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SUMMARY OF NOTATION

Turbine characteristics

D Rotor diameter (m)

R Rotor radius (m)

Cr Thrust coefficient

Cr Power coefficient

TSR Tip speed ratio

Cno Thrust coefficient in boundless conditions
Cro Power coefficient in boundless conditions
C. Coefficient of lift

Co Coefficient of drag

Flow Field

U(z2) Mean velocity profile, as a function of dept
Urms(2) Fluctuation of the velocity profile about thean, as a function of depth
TI Turbulence intensity

T Wave period

H Significant wave height

A general glossary on tidal energy terms has beaviged as part of WG0 D2 — “Glossary of
PerAWaT terms”. This is a working document whiclil e revised as the project progresses.
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1 INTRODUCTION
11 Scope of this document

This document constitutes the first deliverable )([0 working group 4, work package 2
(WG4WP2D1) of the PerAWAT (Performance AssessmdniMave and Tidal Arrays)
project funded by the Energy Technologies Institi#€l). The project partners of this work
package are the University of Manchester (UoM) &agrad Hassan (GH). This document
describes the scale model experiments requiredviesiigate array scale blockage and wake
effects in order to develop the mathematical modséd to predict the influenced flow field
in and around tidal turbine arrays. Details of #maling rationale, the experimental
equipment and facilities and the proposed testiognamme are described. This document is
the next step for WG4WP2 after the detailed tighcification WGO0D?2 [1], in which a high-
level specification of WG4WP2DL1 is provided. A glasy of terms specific to the PerAWAT
project, including summary diagrams showing the gayameters, has been provided as an
annex to WGO D2 [2] and should be referred to winereessary.

1.2 Purpose of the scaled model testing

At present there is no available data from protetgp full scale devices and little data from
scale model experiments, particularly at array basin scale. Data is required to aid the
development of numerical models both in terms dide#ing theoretical assumptions and
evaluating semi-empirical relationships. Thus ast pof the ETI PerAWAT project
experimental tests will be undertaken at severahwric scales. WG4WP2 is at the inter-
array scale, sitting at the midpoint between theicgescale experiments (WG4WP1 and
WG4WP3) and basin scales (WG4WP4).

The purpose of the scale model experiments destchibee is to provide experimental data to
develop and validate the mathematical models tlilhbe developed as part of WG3WP4 to

describe the flow-field within and around a tidatktine array. This includes measurement of
turbine performance and of wake characteristict blotwnstream of individual devices and

downstream of an array of devices. The programmtsits will improve understanding of

how bounding surface proximity influences both imeperformance and wake structure.

The objectives of WG4WP?2, as set out in Schedwktbe Technology Contract, are to
investigate (through physical testing of an arrbypto 15 small devices):

1. the effect of bounding surfaces (free surface, egand other devices) on
device performance and loading

2. the effect of the bounding surfaces, ambient floiwldf and device
performance characteristics on the far wake form

3. the wake interactions within an array includinguehce of varying ambient
turbulence intensities (seabed, waves and largesdd

13 Specific tasks associated with WG4 WP2

Deliverables associated with WG4 WP2 are:

* Test specification (D1) [GH] of sufficient detaih@ scope to: Evaluate the effect of
bounding surfaces and device performance charsitsrion the device loading.
Evaluate the effect of bounding surfaces, ambilent field and device performance
characteristics on the far wake form. Investightewake interactions within an array
including influence of varying ambient turbulencgeinsities (seabed, waves and
large eddies). Specification will define the detailof: operating points
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(speeds/torques), instrument type, sample freqaenciacceptable error and
experimental programme plan.

« Design of test equipment (D2) [GH & UoM] includingotor design, Instrumentation
system design and support structure design.

» Construction of test equipment (D3) [UoM] includingotor (blades, hub, nacelle,
generator), Instrumentation system, Support stractand Alteration to facility
equipment.

* Conduct tests (D4) [UoM] including: Set up testilige Calibrate instrumentation,
Conduct test schedule (measuring rotor thrust, peaesumption, and the flow field
within and around the array).

¢ Issue database of experimental data (D5) [GH]umtialg; Data post processing for
presentation in experimental database (filteringglity control etc.), Issue database
of experimental data obtained under different aurr@ave and turbulence conditions

2 FLOW FIELD EFFECTSUNDER INVESTIGATION

This section provides background on the two majic® of investigation: blockage and
wakes, with reference to tidal turbines.

2.1 Blockage

Objects within a flow act as an impedance causihegflow to deviate around the object.
Blockage effects are generated when bounding ssfac other objects within the flow

restrict the deviation of flow around the objecheTLanchester-Betz's law is the well

established theory that predicts how the flow exigaaround a rotor in a boundless flow as
energy is extracted. However, this theory is rgliaable when bounding surfaces act to
restrict the expansion of flow through the rotor.

