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1 Introduction & Background
1.1

Introduction

The global demand for electrical energy has quickly risen in modern times. According to the International
Energy Agency (IEA), the share of demand accounted by electrical energy rose considerably during 1990–2017,
with electrical energy accounting for around 40% of the total energy utilized in 1990, and that number is expected
to rise to 50% in 2030 (Jeffrey 2017).
Tidal energy can make a significant contribution to achieving Mission Zero-Emission and has a projected
global capacity of up to 880 TWh per annum. Tidal power will provide an important, affordable, predictable, and
clean source of energy. Renewable energy is a key to decreasing greenhouse gas emissions and therefore reducing
our carbon footprint. Tidal energy is also reliable and predictable since we can accurately predict when tides occur.
Many islands and remote communities around the world are faced with energy challenges, volatile fuel prices, a
lack of supplier diversity, higher likelihoods of disruption, and high carbon footprints. Tidal energy produces clean
renewable power that can replace fossil fuels for these communities. But some technological, economical, and
environmental aspects need to be looked at.
As a part of it, under the H2020 MaRINET-2 project, the hydrodynamic performance of two scaled models
of Horizontal Axis Tidal Turbines with different geometries foreseen for two tidal projects in France (Rotor 1 and
Rotor 2) has been evaluated experimentally at different pressures and working conditions with particular attention
to the effect of cavitation and ventilation.

1.2 Development So Far
1.2.1

Stage Gate Progress
Previously completed: ✓
Planned for this project:

STAGE GATE CRITERIA
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)



Status
N.A.
N.A.
N.A.
N.A.
✓
N.A.
✓
✓
N.A.
✓
✓

✓
N.A.
N.A.

STAGE GATE CRITERIA
• 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
• 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

Status

N.A.
✓
✓


✓
✓
✓
✓
✓

✓


N.A.

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

Plan For This Access

1.2.2.1

Performances Rotor 1

The first objective for the access to CNR-INM was the characterization of performances (power, torque
and thrust coefficients as functions of the Tip Speed Ratio) for Rotor 1, foreseen for the TIGER project, with
turbines provided by SABELLA. Numerical models (BEMT and CFD) were in accordance for most of TSR studied,
but confirmation was expected at low TSR, where BEMT is known to be unreliable. The influence of the incidence
angle relative to the turbine axis was studied as well, since a significant misalignment between flood and ebb has
been observed on site, allowing SABELLA to adjust its AEP predictions.
This refers to criteria “To investigate physical properties not well scaled & validate performance figures”,
“PTO performance and reliability”, as well as “Device design changes and modifications”, as most of the design is
the same as for our 1MW SABELLA D10 turbine.

1.2.2.2

Cavitation Rotor 1

The TIGER project will consist in two 250 kW turbines, that will be installed in late 2022 – early 2023 in
the Golfe du Morbihan (France). This highly energetic site is a shallow bay, thus Rotor 1 needs to be screened for
cavitation inception. This will be achieved thanks to the cavitation channel of the Circulating Water Channel at
CNR-INM. This refer to criteria “To investigate physical properties not well scaled & validate performance figures”
and “PTO performance and reliability”.
1.2.2.3

Performances Rotor 2

The second objective was to study Rotor 2 performances. This rotor is foreseen to be used in the PHARES
project, in the Fromveur straight in Brittany, needs to be studied so that we can be confident in our numerical
models. This refers to criteria “To investigate physical properties not well scaled & validate performance figures”,
as well as “Device design changes and modifications”, as most of the design is the same as for our 1MW SABELLA
D10 turbine.

2 Outline of Work Carried Out
2.1 Setup
2.1.1

Rotor Setup

The model scale rotors were mounted on the new dynamometer purchased by CNR-INM. Initially, the
dynamometer has been installed and all the required settings have been configured which were necessary for the
experiments. The dynamometer allows for measurements of the torque and thrust applied by the flow on the
rotor. The rotor mounted on the dynamometer can be seen below in Figure 1.

Figure 1 - Rotor setup

We also inserted a hydrophone into the channel to evaluate the rotors from the acoustic emissions point
of view.

2.1.2 Camera setup
For observing the cavitation two cameras were used along with flashlights which work perfectly in
synchronization with cameras with the help of synchronizers. One camera is placed exactly perpendicular to the
rotor rotation plane and the other one is placed behind the turbine with some angle to have a clear view of the
suction side of the blades. The two cameras are shown on Figure 2. Synchronizers are shown on Figure 3.

