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1. Introduction & Background
1.1

Introduction

The SCHOTTEL Instream Turbine (SIT) uses a common drive train and two different rotor diameters for either
stronger (4m diameter) or weaker (6.3m diameter) resource sites. The SIT consists of a fixed pitch three-bladed
rotor and uses a “controlled over speed” control system. To keep thrust forces in over speed conditions low,
passive-adaptive rotor blades out of carbon-fibre have been developed. These flex in overload conditions so that
the pitch angle of the blades increases and the thrust forces are limited. A load analysis using TidalBladed had
been carried out to inform both ultimate and fatigue load on the blades. The 6.3m variant of the blade has been
field tested in Canada (see Figure 1.1) as well as on a test rig at the heavy structure laboratory of the National
University of Ireland in Galway. A new 4m blade design was completed and initial static ultimate testing has been
carried out.

Figure 1.1: SIT250 turbines with the 6.3m rotor deployed to Sustainable Marine Energy’s tidal energy system PLAT-I 4.63 in
Canada

Figure 1.2: The prototype of the newly developed 4m rotor blade during static bending tests

Reliability is one of the key factors in tidal turbine development moving into first commercial projects. Passively
adaptive bend-twist blades made of composite materials have the potential to reduce the structural loads on

turbines and hence costs. Based on learnings with a 6.3m rotor a new 4m rotor blade has been designed for a
stronger resource. To ensure the new blade design provides the fatigue strength required at such highly
challenging installation sites, the blade shall be experimentally tested. Furthermore, the load shedding passive
adaptive properties of the blade are critical to the overall system and have to be experimentally proven prior to
operation in the field. Testing of the new 4m rotor blade aims towards the following objectives:
•
•
•
•

Validate design methodology of passive-adaptive tidal turbine blades with respect to stresses,
deflection, blade twist during static testing
Validate assumptions with respect to mode shapes and natural frequencies
Prove the integrity of the blade during accelerated lifetime/ dynamic testing in accordance standards
Feed results into review, field testing and next generation blade designs/manufacturing

1.2

Development So Far

1.2.1

Stage Gate Progress
Previously completed: 
Planned for this project:



STAGE GATE CRITERIA
Status
Stage 1 – Concept Validation

Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)

Finite monochromatic waves to include higher order effects (25 –100 waves)

Hull(s) sea worthiness in real seas (scaled duration at 3 hours)

Restricted degrees of freedom (DofF) if required by the early mathematical models

Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)

Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable

Real seaway productivity (scaled duration at 20-30 minutes)

Initially 2-D (flume) test programme

Short crested seas need only be run at this early stage if the devices anticipated performance would
be significantly affected by them

Evidence of the device seaworthiness

Initial indication of the full system load regimes
Stage 2 – Design Validation
Accurately simulated PTO characteristics
Performance in real seaways (long and short crested)
Survival loading and extreme motion behaviour.
Active damping control (may be deferred to Stage 3)
Device design changes and modifications
Mooring arrangements and effects on motion
Data for proposed PTO design and bench testing (Stage 3)
Engineering Design (Prototype), feasibility and costing
Site Review for Stage 3 and Stage 4 deployments
Over topping rates
Stage 3 – Sub-Systems Validation
To investigate physical properties not well scaled & validate performance figures
To employ a realistic/actual PTO and generating system & develop control strategies















STAGE GATE CRITERIA
To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
To validate electrical supply quality and power electronic requirements.
To quantify survival conditions, mooring behaviour and hull seaworthiness
Manufacturing, deployment, recovery and O&M (component reliability)
Project planning and management, including licensing, certification, insurance etc.
Stage 4 – Solo Device Validation
Hull seaworthiness and survival strategies
Mooring and cable connection issues, including failure modes
PTO performance and reliability
Component and assembly longevity
Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
Application in local wave climate conditions
Project management, manufacturing, deployment, recovery, etc
Service, maintenance and operational experience [O&M]
Accepted EIA
Stage 5 – Multi-Device Demonstration
Economic Feasibility/Profitability
Multiple units performance
Device array interactions
Power supply interaction & quality
Environmental impact issues
Full technical and economic due diligence
Compliance of all operations with existing legal requirements

