mearing = 2-374Rp1age”" — 0.350R piade”

NREL
Gearbox
Present Study

Mgear = 70.94T 0759

Mgeqr = 70.94T 0759

NREL
Present Study

Brakes

Mprakes = 1'989PRATED - 01141
mBrakes = 1'989PRATED - 01141

Table 24: Masses of the drivetrain components in the two mass models

The masses of the pitch bearings, gearbox and brakes are assumed to remain

the same in both models as the relationships are either derived from previously
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amended values or are calculated directly with tidal data. NREL provide a number
of options for the gearbox type, the type specified within the present study was
selected as being a planetary or helical gearbox as informed by the generator choice
detailed in Section 7.1.2.3. The mass of the gearbox is calculated using the torque on
the low speed shaft. The masses of the low speed shaft and main bearings were

modified from the NREL model and corrected for the blade root bending moments.

The costs associated with the drivetrain components can be seen in Table 25.
Alterations were made to the cost model in the same way as with the mass model,
with the pitch bearings, gearbox and brakes only altered to change to 2014 GBP.
The cost of the low speed shaft and the main bearings were again corrected for the

blade root bending moments and amended for 2014 GBP.

Part Model Equation
NREL $pitcn = 3.030Rpiqqe” "
Pitch Bearing
Present Study Epiten = 2.356Rp10402%°"8
NREL $15s = 0.010(2Rp04¢)*8%7
Low Speed Shaft 0 plade
Present Study £ 65 = 34.354R31ad62'888
. ) NREL $Bearing = 35-2mBearing
Main Bearings
Present Study EBearing = 27.386Mpeqring
NREL $cear = 16.450Pg47pp 24
Gearbox
Present Study Ecear = 12.798PRATEDL249
NREL $Brakes = 10mBrakeS
Brakes
Present Study Eprakes = 7-78Mprqkes

Table 25: Capital costs of the drivetrain components in the two cost models

7.1.2.3.  Generator and Electrical Components

A three stage drive with a high speed generator was selected for the drivetrain
as it most closely resembles those used by wind turbines and is a proven, high
efficiency, fault resistant technology [190]. This drive type is similar to that
employed on the MCT SeaGen device [191]. The masses of components within the

model can be seen in Table 26.

The mass of the generator within the model is assumed to be the same as for
the NREL model as the cost should retain its relationship to the rated power of the

device. The masses of the other components are either negligible within the scale of
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the model or the components are assumed to be sited at the sub-station and not

contribute to the device mass.

Part Model Equation
NREL Meen = 6.47Prarep®”2°
Generator

Present Study Mgen = 6.47Pparep 23

Variable Speed NREL —

Electrics Present Study —

NREL —

Electrical Connects
Present Study —
NREL —

Electrical Interface
Present Study —

Table 26: Masses of the generator and electrical components in the two mass models

The costs within the models are detailed in Table 27. The costs are taken
directly from the NREL model for offshore turbines and amended to 2014 GBP. The
assumption that the prices do not need amending is justified by the listed prices
reflecting the offshore nature of the devices. Necessary allowances for the cost of

encapsulating and sealing these components are made elsewhere within the model.

Part Model Equation
NREL $Gen = 65PrarED
Generator
Present Study EGen = 50'57PRATED
Variable Speed NREL $vse = 79PgarED
EleCtriCS Present Study EVSE = 61'46PRATED
NREL $ = 40P
Electrical Connects Fmt RATED
Present Study Eeme = 31.12Pgarpp
NREL $ = 260P
Electrical Interface Beon RATED
Present Study Egcon = 202.28Pg7Ep

Table 27: Costs of the generator and electrical components in the two cost models

7.1.2.4.  Electronics & Control Components
The electronics and control components are those which manage the power
conversion process. This covers the automation and actuation of the blade pitching

and yawing of the device to face the oncoming tidal current. The masses of the
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electronics and control components are detailed in Table 28. The mass of the yaw
mechanism has been altered to reflect the level of loading during operation and has
been corrected by a factor relating the freestream dynamic pressures at the design
speeds. This factor was calculated as being the freestream dynamic pressure at the
design speed of the tidal stream turbine normalised by that of the wind turbine. The
mass of the hydraulics and cooling is assumed to remain the same and the mass of

the control system is assumed to be negligible in relation to the overall device mass.

Part Model Equation
NREL Myqw = 0.0143Rg 040>
Yaw Mechanism yaw Blade

Present Study Mygw = 6.644Rp1000°> "

NREL mHyd = O'OBPRATED
Hydraulics & Cooling

Present Study Myyq = 0.08Prarep

NREL —

Control System
Present Study -

Table 28: Masses of the electronics & control components in the two mass models

The capital costs of the electronics & control components are given in Table
29. The costs have been amended in the same way as the mass model, with the
hydraulics and yaw costs taken directly from the NREL model, and the currency
converted. The yaw cost has again been amended by a factor relating the dynamic

pressures at the design speeds as done previously to the mass.

Part Model Equation
NREL $yaw = 0.529Rp10q.>%%*
Yaw Mechanism raw Blade
Present Study Evaw = 24.577Rpiaq0 2%
Hydraulics & NREL $tya = 12Prarep
Cooling Present Study Enya = 9-34PrareD
NREL $cont = 55000
Control System
Present Study Econt = 42790

Table 29: Costs of the electronic & control components in the cost models

7.1.2.5.  Structural Components
The structural components category covers the supporting elements of the

design as well as the covering for the nacelle. The selection of the frame type from
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the NREL model depends on the generator and gearbox configuration, the
relationships here being those for a three stage drive with a high speed generator.

The masses in the two models are presented in Table 30.

Part Model Equation
NREL Mrrame = 8-64'6RBladel'953
Frame
Present Study Mergme = 550.709Rg1qge ">
NREL Myacetie = 1.154Pgargp + 384.97
Nacelle Cover
Present Study Myacette = 1.154Pgarpp + 384.97
NREL Mrower = 0.2694Apo hrower + 1779
Tower
Present Study Mrower = 249814z, hrower + 1779
NREL —
Crossbeam
Present Study Mypeam = 9-460Ag,hrower + 676

Table 30: Masses of the structural components in the two mass models

The model for the tower mass was scaled using the 242 tonne mass of the
MCT SeaGen tower reported by Douglas et al. [192]. The crossbeam mass, which
did not previously exist in the NREL model, was based upon the tower scaling
relationship, but is calibrated using the 92 tonne mass of the MCT SeaGen
crossheam. The frame mass was amended by the ratio of the dynamic pressures at
survival speed, with the nacelle cover mass assumed to remain constant. The capital

costs of the structural components can be seen in Table 31.