Figure 2 - Cameras

Figure 3 – Synchronizers (left) and Camera and flash setup (right)

2.2 Tests
2.2.1 Test Plan
In the following sections, “TSRopti” refers to the optimum TSR for the rotor considered (i.e. the one
offering the maximum power coefficient), and TSRs will be given relative to a reference value TSRref. Torque,
power and thrust coefficient will also be provided as a fraction of reference values (Cq,ref, Cpref and Ctref).
First dummy hub (i.e. the hub with no blade mounted) tests were led to defined the correction to apply
for each angular speed to thrust and torque coefficient. This characterizes internal losses in the dynamometer.
Table 1 - Test plan

Experiment

Rotor

Flow
Speed

Angular speed or TSR

Angle

Pressure
above the
channel

Objective

#1

2 m/s

100 - 850 rpm

0°

1000 kPa

#2

Dummy
rotor (no
blade
mounted)
Rotor 2

1.5 m/s to
3 m/s

0.22 TSRopti to 1.78 TSRopti

0°

1000 kPa

#3

Rotor 1

1.5 m/s to
3 m/s

0.33 TSRopti to 2.25 TSRopti

0°

1000 kPa

Measurement of the
dynamometer
calibration for
subsequent correction
Search for Reynolds
asymptotic behavior,
and characterization
of Rotor 2
performances
Search for Reynolds
asymptotic behavior

#4

Rotor 1

2.25m/s,
2.75 m/s

0.33 TSRopti to 2.25 TSRopti
(less than 2.25 TSRopti when
the torque coefficient
collapses at high angular
speed, due to too low
pressures)

0°,
2.5°,
5°,
10°

1000 kPa
to 300
kPa, 100
kPa steps

Parametric study of
performances for
Rotor 1

#5

Rotor 1

2.25m/s,
2.75 m/s

0.8 TSRopti to 1.2 TSRopti,
four TSR tested

0°

Decreasing
pressure
from 400
kPa

Detection of
cavitation inception
around maximum
performances

2.3 Results
Performances were studied for Rotor 1 and Rotor 2 for varying flow speeds and angular speeds,
misalignment angles and pressure (Experiment #4). Results are displayed in Figure 4 to Figure 10 from the
following sections.

2.3.1 Rotor 2

Figure 4 - Rotor 2 Power coefficient

Figure 5 - Rotor 2 Torque coefficient

Figure 6 - Rotor 2 Thrust coefficient

2.3.2 Rotor 1
2.3.2.1 Performances

Figure 7 - Rotor 1 Power coefficient

Figure 8 - Rotor 1 Torque coefficient

Figure 9 - Rotor 1 Thrust coefficient

Figure 10 - Influence of flow misalignment with the turbine axis

2.3.2.2 Cavitation prediction
Cavitation was studied (Experiment #5) for four TSR which will represent nearly 80% of TSR occurrences
at full scale. Thus, screening these values was of particular interest to mitigates cavitation and associated issues
such as blade damage and noise for most of turbine operating conditions. First, TSR was set, as a combination of
angular speed and flow speed, then the pressure in the tank was decreased via the depressurization system, until
cavitation occurred, or noise was detected. See Figure 11 for an illustration of how cavitation was monitored via
the camera and synchronizers.

Figure 11 - Cavitation inception at the blade tip - Rotor 1

Cavitation numbers - generally referred to as 𝜎0, 𝜎𝑁 , 𝜎0.7 or 𝜎𝑡𝑖𝑝 depending on the location considered - are
indicators of the likeliness to see cavitation occurring for given local flow speeds and pressures. Limiting values
for cavitation numbers – corresponding to the values for which cavitation is detected when lowering the pressure
in the tank - split the TSR – 𝜎 plan into two distinct domains. The lower domain is the one where cavitation occurs
(see Figure 12).
Hence, turbine operating conditions for these range of TSR will be adjusted when necessary, such that
cavitation numbers corresponding to turbine operating conditions stand in the upper cavitation-free domain.

Figure 12 - Cavitation numbers for Rotor 1 for various types of cavitation effects

Cavitation numbers were calculated for the previously mentioned operating conditions, allowing
computation for full scale in-situ data, though this scaling process may not be perfectly adapted to tidal turbines.
Measurement on the real scale turbines through pressure sensors and hydrophones will allow to validate the
methodology and add value to the full experimental process.
Comparison with preliminary indicators of cavitation inception, such as the prediction from the BEMT tool
OpenFAST, will enable SABELLA to gain confidence in design modelling assumptions.

2.4 Analysis & Conclusions
2.4.1

Rotor 2

No analysis was done from these tests at the time of writing. Comparison with CFD numerical models will
be achieved in the next months.

2.4.2

Rotor 1

2.4.2.1 Performances
Results from the tank tests allowed to assess several modelling assumptions accuracy, e.g. how relevant
it was to include loss corrections in BEMT models (see Figure 13 and Figure 14) at model scale.

