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ARTICLE INFO ABSTRACT

Keywords: Fatigue testing of tidal turbine blades requires the application of cyclic loads without the ability to match the
Tes_tmg natural frequency of the blade due to their high stiffness and the associated thermal issues of testing composite
Fatigue materials at those frequencies (i.e., 18-20 Hz). To solve this, loading the blades with an auxiliary system is
Tidal steam blades . . 1 hvdrauli d be highl . ineffici

Composites necessary; in most cases, a conventional hydraulic system tends to be highly energy-demanding and inefficient. A

regenerative digital displacement hydraulic pump system was employed in the FastBlade fatigue testing facility,
which saved up to 75 % compared to a standard hydraulic system. A series of equivalent target loads were
defined using Reynolds-Averaged Navier Stokes (RANS) simulations (based on on-site collected water velocity
data) and utilised in FastBlade to demonstrate an efficient way to perform fatigue testing. During the test, a series
of measurements were performed on the blade response and the Fastblade test structure itself, providing novel
insights into the mechanical behaviour of a blade, and enabling improved testing practice for FastBlade. Without
catastrophic failure, the blade withstood the principal tidal loading for 20 years (equivalent). This test data will
enable FastBlade to identify improvements to the testing procedures, i.e., control strategies, load introduction,
instrumentation layout, instrument calibration, and test design.

1. Introduction
1.1. Tidal energy sector and current scenario for tidal turbine blade design

It is projected that tidal and wave sources could contribute 100 GW
to the EU power grid by 2050, powering a third of homes and adding
€140 bn of economic activity and ca. 500,000 jobs in Europe alone [1].
Globally, 150-800 TWh (terawatt hours) or EUR 40 billion per year of
activity is projected [2]. Tidal stream energy is a key sector contributing
to this growth, and horizontal axis turbines (HATSs) are the underpinning
technology. Much of the supporting technology and design methodology
for HATs have been adapted from the wind turbine sector. Mapping
designs and methodologies from wind turbine blades to tidal turbine
blades presents challenges due to the distinct operating environments.
Tidal turbines function in seawater 800 times denser than air, leading to
substantially higher and more complex loads (i.e., higher turbulence
effects) compared to those that a specimen of the same length experi-
ment due to the air action. Consequently, direct translation of wind
turbine designs and methodologies isn’t feasible due to the unique
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demands posed by the denser medium of seawater. Preliminary design
of tidal turbine blades based on blade element momentum theory and
simplified Finite Element Models of composite blades are given for static
loading in Ref. [3] and for design life calculations in Refs. [4,5].

Tidal turbine blades are much shorter than the largest offshore wind
blades (e.g., 6-8 m v. 100 m plus), since they operate in a medium ca.
800 times denser. Secondly, to manage the higher fluid stresses, they can
have blade root sections with wall thickness ca. 100 mm, compared with
tip thicknesses ca. 6-10 mm [6]. This means that the transition from the
blade root to tip occurs rapidly over the length of the blade, which tends
to create stress concentrations over the root-to-body transition zone.
These high-stress concentrations, in turn, create an elevated risk of fa-
tigue failure over the 20-year design life of a typical blade.

Currently, there are insufficient data and understanding of fatigue in
tidal blades, which is one of the reasons that tidal stream energy retains
a relatively high levelised cost of energy (LCOE) compared with other
renewable energy technologies. Cost of energy is expected to fall as more
tidal turbines are built with significant learning and innovations to
follow, in a similar fashion to offshore wind. In 2022, four tidal
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companies were awarded UK Contracts for Difference of £178/MWh,
which is high compared to the current LCOE of £37.35/MWh for
offshore wind projects [7]. This has led to a renewed focus on improved
test methods, more representative data, and a new design methodology
to radically reduce turbine blade fatigue failure risk.

In recent years, several advances have been made in full-scale fatigue
testing of composite material tidal blades. These include the test per-
formed in 2018 by Ref. [8] in the Large Structure Laboratory of the
University of Galway, where a 3/8th scaled-down blade design by
OpenHydro was tested. The test was performed using a servo-hydraulic
actuator system, achieving a maximum load amplitude of 35 kN and
275,000 cycles.

Later, in 2020, a new turbine blade fatigue test standard was pub-
lished, IEC TS 62600-3:2020 [9], which codifies a test method for fa-
tigue testing of full-scale tidal blades, and in 2022, the new FastBlade
facility at Port of Rosyth, Scotland, was opened, which has the capability
to deliver accelerated lifetime fatigue testing of a full-scale tidal blade
and other long slender structures [10]. These two developments enabled
this Supergen ORE Hub LoadTide project, the first project to achieve
accelerated lifetime fatigue testing of a tidal turbine blade.

Also in 2022, at at the University of Galway, another fatigue test was
performed [11] with two full-scale blades of 2 and 3 m in length from
SCHOTTEL HYDRO. The test campaign consisted of natural frequency,
static, fatigue and residual strength testing. For the fatigue test of the
2-m blade, a maximum load of 6.9 kN was achieved during 150,000
cycles at 0.3Hz; and for the 3-m blade, a maximum load of 14 kN was
reached during 16,000 cycles at 0.1Hz.