Part Model Equation
NREL $Frame = 36-74'RBlade1'953
Frame
Present Study Errame = 470.22Rp1a0e >3
Nacelle Cover NREL $Nacelle = 10mpgcete
Present Study £Nacelle = 15.56mNaceUe
NREL $Tower = L5Mrower
Tower
Present Study Erower = 1.167Mrower
NREL —
Crossbeam
Present Study EXBeam = 1.167mXBeam

Table 31: Capital costs of the structural components in the two cost models
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The tower and crossbeam costs are assumed to maintain the same relationship
as with the NREL model and so only the currency has changed. The cost for the
frame has been updated in the same way as the mass, with the ratio of the survival
speed dynamic pressures being used. The nacelle cover cost has been doubled to
reflect the extra strength which is required to withstand the external pressures and

the need for it to remain watertight.

7.1.2.6.  Diffuser

The capital cost and the mass of a diffuser for tidal stream augmentation are
not something which has previously been estimated to the author’s knowledge. The
starting point here was the estimate made by Foreman of the diffuser cost for a
diffuser augmented wind turbine [89]. The total cost given by Foreman for the
construction of a fibre reinforced polymer, balsa core, diffuser for a 36ft diameter
rotor was $62969 in 1981. Foreman states that the fibre reinforced polymer cost is a
function of the surface area of the diffuser. The surface area of the diffuser was

approximately 654m2, making the cost at the time of writing £365.14 m?.
g

In order to amend the cost for use with diffuser augmented tidal stream
turbines, the cost of the diffuser was corrected for the stresses that it is likely to
experience. The stress was estimated using sandwich plate theory and forces based
on the freestream dynamic pressures at survival speed. This led to the conclusion
that the stresses in the upper and lower laminates would grow by a factor of 4.196.
Assuming that axial strain varies linearly across the section, the thickness of the
exterior sheets must be raised by this factor. No breakdown was given by Foreman
and so the skin’s fraction of the material cost is assumed to be 2/3 of the cost of the

laminate. The material cost is therefore increased by a factor of 2.798.

The total cost is formed of two components, the labour and manufacture costs
and the material costs. The cost split was calculated for the labour and material
cost split for a baseline material blade of 50m radius from the NREL model turbine
model. The cost split was labour at 49.8% of the total cost and material at 50.2% of
the total cost. It was assumed that the cost of the labour would remain constant as
the degree of complexity is approximately equivalent. The final cost factor was

therefore 1.902, giving a total cost for the diffuser of £691.28/ m®.

In order to check the estimate was within an acceptable margin of error, the

cost was compared to that for FRP bridge decking as provided by Nystrom et al
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[193]. The cost in this study was found to be £652.41/m”. The bride decking in this
case was 600mm sandwich panels with a honeycomb core. The complexity of the
honeycomb centre is assumed to be comparable to the radius and assembly of the
diffuser. The calculated cost of the diffuser for the tidal stream model is therefore

thought to be sufficiently detailed for the purposes for which this model is intended.

The mass of the diffuser was estimated using a construction based on a 15mm
thick fibre reinforced skin and a balsa wood core. The densities of the skin and balsa
are taken as 1661 kg/ m® and 160 kg / m* respectively. The mass is now both a

function of the thickness of the diffuser and the surface area as seen in Table 32.

Variable Equation
Mass Mp; = Apsurr[160(Zskin — 0.03) + 49.824]
Cost £p; = 694.71Apsyurf

Table 32: Mass and capital cost of the diffuser in the present study

7.1.2.7.  Turbine and Tower Costs
The turbine and tower capital costs and masses are the sum of those from
Table 22 to Table 32. The cost ($7gr or £7g7) is used as an input for the calculation

of the warranty premium and the marinisation cost, as detailed in Section 7.1.2.9.

7.1.2.8. Foundations and Civil Engineering Works

The foundations and civil engineering works include all the tasks necessary to
install, secure and protect the device. The costs of these works have been taken
directly from the NREL model as it is assumed that the complexity of the tasks

remains the same. The costs can be seen in Table 33.

Part Model Equation
. NREL $F0und = 300PgarsD
Foundations
Present Study £F0und = 233'4PRATED
NREL $ = 100P

Turbine Installation fnst RATED

Present Study £1nst = 77'8PRATED

. NREL $Scour = 55PrarED

Scour Protection

Present Study ESCOU.T = 42'8PRATED

Table 33: Capital costs of civil engineering works in the two cost models
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7.1.2.9.  Other Costs

This section of the model covers a range of other costs associated with the
initial project set up. The costs related to the obtaining of permissions from the
relevant authorities, transportation of the turbine to the site by sea, access

equipment and port facilities are covered.

There is an additional factor included within the models for the marinisation
of components to make them suitable for the harsher environment relative to that
for wind turbines. This factor covers things such as the need for improved sealing
and improved surface protection. The costs, which can be seen in Table 34, have
been taken directly from the NREL model with the exception of the marinisation
factor. This factor has been increased by 50% to reflect the additional problems
faced as a result of the submergence of the device. The magnitude of this factor will

become clearer as the tidal energy industry develops.

