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9 ABSTRACT

10 Fatigue testing of tidal turbine blades requires the application of cyclic loads without the ability to 
11 match the natural frequency of the blade due to their high stiffness and the associated thermal 
12 issues of testing composite materials at those frequencies (i.e., 18-20 Hz). To solve this, loading 
13 the blades with an auxiliary system is necessary; in most cases, a conventional hydraulic system 
14 tends to be highly energy demanding and inefficient. A regenerative digital displacement hydraulic 
15 pump system was employed in the FastBlade fatigue testing facility, which saved up to 75% 
16 compared to a standard hydraulic system. A series of equivalent target loads were defined using 
17 Reynolds-Averaged Navier Stokes (RANS) simulations (based on on-site collected water velocity 
18 data) and utilised in FastBlade to demonstrate an efficient way to perform fatigue testing. During 
19 the test, a series of measurements were performed on the blade response and the Fastblade test 
20 structure itself, providing novel insights into the mechanical behaviour of a blade, and enabling 
21 improved testing practice for FastBlade. The blade withstood 20 years (equivalent) of accelerated 
22 fatigue loading without catastrophic failure. This test data will enable FastBlade to identify 
23 improvements to the testing procedures, i.e., control strategies, load introduction, instrumentation 
24 layout, instrument calibration, and test design.

25 Keywords: Testing, Fatigue, Tidal Steam Blades, Composites
26 * Corresponding author: Sergio.LDubon@ed.ac.uk
27

28 1. INTRODUCTION
29 1.1 Tidal Energy Sector and Current Scenario for Tidal Turbine Blade Design

30 It is projected that tidal and wave sources could contribute 100GW to the EU power grid by 2050, 
31 powering a third of homes and adding €140 bn of economic activity and ca. 500,000 jobs in Europe 
32 alone [1]. Globally, 150-800 TWh (terawatt hours) or EUR 40 billion per year of activity is 
33 projected [2]. Tidal stream energy is a key sector contributing to this growth, and horizontal axis 
34 turbines (HATs) are the underpinning technology. Much of the supporting technology and design 
35 methodology for HATs have been adapted from the wind turbine sector. However, it has not been 
36 possible to map designs and design methodology for wind turbine blades directly to tidal turbine 
37 blades, however, as the latter operates in a medium (seawater)  that is 800 times denser than air. 
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38 Thus, the loads handled are significantly higher and more problematic to manage. Preliminary 
39 design of tidal turbine blades based on blade element momentum theory and simplified Finite 
40 Element Models of composite blades are given for static loading in [3] and for design life 
41 calculations in [4,5].

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

49 Currently, there are insufficient data and understanding of fatigue in tidal blades, which is one of 
50 the reasons that tidal stream energy retains a relatively high levelised cost of energy (LCOE) 
51 compared with other renewable energy technologies. Cost of energy is expected to fall as more 
52 tidal turbines are built with significant learning and innovations to follow, in a similar fashion to 
53 offshore wind. In 2022, four tidal companies were awarded UK Contracts for Difference of 
54 £178/MWh, which is high compared to the current LCOE of £37.35/MWh for offshore wind 
55 projects [7]. This has led to a renewed focus on improved test methods, more representative data, 
56 and a new design methodology to radically reduce turbine blade fatigue failure risk. 

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

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

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

73 In this paper, we show how FastBlade is the first test facility globally capable of delivering a high 
74 load during high cycle fatigue testing of a tidal blade, performing 31,775 cycles at 1 Hz with a 
75 target load of 183.7 kN, making such a test economic for the first time. The facility is enabled by 
76 a unique pumping system that features regenerative pumping and digital displacement hydraulics 
77 [12–14]. The combination of these features can reduce effective testing energy by up to 75%, thus 
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78 enabling testing to be delivered in several weeks rather than months; this renders such testing 
79 economic for blade developers. This paper describes the first tidal turbine blade test conducted in 
80 FastBlade in the Summer of 2022, which generated fatigue performance data for a previously 
81 deployed tidal turbine blade installed on a tidal stream turbine at Fall of Warness, Orkney, 
82 Scotland, UK.

