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1 Introduction & Background
1.1

Introduction

In its development stages Hydroquest needs to perform several hydrodynamic experiments in order
to complete two main objectives:
•
•

Validate the numerical models which are used for the design of the turbine
Measure and certify the performance of the selected rotor that will equip the full-scale
turbines

For this last objective Hydroquest tends to follow the guideline proposed the IEC standards [1] which
are currently in development.

1.2
1.2.1

Development So Far
Background test

During previous contractual test campaigns performed in the circulating water channel of the Ifremer
in Boulogne/mer, Hydroquest noticed that the performance of the rotor used on its turbine follows
a logarithmic trend with the Reynolds number based on the blade chord length.

Figure 1:Evolution the performance of the turbine with the Reynolds Number

As shown on Figure 1 such an observation was previously made in early 80’s by Sandia national
laboratories [2],[3]. More over this logarithmic trend can also be argued by noting that the
aerodynamic and hydrodynamic performances of the standard NACA foil are also increasing with the
chord Reynolds number. In addition, Hydroquest has also previously tested its new rotor design in
the CNR-INSEAN depressurized circulating water channel in order to investigate the effect of
cavitation on the performance curve at a fixed Reynolds number. The results plotted on Figure 2 have

shown tremendous performance losses due to the appearance of cavitation sheet on the blades
which are illustrated on Figure 3.

Figure 2: Cavitation losses measured at a fixed Reynolds number in the CNR-InSEAN circulating water channel

Figure 3: Development of cavitation sheet on the old Hydroquest rotor blades

By combining these two last trends, one can assume how the performance curve will behave while
increasing the carriage speed. At first the performance is supposed to increase following a
logarithmic trend illustrated on Figure 1 and then the performance should decrease due to the
development of cavitation sheets on the blades. This assumed behaviour is plotted on Error!
Reference source not found.. The trend affected by cavitation has been computed taking a 2.5%
relative uncertainty on results used for computing the non cavitating trend.

1.2.2

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)
• 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

Status
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓

✓


✓
✓
✓













STAGE GATE CRITERIA
• 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

Status














1.2.3

Plan For This Access

For this marinet2 campaign according to the table above Hydroquest is still in the stage 2:
•

“Design validation step”

The towing tank test allows us to reach higher flow velocity (up to 6 m/s) and with a minimal blockage
ratio for a larger scale model than in the circulating water channel. Such a flow velocity is closed to
the maximum mean current speed that can be experiment in the Raz-Blanchard and therefore these
tests constitute an important millstone in the turbine development. More over the scaled model
used for these tests is at higher scale (1/6) than the previous test done by Hydroquest. Also, at full
scale cavitation conditions are supposed to be experiment in very rough real sea states [5], however
due to the scaling factor and the lower depth of the turbine in these tests, the cavitation should
appear around 3 m/s. Since the plan is to reach 4.5m/s these towing tank test constitute “a Survival
loading and extreme motion behaviour” as specify in the table above.

2. Outline of Work Carried Out
2.1
2.1.1

Setup
Scale model design

For this test Hydroquest designed and built an entire 1:6 scaled model of its last rotor candidate. This
scaled model is made of three main parts:
•
•
•

A steel welded mechanic frame
A rotating shaft line
A three-blade rotor

This model is illustrated on Figure 4 and Figure 5. The depth of the rotor has been adjusted in order
to satisfy three main objectives:
•
•
•

The appearance of cavitation should start at a chord Reynolds number above 1 million
The bending torque of the shaft shall not exceed 20 kN.m
The perturbation of the free surface should stay reasonable

Figure 4: Schematic view of the scaled model

In order ensure a good assembly of the scaled model on the carriage frame, Hydroquest specially
ordered a laser tracking measurement of the carriage frame in order to designed flanges adapted to
geometrical imperfection of the carriage.
The shaft line illustrated on Figure 5 is fixed to the frame with two SKF bearings.

