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Abstract
Tidal stream turbines (TSTs) have the potential to contribute significantly to the UK
energy needs. Currently, the sector is still in a primitive stage and has a relatively high
levelised cost of energy compared to other renewable energy sources. A reduction in
their cost can be made by improving their design through numerical modelling and
physical testing. This thesis will firstly present the classical blade element momentum
theory (BEMT) numerical model which is enhanced with additional features (1. foil shape
and Reynolds number dependence, and 2. transient turbulence and wave flow fields),
which are incorporated to improve the predictions of loads and performance of TSTs. The
improvements to the BEMT numerical model are quantified and validated by comparing
to empirical data from laboratory testing of five different TSTs (Magallanes ATIR, Sabella
D12, IFREMER, Oxford, and Barltrop). This inclusion of the foil shape and Reynolds
number dependence in the numerical model has improved the prediction of rotor loads by
up to 20%, whilst the inclusion of transient turbulence and wave flow fields has allowed
for simulation of TSTs in flow conditions that were not previously possible. Secondly,
the thesis presents the design and testing of a 3.0m diameter TST, named remote river
energy system (RRES). The BEMT numerical model was used to predict the loads on the
turbine which governed its design. A laboratory test rig was built to test the power take-off
and pump assemblies prior to deployment at Warrior Way, Pembrokeshire. Valuable
knowledge was gained throughout the design and testing stages of the RRES which will
improve future developments of TSTs. The improvements made to the BEMT numerical
model and testing of the RRES will help lower the levelised cost of energy and increase
the attractiveness of TSTs as generators of clean renewable energy.
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Chapter 1

Introduction & Literature Review

1.1 Introduction
The global energy demands of human activities, (i.e. industrial processes, transportation,
electricity generation, etc), is increasing year on year. There are many different opinions
on how to best fulfil our energy demands, differing greatly between different countries
and governments. Since the start of the industrial revolution, burning fossil fuels has
been our main source of energy which releases CO2 into the atmosphere, contributing
to climate change. 196 countries have adopted a legally binding international treaty on
climate change named the Paris Agreement. Its goal is to limit the increase in the global
average temperature to well below 2◦C of pre-industrial levels. The United Kingdom
government has set a goal of reaching net zero by 2050 by decarbonising all sectors of the
economy [20].
The renewable energy sector will play a key part in achieving the UK goal of net zero
by 2050. Tidal stream turbines (TST) technology is one potentially important part of the
renewable energy sector. Energy is harnessed from fast moving currents in the oceans
caused by the rise and fall of the tides as a result of the gravitational pull of the moon and
sun. Although tidal energy generation is still in its infancy, it has great potential as it is
very predictable compared to other renewable energy sources such as wind, solar or wave
[21]. Estimations of potential tidal energy resource in the United Kingdom are between
50.2-95TWh/yr (or around 3-6% of total energy demand), 105.4TWh/yr in Western Europe,
and 500-1000TWh/yr worldwide [22, 21].
It was not until the year 2000 that research and development in tidal energy was funded
by the UK government, approximately 25 years after they first funded other renewable
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energy systems such as wind and solar. This explains the current stage of development
in the tidal energy sector and why it is trailing other renewable energy sectors. In the
brief time since the inception of the sector, many exciting developments have been made.
Several testing centres have been built to enhance prototype testing of tidal turbines,
such as NaREC, the European Marine Energy Centre, and Wave hub. The development,
deployment, and demonstration of commercial scale devices such as the HS1500 [23] has
helped significantly increase the funding into TST research and development. Detail of
recent significant deployments of TST are given in Table 1.1.

TSTs, also interchangeably called tidal energy converters (TECs), have the potential to
become significant contributors of clean renewable energy, reducing our dependency on
fossil fuels [21, 22]. A significant barrier for TSTs is the expense of operations at sea; more
specifically the expense of planned and unplanned maintenance [24, 25, 26]. Improving
the design of TSTs through numerical modelling, development, and testing will reduce
the number of planned and unplanned maintenance and therefore greatly increase their
popularity.
Blade Element Momentum Theory (BEMT) is a common numerical model that is used for
design and performance evaluation of TSTs [27]. BEMT is often the preferred numerical
model as it offers acceptable accuracy for evaluation of turbine design iterations with
significant computational saving [28, 29, 30, 31]. In a computationally efficient manner,
BEMT calculates the performance of a turbine or propeller by combining two methods; the
momentum ”actuator disk” theory and the blade element theory [32, 33, 9]. A robust BEMT
model has been developed at Swansea University [28, 34], which will be the foundation
of this thesis. Foil shape and Reynolds number dependency, and transient features
are developed and included in the BEMT numerical model to improve its accuracy of
predicting TST performance and loads. Any improvements to the BEMT numerical model
are quantified by comparison to empirical laboratory experiments. Improvements in the
accuracy of the BEMT numerical model will directly enhance the design and evaluation of
TSTs. This will reduce the levelised cost of energy (LCOE) and thus increase the popularity
of TSTs as generators of clean renewable energy.
This thesis also continues the development and testing of a remote river energy system
(RRES) which is based on work from a previous project [35]. The brief for the RRES is
that it must be cheap and easily manufactured, particularly aimed towards developing
communities, as the development of any new energy solution should be reliable and
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Table 1.1: Detail of recent significant deployments of tidal stream turbines.

Developers Device Detail

SAE Renewables MeyGen 2 different sea-bed mounted tidal turbines;
HS1500 and AR1500. Both are rated to
1.5MW

Test site: MeyGen 1A at Inner Sound tidal
development site, Scotland. Currently the
installed capacity is 6MW (4 turbines). Pro-
ject is planned to develop into a 396MW
farm. As of 31st of Dec 2023, the project
has generated 61GWh. Both devices are 3
bladed turbines of 18m diameter rated to
1.5MW. The turbines weigh 150t mounted
on 1450t gravity foundation.

HydroQuest OceanQuest 1MW sea-bedmounted ver-
tical axis tidal stream turbine

Test site: Paimpol-Brehat, France. Suc-
cessfully tested between 2019-2021. Hy-
droQuest are currently developing a 2.5MW
version for a planned 17.5MW farm as part
of the flowatt project at Raz Blanchard, Nor-
mandy, France.

Orbital Marine Power Floating tidal stream turbine Orbital 02
2MW

Test site: Fall of Warness at the EMEC test
area, Orkney, Scotland. The 02 is a 72m long
tubular hull which supports two coaxial
two-bladed turbines of 20m diameter, with
a combined rated power of 2MW.

Magallanes Renovables Floating tidal stream turbine ATIR 1.5MW Test site: Fall of Warness at the EMEC test
area, Orkney, Scotland. The ATIR is a 45m
long vessel which has a 25m deep draft
which supports two coaxial three-bladed
turbines. The turbines have a diameter
of 19m with a combined rated power of
1.5MW.

Swansea University Remote river energy system (RRES) 7kW Test site: META Warrior Way, Pembrok-
shire, UK. The RRES is a 10m long floating
tidal stream turbine with a submersible
arm which supports a 3m diameter two-
bladed turbine. The device is developed
with minimal manufacturing and materi-
als cost with the aim for small developing
communities.
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affordable for all people. The development is done in four stages and follows the guidance
of IEC TS 62600-202:2022. Stage one, concept model, has already been completed in a
previous project [35]. Development stages 2-4 are presented in this thesis. The second
stage is a laboratory test rig that will be used to primarily test the PTO and control system.
The third stage is a deployment of the 0.9m diameter RRES at test site which will test the
performance, PTO, and control system of the RRES. The last stage is a deployment of the
3m diameter RRES at the test site which aims to demonstrate operability, maintainability,
access, and health and safety. Invaluable information is gained through the development
and testing of a TST which will help future projects. Increasing the reliability of TSTs
can be made by improving their components, which is achieved with better design,
manufacturing and assembly techniques, and deployment procedures.
The RRES design presented in this thesis is a platform to facilitate prototype technology
trials to further develop the concept. Design of the RRES is dictated by conditions at the
chosen test site, at Warrior Way, Milford Haven. The test area is a tidal estuary, with mean
depth at high water of 20m and a maximum tidal range of 10m. The current flow velocities
commonly range from 0-1.8m/s, with 1.3m/s as the highest reliable speed within a tidal
cycle. Under a severe weather event, it is hypothesised that the current flow velocity could
reach 2.2m/s.
The RRES version developed and tested in this thesis is designed for installation in a
tidal estuary. Energy is harnessed by transfer of rotational power from the rotor blades
through a geared system to actuate the power take-off (PTO) system, comprising a dual
action piston pump and one way valves. A closed loop control system is used to operate a
throttling valve which regulates the flow of water in the pipes and consequently the rotor
rotational rate. The system is comprehensively instrumented to allow for system design
and testing experiments. The components which are of particular importance are: PTO,
valves, chassis, safety braking, rotor blades, mooring, and sensors. Prior to deployment at
the Marine Energy Test Area, Wales, UK, a laboratory test rig is used to test the power
take off, valves, and sensors, with a motor replacing the rotor. Specification of the rotor
blades and performance predictions of the system is achieved using the BEMT numerical
model. Final design drawings are openly available which will facilitate application of the
design and improvements by other collaborators.
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1.2 Aims & Overview
There are two high level aims for the work presented in this thesis;

1. Improve the BEMT numerical model prediction of tidal stream turbines loads and
performances through the implementation of 1. element foil shape and Reynolds
number dependency, and 2. transient features.

2. Development and testing of the RRES, (stages 2-4 (scaled design model - full scale
prototype device)), using the BEMT numerical model throughout as a design tool.

The first part of this thesis presents the improvements and validation of the BEMT
numerical model. Two additional features are added; 1. foil shape and Reynolds number
dependency, and 2. transient turbulence and wave. Evaluation of the improvements
to the BEMT numerical model is made by an extensive comparison against empirical
laboratory data from five different rotor blades. The validated BEMT numerical model
is then used to predict the loads and performance of the RRES, used as the foundations
to the design process. The second part of this thesis presents the design process for the
RRES. As previously stated, the design process of the RRES follows the guidance of IEC TS
62600-202:2022 which gives best practices and recommended procedures for the early stage
development of a tidal energy converter. The development is split into four stages, with
stages 2-4 presented in this thesis. Stage one, concept model, has already been completed
in a previous project [35]. Stage 2 is design model (0.9m diameter version), stage 3 is
sub-system model (deployment of 0.9m diameter RRES), and stage 4 full scale testing of
prototype device (deployment of 3.0m diameter RRES). A laboratory rig is commissioned
to test the PTO and pump assemblies, replacing the input power from the rotor blades
with an electrical motor. The most important design details of the RRES then follows
which include the following; pontoon assembly, rotor blades, blade root bending moment
sensor, bearings, control system, and mooring. The last part of this thesis presents the
results from both the laboratory rig and deployment of the RRES. The results show that a
tidal stream turbine has been successfully designed and manufactured. It provides much
valuable information for further iterations of the RRES and to other developers of tidal
stream turbines.
In the remainder of this chapter, a review of the literature on general TEC principles and
selected test cases are given. Additional background on the literature for specific aspects
of the work is summarised elsewhere in the thesis, e.g. numerical methods in Chapter 3.
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1.3 Tidal stream energy converters
Tidal stream energy devices capture kinetic energy from ocean currents caused by the rise
and fall (flood and ebb) of the tides. Topographical features such as headlands, inlets,
straight, and shape of the sea-bed can significantly increase the ocean currents. A location
with a large tidal range is necessary to viably produce power at a commercial scale. Many
different types of tidal stream energy devices exists, capturing the kinetic energy of ocean
currents in various ways. The captured kinetic energy is converted into useful electrical
energy by generators.
In addition to tidal stream energy convertors, tidal barrages and lagoons can also generate
energy from tidal rise and fall by taking advantage of the height difference between low
and high tides [36, 37, 38]. Tidal barrages and lagoons have a dam, (i.e. barrage, wall,
barrier), which is constructed across tidal rivers, bays, and estuaries. The dam holds water
at high tide and releases the water during low tide through turbines, producing electrical
energy. In comparison to tidal current energy convertors, the environmental impact and
costs of tidal barrages and lagoons are significantly higher.
Tidal stream energy converters can be categorised under six main means of power capture;
horizontal axis turbine, vertical axis turbine, oscillating hydrofoil, enclosed tips venturi,
Archimedes screw, and tidal kite.

1.3.1 Horizontal axis turbine

The horizontal axis turbine is by far the most common tidal stream turbine and can be
described as a sea version of a conventional wind turbine. For a wind turbine, the flow of
air causes the rotors to rotate around the horizontal axis. In the same manner, the flow of
water causes the rotors of a tidal horizontal axis turbine to rotate around its horizontal
axis, generating power. HS1500 is an example of a 1.5MW horizontal axis tidal stream
turbine which is deployed as part of the MeyGen project off the north coast of Scotland
[23, 39]. Figure 1.1 shows pictures of the physical turbine and the planned farm layout.

1.3.2 Vertical axis turbine

A vertical axis turbine extracts energy from the current in a similar manner to the horizontal
axis turbine, but differs in the orientation of rotor rotation. As the name suggests, the
rotors rotate around the vertical axis [40, 41]. A schematic of a vertical axis tidal stream
turbine is shown in Figure 1.2a [3]. A French consortium of HydroQuest and Construction
Mecaniques de Normandie have successful developed and installed a 1MW vertical
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(a) (b)

Figure 1.1: MeyGen horizontal axis turbine, a) photo of the physical turbine, and b) CAD render of
the proposed tidal turbine farm.

(a) (b)

Figure 1.2: Vertical axis tidal stream turbine; a) Schematic of a vertical axis tidal stream turbine [3]
and b) photo of the HydroQuest vertical axis turbine [4].

axis tidal stream turbine (OceanQuest) at Paimpol-Brehat, Brittany [4]. A photo of the
OceanQuest being deployed is shown in Figure 1.2b.
A vertical axis turbine has some advantages compared to horizontal axis turbine. The
vertical axis turbine has a simpler design due to constant angle of attack across the
hydrofoil, resulting in it not requiring blade twist. Due to the simpler design, the
maintenance requirements and costs are lower. Vertical axis turbines also have better
performance in severe flow conditions. There is limited commercial deployment of
vertical axis turbines partially due to their low technology readiness level compared to
horizontal-axis designs. Also, at high energetic sites, horizontal axis turbines provide
higher power capture than vertical axis turbines [42].
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1.3.3 Enclosed tips Venturi
An enclosed tip Venturi tidal device concentrates the current flow to the swept area of the
turbine using Venturi duct or diffusers. They are also commonly know as ducted TST. Ducts
can be added to both horizontal and vertical axis turbines. The current flow is converged,
i.e. increase mass flow rate, towards the rotor and thus ducted turbines can produce the
same power as non-ducted turbines from a smaller turbine [43]. However, when comparing
total overall size, the ducted turbine is less efficient than an equivalent size non-ducted
turbine [44]. Another disadvantage of ducted turbines is the additional wake caused by
the structure of the duct, limiting their use in tidal arrays. Figure 1.3 shows photos of
ducted tidal stream turbine; a) DCNS-OpenHydro 0.5MW turbine and b) computer aided
design (CAD) schematic of planned OpenHydro turbine array with 2MW turbines [5].

(a) (b)

Figure 1.3: Photos of ducted tidal stream turbine; a) DCNS-OpenHydro 0.5MW turbine and b)
CAD schematic of planned OpenHydro turbine array with 2MW turbines [5].

1.3.4 Oscillating hydrofoil
An oscillating hydrofoil tidal device consists of a hydrofoil attached to an extended arm
[45]. As the current flows around the hydrofoil it creates lift, causing the arm to rise and
fall. The oscillating arm drives a hydraulic system which is used to create electricity. A
schematic of an oscillating hydrofoil tidal stream turbine is shown in Figure 1.4 [6].
The relative flow speed, and thus angle of attack is the same across the whole length of the
hydrofoil, permitting the hydrofoil of an oscillating turbine to have a straight, non twist
profile. This results in an easier and cheaper manufacture compared to axial turbine blades
which require a more complex geometry with twist. Due to the rectangular extraction
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Figure 1.4: Schematic of an oscillating hydrofoil tidal stream turbine [6].

plane, oscillating hydrofoil turbines can be used in shallow waters and riverbeds. The
efficiency of oscillating hydrofoil turbines is relatively poor due to the time required to
change the direction of oscillation [36]. Currently there is little development of commercial
scale oscillating hydrofoil turbines.

1.3.5 Archimedes screw
The Archimedes screw tidal energy device has the shape of a helical surface surrounding a
central cylindrical shaft. As the flow of the current moves up and through the helical screw,
the turbine is turned producing electricity. The Archimedes screw is fixed to the sea-bed
but is allowed to pivot to alter the angle and direction to the incoming flow. Improvements
in efficiency are seen by increasing the number of turns, decreasing the horizontal screw
angle, and increasing the ratio of inflow depth and radius. An advantage of the Archimedes
screw over other TST is its ability to operate well at low flow velocities [46]. The turbulence
and wake created from Archimedes screw turbine are minimal meaning that tidal arrays
can be more concentrated than other TST. Flumill are a Norwegian company which have
developed and deployed a commercial sized 600kW Archimedes screw turbine, shown in
Figure 1.5. No efficiency figures are given for this device, but as a low Reynolds number
machine, working mostly on drag forces, it is expected to be low.
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(a)

(b)

Figure 1.5: Photo of Flumill Archimedes screw tidal stream turbine [7], a) CAD model and b)
physical device.

1.3.6 Tidal kite

A tidal kite consists of a hydrofoil and a turbine which is tethered to the sea-bed. The flow
of the current causes the kit to “fly” in an orbit around the tether location. As the hydrofoil
is orbiting, the flow of water moves through the turbine producing power. A rudder is
positioned at the rear of the hydrofoil which dictates the orbital path of the tidal kite. The
movement of the kite increases the speed of the flow through the turbine, increasing the
potential power generation, which makes the tidal kite a particularly attractive option for
lower current velocity sites. Minesto are a Swedish developer of a tidal kite device, and
claim that their tidal kit moves 10x faster than than the current velocity [8, 6]. Minesto
DG-14 tidal kite has a wing span of 14m, rotor diameter of 1.15m, tether length of 110-140m,
and installation depth of 90-120m [8]. Figure 1.6 shows schematics of a) Minesto tidal
kite with key components labelled, and b) deployment of a tidal kite, which shows the
kite assembly tethered to the sea-bed and the path of travel [8]. The tidal kite requires a
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(a) (b)

Figure 1.6: Tidal kite schematics of a) Minesto tidal kite with key components labelled, and b)
deployment of a tidal kite which shows the kite assemble tethered to the sea-bed and the path of
travel [8].

large swept area to be commercially competitive, which is a weakness of the technology
compared to the other more compact TST.
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Chapter 2

Blade Element Momentum Theory

Blade element momentum theory and computational fluid dynamics (CFD) are common
numerical models that are available for predicting the performance of TST [27]. These
numerical methods are established from the wind turbine industry which is considerably
more mature than the TST industry. BEMT is often preferred to CFD numerical models as
it offers acceptable accuracy for evaluation of turbine design iterations with significant
computational saving [28, 29, 30, 31]. BEMT was initially developed in the late 19th

century for marine and aviation propellers with the model later applied to wind turbines
[32, 33, 9]. In a computationally efficient manner, BEMT calculates the performance
of a turbine or propeller by combining two methods; the momentum ”actuator disk”
theory and the blade element theory.

2.1 Literature Review

The BEMT model minimises its computational cost by making several simplifying assump-
tions, which are explained in detail in Section 2.2. A consequence of these assumptions is
that some important phenomena such as tip vortices and radial flow are neglected which
can significantly distort the predicted performance of a TST. Inclusion of loss factors, such
as tip, hub and high induction in the BEMT model can significantly improve its accuracy
[28, 34, 47, 48, 49, 50, 51, 52]. These typically serve as semi-empirical corrections that
account for some of the physical phenomena omitted by the assumptions underpinning
the model.
Madsen et al [52] compare BEMT and Navier-Stokes CFD solutions to conclude that
significant inaccuracies in the BEMT model are limited to the blade root and blade tip.
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They present corrections to improve the accuracy of the BEMT model. They show that
with the corrections, the BEMT model can be used as an accurate turbine performance
predictor. A method for including tip and hub losses in the BEMT model is described by
Masters et al [28]. They compare the correction factors of hub and tip loss from different
methods. Some corrective factors relied on empirical data which significantly increased
the computational cost of the BEMT model. Prandtl tip and hub corrections were selected
as they improved the accuracy of the BEMT model and did not rely on empirical data,
contributing a minimal computational expense to the BEMT model. Chapman et al [34]
describes a method for including tip, hub and high induction corrections to the BEMT
model. At high tip speed ratio (TSR), the axial induction factor predicted by the classical
BEMT becomes physically untenable. They propose a modified version of the Buhl high
induction correction factor that is used for wind turbines. The BEMT model is compared
to experimental data where it predicts power output well, but over predicts the axial force.
Lift and drag polars play a primary role in the BEMT numerical model. Masters et al
presents a comparison of BEMT results against experimental data for three rotors [1].
The sensitivity of the BEMT model to small changes in hydrodynamic properties of the
blade profiles (lift and drag properties) are studied. Table 2.1 summarises the changes to
maximum power and thrust coefficients and optimum TSR for the three different blades
in response to small changes in the lift and drag properties of the blade profiles. Small

Table 2.1: Changes to maximum power and thrust coefficients and optimum TSR for three turbines
used in experimental studies at Liverpool, IFREMER, and Manchester in response to small changes
in the lift and drag properties of the blade profile [1]
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changes in lift and drag polars has only a small effect on the predicted turbine performance
from the BEMT numerical model. This gives them assurance that during operation, when
small changes to the blade characteristics may occur due to biofouling or blade erosion, a
large drop in rotor performance is unlikely. The change in performance prediction of a
TST from the BEMT numerical model is correlated to the change in lift and drag polars,
i.e. the greater the change in the lift and drag polars, the greater the change in BEMT
predicted turbine performance.
Dynamic loads resulting from wave-current interactions amplify cycling loadings which
accelerate fatigue on tidal current rotor blades. El-Shahat et.al. have investigated the effect
of a wave field and resulting dynamic loads on tidal stream rotor blades, by modifying
a BEMT numerical model coupled with linear and non-linear wave theories [53]. They
state that the flow field cannot be assumed steady when accounting for wave effect and
current shear, and thus the azimuthal position of the rotor blades becomes very important
and must be accounted for in the BEMT numerical model. They also include a dynamic
stall model in their BEMT numerical model. The standard deviation of hydrodynamic
loadings of both in-plane and out-of-plane bending moments were significantly affected
by wave period and height.
Unsteady flow corrections have been incorporated into a BEMT numerical model by Perez
et.al., using empirical high-frequency data recorded by an ADCP in an energetic tidal site
[54]. They couple a classic BEMT numerical model with rotational augmentation and
dynamic stall corrections, which they suggest makes the numerical model more suitable
for unsteady conditions. The performance of a tidal current turbine in flow fields with
various turbulence intensities and integral length scales is estimated by comparing power,
thrust, and bending moment coefficients. They showed that standard deviations of the
coefficients were more sensitive than their means. They also found that the performance
coefficients were influenced more by turbulence intensities than integral length scales.
Vogel et.al. have addressed a key difference that exists between the flow field of wind and
tidal current turbines due to the density difference between water and air. As water is ~815
times denser than air, a tidal current turbine will experience "volume-flux constrained fluid
dynamics", (i.e. blockage effects), which results in a static pressure difference between the
upstream and downstream flow fields not seen in the case of wind turbines. The applied
thrust and blockage ratio of the turbine affects the flow speed through the rotor plane
and in the wake. This is accounted for in their BEMT numerical model by modifying the
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momentum theory equations. Their BEMT numerical model was compared to a blade
resolved numerical model, with agreement in thrust and torque prediction to within 3%.
Horizontal axis tidal turbines (HATT) are by far the most common type of TST but there
are vertical axis tidal turbines (VATT) in existence. VATT are often less complex and con-
sequently less expensive than HATT. However, most have significantly lower performance
characteristics and therefore have a higher cost. VATT often have higher solidity and
loading compared to HATT which causes issues with traditional BEMT models. Mannion
et al have developed an accurate BEMT model for high solidity VATT [29]. They use a
double stream-tube model which employs a graphical approach to determine the axial
induction factor compared to the iterative approach used in traditional BEMT models.
Power performance for low and high solidity rotors are compared between the BEMT
model and experimental data. The BEMT model produced peak efficiency values within
2.5% for the low solidity rotor and 10% for high solidity rotor against experimental data.

2.2 Theory

2.2.1 Steady-state model
This section firstly presents the derivation of the classical BEMT numerical model, which
uses two different models to describe the turbine; momentum theory and blade element
models. It then details the additional features that the implementation used for this
study have added to the classical BEMT numerical model to improve its predictions;
transient model, corrections, synthetic turbulence, waves, and foil shape and Reynolds
number dependence.

Linear momentum theory
The momentum theory assumes a stream-tube with an actuator disk that represents the
rotor as shown in Figure 2.1. One dimensional momentum theory models the turbine as
a frictionless permeable actuator disk which is assumed to impart no rotational velocity
to the flow. It is assumed that the actuator disk does not interact with the fluid outside
of the stream-tube. Energy is removed from the stream-tube by drag force produced by
the actuator disk, creating a pressure drop across it. Far upstream and downstream of
the stream-tube is assumed to be at ambient pressure, which means that the flow speed
must drop to satisfy Bernoulli’s Equation 2.1.

p∞
ρg

+
U2
∞
2g

+ z∞ − hturbine =
pW
ρg

+
U2
W

2g
+ zW (2.1)
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Figure 2.1: Energy extracting actuator disk and stream-tube [9].

The rate of change of momentum due to the actuator disk may be written as Equation 2.2
in terms of flow velocity U, density ρ, and cross sectional area A. The symbol ∞ refers
to conditions far upstream, D to conditions at the actuator disk, and W to conditions
in the far wake. FT is the axial force.

F T = U∞(ρA∞U∞)− UW(ρAWUW) (2.2)

Mass flow rate ṁ is conserved within the stream-tube, thus equation (2.2) can be re-
written as Equation 2.3.

F T = ṁ(U∞ − UW) (2.3)

Pressure difference immediately upstream and downstream of the actuator disk can also
be used to define the axial force, FT. The static pressure far upstream and downstream
of the actuator disk are equal to ambient pressure, p∞. Bernoulli’s equation is applied
separately upstream and downstream of the actuator disk which are represented in
Equations (2.4) and (2.5) respectively. UD is the flow speed at the disk, and p+D, p-D as
pressures immediately upstream and downstream of the actuator disk.

p∞ +
1

2
ρU2

∞ = p+D +
1

2
ρUD

2 (2.4)

p-D +
1

2
ρUD

2 = p∞ +
1

2
ρUW

2 (2.5)
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We can assume that the cross-sectional area of the stream-tube immediately upstream
and downstream of the actuator disk are effectively the area of the actuator disk, AD.
From this assumption, FT based on pressure differential, Equation 2.6, is derived from
Equations (2.4) and (2.5).

F T = AD
1

2
ρ(U2

∞ − UW
2) (2.6)

Equating Equation 2.6 to Equation 2.3 yields Equation 2.7

UD =
U∞ + UW

2
(2.7)

The fractional reduction in flow speed from far upstream, U∞, to flow speed at actuator
disk, UD is defined as the axial induction factor, a. Equations (2.8) and (2.9) are relationships
between flow speed with respect to the the axial induction factor.

UD = U∞(1− a) (2.8)

UW = U∞(1− 2a) (2.9)

Absorbed power, P, is the thrust (axial force) multiplied by the flow velocity at the actuator
disk, UD. Using Equation 2.6, generated power can be written as Equation 2.10. Substituting
in the axial induction factor, a, generated power can be rewritten as Equation 2.11.
Similarly the axial force, Equation 2.6, can be written in terms of the axial induction
factor as in Equation 2.12.

P = AD
1

2
ρ(U2

∞ − UW
2)UD (2.10)

P = AD
1

2
ρU3

∞4a(1− a)2 (2.11)

F T = AD
1

2
ρU2

∞4a(1− a) (2.12)

Rotational momentum theory
In the linear momentum treatment, flow entering the rotor disk has no rotational motion
at all. It is apparent that for a real horizontal-axis turbine, some of the axial flow energy
is converted to rotational momentum by the rotor disk as it imparts rotational torque
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on the fluid, which is done completely across the thickness of the disk. We introduce a
tangential induction factor, b, to expresses the change in tangential velocity; Equation 2.13,
where ω is the increase in tangential flow velocity and Ω is the tangential speed of the
rotor (control volume).

b =
ω

2Ω
(2.13)

To develop the momentum model to incorporate rotational effects, the stream-tube is
divided into annular sections with local radius r and thickness dr. The area of the
stream-tube annulus is 2πrdr. Multiplying the change in pressure across the rotor disk
by the annular area gives the elemental thrust; Equation 2.14.

dF T = (4b(1 + b)
1

2
ρΩ2r2)2πrdr (2.14)

Torque produced on the rotor disk, dT, disk is equal to the rate of change of angular
momentum of the fluid passing through it; Equation 2.15.

dT = dṁ(Ωr)r = ρUD2πrdr(Ωr)r (2.15)

Substituting Equations (2.8) and (2.13) into Equation 2.15 we get an expression for elemental
torque in terms of upstream flow, rotational velocity, and the induction factors a and
b; Equation 2.16. Similarly, the axial force in an annulus of area 2πrdr is derived from
Equation 2.12 and is given in Equation 2.17.

dT 1 = 4b(1− a)ρU∞Ωr2πrdr (2.16)

dF T1 = 2πr
1

2
ρU2

∞4a(1− a)dr (2.17)

Blade Element Theory
Due to the axial and tangential induction factors not being know a priori, the equations
derived from the momentum theory are of little use on their own. In order to solve for
these parameters, we need another representation of the torque and axial force on the rotor
blades; this is achieved using blade element theory. The blade element theory divides the
rotor blade into two-dimensional elements along its length. There is no fluid interaction
between the elements and thus the loads on the blades can be assumed to rely solely on
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the lift and drag characteristics of the blade shape.
Figure 2.2 is a diagram showing velocities and forces for a blade element at radius r
relative to the blade chord line. θ, α, and ϕ represent combined pitch and twist of the
blade, angle of attack of the blade from the resultant flow, and inclination of the resultant
flow relative to the rotor plane respectively. dL and dD are the elemental lift and drag
forces respectively whilst U is the resultant flow.

Figure 2.2: Blade element velocities and forces [9].

Blade element axial force and torque can be found by resolving their lift and drag forces.
These can be written in terms of their coefficients, CL and CD, and c the aerofoil chord
length and are given in Equations 2.18 and 2.19. N is the number of blades.

dF T2 = N
1

2
ρU2c(CLcosϕ+ CDsinϕ)dr (2.18)

dT 2 = N
1

2
ρU2cr(CLsinϕ− CDcosϕ)dr (2.19)

Equation 2.20 for the inclination of the resultant flow, ϕ, is derived from Figure 2.2.

ϕ = tan−1

(
U∞(1− a)

rΩ(1 + b)

)
(2.20)

Dimensionless local speed ratio, λ, is given in Equation 2.21. Substituting the local speed
ratio into Equation 2.20 gives Equation 2.22.

λ =
rΩ

U∞
(2.21)
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ϕ = tan−1

(
(1− a)

λ(1 + b)

)
(2.22)

Equation 2.23 for the resultant flow, U, can be calculated using Pythagoras’ theory.

U = U∞[λ2(1 + b)2 + (1− a)2]
1
2 (2.23)

Equations 2.18 and 2.19 can be equated with the momentum theory representations
given in Equations 2.16 and 2.17.

Numerical solving

Two formulae for element axial force Equations 2.17 and 2.18 and torque Equations 2.16
and 2.19 now exist, derived from two different theories. The equations are combined in to
a single minimisation objective function, g, Equation 2.24. This use of an objective function
was first published by Masters et al [28]. The objective function is solved iteratively for
the axial and tangential induction factors, a and b. E.g., a version of the BEMT numerical
model written in MATLAB achieved this with an active-set algorithm through the native
fmincon function. Once the induction factors are known, straightforward calculations
can be made to determine the performance of the rotor blades.

g = (dF T1 − dF T2)
2 + (dT 1 − dT 2)

2 (2.24)

Total rotor axial force, FT,rotor, and torque, Trotor, are the sum of the elemental axial force,
dFT, and torque, dT respectively.

2.2.2 Transient model
A typical BEMT model runs loops across different rotational speeds, outputting canonical
performance curves such as power coefficient vs TSR. Modelling unsteady flow conditions,
(e.g turbulent, wave, or tidal) requires a transient time dependent run. Described below
are some important modifications to the BEMT numerical model that are necessary for
transient simulations [55]:

1. Create 3D flow grid around turbine.

2. Calculate position of rotor blade relative to the flow grid.

3. Find corresponding flow vectors for each element.

4. Resolve flow vector such that turbine components are relative to the rotor blade.
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5. Solve elemental loads using BEMT.

6. Store data from time step for post processing.

7. Repeat steps 2-6 for the desired duration.

At every time-step a coarse loop determines the rotor rotational speed, based on the flow
field velocity, needed to meet the target Cp, Cp,target, and target TSR, λtarget. The starting
rotational speed of the rotor is defined by the user in the input file. At the end of every
time-step the rotational acceleration of the rotor, Ω̇, is calculated. The exact equation used
to determine the rotational acceleration of the rotor depends on the model used, but it
is calculated by subtracting lost torque, e.g friction, Tfriction, and generator, Tgenerator, from
hydrodynamic torque and dividing by the inertia of the rotor, I, Equation 2.25. Generated
torque is calculated using Equation 2.26 whilst frictional torque and inertia are user defined
inputs. When a constant rotational rate control scheme is employed for the turbine, the
generator torque term is allowed to change to maintain zero acceleration of rotor.

Ω̇ =
T hydrodynamic − T lost

I
(2.25)

T generator = Cp,target
1

2Ω
ρπR2

(
ΩR

λtarget

)3

(2.26)

The new rotational speed of the rotor is calculated using Equation 2.27. Ω is the rotational
speed of the rotor, ∆t is the duration of the time step, i is the current iteration and i +
1 is the subsequent iteration. Depending on the magnitude of the generated and lost
torque, rotational acceleration might be positive or negative resulting in acceleration or
deceleration of the rotor rotational speed.

Ω(i+ 1) = Ω(i) + Ω̇(i)∆t (2.27)

The generator model, Equation 2.26, gives the greatest control for user to define the lost
torque within the BEMT model. Within the generator model the user can select several
different parameters to best represent their problem. Application of braking, the duration
of the braking, free or fixed rotation of rotor and friction torque in system are some of the
most important parameters in the generator model.
The rotation speed of the rotor can be set to free or constant. Selecting free rotation is
similar to selecting no braking as it sets generator torque to zero, allowing the rotational
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speed to accelerate up to the freewheel condition - this is a means of investigating loads
under failure conditions. When the constant rotation velocity is selected, the generator
brake torque is calculated so that the rotational acceleration, A is zero. Another loss
torque that can be specified by the user is the friction in the system. This is applied in
the same manner as the generator braking torque.

2.2.3 Tip and hub corrections
The pressure difference between the suction and pressure sides of the rotor blades will
produce a spanwise flow, resulting in vortices at the tip. The classical BEMT numerical
model does not account for this physical phenomena and assumes no flow along the
span of the rotor blade. This flow around the span of the rotor blade adversely affects
the performance, resulting in BEMT numerical models over-predicting their power
production. Correction functions are used to account for these inaccurate assumptions
in the BEMT numerical model.

2.2.3.1 Tip loss

There are exact solutions to the tip loss behaviour [9, 56] which are computationally
intense, and therefore do not lend themselves to the computational efficiency of the
BEMT numerical model. Instead, semi-empirical corrections are used [28]. Prandtl’s tip
loss correction uses a factor Ftip to modify the momentum theory representation of the
hydrodynamic force components, i.e., as they appear in Equations 2.16 and 2.17 [57]. The
function treats the wake vortices sheets as a series of impermeable discs with mean velocity.
Prandtl’s tip loss function is given by Equation 2.28 [57], where θ is the inflow angle.

F tip =
2

π
cos−1(e−f ) (2.28)

f =
N

2

R− r

r sin(θ)
(2.29)

The momentum equations derived in Section 2.2.1 are updated with the tip correction factor;

dT 1 = 4F tipb(1− a)ρU∞Ωr2πrdr (2.30)

dF T1 = 2F tipπr
1

2
ρU2

∞4a(1− a)dr (2.31)

They are then combined with the blade element equations, ?? and ?? and solved.
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2.2.3.2 Hub loss

The hub loss function is included in the BEMT numerical model to account for vortices
shedding near the hub of the rotor blades as suggested by [33]. The hub loss function uses
the same underlying theory as the tip loss function and is given in Equation 2.32. It is
modified to work outwards from the blade root rather than inwards from the tip.

F hub =
2

π
cos−1 e−f (2.32)

f =
N

2

r −Rhub
r sin(θ)

(2.33)

It is slightly adjusted to work outwards from the blade root rather than inwards from the tip.
The hub loss function is included in the momentum equations in the same manner as the
tip loss function. Simplification of the loss functions is made by using a total loss function,
F , which is the product of F tip and F hub. The momentum equations thus become;

dT 1 = 4Fb(1− a)ρU∞Ωr2πrdr (2.34)

dF T1 = 2Fπr
1

2
ρU2

∞4a(1− a)dr (2.35)

2.2.3.3 High induction

One of the fundamental assumptions of the BEMT is that flow through a disc is bound
within a streamtube. When the axial induction factor, a, is greater than 0.5, this indicates
that the flow is reversed in the far wake, cf. Equation 2.9, which contradicts the fundamental
assumption of the BEMT that the flow is in an enclosed streamtube. This contradiction is
fixed through a high induction correction factor. The high induction correction factor gives
a new relationship between the axial induction factor and the thrust. The momentum
theory gives the following relationship between thrust coefficient and axial induction factor;

CT = 4aF (1− a) (2.36)

One high induction correction factor is the Glauert factor [9] Equation 2.37. It is used
when the critical axial induction factor, acrit, is reached, which is typically 0.4.

a =
1

F
[0.143 +

√
0.0203− 0.6427(0.889− CT)] (2.37)
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Figure 2.3: Thrust coefficient against axial induction factor for classical momentum theory, Buhl’s
high induction factor, two proposed induction relations, and experimental data [10].

Near the tip, the high induction correction factors and the tip correction factors are
dependent on each other [58]. Buhl [58] modifies Glauert high induction correction factor
to incorporate the tip and hub loss effects and is given in Equation 2.38.

CT =
8

9
+ (4F − 40

9
)a+ (

50

9
− 4F )a2 (2.38)

Thrust coefficient against axial induction factor for classical momentum theory, Buhl’s
high induction factor, two proposed induction relations, and experimental data is plotted
in Figure 2.3 [10]. The two proposed induction relations are theoretical solutions of CT =
CTMAX = 1) 1.5 and 2) 2.0 for a flat plate with alimit set to 0.4.
The BEMT numerical model used for the simulations presented in this thesis uses the
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classical model up until a critical threshold value which is set to 0.4; for higher values
of a, the Buhl correction of Equation 2.38 is implemented.