1.2.2

Status
























Plan For This Access

To investigate the structural design methodology of passive-adaptive tidal turbine blades with respect to strains,
deflections, and blade twist during static testing
One objective of these tests is to use the test results to validate the structural design methodology. Therefore,
the measured deflections will be compared to the initial design assumptions. The aim is to prove the outcome of
the used design methodology as well as the predicted blade performance, which is essential for the overall system
design process.
Verify the predicted fatigue strength of the blade
The focal point of this this project is to prove the fatigue strength of the blade against dynamic loading equivalent
to a service life of 20 years. Therefore, it is planned to apply a high number cyclic loads and investigate the
structural behaviour of the blade over the curse of this dynamic testing.
To investigate the design assumptions with respect to mode shapes and natural frequencies
The natural frequencies of the blade shall be determined and monitored throughout the testing. This enables a
comparison against the design assumptions and furthermore potential changes caused by the fatigue loading will
be recorded.
To analyse the structural behaviour of the novel attachment system solution (clamped blade/hub connection) under
cyclic loads.
Evaluate the performance of the novel blade attachment under cyclic loading equivalent. Special attention is given
to potential abrasion or movement due to the changing direction of the applied test load.

2. Outline of Work Carried Out
2.1

Test Setup

The following section describes the setup used for the blade tests. This includes the test rig with the load
application, the utilized instrumentation as well as the data acquisition system.

2.1.1

NUI Galway Facility

Testing was conducted in the Large Structures Research Laboratory located in the Alice Perry Engineering Building,
NUI Galway. The Sustainable & Resilient Structures research group at NUI Galway has many years of experience
in structural design and processing of glass and carbon fibre-reinforced composite materials. As a member of the
MaREI Centre, the group has developed advanced computational design methodologies [2], [3], [4] for tidal
current turbine blades, performed design and optimisation studies on wind turbine blade structures of several [5],
[6], [7] and conducted structural testing of components for a 3/8 th scale blade and rotor subsection for the
OpenHydro prototype tidal turbine [8].
The facility at NUI Galway for full-scale testing consists of a 375 m2 state-of-the-art high-bay Large Structures
Testing Laboratory. The components of the laboratory relevant to the current testing requirements include:
 Flexible testing spaces that allow for testing small to large structural and mechanical elements and
materials.
 10 m x 6 m strong floor with anchor points at 500 mm to 1000 mm centres each having a capacity of 500
kN.
 Large reaction wall.
 Servo-hydraulic testing machines with capacities ranging from 10 kN to 750 kN, including 4 hydraulic
actuators.
 Hydraulic ring main that allows convenient, efficient test setup, operation, and maintenance of individual
test systems without disturbing other systems (working pressure of existing hydraulic ring main is max
207 bar and with a flow capacity of 180 lpm).
 Data acquisition systems and sensors for measurement of load, deformation, strain and acceleration.
Figure 2.1 shows a computer-generated image of the test setup identifying the major components in the
laboratory.

Figure 2.1: Capabilities of the Large Structures Testing Laboratory at NUI Galway

2.1.2

Test Blade

The Schottel SIT250 blades, a prototype is shown in Figure 2.2, are to be fitted to a 3-bladed turbine of 4 m rotor
diameter, resulting in blade lengths of 2 m. The blades are manufactured from resin infused carbon fibre fabric.
The blades are fixed to a central hub using a mechanism that clamps the blade to the rotating hub without the
need for bolted or adhesive joints on the composite structure. The performance of the clamped hub forms an
essential part of the test programme.

Figure 2.2: Schottel SIT250 blade

2.1.3

Test fixture and load introduction

The blade was fixed via a dummy hub (test fixture) to the base frame, which was positioned on the laboratory
floor utilising an existing floor mounting system. The hydraulic actuator which provided the test loads was attached
to the big test frame via swivel to enable the load introduction at a set angle of 11° to the vertical. To achieve the
desired angle, there is an offset between the blade and the upper attachment point of the actuator. To bridge the
distance between the lower attachment point of the cylinder and the blade, a steel extension was installed between
the actuator and blade load clamp. The interface between the actuator/extension and the blade is a pivot and
wooden fixtures supported by a steel frame (referred to as load introduction ribs and blade clamps). The wooden
profiled fixtures were clamped at the 1600 mm radial position along the blade. Setup is shown in Figure 2.3.