Figure 5: schematic view of the shaft line

The rotor is a three-blade vertical axis rotor, and its main dimensions are determined to reach a 1/6
scale factor on the main dimension of the full-scale turbine:

2.1.2

Control and measurements devices

The rotor is controlled directly through a permanent magnet generator (PMG) by an ABB ACS-880
Variable Frequency Drive (VFD), which comes with a chopper module allowing to dissipate the
extracted power via resistors located in a dedicated cubicle (Figure 6). The loads are measured
through four 3 DDL forces sensors which are located at the interface between the frame of the scaled
model and the carriage structure. The electrical output power is determined using the VFD, control
and relevant electrical parameters are logged using the ABB software drive composer. The
mechanical power of the turbine is determined using a SCAIME DR2112 Torque sensor which also
measures the angular velocity of the shaft line. All the signals are logged using the fourteen 24 bit
analog inputs of a Labjack T7 pro DAQ.

Figure 6 - Single Line Diagram

2.1.3

Visualization of cavitation

To visualize cavitation a gopro Hero 4 camera was fixed on the shaft under water facing the inner
side of one of the blades.

2.2
2.2.1

Outlines of the Data processing
Power and Torque determination

Since the torque sensors and the PMG are placed after the bearings, a load free pre-calibration test
of the bearing frictions has been performed before the immersion of the model (Figure 7). In order
to take the bearing loads into account, the SKF friction model [6] is used to identify the relationship
between the rotation speed, the radial forces and the bearing frictions (Figure 8).

Figure 7: loads free workshop friction calibration

Figure 8: SKF model of bearings frictions taking radial and axial loads into account

The fitting coefficients that take loads and rotation speed into account, are listed in table below:
𝜷

𝑪𝒓 (𝝎, 𝑭𝒓 ) = 𝒌(𝝎𝜶 𝑭𝒓 + 𝝎𝜸 𝑭𝜹𝒓 ) R²=0.999
𝒌
0.06483464

𝜶
0.54361196

𝜷
0.50895249

𝜸
0.07886289

𝜹
1.1021104

2.2.2

Loads determination

The loads are computed using the four 3 DOF sensors. To determine
the resultant force, the frame is assumed as a linear rigid body, hence
each component of the resultant force is the sum of each component
of each sensor.

𝐹𝑥= 𝐹𝑥1 + 𝐹𝑥2 + 𝐹𝑥3 + 𝐹𝑥4
𝐹𝑦= 𝐹𝑦1 + 𝐹𝑦2 + 𝐹𝑦3 + 𝐹𝑦4
𝐹𝑧= 𝐹𝑧1 + 𝐹𝑧2 + 𝐹𝑧3 + 𝐹𝑧4
Since the sensors can only measure 3DOF, the moments are computed
at the point shown onFigure 10 using a linear combination of each
component of each sensor. This point corresponds to the immerged
SKF bearing.

[𝑀𝑥

𝑀𝑦

𝐹𝑥1
𝑀𝑦] = [𝐹𝑥1
𝐹𝑥1

𝐹𝑥2
𝐹𝑥2
𝐹𝑥2

𝐹𝑥3 𝐹𝑥4
𝐹𝑥3 𝐹𝑥4 ] ⨂ 𝐴
𝐹𝑥3 𝐹𝑥4

Figure 9: 1D Beam model of the
frame

The coefficient matrix was identified using finite element 1D beam model of the frame shown on
Figure 10.
The coefficient matrix is given in the verbatim below.

array ([[ 0.0573233 , -0.70988911, 0.39215272],
[-0.01982438, 0.0610591, -0.14791633],
[0.03857384, -0.3854741, 0.27003452],
[-0.00817646, 0.29185015, 0.62343718],
[0.01982438, -0.0610591, 0.14791633],
[-0.62629189, 0.32897902, -0.11297255],
[-0.18044593, -0.11089319, -0.72414504],
[0.01982438, -0.0610591, 0.14791633],
[0.6784168, 0.31047626, -0.11143946],
[-0.0573233, 0.70988911, -0.39215272],
[-0.01982438, 0.0610591, -0.14791633],
[-0.03857384, 0.3854741 , -0.27003452]])

2.3

Tests

2.3.1

Description of the tests

Three types of runs were carried out.
Preliminary runs without the blades to measure the drag coefficient of the frame structure
o The loads were measured for 8 carriage speeds
• Runs with a three-blade rotor
o The loads and the performance were measured for 8 carriage speeds
• Runs with a one-blade rotor (used as a CFD validation case)
o The loads and the performance were measured for 4 carriage speedTwo types of
control were tested to control the rotor:
• A regulation law where the torque applied by the PMG is proportional to the square of the
rotation speed estimated by the VFD.
• A speed regulation control, where the system regulates the torque in order to reach the
requested fixed speed.
•

To ensure a good statistical convergence of the results, each set point and each carriage speed where
repeated at least two times. Especially for the carriage speeds above 3 m/s because they lasted less
than 120s.

