The
University
s Of

)

2" Sheffield.

This is a repository copy of A full-scale composite tidal blade fatigue test using single and
multiple actuators.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/210467/

Version: Published Version

Article:

Lopez Dubon, S. orcid.org/0000-0003-0663-607X, Cuthill, F., Vogel, C. orcid.org/0000-
0003-2232-9811 et al. (2 more authors) (2024) A full-scale composite tidal blade fatigue
test using single and multiple actuators. Composites Part A: Applied Science and
Manufacturing, 181. 108140. ISSN 1359-835X

https://doi.org/10.1016/i.compositesa.2024.108140

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial (CC BY-NC)
licence. This licence allows you to remix, tweak, and build upon this work non-commercially, and any new
works must also acknowledge the authors and be non-commercial. You don’t have to license any derivative
works on the same terms. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/




Composites: Part A 181 (2024) 108140

journal homepage: www.elsevier.com/locate/compositesa

Contents lists available at ScienceDirect

Composites Part A

A full-scale composite tidal blade fatigue test using single and multiple

actuators

Sergio Lopez Dubon **, Fergus Cuthill ?, Christopher Vogel *, Conchur O Bradaigh®,

Edward D. McCarthy ?

@ The University of Edinburgh, Edinburgh, EH8 9YL, Scotland, United Kingdom
b University of Oxford, Oxford, OX1 3PJ, England, United Kingdom
¢ The University of Sheffield, Sheffield, S10 2TN, England, United Kingdom

ARTICLE INFO

Keywords:

Fatigue

Composite tidal blades
Testing

ABSTRACT

In order to perform fatigue testing on tidal turbine blades, it is necessary to apply cyclic loads that do not
match the blade’s natural frequency. This is due to the high stiffness of the blades and the thermal challenges
associated with testing composite materials at frequencies typically around 18-20 Hz. To overcome this
challenge, auxiliary systems are used to load the blades. However, conventional hydraulic systems commonly
used for this purpose are known to be energy-intensive and inefficient. In this work, we present results obtained
at the FastBlade fatigue testing facility, which utilises a regenerative digital displacement hydraulic pump
system to address these issues. This innovative system has proven to be highly efficient, resulting in up to 75%
energy savings compared to standard hydraulic systems. To perform these tests, we first performed a series of
Reynolds-Averaged Navier-Stokes (RANS) simulations using on-site water velocity data to determine equivalent
target hydrodynamic loads. These target loads are applied to the blades using initially a single contact point
and, later, three load contact points. The FastBlade facility showcases an effective approach to fatigue testing
during these tests. Throughout the testing process, comprehensive measurements are taken to evaluate the
response of the blades and the FastBlade test structure itself. These measurements provide valuable insights
into the mechanical behaviour of the blades when a single or multi-actuator setup is used to match the root
bending moment and contribute to the refinement of testing practices. Notably, the blades successfully endured
the equivalent of 20 years of tides in an accelerated fatigue loading test without experiencing catastrophic
failure. The data obtained from these tests will enable the identification of improvements in testing procedures,
including control strategies, load introduction methods, instrumentation layout, instrument calibration, and
test design. This knowledge will lead to enhanced performance and reliability of the FastBlade facility, further
advancing the field of tidal turbine blade testing.

1. Introduction

are vital for developing tidal stream energy. However, designing HATSs
poses challenges as they operate in seawater, which is 800 times denser

The tidal energy industry has a long history and has attracted
renewed interest in recent years. The first tidal developments con-
sisted of tidal lagoons and barrages (i.e., La Rance, France, 1967)
and, whereas more recently, less invasive systems such as stream tidal
turbines have been developed [1,2]. The industry has started to grow
globally, particularly in the UK [3-5], with many different devices and
prototypes developed in the past few years; see [4] for further details.

Tidal and wave energy sources have the potential to make a sig-
nificant contribution to the EU power grid by generating 100 GW of
power by 2050, which could supply a third of EU homes and drive
economic activity and job creation [6]. Horizontal axis turbines (HATSs)
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than air and exerts significantly higher loads per unit blade span.
Existing designs of tidal turbine blades are based on blade element
momentum theory and simplified Finite Element Models [7-9]. The
demanding fluid conditions in which tidal turbine blades operate re-
sult in high-stress concentrations, increasing the risk of fatigue failure
over their 20-year design life. The limited data and understanding of
fatigue in tidal blades lead to conservative blade designs and higher
levelized costs of energy (LCOE) compared to other renewable energy
technologies [10]. To mitigate the risk of turbine blade fatigue failure
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and reduce LCOE, there is a renewed focus on improving test meth-
ods, obtaining more representative data, and developing new design
methodologies.

