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1 Introduction & Background
1.1

Introduction

Cost is a key issue for tidal power generation. Designing low-loss turbine blades would reduce the loading on
the turbine for a given power output. If the loading is lower, the need to reinforce the blades and support
structure is reduced, leading to lower capital costs and thus cheaper power.
Sequeira (2013) showed that one third of avoidable hydrodynamic loss occurs near the blade tip, and so
reducing tip loss could lead to substantial reductions in loading. With this aim, preliminary tests were
undertaken with and without winglets at Ifremer in May 2015. Turbine performance (torque and thrust) was
measured across the speed range, and the wake was measured at the design point.
The preliminary test results showed that winglets may give an increase in efficiency, but the flowfield and the
underlying fluid mechanics needed to be assessed in more detail. Furthermore, improved winglets were
developed using a new design code. This new design was tested to enable validation of the design code for use
by industry. During the access period, phase-locked PIV measurements were taken of the wake with four
different tip designs in order to study the development of the wake and the changes in tip vortex associated
with the changes in design.
The objectives of the work were:
1. To establish the performance improvement available from adding winglets to a tidal turbine blade, by
measuring turbine torque and thrust with different winglet designs.
2. To understand which winglet design is best and why, by measuring the flowfield in detail.
The medium term objective is to use the data acquired to validate a new low-order industrial design tool. This
design tool takes spanwise flow into consideration and can be used to optimise winglets and other complex
design features. Together, the short and medium-term objectives will raise the TRL of winglets such that
industry could invest in further development.
The long-term objectives of the project are to reduce the cost of tidal power via increased turbine efficiency and
to improve turbine reliability by reducing the loading on the turbine structure, thus enabling the tidal power
industry to take another step towards commercial viability.

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)
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STAGE GATE CRITERIA
•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.
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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

Plan For This Access

In order to meet the objectives above, the tests focussed on both the overall performance and the local
flowfield changes caused by the winglets. This twin focus enabled the efficiency of the turbine to be compared

between different winglet designs (Objective 1) but also gave insight into the flow physics responsible for the
observed changes in performance (Objective 2).
The plan was to measure the overall performance across the turbine tip-speed ratio range (TSR 0 to 7) without
winglets (BC), and then with three different winglet designs (pressure side (PS), suction side (SS) and optimised
(60D)). This was to be achieved using nacelle-mounted torque and thrust sensors alongside Ifremer’s 6-axis
force balance.
The flowfield was to be measured at 3 TSRs (2, 4 and 6) using PIV on 0.5 m x 1 m horizontal planes (from the
hub to just outside the blade tip) at 6 heights from the hub to tip. By using high-speed, phase-accurate PIV to
measure the axial and transverse velocity at different heights and with the blade at different phases, the aim
was to calculate 3D velocities in the rotor frame. This was to enable the tip vortex and other spanwise variations
in flow to be computed.
Having performance data and flowfield measurements to compare with simulations will also help to fulfil the
medium-term objective of validating the low-order design tool. Differences between the predictions and the
experiments can then be identified and explained.
The plan for the week, as submitted in the proposal, is shown in the table below:

Morning

Afternoon

Monday
Install turbine
Set up PIV
BC perf. curve

Tuesday
BC PIV planes
5-6
Change blades
60D perf. curve

Wednesday
60 deg PIV planes
5-6
Change blades
PS perf. Curve

Thursday
PS PIV planes 56
Change blades
SS perf. curve

Friday
SS PIV planes 5-6
Change blades

BC PIV planes
1-4

60D PIV planes
1-4

PS PIV planes 1-4

SS PIV planes 14

Contingency and
pack up

Table 1.1: Plan for testing as submitted to MaRINET2 panel.

2 Outline of Work Carried Out
2.1 Setup
The turbine was mounted at mid-depth in the middle of the flume tank, with the PIV plane initially aligned to
the mid-plane of the turbine. The plane was 1 m x 1 m and captured the flow from the hub height down to
approximately half a blade span below the blade tips. In the axial direction, the plane extended from the rotor
blades downstream 1.5 diameters. A photoreflector on the rotor shaft was used to provide a once-per-revolution
trigger signal for the PIV system. This enabled phase-locking of the data such that the measurements could be
translated into the rotor relative frame.

2.2 Tests
2.2.1

Test Plan

The initial aim (Table 1.1) was to undertake PIV at 6 planes for 4 different designs. The PIV data, however, took
longer than anticipated to acquire, and so the test campaign had to be scaled back. The data acquired is
summarised in Table 2.1 below. All 4 designs were measured at the mid-plane, while only two designs were
tested at three outer plane. The outer planes applied were 0.3, 0.35 and 0.4 m from the hub (i.e. 80% span,
100% span and 100% span). This means that the axial and radial velocity components can be computed over
the whole rotor area, whereas the tangential velocity component can only be computed near the blade tips
(which is the main region of interest). For the mid-plane PIV, data was acquired at 40 blade phases over one

blade pitch (data every 3 degrees of rotation), while the outer plane data was only acquired at 20 planes over
one blade pitch (data every 6 degrees of rotation).