Part Model Equation
. NREL $Permit = 37Prarep
Permits
Present Study EPermit = 28'8PRATED
Marinisation NREL $marine = 0.1358 g7
Factor Present Study Eyarine = 0.202E 147
$ =1.58 x 107°P 3 —0.038P z
NREL Transport RATED RATED
Transport s 5
Erransport = 1.23 X 107°Prargp® — 0.029Prarep
Present Study
Port & NREL $P&S = ZOPRATED
Staglng Present Study £P&S = 15'6PRATED
Access NREL $ 4ccess = 60000
Equipment  Present Study Egccess = 46680

Table 34: Other capital costs in the two cost models

There are two additional costs which are accounted for in the models, these
are the warranty premium and the surety bond. The costs for these, which have
both been taken directly from the NREL model, can be seen in Table 35. The
warranty premium covers the additional cost which suppliers will charge for the
provision of a warranty on the device. The surety bond covers the cost of

decommissioning and the removal of foundations.
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Part Model Equation
NREL $wp = 0.15%
Warranty Premium vr ™
Present Study Ewp = 0.15E¢r
NREL $Surety = 0-03($Capital - $WP)
Surety Bond
Present Study £Surety = 0-03(£Capital - £WP)

Table 35: Insurance and fiancial costs in the two cost models

7.1.2.10. Total Masses and Capital Costs
The total mass, Mryrqr, and initial capital cost, £;0¢, are now a sum of the

individual itemised masses and costs in Table 22 to Table 35.

7.1.3. Operation and Maintenance Cost Model

The operation and maintenance cost within both models is a simplified
assessment of the costs of operation, significant overhauls and lease of the seabed.
The extent of the costs from the operation of tidal stream device arrays is not
known and so adaption of the NREL model is seen as adequate given the current

status. The costs for operation and maintenance can be seen in Table 36.

Part Model Equation
Levehsed NREL $LRC = 17PRATED
Replacement Present Study E£1rc = 13.3PgarED
NREL $1ease = 0.00108E,5p
Bottom Lease
Present Study £ oase = 8.4 X 107*E p
. NREL $maint = 0.02Epgp
Maintenance
Present Study Epraint = 0.024E45p

Table 36: Operation and maintenance costs in the two cost models

The costs for the bottom lease and levelised replacement cost have both been
taken directly from the NREL model for offshore wind turbines. The bottom lease is
a factor independent of the device type and the levelised replacement cost is
assumed to maintain the same relation. The O&M item has been increased by 50%
to reflect the likely need for higher levels of intervention in an as yet relatively
unproven area. The annual operation and maintenance costs for the tidal stream

turbine, £45g,, are now a sum of the items in Table 36.
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7.1.4. Model Verification

The model was verified in two parts, in the first stage the mass model was
verified against the MCT SeaGen device, using data from Douglas et al. [192]. In the
second stage the cost model was again verified against cost data from the MCT

SeaGen model as provided by Fraenkel [185] and Matthews [194].

The mass of the MCT SeaGen device was reported by Douglas et al. [192] as
being a total of 465 tonnes. The mass of the device as predicted by the present
model is 464.78 tonnes. The accuracy of this prediction is largely because the model
was calibrated for the two main masses in the model, the 242 tonne pile structure
and the 92 tonne crossbeam. This result does show however that the mass
estimation for the remainder of the components also bears a good correlation with

that which would be expected on a real device.

The cost of an MCT SeaGen device array was estimated by Fraenkel [185] and
Matthews [194]. Fraenkel based the estimate upon the cost of a 10MW array using
proven technology, whereas Matthews provides the cost of the 8MW Kyle Rhea

array project. The cost estimates and their parameters are detailed in Table 37.

Study Year Array Size (MW) Estimated Cost £/kW
Fraenkel 2007 10 2347
Matthews 2011 8 4375

Present Study 2014 50 2331

Table 37: Estimates for the cost of array installation for MCT SeaGen devices

The model in the present study is based upon a 50MW array size, using
proven technology. The model estimates the cost given by Fraenkel to within 0.1%.
The estimate given by Matthews for the Kyle Rhea project reflects that the
technology is not as developed as was assumed by Fraenkel, or as is assumed by the
model. Given the proximity of the model estimate to the prediction of the cost made
by Fraenkel and the similarity of the underlying assumptions, the model is thought

to be accurate for the prediction of mature tidal stream turbine technology costs.

There is little available data on the cost per rated kW and the exact
economics of tidal stream arrays are still relatively unknown, though there is clear

potential for the reduction of costs with larger array sizes and more mature device
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technology [195, 196]. It is therefore likely that the costs predicted by the model and

those of commercial arrays will tend towards each other as the industry develops.

7.1.5. Tidal Stream Turbine Test Cases

There were three devices assessed as part of the annual energy production
analyses, a bare rotor, the diffuser augmented device derived as a part of this thesis
and the diffuser augmented tidal stream device of Sun and Kyouzka [122]. The bare
rotor assessed was based upon the characteristics of the MCT SeaGen rotor, with

data being taken from or derived from that presented by MacEnri et al. [159].

The devices are compared here such that the outer diameter of all three
devices is the same, i.e. the outer duct radius in the diffuser augmented cases is the
same as the blade radius for the bare rotor. This comparison is made as it reflects
the need to make best use of the available channel cross section. The sizes of each

device and the power coefficients used in the calculations are shown in Table 38.

Bare Cresswell Sun Diffuser
Characteristic
Rotor Diffuser Literature BEM CFD
Cp 0.372 0.252 0.376 0.190
Rg, (m) 8.000 5.563 5.984 5.984
Rp; (m) - 8.000 8.000 8.000

Table 38: Device sizes and power coefficients of the tidal stream turbine test cases

The effect of the choice to compare devices based upon the outer diameter is
that the rated power of the three devices differs with the power coefficient
(assuming the same rated speed). The effect of the change in the rated power will be
to influence the cost of many of the components within the cost model since this is
one of the main variables. Due to the necessity to make best use of the channel cross
section the cost per kWh for a given device radius is the best comparator as there

are physical limits on device size imposed by channel cross section limitations.

The Sun and Kyozuka [122] device is based upon the diffuser augmented wind
turbine design of Ohya and Karasundi [96]. Both studies give a power coefficient in
the region of 0.48 based upon the device’s outer area. This power output is thought
by the author to be on the high side. Calculations were performed on this geometry
using the BEM CFD model detailed in Chapter 3, the results of which are presented

in Chapter 4. It was found that the diffuser and rotor geometry of Sun and Kyozuka,
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with the rotor designed for use within a duct, had a power coefficient based upon
the device outer area of 0.190. As a result of this lack of clarity regarding the power
output of the Sun and Kyozuka device, the findings of the model detailed within
this chapter for that device should be treated with caution.

