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Abstract: The next stage of development of the tidal stream industry will see a focus on the deploy-
ment of tidal turbines in arrays of increasing device numbers and rated power. Successful array
development requires a thorough understanding of the resource within potential deployment sites.
This is predictable in terms of flow speeds, based upon tidal constituents. However, the operating
environment for the turbine is more complex than the turbine experiencing a uniform flow, with
turbulence, shear and wave conditions all affecting the loading on the turbine components. This
study establishes the accuracy with which several alternative modelling tools predict the resource
characteristics which define unsteady loading—velocity shear, turbulence and waves—and assesses
the impact of the model choice on predicted damage equivalent loads. In addition, the predictions of
turbulence are compared to a higher fidelity model and the occurrence of flow speeds to a Delft3D
model for currents and waves. These models have been run for a specific tidal site, the Raz Blanchard,
one of the major tidal stream sites in European waters. The measured resource and predicted loading
are established using data collected in a recent deployment of acoustic Doppler current profilers
(ADCPs) as part of the Interreg TIGER project. The conditions are measured at three locations
across the site, with transverse spacing of 145.7 m and 59.3 m between each device. Turbine fatigue
loading is assessed using measurements and model predictions based on an unsteady blade element
momentum model applied to near-surface and near-bed deployment positions. As well as across-site
spatial variation of loading, the through life loading over a 5-year period results in an 8% difference to
measured loads for a near-surface turbine, using conditions purely defined from a resource model and
to within 3% when using a combination of modelled shear with measured turbulence characteristics.

Keywords: tidal turbine; fatigue loading; turbulence, multi-point measurements

1. Introduction

In order to plan for tidal array development, a thorough understanding of the resource
is required. Due to the nature of tidal flows, there is high potential for reliable power
generation since tidal cycles are highly predictable. This predictability can be defined using
tidal constituents which are area-specific in terms of amplitude, but consistent in frequency.
Understanding the tides in a specific area allows for a straightforward identification of the
most energetic sites that are suitable for tidal stream energy extraction. The deployment of
tidal stream turbines, to utilise the reliable tidal resource around the UK, has been shown
to offer the potential to supply up to 11% of the UK’s electricity demand [1]. This is based
upon a review of site assessments of locations around the UK using hydrodynamic resource
models. The focus of such site assessments is to examine the potential energy yield and
power capture, with limited consideration placed upon the unsteady operating conditions.
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A key consideration for tidal turbine developers is establishing the fatigue loads and
this requires understanding the onset flow conditions. Various computational models are
available for calculating a load time history from which fatigue loads may be obtained, such
models range in complexity from fully blade-resolved methods [2,3], to the actuator line
method [4,5], actuator disks [6], and blade element momentum theory (BEM) [7–10]. All of
these models require the definition of an unsteady onset flow field, which requires a mean
velocity (u), a measure of conditions that induce loads at defined frequencies such as steady
shear (ũ), which causes periodic loads at the turbine frequency and waves (ũw) resulting
in loading at the wave frequency and harmonics, as well as any stochastic fluctuations in
the flow caused by turbulence (u′). These elements of the flow field can be determined
and created in different ways with the turbulence mainly being synthesised using different
computational methods, ranging from computational fluid dynamics (CFD) software of
varying complexity to statistical turbulence models. In this paper, the focus is on how those
variables differ around a site and how they can be predicted.

This study aims to establish the spatial variation of the unsteady conditions that define
operating loads on a typical tidal turbine, the impact of these conditions on fatigue loads
and the accuracy with which these flows and loads may be predicted using established
modelling techniques. This is assessed using a unique set of three current ADCP measure-
ments, predictions from four resource models and considering multiple turbine locations.
Two vertical turbine positions are considered, which are indicative of the hub-height of
bed-supported or surface-supported systems, and the long-term through-life loading on
the blade calculated for a full range of operating conditions.

The approach builds upon a preliminary study of the variation of shear and turbulence
at a tidal site which was conducted by Mullings et al. [11], for the European Marine Energy
Centre (EMEC) test site using data from the ReDAPT project. This study focused on the
variation at two locations at a site and with comparison between modelled and measured
data. However, the modelled data available were limited to the vertical velocity shear
and lacked detail on the modelled turbulence parameters. This work continues to explore
modelled site characteristics and compares with measured data, establishing the impact on
turbine loading between the different input datasets. There are a number of different sites
under consideration for tidal stream turbine deployments in the UK–France channel region,
from different locations in a site through to different vertical positions, the latter being of
key importance to turbine developers focusing on floating or bed-mounted devices.

This study is focused on understanding the conditions at the tidal site Raz Blanchard,
a site which has been the subject of numerous measurement campaigns in recent years due
to the highly energetic tidal conditions. The data from these measurement campaigns has
underpinned various analyses such as those of the characterisation of turbulence [12,13],
the spatial variation of conditions [14–16], the change in bathymetry and different bed
structures on the flow field [17,18], and the complex wave-current conditions through
3D modelling [19,20]. In most of the foregoing studies, computational resource models
have been used in conjunction with measurement data to support analysis. Data from
several of these models are used in this work [16,17,20] to provide site characteristics
with different levels of computational cost and fidelity, with more detail on these models
provided in [21]. Our analysis also draws upon new data from the site obtained from a
measurement campaign conducted in 2021–2022, as part of the Interreg TIGER project. This
campaign was developed partly to inform understanding of the spatial variability at a tidal
site, using multiple devices deployed and measured over a concurrent time span.

This study is split into two sets of analysis, with the first objective establishing the
parameters important for an inflow model as input to a loading model. The measured and
modelled conditions and their occurrence at different positions in a site also provide spatial
variation. These conditions are used as input to an efficient unsteady BEMT model, which
was previously validated against experiments [10,22], but could also be used as inflow for
other models to determine turbine loading. The second objective was to use the spatially
varying conditions to determine the influence of inflow conditions on the turbine loading.
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2. Site Focus

Six tidal sites were identified within the Interreg TIGER project within the UK–France
channel region with the potential for Tidal stream device deployments. Within the project,
a series of eight acoustic Doppler current profilers (ADCPs) were deployed at these sites
with the aim of supporting ongoing consenting and the analysis of conditions. This study
focuses solely on the Raz Blanchard site, which is the area between the Cap de la Hague
on the Contenin Peninsula in Normandy, France, and the Channel Island of Alderney, as
shown in Figure 1.

Figure 1. Area map of Raz Blanchard, showing the Channel Island of Alderney on the left and
the French coast on the right. Markers have been included to show previous ADCP deployments,
with OpenHydro datasets used in [23,24], and the locations of the THYMOTE and HYD2M project
deployments given in [14,24], respectively; the dashed box outlines the area of focus in this study,
and the domain of this study is shown in detail in Figure 2.

An initial review of the chosen site was conducted to determine the measurement
locations that have previously been studied, which are shown in Figure 1. The loca-
tions chosen for the previous deployments informed industry, as well as other research
projects, [12,14,23–26]. These sets of campaigns have established information about the site
in relation to flow properties, although they have drawbacks with the distribution of data
post-deployment. Therefore, a new set of ADCP devices were deployed within the TIGER
project. The types of devices are listed in Table 1, along with their location and period of
deployment. The area of focus is shown as the highlighted area in Figure 1, which is a
region of interest to tidal developers, Hydroquest and Normandie Hydrolienne, who are
planning to deploy turbines within that area [27].

Table 1. Name, position, and period of deployment for each ADCP deployed in Raz Blanchard as
part of the TIGER project.

Device Name Latitude Longitude From Days

NH1 (Teledyne RDI Workhorse Sentinel 600) 49.72259 −1.9974 15/01/2022 63
NH2 (Teledyne RDI Workhorse Sentinel 600) 49.72225 −1.9946 14/01/2022 61
MU (Nortek Signature 500) 49.72238 −1.9954 15/01/2022 78

Data from the ADCPs allow the vertical profiles of velocity to be determined, resolved
from measurements along the beamlines of each device, sidelobe interference near the
surface means that 4 metres of data from the surface down are not included in the post-
processed data. All three devices have a minimum of four beams in operation, with the
Workhorse Sentinel devices having a beam angle of 20◦ and the Nortek having a beam
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angle of 25◦. The ADCPs are located within 205 m, with the MU device between the two
NH devices, with 145.7 m between the NH1 and MU and 59.3 m between MU and NH2. For
each ADCP, the bin size is 1 m, which is the spacing along the vertical, and the sample rate
is also consistent at 2 Hz for all current measurements. This sampling rate has been chosen
to provide more detail on the change in flow conditions to allow a better prediction of the
turbulence at the site. it is worth noting that ADCPs are limited due to the spatial averaging
of velocity across multiple beamlines [28], so other devices are being considered for site
analysis [29]. In addition to measuring velocities, all three ADCPs are able to determine
wave characteristics, such as the significant wave height and peak time period for 30 min
samples. The Nortek Signature500 device was also set up with a fifth beam to include
acoustic surface tracking and reports on 30 min bursts to provide directional wave spectra.
The further analysis of the wave conditions from all three devices and modelled data is
shown in Section 4, and the influence of waves on the measured velocities from ADCPs
was explored in [30–32].