2.2.4 BEMT input flow fields
There are various flow field configurations available for the BEMT numerical model.
Simple flow fields such as uniform velocity “plug flow” or power law have limitations
when validating the BEMT results against experimental tests. A flow field which has
turbulence and waves gives most accurate and representative results, increasing the
robustness of the BEMT. The flow domain in the BEMT is a three-dimensional cuboid
running from {xmin, ymin, zmin} to {xmax, ymax, zmax} with a resolution in each axis
determined by the number of x, y, and z points variables. The flow vectors at any point
within the flow domain is obtained by linear interpolation [55].
Synthetic turbulence flow fields are created using the Sandia method [59, 60, 61], as
described in Section 2.2.4.1. It produces three-dimensional flow fields which are non-
physical, but match key statistical properties of real turbulent flows at low computational
cost. The flow field turbulence is described using the Von Karman spectrum. The
streamwise integral lengthscale is set to 0.2 times the rotor diameter [59, 60, 62, 63], and
an anistropic ratio (σu : σv : σw) = (1.00 : 0.75 : 0.56) is used [64].
Including waves in the BEMT input flow field is achieved by firstly calculating the water
particle velocities due to the wave, using the Airy wave theory. Then, we simply add the
wave flow field to the turbulent flow field. Interaction between waves and currents are
second order effects which are strongest at the surface [65]. The interactions have limited
effect on flow domain used in the BEMT, thus we ignore it. Care is needed to ensure
that both flow field domains are of the same size and have the same number of points
in each axis to ensure correct merger. A flow diagram of the methodology for creating
BEMT input flow field with turbulence and waves is shown in Figure 2.4. To ensure clarity
only two-dimensional slices of the flow field are shown.

2.2.4.1 Synthetic turbulence

Turbulent flow has a significant influence on the peak loads and fatigue life of TSTs
[62, 66, 67, 68, 69]. An accurate turbulence model must be used to correctly predict the
performance of TST from the BEMT numerical model. Solving governing fluid motion
equations for turbulent flow would be computationally expensive and would limit the
benefits of the BEMT numerical model. Synthetic turbulence methods produce three-
dimensional flow fields that are non-physical, but match statistical properties of real
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Figure 2.4: A two-dimensional flow diagram of the methodology for creating BEMT input flow
field with turbulence and waves.

turbulence at low computational expense [59, 66, 67, 68, 70, 60, 69]. The synthetic eddy and
Sandia methods are two common methods for generating synthetic turbulence [70, 60].
The synthetic eddy method was originally developed for the generation of inflow conditions
for large eddy simulation [70]. It fills the flow domain with randomly positioned
eddies that produce a local velocity. These synthetic eddies are not intended to be
realistic representations of physical eddies. Properties, such as magnitude of induced
velocity, anisotropy ratios, integral length scales etc, assigned to each eddy are based
on measurements from real flows. This will assure that the flow field induced by the
eddies will have the same Reynolds stress tensor as the real flow it is based on. Detailed
underlying mathematical description of the synthetic eddy method is described by N.Jarrin
in his thesis [71].
The Sandia method was originally developed to simulate wind flow fields [60], which
has been subsequently extended and applied to tidal stream flow fields [59]. It is a
spectral method based on an array whose every diagonal element corresponds to a point
in space for which a time-history of turbulence is to be generated. These diagonal elements
contains the power spectral densities (PSDs) of turbulence at the corresponding point
with randomised phase data; the off-diagonal elements of the array contains cross-spectral
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densities to ensure that the turbulent velocity fluctuations are correctly correlated across
space. Turbulent flow fields in strong tidal currents are well described by the von Karman
spectrum [61], which is used by Togneri et al in their analysis of synthetic turbulence [59].
A strength of the Sandia method is that it works well with limited measured data, (i.e., only
a PSD distribution and cross-correlation data; an analytic expression for cross-correlation
can be implemented where data is unavailable), and any arbitrary spectrum, measured
or theoretical. A drawback of the method is that although cross-correlation in space is
built into the model, all cross component correlations of velocity will be zero as they are
generated independently. Detailed underlying mathematical description of the Sandia
method is described by P.Veers [60].
Togneri et al [59] compare the Eddy and Sandia synthetic turbulence methods to generate
inflow conditions for a BEMT numerical model. Both methods satisfactorily replicate
certain statistical properties of real turbulent flow. An issue encountered with the synthetic
eddy method was that it produced a flow field whose velocity PSD diverted significantly
from that of real flows. They propose a simple modification to permit variable length-scale
pseudo-eddies which addresses the issue well [63]. Their simulations indicate that turbine
loads are directly proportional to turbulent intensity. They also state that for BEMT
simulations using synthetic turbulence the spectral properties of the turbine loads cannot
be predicted from knowledge of the corresponding velocity spectra alone.

2.2.4.2 Waves

Due to the location of floating tidal stream turbines (i.e. near the surface of the water),
waves have a significant impact on their rotor loads, particularly peak loads. Including
waves in the BEMT numerical model input flow fields will allow for quantification of
the influence of waves on rotor loads, and consequently their life span. Wave effects are
implemented in the BEMT inflow field using linear (Airy) wave theory to give analytic
expressions for the wave-induced velocities.

Airy “small amplitude” wave theory

The Airy wave theory, also known as linear wave theory, gives a description of the wave
kinematics and dynamics. Based on a simplified approach, it assumes that fluid flow is
inviscid, incompressible and irrotational, that the wave height is small compared to the
wavelength and water depth, and that the flow field is of uniform depth. Ocean waves
are not greatly influenced by viscosity, surface tension, or turbulence and thus a theory
derived from idealised two-dimensional fluid flow is justifiable.
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A wave of wavelength L and height H in water of depth d, from still water level (SWL), is
depicted in Figure 2.5 [11]. η is the water elevation from SWL and m is the wave number.
Detailed derivation of the Airy theory is well covered in literature [11, 72], and thus only
a few crucial steps will be highlighted here.

Figure 2.5: Two-dimensional small amplitude wave (Airy wave) theory [11].

Flow potential ϕ, of irrotational flow must obey Equation 2.39. This allows the bot-
tom and free surface boundary conditions to be defined as is written in Equation 2.40
and Equation 2.41.

∇2ϕ = 0 (2.39)

At z=-d ...∂ϕ
∂z

= 0 (2.40)

At z=0 ...(∂
2ϕ

∂t2
+ g

∂ϕ

∂z
) = 0 (2.41)

Deriving from the boundary conditions, the flow potential to be written as,

ϕ = A
g coshm(z + d)

ω coshmd
ei(ωt−mx) (2.42)

where A is the wave amplitude, g is the gravitational constant, z is depth, and ω is wave
frequency. Similarly, the water elevation η, can be written as,

η = −iAei(ωt−mx) (2.43)
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The horizontal and vertical water particle velocities can be calculated from Equation 2.44
and Equation 2.45.

u =
∂ϕ

∂x
= −iAω

coshm(z + d)

sinhmd
ei(ωt−mx) (2.44)

w =
∂ϕ

∂z
= Aω

sinhm(z + d)

sinhmd
ei(ωt−mx) (2.45)

The water particle accelerations are the time derivatives of those velocities.

u̇ =
∂u

∂t
= Aω2 coshm(z + d)

sinhmd
ei(ωt−mx) (2.46)

ẇ =
∂w

∂t
= iAω2 sinhm(z + d)

sinhmd
ei(ωt−mx) (2.47)

Acceleration “added mass” forces

Where there is significant acceleration in the inflow for a submerged body, added mass
forces can become significant. Forces exerted on a fully submerged fixed body in oscillatory
flow can be described by the Morison equation which is a semi-empirical function [73]. It
can be used to estimate the loadings caused by waves on offshore structures, specifically
tidal stream turbine rotor blades in this case.
The Morison equation consists of two constituent terms, drag and inertia as shown in
Equation 2.48. The drag term accounts for the flow velocity whilst the inertia term accounts
for the flow acceleration. Tangential force, F T-inertia, and thrust, FA-inertia, encountered by
the rotor blades due to wave accelerations can be calculated using the inertia term. Total
turbine tangential force, F T, and thrust, FME, is the sum of the inertia and drag terms.

FME = F drag + F inertia (2.48)

The inertia force per unit length in the wave propagation direction is represented by dF inertia

(Equation 2.49). Cm is the inertia coefficient (Equation 2.50), A is the cross-sectional area
of the rotor blades parallel to the wave flow direction, and u is the local incident velocity.

dF inertia = ρCmA
du

dt
dl (2.49)

For non-cylindrical structures, such as rotor blades, the inertia coefficient is made dependent
on the added mass coefficient, CA [73, 74, 75]. Ax is the cross-sectional area of the rotor
blade and MA is the added mass.
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Cm = 1 + CA = 1 +
MA
ρAxdl

(2.50)

Theodorsen’s theory is used as the basis to calculate the added mass of a rotor blade.
Derived from potential flow theory, it describes a thin plate making small amplitude
oscillations in both pitch and heave, calculating the lift per unit span. Rotor blades in waves
can be compared to Theodorsen’s flat plate oscillating in heave if the frame of reference
moves with the wave inflow and the blades are fixed at an angle, θ, to the oscillating flow.
Fixing the blade angle allows us to replace the chord length with c sin(θ). The added mass,
MA-axial, for axial oscillatory flow is given by Equation 2.51, similarly the added mass,
MA-tangential, for tangential oscillatory flow is given by Equation 2.52.

MA-axial = ρπ(
c sin(θ)

2
)2dl (2.51)

MA-tangential = ρπ(
c cos(θ)

2
)2dl (2.52)

Combining Equation 2.49, Equation 2.50, and Equation 2.51, Equation 2.52 gives rotor blade
thrust, FA-inertia, and tangential force, F T-inertia, due to the inertia “added mass” forces.

FA-inertia = ρ(1 +
π(c sin(θ))2

4Ax
)Ax

du

dt
r (2.53)

F T-inertia = ρ(1 +
π(c cos(θ))2

4Ax
)Ax

dv

dt
r (2.54)

For a rotor blade element, Equations (2.53) and (2.54) can be written as,

dFA-inertia = ρ(1 +
π(c sin(θ))2

4Ax
)Ax

du

dt
dr (2.55)

dF T-inertia = ρ(1 +
π(c cos(θ))2

4Ax
)Ax

dv

dt
dr (2.56)

2.2.5 Foil shape & Reynolds number dependence
One of the main strengths of the BEMT numerical model is its low computational demands,
and thus care is needed when introducing additional features. Assigning each element
in the representation of the rotor is a significant step towards higher-fidelity modelling
and can be achieved with a relatively simple and minimal code. A brief description of
each step in the BEMT numerical model is included below with emphasis placed on the
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additional geometry modelling feature. The core of the BEMT numerical model used in
this work follows the same procedure as any other basic BEMT numerical model and thus
detailed descriptions of these steps are omitted from this description.
Inclusion of the new geometry modelling feature is achieved in step 2.3. Prior to this
step, single lift and drag curves are assigned for all elements for preliminary calculations.
Following the calculation of Reynolds number across the rotor blade, unique lift and drag
curves are assigned to each element. Two tables are populated prior to the start of the
BEMT numerical model, one with lift curves and one with drag curves. Interpolation
of these tables take place during step 2.3, which depends on the Reynolds number and
geometry of each element. Precisely, the lift and drag curves that populate the tables
are lift and drag coefficients against angle of attack. Representation of the interpolation
tables is shown in Figure 2.6.

1. Import data

• Synthetic flow field

• Rotor blade geometry

2. Loop over blade elements

1 Assume values for two induction factors: axial (a) and tangential (b)

2 Calculate:

• Relative velocity
• Angle of attack
• Reynolds number

3 Assign unique lift and drag curves to each element

4 Calculate new values for the induction factors a and b

5 Feed these values back in as the starting values in 2.1 and repeat the process
until a converged solution is obtained

3. Induction factors a and b are read to the post processor which calculates the load for
each blade element and any subsequent parameters

32



2.2. Theory

Blade profile (e.g % thickness/chord)
100 45 30 27 24 20

Re
(1

x1
05

)

6 - - - - - -
5 - - - - - -
4 - - - - - -
3 - - - - - -
2 - - - - - -
1 - - - - - -

Figure 2.6: Representation of the interpolation table used in assigning unique lift and drag curves
to each element in the BEMT numerical model.

Calculation of Reynolds number

Reynolds Number, which is necessary in assigning accurate unique lift and drag curves to
each element in step 2.3 is calculated using Equation 2.57. Calculation of fluid velocity with
respect to the rotor blade, Equation 2.58, is required prior to the calculation of Reynolds
number. At each time step, Reynolds number for all elements is calculated, stored, and
used in the assigning unique lift and drag curves.
The extent that the Reynolds Number changes between time steps across the turbine rotor
blade is correlated to the turbulence intensity of the flow field. Higher turbulence flow
fields result in greater Reynolds number change which will increase the scatter in the
predicted performance results from the BEMT model.

Re =
V c

υ
(2.57)

V =
√
U2 + (ΩR)2 (2.58)

2.2.6 Alternative numerical models

2.2.6.1 Generalised Actuator Disk Computational Fluid Dynamics

Generalised actuator disk, and computational fluid dynamics are two numerical models
which have been combined by [76]. The generalised actuator disk computational fluid
dynamics (GAD-CFD) numerical model combines the advantages of both methods, the
accuracy of CFD and computational efficiency of GAD (a technique similar to BEMT),
without their main limitations. The GAD-CFD numerical model can model individual
TSTs and their wakes, but also how these interact with other turbines, modelling the
interactions of multiple turbines in farms.

33



2. Blade Element Momentum Theory

CFD and the governing equations

This model combines a finite volume CFD code from OpenFOAM toolbox [77] for its
implementation with additional source terms representing the rotor. The finite volume
code solves the Navier-Stokes equations for momentum, incorporating an additional
momentum source/sink term to characterise the interaction between the rotor and the
fluid flow.
The k-epsilon RNG [78] is implemented as the turbulence model because of work done
by [79] in demonstrating good fit with experimental data, and the effectiveness of the
k-epsilon RNG model for use with large downstream wakes and their structures [80].

The GAD-CFD method

The properties of each hydrofoil element are determined and leads to the definition of the
axial and tangential source terms, Sa and St, which are incorporated into the source terms
Si in the momentum equation. Full details of the method are presented by [80].

An extended downwash distribution method

An additional source term which represents the tip vortex induced downwash w, is
computed to improve the prediction of the effective tip losses on the flow field. The force
deflecting around the foil (Sa and St) is proportional to the downwash force w, and thus
is weighted by a downwash distribution function E(r).

[80] describes the use of the elliptical downwash distribution E(r) ∈ [0, ..., 1], when the
normalised distribution is 0 at the hub and 1 at the tip. However, a more robust distribution
method is used in the model used in this work, which utilises the foil geometry to generate
a more accurate representation of the downwash distribution. This method analytically
solves a set of linear equations based on Prandtl’s classical lifting line theory [81].
The axial and tangential source terms are given in Equation 2.59 and Equation 2.60. The
spanwise coordinate transform is a function of θ, where b/2 is the foil radius and 0 ≤ θ ≤ π

and is given in Equation 2.61. CL and CD are the lift and drag coefficients respectively, ρ
is the density, c is the chord length and vR is the resultant velocity.

Sa = dFA = 0.5ρ|vR|2c(CL sin(φ) + CD cos(φ)dr (2.59)

St = dF T = 0.5ρ|vR|2c(CL cos(φ)− CD sin(φ)dr (2.60)
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y = − b

2
cos(θ) (2.61)

The elliptical downwash distribution as a function of theta is given in Equation 2.62.

Γ(θ) = Γ0 sin(θ) (2.62)

It can be solved using a Fourier sine series to represent the distribution along a fixed
length foil. Thus, it can be presumed generally that:

Γ(θ) = 2bv∞

n∑
1

An sin(nθ) (2.63)

where the quantity ofN terms defines the required accuracy of the solution, and coefficients
An (where n = 1, ....., N ) are to be solved. However, the An’s must agree with Prandtl’s
lifting line equation, Equation 2.64, where it is evaluated at a given spanwise location θ0.

α(θ0) =
2b

πc(θ0)

N∑
1

An sin(nθ) + αFL=0(θ0) +
N∑
1

nAn
sin(nθ0)

sin(θ0)
(2.64)

Derived from the foil section geometry, b, c(θ0), and αFL=0(θ0) are all known values. Only
the An’s need to be determined. At a given spanwise location, specified θ0, Equation 2.64
is one algebraic equation with N unknowns, A1, A2, ....., An. The distribution of the
downwash (Γ(θ)) can be calculated by substituting the An’s in Equation 2.63 once the An

coefficients are determined.
The source term Si is appended to the momentum equation and defined thus:

Si = Sav̂ai + Stv̂ti + Svv̂wi (2.65)

as defined in Equation 2.59 and Equation 2.60, the scalar terms Sa and St are the magnitude
of the kinetic energy per unit volume in the axial and tangential directions. Sv is the
additional downwash force, v̂a and v̂t are the axial and tangential unit vectors respectively,
and v̂w is the unit vector normal to the plane defined by v̂a and v̂t.
Combining the downwash distribution function with the predicted axial and tangential
forces gives the downwash term:

Si = Sav̂ai + Stv̂ti + E(r)(Sav̂ai + Stv̂ti) (2.66)
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which simplifies and reduces the computational cost of the implementation.
From Equation 2.66, power and thrust is determined by:

T =
N∑
i=0

Sav̂aiV oliρ (2.67)

P =
N∑
i=0

Stv̂tiV oliρrω (2.68)

where Voli is the volume of cell, n is the set of cell indices, and i bounded by the flow
domain associated with the rotor.
Further model refinements have been made which include tip radius treatment and
radially changing foil sections, described in detail by [76].

2.2.6.2 Vortex Particle Method

One of BEMT’s most significant simplifications is the use of an assumed form for the loss
of momentum downstream of the turbine, as well as the assumption of no interaction
between the fluid in the streamtube of the turbine and the broader flow field. This means
that it is impossible to use BEMT simulations to predict details of the wake behind the
TST. The vortex particle method (VPM), in contrast to BEMT, resolves the physics of
the flow field and can therefore be used to simulate both TSTs and their wakes with
relatively little increase in computational cost.

Vortex Particle Method

The flow field is discretised into vorticity carrying particles in the unsteady Lagrangian Vor-
tex method [82, 83, 84]. The Navier-Stokes equations in their velocity and vorticity (u, ω)

formulations are used as the governing equations, along with the incompressibility
condition.

∇.u = 0 (2.69)

Dω

Dt
= (w.∇)u+ v∆w (2.70)

whereu is the velocity field,ω = ∇∧u is the vorticity field, and v is the kinematic viscosity.
The transposition of the momentum equation into the velocity-vorticity formulation is
given in Equation 2.70. The first term on the right-hand side, (ω.∇)u, represents the
stretching and the second term, v∆ω, the diffusion. The fluid domain is discretised into
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Np particles, with each particle, i, represented by its positionX i, vortical weight Ωi, and
volume V i. Equation 2.71 is a displacement equation for the ith particle, integrated using
regular time stepping schemes that describes the particles’ transport over time.

dX i

dt
= u(X i) = U i (2.71)

The evolution of the vorticity carried by each particle i, is described by the discretisation
of the Navier-Stokes Equation 2.70. Treatment of the stretching term is detailed by [85],
and the diffusion term by [86, 87].

dΩi

dt
= (Ωi.∇)U i︸ ︷︷ ︸

Stretching term

+ v|∆w|x=XiV i︸ ︷︷ ︸
Diffusion term

(2.72)

Helmholtz decomposition of the velocity field, Equation 2.73, is a crucial part of the
Lagrangian Vortex method. There are three velocity components, rotational uψ, potential
uϕ, and upstream u∞.

u = ∇ ∧ ψ︸ ︷︷ ︸
uψ

+ ∇ϕ︸︷︷︸
uϕ

+u∞ (2.73)

The rotational velocity component uψ accounts for the particle-to-particle interactions,
and the component Uψ is the discrete solution of the continuity equation by applying
the Helmholtz decomposition (Equation 2.73) into the definition of vorticity.

∆ψ = −w (2.74)

At any point M of the fluid domain, the solution of Equation 2.74 is given by the
Biot-Savart Law.

Uψ(M) =
1

4π

Np∑
i=1

MX i

|MX i|3
∧ Ωi (2.75)

The potential velocity component uϕ accounts for the influence of a solid body: in this
case, the presence of the turbine rotor blades [82]. Derived from the scalar potential ϕ,
the potential velocity component must satisfy:

∆ϕ = 0 (2.76)
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Equation 2.76 is obtained by substituting the velocity decomposition, Equation 2.73, into
the continuity Equation 2.69.
The upstream velocity component, as the name suggests, represents the upstream velocity
field at infinity, and is generally treated as a constant vector, although a Synthetic Eddy
method is used to model the ambient turbulence in this VPM model.
The time integration scheme uses a second order Runge-Kutta implementation. The
second order Runge-Kutta is preferred to the fourth order version due to the computational
efficiency whilst still producing reasonable accuracy.

Vortex Line Method

Within the VPM model of the flow field, the hydrodynamic forces due to the interaction
between the rotor blades and the flow are characterised using the vortex line method
(VLM). This method is based on generalised lifting line theory. The method is restricted to
blade geometries that are slender and have minimal curvature, showing little radial flow
interactions. The flow is assumed to be incompressible as the local onset flow velocities are
much smaller that the speed of sound; this is consistent with the assumptions underpinning
VPM. Displacements effects are also not included in the model. The flow domain can be
represented by Equation 2.77, with only the vorticity effects needing to be modelled.

σ = (∇⃗.u⃗) = 0 (2.77)

Figure 2.7 shows the resulting flow model [12]. Included in the Figure are vortex
lines which are part of a vortex ring as vortex tubes cannot have free ends (Kelvin’s
circulation theorem) [88, 12].

Figure 2.7: Vortex particle method; lifting line theory flow field model [12].

The total external force F exerted on a body by the fluid is given by:

F⃗ =

∫∫∫
ρ(u⃗xω⃗)dV (2.78)
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where the fluid vorticity ω is defined by:

ω⃗ = ∇⃗xu⃗ (2.79)

For a vortex line element dl, Equation 2.77 transforms into lift dL:

dL⃗ = ρ(u⃗xΓ⃗)dl = ρΓ(u⃗xdl⃗) (2.80)

The direction of the lumped volume vorticity distribution is used as the definition for the
positive vortex line element direction.
The velocity field associated with the volume distributed vorticity is given by:

u⃗w(x⃗p) =
1

4π

∫∫∫
w⃗xr⃗

r3
dV (2.81)

where x⃗p is the evaluation point, and:

r⃗ = x⃗p − x⃗ (2.82)

r =
√
r⃗.r⃗ = |r⃗| (2.83)

The Biot-Savart law is used to compute an equivalent formula for the velocity induced
by a volume of vorticity lumped into a vortex line element:

u⃗Γ(x⃗p) =
−1

4π

∫
Γ
r⃗xdl⃗

r3
(2.84)

2.2.6.3 Actuator line

The actuator line (AL) numerical model is an unsteady method which represents each
blade as a line acting as a momentum source/sink embedded within a domain where the
governing flow equations are solved using a CFD solver. As with many other tidal turbine
numerical models, the AL method was originally developed for wind turbines [89]. The
AL numerical model captures discrete blade effect such as tip vortices and wake structure
by embedding a discrete representation of the rotor blade in the flow domain CFD solver.
The rotor blades are replaced by point forces which are distributed along the span of each
rotor blade. The point forces are usually computed along the centre of pressure of the
blade. The flow domain is sampled at each timestep around the point forces for selection
of lift and drag polars. The polars are used to compute the resulting blade loads that are
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Figure 2.8: Schematic of Prantl’s classical lifting line theory on an aerofoil.

then reimposed back into the flow domain. The CFD solver then updates the flow domain
and proceeds to the next timestep. A numerical model rotates the rotor blades through the
flow domain without resolving the physical geometry of the blades, offering substantial
computational cost saving compared to blade resolved CFD numerical models.

Prandtl lifting line theory Prandtl lifting line theory is a common method used to
calculate the point forces along the span of each rotor blade [90, 91, 92]. Alternatively, AL
numerical models can also use a similar process to the BEMT to resolve the blade forces
from the lift and drag polars.
The Prandtl’s lifting line theory combines the concepts of circulation and the Kutta-
Joukowski theory. The theory assumes incompressible and inviscid flow, and models the
wing as a single bound vortex line located at 25% chord position. The flow over a finite,
high-aspect-ratio wing is represented by a sheet of semi-infinite vortices of variable strength,
originating from the locus of aerodynamic centres of the aerofoil, as shown in Figure 2.8.
The circulation of the aerofoil is assumed to vary as a function of the spanwise location.
The transformed coordinate of the spanwise location y is given by Equation 2.85, where
y is spanwise location, and s is half the span of the wing. The spanwise lift distribution
assumption is shown in Figure 2.9

y = s cos(θ) (2.85)
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Figure 2.9: Schematic of spanwise lift distribution of Prandtl’s lifting line theory.

The infinite Fourier sine series solution to Prantdl’s lifting line equation is used to
approximate the variation in section circulation along the span of a finite wing, Γ(θ).

Γ(θ) = 4sV∞

∞∑
n=1

An sin(nθ) (2.86)

Based on the definition of the lift coefficient and the Kutta-Joukowski theorem, a relation-
ship between the section circulation, Γ(θ), and the section lift coefficient,CL(θ), is given as,

CL(θ) =
2Γ(θ)

V∞c(θ)
(2.87)

Aerofoils at small angle of attacks can be assumed to have lift that can be closely ap-
proximated as a linear function of angle of attack. The section lift coefficient, CL(θ),
can be approximated by,

CL(θ) = CL,α(αe(θ) − α0L) (2.88)

where CL,α is the aerofoil section lift slope, αe(θ) is the effective local angle of attack,
and α0L is the zero lift angle of attack. Equation 2.87 and Equation 2.88 are combined
to give Prandtl’s lifting line equation applying on each lifting surface,

2Γ(θ)

V∞c(θ)CL,α
− αe(θ) = −α0L (2.89)

Once the effective local angle of attack, αe(θ), is calculated, the Prandtl’s lifting line
equation can be solved.

2.2.6.4 Computational fluid dynamics blade resolved

Computational fluid dynamics (CFD) blade resolved (BR) numerical models are the most
computationally intensive of all numerical models. It is the most detailed method to invest-
igate unsteady aerodynamic behaviour of flow round tidal turbine rotor blades and the
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generated wake [92, 93]. The BR CFD numerical model accurately describes the geometry
of the rotor blades in its simulations. The rotor blades and any other physical objects,
e.g. nacelle, tower, are explicitly represented in a domain that is discretised with a mesh.
Turbulence is modelled by using either unsteady Reynolds average Navier-Stoke (URANS)
model [94, 95], large Eddy simulations (LES) [96], or detached Eddy simulation (DES) [97],
as direct numerical simulations (DNS) to analyse tidal turbines is still not feasible. Many
options are available to model turbulence in BR CFD simulations, with the most appro-
priate option depending on the complexity of the problem, computational cost, and flow
conditions. A CFD solver is used to simulate the flow through the flow domain with the
physical surfaces, i.e. rotor blades, nacelle, are modelled as boundaries. Again, many CFD
solvers options exist, with the best option depending on the specific simulation parameters.

Governing equations The continuity, momentum, and energy are the fundamental gov-
erning equation of fluid dynamics, describing fluid motion, which forms the foundations
of CFD numerical models.
Conservation of mass;

∇ · u = 0 (2.90)

Conservation of momentum, derived from Newton’s second law: F = ma;

∂u

∂t
+ ∇ · (uu) = −∇p+ ∇ · (υ∇u) + f (2.91)

Conservation of energy, derived from the first law of thermodynamics;

∂

∂t
[ρ(e+

v2

2
)]+∇· [ρ(e+

v2

2
)v⃗] = ρq̇−

∂(up)

∂x
−
∂(vp)

∂y
−
∂(wp)

∂z
+ ρf⃗ · V⃗ (2.92)

2.3 Discussion & Conclusions
In this chapter, the BEMT numerical model used throughout this thesis has been described
in detail. Firstly, a comprehensive literature review of the development and current BEMT
numerical models has been presented, which includes studies of correction factors, blade
hydrodynamic properties, dynamic loads, unsteady flow conditions, blockage ratio, and
VATT. The underlying equations used in the steady-state BEMT are presented, which are
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Table 2.2: Summary of the strengths and limitations of various numerical models used for prediction
of tidal stream turbines.

Numerical
model

Strengths Limitations Computational
demands

Physical rep-
resentation

BEMT The BEMT numerical model is
the most computationally effi-
cient model which lends itself
to evaluation of tidal stream
turbines in the early develop-
ment stages and investigation
of a wide range of flow cases

Does not model physical fluid
flow and thus cannot simulate
tip vortices and wakes

1 4

GAD-CFD The GAD-CFD model offers
the benefits of both CFD and
GAD methods, the accuracy of
CFD and the computational ef-
ficiency of GAD without their
main limitations. The GAD-
CFD model can simulate the
interactions of multiple tur-
bines in farms

The flow domain is solved us-
ing a CFD solver which is
computationally intensive espe-
cially for more complex flows
with turbulence and waves

3 2

VPM The VPM model resolves the
physics of the flow field and can
therefore simulate rotor blade
loads and their wakes with min-
imal computational cost

The treatment of the boundary
conditions and the distortion
of particle distribution are an
intrinsic limitations

2 3

AL The AL method gives detail of
tip vortices and wake structures
without fully describing the ro-
tor blades (representation with
point forces) which gives sub-
stantial computational saving
compared to BR CFD

The blades are not physically
represented which is often a
source of error in predicting ro-
tor performance

3 2

BR CFD The BR CFD method accurately
describes the geometry of the
rotor blades in its simulations,
giving the most detail of the
aerodynamic behaviour of flow
around the rotor blades and the
generated wake

It is the most computational in-
tensive of all numerical models

4 1

Computational demands Physical representation
1. Very low 1. Very detailed
2. Low 2. Detailed
3. High 3. Inaccurate
4. Very high 4. Very inaccurate
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derived from two models; momentum theory and blade element theory. Following on
from the steady-state model, a description of the transient model and the various control
schemes are given. Details of the correction factors used in the BEMT numerical model in
this thesis are then given, which includes hub, tip and high induction.
An important feature of the BEMT numerical model used in this thesis is its ability to
assign each element an unique lift and drag curve based on its foil shape and Reynolds
number. The relatively simple and computationally inexpensive procedure used to achieve
this is described. Another important component of the transient BEMT numerical model
is the input flow field. An accurate flow field must be used to correctly predict the
performance of TSTs from the BEMT numerical model. The synthetic turbulence flow
fields are produced from the Sandia method which creates flow fields that are non-physical
but match statistical properties of real turbulence at low computational costs. The Airy
wave theory is used to model the wave kinematics and dynamics. The wave flow field is
combined with the synthetic turbulence flow field to produce a single input flow field
to the BEMT numerical model which includes turbulence and waves. An important
consequence of waves and turbulence on rotor blades are the acceleration “added mass”
forces. Details of how the acceleration forces are accounted for in the BEMT numerical
model are given.
In the last section of this chapter, four alternative numerical models which are used to model
TSTs are presented; GAD-CFD, VPM, AL, and BR CFD. The strengths and limitations of
each numerical model are summarised in Table 2.2. The BEMT numerical model is the
focus of this section of the thesis and used as a tool for the development of the RRES in the
later section due its ability to predict accurate loads and performance of a rotor blade in a
very efficient manner (i.e. quickly). It is particularly advantageous in early developments
of tidal stream turbines where design changes are numerous. In more mature projects
when they are in the stages of developing tidal farms, other numerical models which model
the fluid are needed to simulate the interactions between individual tidal stream turbines.
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Chapter 3

Blade Element Momentum Theory -
Case studies

The accuracy and robustness of the BEMT numerical model is validated by comparison
against empirical data from physical experiments and other numerical models. Com-
parison is made against two scale models of prototype tidal stream turbines and three
important lab-scale investigations of more general turbine geometries in a wide variety of
flow conditions.

Anonymisation of data
Coefficient of power, CP, is the ratio of output power produced from the available input
power, given in Equation 3.1; where P is the hydrodynamic power produced by the
rotor, AR is the rotor swept area, and U c is the free stream flow velocity. The specific
data on power and thrust for the Magallanes ATIR and Sabella D12 (see Sections 3.1.2
and 3.1.3) turbines are commercially sensitive. To anonymise the data, therefore, all
CP values on all figures relating to these turbines are scaled against a single value, the
optimum CP, and all CT values are scaled against CT for the same case. Coefficients
scaled in this way are denoted CP

∗ and CT
∗.

CP =
P

1
2
ρARU c3

(3.1)

CP,max = CP(TSR = TSRoptimum) (3.2)
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CP
∗ =

CP

CP,max
(3.3)

Coefficient of thrust, CT, similar to coefficient of power, is calculated using Equation 3.4,
where F T is rotor thrust. CT is normalised by dividing by the thrust coefficient, CT

+

(Equation 3.5), value which corresponds to the maximum coefficient of power, CP,max

(Equation 3.2), value used in normalising CP.

CT =
F T

1
2
ρARU c2

(3.4)

CT
+ = CT(TSR = TSRoptimum) (3.5)

CT
∗ =

CT

CT+
(3.6)

Tip speed ratio is defined as the ratio of the tangential speed at the tip of the rotor blade
against the free stream flow velocity.

TSR =
ΩR

U c
(3.7)

3.1 Turbine description
The important detail of the tidal turbines used in the BEMT numerical model case studies
will be presented in this section. These details will include rotor blade profile, including
their lift and drag polars.

3.1.1 Oxford
The tidal turbine Oxford blind test is being conducted and funded by the UK’s EPSRC and
Supergen ORE Hub [98]. Participants were invited to take part in the blind prediction
exercise of a flume-scale rotor geometry, where details of the test campaign and rotor
design were released, but performance data were withheld until the end of the exercise.
The main objectives of the project were to improve accuracy and confidence of modelling
techniques, and quantify modelling errors under different flow conditions. A large
experimental test campaign of a highly instrumented tidal turbine rotor in turbulent and
wave flow conditions was conducted to provide the underlying data. The first stage is
concerned with steady flow conditions with low and elevated turbulence (3.1%) [99]. A
second stage, concerned with unsteady flow including waves is planned but the laboratory
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Figure 3.1: Plot of Oxford rotor blade twist and chord against radial position.

results were not complete in time to present here.
The Oxford “benchmark project” tidal turbine has three rotor blades of 1.6m diameter.
The rotor blades have in-blade sensing, (strain gauges are located at six radial locations in
both edgewise and flapwise direction), to measure spanwise loading distribution which is
critically important to achieve Reynolds number independence. Additionally, blade root
bending sensors are located on the root of each rotor blade to measure individual loads. A
torque and thrust transducer is located upstream of the front bearing to measure accurate
total turbine torque and thrust. The rotor angular velocity and position is measured by a
rotary encoder.
A single hydrofoil, the NACA 63-415 is chosen for the rotor blade profile. Using a constant
profile across the blade radius will simplify the modelling process. The twist and chord
distribution along the benchmark rotor blade is visualised in Figure 3.1. A summary and
complete details of twist and chord distribution for the blades are given in Table A.1 and
Table A.2 respectively in Appendix A. The source data is available from [98].
Each rotor blade is represented by 176 radial elements of 0.004m length in the BEMT
numerical model. The polars used were lift and drag provided by the project co-ordinators,
and are given in Table A.3 in Appendix A. The lift and drag polars are plotted against
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Figure 3.2: Plot of polars of the hydrofoil NACA 63-415 at Reynolds number of 288,888 and
turbulence intensity of 0.01% used in for the benchmark cases.

360◦ angle of attack (AoA) in Figure 3.2. No interpolation of polars relative to Reynolds
number or blade geometry is done (i.e. single lift and drag data is used for all elements).

3.1.2 Magallanes ATIR

The Magallanes ATIR is a commercial floating tidal stream turbine structure which at
full-scale has two coaxial three-bladed turbines [100, 13]. In the laboratory and numerical
model only one turbine is tested. Figure 3.3 shows a photo of the physical laboratory scale
turbine used for experimental testing. The chord and twist distribution along the radial
length of the Magallanes ATIR rotor blade is plotted in Figure 3.4. The chord is normalised
by dividing all chord lengths by the maximum chord length. This is done to protect the
commercial sensitivity of the rotor blade. Table A.4 in Appendix A gives the normalised
chord and twist distribution along the radial length of the Magallanes ATIR rotor.
In the absence of laboratory lift and drag data, the XFOIL tool version 6.96 [2] and the flat
plate theory [101] are used to produce the lift and drag polars. The XFOIL tool is used to
produce lift and drag curves for angle of attacks between -5◦ and 15◦, with the remainder
of the 360◦ angle of attack being produced by the flat plate theory. The lift and drag
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3.1. Turbine description

Figure 3.3: Photo of the physical laboratory scale Magallanes ATIR turbine used for experimental
testing.

Figure 3.4: The chord and twist distribution along the radial length of the Magallanes ATIR rotor
blade.

coefficients of a flat plate are calculated using Equations 3.8 and 3.9 respectively [101]. This
is the procedure used for all consequent lift and drag polars that is produced in this thesis.

CL,FP = sin(2α) (3.8)
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3. Blade Element Momentum Theory - Case studies

Figure 3.5: Lift and drag coefficient against angle of attack for the NACA-63(3)418 aerofoil at a
Reynolds number of 5 × 105 used in the numerical modelling of the Magallanes ATIR turbine,
produced by the XFOIL tool [2] and flat plate theory.

CD,FP = 2sin2(α) (3.9)

The profile of the Magallanes ATIR rotor blades are based on the NACA-63(3)418 aerofoil.
Lift and drag polars against angle of attack for the ATIR rotor blade are plotted in Figure 3.5.
A Reynolds number of 5 × 105 is used as it is the average value across all laboratory
tests. The summary of the polars for angle of attack of 0-15◦ are given in Table A.5 in
Appendix A. Figure 3.6 shows a selection of CL and CD curves used in the improved
BEMT numerical model for the Magallanes ATIR case studies.
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Figure 3.6: Selection of CL and CD curves used in the improved BEMT numerical model in the
Magallanes ATIR steady-state case study.

3.1.3 Sabella D12
The Sabella D12 is a 5 bladed seabed mounted tidal stream turbine. A picture of the
proposed design is shown in Figure 3.7[13]. The chord and twist distribution along the
radial length of the Sabella D12 rotor blade is shown in Figure 3.8. The chord is normalised
by dividing all chord lengths with the maximum chord, as was done with the Magallanes
ATIR to protect the commercial sensitivity of this rotor blade. Table A.6 in Appendix A
gives the normalised chord and twist distribution along the radial length of the Sabella
D12 rotor.
The Sabella D12 rotor blades are based on the NACA-63(3)418 aerofoil profile. Lift and
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drag data for this profile at a Reynolds number of 2.5 × 105 was produced using the
XFOIL tool version 6.96 [2] for angle of attacks of -17.5-17.5◦, and flat plate theory for the
remaining angle of attack 0-360◦, and is plotted in Figure 3.9. Table A.7 in Appendix A
gives the summary of the polars for angle of attacks of 0-15◦.

Figure 3.7: Proposed design of the Sabella D12 sea-bed mounted tidal stream turbine [13].
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Figure 3.8: The chord and twist distribution along the radial length of the Sabella D12 rotor blade.
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Figure 3.9: Lift and drag coefficient against angle of attack for the NACA-63(3)418 aerofoil profile
at a Reynolds number of 2.5 × 105 used in the numerical modelling of the Sabella D12 turbine,
produced by the XFOIL tool [2] and flat plate theory.