In this paper, we show how FastBlade is the first test facility globally
capable of delivering a high load during the fatigue testing of a tidal
blade, performing 31,775 cycles at 1 Hz with a target load of 183.7 kN,
making such a test economic for the first time. The facility is enabled by
a unique pumping system that features regenerative pumping and digital
displacement hydraulics [12-14]. The combination of these features can
reduce effective testing energy by up to 75 %, thus enabling testing to be
delivered in several weeks rather than months; this renders such testing
economic for blade developers. This paper describes the first tidal tur-
bine blade test conducted in FastBlade in the Summer of 2022, which
generated fatigue performance data for a previously deployed tidal
turbine blade installed on a tidal stream turbine at Fall of Warness,
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Orkney, Scotland, UK.
2. Methods
2.1. Site data

The flow data used in this project were sourced from the ReDAPT
project at the Fall of Warness, European Marine Energy Centre (EMEC),
Orkney UK [15-17]. The data was collected using two acoustic Doppler
current profilers deployed between 19 July and August 2, 2013. The
profilers were positioned 0.8 m above the seabed and sampled the flow
at a frequency of 0.5 Hz. The mean operating depth of the profilers
during deployment was 43.2 m and 46.2 m due to the slightly different
seabed conditions at their respective locations.

Flow speed and turbulence intensity data were binned into hub-
height mean flow speed bins of U, = (0.7,1.4,2.1,2.8,3.0,3.5) m st
for both the flood and ebb tides, noting that Uy, = 3.5 m s~ was only
achieved during the ebb tide. Data was only included if the wave height
was less than 1 m. The ensemble length for all statistics was 5 min, and a
0.12 cm s~ ! noise correction estimate was made to the turbulence in-
tensity data following [16].

Vertical profiles of flow speed and turbulence intensity are presented
in Fig. 1, demonstrating the differences in the simulated profiles be-
tween the ebb and flood tides. A slight reduction in flow speed near the
surface during the ebb tides arises because the flow is funnelled around
the islands surrounding the Falls of Warness site. A consequence of this is
that the fastest flows were encountered about halfway through the water
column at the highest flow speed bins. This also gives rise to the dif-
ferences in the turbulence intensity profiles between the flood and ebb
tides. Consequently, the standard deviation of the flow speed across the
rotor plane is consistently higher for flood tides than the ebb tides for a
specified hub-height flow speed, as shown in Ref. [16].

During the flood tide, the velocity profiles follow an approximately
1/6th power law, whereas this is closer to a 1/5th power law for the ebb
tide in the lower portion of the flow, which is unaffected by the near-
surface flow speed reduction present in the Falls of Warness described
above.
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Fig. 1. Simulated vertical profiles of (a) flow speed (w) and (b) turbulence intensity (TI) at the Fall of Warness ReDAPT site, based on [16]. Data binned by hub-height mean

velocity for ebb and flood tide conditions. The turbine hub height is 19 m.
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2.2. Computational model

A suite of unsteady Reynolds-Averaged Navier Stokes (URANS)
simulations were performed using the computational fluid dynamics
(CFD) solver OpenFOAM (version 2.3.1). The choice of URANS simu-
lation draws on the work of Ahmed et al., which found that URANS and
Large Eddy Simulation predict very similar phase-averaged loads and
blade pressure distributions in low onset turbulence flows [18], as is the
focus of this paper. The simulations were performed using the Pimple-
Foam PISO algorithm, and turbulence closure was provided by the k — w
SST model with the 2003 updated coefficients [19]. The simulated time
for each case was 400s, with a time step of 0.03s.

2.2.1. Computational domain

The computational domain was 250 m long, 520 m wide and 43 m
tall, corresponding to the height of the ReDAPT site. The domain width
was set to achieve a small geometric blockage ratio (ratio of rotor swept
area to channel cross-sectional area) of 1.14 %. A vertical flow profile
was imposed at the inlet of the computational domain using the atmo-
spheric boundary layer inlet condition available in OpenFOAM. A no-
slip wall boundary condition at the bottom of the domain and a stress
boundary condition at the top sustained the flow profile. At the outlet
boundary, the static pressure was set to a fixed value of O Pa, and zero
gradient boundary conditions were applied to the turbulence and ve-
locity scalars. Symmetry conditions were applied to the lateral bound-
aries of the domain. The inflow and top boundary conditions were
adjusted to match the flow profile observed from the ReDAPT data [15].

2.2.2. Meshing strategy

The domain was discretised with an Octree mesh to allow a con-
centration of mesh resolution near the rotor region. The mesh parame-
ters’ convergence was evaluated by comparing the simulated flow
profile to the field observations and the spanwise distribution of blade
forces. A spatially homogeneous grid dimension of 1.5 m was found to
capture well the velocity gradients near the seabed and surface bound-
aries and provide good agreement with field observations of the mean
velocity profile.