2.1. Modelling the Resource

Several hydrodynamic models have previously been set up covering the region of Raz
Blanchard due to its potential as a tidal site. This work makes use of data from models run
by TIGER project partners, the University of Exeter and the University of Caen Normandy,
who have models set up which encompass the region around this site. Further details
of these models can be found in Table 2. In addition to the measurement campaign, this
allows a comparison between measured and modelled conditions at multiple locations
within the Raz Blanchard site, as well as the subsequent loading predicted as a function of
the model outputs.

Table 2. Resource models used within this study, details of the types of resource modelled, and
references with additional detail, a more detailed overview is given in [21].

Model Type Turbulence Closure Accounts for Waves Concurrent with ADCPs References

Telemac RANS RANS k-ε No Yes [33,34]
Telemac LES LES No No [16,24]

LBM-LES LES No No [13,17,35]
Delft3D No Yes Yes [20,36]

These resource models are able to predict different flow characteristics to varying
degrees of fidelity. The extraction points from the models and the measurement locations
are shown in Figure 2. The bathymetry data across the site were combined with the
measurement locations within the figure. The bathymetry data are provided by the French
Hydrographic Office (Service Hydrographique et Océanographique de la Marine, SHOM)
with a high resolution of approximately 1 m in the area of interest. Across this site area, it
is clear that the bathymetry varies between the extraction locations, with the Telemac-LES
ranging from 31.4 m to 53.5 m, and the exact depths of these extraction points were reported
in [16]. Across the extraction points within the LBM-LES domain, all nine positions have
a similar depth of approximately 35 m. Herein, the Cartesian domains are resolved by
0.25–5 m cell spacing, for the LBM-LES and Telemac LES, respectively, where the LBM-LES
spacing becomes coarser towards the free surface. The Telemac-RANS model has been
and can be extracted at many different positions and depths across the domain, the focus
here is on the locations which correspond to the measurements and other model extraction
points. The three measurement locations are approximately 48 m deep according to the
bathymetry, and this is consistent with data from the deployed instruments.
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Figure 2. All model and measurement locations across the site at Raz Blanchard. Contours of
bathymetry shown by the blue variegation, light to dark corresponding to shallow to deep. De-
ployment location areas show sites for the development of tidal arrays by developers; Normandie
Hydrolienne and Hydroquest [27], domain size shown in figure is 1.9 km by 2 km, grid spacing of
400 m in the horizontal and 500 m in the vertical directions.

The Delft3D model is the only model which includes predicted wave characteristics,
with 52 extraction locations. Data have been extracted across the entire site, where the
outer model grid has a resolution of 2 km × 2 km and an inner nested grid around Raz
Blanchard has a grid resolution of 100 m × 100 m. Although data were extracted across the
whole area between Alderney and France, the interest in this study is the much smaller
highlighted area in Figure 2. From these locations the main aim is to compare the wave
characteristics between the three measurement locations and the corresponding model
points. These results are presented and discussed in Section 4.

In addition to the data extracted from the wave and current resource model, current
and turbulence data are also extracted from the three other models listed in Table 2. The
level of fidelity between these three models does vary. With the Telemac-RANS providing
data at specific extraction points, in a much larger computational domain. The vertical
profiles of velocity and turbulent kinetic energy were extracted over a period of time which
corresponds to the ADCP deployments. The next level of fidelity is the Telemac LES model,
where grid spacing is 3 m, with 25 vertical sigma layers and a time step of 0.375 s. The
data extracted in this study are based upon work conducted during the THYMOTE project
which was validated against an ADCP deployment (see Figure 1) [16,24]. This gives some
confidence in the model predictions, especially at the model extraction locations nearest the
ADCP location. Three periods of time have been focused on, corresponding to a flood and
ebb tide in the neap, spring and mean tides. Further details on the original study can be
found in [24], and data from all eight locations have previously been shown in [16]. Due to
the computational expense of using this model, the same datasets were used in this work
to determine the spatial variation in conditions across the site and their impact on loading,
specifically the through-life loading. The data provided for 12 h of a mean, neap and spring
tide is used to assess the difference in site conditions, specifically the shear and turbulence
for different vertical positions across a tidal cycle.

The highest-fidelity model is referred to as the LBM-LES, known as PALABOS, which
relies on large eddy simulation (LES) to model the turbulence—based on the lattice Boltz-
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mann method (LBM)—which are suitable when modelling with bathymetry; more details
on the set-up and details of this model can be found in [13,17,18]. This combination pro-
vides a fine spatial resolution with a grid spacing of 0.25 m at the bed, but has a relatively
high computational cost, and so each model run tends to focus on a specific set of conditions.
In this work, this model was setup to run within the domain, as shown in Figure 2, for both
the flood and ebb tides, and for the peak spring tide condition only. The analysis of these
conditions will be shown in Section 4, and the influence on the loading when these model
conditions are used will also be investigated.

3. Model Set-Up

The overall aim of this work is to improve our understanding of the flow conditions
that define unsteady loading experienced on the blades and support-structures of tidal
stream turbines. Two different hub heights are used to represent whether a turbine is
bed-mounted, referred to as ‘near-bed’, or floating, referred to as ‘near-surface’. The
turbine also needs to be defined and used as input to the model, with details given in
Section 3.2. From the measured—and predicted—datasets, a full analysis of the conditions
is performed as they are required as input to the modelling of the turbine. The specific onset
flow characteristics which are investigated from the modelled and measured conditions
at the site are given in Section 3.4, with results of the analysis in Section 4. Unsteady flow
characteristics for each onset flow interval are employed as input to the turbine load model
to determine the time-varying loads. These loads are subsequently used to determine the
range of load cycles which occur for each onset flow condition, and hence the fatigue load
prediction. Methods used to calculate the time-varying and fatigue loads are provided in
this Section. The main processing stages applied to obtain damage equivalent loads from
the resource data for a specific location and rotor position are summarised in Figure 3.

Figure 3. Process used to combine the occurrence and analysis of onset flow conditions with the
predicted loading, in order to determine the through-life loading on a turbine component.

3.1. Turbine Fatigue Load Prediction

Similarly to the approach taken in [11,37,38], the fatigue load is quantified using the
damage equivalent load (DEL) value. This load is determined using Equation (1), which
defines a single magnitude load repeating at a single frequency which would cause the
same damage as the time-varying load. This approach facilitates a direct comparison
between different unsteady loading cases. The method requires a representative frequency
to be used as the value at which the load repeats; in this case, a consistent frequency value
is chosen. This corresponds to the rotational speed of the turbine for a single tip-speed-
ratio of 5, at the chosen flow speed. Turbine power capping is not considered here, but
a cut-in speed of 0.5 m/s is assumed. The load cycles are calculated using the rainflow
cycle counting method [39], which was originally defined by Endo et al. (1974) [40], as an
algorithm to help determine the cycle size for variable amplitude loading. This counting
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method is commonly used for fatigue damage cycle counting and fatigue loads on offshore
components have also been calculated using this method [38,41].

Lm =

(
∑i niLm

i
f T

)1/m
(1)

where ni is the number of cycles at each binned load magnitude, m is the material gradient,
f is the repetition frequency, T is the time sample length, Li is the load bin, and Lm is
the DEL for a given material gradient. In this case, m is considered equal to 10, as this
represents blades manufactured from glass fibre.

3.2. Turbine Load Prediction in Unsteady Onset Flow

With the method for calculating and comparing the level of fatigue established, knowl-
edge of the turbine geometry and method to calculate the loads is required. As with the
turbulent flow field generation, a suitable method is chosen which allows for multiple flow
cases to be modelled efficiently. Therefore, the blade element momentum model of [10] is
used. The set-up of this model requires turbine geometry, radially varying parameters and
the aerodynamic characteristics of the chosen blade profiles. The turbine modelled in this
work is the Alstom Energy’s DEEP-Gen IV 1 MW tidal turbine, also known as the TGL 1
MW device. Relevant data for this device for this turbine are publicly available [42,43]. This
device has a diameter of 18 m and three blades, whilst a single operating point is modelled
which corresponds to a tip-speed-ratio of 5.

A basic overview of the method is provided in [10,11]. Initially, a steady-state simu-
lation is run to determine the axial and tangential induction factors, which are used as a
single set of values for the unsteady onset flow field calculations. The blades are defined
by a series of points ’elements’ along the radius. This number can vary depending on the
geometry of the blade. With the calculated axial force on each segment of the blade leading
to the calculation of flap-wise root bending moment as well as rotor thrust. These results
are used to establish the load cycles, (ni), enabling the fatigue loads to be predicted for the
blades. For the input to the BEMT model, other than the turbine characteristics, details on
the operating conditions are needed. For unsteady loading, this requires a turbulent onset
flow field to be created, and is discussed in the following section.