(a)

(b)

Figure 2.3: End elevation (a) and side elevation (b) of the test setup for the Schottel blade in the Large Structures Research
Laboratory at NUI Galway

2.1.4

Data acquisition and instrumentation

This section provides details of the make and model of the instrumentation used for testing, the locations where
instrumentation was mounted, guidelines on the installation procedure and technical requirements for testing, and
details of the acquisition requirements of each type of sensor. The information included in this section provided
the basis for the development of the documentation for data acquisition setup, storage and processing. The
instrumentation used during testing included:





Displacement transducers.
Electrical resistance strain gauges applied to the surface of the blade.
Load cells at the locations of load application to the blade.
Accelerometers for the natural frequency tests

Displacement
To monitor the foil’s deflection during the test, displacement was measured at three positions along the foil axis
– r = 1000mm, r = 1600mm and r = 1950 (i.e. tip). For the r = 1000 mm and r = 1600 mm radial positions,
deflection at the leading and trailing edges was measured to determine the torsion about the foil axis. Only midchord deflection was measured at the tip as it was not practical to install leading and trailing edge displacement
sensors
The cylinder encoder was used as input for the control system. Table 1 – Displacement sensor list, summarises
the displacement sensors used for the data acquisition. Datasheets for the instrumentation listed in Table 1 can
be accessed at https://tinyurl.com/pdx7rr2r.
Table 1 – Displacement sensor list

Sensor

Naming

Sensor
range
[mm]

Cylinder
Encoder

Ram_250

±30 mm

LVDT

TY

±5 mm

LVDT

TX

±5 mm

LVDT
LVDT
Stringpot
Stringpot
Stringpot

LVDT_L10
LVDT_T10
POT_L16
POT_T16
POT_TIP

±25 mm
±25 mm
500 mm
500 mm
500 mm

Position

Measurement of the cylinder stroke position. At a
radial position of r = 1600 mm (identically to the
load introduction)
Displacement at the top of the support hub in the
vertical direction
Displacement at the top of the support hub in the
horizontal direction
Leading edge at a radial position of r = 1000 mm
Trailing edge at a radial position of r = 1000 mm
Leading edge at a radial position of r = 1600 mm
Trailing edge at a radial position of r = 1600 mm
Centre of chord at a radial position of r = 1600
mm

Serial no.

n/a

RDP Electronics 184191
RDP Electronics 184193
RDP Electronics 193262
RDP Electronics 189084
WDS-500-PR60-CR-P 50037
WDS-500-PR60-CR-P 49867
WDS-500-PR60-CR-P 50036

Displacement sensor descriptions
Deflection measurements were obtained using draw-wire string potentiometers (stringpots). These sensors
measure displacements in one direction only. The stringpots have a range of up to 1000 mm (0.1% linearity).
Smaller deflections can be measured using linear variable differential transformers (LVDTs) up to ±25 mm (0.1%
linearity). A variety of sensor models and ranges were available for use in the blade test, details are provided in
Table 1. Additionally, there are LVDTs built into each of the actuators to provide cross-head displacement readings.
Calibration certificates for the LVDTs can be provided by NUI Galway.
Displacement sensor installation
In previous tests, plastic blocks were attached to locations of interest and LVDTs were used to measure the
deflections on the x-, y- and z-direction faces of the blocks (for deflections less than 10-20 mm). Similarly, Lshaped plates were used to measure the vertical deflections of the test support structure. Figure 2.4shows
schematics of the setup for a L-plate and plastic block, the locations of the LVDTs and the local coordinate system
defined for the measurements. Figure 2.5 shows the actual setup from the test.

Figure 2.4: Diagram showing the L-plate and plastic block LVDT locations

Figure 2.5: Actual stringpot setup showing stringpots ‘POT_L16’ and TIP

Displacement sensor data acquisition
The stringpots and LVDTs each required a single measurement channel.
Strain
Strain gauges were installed at 15 positions distributed on the suction side (SS) as well as on the pressure side
(PS) of the blade. Strain gauges – 11 linear and 4 rosette – were applied to the blade as per the strain gauge map
in Figure 2.6. The sensors are summarized in Table 2 – Strain gauges.