Various studies [5] have been conducted into tifiectf of blockage on turbines including
those taking consideration of the free-surface[d]g.The presence of bounding surfaces acts
to re-direct the vertical component of the flowoirthe stream-wise direction, causing an
overall increase in the flow through the swept arfethe turbine. This leads to:

« increased torque or rotor speed (depending orotiee control strategy),

e increased loading experienced by the turbine,

e and, potentially, increased power capture.

Full scale tidal turbine arrays are expected tddgated in areas where the depth of water
varies between 1.5 — 3 D and the lateral distaebeden rotors varies between 1.5 - 5 turbine
diameters (D) (leading to blockage ratios of betw®® and 34% of the cross sectional area).
It is therefore important to investigate the effétt bounding surfaces, at similar proximity,
have on turbine performance. This is also an afdavestigation in other work packages
(both numerical - WG3WP1, WG3WPS5 - and experiments/G4WP1 and WG4WP3).
Quantitative investigation of lateral boundinghs primary focus of this work package.

In addition to predicting the change in performaduoe to blockage, a second purpose to the
blockage modelling is to predict the altered fldeld around the turbine which may impact
on the wake recovery and/or other turbines, inclgdhe

» Local flow acceleration in the near wake due tckéme.

» Wake recovery and expansion: The flow velocityha bypass region around the
turbine (and hence the wake) will be increased tué¢he restriction of two
bounding surfaces. This leads to change in thecitgldeficit compared with the

2
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same rotor operating in an unbounded flow, whictuim will have an impact on
the rate of mixing between the wake and the byflassand the resulting wake
recovery length scales.

2.2 Wakes

The wake created by a wind turbine is relativelyllwenderstood and established
mathematical models correlate well with real wiadni data [5]. These models describe the
physical process of wake and free-stream mixingly Aevice that extracts energy from a
flow causes a reduction in the axial momentum & ttownstream flow. The region of
reduced flow velocity and static pressure downstred the turbine plane (that has passed
through the turbine plane) is defined as the wake. specific form of a wake is likely to be
complicated and device specific. However, the fumelatal physics governing the wake
structure and its dissipation can be simplifieccbygsidering the wake as two distinct regions:

Near wake

The near wake is the region immediately downstredinthe rotor in which the specific
properties of the rotor can be discriminated, sashithe number of blades, tip vortices and
stalled flow. The extraction of momentum from thewf, whilst conserving mass, drives a
wake expansion, which also occurs in this regiosuélly within 1D downstream). The
vortical structures which are trailed and shed ftbmblades and the device support structure
comprise the wake and this region is bounded filwgrouter (faster moving) free-stream fluid
by the vortices trailed from the blade tips anddsfiem the support structure. Typically the
near wake transits into the beginning of the fakevat between 2D to 4D downstream
(depending on the ambient flow conditions), aftétick the ambient turbulence in the free-
stream flow starts to breaks down the boundingcest

Far wake

Once the initial conditions for the far wake aréabBshed by the near wake region there are
two main mechanisms that drive the wake structliteese are convection and turbulent
mixing. If the fluid were completely inviscid thenvolume of slower moving flow would just
convect downstream at a slower rate than the freass flow. However, turbulent mixing is
present and acts to re-energise the wake, bredkiqgand increasing the velocity until, at a
point far downstream, the mean velocity profileoasrthe wake is similar to the free stream.

The mixing process of wakes behind tidal turbirselkiely to be very similar to that of wind
turbines, although the specific wake structure é@chy rate may vary due to the effect of a
bounding free surface and flow specific differensgh as turbulence structure. The purpose
of the wake model is to represent the recoveryhefrhomentum deficit downstream of the
turbine so that both the incident flow velocity aledel of turbulence on a downstream
turbine can be predicted. The issue of wake intienads of key importance due to the
relatively small lateral spacing between turbines.

Different ambient flow conditions have varied etfeon wake recovery, e.g.

« The amount of ambient turbulence intensity in avfltan significantly enhance the
mixing process and hence speed up the decay ofka.wembient turbulence
intensity is prominently governed by the seabedjnoess.

* Free-surface waves are another source of flow keinice. Certain wave states and
operating depths may significantly impact on thé&eveecovery process.

e Large scale eddies are another source of turbulemteh have the potential to
introduce additional energy to the wake, potentifltther aiding recovery.

3
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3 SCALING CONSIDERATIONS

Before designing both the experimental set-up dmd eéxperiments themselves, extensive
consideration must be given to the representatfoa full-scale tidal turbine in its likely
operating environment. Three scaling consideratigzeometric, kinematic and dynamic - are
discussed in Section 3.1. The relative importariceach scaling law is dependant on the
processes to be investigated and so the influefficthese laws on the dimensionless
parameters relevant to rotor design, support straaesign and facility scale are detailed in
Sections 3.2 to 3.4.