3.1.4 Barltrop
A laboratory scale tidal stream turbine has been tested by Barltrop et al. [14, 15]. The
three bladed turbine has a diameter of 400mm which has rotor blades of length 160mm
with a maximum chord of 66.5mm. A picture of the laboratory scale Barltrop turbine is
shown in Figure 3.10 [14, 15]. The chord and twist distribution along the radial length
of the Barltrop rotor blades are shown in Figure 3.11. Table A.8 in Appendix A gives
the chord and twist distribution along the radial length of the laboratory scale Barltrop
rotor. The rotor blades have the NREL S814 aerofoil profile. The lift and drag polars for
this profile at a Reynolds number of 3 × 106 are given in Figure 3.12. The lift and drag
data were produced from wind tunnel testing [14, 15]. Table A.9 in Appendix A gives
the summary of the polars for angle of attacks of 0-15◦.
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Figure 3.10: Photo of the physical laboratory scale Barltrop turbine used for experimental testing
[14, 15].

Figure 3.11: The chord and twist distribution along the radial length of the laboratory scale Barltrop
rotor blade [14, 15].
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Figure 3.12: Lift and drag coefficient against angle of attack for the NREL S814 aerofoil at a
Reynolds number of 3 × 106 used in the numerical modelling of the laboratory scale Barltrop
turbine, produced by wind tunnel experiments [14, 15].

3.1.5 IFREMER
The IFREMER tidal stream turbine has 3 rotor blades which are designed based on the
NACA-63(3)418 aerofoil profile [16]. The profile of the rotor blades varies across their
radius, which starts as a cylinder at the root and thins towards the tip. The turbine used in
the laboratory and numerical model testing in the following work has a rotor radius of
362mm and a hub radius of 55mm. Figure 3.13 shows a photo of the IFREMER turbine
used for laboratory testing [16]. The chord and twist distribution along the radial length
of the IFREMER rotor blade is plotted in Figure 3.14. Table A.10 in Appendix A gives
the chord and twist distribution along the radial length of the IFREMER turbine. The
rotor blades are based on the NACA-63(3)418 aerofoil profile. The lift and drag polars
for this profile at a Reynolds number of 3.5 × 105 was produced using the XFOIL tool
version 6.96 [2] for angle of attacks of -17.5-17.5◦, and flat plate theory for the remaining
angle of attack 0-360◦, and is plotted in Figure 3.15. The summary of the polars for angle
of attack of 0-15◦ is given in Table A.11 in Appendix A.
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Figure 3.13: Photo of the physical laboratory scale IFREMER turbine used for experimental testing
[16].
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Figure 3.14: The chord and twist distribution along the radial length of the laboratory scale
IFREMER rotor blade.
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Figure 3.15: Lift and drag coefficient against angle of attack for the NACA-63(3)418 aerofoil at a
Reynolds number of 5 × 105 used in the numerical modelling of the IFREMER turbine, produced
by the XFOIL tool [2] and flat plate theory.

3.1.6 IFREMER - modified
The IFREMER turbine has been modified to be used on the RRES. The number of rotor
blades has been reduced from 3 to 2, whilst the chord has been increased by 1.5x to
maintain the same solidity as the original turbine. The number of blades has been reduced
from 3 to 2 to decrease the complexity of manufacture and maintenance to keep in line
with the aims of the RRES.
The rotor blades profile varies across their radius, which starts as a cylinder at the root
and thins towards the tip, and are based on the NACA-63(3)418 aerofoil. Two different
sized IFREMER modified turbine rotor blades are used in the development of the RRES.
The first has a diameter of 0.9m and a hub diameter of 0.195m, and the second has a
diameter of 3.0m and a hub diameter of 0.65m. A photo of the larger rotor blades is
shown in Figure 3.16. Table A.12 in Appendix A gives the twist, chord, and thickness
distribution along the radial length of the 3.0m diameter IFREMER modified turbine.
Similarly, Table A.13 in Appendix A gives the twist, chord, and thickness distribution
along the radial length of the 0.9m diameter IFREMER modified turbine. The rotor blades
polars have previously been given in Section 3.1.5, in Figure 3.15 and Table A.11.
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Figure 3.16: IFREMER modified rotor blades used for 3.0 diameter remote river energy system.

3.2 Laboratory test facilities
Important details of the laboratory test facilities used to obtain empirical data against
which the BEMT results are validated are presented in this section. These details include
physical parameters of the test facilities and their capabilities.
Flow velocity and turbulence intensity are the important flow condition parameters that
are needed to be known to replicate the laboratory test by numerical models. These
parameters are measured using a laser doppler velocimeter (LDV) and an acoustic doppler
velocimeter (ADV) in all test facilities.

3.2.1 IFREMER wave and current flume tank

The experimental testing of the laboratory scaled Magallanes ATIR, Sabella D12, and
IFREMER turbines ware completed at IFREMER wave and current flume tank in Boulogne-
Sur-Mer, France. Detailed description of the IFREMER wave and current flume tank
laboratory facility can be found in previous works [102, 17, 103, 104, 16]. Figure 3.17 shows
a schematic of the IFREMER wave and current flume tank used in the laboratory testing of
the Magallanes ATIR turbine [17].
The torque and axial force measurements for the rotor in the IFREMER flume are directly
measured on the rotation axis which eliminates nacelle or support drag in recorded data.
Each blade is fitted with a five-component load-cell at their root which measures two
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forces and three moments. The rotor is mounted to a motor-gearbox assembly which
allows accurate control of its rotational speed.
Flow speeds in the range of 0.8m/s-1.4 m/s are reliably achievable in the IFREMER
flume which equates to Reynolds number range of 2.7x105 − 5.7x105 based on chord
at 70% span. The mean velocity profile in the laboratory flume is fairly uniform across
the rotor span. Turbulence intensities of 1.5%, 3%, and 15% are attainable in the wave
and current flume tank with combinations of different flow straightening meshes. The
blockage ratio was ≈4.5% for the laboratory experiments which is deemed small enough
to neglect any effects [105, 106].

3.2.2 QinetiQ towing tank

The Oxford blind test turbine was tested in the QinetiQ towing tank facility in Haslar,
Portsmouth. The tow tank is 5.4m deep, 12.2m wide, and 270m long which results in
low blockage ratio of 3%. Carriage speeds up to 12.25m/s and drag loads up to 5kN are
achievable at QinetiQ towing tank. Different turbulence intensities can be generated by
placing different flow straighteners upstream of the rotor on the towing carriage.

Figure 3.17: Schematic of the IFREMER wave and current flume tank used for the laboratory testing
of the Magallanes ATIR turbine [17].
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3.2.3 University of Glasgow and Strathclyde wave and towing tank

The laboratory experiments of the Barltrop turbine were conducted in a 2.5m deep, 4.6m
wide, and 77m long wave and towing tank at the University of Glasgow and Strathclyde.
The blockage ratio is 1.1% and thus no corrections are necessary [105, 106]. Carriage
velocities up to 5m/s are achievable in the wave and towing tank. In a similar method
to the QinetiQ tow tank, different turbulence intensities can be generated by placing
different flow straighteners upstream of the rotor on the towing carriage. In the laboratory
experiments of Barltrop the thrust transducer could only measure in one direction, thus
axial force was only measured for positive values.

3.3 Foil shape & Reynolds number dependence

The first development of the Swansea University BEMT numeric model undertaken as
part of the studies described in this thesis was an adaptation to more accurately describe
the effects of turbine geometry, and in this section we examine the effect and size of this
adaption.
Four BEMT numerical model versions were tested, with each successive version increasing
the accuracy of the blade geometry modelling. The first BEMT numerical model (xx)
used single lift and drag curves for all elements, the “original” model. The second version
(gx) allowed unique lift and drag curves to be assigned to each element based on their
geometry profile. Similarly, the third version (xr) allowed unique lift and drag curves to
be assigned to each element but are based on their Reynolds Number alone. The fourth
version (gr) combines the second and third versions, allowing for unique lift and drag
curves to be assigned to each element based on both their geometry and Reynolds Number.
Summary of the four BEMT numerical model versions used in the case study of foil shape
and Reynolds number dependence are given in Table 3.1.

Table 3.1: Summary of the four BEMT numerical model versions used in the case study of foil
shape and Reynolds number dependence.

Version Geometry dependent? Reynolds number dependent?

1. xx ✗ ✗
2. gx ✓ ✗
3. xr ✗ ✓
4. gr ✓ ✓
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3.3. Foil shape & Reynolds number dependence

Results from the four BEMT versions are compared to laboratory testing of the Magallanes
ATIR, Sabella D12, and IFREMER turbines only (tests on the Oxford and Barltrop rotors
are described in Sections 3.4.1 and 3.4.3) to quantify any improvements in the predicted
turbine performance of the BEMT numerical models. Simulation parameters for the BEMT
numerical models were chosen to match the available laboratory data. Flow conditions,
in particular free stream velocity and turbulence intensity have a significant impact on
rotor performance. The BEMT numerical models used Sandia synthetic flow fields (see
Section 2.2.4.1) which statistically match the flow fields used in the laboratory testing.

3.3.1 Magallanes ATIR

Details of the Magallanes ATIR turbine and its laboratory testing are given in Section 3.1.2
and Section 3.2.1 respectively. Slama et.al. have previously studied the ATIR turbine
laboratory results [107]. Six different flow conditions are used for the analysis which
have different combinations of two flow speeds and three turbulent intensities. Plots with
results from all four BEMT versions and laboratory testing are produced for each flow
case. Specifically, the diagrams plot rotor blade Cp

∗ against TSR. Optimum rotational rate
of the Magallanes ATIR turbine rotor is deduced from laboratory testing and used as the
point of comparison between BEMT numerical model versions and flow cases. Details of
the flow conditions for each plot is given in Table 3.2. The flow conditions used in the
analysis are limited to those achievable in the laboratory testing, due to the necessity of
the laboratory results to validate any improvements to the BEMT numerical model.

Table 3.2: Details of the flow conditions used in each test case for the analysis of Reynolds number
and foil geometry dependence of the Magallanes ATIR turbine.

Test case Current speed (m/s) Turbulence intensity (%)

1 1.0 1.5
2 1.0 5.0
3 1.0 15.0
4 1.4 1.5
5 1.4 5.0
6 1.4 15.0

All results for Cp have been scaled to ensure commercial sensitivity is maintained, as
described at the start of Chapter 3. Plots of scaled coefficient of power against tip speed
ratio results from laboratory testing for the Magallanes ATIR turbine rotor at various
flow speeds and turbulent intensities are shown in Figure 3.18. Six curves are plotted
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which represent each of the test cases stated previously. Rotor performance increases
significantly with flow speed whilst relatively little change is seen with different turbulent
intensities. Optimum rotor performance is seen at TSR of 5.0 for flow speed of 1.0m/s
and at TSR of 4.5 for flow speed of 1.4m/s.
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Figure 3.18: Scaled plot of coefficient of power against tip speed ratio for laboratory results for the
Magallanes ATIR turbine rotor at various flow speeds and turbulent intensities.

Reynolds Number across the Magallanes ATIR turbine rotor blade has been calculated for
flow speeds of 1.0m/s and 1.4m/s at TSR of 4.75. A plot of Reynolds Number against rotor
blade radial distance is shown in Figure 3.19. There is very little difference in Reynolds
Number variance across rotor blade radius at different turbulence intensities and thus
this is not included in the diagram. As expected, the Reynolds Number distribution
across the rotor blade has the same shape at different flow speeds and differs only in
magnitude. The Reynolds Number distribution for the Magallanes ATIR turbine rotor
blade increases from its minimum at the blade root to its maximum around the mid rotor
radius length, element 7, and then decreases towards the rotor tip. Minimum Reynolds
Number is approximately 40% of the maximum value, seen at the rotor hub, and the
Reynolds Number at the rotor tip is approximately 60% of the maximum value.

Cp
∗ against TSR results for each of the tested flow cases from BEMT versions 1-4 and

laboratory results are shown in Figure 3.20. Summary and comparison of the maximum
Cp

∗ results can be found in Table 3.3. As previously stated, each test case represents
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3.3. Foil shape & Reynolds number dependence

Figure 3.19: Reynolds number against rotor radial distance for the Magallanes ATIR rotor blade at
current speeds of 1.0m/s and 1.4m/s at TSR of 4.75.

different flow conditions which differ by current velocity and turbulence intensity. Results
for all test cases follow the same trend and have similar curves with the only major
difference being maximum CP, which varies up to 10% between low and high current
velocities.
All BEMT versions over-predict the performance of the turbine. BEMT version 1.xx is the
most inaccurate in matching the laboratory results followed closely by version 3.xr, with
the difference exaggerated in the overspeed operating range (TSR > 4.75). Considerable
improvement in matching laboratory results over the whole range of tested TSR is seen by
BEMT versions 2.gx and 4.gr, with version 4 always being the best match. Prediction of
optimum TSR from the BEMT numerical model is in good agreement with the empirical
laboratory data, although difficult to fully compute due to the low resolution of the
empirical laboratory data.
Test case 6 in Figure 3.20 shows an inflection in BEMT version 3 at the overspeed region at
TSR of 8. This is due to the axial induction factor >0.4 which has caused the high induction
correction factor to be used as described in Section 2.2.3.3.
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(d) Flow case 4
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Figure 3.20: Reynolds number and foil geometry dependency study; scaled plot of coefficient of
power against tip speed ratio from BEMT versions 1, 2, 3, and 4, and laboratory testing in various
flow conditions for the Magallanes ATIR turbine.
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Table 3.3: Reynolds number and foil dependency testing of the Magallanes ATIR turbine; summary
of maximum scaled coefficient of power results from BEMT versions 1, 2, 3, and 4, and laboratory
testing across 6 flow cases.

Flow cases

Maximum scaled Difference in maximum coefficient
coefficient of power of power to laboratory (%)

BEMT version Laboratory BEMT version
1.xx 2.gx 3.xr 4.gr 1.xx 2.gx 3.xr 4.gr

1 1.000 0.873 0.934 0.834 0.780 +28.2 +12.0 +19.7 +6.9
2 1.000 0.880 0.937 0.842 0.832 +20.2 +5.7 +12.5 +1.1
3 1.000 0.887 0.946 0.844 0.748 +33.7 +18.6 +26.5 +12.9
4 1.000 0.874 0.933 0.835 0.822 +21.6 +6.3 +13.5 +1.6
5 1.000 0.881 0.936 0.841 0.796 +25.7 +10.7 +17.7 +5.7
6 1.000 0.886 0.944 0.843 0.846 +18.2 +4.7 +11.6 -0.3
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3.3.2 Sabella D12

Details of the Sabella D12 turbine and its laboratory testing are given in Section 3.1.3 and
Section 3.2.1 respectively. Slama et.al. have previously studied the D12 turbine laboratory
results [107]. The Sabella D12 rotor blades have a constant profile which means that there
is no scope to introduce varying foil geometry in the BEMT numerical model. As such,
improvements to the BEMT numerical model are based solely on the inclusion of the
Reynolds number dependency for the D12. Only BEMT versions 1.xx and 3.xr are tested.
Six different flow conditions are used for analysis which have different combinations
of three flow speeds and two turbulence intensities. Plots with results from the BEMT
version 1.xx and 3.xr, and laboratory testing are produced for each of the flow conditions.
Specifically, the diagrams plot torque, T, against TSR. Optimum rotation rate of the D12
turbine is deduced from laboratory testing and is used as the point of comparison between
cases. Detail of the flow conditions for each plot is tabulated in Table 3.4.

Table 3.4: Details of the flow conditions used in each test case for the analysis of Reynolds number
and foil geometry dependence of the Sabella D12 turbine.

Test case Current speed (m/s) Turbulence intensity (%)

1 0.8 1.5
2 0.8 15.0
3 1.0 1.5
4 1.0 15.0
5 1.4 1.5
6 1.4 15.0

All results of torque have been scaled to ensure commercial sensitivity is maintained. This
is done exclusively for each set of results visualised by dividing all torque values by the
maximum torque value in each individual plot. Plot of scaled torque (T∗) against TSR for
laboratory results of the Sabella D12 turbine rotor at various flow speeds and turbulent
intensities are shown in Figure 3.21. Six curves are plotted which are for each of the flow
conditions stated previously. Both flow speed and turbulent intensity influence the rotor
performance. Higher flow speed results in increased rotor performance whilst an increase
in turbulent intensity decreases the rotor performance. Optimum rotor performance is
seen at TSR of 3.8 for all flow conditions. Torque is used for the analysis of the Sabella D12
turbine rotor blade rather than power, as used for the Magallanes ATIR turbine, due to the
available laboratory data. Limited rotational rate data is available due to recording issues.
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Figure 3.21: Plot of scaled torque of coefficient of power against tip speed ratio for laboratory
results for the Sabella D12 turbine rotor at various flow speeds and turbulent intensities.

Figure 3.22 shows the Reynolds Number against rotor blade radial distance for the Sabella
D12 tidal stream turbine at three flow speeds of 0.8m.s−1, 1.0m.s−1, and 1.4m.s−1 at TSR
of 3.8. Plots with the same flow velocities are combined as turbulence intensity has little
effect on the Reynolds Number. The Reynolds Number distribution across the rotor blade
has the same shape at different flow speeds and differs only in magnitude. Maximum
Reynolds Number is seen at the blade root. It decreases to its minimum value, which
is 70% of the maximum, at 80% of the rotor blade radius, and then increases to 75% of
the maximum value at the rotor blade tip. The Reynolds Number across the Sabella D12
turbine rotor blade varies by 30%, which is a comparably small range and is likely to
result in minimal improvements in the BEMT model rotor performance predictions vs.
the conventional BEMT version 1.xx without variable Reynolds number.

Scaled torque against TSR for each tested flow conditions for BEMT versions 1.xx and 3.xr
and laboratory results are shown in Figure 3.23. Summary of the maximum scaled torque
results can be found in Table 3.5. As previously stated, each plot represents different flow
conditions which differ by free stream flow velocity and turbulence intensity.
Results for all plots follow the same trend and have similar curves with the only major
difference being maximum torque, which varies up to 12% between low and high current
velocities. The BEMT version 1.xx and BEMT version 3.xr have similar results due to
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3. Blade Element Momentum Theory - Case studies

Figure 3.22: Reynolds number against rotor radial distance for the Sabella D12 rotor blade at
current speeds of 0.8m/s, 1.0m/s, and 1.4m/s at TSR of 3.8.

the relatively small Reynolds Number variance across the rotor blade. Prior to optimum
rotor operating speed, BEMT version 1.xx predicts slightly higher torque values than
BEMT version 3.xr, whilst after optimum rotor operating speed BEMT version 3.xr predicts
higher torque than BEMT version 1.xx. At optimum rotor operating speed, both BEMT
versions predict higher torque values than recorded in the laboratory testing. In every
tested flow condition BEMT version 1.xx predicts higher maximum torque values than
BEMT version 3.xr. Another observation from Figure 3.23 is that test cases 2, 4, and 6 have
higher optimum TSR values compared to test cases 1, 3, and 5. Test cases 2, 4, and 6 also
have a less abrupt fall in Cp in the stall region, hypothesised to be a result of a delay to the
boundary layer reversal leading to stall in higher turbulent flows. The higher turbulence
intensity test cases, (e.g. 2, 4, and 6), are more energetic and thus explains the higher
optimum TSR.
Turbulence intensity of the flow field has a significant impact on the difference between
maximum torque predicted by the BEMT versions and what is recorded from laboratory
testing. In low and medium flow speeds test cases (1-4), the difference in maximum
torque values of the BEMT and laboratory results are significantly larger than in the
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Figure 3.23: Reynolds number and foil geometry dependency study; plot of scaled torque against
tip speed ratio from BEMT versions 1.xx, and 3.xr, and laboratory testing in various flow conditions
for the Sabella D12 turbine.
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higher flow speeds test cases (5-6). In the high flow speed cases (5-6), the difference
in maximum torque values of the BEMT versions and the laboratory results decrease
slightly with higher turbulent intensity.

Table 3.5: Reynolds number and foil dependency testing of the Sabella D12 turbine; summary of
maximum scaled coefficient of power results from BEMT versions 1.xx, and 3.xr, and laboratory
testing.

Flow cases

Maximum scaled Difference in maximum
torque torque to laboratory (%)

BEMT version Laboratory BEMT version
1.xx 3.xr 1.xx 3.xr

1 1.000 0.951 0.938 +6.6 +1.4
2 1.000 0.942 0.839 +19.2 +12.4
3 1.000 0.947 0.925 +5.6 +2.4
4 1.000 0.978 0.884 +13.1 +10.6
5 1.000 0.984 0.967 +3.4 +1.8
6 0.996 0.981 1.000 -0.6 -1.9

3.3.3 IFREMER
Details of the IFREMER turbine and its laboratory testing are given in Section 3.1.5 and
Section 3.2.1 respectively. Slama et.al. have previously studied the IFREMER turbine
laboratory results [107]. Four different flow conditions were used for analysis which
have different combination of two flow speeds and two turbulent intensities. A plot with
results from all four BEMT versions and laboratory testing are produced for each of the
flow conditions. Specifically, the diagrams plot rotor Cp against TSR. Note that unlike
the Magallanes ATIR and Sabella D12 cases discussed in the previous two sections, the
performance of the IFREMER turbine is not commercially sensitive and the performance
data is therefore not scaled as was done in those cases. Optimum rotation rate of the
IFREMER turbine is deduced from laboratory testing and is used as the point of comparison
between cases. Detail of the flow conditions for each plot are given in Table 3.6.

Table 3.6: Details of the flow conditions used in each test case for the analysis of Reynolds number
and foil geometry dependence of the IFREMER turbine.

Test case Current speed (m/s) Turbulence intensity (%)

1 0.6 3.0
2 0.6 15.0
3 1.0 3.0
4 1.0 15.0
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3.3. Foil shape & Reynolds number dependence

Plots of Cp against TSR for laboratory results of the IFREMER turbine at various flow
speeds and turbulent intensities are shown in Figure 3.24. Four curves are plotted which
represent each of the flow conditions stated previously. As with other turbines, both flow
speed and turbulent intensity influence the rotor performance. Generally, increase in flow
speed increases the rotor performance whilst an increase in turbulent intensity decreases
the rotor performance. Optimum rotor performance is seen approximately at TSR of 4.0
and 4.5 for flow conditions with speeds of 0.6m/s and 1.0m/s respectively. Comparison
of turbine performance from the BEMT and laboratory cases will be made at TSR of 4.25.
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Figure 3.24: Plot of scaled coefficient of power against tip speed ratio for laboratory results for the
IFREMER turbine rotor at various flow speeds and turbulent intensities.

Reynolds Number across the IFREMER turbine rotor blade has been calculated for flow
speeds of 0.6m/s and 1.0m/s at TSR of 4.25. A plot of Reynolds Number against rotor
blade radial distance is shown in Figure 3.25. There is very little difference in Reynolds
Number variance across rotor blade radius at different turbulence intensities and thus
these are not included in the diagram.

The Reynolds Number distribution across the rotor blade is the same at different flow
speeds and differs only in magnitude as is seen in the other rotor blades. The Reynolds
Number distribution for the IFREMER turbine rotor blade increases from its minimum
at the hub to its maximum just prior to the tip. A significant drop in Reynolds Number
is seen at the tip element due to a rapid change in rotor blade geometry. Minimum
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Figure 3.25: Reynolds number against rotor radial distance for the IFREMER rotor blade at current
speeds of 0.6m/s and 1.0m/s at TSR of 4.25.

Reynolds Number is 13% of the maximum value, which gives a large range that will
provide significant scope for BEMT improvements.
Cp against TSR for each tested flow conditions for BEMT versions 1-4 and laboratory
results are shown in Figure 3.26. Summary and comparison of the maximum Cp results
can be found in Table 3.7. Results for the BEMT versions follow the same trend across
the different flow conditions. Prediction of rotor performance is always highest in BEMT
version 1.xx, followed by version 3.xr, version 2.gx, and finally version 4.gr. There is very
little difference between rotor performance prediction results from BEMT version 2.gx
version 4.gr, i.e., correcting for Reynolds number effects does not have a strong influence on
BEMT numerical model predictions that already account for radially-varying foil geometry.
Generally, the BEMT versions under-predict the rotor performance when compared to
laboratory results: exceptions to this are in the overspeed region, and for a broad range of
TSR values in flow case 2. The best correlation between the BEMT versions and laboratory
results is seen at the higher turbulence intensity flow conditions. An anomaly in the
results has occurred in test case 2 for BEMT versions 1.xx, 2.gx, and 3.xr between TSR
3.5-4.5 where a dip in CP is seen. This is due to non linear stall of the rotor due to the
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3.3. Foil shape & Reynolds number dependence

high turbulence and low mean flow speed of the flow field. This is not seen in BEMT
version 4.gr due to the assignment of different lift and drag polars.
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Figure 3.26: Reynolds number and foil geometry dependency study; plot of scaled coefficient of
power against tip speed ratio from BEMT versions 1.xx, 2.gx, 3.xr and 4.gr, and laboratory testing
in various flow conditions for the IFREMER turbine.

Table 3.7: Reynolds number and foil dependency testing of the IFREMER turbine; summary of
maximum scaled coefficient of power results from BEMT versions 1, 2, 3, and 4, and laboratory
testing.

Flow cases
Maximum coefficient of power Difference in maximum coefficient

of power to laboratory (%)
BEMT version Laboratory BEMT version

1.xx 2.gx 3.xr 4.gr 1.xx 2.gx 3.xr 4.gr

1 0.396 0.355 0.382 0.351 0.405 -2.2 -12.3 -5.7 -13.3
2 0.435 0.389 0.414 0.383 0.375 +16.0 +3.7 +10.4 +2.1
3 0.408 0.366 0.393 0.361 0.425 -4.0 -13.9 -7.5 -15.1
4 0.439 0.392 0.416 0.386 0.420 +4.6 -6.7 -1.0 -8.1
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3.3.4 Discussion & Conclusions

In the classical BEMT model, the rotor blades are modelled using single lift and drag
curves for all elements in version 1.xx whilst in version 4.gr each element is assigned
unique lift and drag curves based on their foil geometry and Reynolds Number. Using
unique lift and drag curves for each element is a more accurate representation on the rotor
blades and should improve the performance prediction of the BEMT model. Due to the
constant geometry profile of the Sabella D12 turbine rotor blades, it was only possible
to use BEMT versions 1.xx and 3.xr in its analysis, the inclusion of Reynolds Number
dependency. Full analysis has been undertaken on the Magallanes ATIR and IFREMER
turbine rotor blades, made possible due to their varying blade geometry.
As is seen in all results, BEMT version 4.gr always predicts lower turbine rotor performance
compared to BEMT version 1.xx. This can be explained by the geometry of the rotor blades
which has been previously described in detail. In BEMT version 1.xx all elements are
assumed to have the same lift and drag characteristic which is inaccurate. Both the ATIR
and IFREMER rotor blades have circular profile at their roots which gradually thins to
their main profile. Accurately portraying the lift and drag characteristics of all elements
across the rotor blades, as is achieved in BEMT version 4.gr, decreases the predicted
performance of the turbine rotor which is mainly due to the lower performance of the inner
most elements which were previously being represented as having performance closer to
the outboard elements with better hydrodynamic characteristics. This particularly lowers
Cp at high TSR values, where most of the effective torque is generated from the inboard
sections of the rotor blades.
The best match to the laboratory results is always seen with the most accurate BEMT
version 4.gr for the Magallanes ATIR and Sabella D12 turbine rotors. The IFREMER
turbine rotor results are not as straightforward, with the best match to laboratory results
seen with different BEMT versions depending on the flow conditions. The closest match
to the laboratory results is seen with BEMT version 4.gr for the high turbulence (15%) flow
conditions and BEMT version 1.xx for the low turbulence (3%) flow conditions. A possible
explanation for this observation is that the flow fields with 3% turbulence intensity in the
laboratory experiments are not accurate. It is difficult to achieve accurate low turbulence
in a flume and is most probably below 3%.
There is only one flow condition that was common across all rotors whose laboratory tests
are summarised in this section: 1.0m/s free stream velocity and 15% turbulence intensity.
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3.3. Foil shape & Reynolds number dependence

A plot of Cp
∗ against TSR for all rotor blades is shown in Figure 3.27. BEMT version

1.xx, BEMT version 4.gr, and laboratory results are included for the Magallanes ATIR
and IFREMER turbine rotors and BEMT version 1.xx, BEMT version 3.xr, and laboratory
results for the Sabella D12 turbine rotor. As discussed above, BEMT version 4.gr predicts
lower rotor performance compared to BEMT version 1.xx for the ATIR and IFREMER
turbines. There is very little difference between BEMT versions for the D12 turbine due
to the constant geometry of its rotor blade and minimal Reynolds number change. An
improvement of 20% in predicting laboratory maximum rotor performance results is seen
for the ATIR turbine rotor from BEMT version 1.xx to BEMT version 4.gr, whereas the same
change in BEMT model decreases the accuracy of the predicted performance result for the
IFREMER rotor by 3%. Although the accuracy in predicting maximum rotor performance
decreases between BEMT version 1.xx and 4.gr for the IFREMER rotor, the accuracy of
predicted power output across the broader range of TSR values (i.e., between TSR 3 & 7)
has improved by 5%.
As previously discussed, a classical BEMT model (version 1.xx) assignes each blade element
with the same lift and drag polars which causes inaccuracies in predicting the performance
of a TST. Improvements have been made to the BEMT model by assigning unique lift and
drag polars to each blade element in the work presented in this thesis. Additionally, further
improvements could be made to the classical BEMT model by studying the behaviour and
effects of the correction factors. In the work presented in this thesis, the improvements
were achieved by accurate assignment of lift and drag polars to the hub elements, which
were previously over prediciting their hydrodynamic performance. A future study should
look at the possibility of achieving the same improvements by using the correction factors.

Conclusions

Rotor blade geometry modelling in the BEMT model is, in general, improved by introducing
the ability to assign unique lift and drag curves to each element based on their foil geometry
and Reynolds number. Comparison of BEMT rotor performance prediction with and
without the improved blade geometry modelling has been made against laboratory results.
In the majority of cases, the BEMT model with the advanced blade geometry modelling
reproduce closer results to those of the laboratory testing when looking at optimum Cp

only; in cases where prediction of optimum Cp is not specifically improved, results across
a broader range of TSR values nonetheless tend to be better than in the classical BEMT
model.
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Figure 3.27: Plot of scaled coefficient of power against tip speed ratio in flow condition of free
stream velocity of 1.0m/s and turbulence intensity of 15% for BEMT version 1.xx, BEMT version
4.gr, and laboratory results for the Magallanes ATIR and IFREMER turbine rotor blades and BEMT
version 1.xx, BEMT version 3.xr, and laboratory results for the Sabella D12 turbine rotor blade. For
each turbine, the CP value used to scale the results is taken as the optimum CP in the BEMT version
1.xx simulation.

BEMT model prediction of maximum rotor performance to laboratory results has improved
by an average of 20.0% and 4.6% respectively for the Magallanes ATIR and Sabella D12
turbine rotor blades whilst it has decreased by 3.0% for the IFREMER turbine rotor with
the inclusion of the improved blade geometry modelling.
Comparing BEMT versions 2.gx and 3.xr, it is clear that including geometry dependence
has significantly greater impact on the BEMT model than that of Reynolds Number
dependence. Including geometry dependence compared to Reynolds Number dependence
has an average of 40% greater improvement in BEMT rotor performance prediction to
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laboratory as discussed in Section 3.3.4. This is unsurprising as there is a more significant
change in geometry than Reynolds Number across the rotor blades.
In every tested case, the BEMT versions which include the improved blade geometry
modelling predict reduced rotor performance. This is due to accurate assignment of lift
and drag curves to each BEMT element. BEMT elements in the original model, particular
ones towards the blade hub, were assigned lift curves which were inappropriate and
over-predicted their performance. This had a particularly strong effect at high TSR, where
near-hub sections have a proportionally greater effect on the turbine torque and power.
The flow conditions have significant impact on the BEMT results. Rotor performance is
positively correlated to free stream velocity whilst turbulence intensity can change the
operating region of the turbine. It is possible that different synthetic flow field methods
could significantly influence the BEMT prediction of turbine performance of turbine
performance, but that is beyond the scope of the study presented here.
Introducing the improved blade geometry modelling to the BEMT model has increased the
computational time by approximately 10%. This is an acceptable increase in computational
time in respect to added accuracy of the blade geometry modelling and the BEMT model
prediction of rotor performance.
Increasing the accuracy of the BEMT model in predicting tidal stream turbine rotor
performance will result in improved rotor blade design and reliability. This will in
turn reduce the cost associated with tidal stream turbines, increasing their adoption
as generators of low carbon energy.

3.4 Uniform flow with turbulence

In this section three rotor blades (Barltrop, ATIR, Oxford) are studied in flow field with
constant mean current flow velocity with varying levels of turbulence. The Barltrop rotor
is studied first where the BEMT numerical model is compared to laboratory results and
another BEMT model. Secondly, the ATIR turbine is studied where the BEMT numerical
model is compared to laboratory and GAD-CFD results. The last study is of the Oxford
turbine, where the BEMT numerical model is compared against laboratory results and a
number of different numerical models. This section aims to highlight the capabilities and
limitations of the BEMT numerical model. The alternative numerical models which are
compared against the BEMT model in these case studies are dictated by the available data.
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3.4.1 Preliminary test

Barltrop: Details

The first steady-state case study is performed on the Barltrop rotor blade. Details of the
Barltrop turbine and its laboratory testing are given in Section 3.1.4 and Section 3.2.3
respectively. The turbulence intensity of the flow is negligible, as the test was carried out
in a still-water towing tank, and is presumed to be 0 in the synthetic flow fields used in
the numerical model input. This uniform flow case study is included as a precursour
to the Barltrop wave cases, with the aim to show good agreement between the BEMT
model and laboratory prior to including waves. 16 individual flow fields (plug flows)
are used as inputs for the numerical model, each with different flow velocity. Details
of the steady-state flow field are given in Table 3.8. The rotor has a constant rotational
speed of 200rpm and the current velocity is varied between 0-1.6m/s. Rotor performance
predictions from the numerical model are compared to laboratory experiments and
Barltrop BEMT numerical model [14, 15].

Table 3.8: Details of the parameters for the steady-state flow fields for the testing of the laboratory
scale Barltrop turbine. The turbulence intensity is ≈0% and the rotor rotational speed is 200rpm
for all cases.

No. Current speed (m/s) Tip speed ratio

1 0.1 41.88
2 0.2 20.94
3 0.3 13.96
4 0.4 10.47
5 0.5 8.38
6 0.6 6.98
7 0.7 5.98
8 0.8 5.24
9 0.9 4.65
10 1.0 4.19
11 1.1 3.81
12 1.2 3.49
13 1.3 3.22
14 1.4 2.99
15 1.5 2.79
16 1.6 2.62

Barltrop: Results & Discussion

Figure 3.28 shows torque and axial force results against current speed from the BEMT
numerical model, Barltrop simulation, and Barltrop experiments. The Barltrop numerical
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results are from a BEMT model. The Swansea BEMT numerical model matches the torque
and axial force results from Barltrop experiments and simulations very well up to current
speed of 1.3m/s, which equates to a TSR of 3.2. At current speeds higher than 1.3m/s, (i.e.
in stall, TSR below 3), the Swansea BEMT model drastically under predicts both torque
and axial force compared to Barltrop. The drop in torque and axial force in the Swansea
BEMT model is due to the tip correction which is overly aggressive for the Barltrop rotor.

Figure 3.28: Torque and axial force results against current speed from the BEMT numerical model,
Barltrop simulations, and Barltrop experiments.

3.4.2 BEMT vs GAD-CFD

Magallanes ATIR: Details

The second steady-state case study is performed on the Magallanes ATIR rotor blade and is
intended to show the difference between the BEMT and GAD-CFD numerical models. The
GAD-CFD numerical model is described in Section 2.2.6.1. All results from the GAD-CFD
numerical model have been produced by C. Badoe. Detail of the Magallanes ATIR turbine
and its laboratory testing are given in Section 3.1.2 and Section 3.2.1 respectively. This case
study is in steady-state flow fields, i.e. uniform mean flow and turbulence without waves.
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Details of the steady-state flow fields are given in Table 3.9. Flow fields with two different
current speeds, each with three different turbulence intensities, are studied.

Table 3.9: Details of the parameters for the steady-state flow fields for the testing of the Magallanes
ATIR.

No. Current speed (m/s) Turbulence intensity (%)

1 1.0 1.5
2 1.0 3.0
3 1.0 15.0
4 1.4 1.5
5 1.4 3.0
6 1.4 15.0

Unlike the Barltrop case described above, different TSR are achieved by changing the
rotation rate of the rotor blades. The Cp and CT results are averages of a time series of
length 30s performed at each TSR.
Each test case has results from four sources; 1) original BEMT version 1.xx, 2) improved
BEMT version 4.gr, 3) GAD-CFD, and 4) laboratory experiments. The BEMT version 1.xx
(1) and GAD-CFD (3) numerical models assigns each rotor blade element with the same
lift and drag characteristics, Figure 3.5, while the BEMT version 4.gr (2) assigns each rotor
blade element with unique lift and drag characteristics based on their foil geometry and
Reynolds number, Figure 3.6, as detailed in Section 3.3. Analysis of the original version 1.xx
vs improved version 4.gr BEMT numerical models has already been done in Section 3.3,
but due to the GAD-CFD using a single lift and drag polars (same as the BEMT version
1.xx), the BEMT version 1.xx is thus also included in this study for further comparison.

Magallanes ATIR: Results & Discussions

Figure 3.29 is a plot of CP
∗ and CT

∗ against TSR for the laboratory scale ATIR turbine
from both the versions 1.xx and 4.gr BEMT numerical models, GAD-CFD model, and
laboratory experiments in flow fields with current speed of 1.0m/s and turbulence intens-
ities of (a) 1.5%, (b) 3%, and (c) 15%. Similarly, Figure 3.30 is for current speed of 1.4m/s.
Standard deviation is shown as a shaded band around the mean value for the BEMT
models and laboratory results, but this data was was not available from the GAD-CFD
model due to difficulty running the model long enough to achieve statisticlly stability, and
limitations with data storage. Good agreement in standard deviation is seen between the
BEMT models and laboratory results across all cases which indicate that the performance
variability due to the effects of turbulence is being correctly modelled in the BEMT. The
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BEMT version 4.gr is the most accurate at predicting the optimum operating TSR in flow
with uniform mean flow with turbulence.

