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1. Introduction & Background
1.1

Introduction

Simec Atlantis Energy Turbines and Engineering Services division currently has two operational turbines: the
AR1500 that has been installed in the Pentland Firth, Scotland as part of a 4 turbine array as part of the Meygen
project, and the AR500 deployed in the Naru Strait, Japan as a technology demonstrator.
The AR1500 shown in Figure 1.1 is a 1.5MW power rated device with an 18m diameter and has been
operational since 2016. In 2019 alone, MeyGen exported over 13.8GWh of electricity to the UK grid, equivalent
to the average annual electricity consumption of around 3800 typical UK homes.
The AR500 shown in Figure 1.2 is a 500kW rated device, 18m diameter rotor operating in fixed pitch. Since it’s
deployment in January 2021 the site has generated around 180MWh with an overall availability of over 96%.
The site has passed the Japanese government’s rigorous pre-use inspection tests and as such is recognised as
an official power generation facility.

Figure 1.1 AR1500 being deployed at the MeyGen Site, Scotland

Figure 1.2 AR500 demonstration turbine on deck ready for installation in the Naru Strait, Japan

Atlantis are engaged in delivering turbines for global projects with higher power ratings and larger rotor
diameters designed to drastically reduce the cost of energy. Rotors are designed to limit the tip speed to be
below the level where the theoretical onset of cavitation occurs whilst maintaining peak operational efficiency.
The increase in loads that would be seen through larger systems could be significantly reduced if the operational
tip speed is raised. To achieve this safely and effectively, there must be a high level of confidence in the
performance and behaviour of the turbine. The objective of this investigation is to characterise some elements of
the hydrodynamic interactions of the fluids with the blades, and quantify the effects of tip speed on power, thrust
and cavitation.

1.2

Development So Far

1.2.1

Stage Gate Progress
Previously completed: 

Planned for this project:

STAGE GATE CRITERIA
Stage 1 – Concept Validation
Numerical model analysis of variations of current technology
Determine key uncontrollable loads
Initial controller requirements and development
Conceptual rotor power and thrust coefficients
Conceptual load analysis
Development of key turbine components requirements
Exploring opportunities for improving operation and efficiency
Developing scaling factors from site data and previous learning
Initial engineering and cost analysis of upgraded turbine
Initial site assessments to gain environmental inputs
Stage 2 – Design Validation
Full site assessments to derive environmental inputs into models
Comparison / validation of numerical model data with site measurements
Identification of key load drivers
Validation of numerical models with full scale measurements
Testing various control strategies on installed turbine to assess response
Device design changes / modifications for improved performance
Controller development
Preliminary loads analysis
Engineering design, feasibility and costing
Project planning and management
Stage 3 – Sub-Systems Validation
Scaling of previous test data for application to upgraded design
Investigate physical properties of individual subsystem through test and analysis
Characterise performance of subsystems at scale
Feedback information into numerical models
Advanced controller development
Intermediate loads analysis
Quantification of cost of energy savings
Stage 4 – System Validation
Full scale performance and reliability
Monitoring of behaviour and optimisation of operation
Accepted EIA
Strategies for installation and recovery for maintenance
Assessment of next generation turbine performance
Control optimisation based on actual behaviour on site
Numerical model validation with system upgrades
Array control developments
Full technical and economic due diligence

1.2.2


Status































Plan for This Access

Plan for this Access and Short-term Objectives
 Experimental investigation to characterise the rotor performance characteristics
 Experimental investigation of the influence of the rotor speed on the onset of different stages of
cavitation



Experimental assessment of the impact of cavitation on turbine performance in terms of power, thrust
and cavitation characteristics

Medium-term Objectives
 Develop changes in turbine control strategy to optimise operation
 Techno-economic assessment of optimised rotor designs
Long-term Objectives
 Validate numerical models with full scale measurements from site
Potential Commercial Benefits/Progress
 Improved design strategies aimed at reducing the risks of cavitation-induced structural damages on
turbine blades
 Enhanced prediction of power losses and fatigue loads for modelling operational costs over project lifetime