3.3. Onset Flow Field

There are benefits to using CFD software to create the turbulent flow field, where
turbines can be included within the simulation, resulting in a direct interference between
the turbine and flow field, useful for looking into wake effects. LES simulations provide
the opportunity to generate time-varying turbulent velocity fields but, due to the relatively
high computational cost, are predominantly performed for a single operating point, and
for a single onset flow condition [2,5,44]. As the interest in this work is to investigate
a large number of onset flow conditions, a more computationally efficient approach is
instead adopted. Measured turbulent conditions are re-created as input to a loading model
using spectral turbulence models, referred to as the Sandia method [45]. In these, power
spectral densities (PSD) across a grid of discretised points are combined with a coherence
function to create the flow field. The von Kármàn spectrum is commonly used to provide
a suitable PSD of the stream-wise velocity [10,22,38,46,47]. This method is defined as a
random statistical approach which combines stochastic velocity spectra with auto-spectral
density functions to describe real atmospheric turbulence. Adaptation for tidal turbines
has not resulted in a new model, but rather the target characteristics are different with
application. These models have been created for ‘flat’ land sites and therefore perhaps at
this stage do not completely define sea-bed generated turbulence. A 2D spatial grid of
synthetic turbulence is generated which varies in time, propagated using Taylor’s frozen
turbulence hypothesis [48]. This generation method has been set up using NREL software
Turb-Sim. Comparisons in [10,49] have been made using this method to create a flow field
with a synthetic eddy method (SEM), developed by [50]. Both methods can be used at low
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computational cost to provide a suitable inflow. The onset flow field is set up according to
Equation (2), where the unsteady time varying characteristics of the flow can be defined, as
mentioned in Section 1.

u = u + ũ + ũw + u′ (2)

where the overall onset flow, u, is created by a mean value, u, a periodic shear component,
ũ, a periodic wave component, ũw, and a fluctuating component, u′. The magnitude of the
fluctuating component is defined by the turbulence and wave conditions, and the periodic
component is defined by the full shear profiles. The characteristics which are used to define
the flow field are detailed in the following section.

3.4. Onset Flow Characteristics

Using the data extracted from the measurements and models listed in Section 2, the
onset flow is characterised, using the dominant component of velocity in the mean current
direction for both the flood and ebb tides. Following the design standards [51], a 10
min average is used to identify the range of onset flow speeds. From all models and
measurements the velocities are initially extracted as vertical profiles through the water
depth, with the top four metres of the measured profile excluded as previously mentioned.
This provides details on the shear profiles, both measured and modelled, and allows for
the calculation of a disk-averaged velocity (UDA). To distinguish between the two vertical
turbine positions modelled herein, the disk averaged velocity is calculated separately for a
turbine with a hub 15 m below the 10 min mean water level as the near-surface turbine,
and a hub 15 m above the sea bed for the near-bed turbine. The disk-averaged velocity is
calculated using Equation (3), as a power weighted disk average, in accordance with IEC
62600-200 [52].

UDA =

[
1

AD

n

∑
i=1

U3
i Ai

]1/3

(3)

where AD is the rotor area, Ui is the velocity at each vertical velocity bin, at depth z, and
Ai is the strip wise area of each vertical bin. The vertical bins consider the range from
the hub height, zhub, to U+R and to U−R, with the distance between defined by ±∆U.
The UDA values provide the mean velocity for each onset flow field. It also allows the
vertical shear profiles of velocity to be categorised, to investigate any variation in shear
with flow speed magnitude. Each 10 min sample from the models and measurements also
provides the fluctuations of velocity within the sample. Herein, all velocity fluctuations are
considered to be associated with turbulence. In reality, the measured velocity fluctuations
contain other environmental effects, such as wave-induced kinematics. Some studies have
looked at taking the turbulent kinetic energy from a site, with known wave conditions, to
separate out the influence of waves on the turbulence [30,31], or using measured detailed
wave conditions to remove the influence [32]. Further discussion on the measured—and
predicted—occurrence of wave conditions is given in Section 4.3 but for the purposes of
load analysis, the turbulence intensity is defined using Equation (4) only.

I =
u′

ū
(4)

where ū is the mean velocity and u′ is the root-mean-square of the total velocity fluctua-
tions, from waves and turbulence. The ADCP measurements are also used to define the
turbulence lengthscales for the creation of the turbulent flow field. For each hub height,
a number of samples are extracted, and the lengthscales are calculated at the hub height
for each turbine position through the use of an auto-correlation function. A single value of
21 m is used for the site-specific lengthscale, which is used to define the turbulent onset
flow field in this work and is the average of the calculated values. This is to determine the
impact other flow field features have on the resultant loading.
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4. Onset Flow Conditions

Using the parameters defined in Section 3.4, the model and measurement data are
used to determine the onset flow conditions. The whole area of interest in Raz Blanchard is
covered by the Telemac RANS and Delft3D model. The Telemac RANS spans the measured
locations and data points are coincident with the data points of all other model types and
so this is considered as the reference case. For the Delft3D model, a comparison of the
occurrence and range of wave conditions focuses on wave-conditions at the central ADCP
location. The Telemac LES and LBM-LES provide more detailed turbulence information
for the conditions, relative to the Telemac RANS, and have been modelled over the same
period and locations.

4.1. Occurrence of Conditions

Following the process shown in Figure 3, the occurrence of conditions needs to be
established. For each ADCP deployment location, the disk-averaged velocity for the near-
bed and near-surface positions has been determined for both the ebb and flood tides.
The percentage of occurrence for each binned flow speed is given in Figure 4 where the
velocity bin width is 0.2 m/s, consistent with the standards for design [51]. The percentage
occurrence is used to highlight that, over the same period as the measurement, there are
differences in the conditions. The values are of use to tidal developers when looking for
potential energy yields from a site. For the three measurement locations, the predicted
occurrences from the model extraction are very similar for both turbine positions during the
flood tide. During the ebb tide, for both turbine positions, there is a noticeable difference
in occurrence, with the measured conditions experiencing higher occurrence between 0.3
and 1.7 m/s, reduced occurrence at flow speeds greater than 1.7 m/s. This is consistent
for both the near-bed and near-surface turbines. This difference for the ebb tide for the
Telemac RANS model could be due to the model not being tuned to fit the specific ADCP
time-series, it has been calibrated using other ADCP deployments, in different areas in Raz
Blanchard. Also within calibration there was no discrimination between flood and ebb
tides. The turbulence closure within the RANS relies upon k− ε model, and therefore, is it
possible that the predictions of turbulence and hence shape of velocity profiles are poor
around abrupt changes in depth such as the shallower depth region in the south west of the
site, where the ebb tide flows from south west to northeast. In addition, any imperfections
in boundary conditions cause errors to be propagated through the model. However, the
RMS error is satisfactory and in the same order of magnitude as found with other models
using similar physics. For the near-bed turbine, there is a reduction in occurrence at the
higher flow speeds compared to the near-surface turbine, as expected due to the shape of
the shear profiles which are present, as shown in Figure 5.

These occurrence statistics can be used to determine through-life loading, allowing the
calculation of load cycles to be aggregated into loading over a longer period. Although the
modelled occurrence is shown here, the measured occurrence will be used in the lifetime
loading calculations.

4.2. Shear Profiles

The occurrence of onset flow speed has been characterised by the power-weighted
disk-averaged velocity which accounts for the vertical shear, both measured and modelled.
The vertical shear from the measurements and models is incorporated into the simulated
onset flow field to determine the loading in the later sections. For all measurement and
modelled data, the shear profiles have been determined based upon the 10 min samples
and categorised according to the disk-averaged velocity. Therefore, for the near-surface
turbine, the sample of shear profiles which correspond to each binned flow speed will be
different than those for the near-bed turbine. For one of the measurement locations, at
the MU ADCP, the variation of shear profile with the disk-averaged velocity is shown in
Figure 5. For both the near-surface and near-bed locations, the ebb tide has no shear cases
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where the velocity is greater than approximately 3.3–3.5 m/s which corresponds with the
occurrence of calculated UDA.

(a) Ebb tide, near surface (b) Flood tide, near surface

(c) Ebb tide, near bed (d) Flood tide, near bed

Figure 4. Percentage of occurrence of the disk-averaged flow speeds for the ebb and flood tides for
the two vertical turbine positions, using the measurement data from each ADCP (MU, NH1, NH2)
and the corresponding model data from Telemac RANS.