31 Similarity requirements

Two issues need to be considered with regard taithéarity requirements. These are the
environmental effects on the device and the desitert on the environment. The effect of
the environment on the device is twofold. Firgtie incident flow field on to the rotor and
secondly the proximity of bounding surfaces both tacalter the rotor performance and
loadings (i.e. power and thrust coefficients versuispeed ratio, £& Cr v TSR) compared
with the equivalent boundless performance and tagd{Go and Gg). Both of these effects
must be similar to the full scale device in ordemntake a robust comparison. The effect the
device has on the environment (i.e. the form ofilade), is a function of the resistance it
presents to the flow, the level of ambient flow mg and the description surrounding
boundaries. The resistance the rotor presentsetfidw leads to an extraction of momentum
(commonly referred to as operating state of thbimer or G). Thus to investigate boundary
and interaction effects on wakes at scale simjiafithe extracted momentum and the mixing
process is required.

Geometric similarity The depth and lateral spacing between turbinest beisimilar.
» For blockage modelling the geometric similarityabfannel depth to the rotor swept
area must be maintained.
» For wake modelling the non-dimensional distancer owbich flow entrainment
occurs must be similar to the full scale system.
» The position of the rotor relative to the seabed fa@e surface should be maintained.

Kinematic similarity The velocity profiles through the water colummdan the near wake
profile should be similar.
» For blockage modelling kinematic similarity is metjuired.
» For wake modelling the velocity-scale over whictwmilentrainment occurs must be
similar to the full scale system, i.e. the initi@locity deficit must be similar.
» Kinematic similarity must be maintained regardihg spatial and temporal variation
in flow onto the rotor, e.g.

0 The free-stream depth velocity profile should bmilsir to capture the non-
uniform mass flow above and below the wake.

0 The effect of seabed shear for a given channelhdépads to a boundary
layer profile and ambient turbulence in the flonhu§ the mean velocity
depth profile and level of flow speed fluctuatioboat the mean velocity
must be similar (i.e. U(z) andgis(z) must be similar).

o For tests requiring representative wave statesrpaped on current, the
particle kinematics must be made similar to fulalscfollowing Froude
scaling (height linearly with scale, period witlethquare root of the scale).

Dynamic similarity It is a well know fact that Froude scaling (aasere of inertia to
gravitational forces) and Reynolds scaling (a measfiinertia to viscous forces) can not be
simultaneously satisfied when scaling free-surfdlosvs (see Appendix 1 for further
illustration of this point, in which the highlightecells correspond to the Froude and Reynolds
numbers respectively). Because surface effectsdciogpact on both the performance and
loading of a device and the wake structure betedievice, using similar Froude numbers is
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important (the appropriate wave scaling also foflodirectly from Froude scaling). The
conflict occurs because scaling to the Froude numdsults in low flow speeds that yield
much lower Reynolds numbers. One factor that cdaddaltered to maintain similarity of
both Froude and Reynolds number is the type ofdflused in the physical modelling.
However, in practice, this can not be easily agjdsind water is used in both cases, so the
rotor and support structure used in the physicabdehanust be designed to provide
representative momentum extraction at much lowgnBlds number.

Dynamic similarity of the effect of the device dretflow can be achieved by matching the
performance characteristics of the rotor in an umided flow (i.e. similar g and Go versus
TSR curves). The source of rotor loads comes filmenblade lift and drag forces (@nd
Cp), which are dependent on Reynolds number. Uselaafebsections that are defined by
geometric scaling of blade-sections that are desigor full-scale devices would result in
(greatly) reduced performance since the ratio gf @ reduces with Reynolds number and
hence with geometric scale. In order to effectsame change of momentum as a full-scale
device, alternative blade sections must be chod@ohwdemonstrate suitable performance
(lift/drag ratio) at the Reynolds number approgriab the experiment. There is limited
published information regarding lift and drag ca@éints for blade sections at the Reynolds
number in question. A detailed investigation irtte awvailable data will be performed as part
of the rotor design stage [D2].

The dominant forces driving the process of wakeovery in a free-shear flow can be
characterised by length and velocity scales (ie@ngetric similarity in the wake shape and
velocity deficit). Provided that the wake sheaym#ds number at scale is high enough (or
more accurately that viscous terms are small coeapéy the turbulence diffusions terms)
then scaling to shear Reynolds number is not redui]. The added effect of an ambient
shear flow needs to be incorporated. Again, pravide channel shear Reynolds number at
small-scale is high enough to avoid adverse efféetich can occur at lower Reynolds
numbers), it is sufficient to maintain similarity welocity and length scales (flow profile and
depth).

3.2 Flow scale modél

The range of depths at which blockage, array aeeé-$urface effects are likely to be
important is 1.5 — 3D. There is a practical minimlimit on the size of a rotor for both
instrumentation purposes and in order to meet ittndasity requirements (i.e. achieve the
same @), which is likely to be in the region of D = 0.20-3 m. In order to investigate free-
surface bounding effects in the required ranges, shiggests a minimum operating depth of
0.4 — 0.5m approx.