Nevertheless, much of the information regarding the blade design
and performance remains an industrial secret, with the available infor-
mation usually restricted to the length of the blades and the overall
energy production, which includes the impacts of other aspects of
the tidal device, such as drive train losses and not just the blade
performance. One of the few in situ holistic turbine performance ex-
periments was made by [11], who evaluated scale models under real
sea conditions, and [12], who measured (with strain gauges) the loads
on a tidal blade at Connel, Scotland. More recently, in situ, information
on array performance has been collected rather than for a single device
(i.e., [13D.

In situ tests are complex, and not all environmental conditions can
be controlled. Furthermore, the test is subjected to a set of actual
conditions that may exclude extreme events important for determin-
ing the maximum load cases. The exposure time is generally longer
compared to laboratory conditions, but crucially does not necessarily
result in the sufficiently high load intensities needed to instil confidence
in structural performance. Lastly, in situ environmental measurements
are much less straightforward to take than in a laboratory environment.
Nevertheless, it is clear that laboratory conditions cannot fully replicate
some of the complicated conditions and interactions encountered off-
shore. Therefore, a common practice is performing onshore laboratory
testing first and then moving the prototype to in situ testing.

The hydrodynamic testing facilities for scale models are more de-
veloped than structural facilities. Typically, hydrodynamic tests are
done in flumes to investigate the hydrodynamic performance of the
blade after a numerical optimisation (i.e., [14-17]), or in turbine
farms [18]. Examples include the use of wave-towing tanks for hy-
drodynamic validations [19-24], and the circulating water channel of
Harbin Institute of Technology, Weihai [25]. The optimisation and test
of a 300 W counter-rotating type horizontal axis tidal turbine was
carried out on a rotating arm tank at Shanghai Shipping Research
Institute [26]. Cavitation tests are also performed, c.f., the Emerson
cavitation tunnel at Newcastle University [27,28], and the cavitation
tunnel of Shanghai Shipping Research Institute [29]. There have also
been experiments outside water using wind tunnels to evaluate pitch
angles [30-32]. One of the most exciting facilities is FloWave, which
is a circular combined wave and current test tank at the University of
Edinburgh that can produce multi-directional waves and currents [33],
allowing the measurement of loads under different wave and current
conditions [34-39].

Recent advancements in full-scale fatigue testing of composite ma-
terial tidal blades include a 2018 test conducted at the University of
Galway, where a 3/8th scale blade designed by OpenHydro underwent
testing, achieving a maximum load amplitude of 35 kN and 275,000
cycles [40]. In 2020, a new turbine blade fatigue test standard, IEC
TS 62600-3:2020, was published [41]. The FastBlade facility was inau-
gurated at the Port of Rosyth, Scotland, in 2022, enabling accelerated
lifetime fatigue testing of full-scale tidal blades and other elongated
structures [42-44]. In the same year, the University of Galway per-
formed another fatigue test involving two full-scale blades measuring
2 and 3 m in length from SCHOTTEL HYDRO. The 2 m blade endured
a maximum load of 6.9 kN over 150,000 cycles at 0.3 Hz, while the
3 m blade experienced a maximum load of 14 kN over 16,000 cycles at
0.1 Hz [45]. The authors also conducted a three-actuator test for static
loads at high load levels, following the standard IEC TS 62600-3:2020.
Subsequently, fatigue testing was performed at low load levels with an
increased number of cycles up to 300,000, adhering to the DNVGL-ST-
0164 standard [46], and a final static test was conducted [47]. More
information about the tests developed in this facility can be found
in [48].

In 2022, the FastBlade facility conducted the first high load fatigue
test, reaching a Root Bending Moment (RBM) of 652 kN A m and
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operating at a high frequency of 1 Hz, in accordance with the IEC TS
62600-3:2020 standard. The test consisted of 31,775 cycles, equivalent
to approximately 21.7 years of tidal cycles. Remarkably, the blade
exhibited no catastrophic failure or significant changes in stiffness over
the test [42,43]. This study investigates the use of three actuators
and examines the blade’s response by repeating the test conducted
in FastBlade in 2022 using the same blade [42,43]. Moreover, these
FastBlade tests show that it is possible to accelerate a fatigue test while
retaining the same strain values [44].

2. Method
2.1. Site data

The flow data used in this project were obtained from the ReDAPT
project conducted at the Fall of Warness, European Marine Energy
Centre (EMEC), Orkney, UK. The data were collected using two acoustic
Doppler current profilers deployed between July 19th and August 2nd
2013, 0.8 m above the seabed [49-51]. The profilers sampled the flow
at a frequency of 0.5 Hz. The mean operating depths were 43.2 m and
46.2 m, respectively, due to slight variations in seabed conditions at
the different locations.

For data analysis, the flow speed and turbulence intensity values
were categorised into specific bins of hub-height mean flow speed
(U,,) for both flood and ebb tides. The bins were defined as U, =
(0.7,1.4,2.1,2.8,3.0,3.5) m/s, with the highest value of U, = 3.5 m/s
observed exclusively during ebb tide. Measurements were considered
only when the wave height was below 1 m to ensure data quality. A
5-minute ensemble length was used for all statistical analyses, and a
turbulence intensity noise correction estimate of 0.12 cm/s was applied
following the procedure outlined in [50].

