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Deliverable2.2

Next Generation Flow Measurements and Flow Classificatio

WP Leader:The University of Edinburgh
Dissemination level:Public

Report describing an advanced methodology for data acquisition and analysis afidé@surements in tidal
sites, their classification and related metrics.

Sensitivity analysis will be performed on pasbcessing stages amtmparisons of results to those derived from
datasets acquired at other tidal sites (Europegaters) will be inalded.

Recommendations for future resource characterisations will be provided.

Summary This report forms Deliverable 2.2 and details the work of Task 2.2 within WP2 of RdafJiideides the
description of the work carried out on the development and implementation of a roaftiponentresource
characterisatiormethodolagy. The methodology includés-situ and hydrodynamic modellirand includes the use o
re-analyses of existg datasets as well as the generation of new data sets at both a commercial tidal energy sit:
FromveurStrait andi KS 9 dzNRB LIS Yy al NAY S 9y S NHRe repdst yuilds BspexificdtianR |
works that are reported in RealTide Deligble D2.2 Deployment and Instrument Specification for Advanced Flo
Characterisation

Objective:

1-{ LJISOAFAOL f t & G NB SHiJA S O K $esolutha GpataOmparal)yfield data thraughiA a
a) anidentification of key gaps in already secured data

b) use of irdevelopment analysis techniques.

2-1 RSRAOI SR (i NJygénératinFTelocimetrPstrisdr §ystemy(fifsEadsembled and optimised in the
laboratory at theFloWavefacility) will beused to calibrate/validate ofthe-shelf instrumentation commonly used by
the industry.
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Abbreviations & Definitions

ADCP
ADV
BEMT
BV
GADP
CANDHIS
CFD
CRS
CTOH

D

D10
D-ADP
EMEC
EMODnet
GA

HO

IEC
IFREMER
MONITOR
MRE
MSL
osu
OTIS
QGIS
ReDAPT
SAB
SBD
SBADP
SEM
SHOM
SR

TEC
TKE
OTS
UEDIN
uTC
UTM

WP

Acoustic Doppler Current Profiler

Acoustic Doppler Velocimeter

Blade Element Momentum Theory

Bureau Veritas

Convergentbeam acoustic Doppler profiler

Centre d'Archivage National de Données de Houle In Situ
Computational Fluid Dynamics

Coordinate Reference System

Centerfor Topographic studies of the Ocean and Hydrosphere
Deliverable

Sabella D10 Tidal Energy Converter

Divergentbeam acoustic Doppler profiler

European Marine Energy Centre

European Marine Observation and Data Network

Grant Agreement

HydrOcean

International Electrotechnical Commission

Institut francais de recherche pour I'exploitation de la mer
Multi-model investigation of tidal energy converter reliability
Marine RenewableEnergy

MeanSea Level

Oregon State University

Tidal Inversion Software

Quantum Geographical Information System

Reliable Data Acquisition Platform for Tidal

Sabella

Legacy name for singleeam Doppler profilers
SingleBeamacoustic Doppler profiler

Synthetic Eddy Method

Le service Hydrographique et Océanographique de la Marine
Sample Rate

Tidal Energy Converter

Turbulent Kinetic Energy

Off-the-shelf

The University of Edinburgh

Universal Tim&€oordinated

Universal Transverse Mercator

Work Package
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Term

Velocity in the streamwise, transverse and vertical direction where
streamwise is positive in the direction of flow anertical is positive
LRAYGAY3I dzLlg | MEBRE®PNRY GKS aasSlh
Spatial or temporal averagedfbh) (see Reynolds decomposition)
Velocity perturbations obfRy (see Reynolds decomposition)
Water surface elevation

Rotor Torque

Rotor Thrust

Bladeroot bending moment, in the u direction

Rotational speed

Force in Z direction

Force in Y direction

Force in Z direction

Moment around X direction (roll)

Moment around Y direction (pitch)

Moment around Z direction (yaw)

Streamwise flow direction (positive towards TEC/away from inlet
boundary condition). Rigktanded coordinate system. (see Figure 1)

Transverse flow direction. Righanded coordinate system. (see Figure

Vertical flow direction. Positive from seabed upwards. Rigdrided
coordinate system. (see Figure 1)

East direction. Oceanographic coordinate system

North direction. Oceanographic coordinate system

Up direction. Oceanographic coordinate system

Units

m/s

m/s
m/s

Nm

Nm
RPM

Nm
Nm
Nm

m
m

Lat/Lon &
UTM
Lat/Lon &
UTM

Righthanded coordinate system, aligned with Axial direction of the TE m

(see Figure 1)

Transverse flow direction. Rightinded coordinate system. (see Figure

Vertical flow direction. Positive from seabed upwards. Rigdrided
coordinatesystem. (see Figure 1)

Significant wave height

Peak wave period (spectral peak)

Wave direction (at peak frequency)

Wave direction (mean)

Turbulence Intensity in th¥,Y,Z direction

Turbulence Intensity in the X,Y,Z direction with noise correction applie
Lengthscale component: the change of u in the streamwise direction

Lengthscaleomponent: the change ofin the streamwise direction
Lengthscale component: the changewnin the streamwise direction
Lengthscale component: the changeudh the lateral direction
Lengthscale component: the changevah the lateral direction
Lengthscale component: the changevoin the lateral direction
Lengthscale component: the changeudh the vertical direction
Lengthscale component: the changevah the vertical direction
Lengthscale component: the changewoin the vertical direction

333333333
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This report forms Deliverable 2.2 and details the work of Task 2.2 within WP2 of RealTide. It provides
the description of the work carried out on the development and implementation of a foaittiponent
resource characterisatiomethodology The methodologyncludesin-situ sensingand hydrodynamic
modellingand includes the use of f@nalyses of existing datasets as well as the generation of new data
sets at both a commercial tidal energy site, the Fromv@tiait, and the European Marine Energy

I Sy Nabanérgy tedt site.

1.1 Context withirthe RealTidgroject

This report builds on specification works reported in RealTide Deliverable DdD&ployment and
Instrument Specification for Advanced Flow Characterisatid). The followon report, D2.3 ¢
6Advanced Monitoring, Simulation and Control of Tidal Devices in Unsteady, Highly Turbulent Realistic
Tide Environments [2] completes workpackage two reporting and detailRealTideoroduced
extensive datasets thahave been collated, coordinated, archived and assimilated into réwe
RealTide Database

D2.1Deployment and Instrument Specification for Advanced Flow

Charactersation[1], includes:

1 The motivations behind tidal energy site measurement campaign.

1 The flow conditions including waves, currents and turbulence that a
campaign seeks to capture and key drivers of trasalitions. .

 Identified off-the-shelf sensors from candidate technologies and e
recommendations for their configuration and placement.

9 Outlines of engineering design and interfacing tifidine andseabed
mounted sensopackage includingctuated convergenbeam acoustic SPECIFICATION
Doppler profilingtargeting the capture o8Dturbulence measurements
at multiple positions upstream from the TEC rotor plane.

A

@REALTIDE

D2.2Next Generation Flow Measurements and Flow Classificatimeludes

1 The implementation of the RealTide field measurement campaign

1 The reprocessing and4analyses oidentified open datafrom a highly
energeticand industriallyrelevanttidal channel

1 The execution of 3D site modelling followimgthodology designed to be
transportable to other sites of interest, including preliminary testing of
the methodology at an opedata site. IMPLEMENTATION

1 Lessondearnedand recommendationfrom the activities = = |

D2.3Environmental Conditions Databagdg]
1 The structure and implementation of the extensible database for-long

term and reliableaccess to new data and-snalysis datasets associated =
with the RealTide project. REALTIDE
I The detailed design of thgeneralised database schema for integrating .
situ field measurementsas well asank test data, machine and sensor DATA
data, and numerical modelling outputs. MANAGEMENT

I The design and deployment of a prototype web service for moderated
public access to tidal data, inding description of front and baeknd
design, andull user experience cycle. RS —
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1.2 Obijectives

Work Package 2 of the RealTide project has the following objectives:

1. { LISOATAOIf f& I NASLA §eybedlation Spaidempoyal) fRl@dataY A & 4 A y 3
through:
1.1. an identification of key gaps in already secured data, and
1.2. use of indevelopment analysis techniques.

2.1 RSRAOLI (SR { NJgénératidhFelocimetndserisds ystemy(fissEadsembled and
optimised in the laboratory at thEloWaveacility) will be used to calibrate/validate etfie-shelf
instrumentation commonly used by the industry.

1.3 Highlights

1 Site CharacterisationEvidence froma previous tidal energy project suggested that spatial
variation levels in constricted channels would present major uncertainties in energy yield and
device loading. This insight has been investigated, substantiategragdessedjuantification.

1 RegionalModelling: A fully opensource and opettlata regional modellingsolution has been
designed and implemented that provides highfyevantspatial information for use in tidal energy
applicationand the lessondearned are already feeding new projeén this area.

1 DataProcessing and Datilanagement Previous projects highlighted the sensitivity of analyses
to the temporal averaging window and type of detrending. RealTide demonstthtd the
deconstruction oftidal signalsbasel on physical processes, such as tidal sigmal dynamic
response, is @improved preprocessing step tthe extraction of key parametergurthermore,
RealTidewill make valuable collated and pegtocessed datasets publicly available on the new
data accss platform, available atww.tidalenergydata.org

1 Measurement:A comprehensive multi sensor syst@mluding novel and advanced configurations
capable of more accurately capturing turbuleneas designed and implemented based on and
around a commercial ptotype tidal turbine. Whilst the turbine wasvice recovered early due to
operational issues the remaining seabiedtalled systems captured highly valuable heeurface
datasets of duration up to 220 days and exceeding current standards.

——

Figurel-1: RealTiden-situ measurement ampaigns: (left)First TEC deploymerimplementation, (middle)
Second TEC deploymerdand(right) diver footage of a sabedmounted sensotimplementation.
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1.4 The Challenge dfidal Energy Resource Characterisation

The physical phenomenon tifles, waves, weather, bathymetry and topologyd their interactions,
lead to highly energetic velocity fields at tidal energy sites that are also higidsiadly variable.
Velocity fields exhibitarge (with respect to turbine loading and power productieajiation inthree

dimensions i.e., from seabed to surfaeed across and along channel directiofi$ie following
processes have been identified as killenges:

1

Tidal forcing andharmonics Tidal forcing and flowinteractions at tidal energy extraction sites
are complex andften result in the generation of noetidal processef3, 4]which hasimplications
for the estimationrelated parameters

Flow Directionality Thisis important when determining the siting of different types of TECs.
Deviation from rectilinear flow W have a significant effect on power output for TECs which
cannot yaw theirotor plane[5], effectively reducing available powafethods for mappinghis
across a site providanformation of value to site developers and tidal array designers.

Intra-channeleddies Theseproduce large spatially and temporally local flow modifications, as
observedn the Fall of Warness, Orkng8]. The challenge areinterpreting their impact on single
pointin situmeasurements, reproducing these sttuces in regional scale numerical simulatipns
and determining their potential impact on turbine loading and performance

Extrachanneleddies The extrachannel eddies are formed by flow separation at channel exit
region, and are represented bytidal jet structure that form a pair of counteotating eddieq7,

8]. The representation of persistent structures in regional scale simulations is current research.
The misrepresentation of these processesynrapact site characterisatigoredictions

Turbulent fluctuations These are multi-scale andspatially varying. Turbine designers require
turbulence metrics to optimise design for reliability. Turbpwver outputhas beershown to be
directly linked to he level (TI) and nature (lengttale) of the turbulenc, 10, 11] Improved
methods for calculating and presenting site turbulence datarequired.

Surface gravitywaves Waveshavebeen shown to impact turbine performana@ndloading, and
presentstability issues fofloating deviceg6, 12, 13, 14]The degree to which waves will afte
the power output will be device and sispecific Methods for capturing wave statistics from
standard site measurements, and for quantifying their impact on flow are required.

Local bathymetry and topographySeabed shape and roughngdays a signifant role inthe
generation of the complex netidal fluid dynamic structures, and in controlling the vertical
profile. Bathymetric data used to define regionalodel boundaries define how well these
processesepresened[15]. The impact of the resolution of both the bathymetric data the model
mesh needs to be determined.

Variable bottom frictiont Thisis related to spatial variations in seabed substrate type and the
corresponding roughess.It has beershown[16, 15]that the inclusion of a spatially varying map
of bottom friction significantly improves the accuracy of numerical mod®sthods for
generating bottom friction maps are reqad.
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1.5 Holistic Approacto Data

As briefly summarised(and discussed in further detail in this repothjere are many challenges
associated with tidal site characterisatioinerefore, data acquisitiorand subsequent analysesthin
RealTidewas conducted holisticallgonsidering a range dbols that can be exploited to increase
machine reliability and lowesystemcost. In addition, specificrpject partner needs were identified
through internal activities and captured in @rhal reports. This led to the specification for a combined
measurememmodellingreprocessing set ddctivities.Figurel-2 illustrates theoverall methodology
and incudesgraphical representationsf generatedproject outputsdirectly linked to WP2.

The programme of activities can be broadly grouped into three categoriesnmbi@ted systems
exploiting the availability of the Sabella D10 tidal energy converter (SE&)ed mounted systems;

and a dedicated advanced turbulence sensor platfdmreality, due to the nature of marinkased

work centred on prototype technologies operating in highlynamic sites there were neaontinuous
developments, upgrades, adjust@thns and implemented mitigations to issues in implementation
mainly targeting improved resilience of systems or exploiting arising opportunitiesddition,
between categories of work there were multipteossovers e.g., elements of advanced turbulem
sensing can be achieved via the installation ofBeam horizontally mounted acoustic Doppler Current
profiler (ADCP) onto the D10 TEC as the opportunity arose. Examples of work within these categories
can be seen ikrror! Reference source not foundnd progress made is summarisedimblel-2.