The Froude number for tidal flows can vary betw@en 0.4. It is suggested that Froude
number scaling is slightly altered between testhiwithe bounds of the above range to allow
for acceptable levels of Reynolds number whereiplessTo achieve the desired dynamic
similarity the flow speed in the flume is likely b@ in the range 0.4 — 0.5 m/s.

To achieve kinematic similarity the seabed rougbnesn be altered and boundary layer
tripping techniques used to yield the required ifgand ambient turbulent flow fluctuations.
Channel flow bed generated turbulence is governedhb scaling of the bed shear (or
friction) Reynolds number. To alter the shear Régs number the seabed roughness length
scale will not be similar to full scale but a sianiboundary layer can be developed.

Real flow depth velocity profiles can vary from alst linear to a 8 power law. A target
profile might be a seventh power law but the maBués are generation of high turbulence
intensity and development of a fully formed boundkyer. The channel length (distance
from inflow) at which the boundary layer becomeByfiiormed is dependant on the inflow
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speed and the seabed roughness. Due to the lmwisfbeeds the turbulent boundary layer
may need to be initiated with some upstream rousgpe with tripping techniques.

Previous research [3] has demonstrated that famnetiers (4D) clearance is required in order
to avoid blockage effects from the side walls. Siddl effects are shown in figure 1 (taken
from [3]), to become relatively small after z/R £63D) away from the wall.

Turbine affect in a boundless flow
g |

8
’\ —e— distance from turbine
centreline

free surface distance

6 T— from blade tip (CL at
51 \
44

2: \\\\

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Vertical component of flow (w/U)

zIR

Figure 1: Effect of boundary proximity (from [3]).

3.3 Turbine and support structure scale model

Turbine: Producing measureable power at scales below"lislQnlikely due to drive train
losses being of an order of magnitude greater thargenerated rotor power. It has been
standard practice (in the wind industry) to instdade the rotor at either a constant torque or
speed [5]. The power is inferred from measuredrrédoque and rpm, coupled with the
known losses.

Constant torque: A motor can be used to provide a constant torquec{wis proportional to
the applied current). Applied current can be adelyameasured and modified at a high
sampling rate. Using a constant torque approachmsniet in unsteady flow the rotor speed
will fluctuate, but provided the losses are smidlg rotor should maintain an approximately
constant TSR.

Constant speed: A motor can also be used to provide a constantdspEas may require a
closed-loop control system to continually adjugtlegal torque (applied current) to maintain a
steady speed in an unsteady flow. The main argurfntconstant speed is to allow
comparison with CFD results but this data is n&dusor that purpose. However, this is less
preferable to constant torque because a mean T&Rhaa G will need to be used and it is
also not the approach being adopted by the majofithe tidal turbine device developers at
present (see section 24 of [1])

Although a closed-loop control system could be tped to modify applied torque on the
basis of measured speed, this would require additioalibration stages and so a constant
torque system will be implemented for WG4 WP2 eikpents.

The blade design will need to allow several didtioperation points to be emulated. In
practise this means operating at three to fouriipeESR values. The blade design must
ensure different €& Cp at these different TSRs. Due to the reduction akimum lift to

drag at low Reynolds number, it may not be possiblelesign the small scale rotor to
produce exactly the same CT(TSR) curve over thgaaof TSR values of interest. One
possibility is to employ different rotor geometri¢isat are designed specifically for a
particular operating point (i.e. for a particulan@ination of CT and TSR). This option will
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be further investigated during the rotor desigrgstéD2) and modifications will be made
during construction and testing of the experimeatplipment (D3).

Support structure:

Where possible the support structure geometry shioeilkept similar to a representative full-
scale geometry as this is a potential source of fissturbance. At scale it is not practical to
mount turbines from the bottom of the flume (whishhe proposed mechanism for mounting
of full-scale devices), due to the requirementtfarling instrumentation cables underwater.
Instead a surface piercing structure is likely avénto be adopted. The support structure drag
should be minimised to reduce flow disturbance bygthe use of hydrofoil sections. For
practical reasons the support structure lever austrhe of suitable size so that the thrust
force experienced on the rotor is sufficient tonbeasured to the required accuracy, hence a
compromise is required.

34 Scaling summary

The selection of an appropriate test facility amhde physical scale of the array tests is
driven by the scaling considerations discussedertiGns 3.1 to 3.3. The main requirements
are:

» Kinematic similarity of the ambient flow to full-ate.

» Geometric similarity must be maintained where gassialthough Reynolds number
effects at model scale will lead to altered roteometry.

» Similarity of the interaction of the flow with eacturbine in the array, For
representative wake modelling the momentum extrachy the turbine must be
similar i.e. similar G.

» Sufficient dimensions to install arrays of devieéthout lateral blockage.