Two additional levels of grid refinement were employed near the
rotor and in the wake region. An intermediate level of resolution of 0.75
m was employed in a region — 0.73d < x < 1.77d, —0.94d <y < 0.94d
and —1d <z < 0.61d around the centre of the rotor, where x is the
streamwise coordinate, y is the cross-stream coordinate, and z is the
vertical coordinate. The rotor region was further refined with a homo-
geneous dimension of 0.1875 m in a region — 0.18d < x < 1.44d, —
0.67d <y <0.67d, — 0.67d <z <0.61d. The final mesh contained
approximately 2.8 x 10° elements.

The actuator line method represents the turbine blades (detailed
below). The actuator lines are swept through the static mesh. Thus, no
rotating sub-domains or mesh interfaces are required, as would be
typical for blade-resolved models. This represents a significant saving in

Width =57 R
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computational cost. However, as described above, it should be noted
that the mesh is refined close to the turbine to resolve the large velocity
gradients around the blades, as can be appreciated in Fig. 2.

2.2.3. Actuator line model

The turbine was represented using the actuator line method of
Sgrensen & Shen [20] implemented in OpenFOAM as a user-defined
shared object library. Rather than directly meshing the blade geome-
try, the actuator line model represents the rotor blades virtually by
imposing the blade forces on the simulated flow along lines that rotate
through the mesh. Each line corresponds to a blade. The actuator forces,
therefore, represent an additional term in the momentum equations. The
in-house model has been extensively validated against several reference
turbines; see, for example, [21,22].

The blade forces are calculated using 2D blade element theory at 100
collocation points distributed sinusoidally along the blade length in
order to capture the changes in forces in the root and tip regions of the
blades. The lift and drag data that were employed are described in
Section 2.3. The flow field around each blade was sampled using the
potential flow equivalence method proposed by Ref. [21], and reim-
posed on the flow using the Gaussian smearing technique of Sgrensen &
Shen [20]. The calculated blade forces were modified by the tip loss
model of Shen et al. [23] to account for the 3D flow effects that reduce
the blade forces near the tips.

The turbine nacelle, radius Ryyp = 1.35 m, was represented using a
cell-blocking method following [24]. This method blocks fluxes into
cells by applying a sufficiently large body force to the selected cells, thus
enforcing the velocity to be zero, allowing impermeable bodies to be
represented in the numerical domain without requiring the geometry to
be resolved explicitly.

2.3. Blade data

2.3.1. General information

The blade is part of the DeepGen tidal project and was designed by
Tidal Generation Limited (TGL) and manufactured by Aviation Enter-
prises Limited. The final blade design report was issued in 2008, and the
company responsible for the blade design no longer exists. The rights
were bought by another company (Airborne), but some design docu-
ments were lost and not provided to FastBlade before testing. The blade
was taken from the decommissioned 500 kW tidal stream turbine, pre-
viously installed at EMEC’s grid-connected test site at the Fall of
Warness.

2.3.2. Geometry

The blade length is 5.25 m and the blade cross-section is defined by
the NACA 63-4XX aerofoil series, with XX representing the section
thickness-to-chord ratio. The thickness-to-chord ratio decreased from
55 % near the blade root to a minimum of 18 % at the tip. The innermost
portion of the blade was taken to have a cylindrical cross-section with an

Turbine plane
]
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Fig. 2. Technical Drawing Octree mesh used in the CFD.
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implied thickness-to-chord ratio of 100 %.

NACA aerofoil coordinates were determined following [25], with the
geometry sampled at 300 equally-spaced points. Aerofoil lift and drag
characteristics as a function of angle of attack o were computed using
QBlade with the chord-based Reynolds number in the range 10E6 < Re
< 18E6 The critical number N = 9 for all cases.

2.3.3. Structure

The entire blade is covered with an 8 mm thick glass fibre skin
manufactured using +45° unidirectional glass fibre prepreg. The gen-
eral blade structure is presented in Fig. 3; please note that the technical
details on the figure have been removed or blurred as requested by the
blade owner.The dashed lines in Fig. 3 perpendicular to the blade span
represent the locations of pairs of 3 mm thick glass fibre ribs used to
stiffen the blade. They allow pressure transfer from the blade skins to the
spar caps and are manufactured using +45° glass fibre unidirectional
prepreg. The spar cap is manufactured using 75 % unidirectional carbon
fibre epoxy prepreg, with the remaining 20 % containing 90° fibres to
improve the transverse strength and stiffness of the spar region. The
shear webs are designed to resist the blade’s flapwise shear loads and
torsional bending, and they are manufactured using +45° carbon fibre
epoxy prepreg. Finally, a rear glass fibre epoxy spar connects the suction
and pressure sides 100 mm away from the trailing edge to relieve the
trailing edge joint from peel stresses [26].

3. Experimentation
Once the loads were defined, the mechanical test campaign followed

the IEC TS 62600-3:2020 standard, performed in the following test
sequence: 1st, total mass and centre of gravity; 2nd, natural frequency (3

—
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repeats); 3rd, static test; 4th, natural frequency (3 repeats); 5th, fatigue
test; 6th, natural frequency test (3 repeats); 7th, static test; 8th, natural
frequency (3 repeats).