Measurement = Measurement Data Physical Numerical
campaign data management simulation simulation

Characterisation
- Parameter Design,
selection operation

Hydrodynamic
models” =

Figurel-2: TheRealTide Holistic ApproaciClockwise from bottom left: RealTide developed 3D models o
commercialtidal energy site; Field work completed in France and the UK, Captured gateessed and
visualised- showing strong influence of ocean wavescreenshot of the WP2 Database arclitere; outputs
2F 2t o0Qa / QSngWRmpuk, FlaWagktests of an instrumened scale TEC anproximal and
essential flowrmeasuring sensofl17]; and site characterisation techniquggentral image courtesy of18]).
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1.6 CombinedVulti-Ste in-Stu Sensingand Hydrodynamic Modelling

Data acquisitionncludingin-situ measurementand targeted reanalyses were conductedn data
aoquired attwo highly dynamicidal channel locationgyne in northwest France and one in Scotland,
UK,as shown inthe maps ofFigurel-4. Tablel-1 below summarises the key datasets produced.

Tablel-1. Key datasets oRealTide/WP?2

Fall of WarnessEMEGC Tidal Energy Test Sité)rkney, UK

REANALYSIS

Four targeted datasetacquired during the ReDAPT tidal projg@, 20]were analysed. These da

sets were identified based aelevantlEC/TS standards and usases, specifically to:

- probe spatial variation at scales of the order & 8otor dameters

- develop modeldata comparison analyséasr regions suspected of featuring largeale eddies

- create benchmark datasets for the sector e.g., inline streamwise ambient flow antdyassist
with IEC 6260@00 Power Performance Assessmiitit]

Datasets have been fgackaged with updated metdata - and Quality Control (QC) appliednd

released for public download via RealTide data platform (RealTide Technical Repdd2.3).

Together they represent over 130 daypf open data with each set featuring dual instrume

deployed contemporaneously to IEC 626D specifications.

NEWDATA

The recently (Sep. 2021) recovered prototype sensor platformGtA®PMKIII, has produced dat

from an important region of the EMEC tidal test site (deployment area of the Orbital tidal turl

- The analysis oflaaselinébenchmarksystenm a500kHz 8Beam ADCP operating for 40 ddyas
been prioritizeddue to the complexity of th&G-ADPmulti-beam system Firstround analysig
shows that themooring frame wagxtremely stable on the seabed and acquired data sh
significant penetration of wasractivity throughout the water column.

- GADP whilst postdeployment analysis and datxtraction continuesdata and reporting
outputs from the phased development of theADP, up to the fulscale trial at EMEC, a
publicly availablg22, 23, 24, 25, 26]

Fromveur Straitnorth west France

REANALYSIS

Two ADCP dataseatsllected prior to the RealTide project commencement were provided by Sg
to UEDINThese data were presumed corrupted, however, new processing scripts were delg
and used to fully extract the measurement records. Thasernal commercial datassthave beer
used to inform design work by Sabella and to develop the modelling methodology of WP2 (for
calibration/validation).

NEWDATA

The RealTidspecified measurement campaigmwas successfully implementednd met and

exceeded requirements of the relevant IECét@dard.This has producedata that:

- far exceeds previolg availabl&knowledge in terms of spatitemporal resolution and duration

- has been posprocessed, captures robusteta-data andhasnewly deeloped QC applied.

- represents67 days of data where two docated instruments are available for anatysi

- in the case of one instrument provide over 220 days of uninterrupted data covering W
months and capturing flows from seabed to ssaface

- will enable (with the permission of the data owner) multiple future analyses
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Figurel-3: RealTideAdvanced Turbulence Sensomulti-sensor ysterrassembled and awaiting deployment
(left and middle and being deployed (right) in AuguSeptember2021 at the EMEC tidal energy test site, Fall
of Warness, Orkney.

A set of3D nonrhydrostatic Telemac modetschosen to meet the specification of D2.Were created

and run for time periods covering periods of acquiieditu data. Models were developed for two

sites: (1) Fromveur Strait, North West France, and (2) the Falls or Warness, Orkney, UK. Fromveur Strait
was modelled to address questions raised by 8apdo support the interpretation ofin situ
measurement made during the project, and to provide data for CDF modelling work. There are
restrictions, for reasons of commercial sensitivity, on the use of data from the Fromveur model as per
the RealTide agement. The Falls of Warness was modelled to complement the legacy (and re
analysed as part of WP2) ReDAPT data and to address questions about levels of horizontal spatial
variability in the flow across the site.

These two locations represent differenypes of tidal energy sites, with different model design
requirements. Fromveur Strait is part of a complex headland structure with an extended area of
dynamical influence. For this reason models with a range offgigblution coverage were construct

to assess the importance of capturing feld processes when designing models for site assessment
and daracterisation The Falls of Warness is a channel within an Island archipelago feed by a network
of side channels and containing small islands. The moelkid methodologies developed for the
Fromveur Strait models wetteansferred andapplied to develop the Falls of Warness models.

Open Data:Importantly, the Falls of Warnessnodel data generated are opesccess and are
integrated into the database dewagded in task D2.3 of this work packadke Falls of Warness model

data were used to develop a generalised flow classification diagram that can be applied to observed
and modelled data. This has identified possible methods for modifying model validatiorstg situ

data from highenergy tidal sites, which will be followed up in the new FASTWATER pidjechodel

data were used to develop methods for mapping key flow metrics to determine how these could be
used to support site development decision making processes.

A methodology has been developed for producing stable model constructs in the OpenTelemac
system. It has been shown that spatially varying bottom friction significantly improves model accuracy
and stability. Methods were developed to generate maps of bottom friction coefficients from archived
maps of substrate class data.
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Figurel-4 Maps showing the two regions of interest within RealTide WP2. (left) Fromveur Strait, France and
(right) Fall of Warness, Orkney, UK

Previous projects highlighted the sensitivity of analyses to the temporal averaging window and type of
detrending. Methods developed in RealTide have demonstrated that the deconstruction of measured
or predicted time series afata base on physical processes, such as tidal signal, weather, and dynamic
response, is a more effective method of gyecessing the data prior to the extraction of key
parameters. This is useful for the extraction of turbulence metrics from-fnegtuency velocity data,
extracting wave parameters from higtequency pressure sensor data, and for quantifying-tidal
dynamical response of the fluid to the various forcing processes.

In association with the development of the regional models, a suite of software tools have been
developed to support data extraction, the calculation of advanced site parameters (e.g. vorticity,
circulation, Courant number, etc.), pgstocessing tools tgsupport flow classification methods. Tools

for generating maps of spatially varying bottom friction for a range of coefficients that OpenTelemac
accepts (e.g. Manning, Chezy, Nikuradse, etc.) have been developed. The tools will be made available
as opensource code following final cleaning and documenting. These will be hosted using the
infrastructure developed as part of WP2 Data Management weokfurther information ee RealTide

D2.3[2] andwww.tidalenergydata.org

Following a literature review based on the use of acoustic Doppler Current Profilers (ADCP) in the
offshore renewable energy (ORE) sector and oceanographic use more broadly Quality Control (QC)
using variousnethods and thresholds was implemented on acquired data sets. The processes are
reported and have been applied to datasets that have been made available to the public via the
RealTide programmR7, 28, 29]
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A summary of the phased elements of the work is provide@iahle1l-2 and s described irfurther
detail in SectiorB of the report.

Tablel-2: The RealTide H$itu Activities:Summary ofTE@mounted, Seabeenounted and Advanced
Turbulence Sensinfsee Section 3 for further information).

System & Features Completion Status
— ° [a)
— @© L
_8 LE’ ﬁ g ko] -°O>{ < X
ESElE| & | 2| &2
3G ElT| @ 51 68
uw % O E— o b3
TEC Deployment 1 i F
e . . — °
1 Implemented the specification developed in RealTide D2.1 S0 o
= QO
1 Iterative system design reviews of key sensors andsyskems i @ I .
. . o <
9 Procurementand integrationof off-the-shelf (OTS) componen&nd v v % 8 v =
. . . . . g o
extensivecustom engineering (mechanical and electrical) es |ve % % es g o
9 Extensive electricatontroller and I'esign tying in with D10 syste g 1 "_GQ'J
. .. . 0 )
1 Detailed3'¥-party structural analysigrior to retrofitted tasks s )
. . ()
9 Multiple sensors installed ready for D@l@ployment > =
TEC Deployment 2 g v 0
9 Full redesign to exploit rdesigned D10 aux. electrical system % % '; %
r - w - e r e Y N~ A A i "~ A -+~ Q G)
fadoeLld daaé aaupldissabiedil 210 Rdbinted systems Yes | Yed é Yes 8 % §
1 Improved fusing, redundancy, resilience and miniaturization o £ = e
1 All systems fully tested and functioning over TEC infrastructure > 42
SeabedMounted system S
9 Diver removable sensors ahattery packs =
. . . . =
1 Hybrid power: either by D10 or by battery via diver connected c < e
. Yes |Yes = | Yes &
1 Preinstalled cables -
9 Smart and robust reouting of power and commi® D10 control N
9 Stable flexible and capable mooring systems
Convergent Acoustic Doppler Profilometry (Advanced Sensing)
9 Design of System and control software Yes |Yes Yes | Yes| Yes
1 Highresolution sensor unit performance tests Yes |Yeg Yes | Yes| Yes
9 GADPin controlled environment tests Yes |Yesd Yes | Yes| Yes
9 GADPwith novel actuation capability: scaled test in USA Yes |Yeg Yes | Yes| Yes
I FullScale Tests TEC D1Q Connected Tests Yes |Ye§ No | No No
9 FullScale Tests Autonomous Actuated 3D at EMEC Yes |Yed Yes | Yes| TBC
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1.7 Key Outputs

Key outputs across five activity themes are summariseBableTable1-3. Further detail is provided
in Section 8 of the report.
Tablel-3. Five Activity Themes: Summary of Key Outputs

DATA ANALYSES

SWEVEeIe Output flow conditions to inform the CFD activities of WP3, Theting
IO EPEIEEE activities of WP3 and BEMT model development activities of WP1
Published via rgprocessing two previouslunavailable datasets covering 7
days+ of contemporaneous measurement allowing studies of spatial variati
TEGelevant scales.

Published via r@processing two previously unavailable datasets covering 40
SEIREERiE®: of contemporaneous meairement allowing study of power performang
assessment methodologies

-Spatial Variation
Studies

REGIONAL MODELLING

Methodology developedo capture key flow features of tidal energy sites
using open modelling tools that can be replicated at other sites.
Demonstrated the importance of key model design steps to tidal energy
AEI applicationsthrough demonstrating the affect ofarying implementation on
output parameters e.g., energy yield and spatial variability.

Generated nethods forreadily extracting data from large 4D vector fields tg
allow tidalenergy information generation.

- Design

-Tools

Developed multiple tools for the handling of complex 4D heterogenous
datasets acrosphysically sensed and modelled datasets.

Developed multiple tools for the processing of complex 4D heterogenous
datasets across physically sensed and modelled datasets.

Implemented& reported aQC methodologyor re-analysed anchew datasets.

SENSORAND SENSGR'STEMS

Designed and implemented multiple sslgstems to improve capability and
capacity olsubsea sensing for tidal energy applications.

Developedand implementedunctioning autonomous controllers based on
low-power embedded computinfit-for-purpose for subsea deployment
Developed and implemented multiptdectrical and mechanicalystems for
resilient connection omixedtype sensordo the internet via TEGitegration.
Successfully demonstratedstrument packageleployment via ROV, diver an
vesselcraneonly techniques

-SubSystem
-Autonomous
-HardWired/Remote

Marine Operations

DATABASEND DATA ACCESS

Design of stable and scaddle environmental datalatabasefor WP2(and
transferred to WP1 for Reliability Databasefernally tested using experience
and datasets generated in WPBRue for release Q4 2021.
www.tidalenergydata.org

File handling, d@ extraction and standardisatigorocessed developed as we
as a font end webappmethodology

DATA CLASSES In-Situ , Regional Modelling, Physical Testifiumerical Simulatiorpending)

-Database Desigr

-File I/O and Interface

Launchedvww.tidalenergydata.orgo generate impact via data access to pré

-Public Websit . -
uplic yebstte packaged datasets and searchable access to data in the RealTide databas

-Datasets Multiple datasets published (see Section 4 and Section 8).
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1.8 Lessongearned (Summary)

A selection of keydssons learned areummariseelow acrosshe five activity themes as presented

in Section 1. Key Outputsnamely: Data Analysis, Regional Modelling, Data Tools, Sensors and Sensor
Systems, and Database and Data Acdassherlessondearnedacross these themes aprovided in
Section8 of the report.

DATA ANALYSES

>

When capturing and comparing model angsitu results, e.g., for model calibration / validation

the specific the final usease of the analysis should be considered, where turbine geometry and
location in the water column will play a significant role lne tinterpretation of the results. For
example, large differences in velocity agreement at the seabed may or may not be relevant to
exploiting the model data at a particular height.

The inclusion of on-tidal components e.g., waves and dar eddies irmeasurements strongly
affects turbulence analysispecifically estimates of Turbulence Intensity and in spectral analyses.
Signal detrending: Methods developed in RealTide have demonstrated that the deconstruction of
measured or predicted time series adtd base on physical processes, such as tidal signal, weather,
and dynamic response, is a more effective method of-gnaressing the data prior to the
extraction of key parameters.