In addition:
» Free- surface effects need to be similar to thé s#aation, i.e. similar Froude
numbers.
» Care must be taken to minimise drag from the sugarcture.

Thus the flume employed must have sufficient leraytd depth-Reynolds number must be
sufficient to allow development of bed-generatatbuience (depth-Reynolds number > 1e5).
To allow study of realistic sea-states, the fac#ihould also allow superposition of waves on
current. As detailed in Section 3.1, kinematic aydamic similarity of the small-scale and
full-scale rotor can be maintained by appropriag¢éection of the rotor geometry. This
requires that the blade Reynolds number is suffilyidarge for lift- and drag- characteristics
to be available. A lower bound of 2e4 has been fethe basis of selecting the scale of the
facility since limited data is available to thisiage. Finally, the flume width and length must
be sufficient to allow investigation of the effadt lateral blockage on turbine performance
without influence of the flume sidewalls. To stualyow of three turbines at 3D centre-centre
spacing with 4D wall separation requires a widtlaoieast 12D. Based on these requirements
and considering the facilities summarised in Sec#b of [1], the University of Manchester
wide flume has been identified for these testsiHewrdetails of the facility are given in
Section 5.1.

4 TESTING PROGRAMME

The objectives of WG4WP2, detailed in section Wi, be investigated via an incremental

testing procedure. This section details the comgias taken in the design of the testing
programme, paying particular attention to the regqaents for making useful comparisons
with numerical modelling methods. The section codebk with a table summarising the tests

7
Not to be disclosed other than in line with thertgiof the Technology Contract



planned for the arrays in section 4.4. The nexiveeble of this work pacakge (WG4WP2
D2 ) will contain the next level of detail down.

4.1 Calibration tests

Initially, a variety of calibration tests are rexpd. These include:

» Flume characteristics in the absence of rotorsnigasurement of in-flow conditions
characterising the mean velocity and ambient teree intensity depth and lateral
profile and how these characteristics develop dowam.

e Evaluation of the required sampling period and desgy at which data is
statistically stable. This will be different depemtl on the intended analysis of the
data, which includes mean flow characteristicsaiid Reynolds Stress analysis.

e Calibration of individual instruments including ABY strain gauges and turbine
scale models.

4.2 Blockage tests

This work stream is a key interface for WG3WP4. Thedel which is being developed in
this workpage contains a method of accounting flackage. In order to make useful
comparisons with this and other numerical modéks following information is required:

* The unbounded rotor characteristics so that thecetif blockage can be quantified
and used to validate the blockage correction mod€his will be achieved via one
of the following options:

o0 Measurement of the C& Cp of the foil section (followed by use of GH
Tidal Bladed to predict £& Cp of a range of operating states).

0 Measurement of the rotorr& Cp over a range of operating states directly,
under effectively unbounded flow conditions (blog&aatios of below 5%).
This can be achieved in a wind tunnel or water #8uwith larger cross
sectional area such as will be used in WG4WP1.

o Initial interrogation of unbounded performance t@nconducted using one
small rotor in the flume being used in this workckege, however depth
effects will be present here which must be consder

» The effect of blockage on the turbine operatinghpaind the wake structure. This
should include the influence of free surface praotinand of lateral spacing on
turbine operating point and wake structure.

* Measurements of the flow field at several locatiootside of the turbine streamtube
to provide a check for the mathematical modellihnghe effect of blockage on the
surrounding flow-field. Locations to include:

0 Upstream

0 Lateral positions

o Immediately downstream (because accelerating tive dround the turbine
increases the speed of the flow around the wakdharglaffects the mixing
process)

4.3 Array waketests

In addition to the blockage model, there are sévmads to the GH wake model (WG3WP4
for which this work stream is a key interface):
1. A semi-empirical model is used to predict the neake velocity profile.
2. An eddy viscosity model predicts the centrelineageas a function of the near
wake profile, the ambient flow mean flow and tudnde intensity.
3. And wake interaction models which estimate theatftd wake merging.
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The near wake model will be validated via WG3WRwaéver, in order to compare the eddy
viscosity model with the WG4WP2 experiments therveake profile of the rotors needs to
be measured to ensure it is properly representttkibH eddy viscosity model.

The eddy viscosity model has been shown to repréberfar wake recovery behind both a
lab scale rotor and porous discs. However, to ganfidence in the model, a basic parametric
study would be useful to initiate the more detaikgerimental campaign. This should
comprise:

Single wake mapping from the near to far wake wg#éimple duration sufficient to
evaluate Reynolds Stress (it is of particular edérto find the distance downstream
where the shear layer meets the centreline). Tdie\structure (sectional shape) and
velocity deficits also to be measured.

Ideally the above test is repeated for differer¢rapng states (i.e. different CT) and
for each ambient flow condition (i.e. different bgdnerated turbulence and wave
states).