7.1.6. Cost Model Results

7.1.6.1. Part Breakdown

The breakdown of the device and project components’ costs for the device
configuration presented in Table 38, are detailed in Figure 169. These results show
that the cost of the device is heavily tied to the rotor diameter and also that a large
diffuser provides a large cost overhead. The relationship of the cost of the rotor and
drivetrain components to size could be expected and has been stated previously by

Kirke [197] to be one of the main likely advantages of ducted units.

For a diffuser augmented device, such as that devised within this thesis, the
cost of the diffuser will prove to be a significant proportion of the overall device
capital cost. There is therefore merit in the reduction of the size of the diffuser in
order to make the economics of the device improve. The diffuser of Sun and
Kyozuka is, according to the estimation methodology adopted here, cheaper than
the diffuser presented in this thesis by a factor of 5.5. The implication of this is that
the power production of the larger diffuser would have to significantly outperform

the smaller device in order for the cost of energy to be favourable.

x 10

3

B Rotor

Bl Drivetrain

Bl Generator & Electrical
| |Electronics & Control
__IStructural

. |Foundations & Civils
| |Transport & Access

I Diffuser

B Marinisation

Bl Financial & Legal

Bare Cresswell Sun et al.

Figure 169: Cost breakdown for dual 16 m outer diameter devices on monopile

foundation at a rated speed of 2.5 m/s
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The levelised cost of energy component breakdown for the three devices for an
example site (Site 1 from Section 7.2.2) can be seen in Figure 170. The predicted
component costs from an estimation exercise by the Carbon Trust can be seen in
Figure 171 for both wave and bare rotor tidal stream devices. Although comparison
is hindered by the limited breakdown in the Carbon Trust data is evident that the
model provides a comparable estimate of the capital cost to O&M cost ratio at 28%
as compared to 23%. The capital cost of the device itself is estimated as being 63%
of the total cost of energy as opposed to 74% as estimated by the Carbon Trust.
These differences can be explained by the differing approaches taken to the
estimation but ultimately at this stage in the commercialisation of tidal stream

technology the true costs are unknown.

100

B Rotor

~ 80 M Drivetrain

S B Generator & Electrical
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Figure 170: Levelised cost of energy components for a dual 16m outer diameter

devices on a monopile foundation with a rated speed of 2.5 m/s

M Structure® Station keeping® M Power takeoff M Installation M Grid connection M Operations and maintenance

*Tidal Structures and Station Keeping may be combined in monopoile type designs.

Figure 171: Indicative levelised cost of energy components for early commercial wave

and tidal energy arrays [195]
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7.1.6.2.  Effect of the Device Size and Rated Power

The scale of the devices deployed will have an impact upon the economics of
the devices as it will affect both the rated power of the devices and rotor diameter.
With these two factors being the prime drivers of the device cost model the capital
cost will be strongly linked to these. Figure 172 shows the effect that the device
radius has on the project capital cost for dual devices mounted on a monopile

foundation at a rated speed of 2.5 m/s.

ot
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1 —«—DBare
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Figure 172: The effect of device radius on capital cost

The trends seen in Figure 172 are what would be expected from the scaling up
of a device, with an increasing capital cost which is related to an exponential
function of the device radius. The drivetrain cost is the deciding factor in the overall
capital cost of the devices, with the larger rotor and therefore more costly drivetrain
of the bare rotor being penalised here. As the diffuser cost is scaled per unit area of
diffuser surface, the scaling causes an increase in the cost to the square of the device
radius rather than the cube as is the case with the rotor. This means that as the
device radius increases diffuser augmented cases tend to become more competitive.
This analysis does however overlook the increased structural requirements of the

larger diameter devices, which is likely to lead to an increased cost.

7.2. Annual Energy Production Analyses

Annual energy production analyses were conducted using real tidal flow data

to examine the performance of tidal stream devices under realistic conditions. Four
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devices were examined, a bare rotor, the device derived as a part of this thesis and
the diffuser augmented tidal stream device of Sun and Kyouzka [122] using both the
literature power coefficient and that derived here with the BEM CFD.

7.2.1. Annual Energy Production Methodology
The basis of the annual energy production analysis is the coupling of Equation
92, which relates the rotor’'s power coefficient with the available energy in the

freestream flow and Equation 93, which enables the calculation of the energy output.
P=1/,C,pAU3 Equation 92
E = P&t Equation 93

In order to assess the power output from a device it is necessary to include a
number of losses as detailed in Sections 7.2.1.1 to 7.2.1.3. Once these have been

decided the power output is now calculated using Equation 94.
P = 1/, (KgenrransAavaitAyawAtury) CppAU® Equation 94

In a tidal stream device there is typically both a cut-in and a rated velocity.
The cut-in velocity is that below which no power will be generated and the device
will be idle. The rated velocity is that at which the device produces its rated power
and above which further increases in velocity will not affect the power output. The
cut-out velocity is not usually given for tidal devices but is related to shutdown of
the device under extreme conditions to prevent damage. The idea of the cut-in and

cut-out velocities and the rated power are illustrated in Figure 173.
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Figure 173: Diagrammatic representation of power capture against current velocity
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The power calculated using Equation 94 is set to zero when the velocity is
below the cut-in velocity, limited to the rated power above the rated velocity and
set to zero if the cut-out speed is exceeded. The energy for each sample period can
now be calculated using Equation 93 and the resulting outputs summed across the
year. If the tidal velocity input data does not extend for a full year, but does cover a
full lunar month, then the assumption that the energy output can be annualised

should not cause an excessive error in the results.

7.2.1.1.  Power Transfer and Availability Losses

The power is calculated using Equation 92, with a number of correction
factors applied for losses in the system and flow effects. There are three sets of losses
commonly accounted for in AEP models, availability losses, generation losses and
transmission losses. The availability of tidal energy devices has been suggested by
Entec [198] to be around 95% and so a 5% correction was applied for downtime.
Generator and gearbox losses are assumed to be 3% of the generated power, which is
seen as being an optimistic value by Bahaj and Myers [199] for tidal stream
generation. The correction for transmission losses was taken as being the average of
a number of case studies of wave energy scenarios conducted by Henfridsson et al.

[200], which comes to a loss of 7.5%.