83 2. METHODS
84 2.1 Site Data

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

91 Flow speed and turbulence intensity data were binned into hub-height mean flow speed bins of 𝑈∞
92 = (0.7, 1.4, 2.1, 2.8, 3.0, 3.5) m s-1 for both the flood and ebb tides, noting that 𝑈∞ = 3.5 m s-1 
93 was only achieved during the ebb tide. Data was only included if the wave height was less than 1 
94 meter. The ensemble length for all statistics was 5 minutes, and a 0.12 cm s-1 noise correction 
95 estimate was made to the turbulence intensity data following [16].

96 Vertical profiles of flow speed and turbulence intensity are presented in Figure 1, demonstrating 
97 the differences in the simulated profiles between the ebb and flood tides. A slight reduction in flow 
98 speed near the surface during the ebb tides arises because the flow is funnelled around the islands 
99 surrounding the Falls of Warness site. A consequence of this is that the fastest flows were 

100 encountered about halfway through the water column at the highest flow speed bins. This also 
101 gives rise to the differences in the turbulence intensity profiles between the flood and ebb tides. 
102 Consequently, the standard deviation of the flow speed across the rotor plane is consistently higher 
103 for flood tides than the ebb tides for a specified hub-height flow speed, as shown in [16].

104
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105 Figure 1. Simulated vertical profiles of (a) flow speed (u) and (b) turbulence intensity (TI) at the Fall of Warness ReDAPT site, 
106 based on [16]. Data binned by hub-height mean velocity for ebb and flood tide conditions. The turbine hub height is 19 m.

107 During the flood tide, the velocity profiles follow an approximately 1/6th power law, whereas this 
108 is closer to a 1/5th power law for the ebb tide in the lower portion of the flow, which is unaffected 
109 by the near-surface flow speed reduction present in the Falls of Warness described above.

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

Flow speed bin [m s-1]
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 -

112 2.2 Computational Model

113 A suite of unsteady Reynolds-Averaged Navier Stokes (URANS) simulations were performed 
114 using the computational fluid dynamics (CFD) solver OpenFOAM (version 2.3.1). The choice of 
115 URANS simulation draws on the work of Ahmed et al., which found that URANS and Large Eddy 
116 Simulation predict very similar phase-averaged loads and blade pressure distributions in low onset 
117 turbulence flows [18], as is the focus of this paper. The simulations were performed using the 
118 PimpleFoam PISO algorithm, and turbulence closure was provided by the 𝑘 ― 𝜔 SST model with 
119 the 2003 updated coefficients [19]. The simulated time for each case was 400s, with a time step of 
120 0.03s.

121 2.2.1 Computational Domain

122 The computational domain was 250 m long, 520 m wide and 43 m tall, corresponding to the height 
123 of the ReDAPT site. The domain width was set to achieve a small geometric blockage ratio (ratio 
124 of rotor swept area to channel cross-sectional area) of 1.14%. A vertical flow profile was imposed 
125 at the inlet of the computational domain using the atmospheric boundary layer inlet condition 
126 available in OpenFOAM. A no-slip wall boundary condition at the bottom of the domain and a 
127 stress boundary condition at the top sustained the flow profile. At the outlet boundary, the static 
128 pressure was set to a fixed value of 0 Pa, and zero gradient boundary conditions were applied to 
129 the turbulence and velocity scalars. Symmetry conditions were applied to the lateral boundaries of 
130 the domain. The inflow and top boundary conditions were adjusted to match the flow profile 
131 observed from the ReDAPT data [15].