Investigate the effect of boundaries on the far evakucture, i.e. repeat the above
test, but at a different channel depth.

Further studies that are required in order to magkeful comparisons with the model
developed in WG3WP4 include:

Investigations to understand the effect of wakenblamy conditions on the wake
structure. Turbine configurations studied shouldude a turbine whose wake is
constrained on one- and both- sides by the wak @idjacent device.

o Variation of lateral spacing

o0 Variation of longitudinal spacing
Increasing array size, laterally and then addirgjtachal rows
Investigation of staggered array layouts in whidwdstream device is partially
within the wake of an upstream device.
Comparison of ambient flow affects for differenydaits
Flow speed effect: One of the scaling assumpti®tisat the wake shear Reynolds
number is high enough not to affect the wake regopeocess. If this is truly the
case, then changing the inflow, whilst maintainiowr G- & C,and boundary layer
profile, should not affect wake recovery. This asption is investigated as part of
the numerical simulations conducted in WG3 WP1.
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4.4 Summary of experiments

For all experiments, measurements will be takethmfst, power (angular speed x torque) and
the velocity field. The extent of velocity field murements varies with the type of test. For
detailed tests, measurements of the 3-dimensionkéstructure are required (i.e. multiple
2D sections in the vertical plane each taken atifferent streamwise ordinate). For
investigative tests, velocity measurements will Ibeited to either 1-dimensional (i.e.
centreline variation) or 2-dimensional variationg.(a vertical plane) depending on the
subject of the investigative test. Previous invoteat in an experimental testing programme
of tidal turbines (TSB project #200018) and pritudées in the wind turbine industry ([5] and

[7]) have been used to inform the choice of vagaland ranges.

Test description Variables Constants | Measurements | Type of test Blockage | Wake
And ranges (YIN)? (YIN)?
Isolated device baseline data
Thrust and
. . Operating power,
Operating point ; U(z), Depth, ) .
beneath free-surface point (TSR & r Flow field, Detailed Y Y
Cro) Reynolds
stresses
Effect of blockage on performance & wake structure (Tests with 2 - 3 turbines)
. . TSR, U(z), Depth,
Operating point Cro03-009 r
Lateral spacing . ~0.5D U(2), Depth, Detailed Y Y
increments T
~10 degree | U(z), Depth,|  Thrustand o
Yaw angle increments. I power, Investigative N Y
- - Rotor speed,
Depth / Diameter ratio Debth ~1 5D- Elow field
(will consjder making a P 3D ) U(z), Tl measurements| Investigation Y Y
smaller diameter rotor)
Flow speed Flow rate Depth, TI Investigation Y Y
Multi-row arrays in currents ((up to 3xp
Operating point TSR & & Thrust and Detailed Y Y
ower
U(z), Depth, P '
- . ~2D Rotor speed, :
Longitudinal spacing increments TI Flow field Detailed Y
Lateral spacing . ~0.5D measurements Detailed Y Y
increments
Depth / Diameter ratio Dept2D~ 1.5b- U(z),TI'_l)epth, Investigative Y Y
Effect of unsteady ambient flow on arrays (at selattgperating set points) — sea state
Repeat selection of detailed tests for “Arrays irreuts”
Thrust and
Irregular
. waves, H& T power, .
Wave-forcing ' . U, Depth Rotor speed, Detailed N Y
representativel !
Flow field
of full scale
measurements
Ambient Tl Flow rate S
(bed-generated) /profile Depth Investigative Y Y
Thrust and
power,
Large Eddy Structures Bed form U, Depthh  Rotor speed, Detailed N Y
Flow field
measurements
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5 EXPERIMENTAL EQUIPMENT AND FACILITIES
51 General description of the experimental facilities

Experiments will be conducted in the UniversityMdnchester wide wave-current flume. An
explanation for the selection of this facility issgn in Section 3.4. The flume is 5 m wide
with a flat test section of 18 m between inlet audlet. An overhead crane is available for
installation of test equipment. Current generat®provided by 2 No. 50 kW pumps which
develop mean flow velocities of up to 0.5 m/s gtidgl operating depths of 450 mm. Tests
can be run in water depths of up to 600 mm as atet by Figure 1Wavemaking is
provided by eight Edinburgh Designs piston-type ev@addles allowing generation
of irregular waves conforming to standard spectith peak frequencies in the range
0.5 to 1.5 Hz (roughly equivalent to 5 to 15 s ait-$cale) and significant wave
heights up to 50 mm (roughly equivalent to 5 muitgcale).

o / s:/ Au/= — E} d
. / e AT I § . /ar/

o 10 20 il 40 80 a0 70 80 20 100 o 10 20 30 a0 S0 &0 el a2 kil 100
Pump speed (% of maximurry Fump speed (% of maximurn)

Variation of mean velocity (cm/s) with water depth  Velocity measurements taken in water depth of @45
and pump speed (by flow-rate) using propeller probe
Figure 2 — Indicative range of attainable flow spefor specified depth and pump speed.