7.2.1.2.  Flow Yaw Losses

There are two additional factors taken into consideration during this analysis,
the effects of the yaw angle and the turbulence intensity on the power output of the
devices. The effect of the yaw angle on the power output of the device was taken
from the results presented in Section 6.3.3 in the cases of the diffuser devised as a
part of this thesis and the bare rotor. The device of Sun and Kyouzka [122] has
unknown yaw characteristics and so the performance was estimated. In order to do
this the literature on diffuser augmented wind turbines was examined and it was
found that there was a correlation between the length to diameter ratio and the yaw
performance. Figure 174 shows the maximum unaffected yaw angle of a variety of
diffusers which have previously been tested at yaw. Presented are results from Igra

[94], Phillips [25] and Foreman and Gilbert of Grumman Aerospace [201].

The effect seen in Figure 174 is likely to be due to the increased strength of
the tip gap jets, which as detailed in Chapter 6 are the main drivers of the yaw
performance. The increased length enables a lower cavity pressure due to enhanced

diffusion potential and greater rotor plane vleocity. With the reduced base pressure
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behind the rotor stronger tip gap jets are generated and the diffuser is then able to

perform better under yawed flow.
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Figure 174: Unaffected yaw angle against the diffuser length to diameter ratio

Using the relationship derived from the data presented in Figure 174 the
performance chart for the Sun and Kyozuka diffuser under yaw was estimated. The
estimated performance is plotted in Figure 175, along with the performance results
for the diffuser devised as a part of this thesis and the bare rotor.
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Figure 175: Power reponses to the flow yaw angle for the devices examined

7.2.1.3.  Flow Turbulence Losses
The performances of the devices at different levels of ambient turbulence were
considered based upon the numerical results detailed in Section 4.5.3. The

turbulence response data used here is summarised in Figure 176.
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Figure 176: Turbulence performance data for the devices examined

7.2.2. Tidal Channel Data

The annual energy production analyses were conducted using data from the
Bedford Institute of Oceanography of the Canadian Government. The data
presented here has been used previously as part of Cornett’s [32] guide to tidal
energy resource assessment. The site examined was the Minas Passage in Nova

Scotia, Canada, as seen in Figure 177.

There were six locations analysed as a part of this study as shown in Figure
178. These locations are all very close to the Fundy Ocean Research Centre for
Energy (FORCE), which is a test facility for tidal stream devices. Location 1 is the
closest location, being 2km to the south east of the FORCE site, which is located
approximately 3.5km due west of Cape Sharp. The data was collected using a

bottom mounted acoustic Doppler current profiler.

The sampling periods, with the exception of location 1, are long enough to
extend over a the lunar month and therefore cover both spring and neap tides [27].
The sampling frequency is in all cases sufficient to capture the trends present in
tidal flow velocities present but inadequate to gain any understanding of shorter

scale transient structures present within the flow.

The water depths are beyond those which are seen as being acceptable for a
monopile foundation as is assumed within the context of the cost of energy analyses
as presented in Section 7.3. An assumption is made in these cases that there is a

floating support structure for the device, secured via tethers to a foundation
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structure. The cost of this component is assumed to scale with the same relationship
to the devices rated power. This is seen as being conservative as the cost of floating

platforms is likely to be lower than fixed bottom mountings [196, 202].

Saint John Halifax

>
(=2

Latitude
—
S ot
[} Ut

>
-~
o

-66.5 -66 -65.5 -65 -64.5 -64 -63.5 -63 -62.5 -62
Longitude

Figure 177: Map showing the the Minas Passage, Map data (©)2014 Google
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Figure 178: Aerial Image showing the six site locations within the Minas Passage,

Map data (©)2014 Google, Google Imagery (©)2014 TerraMetrics

The tidal current data at each site is expressed in the series of hodographs in
Figure 179 to Figure 184. These hodographs also include the optimal heading of the
device for power capture during both the flood and ebb tides. These headings were

calculated using the velocity weighted average tidal heading for each tidal phase.
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Figure 179: Hodograph of the sample tidal velocities for Location 1
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Figure 180: Hodograph of the sample tidal velocities for Location 2
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Figure 181: Hodograph of the sample tidal velocities for Location 3
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Figure 182: Hodograph of the sample tidal velocities for Location 4
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Figure 183: Hodograph of the sample tidal velocities for Location 5
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Figure 184: Hodograph of the sample tidal velocities for Location 6
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As can be seen immediately from Figure 179 to Figure 184, some of the sites
are better suited to tidal power extraction than others. It can be seen for example
that Location 5, as a result of being behind the headland experiences only low

velocity flows, with a large deviation between the ebb and flood velocities.

It is worth noting that the assumption of rectilinear flow in a tidal channel,
which is often made when performing AEP analyses, does not hold. There is a clear
variability evidenced in the flow yaw at all of the sites. Some of these sites exhibit
flow angles of up to +30° even at higher tidal velocities. This yaw effect is likely to
be further compounded by the presence of large scale eddies in the flow further
altering the relative flow angle. Given the large yaw effects seen for devices in
Section 7.2.1.2, there is therefore a clear necessity to account for the effects of flow

yaw on device performance whilst performing annual energy production analyses.

7.2.3. AEP Model Input Data

As detailed in Section 7.1.5, there were four device types assessed as part of
the annual energy productions analyses, a bare rotor, the diffuser augmented device
derived as a part of this thesis and the diffuser augmented tidal stream device of
Sun and Kyouzka [122] with the literature Cp and the BEM CFD derived Cp. The
sizes of the devices and their power coefficients are detailed in Table 38, and the

velocity parameters are detailed in Table 39.

Bare Cresswell Sun Diffuser
Characteristic
Rotor Diffuser Literature BEM CFD
Vet (m/S) 0.800 0.800 0.800 0.800
Veutour (M/8) 6.000 6.000 6.000 6.000
VRatea (/S) 2.500 2.500 2.500 2.500

Table 39: Device velocity parameters for the AEP model

The cut-in and rated velocities of the turbines were chosen as being
representative of existing tidal devices |56, 159]|. The cut-out velocities were chosen
as being the survival speed of a tidal device as defined in Section 7.1.1. A cut-out
velocity is thought to be useful in the event of extreme wave loadings, but since the
tidal velocities are largely predictable, devices should be able to continue to operate

at rated power in the majority of cases [203].
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The material properties of seawater were assumed to be as detailed in the

numerical methods in Section 3.2.3.