2. Outline of Work Carried Out
2.1
2.1.1

Setup
Test configuration

Model turbine tests were performed at the Depressurized Circulating Water Channel (D-CWC) of the Institute of
Marine Engineering of the Italian National Research Council (INM-CNR, Rome). The facility has a 10 m × 3.6 m×
3 m (L×W ×D) (free surface at 2.25 m) test section and operational flow speed range of 0.6-5.0 m/s. The
pressure in the test section can be lowered up to 30 kPa.
Tests were performed on a model scale tidal rotor of D = 0.7 m diameter, corresponding to an effective blockage
ratio of 5.5%. The immersion of the turbine axis was set to 1.25 D to minimise the effect of the free surface.
Figure 2.1 shows the model turbine set-up in the test section.

Figure 2.1: tested turbine installed on the balance system in the D-CWC facility

2.1.2 Instrumentation
Following the best practice used in the hosting facility, turbine performance tests were performed by connecting
the model turbine to a dynamometer that combines an electrical motor to control turbine kinematics (RPM at
given flow speed) and to measure thurust, torque and RPM at turbine shaft. Left Figure 2.2 shows the control
room in front of the test section that is optically accessible through large windows. Right Figure 2.2 shows the
console for the operation of the dynamometer. In particular, model immersion and yaw angle can be easily
adjusted with the help of this dynamometer without removing the water from the circulating channel even under
depressurised conditions.

Figure 2.2: Control room and Console for Dynamometer control and operation

.

Figure 2.3: Cameras setup to observe cavitation

Cavitation on the blades of a turbine operating in the test section can be visualized by two cameras, one at the
side of the turbine exactly perpendicular to the axis (Figure 2.3) and the other one slightly behind the turbine with
some angle facing towards the suction side. Two synchronizers are used, one for each pair of camera and flash
light. Flashes are perfectly in synchronisation with the two cameras (fig 2.5).

Figure 2.4: Flash and Camera setup

In the present test program, a hydrophone was placed at the rotor plane at a distance of 1 diameter from the
rotor centre with the goal to detect the acoustic emission of the cavitation as shown in right Figure 2.1. All
measurement data, acoustic signal and video footage were acquired, pre-processed and recorded by using the
Dewesoft data acquisition system available at the facility.

Figure 2.5: Synchronizers

2.2

Tests

The test program was carried out in three working days in the second half of July 2021. Due to the very limited
access time, 3 days, set-up installation and decommissioned was not accounted for in the test program.
The test program was articulated into three phases, with one change of configuration during day #3:
1) Day 1 (half day): model turbine performance in uniform onset flow with minimal influence of the free
surface at different inflow speed to analyze Reynolds number effects;
2) Day 1-3: model turbine cavitation test by varying the cavitation index (pressure in the test section) for
selected values of the tip speed ratios of the turbine
3) Day 3 (half day): Measurement of the loads generated by the bladeless hub configuration (dummy hub)
to determine the contribution of of hub loads to the overall turbine loads measured at step 1) above.
Tests have been carried out at three different onset flow velocities (U0 = 1.5 m/s 2 m/s, 2.25 m/s) and over a
range of tip speed ratios by varying the rotational speed of the turbine for a given inﬂow velocity. Time records of
thrust, torque, rotational speed and inﬂow speed have been recorded with suitable acquisition time to ensure
accuraccy of measured conditions. Repeates have been done to verify the accuracy.
According to the recommendations of the International Towing Tank Conference (ITTC)[1], measured values of
thrust and torque were corrected by comparing with dummy hub measurements.
Cavitation tests were performed by varying onset flow speed and pressure in the test section. Recalling the large
dimensions of the test section and the very large air volume above the free surface, the establishment of
imposed pressure conditions in the test section required hours’ time necessary to pump air away from the test
section. Consdiering the limited access time from the MaRINET-2 TNA program, this determined a limitation to
the number of conditions that was possible to analyze,