2.2. Computational fluid dynamics model

The unsteady Reynolds-Averaged Navier-Stokes (URANS) simu-
lations in this study were performed using the computational fluid
dynamics (CFD) solver OpenFOAM (version 2.3.1). The choice of
URANS simulation was based on previous work [52], which showed
that URANS and Large Eddy Simulation produce similar results for
phase-averaged loads and blade pressure distributions in low onset
turbulence flows, which is the focus of this paper. The PimpleFoam
PISO algorithm was employed for the simulations, and the turbulence
closure was provided by the k — w SST model with the 2003 updated
coefficients [53]. Each simulation ran for a duration of 400 s, with a
time step of 0.03 s.

The computational domain used in this study had dimensions of
250 m in length, 520 m in width, and 43 m in height, matching
the height of the ReDAPT site. The width of the domain was set to
achieve a small geometric blockage ratio of 1.14%. At the inlet of the
computational domain, a vertical flow profile was imposed using the
atmospheric boundary layer inlet condition available in OpenFOAM.
The flow profile was sustained by a no-slip wall boundary condition
at the bottom of the domain and a stress boundary condition at the
top. The outlet boundary had a fixed static pressure of 0 Pa, and zero
gradient boundary conditions were applied to the turbulence and veloc-
ity scalars. Symmetry conditions were used on the lateral boundaries.
The inflow and top boundary conditions were adjusted to match the
observed flow profile from the ReDAPT data.

An Octree mesh with three levels of grid refinement was employed
to discretise the computational domain. The mesh parameters were
evaluated for convergence and found to be in good agreement with
field observations using a homogeneous grid dimension of 1.5 m. Two
additional levels of refinement were implemented near the rotor and
in the wake region, resulting in a mesh with approximately 2.8 x 10°
elements. The turbine was emulated using the actuator line method,
eliminating the need for rotating sub-domains or mesh interfaces and
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reducing computational costs. However, the mesh was refined in the
vicinity of the turbine to capture the significant velocity gradients
around the blades.

The actuator line method was utilised to represent the turbine
blades, where each blade was represented by a rotating line along
which forces were applied to the flow [54,55]. Blade forces were
calculated using 2D blade element theory with 100 collocation points.
The flow field around each blade was sampled using the potential
flow equivalence method and reintroduced using the Gaussian smear-
ing technique. The calculated blade forces were adjusted using the
tip loss model proposed by Shen et al. [56] to account for the 3D
flow effects that reduce the blade forces near the tips. The turbine
nacelle was represented using a cell-blocking method to enforce zero
velocity and allow impermeable bodies to be included in the numerical
domain without explicit geometry resolution [57]. The model has been
validated against reference turbines; for further details, see, e.g. [54,
55].

3. Experiment setup

Once the loads were defined, the mechanical test campaign with one
and three actuators followed the IEC TS 62600-3:2020 standard [41]
by performing the following test sequence: lst, a static test; 2nd, a
fatigue test; and 3rd, a static test. Before the three-actuator testing
phase at FastBlade, the blade had previously undergone a single ac-
tuator test. It was determined that the blade’s centre of gravity is
located at 900 + 30 mm from the root, and the weight of the blade is
1588.59 kg (15584.07 N). With a single actuator, the natural frequency
tests showed a slight reduction in natural frequency of 0.54% from
18.0278 Hz to 17.9308 Hz at the end of the test campaign, indicating
minimal damage [58], and allowing the performance of the three
actuator test.

3.1. Specimen information

The tidal turbine blade (see Fig. 1) was designed by Tidal Genera-
tion Limited and manufactured by Aviation Enterprises Limited as part
of the DeepGen tidal project. It was obtained from a decommissioned
500 kW tidal stream turbine previously installed at EMEC’s test site
at the Fall of Warness for approximately two years. The extent of any
damage or deterioration the blade suffered during the in-situ test at
EMEC is unclear. Unfortunately, FastBlade did not receive some design
documents, which were lost and unavailable. The company responsible
for the blade design no longer exists; another company acquired the
rights (Airborne).

The blade’s cross-section is based on the NACA 63-4XX aerofoil
series, where XX represents the thickness-to-chord ratio ranging from
55% at the root to 18% at the tip. The innermost section of the blade
features a cylindrical cross-section with an implied thickness-to-chord
ratio of 100%. The lift and drag characteristics of the aerofoil, as a
function of the angle of attack, were computed using QBlade [59],
considering a chord-based Reynolds number range of 1.0 x 10’ < Re <
1.8 x 107 and a critical number Ncrit = 9 for all cases. NACA aerofoil
coordinates were determined by using 300 equally spaced points [60].