Performance
curve
Mid-plane PIV
Outer Planes
PIV

Base case

PS winglet

SS winglet
Y

60 deg
winglet
Y

60 deg
winglet (LD)
Y

Y

Y

Y
Y

Y
Y

Y
N

Y
N

N
N

Table 2.1 Table summarising the data gathered for each design.

2.3 Results
The effect of winglets on the power generated is shown in Figure 1, which is a plot of power coefficient against
tip-speed ratio. At the peak power output (TSR=4), the pressure surface (red line) and 60-degree winglets
(green line) generate up to 20% more power than the datum case (black line) and suction surface winglets
(blue line).
The effect of tip geometry on the flowfield downstream of the rotor is shown in Fig. 2. The plot shows axial
velocity taken from phase-locked PIV 0.5 diameters downstream of the rotor plane, with the turbine operating
at TSR 4. Figure 2 (a) shows the result with the suction surface winglet, while Fig 2 (b) is the flowfield
downstream of the pressure surface winglet. The tip loss region is shown as a region of low velocity (dark blue),
paired with a region of high velocity (bright yellow) just outside the rotor tips (black line). The mixing of these
regions of non-uniform flow is a major source of loss, with larger region of non-uniform flow generating more
loss. Comparing the sizes of the regions of non-uniformity in Fig. 2, it can be seen that the region is larger in the
case of the suction surface winglets (Fig. 2(b)) than that of the pressure surface winglets (Fig. 2(a)), indicating
that more loss is being generated by the suction surface winglets than the pressure surface winglets. This
higher loss explains the lower power output of the suction surface winglets than the pressure surface winglets.

Figure 2.1: Power coefficient performance curves for the four different blade tips.

Figure 2.2: Phase locked PIV data showing contours of axial velocity 0.45 diameters downstream of the rotor plane with (a)
pressure surface winglets, and, (b) suction surface winglets.

2.4 Analysis & Conclusions
Due to the large amount of PIV data acquired during the access period, data analysis is still being undertaken.
The results above show that he winglets perform as expected and that changing the tip geometry has an effect
on the tip vortex – either increasing or reducing the loss. Further analysis will include analysis of the radial and
tangential velocity distribution in the wake, as well as calculation of the loss coefficient due to the tip vortex with
the four different designs.
The key conclusions from this work are that the tip geometry can be altered to reduce the amount of loss
generated and thus improve turbine efficiency and power output. This can be achieved using winglets. A
pressure side winglet reduces the loss, while a suction side winglet (as seen on aircraft wings) increases the
loss. The power output of a turbine can be increased by 20% using winglets.

3 Main Learning Outcomes
3.1 Progress Made
The method of phase-locking data to generate rotor-relative flowfield maps from stationary instrumentation was
proven on a tidal turbine by using a once-per-revolution sensor to trigger a PIV system.
While not all the measurements proposed were completed (see Table 2.1), enough data was gathered of the
flowfield with each design to understand the behaviour of the turbine with different tip geometries. This was
due to an over-ambitious test schedule which would have been better-suited to a two-week access period.

3.1.1

Progress Made: For This User-Group or Technology

Winglets have been proven to increase the power output of a turbine and reduce the loss.
The understanding gained from this test will enable validation of the design code used to develop the winglet
designs.
3.1.1.1

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

Discuss data with industrial developers (Atlantis, Nova Innovation)
Validate design code against test data.

3.1.2

Progress Made: For Marine Renewable Energy Industry

The project shows the importance of tip geometry for efficient turbine design, and gives new understanding of
the development of a turbine wake. It also paves the way for development of a framework for 3D design of
efficient turbine blades.
The experimental method for taking phase-locked measurements on model turbines has been established. The
components used are off-the-shelf and the instrument design could be replicated in other turbines, especially in
the devices at Ifremer, which have an identical drivetrain design to the one used in this study.

3.2 Key Lessons Learned
Tidal turbine power output can be increased by 20% by adding winglets, and loss can be reduced.
The design of the winglet is important – some winglets will be counterproductive in that they increase the loss
and do not increase power output.
Phase-locked data can be acquired from a stationary PIV system in order to get rotor-relative frame
measurements.
The time required to acquire and analyse PIV data is large and contingency is needed.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:
•

Improving turbine efficiency by using winglets, Anna M Young, Amanda S M Smyth, Viraj Bajpai,
Judith R Farman, Carl L Sequeira. Abstract accepted for EWTEC 2019, Naples.

4.2 Website & Social Media
Website: https://whittle.eng.cam.ac.uk/research-areas/tidal-power/
YouTube Link(s): n/a
LinkedIn/Twitter/Facebook Links: Twitter: aero_anna
Online Photographs Link: n/a

5 references
Sequeira, C. L., and R. J. Miller. "Loss mechanisms in tidal stream turbines." Proceedings of the 10th EWTEC
(2013).

6 Appendices
6.1 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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