Table 2 – Strain gauges

Name
SS1A\B\C
SS1A\B\C
SS3A
SS4A
SS5A
SS6A
SS7A
PS1A\B\C
PS1A\B\C
PS3A
PS4A
PS5A
PS6A
PS7A
PS8A

Type
rosette
rosette
linear
linear
linear
linear
linear
rosette
rosette
linear
linear
linear
linear
linear
linear

Radial position [mm]
300
300
800
800
1200
1200
1400
300
300
800
800
1200
1200
1400
1400

Orientation
0°/90°/45°
0°/90°/45°
0°
0°
0°
0°
0°
0°/90°/45°
0°/90°/45°
0°
0°
0°
0°
0°
0°

(a)

(b)

Figure 2.6: Strain gauge positions: (a) suction side; (b) pressure side

Strain gauges
Tokyo Sokki Kenkyujo Co. Ltd. (model FRAB-6-11-3LJBT-F) 120±0.5 Ω electrical resistance rosette strain gauges
were recommended for testing. The gauges are supplied preinstalled with lead wires soldered to the terminal,
resulting in quicker installation times on the blade. Similarly, Tokyo Sokki Kenkyujo Co. Ltd. (model FLAB-6-113LJCT-F) 120±0.5% Ω linear electrical resistance strain gauges were also recommended. The standard gauges
have a strain limit of approximately 5%.

Strain gauge installation
Installation of the strain gauges was performed by NUI Galway with guidance from Schottel.
Strain gauge data acquisition
Linear strain gauges require one channel, while tri-axial rosettes require three channels per gauge. Wiring of
gauges to the data acquisition system was performed by NUI Galway.
Strain gauge procurement
NUI Galway are responsible for the procurement and installation of the linear and rosette strain gauges that will
be installed on the blade at the Large Structures Testing Laboratory.
Load Cell
The test load was measured using the load cell integrated in the actuator arrangement as summarized in Table 3.
Table 3 – Load sensor definition
Sensor
Cylinder Load Cell

Naming
Load_250

Expected range [kN]
+- 7kN

Description
Measurement of the
test load applied by
the cylinder

Position
Within the cylinder arrangement
At a radial position of r = 1600 mm
(identically to the load introduction)

Accelerometers
Several types of lightweight piezoelectric accelerometers were available for use during testing. 3 accelerometers
model no. 752A12, which have a range of 1-8000 Hz, were used for the testing. Datasheets for the accelerometers
listed in Table 4 can be accessed at https://tinyurl.com/pdx7rr2r.
Accelerometer locations
The locations of the accelerometers for natural frequency testing are shown in Table 4.
Table 4 Details of accelerometers installed on blade
Sensor
Cylinder Load Cell

Naming
Load_250

Expected range [kN]
+- 7kN

Description
Measurement of the
test load applied by
the cylinder

Position
Within the cylinder arrangement
At a radial position of r = 1600 mm
(identically to the load introduction)

Accelerometer installation
The accelerometers are temporarily attached to the blade using hot wax.
Accelerometer data acquisition
Each accelerometer requires a single data channel.

2.1.5

Data Acquisition System

System information
NUI Galway has a NI PXI-1085 Data Acquisition System with capacity for up to:





104 channels to read strain gauges (or strain gauge-based sensors, e.g. load cells, displacement sensors,
etc.)
16 channels for Linear Variable Displacement Transducers (displacement)
8/16 differential/single ended raw Voltage based sensors
8 accelerometers

The system captured data at 10 samples per second. All data collected was stored locally and backed up to an
online shared folder at regular intervals during testing. A comprehensive LabView program for synchronously
controlling the experiment and capturing the instrumentation data was provided by NUI Galway. A screenshot of
a typical LabView program used for structural fatigue testing is provided in

Figure 2.7: Screenshots of the LabView program used to monitor previous fatigue testing campaigns at NUI Galway

The screenshot shows a graph selector for the various instrumentation installed, the test duration and the test
stop control. Additionally, through the GUI alarm options for setting failsafe values on stringpots and LVDTs and
the option to send an email notifier if an alarm is set off can be defined.
Location and wiring considerations
The location of the system was defined to minimise the length of wiring required in the test setup.

2.1.6

Root support frame/test fixture

As the investigation of the clamped hub connection was an essential objective of the testing, the test fixture, as
shown in Figure 2.8, includes the same hub as used for the SIT250 turbines. The clamped connection of the
blades necessitated three blade roots in place, as illustrated on the left side of Figure 2.8. Since only one blade
will be tested, two shorter blade root stubs were provided to allow the assembly to clamp. The central hub was
attached to an adaptor plate which is the interface with the NUI Galway base frame. The base frame was previously
attached to the strong floor using 45mm GEWI threaded bar in four locations.