2.3
2.3.1

Results
Non-dimensional turbine performance

The turbine performance is described in terms of the power coefficient CP, the torque coefficient CQ and the
thrust coefficient CT, respectively:
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where P is the shaft power, Q the measured shaft torque,  the measured rotational speed, T the measured
turbine thrust,  the density and D the rotor diameter. Turbine kinematics is represented in terms of the tip speed
ratio  = R/U0.
Figure 2.6 shows the thrust coefficient CT as function of the tip speed ratio for two flow speeds of 1.5 and 2.0
m/s. The results show that, in the considered speed range, CT is independent of the testing velocity, pointing out
that an asymptotic flow regime is established due to the large size of the model. Considering the torque
coefficient, CQ in Figure 2.7, it can be noticed that main differences are observed in the stall region where the
turbine at higher onset flow velocity shows a smoother stall than in the lower speed case. Small differences of
torque are also noted in the high TSR range. Finally, power coefficient CP curves are shown in Figure 2.. The CP
is very similar for the two tested flow speeds, with a “flat peak power” behaviour. It is interesting to observe that

at flow speed U0 = 2.0 m/s and higher, cavitation inception was observed at high tip speed ratio and ambient
pressure conditions, but this phenomenology had a negligible effect on turbine performances.

Figure 2.6: Non-dimensional turbine performance: trust coefficient as function of the tip speed ratio for two inflow velocity

Figure 2.7: Non-dimensional turbine performance: torque coefficient as function of the tip speed ratio for two inflow velocity

Figure 2.8: Non-dimensional turbine performance: power coefficient as function of the tip speed ratio for two inflow velocity

2.3.2

Cavitation

Recalling the limited impact of cavitation on performance in the range of interest, the main objective of cavitation
tests was to determine cavitation inception conditions and to perform a detailed visual investigation of the
cavitating flow phenomenology on turbine blades. To this aim, the rotor was filmed using the high speed and
high resolution camera system described above. The analysis of the camera recordings allowed to determine
the type, location and extension of the vaporized regions on the blade surface.
For a complete characterization of cavitating flow test conditions, the tip speed ratio is combined with a nondimensional parameter, the cavitation index, describing pressure condtions inside the test section. This
parameter can be defined in various forms. In the present analysis the following expression has been used:
𝜎07 =

𝑝0 − 𝑝𝑣𝑎𝑝
𝜌 2 ,
2 𝑉07

where 𝑝0 and 𝑝𝑣𝑎𝑝 denote respectively, ambient and vapor pressure at given ambient temperature, whereas
𝑉07 is the total velocity at blade sections at 70% of span.
A vast dataset of photo and video material was generated, with cavitation observations correlated to (i) operating
conditions, (ii) the measured turbine performance characteristics, and (iii) the noise measured by the
hydrophone. At the time of writing this report, the processing and analysis of this dataset has been just started
and only few preliminary results are presented here.
Recalling the expression of the cavitation index, the occurrence of cavitation on a lifting surface is stimulated by
reducing the pressure in the test section and hence by reducing the cavitation index. This technique is used to
establish on a small scale model, flow conditions that occur in a full scale device. As expected, Figures 2.9 to
2.12 show that, for given turbine operating conditions (V, ), the extension of the cavitating flow region increases
as the cavitation index 𝜎07 reduces. The cavitation inception condition at given (V, ), corresponds to the highest
pressure condition where vaporized flow regions develop. A typical trend has been observed with tip-vortex
cavitation occurring first, and the occurrence of vaporized regions attached to the blade suction side as the
cavitation index is further reduced.