The BEMT version 1.xx tends to predict optimum at 1 TSR higher than the laboratory
results. This suggests a higher lift:drag ratio at low angle of attacks in the numerical model
than in reality. This could be due to surface finish of rotor blades, twist and profile errors
in the manufacturing of the blades, or poor estimation of drag. XFOIL is used to generate
the lift and drag data which tends to underestimate the drag, especially at low Reynolds
number. Another possible reason could be the simplification of the geometry in the BEMT
version 1.xx numerical model. As the rotor rotates faster, the centre of productive torque
action on the blade moves inwards. On the real blades, this is where the section becomes
more like a cylinder, i.e., it is worse-performing hydrodynamically; but in the BEMT
version 1.xx numerical model this stays as NACA-63418. In the BEMT version 4.gr, the
portions of the blade with less hydrodynamically-effective sections are represented more
accurately and therefore their contribution to rotor torque and power is reduced, which
reduced the optimum TSR.
The prediction of the maximum CP

∗ is most accurately achieved by the BEMT models
whilst the GAD-CFD model over-predicts by an average of ∼7%, which has also been
observed in previous studies [76]. Implementation of GAD-CFD models tend to fall short
of accurately determining tip losses, which are a function of the hydrofoil geometry. It is
important to note that the prediction of maximum CP

∗ by the GAD-CFD is significantly
different between the two mean flows; GAD-CFD over-predicts by ∼15% in the 1m/s flow
fields but by only ∼7% in the 1.4m/s flow fields which we hypothesise to be related to
Reynolds number effects meaning that sectional lift and drag coefficients are more accurate
in the 1.4m/s flow cases. The maximum CP

∗ from the BEMT version 4.gr is always lower
than that of the BEMT version 1.xx. This is due to the uniquely assigned lift characteristics of
the rotor elements, which on average have a worse hydrodynamic performance. Generally,
the laboratory experiments show that rotor performance decreases sharply in overspeed
region which the BEMT version 1.xx and GAD-CFD numerical models fail to capture,
but the BEMT version 4.gr replicates better. In the overspeed region, we have low and
negative angle of attacks for outboard sections of the blades; an explanation of the failure
of the models in capturing the sharp decrease in rotor performance could be due to poor
estimations of drag and negative lift at negative angle of attacks. On the contrary, the rotor
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(a)

(b)

(c)

Figure 3.29: Plot of CP
∗ and CT

∗, with errorbands representing standard deviation, against TSR
for the laboratory scale ATIR turbine from both the original and improved (versions 1.xx and
4.gr) BEMT models, steady state GAD-CFD model, and laboratory experiments in flow fields with
current speed of 1.0m/s and turbulence intensities of (a) 1.5%, (b) 3%, and (c) 15%.
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(a)

(b)

(c)

Figure 3.30: Plot of CP
∗ and CT

∗, with errorbarband representing standard deviation, against
TSR for the laboratory scale ATIR turbine from both the original and improved (versions 1.xx and
4,gr) BEMT models, steady state GAD-CFD model, and laboratory experiments in flow fields with
current speed of 1.4m/s and turbulence intensities of (a) 1.5%, (b) 3%, and (c) 15%.
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performance in the stall region is well matched by all the numerical models, particularly
as the turbulence intensity increases.
CT

∗ plots for all flow cases follow the same trend. Up to a TSR of 4 the numerical models
are in good agreement with the laboratory experiments, with the GAD-CFD model always
predicting higher values than the BEMT models. Above a TSR of 4, the numerical models
predict that the CT

∗ flattens whilst the laboratory experiments have CT
∗ continuing to

increase. This could be due to high-induction effects which are accounted for in the BEMT
model with the high induction and tip loss correction factors. Further research is needed
to evaluate the effects of these correction factors which is outside the scope of the work
presented in this thesis. The gap between the models can be explained by physically
modelled high induction from the GAD-CFD vs. semi-empirical correction in the BEMT.
Another possible cause for the difference between the BEMT and GAD-CFD models is the
blockage caused by the interaction of the flow field in the GAD-CFD with the boundary
conditions. There is no interaction between the flow field and the boundaries in the BEMT.
Incorporating rotor element foil geometry and Reynolds number dependency in BEMT
has very little impact on the CT

∗ predictions.
Increasing the flow field current speed has negligible effect on mean CP

∗ prediction
from the numerical models, although a decrease of ∼5% in maximum CP

∗ is seen with
increasing turbulence. A decrease of ∼4% in CP is also seen in the laboratory experiments
with increasing turbulence intensity, but contrary to the numerical models, laboratory
experimentsCP

∗ increases by∼6% with current speed. Increasing the turbulence intensity
has negligible effect on the CT

∗ predicted from the numerical models, but CT
∗ from the

numerical models does increase by ∼12.5% with an increase in current speed from 1.0m/s
to 1.4m/s. The measured CT

∗ from the laboratory experiments does not significantly
change with either current speed or turbulence intensity.
The summary of the results are detailed in Table 3.10. The results are averaged across all
cases in each study, i.e. the optimum TSR for the BEMT version 1.xx for study 1 is the
average of the optimum TSR for the BEMT version 1.xx across all six cases presented. In
the first study, uniform mean flow with turbulence, the best numerical model at predicting
optimum TSR was the BEMT version 4.gr, whilst the GAD-CFD and the BEMT version
4.gr numerical models are equally as good at predicting CP

∗ between TSR 3-6 and its
maximum. The GAD-CFD model tends to over-predict by ∼5% whilst the BEMT version
4.gr tends to under-predict by ∼5%.
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Table 3.10: ATIR steady-state case study; summary of the results (averaged across all cases) from
original and improved (versions 1.xx and 4.gr) BEMT numerical models, GAD-CFD numerical
model, and laboratory experiments.

Source Optimum TSR CP
∗ (average of 6 cases)

(average of 6 cases) Maximum % to laboratory (TSR 3-6)

Original BEMT version 1.xx 5.25 0.88 79
Improved BEMT version 4.gr 4.50 0.85 84
GAD-CFD 5.00 0.95 85
Laboratory 4.50 0.90 100

Magallanes ATIR: Conclusions

An original and improved (versions 1.xx and 4.gr) BEMT, and GAD-CFD numerical models
have been used to predict the performance of the Magallanes ATIR tidal stream turbine.
Comparison of the results from the numerical models have been made to laboratory
experiments. The performance of the ATIR turbine in flow fields with uniform mean
flow with turbulence was well captured by both the original and improved BEMT and
GAD-CFD models in stall and optimum regions, with accuracy ∼95%. In the overspeed
region the BEMT version 1.xx and GAD-CFD numerical models fail to capture the sharp
drop off in performance seen from the laboratory experiments. The BEMT version 4.gr
is ∼7% better at predicting the the rotor performance in the overspeed region due to
the assignment of unique lift and drag characteristics to each rotor element based on
their geometry and Reynolds number.

3.4.3 BEMT vs alternative numerical models

Oxford blind test: Stage I - steady flow blind predictions: Detail

Detail of the Oxford blind test turbine and its laboratory testing are given in Section 3.1.1
and Section 3.2.2 respectively. Stage 1 comprised of 13 clean (TI 0%) and 11 grid (TI 3.1%)
cases. The parameters of these cases are shown in Tables 3.11 & 3.12 respectively. All clean
cases have flow velocity of 1m/s, whilst all grid cases have flow velocity of 0.9207m/s,
turbulence intensity of 3.1%, and integral lengthscale of 0.037m. The experimental
parameters are summarised in Table 3.13.
The BEMT numerical model is used to predict the force and moment distributions in x, y,
and z directions along the rotor blade radius. Subsequently, total rotor forces, moments,
and power and thrust coefficients are calculated. The coordinate system used for the
forces and moments is shown in Figure 3.31.
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Table 3.11: Parameters for the benchmark clean cases. All cases have flow velocity is 1m/s.

Case RPM TSR

Clean 1 48 4.02
Clean 2 54 4.52
Clean 3 60 5.03
Clean 4 64 5.36
Clean 5 66 5.53
Clean 6 69 5.78
Clean 7 72 6.03
Clean 8 78 6.53
Clean 9 80 6.70
Clean 10 84 7.04
Clean 11 86 7.20
Clean 12 90 7.54
Clean 13 94 7.87

Table 3.12: Parameters for the benchmark grid cases. All cases have flow velocity of 0.9207m/s,
turbulence intensity of 3.1%, and integral lengthscale of 0.037m.

Case RPM TSR

Grid 1 43 3.91
Grid 2 49 4.46
Grid 3 54 4.91
Grid 4 59 5.37
Grid 5 62 5.64
Grid 6 64 5.82
Grid 7 68 6.19
Grid 8 70 6.37
Grid 9 76 6.92
Grid 10 81 7.37
Grid 11 85 7.73

Table 3.13: Summary of the benchmark experimental parameters.

Parameter Units Value

Turbine Geometry

Turbine Diameter m 1.6
Nacelle Diameter m 0.2

Tip Clearance m 0.354

Tow Tank Geometry

Tow Tank Width m 12.2
Tow Tank Depth m 5.4

Global Blockage Ratio % 3.05

Water Properties

Water Temperature ◦ 12.97
Water Density kg/m3 999.4

Water Dynamic Viscosity Pa.s 1.2160E-03
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3.4. Uniform flow with turbulence

Figure 3.31: Forces and moments coordinates system for the benchmark cases.

Oxford blind test: Stage I - steady flow blind predictions: Results & Discussion

Plots of the distribution of thrust and torque per element length along the length of the
benchmark rotor blade for the clean and grid cases from the BEMT numerical model are
shown in Figures 3.32 & 3.33 respectively.
As expected, increasing TSR increases thrust whilst decreasing torque for both clean
and grid cases. The current flow velocities are slightly different for the clean and grid
case, 1.0m/s and 0.9207m/s respectively, which accounts for the slight difference in
magnitude of thrust and torque between both clean and grid cases. It is also clear to see
the consequence of the tip correction factor in Figures 3.32 & 3.33. The sudden change
in thrust and torque towards the tip (r/R >0.8) is due to the tip correction factor. As the
TSR increases, so does the number of elements affected by the implementation of the tip
correction factor, with the span affected increasing inwards towards the hub.

BEMT numerical prediction for the whole rotor forces, moments, and power and thrust
coefficients for the benchmark clean and grid cases are given in Tables 3.14 & 3.15. No
values for the Fz force and Mz moment are given as they are not computable with the
BEMT numerical model. Figures 3.34 & 3.35 show plots of Cp and Ct against TSR from
various BEM model submissions to the benchmark project for the clean and grid cases
respectively.
The BEMT numerical model best matches the experimental results for thrust. The majority
of BEMT thrust predictions are within 2.5% of experimental results. The only major
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Figure 3.32: Plot of thrust and torque distribution along the length of the benchmark rotor blade
for the clean cases.
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Figure 3.33: Plot of thrust and torque distribution along the length of the benchmark rotor blade
for the grid cases.

88



3.4. Uniform flow with turbulence

Table 3.14: BEMT results for whole rotor forces, moments, and power and thrust coefficients for
the benchmark clean cases.

Case Fx [N] Fy [N] Mx (N.m) My (N.m) Ct Cp

Clean 1 633.15 179.92 80.27 332.53 0.62 0.39
Clean 2 727.24 178.03 79.33 383.03 0.71 0.44
Clean 3 789.08 165.28 73.72 419.39 0.77 0.45
Clean 4 820.33 155.99 69.51 438.69 0.80 0.45
Clean 5 834.57 151.15 67.28 447.69 0.81 0.45
Clean 6 853.64 144.04 63.99 460.01 0.83 0.45
Clean 7 870.92 137.07 60.74 471.41 0.85 0.45
Clean 8 901.37 123.66 54.47 492.26 0.88 0.43
Clean 9 910.75 119.28 52.42 498.91 0.89 0.43
Clean 10 928.73 110.85 48.49 512.01 0.91 0.42
Clean 11 937.09 107.06 46.74 518.22 0.91 0.41
Clean 12 955.43 99.49 43.31 532.12 0.93 0.40
Clean 13 975.16 92.92 40.46 547.17 0.95 0.39

deviation from the BEMT and experiment results for thrust is seen at the overspeed region
for the grid cases where the BEMT underpredicts thrust by 12% in comparison to the
experimental results over the TSR range 6.5-8. The optimum Cp is seen at TSR of 6 for
the experimental clean and grid cases. The BEMT numerical model predicts optimum Cp

at TSR of 5.5 for the clean case and TSR 5.75 for the grid cases. The BEMT model under
predicts Cp by ∼10% for the clean cases and over predicts Cp by ∼10% for the grid cases.
The BEMT numerical model used in this thesis, i.e. Swansea University BEM, is compared
against other BEM submissions for the benchmark project, plotted in Figures 3.34 & 3.35.
It shows that Swansea University BEM numerical model is better than most other BEM
models in predicting the torque and thrust of clean and grid cases. The differences in
BEM models are due to several components, such as implementation of correction factors,
lift and drag polars, modelling of the flow field, and the minimisation routine to find the
induction factors from the blade element and momentum theory.
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Table 3.15: BEMT results for whole rotor forces, moments, and power and thrust coefficients for
the benchmark grid cases.

Case Fx [N] Fy [N] Mx (N.m) My (N.m) Ct Cp

Grid 1 439.75 129.34 59.19 231.01 0.51 0.30
Grid 2 542.12 151.91 67.86 284.72 0.62 0.40
Grid 3 605.68 148.09 66.74 319.91 0.70 0.43
Grid 4 650.47 140.85 63.39 345.78 0.75 0.44
Grid 5 687.88 129.09 58.29 369.29 0.79 0.45
Grid 6 679.97 129.38 58.47 364.82 0.78 0.44
Grid 7 708.48 115.22 51.83 383.74 0.82 0.43
Grid 8 706.21 115.36 51.51 381.44 0.81 0.43
Grid 9 738.50 105.10 46.96 403.30 0.84 0.42
Grid 10 756.96 96.05 42.65 416.42 0.86 0.40
Grid 11 729.51 81.64 36.27 405.11 0.83 0.36
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Figure 3.34: Plot of Cp and Ct against TSR for various BEM submissions to the benchmark project
for the clean cases.
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Figure 3.35: Plot of Cp and Ct against TSR from various BEM submissions to the benchmark project
for the grid cases.

3.4.4 Discussion & Conclusions

The twist and chord distribution along the radial length of the five tested rotor blades,
(Magallanes ATIR, Sabella D12, IFREMER, Oxford, and Barltrop), are plotted collectively
in Figure 3.36. The difference in the twist and chord distribution between rotor blades are
clear to see in Figure 3.36. Although each rotor blade has different distributions of twist
and chord, all have chord reducing and twist increasing towards the tip.
Plots of Cp against TSR from the BEMT numerical model and laboratory experiments for
the five tested rotor blades are shown in Figure 3.37. Similarly, plots of Ct against TSR for
the same cases are shown in Figure 3.38. To maintain the anonymity of the commercially
sensitive rotor blades, the exact plotted cases are not stated and the Cp and Ct ticks have
been removed from the y-axis. All cases are from the uniform mean flow with turbulence
study and have small turbulence intensity levels. Summary of optimum performance
from the BEMT numerical model and laboratory experiments are give in Table 3.17.
Cp results from the BEMT model are very close to experimental testing for all rotor blades,
with the exception of the IFREMER turbine. Although the BEMT model underpredicts
the Cp of the IFREMER turbine, it does accurately predict the TSR of optimum Cp. This
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Figure 3.36: Plot of twist and chord distribution along the radial length of five rotor blades;
Magallanes ATIR, Sabella D12, IFREMER, Oxford, and Barltrop.

indicates that it is likely inaccurate lift and drag polars which are giving lower Cp values.
The TSR of optimum performance is correlated to the twist along the rotor blade. Table 3.16
compares the optimum TSR against maximum twist of the rotor blades. A trend of
decreasing optimum TSR with increasing maximum twist is seen with the rotor blades,
with the exception of the Oxford rotor blade. The ATIR, D12, IFREMER, and Barltrop rotor
blades all have very similar hydrofoil profile, but the Oxford rotor blade is significantly
different, causing the difference seen in optimum TSR and twist correlation. If the
maximum twist of the Oxford rotor blade was increased (i.e. pitching up of rotor blade),
then the optimum TSR would decrease. This would be true for any rotor blade beacause
for a more twisted blade, outboard sections will approach low/zero angle of attack at
comparatively lower TSR values. This would result in their hydrodynamic lift (and
therefore their primary contribution to overall rotor torque/power) decreases more rapidly
with TSR than for a blade with less twist.
Another observation of the power curves from Figure 3.37 is that the maximum Cp

increases with higher optimum TSR. The more the rotor blades are pitched downwards
(i.e. less twist), the greater the power coefficient. A disadvantage of pitching down a
rotor blade to gain greater power coefficient is the need for higher rotor rotational speed
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Table 3.16: Comparison of rotor blades optimum TSR against maximum twist.

Rotor blade Optimum TSR Maximum twist (deg)

Barltrop 3.5 91.5
Sabella D12 4.0 88.9
IFREMER 4.5 85.1
Magallanes ATIR 5.0 85.1
Oxford 5.8 89.7

Table 3.17: Summary of optimum performance from BEMT numerical model and laboratory
experiments for the five studied rotor blades.

Rotor blade Optimum TSR Difference in maximum Cp between
BEMT numerical model and laboratory
experiments (%)

BEMT numer-
ical model

Laboratory ex-
periment

Magallanes ATIR 5.00 5.0 6.4
Sabella D12 4.00 4.0 3.5
IFREMER 4.50 4.5 15.0
Oxford 5.40 5.8 4.4
Barltrop 3.25 3.5 4.2

(requiring a gearbox instead of a direct drive system), greater forces on rotor components,
and a need for a more energetic site.
The Ct curves are all very similar with good comparison from the BEMT numerical
model to laboratory experiments across the whole TSR for the majority of rotor blades.
A notable exception to this general result is the significant difference in Ct from the
BEMT numerical model and the laboratory experiments in the overspeed region of for
the Magallanes ATIR rotor blade. Many factors could be responsible for this discrepancy
in the BEMT numerical model (e.g. inaccurate lift and drag polars, correction factors,
or flow field representation). The discrepancies could also be due to limitations of the
laboratory experiments (e.g. inaccurate measurement of flow conditions or manufacture
of rotor blades). There is suspicion that the Magallanes ATIR rotor blades used in the
laboratory experiments were not manufactured accurately and had differing twist and
chord distributions to the design. This would be an obvious source of inaccuracy between
the BEMT numerical model and the laboratory experiments.
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Figure 3.37: Plot of Cp against TSR from BEMT numerical model and laboratory experiments for
five tested rotor blades; Magallanes ATIR, Sabella D12, IFREMER, Oxford, Barltrop.
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3.5 Transient

In this section four rotor blades (IFREMER, Barltrop, ATIR, and D12) are studied in flow
fields with constant mean flow with turbulence and waves. The first study looks at
quantifying the effect of including added mass effects in the BEMT numerical model on its
predictions of performance and loads of the IFREMER turbine. The second study looks
at the Barltrop turbine where the BEMT numerical model predictions are compared to
Barltrop BEMT simulations and Barltrop laboratory experiments. In this study, the BEMT
flow fields have waves but no turbulence to improve the readability and validation of its
predictions of turbine performance in waves. The third study looks at the ATIR turbine,
where predictions from the BEMT and GAD-CFD numerical models are compared to
laboratory experiments. Lastly, the D12 turbine is studied, where predictions from the
BEMT numerical model is again compared to laboratory results. This section aims to
highlight the capabilities and limitations of the BEMT numerical model in predicting
turbine loads and performance in flow fields with turbulence and waves.

3.5.1 Sensitivity of IFREMER turbine to added mass

In this study we quantify the contribution of the inertia term to the overall turbine torque
and thrust predictions from the BEMT numerical model in transient flow fields with
turbulence and waves, as described in Section 2.2.4.2. The control scheme employed for
the BEMT numerical model for this study is a constant rotational rate. The acceleration of
the flow field is calculated by taking the difference in velocity between the current and
previous time step. The acceleration of the flow field is used to compute the inertia “added
mass” forces. The laboratory scale IFREMER-LOMC turbine, rotor radius of 0.343m,
is used as the rotor for this study as it is well tested and studied. Description of the
IFREMER-LOMC turbine is given in Section 3.1.5.

The preliminary test case has a generic BEMT input flow field which has a current speed
of 1.0m/s, turbulence intensity of 2.5%, and a monochromatic wave height and period of
0.10m and 1.2s respectively. The rotational rate of the rotor is kept at a constant 11rad/s
which is the equivalent to its optimum TSR in steady flow field with current speed of
1m/s. Shown in Figure 3.39 are time series of predicted torque and thrust from the BEMT
numerical model. Plotted on each diagram are the contributions from the hydrodynamic
and added mass terms respectively, and the combined total output.
The results show us that the added mass contribution to the rotor torque is negligible. The
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Figure 3.39: Time series plot of BEMT numerical model results for torque and thrust of the
IFREMER-LOMC laboratory scale turbine in a flow field with 2.5% turbulent intensity and a
monochromatic wave of height and period of 0.1m and 1.2 respectively.

maximum torque of the added mass is 2% of the hydrodynamic term. This is expected as
waves are co-linear to the current direction, travelling at a perpendicular direction to the
rotor rotation plane, resulting in fluid particle acceleration in the rotor plane due to waves
to be small in comparison to rotor speed.
The contribution from the added mass to the rotor axial force is greater. As previously
described, this is expected due to the waves travelling perpendicular to the rotor rotation
plane. The peak value for the added mass and hydrodynamic axial force are 15.8N and
322.7N respectively. This equates to the maximum axial force added mass term being 4.9%
of that of the hydrodynamic term.
It is also seen in the thrust loads that the hydrodynamic and added mass terms are 90◦

out of phase. The added mass terms are dependent on the fluid acceleration whilst the
hydrodynamic terms are dependent on the fluid velocity, thus a 90◦ out of phase is expected.
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Figure 3.40: IFREMER BEMT added mass study: time series plots of a) vertical and horizontal flow
velocities, b) rotor rotational speed and TSR, and c) axial forces results with varying time steps.

The added mass contribution results in the maxima and minima of total rotor axial force to
be smaller than that seen from the hydrodynamic term. Due to the added mass term having
a mean of zero, the average axial force for the total and hydrodynamic terms are the same.

Time step sensitivity

A time step sensitivity study was undertaken to find the most appropriate time step for
the BEMT numerical model. The cases where for the IFREMER-LOMC turbine in flow
condition with current speed of 1.0m/s, wave of 0.1m height and 1.2s period, with no
turbulence. Flow fields with no turbulence are used in this time step sensitivity study
to improve the interpretation of the results. Three different time steps are tested in the
BEMT numerical model; 0.2s, 0.1s, and 0.02s. 0.02s is the resolution of the flow fields thus
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Figure 3.41: Added mass and hydrodynamic axial force results from the BEMT numerical model
in flow fields with turbulence levels of 0%, 5%, and 15%.

testing a smaller time step in the BEMT numerical model would result in interpolation of
the flow field and not improving the accuracy of capturing the flow field dynamics.
BEMT numerical model time series plots of a) vertical and horizontal flow velocities, b)
rotor rotational speed and TSR, and c) axial forces results with varying time steps for the
IFREMER rotor blade are shown in Figure 3.40. When using a time step of 0.2s, the BEMT
numerical model fails to capture the complete dynamic load effect. It captures the period
of the wave but fails in most wave cycles to attain the maximum and minimum values.
On the other hand, when using a time step of 0.02s, the same resolution as the flow field,
the BEMT numerical model computes identical results for each wave cycle.

Turbulence sensitivity

The BEMT numerical model was run using flow fields with varying turbulence intensities
of between 0% and 15%, to deduce the influence of turbulence on the added mass terms.
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Figure 3.42: Added mass axial force results from the BEMT numerical model in flow fields with
turbulence levels of 0%, 2.5%, 5%, 7.5%, 10%, and 15%.
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Figure 3.43: Added mass axial force results in the frequency domain from the BEMT numerical
model in flow fields with turbulence levels of 0%, 2.5%, 5%, 7.5%, 10%, and 15%.
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Figure 3.44: Standard deviation of added mass torque and axial force from BEMT numerical model
results in flow fields with varying turbulence intensities.

The wave properties are kept constant across the flow fields and are the same as previously
described. Figure 3.41 shows added mass and hydrodynamic axial force results from
the BEMT numerical model in flow fields with turbulence levels of 0%, 5%, and 15%.
Increasing the turbulence intensity of the flow field increases the magnitude of the added
mass axial force. The mean total axial force are 214.48N, 224.03N, and 166.29N respectively
for the 0%, 5%, and 15% cases. The mean axial force for the 15% case is significantly lower
than the 0% and 5% cases, which is due to rotor TSR moving from optimum to overspeed
region, decreasing its performance. In flow fields with higher TI, the fluctuations in rotor
TSR are higher upwards than downwards.
Figure 3.42 shows the added mass axial force results from the BEMT numerical model in
flow fields with turbulence levels of 0%, 2.5%, 5%, 7.5%, 10%, and 15%. The flow fields
have a mean current velocity of 1m/s and waves with frequency and height of 0.83Hz and
0.1m respectively. The mean value is unchanged from zero for all cases but the standard
deviation increases with turbulence intensity. This can also be seen in Figure 3.43 which
is Figure 3.42 plotted in the frequency domain. A clear peak is seen at 0.83Hz, which
corresponds to the frequency of the wave. As the turbulence intensity increases we see
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Figure 3.45: Added mass axial force standard deviation in flow fields with varying wave heights.

larger magnitude fluctuations in force across the whole frequency range. The standard
deviation of the added mass torque and axial force results are plotted against turbulence
intensities in Figure 3.44. Included in the plot is a linear fit which clearly shows that there
is a linear correlation between turbulence intensity of the flow field and the standard
deviation of the added mass torque and axial force.

Wave height sensitivity

Flow fields with varying wave heights were used in the BEMT numerical model to deduce
its effect on the added mass terms. Unsurprisingly, there was a perfect linear correlation
(+1 coefficient) between wave height and the added mass terms. This is due to the
added mass term being proportional to the velocity of the flow particle, as is shown in
Equation 2.54 and Equation 2.53. Figure 3.45 shows added mass axial force standard
deviation in flow fields with varying wave heights.

Conclusions

A case study to establish the sensitivity of the IFREMER rotor blade to added mass (i.e.
acceleration forces) in the BEMT numerical model has been conducted and has shown that;
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• The added mass has negligible contribution to the rotor torque, with the torque from
the added mass being 2% of the hydrodynamic term.

• The contribution of the added mass on the rotor thrust is greater as the waves travel
perpendicular to the rotor rotation plane. The thrust from the added mass is 4.9% of
the hydrodynamic term.

• The hydrodynamic and added mass terms are 90◦ out of phase. The added mass
terms are dependent on the fluid acceleration and the hydrodynamic terms are
dependent on the fluid velocity.

• As a result, the maximum and minima of total rotor thrust is smaller with the
inclusion of added mass terms, but the average rotor thrust is unchanged as the
added mass term has a average of zero.

• Time step sensitivity study has shown that a time step of 0.02s is necessary to fully
capture the flow field dynamics which has a 1.2s period wave; in particular, a coarser
timestep leads to significant underestimation of peak rotor thrust loads.

• There is a linear correlation between added mass thrust and both turbulence and
wave height of the flow field.

3.5.2 Barltrop

Barltrop: Details

Details of the Barltrop rotor blade and the laboratory test facility are given in Section 3.1.4
and Section 3.2.3 respectively. The first wave comparison is for a constant 150rpm rotor
rotational speed study, where the current velocity was incrementally changed between
0.2-1.3m/s. The waves in the flow fields were 150mm high with a 0.50Hz frequency. 12
individual flow fields are used as inputs into the numerical model, each with different
current velocity.
The second transient study of Barltrop turbine was with time series results for a constant
rotor rotation speed of 90rpm. Four wave heights were tested, 0, 35, 84, and 126mm, all
with frequency of 0.833Hz in current velocity of 0.7m/s. Details of the transient flow
fields for the different studies are given in Table 3.18. The first transient study will be
compared to both Barltrop experimental and simulation results, whilst the second transient
study will only be compared to Barltrop experimental results due to absence of Barltrop
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simulation results. The flow fields of the BEMT numerical model in both studies will have
a turbulence intensity of 0% to improve the readability of the results, helping to validate
to models ability to predict turbine performance in flow fields with waves.

Table 3.18: Details of the parameters for the transient flow fields for the testing of the laboratory
scale Barltrop turbine.

No. Current speed
(m/s)

Turbulence in-
tensity (%)

Rotational
speed (RPM)

Tip speed ratio Wave height
(m)

Wave fre-
quency (Hz)

1.1 0.2 ≈5 150 15.71 0.15 0.50
1.2 0.3 ≈5 150 10.47 0.15 0.50
1.3 0.4 ≈5 150 7.86 0.15 0.50
1.4 0.5 ≈5 150 6.28 0.15 0.50
1.5 0.6 ≈5 150 5.24 0.15 0.50
1.6 0.7 ≈5 150 4.49 0.15 0.50
1.7 0.8 ≈5 150 3.93 0.15 0.50
1.8 0.9 ≈5 150 3.49 0.15 0.50
1.9 1.0 ≈5 150 3.14 0.15 0.50
1.10 1.1 ≈5 150 2.86 0.15 0.50
1.11 1.2 ≈5 150 2.62 0.15 0.50
1.12 1.3 ≈5 150 2.42 0.15 0.50

2.1 0.7 ≈5 90 2.69 0 0
2.2 0.7 ≈5 90 2.69 0.035 0.83
2.3 0.7 ≈5 90 2.69 0.084 0.83
2.4 0.7 ≈5 90 2.69 0.126 0.83

Barltrop: Results & Discussion

Torque and axial force results for the BEMT numerical model, Barltrop simulation, and
Barltrop experiments for the first wave study (constant rotational rate of 150rpm and
varying current flow velocities are plotted against current speed) are shown in Figure 3.46.
The BEMT numerical model torque and axial force results match Barltrop well up to
current speed of 1.1m/s, TSR 2.9, following a similar trend to the still water case. Above
current speed of 1.1m/s, below TSR 2.9, the BEMT numerical model underpredicts in
comparison to Barltrop. Errorbars are included for the BEMT numerical model results
which tend to decrease for both torque and axial force with increasing current speeds.

In the second wave study, a comparison is made to Barltrop et al. time series results. Due
to experiment instrument limitations Barltrop et al. could only measure positive axial
force. Torque and axial force results for three wave cycles from the BEMT numerical model
and Barltrop laboratory experiments are plotted in Figure 3.47. The solid line are results
from the BEMT numerical model and the dashed line is Barltrop laboratory results. As
expected, torque and axial force variability from both the BEMT numerical model and
Barltrop laboratory experiments increase with wave height. Every wave cycle is exactly
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Figure 3.46: Torque and axial force results against current speed from the BEMT numerical model
(+ errorbars), Barltrop simulations, and Barltrop experiments in wave conditions with height of
150mm and frequency of 0.5Hz at constant rotor rotation speed of 150r/min.

the same from the BEMT numerical model which is notably different to the variability
in Barltrop laboratory results. The shape of the wave cycle along with the peak values
differ significantly from one cycle to the other in Barltrop laboratory results which makes
comparison between results difficult. However, the BEMT always underpredicts the rotor
torque whilst always overpredicting the axial force compared to the Barltrop results. A
comparison against more reliable laboratory data is necessary for validation of the BEMT.
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Figure 3.47: Barltrop rotor torque and axial force time series in different wave heights from BEMT
numerical model and Barltrop laboratory experiments.

3.5.3 Magallanes ATIR

Magallanes ATIR: Details

Details of the Magallanes ATIR rotor blade and its laboratory testing are given in Sec-
tion 3.1.2 and Section 3.2.1 respectively. The second study of the Magallanes ATIR turbine
is in transient flow fields, i.e. flow field with waves. The added mass effects are included
in the BEMT transient model in the following studies. Details of the transient flow fields
are given inTable 3.19. Two cases are studied to match the available laboratory results.
The current speed and turbulence intensity of the flow fields are 1.0m/s and 1.5% for both
wave cases. The waves have different wave height and frequency of 1) 0.190m and 0.5Hz,
and 2) 0.280m and 0.7Hz respectively.
The available statistical details of the flow field in the laboratory experiments are average
values for current speed, turbulence intensity, and wave height and frequency. Time series
of flow velocity across wave flume height are not available and thus the synthetic flow
fields used in the numerical model will not replicate the exact feature to feature details
of the laboratory flow field, but they will match the main statistics of the flow fields.
Therefore, the time plots of the numerical models will not show the small features which
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will be present in the laboratory experiments.
Likewise to the steady-state ATIR cases, the specific data on power and thrust are an-
onymised to protect the commercial sensitivity of the data. It is achieved in the same
manner by scaling against a single value, the optimum CP seen in case no.5 from Sec-
tion 3.4.2, and all CT values are scaled against CT for the same case. Coefficients scaled
in this way are denoted CP

∗ and CT
∗, Equations 3.3 and 3.6.

Table 3.19: Details of the parameters for the transient flow fields for the testing of the Magallanes
ATIR.

No. Current Turbulence Wave Wave
speed (m/s) intensity (%) height (m) frequency (Hz)

1 1.0 1.5 0.19 0.5
2 1.0 1.5 0.28 0.7

Matching the steady-state ATIR case study, each test cases will have results from four
sources; 1) original BEMT version 1.xx, 2) improved BEMT version 4.gr, 3) GAD-CFD, and 4)
laboratory experiments. The original BEMT version 1.xx (1) and GAD-CFD (3) numerical
models assigns each rotor blade element with the same lift and drag characteristics,
Figure 3.5, while the improved BEMT version 4.gr (2) assigns each rotor blade element
with unique lift and drag characteristics based on their foil geometry and Reynolds
number, Figure 3.6, as detailed in Section 3.3.

Magallanes ATIR: Results & Discussions

Time series of CP
∗ at a TSR of 5 are plotted in Figure 3.48 for the BEMT versions 1.xx and

4.gr, GAD-CFD model, and laboratory experiments in flow fields with current speed of
1.0m/s and turbulence intensity of 1.5% and waves of height and frequency of (a) 0.095m
and 0.5Hz, and (b) 0.140m and 0.7Hz. Included in the plot are results from the BEMT
version 4.gr in high turbulence (15%) flow fields. The higher TI BEMT results are included
because the noise from the laboratory experiments was much greater than the numerical
models. It is hypothesised that the TI in the laboratory experiments was significantly
higher than the 1.5% target. The turbulence generated by the presence of the wavemaker
in the flume has been measured to be approximately 10%; measured when idle in the
water, thus creating no waves [108]. Further turbulence is also expected due to reflective
waves in the flume. As expected, increasing the TI in the BEMT model increases the noise
of the result. In the high TI BEMT case the noise is comparable to that of the laboratory.
This is better visualized in Figure 3.49, which plots Figure 3.48 in the frequency domain. It
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shows that all results have the same main peak, which corresponds to the frequency of the
wave. Figure 3.50 and Figure 3.51 are similar plots to Figure 3.48 and Figure 3.49; plots of
time and frequency for CT

∗ which indicate that the same results are visible in the thrust
measurements as well as the power measurements.
As seen in Figure 3.48, the CP

∗ cycle from both BEMT and GAD-CFD numerical models
have the same period as the laboratory results which confirms that key features of the
wave cycle are being correctly interpreted in the models. The mean and range of CP

∗ are
very similar between the BEMT model and laboratory results, whereas the GAD-CFD
has similar mean CP

∗ but much smaller range and fails to capture the full effect of the
wave. The failure of the GAD-CFD in capturing the complete wave dynamics is due
to flow domain error and not fundamental issues with the model, due to the difficulty
of modelling a transient wave structure with a RANS formulation. Specifically, lower
wave-induced velocity fluctuations are seen at the rotor in the GAD-CFD model due to the
attenuation of the wave as it travelled from the flow domain inlet to the rotor. The peak
velocity at the rotor is approximately 30% smaller in the GAD-CFD model compared to
the BEMT model. Theoretically, this would result in peak power to be approximately 35%
of the BEMT, which is realized in the results, as plotted in Figure 3.52.
Figure 3.52 shows a plot of CP

∗ and CT
∗, with errorbars, against TSR for the laboratory

scale ATIR turbine for the wave cases from both the original and improved BEMT models,
GAD-CFD model, and laboratory experiments in flow fields with the same conditions as
described in Figure 3.48. As previously described, only a single TSR value is investigated
for the GAD-CFD model for the wave cases due to the high computational cost of pre-
computing the wave cases for the URANS implementation. This is shown in the figure
as a single point with an errorbar. The value and TSR of the maximum CP

∗ predicted
by the BEMT models in both wave cases are within ∼95% of laboratory results. Similar
to the uniform mean flow with turbulence cases shown in the results of Figure 3.29 and
Figure 3.30, the improved BEMT model captures the sharp drop off in rotor performance
seen in overspeed region much better than the original version. The standard deviation of
CP

∗ and CT
∗ for the BEMT models and laboratory experiments, as visualised with the

errorbars in Figure 3.52, are >95% similar between TSR 2-7. This gives confidence that the
BEMT models are correctly capturing the magnitude of the effects from the waves.
It is clear that waves are dominant compared to the turbulence in the numerical models
(i.e. the main frequency response of rotor power is the same as the wave frequency),
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which is not as obvious in the laboratory data. The distinction is harder to make for
the laboratory experiments, due to the reflective waves in the flume increasing the TI
as previously explained in this section.

The results are summarised in Table 3.20, averaged across both cases, i.e. the optimum TSR
for the original BEMT version 1.xx is the average of the optimum TSR for the original BEMT
version 1.xx across both presented cases. A similar trend is observed to the steady-state
case study in Section 3.4.2. The improved BEMT version 4.gr is the best numerical model
at predicting optimum TSR, matching laboratory data, whilst the others have optimum at
higher TSR. The best prediction ofCP

∗ between TSR 3-6 and its maximum is achieved by the
improved BEMT version 4.gr. It predicts the exact maximumCP

∗ value, has a 88% match to
laboratory between TSR 3-6, and has standard deviation within 5% to the laboratory data.

Table 3.20: ATIR transient case study; summary of the results (averaged across all cases) from
original and improved BEMT numerical model, GAD-CFD numerical model, and laboratory
experiments.

Source Optimum TSR CP
∗ (average of 2 cases)

(average of 2 cases) Maximum Average standard devi-
ation

% to laboratory (TSR 3-
6)

Original BEMT 5.0 0.97 0.27 76
Improved BEMT - Low TI 4.5 0.96 0.23 88
Improved BEMT - High TI 4.5 0.95 0.24 87
GAD-CFD 5.0 0.74 0.04 62
Laboratory 4.5 0.96 0.25 100

Magallanes ATIR: Conclusions

An original version 1.xx and improved version 4.gr BEMT, and GAD-CFD numerical
models have been used to predict the performance of the Magallanes ATIR tidal stream
turbine. Comparison of the results from the numerical models have been made to
laboratory experiments. The performance predictions of the ATIR turbine in flow fields
with waves from the BEMT numerical models are very good. The BEMT models predicts
the performance of the turbine well in the stall and optimum region, but still overestimate
the rotor performance in overspeed region. Once again, the BEMT version 4.gr model
is best at predicting the turbine performance in the overspeed region. The standard
deviation from the BEMT models and laboratory experiments are very similar. This is
clearly seen with the time series plots where the BEMT CP

∗ cycles have the same range
and mean as the laboratory experiments. The GAD-CFD model predicts mean CP

∗ well
for the wave cases but fails to capture the full effect of the wave, resulting in significantly

108



3.5. Transient

0 2 4 6 8 10

Time (s)

0.5

0.75

1.0

C
P

*

(a)

0 2 4 6 8 10

Time (s)

0.5

0.75

1.0

C
P

*

(b)

Figure 3.48: Time series ofCP
∗ for the laboratory scale ATIR turbine at TSR 5 from both the original

and improved BEMT models, GAD-CFD model, and laboratory experiments in flow fields with
current speed of 1.0m/s and turbulence intensity of 1.5% and waves of height and frequency of (a)
0.095m and 0.5Hz, and (b) 0.140m and 0.7Hz.