The correction for the freestream turbulence intensity was based upon the
analysis of the performance of the devices as presented in Section 4.5.3. The
correction was made by interpolation of the data presented in Figure 175. The
correction factor at the turbulence of interest was normalised by the factor at the

turbulence of experimental testing to arrive at the correction.

The correction for the yaw angle was made from the experimental results,
using the data presented in Chapter 6. The yaw angle amendment was applied as a

correction factor relative to the zero device yaw condition.

7.3. Tidal Stream Turbine Cost of Energy

The levelised cost of energy provides a measure of the generation cost per unit
of useful electrical energy which a device outputs. The levelised cost of energy is
ultimately the metric by which an electricity generating technology is judged as it
reflects the overall economic competiveness of a technology [204]. In order for tidal
stream energy to gain acceptance it will be necessary to reduce this to a point where
it is competitive with both other renewable and conventional energy sources. As a
result there is a push for the capital and operating costs to be brought down and the
generation potential to be increased [205]. The levelised cost of energy per kWh for

a device can be calculated using Equation 95.

%gcrE £
£coE = FCRTICC | —oam Equation 95

Eagp Eagp

The results of the annual energy production analysis indicate that as a result
of certain flow patterns, the device type significantly influences the power
production capabilities and hence the levelised cost of energy of a tidal stream array
for a given set of tidal flow conditions. The effect that flow yaw and the freestream

turbulence intensity have on the generated power is quantified here.

7.3.1. Effect of Flow Yaw

The yaw sensitivity of the model was assessed by using a semi-diurnal tide,
idealised as a sinusoidal tidal velocity with amplitude of 3.5 m/s and a tidal period
of 12.4 hrs. The velocity of the input data was described by the function in
Equation 96. This input was sampled with a 1 minute sampling interval, and this

was then used as the input for the annual energy production analysis. In order to
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include a measure of yaw, a random number generator was used to assign a heading
to the velocity within a certain band of angles. The band of angles was set to give a
prescribed standard deviation of the headings of between 0° and 30°, rising in 5°
increments. In order to ensure that the distribution of the yaw was uniform a

sample period of 30 days was used.

. it .
U= Umaxsm (m) Equa’clon 96

The effect that the flow yaw has on the annual energy production and the cost
of energy can be seen in Figure 185 and Figure 186 respectively. It is clear that the
presence of flow yaw can have a significant impact upon the generation potential
and therefore the generation cost. This is as result of the diffuser augmented device’s
response to the effects of flow yaw as a result of the aligning effect detailed in
Section 6.3.3. The diffuser devised as a part of this thesis is insensitive to yaw to a
large extent, though the device is hampered by its low power coefficient based on
the diffuser outer area. The shorter diffuser of Sun and Kyozuka performs well in
the low yaw range +18°, but at larger yaw angles the performance rapidly degrades.
It should be noted that as the exact nature of the yaw response of the Sun and
Kyozuka diffuser is unknown, this pattern of performance represents a best estimate
only. The effect of the estimate of the power coefficient on the performance of the
Sun and Kyozuka device is highly visible, with the power output being almost three
times higher where the published data is used.
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Figure 185: Annual energy production for the trialled devices with a randomly

yawed siusoidal input flow
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Figure 186: Cost per kWh for the devices with a yawed siusoidal input flow

These results show the dependence of all of the devices on the flow yaw angle.
It can be concluded that a bare rotor is best suited for tidal flows which have
rectilinear flow or at least very little flow yaw. The performance characteristics of
the diffuser augmented devices makes them better suited to the acceptance of flow
yaw. The lower power coefficients of the diffuser augmented turbines means that the

bare rotor performs relatively favourably at off design flow angles.

The dependence of the yaw response of a diffuser augmented device on the
length to diameter ratio of the diffuser means that there will be a length to diameter
ratio which will maximise the energy production for a prescribed flow yaw standard
deviation. As a result of the performance trends seen in Figure 174, this would be a
longer diffuser for flows with a greater degree of yaw. In order to minimise the
levelised cost of energy however there is clearly a balance to be drawn with the cost
of the diffuser structure. The results show that unless a particularly high power
coefficient is achievable for the diffuser augmented turbine, the likelihood is that the

most economical means of generation under yawed flow is a bare rotor.

It should be noted that no account has been made in the energy production
for active yawing of a device during operation. The bare rotor’s power capture
performance would undoubtedly be improved by this effect, though the costs

associated with this yawing will also impact upon the cost of energy.

The results seen in Figure 185 and Figure 186 show that for a flow with a

simple, sinusoidally varying flow velocity magnitude and a varied heading, bare
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rotors are likely to provide the lowest cost of energy. Although the Sun and
Kyozuka experimental results place their diffuser in a better position, there is a lack
of clarity over whether a diffuser augmented device can attain a power coefficient of
that magnitude. This means that a bare rotor is the most likely of the devices

examined to provide energy at the lowest cost.

7.3.2. Case Study Location AEPs

The final stage of the cost of energy analysis is applying the models to the
analysis of real world tidal flow data. The analysis was performed on the six tidal
energy sites in the Minas Passage detailed in Section 7.2.2. The standard deviation
of the yaw angle from the velocity averaged optimal device heading for each tidal
phase was calculated for each of the sites, with the results presented in Figure 187.
It is evident from this data that these tidal sites have yaw angles which are typically
in the range from 0° to +12-20°. With a high level of yaw such as this, the
performance of a bare rotor would be hindered as the yaw characteristics in this
range are poor compared to those of the diffuser augmented cases as seen in Figure
175. At the extreme angle of 20° the performance is 84% of the longer diffuser

performance for the Sun and Kyozuka diffuser and only 68% for the bare rotor.
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Figure 187: Yaw angle characteristics for the six case study sites

The extent to which the yaw affects the power output of the device will be
tied not to the yaw angle distribution but to the distribution of the velocity
weighted yaw angle distribution. This is because it is the high velocity flows which
tend to produce the most power due to the cubic relationship of the velocity to the
power output. The magnitude of the axial velocity component increases relative to

the transverse component at higher flow velocities. This means that the higher
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velocity sites will tend to have a lower response to the yaw characteristics of a

device than the lower velocity ones.