3.1. FastBlade facility description

FastBlade features a 70-tonne reaction frame capable of resisting
high loads during static and fatigue testing (see Table 2.), combined with
880 L per minute of reversible hydraulic flow.

3.1.1. FastBlade frame

The reaction frame supports all test specimens and loads (see Fig. 4).
It consists of a reaction plane, support wall, T-Slot bed plates and
adapter plate, all mounted-on bridge bearings. The reaction frame is in a
pit in the floor (2.5 m deep) with the top surface of the reaction plane
level with the foundation of the building.

Table 1
Standard deviation in simulated flow speed across the rotor plane in flood and
ebb tides as a function of hub-height flow speed.

Flow speed bin [m s~'] at Hub-height Ebb tide Flood tide
0.7 0.0429 0.0639
1.4 0.0944 0.1546
2.1 0.1889 0.2257
2.8 0.2782 0.2866
3.0 0.2833 0.3123
3.5 0.3331 -

* htq-uu
mm:xs H

e

Fig. 3. Technical Drawing of the Test Blade Looking from the Top View [26] and the original blade.
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Table 2

Strong wall load capacities.
Load Capacity Moment (MN-m) Shear (MN)
FATIGUE (Up to 400 million cycles Pushing) 4.70 0.94
FATIGUE (Up to 400 million cycles Pulling) 4.70 0.94
STATIC (Assuming quasi-static loading Pulling) 11.96 2.39
STATIC (Assuming quasi-static loading Pushing) 10.74 2.13

3.1.2. FastBlade hydraulic system

FastBlade employs 4 Digital Displacement hydraulic reverse pumps
developed by Danfoss (see Fig. 5). The ability of the pumps to work in
reverse flow flux allows them to recover the energy used during the test.
First, an amount of energy is used to apply a load to the specimen pro-
ducing a deformation of the same. Once the target load is achieved, no
more power is added to the system. The pumps then run in reverse, now
powered by the weight and spring-back of the specimen, generating
energy that can be used to power the pump motor in the next cycle. This
system allows FastBlade to operate with up to 80 % less energy used than
similar-sized hydraulic systems. Moreover, the pumps also provide all
the control of the actuators, meaning that we can avoid the cost of
expensive servo hydraulics, nevertheless, this introduces a serious of
challenges in the control of the load (see section 4.7).

3.1.3. Data collection

For this test campaign, we collected data from both the blade spec-
imen and the FastBlade system. All sensors were calibrated before the
experimental campaign, the appropriate sensors were zeroed, and
reference measures (“zero readings”) were taken before each test. The
data acquisition system used a 4x NI cDAQ 9189 chassis synchronised
using a time-sensitive network to provide a reliable distributed logging
system. Various C-Series modules are used with the chassis for logging
the different signal types. All the data logging is controlled via Flex-
logger software, which allows the visualisation and logging of all signals
during a test. The control is carried out on a real-time NI controller (NI
cRIO 9049), which shares the load signals so that both the test control
and logging system can access the load cell data. At the same time, based
on the load cell data, the control system sends the signal to the digital
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displacement hydraulic pumps.

3.1.3.1. Sensor. For this test campaign, the sensors used are described
in Table 3, where the last three columns refer to the sensors mounted on
the blade, the sensors on the FastBlade system, and the number of sen-
sors the facility can handle, respectively.

In Fig. 6(a) are described using a coordinate system which references
lines projected onto the blade surface. The longitudinal lines run be-
tween the centre of the root connection to the centre of the lifting eye
connection at the blade tip. The crosswise coordinates on the blade are
defined as projected lines wrapping around the blade at set distances
away from and parallel to the root connection. Crosswise, line 1 is
located 900 mm from the root; all other lines after that are equally
spaced at 800 mm intervals towards the blade tip. The sensor co-
ordinates are defined using the crosswise line they are on first, followed
by the longitudinal line they are on.

Moreover, the blade was monitored using Digital Image Correlation
(DIC) equipment. Two sets of stereo-pair cameras were used to capture
different regions of the blade. The first set was positioned approximately
4 m away from the blade using 12 mm lenses to capture the entire

Fig. 5. FastBlade’s Digital Displacement hydraulic pumps.
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Table 3

List of sensors used.
Sensor Measurement Range Accuracy/Non-linearity No. Blade No. FastBlade Capacity
Load cell +500 kN +0.05 % 1 4 4
Load cell +25 kN +0.001 % FS 0 1 1
Accelerometer +10G <3 %FS 0 4 4
Accelerometer +6 G <3%FS 10 0 10
Linear Position 0-1000 mm +0.02 % FS 4 0 4
Strain Gauge Linear Strain Limit 5 % 6 x 350Q 6 x 350Q 44 x 350Q
Strain Gauge Rosette Strain Limit 3 % 16 x 120Q 0 16 x 120Q
Thermocouple —200 to 1260 °C 10 12 32
Linear String Potentiometer 2000 mm +0.1 % 2 0 2

Top Side

+Y
s Orienfuled lo X-wus
+Z
(a) Sensor locations on the top side of the blade.
XB Axis
14_58:'Tidal|F|nw/ : — 4/
‘\ / bohhensinm
Loading Directio \ ! / anpreading
for Actuat;;Azn \t/ o

(b) Coordinate system for blade loads.

