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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MARINE ENERGY - WAVE, TIDAL AND OTHER WATER
CURRENT CONVERTERS -

Part 202: Early stage development of tidal energy converters —
Best practices and recommended procedures for the
testing of pre-prototype scale devices

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compfising

al] national electrotechnical committees (IEC National Committees). The object of IEC is tospromote international
c¢-operation on all questions concerning standardization in the electrical and electronicfields. To this enfl and
injaddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as;‘IEC Publication(s)”). [Their
pfeparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
mpy participate in this preparatory work. International, governmental and nonsgovernmental organizations ligising
th the IEC also participate in this preparation. IEC collaborates closely withthe International Organizati¢pn for

Standardization (ISO) in accordance with conditions determined by agreement between the two organizatigns.

w
2) The formal decisions or agreements of IEC on technical matters expressyas nearly as possible, an internafional

consensus of opinion on the relevant subjects since each technical committee has representation frgm all
interested IEC National Committees.

n
HC Publications have the form of recommendations for international use and are accepted by IEC National
Cpmmittees in that sense. While all reasonable efforts are{made to ensure that the technical content of IEC
Ppblications is accurate, IEC cannot be held responsible for the way in which they are used or fof any
mjsinterpretation by any end user.

3)

4) Inl order to promote international uniformity, IEC~National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence befween
afy IEC Publication and the corresponding natienal or regional publication shall be clearly indicated in the latter.

5) IHC itself does not provide any attestatiornof conformity. Independent certification bodies provide confgrmity
agsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) Al|l users should ensure that they hayve the latest edition of this publication.

7) Np liability shall attach to IEC orits directors, employees, servants or agents including individual experts and
miembers of its technical committees and IEC National Committees for any personal injury, property damgdge or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising outsof\the publication, use of, or reliance upon, this IEC Publication or any othef IEC
Ppblications.

8) Aftention is drawn\te the Normative references cited in this publication. Use of the referenced publicatigns is
ndispensableforthe correct application of this publication.

9) Aftention is(drawn to the possibility that some of the elements of this IEC Publication may be the subject of gatent
rights. IE€-shall not be held responsible for identifying any or all such patent rights.

IEC [TS,62600-202 has been prepared by IEC technical committee 114: Marine energy — Wave,
tidalland other water current converters. It is a Technical Specification

The text of this Technical Specification is based on the following documents:

Draft Report on voting

114/407/DTS 114/414A/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.

A list of all parts in the IEC 62600 series, published under the general title Marine energy —
Wave, tidal and other water current converters, can be found on the IEC website.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

o replaced by a revised edition, or

e gmended.

that it contains colours which are considered to be useful for the corfect understandjng

IM%;ORTANT — The 'colour inside' logo on the cover page of this publication indicares
of its contents. Users should therefore print this document using-@’colour printer.



https://www.iec.ch/members_experts/refdocs
https://www.iec.ch/publications
https://webstore.iec.ch/?ref=menu
https://iecnorm.com/api/?name=c29c0f6420f57171b6b27f2406bd012c

-8 - IEC TS 62600-202:2022 © |IEC 2022

INTRODUCTION

To further develop the tidal energy industry, Stage Gates, best practices and recommended
procedures for the testing of pre-prototype scale devices must be well understood. This
document is a collaborative effort from technology developers, academic researchers and test
facility managers.

The purpose of this document is to provide a structured approach in testing and evaluating Tidal
Energy Converters. By following a standardised design path, risk will be reduced and
stakeholder confidence increased. Through best practise guidance and applicable
methodologies this document will ensure consistent, appropriate and comparable data is
collgttedfortheTharacterizatiomanmd—amatysis Tequired—im the devetopmentof a T idat Energy
Conyerter. Furthermore, the reporting procedures will ensure that the results can be replicated
by others.

The [core of this document follows a Stage Gate approach; for each stage the pregram of work
is outlined and supporting information relating to test planning and reporting presented.[The
spedific recommendations are provided in a holistic manner guiding the process with respect to
test planning, reporting requirements, data acquisition, test environment(eharacterization,|and
charpcterization of both rotor and device (motion) performance. Annexes provide the repder
with[further information on facility selection and instrumentation.

The pverall goal of this document is to accommodate the majority of technology developers and
facilftate a coherent and structured approach that will accelerate the tidal energy sector in
fulfilling its market potential as a renewable energy contributor. However, it is recognised|that
this focument will not cover every eventuality that may be ‘relevant for all users. Therefore| this
docyment assumes that the user is familiar with thesubject matter and has access to,[and
reviews relevant literature, including the literature cited herein.

NOTH This document presently does not describe testing'under wave-current interaction, effects of turbulenge on
tidal |energy converters beyond a basic introductionsto some turbulence parameters typically reported| and
quanfification of uncertainty which is covered in othenfeferenced documents.

+
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MARINE ENERGY - WAVE, TIDAL AND OTHER WATER
CURRENT CONVERTERS -

Part 202: Early stage development of tidal energy converters —
Best practices and recommended procedures for the
testing of pre-prototype scale devices
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Scope

document specifies the development stages of Tidal Energy Converters up.to the
btype scale (Stages 1 to 3). It includes the hydraulic laboratory test programs, w
ronmental conditions are controlled so they can be scheduled, and the first scaled sy

rams are adjusted and flexible to accommodate these conditions(~Full-scale protg
jes 4 and 5) development is not covered in this document.

document describes the minimum test programs that form_ the basis of a struct
hology development schedule. For each testing campaign; ;the prerequisites, goals
mum test plans are specified. This document addresses:

election of scale and facility based on physical laws, site data and other inputs;

evice representation and characterization, including the physical device model, po
bke-off components, foundation and mooring-arrangements where appropriate;

nergy resource and environment characterjzation, concerning either the tank testing fa
r the open-water deployment site, depending on the stage of development;

pecification of explicit test goals,sincluding power conversion performance and ds
bads.

ance on the measurement sensors and data acquisition packages is included, buf
ted. Providing that the specified parameters and tolerances are adhered to, the dg
loper is free to select thesxcomponents and instrumentation.

mportant element ofitesting is to define the limitations and accuracy of the raw data

mor¢ specifically, theyresults and conclusions drawn from the trials. A methodolog

addn
defe

It is
inclu
cour

essing these (imitations is presented with each goal so the plan always prod
ndable resulfs.of defined uncertainty.

anticipated that this document will serve a wide audience of tidal energy stakeholq

pre-
here
stem

-water trials, where combinations of tidal currents, wind and waves ocgcunnaturally and the

type

ured
and

lanning an experimental program, including a design statement, technical drawings,

wer-
cility
vice

not
vice

and,
y of
ices

ers,

ding.device developers and their technical advisors; government agencies and fun

and

hon<governmental organizations.

ding

cils)test centers and certification bodies; private investors; and environmental reguITtors

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any

ame

ndments) applies.

IEC TS 62600-1, Marine energy — Wave, tidal and other water current converters — Part 1:
Vocabulary

IEC TS 62600-101, Marine energy — Wave, tidal and other water current converters — Part 101:
Wave energy resource assessment and characterization
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IEC TS 62600-103:2018, Marine energy — Wave, tidal and other water current converters — Part
103: Guidelines for the early stage development of wave energy converters — Best practices
and recommended procedures for the testing of pre-prototype devices

IEC TS 62600-200, Marine energy — Wave, tidal and other water current converters — Part 200:
Electricity producing tidal energy converters — Power performance assessment

IEC TS 62600-201:2015, Marine energy — Wave, tidal and other water current converters — Part
201: Tidal energy resource assessment and characterization

IEC TS 62600-300:2019 Marine energy — Wave, tidal and other water current converters — Part

IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
unce@rtainty in measurement (GUM:1995)

ISOJIEC 17025:2017, General requirements for the competence of testing~and calibration
labofatories

3 [Ferms and definitions

For the purposes of this document, the terms and definitions given‘mIEC TS 62600-1 and the
following apply:

ISOjand IEC maintain terminological databases for use jn standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/
e |BO Online browsing platform: available at http://www.iso.org/obp

3.1
blodkage
<of p tidal energy converter under test_inva specific test facility> ratio of the tidal enjergy
conVerter projected area to the facility, test section cross-sectional area

Note [1 to entry: There is a constraining effect exaggerating performance data when this ratio is too high, whiich is
typically observed for ratios greater than 5%.

3.2
Stage 1
small-scale testing in the laboratory

Note [l to entry: Stage 1'is equivalent to Technology Readiness Level (TRL) 2-3.

3.3
Stage 2
medjum-scaleytesting in the laboratory

Note [1 to éntry: Stage 2 is equivalent to Technology Readiness Level (TRL) 4.

3.4
Stage 3
large-scale testing in open water

Note 1 to entry: Stage 3 is equivalent to Technology Readiness Level (TRL) 5-6.

3.5

turbulence intensity

<in a tidal flow> ratio of the tidal current speed standard deviation to the mean tidal current
speed.

Note 1 to entry: It is also referred to as turbulence level, and is a very simplified description of how turbulent the
flow at a tidal site or in a facility is.

Note 2 to entry: Turbulence intensity is to be determined from the same set of measured data samples of tidal
current speed, and taken over a specified period of time.
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4 Symbols and abbreviated terms

ADCP Acoustic Doppler Current Profiler

ADV Acoustic Doppler Velocimeter

AEP Annual Energy Production as defined in IEC TS 62600-1
AD Analogue to Digital

CoG Centre of Gravity

COTS Commercial off-the-shelf

DAQ Data Acquisition

DoF Degrees of Freedom as defined in IEC TS 62600-1

EEP) Energy Extraction Plane as defined in IEC TS 62600-1
FMHBECA Failures Mode, Effects and Criticality Analysis

MLW Mean Low Water

MHW Mean High Water

PDF Probability Density Function

RAQ Response Amplitude Operator

PTO Power-Take-Off as defined in IEC TS 62600-1,

SCADA Supervisory Control and Data Acquisition System

TEC] Tidal Energy Converter as defined in IEC, TS 62600-1
TEQOS-10 The Thermodynamic Equation of Seawater — 2010

TRL Technology Readiness Level

TSR Tip Speed Ratio

ULS Ultimate Limit State in the context of structural engineering
5 Ptaged development approach

5.1 | General

This|clause introduces the staged development approach to the design and evaluation of a

throigh physical model testing. Each stage of development is motivated by risk reduction.
primgry goals for each stage address elements that should be completed before proceg
throligh the user’s pre-defined Stage Gate for that stage. Each stage corresponds to techng

readiness levels (TRL)that measure the progress of technology advancement.

Scaled tidal flow~conditions produced in the test tank should be representative of anticip,

TEC
The
ding
logy

ated

full-gcale tidahflow conditions at the expected deployment sites; namely depth-limited turbdilent

open channelflows, such as those produced in large flumes. Departures from these condi
due |to, test facility limitations or differences, e.g., absence of velocity gradients, am!
turbyilence and other unsteady flow characteristics over the energy extraction plane

ions
bient
for

example In towing tanks, should be documented, and the anticipated effects on test re

should be described.

sults

Table 1 shows an overview of the Stage Gate framework and process from the early design
concept to the deployment of the first limited device number array, Stage 1 to 5. For each Stage
Gate, Table 1 includes the relevant model-test description, typical geometric scale range, test
objectives, and Stage Gate success metrics used in the go/no-go analysis.

This Stage Gate framework is designed to be consistent with TEC development and evaluation
guidance and protocols developed by the International Energy Agency, Ocean Energy Systems

(IEA

OES) under Annex Il (Bahaj, Blunden, and Anwar 2008; Nielsen 2010).
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Each stage is based on a different physical scale range carefully selected to achieve a set of
specific design objectives prior to advancing the device trials to the next stage. This clause
outlines the scope and Stage Gates for Stages 1, 2 and 3, guiding the development process
from TRL 1 to 6. Stages 4 and 5 concern full scale (or near full scale) testing and are not
covered in this document.

This document does not dictate a scale for each of the Stages 1-3. The model testing scale
heavily depends on the test objective, size of full-scale TEC, governing scaling laws to achieve
dynamic similitude, and the fidelity of the available instrumentation. The scales provided in
Table 1 are included as indicators based on previous TEC development efforts.

and [experimental activities for Stages 1 to 3 are described in detail in Clauses 6 .through 13.
Actiyities are to be defined in the context of best engineering practice, where factars of safety,
reliapility or other design philosophies are followed.

A S{age Gate process shall be applied after each set of trials to evatuate if the TEC| has
achigved the required experimental objectives before advancing to the.next stage.

A seft of Stage Gate criteria for the evaluation of the TEC responsg.and performance at the|l end
of epch testing period are defined for Stages 1 to 3 in 5.2 to 5.4. These criteria shall be
addrnessed before advancing to the next stage. These criteria(5;2 to 5.4 ) are currently deIned
as a|general framework and allow for a high degree of flexibility'to suit the design requiremegnts.

At Stage 1, it should be anticipated that several iterations of a device would be requirgd to
optimmize its performance, reliability, safety and economics. More than one iteration may st{ll be
requlired at Stage 2, and a single implementation.should normally suffice at Stage 3.
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Table 1 — Staged development approach

- 13—

Stage Model test TRL Typical Test objectives Go/No-Go
description ran?e analysis
o
scales Stage Gate success
thresholds

1 Concept model 2-3 1:15- Concept verification: Rotor power conversion

100 Turbine rotor: Demonstrate demonstrated.
power energy conversion Loads characterized for
Platform: Test initial design normal operating and
choices and select most extreme conditions.
I’dVUIdIUiS LjUbigll I:‘\ favwa'uic dcbigll
configuration. configuration is found!
Characterize design loads
and motions for operational
reliability and survival.

2 Design model 4 1:3-10 Design verification: Power pefformance equdls
Demonstrate power or exceeds target based jon
performance and survival in | numetical model.
simulated tidal flow Loads characterized for
environment at a physical normal operating and
scale that minimizes scale extreme conditions.
effects (chord Reynolds PTO operates as designgd
number dependency). and at expected efficiendy.
Demonstrate comporient Control or other subsystgm
PTO. operates as designed.
Demonstrate other
component of\subsystem,

e.g., controls.

3 Subsystems model 5-6 1:1-5 Sub-system model Power performance equdls
verification: or exceeds target based jon
Assess energy production in | Numerical model.
teal tideways. Loads characterized for
Demonstrate subsystem normal operating conditigns.
integration. PTO operates as designgd
Fully operational TEC and at expected efficienqgy.
tideway trials. Control or other subsystgm

operates as designed.

4 Solo-device proving 78 1:1-2 Technical/operational Operations analysis:

— near to full scale evaluation of near-full size Demonstrate operability,
testing of prototype to full size power plant maintainability, access,
device. deployment. health and safety.
Advance pre-production to
pre-commercial unit.

5 Multi-device proving | 9 1:1 Economic evaluation of final | Economic analysis:

— Compmercial commercial unit. Demonstrate levelized cqst
demanstrator tested Small farm trials. 3-5 units. of energy (LCOE) target
at'sea for an ’ met.

extended period.

After each stage of TEC model testing, an evaluation procedure should be instigated to assess
the overall performance of the TEC. The appraisal should include a technical and economic

review based on three elements of the proposed device design:

a) Analysis of the results from the appropriate preceding test program;

b) A comparison with the related TEC design statement produced at the beginning of the stage;
c) An overall design review, preferably by a third party, independent, established engineering

company.