The levelised cost of energy for each of the devices, calculated at each of the
six case study sites for a turbulence intensity of 10% can be seen in Figure 188. It is
evident from these results that there is clear hierarchy of the devices regardless of
the flow at the site. The performance of the devices depending so heavily on the
estimate of the power coefficient is highly visible in the two estimates of the Sun
and Kyozuka diffuser. If it is assumed that the real value of the power coefficient
lies somewhere between the two then it is more than likely the case that the bare

rotor is the best configuration at all sites tested.

The failure of the longer diffuser to provide competitively priced energy is tied
to the cost of the diffuser itself. When this is coupled with the relatively low
performance of the device based on its outer area, the benefits of its yaw
performance cannot make up for the shortfall. In contrast, if the higher estimate of
the power coefficient is used, the Sun and Kyozuka diffuser, with its lower cost and

improved yaw and turbulence characteristics, outperforms in all cases.
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Figure 188: Levelised cost of energy for the devices at the six case study sites

The performance at site 5 is by far the poorest, although this would be
expected given that the tidal velocities at this site are very low and for most of the
flood phase the unit would not be generating. The remainder of the sites are broadly

comparable in terms of the levelised cost of energy and would be considered to be
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good sites for the deployment of tidal stream devices. It is evident that the main
factor which affects the cost of energy is the tidal velocity, but there is also evidence
of the effect of the flow yaw. The performance at site 6 for example shows that in
flows where the yaw angle is limited and the flow velocity is high, the difference

between the shorter diffuser device and the bare rotor is minimised.

7.4. Summary of the Factors Affecting Device Cost

It has been found that the cost of energy from a tidal stream device is tied to
a number of factors which characterise the flow. The key aspect of the flow is the
tidal stream velocity, which as being one of the key determinants of the power
output is to be expected. The main determinant of the device’s merit is the power
coefficient, which again would be expected. Other factors which have been explored
here are the effects that yaw and turbulence characteristics have on the generation
potential and their implications. Despite diffusers having favourable characteristics
under these conditions, the lower value of the power coefficient means that their

cost of energy will continue to remain above that of a bare rotor.

The underlying assumptions of the calculations performed here are a tidal
stream turbine cost model. The absolute values of the costs from this model are
designed to give guidance to the reader as to the likely scale of the costs associated
with certain components and tasks, and to build a representative basis for relative
cost comparison. There is still uncertainty within this model and as such the results

should be interpreted with some degree of caution by the reader.

The flow yaw has been found previously [25, 94] to affect diffuser augmented
devices in a different way to bare rotors. A survey of historical and present data has
found that the performance of the diffuser augmented devices under yaw is tied to
the length to diameter ratio of the device, with longer diffusers able to sustain the
performance at larger off design flow yaw angles. This can be attributed to the effect
that the length has on the ability of the diffuser to sustain sub-ambient pressures as
stated in 7.2.1.2, and therefore generate tip gap jets which increase boundary layer

momentum.

Flow turbulence can have a significant impact upon the generation potential
of diffuser augmented devices. Diffuser augmented devices which have a large

potential for improvement of the degree of separation from the interior diffuser wall
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have the most to gain. It has been shown that one such device has the potential for

improvements of up to 33% relative to low levels of freestream turbulence.

Overall it has been shown that diffuser augmented devices could potentially
generate energy at prices which are comparable with and potentially better than
those of bare rotors. The lack of clarity regarding the power output of the Sun and
Kyozuka [122] device means that these results should be treated with caution and

the evidence points to the bare rotor being a more economical means of generation.

The cost of generation is primarily tied to the local flow environment and the
device’s peak power coefficient. Other factors, which are often overlooked, can also
have significant effects upon the cost of energy and should be considered at the

design stage when estimating the likely power outputs from devices.
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8. Conclusions

This thesis aimed to investigate the key factors which affect the use of diffuser
augmented turbines for the economic generation of power from tidal streams. To
this end, work was conducted investigating the key parameters which affect the

power output of such devices, and how these affect the cost of energy.

Work was conducted both numerically and experimentally, with the aim of
gaining an understanding of the device fluid dynamics and allowing the numerical
modelling thereof. Conclusions about the performance and fluid dynamics of diffuser
augmented tidal stream turbines and the efficacy of their use for economical power

generation are separated here.

8.1. Fluid Dynamics of Diffuser Augmented Turbines

There are several key findings of this thesis that relate to the power
conversion performance of diffuser augmented devices and the modelling thereof.
The most important of these is the derivation of an experimentally verified
numerical method for the assessment of the power output of diffuser augmented
turbines. This allows for the modelling of the power capture and flow field of
diffuser augmented devices within 2D axisymmetric CFD, at low computational
expense. This model could be extended with relative ease to 3D geometries and

allowed to incorporate effects such as flow yaw, rotor coning or rotor tilting.

The necessity for the derivation of a numerical model for diffuser augmented
turbines was highlighted by the study of uniform actuator disc modelling. It was
found that uniform actuator discs are entirely unsuited to the assessment of diffuser
augmented devices as a result of the omission of flow features such as flow swirl,
turbulence and tip losses. It is the interaction of these flow features with the diffuser
which is the primary driver of the overall device performance and so they must be

modelled to replicate realistic flow and power capture conditions.

The effect of the hub was shown to be significant to the power capture of the
overall device. The shape of the hub was shown to have a less significant effect than
the hub radius, as long as the shape does not induce early boundary layer separation.
An increased hub radius was found to increase the power output potential of the

device due to shifting of the streamlines towards the centre of the blade. This allows
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for increased relative flow velocities in this region and so higher blade forces. The

limitations of this effect require further clarification.

The effect of turbine thrust on the performance of the overall device was
investigated using the derived BEM CFD model. It was found that for diffuser
augmented cases, the ideal rotor thrust is around half that of an ideal bare rotor.
This effect is due to the interaction of the rotor thrust and the duct’s swallowing
capacity and hence the rotor plane velocity and available power. The overall device
thrust at peak power capture was found to be approximately equivalent for both the
diffuser augmented and bare rotor cases. The reduction in the rotor thrust force,
coupled with the reduced blade radius means that the blade bending moments will

be reduced and there is therefore potential for cost savings.