A comparison of the range of velocity across the rotor with each disk-averaged velocity
bin is shown in Figure 6. This has been calculated for the measurements and from the
Telemac RANS data at each ADCP location for the flood and ebb tides, encompassing 95%
of the data from each shear profile. For the near-surface turbine, the range of shear across
the rotor from the measurement data is significantly greater than that from the modelled
data at the lower UDA values. Due to the shear profiles from the measurements having a
greater variation across the disk at lower flow speeds, there is more influence from other
environmental factors than just the bed roughness. At higher disk-averaged velocities, the
range from the model corresponds well with the measurement data, especially in the flood
tide for the NH1 and NH2 locations. For the MU location, which lies between the NH1 and
NH2 position, the measured range of conditions has less agreement with the model across
the higher range of UDA. For the near-bed turbine, the range of velocity across the rotor for
both the measurement and model data is higher at higher UDA values. This range is greater
than for the near-surface turbine from a range of (approximately 20–40%), as expected from
the curvature of the shear profile. Although the range is greater in the lower UDA values,
it is not as large as that for the near-surface turbine, highlighting that, in the lower UDA
range, other factors such as waves may be impacting the shear profile, and are more visible
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in the lower flow speed ranges. These results highlight the variation of shear present at
a site.

(a) Near surface (b) Near bed

Figure 5. Variation of shear profile, ±1 standard deviation, for the range of binned disk-averaged
velocities, for the near-bed and near-surface turbine location, at the MU ADCP location.

(a) MU Location (b) NH1 Location (c) NH2 Location

(d) MU Location (e) NH1 Location (f) NH2 Location

Figure 6. Normalised across-rotor variations of velocity are compared for each disk-averaged velocity
value for (a–c), the near-surface turbine and (d–f) for the near-bed turbine, the measurement range is
shown by the blue band and the Telemac RANS variation is shown by the red band. For both cases,
the range is calculated using 2 standard deviations of the profile values.

Details of the shear profile at one flow speed bin, UDA = 2.2–2.4 m/s, is shown in
Figure 7. There are 703 samples within this bin, 301 in the flood tide and 402 in the ebb. The
Telemac RANS model was extracted at the same locations as the three ADCP measurements,
also shown in Figure 7. For the near-surface turbine positions in Figure 7, the shear in the
flood tide is well represented by the model and overlays the measured conditions. In the
ebb tide, the measured shear has less curvature than the modelled shear cases, which has a
greater gradient across the rotor area. Towards the top of the rotor area, the measured shear
profiles become more vertical. For the near-bed turbine, the measured shear profiles have a
greater variation in the flow speed bin than for the near-surface turbine, as expected, based
on the shear being caused by the features and roughness of the sea bed. The modelled shear
profiles also do not follow the same trend as the measured data and have less variation.
Across the rotor, the shear is more severe from the modelled data, where the rotor as it
rotates will experience a greater variation of velocity, than for the measured data, also
shown in Figure 6. The variation in the shear profiles is used to determine the loading on a
turbine for each specific condition in Section 5.
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(a) MU location (b) NH1 location (c) NH2 location

(d) MU location (e) NH1 location (f) NH2 location

Figure 7. Comparison of shear profiles at a single UDA of 2.2–2.4 m/s, over the rotor plane for (a–c) the
near-surface turbine and (d–f) the near-bed turbine, within a range of two standard deviations, for
each ADCP location, as can be seen in Figure 2. Measured mean shown by a dashed black line, and
measurement range shown by the grey band, Telemac RANS variation shown by the red band.

For the single design case with a UDA of 2.2–2.4 m/s, a comparison of the variation
of velocity across the rotor is made for the Telemac RANS model to the measurements
in Figure 8a. The other resource models which model the depth varying current and
turbulence, Telemac LES and LBM-LES, have extraction points at different locations to the
measurement locations. This is due to the computational expense of running these types of
models; the data used here were readily available from the models, with locations shown
in Figure 2. The shear profiles from the spring tides were extracted for both the flood and
ebb tides for both resource models, and shown in Figure 8b,c. When the comparison of the
velocity variation across the rotor between the Telemac RANS and Telemac LES is observed,
the Telemac RANS has a greater variation in comparison to the shear determined at the
measurement locations, as the data are extracted over a greater range of 1.6 km instead
of 0.2 km, with the near-bed turbine in the ebb tide experiencing the greatest shear. The
Telemac LES, however, has a reduced shear variation, with the total difference in velocity
from the shear less than 0.45∆U, compared to almost ∆U for the Telemac RANS. The shear
for the flood and ebb profiles, extracted from the LBM-LES data, are shown in Figure 8c.
These profiles are extracted over a much smaller spatial range than the Telemac LES,
170 m × 200 m. For the near-surface turbine, in the flood tide, there is very little variation
in profile across the nine model extraction locations. However, in the ebb tide, the variation
is greater across the rotor, with one case having a significant reduction over the bottom half
of the rotor. For the near-bed turbine, for both the flood and ebb tides, there is a greater
variation of velocity across the rotor area. The shear is expected to be greater closer to the
bed based upon the shear being caused by the bed roughness. These shear predictions
for a turbine located near the bed from the LBM-LES differ from the predictions from
the Telemac LES due to the difference in location. As for both the LBM-LES and Telemac
LES, the measured bathymetry is taken into consideration within the model and has a
greater impact on the roughness and therefore the shear near the bed. These profiles are not
extracted at the three measurement locations and therefore cannot be directly compared.
However, impact of these profiles on the spatial variation of the design and through-life
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loading at the site is considered further in Section 5. Using the full shear profiles over the
rotor, such as Figure 8, but for all UDA bins.

(a) (b) (c)

Figure 8. Comparison of ∆U which defines the shear across the rotor for a UDA of 2.2–2.4 m/s,
predicted from the three resource models, for the ebb and flood tides and the two vertical turbine
positions, where (◦) is the near surface in the Ebb tide, (�) is the near surface in the flood tide, (4)
is the near bed in the Ebb tide, and (+) is the near bed in the flood tide. (a) Measurements versus
Telemac RANS (3 locations); (b) Telemac LES versus Telemac RANS (8 locations); and (c) LBM-LES
versus Telemac RANS (9 locations), at the specific extraction locations from Figure 2.

4.3. Waves

The significant wave height and peak time period are compared from the Delft3D
model and the ADCP measurements. The occurrence and mean value of wave conditions
with disc-averaged velocity for near-surface turbine at the MU ADCP location is shown in
Figure 9. All plots within Figure 9 have a range of joint occurrence, where no specific set of
conditions occurred more than 1% of the time. There is broad correspondence between the
measured and modelled HS over the time period. Within the flood tide, both the modelled
and measured cases are showing a large range of significant wave height, with a maximum
of approximately 5 m for the modelled case. There is a similar peak wave period for the ebb
tide but a differing trend in the flood tide between the modelled and measured conditions.

An additional comparison has been made to a full year of modelled wave conditions
and to a period corresponding with the measurements (January–March), which is shown in
Figure 9c,d. Across the year, the average occurrence of the significant wave height with each
disk-averaged velocity is lower than that for the smaller sample period. For the peak time
period, the use of a full year of data has also led to a reduction in mean value at each UDA
value, as expected since the measurement period occurred during winter. Understanding
the occurrence of these conditions at a site from the model and measurements allows for
the determination of the impact that waves are having on the flow characteristics. It is clear
from the full-year comparison that a reasonable prediction of occurrence at a site can be
found. Although there is no consideration given to the wave heading, these data are also
available from the measurements and the model.

Based on the measured conditions, waves with HS > 0.5 m and with period greater
than 3 s may be expected to impact kinematics to mid-depth and these conditions occur
with all disc-averaged velocities. The waves occurring at this site may therefore be expected
to have some impact on turbulence intensity, but at this stage, no attempt has been made to
separate wave-induced kinematics from turbulence. An initial study of the treatment of
wave kinematics on both the value of turbulence intensity obtained from measurements,
and the modelled fatigue loads is given in Mullings et al. [32].
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(a) Measured, HS (b) Measured, TP

(c) Modelled, HS (d) Modelled, TP

Figure 9. Joint probability of the occurrence of the significant wave height (HS) with the disk averaged
velocity (UDA) for the measurement data at one ADCP location, MU see Figure 2, and the peak wave
time period (TP) with the disk-averaged velocity, with the mean of each condition at the near-surface
UDA values for the measurement period, as shown in red (solid line) and the mean over an annual
interval for the modelled case in red (dashed line).

4.4. Turbulence

Turbulence has been investigated using the ADCP measurements and three of the
hydrodynamic models, the two Telemac models and the LBM-LES, to assess the variation of
measured and predicted turbulence intensity. The range of intensity for each binned onset
flow speed is used within the loading model for the turbine at a single design case. The
mean intensity values from the measurements and each model are also used to determine
the through-life loads across the range of disk averaged velocities.