REGIONAL MODELLING

IEC guidance on model developmaniidelines acknowledged that largeale flow structures
need to be considered, but do not provide any further detail. There are recommended mesh
resolutions within the region of interest depending on the arsk of the model data, but no
discussion of th extent this region should cover. It was decided that this was a fundamental and
highestpriority question that needed to be addressed before advancing to the full wave
modelling. The subsequent analyses on this aspect affected time and resource cassttzich
meant that proposed wave modelling work could not be addressed in the project time frame.
3-D northydrostatic models are required to capture the complex flow structures, such as
coherent eddies and secondary circulations, and to accurately estiavailable power for a

range of turbine designand installation methods and locations.

2-way wavecurrent modelling with opesource tools is difficult and computationally expensive
andrequires further development work to bridge the expertise gaql t reduce barriers to
exploitation of these tools biidal energy developers

w

O

>

w

O

>

Lack of transparent and uséiendly tools / limited uptake of tools that are available hinders post
processing of data and is a barrier to researcher @ekloper participation.

There is a need for robust and systematic QC procedures tailored feehaglyy tidal channels.

The prevalence of natidal processes integrated in site measurements reduces the reliability of
Turbulence Intensity estimates andaessitates standardized peptocessing.

O w
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SENSORS AND SENSOR SYSTEMS

A. Further work is required on the quantification of the consequences and increase in uncertainty of
sampling flowfields using PADP devices in extremely high energy sites where devkbpatial
variation of flow scales comparable to the acoustic beam separation distances in horizontal and
vertical directions is large and temporally varyirigternate configurations remain promising in
terms of being able to capture at reduced untaémty in characterisation of 3D turbulent flows.

B. For cabled solutions hybrid and robustly switchable power systems incorporating batteryback
power areimplementable using small loywower components and are valuable investment.

C. It is challengingand time consuming; but not impossibleg to executeinterfaced engineering
works remotely where travel restrictions are in plag¢h sufficient level®f time andenthusiasm

DATABASE AND DATA ACCE&® RealTide Technical Report D2.3 for furthErmation)

A. Provisioning external public access'to/ 2 NA | yhteradl I Tisgsgryisrames with technical
and security risks. Lortgrm, a pooled and dedicated service provider should be engaged with.

B. Reanalysis legacy data is time consumingiltiYdzOK oSG G SNJ 2 OF LJi dzNB G K
GAYS I NRdzyR¢ AyOfedmay3d ff ySOSaalNEB YSal

C. Designing data campaigns with the final database of data in mind leads to the establishment of
good practice.

N

1.9 NextSteps

RealTideoutputs will be further explored and progresseds part of internal research and ongoing
collaborative projects. These inclufierther data archival andiata publishing to increase impact of
the captured datatogether with postprocessing tools t@ccelerate theextraction of meanngful
information. The modeling work continues in internal projects as well as new funded projects with the
overarching aim of removing barriers to model use for making informed decisions in tidal energy.
Dataarchival andpublishing In addition tothosedatasetsalready in the RealTide D2data platform
demonstrator, it is planned to reanalyze, QC, convert, archive and publish all UEBIN site
measurement datasefpertinent tanktesting results and arising modelling outputs from new projects
includingthe SuperGen ORE Hub funded projdeASTWATERIreadyidentified CFD and BEMT will

be prepared and transferred to the database. Permissions, where requiredalvaaelybeen granted.

Data post-processing Efforts will continue via internal resarch and through collaborations
established during RealTide. Efforts will s&zlextract further site parameters including turbulence
metrics and wave statistics which will be captured in academic publicatonel, as beingrchived

and published to e database Efforts will continue on Data QC processes as the consolidated
database forms an excellent basis to develop and assess robust threghdidsh currentlyprocessed
outputs are sensitive to.

Further data capture campaignsgn parallel to proessing any retrieved data from the ADP Mkl
prototype recovered at the end of the RealTide project, opportunities are being explored to exploit
the gained ground on hardware and software related to advanced sensing, including options to
redeploy seabe&and TE@nounted measurement systems to continue progress in providing better
and fit-for-purpose site characterisation.

Advanced open modellingln separate work further model methodological development will be
conducted exploiting the RealTide winter 2019 Fromveur Strait datasets. This will be used dyrectly
the site developer and by the wider sector through incorporating the methoddlogWKFASTWATER
project, where theRealTide modelling methodology will beken-on, exploited, standardized and
made more accessible to the wider community. These stable anddéiuring base models can form

the platform for wavecurrent coupling; whichis sdieduled to beconducted ir2022.
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Longterm legacy Evidence fronrelated anddata-focusedindustriatacademic researcshowsthat if
acquired project data and knowledge can be curated appropriatedyy research and industrial
opportunitiesand routes tampact will arise Bywideningparticipation in the analyses of the captured
data further gains should be made in improving reliability and lowesoggs oftidal energy. RealTide,
by implementing an integrated data management plan and data platformwia.tidalenergydata.org
improves the chances tifiese works and outputgenerating long term impacts.

1.10WP2Relatedrurtherinformation

The following outputs have resulted from activities conducted in whole or in part from RealTide WP2.
Multiple follow-on publications are in preparation.

Ingram, DavidM., Sellar, Brian G. Sellar, Old, Chris, Davey, Tom, Gabl, Roman, JordanBedira
Nourisson, Ophelie, and Paboeuf, Stepha?©21.4 9 ELISNA YSyYy (G f Y SI &dzNBY Sy
GARIFf GdzZNDAYSa dzaAy3d O2y RA (K2 {4t ElRPedA WeSeRandF N2 ¥ 1
Tidal Energy ConferenceWTEC 2021

Dorward, Mairi, Brian Sellar, Chris Old, and Philipp R. Thies.Mm p® ¢ / dmdNds Juibalénce? |
Measurement: A View from Multiple Industiel OF RSYA O t Ne2SO0ida Ay ¢ARIf
Institute of Electrical and Electronics Engineers (IEEE)
https://doi.org/doi:10.1109/CWTM43797.2019.8955294.

Harding, Samuel, Brian Gellar, and Mairi Dorwardds n Mmcp®d G LY LI AOQOF GA2ya 2F | aeé
DS2YSUiNE T2NJ/ 2y @SNBSY i InIEOR/OES Tvelfih Guenil Wagebl) t N2 T A
and Turbulence Measurement (CWTM 20b&ps://doi.org/10.1109/
CWTM43797.2019.8955290.

Harding, @muel, Mairi Dorward, Brian Sellar, and Marshall Richmordn H M® &G CA St R =+ ¢ I
Actuated Convergeat SI'Y | 02dza A0 52 LJJ SNI t NPFAf SNI F2NJ | A
Measurement Science and Technol88y4). https://doi.org/10.1088/13656501/abd%f.

Jourdain de Thieulloy, Marilou, Mairi Dorward, Chris Old, Roman Gabl, Thomas Davey, David M.
Ingram, and Brian G. Sellas.fH n® ahy GKS &S 2% | {Ay3atS . SI
Multit 2Ay G St 20AG& aSlI adzNB Y S Basork (Bwitzerland0d3): | Yy R/ dz
1¢21. https://doi.org/10.3390/s20143881.

Jourdain de Thieulloy, Marilou, Mairi Dorward, Chris Old, Roman Gabl, Thomas Davey, David M.

Ingram, and Brian G. Sellas. 1 H 1 @ -BedmiAcdaligtiSDoppler Profiler and-Cacated
1 02dza G A0 52LJJ SN +Sf 2MaayQ@)U&@NI Cft 26 +St20AG& 51 (

Gaurier, Benoit, Stephanie Ordon&xanchez, Jean Valéry Facq, Grégory Germain, Cameron
Johnstone, Rodrigo Martinez, FrancesBalvatore, etalH nH N1 ® dal wLb9¢H ¢ARIf
Robin Test®erformance Comparison of a Horizontal Axis Turbine Subjected to Combined
2 @S | yR [/ dzZNNBoyial of MaynR Scierdce afid Ebgineed(g).
https://doi.org/10.3390/JMSE8060463

RealTide. 2018 ¢ SOKY A OF f wSLJ2 NIi  olhcyéas&IRPliability of TidAIRDArIS NI 6 S
(RLTWPL5-PDEOOON MO D €

RealTide. 2018 ¢ SOKY A OF f  w S LI2INdi-GompaBSsbriofBEMB|aaléREsoleed GFD,
and BEMTCFD Hybrid Models of Scale Turbines {RPB4-PDL000-n m U ® €
https://realtide.eu/realtide-project-deliverables.

RealTide. 20190 ¢ SOKY A O f w S LI2Dd@Eioymeht &rid IngirSneht e &fication for
Advanced FlowCharacterisation (REWP21-PDL000-n 0 0 @ ¢ K (0 0 LJ& Y K kprafedt-f G A RS @ ¢
deliverables.

RealTide. 20216 ¢ SOK Y A Ol f w S LI29ydihétic boSd Shebté Mid FimeSSenesql Tidal
Turbines (RWP35-PDL001-n H Wttpg://realtide.eu/realtide-project-deliverables

RealTide. 202106 ¢ SOKY A OF f w S LI2ExdirohméntaliCangdithohslDatdb&se: aliation,
Demonstration and Dissemination (RWP23-PDL001-n 0 0 ® ¢  Kliidé.dulkedlide- NS |
project-deliverables.
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The purpose of this Work Package Task was to target data and knowledge gaps identified in existing
highresolution field data [30, 31] This work builds on data processimggorithms, data capture
methodologies, and advanced measurement hardware pigped in previous projects. A key data
gap is the limited amount of information available on the spatial variability of key processes across
tidal energy sites, and a clear understanding of how this variability affects the parameter extraction,
data capture and site development. Investigation into the identified data and knowledgevgsps
carried out usinga combination of reanalysis oflegacy data, hydrodynamic tidal modelling, and
targeted data capture using standard and bespoke instmtiaition. New methods for presenting and
interpreting these data were investigated. Dataset generated from this work package will be included
in the datdase created in Task 2.3 of this work package, providing searchablesopsse data that

link together information relevant to the development of the tidal energy sector. This document puts
the problems identified into context and describes the approadten to address the questions to be
answered.

2.1 Report Layout

The documenhas three core sections covering:

1. Data capture and processing (Secti@®& Section 4

2. Regimal scale hydrodynamic modelling (Sect®)n

3. Flow classification methods and sensitivity analysis (Sedtiéng)
The document closes withsummary of outputsgiscussion of lessons learned and
recommendations to the sector based on thediimgs.

2.2 Objectives
The work package task objectives, based on the Grant Agred@inare:

1. { LISOATFAOFTE & G NBSLA 8§ QSeaibriddidempgoyal) feld dataY A 4 a A y 3
through:
a. anidentification of key gaps in already secured data, and
b. use of indevelopment analysis techniques.

2.1 RSRAOLI (SR { NJgénérati@hFelocimetndserisdr §ystemy(fissEadsembled and
optimised in the laboratory at the Rigave facility) will baused to calibrate/validate ofthe-shelf
instrumentation commonly used by the industry.

3. Development of hydrodynamic modelling methodologies targeted at providing information that
cannot easily be captured through site measurement, but are identifiedlegamet to the sector.

2.3 Background

Characterisation of a tidal sitanforming resource assessment, site selection, turbine design, turbine
siting and subsequent operations and maintenance actiyig/a key element in the development of
any site. Informtion sources for site characterisation includesitumeasurements, remotely sensed
data, output from numerical models, local knowledge, historical recatts At the most basic level

site characterisation includes the available resource, the localogogphy, the local wave
environment, and site accessibility. Characterisation will come from a mixture of observations and
regional model output. These two data sources are complimentary: the data collected provide detailed
localised observations of the akenvironment that can be used to calibrate and validate regional
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numerical models; the flow structures identified by the regional models can be used to inform the
optimal siting for instrument deployments to aid in site characterisation.

Y

Turbulent eddies

Y

Wave orbital
velocities

@

Flow velocity
variation with
depth

\J

Figure2-1: The unsteady characteristics of incident flow on a tidal turbine

To support site and turbine developers, tive situ observations and model constructs need to be
integrated with information collected from operating turbines to allow the attribution of turbine
response to the observed system st@®2, 33] This is aiiterative process based on feedback between
the processes and users of the datailasstrated in[6] and inFigurel-2. Thein situmeasurements

and regional modelling need to capture a range of processes on various spatial and temporal time
scales[32, 34, 35] with some of the key processes shownFigure2-2. The characterisation data
generated are converted to parameters that are used in engineering design[860132, 33]Figure
1-3illustrates the input of these parameters into flustructure and electremechanical susystem
modelling Fndings from engineering development will identify new parameters that are required.
Complementary to this, new marine measurement techniques will capture new parameters allowing
different modelling methods to be used for design

System control
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Figure2-2: RealTide Tideo-wire model: overview schematic
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The principle roles of site measurement are to provide an assessment of the available energy resource,
quantify the levels of spatial and temporal variability in fluid flow across a site, and to assess the
potential impact of flow variability on the relidly and survivability of a turbine located within the

site. The physical phenomenon of tides, waves, weather, bathymetry and topology, and their
interactions, lead to highly energetic velocity fields at tidal energy sites that are also highly spatially
variable.Velocity fields exhibitarge (with respect to turbine loading and power productigajiation

inthree dimensionsg.e., from seabed to surfacend across and along channel directioRise processes
identified as requiring further investigationeadescribed below.

Tidal forcing andharmonicsare generatedby the combinedgravitational forcing of thesunearth-

moon systemand the interaction of the resulting tidally driven flow with the local topograf8ij.