The impact of the diffuser area ratio on the outer area based power coefficient
was highlighted. This suggested that although the overall power output can be
increased by increasing the area ratio the efficiency of conversion suffers. It was
found that the region in which the peak power coefficients occur for diffuser

augmented devices was the region 1 < 4,/4; < 2.

The impact of flow yaw on the power output of the device was investigated. It
was found that the diffuser augmented device was able to sustain power coefficients
at around the peak value up to flow yaw angles of £30°. This effect was caused by
the ability of the diffuser to sustain sub-ambient cavity pressures and so to drive the
formation of strong tip gap jets to add momentum to the diffuser boundary layer.
Analysis of the results from the experiments contained here and those seen in the
literature suggest that the yaw performance of a diffuser augmented turbine is
correlated to the diffuser length. Since the cost of the diffuser is also correlated to

the overall length, there is clearly a trade off to be made in the diffuser design here.

The interaction of the rotor geometry with the augmentation potential was
highlighted, with rotors which performed poorly bare performing well for diffuser
augmentation. This effect was due to the turbine thrust as discussed above and the
rotor outflow profile. The careful design of the rotor to optimise the thrust
distribution would allow for elevated velocities and turbulence in the near boundary
regions. This momentum transfer to the boundary layer flow is the essential driver

of the diffuser performance and hence the swallowing capacity of the duct.
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The interaction effects detailed within this thesis suggest that there is further
potential for the augmentation of the power output of diffuser augmented devices.
The extent of these potential gains is unclear, but figures of 17% have been quoted

in the literature for simple changes to rotor geometry alone [116].

The fluid dynamics results obtained within this thesis and those from the
literature which were analysed suggests that the performance of diffuser augmented
devices is currently lower than for equivalently sized bare rotors. This thesis has
highlighted some potential areas for improvements in the overall performance which

have the potential for the devices to reach parity.

8.2. Generation Potential of Diffuser Augmented Turbines

The economic assessment of the device performance suggests that diffuser
augmentation of tidal stream turbines is not economically viable at the current time.
The main drivers of this are the diffuser cost, the array scale dynamics of the

devices and the low power coefficient values attained.

There are some potential questions around the cost model derived within this
thesis which require further investigation, in particular the blade and diffuser
costings. The finding that the blade bending moments are reduced for diffuser
augmented turbines has the potential for cost savings, whilst the costs of the
diffuser is estimated based upon a single manufacturing methodology. Further
investigation of the likely structure and manufacturing methods of the diffuser are

needed to gain a clearer understanding of these costs.

The diffuser augmented devices were found within this thesis to suffer from
poor wake recovery characteristics when compared to bare rotors. The overall level
of device thrust was found to be comparable however. The implications of this are
that array shapes for diffuser augmented devices would be characterised by rows of
turbine with the same transverse spacing but increased axial spacings. This reduced
array density makes poor use of concentrated tidal stream energy, increases bottom

lease costs and has cost implications for grid connections.

The potential for generation increases as a result of the yaw and turbulence
characteristics of diffuser augmented tidal stream devices was analysed. It was found
that these effects will contribute in a positive way towards the power capture of the
device, especially at low tidal velocities. The example tidal stream sites evaluated

here however highlight the fact that at higher tidal velocities the yaw and
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turbulence intensity levels are not significant enough to favour diffuser augmented
devices. The power capture was found to be higher for bare rotors unless generous

assumptions are made of the power coefficient of the diffuser augmented device.

The research contained here suggests that there is remaining potential for the
performance improvement of diffuser augmented turbines. The current status of
diffuser augmented devices however is such that economic generation of energy from

tidal streams is best achieved via bare rotor power capture.
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9. Further Work

During the course of this research the need for further investigation of a
number of the aspects of the behaviour of diffuser augmented turbines became

apparent. The key aspects which warrant further investigatory work are:

Investigation of the potential gains of a full system optimisation
Investigation into turbulence effects on diffuser augmented devices

Cavitation inception in diffuser augmented devices

Ll

The effect of shear profiles and wave effects on diffuser augmented devices

9.1. Component Interaction Effects

The work undertaken here has shown that there are areas of interaction
between components in which there are gains to be made. The interaction of the
rotor wake with the diffuser surface boundaries is of particular interest. To this end
it is recommended that a full device optimisation is conducted to ascertain the
extent of the possible gains. This optimisation should allow variation in the
geometry of the hub, diffuser and rotor. It is envisaged that the methodology
utilised here can be coupled with the blade element CFD model through relatively

simple extensions of the overall procedure.

A full device optimisation should use an objective function based upon the
cost of energy of the device rather than simply the power output alone. The
interaction of the cost of the diffuser and the size needed for adequate power
augmentation being of primary concern. The optimisation should also take account

of the yaw and turbulence structures within a realistic tidal channel flow.

9.2. Effects of Turbulence

The effects of turbulence have been dealt with to some extent in this thesis
but the structure and effect of turbulence within the diffuser of a tidal stream device
is considerably complex. In order to fully understand the interaction of the device
with turbulence it is necessary to gain a full understanding of both the freestream
turbulence of a tidal channel and also the turbulent structures shed by a diffuser
augmented turbine. Quantification of these effects on the device’'s power output
would be best achieved via experimental work utilising turbulence generation

methods and detailed diffuser traverses.
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9.3. Cavitation Inception

The likelihood of increased cavitation inception due to the sub-ambient
pressures within the diffuser was mentioned within this thesis. The further study of
the presence, distribution, extent of and mitigation mechanisms for cavitation would

be necessary for the further development of diffuser augmented devices.

9.4. Effect of Shear Profiles and Wave Effects

The effects of shear and wave effects have been omitted within this thesis for
separate reasons. It has been found that for bare rotors that volume averaging of the
flow allows for sufficiently accurate replication of the performance characteristics of
bare tidal stream rotors under sheared flows [35]. The effect of waves was assumed
to be limited as the device depth was assumed to be sufficient that the effects were
limited. In reality both of these effects are likely to impact upon diffuser augmented
device performance to some extent, either through cyclical variations in the blade
power output or induced turbulence. Interactions would be best examined

experimentally in facilities which can combine velocity profile and free surface effects.
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