109



3. Blade Element Momentum Theory - Case studies

0.5 1 1.5 2 2.5 3

Frequency (Hz)

10-4

10-2

100

|C
P

*|

W
a

v
e

fr
e

q
u

e
n

c
y

W
a

v
e

fr
e

q
u

e
n

c
y

x
3

R
o

to
r

ro
ta

ti
o

n
a

l

fr
e

q
u

e
n

c
y

(a)

0.5 1 1.5 2 2.5 3

Frequency (Hz)

10-4

10-2

100

|C
P

*|

W
a

v
e

fr
e

q
u

e
n

c
y

W
a

v
e

fr
e

q
u

e
n

c
y

x
3

R
o

to
r

ro
ta

ti
o

n
a

l

fr
e

q
u

e
n

c
y

(b)

Figure 3.49: Frequency domain plot of CP
∗ for the laboratory scale ATIR turbine at TSR 5 from

both the original and improved BEMT models, GAD-CFD model, and laboratory experiments in
flow fields with current speed of 1.0m/s and turbulence intensity of 1.5% and waves of height and
frequency of (a) 0.095m and 0.5Hz, and (b) 0.140m and 0.7Hz.
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Figure 3.50: Time series ofCT
∗ for the laboratory scale ATIR turbine at TSR 5 from both the original

and improved BEMT models, GAD-CFD model, and laboratory experiments in flow fields with
current speed of 1.0m/s and turbulence intensity of 1.5% and waves of height and frequency of (a)
0.095m and 0.5Hz, and (b) 0.140m and 0.7Hz.
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Figure 3.51: Frequency domain plot of CT
∗ for the laboratory scale ATIR turbine at TSR 5 from

both the original and improved BEMT models, GAD-CFD model, and laboratory experiments in
flow fields with current speed of 1.0m/s and turbulence intensity of 1.5% and waves of height and
frequency of (a) 0.095m and 0.5Hz, and (b) 0.140m and 0.7Hz.
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(a) (b)

Figure 3.52: Plot ofCP
∗ andCT

∗, with errorbands representing standard deviation, against TSR for
the laboratory scale ATIR turbine from both the original and improved BEMT models, GAD-CFD
model, and laboratory experiments in flow fields with current speed of 1.0m/s and turbulence
intensity of 1.5% and waves of height and frequency of (a) 0.095m and 0.5Hz, and (b) 0.140m and
0.7Hz.

underestimating the range of CP
∗. This is due to the attenuation of the wave from flow

domain inlet to rotor in the GAD-CFD model.
The GAD-CFD model can predict mean values of rotor performance well but fails to predict
their variability. This is a considerable limitation when analysing rotor performance in
flow conditions with significant waves and turbulence. It is therefore better to use the
less computationally demanding BEMT model to predict rotor performance in these
conditions. The BEMT is a very quick numerical model with acceptable accuracy, as
proven with comparison to laboratory experiments. It cannot model turbine arrays or
its wake which is often necessary towards the end of the design process. It best lends
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itself to the beginning of the design stage for initial design iterations. The GAD-CFD
model can accurately predict the performance of turbines in quasi-steady conditions as
well as their wakes and interactions with other turbines, but its computational demands
are much greater than the BEMT model. It is therefore best used towards the end of the
design stage where more detail is required to refine the design.

3.5.4 Sabella D12

Sabella D12: Details

Details of the Sabella D12 rotor blade and the laboratory test facility are given in Section 3.1.3
and Section 3.2.1 respectively. The second study of the Sabella D12 turbine is in transient
flow fields, i.e. flow field with waves. Details of the transient flow fields are given in
Table 3.21. Three cases are studied to match the available laboratory results. The current
speed and turbulence intensity of the flow fields are 0.8m/s and 1.5% for all wave cases.
The waves have different wave height and frequency of 1) 0.190m and 0.5Hz, 2) 0.260m
and 0.7Hz, and 3) 0.310m and 0.6Hz respectively.
The available statistical details of the flow field in the laboratory experiments are average
values for current speed, turbulence intensity, and wave height and frequency. Time series
of flow velocity across wave flume height are not available and thus the synthetic flow
fields used in the numerical model will not replicate the exact feature to feature details of
the laboratory flow field. They will match the main statistics of the flow fields, therefore,
the time plots of the numerical models will not show the small features which will be
present in the laboratory experiments.
Similarly to the steady-state cases, the specific data on power and thrust are anonymised to
protect the commercial sensitivity of the data. It is achieved in the same manner by scaling
against a single value, the optimum CP seen in case no.3, and all CT values are scaled
against CT for the same case. Coefficients scaled in this way are denoted CP

∗ and CT
∗.

Table 3.21: Details of the parameters for the transient flow fields for the testing of the laboratory
scale Sabella D12 turbine.

No. Current Turbulence Wave Wave
speed (m/s) intensity (%) height (m) frequency (Hz)

1 0.8 1.5 0.19 0.5
2 0.8 1.5 0.26 0.7
3 0.8 1.5 0.31 0.6
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Sabella D12: Results & Discussion

Figure 3.53a shows CP
∗ and CT

∗ against TSR in flow field with current speed of 0.8m/s,
turbulence intensity of 1.5%, and wave of 0.19m height and frequency of 0.5Hz for the
BEMT numerical model and laboratory experiments. A time series at TSR of 4 from Figure
3.53a is shown in Figure 3.53b. Similarly, Figures 3.54 and 3.55 are for flow conditions
with waves of 0.26m height and 0.7Hz frequency, and 0.31m height and 0.6Hz frequency
respectively.
Overall, the BEMT numerical model is in good agreement with the laboratory experiments
results for all three wave cases. Laboratory and BEMT peak rotor performance occurs
within 0.25 TSR across all cases. The mean axial force is very similar between laboratory
and BEMT up to a TSR of 4.5. Above a TSR of 4.5, the BEMT code underpredicts the axial
force in comparison to the laboratory experiments. The standard deviation of the BEMT
numerical model is generally larger than the laboratory experiments which can also be
seen from the time series plots. The fluctuations at the wave frequency are much more
dominant in the BEMT numerical model than in the laboratory experiments. A possible
explanation is that the turbulence intensity of the laboratory experiments is hard to
maintain constant. This would explain the greater noise in the laboratory time series plots.
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Figure 3.53: CP
∗ andCT

∗ results for the Sabella D12 turbine from the BEMT numerical model and
laboratory experiments in flow conditions with current speed of 0.8m/s and turbulence intensity
of 1.5% with waves of 0.095m amplitude and 0.5Hz frequency.
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(b) Time series of CP
∗ and CT

∗ at TSR of 4.25.

Figure 3.54: CP
∗ andCT

∗ results for the Sabella D12 turbine from the BEMT numerical model and
laboratory experiments in flow conditions with current speed of 0.8m/s and turbulence intensity
of 1.5% with waves of 0.13m amplitue and 0.7Hz frequency.
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(b) Time series of CP
∗ and CT

∗ at TSR of 4.25.

Figure 3.55: CP
∗ andCT

∗ results for the Sabella D12 turbine from the BEMT numerical model and
laboratory experiments in flow conditions with current speed of 0.8m/s and turbulence intensity
of 1.5% with waves of 0.155m amplitue and 0.6Hz frequency.
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3.6 Discussion & Conclusions
Validation of the BEMT numerical model has been achieved by carrying out case studies
of five different rotor blades. Each rotor blade has been extensively tested in laboratory
scaled experiments which provided empirical data for validation of the BEMT numerical
model. The rotor blades have different hydrofoil profiles, and twist and chord distribution
which tests the limits of the BEMT numerical model.

Foil shape & Reynolds number dependence
A study has been conducted which looked at the effect of assigning each element across
the rotor blades with individual lift and drag polars based on their hydrofoil shape
and Reynolds number.

• The classical BEMT numerical model uses a single lift and drag polar for the whole
rotor blade. This leads to inaccuracies in rotor performance predictions due to
varying hydrofoil shape and Reynolds number across the rotor blades.

• Rotor blade geometry modelling in the BEMT model has been improved by introdu-
cing the ability to assign unique lift and drag curves to each element based on their
foil geometry and Reynolds number.

– Comparison of BEMT rotor performance prediction with and without the
improved blade geometry modelling has been made against laboratory results.

– In the majority of cases, the BEMT model with the advanced blade geometry
modelling reproduce closer results to those of the empirical laboratory results.

• BEMT model prediction of maximum rotor performance to laboratory results has
improved by an average of 20.0% and 4.6% respectively for the Magallanes ATIR and
Sabella D12 turbine rotor blades whilst it has decreased by 3.0% for the IFREMER
turbine rotor with the inclusion of the improved blade geometry modelling.

• Comparing BEMT versions 2 and 3, it is clear that including geometry dependence
has significantly greater impact on the BEMT model than that of Reynolds Number
dependence.

– Including geometry dependence compared to Reynolds Number dependence
has an average of 40% greater improvement in BEMT rotor performance
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prediction to laboratory. This is unsurprising as there is a more significant
change in geometry compared to Reynolds Number across the rotor blades.

• In every tested case the BEMT models which include the improved blade geometry
modelling predict reduced rotor performance.

– BEMT elements in the original model, particularly ones towards the blade hub,
were assigned lift curves which were inappropriate and over-predicted their
performance.

• Introducing the improved blade geometry modelling to the BEMT model has in-
creased the computational time by approximately 10%. This is an acceptable increase
in computational time in respect to added accuracy of the blade geometry modelling
and the BEMT model prediction of rotor performance.

Uniform flow with turbulence
Five steady-state case studies have been carried out, where the performance of five
rotor blades (Oxford, ATIR, D12, IFREMER, and Barltrop) were predicted by the BEMT
numerical model in flow field with constant mean current flow velocity with varying
levels of turbulence.

• BEMT numerical model is best at predicting rotor blade performance in stall and
optimum operating region, with larger deviation in the overspeed operating region.

• The five tested rotor blades have different twist and chord distribution along their
radial length, but all have decreasing chord and twist towards the tip.

• The location of optimum performance TSR is generally correlated to the twist along
the rotor blade. A trend of decreasing optimum TSR with increasing maximum
twist is seen with the rotor blades, with the exception of the Oxford rotor blade.
The ATIR, D12, IFREMER, and Barltrop rotor blades all have very similar hydrofoil
profile, but the Oxford rotor blade is sufficiently different, causing the difference
seen in optimum TSR and twist correlation. If the maximum twist of the Oxford
rotor blade was increased (i.e. pitching up of rotor blade), then the optimum TSR
would decrease. This would be true for any rotor blade.
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• Another observation of the power curves is that the maximum CP increases with
higher optimum TSR. The more the rotor blades are pitched downwards (i.e. less
twist), the greater the power coefficient. A disadvantage of pitching down a rotor
blade to gain greater power coefficient is the need for higher rotor rotational speed,
greater forces on rotor components, and a need for a more energetic site.

• The CT curves are all very similar with good comparison from the BEMT numerical
model to laboratory experiments across the whole TSR for the majority of rotor
blades.

• There is a significant difference in CT from the BEMT numerical model and the
laboratory experiments in the overspeed region for the Magallanes ATIR rotor blade.
Many factors could be responsible for this discrepancy in the BEMT numerical model
(e.g. inaccurate lift and drag polars, correction factors, or flow field representation).
The discrepancies could also be due to limitations of the laboratory experiments (e.g.
inaccurate measurement of flow conditions or manufacture of rotor blades). There is
suspicion that the Magallanes ATIR rotor blades used in the laboratory experiments
were not manufactured accurately and had differing twist and chord distributions
to the design. This would be an obvious source of inaccuracy between the BEMT
numerical model and the laboratory experiments.

Transient
A case study to establish the sensitivity of the IFREMER rotor blade to added mass (i.e.
acceleration forces) in the BEMT numerical model has been conducted and has shown that;

• The added mass has negligible contribution to the rotor torque, with the torque from
the added mass being 2% of the hydrodynamic term.

• The contribution of the added mass on the rotor thrust is greater as the waves travel
perpendicular to the rotor rotation plane. The thrust from the added mass is 4.9% of
the hydrodynamic term.

• The hydrodynamic and added mass terms are 90◦ out of phase. The added mass
terms are dependent on the fluid acceleration and the hydrodynamic terms are
dependent on the fluid velocity.

121
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• The maximum and minima of total rotor thrust is smaller with the inclusion of added
mass terms, but the average rotor thrust is unchanged as the added mass term has a
average of zero.

• The time step sensitivity study has shown that 60 timesteps per wave period is
necessary to fully capture the flow field dynamics.

• There is a linear correlation between added mass thrust to both turbulence and wave
height of the flow field.

Transient case studies of four rotor blades (ATIR, D12, IFREMER, and Barltrop) have been
completed. The flow fields of the transient case studies included waves and turbulence.
The BEMT numerical model successfully captures the key parameters of the wave cycle
of the flow fields.

• Similar to the steady-state cases, the BEMT numerical model is best at predicting
rotor blade performance in stall and optimum operating region, with larger deviation
in the overspeed operating region.

• The standard deviation of power and thrust of the BEMT numerical model predicition
is within an average of >95% across all cases to laboratory experiments, verifying
that the BEMT is accurately accounting for the waves in the flow fields.

• The flow conditions and their representation in the synthetic flow fields have
significant impact on the BEMT results.

• The rotor performance has a strong positive correlation to free stream velocity but
has no correlation to turbulence intensity.

• Using representative synthetic flow fields that match statistical properties of real
flows in the BEMT numerical model is crucial in ensuring useful prediction of rotor
performance.
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Chapter 4

Remote river energy system: Design

In the following chapter, the design process for the RRES is given which proceeds from
the initial RRES small-concept testing, completed in previous work [35]. Firstly, the
specification and stages of development for the RRES are given followed by a description
of the test site. The BEMT numerical model is used to predict the performance of the RRES,
providing loads which govern its design. The laboratory rig is introduced and described
which is used to test key components of the RRES prior to deployment at sea. Finally,
the deployment of RRES is summarised. The development of the RRES is based around
two different scaled versions, a 0.9m and 3.0m versions. The 0.9m and 3.0m represents
the diameter of the rotor which is used on the version. The 0.9m version is used for the
preliminary testing of the concepts intended for the 3.0m “full scale” version.

4.1 Specification

4.1.1 Device overview

The Remote River Energy System (RRES) is a floating platform which has a two bladed
turbine suspended in the flow of the river and is held in situ by four submerged mooring
lines. The test site is within a river tidal range and thus requires mooring in both the
upstream and downstream directions. However, the rotor will only be under test in
one direction. Sketches of (a) the general configuration of the RRES and (b) pontoon
arrangement are shown in Figure 4.1, credit D. Glasby.
The platform will be assembled from two modular pontoon hulls, which individually
measure 0.7m deep, 1.4m wide, and 10.0m long. The turbine is installed with a pivot
assembly which hinges at the back of the pontoon. A boat will be used to tow the RRES to
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(a)

(b)

Figure 4.1: Sketch of the remote river energy system (RRES), (a) general configuration and (b)
pontoon arrangement. Credit D. Glasby.

position and fixed in position using the four mooring lines. Note that Figure 4.1b shows a
planned future deployment of the full scale 3.0m device; the 0.9m version uses the same
pontoon and support structure.
A design overview of the RRES is listed below:

• The goal of an easy to repair, robust system was formalised into the design specification
shown in Table 4.1.
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4.1. Specification

• The 0.9m device is to test the concepts which are proposed for the 3.0m “full scale” RRES.
The main components which are of particular importance are: power take off, valves, chassis,
safety braking, rotor blades, mooring, and sensors.

• Offshore, the RRES is a stationary floating platform which suspends a two blade turbine in
the flow of the river.

• The platform is held in situ by four submerged mooring lines which can be used to angle the
turbine directly into the flow.

– The 3.0m device is proposed to have four mooring lines.

– The test site is within a tidal range and thus requires mooring in both the upstream
and downstream directions.

• The platform is constructed from two modular pontoons connected at both ends by steel
beams.

• The rotor has a diameter of 0.9m (3m for full scale).

• The rotor blades will be manufactured using fused deposition modelling additive layer
manufacture technique for the 0.9m device and manufactured from glass fibre reinforced
polymer (GFRP) for the 3.0m device.

– Quick and relatively inexpensive manufacturing technique.

– The fused deposition modelling will use ABS material.

– The GFRP will comprise of e-glass woven roving reinforcement along with polyester
resin.

– The rotor blades must have neutral buoyancy.

• The depth and pitch of the rotor blades will be controlled by a submersible arm which is
controlled by a hydraulic arm. The submersible arm will pivot at the rear of the pontoon
and will be able to completely raise the rotor blades out of the water for maintenance and
transportation.

• Energy is harnessed by transferring the rotational power of the rotor blades through a geared
system to actuate the PTO system, comprising a dual action piston pump and one way valves.

• The PTO system will pump pressurised water to an onshore hydro-electric generator in the
full scale device.

– To minimise complexity for 0.9m and first iteration of the 3.0m devices, no water will be
pumped to shore with everything housed on the chassis. The hydro-electric generator
will be replaced by an orifice plate.

• A closed loop control system is used to operate a throttling valve which regulates the flow of
water in the pipes. It will be used to stops the blades if the river flow exceeds 1.8m/s.
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• All components have been designed with minimal complexity so that they can be manufac-
tured from readily available components and generic materials using basic manufacturing
techniques.

• Whilst there are specialist components used in this design, many could be purchased
off-the-shelf or constructed and supplied separately.

4.1.2 Device specification
The specification for the 0.9m and 3.0m RRES devices are very similar and are given
in Table 4.1. Any differing specification for the 0.9m and 3.0m devices are denoted
.a and .b respectively.

4.2 Stages of development
The development of the RRES follows guidance of IEC TS 62600-202:2022. It gives best
practices and recommends procedures for the early stage development of tidal energy
converters.
There will be four stages for the development of the RRES, which are briefly described in
Table 4.2. The first stage is small-scale concept testing, which has previously been achieved
[35]. In this thesis the development of the RRES commences at the second stage, which is
a laboratory test rig that will be used to primarily test the PTO and control system. The
third stage is a deployment of the 0.9m diameter RRES at test site which will test the
performance, PTO, and control system of the RRES. The last stage is a deployment of the
3m diameter RRES at the test site which aims to demonstrate operability, maintainability,
access, and health and safety.
Each stage is intended to evaluate the design of the RRES and progress its technology
readiness level (TRL). The number of iterations of the RRES design concerning performance,
reliability, safety, and economics is expected to decrease significantly as the stages increase,
with the majority occurring in stages 1 and 2. Experimental trials will be conducted at
each stage to evaluate whether the RRES meets the required objectives. Advancement to
the next stage will only occur if the RRES meets all the criteria of the previous stage.

4.3 Test site
Design of the RRES is dictated by conditions at the chosen test site, which is at the marine
energy test area (META) in Warrior Way, Pembroke Dock. Location of the test site is shown
in Figure 4.4. The test area is a tidal estuary, with mean depth at high water of 20m and a
maximum tidal range of 10m. The current flow velocities commonly range from 0-1.8m/s,
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Table 4.1: Remote river energy system specification.

1. Mechanical

1.1 Support own weight in transit and installation
1.2 Weight limit of 5000kg to minimise size of crane
1.3 Neutrally buoyant blades and shaft
1.4 Designed to operational load cases
1.5.a Rotor diameter 0.9m
1.5.b Rotor diameter 3.0m
1.6 Hub diameter<20% of rotor diameter
1.7 Blade tip speed<10.5m/s
1.8 Adjustable blade pitch angle
1.9 Pump, orifice valve, and electrical box on deck

2. Operating conditions

2.1 Function at river velocities between 1-1.8m/s
2.2 Rated speed design at 1.3m/s
2.3 Shut down at 1.8m/s
2.4 Temperatures between 5 - 34 ◦C
2.5 Tidal estuary

3. Manufacture

3.1 Minimise use of novel materials
3.2 Minimise use of advanced manufacturing methods
3.3 Must be designed for low cost repair
3.4 Must be designed without seals underwater
3.5.a 0.9m rotor blades are to be 3D printed
3.5.b 3.0m rotor blades are to be manufactured from fibre glass
3.6 Resist corrosion

4. Maintenance

4.1 Will not require service as deployment will be less that 3 months
4.2 Must be safe to approach and transfer from a boat
4.3 Must be able to be lifted by a crane
4.4 All seals must be accessible in wet service

5. Health and safety

5.1 Design must follow guidance of IEC TS 62600-202:2022
5.2 Manufacture must adhere to local legislation
5.3 Maintenance must observe local safe working practices
5.4 All components will use a safety factor (SF) of 2 unless stated otherwise
5.5 Platform to include deck and handrails
5.6 Turbine must automatically brake the rotor in the event of power failure

with 1.3m/s as the highest reliable speed within a tidal cycle. Under a severe weather
event, it is hypothesised that the current flow velocity could reach 2.2m/s from historic
records.
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Table 4.2: Description of the development stages for the RRES.

Stage Model test descrip-
tion

TRL Typical
range
of
scales

Test objectives Go/No-go analysis. Stage
gate success thresholds

1 Concept model (i.e.
Small scale concept
testing)

2-3 1:15-
100

Concept verification: 1. Tur-
bine rotor: Demonstrate
power energy conversion. 2.
Platform: Test initial design
choices and select most fa-
vorable design configuration.
3. Characterize design loads
and motions for operational
reliability and survival.

Rotor power conversion
demonstrated. Loads charac-
terized for normal operating
and extreme conditions. A
favourable design configura-
tion is found.

2 Design model (i.e.
0.9m diameter
laboratory test rig)

4 1:3-
10

Design verification: 1.
Demonstrate power per-
formance and survival in
simulated tidal flow envir-
onment at a physical scale
that minimizes scale effects.
2. Demonstrate component
PTO. 3. Demonstrate other
component or subsystem,
e.g., controls.

Power performance equals
or exceeds target based on
numerical model. Loads
characterized for normal
operating and extreme con-
ditions. PTO operates as
designed and at expected ef-
ficiency. Control or other
subsystem operated as de-
signed.

3 Sub-systems
model (i.e At sea
deployment of
0.9m diameter
RRES)

5-6 1:1-5 Sub-system model verifica-
tion: 1. Assess energy
production in real tide-ways.
2. Demonstrate subsystem
integration. 3. Fully opera-
tional TEC tideway trials.

Power performance equals
or exceeds target based on
numerical model. Loads
characterized for normal op-
erating conditions. PTO
operates as designed and at
expected efficiency. Control
or other subsystem operates
as designed. Deployment op-
erations have all worked as
expected; mooring, towing,
etc.

4 Solo-device provid-
ing near to full
scale testing of pro-
totype device (i.e
At sea deployment
of full scale RRES)

7-8 1:1-2 Technical / Operational eval-
uation of near-full size to full
size power plant deployment.
Advance pre-production to
pre-commercial unit.

Operations analysis; demon-
strate operability, maintain-
ability, access, health and
safety.

An example of direction and speed plots for the whole water column at Warrior Way
are given in Figures 4.2 and 4.3. The data was recorded on a bottom mounted Nortek
Signature 500 ADCP, sampling at 4Hz for twenty minutes every half hour for 14 days
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with 0.5m bins. All plots are based off the avergae of each sample period (i.e. each data
point represents the average over twenty minutes).

Figure 4.2: Plot of flow direction at META Warrior Way over a 14 day period.

Figure 4.3: Plot of flow speed at META Warrior Way over a 14 day period.

Backscatter data of the general area of the META test site at Warrior Way is shown in
Figure 4.5. Also included in Figure 4.5 are the general area of the RRES mooring. The
backscatter shows minimal bedforms at the location of RRES mooring which is beneficial
for gravity anchoring. Figure 4.6 shows a map of the predicted habitats at Warrior Way,
which are a mixture of rock and sediment [18].
The proposed deployment location of the RRES floating device and seabed infrastructure
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Figure 4.4: Location of the Warrior Way META test site.

Figure 4.5: Backscatter data for the META test site at Warrior Way.

within the predicted habitat model is shown in Figure 4.7. It shows that the sea-bed
habitat for the planned mooring area is sediment. Two sediment profile imagery (SPI)
sample points (A & B) within the predicted habitat model are shown in Figure 4.8 [19].
Figure 4.8a shows the location of the SPI points within the predicted habitat model whilst
Figure 4.8b and Figure 4.8c shows the SPI at locations A and B respectively. The sediment
profile of location A and B are similar; sandy sendiment with small stones (<10cm).

130



4.3. Test site

Figure 4.6: Predicted habitats at the META test site at Warrior Way [18].

Figure 4.7: Proposed deployment location of the RRES floating device and seabed infrastructure
within the predicted habitat model.
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(a)

(b) (c)

Figure 4.8: Sediment profile imagery of two sample points (A & B) within the predicted habitat
model at Warrior Way [19].
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4.4 Remote river energy system performance predictions

4.4.1 Rotor blade options
The rotor blades for the RRES are designed based on the IFREMER rotor blade, described
in Section 3.1.6. Choosing the best rotor blade configuration for the RRES is achieved by
comparing CP and CT curves at optimum operating conditions (flow speed of 1.3m/s).
Three main configuration options are considered:

1. 2 blades with original chord

2. 3 blades with original chord

3. 2 blades with chord x1.5

CP and CT were calculated using the BEMT numerical model for a range of TSR from 0
to 15 for each blade option and are shown in Figure 4.9. Results shown in Figure 4.9 are
calculated with no correction factors enabled in the BEMT numerical model. This was
done to improve the readability of the results and make comparison easier.
As expected, options 2 and 3 have the same CP and CT results as they have the same
total chord length. Option 1, two blade with original chord, has significantly lower CT

compared to the other two options, but has only slightly lower CP. Importantly, its
optimum TSR is at 5.3 which is significantly higher compared to 4 for the other two options.
This means that the required startup torque will be higher, which could be an issue in low
flow speed sites. For this reason, blade configuration option 1 is not chosen.
Blade configuration 3, 2 blades with chord x1.5, is chosen as the preferred option. It has
the same solidity as option 2, but with one fewer blade. This reduces the complexity of
the RRES whilst still maintaining its performance.
Figure 4.10 is the same plot as Figure 4.9 but with the tip, hub, and high induction
corrections included in the BEMT. CP and CT results from Figure 4.10 will be used in
the following calculations. The most important CP and CT results for the chosen option,
2 blades with chord x1.5, are included in Table 4.3.

Table 4.3: Highlight CP and CT results from the BEMT numerical model for the chosen blade
configuration, option 3, 2 blades with chord x1.5.

Case TSR CP CT
Optimum performance 4.5 0.395 0.706

Runaway maximum rotational rate 12.2 0 0.556
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Figure 4.9: BEMT numerical model (without tip and hub ,corrections not applied) results for CP
and CT against TSR for three different rotor blade configuration options for the RRES.
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Figure 4.10: BEMT numerical model results with tip, hub, and high induction corrections for CP
and CT against TSR for three different blade options for the RRES.
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4.4.2 Design cases
Highlighted below are six cases which represent the extremities of the operating conditions
that the RRES could theoretically be subjected to. The BEMT numerical model is used
to calculate the loads and performance of the rotor blades in these operating conditions
which will be used to guide its design.

1. Rated speed design

• Rotor loads and performance will be calculated at optimum operating conditions, which
is at TSR of 4.5, in current flow velocity of 1.3m/s.

• This case is to determine the rated performance of the rotor.

2. Peak power before controlled shutdown

• Controlled shut down will initiate at current flow velocity above 1.8m/s.

• The rotor rotational rate will be kept the same as the rated speed design.

• This case is to determine the peak power of the rotor prior to shutdown.

3. Controlled shutdown - Rotor blades parked

• The rotor blades are stationary ”parked” in this case and thus have a TSR of 0.

• The river flow velocity is 3m/s, which is the maximum hypothesised velocity that could
occur under severe weather events.

• Due to the rotor blades being stationary, the thrust (drag) is based on plan area, not the
swept area.

4. Runaway

• A mechanical failure has taken place in this case, e.g shearing of shaft, snapping of timing
belt, stripping of gears, etc.

• This would result in the rotor spinning at run away.

• The river flow velocity is again 3m/s.

• This case will represent the highest thrust and rotational speed of the rotor blades.

5. Peak torque before controlled shutdown

• River flow velocity range from 1-1.8m/s.

• Rotor rotational rate< rotor rotational rate of rated speed design case.

• This case is used to create a specification for the test rig motor which requires the peak
torque and corresponding rotational rate.
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6. Start-up torque

• Torque required to start rotor rotation.

• Aim for rotor to start at river flow velocity of 1m/s.

• Rotor torque at velocity of 1m/s> total torque of RRES drive-train.

Table 4.4 summarizes the most important rotor loads and performance results of the 0.9m
and 3.0m RRES device for each design case. The rated power of the 0.9m diameter RRES
is 276W with rotor rotational rate of 2.07Hz in flow velocity of 1.3m/s. The 3.0 diameter
RRES rated power is 3,070W with rotor rotational rate of 0.62Hz in flow velocity of 1.3m/s.
A control system which uses a throttling valve will regulate the flow rate in the piping
system and thus the rotational rate of the rotor. Peak rotor power of 629W and 6,980W for
the 0.9m and 3.0m versions respectively, would occur at maximum allowable operating
flow velocity and rotor rotational rate. At very similar operating conditions, peak torque
of 47.6Nm and 1,760Nm respectively would occur. The maximum thrust and rotational
rate values are seen in case 4, runaway, where the values are 1590N and 12.9Hz for the
0.9m device and 17,680N and 3.88Hz for the 3.0m device. These values would only be
seen if a major mechanical failure were to occur, but the rotor blades will still be designed
to survive such events. To ensure rotor start-up at flow velocity of 1m/s the torque in the
drive train would have to be smaller than 2.6Nm for the 0.9m device and smaller than
100Nm for the 3.0m device. This will be tested during turbine commissioning, and if
unachievable, the blades will be pitched to increase the rotor torque at flow speed of 1m/s.
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Table 4.4: Summary of key rotor loads and performance results for 0.9m and 3.0m RRES version
for all design cases from BEMT numerical model predictions with tip, hub, and high induction
corrections.

Case Torque
(Nm)

Power
(W)

Thrust
(N)

Rotational
rate (Hz)

TSR Tip velo-
city (m/s)

Flow velo-
city (m/s)

0.9m version

1. Rated speed design 21.2 276 380 2.07 4.5 5.85 1.3
2. Peak power before con-
trolled shutdown

47.6 629 611 2.07 3.3 5.85 1.8

3. Controlled shutdown
- Rotor blades parked

23.2 0 362 0 0 0 3.0

4. Runaway 0 0 1590 12.91 12.2 36.60 3.0
5.Peak torque before con-
trolled shutdown

47.6 609 587 2.03 3.2 5.74 1.8

6. Start-up torque 2.6 0 40 0 0 0 1.0

3.0m version

1. Rate speed design 790 3,070 4,220 0.62 4.5 5.85 1.3
2. Peak power before con-
trolled shutdown

1,760 6,980 6,790 0.62 3.3 5.85 1.8

3. Controlled shutdown 860 0 4,020 0 0 0 3.0
4. Runaway 0 0 17,680 3.88 12.2 36.60 3.0
5. Peak torque before
controlled shutdown

1,760 6,770 6,520 0.61 3.2 5.75 1.8

6. Start-up torque 100 0 450 0 0 0 1.0

4.5 Laboratory test rig design

4.5.1 Overview

The drivetrain test rig is installed in the ESRI Coastal Lab (ESRI 008) at Swansea University
and has been designed to allow the testing and development of a hydraulic power take off
mechanism that will later be use in field trials of the RRES device.
The full power take off system is designed to operate as a closed loop of clean water being
pumped by the action of the rotating turbine, utilising a rotating crank mechanism to
drive a double-action piston to pump water via non-return valves to a hydraulic generator.
A controllable ball valve (throttling valve) is used to regulate water flow through the
system, which will in turn provide resistance to rotor rotation and allow rotor speed to be
controlled. The lab version of this mechanism functions in a similar manner, but uses a
motor to provide input energy in a controllable manner and an open loop hydraulic circuit
drawing water from a barrel that can be replenished from the lab supply if required. An
orifice plate is used near to the outlet of the hydraulic loop to simulate the pressure drop
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1. Motor
2. Belt pulley
3. Torque sensor
4. Crank arm
5. Piston rod
6. Pump manifold
7. Inlet pipe
8. One way “check” valve
9. Outlet pipe
10. Flow rate sensor
11. Pressure relief valve
12. Throttle valve
13. Orifice reduction plate
14. Pressure sensor
15. Water bath

Figure 4.11: CAD render of the laboratory test rig of the RRES with key components / sub-
assemblies labelled.

across a hydraulic generator.
Control and data recording of the test system is provided via electronics housed in two
IP67 rated enclosures. One enclosure is permanently wired to the motor and houses the
motor drive unit, while the second enclosure includes the control and recording computer
and sensor interfaces. CAD render of the RRES laboratory test rig which includes labels to
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Figure 4.12: CAD render of the laboratory test rig of the RRES with key components / sub-
assemblies labelled (corresponding to Figure 4.11).

identify key components / sub-assemblies is shown in Figure 4.11.
The overall layout of the test rig equipment is shown in Figure 4.12, with the motor and
hydraulic circuit mounted to the test bench, water supply reservoir in the barrel on the left,
and the two electronics enclosures on the right. Various photos of the RRES laboratory test
rig are given in Figure 4.13. The labels on Figures 4.12 and 4.13 correspond to Figure 4.11.
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(a) Picture of the control system and sensor section
of the RRES laboratory test rig.

(b) Picture of early stages of construction of the
RRES laboratory test rig.

(c) Picture of completed construction of RRES
laboratory test rig.

(d) Picture of completed construction RRES labor-
atory test rig.

Figure 4.13: Pictures of the RRES laboratory test rig with key components / sub-assemblies labelled
(corresponding to Figure 4.11).
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4.5.2 Design
The following equations are used to design and estimate the performance of the laboratory
test rig. The same procedure is used for both 0.9m and 3.0m RRES devices, with the
following presented example specifically for the 3.0m RRES laboratory test rig. Some of
the key design parameters which need to be calculated are;

• Gear ratio

• Pump dimensions

• Pipe system dimension and components

• Sensors

4.5.2.1 Gear ratio

A timing belt is used to transfer power from the rotor shaft to the crankarm. A dual stroke
piston system is chosen as the pump as it achieves constant flow with minimal components.
It is decided for this type of pump that the maximum RPM should be kept below 130.
The rotor rotational rate for the 3.0m RRES device at rated speed design is 0.62Hz as
described in Section 4.4.2. Using commonly available gear ratio, ηgear, and ensuring that
the maximum RPM of the pump stays below 130, a gear ratio of 1:3 is chosen.

4.5.2.2 Pump

The power that is delivered to the pump from the rotor is dependent on the efficiency
of the drive train, ηdt, which is estimated to be 0.75.

P pump = ηdtP rotor (4.1)

The pump rotational rate, ωpump, and crank torque, T crank, are both dependent on
the gear ratio, ηgear.

ωpump =
ωrotor

ηgear
(4.2)

T crank = ηgearηdtT rotor (4.3)

Operating at rated speed design, the rotor will produce 790Nm of torque, T rotor, 3,070W
of power, P rotor, at a rotational speed, ωrotor, of 0.62Hz. Similarly, operating at peak power
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case prior to shutdown, the rotor will produce 1,760Nm of torque, 6,980W of power, at a
rotational speed of 0.62Hz. Table 4.5 shows the corresponding pump values for these cases.

Table 4.5: Torque, power, and rotational speed for the 3.0m RRES rotor and pump at rated speed
design and peak power cases.

Case Torque (kN.m) Power (kW) Rotational rate (Hz)
Rotor Crank Rotor Pump Rotor Pump

1. Rated speed design 0.79 0.20 3.07 2.30 0.62 1.86
2. Peak power 1.76 0.44 6.98 5.24 0.62 1.86

As previously mentioned, the pump will be a dual stroke piston system. Crankarm
length, Lcrank, and piston head area, Apiston, are the two dimensions which dictate the
pump volume, V pump. The volumetric flow rate of the pump, V̇ pump, is calculated by
multiplying the pump volume by twice its rotational rate.

V pump = 2LcrankApiston (4.4)

V̇ pump = 2V pumpωpump (4.5)

The diameter of the piston head is chosen to be 101.6mm (4”) (x2 of 0.9m device), as this
is the diameter of the PVC flexible hose available for the piping system. Maintaining a
standard diameter wherever possible will reduce complexity. A flow rate of 0.01m3/s
(600l/min) is the target whilst operating at rated speed design (x4 of 0.9m device). This
value is within the specified working range of the majority of sensors which are intended
to be used. Using the flow rate and piston head diameter, the remaining pump parameters
are calculated, detailed in Table 4.6.

Table 4.6: Dimensions of the 3.0m RRES pump.

Detail Symbol Value Unit
Piston diameter Dpiston 0.1016 m
Piston area Apiston 0.00812 m2

Crank length Lcrank 0.166 m
Stroke length Lstroke 0.332 m
Pump volume V pump 0.00269 m3

The maximum force in the pump, F pumpmax , is calculated by taking the maximum crank
torque and dividing by its length, whilst the maximum pump pressure, ppumpmax , is
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calculated by dividing the maximum pump force by the piston area head. The maximum
pump force and pressure will occur during design case 5, peak rotor torque, and are
2,660N and 0.328MPa respectively.

F pumpmax =
T crankmax

Lcrank
(4.6)

ppumpmax =
F pumpmax

Apiston
(4.7)

The piston rod is a critical component of the pump and must withstand the maximum
force of 2,660N without buckling. The piston rod is chosen to be 12mm diameter made
from stainless steel grade 316. Euler column formula is used to calculate the critical
load for the piston rod;

F crit =
nΠ2EI

L2
(4.8)

where n is the factor accounting for the end conditions, E is the modulus of elasticity, I is
the cross-sectional moment of inertia, and L length of rod.
One end of the rod will be fixed to the crank arm whilst the other will be supported at
the piston head, and thus an end condition factor of 2 is chosen. The maximum length of
the rod will be equal to the stroke, and is 0.332m. The modulus of elasticity of 316 SS is
193GPa. The moment of inertia is calculated using Equation 4.9 and is 2.011x10−10m4.

I =
Πd4

64
(4.9)

The critical load, F crit for the piston rod is 35kN which is 13x larger than the predicted
maximum force. Although over engineered the rod diameter will be kept at 12mm, as
reducing the rod size further would result in difficulties in assembly.
A simple numerical model is coded in MATLAB which is used to predict the operating
parameters of the laboratory test rig. Figure 4.14 shows one complete pump cycle for (a)
force, (b) pressure, and (c) volumetric flow rate at rated speed design case. As can be seen
in Figure 4.14c, water is pumped in both stroke direction as the pump is a dual stroke
piston system. There is no difference in pump force and pressure in either stroke direction
and the negative values only indicate opposite direction to the positive.
Pump head, hpump, indicates the height to which the pump can raise a fluid. It is an
important parameter which indicates how much energy will be in the system. It is
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Figure 4.14: One complete pump cycle for (a) force, (b) pressure, and (c) volumetric flow rate at
rated speed design case for the 3.0m RRES.

calculated using Equation 4.10, which is derived from Bernoulli’s equation. ηpump is
the pump efficiency, and is estimated to be 0.7. P pump and V̇ pump are pump power
and volumetric flow rate respectively.

hpump =
P pump ∗ ηpump

V̇ pump ∗ g ∗ ρ
(4.10)

Figure 4.15 is a surface plot of pump head against current flow velocity and rotor rotational
rate for the 3.0m RRES. 36.22m is the maximum pump head which is seen at maximum
rotor rotational rate and current speed of 0.62Hz and 1.8m/s respectively.