Tidal oscillation periods range from a few hours (harmonics of fundamental forcing periods) out to 18
years (the orbital nutation period). The dominant forcing period is 12.42 hours, the lunar forcing
period. Tidal forcing and flow interactions at tidal engextraction sites are complex and often result

in the generation of nottidal processeg3, 4] The impact of these netidal processes on MRE
relevant parameter and the implications for their estimation based on a tidal reduction of observed
data needs to be assessed.

Flow Directionalityis important when determining the siting of different typ®ef TECs. Tidal energy
extraction sites are typically associated with flow constriction which generates the increased local flow
speeds from which energy is extracted. This constriction often results in a shift from simple rectilinear
flow [38, 5] i.e. the flood tide peak flow direction is not in line with the ebb tidal peak flow direction.
Deviation from rectilinear flow will have a significant effect on power output for TECs which cannot
yaw theirrotor plane[5], effectively reducing available power. ltinsportant to quantify this effect,

to properly account for the reduced energy extraction for devices which cannot yaw, or the expected
motions for those that carviethods for mapping this effect across a site will provide information of
value to site develpers and tidal array designers.

Intra-channel eddiesproduce large spatially and temporally local flow modifications, as has been
captured in datasets collected at the southern extent of the Fall of Warness, J8{né&he processes
that generate intrachannel eddies are headland edd[&89, 40, 41]and island wakef39, 42, 43] The
chdlenges are interpreting their impact on single point situ measurements, reproducing these
structures in regional scale numerical simulations, and determining their potential impact on turbine
loading and performance.

Extrachanneleddiesimpart future in-channel flow deviation and variability by changing lasgale

flow dynamics. The extrehannel eddies are formed by flow separation at channel exit region, and are
represented by a tidal jet structure that form a pair of countetating eddieq7, 8]. The largescale
structures formed are seen to persist in satellite imagery and this process varies between spring and
neap tides. The full impact of the presence aneéngrainment of these structures on lolcand regional

scale dynamics is less well known. The representation of these persistent structures in regional scale
simulations is current research. The misrepresentation of these processes may have impacts on site
characterisation based on modelled data

Turbulent fluctuationsare multi-scale andspatially varying. Turbine designers require turbulence
metrics to optimise design for reliability. Turbipewer outputhas beershown to be directly linked

to the level (T1) and nature (lengttale) of thedrbulence[9, 10, 11] However, there is no unique TI

or length scale across a site, so a range of values need to be provided for a site. There is also a
distinction between the largscak coherent structures the are generated by fluid shear and flow
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separation processes, which are ntidal fluctuations with length scale similar to the rotor diameter
or smaller. These are not part of the turbulence cascade that is described by theicahtigtulence
models, but are the energy contain scales that extract energy from the tidal flow.

Surface gravityvaveshavebeen shown to impact turbine performana@ndloading, and are a source

of stability issues fofloating deviced6, 12, 13, 14, 44, 45, 46, 47he degree to which waves will
affect the power output will therefore be highly device and sfeecific The relative direction between
waves and tidaturrents(i.e. following or opposing) is important, as this leads to both amplitude and
frequency modudtion of the wave Analysis shows that some sites appear to have large amplitude
wavesduring periods of low midiepth current speed, whereasther sitesfeature larger amplitude
wavesduring peak flows where waveurrent interactiors areamplified. The rdative phasing of these
systems is important for operation as it effects design load cases and for operations and maintenance
(O&M) as it will strongly affect site access / weather windows.

Local bathymetry and topographplays a significant role ithe generation of the complex netidal

fluid dynamic structures, and in controlling the vertical shieger structures. The length scales of
AL GALE GFENARFGA2Y NB FTNRY (GKS 2 NRGINdwthene¥ (2 mn#
generally vey little fine sediment, and the underlying bed rock is often exposed. Depending on the
type of rock and geological processes the seabed has be modified by, there will be a range of structures
and depressions the will impact the flow boundary layer strietand eddy shedding processes. The
impact of bathymetric structures on the dowatream flow needs to be understood when interpreting

in situ flow measurements and estimating variability in flow structures. Bathymetric data used to
define the hard boundarfor regional models influences how well these processes are capfl&d

The impact of the resolution of both the bathymetric data the model mesh resolution needs to be
determined.

Variable bottom frictionis related to spatial variations in seabed substrate type and the corresponding
roughness. Bottom friction is one of the controlling boundary conditions required for regional scale
hydrodynamic modelling. Typically, a constant global values is used whestruiing regional
models, but ithas beershown[16, 15]that the inclusion of a spatially varying map of bottom friction
significantly improves the accuracy of numerical models.

Standards and guidance documents were used to inform the measureraemtaigrspecification
as produced in RealTide Technical Repori DPhese are summarized belowTiable2-1. Specific
attention was given to

1 IEC/TS 6260R200:2013Marine Energy, Wave, tidal and other water current converterBart
200: Electricity producing tidal energy converteRPower performance assessment

1 IEC/T$26002:2019 Marine energyg Wave, tidal and other water current converteRart 2:
Marine energy systemsDesign requirements

1 IEC/TS 6260201:2015 Marine energyWave, tidal and other water current converteRart
201: Tidal energy resource assesst&gharacterisation.

The results of the implementation are reported in Sectdoand Section 4.
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Table2-1: Overview of industrial standards and guidance containing flow measurement requirements

applicableto tidal stream energy[26]
SEmEe(ne Gwdancg Stated Purpose Comment
and Recommended Practice)
Standard(IEC) Systematic methodology for Defines
IEC/TS 62606Q200:2013[21] evaluating power performance of | - TEC rated power
Marine Energy, Wave, tidalandother | tidal current energy converters - Rated water velocity
water current converters, producing electricity for utility scale| - Power curve production
Part 2@: Electricity producing tidal & localised grids. - Results reporting.
energy converterg Power
performance assessment.
Standard(IEC) Primary design criteria to ensure - Sitespecific environmental loads.
IEC/TS 6260Q:2019 [48] engineering integrity throughout the| - Safety factors
Marine energyg Wave, tidal and other design life of marine energy - External load cases (extreme,
water current converters, converters such as wave & tidal. normal)
Part 2 Marine energy systems - Failure probability & consequence
Design requirements - Redundancy
Standard(IEC) System for analysing & reporting Staged approach to calculation of
IEC/TS 6260Q201:2015[49] theoretical tidal current energy resource assessment withcreasing
Marine energy; Wave, tidalandother | resource in oceanic areas. detail from feasibility to design.
water current converters, Outlines data collection for calibratio
Part 201 Tidal energy resource & validation of hydrodynamic modelg
assessment & characterisation.
Standard(DNVGL) Principles, technicabquirements & | - Requirements for site
DNVGLESTF0164(2015)[50] guidance for design, construction & characterisation.
Tidal turbines in-service inspection of tidal - Limit state approach to design.
turbines. - Design loads & return periods.
- Load effects analysis.
Recommended PracticNVGL) - Guidance for modelling analysis § - Specific to wind, wave, current
DNVGLIRRC20551] prediction of environmental loading on a range of structures.
Environmental conditionand conditions. - Outlines metrics, their statistical
environmentalloads - Guidance for calculating derivation & load calculation
environmental loads acting on methodology.
structures.
Guidance NotgBV) Requirements for Current and Tidal| - Environmental data specification.
NI603 DT RO1 [52] Turbines installed on the seabed - Design loads & load cases.
CurrentandTidal Turbines with regards to assessment and - Load conditions & limits applied.
certification by Bueau Veritas.
Rules(BV) Requirements for offshore units Outlines wind, wave, current, water
NR 445.B1 DT ROH%3] relating to design, operational & depth metrics & their derivation in
Rules for the Classification of Offshor{ environmental conditions data. relation to structural design.
Units
Part Bg Structural safety
(Environmental conditiontoadings
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2.4 Approach

Multi -site - commercial andopen: RealTde WP2 ativitiessought to capture information omultiple
physical processest multiple sites: both commercial development sites, the Fromveur Straand

the tidal energy test sit@perated by the European Marine Energy Centre at the Fall of Warness,
Orkney, K. The locations of these energeticarimels can be seen Ifigurel-4. Relevaniphysical
processes are discussed in fRealTide Technical Report DPLIwhichprovides summary information

and furtherreading.

Processeand physical driversin summarymeasuring, modelling and characterising tidal channels
for tidal energy applicationshould take account of the following processe

Hydrodynamics

Tidal Resonce

Largescale Flow Structures

Turbulence

Wave Environment

Combined Waw€urrent Environment
Seabed Shape and Composition
Bathymetry

Seabed Composition

Wind Field & Atmospheric Surface Pressure

= =4 -8 -4 -8 _a_9a_°a_4a_-2°

However, the application areanamely improving reliabtly of tidal energy must be considered at all

times i.e., what is the impact of these processed on the tidal energy generation system. For example,
specifying a single value for turbulence e.g., Turbulence Intemsiy, be meaningless if the hub

height and rotor diameterof the specific machine are not factored. Tigsalso important when

quantifying levels of agreement between different data sources, where large differences may be
generated from regions of the domain that do not play an important rgle i LJF NJi A Odzf | NJ Y|
performance or loading.

The intention is to look at ways to provide a form of flow classification mapping that can be used to
provide a more detailed picture of the a site, thereby enhancing the information content available to
site developers. At a most basic level this représehe core tidal variations, i.e. ebb/flood and
neap/spring variations in the tidal flow. However there are other interacting physical processes that
interact with the tidal flow producing notidal signals that can significant alter the underlying tidal
energy. The ® structure of the flow also needs to be considered when estimating available energy.
The most well define of these is the variation in the velocity with depth, or velocity profile. This results
from the interaction of the flow with the sealdethrough friction; the effectively goes to zero at the
hard boundary interface. Less well defined are the horizontal flow structures that result from flow
separation processes, the complex Aarear wave current interactions. Both of these processes have
a significant impact on turbine power production, fatigue, and reliability

An internal project reportRealTide deliverable D1.&lentified the state of the art in tidal flow
characterization aproject commencementRealTide deliverable D2.1 gives a detailed review of site
characterization methods and the parameters that need to be quantified from.dat®2.1the key
processes that need tde resolved and their corresponding implications for the design of a
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measurement campaign are highlighted. Based on experience and knowledge gainetbdemy
projects and scientific findings in the literaturde variousturbulence parametersand the spatio-
temporal variability across ateiwere identified as being the most poorly defiit@w characteristics.
These have implications for turbine design and performaace turbine placement and tidal array

farm design. The separation of wawarrent inteactions for more accurate estimates of the

turbulence parameters was also highlighted as requifumgher development.A record of arising
literature was maintainegwhich is summarized ihable2-4.

Table2-2: Identified parameters that informed the specification of the measurement and/or modelling
campaign and in particular thepecification of the Advanced Turbulence SensotADP)

1b) Synthetic
eddy method
(SEM) TI

Method Parameter Name Symbol Description
5D OO ~ Representative length scales of th
Turbulent length scale V) plo turbulent structures in the flow
_ Tensorcontaining multiple
1a) Synthetic N Yy information on the flow turbulence
eddy method . 60 . 00 . 00 such as:
Reynolds stresses tens( =| Yoo Yoo Yoo . )
(SEM) RST values e Y Y 1 Turbulence intensity
o "EIU?bY v L')Y vo 1 Anisotropy
9 Interaction between three
directions
Turbulent length scale | 0. "B pit] Representative length scales of th

turbulent structures in the flow

Turbulence intensity
profile or mean value

Qo1 G £ 1941

Global description of the
turbulence in the domain

Anisotropy coefficients
(if available)

» (')Fly [)F]y 0

Precision quantifying the
anisotropy of turbulence in the
flow

2) Turbulent
spectrum
discretization

Turbulent power
spectrum

Turbulent power spectrum
expression established for the
turbulent model considered

Turbulent length scales

Representative length scales of th
turbulent structures in the flow

Turbulent intensity
profilesORstandard
deviations of velocity
profiles

Description of the turbulent aspec
of the flow in the three directions
over the domain

Coherency functions

Description of the interaction with
the turbulent domain depending
based on the position

Coherency decay
numbers associated to

the coherency functions

Characteristic coherency decay
value used in coherency functions
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Table2-3: Key measurements and subsequent analysegquired in various a

pplications by the sector

Parameter

Requirements and key considerations

Parameter Usage by the Tidal Indus|

Velocity profile

9 Three coordinate components of mean flo

9 Multiple neap spring cycles.

9 Extremetides.

9 Vertical profile structure and temporal
Variation.

9 Capture scale and frequency of horizontal
eddy structures.

9 Boundary layer detail for drag coefficients.

1 Available energy.

9 Flow variability.

9 Hub-height flow.

9 Input to CFD, tidéo-wire models,
tank testing.

9 fatigue studies.

9 Validation of regional

1 models.

Turbulence Power Spectrum

1 Highfrequency velocity data.
1 Low noise base.
1 Identification of quasstationary periods.

Input to CFD, tidéo-wire models.