For the measured cases, the intensity is calculated using Equation (4), and for each
10 min averaged case, the intensity is calculated across the depth. This includes the
influence of the waves as well as turbulence, this is referred to as turbulence intensity
throughout. The intensity values reported here have been calculated as a disk average
following the same method applied to the onset flow velocity using Equation (3). For each
measurement location and for the two turbine hub heights, the variation in turbulence
intensity is shown in Figure 10. For the turbine located near the surface, the measured
disk average turbulence intensity is greater in the lower disk averaged flow velocity range
(<1.5 m/s), than a turbine located near the bed. However, at higher disk-averaged velocities
(>1.5 m/s) the calculated intensities are lower for near the surface than near the bed. One
reason for this could be the influence of the bed generated turbulence on the flow field for
the near-bed turbine. However, at the near-surface turbine, the variation in the turbulence
intensity is also greater at the lower flow speeds. The influence of the flood and ebb tides on
the measured turbulence intensity has little impact near the surface location, but at the near-
bed position, there is a definite difference with the flood tide providing higher intensity
values. The influence of the range of turbulence intensity values from the measured data
on the loading experienced by a turbine is explored further for a single UDA ‘bin’.
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(a) MU location (b) NH1 location (c) NH2 location

(d) MU location (e) NH1 location (f) NH2 location

Figure 10. Mean and variation to within one standard deviation of the intensity with disk-averaged
velocity for the ebb and flood tides for each ADCP location, given in Figure 2, near the surface
(a–c) and near the bed (d–f).

The three hydrodynamic resource models also provide turbulence intensity values.
The Telemac RANS model provides the turbulent kinetic energy at each ADCP location
as well as a further 55 points. The turbulent kinetic energy is determined through the
k− ε turbulence closure model. Comparing the mean disk-averaged turbulence intensity
variation with the disk-averaged flow speed, it is found that the calculated values of
turbulence intensity from the model are lower than the measured cases for both vertical
turbine positions and the flood and ebb tides. A comparison of the mean intensities
calculated at the three locations for the measurements at one UDA value (2.2–2.4 m/s)
against the Telemac RANS model is given in Figure 11. It is clear that, at this UDA value,
the Telemac RANS under-predicts turbulence, which would be expected from a model
which does not resolve the larger bed-generated turbulent structures within the flow field.
For this case, across the measured locations for both vertical turbine positions, there is less
than 1% difference in the calculated mean turbulence intensity, within the measured cases
and for the modelled cases.

When looking at the variation between measurement locations, there is a slight trend
with the largest mean intensities found at the NH1 location decreasing as the measurement
devices are placed further east, but this difference is as mentioned before within the 1%
across the turbulence intensity values. The mean intensities for the modelled cases are
smaller than the measured cases, with a reduction of up to 63%. The measured conditions
are driven by a wider range of processes, such as waves and bed-generated turbulence
which can vary with irregular bathymetry. With the near-bed turbine experience giving
higher mean intensities, it is thought that the bed generated turbulence has more influence
than other environmental factors.
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(a) (b) (c)

Figure 11. Comparison of the mean disk-averaged turbulence intensity for a UDA of 2.2–2.4 m/s,
predicted from the three resource models, for the ebb and flood tides and the two vertical turbine
positions, where (◦) is the near surface in the Ebb tide, (�) is the near surface in the flood tide, (4)
is the near bed in the Ebb tide, and (+) is the near bed in the flood tide. (a) Measurements versus
Telemac RANS (3 locations); (b) Telemac LES versus Telemac RANS (8 locations); and (c) LBM-LES
versus Telemac RANS (9 locations), at the specific extraction locations from Figure 2.

For a better turbulence prediction, the Telemac LES model is used, and this method
resolves the larger turbulent eddies within the model capturing the variation in flow over a
wider range of frequencies. The data are extracted at eight locations across the site, with
one of these locations corresponding to an ADCP deployment as part of the THYMOTE
project [16]. Corresponding data were also extracted at the same locations from the Telemac
RANS model. This model is less computationally expensive to run and therefore it is
helpful to compare the flow conditions to understand whether it is necessary to include the
large eddy simulations. A comparison of the mean disk-averaged turbulence intensities
is shown in Figure 11 for both vertical turbine positions, as well as the flood and ebb
tides at the same UDA value as the previous measurement comparison. The overall trend
highlights the under-prediction from the Telemac RANS model when compared to Telemac
LES. The large range of predicted intensities for the single UDA case, from 3.7% to 11% for
the Telemac RANS model and from 4.3% to 12.5% for the Telemac LES.

The data from the LBM-LES represent the highest onset flow across a very specific set
of locations in Raz Blanchard, as shown in Figure 2. These simulations are used to define
the velocity profile and turbulence of a fully developed profile. The range of disk-averaged
velocity for these cases is 3.7–4.5 m/s; at these values, based on the previously observed
relationship from the measurement data, the turbulence intensity is expected to be constant
and represent the lower UDA value. The predictions of the mean disk-averaged turbulence
intensity from this model are compared to the Telemac RANS predictions at the same
locations for the maximum flow speed predicted by the Telemac RANS and for the single
UDA of interest for the design case comparison. It was found that, for the disk-averaged
velocities predicted between the UDA of 2.2–2.4 m/s and the maximum value, there is
no change in the predicted disk averaged turbulence intensities from the Telemac RANS
model. The comparison of the two models at the nine locations, for the flood and ebb
tides and the two vertical positions, is shown in Figure 11. With the largest difference in
the prediction intensity found for the near-surface turbine in the ebb tide at the central
easterly location, the LBM-LES has an intensity of 10.1% and the Telemac RANS predicts
3.9%. As with the earlier model comparison between the Telemac RANS and Telemac LES,
the near-bed flood tide conditions provided the highest predictions of turbulence intensity
for these extraction locations, in the range of 9.2–10.4%, but only 3.2–6.1% for the LBM-LES.
Other than at one location, the near-bed turbine in the flood tide has a greater predicted
intensity than the all other conditions and has greater intensities than all of the near-surface
predictions in the flood tide.
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4.5. Spatial Variation of Turbulence

The models also reveal more information about the spatial variation across the site
due to the greater distances between extraction locations. The variation in these intensities
is shown in Figure 12 for the Telemac LES and the Telemac RANS at the same extraction
locations. For the near-bed turbine in the ebb tide, the intensities range between 5% and
11% for the LES model and from 5% to 8% for the RANS model. The near-surface turbine in
the ebb tide has a range of 3.7% to 5.2% for the RANS model and 4.3% to 8.5% for the LES
model. As with the ebb tide, for the flood tide, the near-bed turbine experiences a greater
mean disk-averaged turbulence intensity than the near-surface turbine for which the range
is 5–6.3% for the RANS model and 5.6–7.5% for LES model. For the near-bed turbine, the
RANS model predicts a range from 6.6% to 10.4%, and for the LES model, the intensity
varies from 8.5% to 12.5%. The areas of high-to-low intensity vary depending on the tidal
direction and vertical position. There are higher intensities in the south/southwest of the
domain on the ebb tide for both modelling methods, and the reverse for the flood tide. The
area of the ridge towards the South of the domain may contribute to the lower intensities
observed compared to the rest of the domain for both tidal directions.

(a) Near surface, ebb (b) Near surface, flood (c) Near bed, ebb (d) Near bed, ebb

(e) Near surface, ebb (f) Near surface, flood (g) Near bed, ebb (h) Near bed, flood

Figure 12. Spatial variation of mean turbulence intensity at the single UDA value (2.2–2.4 m/s), scale
shown in (d,h) and is consistent across the figure, for (a–d) Telemac RANS and (e–h) Telemac LES,
in the flood and ebb tides and for the two vertical turbine positions for the eight locations given in
Figure 2 for the Telemac LES.

The spatial variation of the turbulence intensity extracted from the LBM-LES profiles
is shown in Figure 13, again compared to the Telemac RANS model at the same extraction
locations. As the LBM-LES includes the bathymetry and resolves the larger turbulent eddies,
the intensities from this model should include a good estimation of the bed-generated
turbulence which is observed in these values. A recent study by Mercier et al. [53] using
this method has shown that the turbulence intensity does not necessarily correlate with
the bathymetry, turbulent structures can be initiated upstream, so whilst there is some
relationship, turbulence intensity does not directly correlate with the bathymetric depth.
During the ebb tide, one location has a much greater intensity for the near-surface turbine;
however, the remaining values are very similar, within 1.5%. This highlights that, in the



Energies 2023, 16, 7057 18 of 30

ebb direction, the bed-generated turbulence does not have a sustained impact across the
locations, with the near-bed predictions not being consistently higher than the near-surface
predictions. Due to the smaller spatial separation of the model extraction locations, there
is very little difference in turbulence intensity across the locations. The points are centred
around a shallower ridge in the bathymetry, as observed in Figure 2. For the Telemac
RANS, the difference observed between the ebb and flood intensity magnitudes for each
position highlights that the intensity may be impacted by the transition from the deeper
northwesterly direction as the flow moves south, as previously mentioned in the set-up of
the model.

(a) Near surface, ebb (b) Near surface, flood (c) Near bed, ebb (d) Near bed, flood

(e) Near surface, ebb (f) Near surface, flood (g) Near bed, ebb (h) Near bed, flood

Figure 13. Spatial variation of mean turbulence intensity at the single UDA value (2.2–2.4 m/s), scale
shown in (d,h) and is consistent across the figure, for (a–d) Telemac RANS and (e–h) LBM-LES, in the
flood and ebb tides and for the two vertical turbine positions for the nine locations given in Figure 2
for the LBM-LES.