The review shall follow the same set of evaluation criteria at each stage which are based on
the test goals specified for each stage. As the test article physical scale increases, the
complexity of the model and trials increases to generate more accurate results with less
uncertainty in the prototype extrapolation. The Stage Gate evaluation criteria reflect this

decreasing uncertainty.



https://iecnorm.com/api/?name=c29c0f6420f57171b6b27f2406bd012c

The

- 14 - IEC TS 62600-202:2022 © |IEC 2022

evaluation criteria shall include:

d) Energy conversion;

e) Device (platform) seakeeping (motions) if applicable;

f) Support structure loads;

g) Mooring loads if applicable;
h) PTO loads;
i) Ultimate Limit State (ULS) verification.

h a

It is_recommended that the physical model testing is performed in conjunction wi
mathematical model development, and the above criteria can also be used for the validatig
this mathematical model. In this context “mathematical model” includes analytical and Aume
models.

NOTHE See also Annex A for an informative description of the Stage Gate process.

5.2 | Stage 1

5.2.1 Scope

Stage 1 is intended to demonstrate that the TEC design concept_has potential and ma
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furtjer testing (Bahaj, Blunden, and Anwar 2008).

zed or transitioned up to TRL 3. A key purpose of Stage 1 testing.is to explore initial dg
ces. A full description of each design should be provided, including concept descrip
he subsystems, a list of their major components, and-documentation for stang
mercial off-the-shelf (COTS) components used within their specification and not requ

e 1 should also identify research and development requirements for Stages 2 and
ion to the minimum requirements specified below.

tage 1, a detailed design for the full-scalg prototype is not required, and Stage 1 is ¢
to explore alternative device configurations.

e are four facets to Stage 1 tests:

roof of concept: To verify thaf'the device design concept operates under idealized
ow conditions as predictedsand described (under TRL 1);

Dptimization of design: to evolve the most favorable device configuration(s);

evice performance:.Jo.obtain a first indication of power performance for the optimized
etting of the device:

urvivability check: To introduce extreme conditions to observe device response in sur
onditions, and.to investigate device-specific failure modes.

pur facets\are required to provide input to Stage Gate 1. For the proof of concept phas
e 1, thectesting may rely on an idealized physical model.

R1.0 may be represented by a simplified mechanism. The selected PTO mechanism
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For seakeeping testing of a platform, the thrust load of turbine rotors shall be represented.
These loads should be verified, ideally under the same test conditions, but may be verified in
other experimental campaigns by using a mathematical model.

The methodology of testing recommended here follows the best practice for Stage 1 testing and
builds upon the practices developed in Tidal-current Energy Device Development and
Evaluation Protocol (Bahaj, Blunden, and Anwar 2008). The results of this stage are lessons
used to converge on a full-scale design and data to be validated in the next stage.

5.2.2 Stage gate

e Energy conversion appraisal shall be based on power capture prospects estimated from
selected steady uniform currents.
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e Support structure appraisal shall be based on the time series and associated analysis of the
support loads.

e Seakeeping appraisal (if required) shall be based on the response-amplitude operator
(RAO) for the dominant or relevant degrees of motion.

e Mooring appraisal (if implemented) shall be based on the time series and associated
analysis (e.g. RAOs) of the mooring line loads.

5.3 Stage 2
5.3.1 Scope

The purpose of the Stage 2 testing is to fully validate the TEC design changes as a result of
testing in Stage 1. Stage 2 testing can be associated with a significant amount of [dgsign
varigbles, particularly in the rotor description or platform design, but shall be based oh| similar
performance indicators as adopted during Stage 1.

Stade 2 testing shall specifically address the following key objectives:

a) $tage 1 validation: To validate the technical conclusions drawn from\the previous|test

q

Erogram and to identify potential scaling issues between the two stage€s;
b) Device performance: To verify the energy conversion performance;
c) [
d)

evice or platform dynamics and kinematics are verified;

urvivability check: To introduce extreme conditions to observe device response in suryival
onditions, and to discover device-specific failure modes;

9
g

e) The largest scale feasible for the available facilitiesshould be used to reduce the influgnce
gf scale effects, following Reynolds number and biockage criteria outlined in Clause 6;

f) If applicable and practical the flexible umbilical ‘electrical cable should be incorporatgd in
delected tests;

g) Mooring function check: To verify the proposed full-scale mooring and anchorage system
design, if applicable, and to assess a realistic mooring response.

It is [expected that turbine rotors and platforms be tested at different scales in Stage 2. Hor a
turbine rotor, it is recommended that-Stage 2 testing incorporates an advanced turbine blade
and fotor simulation, exhibiting an<accurate representation of the proposed full-scale unit,| and
introducing a rotor control mechanism by which control strategies can be evaluated. FHor a
platfprm, Stage 2 testing may.still benefit from representative turbine rotor loads acting pn a
strugture.

The primary use of the~tmedium-scale Stage 2 test data shall be to obtain statistically significant
valugs that can be scaled to full-scale values with appropriate factors of safety. The data ghall
also|be suitable_te_confirm any analytical or numerical models of the device where available.
The [data is capable of extrapolation beyond one deployment location.

For palidation of the Stage 2 results, both the tidal environment and the device parameters
shoyld, be as close as possible to those adopted during Stage 1, adjusted to the Stage 2 s¢ale.
A rgprésentative set of conditions should be included, including a range of steady [flow
conditions with waves. In selecting these conditions, the range of each parameier (mean current
speed, ambient turbulence level and PTO damping/breaking) that supported the main Stage 1
conclusions should be documented. The medium-scale model may have to be idealized for parts
of the test campaign to undertake the comparison to Stage 1 testing. Any deviation between
the two Stage set-ups shall be clearly reported.

5.3.2 Stage gate

Energy conversion and device loading appraisal shall be based on the power curve for a range
of tip speed ratios and power capture for a minimum of 3 tidal current speeds and demonstrating
Reynolds number independence of performance if applicable.

Seakeeping appraisal, if applicable, shall be based on the RAO for the dominant or relevant
degrees of motion.
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Mooring appraisal, if applicable and implemented, shall be based on the time series and
associated analysis of the mooring line loads.

NOTE At Stage 2, the mean annual energy production (AEP, in kWh) can be estimated by combining an appropriate
TEC ‘power curve’, derived as described in IEC TS 62600-200, with the tidal energy resource data describing the
temporal distribution of the current velocity at the intended TEC deployment location (see 8.3 of IEC TS 62600-
201:2015). This type of approach more accurately determines the performance and limits the uncertainty.

5.4 Stage 3
5.41 Scope

The motivation for Stage 3 is to identify and address issues of operating in “real world”
uncontrolled conditions before risking a full-scale prototype. Stage 3 tideway ftrials are
conducted to prove the whole TEC system at a sub-prototype scale to reduce the techniegalland
econjomic development risk. The test program should still verify the device power cony€rsion
perfprmance in real tideway conditions but should include other validation monitering, as
spedified by the design statement.

Thelle are several purposes for conducting testing at this stage, ranging. ffom advanced
techpical and engineering issues, through deployment and operation matters and including
envifonmental monitoring requirements. The key objectives for testing at'this larger scale pre:

o $tructural check: between Stage 2 turbine rotor tests, combinedywith Stage 2 platform or
qupport structure tests;
eployment check: To test at-sea procedures for deployment and retrieval;

I
o (Operational check: To verify expected performance incuncontrolled weather and seas|with
gdn electrical load;

e Survival mode check: to verify failure mitigation<strategies;

Galvanic corrosion check: Using alloys and:'composites representative for the fyture
grototype, to monitor the model for symptoms of galvanic corrosion or stress corrdsion
dgracking;

Ratigue (cyclic) stress evaluation: To-install sensors at locations where cyclic stresses|may
determine system life;

[ applicable monitor for adverse effects due to biofouling, debris, cavitation or sediment
ihteraction.

To achieve the Stage 3 objectives, the trials move from the laboratory (controlled tesgting
envifonment) to an open-water test site (uncontrolled test environment). This means that [tidal
conditions are no longer,controllable, or produced on demand, so open ocean trial progfams
shall| reflect this and\be robust and adjustable to accommodate the naturally occurring [tidal
conditions. The sglected scale should be large enough to include a functioning PTO, elecfrical
gengrator, power-electronics and a downstream energy dissipation method. A low power rated
grid [emulatorgan substitute for connection to a grid while eliminating the need for a difect-
currgnt system.

any

A comprehensive sea trial program shall be developed for Stage 3 that provides sufficient
confidence to move towards a full-scale prototype. Tests shall be designed such that they are
of adequate duration to enable detailed post-trial inspections to detect symptoms of future cyclic
failures. The resulting findings of the trials will provide data as comprehensive as full scale but
with a significantly reduced budget and technical risk.

5.4.2 Stage gate
The Stage Gate in this case includes:

e The evaluation/verification of the turbine rotor/PTO efficiency and control;
e The evaluation/verification of risk and safety management;

e The evaluation/verification of the power performance curve;
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e The evaluation of installation and maintenance procedures and durations;

e The evaluation of fabrication methodology and cost;

e The evaluation of platform motion, support structure loads, and mooring loads, if applicable;

e The evaluation of device survivability.

NOTE Where possible, verifications can be undertaken before open ocean trials commence. For example, the PTO
efficiency and control may be evaluated before final device fabrication in a test-stand setup.

6 Test planning

6.1
6.1.1

When physical relationships are described in terms of dimensionless ratios found

dimsg
then

TEC similitudes

General

nsional analysis or directly from the governing equations, e.g. ratios of significant foj
model test data can be extrapolated to prototype conditions by ~equating t

from
ces,
nese

dimgnsionless ratios. In addition, similarity considerations can be applied to tunbine

perf
to p
mac
mea
parti

The
requ
devi

similarity parameters can be dependent on device type/jand location. Key similarity param
used in governing the operation and scaling of devices should include:

Rey

congider for model testing of tidal turbines. It\is dealt within 6.1.2.

Frodde number (Fr): This should be cofisidered when evaluating the performance of sha
depth, floating, or mid-water TECs in.a*wave-current environment. Froude number should

brmance data from a certain type of machine under certain operating.€onditions; and

ised

nine, under different operating conditions. Further, similarity considerations provi
hs of cataloguing machine types and thus aid in the selectiof of the type suitabl
cular conditions (Arndt, Arakeri, and Higuchi 1991).

correct implementation of small-scale testing of a TEC \device, beyond proof of con
ires a fundamental understanding of the underlyingphysics governing operation of
ce, and the appropriate similarity principles used in{émodel scaling. The choice of gove

nolds number (Re): Reynolds number scaling is one of the key scaling relationship

redict performance characteristics of the same machine, or of aj‘geometrically sigilar
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for
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s to

llow
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be taken into consideration when.ftee surface deformation due to the presence of the turbine

is ngt negligible.

Stro

perigdical phenomena can’'be identified with a representative frequency, such as oscillating

type

Cavitation number ('s): Cavitation inception, breakdown and collapse on a surface may hayj
impdct on device-performance, radiated noise and surface damage. Appropriate small g

testi
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perf

Tip-&

bhal number (St): The Strouhal number is used to parameterize unsteady flows in W

TEC, or unsteadyftow induced by TEC support structures.

hg shouldiincorporate cavitation modeling when full-scale operation may be susceptib)
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le to

ation._The correct scaling of cavitating flow phenomena at small scale requires tests to be
brmed)in dedicated facilities where pressure can be controlled independent of velocity)

Adratia
TTactvo
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PCTT

where

w is angular velocity of the turbine rotor,

R is

Uis

the turbine rotor radius, and

the freestream flow velocity.

(1)

Tip-speed ratio is an important kinematic scaling parameter for rotating turbo-machines such
as turbines, pumps and propellers. The inverse of tip-speed ratio is proportional to the
corresponding kinematic parameter (advance ratio) used for screw propellers. The scaled
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performance of rotating turbo-machines is strongly dependent on matching the full-scale tip-
speed ratio while maintaining sufficiently high Reynolds number magnitudes. This requirement
typically dictates a minimum model size, above which the TEC performance does not, or at least
not strongly, depend on Reynolds.

Other parameters: In unsteady flow, the Current Number (m) and the reduced frequency (k) are
also important. If TEC turbine blades are sufficiently close to the water surface to cause surface
vortices, in severe cases with air entrainment (not to be confused with cavitation) then an
additional dimensionless circulation parameter, UL/T, where T'is the circulation contribution to
the free surface vortices, shall be considered.

Tabl

Table 2 — Scaling considerations

Element Scaling Parameters Application
Turbine rotor Reynolds,kKinematic Blade chord, TSR Power, thrust
scaling
Fixgd support structure Reynolds, Strouhal Principle length Leading, vortex inducgd
(diameter, chord) vibration (VIV)
Flogting support structure | Froude, Reynolds Geometry, inflow velocity Loading, dynamics, VIV
Modring Strouhal, Reynolds, Geometry, inflow velocity Loading, dynamics

Froude

PTQ simulator Kinematic scaling TSR, mechanical power Power

Blade cherd, TSR

Nealr-field wake Reynolds, kinematic

scaling

Velocity deficit/ recovegry

Far{field wake TuUrbine rotor diameter,

inflow velocity

Reynolds, Froude Environment, array

spacing

It can readily be shown that Reynolds.and Froude number similarity cannot be satigfied
simyltaneously (for the water at ambient temperature). Scaled tidal tests can typically be
designed with sufficient submergence:(distance to free surface) so that there is little effect of
the free surface. In the absence of'waves, only Reynolds number and tip speed ratio similarity
as djscussed above will be considered for the turbine rotor performance.

NOTHE 1 Inaccuracies may be introduced through Reynolds, structural, and power conversion chain non-similifudes
for the TEC, and geometric and hydrodynamic non-similitude for the platform, and mooring if applicable. There are
techniques that can specifically» address these non-similitudes. However, if they are not addressed, the uncerfainty
in thg scale-up of model data to prototype will be increased. In general, as the Reynolds scale factor decreasep and
as the testing progressés in stages, the uncertainty and inaccuracy of scale-up decrease.

NOTH 2 Density differénces between laboratory testing (typically fresh water) and Stage 3 conditions (typically sea
water) cause a discrepancy in terms of buoyancy, mass distributions and pressures, energy density or fprces
red. Hydfodynamic forces are approximately 2,5 % larger in sea-water conditions, and buoyancy may change

5 5 A 5 . V-8 es is
often referred to as the chord based Reynolds number, Re. where the length parameter used in
its calculation is the turbine blade chord, c. It characterizes the flow regime around the hydrofoil
and hence defines turbine blade pressure distribution, lift and drag. The velocity parameter for
calculating Re, is not the free stream velocity U, but the relative velocity U,,, experienced by the
turbine blade as the turbine rotor rotates, which can be approximated by the vector addition of
approach velocity (U,) and the (negative) turbine blade tangential velocity (wr). The chord
based Reynolds number is defined as:

Ure
Re, = ”M—lc (2)

Where p and u are fluid density and dynamic (absolute) viscosity, respectively.

Attention should be paid to rotors that are designed to highly deflect or untwist under load.
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NOTE The local relative velocity U,,, experienced by an axial-flow turbine blade can be calculated more accurately
by including the effects of axial induction (subtracted from U,) and angular induction (added to wr) in this vector
addition. However, these are often not known a priori, hence this approximate calculation is used.