Surface Pressure

ED 9 If assumesotropy can use single sensor. Input to CFD, tidéo-wire models,
t_"'; Turbulence Intensity 1 If anisotropic need all velocity components.| tanktesting, fatigue studies.
.E i Capture gusts, bursts, etc.
9 Spectra for each velocity component.
Turbulence Length Scales | § Sufficientfrequency range to fit von Karman| Input to CFD, tidéo-wire models.
1 Low noise base
1 Minimum of 6 independent velocity
measurements (heam instrument). Input to CFDtjde-to-wire models.
Reynold's Stress Tensor | { Highfrequency data.
9 Low noise base.
1 Recovered from spectra. Input to CFD, tidéo-wire models.
Turbulence Anisotropy 1 Recovered from Reynolds Stress Tensor.
Coherency Synchronous velocity measurement at multipl| Input to CFD, tidéo-wire models.
locations.
1 Mean sea level datum. 9 Validation of regional models.
9 Astronomical extremes. 1 Event attribution.
Free Surface Elevation | { Weatherdriven extremes. 1 Input to tanktesting.
1 Highfrequency data to capture waves.
3 1 Sensor sensitivity to resolve waves.
3 1 2D Wave Spectra for TEC a| 9 Required for a range of storms.
= instrument locations. 1 Swell + wind wave conditions. 9 Input to CFD, tidéo-wire models
 Wave Statistics elsewhere: |  Required for system stafevavecurrent & fatigue studies.
Significant Wave Height, Pe; turbulence) classification. 9 Validation of regional models.
Wave Period, Peak Wave
Direction.
9 Horizontal velocity components.
3 1 Measurement height 10m. Input to regional models Data post
L Wind speed 1 Data from multiple locations acrosise. processing.
é 9 Measurements site must be unobstructed.
g 1 Accurate timestamping

1 Multiple locations across site.
9 Capture weather system passage.

Input to regional models Dafmst
processing.

Machine (and External Devices)

Type A: Operational
State of Machine
Power, Rotor Parked vs
Rotor Moving, Turbine Pitch,
Roll and Yaw (if relevant to
device). Presence of en
station vessels, ROVS.

Syste

Required to besynchronous with environmenta
conditions and available to project partners to
allow full use of environmental data.

1 Essential for separation of ambien
vs flow conditions that are due to
the presence and/or operation of
the TEC machine.

1 Required taascertain sensor
orientation of any

TEC installed sensors.

Type B: ElectrMechanical
System State of Machine
Rotor: position, RPM, thrust,
torque. Blade Pitch, Strain
gauges, Vibrations.

Required to be synchronous with environmen
conditions to allovluid-structure interaction
studies.

1 Validation of BEMT, CFD and tank
testingengineering tools.

9 Structure loading.

1 Input to reliability / fatigue studies,
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RealTide deliverable D2outlines a proposed dateollection campaign for the Fromveur Strait using
a combination of bd-mounted, TE@nounted and bespoke instruments to capture data to support
the quantification of the identified target parameteasid to improve flow classificatioas shown
below[1].

RDI600

Blade
Strain
Gauges

-

SIG500

Connector
Manifold

ADCP (AFT) ADCP (FWD)
S/Steel S/Steel
llll Frame Frameﬁ_!!.'
Figure2-3. Measurement campaign specification (as per D2.1) showergeted measurement regions and
indicative locations and orientations of variousstruments, primarily acoustic Doppler profilers.

Tidal energy extraction sites are inherently hitgw regions where marine operations are severely
restricted. This imposes limitations on instrument deployment and recovery operatindsncreased
costs due to the risks. For these reasons it is generally not possible to capture sufficient information
on the spatial variability of the tidal flow across a site. Regional modelling complements the site
measurements by allowing a more ceffective and lowrisk approach to site characterization.
However, all model constructs require good quality site measurements to perform calibration and
validation of the model. A well design model can be used to inform where best to make field
measuremats across a site, by identifying regions where the instruments are likely to perform best
within their operating limits. The spati@mporal data generated by a numerical model provide site
classification metrics that cannot be easily derived from fieddisurementsand can be used to design
different site measurement methodologies based on an improved understanding of a sites fluid
dynamics

Parameter values used in engineering design and site characterization are derivednfiita
measurements and numerical predictions. The accuraaye$timated parameter valuesaydepend

on a range of factors. The uncertaintyinfparameterestimatemay be more sensitive some of the
dependent factors compared with other§actors the affet in situ data are the level of quality
assurance, stability of the deployed instrument, capture of sensor drift, quality control of the data
extracted,and the accuracy of the algorithms used to extract parameters from the data. Factors
affecting the preliction of parameters from hydrodynamic numerical simulations are design of model
domain, mesh resolution, time step and level of convergend@ v&rsus P, hydrostatic versus nen
hydrostatic, number of harmonics used to force the open boundary, chdideéction model and
turbulence closure schemes, numerical solver methodologies asetthe accuracy of the algorithms
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factors that can beontrolled will help inform best practices for parameter estimation.

2.5 Summary oRecent,Related andRelevantResearch

Table2-4 summarges the results of an ufp-date literature review that was conductetbllowing
reporting of the specificatiorwork in Deliverable D2.1. It was conducted help ensure that any

successfubnline (hence reconfigurable)measurement campaigns could be tailored based on the

current state-of-the-art. Due tothe unavailability of the D10 TEC it was not used for this purgnsge
is included here for reference.

Table2-4: Summary of related and relevant research singeevious report

results from database analysi
In situ measurements in
Alderney Race

Title Authors Year | Area Key Findings

Assessment of tidal current | Marshet al. 2021 | 2D numerical Model of Clarence Strait (Northern

resources in Clarence Strait, | [54] modelling Australia), ADCP validation; arrays of 10m

Australia including turbine (COMPAS) 20m TECs; minimal farm influence on flow

extraction effects field.

Turbulent flow mapping ina | Guerra et al. 2021 | Resource char. | Resource char. and TEC wake effects

high-flow tidal channel using | [55] (ADCPs, fixed &| measured (Bay of Fundy, Canada); platfor

mobile acoustic Doppler floating) mounted TECgertically confined wake

current profilers detected from operational turbines.

Tidal energy site Cosstet al. 2021 | Resource char. |Full year campaign at Banks Strait

characterisation in a large tid{ [56] (ADCPs)ave | (Tasmania); significant waxsirrent

channel in Banks Strait, current interaction; turbine design, installation and

Tasmania, Australia operation insights.

Waveturbulence separation & Togneri, 2021 | Numerical wave | Empirical orthogonal analysis for detecting

a tidal energy site with Masters & turbulence waves from ADPC data; good correlation

empirical orthogonal function | Fairley[47] decomposition | with linear theory and buoy data for large

analysis (ADCP) waves.

Turbulence measurements: A Mercier 2021 | Virtual ADCP Accuracy assessments of ADCP

assessment of Acoustic et al.[57] accuracy configurations relating to Reynolds stress

Doppler Current Profiler modelling observation; ADCPs simulated to

accuracy in rough environmel (LES/LBM) underestimate Reynolds stresses, especia
within rough boundary layers

Modelling an energetic tidal | Mackie 2021 | 3D numerical Detailed bathymetric calibration of

strait: investigating et al.[15] modelling numerical model; impact of Manning

implications of common (Thetis) coefficient greatest at spring flood;

numerical configuration implications on model configuration

choices discussed fodevelopers.

Evaluation of wawurbulence | Perezet al.[46] | 2020 | Numerical wave | Linear wave and Synchrosqueezing Wave

decomposition methods turb. Transform (SWT) assessed for decompos

applied to experimental wave decomposition |waves and turbulence; SWT demonstrate

and gridgenerated turbulence (tank tests) as suitable for common conditions at tidal

data sites.

Assessing the turbulent kineti Thiébaut 2020 | TKE production | Reynolds stress evaluations from ADCP fi

energy budget in an energetid et al.[58] vs dissipation | measurements (Alderney Race, France);

tidal flow from measuremets local TKHlissipation exceed production

of coupled ADCPs: TKE budg during ebb and flow; noiocal TKE of

in an energetic tidal flow importance.

One year of measurements ir| Furgerot 2020 | Significant field | Oceanographic and meteorological record

Alderney Race: Preliminary |et al.[45] campaign Alderney Race 2017018 (almost 1 year);

up to 7m/s currents, 8m waves; impact on
wave height and turbulence caused by wir
and wave direction; stormbservations.
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Title Authors Year | Area Key Findings

Underway velocity Sentchev 2020 | Tidal jet char Local dynamics of tidal jets studied

measurements in the Alderne| et al.[59] acterisation, use| (Alderney Race), including power law

Race: Towards a three of towed ADCPs| characterisation, with correlation to tidal

dimensional representation of conditions.

tidal motions: Underway

velocity measurements

Characterization of the verticqd Thiébaut 2020 | Impact of Streamwise TI, shear and normal stress, ¢

evolution of the three et al.[60] turbulence on | vertical integral lengthscale impaon

dimensional turbulence for fatigue in TECs |fatigue and power output; high streamwise

fatigue design of tidal turbineg Tl at measurement site (Alderney Race).

3D turbulence for fatigue

design of TEC

Flow field impact assessment Zhang et al. 2020 | Large TEC farm | Flow field impact due to a large TEC farm

of a tidal farm in the Putuo | [61] simulation; ADCH using Delft3D and BEMT model; localised

Hulu Channel validation increases and reductions in tidal flow,
potential for sedimentation where seabed
shear stress reduces significantly

On the use of a single beam | Jourdainde 2020 | Tank tests of Single Beam ADP tested in horizontal

acousticcurrent profiler for Thieulloy horizontal ADCP| application, with comparison against ADV

multi-point velocity et al.[24] application 0.6-1.2m/s range, improved correlation

measurement in a wave and above 1m/s demonstrated; 2% bias

current basin recorded

Investigation of the error of | Rahnayake 2020 | TEC power Uncertainty of standard IEC method for

mean representative current | et al.[62] uncertainty from | Mean Representative Velocity (MVR),

velocity based on the method ADCP relating to T, tilt, noise and beam

of bins for tidal turbines using measurements | misalignmenttemporatspatial method

ADP data (TSM) proposed as alternative

Wake field study of tidal Thiébot 2020 | Numerical Numerical modelling of TE€rays (Telemag

turbines under realistic flow |et al.[63] modelling: 3D plus Actuator Disk); 16% higher output

conditions Telemae3D, AD |when staggered, min 5D spacing, lateral
spacing can be reduced for inline, howeve
turbulence propagates more rapidly

A comprehensive assessmen| Thiébaut 2020 | Turbulence Spectral vs structural function method for

of turbulence at a tidastream | et al.[44] characterisation | estimating- and integral lengthscal@

energy site influeoed by wind spectral method produced lower stdev.;

generated ocean waves removal of wave and Doppler noise essen

On the variation of turbulencel Greenwood, 2019 | Resource Turbulencecharacterisation; localised flow

in a highvelocity tidal channel| Vogler & characterisation | effects around headlands; ADCP

Venugopa[64] make/model variation reported

Engineering analysis of Imamura, 2019 | Resource Spectral analysis of ADCP measurements

turbulent flow measurements| Takagi & characterisation | turbulence characterisation (Japan)

near Kuchinoshima Island Nagayd65]

Merging velocity Thiébaut, 2019 | Resource Optimal interpolation algorithm used

measurements and modeling| Sentchev, du characterisation | evaluate velocity fielévolution, calibrated

to improve understanding of
tidal stream resource in
Alderney Race

Bois &
Bailly[66]

against ADCP records and 2D model (MA
largest discrepancy at ebb; method provid
enhanced spatial detail
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No single sensor or modelling solution exists that can capture in a teetmomically viable manner

the full extent of the varying underlying conditions. Instead, a pragmatic approach must be taken that
focuses on the immediate and upcoming requiremasftthe tidal sector: thosencertaintiesthat are
presenting barriers to the roll out obr reliable operation othe technology. RealTide builds on
components of previous R&D and academic projects and took a holistic approassdorce
characterisation. The measurement campaign designs and their execution, and the modelling
methodologies and subsequent analysegeveonducted specifically to align with the development of
engineering tools that could improve reliability of tidal energyisting guidancéom IECTS62600
201[49] was used to inform the measurement campaifor further information on the specification

of the campaignssee RealTide D2.[l]. In-situ campaigns were carried out in parallel to new
hydrodynamic site modelling that was designed, built and executeddramk S 3 N& degdRbedzL J¢
in detail inSections.

Implementationinvolvedthree category of activity:

1 TEGMounted Systemgsee Sectio3.1)
I Seabedinstalled sensor systemgsee Sectior3.2)
1 Advancedturbulence sensing (see Sectio.3)

Figure3-1 shows the finalcampaign desigithat was initially targeted It features sensor systems
retrofitted to the Sabella D10 turbine based on design wblisensing could be designed to the front
of the machine due to the lack of slings in this machineA rear-facing Nortek Signaturg00 device
was placed in the rear flooded bub of the DABGng with a surfacefacing RDI Workhorsg00. The
D10 was also used as a sheviged instrument connectio point to the seabegounted systems.
Error! Reference source not foundsummarises the completion status of the RealTidesiin
campaigns.

Figure3-1: 3D Sketch of theolannedRealTide Fromveustrait deployment campaign specification showing
(top-left) 5-Beam 600kHz ADCP, (centre) Sabella D10 with-reaunted horizontally aligned 8eam 600kHz
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ADCP andop-mounted vertically aligned Beam 600kHz-Beam ADCP, (centréght) the UEDIN advanced
turbulence sensor package, and (rightyEeam 600kHz ADCP.

3.1 TEGMountedSystems

Multiple sensorsystems weralesigned andhstalled on the Sabella DIEGs a retrafitting exercise.