The blade has an 8 mm-thick glass fibre skin, while pairs of 3 mm
thick glass fibre ribs are used for additional stiffness. The spar cap
is made of 75% unidirectional carbon fibre epoxy prepreg, with the
shear webs consisting of +45° carbon fibre epoxy prepreg. A rear glass
fibre epoxy spar is present, connecting the suction and pressure sides,
situated 100 mm away from the trailing edge to alleviate peel stresses
at the trailing edge [62].
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Table 1

Strong wall capability at FastBlade.
Load capacity Moment (MN m) Shear (MN)
Fatigue (400 million cycles pushing) 4.70 0.94
Fatigue (400 million cycles Pulling) 4.70 0.94
Static (Quasi-static load Pulling) 11.96 2.39
Static (Quasi-static load Pushing) 10.74 2.13

Table 2
Characteristics of the longitudinal lines.
No. Description
1 Topside in line with XB axis
2 Topside in line with YB axis
3 Left-side follows leading edge
4 Bottom side in line with XB axis
5 Topside follows the trailing edge.

3.2. Facility description

FastBlade is equipped with a robust 70-tonne reaction frame capable
of withstanding substantial loads during static and fatigue testing, as
detailed in Table 1. Furthermore, it features a reversible hydraulic flow
rate of 880 litres per minute.

The FastBlade structure comprises a reaction plane, support wall, T-
Slot bed plates, and an adapter plate. It is securely positioned on bridge
bearings and situated within a 2.5 m pit on the floor, as depicted in
Fig. 2. The hydraulic system of FastBlade employs four Digital Displace-
ment hydraulic reversible pumps developed by Danfoss. These pumps
enable the system to recover the energy utilised during testing. Notably,
this hydraulic system consumes up to 75% less energy than hydraulic
systems of similar size at high loads. Furthermore, it provides precise
control over the actuators, facilitating the implementation of compound
loads that more accurately simulate complex ocean interactions.

3.3. Setups

In the test setup, the data collection system incorporates a range
of sensors, including load cells, accelerometers, linear position sensors,
strain gauges, thermocouples, and linear string potentiometers. The
Flex-logger software controls the entire data collection process. In this
paper, the focus is on the data obtained from the strain gauges and dis-
placement sensors, precisely positioned along line one in the horizontal
direction edgewise direction (ZB) for both the top and bottom sections
of the blade, as illustrated in Fig. 3.

The selection of the loading direction for the test was based on
the findings of [62]. According to the results, the single actuator was
positioned at 3.56 m from the root of the blade and, for the three
actuators test, the actuators were placed at distances of 2.26, 3.56, and
4.48 m, respectively, from the back face of the blade connection flange.
These were identified as the optimal locations in order to maximise the
similarity between the hydrodynamic results and the mechanical test
for the bending moment distribution. The loads were applied in the
XBB direction, effectively generating the desired moment around the
YBB axis. This configuration is illustrated in Fig. 4.

The longitudinal lines in Fig. 4 go from the root to the tip of
the blade, and the description is presented in Table 2. The trans-
verse coordinates along the blade are established as lines projected
around the blade at specific distances from and running parallel to
the root connection. The initial transverse line, denoted as Line 1, is
positioned 900 mm from the root, with subsequent lines uniformly
spaced at 800 mm intervals. Moreover, the coordinates of the sensors
are determined by specifying the transverse line first, followed by the
longitudinal line they occupy.

A configuration consisting of clamped wooden saddles with a steel
frame and a 1.5 mm thick silicone sheet at the blade interface was
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Fig. 1. Top view of the blade from a technical drawing from [61].
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Fig. 2. General arrangement and dimensions of the reaction frame at FastBlade. (a) Top view; (b) Lateral view; and (c) General view.

Fig. 3. Blade’s coordinate system.

utilised to introduce the loads. The detailed analysis of the stresses
induced by the clamping system is still ongoing. However, initial find-
ings from the DIC system indicate that these stresses are insignificant
compared to those resulting from the applied loads. Fig. 5 provides a
visual representation of the final configuration of the system for each
of the tests.

4. Results
4.1. Hydrodynamics

The study conducted simulations of the rotor at different flow
speeds during flood and ebb tides. The performance of the rotor varied
due to differences in velocity shear profiles between the tides, even
when the hub-height velocity was the same. The analysis focused on
spanwise axial and tangential blade loads, which generally increased
along the blade as the incident flow speed increased, as shown in Fig. 6.
The mean blade loads were slightly higher for the rotor during the ebb
tide, primarily because of a more significant velocity shear across the
rotor’s swept area. These factors caused the rotor to operate further
away from its hydrodynamic optimum, resulting in an increased spread
between the minimum and maximum blade loads, particularly in the
lower part of the rotation.