For a cross-flow turbine, U, varies with azimuthal position 8 of the blade with values in the
range U,,, = wR + Uy(neglecting slowing of the flow as it passes through the turbine rotor, or
axial induction), where w is the turbine rotational speed and R is the rotor radius. The relative
velocity for the turbine blade of a cross-flow turbine, neglecting induction, is given as:

Uyet = UV 1+ Acos 0 + 22 (3)

For an axial-flow (horizontal axis) turbine chord-based Reynolds numbers should be calculated
basgd on the relative velocity experienced by the turbine blade profile at a given radius-+ from
the furbine rotor axis. The relative velocity for the turbine blade of an axial-flow' turbine,
neglecting induction, is given as:

Uy, = Uy |1 + 22 (g)2 (4)

For high tip speed ratios and larger values of r the relative velocity can.-be approximated as
U, & wr. When specifying chord-based Reynolds number for ‘axial-flow turbines,| the
congidered radius shall be specified (a typical value is 70 % of the turbine rotor radius). (Gaprier

et all 2015; ITTC 2002).
Cpr /U§°+(0,7R )2 (5)

R Copr = v

Where pr is the % radius and is typically 70 % as shiown in Gaurier et al. 2015 and ITTC 2002.

In general, for a given hydrofoil section, a lower chord Reynolds number corresponds [to a
reduction of the peak value of lift to drag (patio and a reduction of the stall angle. As a
congequence, the testing of a hydrofoil based.device at too low a chord based Reynolds number
oftem results in underestimated energy:\conversion efficiencies of the device with lpwer
meapured power capture. A limiting factor in achieving critically high chord-based Reynolds
i gular
y be
r tip-
nber
the
5 be
alue
nge
ted.
shall
nber

X drag
(thrust) coefﬁments in this case for a cross-flow (vertical) axis turbine (US DOE Reference
Model 2). Figure 1 shows that the power coefficient depends more strongly on Reynolds number
than the drag (thrust) coefficient, both defined in Clause 10. For the Reynolds number range
investigated, the power coefficient does not become independent of Reynolds number for this
turbine, but is seen to be only weakly dependent on Reynolds number for Re. > 200 000.
Figure 3 shows performance data for a different, higher-solidity turbine. For this turbine, it can
be seen that the power coefficient does become independent of Reynolds number for Re. >
200 000.
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Higure 1 — Power and drag (thrust) coefficients for the US Department, of Energy’s
Reference Model vertical-axis cross-flow turbine (RM2) tested inca:towing tank
(Bachant et al. 2016)
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Figure 2 — Effect of Reynolds humber on performance — Power (left) and thrust (right)
doefficient for reference/model RM2 at 1 = 3,1 plotted versus turbine diameter and

approximate averagesturbine blade root chord Reynolds number (Bachant et al. 2016)
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Figure 3 — Effect of Reynolds number on performance — Power coefficient versus tip
speed ratio (left) and power coefficient at 2 = 1,9 plotted versus turbine diameter and
approximate average turbine blade root chord Reynolds number (right), both for UNH-
RVAT turbine (Bachant and Wosnik 2016)
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When chord-based Reynolds numbers are not high enough to reach Reynolds number
independence, modified hydrofoil shapes may be required to develop similar turbine blade or
turbine rotor characteristics to the prototype. If turbine blade profiles are modified to
compensate for low Reynolds number effects the blade design process and final blade design
shall be clearly documented.

6.1.3 Temperature and salinity effects on Reynolds number

The thermo-physical properties of water change with temperature and salinity. These should be
considered when reporting Reynolds numbers. Temperature has the most pronounced effect
on viscosity, and hence on Reynolds number. Over the range of 0 to 225° C the absolute
viscosity of water can vary on the order of 100 % due to temperature, and hence Reynolds
numper can vary by a factor of two, whereas over the range of 0 to 35 ppt salinity abso¢lute
viscpsity can vary on the order of 10 % due to salinity (Sharqawy, Lienhard V, and Zubair,”2010;
Nayar et al. 2016; Intergovernmental Oceanographic Commission 2010; Park and Olivieri, n.d.).
Temperature (for all Stages) shall be recorded and salinity (where applicable) -Should be
recorded and any fluctuation reported during the tests. See 9.7 for additional information.

6.2 | Power take off (PTO) similitude

Since the TEC’s response to the environment can be altered through control strategies execluted
throgigh the turbine rotor, the controls shall also be reproduced at model scale, and hencg are
condidered as part of the PTO similitude.

The |PTO is made up shafts, linkages and generators, storage, and power electronics. Ea¢h of
thesp components has efficiencies based on the state of the system, and limitations (such as
max|voltage or torque values) associated with them.

A specific goal of the Stage 3 testing is to implement\a scaled PTO. However, in Stage 2| and
Stade 1, it is often not possible to scale the physical components down. Hence representatjonal
PT that capture the dynamic-kinematic) (force-velocity, torque-angular veldcity)
charpcteristics are often used. However, these representational PTOs can introduce artificial
effegts, like stiction, or non-physical hysteretic effects. Further, these representational HTOs
may|not be able to imitate limitations that\will exist in the prototype, such as maximum fgrces
or slew rates from the generator.

One| major issue surrounding PTQ-similitude relates to the inability to truly scale begring
surches and sealing processestsuch that frictional losses are also scaled. To improveg the
predictions of power performance, a friction analysis can be completed to determing| the
diffefence in performance that is being lost to the inability to scale frictional losses.

The jability to mimic the\prototype control strategy at model scale is very important. The advjerse
imp4dct of control strategy between Stage 2 and Stage 3 experimental testing was demonstrated
by Ffrost et al., 2048. The way in which this strategy is implemented is not relevant. Howgver,
for $tage 2 and-3, the effect of the control strategy should be demonstrated to be a sdaled
versjon of .the ‘prototype’s dynamic-kinematic characteristics. It is recommended that PTO
control strategy investigation are not undertaken until Stage 2 is reached.

NOTH “\Cammonly the efficiencies associated with each component of the PTO are dependent on the state ¢f the
system—Hernce;itis oftermr thetase that onty the—absorbed-power (ot mechamnicator etectricatomwhich these state
dependent efficiencies act) will be scaled-up to prototype level.

For scaled turbine rotors, special considerations shall be given to the uncertainty of the scale-
up since the turbine blades rely on hydrodynamics which is fundamentally governed by
Reynolds scaling. For more information refer to Clause 10.

6.3 Design statement

A design statement shall be available prior to device testing.
For Stage 1, laboratory testing programs the design statement
Shall include:

o Clear statement of the testing goals.
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Technical drawing of the experimental device indicating the anticipated scaling factor to full
scale.

Description of the experimental support structure, platform and/or mooring system (if
applicable) and its anticipated functionality.

Supporting calculations to provide approximate device physical properties and behavior.

Should include:

May|include:

Shall include:

Shotld include:

May|include:

For

in addition,to performance based factors. The design statement shall include:

A description of any mathematical device model, where available, detailing how the testing
may assist in advancing and refining such model, and verifying that the model includes the
governing physics.

Technical advantages and improvements the device introduces over other TECs.
Uiterature review of similar systems.

Btage 2 laboratory testing programs the design statement:

[lear statement of the testing goals.

q

Technical drawing of the preliminary device design in, anticipated full scale and| the
gxperimental design at model scale.

0

efinition of the anticipated full-scale turbine rotor and.its characteristics.

fda)

upporting calculations to provide approximate device physical properties and behaviqr.

echnical drawing of the preliminary support structure, platform and/or mooring system (if
pplicable).

Q

Characteristic site conditions for the anticipated device deployment location, including
ypical current velocity, turbulence intensity, wave period, water depth and significant wave
eight.

o will ol Y

A description of any mathematical model of a device, where available, detailing how the
testing may assist in advancing and refining such model, and verifying that the mjodel
includes the governing. physics.

Technical advantages and improvements the device introduces over other TECs;
Uiterature review of similar systems.
Btage 3y.the design statement shall be expanded and shall be based on engineering issues

CII ot E'S £ 4+ E'S EH la-
1Al StatlTIliiTTit UT 1T 1T oty yvudlo,

Technical drawings and construction procedures relating to the TEC;
Technical drawings of the support structure and/or mooring design;
Control strategies including set point parameters and process variables;

Characteristic site conditions for the device deployment location, including typical current
velocity, wave period, turbulence intensity, water depth and significant wave height.
Additionally, an estimate of the anticipated deployment length needed to sufficiently meet
the testing goals;

Characteristic site conditions relevant to understanding system corrosion including
conductivity and temperature;

Installation procedures;

Operations and maintenance procedures;
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o Failures mode, effects and criticality analysis (FMECA).
6.4 Facility selection and outline plan
6.4.1 General

Facility selection depends on many criteria which take into account both the test requirem

ents

and the facility characteristics. The selection of the test facility or site shall be based upon the

minimum requirements outlined for each specific testing goal. These testing goals can ofte

n be

achieved progressively, requiring an increasingly sophisticated facility and environment. More

than one testing goal can be achieved in one testing campaign, and more than one facility
be used to complete each development stage.

can

The [facility shall be capable of producing appropriately scaled flow environment at the gh
scalg. Particular attention should be paid to Reynolds number that can be achieved, block
tip immersion in flume and towing tanks, and proximity to walls.

Whefre devices are tested in towing tanks, reflections can occur due to the interaction with
wall$ and the bottom, while blockage effects may lead to different behavior.ofithe model
respect to equivalent operating conditions in an unbounded environment:~“Well establi
techpiques exist to evaluate effects of blockage for marine vehicles and\structures, and h
to cqrrect the measured data. However, these corrections are not as wellestablished for T
and [caution is advised. Corrections are typically based on the ratiotbetween the cross-se
of the model and the cross-section of the basin. This ratio should be reduced as far as pos
in order to minimize blockage effects, and in the case of energy eonversion devices, to mini
the Tffect on device performance.

Another consequence of the confined environment is the increased need of a sufficient

bsen
age,

side
with
shed
bnce
FCs,
ction
sible
mize

time

intenval between successive tests to re-establish still water conditions. The problem maly be

particularly important when tests are performed in wave conditions.

The [blockage ratio shall be reported for each\facility used. If blockage ratio exceeds
blockage correction techniques shall be used-and reported, if the results are to be used for
calcuylations. Whelan et al. present blockage-and free-surface corrections for axial-flow dey
and [propose an approach to correct results in the presence of blockage in conjunction w|
free |surface (Whelan, Graham, and Rgiro 2009). Special consideration should be given if
axial|-flow conditions, common in . current turbines, are to be considered (Bahaj et al. 2(
Ros$ and Polagye (2020) provide guidance on the validity of various blockage corrections

5%
AEP
ices
th a
non-
07).
and

found the method of Houlsbyand Vogel (2017) which requires the measurement of thrust, fo be

mos} accurate. Generally, tést conditions where blockage significantly exceeds 10 % shoul
avoifled.

If th¢ TEC model testresults are used for numerical model validation, then the same bloc
scenario as in the test should be replicated in the model.

6.4. Stage 1-and Stage 2
The [followinhg-are useful considerations for laboratory facilities:

d be

age

. afnk.dimensions, minimal blockage effect.

e Directionality of the circulating system.
e Model support/towing structure.
o Wave generation capabilities
— Wave conditions (height, period and direction).
— Wavemaker active absorption feedback.
— Stability of the water level at the wavemaker location.

Stage 2 shall also specifically consider:

e The increased scale of the model and the associated change in facility size.
e Uniformity of the flow field.
— Type of recirculation method utilized.
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In the case of turbine rotor or rotor/nacelle testing for axial-flow.Gr-cross-flow turbines a
condept design stage (Stage 1), model mounting characteristics; and instrumentation (inv3
or ngn-invasive) of appropriate accuracy to meet test objectivés should be used (see Anne

WheJre floating devices are being tested including the effects of the supporting platform,
naturally beneficial to use a flume or tow tank with a<free surface; where wave effects
impqgrtant, then a flume or towing tank with a wave-maker shall be used.

Conyersely for bottom-fixed devices when testing is intended to include the effects of
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— Flow entry method.
— Turbulence intensity.
— Turbulent mixing layers.
— Boundary layers.
— Methods of reducing turbulence.
e Honeycomb filters.
e Guides vane characteristics shape, number, and angle.

Wave generation capabilities; combined wave and current interactions.

=l

he role of wave-current interactions, particularly in addressing station keepin
pplicable) and mooring loading.

Q)

he spatial requirements of a realistic mooring system footprint (if applicable):

irection, uniformity, steadiness and turbulence characteristics — smallyand large s

1
Rroper inflow representation and the characterization of the inflow conditions (flow sp
g
thrbulent structures),

blockage and free surface effects.

eed,
cale

the
sive
K B).
it is
are

the

support structure, a tunnel or flume will offer advantages over a towing tank in ease of

instgllation, and in modelling the effects of'the boundary layer over the sea bed on the
around the supports. The importance of the impact of turbulence on the results obtained,
the turbulence levels achieved in tests.indifferent facility types, should be carefully conside

Gaurier et al. compared the performance of a turbine in four different facilities, two towing t
and [two circulating flumes (Gautier et al. 2015). The variation in results were found to G
from| the inflow turbulence,and blockage effects which were corrected for. More recgntly,
Allmprk et al. compared the~aon-dimensional performance characteristics of a turbine at {
of the same four facilities.as Gaurier et al. Similar variations were found and the importan

condistent device setup,played an important role in the results comparison (Allmark et al. 2(

Fro
(equlivalent Stage 3) using the same experimental turbine and setup (Frost et al. 2018).
reported difference was a reduction in power performance of 8 % between the lab and the
and was attributed to the unsteady inflow of the tidal test site.

et al. compared results from a towing tank (equivalent Stage 2) and tidal test

flow
and
red.

anks
ome

hree
e of
20).

site
The
field

Each tést facility is unique in its capabilities and operation, and experienced operators shall be
consulted. To ensure all important parameters are included, a detailed testing plan shall be
devised and reported. Feedback on this plan should be obtained from the facility operator prior
to testing. The outline test plan shall specifically consider:

Time required for model set up and calibration;

Time required for environmental calibration or characterization (if not already available);

Number of individual experimental runs, based upon a definition of:
— Number of tidal conditions;

— Number of sea states;

— Number of device design variables and their range;

— Range of inflow current parameters;

— Range of regular wave parameters and number of wave spectra;
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Duration of each experimental run;
Settling time between experimental runs;

Number of experiments to be repeated for quality assurance and uncertainty analysis in line
with the specific testing goals;

Device specific test requirements, including sensitivity to directionality and seaworthiness;
Logical order of experimental runs.

Defining a logical order to any experimental runs shall balance time, component life, device
design and sensor performance. Where possible the tests should run in a random order to

isol

jte any long-term drift of sensors. More energetic test environments that result in greater
forcgs and motions are ideally run last in case of a failure.

If a component fails and a like for like replacement is made, a repeat test shall bergarried out
to verify the system is performing as expected. A benchmark case may be ideal forthis purpose.
6.4.3 Stage 3

Field tests provide opportunities for device evaluation in a realistic envifonment with limited
contfol over test conditions and requirement of field instrumentation @and methodology.|lt is
recommended that established open ocean trial test centers should(be utilized to complete
Stadge 3. When this is not possible care shall be taken to identify a‘suitable site. The following

points should be considered during the sea zone selection:

IEC TS 62600201 should be consulted for unestablished open ocean trial sites.

Appropriate water current characteristics

turbulence intensity.

4 turbulent mixing layers.

1 boundary layers.

ppropriate spatial and temporal wave condition in both amplitude and period;
ppropriate model support/towing structure;

ppropriate water depth for mooring>fidelity;

Lonvenient launch and deployment facilities, especially vessels;

and-based data station;

ppropriate atmospheriec and oceanographic conditions, such as the absence of rip currénts,

y:

y:

y:

d

Uocal service and maintenance amenities;

4

y:

Rurricanes or excessive suspended sediment.
4

icensing and consenting from the appropriate authorities

Wheln the prevailing sea conditions shall be accepted as they occur, it is essential to develop a
test program that accommodates loss of control. The survival aspect of Stage 3 testing is sought
to aghieve’conditions that get close to true survival conditions. Example interpretations of $uch

testing:conditions include:

a)
b)

c)

testing that achieves 80 % of the expected ULS,

testing that achieves the worst possible condition within a 1-year period at the Stage 3
deployment location, or

an accelerated exposure of the device to high energy seas at a more exposed site with the
proviso that destructive seas may also occur at such sites.