— Profileat €00 staion
{78 chord)

5151°

VIEW FROMBLADE TIP

(c) Final set up on the reaction frame.

Fig. 6. Sensor locations (top), blade coordinate system (bottom left) and coordinate system on the reaction frame (bottom right).

surface of the blade between the root connection and the saddle. The
second set of cameras was focused on a much smaller blade area at the
transition from the metal hub connection to full composite, approxi-
mately 800 mm from the root.

3.2 Set up.

The loading direction was based on the documentation available in
the Extreme and Fatigue Load Calculations for Deepgen 500 kW Tidal
Turbine [27], which describes the axis systems for the blade (see Fig. 6
(a)).In Fig. 6 (b) the coordinate system of the blade and the rotor are
presented together, where ZB is the axis extending radially along the
blade axis, and YB is perpendicular to the shaft axis, which is assumed to
be parallel to the tidal flow; therefore, this becomes the horizontal axis
(see Fig. 6 (c)) during the test. XB is perpendicular to YB. Based on the
static and fatigue loads and considering both loading in the XB and YB

directions, the optimal loading direction is 14.58° anti-clockwise from
the XB and actuator distance from the root is 3.55m. This configuration
directs 97 % of the load in the XBB direction (edgewise), and 26 % into
the YBB direction (flapwise).

Two different methods were tested to apply the loads to the blade.
Firstly, an articulated pad system was used (see Fig. 7 (a)). This system
would not introduce additional bending moments to the specimen;
nevertheless, some pad slippage was observed for over 100 mm in the Y
direction towards the trailing edge. The second load introduction
method was a clamped wooden saddle with a steel surrounding frame
and a 1.5 mm thick silicone sheet at the blade interface. Even if the
second system adds additional bending on the blade it would not be
sufficient to affect the failure mode of a full-scale tidal blade.
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(a)Articulated pad.

(b) Clamping system.

Fig. 7. Load introduction system.

4. Results
4.1. FastBlade's reaction frame performance

To quantify the stiffness of the reaction frame, a laser was used. The
laser was mounted on the strong wall and pointed towards the far wall of
the test hall. After applying a 200 kN load to the blade, the angle change
of the strong wall was calculated to be 0.00286°. At this load, the tip
deflection of the blade was 82 mm. The angle change of the strong wall
contributed to 0.26 mm of this deflection (0.32 %). This is below the 1 %
threshold, as stated in the PD IEC TS 62600-3:2020 A.9.4 [9]; thus, it
can be ignored.

4.3. Blade centre of gravity

The centre of gravity is 900 + 30 mm from the blade’s root. It is
defined as the intersection of the blade and a vertical line from the crane
hook when the blade is aligned at 90° from that vertical line. Simulta-
neously, the weight of the blade was obtained with an average value of
1588.59 kg (15584.07 N).

4.2. Simulated blade loads

The rotor was simulated in flood and ebb tides across the range of
flow speeds indicated in Table 1. The turbine is designed to achieve
rated power at a hub-height flow speed of 2.8 ms™!, with a rotational
speed of 13.78 rpm, implying an optimal tip speed ratioof A = RQ/ U =
4.64. This was maintained by adjusting the rotor speed for other up-
stream flow speeds. The rotor occupies a substantial proportion of the
43 m water depth at the site, and consequently, differences in rotor loads
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and performance were observed due to the different velocity shear
profiles between the flood and ebb tides, even for the same hub-height
velocity. Specifically, a slightly greater shear was observed across the
rotor-swept area in the flood tide compared to the ebb tide.

The spanwise axial and tangential blade loads are shown in Fig. 8,
highlighting the mean, minimum and maximum loading profiles during
a rotation. The minimum and maximum distributions have been selected
based on the forces per unit span at the r/R = 0.9 location, which cor-
responds approximately to the location where the largest forces are
encountered on the blade. Loads generally increase along the blade as a
result of the increasing incident flow speed, driven by the rotational
component of velocity. A negligible tangential force (contributing to
rotor torque) is observed for r/R < 0.35 due to the blending of the blade
into the cylindrical root section in this region.

The sheared flow profile encountered by the rotor means that the
mean blade loads are slightly higher for the rotor in the ebb tide than the
flood tide due to two principal reasons. Firstly, the greater velocity shear
across the rotor in the flood tide means that the mass flux through the
rotor swept area is slightly lower than that for the ebb tide, for a given
hub-height flow speed. This effect is more significant for higher flow
speeds. Secondly, greater variation in flow speed through the rotor
swept area results in the rotor operating further from its hydrodynamic
optimum, which is seen as the increased minimum-maximum spread in
blade loads. This has a greater impact on the blade in the lower part of
the rotation due to the greater shear in this region, whereas the differ-
ence in velocity was less pronounced in the higher part of the water
column.