The simulations demonstrated that the blade loads, overall power,
and thrust exhibited fluctuations caused by the rotational sampling of
the shear profile by the blades. This resulted in azimuthal variations in
blade root bending moments. The normalised root bending moments
(RBMs) were higher for the rotor operating in the ebb tide between
90-270°. However, the higher RBMs during the flood tide countered
this effect in the upper half of the blade rotation (refer to Fig. 7). The
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Fig. 4. Blade’s sensor location. (a) The top side of the blade, (b) the lateral side of the blade, and (c) the bottom side of the blade.

relative variation in the edgewise RBMs was more pronounced due to
their sensitivity to the angle of attack of the flow onto the blade. The
maximum and minimum RBMs occurred at slightly different azimuthal
positions from the top and bottom dead centre due to the interaction
between the rotor-induced swirl velocity and the shear profile.

4.2. Static test

For all the tests, the loading and unloading phases both took 120 s
each, and the target load was sustained for 3600 s. The displacement
results for the centre and tip of the blade are presented in Table 3 for
each of the tests. The Ist and 2nd static tests were conducted with a
single actuator, while the 3rd and 4th were done with three actuators;
for these last two tests, the total load value is obtained by the sum of
the load in each single actuator, and all the actuators used the same
load for this test.

Fig. 8 presents the strain variation results during the different static
tests. In the figure, panel (a) is represented with an inverted axis to
facilitate the comparison with the other two axes. The mean values are
presented in the figure since the coefficient of variation (CV), which
represents the ratio of the standard deviation concerning the mean, is
low. The maximum values per panel are (a) —0.008 during the second
test at cross-section 3, (b) 0.033 during the first test at cross-section 4,
and panel (c) 3.229 during the first test at cross-section 4 followed by
the second test with a value of —2.177 at cross-section 5.

Table 3

Displacement results from static tests.
Test Load kN RBM kN m. Displacement Displacement

centre mm tip mm
mean std mean std mean std mean std

1st static 267 0.08 952 0.30 30 0.18 123 1.00
2nd static 284 1.32 1014 471 29 0.07 114 0.56
3rd static 283 0.03 974 0.10 28 0.11 155 0.37
4th static 283 0.04 973 0.16 28 0.07 155 0.35

In Fig. 8 the panel (a), cross-section 1 shows similar strain values
of the order of —600 pe , and cross-section 2 has strains of the order
of —2000 pe, increasing to —2200 pe at cross-section 3. However, the
most significant difference is at cross-section 4, where in tests 3 and 4,
the strain continues to rise slightly. In contrast, it decreases at different
rates for the 1 and 2 tests. The decrease is clearly related to the position
of the single actuator, and the difference in strain values between the
first two tests is due to the movement of the actuator during the test.
For the lateral left side of the blade (Fig. 8(b)), the first cross-section
shows strain values of the order of 600 pe, with slightly higher values
during the first test. For the next two cross-sections, the first test shows
values of around 50 pe, higher than those for the other three tests, and,
as in the case of the last cross-sections, there is a discrepancy between
the single and multi-actuator tests, which can be interpreted in the
same way as the ones in panel (a). Between the 1st and 2nd tests, the



S. Lopez Dubon et al

Fig. 5. Test configuration. (a) Single actuator; (b) Multiple actuators; and (c) No
actuators.

strain gauge at cross-section four and longitudinal line 4 failed, and it
was impossible to log that data for the following tests; this explains
the appearance of the panel (c) in Fig. 8. In this case, it is interesting
that similar values are presented in the first three cross-sections for
all the tests, increasing from values of the order of 600 pe in the first
cross-section to 600 pe in the third cross-section.

Moreover, cross-section 4 shows the highest values during the first
test; nevertheless, this value seems out of range, and potentially, this
could be due to a failure in the strain gauge. Additionally, the single
actuator values are close to zero for the last stain gauge. In parallel,
the multi-actuator test shows a strain of 1900 pe, again showing how
significant the difference in the number of actuators can be. Finally,
the strain values during the 3rd and 4th tests, again, are for practical
procedure overlap.
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Table 4

Load, RBM and principal strains using a single actuator during fatigue tests.
Variable Units Mean Crest Trough Amplitude
RBM kN m. 363 646 93 553
Load kN 102 181 26 155
Strain.1.1 ~mm/mm  -2.36E-04 -4.21E-04 -6.06E-05 —3.61E-04
Strain2.1 ~mm/mm  -7.80E-04 -1.41E-03  -1.92E-04 -1.22E-03
Strain 3.1 mm/mm  -8.32E-04 -1.51E-03  -2.02E-04  -1.31E-03
Strain 41 mm/mm  -3.66E-04 -6.73E-04 -8.46E-05 —5.88E-04
Strain 1.3 mm/mm  2.12E-04 3.88E-04 4.68E—05 3.41E-04
Strain 2.3 mm/mm  2.50E-04 4.63E-04 4.98E-05 4.13E-04
Strain_3_3 mm/mm 3.03E-04 5.55E-04 6.82E-05 2.67E-08
Strain 43 mm/mm  2.14E-04 4.04E-04 3.37E-05 4.87E-04
Strain 14  mm/mm  2.26E-04 3.99E-04 6.22E—05 3.70E-04
Strain 24 mm/mm  8.94E-04 1.60E-03 2.29E-04 3.37E-04
Strain 34 mm/mm  9.57E-04 1.73E-03 2.36E-04 —1.49E-03
Strain 54 mm/mm  7.38E-06 6.68E—06 8.81E-06 —2.13E-06