5. Loading on a Device

The unsteady loading that a tidal stream turbine will experience is investigated using
both the measurement and model data. A single operating point is considered using a
disk-averaged velocity of 2.2–2.4 m/s to highlight the potential variation in loads that
a device can experience when operating under unsteady onset flow conditions. Using
the device scale model set out in Section 3, the modelled and measured conditions are
combined with a von Kármàn turbulence spectra model. This is extended to consider
spatially varying loads at the single design case and through-life loading over a 5-year
period. For consistency all loads reported are normalised by the peak loading experienced
for the single design case.

5.1. Influence of Site Location

The blade and rotor loading was calculated in this section based on the ADCP mea-
surements from three locations on the site. The variation of the normalised average damage
equivalent loads, calculated from the root bending moments on the three blades, is shown
in Figure 14. Across the measurement locations for the near-bed turbine, there is a 2.2%
variation in the loads for the ebb tide and a 4% variation for the flood tide, when varying
turbulence intensity is included in the flow fields. The mean turbulence intensity was also
applied as a constant with the varying shear profiles, the difference in the loads between
the varying and mean turbulence intensities is also shown in Figure 14. For the near-bed
turbine, the mean turbulence intensity resulted in a 1.2–1% reduction in loads across all
three locations and with the same decrease determined for the flood tide. The influence
of the mean turbulence intensity on the loads over the varying intensity shows that, for a
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near-bed turbine where the variation in turbulence intensity for a design case is less than
7% with a standard deviation of 1.7%, the mean flow predicts loading to within 1.2%.

(a) Near-bed turbine (b) Near-surface turbine

Figure 14. Normalised damage equivalent loads (L̂10) from the root bending moment for (a) a near-
bed turbine and (b) a near-surface turbine using varying turbulence (triangles) and a mean turbulence
intensity (circles), for the MU ADCP (black), NH1 (blue) and NH2 (red).

For the near-surface turbine, there is a greater difference in the loads with location
than for the near-bed turbine. In the ebb tides with varying turbulence, the loads applied
at the MU ADCP location are 10.4% greater than at the NH2 ADCP location, separated
by 59.7 m, and 5% greater than at the NH1 location, separated by 145.7 m. In the flood
tide, the varying turbulence in the loads applied at the MU ADCP location was also greater
than those at the other two locations, by 10% to the NH2 location, consistent with the load
variation in the ebb tide, and 14.5% greater than the loads experienced at NH1, which is a
greater difference than the ebb tide. When the loads using the mean turbulence intensity
are considered, for the ebb tide, there is a 15% decrease at the MU ADCP location, a 10% at
the NH1 ADCP location, and 7% at the NH2 ADCP location. The mean intensity for all
three locations is very similar, with less than 1% difference in the intensity values, which
corresponds to the loads being within 3% for the ebb tide. With the varying intensity, the
MU ADCP has the greatest variation in intensity at 16.4%, which reduces to 14.7% for NH1
and 11.1% for NH2. The influence of the turbulence intensity values is shown in the loading
predictions, with the greatest loads in the flood tide corresponding to the intensity varying
by up to 23%.

It is also worth noting the difference in loads between the ebb and flood tides. The
turbine experiences a higher loading on the flood tide for all three locations by up to 13%
across both vertical positions. For this single design condition and operating point, the
same turbine can experience a 27% difference in the calculated load, depending on vertical
position, site location within the 205 m separation of the measurement points, and choice
of measurement values used. The influence of the modelled data on the load predictions
is shown in the following section, initially based upon the Telemac RANS model, before
incorporating higher fidelity turbulence model predictions.

5.2. Influence of Modelled Conditions

The initial model used in these load predictions is the Telemac RANS model using
extraction points corresponding to the ADCP locations. The extracted model values were
used in the same way as the measurement values in the previous section. For a single
design case, one onset flow speed bin and operating point, the damage-equivalent loads
calculated from the root-bending moments on the blades are shown in Figure 15.
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(a) Near-bed turbine (b) Near-surface turbine

Figure 15. Normalised damage equivalent loads for (a) a near-bed turbine and (b) a near-surface
turbine, using varying turbulence (triangles) and a mean turbulence intensity (circles), determined
from modelled data using the Telemac RANS modelling at the ADCP locations, MU location (black),
NH1 location (blue) and NH2 location (red), with previous measurement results in greyscale.

For the near-bed turbine in the ebb tide, there is a 3% variation in the loading using the
varying turbulence intensity, which is consistent with the range of loads calculated using
the mean turbulence intensity; however, the loads are 0.5% smaller. In the flood tide, there
is a 2.3% difference across the locations using the varying turbulence replicated using the
mean turbulence intensity in the loading simulations. There is a less than 0.3% difference
in loads calculated using the mean value of intensity instead of the varying turbulence
intensity values. The impact on the loading from the inclusion of different turbulence
values is a direct consequence of the lack of variation in the modelled turbulence values
with the ebb tide providing a 1.26% variation in predicted turbulence intensity and 0.92%
variation for the flood tide. The ebb tide conditions produce loads which are 20% lower
than the modelled flood tide for this single operating condition. The turbulence intensity
for the near-bed turbine does decrease by between 2.6 and 3.5% across the locations, which
does contribute to the reduction in predicted loads.

For the near-surface turbine, the calculated damage equivalent loads from the blade
root bending moments are less than the loads predicted for the near-bed turbine. For the
ebb tide, the loads vary by 2.2% across the locations with the varying turbulence and have
the same variance as when the mean turbulence is used—although these loads are around
0.4% lower. In the flood tide, the loads vary by 1% between the three locations for the
varying turbulence predictions and there is a slightly greater variation of 1.3% when the
mean turbulence intensity is used in the calculations. The use of mean turbulence intensity
also reduces the predicted loads by 0.8%, which is due to the increase in variation of the
intensity values; for the ebb tide, this was 1.3%, and for the flood, it increases to 1.8%. As
for the near-bed turbine, the near-surface turbine also experiences greater DEL in the flood
tide, but the difference is smaller at 12%.

The loads calculated from the model values are compared to the loads calculated from
the measured conditions in Figure 14. For the near-bed turbine, in the ebb tide, these are
predicted to be around 40% lower when using the modelled conditions and 32% lower in
the flood tide. For the near-surface turbine in the ebb tide, the reduction in loads varies
from 43% at the NH2 ADCP location to 55% at the MU ADCP location when the varying
turbulence intensity is considered. In the flood tide, there is a similar decrease in loads
from 41% at the NH1 ADCP location to 56% at the MU ADCP location. The only difference
between the loading calculations for each case are the onset shear and turbulence conditions.
One way of determining the impact that the turbulence and shear have as independent
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conditions is to modify the set-up of one of the cases. To assess this, the modelled shear
conditions are used, but the turbulence from the measured conditions was applied, both as
a mean value and as a range of intensity values. The influence of the measured turbulence
intensity combined with the modelled shear is shown in Figure 16.

Inclusion of the measured turbulence values can be seen to have increased the pre-
dicted loads across both vertical positions and across all three ADCP locations. The increase
in loads for the near-bed turbine in both the ebb and flood tides means that they are within
1% of the original measured loads, an increase in 40% on the original modelled load val-
ues. For the near-surface turbine, the measured turbulence values also increased the load
prediction—however, not to the same level as the original measured values. Loads during
flood tide remain 10% lower for the MU ADCP location and 7% lower for the NH1 and NH2
ADCP locations, respectively. This is a 45% increase in the load for the MU ADCP location
relative to the previous modelled load values due to the change in turbulence intensity.

If measured turbulence values are not available to use as input to a loading model,
higher fidelity turbulence models could be used to provide a closer estimate of turbulence to
the real site conditions. Two of these higher fidelity models were introduced in Section 2.1,
although they don’t show a better agreement of turbulence intensity, the turbulence vari-
ation and influence on the chosen onset flow speed point of interest (UDA = 2.2–2.4 m/s)
is investigated.

(a) Near-bed turbine (b) Near-surface turbine

Figure 16. Normalised damage equivalent loads for the two vertical turbine positions using varying
turbulence (triangles) and a mean turbulence intensity (circles) determined using the modelled shear
data using the Telemac RANS modelling at the ADCP locations and combined with the measured
turbulence from the ADCPs modelling at the ADCP locations, which is shown by MU location (black),
NH1 location (blue) and NH2 location (red), with previous measurement results in greyscale.

5.3. Influence of High-Fidelity Turbulent Conditions

The loading on the device considered so far has focused on the three ADCP deploy-
ment locations. Spatial variation of loading across wider regions of the site is investigated
using the resource models introduced in Section 2. Direct comparison between the Telemac
RANS and the measurement locations is facilitated by the ease and speed of modelling
using the RANS-based Telemac model. Two higher fidelity models have also been used
to model this site to look to characterise the turbulence and the spatial variation of condi-
tions [12,13,16]. Firstly, the Telemac LES model conditions were used to determine the spa-
tial variation under conditions for the same, single, design condition, UDA of 2.2–2.4 m/s,
and this is compared to the Telemac RANS across the same extraction locations, with the
applied conditions shown in Section 4. This comparison is shown in Figure 17.