Figure 2.8: Blade support setup showing floor frame, hub clamping fixture and load introduction clamps

2.2
2.2.1

Test loading definition
Load introduction mechanism

To introduce the load from the actuator to the blade, the Shore Western (35 kip/155 kN) pivot, shown in Figure
2.9 and a load introduction rib was used, as shown in Figure 2.10. The rib was fabricated from wooden laminates
routed to the blade profile at the required radius from blade root. The upper and lower block are framed by steel
flanges and horizontally aligned tie rods. To transfer both tensile and compressive loads, the blocks were clamped
to the blade surface using the vertical tie rods. Shows the clamps installed on the blade prior to installation of the
Shore Western pivot
Two rubber mats between upper and lower blocks and the blade surface provided additional friction to prevent
the rib to slip along the blade axis during load introduction. No additional adhesive was required.

Figure 2.9: Shore Western load transfer pivot

Figure 2.10: Blade with profiled upper and lower clamps secured at four corners with vertical tie rods

The top surface of the flanges is drilled with a series of holes to align with the pivots and allow different pivot
locations on each clamp. For the current test only one position was required as shown in Figure 2.11. In order to
introduce a combined edge wise and flap wise loading regime, an 11° angular offset was achieved by the lateral
offset between the main frame and the actuator axis.

Figure 2.11: Load instrduction position and clamp detail

2.2.2

Actuator description

The three servo-hydraulic actuators available for testing are connected to a hydraulic ring main with a maximum
working pressure of 200 bar and a flow rate of 100 l/min. Table 5 describes the stroke length and static load
capacity of the actuator used for this testing programme. An inverse relationship exists between the loading
frequency and the available stroke length of the actuators due to physical limitations on the time it takes to move
oil through the machine, i.e. as the load frequency increases the maximum deflection

Table 5 Actuator description

Actuator Description

Load cell capacity

250 Fox

250 kN

2.2.3

Test load capacity
155 kN (limited by Shore Western load
pivot)

Stroke Length
250 mm

Load control

The actuator was controlled using Cubus® software, where any type of loading cycle can be programmed into
the software. The tests were performed under displacement control, where the digital controller and software
ensure the actuators automatically applied constant displacement amplitudes to the sample. Displacement
control is useful in safely limiting the displacement amplitude of a weakening structure as testing progresses.
Required displacements were determined experimentally from static testing. For the fatigue test the loading
profile was sinusoidal with a period determined by the ability of the actuator and software to achieve the desired
displacements. Previous investigations of actuator performance indicated that triangular (or sawtooth) loading
profiles result in significant perturbations in applied load at the point the actuator stroke direction changes, with
increasing effects at higher loading frequencies. This is due to oil fluctuations with the sudden change in
direction. Applying a sinusoidal loading profile results in considerably lower perturbations and enhanced control
of the load as it shifts direction. For the static test, the test duration is governed by the standard DNVGL-ST0164.

2.3
2.3.1

Testing methodology
Dynamic (natural frequency) testing

Natural frequency testing was conducted to determine the natural frequency of the blade at different points in
time during the test programme. Four accelerometers mounted at different stations along the blade span recorded
the accelerations during testing. Outputs from the accelerometers were plotted to show the natural frequency at
that time. Testing was conducted with the load introduction clamp attached or removed. In each test, the blade
was struck on the tip pressure side quickly and smoothly by a hand to induce a vibration.
Table 6 Natural frequency testing

Date

2.3.2

NF #

Loading
clamp

1/3/2021

NF1

Removed

1/3/2021

NF2

Attached

12/3/2021

NF3

Attached

23/3/2021

NF4

Attached

25/3/2021

NF5

Attached

25/3/2021

NF6

Removed

Static testing

The objective of the static testing was to determine the load-deflection relation and verify that the test setup
worked as intended. During multiple test runs, the maximal test load was increased stepwise until the targeted
load of the dynamic tests of +/- 6.9 kN was reached. For each test run the load was ramped to the test load, held
for minimum 30 seconds [1] and subsequently released to the neutral position. This procedure was performed for
loads both in the suction direction (top surface of blade as mounted, negative loads and actuator displacement)
and the pressure direction (bottoms surface of blade as mounted, positive loads and displacements) loads. Load
actuator was controlled manually during these tests. The test specification is summarized in Table 7.