4.3. Fatigue test

We carried out two fatigue tests, one between the first and second
static tests and a second between the third and fourth static tests.
On the first fatigue test, a total of 31780 cycles, corresponding to
22.5 years of tidal cycles, were applied, and 30 485 cycles, correspond-
ing to 21.6 years of tidal activity, were applied for the second test,
while for both tests, the target RBM at the crest was 652 kN m. It
should be noted that the test considers only the maximum RBM for a
mean water velocity of 2.8 m/s and ignores the micro-load fluctuations
during the rotation of the blades. During each test, the target number
of cycles was 28 032 (approximately 20 years of tides); nevertheless, a
series of extra cycles were carried out with the purpose of testing the
facility’s control system.

Table 4 presents the mean values of the load, RBM and principal
strains during the single actuator tests, as well as the crest, the trough
and the amplitude during a fatigue test using a single actuator. The
data corresponds to the main axis for the longitudinal lines 1, 3 and
5 (see Fig. 4 and Table 2). The strain gauge at cross-section four
and longitudinal line 4 failed during the first fatigue tests and has
been removed. During the single actuator fatigue test, the strain CV at
longitudinal line 1 was 0.43, occurring during the troughs of the cycles
at cross-section 4, while during the crests, it was 0.003 at the same
cross-section. For the longitudinal line 3, the maximum CV during the
troughs occurred at cross-section 4 with a value of 1.020, and it took a
value of 0.094 during crests at cross-section 4. Finally, for longitudinal
line 4, the troughs report a CV value of 2.375 at cross-section 4, and
the maximum CV during crests is 3.110 at cross-section 4.

Table 5 shows the corresponding data during a multi-actuator fa-
tigue test. During the multi-actuator fatigue test, the CV at longitudinal
line 1 was 0.504, occurring during the troughs of the cycles at cross-
section 4, while during the crests, it was 0.004 at cross-section 1. For
the longitudinal line 3, the maximum CV during the troughs was at
cross-section 4 with a value of 0.512, while it took a value of 0.048
for crests at cross-section 2, and finally, for the longitudinal line 4,
the troughs report a CV value of 0.565 at cross-section 4, and the
corresponding maximum CV during crests is 0.035.

When we compare the values of Tables 4 and 5 during the crest for
cross-section 1, longitudinal lines 1, 3 and 4 show lower values of the
order of 12%, 3% and 6% during the single actuator test; meanwhile,
cross-section 2 shows lower values of the order of 2%, 0% and 6%,
and for cross-section 3, the values were lower: of the order of 9%, 7%
and 8% for the longitudinal lines 1, 3 and 4. Finally, for cross-section
4, the values were lower by 141%, 60%, and 20559% for the same
longitudinal lines.
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Fig. 7. Hydrodynamic simulation results. The azimuthal variation of the normalised blade root bending moments in (a) the flapwise and (b) edgewise directions is depicted for
both flood (blue) and ebb (red) tides. The rotor operates at a hub-height flow speed of U = 2.8 m/s.

Table 5

Load, RBM and principal strains during fatigue tests using multi-actuators.
Variable Units Mean Crest Trough Amplitude
RBM kN m. 391 644 139 505
Load kN 114 186 42 144
Strain_1_1 mm/mm —2.67E-04 —4.72E-04 —5.82E-05 4.14E-04
Strain_2_1 mm/mm —8.03E-04 —1.44E-03 —1.76E-04 1.26E-03
Strain_3_1 mm/mm —9.03E-04 —1.65E-03 —1.70E-04 1.48E-03
Strain_4_1 mm/mm —8.75E-04 -1.62E-03 —1.40E-04 1.48E-03
Strain_1_3 mm/mm 2.27E-04 4.01E-04 5.35E-05 3.48E-04
Strain_ 2 3 mm/mm 2.56E—04 4.64E-04 5.00E-05 4.14E-04
Strain_3_3 mm/mm 3.28E-04 5.93E-04 6.48E-05 5.28E-04
Strain_4_3 mm/mm 3.46E-04 6.48E-04 4.99E-05 5.98E-04
Strain_1 4 mm/mm 2.47E-04 4.24E-04 6.81E—05 3.56E-04
Strain_2 4 mm/mm 9.73E-04 1.70E-03 2.42E-04 1.46E-03
Strain_3_4 mm/mm 1.03E-03 1.86E-03 2.07E-04 1.65E-03
Strain_5_4 mm/mm 7.44E—-04 1.38E-03 1.24E-04 1.26E-03