2.3.2

Test Plan
Tableau 1: Test plan

Tuesday 2021/07/20
Wednesday 2021/07/21
Thursday 2021/07/22
Friday 2021/07/22

Morning
Travel
Preliminary dry test
Model installation
Preliminary immerged test

Afternoon
Model installation
Preliminary dry test
Model installation
Blade free drag measurements

Monday 2021/07/25
Tuesday 2021/07/26
Wednesday 2021/07/27
Thursday 2021/07/28
Friday 2021/07/29

Blade installation
Turbine Test (3 blades)
Turbine Test (3 blades)
Turbine Test (single blade)
Turbine Test (single blade)

Turbine Test (3 blades)
Turbine Test (3 blades)
Blade removal
Turbine Test (single blade)
Turbine Test (single blade)

Monday 2021/08/01
Tuesday 2021/08/02

Additional remote test
Decommissioning

Additional remote test

3. Results
3.1
3.1.1

Drag and loads measurements
Frame structure

The drag of the frame structure has been measured at the beginning of the campaign at various carriage
speeds. The results are plotted on Figure 10 for positive carriage speeds (forward direction) only. Indeed,
unstable behaviour has been observed for backward direction measurements, and in addition to this,
because of the frame geometry, the free surface perturbations were not acceptable. A modification of the
trend has been identified above a critical speed. This trend modification seems more caused by a
modification of the free surface perturbations rather than a natural drift of the sensor’s electronics, since
the points were measured in a very short time (<30min).

Figure 10: Drag measurements of the frame structure

3.1.2

Rotors

The drag of the rotor was estimated using the four 3DDL sensors and the interpolation of the frame drag
presented in the section above (Figure 10). The results are plotted on Figure 11 for the three blades rotor.
As shown on Figure 11, the data points seem to deviate from the quadratic trends.
Indeed, the development of cavitation seems to affect the mean drag of the rotor from a higher speed for
the optimal TSR than for the runaway conditions. Such a results was expected since for runaway conditions,
the relative flow velocity experienced by the blades is much higher than the one at optimal TSR conditions,
which means that the vapor pressure is reached at lower carriage speeds.
However, as mentioned in the previous section, it is important to keep in mind that the loads are measured
at the interface between the frame and the carriage, with an important lever arm that induces an important
vibratory noise on the measurements. Hence, it is very difficult to quantitatively conclude on the effect of
cavitation on the loads of the rotor.
The drag coefficient estimated from the least-square quadratic fits are presented in the table below for both
rotors.

Set-point
Optimal
Runaway

3 blades rotor
1.04
1.16

Single blade rotor
0.95
1.16

Figure 11: Drag estimation of the 3 blades rotor for optimal and runaway setpoints

3.1.3

Rotor torque and power

Unlike forces and loads, the torque and the power, which are plotted for the optimal set point on Figure 12
and Figure 13, are clearly affected by the cavitation.
Indeed, as shown on the figures, the quadratic (torque) and cubic (power) trends start to deviate from the
data for the carriage speeds above the critical speed. Moreover, evidences of cavitation were found for
carriage speeds below the critical speed which means that at first, the cavitation does not affect performance
For the single blade rotor, the data were not clear enough to plot results due to the unbalance inertial forces.
However, for this rotor, the cavitation has been observed with the camera for a much smaller carriage speed.
Such a result was also expected since the optimal and runaway (TSR) of the single blade rotor are almost
50% greater than the ones of the three-blade rotor due to the reduction of the rotor solidity. Indeed, it is
well known that the optimal TSR is related to the rotor solidity, hence by keeping the same blade chord and
reducing the number of blades the rotor solidity drops by a factor of 3.