Other interpretations are possible and are to be noted in the reporting.

A full test plan shall be produced prior to deployment to ensure all aspects of the design
statement are fulfilled. Results shall satisfy the uncertainty criteria specified for each testing
goal.
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6.5 Physical model considerations
6.5.1 General

Depending on the stage, TEC model testing may involve the hydrodynamic power performance
characterization of only the turbine rotor (mechanical characterization), or a more complete
system characterization, including an actual or modelled PTO.

For Stages 1 or 2, TEC model turbines may include only the turbine rotor, i.e., the prime mover
consisting of mechanical and/or hydrodynamic components used for converting the kinetic
energy in the water to shaft work. In this case a system for loading, controlling, and measuring
turbine torque and rate of rotation (RPM) is necessary.

For Btage 3, and sometimes at lower stages, developers may test a complete TEC modgl or
smal|l scale prototype that includes a generator and control system. To characterize [turbine
rotof performance from the combined performance (efficiency) of the system, the sepdrate
efficlency/losses from the other components, i.e., gearbox efficiency, generatar efficigncy,
power conversion efficiency, bearing/powertrain friction, etc., or, alternatively, | the
efficlency/losses from the balance of the system other than the turbine rotor Skall be evaluated.

In al] stages the test model, including model components and PTO shallrepresent the full-dcale
devige to a level of geometric and functional accuracy appropriate to.the' stage of development.
Consideration should be given to hydrodynamic performance, incldding issues such as surface
finish, boundary layer transition, and model stiffness, to ensure that the hydrodynamic|and
hydrp-elastic behavior is representative. For small-scale modéls-achieving adequate geomietric
accyracy and stiffness can be challenging.

The |choice of scale ratio influences model manufacture, instrumentation and equipment|and
choige of facility.

For Btage 1 tests it may be appropriate to model only the rotor of a turbine, whilst Stage 2| and
3 tegts would also require an accurate model of the nacelle and tower.

The [chosen model scale shall provide adequate space for the required instrumentation,|and
modgl dimensions shall be compatible wjith the capacity of maximum loads of measuring deyices
(torque-meters, dynamometers) and-provide adequate space for other equipment (slip-rings,
motagrs etc.). Instrumentation shalk‘have a level of accuracy to allow model performance tp be
quantified appropriately to the TRL of the test.

that sensors are configured in a way to measure as directly as possible the physical quantities
of interest. In the case of load measurements, this means that transducers should be located
as close as possiblg;, in terms of load path, to where the load is applied so that measurements
are |east affected\by the mechanical behavior of other components located in between. As a
congequence,force sensors should be located ‘upstream’ of water seals so that parasitic frigtion
assdciated with*those seals do not affect measurements. If this is not possible, the friction force
assdciated-with the seal shall be measured so that it can be subtracted from the overall |load
meapurements.

To e[;sure high quality measurements from the turbine models, care should be taken to ensure

6.5. Stage 1
The Stage 1 model construction should consider the following:

e Design to allow individual modification of the key device design parameters;

e Construction material selection (material properties that have a significant impact on the
device behavior shall be scaled, otherwise scaling material properties not required);

e The physical model construction enabling accurate measurements of the key parameters;

e PTO simulation using a simplified, yet accurate mechanism, that has been tested before the
experiment for operation;

e For floating systems, mooring simulation to match desired device dynamics.
Several physical models can be used to complete Stage 1 testing.
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6.5.3 Stage 2

The medium-scale physical model shall more representative of the full-scale device than the
Stage 1 model. Supporting calculations shall identify likely failure points, and cross-sectional
and local loads. Model design and manufacturing shall enable relevant strain or load
measurements at these locations. The Stage 2 model construction should consider all the Stage
1 suggestions in addition to the following:

e The dynamics of the model should be as close as possible to an exact representation of the
full-scale device;

e PTO 3|mulat|on using representatwe mechamsm capable of exhibiting the proposed full-
ects

xperimentally confirmed before testing;

. or floating systems, mooring system will need to meet both geometric and)structural
imilitude, potentially requiring two designs to meet the goals of this stage.

Stade 2 models should be significantly more sophisticated, than Stage 1 models, and all asgects
of mpdel fabrication and model handling have to be carefully considered.

The [size for a Stage 3 scaled model should be based on the tidalhparameters found af the
deplpyment/open ocean trial site and be sufficient to accommodate a fully operational |tidal
turbine, including the PTO and power electronics pack. For devices above a 500 kW rating| this
will till be a significant model on the order of several tonsvand so will require specialized
maritime handing. The device will not need to be grid connected and an on-board grid emulator
can pe used.

The [Stage 3 model construction should consider the{following:

e Hailures mode, effects and criticality analysis. (FMECA);
e Identification of ULS loads and factors afisafety;

o |dentification of key strains within thedevice structure;
e Accurate and complete assembly procedures;

e Ipstrumentation needed to record required data streams including sensor redundancy;

[ ]
LO.

upervisory control and/data acquisition system (SCADA);
fficiencies in the power conversion chain;

ccurate foundation (mooring for floating systems) designs and assembly procedures;

]
| | I jmul

eployment procedures;

LO.

. afety of workers during installation and maintenance;

e (onstruction material selection.

NOTHE Jf,using full scale materials then a skewed structural scaling will ensue in local load measurements.

Th dovien ~an initn II\: lf\r\ doanlavad in A nAr |n||\: k:nl{- r\nnrh{- ian-to inv tiant nocific AA
e cah at sign

o ac oo 1
TCVTCT ooty o T O T PpToy T U partatry T CoOTTOTtroTTtoO— v T oty TToPTTTITCUT

issues but shall be complete before the open ocean trial program is conclu d d. In particular, a
PTO simulation can initially be installed to validate and verify the system hydrodynamics.

6.5.5 Methods for applying torque

Methods for applying torque (loading) can be separated into three general categories—brakes,
generators, and motors. The simplest types of brakes are mechanical, e.g., disk brakes, which
rely on friction between two surfaces to generate heat and remove mechanical energy. These
can be actuated manually via cable, hydraulic or pneumatic pressure, or by an electrical
actuator. Electromagnetic brakes, such as particle and hysteresis brakes produce torque
directly from electrical energy.

Generators and motors both impose torque loads by producing electrical energy, but motors
have the ability to input positive torque, allowing precise control of tip speed ratio. A motor can
also be used to provide purely resistive torque, thereby acting as a generator. Motor types
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include AC induction, DC brushless, stepper, and permanent magnet servo (AC or DC).
Electrical power can be dissipated through a resistive load, which for some motors is built into
the drive or amplifier.

Regardless of the torque loading method employed, it is recommended that rotational speed be
controlled and torque load measured, rather than applying a torque load and measuring the
resulting rotational speed. This approach is advantageous since typically for a axial-flow axis
turbine type non-dimensional power curves, there are two tip speed ratios corresponding to a
given torque when operating off maximum power coefficient.

6.5.6 Methods for controlling angular velocity

Confrolling angular velocity is linked closely with application of load torque. For axjaliflow
turbines, a steadier hydrodynamic torque is expected compared to cross-flow turbines), Which
meaps control requirements are somewhat simpler for axial-flow turbine rotors, theugh for all
turbines tip speed ratio, or RPM, is the main independent parameter varied to observed changes
in device performance. Servo motor systems, though typically the most expenSive lodding
method, usually include motors with integral feedback devices and a drive or @mplifier wjth a
builttin high-bandwidth, high-accuracy closed-loop speed and position_€ontrol, providing a
conVenient all-inclusive speed measurement and control package. Similar results can be
achigved with less expensive brush DC or AC induction motors, though speed accuracy|and
ability to reject disturbances—e.g. the oscillating torque of a cross-flow turbine—are reduged.

6.6 | Additional test procedures
6.6.1 Dry run

It islrecommended that a turbine rotor be run dry to/check load responses and resonance
freqliencies.

6.6.2 Natural frequency

It is| recommended that excitation tests be carried out to determine structural resonance
freqliencies. This can be carried out by a single impact to a range of components in a range of
diregtions. A light-weight plastic hammerlis ideal; however, great care and a light touch are
recommended. This action also serves @s a good instrumentation and channel check.

6.7 | Uncertainties and repeat tests

Full pcale prediction uncertainty is related to measurement inaccuracy during testing, finite test
time| and scale effects. Testing is more accurate with less uncertainty as the scale increases
due fo the ability to better represent the model and to a reduction in scale effect.

Repeating tests to undgerstand the uncertainty of the experiment for a particular test is useful
and ps the scale ineréases it can be used to verify/check if there are any scale issues pregent.

Thelle are a_fwwmber of factors that should be accounted for to report accurately on| the
uncgrtainty.of the tests carried out.

. he limitations and accuracy of the unprocessed data.

e Differing scale principles related to Reynolds, Froude, structural, power conversion chain,
mooring representation.

e The standard deviation for the performance indicator as well as the characterization of
resources.

o Differing facilities create individual uncertainties.
Experimental uncertainty is described generally in ISO/IEC Guide 98-3.
Experimental uncertainty is described specifically in the ITTC documentation. The ITTC also

provide guidance and examples for dealing with uncertainties (ITTC 2008a; 2008b; 2014; 2017;
2008c).
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Another source of useful information on uncertainty is the ISO/IEC 17025 general requirements
for the competence of testing and calibration laboratories which is highly relevant for any testing
facility carrying out testing of pre-prototype scale devices.

7
7.1

Reporting requirements

Overview

Reporting requirements for facility core parameters and test specific parameters include:

7.2

Reporting requirements are described below. All work performed‘“should adhere to
requirements in this document, and any deviations shall be documented.

7.3
7.3

The test planning considerations shall be documented. ifithe reporting. This includes the dg
ment, testing goals, facility selection, physical-model characteristics and a measurement
procedure.

statq

Speg¢ial attention shall be given to identification of each relevant similitude that canng
obtajned, which should be included in th€ reporting along with a description of how
misrepresentation is expected to influence\the scaling procedure to full scale. Where the fa

.1 General

Reporting of test conditions and goals

racsantation of raciiltc
+e-S5EHtato - +1e5utsS

burrent parameters

¢
\Wave parameters if applicable
Control

A

resentation of performance indicators.

General

Test conditions and goals

the

sign

t be
this
Cility

charpcteristics do not entirely match the’expected full-scale conditions, this should be notg¢d in

the
7.3

The [facility should be well defined in accordance with the details in Annex C. This
shodld include:

Phygical characterization of the experimental test section.

.2 Facility selection report

eporting.

Hor Stage 42and 2; a detailed drawing of the facility including:

Locatien of any flow conditioning

Dimensions of the test section

For Stage 3; a minimum of one hydrographical/navigational chart of the test site that
suitable scale to demonstrate the following information:

is of

— TEC location (expressed in Latitude/Longitude or UTM in WGS84); for moored devices,
typical TEC location at slack tide, flood tide, ebb tide and an illustration of the watch

circle / TEC footprint experienced during the tests;

— illustration of the TEC footprint (fixed device) or anchor location(s) (floating device);

— TEC angular orientation relative to True North (where applicable for a fixed device)
— electrical cable route and length (if applicable);
— shoreline profile;

— water depth and tidal range in terms of MLW and MHW, including the reference datum,;

— any nearby tidal gauges or environmental monitoring stations;
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7.3.3 Physical model report
The

N
w
N

A ddscription of the measurement procedure shall be provided. This includes:

7.4

<+ reporting of any variation from the representative water density if used™ for

<+ reporting of the wave climate where applicable as described in 9.5.

4 Measuremenfiprocedure report
The
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— any other notable features or infrastructure in proximity to the device;

— identification of the current measurement locations used during the tidal reso
assessment (if made);

— reporting of the current profiler (e.g., ADCP) positions including a figure illustrating
the requirements of 9.4 are satisfied;

— reporting of the tidal ellipse and principal flow directions relative to the TEC as descr
in 9.3;

— reporting (with diagram) of the cross-sectional area of the testing location consume
the TEC and foundation or mooring as described in 6.4;

urce
that
ibed

d by

4 reporting of external constraints affecting or having the potential to affect typical dg
performance or operational periods as discussed in 6.5;

calculations as discussed in 6.1.3;

ype of energy capture technology employed and standard dimensions of the TEC.
hould incorporate the use of a diagram, and include pfejected capture area, suppo
bundation/platform/mooring system, and distance aboyg the seabed for a bottom-mou
evice or below the surface for a floating device;

O _—h (p =+

h the case of multiple turbine rotors the device gquivalent diameter shall be reported;

latform);

(ol el

escription of the control system (device\and software version);

escription of the power take-off system and power measurement techniques. A diag
etailing the power take-off systetn and location of the power measurement instrum
hould also be provided. Where applicable, dry and wet calibration calculations to acg
br losses should be provided.in detail;

= (N O O

Il instrumentation usedand’its location on or relative to the TEC. A diagram should be
nd detail given to the.instruments in use, including any calibration.

Q Q)

reporting of the time used for data acquisition, procedural steps, test conditions, sam

vice

the

TEC under evaluation shall be described in full. As a minimum, the/following parameters
shodld be provided:

This
rting
nted

bcation of the energy extraction plane, relativerto supporting structure (seabed or floating

ram
ents
ount

ised

objective of the measurement procedure is to collect data that meet a set of clearly defined
critefia as dictated\by the testing goals.

bling

ratey/and averaging time for each data set;

a log book containing measurement details, observations and anomalies should be

appended to the report.
Presentation of results

After calculating the required performance indicators, as stated for each testing goal, they
should be presented in a relevant manner. The following clause describes a selection of
performance indicators and statistics which ought to be included in data presentation. Table 3
describes the presentation requirements of continuously measured quantities.
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Table 3 — Presentation of continuously measured indicators

Performance indicator

Stage 1 and 2

Stage 3

Torque, power and thrust

Mean + standard deviation
Max = standard deviation
Min £ standard deviation

Same as Stage 1 and 2, but
separated into flood and ebb
phases of the tide.

Out-of-plane bending moment
(eccentricity of thrust)

Recommended

Required

Blade bending moments

Stage 2 — Flapwise or flatwise

Flapwise and lead-lag or flatwise

and edgewise

Rotgtional velocity and absolute
position

Mean + standard deviation

Abs. position recommended but not
required

Mean + standard deviation
Max + standard deviation
Min + standard deviation

Velqcity, point measurement

Mean + standard deviation

Mean + standard deviation
Max t+ standard deyiation
Min + standard deviation

Velqcity inflow, shear profile

Mean + standard deviation

Mean + standard deviation
Max + \standard deviation
Min*£ Jstandard deviation

IEC |TS 62600-200 should be followed for power and velocity results presentation. For cH

0SS-

flow|turbines, measurements should be presented for aninteger number of rotations,| see
Table 4.
Table 4 — Presentation of discrete measured indicators
Pefformance indicator Stage 1 Stage 2 Stage 3
Disgrete events (for Count and identify wave Peak magnitude and Peak magnitude and
example local point loads, | conditions for whichsit duration of each event. duration of each even{.
gregn water occurrence, happened Count and identify wave Count and identify waye
slamming and impact conditions for which it conditions for which it
events) happened happened.
Discrete event are most likely to occur for floating platforms subject to wave conditions.[See

Clauses 11 and 12 for further detail.

8 Pata acquisition

8.1 | Signal conditioning

The |electrical )sensor signals shall be recorded as raw as possible, without any substantial
filtering or"smoothing at the acquisition stage. Aliasing shall be avoided.