This required mechanicaklectrica] communications and IBesign work to be carried ouin
partnership with theturbine developer Examples of the work conducted are showirigure3-2 and
Figure 3-3. Most systemsand subsystemswere designed using Computer Aided Des{@AD).
Electricalinterfaces between the D10 TEC and the instrument systems were modified multiple times
based on changing requirements as technical issues encounteredhis requiredhigh levelsof
coordination betweerproject partners- which was much more efficient whefaceto-face meetings
were possible and site visits could be conducted with e@setrol apparatuswvas heavily modified to
increase resilience and reduce resk part ofthe second TEC deploymefotlowing operation learning

and the ability for the turme developer to make internal changes to their systems.

|
e
[
Bt @
"L B+
&
&
x
%

TEC Mounted

SAB Ebb Tide D-ADP

SAB Flood Tide D-ADP

UEDIN Platform

UEDIN Splitter

CABLE 2

CABLE3

Figure3-2: (top left) 3DCAD model of UEDIN reanounted hub-height ADP and Sabella D10 rear bulb

assembly (top right) one of many turbine-sensor concept layoutskottom left) and (ottom right) examples

of multiple electrical and communications interfacedeveloped tointegrate sensor systems and the D10
turbine.
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Figure3-3: Iterative development of instrument control boxes (ICB&pm left to right featuring altered
internal components (smaller with more redundancy) to affeicicreased resilience

An RDI Wdkhorse Sentinel 600kH£BeamADCP wasterfaced with the D@ TEGo allow remote
operation over the internetlt was installed atop the rear flooded butim a custom bracket and
orientated so as to be facing vertically when deplogdea, taking into aount measured angular
offsets of the machine on its tripo&uccessfuhstallation can be seen Figure3-4.

Figure3-4: Sabella D10 turbine rear bulb showinddRWorkhorse Sentinel 600 installed in vertical
orientation to capture aboveturbine current flows and wave action.

ANortek Signature Beam ADCWasalsointerfaced with the D10 TEG allow remote operation over
the internet It was installedas close as possible to the centreline of the turbinettenrear flooded
bulb on a custom bracket and orientated so as to be faborigontallywhen deployed at sea, taking
into account measured angular offsets of the machine on its trifetcessfuhstallation can be seen
in Figure3-5

3.2 SeabednstalledSystems

Seabednstalled systems comprised multiple ADCPs that were available to the project team integrated
with new or modified gravity moorings. The turbine developer designed and implemented custom
gimbatess moorings, whereas UEDIN suppliedisting 3000kg concretdased large opebay
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mooring frames for use with modified gimbals to accommodaie 5-BeamNortek Signature 1000
ADCPThis instrument was loaned to the project team by the MONITOR project as part of a data
sharing agreement that enable&tS RS@A OS (2 6S RSLX 2&8SR yR F2NJ!
available for installation on the D10 machirfégure3-6 shows CAD sketches of the final implemented
designs of the frame and gimbal system. The mooring featured modular and readily changeable
stainless steel channel framing and acetal clamps for fitting multiple subsea cannisters containing
batteries and smart (ethernet controlled) relays, fuses, powemagement and diagnostic sub
systems).Battery packs were connected in parallel via custom cable assembliea podier and
comms hub was implemented that would allow remote reallocation of corfiamin standalone
battery operation to online (via internetnd a virtual machine) control via power and communications
form the D10 turbine

Figure3-6. Seabed moorings and instrument attachment mechanisms. Design work: 3D CAD sketches (left)
3T concrete frame and flexible/modular component holder, (rigldtamped gimbal and rails system.

Figure3-7 shows a collection of images related to tingplementationof the RealTide Fromveur Strait
measurement campaign. The top left image shows ¢benpleted frame(following assembly and
testing at the quayside in Brgsaboarda heavylift vessel during deploymemf the D10TECIt shows
acoiledd S E (i Slg¢a& fe&dyfor diver connection to a prénstalled 80 m main cable linking the D10
tripod to the target location of the ADCFhe instrument fixingvas designed to be diveemovable:

a feature that was successfuliyaled upon instrument recoveryTop right and middle phographs
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show the frame being during its deployment. Tdeploymentexploited theconsiderable capacity and
capability of theD10-deploymentvessel Visual confirmation of deployment location and stability was
confirmedvia ROYoperated cameras. The photograph at bottom left shdasage from the ROV as

it detaches the main lowering hook from the gravity frame. The photograph at bottom right was taken

by a diver team during preparations to connect the RealTide subsea instrument packages to the D10
turbine.

RealTide Projeet Grant Agreement No 727689
Deliverable 2 ¢ Next Generation Flow Measurement & Classificatio

| —— el
RealTide ADCP being deployedrromveurStrait
September 2018s part of D10 deployment.

cextensionleack to allow connection to Sabella D10 TE(

RealTideADCReinglowered to ~8m depthin Fromveur RealTide seabeskensor being monitored by ROV and
StraitSeptember 2019. crane operators.
B i

21l E: 349602.1 [m)
H: 5368063.7 [m]

Location: Sabella D10 Turbine

ask: ADCP UEDIN 'Dclllnymzn(/ - X
RealTide seabed sensor being left on seab®@ROV isn RealTide seabed sensor being inspected by divers dut
the process ofletatchingthe crane hook. laying of the turbinesensorconnection cables.

Figure3-7: Deployment of the Seabedhstalled RealTide sensor packages.
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3.3 Advanced SensingConvergent Acoustic Doppler PraBIgGADP)

The use oADCPss widespread for the characterisation of bulk flow velocities in rivers, the open ocean
and tidal currents. These instruments are based on the measurement of water velocity in the direction
of multiple acoustic beams (beamise) which aréransmitted in multiple diverging directions from a
single instrument. The processing of the velocity data from the beam directions to a three dimensional
velocity estimate utilises the assumption that the flow velocity is identical between all of thredbat

a given elevation in the water column. This is an effective assumption for the measurement of mean
current velocities, however the processing has the effect of spatially averaging velocity fluctuations
with length scales below the order of the beaaparation.

By inverting the standard divergebeam ADCP (or-BDP) and arranging the acoustic beams to meet

Fad alF LRAY(GE ADPSdE | avyltt @2t dzy Shomagén&ousPAwWNNIzLIG A
regimes at distant locations is greatly reducédconvergenbeam (GADP) arrangement reduces
uncertainty in instantaneous flow measurements and enables the measurement of velocity
fluctuations with significantly smaller length scales. Such improvements are relevant to understanding

flow regimes featurig high spatial variabilitguch as higispeed tidal channels and in areasflofd-

structure interaction[67, 23, 68]

e
L/
REALTIDE UEDIN-PNNL FULLSCALE
ReDAPT LABORATORY ACTUATION & EOLISCALE
TEC-MOUNTED PROTOTYPE SUB-SYSTEM CONTROL: TEg‘COTN%gTED AUTONOMOUS
TESTS FIELD TRIAL ROTOTYPE PROTOTYPE

ReDAPT FLOWAVE UEDIN-PNNL  REALTIDE CADP MKIII REALTIDE CADP MKIII
Tidal R&D Project REALTIDE PNNLLDRD Fund & (HARD-WIRED) (AUTONOMOUS)
ETI, UK 2010-2015 ECH2020, 2018-2021 ECH20202019 ECH2020,Q3 2020 ECH2020, Aug-Sep 2021
1MW HATT Prototype Sub-system testing Equipment Sharing Fullscalesystemdesigned ~ Replan required dueto covid19/
Demonstration of FixedC-ADP  Software and data processing Actuation Sub-System System components procured unavailability of Fromveur
Sensor Development development Development and tested deployment /D10 TEC unavailability
Timing Control and Software Testing of Hi-Res Sensors Software and data processing Cable to D10 TEC laid and Autonomous system designed,
Early Trial of individual P&T Benchmarkingagainst ADV development  jnterfacesinstalled and tested implemented and tested
Field Trial of Scale Actuated on D10 turbine Deployment facilitated by EMEC
Device Unableto deployduetoTEC  Successfully deployed in the final
unavailability month of RealTide.

Figure3-8: The timeline, phases and sufystem development of @DP systems for tidal energy applicatiofrem
the first field-scale GADP demonstrated atop the DeepGEN |V tidal turbtoethe deployment of a fullscale seabed
mounted and autonomous system featuring actuatee-orientable measurement location.

The goal of @DP development in the context of RealTide is to capture 3D flows irrdsglution at
regions important to tidal energy e.g., rotor regions. These datasets wmitef high valuefor the
verification of standaraff the shelf (OTS)ystems, to help provide uncertainty bounds on OTS systems
as they reach the limits of their performance capabilities in highly turbulent flows and to build 3D
QY Llae 27F A sgvihiciehas vale 16 iha deve®piment of engineering tools to help improve
reliability and lower cost to the sectoithe route to these improvements would be through the
development ofbetter analyses using more reliable input conditions. Realfitiewed an iterative

and phased approacto the development of the €\DR testing subsystems in the laboratory and
developingand testingsoftware algorithms for the design and operation of the systems.
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The RealTide varianGADP MkIlt has multipe key and ambitious enhanced capabilities over the first
prototype deployed during ETI ReDAPT in 2014, namely:

1. Scaleoptimized(large)to capturedatafrom seabed to TEC hdieights (e.g., 10m to 20m).

2. Using modular, singibeam (SBD) instruments witt2xhe spatial resolution and x 4 the temporal
resolution to previouly availablgand heavily used units).

3. Capable of moving the sensor geometry through eleatiechanical actuation to target specific
locationsof interestin 3D space.

The opportunity to fieldest the actuation sutsystem arose in 2019 due to a collaboration between
the University of Edinbufgand Pacific Northwest National Laboratory, (PNNL), USA.

This worktested the performance of thenodular singledbeam SBADP sensor$n a controlled
laboratory environment under a range of available flow stmd&he sensor used offered 2 x spatial
resolution and 4 x temporal resolution over the legacy units available at project commencement. The
units are Nortek 1MHz 16Hz -3BPs based on the architecture of the Nortek Signature 1000 devices.

Single Beam(1D) Configuration Measurements froma singlebeam ADPunder various flow
conditionswere evaluatecagainstmeasurement froma traditional laboratory flow point instrument
a Nortek ADWResults provides thencertainty of the measurement associated wathe unit, provided
the conditions required to test the converging array of profikensl allowed the standard and custom
API control software to be trialed / verified@his work as alsdighlighted the use of profiling
instrumentsfor tank testingapplicaions[69, 24] Resultsshowgoodagreement witha high-precision
laboratory benchmark instrumengn ADV, as shown irFigure3-10 (right). Instrumentto-instrument
comparison wastudied along a 10 m profild&Results indicate hiasin velocitythat varies between
approximately 0% to 2%hen comparingADVresults to thog of thesinglebeam ADPg which are of
course designed for use @t seaand capable ofeadilycapturing flowsof 5 m/s.

wLk Al

‘ Adjustable gantry

i —=

Still water surface

Flow direction

SB-ADP ADV

2980
Figure3-9: Component testingas part of phased @\DP development. Technical drawing kafboratory setup
during benchmarkingof new highresolution singlebeam ADP against lalstandard instrument (ADV)24].
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Multi-Beam BD) Configuration Folbwing on from individual instrument tests multi-instrument
statically orientated>-ADP was designed and operating in FloW&igure3-11 and Figure3-12 show

one such setup whicbnabled an assessment of geometry on measurement error against a laboratory
point measurement benchmark instrument (ADX)convergingarray of 7 singlebeam ADPswhose
acoustic beams were geometrically converging at a focal pwad laboratory testedThis setup
allows for the derivatiorthe 3D velocities from the measurements, and assess the impact of changing
the system geometry on the @asurement of the 3D velocities and associated turbulent parameters.
Outside the focal point the impact of acoustic beam separation on the derivation of 3D veleities
studied providing an estimation of the incertitude associated with traditional measwents This

work is currently being submitted as part of a PhD thesid will be of value to the design of any future
variant CADP systems and the processin@ofjuiredmeasuremens.
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Figure3-10: (left) Results of systematically probing instrumesbftware settingsand their affects: here
showingeffect of changing cell sizes in software on the resulting f@ing precisionestimates (right) Results
from detailed tank-testing: drect inter-comparison of mean velocities measured by-8BP and reference

instrument (ADV) at the target locations A, B, C, and D. The straight line depicts a 1:1 relationship between
the SBADP and ADV velocity measurement valyed]

z
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Figure3-11: Subsystem testing in a controlled environment as part of phas€RADP development:

schematic ofGADPcoordinate system and geometry as deployed and tedia FloNave, University of
Edinburgh.
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Figure3-12: Subsystem testing in a controlled environment as part of phasedhDP development:
Photograph of the inplemented prototype GADPin FloWave University of Edinburgh25].

3.3.2 Field Trial of thé&irst Actuated €ADP

A collaboration between the Pacific National Northwest Laboratory, PNNL, USA and the University of
Edinburghenabled the development andesting of a scaled version of the envisaged RealTide$oHle
device labelled the GADP MkIl.The readyto-deploy GADPis shownin Figure3-13 having been assembled
in the workshopsof PNNLFour SBDs can be seen in the corners of 4tfam wide frame with a fifth SBD
positioned centrally. A subsea control box that supplies power and communications to the instruments is
also installed. Cables are ruiown to the system from the pier which has mains electricity awdi-Fi
connections.
Figure3-14 shows the coordinate system for the actuat€eADPMKII and the installdon concept at
the pier of theMarine and Coastal Research Laborat@gquim, WAUSA22]. ummary details of
the test setup are shown iftable3-1 which is taken froni23], where further information on the
successfutlemonstration of an actuated-BDP velocimetecan be found.
Table3-1: Summary configuration information on the ActuateG-ADPMKII [23]

Beam 1 Beam 2 Beam 3 Beam 4
(2.24, 0.89) (2.24, -0.89) (-2.24, -0.89) (-2.24, 0.89)
—15<x <15 —0.7TH <y <15 z=321
9 < ¢ <270 W< <180 0<¢g3<90 —90<¢hy <90
30<<90
0 24 48 T2

Actnator mounting points (z,y) (m)
Focal Point Locations (m)

Yaw angle (°)

Pitch angle (°)

Transmit Offset (At) (ms)

' Cable to Dock Control Centre

Installation Interface
(I-Beam Guides) Submersible

Actuator

:‘[' 2.0m

49m

Figure3-13. Photograpls of the CADP Mkllfollowmg assembly and testmg at PNNL, USA
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Figure3-14: The actuated GADP Mkll showing (left) the geometry and coordinate system essential to the
control software and dataprocessing algorithms ah (right) the final installation concept on theier of the
Sequim, WA test sit¢22].