132 2.2.2 Meshing Strategy

133 The domain was discretised with an Octree mesh to allow a concentration of mesh resolution near 
134 the rotor region. The mesh parameters' convergence was evaluated by comparing the simulated 
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135 flow profile to the field observations and the spanwise distribution of blade forces. A spatially 
136 homogeneous grid dimension of 1.5 m was found to capture well the velocity gradients near the 
137 seabed and surface boundaries and provide good agreement with field observations of the mean 
138 velocity profile.

139 Two additional levels of grid refinement were employed near the rotor and in the wake region. An 
140 intermediate level of resolution of 0.75 m was employed in a region ―0.73𝑑 ≤ 𝑥 ≤ 1.77𝑑, 
141 ―0.94𝑑 ≤ 𝑦 ≤ 0.94𝑑 and ―1𝑑 ≤ 𝑧 ≤ 0.61𝑑 around the centre of the rotor, where x is the 
142 streamwise coordinate, y is the cross-stream coordinate, and z is the vertical coordinate. The rotor 
143 region was further refined with a homogeneous dimension of 0.1875 m in a region 
144 ―0.18𝑑 ≤ 𝑥 ≤ 1.44𝑑, ―0.67𝑑 ≤ 𝑦 ≤ 0.67𝑑, ―0.67𝑑 ≤ 𝑧 ≤ 0.61𝑑. The final mesh contained 
145 approximately 2.8 × 106 elements.

146 The actuator line method represents the turbine blades (detailed below). The actuator lines are 
147 swept through the static mesh. Thus, no rotating sub-domains or mesh interfaces are required, as 
148 would be typical for blade-resolved models. This represents a significant saving in computational 
149 cost. However, as described above, it should be noted that the mesh is refined close to the turbine 
150 to resolve the large velocity gradients around the blades.

151 2.2.3 Actuator Line Model 

152 The turbine was represented using the actuator line method of Sørensen & Shen [20] implemented 
153 in OpenFOAM as a user-defined shared object library. The actuator line model represents the rotor 
154 blades with rotating lines along which force is applied to the flow. Each line corresponds to a 
155 blade. The actuator forces, therefore, represent an additional term in the momentum equations. The 
156 in-house model has been extensively validated against a number of reference turbines; see, for 
157 example, [21,22].

158 The blade forces are calculated using 2D blade element theory at 100 collocation points distributed 
159 sinusoidally along the blade length in order to capture the changes in forces in the root and tip 
160 regions of the blades. The lift and drag data that were employed are described in Section 2.3. The 
161 flow field around each blade was sampled using the potential flow equivalence method proposed 
162 by [21], and reimposed on the flow using the Gaussian smearing technique of Sørensen & Shen 
163 [20]. The calculated blade forces were modified by the tip loss model of Shen et al. [23] to account 
164 for the 3D flow effects that reduce the blade forces near the tips.

165 The turbine nacelle, radius Rhub = 1.35 m, was represented using a cell-blocking method following 
166 [24]. This method blocks fluxes into cells by applying a sufficiently large body force to the selected 
167 cells, thus enforcing the velocity to be zero, allowing impermeable bodies to be represented in the 
168 numerical domain without requiring the geometry to be resolved explicitly.

169 2.3 Blade data
170 2.3.1 General information

171 The blade is part of the DeepGen tidal project and was designed by Tidal Generation Limited 
172 (TGL) and manufactured by Aviation Enterprises Limited. The final blade design report was 
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173 issued in 2008, and the company responsible for the blade design no longer exists. The rights were 
174 bought by another company (Airborne), but some design documents were lost and not provided to 
175 FastBlade before testing. The blade was taken from the decommissioned 500kW tidal stream 
176 turbine, previously installed at EMEC's grid-connected test site at the Fall of Warness.

177 2.3.2 Geometry

178 The blade cross-section is defined by the NACA 63-4XX aerofoil series, with XX representing the 
179 section thickness-to-chord ratio. The thickness-to-chord ratio decreased from 55% near the blade 
180 root to a minimum of 18% at the tip. The innermost portion of the blade was taken to have a 
181 cylindrical cross-section with an implied thickness-to-chord ratio of 100%.