Spegialattention shall be paid to sensors that supply small output signals (voltages in the @

rder

of mV), as these are susceptible to contamination from electrical background noise (large
motors, pumps, or variable frequency drives). To ensure that the sensor signal is contamination
free, one of the following approaches should be adopted:

a) The sensor lead should be kept as short as possible and the analogue to digital (AD)
conversion should be undertaken in close spatial proximity to the sensor.

b) If an instrumentation amplifier is needed it should be placed as close to the sensor as
possible, providing signal amplification to a minimum of 1 V peak to peak or even better,
output the amplified signal in the form of a current signal (4 mA to 20mA) which is less prone
to electromagnetic contamination.

c) Where longer cables are necessary appropriate measures shall be taken to minimize errors
due to noise and damping of signals, e.g. by use of twisted and shielded pairs of wires
and/or use of measuring methods employing long cable compensation, such as 6 wire setup
for full-bridge strain gauge measurements.
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d) Some of the signal conditioning features described above may already be built into modern
sensor equipment.

e) Route the motor control and mains cables away (circa 300 mm) from signal cables where
possible. If signal and power cable shall cross each other, this should be done at 90° to
minimize interference.

The DAQ sensor suite should include all necessary measurements to assess critical sensor
quality. For example, sensors that may have a sensitivity in their output to other factors such
as temperature or vibration, may need to be corrected for these factors. Thus, these additional
factors would need to be recorded as well.

8.2 —Samplerate

The [main driver behind the high frequency content of tidal turbine model signal is the turlbine
blade frequency (turbine rotor rotational frequency multiplied by the number of turbine blades)
and jts harmonics.

Another source of high frequency content in turbine model signals comes from flow turbulénce
indured loads but at frequencies above 100 Hz, the turbulence energy content is very low| and
often lower than instrumentation noise floor so a sampling frequency of 200 Hz to 250 Hz shall
be cpnsidered sufficient to capture the relevant flow turbulence inducéd foads. However, if the
high|frequency end of the flow turbulence induced loads is of particular interest for a specific
expgriment, the sampling frequency shall be increased in accordance with the instrumentation
noisg floor.

Speg¢ial attention shall be paid when recording localized Aimpact forces, loads, or pressyres,
whefe the signal rise time at laboratory scale is in the/order of several milliseconds. Sample
rates in excess of 10 kHz should be adopted if e.g. impact loads or snap loads in mooring lines
are ¢f concern. In such situations, and where largexamounts of sensors are deployed, spgecial
attenption shall be given to ensure the necessary data throughput of the DAQ is available.

When setting the sampling frequency care-shall be taken to avoid aliasing: the sampling
freqliency shall be at least twice the frequeney of the highest frequency content expected in the
signal (Nyquist criterion). More information on this can be found in Payne et al., 2009.

8.3 | Analogue to digital conversion and DAQ system

In updertaking the AD conversion, an appropriate measuring range and resolution shall be
selected. To ensure maximum conversion accuracy, the minimum range that does not legd to
signgl saturation should be‘selected (for example £10 V for a sensor that provides outpu£s in
the £10 V range). For matching signal and measuring range a minimum of 12-bit resoluti¢n in
the AD conversion shall be used. A signal range lower than the measuring range is |only
allowable if the resalution in the AD conversion is correspondingly increased in order to
effegtively obtaining the same of better signal resolution. Generally, it is recommended to use
the highest available resolution.

8.4 | Frequency response

The fréguency response characteristic of any sensor shall be considered. Special attention ghall
be p idifsensars are calihrated ef:\fir\nlly (fnr nv:\mpln a force calihration ||cing a static wei ht)’
and then used to record dynamically varying physical quantities (for example the impact load).
The frequency response of the sensors shall be known and shall be documented, ideally stating
the -1 dB cut-off frequency. If the frequency response of the sensor is unknown, a dynamic
calibration is recommended.

8.5 Data synchronization

All PTO signals shall be recorded using the same DAQ system. All other signals shall either be
recorded using the same DAQ system or, where this is not possible, be synchronized using a
common trigger or time base. The time constant of the system and excitation source will
determine the accuracy of the synchronization. A decision shall be made as to the order of
magnitude of the phase lag between channels compared with the measurement of interest (e.g.
blade frequency or wave period). Lags between DAQ systems (e.g. optical sensors versus
analogue sensors) may misalign samples. This should be checked during testing and evolve an
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estimate of inaccuracy. This should also be considered when calculating derived values based
on data from multiple DAQ systems, which should generally be avoided.
8.6 Data recording

Data shall either be recorded in its raw format (commonly tab or comma separated text) or using
binary compression. Unless the amount of generated data is prohibitively large, raw text format
is recommended for ease of processing.

8.7 Recording of supplementary test data

All files shall be stored using a systematic and traceable file naming convention. Supplementary

dataﬁwgnwmawmmwmwwnhm
an accompanying spreadsheet. This supplementary data should include:

. urpose of the experiment;

lame of person undertaking experiment;

R
N
e Time and date of the experiment;
Time and date of the last sensor calibration;
A

low speed, TSR;
e If applicable, turbulence intensity;

[ applicable, target wave height, period, direction;
Vater depth;

ocation of sensor(s) relative to a well-defined coprdinate origin;

[ ]
4 — =

lame and physical unit of each of the signals recorded;

[ a spreadsheet is used, name and locationkefrany associated data files;
e Any additional (visual) observations made-during the experiment.

It is fecommended to take photographs ofisthe experimental setup at all stages (before, dyring
and pfter the experiment). The photographs should, if possible, clearly show the location ¢f all
senging equipment. In addition, the.experimental runs should be video recorded. A time stamp
on the video recordings should be“included for synchronization with sensor data.

NOTHE Placing a LED connected~tosthe main DAQ trigger in the field of view of the video camera provifles a
convégnient synchronization measure.

8.8 | Calibration factors/Physical units

The felationship between the recorded signal unit (for example voltage) and the actual phygical
property (the calibration factors) shall be documented. Calibration shall be performed ps a
minimum, beforerand after testing to verify that sensors have not been damaged (plastically
deformed) or-drifted in signal output.

8.9 | Instrument response functions

In special cases, instrument response functions or compensation factors of non-ideal|test
conditions may be required. Any such factors or functions shall be clearly documented.

8.10 Health monitoring and verification of signals

A rigorous health monitoring of all data shall be undertaken including, but not limited to, the
identification of:

e Outliers;

¢ DAAQ range saturation;

e Sensor range saturation;

e Significant amount of electrical noise;

o Drastic or unexpected signal gradients;

e Signal bias and drift.
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The health monitoring shall be undertaken on a frequent basis, ideally as the experiment is on-
going (for example during the tank settling time). If any of the above effects are observed, the
issue shall be resolved as quickly as possible, repeating the affected experimental run(s). If
this is not possible, any significant sensor / DAQ issues shall be clearly documented.

8.11 Special data acquisition requirements for Stage 3 open ocean trials

It is essential that the collected raw data is verified on an ongoing basis since repeating trials
will be difficult. All time stamped records shall be organized and archived as recommended in
IEC TS 62600-200.

The type, number, location, and acquisition frequency of the monitoring sensors shall be tailored
to the type of TEC and PTO under test. The key requirements dictating the instrumentation pack
shal| be:

e Redundancy of essential sensors;
e Alternative route monitoring options;

o [Data collection or control strategies.
9 [esting environment characterization

9.1 General

It is|critical to the interpretation of data that the testing environment conditions be cargfully
recorded. The testing environment for laboratory (Stage 1-2)"and field testing at tidal enfergy
site [Stage 3) will be characterized using different techniquges. In the laboratory environmgnt it
is expected that the characteristics will be well defined, it is recognized that the marine
envifonment is a complex hydrodynamic environmentwhich shall be considered carefully ip the
expdrimental testing and development of the TEC:

9.2 Environmental measurements

For pach development stage the environmental measurements outlined in Table 5 shall be

performed with further information is provided in the cross-referenced subclause.



https://iecnorm.com/api/?name=c29c0f6420f57171b6b27f2406bd012c

IEC TS 62600-202:2022 © |IEC 2022

— 35 —

Table 5 — Environmental measurements

Environmental Stage 1 Stage 2 Stage 3 Further details in
measurement subclause

Inferred inflow Only required if Not required but NA 9.3.2

velocity direct inflow can be presented.
velocity
measurements are
not recorded from
other sources.

Inflow velocity Recommended but At least one source, | At least one source, | 9.3.3

(Point not required. ahead of the ahead of the

mealsurement) device, capable of device, capable of
resolving velocities resolving velocities
into directional into directional
constituents. constituents.

Inflqw velocity Not required Data required At least one source 9.4

(Shear profile) ahead of the device | required ahead of
which covers the the device which
projected area of covers the
the device. Capable | projected area of
of capturing the the device, this
shear profile. applies for pboth

phases oféthe‘tide.
Capable of
capturing the shear
profiles

Submersion Pre-defined through | Pre-defined through | Atleast one NA

(hulj height) experimental design | experimental design/ measurement

source required
with a fixed position
relative to the
turbine’s axis of
rotation.

Wayes Not required If applieable, Required, monitor 9.5
monitor using a using a source with
source with a a known relative
known relative position to the
position to the device. Source shall
device. Source shall | be capable of
be capable of resolving the
resolving the waveform.
waveform.

Turbulence Not required If applicable Deploy a 9.6
measure with same measurement
single source as system ahead of the
inflow velocity device.
measurement.

Ten|perature Can be inferred Shall be measured Shall be measured 9.7
from previous and presented and presented
measurements

Salipityf Can be inferred Should be Should be 9.7

COn uutivity fIUIII pIUV;UUD IIIUGDUIUd dlld IIIUGDUIUd dlld
measurements presented, but as a presented, but as a

minimum inferred minimum inferred
from previous from previous
measurements measurements

9.3 Inflow/ Onset velocity
9.3.1

For all experimental designs the inflow velocity along the axis of rotation shall be presented.
Two approaches can be adopted: If there is no requirement for a synchronized inflow and
turbine response measurement (Stage 1), the velocity can be measured at the location of the
turbine rotor, but in its absence. Otherwise (Stage 2 and 3), the velocity shall be measured at
a sufficient distance upstream (2-5 diameters) or perpendicular to the axis of rotation, in-line
with the plane of rotation and outside the field of influence of the turbine rotor (1 diameter).

General
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IEC TS 62600-200 has further details on these deployment parameters. In either case, the
measurement location shall be reported relative to the turbine ensuring the measurements
capture the undisturbed, ‘free-stream’ characteristics of the flow. Furthermore, the recording
time period shall be reported and statistically significant, this will vary depending on the nature
of the facility and experimental plan. In all cases the time period shall be reported and justifiable.

9.3.2 Inferred inflow velocity

Inferred inflow velocity maybe sources such as the towing velocity of a carriage along a towing
tank, or a calibrated power setting on the pumps in a circulating flume. In all cases these shall
discussed with the facility manager during experimental planning. Direct reporting of the
uncertainty values or citation to the relevant analysis shall be made in the report. This form of
velogity measurement is only acceptable at Stage 1 and may be used alongside otherinflow
meapurements in Stage 2 testing. Inferred velocity measurements are not acceptable @t Stage
3 tegting.

9.3.3 Point measurement

For Jall Stage 2 and 3 testing a point measurement is recommended,. (It will provide an
independent data source for validation of inferred inflow measurements and/or a bin within any
profile measurements.

Furthermore, for Stage 2 and 3 testing a point measurement shall provide insight intd the
strugture of the flow upstream, enabling the components of the flow to be resolved in 2|or 3
dimgnsions. For further information on point measurement instruments see Annex D.

9.4 | Velocity shear profile
9.4.1 General

A velocity shear profile is the term used to describe the velocity gradient within a flow. Velpcity
Shear profiles occur in both the vertical and.horizontal planes, and are often caused by
boundary effects. The shear profile characterization is an important parameter to define[and
report when testing tidal turbines and shall.be reported at all stages.

Stage 1 and 2 testing may experiencecshear profiles on the sides, top or bottom of the jtank
depending on the facility type and surface friction. Consult with the facility manager to determine
if there is a known shear profile inthe facility. In addition, the introduction of a turbine rotpr in
a fagility may cause a shear profile due to blockage.

Stade 3 testing will experienceé a shear profile, it will likely be bathymetry and/or surface driven.
In all cases, the boundary friction and device proximity to the boundary will play an impoftant
role [in the significance-of the shear profile and its effect on the testing.

Therefore, an instcument or array of instruments shall be used to resolve the shear profile

9.4. Measuring a velocity shear profile

For all stages of testing the facility type will play an important role on the instrumentation|that
may|be used. Table 6 shows the instruments capable of capturing a velocity shear profile|in a
particular facility at the relevant stage. Vertical and horizontal (lateral) shear occurring in water
tunnels and open-channel flumes, and field test sites can alter the hydrokinetic power available.
The section dimensions (width and height) are the relevant length scales relative to the
corresponding device dimensions for assessing the degree of shear, and the need for
measuring it.

Consistent with IEC TS 62600-300, vertical shear shall be measured if the device’s projected
height is greater than 25 % of the water depth, or the device is positioned such that its capture
area overlaps with the bottom 25 % of the water column. Lateral shear shall be measured if the
devices projected width is greater than the water depth.
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Table 6 — Instruments suitability for velocity profiling

Instrument Suitability for profiling
name
ADCP e Ideal instrument for profiling applications, best suited for open-water and tidal test sites.

e Limitations exist in confined spaces due to wall reflections, such as small laboratory
facilities.

e Open water pushing and tidal test sites may experience poor signal to noise ratio at
times, post processing will require quality control.

ADV e If a single instrument is used it will require a traversing carriage or shall be redeployed
at distinct intervals. A multi-instrument array may avoid this need; however, shall avoid
disturbing the inflow.

o For towing tank maintaining sufficient reflective particulates in the water can befan
issue, consult with the facility manager prior to testing.

e Open water pushing and tidal test sites may experience poor signal to nois¢ ratio at
times, post processing will require quality control.

LDA e If a single instrument is used it will require a traversing carriage or shall’'be redeployg¢d
at distinct intervals. A multi-instrument array may avoid this need{ however, shall avdid
disturbing the inflow.

o Rarely used as an array of instruments, but a possible option-

PIV e Can be used for profiling in the laboratory environment{towing tanks and circulating
flumes) typically over small fields of view.

e Itis recommended to seek the advice of the facility,manager if this approach is to be
used.

Pitot-tube o If a single instrument is used it will require,a traversing carriage or shall be redeployed
at distinct intervals. A multi-instrument array may avoid this need; however, shall avqid
disturbing the inflow.

¢ Instrumentation has known limitations depending on variety, consult with instrument
provider in relation to experimentalNest planning.

NOTHE Whilst the recommended instruments are most suited, the alternative instruments are commonly psed.
Typicglly, the choice is made by instrument avaifability and technical experience either of the facility operatgrs or
thosel conducting the experiments. Furthermore,t is recognized that for some facilities, such as a circulating flume,
a point measurement device (such as an Acoustic or Laser Doppler velocimetry) may be used effectively due {o the
long periods of continuous testing achievable at such sites. Further information on these instruments may be jound
in Anpex D.

If a g§hear profile is suspected\in”Stage 1 and 2, and for all testing at Stage 3 it is recommended
that [a sufficient number of bins/ discrete measurement locations across the projected arga of
the furbine is used to chardcterize the shear profile and its effect on performance (a minimum
of 5 bins/ discrete (feadings across the projected area of the turbine is recommended).
Depending on the turbine geometry and site bathymetry capturing a horizontal or vertical shear
profile maybe justified. When this is the case and when calculating device power performgnce,
the ¢oncept ofishear velocity introduced in IEC TS 62600-200 shall be taken into account.