Figure 12: Torque curve of the three-blade rotor

Figure 13: Power curve of the three-blade rotor

3.2

Analysis & Conclusions

From the data presented in the previous sections one can compute the evolution of the three main
parameters of the vertical axis rotor performance curve:
•
•
•

The optimal TSR
The runaway TSR
The maximal power coefficient

The results for the optimal and runaway TSR are plotted on Figure 14. The optimal TSR was determined
graphically from the performance curves but, the precision of the measurements was not good enough to
see if the cavitation does affect this parameter. So only the mean value of the optimal TSR is interpreted. On
the other hand, the runaway TSR is indubitably reduced by the cavitation, dropping a reduction of 27% has
been observed for the ultimate experimented carriage speed.

Figure 14: evolution of the optimal and runaway TSR with carriage speed

Finally, the evolution of the normalized power coefficient has been computed and compared to the
assumption made at the beginning of the test campaign. The results show that the logarithmic evolution of
the power coefficient has been well predicted and is confirmed for the Hydroquest rotor. Regarding
cavitation, the reduction of the power coefficient was estimated from the previous test campaign which were
not performed with the same rotor geometry, this can explain why the cavitation starts to affect the
performance at higher speed
From these results, a heuristic model has been developed to determine in an unambiguous way the
performance curve parameters. This model and these parameters will be used to extrapolate the results of
this towing tank test campaign to the full scale geometry.

4. Main Learning Outcomes
4.1
4.1.1

Progress Made
Progress Made: For This User-Group or Technology

This test campaign allowed Hydroquest to get a better understanding of:
•
•
•

The behaviour of composite epoxy carbon fiber blade under cavitating conditions
The behaviour of a vertical axis rotor under cavitating conditions at high Reynolds number
The dynamics of a vertical axis rotor under different control strategies

Moreover, Hydroquest confirmed with this towing tank test that the performance does increase with the
chord length Reynolds number and is affected by cavitation for carriage speeds above a critical speed. This
critical carriage speed will be interpreted in terms of Thomas number to compute the full-scale critical
current velocity. Hydroquest will use these results to optimize the performance curve of the full-scale
turbine.

4.1.2

Progress Made: For Marine Renewable Energy Industry

In addition to the results mentioned above, Hydroquest confirmed that it is possible to test powerful vertical
axis turbines (over 20kW) in the large towing tank of the institute of marine engineering (CNR). Whilst the
maximum thrust experimented during the test was about to 20KN, the vibration level was acceptable.

4.2

Key Lessons Learned

In this section we chose to share operational experience that should be useful for future users.
•

•
•
•
•
•
•

The installation on the carriage of the large towing tank should take the geometrical imperfection of
the carriage flanges into account, Hydroquest has ordered special laser tracking measurements of
the carriage structure to do so, and shared the results with the institute of marine engineering (CNR).
To install a model of vertical axis rotor with a diameter larger than 1.5 m, at least a full day of
installation is needed.
The usable length of the towing tank is about 350, indeed the parking length has to be subtracted
from the full length of the towing tank.
For the Hydroquest test only the forward direction has been considered as a valid test.
15 minutes of waiting time between two runs is enough to recover a clean flow quality.
The free surface perturbations should be carefully taken into account to avoid any issue due to water
splashes that could damage electronic devices.
The technical staff of the institute of marine engineering is qualified, very helpful and proficient.

5. Further Information
5.1

Scientific Publications

Currently no scientific publication relative to this test campaign is in preparation.

5.2

Website & Social Media

Website: https://www.hydroquest.fr/en/successful-tests-for-the-hydroquest-turbine/
YouTube Link(s): https://www.youtube.com/channel/UCZ9mdXD3a8sEpqOixXoieTQ
LinkedIn/Twitter/Facebook Links: https://www.linkedin.com/company/hydroquest/
Online Photographs Link:
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7. Appendices
7.1

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
TRL
1

1

NASA TRL Definition Hardware Description Software Description Exit Criteria
Definition
Hardware Description
Software Description
Exit Criteria
Basic principles
Scientific knowledge
Scientific knowledge generated
Peer reviewed publication of
observed and
generated underpinning
underpinning basic properties of
research underlying the
reported.
hardware technology
software architecture and mathematical
proposed
concepts/applications.
formulation.
concept/application.

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.

Documented description of
the application/concept that
addresses feasibility and
benefit.

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

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.

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

environment and platform
(ground, airborne, or
space).

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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