Table 7 Static test loading details
Test
Run

Naming

1

T2500_stat_00

Suction

Test
Load
[kN]
-2.5

2

T2500_stat_01

Suction

-2.5

3

T2500_stat_02

Suction

-2.5

4

T5000_stat_00

Suction

-5.0

5

T5000_stat_01

Suction

-5.0

6

T5000_stat_02

Suction

-5.0

7

T6900_stat_00

Suction

-6.9

8

T6900_stat_01

Suction

-6.9

9

T6900_stat_02

Suction

-6.9

10

T6900_stat_03

Suction

-6.9

11

T6900_stat_04

Suction

-6.9

12

T6900_stat_05

Suction

-6.9

13

C2500_stat_00

Pressure

2.5

14

C2500_stat_01

Pressure

2.5

15

C2500_stat_02

Pressure

2.5

16

C5000_stat_00

Pressure

5.0

17

C5000_stat_01

Pressure

5.0

18

C5000_stat_02

Pressure

5.0

19

C6900_stat_00

Pressure

6.9

20

C6900_stat_01

Pressure

6.9

21

C6900_stat_02

Pressure

6.9

22

T10000_stat_00

Suction

-10.0

Pressure

10.0

23

C10000_stat_00

2.4

Fatigue testing

Notes

Load Direction

Initial static testing, building up to
6.9 kN max load

Max tensile static test load

Repeat of the three 6.9 kN tensile
static tests

Initial static testing, building up to
6.9 kN max load

Max compressive static test load

Additional static loading post fatigue

Holding
Time [s]

30

The dynamic test plan was designed to cause the equivalent damage of 20 years of operation. The results of load
simulation were used to calculate a single load collective of 1.5E5 sinusoidal cycles causing an equivalent damage
to the blade material. The test specification is summarised in Table 8, test runs shall use the naming convention
0000_6900_cyc_nXXXX following the naming convention run number_load in Newtons_cyclic or static
loading_number of cycles.
Table 8 – Fatigue test definition
Phase

Naming

Max. Test
Load [kN]

1

0000_6900_cyc_nXXX

6.9

Min. Load Number
Test Ratio of Cycles
Load
[-]
[kN]
-6.9
-1
150000

2
3

0000_10000_cyc_nXXX
0000_13000_cyc_nXXX

10.0
13.0

-10.0
-13.0

-1
-1

10000
10000

Cycle
Type

Frequency
[Hz]
0.3

sinusoidal

0.25
0.25

Notes

Main fatigue
programme
Additional
testing
at
higher loads

The total number of 1.5E5 cycles can be divided into any number of subsections. During the previous test
campaign, the number of cycles of a subsection was increased stepwise until a sufficient level of confidence in the
test procedure was reached. The first couple of test runs were used to determine the optimal test frequency. The
blade and installation fixtures were periodically inspected during testing for signs of damage.

2.4.1

Exceptions from IEC/DNV Standards

Test loads were held at load for 30 seconds in contravention of IEC TS 62600-3:2020 which states that loads
should be held for 6 hours. However, this was more than the DNVGL-ST-0164 recommendation of 10 seconds.

2.5
2.5.1

Results
Dynamic (natural frequency) test

For the dynamic testing to determine the natural frequencies and associated damping, Four single-axis
accelerometers were installed on the suction side of the blade to estimate the flapwise natural frequencies.
Accelerometer installation locations are noted in Table 4.
Using the accelerometers installed on the blade to record the response, the tip of the blade was hit in the flapwise
direction to excite it. Each test was repeated 3 times. The average was taken in order to estimate the natural
frequencies, natural period, damping and mode shapes of the blade. To this stage, the analyses of the determined
natural frequencies before and after the dynamic tests showed no signs of damage to the foil.

2.5.2

Static test

Load was applied to the blade in both the pressure and suction directions. For results interpretation, loading in
the suction direction produced a negative load and negative displacement. Each test at a constant load was
repeated 3 times. Loads were increased in increments of approximately 2.5 kN over 3 separate test runs repeated
for suction and pressure side.
Load was transferred to the blade through a single actuator clamped to the r=1600 mm position using profiled
contact pads.
Figure 2.12 shows blade deflection as a function of blade length for all static load levels.
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Figure 2.12: Blade deflection at various radii with different static loadings

2000

2.5.3

Fatigue test

The fatigue testing of the blade was performed to determine if the test blade could withstand the loadings imparted
onto it for its 20-year design life. The fatigue testing of the blade was performed using a single actuator system
to impart a hydraulic force/displacement excitation on the blade in line with the DNVGL-ST-0164 standard, as
outlined in Section 2.4.1. Target loading for the fully reversed fatigue cycling was +/-6.9 kN. The actuator
displacement required to achieve this load level was determined during static testing as covered in Section 2.5.2.
Table 9 details the fatigue programme that was completed.
Table 9 Fatigue programme results