For all shear-profile measurements, the recording time period shall be reported and statistically
sign|ficant, this will vary depending on the nature of the facility and experimental plan. In all
casqs\the time period shall be reported and justifiable.

9.4.3 Presenting velocity shear profile

The horizontal and vertical shear should be presented as cross-stream contour plots of the
current speed profiles, line-plots of those profiles, or as tabulated data of those profiles in
accordance with IEC TS 62600-200.

9.5 Wave climate

9.5.1 General

Waves cause a disturbance both at the surface of a body of water and penetrate into the body
of water. In experimental testing the following wave types are typically used; regular waves,
irregular long-crested sea states and irregular short-crested sea states (Draycott ef al. 2017).
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This subclause relates to the testing of a device in wave and currents. It does not include the
sea keeping or stability of a platform in waves, considered in Clauses 11 and 12. Please see
IEC TS 62600-101 for further information on these elements.

9.5.2 Measuring waves

Wave measurements are not required in Stage 1 testing, it is recommended at Stage 2 that
experimental testing of wave-current interaction is performed, using regular and irregular waves
on the device prior to Stage 3, if the device is anticipated to be deployed at sites that experience
wave action.

The key wave measurement parameters are described in Table 7 (adapted from IEC TS 62600-
103) provides the key parameters required when performing testing of these wave types.

Table 7 — Environmental performance indicators

Enyironmental performance indicators Stage 1 ‘ Stage 2 Stage 3
Sea}states Regular Wave height H, + standard deviation NA
Wave period T, + standard deviation

Wave direction 8, + standard deviation

Water depth

Irregular long- Significant wave height, Hs NA
crested Zero up-crossing period; 'z
Energy period, Te

Peak period, Tp

Wave direction, 6

Repeat time\(f any)
Spectralsshape

Irregular short- As_itcregular long crested waves, but NA
crested including directional spreading

At Stage 3 testing in irregular sea“states the following shall be measured in accordance |with
IEC[TS 62600-101.

It is|noted that IEC TS 62600-103 and IEC TS 62600-101 have limited cross-application for
wave-current testing ofitidal energy converters. For example, due to the presence of currgnt it
is necessary to not.only report the wave characteristics as formed by the wave paddle in the
lab pr inflow wayve.characteristics (stationary frame of reference) but to report the Wave
encqunter charaecteristics. The wave encounter characteristics in a towing tank will considef the
freqlency change due to the carriage’s velocity relative to the stationary reference frame.

9.6 Turbulence

9.6.1 General

The key performance metrics for turbulence and its significance to tidal energy converters are
not currently known. This is the subject of ongoing research.

To date it is recognized that the following parameters affect performance and/ or loading of TEC
devices and therefore it is recommended that they be reported for the incoming flow at Stages
2 and 3.

9.6.2 Turbulence intensity

Turbulence intensity is the ratio of the RMS of the turbulent velocity fluctuations to the mean
flow speed. Mycek et al give details on the definition and significance of turbulence intensity
(Mycek et al. 2014). The turbulence intensity is typically computed from the three velocity
components but depending on the instrument used to measure velocity, it can also be calculated
based on two or even one velocity components. In any case, the method used to calculate
turbulence intensity shall be documented.
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Due to the spatial variability and limitations in sample points it is currently recommended that
the turbulence intensity be measured at the height of the rotational axis upstream of the TEC.

9.6.3 Integral length and time scales

Integral time and length scales are another means by which to characterize turbulence from the
inflow. They describe the average duration and size of the turbulent features in the flow.
Typically characterized in the longitudinal (axial), transverse and vertical orientations for a
conventional axial-flow TEC device. These scales are significant for accurately representing
turbine blade loading regimes and for turbine blade fatigue life analysis.

9.6.4 Other considerations

Accyrate measurement and interpretation of the turbulence can be problematic due(iq the
mathematical definition of the quantities where noise, instrument motion and spatially|and
temporally varying flow structures can contribute significantly to the magnitude jof these
statiptics. The following laboratory or field test phenomena can impact the accuracy of the
meapurement of the turbulence. Ambient or instrument noise floors cdn -increase| the
autocorrelation statistics and reduce the cross-correlation estimates. These noise sourceg will
incrgase the spectral noise floor, masking some features of the flow spectra, and can be|of a
flat Wwhite noise spectral nature or frequency dependent. ADV noise is.‘component dependent,
the pff-axis components exhibiting higher noise floors than the-~oh-<axis component. |This
incrgased noise in two of the three components of velocity will not enly bias the normal statistics
(incneasing variance) but will also decrease the cross-correlations or Reynolds shear sfress
meapurements.

9.7 | Temperature, salinity, density and viscosity

Water temperature 7, density p and absolute viscosity. p are important fluid properties that shall
be measured and reported for environmental characterization (Neary et al. 2011).| For
freshwater, density, viscosity and therefore Reynolds number are dependent directly on
temperature as shown in tables in standard fluid ‘ mechanics or fluvial hydraulics texts (Chang
1988). Therefore, only the water temperature~should be measured coincidental with the [flow
meapurements in freshwater. In saline tidal environments, density and viscosity depend on poth
temperature and salinity, necessitatingrmeasurements of both temperature and conduciivity
(salipity being a function of conductivity and temperature). Standard protocols for measdring
conductivity in tidal channels are détailed in Neary et al., 2011. Detailed measurements of the
watgr temperature and salinityylas well as the equation used to derive density, should be
inclyded to justify any variation:ffom the representative value. If applicable the Thermodynamic
Equation of Seawater (Intergovernmental Oceanographic Commission 2010) or should be lised
for seawater density caleulations in this situation.

10 [Furbine rotorperformance characterization

10.1] Testing-goals

The [power performance testing shall produce an estimate of the hydrokinetic power converted
by the TEC under different operating conditions, i.e., a power performance curve in ejther
dime
non-
non-dimensional rate of rotation).

For Stages 1 and 2 the power conversion of the TEC under test should primarily be evaluated
in suitable laboratory facilities, discussed in Annex C. In Stage 3 the power conversion of the
TEC under test shall be evaluated in a real tidal flow.

When power performance curves are extrapolated to full scale and combined with data from a
tidal energy resource assessment (IEC TS 62600-201), a riverine energy resource assessment
(IEC TS 62600-300) or an ocean current resource assessment, the annual energy production
(AEP) of a full-scale TEC can be estimated.

Scaled testing of the support structure, platform and moorings, should be considered if it affects
tidal energy converter device performance and loading.
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10.2 Performance indicators
10.2.1 General
The instantaneous kinetic power available in flowing water (in W) is equal to:

Pavailable in flow = 0'5 P A U3 (6)
where
p is the density of water, in kg/m3,

A is the prajected (flnw-fnring) area of the turbine in m2 and

U is fthe free-stream velocity approaching the turbine, in m/s.

10.2l2 Power, torque and angular velocity
The [power converted by the turbine rotor is:

Pryrpine = T X (7)
whefe

T is fotor torque, and
w is j[angular velocity.

To fneasure rotor performance, the shaft shall bel/loaded with a torque opposite| the
hydrpdynamic torque such that energy is removed from the system. This energy shall thep be
disilpated. At the same time, turbine shaft angular.élocity w shall be measured. Torque should
be measured as close to the turbine rotor as possible. If torque cannot be measured direcfly at
the turbine rotor, losses between the rotor and the torque measurement location shall be
evalpated.

10.213 Turbine rotor drag (thrust)

The |turbine rotor drag or thrust, E, ,is the resulting force on the rotor in the principal [flow
diregtion due to the sum of all normal and shear stresses over the rotor. Instead of writing this
forcg as integrals of stresses over an area, it is customarily expressed as being proportionjal to

the projected area, A, and kinetic energy, %pUZ, with a drag coefficient, ¢y, as a constant of
proportionality. The turbine-rotor drag (thrust) force is given as:

Fp = cp, turbine rotor %ApU2 (8)

Crogs-flow turbines also experience lateral forces. These depend on the cross-flow turbine
design, and (are typically smaller than the rotor drag (thrust force).
10.3| Non-dimensional performance indicators

10.3l1—General

It is advantageous to present results non-dimensionally, since this allows comparison between
different turbine rotors.

10.3.2 Torque performance characterization

The non-dimensional torque coefficient is defined as:

T

0= (9)

05pARU?2

10.3.3 Power performance characterization

The fraction of the available kinetic power that is converted by the prime mover to shaft power
prior to PTO losses is expressed as a non-dimensional ratio, the turbine rotor power coefficient:
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_ Pturbine _ Tw
CP,turbmerotor - Pavailable in flow - 0,5 pA U3 (10)
The turbine power can then be expressed as:
— 3
Pturbine - CPO'S.DAU (11)

10.3.4 Thrust performance characterization

Similarly, the ratio of the total thrust (rotor drag) force to the flux of kinetic energy per unit
volume (also has units of force) is typically expressed as a ratio referred to as the thrust (drag)
coefficient:

F

Cp turbine rotor — O:SP# (12)
We note that power is proportional to flow velocity cubed, whereas drag is proportional to|flow
velogity squared.

10.3{5 Presentation of non-dimensional results

Powgr coefficient, thrust coefficient and torque coefficient can now be plotted against tip speed
ratio. From the definition of tip speed ratio 4, , it can also be seen that!

cq = cp/A (13)

Formulas (9) through (13) are for instantaneous quantities\"These instantaneous quantities
shoyld be averaged over a suitable time interval, which will’"depend on facility, test article| and
test conditions.

11 Motions and loads under operational conditions

11.1] Testing goals

It is|important to evaluate the motion and. loads of the rotor/prime mover and any support
strug¢ture, which may be fixed or floating-SFhe purpose of this testing is to evaluate the logding
on the support structure, mooring loads and platform motions (if applicable). In Stage 1 the
platform motions and predominant-cross-sectional loads are investigated through the uge of
RAQ curves and bivariate scatter plots of load and motion versus input conditions. In Stage 2,
loca| loads are investigated as(well as more comprehensive measurements of the TEC cnoss-
sect|lonal loads, platform motions, and mooring characteristics where applicable. Lastly, in
Stade 3 the loading (local, cross-sectional, and mooring) and motion characteristics of the [TEC
will be used to populate-the bivariate scatter diagram.

11.2| Testing similitude

With| a progression in staged development, there should be a corresponding progression in the
fidellty of the“physical model; incorporating additional detail in the model design so a more
definite design shall be used in Stage 2 over Stage 1. Supporting calculations shall idgntify
likely failure points, and locations of high stresses, and the model shall be designed|and
manpfdctured to enable relevant strain or load measurements at these locations.

The parameters that shall be adopted for geometric and structural similitude for testing
kinematics and dynamics are given in Table 8 and Table 9.

Implementing catenary mooring systems at small scale is problematic as tanks are often too
small to accommodate the footprint. Alternative configurations, for example using buoy and
sinkers, should be considered. A simple spring mechanism can be adopted to ensure station
keeping during early experimentation. In all cases, the mooring characteristics shall be verified
experimentally.

Since the goal of this testing is motions and loads, achieving turbine rotor similitude is
technically not required. However, since the kinematics and dynamics of a device are partially
dictated by the operation of the rotor or PTO, a mechanism shall be implemented that achieves
representative kinematics and dynamics.
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The hydrodynamic similitudes set the scale of the environment and device to be tested, the
scaled device parameters shall be matched as outlined in Table 8 and Table 9.

Table 8 — Geometric similitude requirements (operational environments)

Geometric similitude

Stage 1

Stage 2

Stage 3

Turbine rotor

Thrust load to match the
operational thrust to
within 15 % at model
scale; no rotational parts
required

Thrust load to match the
operational thrust to
within 10 % at model
scale; no rotational parts
required

Thrust load to match the
operational thrust to
within 5 % at model
scale; rotational parts
required.

essential

essential

Platform IlVlideI plupvllivb of plufiiv AHdomirarTt plupt:li.it:b of Atdommiart plupvlliv of
scaled to match the the profile scaled to the profile scaled to
produced environment to match full-scale design to | match full-scale-desigh to
within 15 %; constrained within 10 % within 10 %

DoF testing allowed
Modring Full layout (footprint) not Full layout (footprint) not All dominant properties

and scaled to match
scaling parameter

Table 9 — Structural similitude requirements (operational environments)

Structural similitude

Stage 1

Stage 2

Stage 3

Turbine rotor

Not essential

Not essential

Where possible, matc
the full-scale material
and construction

distance and velocity; as
well as the scaled pre-
tension scaled to
represent full-scale
design to within 20 %

techniques.

Platform Not essential unless Not éssential unless Where possible, matc
fundamental to power fundamental to power the full-scale material
conversion conversion and construction

techniques.

Moqgring Not essential Properties proportional to | Properties proportiongl to

distance and velocity;|as
well as the scaled pre
tension scaled to
represent full-scale
design to within 10 %

Typikal Froude scale factors are in the order of 1:25 — 100 (Stage 1), 1:10 — 1:25 (Stage 2

and

1:1 + 5 (Stage 3). Thisswill result in incorrect Reynolds scaling; if any special techniqueq are
employed to alter the Reynolds regime, these should be documented. Clause 6provides addition

scaling guidance:

11.3

Platform motions

Kingmaticmotions in each flow condition shall be measured. Table 10 identifies the kinematic
meapurement of the model and its subsystems in each stage required to successfully determine
the performance indicators. Systems that are free to move such as floating systems or freg-to-

yaw devices should be monitored for position and acceleration. For example, the pitch of a
floating device shall be monitored with respect to rotor thrust and mooring line tension. The
purpose of the motion and loads testing is not to determine the power production, however, the
kinematics and dynamics of the platform and structure are partially dictated by the turbine rotor
or PTO performance (namely thrust). Often at smaller scales in Stages 1 and 2 assessing the
platform response will benefit from porous plates that represent the rotors and exert a
representative drag force (which should be measured directly).
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Table 10 — Kinematic signal measurements (operational environments)

not essential. The TEC
kinematics can be helpful

Kinematic Stage 1 Stage 2 Stage 3
measurements

Platform All independent and All independent DoFs for Global location of TEC in
active DoFs for all bodies | all bodies monitored to ocean
should be monitored to 2 % of the major length
5 % of the major length parameter of the model
parameter of the model

Mooring Independent monitoring Recommended to monitor | Mooring anchor points

all attachment points of
all legs (at optional

(continuous monitoring
not obligatory, but regular

in identifying the mooring

buoyancy chamber, at

checks on position highly

kinematics anchor point) to 2 % of
the major length

parameter of the model

recommended)

PTQ

Not required Not required All DoFs ontributing {

absorbed power

Mod
syst

A fu
requ
to its

so that no physical interaction takes place between the motion tracking system and the phy

mod

If th
pote
mea

11.4

Mea
be n
dyng
dete
base

el movements should be accounted for when determining the range of the six DoF trag
bm and the associated marker placement on the model where applicable.

| six DoF motion tracking system is recommended if available. Six DoF tracking sysf
ire calibration, and this shall be undertaken with assistance from the tank/test operator
complexity. The six DoF tracking is commonly based on optical (camera based) techni

el. More information on motion tracking systems ean be found in Clause D.9.

b model kinematic sensing relies on single DoF sensors (laser displacement sensg
htiometer based), then the motion cross<coupling between the various DoFs and
sured axes (for example the effect of roll on vertical translation) shall be well understdg

Local loads, cross-sectional loads and mooring or global loads
surements capturing the forces and” moments in each flow condition and wave train
mic measurements on the model and its subsystems in each stage, required to success

Fmine the performance indicators. Note that the determination of the requirements is ¢
d on performance seen in earlier stages.

king

ems
due
ques,
sical

r or
the
od.

shall

nade throughout the load path~at the critical locations. Table 11 identifies the required

fully
ften
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Table 11 — Dynamic signal measurements (operational environments)

Dynamic measurements

Stage 1

Stage 2

Stage 3

TEC: Blade loads

Sensing not essential;

Blade loads should be
measured (for example in
flapwise and edgewise
coordinates)

Blade loads shall be
measured (for example in
flapwise and edgewise
coordinates)

TEC: Turbine rotor thrust
and torque loads

Sensing not essential;.