52 Experimental equipment
521 Instrumentation

Measuring the flow field is critical in analysingake characteristics. To measure the flow
field the three velocity components are taken atsied positions. Measuring the velocity of
the flow is not easily achieved due to the efféet tneasuring devices have on the flow. The
most appropriate type of device, due to its vdigath measuring flow velocities at different
locations, is an Acoustic Doppler Velocimeter (AD\RC run, specialised data logging
software is used to capture the flow measureméstsliscussed in detail in a report from an
earlier study (Appendix 2) the sample duration neglidepends on the flume employed, the
target signal to noise ratio (SNR), the target edation coefficient (COR) and the flow
parameter under consideration (e.g. mean velocitgaynolds stress). The sample duration
will be quantified in WG4 WP2 D2. Sample qualitydaguration should be sufficient to allow
filtering at a minimum SNR of 15 % and a minimunrretation coefficient of 50 % without
significant loss of samples. The format of the dfiiess has been specified in WGO. In
addition, individual turbine performance charadiics need to be monitored to correlate the
turbine loading with its effect on the flow. Thestruments used for measuring the principal
parameters are;

M easur ement Device M easur ement Raw data Raw data
parameter range sampling accuracy
frequency/data set

0—4 m lateral
Carriage positionf 0-10m n/a n/a
longitudinal

Spatial position
in domain
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Mean Velocity.

Velocity time- Acoustic Dobpler 200Hz

history or spectrg : PP SNR > 15dB
Velocimeter 0-1mis . ;

adequate to Min 5000 samples (Appendix 2)

. (ADV). .

obtain turbulence per location

intensity
Acoustic Doppler Min 10000

Reynolds-Stress| Velocimeter 0-1m/s samples per (?ANReZ;iidZE)’
(ADV). location bp

Turbine thrust Loaq cells or 0-10N 200 Hz 5%
strain gauges.

Rotor angular _ .

speed (from Optical encoder OO 4;:2?1/8 200Hz Pr?legcigc'j[o

angular position) -

Applleq torque Applied current 0-2A 200Hz 2mA

or equivalent

5.2.2 Instrumentation calibration

ADV are supplied with a certificate of calibratiftom the manufacturer. The key issue to
ensure is that there are sufficient numbers ofesudpd particles in the flume flow to allow a
high signal to noise signal.

The calibration of load cells/strain gauges shdaddconducted by applying known loads to
the rig. The full range of operational loads shooddapplied and at least five experimental
data points shall be gathered to evaluate thera#iliim curve. Five experimental points are
sufficient here, for confirmation of a linear phemnon. Instrument calibration willl be
elaborated on further in WG4WP2D2.
5.2.3 Datalogging system
All real time data series shall be collected usangodular data logging system based on the
National Instruments Labview system. A logging ifdee will be developed to allow
specification of:
A number of co-ordinates at which velocity sampes required (defined in plane
perpendicular to the flow)

Duration of each sample
Number of devices

The following data will be recorded directly toefifor post-processing:
3-component velocity signals from each ADV probe
Angular position from each turbine model to cadtelangular speed
Applied current from each turbine model
Signal proportional to measured thrust

It will be convenient to display summary data dgreach test to facilitate evaluation of data-
quality during data collection. Key parameters grasition of measurement probes (spatial
co-ordinates), streamwise and transverse velamitgular speed, applied current and signal to
noise ratio.

Time-series of test-data will be saved on the logd*C (a standalone device to minimise the
risk of virus infection and software update probt¢rand copied to a separate workstation for
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analysis. A copy of all data will be stored on addpendent flash-drive after each test and
written to permanent media (DVD) at regular intésva

524 Experimental measurements

There should be sufficient measurement/data pamtsnable the wake width/shape to be
established for comparison to the empirical wakel@haeveloped in WG3WP4. As detailed
in Section 2.1, the nearwake form is studied in endetail in other work packages
(WG3WP1, WG4WP1) and the objective of this pack&geo understand the effect of
blockage on far-wake structure. The centreline aiglashould be measured at a minimum of
1D spacing starting at no more than 2D behind ¢ iand continue until the velocity deficit
is small. If possible, closer It is acknowledgedtttiesign of the experiments may not provide
representative velocity measurements within 1Dhefrotor plane (due to the dimensions of
the nacelle which will need to be large relativéhe rotor).

The accuracy in measuring turbine thrust and infkpeed should be sufficiently high to
ensure the error inGs less than 5%. The likely overall accuracy iraswing the flow field
is difficult to estimate precisely, however it i8 abjective to make this less than 5%. More
detail is included in Appendix 2 on how the erral Wwe evaluated. As a matter of course
with any experimental programme, repeatabilitynaf tests will be thoroughly investigated.

