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ABSTRACT

Sustainable energy generation through renewable sources is a rapidly expanding industry within the
energy sector and as part of that industry tidal power creates the potential to tap into a previously
untapped resource. Existing tidal barrage schemes are leading the way in exploiting tidal energy
resources but are only producing a very small percentage of the world's generated electricity.
Further development and expansion of this technology has been somewhat hindered by opposition
from green political parties whom believe that the environmental impact of such a scheme is too

great.

Tidal stream devices have therefore been developed as an alternative method of extracting the
energy from the tides. This form of tidal power technology poses less threat to the environment and
does not face the same limiting factors associated with tidal barrage schemes, therefore making it a

more feasible method of electricity generation.

This thesis develops a Blade Element Momentum Model (BEMM) for a contra-rotating tidal turbine
and discusses the merits and drawbacks of using such a device. It also investigates the potential of
using different blade sections on the device and the resulting performance characteristics. The
resulting BEMM code developed for this thesis is made user friendly through the use of dialog
boxes and annotated figures. The end product of the code is easy to read performance plots
commonly associated with turbine performance. Results from these plots for the Strathclyde
contra-rotating tidal turbine (CoRMaT) suggest that NREL sections used in tidal turbine
applications exhibit more desirable performance characteristics than NACA sections of a similar

geometry.
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NOMENCLATURE

Angle of Incidence

local and rotor angular velocity
Inflow angle

Fluid density

Solidity

Blade pitch angle

Lift coefficient, Drag
Coefficients

Power coefficient

Thrust coefficient,
non-dimensionalised projection
of lift and drag forces into the

normal and tangential direction

Greek Symbols
a,a' Axial inflow factor, tangential inflow «o
factor w,
B Number of blades ®
c Blade chord P
D Drag o
Ar Radius of the Moon 0
F Prandtl's correction factor
F Force vector
F ext,ﬁ oress  C-V. External force, C.V. Pressure  Coefficients
F 2 F ; Gravitational force, Tidal force
G Universal constant of gravitation c,.c,
K Glauert's correction factor
L Lift Cp
m Mass of the Moon C,
m Mass flow rate
M Mass of the Earth and torque
P Momentum vector and Power
r Blade radial position
P Unit vector from the Earth to the
Moon
R Distance from the Earth's centre
to the centre of the Moon
T Thrust
u u, Velocity at rotor, rotor wake velocity
U, Freestream velocity
U, Rotational wake velocity
v, % Velocity vectors
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1. INTRODUCTION

The worldwide mentality towards energy generation methods has changed drastically in the last
decade or so. This can be mainly attributed to an increased realisation of the contribution to recent
climate change from fossil fuel generation and rapidly depleting supplies of oil, gas and coal. This
change in mentality has sparked a shift from harnessing energy from fossil fuel sources to doing
likewise from renewable energy sources such as wind, the oceans and the sun. A parallel increase
in energy production through the alternative process of nuclear fission has also taken place in more

affluent regions of the world.

This increase in carbon free energy production has been encouraged by national and international
targets and incentives set by governments and international committees. These include the Kyoto
Protocol and the EU commission whom have both laid out targets to be met by 2012 and 2020
respectively. These targets are mainly geared towards encouraging a worldwide reduction in green

house gas (GHG) emissions.

The Kyoto Protocol to the United Nations Framework Convention on Climate Change was initiated
in 1997 and came into effect on the 16™ February 2005. Its objective is to achieve a worldwide
reduction in GHG emissions by 2012, which is to be conducted primarily through the replacing of
current carbon producing fuel sources with renewable energy sources. This is to be encouraged
through setting national targets for emissions reductions and subsequent monitoring of GHG

emissions.

The EU commission have developed a similar scheme in which EU member states are all required
to meet national percentage reductions in emissions and percentage increases in renewable power
production. These national targets combined are to make an average of 20% in both cases and are
to be met by the year 2020. The EU commission have therefore come up with the apt slogan of “20
20 by 2020.” The premise behind this scheme is that an increase in renewable energy consumption
will lead to a decrease in GHG emissions. What sets this target aside from previously set EU
targets is that it states that the reduction of emissions must be achieved by purely renewable sources
and therefore nuclear energy and methods such as carbon capture and storage are not viable

technologies for meeting the targets (EU commission (2008)).
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It is these targets that have sparked increases in renewable generation across the globe, which has
led to more sustainable energy supplies. However, with EU target dates growing ever nearer
member states have opted to channel most funding into already commercialised renewable
technologies such as wind. This is purely a short term solution and organisations such as Ofgem
and National Grid have voiced their concerns about European countries becoming more reliant on

wind technology (EU commission (2008)).