Turbine rotor thrust
should be measured

Turbine rotor thrust shall
be measured

TEC: Platform loads

Sensing not essential;
however green water,

Monitoring recommended
if green water or

Monitoring required if
green water or slamming

Stamming, andror impact
events are to be visually
identified and noted in
final report.

StAamming was Seen m
Stage 1.

Monitoring required if
other impact event
occurred in Stage 1.

Was seen In Stage 2. |
Monitoring recommengied
if impact event occdrréd
in Stage 2.

TEJ: Cross-sectional
loads

Cross-sectional loads
should be sensed in
primary stress plane.

Cross-sectional loads
shall be measured in
primary stress plane and
shall be measured in out-
of-plane directions
(alternatively the bending
moments may be

Cross-sectional loads
shall bé measured in
DoFE.

measured)

Modring Floating: line in Floating: all linés Floating: all legs to result
predominant wave (including umbilical when in a full-scale accuracy of
direction at attachment relevant) at(@ttachment 3 % of the expected pgak
point to TEC to result in a | point to<TEC to resultin a | load
full-scale accuracy of full-scale accuracy of 5 % | Fixed: connection point in
20 % of the expected of the expected peak load | gix DoF with a full-scale
peak load Fixed: connection point in | accuracy of 3 % of theg
Fixed: connection point in [<six DoF with a full-scale expected peak load
one DoF in a full-scale accuracy of 5 % of the (special attention to bg
accuracy of 20 % of expected peak load paid to cross-coupling
expected peak load (special attention to be

paid to cross-coupling)
PT( Not required Not required All DoFs contributing fo
absorbed power
To donfirm that the dynamic)measurement sensors did not undergo plastic deformations by
surpgpssing their maximum magnitudes, the calibration shall be confirmed after the testing| has
takep place.
The [environmentshall be monitored as specified in 9.2.
11.5] Test conditions
11.511 Stage 1 and 2
The [minimum requirements for the laboratory (Stages 1 and 2) dynamic and kinematic {ests
sho He~feHewthose—outhinredinTable42—Currentvelocities—shall-be—selestedsuchthatlthey
adequately cover a representative range of site conditions. The wave tests may be omitted if

the device not to be deployed at sites with wave action.
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Table 12 — Current parameters for kinematics
and dynamics testing (operational conditions)

Obtain dynamics and kinematics

Stage 1

Stage 2

Current

1 flow velocity at in flood and ebb
directions.

3 flow velocities (of which one is in
ebb and flow).

Varying current direction

Not required

Device response to changes in
current direction should be
investigated.

Regular waves in current

3 periods for the design flow
velocity per direction per

3 periods for 3 flow velocities per
configurations of the model for 50

configuration of the device for 50 waves duration each.

waves duration each.

For selected configurations, the
testing should be repeated with at
least three additional wave
amplitude.

For selected device configlratigns,
the testing should be repeated with
at least four other wave
amplitudes.

Irregular long-crested sea states at
a ngminal direction

Generally outside the scope of
Stage 1 testing

6 operational.sea states (for ea¢h
tested spectral shape) of 250
waves duaration each.

Generally outside the scope of
Stage’2 testing

Irregular short-crested sea states Generally outside the scope of

Stage 1 testing

NOTH It is important to highlight that all requirements above are minimum requirements. Extended wave tgsting
may ¢ften be beneficial for analytical or numerical model development purposes.

In the case of a freely yawing device, the various current directions may be disregarded|with
respect to the device, however, the response te)changes in current direction shoul;ﬂ be
invegtigated. In experimental studies, regular wave conditions have shown to increase thrust
loads by up to 65 % compared to current-only<loads at rated power (Draycott, Payne, &t al.
2019). Irregular waves have shown to increase this to above 90 % (Draycott, Steynor, €t al.
2019).

11.512 Stage 3

For ppen ocean trials, the test schedule shall be constructed such that changes to the dgvice
confjguration, especially the turbiné rotor torque or speed settings, can be compared acrgss a
statiptically significant number'of tidal cycles. The purpose is to quantify the device behavior
for dach device setup.

To accommodate sea _state variability and complete Stage 3 satisfactorily a robust test plap for
a sufficiently extended.time period will be required.

11.5l3 Fatigue-measures

Meapurement\of the loads through the device should enable designs to carry out fafigue
analysis. While we recognize this is important, it is not covered in more detail at this time. It
may|be covered in a future revision of this document.

12 otions and loads under survival conditions

12.1

Long term survival is essential for the success of any TEC technology. Testing under extreme
storm and current conditions shall rely on a statistical representation of the main performance
indicators. Defining just which conditions, or combination of current and waves, create the worst
case scenario is not obvious and thus shall require a broad scope of environmental conditions.

Testing goals

The magnitude of the worst case condition is dependent upon the devices response (motions
and loads) to environmental forcing. Hence there are two aspects to achieving survivability:
designing the device’s response to the forcing and structural engineering solutions capable of
withstanding the loads and motions. This testing shall provide statistically significant knowledge
of the loads on the TEC and support structure given a device’s response to various incoming
environments.
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If specific survival strategies, i.e. strategies such as locking the turbine rotor to alter the device
response to environmental forcing shall be tested.

Floating or otherwise free to move TECs may require dedicated models designed specifically
for survival conditions due to the scale of the environments. An additional element that shall be
considered for these models is the electrical umbilical that transports power from the TEC.

There are no specific requirements on the generation of the survival environment in Stage 1 to
determine the kinematics and dynamics in survival environments; however, results from this
stage shall be used to qualitatively select appropriate survival strategies.

In S

loadp are all used to characterize the device’s peak responses.

In S{age 3, the naturally occurring environment will not only provide data to further charactg

ring

Brize

the @levice response similarly to Stage 2, but additionally will allow for charactefization of the
congtruction and equipment selected.
12.2| Testing similitude
The [parameters that shall be adopted for geometric and structural lsimilitude for testing
kinematics and dynamics in survival environments are given in Table. 13 and Table 14. Stage 2
contpins the majority of similitude requirements that are unique from those presented in Table 9
sincg at this stage a full testing program to determine statistically,significant PDFs shall og¢cur.
As stated above, due to the size of the survival environménts, it is often required to profluce
models at Stage 2 that are Froude scaled 1:25-100. Given'the role of mooring systems in these
conditions, geometric and structural similitude shall be~achieved in Stage 2. Further, structural
simi,litude for the electrical umbilical shall be achieved so that the influences of the cable fgrces
on the device motions can be captured during testing.
Table 13 — Geometric similitude réquirements (survival environments)
Geometric similitude Stage 1 Stage 2 Stage 3
Turlyine rotor Thrust load to match the Thrust load to match the Thrust load to match the
estimated operational estimated operational estimated operational
thrust to_within 15 % at thrust to within 10 % at thrust to within 5 % at
model seale; no rotational | model scale; no rotational | model scale; no rotatipnal
parts‘required parts required parts required
Platform Major properties of profile | All dominant properties of | All dominant propertiefs of
Scaled to match the the profile scaled to the profile scaled to
produced environment to match full-scale design to | match full-scale desigp to
within 15 %; constrained within 10 % within 5 %
DoF testing allowed
Modring Full layout (footprint) not Full layout (footprint) not All dominant propertieg
essential essential and scaled to match
scaling parameter
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Table 14 — Structural similitude requirements (survival environments)

Structural similitude

Stage 1

Stage 2

Stage 3

Turbine rotor

Not essential

Not essential

Where possible, match
the full-scale materials
and construction
techniques, even if this
will result in skewed
scaling for the structural
response

Platform Not essential unless Not essential unless Where possible, match
fundamental to fundamental to the full-scale materials
survivability survivability and construction

techniques, evenif this
will result in skewed
scaling for the siructural
response

Mogring Not essential Properties proportional to | Properties proportiondl to

distance and velocity; as
well as the scaled pre-
tension scaled to match
full-scale design to within
10 %

distanee and velocity;|as
well ‘as the scaled pre
tension scaled to matq
full-scale design to within

5%

[Y)

>

Elegtrical umbilical

Not essential

Properties proportionahto
distance and velpgCity; as
well as the scaled pre-
tension scaled te match
full-scale d€sign to within
20 %

Properties proportiongl to
distance and velocity;|as
well as the scaled pre
tension scaled to matd
full-scale design to within
10 %

[9)

>

12.3] Signal measurements

For requirements regarding signal measurement please refer to Clause 8 with the following

additions.

Speg¢ial attention shall be given to the;size and weight of the sensors, as scaling requirements

typidally lead to small models for floating platforms, especially at Stage 2.

NOTH Fitting suitable sensors with sufficient accuracy and fidelity to the model, without significantly altering the
respgnse, can prove challenging. Inpractice, accuracy requirements might lead to a need of splitting up the tepting,
so that each set of tests can focu$ on' a separate aspect at a time.

Speg¢ial attention shall also be given to the risk of snap loads in moorings, impact presslures
and [forces, which arevsignificantly more likely to occur in survival environments. Suffigient
ranges, dynamic propetties and sampling frequencies shall be used to ensure that such eVlents

are suitably captured.

12.4] Environmental Input parameters

12.4{1 ,General

It is pls@recommended that combined waves and current form part of the survival test program.

In theabsence of site SpecITiC data, the waves anad current can pe run co-linear 1or nead and

quarter seas.

12.4.2 Stage 1 and 2

Both ebb and flow directions for operational current conditions shall be investigated for survival
seas. Floating structures should investigate beam on waves if applicable.

An extreme sea state where the TEC is in survival mode (as defined in IEC TS 62600-1).
Normally characterized by a wave height and wave period with a large return period (e.g.

50 years).

If a specific deployment site is identified those conditions should be used.


https://iecnorm.com/api/?name=c29c0f6420f57171b6b27f2406bd012c

12.4

- 48 — IEC TS 62600-202:2022 © |IEC 2022

.3 Stage 3

A survival strategy shall be developed. If feasible, during Stage 3 open ocean trials the TEC
should be exposed to extreme conditions to verify the survival strategy.

12.5

Performance indicators

Variables of interest to achieve the goals are both continuous and discrete in nature.

The characterization of the continuous response shall be based on the kinematic (TEC, location
of mooring line seabed contact, if relevant any other mooring bodies kinematics, and the
umbilical kinematics) and dynamic (TEC local loads, TEC cross-sectional loads, mooring loads,

and

umbilical loads) measurements as well as the environmental measurements. For each of
7

thes

For
the
ever

porp
13

TEC|
with

Wh
dece
This

e performance indicators, the reporting outlined in Clause 7 shall be adopted.

number of slamming events, green water events, snap events in the mooring; and
ts in the umbilical. The device should also be able to maintain position and-not subje
oising.

lFesting of arrays

s are most likely to be deployed in array configurations, while wefecognize this is impo

n TECs are deployed in array configurations, the cohset flow may be accelerate
lerated and redirected from the nominal flow direction and speed (Sutherland et al. 2(

within the array.

This

within the array and the spacing of turbinesiin\the array (Noble et al. 2020). The optimizati

arra
valid

configurations may be better evaluated in numerical modeling studies, however, a m
ation case should be carried out experimentally.

can lead to a change in device performance and loading depending on the TEC Iocztion

loating devices the characterization of the discrete response shall be based 6h counting

Enap
ct to

rtant

respect to performance and extreme conditions it is not covered in more detail at this fime.
It mJy be covered in a future revision of this document.

d or
18).

can lead to a change in device performance and loading depending on the TEC location

n of
odel
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Annex A
(informative)

Stage gates
A.1  General

An essential part of the structured (TRL) development scheme is the continuous assessment
and evaluation of how the device is performing relative to initial expectations and the prevailing
industrial standards. The due diligence exercised defines the Stage Gate process and should
compire—the—developers—desigh—statements—and—the—uneertairty—relevantto—the—appropriate
Stadge (TRL) of testing. At a minimum, the Stage Gates should be applied at the conc|usign of
each specific scale test program, but additional evaluations, relevant to the goal-oriented tfials,
are fecommended. It is also recommended that a 3rd party technical review is conducted on
the gvolving design to ensure the device can be engineered and will achieve certification sfatus
wheh at the prototype scale.

A.2| Design statements

D

As dtated in Clause 6, at the beginning of the test program, a designh statement should be
produced listing the expected behavior and performance metries for the device upder
development. As the testing progresses through the Stages, the-specification for the devicg will
becqme increasingly detailed and the uncertainties of the trial.data will reduce.

The |design statements should begin at TRL1, the theoretical evaluation of the concept,[and
contjnue into TRL2, the mathematical simulations sectioh of the staged development program.
Althpugh not part of the physical testing schedule,vthese TRLs are important since [they
encqurage the device developers to consider a wider overview of a new device than jusj the
enerjgy conversion aspect of the design. It is notdifficult to conceive a method of converting the
tidallcurrent energy into a mechanical form from which electricity can be produced, but tp do
this gafely and economically in real, directional seas, and survive storm conditions is not tr{vial.
The [design statement and appropriate .Stage Gate criteria support the device developgr to
condider these important aspects of successful tidal energy conversion (TEC) device dgsign
from| the initial concept.

The [pasic rationale for the staged-development process is to reduce the technical and financial
risk Jof developing a TEC device by investigating the appropriate device parameters a{ the
suitgble geometric scale. T0 achieve this, an increasing level of sophistication shall be
incofporated in the test.procedure as the device advances through the five Stages (9 TRLS), of
whidh only the first thfee are covered in this document. This ordered approach also reduces the
uncgrtainty of the full-scale predictions in two ways. Firstly, by strategically applying more
critefia into the Stage Gate evaluation and secondly by progressively increasing the phygical
size|of the device model. As described in Clause A.4, prediction errors can also be reduced by
incrgasingly\improving the data monitoring and measuring quality during the advancing dcale
test schedule.

A.3| “Stage gate criteria

Stage 1 [TRL3]; At the small-scale model (Stage 1), the design statement can be quite basic
and the evaluation criteria restricted. Combined, these two specifications result in wide
uncertainty of the analyzed performance matrix results. Among others, construction methods,
PTO manufacture, routine servicing and maintenance and deployment can be considered briefly.
The primary focus at Stage Gate 1 the testing and evaluation of the behavior and power
conversion ability of the device under representative tidal conditions.

Stage 2 [TRL4]; During the medium-size device program (Stage 2), a more sophisticated model,
measuring specification and design regime, shall be adopted. All previous device metrics shall
again be applied together with a full third-party engineering techno-economic review of the
device. The combination of the advanced test procedures and operational estimates result in
reduced uncertainty of the full economic evaluation of the device. The advanced test
requirements are specified in 5.3 and these are used as the basis to specify the Stage Gate
criteria in 5.3.2.
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Stage 3 [TRL5 and 6]; The large-size model is a fully operational unit deployed at sea and
testing in naturally occurring tidal conditions.

A.4 Uncertainty factors

The underlying principle of the increasing scale (or staged) development program is intended
to naturally decrease the degree of uncertainty. The three primary sources of evaluation error
are:

e Measurement inaccuracy during the testing;

e Limited test programs;

e $cale factors during the prediction process.