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

186 2.3.3 Structure

187 The entire blade is covered with an 8mm thick glass fibre skin manufactured using ±45° 
188 unidirectional glass fibre prepreg. The dashed lines in Error! Reference source not found.  
189 perpendicular to the blade span represent the locations of pairs of 3 mm thick glass fibre ribs used 
190 to stiffen the blade. They allow pressure transfer from the blade skins to the spar caps and are 
191 manufactured using ±45° glass fibre unidirectional prepreg. The spar cap is manufactured using 
192 80% unidirectional carbon fibre epoxy prepreg, with the remaining 20% containing 90° fibres to 
193 improve the transverse strength and stiffness of the spar region. The shear webs are designed to 
194 resist the blade's flapwise shear loads and torsional bending and are manufactured using ±45° 
195 carbon fibre epoxy prepreg. Finally, a rear glass fibre epoxy spar connects the suction and pressure 
196 sides 100mm away from the trailing edge to relieve the trailing edge joint from peel stresses [26].

197

198
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199

200 Figure 2. Technical Drawing of the Test Blade Looking from the Top View [26] and the original blade.

201 3. EXPERIMENTATION

202 Once the loads were defined, the mechanical test campaign followed the IEC TS 62600-3:2020 
203 standard, performed in the following test sequence: 1st, total mass and centre of gravity; 2nd, natural 
204 frequency (3 repeats); 3rd, static test; 4th, natural frequency (3 repeats); 5th, fatigue test; 6th, natural 
205 frequency test (3 repeats); 7th, static test; 8th, natural frequency (3 repeats). 

206 3.1 FastBlade Facility Description

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

209 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

210 3.1.1 FastBlade Frame

211 The reaction frame supports all test specimens and loads (see Figure 3). It consists of a reaction 
212 plane, support wall, T-Slot bed plates and adapter plate, all mounted-on bridge bearings. The 
213 reaction frame is in a pit in the floor (2.5 m deep) with the top surface of the reaction plane level 
214 with the foundation of the building.

215 3.1.2 FastBlade Hydraulic system

216 FastBlade employs 4 Digital Displacement hydraulic reverse pumps developed by Danfoss (see 
217 Figure 4). The ability of the pumps to work in reverse flow flux allows them to recover the energy 
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218 used during the test. First, an amount of energy is used to apply a load to the specimen producing 
219 a deformation of the same. Once the target load is achieved, no more power is added to the system. 
220 The pumps then run in reverse, now powered by the weight and spring-back of the specimen, 
221 generating energy that can be used to power the pump motor in the next cycle. This system allows 
222 FastBlade to operate with up to 80% less energy used than similar-sized hydraulic systems. 
223 Moreover, the pumps also provide all the control of the actuators, meaning that we can avoid the 
224 cost of expensive servo hydraulics and operate with relatively simple actuators, allowing the 
225 implementation of compound loads that can better represent complex ocean interactions. 

226

227

228 Figure 3. Reaction frame general arrangement (Top right-hand reaction frame with the specimen, top left-hand lateral section, 
229 bottom horizontal section).

230

231 Figure 4. . FastBlade's Digital Displacement hydraulic pumps.

232 3.1.3 Data Collection

233 For this test campaign, we collected data from both the blade specimen and the FastBlade system. 
234 All sensors were calibrated before the experimental campaign, the appropriate sensors were 
235 zeroed, and reference measures ("zero readings") were taken before each test. The data acquisition 
236 system used a 4x NI cDAQ 9189 chassis synchronised using a time-sensitive network to provide 
237 a reliable distributed logging system. Various C-Series modules are used with the chassis   for 
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238 logging the different signal types. All the data logging is controlled via Flexlogger software, which 
239 allows the visualisation and logging of all signals during a test. The control is carried out on a real-
240 time NI controller (NI cRIO 9049), which shares the load signals so that both the test control and 
241 logging system can access the load cell data.