4.5.2.3 Pipe system

The pressure in various locations in the piping system are important to know to ensure
appropriate fittings and sensors are used. Figure 4.16 is a diagram of the piping system
indicating locations of pressure calculations using Bernoulli’s equation 4.11.

p1

ρg
+
U 1

2

2g
+ z1 + hpump =

p2

ρg
+
U 2

2

2g
+ z2 + hL (4.11)

It is assumed that the water in the pipe system is an incompressible ideal fluid. The
pipe diameter is constant throughout the system and thus fluid velocity, U 1 and U 2,
will always be equal. Additionally, the whole pipe system is approximately at the same
height and thus the height terms, z1 and z2 , will also always be equal. Equation 4.11
can thus be simplified to Equation 4.12.

144



4.5. Laboratory test rig design

Figure 4.15: Surface plot of pump head against current flow velocity and rotor rotational rate for
the 3.0m RRES.

p1

ρg
+ hpump =

p2

ρg
+ hL (4.12)

hL is the head losses in the system due to fluid friction which occur at the pipe wall,
valves, fitting, and sensors. Empirical values are available to estimate these losses. Darcy’s
equation can be used to calculate the frictional head loss from the pipe wall.

hL = f
L

D

U2

2g
(4.13)

where f is the friction factor, L length of pipe,D diameter of pipe, U mean velocity, and
g gravitational acceleration. The friction factor is selected from the Moody diagram which
relates the friction factor to the Reynolds number and relative roughness of the pipe, ϵ/D.
The friction factor will be approximately 0.02 in our medium density polyethylene (MDPE)
piping.
In addition to losses from the pipe wall, we also have minor losses from components and
fittings in our system. These are calculated using Equation 4.14, where KL is the loss
coefficient. Common values for KL are included in Table 4.7.

hL = KL
U2

2g
(4.14)
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1

2

3 4

NO. LOCATION
1 Inlet pipe to pump
2 Outlet pipe from pump
3 Downstream of throttling valve and upstream of orifice plate
4 Downstream of orifice plate

SOLIDWORKS Educational Product. For Instructional Use Only.

Figure 4.16: Diagram of the RRES laboratory test rig piping system indicating location of pressure
calculations.

Table 4.7: Values of common loss coefficient of pipe system components.

Component KL Value
Elbow join 0.70
Tee join 0.90
Check valve 2.00
Ball valve, fully open 0.05
Flow rate sensor 0.10

The head loss in the whole piping system of the full scale RRES device for various pipe
sizes against volumetric flow rate is shown in Figure 4.17. The head loss for pipe size
of 4” and above are relatively similar thus it is decided based on minimising pipe cost
and material that a 4” pipe will be used.
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Figure 4.17: Plot of total head loss in the whole piping system of the 3.0m RRES laboratory rig for
various pipe sizes against volumetric flow rates.

The pressure in the inlet pipe, p1, is assumed to be approximately 101kPa (1 atm). Using
Equation 4.12, we can now calculate the pressure in the outlet pipe, p2. A plot of outlet
absolute pressure is shown in Figure 4.18 where the maximum pressure will be 3.97 atm.

p2 = p1 + hpumpρg − hLρg (4.15)

A restriction orifice plate will be located in the piping system between the throttling valve
and the discharge to the water bath to reduce the water pressure in the RRES laboratory
rig. The pressure drop across a restriction orifice is calculated using Equation 4.16, where
β is the ratio of orifice to pipe diameter, Q is the volumetric flow rate, Cd is the orifice
discharge coefficient, and Ao is the area of the orifice.

∆porifice =
1

2
ρ(1 − β4)(

Q

CdAo
)2 (4.16)

A significant pressure drop is not required and thus a relatively high β of 0.5 is chosen. As
the pipe has a diameter of 101.6mm (4”), the area of the orifice,Ao, will be 2.027x10−3m2.
The orifice discharge coefficient, Cd, is dependent on β and the Reynolds number of the
flow. In this case it is approximately 0.60. A plot of pressure drop across the restriction
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Figure 4.18: Surface plot of absolute pressure in the outlet pipe of the piping system of the 3.0m
RRES laboratory rig against current flow velocity and rotor rotational rate.

orifice against flow rate is shown in Figure 4.19. A maximum pressure drop of 1.04 atm
occurs at the maximum allowable flow rate of 0.01m3/s.

0 0.002 0.004 0.006 0.008 0.01

Volumetric flow rate (m3/s)

0

0.2

0.4

0.6

0.8

1

1.2

P
re

s
s
u

re
 (

a
tm

)

Figure 4.19: Pressure drop across the restriction orifice plate in the 3.0m RRES laboratory test rig
piping system.

The throttling valve will be used to control the flow rate in the piping system. Calculation
of the energy extracted by the throttling valve will be made by measuring the downstream
pressure, at location 3, and comparing to the upstream pressure, at location 2. Pressure in
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the piping system downstream of the restriction orifice, location 4, will be the pressure of
the discharge water into the water bath and is calculated using Equation 4.17.

p4 = p2 − ∆porifice − ∆pvalve (4.17)

Shown in Figure 4.20 is the absolute pressure downstream of the restriction orifice for
the whole operating range of the 3.0m RRES. The results in this plot assumes a fully
open throttling valve with no pressure loss across it.

Figure 4.20: Absolute pressure downstream of the restriction orifice for the whole operating range
of the 3.0m RRES laboratory test rig.

The pressure drop across an orifice restriction plate is proportional to flow rate. As seen in
Figure 4.15, the pressure varies significantly at same rotational rate (flow rate). At rotational
rate of 0.62Hz the pressure varies from 1.1-4.0 atm. To mitigate against misuse of laboratory
test rig where the pressure is significantly higher than designed, a pressure relief valve is
located upstream of the throttle valve which will discharge if the pressure reaches 5 atm.

4.5.2.4 Motor

An electric motor is used in the laboratory test rig to replicate the rotational torque
generated by the rotor blades at sea. The torque and power requirements for the motor
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across the whole operating range, for both 0.9m and 3.0m devices are shown in Figure 4.21
and Figure 4.22 respectively.
Due to the very low required rotational rates, an inline helical gear motor coupled with
an AC inverter is chosen as the most appropriate set-up.

(a) (b)

Figure 4.21: Motor (a) torque and (b) power requirements for the 0.9m RRES device across the
entire operating range.

(a) (b)

Figure 4.22: Motor (a) torque and (b) power requirements for the 3.0m RRES device across the
entire operating range

4.5.3 Failure mode effect analysis
This section details identified mechanical failure modes and subsequent effects of failure
modes for the RRES laboratory test rig designed and being manufactured as part of the
MEECE project for eventual deployment at the marine energy test site in Warrior Way. This
is a design level failure mode effect analysis (FMEA), and includes mitigations considered
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at the design stage as well as steps to be followed during manufacture and operation of
the laboratory test rig.
Only mechanical failures are considered, Mechanical, and assigned an ID of the form
Constituent/System/Number (e.g. M/P/1 is the first failure mode of the mechanical
pump). Each failure is also rated in terms of severity, with 1 being total and unrecoverable
failure, 2 being loss of function, and 3 being partial loss of function.
These failures are summarised in Table 4.8 at the end of the section.

4.5.3.1 Mechanical Failures

The laboratory test rig consists of several mechanical sub-assemblies whose failures will
have both primary and secondary consequences.

Motor

The inline helical gear motor is used as low speed, high torque is required. It is the most
important mechanical system, supplying torque to the test rig. A total failure of the motor
would fall under severity 1 - total and unrecoverable failure.

• M/M/1 - Mechanical break.
Severity 1 - permanent loss of function

In the event of a mechanical break which renders the motor unusable, the laboratory
test rig will cease to be operable. Following the manufactures guidance and ensuring
it is operated within its designed range should prevent such break occurring.

• M/M/2 - Overheating.
Severity 2 - temporary loss of function

The motor will temporarily cease to work in the event of overheating, render-
ing the whole test rig unusable. The motor will be located in an appropriate location
which follows manufactures guidance on ventilation procedures.

• M/M/3 - Slipping.
Severity 3 - reduced torque input to test rig

In the event of the motor connection slipping, torque transfer to the test rig will be
significantly reduced. This will reduce the range of tests which can be performed
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and limit the usefulness of the test rig. The use of industry standard coupling of
motor to test rig should ensure reliable torque transfer.

Power take off

The PTO sub-assembly transfers the rotational power of the motor to the linear power
of the pump. Failure to transfer the power would result in a loss of function of the
test rig, severity 2.

• M/PTO/1 - belt pulley slipping.
Severity 3 - reduced power transfer to pump

In the event of the belt pulley slipping power transfer to the pump is greatly
reduced. This will reduce the range of tests which can be performed and limit the
usefulness of the test rig. Correct standard belt pulley tensioner will be used to
minimise the chance of belt slipping.

• M/PTO/2 - belt pulley snapping.
Severity 2 - loss of power transfer to pump

In the event of the belt pulley snapping from overheating due to excessive loads
or speed, power transfer to the pump is lost and the test rig has lost its function.
Ensuring the belt pulley is rated to the predicted loads and speeds, as well as
following correct operating guidance will minimise the likelihood of any failures.

• M/PTO/3 - crankarm assembly misalignment.
Severity 3 - reduced efficiency and increased risk of more severe failures

In the event that there is misalignment in the crank assembly, efficiency of the
test rig will be reduced along with increased loads on components which will
increase the risk of more severe failures. Incorporating bearings in appropriate
locations as well as following best practice for assembly, misalignment of parts can
be kept to a minimum.

• M/PTO/4 - crankarm assembly failure.
Severity 2 - loss of power transfer to pump
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In the event of the crank arm assembly failure from excessive loads, speeds, or
misalignment, power transfer to the pump is lost and the test rig has lost its function.
Ensuring the crank arm assembly is correctly assembled, minimising misalignment,
is rated to the predicted loads and speeds, will minimise the likelihood of any
failures.

• M/PTO/5 - bearing failure.
Severity 3 - reduced efficiency

In the event of bearing failure, the efficiency of the test rig will be significantly
reduced. Bearing failure could occur due to incorrect bearing choice, defects, or
misalignment. Choosing appropriate bearings, rated to the loads and speeds, as
well as following best practices during assembly will minimise the chances of any
failures.

Pump

The pump is a dual stroke piston system, chosen as it achieves constant flow with minimal
components. It is used to pump water around the closed loop piping system, which
consists of valves and sensors. If it fails to pump water around the piping system, then
the whole test rig is rendered useless, severity 2.

• M/P/1 - pump rod buckling.
Severity 2 - loss of pump function

In the event of the pump rod buckling due to excessive force, the pump will
cease to operate and no water will be pumped around the piping system. Designing
the pump rod to a high SF of 3 and ensuring motor output loads are limited will
minimise the likelihood of any buckling.

• M/P/2 - pump head tolerance.
Severity 2 - loss of pump function

In the event of inappropriate pump head tolerance with the pump cylinder, pump
efficiency or function will be negatively impacted. If the tolerances are to small,
additional friction loads will be placed on the pump rod, potentially leading to
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buckling and loss of function. On the contrary, if the tolerances are to big, the pump
will be very inefficient and be limited to the amount of water it can pump, resulting
in loss of function. Using best practice tolerances and manufacturing technique will
maximise the chances of correct pump manufacture and minimise any likelihood of
the failures associated with incorrect tolerances.

• M/P/3 - surface finish of components.
Severity 3 - reduced efficiency

In the event of the pump cylinder and/or pump head having poor surface fin-
ishes due to poor manufacturing choices, pump efficiency will be negatively effected.
Poor surface finish will increase the wear on components as well as reducing the
systems efficiency, increasing the risk of a more severe failure. Choosing the most
appropriate manufacturing and surface finishing techniques will minimise the
chance of failure due to poor surface finish of parts.

Piping system

The piping system is an assembly of pipes, joins, valves, and sensors which creates a closed
loop system which has water flowing throughout. Water is sucked out of a reservoir
by the pump before passing though one way ball valves, flow sensor, throttling valve,
and an orifice plate. The water then exits the piping system back into the reservoir.
Any failures within the piping system would cease experimental testing and recording
of any meaningful data, severity 2.

• M/PS/1 - severe leakage (burst).
Severity 2 - loss of pressure and water leakage

In the event of severe leakage from a component due to excessive pressure in
the system, recording of meaningful data from the test rig will stop. A pressure relief
valve is included upstream of the throttling valve which will allow the discharge
of water in the event of excessive pressure in the system, ensuring no damage in
inflicted on any components.

• M/PS/2 - debris in water.
Severity 1 - permanent damage to sensors

154



4.5. Laboratory test rig design

In the event of debris being sucked into the piping system and flowing through
the pressure and flow rate sensors, irretrievable damage could be caused to these
sensors. Ensuring the water reservoir is debris free is fairly easy in a laboratory
setting, but including a filter in the inlet pipe would reduce the chances of debris
entering the piping system to a minimum.

• M/PS/3 - one way ball valve failure.
Severity 2 - loss of pump function

In the event of the one way ball valves not working as designed (creating a seal)
due to incorrect application, the pump will not supply a flow of water in the piping
system. Ensuring the appropriate valves are used, and assembled as designed will
limit the likelihood of any failure.

• M/PS/4 - small leaks in joins.
Severity 3 - dripping of water on components

In the event of joint leakage due to inadequate joining method, water will seep out
and drop on components beneath. A small leak is tolerated in most cases as it has
negligible impact. But in the case of leakage onto an electrical component, this could
cause a more serious failure. Ensuring best practice joining techniques are used
during assembly will minimise the chances of any leaks occurring.

• M/PS/5 - air in system.
Severity 3 - reduced water flow and pressure

In the event of air being trapped in the piping system, water flow will be re-
duced as well as pressure. Also, pressure readings from the sensors could be
obscured. Incorporating air valves and ensuring system is primed with water will
minimise any air trapped in the piping system.
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4.6. Full scale deployment

4.6 Full scale deployment

4.6.1 Assembly

Figures 4.23 and 4.24 shows a CAD render of the RRES with key components / sub-
assemblies labelled. Figure 4.24 is a detailed view A from Figure 4.23.
The RRES is held in position by 4 mooring lines which all have (1) gravity anchor, (2)
weighted chain, (3) tug rope. A buoy line (4) raises from each gravity anchor which is
attached to a marker buoy (5) on the water surface to warn other vessels of the foot-print
of the RRES. Detailed description of the mooring is given later in Section 4.6.6.

1. Gravity anchor
2. Weighted chain

3. Tug rope
4. Buoy line

5.Marker buoy

Figure 4.23: CAD render of the whole RRES assembly with key mooring components labelled.

Two modular pontoons (6) form the main structure of the floating test platform which are
connected by steel beams at both ends. At the rear of the platform a submersible arm (8)
pivots on the steel beam which is raised and lowered by a hydraulic arm (9). The PTO
(10) assembly is located at the bottom of the submersible arm and is directly driven by
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4. Remote river energy system: Design

6. Modular pontoon
7. Cabin
8. Submersible arm
9. Hydraulic arm
10. Power take off
11. Drive train
12. Rotor blades
13. Water tank

Figure 4.24: CAD render (detail view A from Figure 4.23) of the RRES floating platform assembly
with key components / sub-assemblies labelled.
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4.6. Full scale deployment

a b

Figure 4.25: Schematic of the RRES submersible arm movement; a. submerged and b. raised.

the rotor drive train (11). This eliminates the need to transfer the rotational power from
the rotor drive train to the platform surface by the means of mechanical systems, which
has reduced the complexity and cost of the RRES. Two bladed rotor blade (12) turbine is
located at a hub depth of 3.0m. As the META at Warrior Way is exposed to bad weather, a
cabin (7) is included on the platform to protect operators and sensitive electrical systems
from the weather.
A key design feature of the RRES is a submersible arm which is controlled by a hydraulic
arm, giving control over the depth and pitch of rotor blades. It pivots at the rear of
the RRES and can raise the rotor blades completely out of the water for transportation
and maintenance. A schematic of the RRES with the arm a. submerged and b. raised
is given in Figure 4.25.

4.6.2 Rotor blades

4.6.2.1 Design

Details of the geometry of the RRES rotor blades are given in Section 3.1.6. A drawing of
the rotor blade and spar assembly which includes key dimensions is given in Figure 4.26.
The spar end plate has a number of holes as shown in Figure 4.27. The numbers refer to
the offset in angle of attack in degrees which is achieved when using the combination of
holes. This allows the RRES rotor blades to be pitched from -5◦ to 15◦ at intervals of 2.5◦.
Choosing the most appropriate material and manufacturing technique for the rotor blades
requires knowing of the total loads and their distribution. The BEMT numerical model
is used to predict the total load (Table 4.10) and the distribution of that load along the
rotor blades (Table 4.11).
The rotor blades are manufactured using GFRP, comprising of e-glass woven roving
reinforcement along with polyester resin. Each composite ply should have a thickness of
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4. Remote river energy system: Design

Figure 4.26: Drawing of the 3.0m RRES rotor blade and spar assembly.
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4.6. Full scale deployment

Figure 4.27: Schematic of the end plate of the spar for the 3.0m RRES used to pitch blades.

Table 4.9: Material properties of glass fibre reinforced polymer used for manufacture of 3.0m RRES
rotor blades.

Properties Value Units

Tensile strength 228 MPa
Compressive strength 129 MPa
Tensile modulus 15.2 GPa
Compressive modulus 10.9 GPa
Failure strain 2.8 %

Table 4.10: Total rotor blade loads of the 3.0m RRES predicted from the BEMT numerical model.

Total (Contribution from both blades) Value Units

Max thrust 6,790 N
Max torque 1,760 Nm
Max power 6,980 W
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4. Remote river energy system: Design

Table 4.11: Radial distribution of maximum thrust and torque per blade of the 3.0m RRES predicted
from the BEMT numerical model.

Radius (m) Thrust (N) Torque (N.m)

0.363 77.195 17.504
0.428 86.014 20.915
0.492 97.470 24.901
0.558 109.593 28.946
0.623 123.053 33.380
0.687 136.657 38.026
0.753 152.531 43.652
0.818 164.131 49.055
0.882 175.217 54.862
0.948 194.096 62.043
1.013 222.312 71.991
1.077 246.959 72.306
1.143 254.132 73.374
1.208 258.162 72.845
1.272 257.886 70.065
1.338 250.543 63.985
1.403 231.823 53.879
1.467 201.204 43.036
1.500 105.246 32.384

≈1mm, and the percentage of fibre volume should be ≈36%. The mechanical properties
of the GFRP material are given in Table 4.9.
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4.6. Full scale deployment

4.6.2.2 Cavitation

Cavitation is the term used to describe the formation of vapour filled cavities in a fluid
when its static pressure falls below its vapour pressure. This can arise for a tidal stream
turbine which is undesirable as it increases the environmental impact and blade damage.
A compatible cavitation detection model has been introduced to a BEMT numerical
model to indicate any cavitating blade elements by Buckland et.al. [109]. The cavitation
number is calculated by;

σ =
p− pv

0.5ρV R2
(4.18)

where p is the static pressure, pv is the vapour pressure, and V R is the rotor velocity.
The rotor velocity is calculated by;

V R =
√
U c2 + (ΩR)2 (4.19)

where U c is the current flow velocity, Ω is the rotor rotational speed, andR is the rotor
radius. The vaporisation pressure (pv) of water at 15◦C is 1.614kPa (0.0159 atm). Deriving
from Bernoulli’s equation, the static pressure is calculated by;

p = ρgdw + patm +
1

2
ρ(U c

2 − V R
2) (4.20)

0.5 0.6 0.7 0.8 0.9

Rotor radius (r/R)

0

5

10

15

20

C
a
v
it
a
ti
o
n
 N

u
m

b
e
r 

(-
)

(a)

0.5 0.6 0.7 0.8 0.9

Rotor radius (r/R)

0

5

10

15

20

C
a
v
it
a
ti
o
n
 N

u
m

b
e
r 

(-
)

(b)

0.5 0.6 0.7 0.8 0.9

Rotor radius (r/R)

0

5

10

15

20

C
a
v
it
a
ti
o
n
 N

u
m

b
e
r 

(-
) 0.26

0.44

0.62 (max)

0.80

Rotor rotational rate (Hz)

(c)

Figure 4.28: Plot of cavitation number against rotor blade radius at various rotor rotational rates in
current flow velocities of a) 1m/s, b) 1.4m/s, and c) 1.8m/s for the 3.0m RRES.
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Figure 4.29: Plot of cavitation number against rotor blade radius for design cases 1, 2, 4, and 5 for
the 3.0m RRES.

where dw is the depth of water.
Hub depth for both RRES devices is 3.0m. At this depth, cavitation will not occur for
either scaled devices at any planned operating condition (Current flow velocity 1-1.8m/s
and rotor rotational rate (0-2.07Hz 0.9m device)(0-0.62Hz 3.0m device). Figure 4.28 shows
plots of cavitation number against rotor blade radius for different rotor rotational rates
in current flow velocities of a) 1m/s, b) 1.4m/s, and c) 1.8m/s for the 3.0m RRES device.
Similarly, Figure 4.29 is a plot of cavitation number against rotor blade radius for design
cases 1, 2, 4, and 5 for the 3.0m RRES device. A negative cavitation number would indicate
that cavitation would occur. This is not seen at any point within our operating range and
thus we would not expect to experience any cavitation. However, we can not be totally
assured that no cavitation would occur as accurately predicting the process is difficult
as it depends on several parameters, such as local static and vapour pressures, and the
time required for the cavitation nuclei to grow to a sufficient size.

4.6.3 Blade root bending moment sensor

Torque and thrust are two important parameters which are used to evaluate the performance
of the RRES. The torque is the moment in the plane of rotor rotation whilst thrust is the
force perpendicular to the rotor rotation direction. The most accurate location to measure
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4.6. Full scale deployment

Figure 4.30: Isometric view of the RRES blade and hub assembly with the blade root strain housing
coloured green.

these loads is at the root of the rotor blades, which eliminates inaccurate measurements
due to losses which occur downstream of bearings and drive-trains.
Each rotor blade root will have four strain gauges, two in each axial and tangential direction.
CAD renders of the blade and hub assembly are shown in Figures 4.30 and 4.31 which has
the blade root bending moment sensor housing coloured green. Drawing of the blade
and hub assembly with key dimensions (mm) is shown in Figure 4.32.

The strain gauges are located in the blade root bending moment housing, which is shown
in Figure 4.33. Half Wheatstone bridge circuit is used to make the blade root bending
moment sensors. Figure 4.34 shows a schematic of the half Wheatstone circuit used, which
includes two strain gauges and two 350Ω resistors. The strain gauges are linear type with
one measurement grid per strain gauge. The nominal resistance of the gauges are 350Ω
and are 18mm long and 8mm wide. The bonding surfaces are prepared using standard
cleaning products and the strain gauges are bonded using a cold cure adhesive. Cold cure
adhesive is chosen for its ease of use.
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4. Remote river energy system: Design

Figure 4.31: Top view of the RRES blade and hub assembly with the blade root strain housing
coloured green.

Figure 4.32: Drawing of the RRES blade and hub assembly with key dimensions (mm).
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4.6. Full scale deployment

Figure 4.33: CAD render of the RRES blade root bending moment sensor housing.

The housing must have IP68 rating as it will be submerged in salty water. This is achieved
by ensuring surface finish of 0.8µm on mating surfaces along with using gaskets. The
electrical cables are layed inside the shaft to a slip ring, where electrical cables run to the
surface at the platform deck.
A bending beam rig is used to calibrate the blade root bending moment sensor [110].
The sensor is fixed at one end and a force applied at the other. The force is applied in
a perpendicular direction to the fixed surface and is accurately measured using a load
cell. The orientation on the blade root bending moment sensor is changed to calibrate
each direction (torque and thrust).
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4. Remote river energy system: Design

Figure 4.34: Schematic of the half Wheatstone bridge circuit used for the blade root bending
moment sensors for the RRES.

4.6.4 Bearings
Journal and thrust bearings are required on the drive train of the RRES to provide contact
from the rotating shaft to the stationary support frame. The locations of the journal and
thrust bearings along the drive train of the RRES are highlighted in a drawing shown in
Figure 4.35. The journal and thrust bearings are highlighted yellow and blue respectively.
The journal bearings are manufactured from a engineered thermoplastic whilst the thrust
bearings are manufactured from brass.

Figure 4.35: CAD drawing of the RRES drive train with location of journal (yellow) and thrust
(blue) bearings highlighted.

The following equations are used to design the journal and thrust bearings.

• D2 = outer bearing diameter (m)
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• D1 = inner bearing diameter (m) (i.e. same as diameter of rotating shaft)

• Wth = Max thrust load (N)

• Wjo = Load on journal bearing (N)

• kg = Pad / circumference ratio (usually 0.8)

• pth = Pressure bearing capacity (Pa) (Parallel surface load <517kPa)

• pjo = Bearing pressure (Pa)

• Ljo = Length of journal bearing (m)

• a = Radial pad width (m)

• B = Pitch line circumference (m)

• i = Number of bearing pads

• b = length of bearing pad (m)

Journal bearing

pjo =
W jo

LjoD1
< 0.5MPa (4.21)

typical
Ljo

D1
= 2.5 (4.22)

Thrust bearing

D2 = (
4W th

πkgpth
+D1

2)
1
2 (4.23)

a =
D2 −D1

2
(4.24)

B =
π(D2 +D1)

2
(4.25)

i =
Bkg

a
(closest whole number) (4.26)

b =
Bkg

i
(4.27)

171



4. Remote river energy system: Design

Standard bearing wall thickness of both journal and thrust bearings is ≈20% of D1.
The 3.0m RRES device has the following parameters;

• D1 = 0.075m

• Wth = 6,790N

• Wjo = 3,000N

• kg = 0.8

• pth = 517kPa

Parameters of the journal and thrust bearings of the 3.0m RRES are given in Table 4.12.
CAD renders of the journal and thrust bearings for the 3.0m RRES are shown in Figure 4.36.

Table 4.12: Summary of the parameters of journal and thrust bearings of the 3.0m RRES.

Bearing Parameters Value

Journal

ID (D1) (m) 0.0750
OD (D2) (m) 0.1200
Length (Ljo) (m) 0.1500
Thickness (m) 0.0225

Thrust

ID (D1) (m) 0.0750
OD (D2) (m) 0.1630
Thickness (m) 0.0225
Number of pads (i) 7
Length of bearing pad (b) 0.0427
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4.6. Full scale deployment

(a) (b)

Figure 4.36: CAD renders of a. journal bearing and b. thrust bearing of the 3.0m RRES.

4.6.5 Control system

The control system is designed to allow monitoring and recording of the different sensors,
as well as control of the throttling valve and (in the laboratory tests) motor drive parameters.
The system is also responsible for ensuring parameters remain within safe limits and
shutting down the device if limits are exceeded - either by allowing the brake to apply on
field deployments or triggering the motor emergency stop in the laboratory.
The control system is built around a low cost commodity computer and hardware expansion
boards, using OpenPLC to expose the various sensor inputs and hardware controls, and
provide runtime supervision of the control software. OpenPLC also allows access to these
inputs and controls by external software over Modbus, which is used to provide a suitable
graphical interface for testing and operation.
During the laboratory testing, the control software enforces safety limits but allows
other parameters to be adjusted manually as required to meet the various test criteria.
For the field deployments of the RRES device, the control software will additionally
be responsible for adjusting the throttling valve based on the upstream flow speeds in
order to maximise the rotor performance. This will be based on the volumetric flow
rate of fluid through the piping system and the upstream flow velocity reported by an
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4. Remote river energy system: Design

ADV, with the rotor speed controlled indirectly by varying the throttling valve and the
resulting flow through the piping system. Schematic of the control system employed
on the RRES field deployment is shown in Figure 4.37.

Figure 4.37: Schematic of the control system employed on the RRES field deployment.

4.6.6 Mooring
The mooring design will follow the standards and guidance of DNVGL-ST-N001. Two
quasi-static design cases are considered; 1. Intact condition, and 2. redundancy check.
Intact condition is the mooring system operating as designed, whereas the redundancy
check is for a complete redundancy of one mooring leg (i.e. loads are all imposed on one
anchor).
The duration of deployment will be approximately 3 months, categorising the design as
mobile mooring. Safety factors for axial and lateral directions are 1.2 and 1.0 respectively
for the redundancy check case, and 1.5 and 1.2 for the intact condition case (Table 17.6
DNVGL-ST-N001). Current and wind loads are considered in the following calculations.
Wave loadings and line drag are not explicitly accounted for in the design, but as it
is considered to be mobile mooring, the wave loadings and line drag are sufficiently
accounted for in the redundancy case.

4.6.6.1 Overview

Details of the META test site at Warrior Way are given in Section 4.3. To minimise cost
and logistical challenges, the same mooring system will be used for both 0.9m and 3.0m
RRES devices. The greatest requirements of the mooring system will be for the largest
3.0m RRES device, and thus the following mooring calculations are based on the 3.0m
RRES device.
At the META test site in Warrior Way, pile anchoring is prohibited, and thus the only
viable option is gravity anchoring. The test site is a tidal estuary and thus mooring must
be provided in both ebb and flood directions. To minimise cost and environmental impact
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4.6. Full scale deployment

1 1
2 2

3 3

4

Ebb flow direction

Depth: 20–25m

Anchor to anchor distance: 65m (min)

5

1. Gravity anchor
2. Weighted chain
3. Mooring line
4. Floating river turbine (Barge)
5. Load cell shackle

Figure 4.38: A schematic of the mooring layout for the RRES.

on the river bed, the number of gravity anchors is kept to a maximum of 4. Tension is
maintained in the mooring line with a slack weighted chain which links the mooring
line and the gravity anchor. A schematic of the mooring layout, including estimated
distances, is shown in Figure 4.38. Load cell shackles will be located at the join of the
mooring lines and device and used to monitor the mooring loads.
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3

5

6

4

3. Bridle (tug) rope
4. Barge

5. Load cell shackle
6. Shackle

Figure 4.39: A detailed schematic of the mooring line connection to the barge for the RRES mooring
system.

Detail schematic of the connection of mooring lines to barge is shown in Figure 4.39.
Bridle (tug) rope is used as the mooring line. Two mooring lines join at a shackle before
a short piece of bridle rope joins to a load cell shackle. Two mooring line leave the load
cell shackle joining to the barge at each corner with a shackle. The same arrangement
is used at the other side of the barge.

4.6.6.2 Equipment list

• 1,700kg steel blocks (gravity anchor) x4

• 2" steel chain length 24m x4

• 28mm diameter nylon tug rope length 20m rated to a safe working load of 10,000kg
(mooring line) x4

• 6 shackles rated to safe working load of 3,000kg

• 2 load cell shackles rated to safe working load of 3,000kg
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4.6. Full scale deployment

4.6.6.3 Calculations

A free body diagram (FBD) of the forces on the mooring is shown in Figure 4.40. The
necessary weight of the gravity anchors is dependent on the drag force and rotor thrust.
The rotor will be functional between current flow velocities of 1-1.8m/s. Above current
flow velocities of 1.8m/s the rotor blades will be parked.
There are two possible scenarios for maximum mooring loads;
1. At maximum current flow velocity which would occur during a severe weather event.
The rotor blades would be parked during this scenario and thus the mooring loads would
come from the barge and rotor drag alone.
2. At maximum rotor thrust, where the load on the mooring would be a combination
of rotor thrust and barge drag.

Ebb flow direction

α

FDRRES

Fmooring

FmooringxFanchorx

Fanchory

Fmooringy

Figure 4.40: Free body diagram of the RRES mooring system.

Drag loads

Scenario 1 The drag force, FDRRES , exerted on the RRES by the flow of the water and wind is
calculated using Equation 4.30. Under severe weather events, the maximum hypothesised
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current flow and wind speed are 2.2m/s and 30m/s respectively, and are used in the
following calculations.
The frontal area of the RRES device that will be submerged is estimated at 1.34m2. 0.84m2

of that area is sloped at 45◦ to the current flow and 0.5m2 is perpendicular to the flow. An
of overall drag coefficient is extimated to be 0.75.
In addition to drag created by the frontal area perpendicular to the current flow direction,
there will also be drag created by the surfaces parallel to the current flow direction (side
and bottom). The total parallel area which is exposed to the current flow is 24m2 and
the length of the pontoon is 10m. Calculating the parallel drag coefficient is done using
Equation 4.29, which is dependent on the Reynolds number. The Reynolds number is
calculated using Equation 4.28.
The rotor blades are parked (stationary) in this case and thus the drag force is based on its
plan area, which is 1.02m2. The drag coefficient is estimated to be 1.75.
In addition to current drag on the barge, wind will also produce significant drag force,
FDwind , on large areas above the water. A cabin is the only significant item which will be
exposed to winds on barge, and has a the dimensions of of 8" x 6". Wind speed of 60 knots
are used for the worst case scenario. This results in a wind drag force of 2,800N.

Re =
ULpontoon

ν

=
2.2 × 10

0.00122

= 18, 033

(4.28)

cd = 0.664Re−
1
2

= 0.664 × 18, 033−
1
2

= 0.00494

(4.29)

FDRRES =
1

2
ρu2( Acd

perpendicular
+ Acd
parallel

+ Acd
rotor

) + FDwind

=
1

2
× 1000 × 2.22 × ((1.34 × 0.75) + (24 × 0.00494) + (1.02 × 1.75)) + 2, 800

= 2, 432 + 267 + 4, 320 + 2, 800

= 9, 819N
(4.30)
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Scenario 2 The rotor produces maximum thrust of 6.79kN in current flow velocity of
1.8m/s. The values of the submerged perpendicular and parallel areas of the RRES are
the same as in scenario 1. In current flow velocity of 1.8m/s, the current drag force of
the RRES is calculated to be 1,841N. The rotor blades will not operate in winds >20 knots
(10m/s), thus for this scenario where the rotor is operational, wind speed of 10m/s is used
to calculate the wind drag force, which is 300N. The FDRRES will be the total of the RRES
drag and rotor thrust, which is 8,931N.

Re =
uLpontoon

ν
=

1.8 × 10

0.00122
= 14, 754 (4.31)

cd = 0.664Re−
1
2 = 0.664 × 14, 754−

1
2 = 0.00547 (4.32)

FDRRES =
1

2
ρu2( Acd

perpendicular
+ Acd
parallel

) +RotorThrust + FDwind

=
1

2
× 1000 × 1.82 × ((1.34 × 0.75) + (24 × 0.00547)) + 6, 790 + 300

= 1, 628 + 213 + 6, 790 + 300

= 8, 931N
(4.33)

Summary The maximum drag force exerted on the RRES, FDRRES , is 9,819N and would
occur in scenario 1, where the rotor blades are parked and the RRES is subjected to severe
weather conditions.
Summary of the drag loads of the RRES from both scenarios are given in Table 4.13.
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Table 4.13: Summary of RRES drag loads

Scenario Drag load Value (N)
1 Current 2,699

Wind 2,800
Rotor (Drag) 4,320

Total 9,819

2 Current 1,841
Wind 300

Rotor (Thrust) 6,790
Total 8,931

Mooring leg loads

Two analysis conditions are considered; 1. Intact, and 2. Redundancy check. Case 1,
intact condition, is when the mooring system is working as designed, whereas case 2,
redundancy check condition, is when one of the mooring legs has failed and all of the
mooring load is subjected on one anchor. As previously mentioned, the DNVGL-ST-N001
standards and guidance is used to design the mooring system. Table 4.14 gives the safety
factors used for both design cases for the line tension, Table 17-3 in DNVGL-ST-N001.

Table 4.14: Line tension limits and design safety factors for offshore moorings. Table 17-3 from
DNVGL-ST-N001.

Analysis Condition Analysis Method Line Tension Limit Design Safety Factor
(percent of MBL)

Intact Quasi-Static 50% 2.00
Redundancy check Quasi-Static 70% 1.43

Case 1. Intact condition The force in the mooring line, Fmooring, is calculated using
Equation 4.34. FDRRES is divided by 2 as the load is shared between two mooring lines. It
is assumed that the load will be shared equally between both mooring lines.

Fmooring =
FDRRES

2cos(α)
(4.34)

α is the angle between the mooring line and the direction of the drag force and is calculated
by Equation 4.35, where Danchor is the depth of the anchor and Lmooringline is the length of
the mooring line. The maximum load on the anchors will be at highest tide, corresponding
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to the largestα value. Maximum anchor depth is approximately 22m and the length of the
mooring line will be 35m. This equates to a maximum force of 6,308N in each mooring line.

α = sin−1(
Danchor

Lmooringline
) (4.35)

Fmooringx and Fmooringy are calculated using Equation 4.36 and 4.37 respectively.

Fmooringx =
FDRRES

2
= 4, 910N

(4.36)

Fmooringy = Fmooring sinα

= 3, 961N
(4.37)

Including the safety factor (2.00), Table 4.14, the axial and lateral loads on the mooring
lines for case 1 are;
Fmooringx = 9,820N
Fmooringy = 7,922N

Case 2. Redundancy check In this case the FDRRES load is applied to a single mooring
leg as one has failed. Using the same equations as for case 1, the axial and lateral forces
are calculated to be;
Fmooringx = 9,819N
Fmooringy = 7,923N

Including the safety factor (1.43), Table 4.14, the axial and lateral loads on the mooring
line for case 2 are;
Fmooringx = 14,041N
Fmooringy = 11,330N

Summary of mooring loads Summary of the loads per mooring leg are shown in Table 4.15.
The loads include the relevant safety factors. Case 2 has the critical loads and thus will
be used in subsequent mooring design calculations.
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Table 4.15: Summary of mooring loads per leg from design cases 1 and 2.

Case Axial (N) Lateral (N)
1 9,819 7,923
2 14,041 11,330

4.6.6.4 Mooring leg design

It is essential to have ground chain on the seabed at all times to achieve catenary, providing
a spring effect which increases the mooring stiffness as load increases (reducing snatch
loads). There must also be no uplift on anchor block in quasi-static conditions.
2" steel chain (6x3.6D) will be used, which has a mass per unit length of 56kg/m,
corresponding to a wet mass per unit length of 49kg/m. The tug rope has a mass per unit
length of approximately 0.5kg/m. To ensure no uplift on anchor the total weight of the
mooring leg must be greater than 11,330N (maximum lateral force in mooring leg).
A mooring leg consisting of 24m length of 2" chain, and 11m length of tug rope has sufficient
weight to ensure no uplift on anchor block and anchor on seabed in all quasi-static design
cases. The weight of the mooring leg, Wm, is given by Equation 4.38.

Wm =[(m2" chain × L2" chain) + (mtug rope × Ltug rope)] × g

=[(49 × 24) + (0.5 × 11)] × 9.81

=11, 591N

(4.38)

The majority of chain is suspended in the current configuration which means that the
pre-tension in each riser are significant ( 1.2 te). The pre-tension in the risers will be
reduced by increasing the length of the nylon tug rope from 11m to 20m. This will
reduce the lateral load on the barge as well as making connection of mooring legs to
barge simpler for the vessel contractor.

Anchor block weight

The weight of the mooring leg will ensure no uplift on the anchor block, thus its weight
is dictated by the axial load only. Table 4.16 gives the holding capacity safety factors of
mobile mooring of gravity anchors, Table 17-4 in DNVGL-ST-N001.
The maximum axial load is 14,041N, seen in design case 2, redundancy check. Applying
the holding capacity safety factor (1.2), gives mooring axial load, F anchorx, of 16,849N.
The frictional force from the anchor block and mooring leg must be great than the axial
force to avoid anchor movement, given in Equation 4.39. Rearranging Equation 4.39 gives
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an equation for the necessary mass of the anchor block,M anchor, given in Equation 4.40.
The river-bed is composed of loose sediment, mud, and clay which is estimated to have a
static friction coefficient, cf, of 0.8. The mooring leg will only have a small proportion in
contact with the sea bed, and this is accounted for in its friction coefficient, cfleg .