Across all four conditions, the Telemac LES consistently predicts a higher DEL, which
means that the use of the Telemac RANS could result in an under-prediction of the load
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cycles which contribute to turbine fatigue. These findings correspond to the measurement
comparison in which the Telemac RANS calculations were considerably lower than using
the measurement conditions. For all Telemac RANS cases, the ebb tide results in lower
DELs compared to the flood at the same vertical position. When comparing the previous
Telemac RANS DELs to these predictions, there is a greater variation. The spatial variation
across the site for the Telemac RANS is clearly shown for each case in Figure 17. For the
ebb tide, there is a 9% variation in predicted DEL for the near-surface turbine and 20%
variation for the near-bed turbine. In the flood tide, there is an 11% variation across the
site for the near-surface turbine and 27% for the near-bed turbine position. The lowest
location across the site is not in the same position for each condition. For the Telemac LES,
the DEL vary across the site for the ebb tide by 30% for the near-surface position and 34%
for the near-bed position. For the flood tide, the variations across the site are similar for
the near-bed position with a 34% difference, but the difference reduces for the near-surface
position to 15%. Compared to the variation across the ADCP deployment locations there is
a considerable variation in loads with location. When looking at the spatial variation, it is
important to consider the variation of loads that will occur over a lifetime, which will be
explored in the next section.

(a) Near surface, ebb (b) Near surface, flood (c) Near bed, ebb (d) Near bed, flood

(e) Near surface, ebb (f) Near surface, flood (g) Near bed, ebb (h) Near bed, flood

Figure 17. Variation in the normalised damage equivalent loads from the root bending moments
when the disk-averaged velocity is 2.2–2.4 m/s, scale shown in (d,h) and is consistent across the
figure, for the eight different site locations, and for the ebb and flood tides at the two turbine positions,
using the input flow conditions from the Telemac RANS model (a–d) and the Telemac LES model
(e–h), for the eight locations given in Figure 2 for the Telemac LES.

The final model used to define the spatial variation in conditions is the LBM-LES.
The maximum flow speeds modelled by this method are in the range of approximately
3.7–4.5 m/s. In order to compare the loading in an operating range of 2.2–2.4 m/s, the
shear and turbulence intensity values determined for the peak spring tide were used. The
loading results are shown in Figure 18, which provides the normalised damage equivalent
load values for the blade root bending moment across the nine model extraction locations
for the two turbine positions in both the flood and ebb tides. The loading experienced
using the conditions from the LBM-LES model were normalised using the same value as
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the previous results within this section. The general trend of the loading corresponds to the
variation in turbulence intensity with the location, tide, and position given in Figure 13.

The loads predicted from the LBM-LES across the nine locations are compared to the
loads predicted from the Telemac RANS at the same locations, as shown in Figure 18. For
the Telemac RANS model, there is very little spatial variation across the nine positions,
partly due to the proximity of the locations. There is less than 1% variation for the near-
surface turbines across all locations and for the near-bed turbines in the ebb tide. For
the near-bed turbine in the flood tide, there is a greater variation across the locations of
4%. In comparison with the LBM-LES loading, the Telemac RANS predicts a higher DEL,
as expected due to the higher turbulence intensities observed. Across the domain, the
LBM-LES has very little variation in DEL, showing a consistent trend in the turbulence
intensity findings. At the measured locations, the DELs are greatest for the near-bed turbine
in the flood tide, which is also the case for the additional extraction positions across the site.

(a) Near surface, ebb (b) Near surface, flood (c) Near bed, ebb (d) Near bed, flood

(e) Near surface, ebb (f) Near surface, flood (g) Near bed, ebb (h) Near bed, flood

Figure 18. The spatial variation in damage equivalent loads, calculated for the single disk-averaged
velocity case (2.2–2.4 m/s), scale shown in (d,h) and is consistent across the figure, for the nine
different site locations, for the ebb and flood tides at the two turbine positions, for (a–d) the Telemac
RANS model and (e–h) the LBM-LES model, for the nine locations given in Figure 2 for the LBM-LES.

5.4. Through-Life Loading Across Sites

The through-life loading calculated here is based upon the methodology outlined
in Figure 3 using the mean modelled and measured conditions across all disk-averaged
velocities. The load cycles from these conditions are combined with the probability of
occurrences established from the occurrence of all the measured disk-averaged velocities. A
five-year period is chosen to represent a realistic blade operating life before any maintenance
is due. The modelled probability of occurrence could also be used. During this period,
the ebb and flood tides are considered to occur over an even split of a year. Initially, the
Telemac LES model extraction points are used to examine the spatial variation. These
model extraction points are compared for both the Telemac LES and Telemac RANS, as
shown in Figure 19. The DELs which were calculated consider the load cycle variation
for the combined flood and ebb tides for the near-surface and near-bed turbines. For
both models, the spatial variation differs between the two turbine locations, with areas
of higher loading in different locations. For the Telemac RANS model, the greatest DELs
were found in the southwest of the site for the near-surface turbine, but in the northeast
for the near-bed turbine. When the variation in DEL was compared to the bathymetry, the
deepest parts of the site correspond to the larger loads for the near-bed turbine. This is also
consistent with the DELs calculated from the Telemac LES model, as shown in Figure 19c,d.
At one location in the site, for the near-bed turbine, there is a 16% difference between the
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two models, with Telemac RANS producing lower calculated DELs. For the near-surface
turbine position, the models produce DELs which vary by 27%, with the Telemac LES
producing loads which are greater across every location at the site, when compared to the
Telemac RANS DELs. Spatially, the DELs are found to vary by 22% near the surface for the
Telemac RANS and 23% for the Telemac LES, so although the magnitude is greater for the
LES model, there is a very similar variation across the site. For the near-bed turbine, the
spatial variation calculated in DELs is 31% which increases for the Telemac LES model to
39%, with a magnitude which is closer across the site.

(a) Near-surface
turbine

(b) Near-bed turbine (c) Near-surface
turbine

(d) Near-bed turbine

Figure 19. Spatial variation in normalised damage equivalent loads from the root bending moment,
as determined for (a,b) from the Telemac RANS model and (c,d) from the Telemac LES model, scale
shown in (d) and is consistent across the figure, for the two turbine positions and the flood and ebb
tides, across all operating flow speeds for a 5-year period, for the eight locations given in Figure 2 for
the Telemac LES.

For both the Telemac RANS and Telemac LES variation in DELs, the time interval
over which the conditions were extracted is consistent. This is the same as for the model
conditions used in the LBM-LES comparison with the Telemac RANS at the nine extraction
locations. The location of the extraction points is shown in Figure 2 and is included in
the previous figures which show the spatial variation of DELs and highlight the smaller
spatial area covered by these models. For the Telemac RANS model, the DEL variation is no
greater than 12% across the site, consistent with the finding that the modelled bathymetry
is consistent across the site; hence, there are similarities among the conditions. The near-
surface has greater life time loads, which is consistent with the trend observed for the
previous model comparison. Between the near-bed and near-surface turbine locations, the
difference in predicted life time DELs is 28.5%. This highlights that understanding the
conditions at a specific vertical position is important in understanding the life time. In
comparison with the LBM-LES, there is limited information on the conditions across the
range of UDA to determine the 5-year through-life loading.

The average profiles and turbulence intensity values with disk-averaged velocity were
used to calculate the load cycles for each set of conditions to determine the DELs. For a full
comparison between the models and the measurement conditions, one location was chosen,
namely the MU position, which was directly modelled by the Telemac RANS and is here
considered sufficiently close to the Telemac LES to allow for nearest neighbour comparison.
In addition, the mean turbulence intensity from the measurements was combined with
the shear from the Telemac RANS model, following on from the single UDA section. The
difference with the predicted DEL from the measurement is shown in Table 3.
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Table 3. Differences in the predicted damage equivalent loads for the 5-year lifespan between the
measurement data and various model conditions, at one measurement location (NH1).

Type of Model Near Surface Near Bed

Telemac RANS (shear and TI) −30.8% −32.1%
Telemac RANS (shear) with measured TI −2.7% −2.9%
Telemac LES (shear and TI) −8.1% −16.1%

The differences in Table 3 show that, use of the Telemac LES model can provide
through-life fatigue loads, it can get to within 8% for the near-surface turbine, but only
within 16% for the near-bed turbine. This underestimation can be largely attributed to
the reduced turbulence intensity predicted for the Telemac LES case, with the overall
predictions being at least 4% lower in intensity at the measurement location across both
tides and vertical positions, with differences in shear also contributing to the larger variation
near the bed. Using the Telemac RANS only to predict the loads, these are between 31% and
32% for the near-surface and near-bed turbines, respectively. Which reflects the previously
established difference in loads for the single UDA case for the near-bed turbine in the flood
tide, which had a 32% difference. Applying the larger variations in loads found for the
near-surface turbine across the range of UDA values resulted in a smaller variation in load
prediction. However, the best prediction was found by combining the shear profiles from
the Telemac RANS with the measured TI predictions, which provided loads within 3% to
those predicted using the fully measured conditions. TIn general there is greater confidence
in the loading predictions for the near-bed turbine being representative of the influence of
real-site conditions compared to the near-surface predictions. This is due to the inherent
limitations with ADCPs [31,49], with the intensity values for the near-surface turbine more
likely to be affected by the interference between waves and turbulence kinematics and the
greater distance in the plan area between the ADCP beams.