242 3.1.3.1 Sensor 

243 For this test campaign, the sensors used are described in Table 3, where the last three columns 
244 refer to the sensors mounted on the blade, the sensors on the FastBlade system, and the number of 
245 sensors the facility can handle, respectively. Oximate 

246 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 ±10 G <3% FS 0 4 4
Accelerometer ±6 G <3% FS 10 0 10
Linear Position 0-1000mm ±0.02% FS 4 0 4

Strain Gauge Linear Strain Limit 5% 6x350Ω 6x350Ω 44x350Ω

Strain Gauge 
Rosette Strain Limit 3% 16x120Ω 0 16x120Ω

Thermocouple -200 to 1260 °C 10 12 32
Linear String 
Potentiometer 2000 mm ±0.1% 2 0 2

247 The sensor positions on the blade surface (see (a) Sensor locations on the top side of the blade.
248  (b) Coordinate system for blade loads.

249 Figure 5 (a)) are described using a coordinate system which references lines projected onto the 
250 blade surface. The longitudinal lines run between the centre of the root connection to the centre of 
251 the lifting eye connection at the blade tip. The crosswise coordinates on the blade are defined as 
252 projected lines wrapping around the blade at set distances away from and parallel to the root 
253 connection. Crosswise, line 1 is located 900 mm from the root; all other lines after that are equally 
254 spaced at 800 mm intervals towards the blade tip. The sensor coordinates are defined using the 
255 crosswise line they are on first, followed by the longitudinal line they are on.

256 Moreover, the blade was monitored using Digital Image Correlation (DIC) equipment. Two sets 
257 of stereo-pair cameras were used to capture different regions of the blade. The first set was 
258 positioned approximately 4 m away from the blade using 12 mm lenses to capture the entire surface 
259 of the blade between the root connection and the saddle. The second set of cameras was focused 
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260 on a much smaller blade area at the transition from the metal hub connection to full composite, 
261 approximately 800 mm from the root.

262 3.2 Set up
263 The loading direction was based on the documentation available in the Extreme and Fatigue Load Calculations for Deepgen 500 
264 kW Tidal Turbine [27], which describes the axis systems for the blade (see (a) Sensor locations on the top side of the blade.
265  (b) Coordinate system for blade loads.

266 Figure 5 (a)). By combining the loading in the XB and YB directions, an actuator angle of 14.58° 
267 anti-clockwise from the XB axis was identified as the optimal loading direction when viewed from 
268 the blade tip. Based on the static and fatigue loads, the optimal distance an actuator location of 
269 3.55m from the back face of the blade connection flange, pushing in the XBB direction, was 
270 identified as the loading location achieving the moment about the YBB axis.

271                  

272 (a) Sensor locations on the top side of the blade.  (b) Coordinate system for blade loads.

273 Figure 5. Sensor locations (left) and blade coordinate system (right).

274 Two different methods were tested to apply the loads to the blade. Firstly, an articulated pad system was used (see (a)Articulated 
275 pad. (b) Clamping system.

276 Figure 6 (a)). This system would not introduce additional bending moments to the specimen; 
277 nevertheless, some pad slippage was observed for over 100 mm in the Y direction towards the 
278 trailing edge. The second load introduction method was a clamped wooden saddle with a steel 
279 surrounding frame and a 1.5 mm thick silicone sheet at the blade interface. Even if the second 
280 system adds additional bending on the blade it would not be sufficient to affect the failure mode 
281 of a full-scale tidal blade.

282           
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283 (a)Articulated pad. (b) Clamping system.