Table 4.16: Gravity anchor - Holding capacity design safety factor of mobile mooring. Table 17-4
from DNVGL-ST-N001.

Case Axial Lateral
Intact condition 1.5 1.2

Redundancy check 1.2 1.0

F anchorx = cfanchorM anchorg + cflegM legg (4.39)

M anchor =
F anchorx

cfanchorg
−
cflegM leg

cfanchor

=
16, 849

0.8 × 9.81
−

0.45 × 1, 182

0.8
= 1, 482kg

(4.40)

Calculation of the necessary dry weight of the anchor block is calculated using Equation 4.41,
which is dependent on the density of the anchor material.

M anchor =
M anchorx

1 − ρwater
ρanchor material

(4.41)

Steel is chosen as the anchor material, requiring each anchor to have a dry weight of 1,700kg.
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Chapter 5

Remote river energy system: Testing

5.1 Introduction
Testing of the RRES laboratory test rig is completed prior to deployment of the RRES at
sea to test critical components / sub-assemblies. Detailed description of the laboratory
test rig is given in Section 4.5. In the laboratory test rig the rotational power of rotor
blades is replaced by an electric motor. The motor will aim to replicate the expected
rotational power generated at the test site across all feasible conditions. The first aim of
the testing is to validate the mechanical integrity of components / sub-assemblies such as
the PTO, pump, sensors, etc. The second aim of the testing is to evaluate the efficiency of
the components / sub-assemblies, ensuring that they are working as designed. Once all
components / sub-assemblies have been scrutinised and measured data show that they
work to a satisfactory standard, the RRES can progress to field testing.
Field testing of the RRES is conducted at a tidal estuary META site in Warrior Way,
Pembrokeshire. Detail description of the field testing RRES design is given in 4.6. Testing
of the RRES at a real tidal site is designed to give invaluable information on how well the
RRES can capture energy from a tidal site. It shows how the performance of the RRES
at a META site compares to numerical models. In addition to performance predictions
of the turbine, a great deal of useful information has been gained on the logistics of
deploying a tidal energy device.
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5.2 Laboratory test rig

5.2.1 Test procedure

A robust test programme is necessary to ensure the threshold for all objectives for the
development stages are meet. Additionally, the test programme must also provide
enough data to accurately calculate the rotor performance during sea deployment. Details
of the required data measurements from various instruments are given in Table 5.1.
The sensors and instruments of the scaled laboratory rig are labelled in a CAD render
shown in Figure 5.1.

The laboratory rig is tested across a range of motor input rotational speeds and torque.
Each test takes 180s, split into three stages. The first 30s is used to reach the target motor
rotational speed and pressure target, 30-60s is used to reach a steady state operation, and
the final stage, 60-180s, is used to record data. The frequency of data recording is at 10Hz,
which is the best compromise between experimental detail and data storage allocation.
This means that for each operating point, there is 1,200 points of data from each sensor.
The only divergence is for the flow rate data recording, which is at 1Hz due to instrument
output signal.
The test plan for the scaled RRES laboratory rig is shown in Table 5.2. Motor drive target
frequency and maximum pressure at location 3 are the two target parameters for the tests.
The pressure target is measured at location 3 as it provides the most accurate indication of

Table 5.1: Detail of the sensors data measurement requirements for the laboratory rig test
programme.

Instrument Data measurement requirementName No.

Torque sensor 1 Torque and rotational speed of main shaft from motor (T )
Flow rate sensor 2 Volumetric flow rate in piping system after the join of the outlet

pipes (Q)
Pressure sensor 1 4.1 Pressure prior to one way ball valve in outlet pipe (p1)
Pressure sensor 2 4.2 Pressure downstream of one way ball valve in outlet pipe (p2)
Throttle valve 3 Control and measure valve position (TV P )
Pressure sensor 3 4.3 Pressure in piping system after the join of the outlet pipes and

prior to throttling valve (p3)
Pressure sensor 4 4.4 Pressure downstream of throttling valve prior to restriction orifice

(p4)
Pressure sensor 5 4.5 Pressure downstream of restriction orifice (p5)
Temperature probe 5 Temperature at inlet pipe (Temp)
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1
4.3 234.44.5

4.1

4.2

5

Figure 5.1: CAD render labelling the sensors and instruments of the laboratory rig.

the system, as it is located after the join of the outlet pipes and prior to throttling valve.
The pressure target is the maximum value of the last 30s and is achieved by controlling
the position of the throttling valve.

Table 5.2: Generic test plan for the RRES laboratory rig.

Test No. Shaft speed (RPM) Motor Drive Target Frequency (Hz) Max p3 (bar)

___ [min:max] [min:max] [min:max]

The relationship between the motor drive target frequency and output shaft speed is
given in Equation 5.1. ηmotor is the gear ratio of the motor, which is 11.80 for the scaled
motor and 52.82 for the full scale motor. 50 is the applied electrical frequency, and 1440
is a constant based on the number of motor poles.

Motor Drive Target Frequency =
Output RPM × ηmotor

1440 × 50
(5.1)

It is hypothesised that not all test cases are attainable; e.g. high shaft speed and low
pressure, or low shaft speed and high pressure. Once testing had begun, it became clear
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which cases could be reached. The attainable shaft speed and torque is also restricted due
to the limitations of the motor.
The pressure sensors are used to calculate the pressure drop (energy loss) across three
components: one way ball valve, throttling valve, and restriction orifice. The pressure
drop across each component is calculated by;

∆pBall valve = p1 − p2 (5.2)

∆pThrottling valve = p3 − p4 (5.3)

∆pOrifice = p4 − p5 (5.4)

The efficiency of the PTO and pump is estimated by comparing the power of the fluid
at location 3, P 3, and the power of the the motor. It approximates the losses from the
coupling shaft joins, belt pulley, crank assembly, and pump losses. P 3 can be calculated
using Equation 5.5, which has been derived from Bernoulli’s Equation. Q is the volumetric
flow rate. The input power, P Input, is calculated at the torque sensor using Equation 5.6,
where T is torque, and ω is rotational speed.

P 3 = p3Q (5.5)

P Input = Tω (5.6)

An orifice plate is included in the outlet pipe of the laboratory rig to replicate a generator
which is used in later versions of the RRES, as described in Section 4.5. Equation 5.7 is
used for empirical calculation of pressure drop across a restriction orifice plate, where
β is the ratio of orifice to pipe diameter, Cd is the orifice discharge coefficient, and
Ao is the area of the orifice.

∆porifice =
1

2
ρ(1 − β4)(

Q

CdAo
)2 (5.7)

These calculations allows us to demonstrate whether the objectives success thresholds for
rotor power conversion, numerically predicted power performance, and PTO operation
and efficiency are met.
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5.2.2 Scaled laboratory rig: Results & Discussion

5.2.2.1 Individual cases

Each laboratory rig test case was performed over 180s; 30s start-up followed by 30s of
settling time, before 120s of steady-state. Data used for analysis and presented her on in
are from the 120s steady-state. An example of the time series data recording from the
various sensors (i.e. pressure, torque, flow rate, and rotational rate), from two test cases are
given in Figure 5.2. Test case 1 has low rotational rate whilst test case 2 has high rotational
rate. Both test cases have the throttle valve fully open (i.e. 100%). Summary of the plotted
data in Figure 5.2 are given in Table 5.3. The figures are mean values over 120s.
It is hard to make meaningful conclusions on the performance of the laboratory rig from
only the time series data due to the significant noise, and thus the data is analysed in the
frequency domain. Included in the frequency domain plots are two vertical dashed lines
which represent the rotor rotational frequency and rotor rotational frequency x2. The
Welch overlapped segment averaging estimator function is used to estimate the PSD. It
reduces noise in the estimated PSD but also the frequency resolution. The PSD plots using
Welch’s estimate for torque, pressure 1, 3, and 4 from test no.1 are given in Figure 5.3.
As expected, there are 2 main peaks present in all PSD plots at a frequency equal to the
rotational rate and rotational rate x2. During a single rotation, the crank arms pushes
and pulls on the piston which results in two maximum force peaks at a frequency of x2
of rotation rate. The PSD plots in Figure 5.3 thus shows that the sensors are correcly
capturing the dynamics of the system.

Table 5.3: Summary of small scale pump system data plotted in Figure 5.2. All figures are mean
values over 120s.

Test No. Torque
(N.m)

Pressure
1 (Bar)

Pressure
2 (Bar)

Pressure
3 (Bar)

Pressure
4 (Bar)

Pressure
5 (Bar)

Flow
rate
(l/s)

Rotational
rate
(RPM)

Throttle
valve
position
(%)

1 5.57 0.09 0.04 0.05 0.04 0.05 40.45 40.61 100
2 7.48 0.21 0.11 0.09 0.11 0.11 8.97 124.65 100
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Figure 5.2: Time series plots of a) pressure 1, b) pressure 2, c) pressure 3, d) pressure 4, e) pressure
5, f) torque, g) flow rate, and h) rotational rate from test cases with 1) low rotational rate and
torque, and 2) high rotational rate and torque with throttle valve 100% (fully) open for the scaled
laboratory rig.
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Figure 5.2: Time series plots of a) pressure 1, b) pressure 2, c) pressure 3, d) pressure 4, e) pressure
5, f) torque, g) flow rate, and h) rotational rate from test cases with 1) low rotational rate and
torque, and 2) high rotational rate and torque with throttle valve 100% (fully) open for the scaled
laboratory rig.
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Figure 5.3: Welch frequency domain plots of a) torque, b) pressure 1, c) pressure 3, and d) pressure
4 for test cases 1 (low rotational rate and torque with throttle valve 100% (fully) open) for the scaled
laboratory rig.
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5.2.2.2 Whole test campaign

Figure 5.4 is a plot of average rotational rate against flow rate for the whole test range.
There is no clear correlation between rotational and flow rate. It is expected that the flow
rate would increase with rotational rate. It is hypothesised that the system is not fully
primed, thus a mixture of air and water is being pumped and that the percentage of water
to air in the system increases with rotational rate. The flow rate sensor measures the
volumetric flow rate, which for a constant rotational rate, would be higher for a system
with a greater percentage of air.
Figure 5.5 shows a plot of mean torque, flow rate, throttle valve position, and pressure 3
with standard deviation error bands against rotational rate for the whole test range of the
scaled laboratory rig. There is a clear correlation seen between throttle valve position and
pressure 3 - higher pressure 3 is seen with lower throttle valve opening. Also, torque is
proportional to pressure 3 and throttle valve position. When the rotational rate is kept
constant, both torque and pressure 3 increase with closing the throttle valve.

A contour plot of rotational rate and pressure 3 against torque is shown in Figure 5.6. It
shows that there is a strong positive correlation between pressure 3 and torque, and a weak
positive correlation between rotational rate and torque. It was not possible to conduct
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Figure 5.4: Plot of average rotational rate vs flow rate for the whole test range of the scaled
laboratory rig.
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Figure 5.5: Plot of mean torque, flow rate, throttle valve position, and pressure 3 with standard
deviation error bands against rotational rate for the whole test range for the scaled laboratory rig.

Figure 5.6: Contour plot of rotational rate and pressure 3 against torque for the scaled laboratory
rig.
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Figure 5.7: Contour plot of rotational rate and throttle valve position against torque for the scaled
laboratory rig.

tests which had high pressure and rotational rate (i.e. top right corner of Figure 5.6), due
to limitations of the electrical motor output torque. It is hypothesised that a test with
high rotational rate and pressure 3 would require higher torque than possible with the
electrical motor.
Similarly to Figure 5.6, Figure 5.7 is a contour plot of rotational rate and throttle valve
position against torque. The plot shows that the throttle valve position between 50-100%
makes very little difference to the torque. It is only when the throttle valve position
is below 50% closed that it makes a noticeable difference to torque. This matches the
findings made with the rotational rate and flow rate results seen in Figure 5.4. It indicates
that the system is not fully primed, i.e. full of water, and a significant proportion of the
volumetric flow is air. Figure 5.7 is trimmed for throttle valve position<40% in Figure 5.8
to improve its readability. As is seen in Figure 5.8, the greatest distribution of high torque
is seen toward the smallest trottle valve position.

Average pressure at location 4 and 5 for each test case against rotational rate is shown in
Figure 5.9. An orifice plate is located between location 4 and 5, which extracts energy
from the fluid causing the large drop in pressure. The mean pressure drop across the
orifice plate, i.e. between location 4 and 5, is 0.11 Bar. There is no significant difference in
pressure drop across the orifice plate with various rotational rate. The average pressure
drop across the orifice plate (p4 - p5) is plotted against flow rate for each test case in
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5.2. Laboratory test rig

Figure 5.8: Contour plot of rotational rate and throttle valve position (<40%) against torque for the
scaled laboratory rig.
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Figure 5.9: Average pressure at location 4 and 5 for each test case against rotational rate for the
scaled laboratory rig.

Figure 5.10. As is clear from Equation 5.7, there should be a positive correlation between
pressure drop and flow rate. A positive correlation between the pressure drop and flow
rate is not seen due to inaccurate flow rate measurements as previously discussed.

A plot of pressure drop across the throttle valve (p3 - p4) against throttle valve position
is shown in Figure 5.11. Throttle valve position (%) is plotted on the x axis which is the
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Figure 5.10: Average pressure drop across the orifice plate (p4 - p5) against flow rate for each test
case for the scaled laboratory rig.
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Figure 5.11: Plot of pressure drop across the throttle valve (p3 - p4) against throttle valve position
for the scaled laboratory rig.
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percentage of valve position from fully closed at 0%, and fully open at 100%. As expected,
the pressure drop across the throttle valve is a function of throttle valve position. As the
throttle valve closes, the pressure drop increases. There are a few test cases which show
very little, or negative pressure drop across the throttle valve. These are test cases with
low rotational rate and torque which means that the flow rate of water is also low. A low
water flow rate gives less accurate pressure readings and is less affected by the change in
throttle valve position.
Calculating the energy loss across the one way ball valves requires trimming of the
pressure data. The pump is a dual stroke piston system and thus pumps water in both
stroke direction. The pressure sensors at locations 1 and 2 record the pressure of the
intake and exhaust phase. In order to estimate the energy loss across the one way ball
valve, only the pressure data of the exhaust phase is needed. The pressure recording
from p1 and p2 is trimmed to >50% of values (i.e. using only the pressure readings
during the exhaust phase), as the exhaust phase will have the a larger pressure than the
intake phase. Figure 5.12 is a plot of trimmed mean>50% for p1 and p2 against torque
across all test cases for the scaled laboratory rig. The mean pressure drop between p1
and p2 (i.e. across the one way ball valve) is 0.064 Bar, and is essentially constant across
torque inputs. Simplifying Bernoulli’s equation by assuming no change in height or flow
velocity between 1 and 2, gives a head loss of 0.652m. Multiplying the mean pressure
loss by the mean flow rate through the one way ball valve gives the mean energy loss
of 65J/s across the one way ball valve.
Power can be calculated at various locations on the laboratory test rig from measured
data. The input power, P Input, is calculated at the torque sensor using Equation 5.6, and
the power at location 3, P 3, can be calculated using Equation 5.5. The efficiency of the
PTO and pump can thus be calculated and is plotted against rotational rate in Figure 5.13.
There best efficiency is seen between rotational rate 30-50RPM, with a significant decrease
with higher rotational rate. It is important to note that the calculation of efficiency is only
as accurate as the measured parameters. There is good confidence in the accuracy of the
measured pressure at location 3 and torque, but not the flow rate.
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Figure 5.12: Comparison of pressure at locations 1 and 2, i.e across one way ball valve (Trimmed
mean>50%) against torque for the scaled laboratory rig.
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Figure 5.13: Plot of the PTO and pump assembly efficiency against rotational rate for the scaled
laboratory rig.
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5.2.3 Full scale laboratory rig: Results & Discussion

5.2.3.1 Individual cases

Following testing and review of the scaled laboratory rig minor design refinements were
incorporated into the full scale version. These were mostly material choices of components,
e.g. pump head was changed from 3D printed acrylic to machined stainless steel, and
additional support for the PTO, pump and pipe system assemblies. Testing of the full
scale RRES laboratory rig followed a similar procedure to the scaled version.
Torque, pressure 3, pressure 4, pressure 5, flow rate, and rotational rate are the parameters
recorded by various sensors for the full scale laboratory rig. Using the same procedure as
the scaled version, each test case lasts 180s; 30s start-up followed by 30s of settling time,
before 120s of steady-state. Recorded data from two test cases for the full scale laboratory
rig are plotted in Figure 5.14. To improve the readability only 20s of recorded data is
plotted, taken from the middle of the 120s steady-state running. Figure 5.14 shows 20s
time series of torque, pressure 3, pressure 4, pressure 5, flow rate, and rotational rate from
test cases with 5) low rotational rate and high torque, and 6) high rotational rate and high
torque. The two test cases used in Figure 5.14 both had the throttle valve at 20% open.
Plots of p3 and p4 from Figure 5.14 shows that p4 occasionally peaks higher than p3 for
cases with low rotational rate and torque. This indicates that the flow direction changes
for these instances. Test cases with low rotational rate and torque have low pressures
which results in the one way ball valves not working as designed. It is suspected that
the one way ball valves do not open for these cases where the pressures are low, causing
the pressure in p3 to drop below p4.

Similarly to the scaled version, the recorded data from the full scale laboratory test rig is
plotted in the frequency domain using the Welch overlapped segment averaging estimator
function to validate the functionality of the various components. Figure 5.15 shows Welch
frequency domain plots of torque, pressure 3, pressure 4, and pressure 5 from a test cases
with high rotational rate with throttle valve 20% open.
The torque and pressure 3 frequency plots have two main peaks at frequency of rotational
rate and rotational rate x2 which is as expected. The pressure 3 frequency plot has the
strongest peak at frequency of rotational rate x2. This is due to the pump being a dual
action type (i.e. water is pumped in both stroke direction). Both pressure 4 and pressure 5
frequency plots have also got peaks at frequency of rotation rate and rotational rate x2,
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Figure 5.14: 20s time series plots of a) torque, b) pressure 3, c) pressure 4, d) pressure 5, e) flow
rate, and f) rotational rate from test cases with 5) low rotational rate and high torque, and 6) high
rotational rate and high torque, both with throttle valve 20% open.
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Figure 5.15: Welch frequency domain plots of a) torque, b) pressure 3, c) pressure 4, and d) pressure
5 from a test cases with high rotational rate with throttle valve 20% open.

but have a main peak at a lower frequency. This is due to the test case having the throttle
valve 20% open which significantly alter/dampen the flow.

5.2.3.2 Whole test campaign

Figure 5.16 is a plot of average flow rate against rotational rate for the whole test range
of the full scale lab rig. There is an inverse correlation between rotational rate and flow
rate which is non-physical. It is expected that the flow rate would increase with rotational
rate. Similarly to the scaled version, the flow rate sensor revealed that the full scale system
was also not fully primed during testing. It was hoped that using components with better
quality (e.g. tighter tolerances, less deficiencies, satisfy their stated or implied needs,
etc.) in the full scale version would solve the issue of not priming, but it did not. Future
iterations of the laboratory rig should consider alternative orientation of components and
location of the water tank to fully prime the system.
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Figure 5.16: Plot of average flow rate against rotational rate for the whole test range of the full scale
laboratory rig.

Figure 5.17 shows a plot of mean torque, flow rate, throttle valve position, and pressure
3 with standard deviation error bands against rotational rate for the whole test range.
Similarly to the scaled laboratory test rig, an increase in torque and pressure 3 is seen
with closing of throttle valve.

A contour plot of rotational rate and pressure 3 against torque is shown in Figure 5.18. As
expected, torque has a strong positive correlation to pressure 3 and rotational rate. Pressure
3 is increased by closing the throttling valve, narrowing the outlet pipe. If the rotational
rate is kept constant and the pressure 3 is increased, the torque also increases. Similarly, if
the pressure 3 is kept constant and the rotational rate is increased, the torque also increases.

Similarly to Figure 5.18, Figure 5.19 is a contour plot of rotational rate and throttle valve
position against torque. The plot shows that the throttle valve position between 50-100%
makes very little difference to the torque. It is only when the throttle valve position is
below 50% closed that it makes a noticeable difference to torque. This matches the findings
made with the rotational rate and flow rate results seen in Figure 5.16. It indicates that the
system is not fully primed, i.e. full of water, and a significant proportion of the volumetric
flow is air. Figure 5.20 shows throttle valve position <40%.

Average pressure at location 4 and 5 against rotational rate for each test case is plotted in
Figure 5.21. An orifice plate is located between location 4 and 5, which extracts energy
from the fluid causing the large drop in pressure. The mean pressure drop across the
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5.2. Laboratory test rig

Figure 5.17: Plot of mean torque, flow rate, throttle valve position, and pressure 3 with standard
deviation error bands against rotational rate for the whole test range for the full scale laboratory
rig.

Figure 5.18: Contour plot of rotational rate and pressure 3 against torque for the full scale laboratory
rig.
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5. Remote river energy system: Testing

Figure 5.19: Contour plot of rotational rate and throttle valve position against torque for the full
scale laboratory rig.

Figure 5.20: Contour plot of rotational rate and throttle valve position (<40%) against torque for
the full scale laboratory rig.

204



5.2. Laboratory test rig

6 8 10 12 14 16 18 20 22 24 26

Rotational rate (RPM)

0

0.2

0.4

0.6

0.8

1

P
re

s
s
u

re
 (

B
a

r)

P4

P5

Figure 5.21: Average pressure at location 4 and 5 against rotational rate for each test case for the
full scale laboratory rig.

orifice plate, i.e. location 4 and 5, is 0.54 Bar across the whole range of rotational rates. The
average pressure drop across the orifice plate (p4 - p5) is plotted against flow rate for each
test case in Figure 5.22. As is clear from Equation 5.7, there should be a positive correlation
between pressure drop and flow rate. A strong correlation between the pressure drop and
flow rate is not seen due to inaccurate flow rate measurements as previously discussed.

A plot of pressure drop across the throttle valve (p3 - p4) against throttle valve position is
shown in Figure 5.23. As expected, the pressure drop across the throttle valve is a function
of throttle valve position. As the throttle valve closes, the pressure drop increases. There
are a few test cases which show very little, or negative pressure drop across the throttle
valve. These are test cases with low rotational rate and torque which means that the flow
rate of water is also low. A low water flow rate give less accurate pressure readings and
is less effected by the change in throttle valve position.

Power can be calculated at various locations on the laboratory test rig from measured data.
The input power, P Input, is calculated at the torque sensor using Equation 5.6, and the
power at location 3, P 3, can be calculated using Equation 5.5.
The efficiency of the PTO and pump can thus be calculated and is plotted against rotational
rate in Figure 5.24. There are no strong correlations between efficiency and rotational
rate. The calculation of efficiency is only as accurate as the measured parameters. There
is good confidence in the accuracy of the measured pressure at location 3 and torque,
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Figure 5.22: Average pressure drop across the orifice plate (p4 - p5) against flow rate for each test
case for the full scale laboratory rig.
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Figure 5.23: Plot of pressure drop across the throttle valve (p3 - p4) against throttle valve position
for the full scale laboratory rig.
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Figure 5.24: Plot of the PTO and pump assembly efficiency against rotational rate for the full scale
laboratory rig.

but not the flow rate. The spikes in efficiency are likely due to over-estimations of flow
rate, exaggerated by large volume of air in the system.

5.3 Full scale deployment

Photos of the RRES deployed at META Warrior Way test site are given in Figure 5.25
and the RRES on the slipway is given in Figure 5.26.

5.3.1 Test procedure

The rotor blades are pitched by 10◦ for rotor start-up. This is done as resistive bearing
friction is unknown and due to low Reynolds number on a stationary blade, the torque
available is also unknown.
The total torque is twice the measured value on the blade root bending sensor axis 1,
as there are two rotor blades on the turbine. The total rotor thrust, FT, is calculated
from the blade root bending moment sensor axis 2 by using Equation 5.8. The bending
moment is divided by half the length of the rotor blade as it the centre of load is at this
location. TSR, λ, is calculated using Equation 3.7.

F T =
blade root bending moment axis 2 × 2

blade length
2

(5.8)
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5. Remote river energy system: Testing

Figure 5.25: RRES deployed at META Warrior Way.

Figure 5.26: RRES prior to deployment at META Warrior Way on slipway.

The turbine rotor power, P , is calculated by multiplying torque, T , by rotational rate,
Ω, Equation 5.9.
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P = TΩ (5.9)

Numerical prediction of rotor power, P , and thrust, F T, can be calculated using Equa-
tions 3.1 and 3.4 previously described in Chapter 3.

5.3.2 Field testing: Results & Discussion

5.3.2.1 Recorded data

Figure 5.27 shows a 9 minute time series of current velocity components in the x, y, and z
direction (i.e. longitudinal, lateral, and vertical), two blade root bending moments, and
rotor rotational rate. The velocity components were measured by an ADV which was
located in line of the rotor rotational plane at hub height. A blade root bending moment
from each blade at perpendicular directions to each other, are also shown. Axis one is in
the same plane as the rotation of the rotor blades (i.e. torque) and axis two is perpendicular
to the rotor rotation (i.e. thrust).
During testing, the RRES was dragged into shallow water where the rotor blades hit the
river-bed. The first impact occurred at 11:25:05 and the second at 11:27:45. This is clearly
seen in blade 1 axis 1, blade 2 axis 2, and Vx plots where there are significant spikes. Prior
to the impacts, there was 2.5 minutes of the rotor operating in steady-state.
The data from Figure 5.27 is clipped from 11:22:33 to 11:24:50, and is shown in Figure 5.28.
The average relative flow velocity perpendicular to the rotor blades rotation plane (i.e.
Vx) and rotor rotational rate are 1.24m/s and 48.7rpm respectively. The average bending
moment for axis 1 and 2 are 43.96N.m and 866.38N.m respectively. The average values
are summarised in Table 5.4.
Between 11:22:33 and 11:24:50 the TSR remains fairly consistent, with an average of 6.2.
The optimum TSR for this rotor blade is 3.0, thus it was operating at runaway in the

Table 5.4: Average values for the current velocity components, rotor rotational rate, and blade root
bending moments between 11:22:33 and 11:24:50 from field testing of the RRES.

Parameter Value. Units
Vx 1.240 m/s
Vy 0.086 m/s
Vz 0.284 m/s
Rotational rate 48.68 rpm
Blade 1 axis 1 moment (torque) 43.96 Nm
Blade 2 axis 2 moment (thrust) 866.38 Nm
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Figure 5.27: 9 minute time series plot of current velocity components in the x, y, and z direction,
two blade root bending moments, and rotor rotational rate for the field testing of the RRES.

overspeed region. The rotor went straight to runaway because there was limited control
over the rotational speed during this period as the pump system was still priming (i.e.
filling with water). When the system is not fully primed, the method of using the throttle
valve to control rotor speed by applying backwards torque does not work.
Four 30s segments are extracted from the recorded data between 11:22:33 and 11:24:50.
Average measured rotational speed, current flow velocity, and blade root bending moments
for the 30s segments are given in Table 5.5. The rotor performance is calculated from the
30s segments measured parameter and are given in Table 5.6.

5.3.2.2 Field campaign

Invaluable knowledge was gained throughout the whole field campaign of the RRES;
particularly in manufacturing & assembly, planning, logstics, & consents, and testing.
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Figure 5.28: Time series plot between 11:22:33 and 11:24:50 of current velocity components in the x,
y, and z direction, two blade root bending moments, and rotor rotational rate for the field testing of
the RRES.

Table 5.5: 30s segment averages of measured rotor rotational rate, current flow velocity, and blade
root bending moments from the field testing of the RRES.

Time (hh:mm:ss) Rotational Vx Blade 1 axis 1 moment Blade 2 axis 2 moment
rate (RPM) (m/s) (torque) (Nm) (thrust) (Nm)

11:22:40 - 11:23:10 47.52 0.89 57.71 813.97
11:23:10 - 11:23:40 49.37 1.30 50.43 840.20
11:23:40 - 11:24:10 49.94 1.34 38.93 932.50
11:24:10 - 11:24:40 48.30 1.38 35.86 890.62
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Table 5.6: Average rotor performance for the 30s segments between 11:22:40 and 11:24:40 from the
field testing of the RRES.

Time (hh:mm:ss) TSR Torque (Nm) Thrust (N) Power (W)
11:22:40 - 11:23:10 8.39 115.42 2,504.52 574.36
11:23:10 - 11:23:40 5.97 100.86 2,585.23 521.45
11:23:40 - 11:24:10 5.85 77.86 2,869.23 407.18
11:24:10 - 11:24:40 5.50 71.72 2,740.37 362.76

The follow section will give an accurate and self-critical evaluation of the field campaign
and how future testing of the RRES (and other tidal turbines) should be conducted
to improve its design.

Manufacturing / assembly A test platform has been constructed from two modular
pontoons (connected by steel beans at both ends) which offers the flexibility to be used by
various turbine designs. The test platform has a submersible arm which is controlled by a
hydraulic arm, giving control over the depth and pitch of the rotor blades. This designed
was very stable in the water and was easy to assemble and disassemble.
The assembly of most components and sub-assemblies were achieved with ease, but
some components caused difficulties. One such challenging assembly was the drive train,
which is a relatively complex sub-assembly comprising of numerous components with
precise tolerances. These components were sourced from various suppliers, all with
different manufacturing standards, resulting in components not being compatible with
each other. The necessary rectifying work took much time and added significantly to
the timescale. Future projects should be careful which suppliers are used and that the
standard of work which is required made very clear.

Planning, Logistics, & Consents A successful development of a tidal turbine takes
years and requires meticulous planning. The most important planning lesson which was
learned during the development of the RRES is that each stage will take longer than
anticipated. There are numerous factors which contributed to these delays, e.g. design
changes, manufacturing, consents, weather, contractors, and COVID. A plan can not
account for all unforeseen factors, but it should include some slack to mitigate for these
inevitable delays. This will allow for long term goals (i.e. deployment of tidal turbine) to
be planned with certainty, which is crucial for a successful outcome.
Gaining the neseccary consent from various authorities (i.e. Crown estate, Port authority,
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and Natural Resources Wales) is a teadious process which takes a great deal of time
and effort. I believe that change is needed to reduce the complexity and extent of this
process. This would reduce the burden on developers, making it easier to test and thus
progress tidal turbine projects.

Tetsing A mooring design for a 7kW tidal turbine device has been designed and verified.
The mooring system would be easily replicated by developers of similar devices in similar
test areas. This mooring system was not used for the preliminary testing of the RRES
which is presented in this thesis but will be used in successive testing. Due to a strict
testing window at META Warrior Way (January - March), it was not possible to install the
mooring infrastructure in time. Instead, a tow experiment was used to test the RRES. The
tow vessel was a 11m workboat (8839) which was joined to the RRES by two 10m long tug
rope fastened to its front corners. This proved to be a viable option to test a floating tidal
turbine device in the absence of mooring. It is important to note that the tow test presented
unique challenges which are not seen in static (mooring) tests. One of the most important
lessons gained from the RRES tow test was the impact of the dynamic loads produced by
the rotor on the test platform and subsequently the tow vessel. The lateral loads produced
by the rotor were not anticipated to have such a drastic effect on the control of the tow
vessel, limiting the maneuverability of the RRES test platform. Future tow tests should
ensure that adequate tow vessel and tow links are used, and that a rigourous plan is in
placed which has been overseen by an experienced captain familiar with the test area.

5.4 Remote river energy system testing: Conclusions
Three stages (2-4) of the RRES have been successfully tested; scaled laboratory test rig, full
scale laboratory test rig, and full scale deployment. Testing of each stage has provided
much valuable information on the performance of the RRES, and helped to improve its
design. The complexity of the design and testing of the RRES increases substantially with
the progression through the stages.
Testing of the scaled RRES laboratory rig has validated the design of the PTO, pump
and pipework system functioned to an acceptable level and could be used on the full
scale version. A wide range of input rotational speeds and torque were applied to the
system from an electrical motor which matched the expected rotor performance at test site.
Pressure, flow rate, rotational rate, and torque were all measured using various sensors.
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Time series and frequency domain plots of these parameters have given much insight
into the operation and performance of the scaled laboratory rig.

• Rotational power is successfully transferred through the power take off system to the
pump assembly. No slipping of gears is seen even at the extremities of the operating
conditions.

• The one way ball valves works as designed and water is pumped in both stroke
directions.

• Pressure at location 3 has a strong positive correlation to torque and rotational rate.

• Orifice plate is working as an energy extraction device, with a mean drop of 0.11 Bar.

• The pressure drop across the one way ball valves is 0.064 Bar.

• The system does not fully prime, i.e. the pipe system contains a mixture of water
and air.

– The throttle valve affects the flow at positions <40%.

– Efficiency of the PTO and pump assembly is approximated to be 10% across all
test cases. This value is likely to be inaccurate due to the inaccuracy in the flow
rate measurement.

Testing of the full scale RRES laboratory rig followed similar procedure to the scaled
version and showed that the PTO, pump, and pipe system worked as to an acceptable
level at full scale. The tests showed that the full scale RRES rig could be used on the sea
deployment RRES. Similarly to the scaled version, key parameters of pressure, flow rate,
rotational rate, and torque were all measured and then analysed in time and frequency
domain to evaluate the operation and performance of the full scale RRES rig.

• Torque and pressure 3 have a frequency response at rotational rate and rotational
rate x2.

• Pressure at location 3 has a possitive correlation to torque and rotational rate.

• Orifice plate is working as an energy extraction device, with an average drop of 0.54
Bar.
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• Similarly to the scaled version, the system does not fully prime for the majority of
cases, i.e. the pipe system contains a mixture of water and air. Again, the system is
fully primed when the rotational rate and torque is high, but fails to fully prime at
low values. The orientation of the rig will be different in the field deployment to
ensure full priming at all operating conditions.

– The throttle vale affects the flow at positions <40%.

– Efficiency of the PTO and pump assembly is approximated to be 20% across all
test cases. This value is likely to be inaccurate due to the inaccuracy in the flow
rate measurement.

A great deal was learned during full scale deployment of the RRES at META in Warrior Way;
e.g. deployment logistics, mooring, platform build, drive train, sensors, rotor performance.

• The logistical procedures which are required for deployment of a tidal energy device
is very extensive.

– Gaining consents from several parties such as NRW, port authorities, and crown
estates.

– Dry storage of device.

– Planning and risk assessment methods statement documents.

• A mooring system has been designed for a 7kW tidal energy device.

– 4 mooring lines attached to gravity anchors.

– Mooring verified by a 3rd party naval architects.

• Platform was constructed from two modular pontoons which kept the costs and
ease of assembly to a minimum. A hydraulic arm successfully lowered and raised
the rotor in and out of the water. The whole platform was stable and robust and
provided a suitable base for the rotor to be submerged from.

• The drive train successfully transferred the rotational power from the rotor blades
to the PTO. The difficulty of assembling the drive train was substantially increased
by the additional complexity added by the slip ring. The slip ring was necessary to
transfer data from the blade root bending moment sensors to the platform, which
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provided invaluable data on rotor performance. In future devices where scientific
data is not needed, the drive train can be significantly simplified which will drastically
reduce the complexity of manufacture and assembly, and the cost.

• Many sensors were used on the deployment of the RRES. They were used as safety
monitors, performance measurements, and flow field measurements.

– Load shackles were located at the mooring line join to the platform and
monitored the mooring loads, ensuring that they stayed within a safe limit.

– The pressure and flow rate sensors of the laboratory rig are included in the
RRES deployment version. The pressure sensors worked as expected during
field testing providing valuable data.

– The blade root bending moment sensors successfully measured strain in the
plane of rotor rotation, and perpendicular to the rotation of the rotor, which
were used to calculate torque and thrust respectively.

– An ADV sensor was used to measure the flow velocity in line with the rotor
rotational plane at hub height.

• Initial testing of the RRES has been completed, proving that the RRES can capture
energy from the kinetic energy of the current. It has shown that the majority of
components / sub-assemblies performed as expected. The second round of testing
will commence in January 2024 where extensive tests will be carried out across the
whole operating range of the RRES.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions
This thesis contributes towards the development of tidal stream turbines. Firstly, the BEMT
numerical model which is used to predict the loads and performance of tidal stream turbines
has been studied. Improvements have made to the numerical model by incorporating
1. element foil shape and Reynolds number dependency, and 2. transient features, and
validation has been made to laboratory experiments. Secondly, the development of a 3m
diameter tidal stream turbine has been presented, from laboratory rig to the deployed
RRES (stages 2-4), using load predictions from the BEMT numerical model to govern its
design. Lastly, testing of the RRES is presented where measured data is used to validate
the design and the BEMT numerical model.

6.1.1 BEMT

In Chapter 3, validation and quantifying the improvements from the implementations
of 1. element foil shape and Reynolds number dependency, and 2. transient features
in the BEMT numerical model have been achieved by carrying out case studies of five
different rotor blades. Each rotor blade has been extensively tested in laboratory scaled
experiments which provided empirical data for validation of the BEMT numerical model.
The rotor blades have different hydrofoil profiles, and twist and chord distribution which
aim to test the limits of the BEMT numerical model.

Foil shape & Reynolds number dependence

A study has been conducted which looked at the effect of assigning each element across
the rotor blades with individual lift and drag polars based on their hydrofoil shape
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and Reynolds number. The BEMT model prediction of maximum rotor performance to
laboratory results has improved by an average of 20.0% and 4.6% respectively for the
Magallanes ATIR and Sabella D12 turbine rotor blades whilst it has decreased by 3.0% for
the IFREMER turbine rotor with the inclusion of the improved blade geometry modelling.
Comparing BEMT versions 2.gx and 3.xr (i.e. 2.gx hydrofoil shape dependence only, and
3.xr Reynolds number dependence only), it is clear that including geometry dependence
has significantly greater impact on the BEMT model than that of Reynolds Number
dependence. Including geometry dependence compared to Reynolds Number dependence
has an average of 40% greater improvement in BEMT rotor performance prediction to
laboratory. This is unsurprising as there is a more significant change in geometry compared
to Reynolds Number across the rotor blades. Introducing the improved blade geometry
modelling to the BEMT model has increased the computational time by approximately
10%. This is an acceptable increase in computational time in respect to added accuracy of
the blade geometry modelling and the BEMT model prediction of rotor performance.

Uniform flow with turbulence

Five steady-state case studies have been carried out, where the performance of five rotor
blades (Oxford, ATIR, D12, IFREMER, and Barltrop) were predicted by the BEMT numerical
model in flow fields with constant mean current flow velocity with varying levels of
turbulence. The BEMT numerical model is best at predicting rotor blade performance
in stall and optimum operating region, with larger deviation in the overspeed operating
region. The five tested rotor blades have different twist and chord distribution along their
radial length, but all have decreasing chord and twist towards the tip. The location of
optimum performance TSR is generally correlated to the twist along the rotor blade. A
trend of decreasing optimum TSR with increasing maximum twist is seen with the rotor
blades, with the exception of the Oxford rotor blade. The ATIR, D12, IFREMER, and
Barltrop rotor blades all have very similar hydrofoil profile, but the profile of the Oxford
rotor blade is significantly different, causing the difference seen in optimum TSR and twist
correlation. If the maximum twist of the Oxford rotor blade was increased (i.e. pitching
up of rotor blade), then the optimum TSR would decrease. This would be true for any
rotor blade. Another observation of the power curves is that the maximum CP increases
with higher optimum TSR.
The CT curves are all very similar with good comparison from the BEMT numerical
model to laboratory experiments across the whole TSR for the majority of rotor blades.
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There is a significant difference in CT from the BEMT numerical model and the laboratory
experiments in the overspeed region of for the Magallanes ATIR rotor blade. Many factors
could be responsible for this discrepancy in the BEMT numerical model (e.g. inaccurate lift
and drag polars, correction factors, or flow field representation). The discrepancies could
also be due to limitations of the laboratory experiments (e.g. inaccurate measurement of
flow conditions or manufacture of rotor blades).
Future work is needed to study the effects of the correction factors on the accuracy of the
predicted turbine performance (i.e. Ct in the overspeed operating range). Identifying
which elements of the BEMT model are contributing to the greatest inaccuracy of rotor
performance requires a highly instrumented laboratory test campaign, such as the one
conducted for the Oxford turbine. The predicted elemental forces from the BEMT model
matched well to the measured Oxford laboratory tests across the whole rotor radius.
The laboratory tests for all other turbines presented in this thesis measured only blade
root forces, thus it is not possible to defer which elements are causing the inaccuracy
between the BEMT model and laboratory testing.