.. ______ MNetwork Precision Power Supply | Controller |
Switch Time
? R | |
y y
Acoustic
Instrument Actuator
: Unit Control
Control
T T
1 I
1 I
........ Communication Acoustic
— .. Power g B Actuator
= = Power & Communication ll'lglE! cam Units
Instruments i

Figure3-15: Schematic of ADP |l subsystems and their integration to obtain remote and high resolution
velocity measurement at multiple locations within a flow volume at field scale.
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Figure3-15 shows the final system diagram for the successfully demonstrata®PMkll. Software

was implementedvith MATLAB and pythotode The lefthand figure ofigure3-16 showsa system
verification check®eingundertaken.Here torchesinstalled to thesubsea sensorare being used to
verify 3D coordinate transforms and the control software: the lights atloectionality and locations

to be targeted (Note: in the image additional overlayed lines have been shown to help visualise the
verification process).

Figure3-16: Implementation: laboratory testingat PNNL, USAhowing system verification tests underway.
Torches have been affixed aligned to theB® profilers and the system is undergoing actuation tests to verify
coordinate transforms (Note: the white lines are overlayed for clarif§@ft) and (righ{ field installation via
forklift off the pier atthe Marine and Coastal Research Laboratory, PNSeguim, WA, USA

Results of the field trial are reported jA3]. Key outputs are shown Figure3-17, where the top left

inset image shows agreement betweanproximal marinevariant ADV and the-8DP system. The

main plot shows thed SNAS& LX 20a 2F GKS /! 5t forhideisepdwate | 0 0 K
measurement locationg which have been achieved through the systerorentating to these target

positions.
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Figure3-17: Off-axis actuatedGADPresults from field testing at Sequim, WA, USA 2(023]. Subplots are
arranged to geometrically match the sensor targets from the perspective of the sensor frame looking into the
page. The plat summarise data from the-8DP and a proximal ADV. (tdpft inset) Comparison of ADV and

GADP mean velocity magnitude. Inset: Location of each of the nine focal pdR3%

Extensive design work incorporating mechanical engineering anepdover directcurrent (DC)
electrical systemwas carried out in the development ofADP suksystems. Work oocommunication
systems andiming protocolswas also regined. Subsequent implementation and testing of the

col

lated subsystemswas conducted during RealTide develop a fubscale system that could be

deployed in front of an operating tidal turbin&Vhilst the envisaged setup wattimately not realised
¢ due to turbine unavailability the subsystems and assembledADP variants proved successful.
Some key points on progress are summarised below:

1

Tests conducted at FloWawssessed the performance of the RealTide sibglem ADPs, and

allowed extensivetedty 3 2 F (G KS RS @A OS-aupplied 2. THswhsSequirgdin 02 Y LJ
order to develop software to interface with the devices and to understand the effects of
commands on measurement performance and system stability/instability.

Test conducted at Flvave reveal that there may be scope for improved téesdting throughlab-

focused variants which is the subject of ongoing work.

The FloWave laboratory tests together with field work at Sequim, WA, USA provided valuable input

to the design of the full scale actuated and autonom@ADPMKIII.

Software vas successfully produced to allow configuration of aAQP of arbitrary geomeyrg

essential for the RealTide actuated (meadgle) conceptand subsequent data processing.
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3.4 Advanced Turbulence SensBullscalePrototype- GADP MKIII

The CADP Mkllvas conceived tenable thecollecion of 3D measurements of velocity from regions

of interest to tidal energy developers e.g., across the rotor plane in infiddrof the turbine where

flow is extremely heterogeneous and where the use of standard instrumentation is either infeasible or
would lead to large uncertainty in derivetkesciptions of the flow. It was developed in a phased
manner as outlined in previous sectiorisis an objective of the sens@ackage(which is a multi
sensor system featuring both standard and nové[@P devices) to generate data that can allow the
uncertainty quantification of existing techniques tidal conditions vary so as to be able to use existing
technology in better ways or with better knowledge of any limitations.

Multiple variants of geometries, layouts and fabtioa methods were assessed. The final RealTide
design was formed from opportunities and constraints that included:

Envisaged vessel availability

The availability of divers

The availability of a hardiired power cable and tshore / to-cloud data connection

Close proximity to an operating TEC of ngight 12 metres

Operating depths of up to 80 metse

=a =4 -8 —a 9

Covid19:Throughout 2020 and 2021 the covidf@ndemic had a severely negative impact on access
to equipment, materials, consumables, staff, suppliers and facilitielsiding offices, construction
yards and laboratoriedNVherever possible delays and issues were mitigated

Brexit: The uncertainty de to Brexit the late nature of information of the terms of exanhd the timing

of Brexit during complex URrance marine operatioriacreased project delivery riswhich had to be

mitigated.Examples of problems caused inclddiee need to reconsolidag scientific instruments and
tools that had been previously openly shared between project partners aflaraing required

around delays to shipping of equipmerbnsumables and sensors.

As it becamevident that dueto technical and logistical issues it would likely not be possible to deploy
the RealTide MKIIl prototype in a conneciedTEC configuration, mitigative work commenced on
developing an autonomous control system that would enable operatiorthe seabed without any
access twriginally planned human interventienThis required a considerable amount of unforeseen
engineering and system developmepfarticularly around power supply, data backups, subsea timing
protocolsand decisiormaking software.
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3.4.4 Final @signConcept

Multiple system topologiesvere reviewedbased on lessonrgarned from previous developmesit
arising opportunities and in discussion with the turbine developer, vessel operators and the leeal div
team.

The final design concept captured the following features/requirements:

1 A 12sided dodecagorform to enable multiple sW&G-ADP systems arranged in 120 degree
increments i.e.,

0 a set of fixed SBDsnple arrangement

0 set of moveable SBDs ingie arrangement.
1 A frame size that could be deployed by a relatively small vessel, not relying on the availability of
any turbinedeploying heawyift vessel
A frame size that would allow good measurement using convergent beams at rotor heights
Sufficientd T {-1F2INy ¢ F2NJ £ F NBES v dzY @BNden2hfarking insir@eits O y y
includingan 5-Beam ADCENnd multiple instrument control boxes.
Cable routing path to allow the majority of cables todsemiprotected from the flowfield
A four point lifting system
A frame that could be readily adapted on site should any changes be required
A frame that could maintain station, preferably in afagefacing pose once deployetience the
inclusion of flexible

= =4

=A =4 =8 =

— -

S —
/

Figure3-18. Final Design Concepised off ofthe selectedsteel frame sectiorand prior to detailed
engineering design for all components.

Figure3-18 shows a 3D CAD render of tADP MKIIl design at the stage of having selected the
dodecagon gangement/variant using steel frame elements and prior to detailed engineering design

across all components and ssistems. An original frame size of 15 m was reduced tot® atign

with available vessels at the intended deployment sitee frame is dolted assembly for ease of

shipping to/from deployment siteszigure3-19 shows the neatt I-68dzA £ 10 ¢ O2y FA I dzNF GA2Y
elements described ifTable 3-2. Figure 3-20 shows various stages of the structural design and
fabrication of the CADP Mksteel frame sections.
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Lifting point

Lifting point

Figure3-19:{ OKS Yl (A O & K 2asbiiltf GADEMKRI &yStenii Se@able3-2 for further information.

Table3-2: Expanded descpition of the GADRMKIII system(refer to labels inFigure3-19)

Label Description

A Steel sectio;The @ 5t 0o & SoderaydhXramésformed by 1imilarsteel
sectionsof mass160 kg. Instruments, integrated frame ballast bags, batteries 4
controller enclosures are mounted onto the various frame sectioBach frame
section has a lifting pad eye rated to 6.5 T on the internal face of the frame se8t
of the frame sectias have lifting pad eyes rated to 6.5 T on their outer faces.
B Integrated frame ballast bag 4 integrated frame ballast bags are located arol
the GADP3 sensor.These provide additional mass to teensorand due to their
compliant nature will shae to the seabed providing additional stabilityhey will be
filled by locally acquired aggregdie aid logistics.
C 500kHz ADCNortek Signature opmating off of preprogrammed schedule.
D UEDIN Battery tubeg 12 battery tubes are locatedround theGADP3 sensdo
supply poweto its systems.9 of the battery tubes havimtegratedIMUs to record
deployedsensorstatus.
E Actuated Single Beam ADGP3 actuated Single Beam ADCPs are located ar(
the GADP3 sensorTheseanstruments will move to facilitate adjustment of a volun
of measurement focal point.

F Instrument Control Box; 2 instrument control boxes are located on tGeADP3
sensorto controlits operation.
G FixedSingle Beam ADGP3 fixed Single Beam ABPf€are located around tHe@ADP3

sensor. These instruments are sefp to focusata volume of measurement foc:
point, 10- 12 m above the centre of the frame.
H Acoustic modenfor confirmation of frame landed status and other diagnostic sig
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Figure3-20. Structural design weks including finite element analysiSAD model creation and frame section
fabrication and painting.
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Pressure vessels are a critical and often an expensive part of the field deployment of sensors. Whilst
the project team had access to exiglisupplies of various sizes the loss of access to the D18ntEC
related seabednstalled power cablescreased dramatically the requirement for staatbne battery

power provision.Therefore, anew design of battery cannister was developed (Fegure3-21) as a
mitigation. The battery cannisters were coupled to a hybrid cable assembly that provided multi
channel redundancy with some cannisters connected in paralleése hybrid cables (multel
O2yySGéd NBTE 27T 2 Y Shelgdd toyfedude obstsSaddireddided the number of
required penetrators in pressure vessel eraps.Smart end capsA system requirement for the
autonomousCGADPis knowledge of frame pose. Therefore a netwoflkoav-cost 6 degree of freedom
(6DOF) Inertial Measurement Units (IMUs) was designed into thecepdf the pressure vessels.
These end caps were manufactured by the workshop of the School of Engineering and FloWave staff,
University of Edinburgh. An R®4Bus was integrated to the multhannel power cables. Power was

run at 48V DC nominal. Battepacksvere custom made and of modular design of Alkaline chemistry.

sealant

Figure3-21: RealTide PVQacetal battery cannisters (left) eight battery cannistersn final assembly phase at
FloWave, (top) 3D CAD sketch of smagpwith IMU, microcontroller and communications bus, (middle) The
asdeployed configuation of battery packsand (bottom) a 3D render of the final design assembly.
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The GADP MKl frameequired assembly teditting to check aligment and to develop an assembly
user mamial to mitigate the possibility that UEDIN stafbuld not bepermitted to travel to thefinal
assembly andeployment location due to covid19 restrictionich weresubject to change

Frame assembly checks showed that the frame was straightforward to assasifdehand tools and

a single pallet truck y R  &-@d 2l&idyRpon tighteninginto the desired shapeAssembly and
disassembly of the main frame took up to 2 hopes trialrun. A later testfit of all instruments, cables

and instrument control boxes and additional ballast bags was conducted prior to shipping to the
deployment site. This was to ensure that as much time as possible was available for commissioning
and system cbcks as opposed to equipment assembly.

Figure3-23. Lift testing of the CADP framevia the designed fowpoint lifting method, prior to dismantling
and shipping to EMEC for y&ssemblyand instrument fitout.
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3.4.7 BenchTestingof Components an8ubSystems

Bench testing wasonducted at component and stdystem level. Tested systems included:

Battery cannisterand capdor correct microcontroller, communicatisand IMU operation.

Pan and Tilelectromechanical actuators via a dedieditest rig

Singlebeam acoustic Dopet Profilers (SB\DPs) on the bench and deployed in FloWave

Onboard lowpower computers

Onboard PTP Timing Protocol implementation

Power bus and power management system

Computer controlled relay units

Smart fuse system

Actuated GADP positioning condl software via dedicated test rig featuri®BADPpose tracking

0. Data management checks to confirm correct backipgof acquired data between redundant
systems located in separate subsea enclosures.

BOONOO MNP

3.4.8 PreDeployment Assembly, Commissioning &easting

Deployment of the @ADP MklIl waarranged bythe European Marine Energy Centre (EMER) also
provideda securequayside working areand facilitated the necessary logistics and administrative
tasks.The frame was shipped to Hatston Quay, Kirkv@tkney in August where it was assembled by
UEDIN and EMEC staéffore UEDIN staff conducted commissioning works and final systemTésts.
fully commissioned system and final systems checks being conducted can be seen in

Key stages of work included:

Mechanical Assemhly

Additionalmooringbag attachment and filling with local aggregate

Instrument attachment

Battery pack attachment

Extensive able runs and connectiorand securing

System power up

Instrument configuration

Software predeploymentchecks

Test run in accelerateand in realttime deployment modeand confirm proper operation

0. Deploythe system and confirmperation via LED indicator lights on selected instruments.

RO NOOA~MODNE

&

[

[ |
ST
L]
)
'

Figure3-24. RealTide @QDP MKIII ' y sembledeft) and undergoing final syt hecl(sight) at Hatston
Quay, Kirkwall, Orkney prior to deployment.
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3.4.9 Field Deployment

TheGADPsystem wadifted off of the quayside bthe GOdysseywessebperated by Leask Marine. A
custom frame was fabricated to allow the framelie accommodated onboard and te stowed for
transit. Figure3-25 shows the frameaboard the @0dysseyn transit from Hatston Quay to the Fall of
Warness, in footage via drone arranged and made available by the European Marine Energy Centre.

rovideldy EMEC of the BDP MKl being deployed at the north west
end of the Fall of Warness, tidal energy site.