284 Figure 6. Load introduction system. 

285 4. RESULTS
286 4.1 FastBlade's reaction frame performance

287 To quantify the stiffness of the reaction frame, a laser was used. The laser was mounted on the 
288 strong wall and pointed out to the far wall of the test hall. After applying a 200 kN load to the 
289 blade, the angle change of the strong wall was calculated to be 0.00286°. At this load, the tip 
290 deflection of the blade was 82 mm. The angle change of the strong wall contributed to 0.26 mm 
291 of this deflection (0.32%). This is below the 1% threshold, as stated in the PD IEC TS 62600-
292 3:2020 A.9.4 [9], so it can be ignored. 

293 4.2 Simulated blade loads

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

302 The spanwise axial and tangential blade loads are shown in Figure 7, highlighting the mean, 
303 minimum and maximum loading profiles during a rotation. The minimum and maximum 
304 distributions have been selected based on the forces per unit span at the r/R=0.9 location, which 
305 corresponds approximately to the location where the largest forces are encountered on the blade. 
306 Loads generally increase along the blade as a result of the increasing incident flow speed, driven 
307 by the rotational component of velocity. A negligible tangential force (contributing to rotor torque) 
308 is observed for r/R<0.35 due to the blending of the blade into the cylindrical root section in this 
309 region.

310 The sheared flow profile encountered by the rotor means that the mean blade loads are slightly 
311 higher for the rotor in the ebb tide than the flood tide due to two principal reasons. Firstly, the 
312 greater velocity shear across the rotor in the flood tide means that the mass flux through the rotor 
313 swept area is slightly lower than that for the ebb tide, for a given hub-height flow speed. This effect 
314 is more significant for higher flow speeds. Secondly, greater variation in flow speed through the 
315 rotor swept area results in the rotor operating further from its hydrodynamic optimum, which is 
316 seen as the increased minimum-maximum spread in blade loads. This has a greater impact on the 
317 blade in the lower part of the rotation due to the greater shear in this region, whereas the difference 
318 in velocity was less pronounced in the higher part of the water column.
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319

320 Figure 7 Spanwise variation in axial (left) and tangential (right) force along a blade in the flood (blue) and ebb (red) tides at a 
321 hub-height flow speed of 2.8 ms-1. The mean load over a rotation is indicated with a solid line, with dashed and dash-dot lines 
322 use.

323 The simulations reproduced 1p and 3p fluctuations in blade loads and overall power and thrust as 
324 a result of the rotational sampling of the shear profile by the blades, which also resulted in 
325 azimuthal variations in blade root bending moments (RBM) shown in Figure 8. The results are 
326 normalised on the respective means of the flood and ebb flapwise and edgewise RBMs in order to 
327 highlight the azimuthal variations in loads. Normalised RBMs were generally higher for the rotor 
328 operating in the ebb tide between 90-270° due to the reduced shear (higher flow speeds) in that 
329 case, counterbalanced by the higher flood RBMs in the upper-half of the blade rotation.

330 While the magnitude of the flapwise RBMs was larger than that for the edgewise direction, the 
331 relative variation in the edgewise RBMs was greater as a result of the greater sensitivity to the 
332 angle of attack of the flow onto the blade. Additionally, the maximum and minimum RBMs were 
333 not encountered at the top- and bottom- dead centre (0° and 180°, respectively), but slightly offset 
334 from these positions by about 30°. The rotor-induced swirl velocity interacts with the shear profile 
335 to alter the flow incident on the rotor, and due to the different sensitivities of the flapwise and 
336 edgewise directions to changes in the angle of attack, the minima and maxima occur at slightly 
337 different azimuthal positions.
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338

339 Figure 8 Azimuthal variation in blade root bending moments in the flapwise (left) and edgewise (right) directions for the flood 
340 (blue) and ebb (red) tides at a hub-height flow speed of U=2.8 ms-1. The bending moments have been normalised on their 
341 respective mean.