Wind energy is a perfectly acceptable short term solution to increases in energy demand and works
well as a supplementary supply to country's main fuel sources but as a long term solution it is
dubious whether it will work. The inherent intermittency of supply associated with wind power
leaves the question to be answered: what happens when there's no wind? This is why it is important
for member states that have alternative supplies of renewable energy available to them to utilise

them as well.

The UK itself has some of the greatest tidal resources in the world and could potentially harness
enough energy to supply approximately 10% of the country's current electricity consumption
(Sustainable Development Commission (2007)). Tidal power does not suffer from the same
intermittency problems as wind and is highly predictable, making it a steady supply of energy. The
reason why UK energy companies are not utilising this resource to its full potential is because there

are currently no commercially viable tidal stream energy harnessing devices.

It is therefore within marine energy companies best interest to commission a commercially viable
tidal energy device. There are many prototype and drawing board designs out there but most that
have reached testing stages are encountering problems. This is mainly due to problems encountered
with the increase in fluid density between air and water. Technologies currently used on tidal
stream devices are taken directly from wind turbines and problems with structural fatigue were
encountered because of this density increase. Another important factor is the environmental impact
of tidal energy devices and the constraints this may have on harnessing tidal energy. In comparison
to wind power, tidal power could potentially have a much greater effect on the environment because

of the greater degree of biodiversity surrounding tidal power schemes.

One technology that has not been tried and tested further than prototype stages but shows promising

results in terms of a decrease in structural loads and a reduced wake structure is a contra-rotating
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tidal turbine. One of the few of these in existence belongs to the University of Strathclyde and it
has undergone comprehensive simulation and testing to ascertain the extent of these improvements

in comparison to a conventional single rotor turbine.

This thesis aims to analyse the merits of a contra-rotating tidal turbine and investigate ways into
which some of the inherent problems of tidal turbines may be overcome by using this alternative
design. It also aims to investigate the importance of blade section choice and through the use of

Mathwork's MATLAB produce a program to predict the performance of an arbitrary tidal turbine.
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2. TIDAL POWER

2.1 Gravity and the Tides

The natural phenomenon known as the tides have been observed and noted for millennia and
throughout history some of the worlds greatest minds have worked on solving the mystery of how
the ocean is moved in such a way. Some of these minds belonged to the most influential men of
their time and may be recognised from their theories and laws that govern the mathematics and
physics world of today. These include Sir Issac Newton, Daniel Bernoulli, Leonhard Euler and

Pierre-Simon Laplace to name but a few.

Newton was the first to offer a mathematical explanation of the tides in the Philosophiae Naturalis
Principia Mathematica (1687). It was during his most well-known work on the theory of universal
gravitation, which naturally lead to observations of the gravitational effects on the Earth from other
planetary bodies. One of these said effects are the tides, which occur primarily because of the
gravitational force experienced from both the Moon and the Sun by the Earth. Although the Earth
does experience a gravitational pull from the other planets in our solar system (and technically
every stellar and planetary body in the universe) these forces are negligible in comparison to those

experienced from our own Moon and the Sun. In fact Venus has the most influence on the tides of

. . L . . 5. .
the eight other planets. This gravitational force culminates in a mere 5x10 “m increase in the
Earth's tidal range. To put into context how the Moon and Sun dominate the tides on Earth, Jupiter,
the largest of the planets in our solar system, exhibits a tidal force ten times less than this (NASA

(2000)).