5. Discussion

Fig. 10 shows in a clearer way the differences in the bending
moment and shear forces using a single or a multi-actuator test set-up.
From the figures, the improvement in the distribution of the bending
moments concerning the bending moment distribution obtained in the
hydrodynamic simulations also shows how similar the RBM are for both
cases, in agreement with Tables 3-5. Another significant aspect is the
reduction in the shear force at a single point, as seen from Fig. 10; a
single actuator has to exceed the target control shear force to match the
RBM significantly and has a large step decrease. The repercussions of
this effect have to be further investigated. Furthermore, no particular
anomalies were detected during the present tests; this was confirmed by
visual inspection of the data and using the system developed by [63].
The differences in the shear forces motivate the analysis of the influence
of the clamping system used (see [63]) to ensure the fidelity of the
stain gauge values close to the saddles, and further studies are under
development to optimise the sensor placement [64].
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5.1. Hydrodynamics

The data used in this work was obtained directly from the field,
ensuring an accurate representation, at least for the specific site where
this blade was deployed. Using a multi-actuator system can allow the
testing of complex unsteady loads, which can significantly increase the
loads acting on the blade relative to steady conditions [65]. This will
require more effort in understanding which loads are meaningful to
simulate and test, similar to the work done by [66] of classifying the
water velocity profiles, including turbulence effects. Moreover, the in-
troduction of an actuator close to the tip ensures a better understanding
of the deflection of the blades near the tip, giving meaningful insights
that can be used to calibrate the fluid-structure interactions modelling
and obtain a better load distribution and energy production.

5.2. Static test

As mentioned in Section 4.2, the duration of the static test, once the
target load was achieved, was 1 h; this value is based on the average du-
ration of the maximum load during a tidal cycle. Moreover, according
to IEC TS 62600-3:2020 A.8.3 [41] the blade should withstand the max-
imum load for the specified load duration or in the absence of a specific
load duration (our case) a minimum of 30 s of the sustained static load
is required. Based on these two statements and due to limitations in the
use of the facility, the static test time was set to 1 h. Nevertheless, the

IEC TS 62600-3:2020 A.8.3 [41] also recommend a minimum of 6 h of
static load test for tidal energy converters and a comparison between a
6-hour test and 1-hour test is needed in future experiments. From the
results in Table 3, we obtained a similar RBM using single or multiple
actuators. Using a multi-actuator setup, we applied less load at any of
the blade load contact points. At the same time, the displacement at the
centre remained similar to those for the test with a single actuator and
that with multiple actuators. Nevertheless, the tip behaviour changes,
mainly due to the blade’s internal structure. The blade has a metallic
structural beam that runs half the length of the blade from the root,
making the tip deflection highly sensitive to any load applied after the
beam termination point. (see Section 3.1). It is worth mentioning that
there were issues with the saddle system during the first static test. The
system relies on the pressure and friction between the saddle and the
blade. Nevertheless, this static test reports the saddle slipper in [42,43].
This could impact mainly the displacement results at the tip of the blade
and can explain the size of the most significant standard deviation for
the tip displacement. Overall, regarding the displacements and load
introduction, we observe a low standard deviation in general, and the
blade centre exhibits similar displacement, regardless of the multiple
tests carried out.

5.3. Fatigue test

From the reported results, it is clear that the qualitative behaviour of
the fatigue tests is in agreement with the behaviour of the static tests.
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Fig. 9. Displacement against root bending moment during single and multi-actuator fatigue tests, where the colour bar refers to the number of cycles. (a) Single actuator fatigue
test displacement refers to the centre of the blade, (b) Multi-actuator fatigue test displacement refers to the centre of the blade, (c) Single actuator fatigue test displacement refers
to the tip of the blade, (d) Multi-actuator fatigue test displacement refers to the tip of the blade.

On average, the amplitude of the RBM was 5% higher, and the load
amplitude was 7% higher for the single actuator test compared with
that of the multi-actuator test. Nonetheless, there was no difference in
the mean crest cycle values between the two actuator configurations.
Regarding displacements (see Fig. 9), the second test was noisier and
presented more outlier values in the initial cycles, but after that, the
data seemed relatively compact and had an apparent linear behaviour.
This noise increase is attributed to the use of more actuators, which
could induce a more complex bending moment distribution around the
blade. The control system is driven by load design control. Still, even if
all the actuators target the same load and have targeted the same sine
signal, they are each controlled independently so that even slight delays
in the response of one of the actuators can cause complex moments or
added noise across the blade. This effect is particularly more substantial
at the blade’s centre, which is between two actuators. At the same
time, the displacements at the tip during the multi-actuator test show
more variability due to the nearest actuator’s proximity compared to
the single-actuator test. Another notable behaviour is the displacement
differences between tests; for the centre, the single actuator shows
higher values, while for the tip, the higher values were recorded in the
multi-actuator test. The load point actions can explain the differences;
in the single test, all the loads were applied close to the centre, which is,
therefore, expected to have higher displacements in this blade section.
In the multi-actuator case, the tip displacement increased since a load