Max
Min
[kN]
[kN]
7.16
-7.20

Actual tip
deflection
Max
Min
[mm] [mm]
38.9
-40.1

7.16

39.3

Actual loads
Naming
0000_6900_cyc_n1000
0001_6900_cyc_n5000

-7.39

0002_6900_cyc_n7000

Target
loads
[kN]

-40.0

n/a

Load Number
Ratio of Cycles

Freque
ncy
(Hz)

-1

1000

0.30

-1

5000

0.30

-1

n/a

0.30

-1

7000

0.30

-1

6000

0.30

-1

10000

0.30

-1

25000

0.30

-1

24000

0.30

-1

24000

0.30

-1

6500

0.30

7.13

-7.30

40.2

-38.9

7.09

-7.28

39.6

-39.1

7.09

-7.32

39.6

-39.1

7.04

-7.37

39.8

-39.0

7.02

-7.33

39.7

-38.9

7.08

-7.35

40.5

-38.6

7.05

-7.34

40.3

-38.4

7.09

-7.34

40.5

-38.5

0011_6900_cyc_25000

7.11

-7.32

40.5

-38.6

-1

25000

0.30

0012_6900_cyc_n7000

7.13

-7.35

40.5

-38.5

-1

7000

0.30

0013_6900_cyc_n7000

7.14

-7.30

40.3

-38.6

-1

7000

0.30

0014_10000_cyc_n10000

9.96

-10.0

59.0

-57.2

+/- 10.0 -1

10000

0.25

0015_13000_cyc_n2500

11.8*

-10.6*

68.4*

-74.2*

-1

2500

0.25

0016_13000_cyc_n500

13.3*

-12.9*

76.3*

-77.8*

-1

500

0.25

0003_6900_cyc_n7000
0004_6900_cyc_n6000
0005_6900_cyc_n10000
0006_6900_cyc_n25000
0007_6900_cyc_n24000
0008_6900_cyc_n5000
0009_6900_cyc_n24000
0010_6900_cyc_n6500

+/- 6.9

+/- 13.0

Notes
Initial fatigue run

Test run
abandoned as
hydraulics not
pressurised

Additional
testing at higher
loads

Figure 2.13 shows the resulting loads imparted to the blade during constant displacement fatigue loading with a
target load of +/- 6.9 kN. Discounting some initial fluctuations, the plot shows a constant load response from the
blade over 152,500 cycles.
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Figure 2.13: Actuator load at constant displacement during fully reversed fatigue cycling targeting +/-6.9 kN

As the test blade did not fail or display signs of degradation during the initial 152,500 fatigue cycle run a
programme of 10,000 cycles at +/-10 kN was conducted. This represented a 45% increase in the load applied to
the blade. The load was further increased for the remaining access time.

2.6

Analysis & Conclusions

This report presented the static and fatigue testing programme of the Schottel Hydro SIT250 turbine blade at the
Large Structures Testing Laboratory at NUI Galway. Testing has been performed in line with standards DNVGLST-0164 and IEC DTS 62600-3 with any deviations listed in Section 2.4.1.
Static loads up to 10 kN in the suction direction and 10 kN in the pressure direction were applied with no damage
observed on the blade or in the data.
Fatigue testing to validate a 20 year design life was conducted by cycling the blade through +/- 6.9 kN for 152,500
cycles. No reduction in blade load response was noted throughout the fatigue test programme. As the 20 year
design life had been proven, additional fatigue testing to loads of +/- 10 kN was subsequently run over 10,000
cycles.
Full-scale blade testing brings benefits in de-risking marine energy. BladeDyn testing gives confidence to engineers
and funding partners to progress instream turbines to commercial installation. Turbine blades are the key
component in an already novel technology, design life testing brings the blades closer to full certification, lowering
the risk for further development. Full certification opens the technology up to large scale production of
components, lowering the unit price and hence the LCOE

3. Main Learning Outcomes
3.1

Progress Made

3.1.1

Progress Made: For This User-Group or Technology

Key objective of this project was to verify experimentally the fatigue strength of the passive adaptive SIT250
blades. This objective was reached successfully, which is an important milestone for the development of a reliable
and cost-effective technology to harness the unique potential of tidal stream energy. Furthermore, the
comprehensive data collected during the test program will be used to validate and improve the design tools. This
will de-risk future developments.