The simulations reproduced 1p and 3p fluctuations in blade loads
and overall power and thrust as a result of the rotational sampling of the
shear profile by the blades, which also resulted in azimuthal variations

s T T T T T T T

u

U.QI‘ U.4IIIU.5..‘U.3III1
Radial position {r/R) []

Ebb, U =28 ms"

Fig. 8. Spanwise variation in axial (left) and tangential (right) force along a blade in the flood (blue) and ebb (red) tides at a hub-height flow speed of 2.8 ms~'. The
mean load over a rotation is indicated with a solid line, with dashed and dash-dot lines use.
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in blade root bending moments (RBM) shown in Fig. 9. The results are
normalised on the respective means of the flood and ebb flapwise and
edgewise (630 kN m and 168 kN m) RBMs in order to highlight the
azimuthal variations in loads. Normalised RBMs were generally higher
for the rotor operating in the ebb tide between 90 and 270° due to the
reduced shear (higher flow speeds) in that case, counterbalanced by the
higher flood RBMs in the upper-half of the blade rotation.

While the magnitude of the flapwise RBMs was larger than that for
the edgewise direction, the relative variation in the edgewise RBMs was
greater as a result of the greater sensitivity to the angle of attack of the
flow onto the blade. Additionally, the maximum and minimum RBMs
were not encountered at the top- and bottom-dead centre (0° and 180°,
respectively), but slightly offset from these positions by about 30°. The
rotor-induced swirl velocity interacts with the shear profile to alter the
flow incident on the rotor, and due to the different sensitivities of the
flapwise and edgewise directions to changes in the angle of attack, the
minima and maxima occur at slightly different azimuthal positions.

4.4. Natural frequency

The natural frequency tests show a slight reduction from 18.03 Hz
before the test campaign began to 17.93 Hz at the end of the campaign.
This reduction of 0.54 % concerning the original value suggests minor
damage to the blade. Three measures were made on each natural fre-
quency test, and due to a change in the test process from moving to a
clamp-on saddle, the post-fatigue test was carried out with the saddle in
place, so it is not comparable with the initial tests. A final test at the end
was carried out without the saddle attached to the blade to compare the
initial tests. These results are summarised in Table 4.

4.5. Static loading

Two different static tests were performed, corresponding to tests
three (first static test) and seven (second static test), for both cases; the
target load was 273 kN, introduced in 120 s, sustained for 3600 s and
unloaded in 120 s, following the guidance of the IEC 62600-3 standard
[9]. Fig. 10 (a) shows that as the test progresses, the displacement of the
blade’s tip increases from 120.5 mm to almost 126 mm. This increase in
displacement over time would typically indicate a decrease in stiffness
from damage to the blade. However, due to the saddle slipping during
the test, which altered the loading conditions, we cannot attribute the

a)

180°
Flood, U = 2.8 ms™
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Table 4

The result from Natural Frequency.
Test Natural Frequency Standard Saddle

(Hz) Deviation Attached
Pre-Campaign 18.03 0.006 NO
Post-Static 1 18.00 0.004 NO
Post Fatigue 14.82 0.005 YES
Post-Static 2 14.79 0.002 YES
Post- 17.93 0.003 NO
Campaign

increase in displacement to damage in the blade. Fig. 10 (b) shows the
results of the tip displacement after the second static tests and using the
clamping system, which produces a more stable response in comparison
to the first test. The load variations are due to possible changes in
stiffness of the blade and the control system adjusting to these changes,
as well as a faster load transmission between the blade and the new
clamping system. Nevertheless, the blade tip displacement variation
during the second static test was reduced to 2 mm at the end of the test
compared to a 5 mm variation from the first static test.

Damage has likely occurred between the tests, but the change in the
saddle makes it challenging to be sure of the source of the observed
variations. A comparison between the average strain in the initial and
final static tests reveals that, in most cases, the strain values were
reduced slightly, as seen in Fig. 11. In the same figure, it can also be
appreciated that the DIC strain captures the same trends in the strain as
the rosette gauges, showing the same increases and drops along and
strain values very similar to those measured by the gauges. Therefore,
the DIC system can be reliably used close to regions where the data can
be validated using the strain gauges.

4.6. Fatigue

Following the hydrodynamic results, the measured ocean data was
extended to a year using harmonic analysis with the python package
pytides 0.0.4, giving the mean flow velocity for ebb and flood of 2.8 m/s;
which is in concordance to the turbine design (see section 4.2) this value
is considered a representative approximation of all the tidal variations
across seasons and years. This allows us to define the most common
bending moment at the root with a magnitude of 652 kN m. At the same
actuator position as the static test, this gives a target load of 184 kN.