02/08/21 134364134

Figure3-26. Photographs of the deployment of the-&DP MKIII. (left) bing lowered to theebed, (right)
footage from a subsea camera showing the landed frame and operationahBB (active LED indicator).

3.4.10Recovenpf the GADP in September 2021

The GADP MKIIl could not be recovered during the originally planned neap dige to vessel
availaility and weathey hence a delay of two weeks was incurred. This resulted in a lahgation
deployment (which improvedata-collectionduration) but which left little time for detailed analysis
of the recovered sensor systeniBhe frame was recoverechd 8" September and the system was
accessible remotely via EMEC staff in Orkney the following wé€aly very preliminary investigation
on the system has been possible in the time available prior to repoiady indications are that the
diagnosticsystemshave functionedincludingthe network of inertial measurement ung and the
autonomous scheduleand PTP timing functionalitgppears to have been operatiortAroughout the
deployment until battery depletion around the 3fay mark. However, arly indications show
corrupt/damaged and/or missing files on the-8BP suksystens. Thiscannot be fully investigated
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until the system is shipped back to UEBINthorough investigationwWhile this is underwayanalysis

QC and publishingf the valuableNortek Signature 500-Beam ADCP has been prioritizadd is
discussed in Section 3..n summary, this data set is confirmed as acquired and high quality
Preliminary analysis highlighégynificantievels of wave actimfrom an area of the Fall of Warness that
is shallowethan previously studied areal is envisaged that the dataset will be valuaiol¢he sector

as the location of deployment is proximal to ongoing tidal energy converter deployments.

3.5 Results ofmplementation

Postprocessing of successfully executed measurement campaigns reveals that sensor package
mooring systems performed welksulting in deployments with sensors orientated correctly and with
levels of vibration and oscillation ranging from exéepally low (see Section 3.5.1) to low (See Section
3.5.2). Figures

Table3-3. Stability of instrument packages in highly energetic tidal flows

Pitch Pitch Heading Heading Roll Roll
Deployment (mean) (std) (mean) (std) (mean) (std)
(degs) (degs) (degs) (degs) (degs) (degs)
Fromveur
Signature 50B\DCP 1.7 0.3 214.8 0.7 -1.2 0.1
Fromveur
Signature 1008DCP 1.6 0.4 100.2 0.2 0.0 0.4
GADREMEC
Signature 500 ADCP 2.2 0.1 40.0 0.4 0.9 0.2

Pitch dev. (deg)

Seconds w10f

Roll dev. (deg)

Seconds «10°

Head dev. (deg)
=

=]

5 10 15
Seconds %10°

Figure3-27: Stability of RealTide Beam ADCP deployment at ~IEC 5D . Raw data at 1Hz. Pitch mean =
1.8degrees, Roll meand.2, heading mean 214.5 degrees. Scaled tidal current magnitude (in black) shows
relationship between tidal speed and direction on deviation tife sensor orientation.
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Figure3-28. Time-series of multiple tidal cycles showing deviation from mean value of Pitch, Heading and
Roll for ADCP Signature 500.
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Figure3-29. Time-series oftwo segment of Fromveur Strait 500kHz ADCP dataset showing quality of the
pressure measurementgTop)rescaled data showing tidal cycle, (bottom) rescaled data showsngface
wave groups as measured by the dooard ADCP pressure gauge.
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Figure3-30. Timeseries of multiple tidal cycles showing deviationroin mean value of Pitch, Heading and
Roll forADCP Signature 1000.
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Figure3-31. Timeseries of multiple tidal cycles showing deviation from mean value of Roll for ADCP
Signature 1000: zoometh to show dynamic behaviour with changing tides.
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Figure3-32: Time-series of multiple tidal cycles showing deviation from mean value of Roll for ADCP
Signature 500 deployed as part of theADPAug/Sep 2021 deployment at Fall of Warness, EMEC.
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Figure3-33: Instrumert stability: re-analysis ofADCPTD7 1 Depl1(ReDAPT Fall of Warness).
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Figure3-34. Instrument stability: reanalysis of ADCPTD7_02_Depl (ReDAPT Fall of Warness).
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Figure3-35. Instrument stability: reanalysis ofADCP01_NW_Dep®ReDAPT Fall of Warness).
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Figure3-36. Instrument stability: reanalysis of ADCP02_NW_Dep5 (ReDAPT Fallarness).
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3.6 Summanof Implementation

Table3-4 collates and summarises RealTide WP2 tasks anthsib categosedby four main strands
of work, namely TE{Dstalled activitiegaround the first and second trial deployments, sealiestalled
sensor packages and the multiple phases of development of tABRadvanced turbulence sensor.
Completion status is listed froaesign, through implantation and testing to data retrieval.

Table3-4: Summary of RealTide isitu sensor campaign types and completion status across
system/component design, implementation, testingleployment and data acquisition.

System & Features Completion Status

Designed
Implemented
Tested
Deployed
DATA

TEC Deployment 1

Implemented the specification developed in RealTide D2.1

- Engineering / Marine SystemBesign extensivework inpartnership with turbine
developer Sabella

- Logistics Procurement of ofthe-shelf (OTS) componentshipping of equipment between
UKFrance including 3000kg gravity moorings. HSE management. Marine operations, liai
with divers, vessel operators anddei supplychain.

- Mechanical:Diver removableslements marinizedbracketry and turbine fixings3™
party simulatiors of TEC D10 bulb to assess impact of sensor penetratidigament
tasks Mechanical fabrication & machining Wi&DIN anext. workshops yes|yes

- Electricaldesign olsmartrelays, fuses anthulti-voltage, multipath, multiredundant
power supplies housed in multiple pressure vessels.

- Control & CommsExtensive design and testing of small embedded computing-t
up architecture, communations networks based on RS232, RS485 and ethernet
controlled by various developed software including MATALB and Python on Ard
Linux and Windows OS.

- Sensorsintegrated a horizontally orientateADCRo D10 rear Integrated avertically,
orientated ADCRo D10 top (Designed system for Singgeam Doppler integration
but did not install due to prioritizing testing of highest priority systems.)

TEC Deployment 2

yes

Yes partial- some D10 suisystems not available quayside
None- beforeunplanned TEC recovery

Redesign for improved resiliencea full review of the design was carried out to explc

re-designed D10 auxiliary electrical system to mitigate previous failures / potential

failure points and to improve system resilience.

- bS46 & 0 éahlihgaystém to decoupleUEDINseabedsystems with théJEDIN
D10installedsystems

- Improved fusing, redundancinrush-current protectionand miniaturizatiorwhich
gave more flexibility on the choice of installed pressure vessels (to allow for the | yes| yes
possibility of extended D10 deployment).

- Battery-operated backup on D10 Sig500 implementéd2 & 3dzF NI y G S S
should the D1OTEC experience a problem.

Testing:UEDINSabella designednd implemenéd extensive system checlas quayside

with the turbine electrical and IT systems sefupas-deployed setup, involing up to

six staff checking operation of external sensor systeral passed including seabed

systems connected via 100m seabed cable assemblies.

yes

Yes extensive
Yes- before unplanned TEC recovery
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System &Features

Completion Status

Seabedinstalled sensor systems

- Hybrid power:Power defaulted to extended staralone battery packs but could be
switched remotely to human controliaconnection of asuccessful prénstalled
cable to the D10 via diver operations planned for naabine works.Safe
switchovers to D10 control impheented via smart relays

- Sensor Stability / Data Quality: 9 5 L b Q & arhpR®ginBaetuR manufactured
for RealTide campaigns. Gravity mooringoafigured to accommodate extended
battery cannisters and computeontrol / smartswitch-over. Oversized central
lifting point for RO\proved successful with French vessel operators.

- Campaign FlexibilityDiverremovable sensors and battery paa#ssigned, implemented ar
successfully used to provide flexibility in the marine operations depending on re(
deployment lengths / changing requirements.

- Sensors:ntegrated a Signature 1000Beam higkresolution AP to 2D upstream of D]
Integrated a Signature 508Beam higkresolution ADCP to 5D upstream of the D10.

yes|yes

Yes (extensive)

yes

Yes (extensive)

Actuated Convergenéacoustic Doppler Profilers:

- Design okystem and control softwareo enable instrument configuration based of
2F NBI|dZANBRKLINRBINI YYSR aF20F €& LIRAY]

Yes|Yes| Yes

Yes|

Yes

- Highresolution sensor unit performance tedis check performance levels / behavi
under controlled laboratory conditions at Mave.

Yes| Yes| Yes

Yes|

Yes|

- GADPtestingin controlled environmeh as above but muksensor in concert.
Geometrical configuration and timing offsets being varied to assess interference

Yes| Yes| Yes

Yes|

Yes|

levels
- GADPwith novel actuation capabilityin collaboration with PNNL, USAcaledfield
GADPwas designed antested in USA demonstrating control software and peost

Yes| Yes| Yes

Yes|

Yes

processing algorithms.
- FullScale TestsGADPdeployed on turbineprovided power allowing remote
operation and useintervention/configuration remotely via the D3frovided

Yes| Yes| No

No

No

internet connection.
- FullScale TestaWith risk increasing that deployment at Fromveur Strait would nc
possible extensive mitigations applieditAnomoussystem designed, tested,
fabricated, tested and commissioned. Successfully deployed and retrieved to/frc
the Fall of Warness, EMEC, UK.

Yes Yes| Yes|

Yes|

TB(
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In-situ measurementprocessed and usedithin RealTide are shown in Tallable4-1. Where the
data is publicly releasablecan be accessed via the worktbé database and data access activités
RealTide Task 2-3see RealTide D2 2] and www.tidalenergydata.orgAs per the objectives of
RealTide WP2 data comprised bothamalysis of existing data includitEDIMNeld and Sabelldeld
previously acquired datasetanddata sets spefically targeted from the design and execution of new

measurement campaigns.

Table4-1. Summary of irsitu datasets showing temporal coverage and location.

Instrument Primary Location
Measurement TemporalCoverage of Data UTM 30N
From To Duration

ROWE WEST ohhy, p 10-0ct2016  29-Now2016 50days FromveurD10+4D
ROWE EAST ofh, p 10-0ct2016  24-Now2016 45days FromveurD10+3D
SIG1000 6, p 05Now2019  10-Jan2020 66days FromveurD10+2D
SIG500 ohh, p 06-Oct2019 16-May-2020 222 days FromveurD10+5D
GADPMKII[23] ohh, p Aug2019 Aug2019 6 days 429157mE 623009mN
GADPMKIII 6o, p 06-Aug2021  16-Sep2021 42 days 509968mE 6556364mN
GADPMKIISIG500  6fbh), p 06-Aug2021  16-Sep2021 42 days 509968mE 6556364mN
ADCPTD7_01_Dep ofh, p 17-Sep2014  13-Dec2014 88 days 511144mE 6555329mN
ADCPTD7_02 Dep o, p 17-Sep2014  30-Now2014 75 days 511078mE 6555286mN
ADCPO NW_Dep5  ofh, p 05Jun2013  18Jul2013 44 days 511054.2mE 6555328.9mN
ADCP02_NW _Dep! o, p 05Jun2013  18Jut2013 44 days 511151.1mE 6555241.1mN
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Figure4-1. Maps of the regions considered in RealTide: (left) The Fromveur Strait, France and (right) Falls of
Warness, Orkney, UK

Dataset ADCPTD7_0lepl and ADCPTD7_01_Depérgwused extensively teest the ability of the
RealTide developed modelling techniques to capture ragllile flow featuresDemonstrating the
combined modein-situ data approactat the European Marine Energy Cengrables the esults to
be publicly shared sindbe EMEQidal energy test site does not have confidentiality restrictioms
the data.This work is described in detail in Sectioaf%he report. These datasets were also used to
trial the implementation of a posprocessing tool to convepressuregauge datdo 1D wavespectral
information, as shown ifigure4-2.

65| Page


http://www.tidalenergydata.org/

-,

REALTIDE

RealTide Projeet Grant Agreement No 727689
Deliverable 2 ¢ Next Generation Flow Measurement & Classificatio

Dataset: ADCPTD7_02_Dep1 - Waves from Pressure Sensor Record
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Figure4-2. Pressure gauge to 1D wave spectra conversion: timeseries plots of the process trialled on the
ADCPTD7 datasets.

4.1.2 ROWE legacy datasets

Two ADCP datasets, ROVHast and ROWEWest, collected prior to the RealTide project
commencemeat were provided by Sabella to UEDIN and processed umsaig processing scripts
developed in the Python programming languadelocity and surfacelevation (converted from
pressure readings) timeseries were used in the calibration and validation of hauRipalTide
developed 3D hydrodynamic models. The data is commercially sensitive. Snapshots of the datasets are
shown below irFigure4-3 whichshowunscaled flood and ebb tidal cycles andlude informatioron

the stability of thesensorviainstrumentpitch androll readings.

Figure4-3 ¢ Fromveur Strait Datasets: ROWE Eastt&0OWE Weste-processed for use in model
development work.
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