The Moon and The Sun's effects on the tides themselves differ by approximately a factor of two.
The gravitational pull of the Sun on the Earth is on average one hundred and seventy seven times
that of the Moon, which would therefore lead you to believe that the Sun's effect on the tides would
dominate the Moon's but the reality is quite to the contrary (A.C. Baker (1991)). The lunar tides
dominate solar tides because of the disparity in distance and the fact that “the tidal force exerted by
a body is proportional to the inverse cube of the distance to the source of gravity.” (NASA (2000)).
Conversely gravitational force is inversely proportional to the square of the distance between the

two bodies.
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Certain configurations of this Sun-Moon-Earth alignment are in fact the reasons behind spring
(highest annually) and neap (lowest annually) tides. The first occurring when the Moon, Sun and
Earth are in line (full and new Moon) and the latter occurring when the Sun and Moon are at right
angles to each other, relative to the Earth (1% & 3™ quarters of the moon's cycle). Theoretically
these tidal ranges occur in the ratio of 2.3:1 (spring:neap) but in actuality there are numerous factors
that effect the tidal range at any one point on the surface of the Earth. These factors contributing to
tidal variations are a result of the variety in orbital frequencies and are known as tidal constituents.

Some of these constituents are:

* The Moon's elliptical orbit

* The Earth's elliptical orbit

* The Earth's axis of rotation being inclined to it's orbit around the Sun and likewise the
Moon's orbit being inclined to the Earth's axis of rotation.

* Shallow water effects

* Atmospheric effects

The most dominant constituent in most locations on the Earth is the principal lunar semidiurnal
constituent (a.k.a. M2), which most tide clocks follow. The map shown in Figure 1 shows the

amplitude and phase of the tidal constituent M2 worldwide.
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Figure 1: Worldwide Tidal Constituent M2 taken from NASA on 6" June 2009

The white lines in Figure 1 are known as coftidal lines and pass through points of constant tidal
phase and therefore high tide is reached simultaneously at all points on a cotidal line. It can be
seen that these lines eventually meet with other cotidal lines at a point, known as the amphidromic
point, which is at once cotidal with high and low tides and is therefore satisfied with zero tidal
motion. In addition to the tidal phase, the amplitude is also depicted by the use of the colour
spectrum. The closer to the red end of the spectrum, the greater the amplitude of the tidal range at
that point. It can be clearly seen that the Atlantic coast of western Europe boasts a consistently high

tidal amplitude, which makes it a prime location for tidal power schemes.

The semidiurnal nature of the M2 tidal constituent makes it predictable to a certain degree and
taking into account the other tidal constituents present at the location in question makes it possible
to predict the annual change in phase and amplitude of the tides at that location. This therefore sets

tidal power aside from akin methods of renewable energy conversion in that it can be predicted.
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2.2 Types of Tidal Capture Devices

Most tidal turbines are based on rotating rotors, either of vertical or horizontal-axis configuration,
that extract energy from the tidal stream by rotating around the x or z axis of a conventional x,y,z
frame of reference system. These are often based upon the design of their closely related
predecessors of the renewables industry, the wind turbine. In fact most tidal turbine hydrofoils are

based on wind turbine's aerofoils because of the similarities in fluid properties of air and water.

A separate classification is often given to horizontal-axis turbines, which have flow enhancers such
as diffusers or concentrators that act as streamtubes to maximise the amount of flow taken in by the
rotor. Likewise oscillating hydrofoils are often categorised separately as these extract energy from
the tidal stream by using hydrodynamic lift and oscillating in the z direction of a conventional frame
of reference system. There are currently no commercially available devices but numerous designs
are in the small-scale, prototype stage and a select few have been tested at full-scale level. A list of
a few of the most promising designs from each of the three configurations currently under testing is

described in section 2.4.

2.3 Fixing the Turbine in place

In order that a tidal turbine, extracting energy from the freestream flow, remains in roughly the
same volume of water it must be moored to some stable, fixed structure i.e. the ocean floor or a
floating platform.  There are four conventional ways of achieving this and numerous

unconventional methods (EMEC (2008)). The conventional methods are as follows:

1. Seabed Mounted/Gravity Based
Physically attached to the seabed or if it consists of a large mass, this will anchor it to the

seabed.

2. Pile Mounted
Similar to the method used to mount large wind turbines. The vertical pile usually
penetrates the ocean floor and the turbine can be raised out of the water when
maintenance is required. The ability of horizontal-axis wind turbines to yaw is often

transferred to the tidal turbines of the same orientation.
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3. Floating Mooring
This technique involves some sort of tethering to a fixed structure. These types of

turbines can be categorised into three sub-categories:

(1) Flexible Mooring: the device is tethered by a chain or cable to the seabed/mainland. This
configuration allows the turbine to swing with the changing of the tide.