Meapurements; it is never possible to fully remove physical parameter measurementinaccuracy,
or discrepancy, during a practical test campaign. However, they can be controlledhand redyced
by fqllowing the recommendations of this document. As the staged program advanges, improved
sengdors and data acquisition methods are recommended together with increased calibration
veriffjcation. An improved model is also recommended by the document, An-important agpect
for ¢ontrolling the monitored parameter uncertainty is to include statistically viable repeat
testipg.

Test| program; the test specification is advanced as the trials move through the stages. [This
inclydes both the environmental conditions the model is exposed)to and the number of trigls to
conduct. Improper test planning and execution can introduce\bias errors into the test results.

Scale factors; although Reynolds similitude laws should” enable accurate values for most
phygical properties to be obtained, two concerns existeyen at the smaller scale models. Fifstly,
not gll parameters do follow the Reynolds similarity ‘rtles and, secondly, the adjustment fagtors
requjiired to estimate full-scale values can be large.*For example, the device power scales|with
the length scale to the power of X, such that the-results measured in a 1:50 model multiply by
a fagtor of Y. Such multipliers do not instill confidence in the prediction to full size, and evien if
they| are accepted in percentage accuracy, the absolute variability is still significant.|The
progressive increase in model scale is designed to reduce the scale factor distrust.

Each of the above factors shall be included in the Stage Gate appraisal process as specifigd in
5.2.2,5.3.2 and 5.4.2.

A.5| Third party review

It is pot uncommon thatidevice concepts, tested as idealized small models, particularly in Stage
1, cgn initially prove-successful as energy converters but may have inherent technical problems
that [make full sizey-prototype engineering impractical. The initial design might also create
diffiqulties whernvadvancing to a stage requiring certification and insurance before open og¢ean
trial§ can be utidertaken. It is recommended that detailed engineering reviews of the device are
undgrtaken®as’ part of the Stage Gate process, even at the initial concept scale, to reduce the
posqibility ©of this failure mode occurring after considerable effort has been investigated in the
device\development.

These engineering reviews can be undertaken internally if the development team has the
appropriate skill set but since the range of evaluation criteria is quite broad, including naval
architects, power take-off specialists, mooring designers, power electronics and communication
experts, the use of established engineering consultants is recommended. Besides possessing
a wider range of experience, the independence of a consultant can prove advantages when
attempting to secure the next phase of funding.
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Annex B
(informative)

Device type
B.1 General

Tidal Energy Converters (TECs) extract energy from moving water and convert it to electrical
energy or other useable forms of energy. TECs can be classified by: how the momentum of
water is converted to mechanical motion, e.g., rotational systems (turbines) vs. oscillatory
systems—bettem—meunted—vs—moered—in—water—soltmn—vs—deployed—from—a—Hoatirg—platiorm;
sing|e-rotor vs multi-rotor; etc. In addition, some device types are unique and cannot easily be
classified by these categories, for example underwater tidal kites.

The |classification of rotational (turbine) TECs is primarily based on the orientation of the
rotafional axis with regards to the tidal flow direction: Axial-flow turbines)are simildr to
conyentional horizontal axis wind turbines, with their axis of rotation parallel’to the tidal|flow
diregtion. Axial-flow turbines are sometimes referred to as “horizontal axis;turbines”. Crossiflow
turbines, on the other hand, have their axis of rotation oriented perpendicular to the tidal|flow
direg¢tion, typically either in a vertical or horizontal direction. Cross-flow-turbines are somet|mes
refefred to as “vertical axis turbines”.

Duefto the existing diversity in TEC devices a comprehensive@uide to experimental testing and
devglopment for all types through the Stage Gates was not considered viable. Therefore| this
docyment was written primarily for axial-flow and cross-flow turbines, either bottom-mounted,
moored or floating. It is recognized that many of the precedures described in this documen{ can
be gpplied to other TEC device types as well. Therefore, this annex briefly introduceq the
charjacteristics of various TEC device types and ‘discusses the limitations of the testing
inforlmation presented in this document.

B.2| Axial flow turbines

Axial-flow turbines typically utilize mulfi-bladed rotor concepts similar in design to modern
horizontal axis wind turbines. Axial-flow turbines consist of one or more turbine rotors conn€gcted
to a[power-take-off (PTO). The turbine rotor/PTO assembly is mounted to a tower in eithgr an
upstream (turbine rotor upstream:of tower) or downstream (turbine rotor downstream of tower)
confljguration. These devices can be mounted to the seabed floor, fixed at the surface |to a
floatjng barge/platform, or. can be moored submerged, mid-water column. These variablgs in
moupting (upstream vs.‘downstream configuration, and bottom-mounted vs. mooring) caph be
impqrtant factors to consider for model testing; as these factors can impact device performgnce,
devige loading and(blockage corrections. Axial-flow turbines typically need to be able to rotate
around their towers’ (yaw) to face the oncoming flow, unless the turbine rotor design usep bi-
diregtional turbine blades and the deployment location has negligible directional asymmetry for
the feversing tidal flow. Some axial-flow variations which are currently under developient
inclyde counter-rotating rotors on a TEC device. These are designed to minimize global axial
monjents—on the device, facilitating a floating tethered mooring configuration. |The
methadologies for testing such a device will be similar, however, some differences are likely.
For such a design, careful consideration of the intra-cycle dynamics between the two rotors will
be necessary.

B.3 Cross-flow turbines

Cross-flow turbines are characterized by an axis of rotation that is perpendicular (“cross”) to
the tidal flow direction. Lift-driven cross-flow turbines originated with the vertical axis Darrieus
wind turbine concept. Cross-flow TEC devices often are of the straight-bladed, H-Darrieus type
or of the H-Darrieus type with helical blades, which are referred to as Gorlov turbines. The
primarily drag-driven Savonious turbine concept can also be utilized, but is less common. Both
vertical axis and horizontal axis cross-flow TECs exist. Due to their operating principle, cross-
flow TECs are inherently unsteady devices and their device dynamics should be carefully
considered. Similar to axial-flow turbine TECs, cross-flow turbine TECs incorporate a PTO
assembly, and can be bottom-mounted, moored or deployed from a floating platform. Cross-
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flow turbines will rotate in the same direction regardless of flow direction (as long as the flow is
perpendicular to the turbine axis) and do not need to yaw into the oncoming flow. Cross-flow
turbines have two principal dimensions, diameter and height, and an aspect ratio can be
selected to best occupy the available tidal channel cross-section.

B.4 Hydrofoil devices

A hydrofoil device TEC utilizes a hydrofoil which can change angle of attack and is attached to
an oscillating arm. The hydrofoil induces hydrodynamic lift and drag forces due to a pressure
difference on the foil section caused by given a positive or negative angle of attack relative to
the tidal stream in-flow over the foil section. These forces induce a resultant tangentlal force to
the
dired t|ons This motion then drives a linear generator or pressurizes fluid in a hydraulic-sysftem.
Many of the testing methodology principles outlined in this document also apply to_ hyddofoil
deviges, although in scale model testing practice these devices are quite different.from rot
deviges.

B.5| Other

B.5.11 Ducted devices

A well-designed duct can accelerate the flow towards the turbine, fetor to increase the power
output of the turbine. A flow-accelerating duct can be used with axial-flow turbine TECs, cirloss-
flow|turbine TECs and other TEC types. Ducted devices have jincreased drag compared to phon-
ducted devices of the same turbine rotor dimensions. The testing methodology outlined in this
docyment also applies to ducted devices. To enable a meaningful comparison to non-ducted
deviges, the turbine rotor power efficiency should also be reported with the maximum |duct

Oscillating devices often rely on cyclic vortex shedding to excite a lifting surface or cylinderf into
a controlled, cyclic motion, characterized by. the Strouhal number. The motion of the mqving

PTOl. This converts oscillatory motion.into linear or rotating motion which can be used to drive
a generator, while a pneumatic/hydraulic system can be used to pump a fluid through a turbine
drivegn generator. The methodologyfor assessing the performance of an oscillating devige is
outsjde of the scope of this document.

B.5.B Underwater kites

Underwater kites représent a different class of TEC devices. The tidal energy convetsion
system typically consists of an axial-flow turbine, nacelle and PTO. However, inflow velpcity
and |overall turbine“dynamics are more complicated, since the axial-flow turbine experiephces
the nelative motjan of the kite moving through the water. The kite’s path features large sweeps
whidh can ereate shear profiles of their own across the projected area of the turbine.
Furthermaore,-there is coupling between the extracted power from the turbine and the sped of

attention. Testmg this type of TEC at a small scale may be difficult due to the high velocities
required. The motion and loads on underwater kite TECs under operational and survival
conditions will be very different compared to standard axial-flow TECs and are beyond the
scope of this document.


https://iecnorm.com/api/?name=c29c0f6420f57171b6b27f2406bd012c

	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope
	2 Normative references
	3 Terms and definitions
	4 Symbols and abbreviated terms
	5 Staged development approach
	5.1 General
	5.2 Stage 1
	5.2.1 Scope
	5.2.2 Stage gate

	5.3 Stage 2
	5.3.1 Scope
	5.3.2 Stage gate

	5.4 Stage 3
	5.4.1 Scope
	5.4.2 Stage gate


	6 Test planning
	6.1 TEC similitudes
	6.1.1 General
	6.1.2 Reynolds scaling
	6.1.3 Temperature and salinity effects on Reynolds number

	6.2 Power take off (PTO) similitude
	6.3 Design statement
	6.4 Facility selection and outline plan 
	6.4.1 General 
	6.4.2 Stage 1 and Stage 2
	6.4.3 Stage 3

	6.5 Physical model considerations
	6.5.1 General
	6.5.2 Stage 1
	6.5.3 Stage 2
	6.5.4 Stage 3
	6.5.5 Methods for applying torque
	6.5.6 Methods for controlling angular velocity

	6.6 Additional test procedures
	6.6.1 Dry run
	6.6.2 Natural frequency 

	6.7 Uncertainties and repeat tests

	7 Reporting requirements
	7.1 Overview
	7.2 General
	7.3 Test conditions and goals
	7.3.1 General
	7.3.2 Facility selection report
	7.3.3 Physical model report
	7.3.4 Measurement procedure report

	7.4 Presentation of results

	8 Data acquisition
	8.1 Signal conditioning
	8.2 Sample rate
	8.3 Analogue to digital conversion and DAQ system
	8.4 Frequency response
	8.5 Data synchronization
	8.6 Data recording
	8.7 Recording of supplementary test data
	8.8 Calibration factors/Physical units
	8.9 Instrument response functions
	8.10 Health monitoring and verification of signals
	8.11 Special data acquisition requirements for Stage 3 open ocean trials 

	9 Testing environment characterization
	9.1 General
	9.2 Environmental measurements
	9.3 Inflow/ Onset velocity
	9.3.1 General
	9.3.2 Inferred inflow velocity
	9.3.3 Point measurement

	9.4 Velocity shear profile
	9.4.1 General
	9.4.2 Measuring a velocity shear profile
	9.4.3 Presenting velocity shear profile

	9.5 Wave climate
	9.5.1 General
	9.5.2 Measuring waves

	9.6 Turbulence 
	9.6.1 General
	9.6.2 Turbulence intensity
	9.6.3 Integral length and time scales
	9.6.4 Other considerations 

	9.7 Temperature, salinity, density and viscosity

	10 Turbine rotor performance characterization
	10.1 Testing goals
	10.2  Performance indicators
	10.2.1 General
	10.2.2 Power, torque and angular velocity
	10.2.3 Turbine rotor drag (thrust)

	10.3 Non-dimensional performance indicators
	10.3.1 General
	10.3.2 Torque performance characterization
	10.3.3 Power performance characterization
	10.3.4 Thrust performance characterization
	10.3.5 Presentation of non-dimensional results


	11 Motions and loads under operational conditions
	11.1 Testing goals
	11.2 Testing similitude
	11.3 Platform motions 
	11.4 Local loads, cross-sectional loads and mooring or global loads
	11.5 Test conditions
	11.5.1 Stage 1 and 2 
	11.5.2 Stage 3
	11.5.3 Fatigue measures


	12 Motions and loads under survival conditions 
	12.1 Testing goals
	12.2 Testing similitude
	12.3 Signal measurements
	12.4 Environmental Input parameters
	12.4.1 General
	12.4.2 Stage 1 and 2
	12.4.3 Stage 3

	12.5 Performance indicators

	13 Testing of arrays
	Annex A (informative)Stage gates
	A.1 General
	A.2 Design statements
	A.3 Stage gate criteria
	A.4 Uncertainty factors
	A.5 Third party review

	Annex B (informative)Device type 
	B.1 General
	B.2 Axial flow turbines
	B.3 Cross-flow turbines
	B.4 Hydrofoil devices
	B.5 Other
	B.5.1 Ducted devices 
	B.5.2 Oscillating devices
	B.5.3 Underwater kites


	Annex C (informative)Facilities selection 
	C.1 General
	C.2 Towing tank
	C.3 Re-circulating water channel/flume
	C.4 Open water push test
	C.5 Tidal test site
	C.6 Cavitation tunnel
	C.7 Other facilities
	C.7.1 General
	C.7.2 Other specialized basins and tanks 
	C.7.3 Wind tunnel
	C.7.4 Rotating arm facility

	C.8 Facilities comparison

	Annex D  (informative)Instruments 
	D.1 General
	D.2 Flow characteristics
	D.2.1 General
	D.2.2 Acoustic techniques
	D.2.3 Optical techniques
	D.2.4 Other techniques

	D.3 Wave measurement
	D.4 Structural characteristics
	D.5 Measurement and control of turbine shaft angular velocity
	D.6 Measuring torque
	D.7 Measuring thrust
	D.8 Mooring force measurement
	D.9 Model motion
	D.9.1 Optical multi camera six degree of freedom measurement system
	D.9.2 Gyroscope, accelerometer, compass, GPS


	Bibliography
	Figures
	Figure 1 – Power and drag (thrust) coefficients for the US Department of Energy’s Reference Model vertical-axis cross-flow turbine (RM2) tested in a towing tank (Bachant et al. 2016)
	Figure 2 – Effect of Reynolds number on performance – Power (left) and thrust (right) coefficient for reference model RM2 at λ = 3,1 plotted versus turbine diameter and approximate average turbine blade root chord Reynolds number (Bachant et al. 2016)
	Figure 3 – Effect of Reynolds number on performance – Power coefficient versus tip speed ratio (left) and power coefficient at λ = 1,9 plotted versus turbine diameter and approximate average turbine blade root chord Reynolds number (right), both for UNH-RVAT turbine (Bachant and Wosnik 2016) 

	Tables
	Table 1 – Staged development approach
	Table 2 – Scaling considerations
	Table 3 – Presentation of continuously measured indicators
	Table 4 – Presentation of discrete measured indicators
	Table 5 – Environmental measurements
	Table 6 – Instruments suitability for velocity profiling
	Table 7 – Environmental performance indicators
	Table 8 – Geometric similitude requirements (operational environments)
	Table 9 – Structural similitude requirements (operational environments)
	Table 10 – Kinematic signal measurements (operational environments)
	Table 11 – Dynamic signal measurements (operational environments)
	Table 12 – Current parameters for kinematics and dynamics testing (operational conditions)
	Table 13 – Geometric similitude requirements (survival environments)
	Table 14 – Structural similitude requirements (survival environments)
	Table C.1 – Pros and cons of testing in towing tanks
	Table C.2 – Pros and cons of testing in recirculating water channels/flumes
	Table C.3 – Pros and cons of open water push tests
	Table C.4 – Pros and cons of testing at tidal test sites
	Table C.5 – Comparison of facilities