3.1.2

Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?

18 blades of the same type as tested in this program have deployed to Sustainable Marine Energy’s tidal energy
system PLAT-I 6.40 at Grand Passage, Nova Scotia, Canada, to conduct field tests.

Figure 3.1: SIT250 turbines with the new 4m rotor (tested in this project) deployed to Sustainable Marine Energy’s tidal
energy system PLAT-I 6.40 in Canada

3.1.3

Progress Made: For Marine Renewable Energy Industry

The marine renewable energy industry can benefit from the experience the NUIG team gained throughout this
program. Furthermore, the program represents a case study for designing and testing tidal turbine blades made
from Fiber Reinforced Composite Plastics following the comparably new standards for tidal turbines.

3.2

Key Lessons Learned







Fatigue testing is inevitable to de-risk the blade development
Test programme has to be carefully developed and agreed well in advance
Test programme has to consider the facility’s constraints
The NUIG large structure lab and its team provides perfect conditions for successful blade tests a large
range of blade sizes
The experience and support by the lab team provides very high value for the user group

4. Further Information
4.1

Scientific Publications

A scientific publication has been submitted to the Journal of Ocean Engineering and Marine Energy that
summarises the results and findings from this testing programme, which will have the following citation:
C. Glennon, W. Finnegan, N. Kaufmann, P. Meier, Y. Jiang, R. Starzmann, J. Goggins, 2021. Tidal stream
to mainstream: mechanical testing of composite tidal stream blades to de-risk operational
design life. Journal of Ocean Engineering and Marine Energy. (Under Review)

In addition, a joint press release is scheduled for end of June.

4.2

Website & Social Media

Website: SCHOTTEL HYDRO GmbH - SCHOTTEL Industries (schottel-industries.de)
Website: http://www.nuigalway.ie/structures/projects/marinet2/
YouTube Link(s): SCHOTTEL Instream Turbines - YouTube

5. Appendices
5.1

Stage Development Summary Table

The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that should
be committed to at each TRL.

NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific
knowledge
generated Scientific
knowledge
generated
observed
and underpinning
hardware
technology underpinning basic properties of software
reported.
concepts/applications.
architecture and mathematical formulation.

Exit Criteria
Peer reviewed publication
of research underlying the
proposed
concept/application.
Documented description
of the application/concept
that addresses feasibility
and benefit.

2

Technology
concept and/or
application
formulated.

Invention begins, practical application is
identified but is speculative, no
experimental proof or detailed analysis is
available to support the conjecture.

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support the
conjecture. Basic properties of algorithms,
representations and concepts defined.
Basic principles coded. Experiments
performed with synthetic data.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology in
an appropriate context and laboratory
demonstrations,
modelling
and
simulation validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software components.

Documented
analytical/experimental
results
validating
predictions
of
key
parameters.

4

Component
and/or
breadboard
validation in
laboratory
environment.

A
low
fidelity
system/component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and associated
performance predictions are defined
relative
to
the
final
operating
environment.

Key,
functionally
critical,
software
components
are
integrated,
and
functionally
validated,
to
establish
interoperability and begin architecture
development.
Relevant Environments defined and
performance in this environment predicted.

Documented test
Performance
demonstrating agreement
with analytical predictions.
Documented definition of
relevant environment.

5

Component
and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions
are made for subsequent development
phases.

End-to-end
software
elements
implemented and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment
performance
predicted.
Prototype implementations developed.

Documented
test
performance
demonstrating agreement
with analytical predictions.
Documented definition of
scaling requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

Prototype implementations of the software
demonstrated
on
full-scale realistic
problems. Partially integrate with existing
hardware/software
systems.
Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented
test
performance
demonstrating agreement
with analytical predictions.

7

System prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate performance
in the actual operational environment and
platform (ground, airborne, or space).

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance
demonstrating agreement
with analytical predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final configuration
is successfully demonstrated through test
and analysis for its intended operational
environment and platform (ground,
airborne, or space).

All software has been thoroughly debugged
and fully integrated with all operational
hardware and software
systems. All user documentation, training
documentation,
and
maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented
test
performance
verifying
analytical predictions.

9

Actual
system
flight
proven
through
successful
mission
operations.

The final product is successfully operated
in an actual mission.

All software has been thoroughly debugged
and fully integrated with all operational
hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is
in place. System has been successfully
operated in the operational environment.

Documented
mission
operational results
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