Figure 2.9: =3.97, 0.7= 3.47, Tip vortex cavitation inception

Figure 2.10: =3.97, 0.7= 2.36, Fully developed tip vortex cavitation

Figure 2.11: =3.97, 0.7= 0.94, Tip vortex and mid chord cavitation

Figure 2.12: =3.97, 0.7= 0.78, Tip vortex cavitation and mid chord cavitation increasing extension reducing
the cavitation index

3. Main Learning Outcomes
Main outcomes of the MaRINET2 TNA project include:





Experimental validation of a new rotor blade design’s hydrodynamic performance
Significant de-risking of the blade development programme since early stage of design
Experimental investigation of the effect of blade cavitation on the rotor performances
A vast dataset of turbine performance in both non-cavitating and cavitating conditions that provides
benchmark cases for the validation of computational design for the hydrodynamic design of turbine
blades

A key feature of the experimental dataset is the correlation of complementary performance indicators: blade
loads, cavitation inception conditions, occurrence of developed cavitation on blade surface, acoustic noise
emissions generated under non-cavitating and cavitating flow conditions.
The improved undestanding of the relationships among these factors is expected to significantly improve design
methodologies for enhanced system reliability and corresponding reduced cost of energy.
Plan for this Access and Short-term Objectives
 Experimental investigation to characterise the rotor performance characteristics
 Experimental investigation of the influence of the rotor speed on the onset of cavitation
 Experimental assessment of the impact of cavitation on turbine performance in terms of power, thrust
and cavitation characteristics
All these points have been successfully achieved.
Medium-term Objectives
 Develop changes in turbine control strategy to optimise operation – use test findings to review turbine
operational speed limits. If turbine rotor speed can be increased, drivetrain torque for a given power
output can be reduced.
 Techno-economic assessment of optimised rotor designs
The data from the investigations will be fed into the design process to achieve the above mid-term objectives.
Long-term Objectives
 Validate numerical models with full scale measurements from site
Once the full scale turbine has been designed and built, site measurements will be taken and fed back to
validate the numerical models and highlight areas for improvement in test methodologies.
Potential Commercial Benefits/Progress
 Turbine design optimization to minimize performance degradation and fatigue loads
 Reduced turbine gearbox costs through drivetrain torque reduction strategies.
 Enhanced system design for reduced operational costs and improved LCoE
It is important to observe that more efficient design methodologies will make possible to drastically reduce
mechanical loads. This is a necessary step in order to upscale existing devices with increased rotor diameters.
The objective is to achieve higher rated power per unit and reduced cost of energy.

3.1.1

Progress Made: For This User-Group or Technology

The test program allowed to obtain improved knowledge and new data including:
-

3.1.2

A new turbine blade design has been investigated by testing at small scale
Device performance has been characterized by a thorough analysis including hydrodynamic loads,
cavitation, radiated noise.
A unique experimental dataset has been developed.

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

The quantity and complexity of collected data will be elaborated to address the following aspects:
-

3.1.3

Optimising the rotor design and operation strategy of a new-generation turbine
Loads analysis of this new configuration will feed into the engineering design procedure
Accelerate the realisation of a full-scale deployment that will provide data to be fed back into the process
for continuous experimental improvements

Progress Made: For Marine Renewable Energy Industry

Significant progress has been made in the technology development of the tidal industry, however to have
commercial viability, the cost of energy must be competitive with other forms of energy generation. Through
advances in the turbine design and operation, the cost of the turbines can be significantly reduced, giving a
greater potential for the realisation of large-scale commercial projects.
These improvements can only be made through an in depth understanding of the devices, the environment, and
the interactions between the two. Running scale model tests provides valuable insight into the physical
behaviour of certain phenomena such as cavitation, removes uncertainties in the modelling and simulation and
provides greater confidence in the design process.

3.2






Key Lessons Learned
A stront interaction with facility managers of the hosting Institution is a prerequisite for the success of the
TNA project
In particular, scope and objectives of the proposed test program should match facility constraints; this
includes the design of the model device that should be sized to optimize scaling effects against flow
confinenent effects
The hosting facility at INM-CNR offered high quality support to design and build the test setup in order to
maximize the outcomes of the test program versus the allotted access time
Logistical issues stemmed from external factors namely the exit of the UK from the EU and the covid-19
pandemic can disrupt the test programme and may require planning further in advance

4. Further Information
4.1

Scientific Publications

As result of the elaboration and analysis of the experimental work done, at least one manuscript will be
submitted to Scientific Journals in the sector of marine renewables.
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