300°

270°

180°
—— FEbb, U=28ms"

Fig. 9. Azimuthal variation in blade root bending moments in the flapwise (left) and edgewise (right) directions for the flood (blue) and ebb (red) tides at a hub-
height flow speed of U = 2.8 ms™!. The bending moments have been normalised on their respective mean.
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During the fatigue test, 31,775 cycles were completed. Under the ocean,
the blade will experience two high and two low tides every 24 h and 50
min; based on this, 31,775 cycles represent 22.52 years, of tidal cycles at
1 Hz. It is worth mentioning that these cycles do not consider the RMB
variations due to the rotation of the blades (see Fig. 9).

During the test, the mean value of the maximum force per cycle was
182 kN with a standard deviation of 9.8 kN, a minimum peak value of
92 kN and a maximum value of 229 kN. The R value during the fatigue
test had an average value of 0.14, a standard deviation of 0.05, and
maximum and minimum values of 0.4 and 0.03, respectively, were
reached during the test.

Fig. 12 (a) presents the relationship between the tip displacement
and force applied during the test campaign. A slight downward trend
can be observed, which might indicate an increase in blade stiffness, but
it is too subtle a change from which to draw any definitive conclusions. It
is interesting to see a significant drop in tip displacement between
20,000 and 25,000 cycles, which might indicate a drastic change in
stiffness. Additional testing and analysis will be required to draw any
conclusion. Fig. 12 (b) shows that the maximum displacement reduces
over time throughout the blade test. The displacement at the tip during
the peak of each cycle have an average value of 74.8 mm with a standard
deviation of 3.7 mm the minimum value during peak loads was 36.4
mm, and the maximum displacement during peak loads was 96.6 mm.
Moreover, to overcome the differences on the maximum peak load, we
introduce the relation maximum peak tip displacement to the maximum
peak load. For the fatigue test, this relation has a mean value 0.41 mm/
kN, standard deviation 0.004 mm/kN, minimum value 0.39 mm/kN and
a maximum value of 0.44 mm/kN.

Fig. 13 indicates that the magnitude of the strain in the blade
increased (i.e. larger compression strain) throughout the test at equiv-
alent loads. This suggests that the blade at this location (1_1_0) has
reduced its stiffness. Fig. 13 also indicates this with the downward
trending line. Similar behaviour is seen at locations 3_1_0 (see Fig. 14)
and 3_4_0 (see Fig. 15). Moreover, since these two strain gauges are at
exactly the same axial location but one on the top and one on the bottom
of the blade, and the results are almost a mirror of one to the other.

The mean, standard deviation, maximum and minimum values for
the strain gauge represent in Fig. 13(a)-. 14 (a) and Fig. 15 (a)) are
shown in Table 5. Due to the variations on the peak loads, we introduce
the relationship between strain and force during the peaks of each cycle
for which the statistic can be seen in Table 6.
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4.7. Test evaluation

Overall, the test is considered successful, nevertheless, during the
initial static test the saddle experienced some movement. This resulted
in the load not being applied to the same location throughout the test.
This was solved by changing from a pad to a clamping system. The PID
control is based on a target load, and is managed based on the feedback
of the load cell located between the specimen and the actuator. During
the fatigue test, the PID control system struggles during a couple of
cycles since tuning is required during the test under changing conditions
(i.e., change in the properties of the specimen) or due to delays in the
communication between the load cell and the control system. This
resulted in load cycles which either overshot or undershot target loads
during tuningThe modification of the clamping system effectively
addressed the slipping encountered during testing. However, it intro-
duced a set of complexities, notably the transition to a stiffer material for
the clamping system. This change may result in a more immediate and
direct interaction between the blade and the hydraulic system, as the
softer cushioning provided by the previous material is absent. Conse-
quently, this could lead to accelerated responses within the control
system, potentially resulting in increased load variations. The hydraulic
system can input a minimum of 7 cc of oil in order to increase system
pressure and thus load. This results in the slight pulsation throughout
the static loading. In future tests, this was solved by reducing system
stiffness, introducing accumulators into the circuit to smooth out pres-
sure spikes and including flow control valves, which allow a signifi-
cantly smoother delivery of high-pressure oil into the actuators. Also,
more studies need to be made in relation of the possible pre stress that
the clamping system can induce.

During the fatigue test, the deviations observed in peak and trough
values concerning the desired fatigue waveform are likely attributable to
several sources of error. Firstly, the system’s high stiffness renders it
highly sensitive to PID tuning adjustments, necessitating manual tuning
due to limitations in the resolution of the available autotuning system.
Secondly, differences in pump efficiency between pumping and motor-
ing phases require distinct tuning for the upstroke and downstroke of the
pistons. However, as the pumping performance is influenced by the
motoring stroke and vice versa, achieving independent and complete
tuning for each stroke direction proves challenging. Thirdly, the utili-
zation of four pumps, each with varying performance and efficiencies,
within a common hydraulic system leads to unpredictable flow paths to
and from the pumps, resulting in uncontrollable variations in load.

The temperature of the test hall also varied by up to 10 °C throughout

Fatigue Test Upper Load Str_Ros_120_1_1_0_max
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(b) Strain vs Load.