6. Discussion

The three concurrent ADCP deployments analysed in this study represent a unique
dataset within one of the major tidal stream sites in Europe and in close proximity to areas
at which turbine deployment is currently planned by two developers: Normandie Hydroli-
enne and Hydroquest. Whilst there are recognised limitations to ADCP measurements,
[28,29], for inferring turbulence characteristics, the high sampling frequency employed
and the use of a central fifth beam on one device for wave measurement maximises the
data quality for the analysis of both turbulence characteristics and turbulence co-existing
with surface waves. The analysis and model predication of the flow conditions focused
on the characterisation of the flow over a range of disc-averaged velocities, as defined
by the IEC standard, for a representative turbine diameter and two representative hub
depths. Between the measurement devices, separated by 59.7–145.3 m, the occurrence
of disc-averaged velocity is comparable, although small differences are observed in the
shear across the rotor plane and magnitude of the turbulence intensity. This variation in
turbulence intensity is greater for the near-surface turbine than the near-bed turbine, which
is expected to be partly due to the greater uncertainty in ADCP measurement and the
influence of waves over this depth range. Aggregated damage equivalent loads based on
the measurements only for a single design case have greater variation at the near-surface
location by up to 15%.

Damage equivalent loads have been predicted by the application of a blade element
model to a range of disc-averaged velocities with the onset flow modelled based on the
corresponding shear profiles superposed with a time-varying velocity field defined by
a von Kármàn spectral model assuming frozen turbulence. This approach is similar to
other blade element implementations, which has been shown to provide agreement with
unsteady loads at the experimental scale [10], and is computationally efficient. Whilst a
range of alternative techniques are available [47,54], this provides a consistent basis to
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assess the impact of the differing measurements and predictions of unsteady conditions.
This approach does, however involve a number of simplifications, particularly with regard
to turbine operation and the onset flow. In particular, the turbine operation is based on a
single tip speed ratio only. As such, the impact of power capping to limit rotor thrust is not
captured. This would be expected to reduce the thrust loading, and hence root bending
in the flow speeds above the rated speeds. Similarly, mechanisms such as pitch control,
which may be utilised to realise power-capping, would also be expected to mitigate loads.
However, herein, a fixed pitch and a fixed operating point have been considered throughout
to quantify the impact of flow characteristics on a single measure of fatigue loading.

To assess through-life loads, unsteady loads are predicted for the full range of disc-
averaged velocity increments. To simplify this stage of the analysis, loads were obtained
for the averaged flow conditions within each flow speed bin and this is combined with
the flow speed occurrence to obtain long-term loading. This follows the approach of
Veers [55] and provides a consistent approach to compare between alternative predictions
and measurements. When the model through-life loading predictions are compared to
the measurements, they underestimate the loads by 30–32% for the Telemac RANS and
by 8–16% for the Telemac LES. When the measured turbulence intensity is applied to the
Telemac RANS shear conditions, the loads are within 3% for both the near-bed and near-
surface turbines. The load predictions across the range of conditions are heavily influenced
by the chosen turbulence properties. The near-surface turbine experiences greater through-
life loading than the near-bed turbine, using both models and measurement data. This
differs from the trend observed for a single flow speed bin due to the higher values of
disc-averaged velocity that occur at the near-surface location. All models provide insights
into the spatial variation of turbine exposure to fatigue loads over a much wider area than
the ADCP deployments. There is much greater spatial variation of up to 39% for LES-based
models than the 30% for RANS across the 1.6 km by 0.8 km region of the modelled site.

The through-life loading for the LBM-LES model is not shown here as, due to the
computational cost, only the flood and ebb conditions at a single flow speed increment
were extracted at each location that cannot be used to infer conditions across the range of
operating velocities. Ideally, multiple samples would be extracted to allow a prediction
of turbulence characteristics and hence through-life loading. The impact of waves on
fatigue loading was also not analysed at this stage, although an initial comparison of the
occurrence of wave conditions at the site from the measurements and Delft3D model was
shown. Various methods have been developed to assess the impact of waves on turbulence
characteristics and fatigue loads and an initial assessment of the impact of waves on the
magnitude of measured turbulence intensity, and the impact on turbine loads, is given
in [32].

An additional parameter which is considered when evaluating fatigue loads is the
damage fraction, given by Palmgren miner’s rule [45,56]. To place the DEL findings in
context the variation of load cycles at each UDA, combined with the maximum loads
experienced, the total damage fraction is determined. For a period of 5 years, the total
damage should not exceed 1 to avoid fatigue failure. Across all models and measurements,
the predicted loading experienced on the near-bed turbine results in a damage fraction of
less than 1, so failure will not occur without the need for a safety factor. For the near-surface
turbine, considering only the loading from the Telemac RANS predictions for both the
shear and turbulence, the blades would fail across half of the eight extraction locations, and
therefore require a design safety factor of at least 2.1 for no failure to occur based on the
predicted loads.

7. Conclusions

The design of tidal stream turbines requires the prediction of fatigue loading through
the operating life. This requires understanding the occurrence and magnitude of mean
velocity, velocity shear, and unsteady velocities due to turbulence and waves. A unique
set of three current ADCP measurements and predictions obtained with several models
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are analysed to assess the occurrence and spatial variation of the flow characteristics that
influence turbine fatigue loading across a region of one of the major tidal stream sites
in European waters, Raz Blanchard. Between the ADCPs, separated by 53–145 m, the
occurrence of disc-averaged velocities is equivalent. Between the measurement locations,
the velocity shear across the vertical extent of the rotor varies by 18–22%. The variation in
the turbulence intensity with flow speed follows a similar trend for all locations, reducing
with flow speed and typically greater on the flood tide than the ebb. This disparity is
greater for a near-bed turbine location (14.2% flood, 12.4% ebb for flow speeds above 2 m/s)
than a near-surface turbine location (11.7% flood, 11.3% ebb). The predictions of velocity,
shear, and turbulence with three resource models provides insights into both prediction
accuracy and the spatial variation of the flow over a wider region of the site, approximately
1.6 km by 0.8 km. This includes two different implementations of the Telemac model with
the finest horizontal resolution of 5 m and a two-equation RANS model and LES used for
turbulence closure, and an LBM-LES model in which bathymetry was resolved to within
0.25 m. Telemac RANS provides shear over the rotor plane of a similar magnitude to the
ADCP measurements but underestimates the measured turbulence at the same locations.
The Telemac LES predicts slightly higher values for turbulence intensity than the Telemac
RANS and the LES-LBM predicts lower values at most locations. Each model also predicts
a significant variation in turbulence intensity across the region of the studied site, with the
magnitude and spatial variation differing between flood- and ebb-tides and with greater
spatial variation observed for a near-bed turbine location.

To assess the impact of the predicted spatial variation of shear and turbulence on
turbine design, damage equivalent loads are evaluated using an unsteady blade element
momentum theory model with an unsteady inflow defined by measured—and modelled—
conditions. The use of both shear and turbulence predicted by Telemac RANS underes-
timates fatigue loads by 32% for a near-bed turbine and 40% for a near-surface turbine
relative to the use of the shear and turbulence measured at the ADCP locations. This
disparity largely follows from the under-prediction of the turbulence intensity and reduces
to between 1% and 10% for the near-bed and near-surface turbine locations, respectively, if
the onset flow is modelled using predicted shear and measured turbulence. In comparison,
there is 3% or 8% variation in the through-life DEL directly obtained using the data from the
three ADCPS for a near-bed or near-surface location. The Telemac LES and LES-LBM mod-
els also underestimate turbulence relative to measurement but the different spatial variation
of shear and turbulence intensity across the rotor plane result in different spatial variations
of fatigue loading across the site. Throughout this study, the measured turbulence intensity
is based on the fluctuating velocity measured using ADCPs. However, it is known that the
measured fluctuations will actually include both turbulence and wave-induced kinematics
and so the turbulence intensity may be expected to be lower than reported. Measurements
indicate that irregular waves occur at this site with mean values of significant wave height
ranging from 1 to 1.5 m and wave periods ranging from 8 to 10 s occurring over a range
of flow speeds. Delft3D is shown to provide a reasonable prediction of the occurrence
and mean of the wave height but with a greater disparity in the wave period over the
measured period. At this stage, no attempt has been made to account for the influence of
wave-induced kinematics on the calculated turbulence intensity or on the resulting fatigue
loads; this is the subject of further study.
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