342 4.3 Blade Centre of Gravity

343 The centre of gravity is 900 ± 30 mm from the blade's root. It is defined as the intersection of the 
344 blade and a vertical line from the crane hook when the blade is aligned at 90° from that vertical 
345 line. Simultaneously, the weight of the blade was obtained with an average value of 1588.59 kg 
346 (15584.07 N).

347 4.4 Natural Frequency

348 The natural frequency tests show a slight reduction from 18.0278 Hz before the test campaign 
349 began to 17.9308 Hz at the end of the campaign. This reduction of 0.54% concerning the original 
350 value suggests minor damage to the blade. Three measures were made on each natural frequency 
351 test, and due to a change in the test process from moving to a clamp-on saddle, the post-fatigue 
352 test was carried out with the saddle in place, so it is not comparable with the initial tests. A final 
353 test at the end was carried out without the saddle attached to the blade to compare the initial tests. 
354 These results are summarised in Table 4.

355 Table 4. The result from Natural Frequency

No Saddle 
Attached Test

Natural 
Frequency 
(Hz)

Standard 
Deviation

Saddle 
Attached Test

Natural 
Frequency 
(Hz)

Standard 
Deviation

Pre-Campaign 18.0278 0.0057 Post Fatigue 14.8196 0.0053
Post-Static 1 18.0019 0.0035 Post-Static 2 14.7939 0.0021
Post-Campaign 17.9309 0.0026
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356 4.5 Static Loading

357 Two different static tests were performed, corresponding to tests three (first static test) and seven 
358 (second static test), for both cases; the target load was 273 kN, introduced in 120 seconds, sustained 
359 for 3600 seconds and unloaded in 120 seconds, following the guidance of the IEC 62600-3 
360 standard [9]. Figure 9 (a) shows that as the test progresses, the displacement of the blade's tip 
361 increases from 120.5 mm to almost 126 mm. This increase in displacement over time would 
362 typically indicate a decrease in stiffness from damage to the blade. However, due to the saddle 
363 slipping during the test, which altered the loading conditions, we cannot attribute the increase in 
364 displacement to damage in the blade. Figure 9 (b) shows the results of the tip displacement after 
365 the fatigue tests and using the clamping system, which produces a less stable load due to the 
366 increased stiffness of the loading saddle responding to the digital hydraulic system. Nevertheless, 
367 the blade tip displacement variation during the second static test was reduced to 2mm at the end 
368 of the test compared to a 5mm variation from the first static test.

369
370 a) First static test b) Second static test

371 Figure 9. Blade tip displacement vs force over time.

372 Damage has likely occurred between the tests, but the change in the saddle makes it challenging 
373 to be sure of the source of the observed variations. A comparison between the average strain in the 
374 initial and final static tests reveals that, in most cases, the strain values were reduced slightly, as 
375 seen in Figure 10. In the same figure, it can also be appreciated that the DIC strain captures the 
376 same trends in the strain as the rosette gauges, showing the same increases and drops along and 
377 strain values very similar to those measured by the gauges. Therefore, the DIC system can be 
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378 reliably used close to regions where where the data can be validated using the strain gauges.

379

380 Figure 10. Strain Comparison During Static Tests.

381 4.6 Fatigue

382 Following the hydrodynamic results, the measured ocean data was extended to a year using 
383 harmonic analysis; this allows us to define the most common bending moment at the root with a 
384 magnitude of 652 kN-m. At the same actuator position as the static test, this gives a target load of 
385 184 kN. During the fatigue test, 31,775 cycles were completed, equivalent to approximately 21.7 
386 years of tidal cycles at 1 Hz.

387        

388 (a) Blade tip Displacement/Force variations. (b) Maximum tip displacement during the fatigue test.