Figure 13 - Comparison of experimental Cp and Cq for Rotor 1 with various BEMT modelling options (tip
losses (TL) and hub losses (HL) included (T) / excluded (F) )

Models including losses at tip, or at tip and hub seem to properly reflect the hydrodynamic behaviour of
the model scale turbine for power and torque coefficient, though a slight shift in TSR (around 15%) is observed
with models including tip and hub losses corrections.

Figure 14 - Comparison of experimental Ct for Rotor 1 with various BEMT modelling options (tip losses
(TL) and hub losses (HL) included (T) / excluded (F))

The thrust coefficient is underpredicted by 10% by BEMT numerical models, with a 35% shift in TSR.
Results for thrust from CFD and BEMT were in good agreement. The differences on thrust between experimental
and numerical data are currently under investigation, with data from Round Robin tests led at IFREMER (France)
and Flowave (Scotland) being included to the analysis.

Figure 15 - Influence of flow misalignment with the turbine axis

The influence of a misalignment of current against the rotor axis led to losses in power, torque and thrust
coefficient of 1%, 2.4% and 3.8% respectively, when the axis is rotated from 0° to 10°. The loss seems to depend
on the TSR considered, as we observed a 10% drop in Cp for the lowest TSR. The influence of a less than 5°
misalignment was found to be neglectable, which was coherent with results from BEMT.
2.4.2.2 Cavitation prediction
More than 90% of targeted operated conditions are expected to be safe from the cavitation and noise
points of view. SABELLA teams will be particularly careful when turbines will be operating in the remaining 5-10%
conditions. Monitoring cavitation inception at full scale will allow our teams to validate the scaling process from
model to full scale, and to adapt it in case discrepancy is found.
Tank tests showed that among the various types of cavitation, tip vortex cavitation was found to be the
most likely to occur by far. SABELLA will adapt the blade design, since a slight change in blade tip geometry is
expected to produce large benefits.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1

Progress Made: For This User-Group or Technology

Hydrodynamic performances were studied for two rotors, and experimental data was found to be close to
expected performances from numerical models, when proper losses corrections are applied to BEMT models. This
will allow SABELLA to move forward in its design process for the TIGER project.
Some adjustments may be done to the model before testing to adapt it to the dynamometer. A close
collaboration between the laboratory and the model provider is necessary to reduce last minute work on models.
SABELLA could validate several numerical models to predict performances and rotor loads. Thus, we are
more confident with energy production we expect to produce for the TIGER project. Further work is still to be
done for some specific aspects (e.g. validate numerical modelling of cavitation prediction, and estimating possible
damage on blades).
Many parameters affecting cavitation inception could not be studied in the scope of these tests : large
ranges of TSR, current misalignment, presence of marine fooling on the blades or sediments in the flow, … thus
predictions from model scale will be taken with care, and tests led at full scale with appropriate sensors and other
monitoring systems will allow to refine the study.
Tip vortex cavitation has been found likely to occur with the current design but redesigning the blade tip
geometry seems to be an easy way to mitigate this issue. Tank testing may be necessary to check the upcoming
design. An alternative operating strategy is already being studied in case the modifications are not sufficient to fix
the issue, so that the expected energy production is not significantly strained when moving from optimal – but
hazardous - operating conditions.

3.1.2

Progress Made: For Marine Renewable Energy Industry

Measurement on the real scale turbines through pressure sensors and hydrophones will allow to validate
the methodology proposed by CNR-INM to predict cavitation inception at full scale from model scale
measurements, so that it benefits the whole MRE industry.
Even if performances are not dramatically affected by cavitation, cavitation is expected to occur in some
conditions. The main issue related to cavitation seems to be acoustic emission, which should be confirmed at full
scale.
Although COVID 19-related restrictions prevented people from SABELLA to be present when tests were
done, some interesting new ways to keep a close watch on tests’ progress were proposed by CNR-INM. Many
cameras were installed in the laboratory, which were live streaming on an online platform to allow SABELLA to
keep track of ongoing tests. The flow of information between CNR-INM and SABELLA hence was considerably
improved. In case the user group could not visit the infrastructure, a similar organization can be planned.

3.2 Key Lessons Learned
•
•

•
•

When freezing the rotor geometry, tank testing should be done as soon as possible, particularly when
cavitation is expected to occur, as changes in design, control strategy, AEP, etc… can be considerable.
When designing the model scale parts, preliminary discussions between the user group and the laboratory
must ensure that parts coming from different manufacturers and parts provided by the laboratory will
match as intended, or design should allow flexibility with parts being fastened.
The proper amount of flexibility should be included when planning tests, as unexpected events are likely
to happen. It can be useful to prioritize tests to lead, in case a last minute reorganization should occur.
In case the user group cannot visit the infrastructure, it is possible to set up an online access to the
infrastructure with cameras live streaming on an online platform.

4 Appendices
4.1 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 underpinning
observed and
underpinning hardware technology
basic properties of software architecture and
reported.
concepts/applications.
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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