(i)  Rigid Mooring: a fixed mooring system keeps the device in place, allowing little

movement.

(1i1) Floating Structure: This method involves a central floating, anchored platform that can
rise and fall with the sea level. Numerous turbines may be tethered to this structure by way

of either (1) or (i1).

4, Hydrofoil Inducing Downforce
This method utilises the downforce of numerous hydrofoils mounted on a frame to
balance the overturning moment on the device and therefore keeping the device in

place.

2.4 Turbine Designs and Their Commercial Status

Since Tidal power is an immature technology and no full-scale turbine installations are routinely
providing power yet the commercial status is judged purely on the most promising technologies to
date. Many different designs have been considered in recent years and some have been patented
and tested at a prototype scale. One of the pioneering organisations of extraction of energy from
tidal flows was the renewable energy consultancy by the name of IT Power. IT Power have been at
the forefront of tidal power technology since the seventies and started out exploiting the river Nile's
current flow to irrigate the farm land of Sudan. This demonstrated the potential of harnessing the
kinetic energy of water currents and lead on to the idea of using this energy to generate electricity.
The eighties then saw a quiet period for tidal power but the nineties saw an increase in interest
worldwide. IT Power was leading research in Europe in the form of feasibility studies for tidal
turbines and in 1998 the European Commission saw the potential in tidal turbine technology and
started off the “Seaflow” project with a grant. Although IT Power had carried out a lot of the
preliminary research for this project it required many investors to get off the ground, which resulted
in a consortium of seven organisations funding the project (IT Power (2005)). Within this

consortium were Marine Current Turbines (MCT), whom became sole owners of the intellectual

David Charles

Prediction of the Performance of a Contra-rotating Tidal Turbine Page 8



property rights for the Seaflow technology and developed the consequent commercial technology.
Once developed to a satisfactory performance level in operation the 300kW Seaflow technology
was installed 3 km off the North Devon coast. This momentous occasion occurred in 2003 and was
a step in the right direction for tidal stream technology. Since then MCT have been working on a
new 1.2 MW turbine technology called “Seagen” that has subsequently replaced Seaflow as the
most powerful grid connected tidal current system, while also being the first marine energy project
to secure ROCs accreditation. These two technologies have lead the way in tidal power and opened
up the market to other competitors, challenging them to come up with their own novel and
innovative designs. Some of these competitors in tidal current technology are listed below with

their respective technologies.

2.4.1 Scotrenewables Tidal Turbine (SRTT)

One of these designs is Scotrenewables 1.2 MW floating tidal turbine, which consists of a single
32m long buoyancy tube with two horizontal axis turbines suspended beneath the structure. Each

turbine has a 12m diameter rotor, the centre of which is 11m from the main structure.

This concept is designed for deep water operation of 25m or more and spring tide velocities of
2.5m/s to over Sm/s. This makes it a feasible technology for approximately 70% of the UK's tidal

resource (Scotrenewables (2007)).

Figure 2: SRTT in "safe-mode” and in operation
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2.4.2 Strathclyde's Contra-rotating Marine Turbine (CoRMaT)

i TS

Figure 3: ESRU’s CoRMaT design on test rig

Another promising horizontal-axis turbine design can be found within the Energy Systems Research
Unit (ESRU) at the University of Strathclyde. This novel design incorporates two co-axial rotors
that rotate in opposite directions. This therefore results in near-zero reaction torque on the
supporting structure and mooring with the desirable side-effect of a decrease in turbulent wake,

therefore potentially reducing the environmental impact as well as increasing the power output of

the device. To date it has been through prototype testing at 1/30™ and 1/10" scale with promising

results.

David Charles
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2.4.3 Hammerfest Strem's Blue Concept Tidal Turbine

Installed off the North Coast of Norway in 2003 Hammerfest Strem's Blue Concept technology was
in close contention with Seaflow to be the first commercial tidal technology in the water. It's
function was mainly to gather data and it served this purpose until 2007 when it was temporarily
decommissioned. However it is scheduled to be re-installed for further research this year (2009). It
consists of a 300kW, variable pitch turbine designed to work in both flow directions of the tide and
utilises a gravity foundation in order to minimise environmental impact and make for easy

installation.