was introduced at a section without the structural beam (thus more
compliant to bending). Fig. 9(a) and (c) may suggest a change during
the fatigue test; this behaviour is also seen in Fig. 11(a) and (c) but
not in (b) and (d). This change seems to be an effect of the control
system during the load introduction phase of the test rather than due
to significant structural damage of the blade; this is supported by the
information in Table 4, which does not show any significant change
in the displacements before or after the fatigue tests. Nevertheless, we
cannot discount the possibility of minor structural damages that may
have occurred due to the fatigue tests.

It is worth remembering that for both tests, the main target was
the RBM, which explains why the changes in the strain at the first two
cross-sections are minimal and of the same order as the change in the
RBM and the total load applied, and this is illustrated by Fig. 9. At the
same time, as we move away from these two cross-sections, we can see
a significant increase in strain variation, especially for cross-section 4.
Even if it does not have a structural beam embedded, a structural failure
in this region will completely change the hydrodynamics of the blade,
leading to new moment distribution and the possible development of
uneven loads on the rotor, potentially causing the failure or malfunc-
tion of the tidal turbine, representing a fundamental design failure of
the blade.

This work focused on the principal load component during a tide for
the Fatigue test, and future tests should encompass additional fatigue
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variables, as discussed in Section 4.3. The current analysis did not
include factors such as the rotational motion of the blade (see Fig. 7)
and the impact of turbulence or wave interaction. To take into account
the rotational effect, extra fatigue cycles with lower amplitude should
be applied. The blade’s operational speed is 13.78 rpm, and assuming
it operates for only half of a flood or ebb cycle, then in 20 years, it
will perform approximately 7.22E + 07 cycles. The rotational effect,
notably prominent during the flood phase, exhibits varying intensities
in both the edgewise and flapwise directions. In the edgewise direction,
this effect peaks at 1.16 times the mean RBM, resulting in an RBM
amplitude of 101 kN A m, while reaching a minimum of 0.8 times the
RBM, generating an RBM amplitude of 126 kN A m. Conversely, in the
flapwise direction, the rotational effect achieves a maximum of 1.07
times the mean RBM, resulting in an RBM amplitude of 11 kN A m, with
minimum values at 0.9 times the RBM, yielding an RBM amplitude of
16 kN A m.

6. Conclusions

In this work, we successfully show and analyse the differences
between single- or multi-actuator-driven static and fatigue mechanical
tests of a full-scale (5.25 m) composite tidal blade. These were done at
the new FastBlade fatigue test centre with its new digital displacement
pumps, which are capable of recovering energy during fatigue tests.
Besides opening new research venues (i.e., studies of clamping system
anomalies), this research reveals a series of valuable lessons.

» Even for a similar root bending moment, there are clear dif-
ferences in the moment distribution across the blade between
the single and multi-actuator tests; this is reflected in the dif-
fering displacement and strain values along and across the blade
(i.e., higher tip displacement, less shear stress in a single point).
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The use of multiple actuators allows a better representation of the
distribution of loads and moments across the blade and the test of
complex loads (i.e., the combination of pushing and pulling with
different loads) that can better mimic effects such as turbulence,
allowing more realistic tests.

Even if the use of multiple actuators reduces the risk of overload-
ing the specimen at a single point, as the shear stress diagrams
show, it also affects the area for which measures can be taken due
to the introduction of pre-stresses related to the load introduction
systems. This means that an optimum balance in the number of
load introduction points should be investigated.

A multi-actuator test allows the introduction of a load close to the
tip of the blade; this is particularly important, as it allows testing
of a region of the blade that normally does not have additional
structural support (i.e., by an embedded structural beam).

There is a noise increase in the readings during a multi-actuator
test setup, as reflected in the increased variance of displacement
and strain readings; this effect is mainly due to a more complex
load introduction system that increases control system delays due
to less synchronicity between the separate actuator control loops.
During all the tests performed on the blade, there was no signifi-
cant damage or significant changes in the strain or displacement
behaviour of the blade. Moreover, all the data suggested that the
blade (as a whole system) retained its elastic behaviour.

The results of this research provide significant insight for tidal blade
designers, manufacturers and regulatory bodies so that they can gauge
the effectiveness of current design safety factors and design methodolo-
gies for their blades. This should lead to step-change improvements in
blade design and testing, which should result in more efficient next-
generation tidal turbine blades. This should result in more resilient,
lower-cost blades with lower operation and maintenance costs, thus
reducing the cost of tidal energy.
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