Fig. 13. Strain behaviour during a fatigue test at peak loads, blade top surface strain 900 mm from the root.
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1e—6 Fatigue Test Upper Load Str_Ros_120_3_1_0_max
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testing. Where possible, this was considered during the calibration
z:me 5 atistics in m/ procedures for the strain gauges and other sensors, but the temperature
rain gauge statistics in m/m. P . . .
gaug variation during extended test periods could not be accounted for since
Location Mean Standard Deviation Maximum Minimum it implies multiple pauses during the test.
1101 —4.21E-04 2.32E-05 _2.25E-0.4 ~5.09E-04 Future tests should incorporate additional fatigue variables, as out-
310 —1.51E-03 8.61E-05 —1.84E-04 —8.15E-04 lined in section 4.6. Factors such as the rotational movement of the blade
340 9.52E-06 —8.15E-04 9.63E-05 2.09E-03 (illustrated in Fig. 9) and the influence of turbulence or wave interaction
were not accounted for in the current analysis. The rotational effect,
particularly pronounced during the flood phase, demonstrates varying
Table 6 magnitudes in both the edgewise and flapwise directions. In the edge-
Strain gauge statistics in m/m/kN. wise direction, this effect peaks at 1.16 times the mean RBM, resulting in
Location Mean Standard Deviation Maximum Minimum a RBM delta of 101 kN m, while reaching a minimum of 0.8 times the
1101 2.325.06 6.43E.08 2.085-06 255606 R.BM, generatlng a RBM delta of 12.6 kN m. C01:1versely, in the .ﬂapw1se
310 _8.31E-06 1.53 E—07 _7.61E-06 _9.17E-06 direction, the rotational effect achieves a maximum of 1.07 times the
340 1.73E-03 1.75 E—07 1.05E-05 8.68E-06 mean RBM, resulting in a RBM delta of 11 kN m, with minimum values
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at 0.9 times the RBM, yielding a RBM delta of 16 kN m. Considering the
blade’s operational speed of 13.78 rpm and assuming it operates for only
half of a flood or ebb cycle, this equates to approximately 7.22E+07
cycles. Thus, even though the test surpasses the 20-year principal tidal
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load equivalent by an additional 2.52 years or 3554 cycles, it remains
insufficient to fully account for the rotational effects.

The load to be replicated for this test campaign is based on the data
from the manufacturing company for the static test and the hydrody-
namic simulations. The shear stress and bending moments were esti-
mated for different flow conditions for the fatigue test. Since the test was
performed with one single actuator, it is evident that there will be
limitations to achieving the same spanwise forces and moment distri-
bution. As mentioned in the set-up section, the position at which the
load was applied was chosen to minimize the difference between the
used and calculated loads; the comparison of the same can be seen in
Fig. 16.

Finally, the stiffness variation of the blade during the all-test
campaign changes slightly, as seen in Fig. 17. The most notable
changes seem to be at the tip; nevertheless, as mentioned, the result from
the first static test may not be completely accurate; overall, the stiffness
changes seem to be minimal, as shown in Table 7.

5. Conclusions and future work

This paper demonstrates that the FastBlade fatigue test facility can
successfully perform a complete tidal blade mechanical fatigue test,
following the available standards. This test campaign allowed the
FastBlade team to identify several testing procedure improvements, i.e.,
control strategies, load introduction, instrumentation layout, instrument
calibration, and test design. Finally, the facility opens a series of possi-
bilities to tidal energy developers, designers and researchers due to
FastBlade capacity to collect large amounts of data under controlled
conditions while replicating many different load scenarios in a fast and
economical way.

The blade tested survived the worst-case static load criteria defined
by the developer. Moreover, the blade withstood 20 years (equivalent)
of the main tidal fatigue loading without catastrophic failure. No specific
failures were observed throughout all testing. No audible sounds of
failure were detected, nor sudden changes in position or load. The DIC
system did not detect any areas of exceptionally raised strain. The
highest strain measured with strain gauges was 0.266 % on the bottom
surface of the blade, near the loading saddle. All this suggests an over-
design on the blade, considering that the blade was under the ocean in
working conditions for a few years before the test campaign.

A numerical model of the tested blade will be developed and cali-
brated using the data of the current experiment campaign. A new test
campaign will be carried out in the future, in which a 3-actuator system
will be used; this will allow having a more complex load introduced into
the blade and compare the results to a more traditional one-actuator
system. In a new test campaign, the effect of the saddle clamped to
the system will be tracked to detect any possible induced shear stress
previous to the test. More sensors will be added to the blade and the
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Fig. 17. Blade stiffness variations during the test campaign at the centre
and tip.

Table 7
Blade’s stiffness variation during the test campaign.

Test Position Displacement (mm) Load (kN) Stiffness (kN/mm)
Static 1 Tip 120.2 273 2.26
Fatigue Tip 68.67 169.64 2.47
Static 2 Tip 114.53 276 2.41
Static 1 Centre 28.8 273 9.47
Fatigue Centre 18.91 170 8.97
Static 2 Centre 31.24 276 8.83

FastBlade system (i.e., microphones) to capture more information and
evaluate machine learning algorithms to detect any anomaly behaviour.
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