Figure 4: Blue Concept Turbine

David Charles
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2.4.4 Lunar Energy's Rotech Tidal Turbine (RTT)

Lunar Energy's RTT utilises a venturi duct to accelerate flow into the bi-directional horizontal axis
turbine housed within the duct. This design (as shown in Figure 5) allows energy to be extracted
from the tidal currents on both the ebb and the flood tides. Furthermore, the venturi duct channels
water into the blades therefore increasing the volume of water that energy can be extracted from and
eradicating the need for yaw and pitch control. The gravity base used to anchor the device to the
seabed is taken from designs used in the offshore oil and gas industry and puts it's optimum
operating depth at over forty metres. The simplistic design is aimed at keeping O&M costs down

and allowing for quick, efficient maintenance checks.

The generator module

The removable cassette

The turbine

The gravity base . The duct

1MW RTT UNIT
Duct Diameter
15 metres
Duct Length
19.2 metres
Turbine Diameter
11.5 Metres

Figure 5: Lunar Energy’s RTT Design

David Charles
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2.4.5 Open Hydro's Tidal Turbine

This other example of housing the turbine rotor within a duct follows a different design philosophy
from that of Lunar Energy's RTT. Many aspects of this unique design are geared towards
minimising the damage to the ecosystem within which they are installed and the marine life that
inhabits that ecosystem. These design features include utilising an outer housing, which eradicates
any potential danger from sharp blade tips; an open centre, reducing the radius of the blades and
therefore providing an escape route for marine life and finally no use of lubricating fluids that could
pose as a risk to marine life. Furthermore, alike the RTT, the Open hydro design is seabed mounted

and therefore is not visually polluting in any way.

Figure 6: Open Hydro's Tidal Turbine Concept

David Charles
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2.4.6 Blue Energy's Vertical Axis Ocean Turbine

This vertical axis tidal turbine design acts differently, in comparison to the previous three designs,
in the presence of tidal currents. Although the two designs both rely on hydrodynamic lift to turn,
this design (see Figure 5) works such that it rotates in the same sense for both ebb and flow of the
tide. The construction used in this design employs existing hydroelectric installation designs
therefore reducing cost and improving reliability:
“The design of the Blue Energy Ocean Turbine requires no new construction
methodology, it is structurally and mechanically straightforward.” (Blue Energy Canada
Inc. (2008))
Proposed design architectures for this technology range from a single SkW Micro Power System to
an amply named Mega Power System that consists of a tidal fence capable of providing thousands
of megawatts of power. The diversity of this technology implies it could be used in numerous

power generation scenarios.
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Figure 7: Blue Energy’s Vertical
Axis Ocean Turbine Design Concept
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2.5 Environmental Impact

The environmental impact of a tidal power scheme is still not entirely known and in particular long
term effects are merely speculation at this stage. However, it is logical to assume that a tidal power
scheme may effect the environment in terms of water quality, which in turn would effect the marine
life in close proximity. This is mainly applicable to tidal barrages, which are also proven to effect
water levels and tidal ranges in the estuary or basin they occupy (Baker, A.C. (1991)). These
impacts on the environment are not necessarily directly transferable to tidal stream devices such as
the ones described in the previous section but let it be assumed, noting that the environmental

impact of tidal power as a whole is largely speculative at this time, that to a certain degree they are.

The main consequences felt by the environment from tidal power devices stem from two funda-
mental characteristics of tidal turbines. These are that energy is extracted from the tidal flow and
that turbulent wake is formed following the flow having reached the turbine. The implications of

these factors are described in the following sub-sections.

2.5.1 Water Quality

There are numerous factors that may effect the water quality of a body of water used to supply a
tidal power scheme. These can be categorised into 5 individual aspects, namely: Salinity, turbidity,

pollutants, dissolved oxygen and bacteria.

Ocean salinity levels vary with global location from values of 30 grams/litre to values of 35
grams/litre. This, along with other variables such as water temperature, has a significant impact on
the marine life within an ocean ecosystem and dictates what type of sea-life you will find in a spe-
cific location. It has been noticed from tidal barrages currently in existence, such as the one in the
Severn estuary, that salinity varies from approximately 10grams/litre to 30 grams/litre. This is
primarily due to fresh water inflows from rivers, or in certain locations heavy rainfall (such as you

might expect during monsoon season), and has an effect on the marine life able to live in estuari