Transient

A case study to establish the sensitivity of the IFREMER rotor blade to added mass (i.e.
acceleration forces) in the BEMT numerical model has been conducted. It showed that
the added mass has negligible contribution to the rotor torque, with the torque from the
added mass being 2% of the hydrodynamic term. The contribution of the added mass on
the rotor thrust is greater (as the waves travel perpendicular to the rotor rotation plane),
with the thrust from the added mass being an average of 4.9% of the hydrodynamic term.
The hydrodynamic and added mass terms are 90◦ out of phase. The added mass terms are
dependent on the fluid acceleration and the hydrodynamic terms are dependent on the
fluid velocity. There is a linear correlation between added mass thrust to both turbulence
intensity and wave height of the flow field.
Transient case studies of four rotor blades (ATIR, D12, IFREMER, and Barltrop) have been
completed. The flow fields of the transient case studies included waves and turbulence. The
BEMT numerical model successfully captures the key parameters of the wave cycle of the
flow fields. Similar to the steady-state cases, the BEMT numerical model is best at predicting
rotor blade performance in stall and optimum operating region, with larger deviation in
the overspeed operating region. The standard deviation of power and thrust of the BEMT
numerical model is within an average of >95% across all cases ,to laboratory experiments,
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validating that the BEMT is accurately accounting for the waves in the flow fields. Rotor
performance is positively correlated to free stream velocity whilst turbulence intensity has
a relative negligible effect due to the relatively large waves used in the experiments.

6.1.2 RRES design
In Chapter 4, the design process of a 3m diameter tidal stream turbine (named RRES) is
presented. It’s aimed to be used by a developing remote community to produce up to
7kW of power. The design process follows guidance of IEC TS 62600-202:2022 which gives
best practice and recommendations on early stage development of tidal stream converters.
The design process is accomplished over 4 stages, with stages 2-4 completed in this thesis;
stage 2. Laboratory test rig, stage 3. At sea deployment of 0.9m diameter RRES, and stage
4. At sea deployment of full scale (3.0m diameter) RRES. The BEMT numerical model
which has been improved and validated in Chapter 3 was used to predict the loads and
performance of the RRES rotor blades which governed the design process.
A laboratory rig has been designed and manufactured which is capable of testing a wide
range of power take off (PTO) and pump configurations. Rotational power produced
by the rotor blades in the water is replicated by an electric motor which is capable of
achieving input torque <1500Nm and rotational speeds >20rpm.
The RRES test platform is constructed from two modular pontoons connected by steel
beams at both ends and has a submersible arm pivoting on the rear steel beam which is
raised and lowered by a hydraulic arm. Two blade root bending moment sensors have
been designed and manufactured which measure axial and tangential loads at the root of
both rotor blades. These measurements are used to calculate the thrust and torque of the
rotor blades. A mooring configuration has been designed for the deployment of the RRES
at META Warrior Way following the standards and guidance of DNVGL-ST-N001.

6.1.3 RRES testing
Chapter 5 presents results from three stages (2-4) of the RRES testing; scaled laboratory
test rig, full scale laboratory test rig, and full scale deployment. Testing of each stage
has helped to improve its design. The complexity of the design and testing of the RRES
increases substantially with the progression through the stages.
Testing of the scaled RRES laboratory rig has validated that the design of the PTO, pump
and pipework system functioned to a satisfactory level and could be used on the full
scale version. A wide range of input rotational speeds and torque were applied to the
system from an electrical motor which match the expected rotor performance at test site.
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Pressure, flow rate, rotational rate, and torque were all measured using various sensors.
Time series and frequency domain plots of these parameters have given much insight into
the operation and performance of the scaled laboratory rig. The flow rate sensor revealed
that the system was not fully primed during testing (i.e. the pipe system contained a
mixture of water and air).
Following testing and review of the scaled laboratory rig, minor design refinements were
incorporated into the full scale version. These were mostly material choices and structural
considerations. Testing of the full scale RRES laboratory rig followed similar procedure
to the scaled version and showed that the PTO, pump, and pipe system worked to a
satisfactory level at full scale. The tests showed that the full scale RRES rig could be used
on the sea deployment RRES. Similarly to the scaled version, key parameters of pressure,
flow rate, rotational rate, and torque were all measured and then analysed in time and
frequency domain to evaluate the operation and performance of the full scale RRES rig.
Similarly to the scaled version, the flow rate sensor revealed that the full scale system was
also not fully primed during testing. It was hoped that using components with better
quality (e.g. tighter tolerances, less deficiencies, satisfy their stated or implied needs,
etc.) in the full scale version would solve the issue of not priming, but it did not. Future
iterations of the laboratory rig should consider alternative orientation of components and
location of the water tank to fully prime the system.
A great deal was learned during full scale deployment of the RRES at META in Warrior
Way; e.g. deployment logistics, mooring, platform build, drive train, sensors, and rotor
performance. The logistical procedures which are required for deployment of a tidal
energy device are very extensive; e.g. gaining consents from several parties such as NRW,
port authorities, and crown estates, dry storage of device, and planing and risk assessment
methods statement documents. A mooring system which has been verified by a 3rd party
naval architect, has been installed for a 7kW tidal energy device which has 4 mooring lines
attached to gravity anchors. The platform was constructed from two modular pontoons
which kept the costs and ease of assembly to a minimum. A hydraulic arm successfully
lowered and raised the rotor in and out of the water. The whole platform was stable
and robust and provided a suitable base for the rotor to be submerged from. The drive
train successfully transferred the rotational power from the rotor blades to the PTO. Many
sensors were used on the deployment of the RRES, used as safety monitors, performance
measurements, and flow field measurements. The blade root bending moment sensors
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successfully measured strain in the plane and perpendicular to the rotor rotation, which
were used to calculate torque and thrust respectively. Initial testing of the RRES has been
completed, proving that the RRES can capture energy from the kinetic energy of the
current. It has shown that the majority of components / sub-assemblies performed as
expected. In the initial testing, the rotor was operating in the overspeed region due to
limited control over the rotational speed during this period as the pump system was still
priming.
A complete field test campaign of the RRES was not completed in time to be included in
this thesis. The complete field campaign will produce vast amount of data which will
be used to; 1. evaluate the performance of the RRES, 2. validate the BEMT numerical
model (and others).

6.2 Future Work
A second deployment of RRES is planned for January 2024 where extensive testing of the
RRES across its whole operating range in various flow conditions will be done. This will
produce vast amount of performance data which will help future developments of tidal
stream turbines and provide valuable scope for validation of numerical models.
To accurately predict the efficiency of the PTO and pump a better method for measuring
the flow rate is needed. This could either be accomplished with a different flow rate sensor
which is better suited for the operating conditions, or to modify the design of the piping
system to ensure it can be fully primed.
Correction factors are used in the BEMT numerical model to account for omitted physical
phenomena. The case studies of the BEMT show that the numerical model is least accurate
in matching laboratory empirical data in the overspeed region. It is in this operating
range where the correction factors are most influential. Further studies should look at
the implementation of these correction factors and quantify their effect on the BEMT
numerical model performance predictions of tidal stream turbines.

The original aims of the work were;

1. Improve the BEMT numerical model prediction of tidal stream turbines loads and
performances through the implementation of 1. element foil shape and Reynolds
number dependency, and 2. transient features.
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2. Development and testing of the RRES, (stages 2-4 (scaled design model - full scale
prototype device)), using the BEMT numerical model throughout as a design tool.

which have all been met.
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Appendix A

Supplementary Data

A summary and complete details of twist and chord distribution for the benchmark rotor
blade are given in Table A.1 and Table A.2 respectively.

Table A.1: Summary twist and chord distribution for the benchmark rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)

1.250000000000000000e-01 3.411040508341999811e+01 1.204334471418919972e-01
1.499999999999999944e-01 3.140910569775969918e+01 1.384201415120160095e-01
2.000000000000000111e-01 2.426431711123359847e+01 1.473706997801519925e-01
2.500000000000000000e-01 1.868261635321950109e+01 1.442492313565109929e-01
2.999999999999999889e-01 1.474212996002900056e+01 1.352520981482789875e-01
3.499999999999999778e-01 1.195037898126859943e+01 1.232471836807149945e-01
4.000000000000000222e-01 9.900544017192750346e+00 1.105313364362660034e-01
4.500000000000000111e-01 8.255074198253860018e+00 9.966075276561449370e-02
5.000000000000000000e-01 6.899168299952989969e+00 9.049824005735780663e-02
5.500000000000000444e-01 5.774468405708529595e+00 8.279525204741440547e-02
5.999999999999999778e-01 4.824750066151779926e+00 7.624225280362660617e-02
6.500000000000000222e-01 4.012841784150439572e+00 7.060137127280050051e-02
6.999999999999999556e-01 3.311623124110139926e+00 6.567525400308929506e-02
7.500000000000000000e-01 2.692731132210380185e+00 6.129257348710900194e-02
8.000000000000000444e-01 2.149116697758139960e+00 5.740564475568649822e-02
8.499999999999999778e-01 1.660622860066830020e+00 5.385959009012109694e-02
9.000000000000000222e-01 1.212285131822000039e+00 5.051328797914920316e-02
9.499999999999999556e-01 7.749049987593059630e-01 4.701934759594710023e-02
1.000000000000000000e+00 3.159099615384580173e-01 4.308996380769229695e-02
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A. Supplementary Data

Table A.2: Full twist and chord distribution for the benchmark rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
1.250000000000000000e-01 3.411040508341999811e+01 1.204334471418919972e-01
1.300000000000000044e-01 3.405070264059249752e+01 1.255483457905409994e-01
1.350000000000000089e-01 3.374579881188120112e+01 1.317327710181520062e-01
1.400000000000000133e-01 3.301549685608439688e+01 1.346185802132910114e-01
1.449999999999999900e-01 3.222197325978189753e+01 1.367370030660680080e-01
1.499999999999999944e-01 3.140910569775969918e+01 1.384201415120160095e-01
1.549999999999999989e-01 3.060121276129530088e+01 1.398799831723870069e-01
1.600000000000000033e-01 2.980945230033249871e+01 1.411388521457329903e-01
1.650000000000000078e-01 2.904054536752289906e+01 1.422639493383180131e-01
1.700000000000000122e-01 2.829571606232200054e+01 1.432851633139549941e-01
1.749999999999999889e-01 2.756740394974029940e+01 1.443128329403589871e-01
1.799999999999999933e-01 2.687584423073240103e+01 1.451537803987550113e-01
1.849999999999999978e-01 2.620614524479560004e+01 1.458855072333989922e-01
1.900000000000000022e-01 2.554855145296669860e+01 1.465385159273520088e-01
1.950000000000000067e-01 2.489631556295219994e+01 1.471328777218519901e-01
2.000000000000000111e-01 2.426431711123359847e+01 1.473706997801519925e-01
2.049999999999999878e-01 2.364093597715940120e+01 1.474654298332900015e-01
2.099999999999999922e-01 2.302495202300289989e+01 1.474388585139390084e-01
2.149999999999999967e-01 2.242355934891860159e+01 1.473108950185020027e-01
2.200000000000000011e-01 2.183326214977969926e+01 1.471230018712940124e-01
2.250000000000000056e-01 2.125901104845819845e+01 1.468484394233839918e-01
2.300000000000000100e-01 2.070701767218509914e+01 1.464904372034240010e-01
2.349999999999999867e-01 2.016329842964049845e+01 1.461014169063389878e-01
2.399999999999999911e-01 1.965760558488119969e+01 1.455123295103669945e-01
2.449999999999999956e-01 1.915670604669820065e+01 1.449088600337380128e-01
2.500000000000000000e-01 1.868261635321950109e+01 1.442492313565109929e-01
2.550000000000000044e-01 1.821454381477130013e+01 1.435689465322750047e-01
2.600000000000000089e-01 1.777610077431679869e+01 1.427869473158979996e-01
2.650000000000000133e-01 1.734145540578359856e+01 1.419979378250930124e-01
2.700000000000000178e-01 1.693291529384330119e+01 1.411607395974809886e-01
2.750000000000000222e-01 1.652437518190300025e+01 1.403235413698689926e-01
2.800000000000000266e-01 1.614890325633049883e+01 1.393673949937810075e-01
2.849999999999999756e-01 1.577400321190580001e+01 1.384091915286539964e-01
2.899999999999999800e-01 1.542137278558129942e+01 1.373803686794720091e-01
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Table A.2 – continued from previous page
Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
2.949999999999999845e-01 1.507689571670329975e+01 1.363256906459640039e-01
2.999999999999999889e-01 1.474212996002900056e+01 1.352520981482789875e-01
3.049999999999999933e-01 1.442401367346280061e+01 1.341460779210250087e-01
3.099999999999999978e-01 1.410589738689660066e+01 1.330400576937710022e-01
3.150000000000000022e-01 1.381222619801980045e+01 1.318674446500119890e-01
3.200000000000000067e-01 1.352168164356439917e+01 1.306863140950960123e-01
3.250000000000000111e-01 1.323768091440680017e+01 1.294970433393030085e-01
3.300000000000000155e-01 1.297044058109790043e+01 1.282869234650249879e-01
3.350000000000000200e-01 1.270320024778889945e+01 1.270768035907459959e-01
3.400000000000000244e-01 1.244642552589749940e+01 1.258240376611320099e-01
3.449999999999999734e-01 1.219840225358309915e+01 1.245356106709240018e-01
3.499999999999999778e-01 1.195037898126859943e+01 1.232471836807149945e-01
3.549999999999999822e-01 1.172041838708580030e+01 1.219465321915360057e-01
3.599999999999999867e-01 1.149728169252230003e+01 1.206412624085869967e-01
3.649999999999999911e-01 1.127414499795879976e+01 1.193359926256380016e-01
3.699999999999999956e-01 1.106596127857620004e+01 1.180319764914709996e-01
3.750000000000000000e-01 1.086183904889190011e+01 1.167283008702480057e-01
3.800000000000000044e-01 1.065771681920750069e+01 1.154246252490259972e-01
3.850000000000000089e-01 1.046413935043650056e+01 1.141782762632640030e-01
3.900000000000000133e-01 1.027306111000670086e+01 1.129455143425120017e-01
3.950000000000000178e-01 1.008198286957689938e+01 1.117127524217600004e-01
4.000000000000000222e-01 9.900544017192750346e+00 1.105313364362660034e-01
4.050000000000000266e-01 9.721073903022160678e+00 1.093604072891870005e-01
4.099999999999999756e-01 9.541603788851579893e+00 1.081894781421089968e-01
4.149999999999999800e-01 9.371265059771660688e+00 1.070691717658830006e-01
4.199999999999999845e-01 9.202507504365350144e+00 1.059576311345870048e-01
4.249999999999999889e-01 9.033749948959030718e+00 1.048460905032909951e-01
4.299999999999999933e-01 8.873581655876430219e+00 1.037833060401610052e-01
4.349999999999999978e-01 8.714647136064469279e+00 1.027275249790459977e-01
4.400000000000000022e-01 8.555712616252520775e+00 1.016717439179320032e-01
4.450000000000000067e-01 8.404922754331769497e+00 1.006635012545329944e-01
4.500000000000000111e-01 8.255074198253860018e+00 9.966075276561449370e-02
4.550000000000000155e-01 8.105225642175959422e+00 9.865800427669579875e-02
4.600000000000000200e-01 7.963093434788450331e+00 9.770137994519810520e-02
4.650000000000000244e-01 7.821646826326389856e+00 9.674885375312289315e-02

Continued on next page
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Table A.2 – continued from previous page
Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
4.699999999999999734e-01 7.680200217864340040e+00 9.579632756104769498e-02
4.749999999999999778e-01 7.546084813700470129e+00 9.488877004647409963e-02
4.799999999999999822e-01 7.412434041370049798e+00 9.398406252464740207e-02
4.849999999999999867e-01 7.278783269039619697e+00 9.307935500282070451e-02
4.899999999999999911e-01 7.152064397743299828e+00 9.221785789603059724e-02
4.949999999999999956e-01 7.025616348848140014e+00 9.135804897669419500e-02
5.000000000000000000e-01 6.899168299952989969e+00 9.049824005735780663e-02
5.050000000000000044e-01 6.779326225923440141e+00 8.968020653297520406e-02
5.100000000000000089e-01 6.659587475083950103e+00 8.886282641208870237e-02
5.150000000000000133e-01 6.539889895567490008e+00 8.804571112229689356e-02
5.200000000000000178e-01 6.426389223975819576e+00 8.726845692484890005e-02
5.250000000000000222e-01 6.312888552384150032e+00 8.649120272740090654e-02
5.300000000000000266e-01 6.199554121893889658e+00 8.571503411027529828e-02
5.350000000000000311e-01 6.091866076225660009e+00 8.497573726675619610e-02
5.400000000000000355e-01 5.984178030557419703e+00 8.423644042323709391e-02
5.450000000000000400e-01 5.876762898656820333e+00 8.349894513002019403e-02
5.500000000000000444e-01 5.774468405708529595e+00 8.279525204741440547e-02
5.550000000000000488e-01 5.672173912760239745e+00 8.209155896480860304e-02
5.600000000000000533e-01 5.570242956145060376e+00 8.139025641638679420e-02
5.649999999999999467e-01 5.472955850705170100e+00 8.071949080188049741e-02
5.699999999999999512e-01 5.375668745265279824e+00 8.004872518737410347e-02
5.749999999999999556e-01 5.278821189926129698e+00 7.938088810678310681e-02
5.799999999999999600e-01 5.186180491470779863e+00 7.874107951040970610e-02
5.849999999999999645e-01 5.093539793015449568e+00 7.810127091403630539e-02
5.899999999999999689e-01 5.001402181665549840e+00 7.746479007696439878e-02
5.949999999999999734e-01 4.913076123908660442e+00 7.685352144029550248e-02
5.999999999999999778e-01 4.824750066151779926e+00 7.624225280362660617e-02
6.049999999999999822e-01 4.736979804633979718e+00 7.563466688717260245e-02
6.099999999999999867e-01 4.652663820752180435e+00 7.504996910342509597e-02
6.149999999999999911e-01 4.568347836870380263e+00 7.446527131967770052e-02
6.199999999999999956e-01 4.484631056010750072e+00 7.388454102464739326e-02
6.250000000000000000e-01 4.404046099664199687e+00 7.332454740476830601e-02
6.300000000000000044e-01 4.323461143317659960e+00 7.276455378488920489e-02
6.350000000000000089e-01 4.243510355766000330e+00 7.220873461521930270e-02
6.400000000000000133e-01 4.166398393914970022e+00 7.167160216844649379e-02
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Table A.2 – continued from previous page
Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
6.450000000000000178e-01 4.089286432063939714e+00 7.113446972167369875e-02
6.500000000000000222e-01 4.012841784150439572e+00 7.060137127280050051e-02
6.550000000000000266e-01 3.938988191134990213e+00 7.008393608139690256e-02
6.600000000000000311e-01 3.865134598119539966e+00 6.956650088999330461e-02
6.650000000000000355e-01 3.791968259368700078e+00 6.905363665533920114e-02
6.700000000000000400e-01 3.721144887978510063e+00 6.855635559422429415e-02
6.750000000000000444e-01 3.650321516588309834e+00 6.805907453310949817e-02
6.800000000000000488e-01 3.580203607656149867e+00 6.756650270960380678e-02
6.850000000000000533e-01 3.512215696306249857e+00 6.708814945238410210e-02
6.899999999999999467e-01 3.444227784956349847e+00 6.660979619516460559e-02
6.949999999999999512e-01 3.376958248354600123e+00 6.613616602458030624e-02
6.999999999999999556e-01 3.311623124110139926e+00 6.567525400308929506e-02
7.049999999999999600e-01 3.246287999865680174e+00 6.521434198159839490e-02
7.099999999999999645e-01 3.181681041101410035e+00 6.475826705936869876e-02
7.149999999999999689e-01 3.118832820819339879e+00 6.431387518562800554e-02
7.199999999999999734e-01 3.055984600537270168e+00 6.386948331188720129e-02
7.249999999999999778e-01 2.993604847987469952e+00 6.342804864319280533e-02
7.299999999999999822e-01 2.932244771708779840e+00 6.299305068637199578e-02
7.349999999999999867e-01 2.870884695430090172e+00 6.255805272955120011e-02
7.399999999999999911e-01 2.810467123960119995e+00 6.212933869852180213e-02
7.449999999999999956e-01 2.751599128085250090e+00 6.171095609281539857e-02
7.500000000000000000e-01 2.692731132210380185e+00 6.129257348710900194e-02
7.550000000000000044e-01 2.635099831790229885e+00 6.088247526708599755e-02
7.600000000000000089e-01 2.578867589228920121e+00 6.048174906735460238e-02
7.650000000000000133e-01 2.522635346667609912e+00 6.008102286762320027e-02
7.700000000000000178e-01 2.467544772227990180e+00 5.968777451662460320e-02
7.750000000000000222e-01 2.413098060041559911e+00 5.929874341969720158e-02
7.800000000000000266e-01 2.358651347855130087e+00 5.890971232276979996e-02
7.850000000000000311e-01 2.305718340606250027e+00 5.853042835743790112e-02
7.900000000000000355e-01 2.252874110886000203e+00 5.815171605322219661e-02
7.950000000000000400e-01 2.200559587628870162e+00 5.777611808247420239e-02
8.000000000000000444e-01 2.149116697758139960e+00 5.740564475568649822e-02
8.050000000000000488e-01 2.097673807887419972e+00 5.703517142889869690e-02
8.100000000000000533e-01 2.047431210069590168e+00 5.667244620809350208e-02
8.149999999999999467e-01 1.997273980067020061e+00 5.631027205223820137e-02

Continued on next page
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Table A.2 – continued from previous page
Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
8.199999999999999512e-01 1.947819384719470026e+00 5.595234755069460053e-02
8.249999999999999556e-01 1.898822000631430029e+00 5.559718834088039907e-02
8.299999999999999600e-01 1.850221991380130104e+00 5.524421602396519665e-02
8.349999999999999645e-01 1.802247187932179973e+00 5.489468443355120103e-02
8.399999999999999689e-01 1.754526334659370024e+00 5.454667296718049979e-02
8.449999999999999734e-01 1.707467657384390103e+00 5.420262522973649799e-02
8.499999999999999778e-01 1.660622860066830020e+00 5.385959009012109694e-02
8.549999999999999822e-01 1.614367638680030081e+00 5.351934625135759682e-02
8.599999999999999867e-01 1.568359988486839995e+00 5.318036550493419889e-02
8.649999999999999911e-01 1.522810098135970014e+00 5.284372021984649892e-02
8.699999999999999956e-01 1.477581852981810107e+00 5.250835639212529660e-02
8.750000000000000000e-01 1.432642295072529937e+00 5.217414271494359712e-02
8.800000000000000044e-01 1.388108523936169902e+00 5.184116028723399772e-02
8.850000000000000089e-01 1.343741104581799961e+00 5.150863919012559772e-02
8.900000000000000133e-01 1.299746308287849983e+00 5.117697146579520268e-02
8.950000000000000178e-01 1.255935953751829981e+00 5.084520476436089897e-02
9.000000000000000222e-01 1.212285131822000039e+00 5.051328797914920316e-02
9.050000000000000266e-01 1.168863637279599965e+00 5.018021982913520307e-02
9.100000000000000311e-01 1.125532681263780033e+00 4.984607058515799771e-02
9.150000000000000355e-01 1.082269511879049961e+00 4.951042744708419874e-02
9.200000000000000400e-01 1.039045969762419919e+00 4.917244919962970168e-02
9.250000000000000444e-01 9.957555793907969521e-01 4.883021737070639828e-02
9.300000000000000488e-01 9.523378052389870341e-01 4.848344430498380264e-02
9.350000000000000533e-01 9.086998180032139771e-01 4.813109994016789850e-02
9.399999999999999467e-01 8.647161275318829832e-01 4.777160983270820060e-02
9.449999999999999512e-01 8.202019165189999850e-01 4.740226394979329960e-02
9.499999999999999556e-01 7.749049987593059630e-01 4.701934759594710023e-02
9.549999999999999600e-01 7.290054950372210074e-01 4.662640921712159908e-02
9.599999999999999645e-01 6.831059913151360519e-01 4.623347083829609794e-02
9.649999999999999689e-01 6.372064875930509853e-01 4.584053245947059679e-02
9.699999999999999734e-01 5.913069838709660297e-01 4.544759408064519973e-02
9.749999999999999778e-01 5.454074801488819624e-01 4.505465570181969859e-02
9.799999999999999822e-01 4.995079764267970068e-01 4.466171732299419744e-02
9.849999999999999867e-01 4.536084727047119958e-01 4.426877894416870324e-02
9.899999999999999911e-01 4.077089689826279839e-01 4.387584056534320209e-02

Continued on next page
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Table A.2 – continued from previous page
Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)
9.949999999999999956e-01 3.618094652605419737e-01 4.348290218651779809e-02
1.000000000000000000e+00 3.159099615384580173e-01 4.308996380769229695e-02

The polars used in the Oxford blind test were lift and drag provided by the project
co-ordinators, and are given in Table A.3.

Table A.3: Lift and drag polars used for the benchmark case study. Hydrofoil profile NACA 63-415
at Reynolds number 288,888 and turbulence intensity 0.01%.

AoA (◦) Cl Cd

0.000000000E+00 3.170053000E-01 1.481117000E-02
1.000000000E+00 4.289612000E-01 1.518466000E-02
2.000000000E+00 5.394359000E-01 1.572911000E-02
3.000000000E+00 6.479287000E-01 1.645465000E-02
4.000000000E+00 7.537792000E-01 1.738608000E-02
5.000000000E+00 8.561177000E-01 1.855998000E-02
6.000000000E+00 9.538070000E-01 2.002199000E-02
7.000000000E+00 1.045151000E+00 2.184680000E-02
8.000000000E+00 1.128008000E+00 2.414781000E-02
9.000000000E+00 1.200536000E+00 2.709434000E-02
1.000000000E+01 1.260667000E+00 3.097677000E-02
1.100000000E+01 1.305415000E+00 3.619467000E-02
1.200000000E+01 1.333081000E+00 4.312438000E-02
1.300000000E+01 1.343772000E+00 5.200547000E-02
1.400000000E+01 1.339028000E+00 6.293608000E-02
1.500000000E+01 1.321425000E+00 7.591979000E-02

Table A.4 gives the normalised chord and twist distribution along the radial length
of the Magallanes ATIR rotor. The summary of the polars for angle of attack of 0-15◦

of the NACA-63(3)418 aerofoil at Reynolds number of 5 × 105 are given in Table A.5
produced by the XFOIL tool.

Table A.6 gives the normalised chord and twist distribution along the radial length of the
Sabella D12 rotor. Table A.7 gives the summary of the polars for angle of attacks of 0-15◦ of
the NACA-63(3)418 aerofoil at Reynolds number of 2.5× 105 produced by the XFOIL tool.

Table A.8 gives the chord and twist distribution along the radial length of the laboratory
scale Barltrop rotor. Table A.9 gives the summary of the lift and drag polars for angle
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Table A.4: Summary twist and chord distribution for the Magallanes ATIR rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (c/C)

0.133333333333333 61.5000000000000 0.812500000000000
0.166666666666667 65.5000000000000 0.812500000000000
0.222222222222222 72.1000000000000 0.875000000000000
0.333333333333333 77.5000000000000 1
0.444444444444444 79.5000000000000 1
0.555555555555556 81.4000000000000 0.937500000000000
0.666666666666667 82.9000000000000 0.762500000000000
0.777777777777778 84 0.593750000000000
0.888888888888889 84.8000000000000 0.450000000000000
0.972222222222222 85.3000000000000 0.362500000000000
1 85.7000000000000 0.306250000000000

Table A.5: Lift and drag polars for angle of attack of 0-15◦ for the NACA-63(3)418 aerofoil at a
Reynolds number of 5 × 105 used in the numerical modelling of the Magallanes ATIR turbine,
produced by the XFOIL tool [2].

Angle of attack (◦) Cl Cd

0 0.365500000000000 0.00940000000000000
1 0.490800000000000 0.0101000000000000
2 0.612900000000000 0.0102000000000000
3 0.732400000000000 0.0105000000000000
4 0.848300000000000 0.0110000000000000
5 0.963800000000000 0.0113000000000000
6 1.07740000000000 0.0117000000000000
7 1.18480000000000 0.0122000000000000
8 1.29130000000000 0.0127000000000000
9 1.38010000000000 0.0136000000000000
10 1.42610000000000 0.0173000000000000
11 1.36990000000000 0.0291000000000000
12 1.22450000000000 0.0392000000000000
13 1.19530000000000 0.0590000000000000
14 1.20810000000000 0.0880000000000000
15 1.18600000000000 0.104500000000000

of attacks of 0-15◦ of the NREL S814 aerofoil profile of the Barltrop rotor blade. The
polars were produced from wind tunnel testing.

Table A.10 gives the chord and twist distribution along the radial length of the IFREMER
turbine. The summary of the polars for angle of attack of 0-15◦ of the NACA-63(3)418
aerofoil at Reynolds number of 3.5×105 produced by the XFOIL tool is given in Table A.11.

Table A.12 gives the twist, chord, and thickness distribution along the radial length
of the 3.0m diameter IFREMER modified turbine. Similarly, Table A.13 gives the twist,
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Table A.6: Summary twist and chord distribution for the Sabella D12 rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (c/C)

0.320833333333333 66.9980000000000 1
0.332150000000000 68.2800000000000 0.949235872526952
0.354800000000000 70.8440000000000 0.847707617580855
0.377433333333333 72.8020000000000 0.775619002487857
0.400066666666667 74.4150000000000 0.719346049046322
0.422700000000000 75.7930000000000 0.673261461912096
0.445350000000000 76.9980000000000 0.634285037317853
0.467983333333333 78.0770000000000 0.600225091813766
0.490633333333333 79.0500000000000 0.570074635706670
0.513266666666667 79.9360000000000 0.543063618054733
0.535900000000000 80.7450000000000 0.518718161355290
0.558550000000000 81.4900000000000 0.496505153417842
0.581183333333333 82.1780000000000 0.476128420803222
0.603816666666667 82.8160000000000 0.457351024760100
0.626466666666667 83.4100000000000 0.439995261224973
0.649100000000000 83.9640000000000 0.423883426134344
0.671733333333333 84.4750000000000 0.409074754176046
0.694366666666667 84.9500000000000 0.395450775974411
0.717016666666667 85.3950000000000 0.382715318090274
0.739650000000000 85.8140000000000 0.370927615211468
0.762283333333333 86.2030000000000 0.360028432650160
0.784933333333333 86.5610000000000 0.350254709157683
0.807566666666667 86.8970000000000 0.341251036607037
0.830200000000000 87.2140000000000 0.332958180310390
0.852850000000000 87.5000000000000 0.325850017770406
0.875483333333333 87.7680000000000 0.319511906172255
0.898116666666667 88.0190000000000 0.313825376140268
0.920766666666667 88.2450000000000 0.309323539864945
0.943400000000000 88.4540000000000 0.305591754531454
0.966033333333333 88.6490000000000 0.302570785451961
0.988683333333333 88.8190000000000 0.300793744816965
1 88.9040000000000 0.299905224499467

chord, and thickness distribution along the radial length of the 0.9m diameter IFRE-
MER modified turbine.
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Table A.7: Lift and drag polars for angle of attack of 0-15◦ for the NACA-63(3)418 aerofoil profile
at a Reynolds number of 2.5 × 105 used in the numerical modelling of the Sabella D12 turbine,
produced by the XFOIL tool [2].

Angle of attack (◦) Cl Cd

0 0.229600000000000 0.0206000000000000
1 0.533200000000000 0.0194000000000000
2 0.737800000000000 0.0181300000000000
3 0.800000000000000 0.0183700000000000
4 0.843400000000000 0.0186800000000000
5 0.908600000000000 0.0193200000000000
6 0.986100000000000 0.0202600000000000
7 1.05750000000000 0.0214100000000000
8 1.12440000000000 0.0226700000000000
9 1.16400000000000 0.0239100000000000
10 1.17440000000000 0.0264800000000000
11 1.19200000000000 0.0301200000000000
12 1.19200000000000 0.0355500000000000
13 1.15030000000000 0.0468000000000000
14 1.12470000000000 0.0599800000000000
15 1.11520000000000 0.0724900000000000

Table A.8: Summary twist and chord distribution for the laboratory scale Barltrop rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)

0.1500 58.0000 0.0665
0.2000 62.0000 0.0650
0.2500 70.0000 0.0620
0.3000 75.0000 0.0600
0.3500 79.0000 0.0580
0.4000 82.0000 0.0560
0.4500 84.0000 0.0540
0.5000 85.0000 0.0520
0.6000 88.0000 0.0470
0.7000 89.0000 0.0430
0.8000 90.0000 0.0390
0.9000 90.8000 0.0340
1.0000 91.5000 0.0300
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Table A.9: Lift and drag polars for angle of attack of 0-15◦ for the NREL S814 aerofoil at a Reynolds
number of 3 × 106 used in the numerical modelling of the laboratory scale Barltrop turbine,
produced by wind tunnel experiments.

Angle of attack (◦) Cl Cd

0 0.176695070000000 0.00911433000000000
1 0.292689620000000 0.00932998000000000
2 0.409485540000000 0.00960901000000000
3 0.526405560000000 0.00991795000000000
4 0.643500340000000 0.0102965900000000
5 0.761169800000000 0.0107417300000000
6 0.876927620000000 0.0114216800000000
7 0.988909590000000 0.0124883700000000
8 1.09433487000000 0.0140193900000000
9 1.19197068000000 0.0161173900000000
10 1.27288047000000 0.0188391600000000
11 1.32707551000000 0.0221652000000000
12 1.35828127000000 0.0265960300000000
13 1.36842959000000 0.0323363400000000
14 1.35652280000000 0.0407436000000000
15 1.31880195000000 0.0527348100000000

Table A.10: Summary twist and chord distribution for the laboratory scale IFREMER rotor blades.

Normalised Radial Position (r/R) Twist Angle (deg) Chord length (m)

0.128881215469613 60.4328000000000 0.0198450000000000
0.145027624309392 60.4328000000000 0.0198450000000000
0.149861878453039 60.4328000000000 0.0198450000000000
0.191726519337017 64.3727000000000 0.0532350000000000
0.233687845303867 67.8509000000000 0.0865900000000000
0.275552486187845 70.6969000000000 0.0831250000000000
0.317417127071823 73.0263000000000 0.0790650000000000
0.359378453038674 74.9462000000000 0.0749350000000000
0.401243093922652 76.5428000000000 0.0710150000000000
0.443107734806630 77.8831000000000 0.0673750000000000
0.485069060773481 79.0185000000000 0.0640150000000000
0.526933701657459 79.9886000000000 0.0610050000000000
0.568798342541437 80.8239000000000 0.0582750000000000
0.610759668508287 81.5484000000000 0.0557900000000000
0.652624309392265 82.1809000000000 0.0535150000000000
0.694488950276243 82.7362000000000 0.0514850000000000
0.736450276243094 83.2265000000000 0.0496300000000000
0.778314917127072 83.6613000000000 0.0479500000000000
0.820179558011050 84.0486000000000 0.0463750000000000
0.862140883977901 84.3950000000000 0.0449750000000000
0.904005524861879 84.7059000000000 0.0436450000000000
0.945870165745857 84.9857000000000 0.0424550000000000
1 85.1257000000000 0.0237110000000000
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Table A.11: Lift and drag polars for angle of attack of 0-15◦ for the NACA-63(3)418 aerofoil at a
Reynolds number of 3.5 × 105 used in the numerical modelling of the laboratory scale IFREMER
turbine, produced by the XFOIL tool [2].

Angle of attack (◦) Cl Cd

0 0.286650000000000 0.0143280000000000
1 0.390690000000000 0.0146520000000000
2 0.494550000000000 0.0147780000000000
3 0.597150000000000 0.0152460000000000
4 0.699930000000000 0.0155340000000000
5 0.801270000000000 0.0158580000000000
6 0.901350000000000 0.0163440000000000
7 0.999450000000000 0.0168300000000000
8 1.09413000000000 0.0176400000000000
9 1.17342000000000 0.0198900000000000
10 1.22184000000000 0.0242100000000000
11 1.24011000000000 0.0293940000000000
12 1.24380000000000 0.0380340200000000
13 1.23732000000000 0.0449604200000000
14 1.22994000000000 0.0591509000000000
15 1.21848635000000 0.0744624800000000

Table A.12: Summary twist, chord, and thickness distribution for the IFREMER modified rotor
blades used for the 0.9m diameter remote river energy system.

Radius (m) Twist (deg) Chord (m) Thickness (m)

0.108765 67.85 0.166995 0.035569935
0.12825 71.7 0.1603125 0.034306875
0.147735 73.03 0.1524825 0.033088703
0.167265 74.95 0.1445175 0.03179385
0.18675 76.54 0.1369575 0.030404565
0.206235 77.88 0.1299375 0.029106
0.225765 79.02 0.1234575 0.027777938
0.24525 79.99 0.1176525 0.026471813
0.264735 80.82 0.1123875 0.0251748
0.284265 81.55 0.107595 0.02388609
0.30375 82.18 0.1032075 0.022602443
0.323235 82.74 0.0992925 0.021347888
0.342765 83.23 0.095715 0.020004435
0.36225 83.66 0.092475 0.01867995
0.381735 84.05 0.0894375 0.017440313
0.401265 84.39 0.0867375 0.016133175
0.42075 84.71 0.0841725 0.01515105
0.440235 84.99 0.0818775 0.01473795
0.45 84.13 0.0442125 0.011053125
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Table A.13: Summary twist, chord, and thickness distribution for the IFREMER modified rotor
blades used for the 3.0m diameter remote river energy system.

Radius (m) Twist (deg) Chord (m) Thickness (m)

0.36255 67.85 0.56 0.12
0.4275 70.70 0.53 0.11
0.49245 73.03 0.51 0.11
0.55755 74.95 0.48 0.11
0.6225 76.54 0.46 0.10
0.68745 77.88 0.43 0.10
0.75255 79.02 0.41 0.09
0.8175 79.99 0.39 0.09
0.88245 80.82 0.37 0.08
0.94755 81.55 0.36 0.08
1.0125 82.18 0.34 0.08
1.07745 82.74 0.33 0.07
1.14255 83.23 0.32 0.07
1.2075 83.66 0.31 0.06
1.27245 84.05 0.30 0.06
1.33755 84.39 0.29 0.05
1.4025 84.71 0.28 0.05
1.46745 84.99 0.27 0.05
1.5 84.13 0.15 0.04
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