389 Figure 11. Tip Displacement of Blades in Fatigue Loading.

390 Figure 11 (a) presents the relationship between the tip displacement and force applied during the 
391 test campaign. A slight downward trend can be observed, which might indicate an increase in blade 
392 stiffness, but it is too subtle a change from which to draw any definitive conclusions. It is 
393 interesting to see a significant drop between 20,000 and 25,000 cycles, which might indicate a 
394 drastic change in stiffness. Additional testing and analysis will be required to draw any conclusion. 
395 Figure 11 (b) shows that the maximum displacement reduces over time throughout the blade test.
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396
397 (a) Strain/Force. (b) Strain vs Load.

398 Figure 12. Strain behaviour during a fatigue test, blade top surface strain 900mm from the root. 

399 Figure 12 indicates that the magnitude of the strain in the blade increased (i.e. larger compression 
400 strain) throughout the test at equivalent loads. This suggests that the blade at this location (1_1_0) 
401 has reduced its stiffness. Figure 12  also indicates this with the downward trending line. Similar 
402 behaviour is seen at locations 3_1_0 (see Figure 13) and 3_4_0 (see Figure 14). Moreover, it can 
403 be appreciated that since these two strain gauges are in the exact location but one on the top and 
404 one on the bottom of the blade, the results are almost a mirror of one to the other. 

405
406 (a) Strain/Force. (b) Strain vs Load.

407 Figure 13. Strain behaviour during a fatigue test, blade top surface strain 2500mm from the root.
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408      

409 (a) Strain/Force. (b) Strain vs Load.

410 Figure 14. Strain behaviour during a fatigue test, blade bottom surface strain 2500mm from the root.

411 4.7 Test evaluation

412 Overall the test is considered successful, nevertheless, during the initial static test the saddle 
413 experienced some movement. This resulted in the load not being applied to the same location 
414 throughout the test. This was solved by changing from a pad to a clamping system. It was  seen 
415 during the fatigue test that the PID control system struggles during a couple of cycles since  tuning 
416 is required during the test under changing conditions (i.e., change in the properties of the 
417 specimen). This resulted in load cycles which either overshot or undershot target loads during 
418 tuning.

419 The temperature of the test hall also varied by up to 10°C throughout testing. Where possible, this 
420 was considered during the calibration procedures for the strain gauges and other sensors, but the 
421 temperature variation during extended test periods could not be accounted for since it implies 
422 multiple pauses during the test.

423 The load to be replicated for this test campaign is based on the data from the manufacturing 
424 company for the static test and the hydrodynamic simulations. The shear stress and bending 
425 moments were estimated for different flow conditions for the fatigue test. Since the test was 
426 performed with one single actuator, it is evident that there will be limitations to achieving the same 
427 spanwise forces and moments distribution. As mentioned in the set-up section, the position in 
428 which the load is applied was chosen to minimise the difference between the used and calculated 
429 loads; the comparison of the same can be seen in Figure 15.
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430  
431 (a) Bending moment.  (b) Shear Force.

432 Figure 15. Applied load evaluation.

433 Finally, the stiffness variation of the blade during the all-test campaign changes slightly, as seen 
434 in Figure 16. The most notable changes seem to be at the tip; nevertheless, as mentioned, the result 
435 from the first static test may not be completely accurate; overall, the stiffness changes seem to be 
436 minimal, as shown in Table 5. 

437
438 Figure 16. Blade stiffness variations during the test campaign at the centre and tip.

439 Table 5. 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
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440 5. CONCLUSIONS AND FUTURE WORK

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

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

456 A numerical model of the tested blade will be developed and calibrated using the data of the current 
457 experiment campaign. A new test campaign will be carried out in the future, in which a 3-actuator 
458 system will be used; this will allow having a more complex load introduced into the blade and 
459 compare the results to a more traditional one-actuator system. In a new test campaign, the effect 
460 of the saddle clamped to the system will be tracked to detect any possible induced shear stress 
461 previous to the test. More sensors will be added to the blade and the FastBlade system (i.e., 
462 microphones) to capture more information and evaluate machine learning algorithms to detect any 
463 anomaly behaviour. 
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