6 SUMMARY

The purpose of the scale model tests is to proaidata set of experimental measurements
that are directly comparable to the mathematicatiehaleveloped in WG4 WP3. These
models are used to predict the influenced flowdfiaeland around tidal turbine arrays. Such a
flow field is affected by both blockage and wakeusture, and these form the objectives of
the investigations to be conducted in WG4 WP2, etscait in the Schedule 5 of the
Technology Contract. The purpose of this reporbislefine the scope of an experimental
study and the required accuracy of measuremedtlkatavill be compared to mathematical
models. This report provides background on arralesblockage and wake effects. The
scaling rationale has been discussed in detailaasugitable facility identified. An outline of
the experiments that are required to meet the wmakkage objectives is given, and
appropriate operating points (speeds/torques)ruimgnt type, sample frequencies and
acceptable error are specified. The report conelwdi¢h specification of the experimental
equipment and facilities that are necessary toeaehsuch a testing programme.

The next stages of work include the following tasks

- Detailed design of the rotor.

- Detailed design of the instrumentation system.

- Detailed design of the support structure.

- Detailed design of the flow measurement system.
All of these tasks will form the second deliverabfehis work package, WG4WP2D2 (due to
be submitted at the end of February 2010). Aftas tikeliverable has been accepted
construction of the test equipment will commenage(tb be completed by October 2010).
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APPENDIX 1: ROTOR SCALING CALCULATIONS

Channel | Channel chord Possible | Possible

depth width Diameter | rotor Swept area | length U rated TSR Cp Ct Power Thrust Froude No Reynolds No

Rechord

scale ratio m m m ratio m”2 ratio m/s ratio W ratio N ratio | value | ratio value

Full size 1.00 36.00 550 18.00 | 1.0000 | 254.47 | 0.400 | 1.00 | 2.573 4.5 0.45 0.80 1 | 1.00E+06 1 | 690862 1| 0.14 1 | 2.4E+06
1/10th scale - 4.21E- 1.00E-

158 W 0.100 3.60 55.00 1.80 | 0.0100 2.54 | 0.040 | 0.35 | 0.895 4.5 0.40 0.80 04 | 3.65E+02 03 816 1.1 | 0.15 | 0.035 | 8.4E+04
1/15th scale - 1.32E- 2.96E-

38 W 0.067 2.40 36.67 1.20 | 0.0044 1.13 | 0.027 | 0.31 | 0.797 4.5 0.30 0.80 04 | 8.60E+01 04 288 1.2 0.16 | 0.020 | 4.8E+04
1/20th scale - 6.14E- 1.25E-

14 W 0.050 1.80 27.50 0.90 | 0.0025 0.64 | 0.020 | 0.29 | 0.748 4.5 0.30 0.80 05 | 3.99E+01 04 142 1.3 | 0.18 | 0.014 | 3.4E+04
1/50th scale - 3.10E- 8.00E-

< 1W! 0.020 0.72 11.00 0.36 | 0.0004 0.10 | 0.008 | 0.20 | 0.509 4.5 0.30 0.80 06 | 2.02E+00 06 11 1.4 | 0.19 | 0.004 | 9.3E+03
1.18E- 2.92E-

1/70th scale 0.014 0.51 7.86 0.26 | 0.0002 0.05 | 0.006 | 0.18 | 0.461 4.5 0.30 0.80 06 | 7.65E-01 06 4 15| 0.21 | 0.002 | 6.0E+03
5.92E- 1.37E-

1/90th scale 0.011 0.40 6.11 0.20 | 0.0001 0.03 | 0.004 | 0.17 | 0.434 4.5 0.30 0.80 07 | 3.85E-01 06 2 1.6 | 0.22 | 0.002 | 4.4E+03
491E- 1.00E-

1/100th scale | 0.010 0.36 5.50 0.18 | 0.0001 0.03 | 0.004 | 0.17 | 0.437 4.5 0.30 0.80 07 | 3.20E-01 06 2 1.7 0.23 | 0.002 | 4.0E+03
4.18E- 7.51E-

1/110th scale | 0.009 0.33 5.00 0.16 | 0.0001 0.02 | 0.004 | 0.17 | 0.442 4.5 0.30 0.80 07 | 2.72E-01 07 2 1.8 | 0.25 | 0.002 | 3.7E+03
2.74E- 4 55E-

1/130th scale | 0.008 0.28 4.23 0.14 | 0.0001 0.02 | 0.003 | 0.17 | 0.429 4.5 0.30 0.80 07 | 1.78E-01 07 1 1.9 | 0.26 | 0.001 | 3.0E+03

NB. The highlighted cells correspond to the Froadd Reynolds numbers respectively. Decreasingcle sf the experimental test whilst maintainingmetric

similarilty leads to increased Froude number agdicantly decreased Reynolds numbers.
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APPENDIX 2: POST-PROCESSING OF DATA

The following is a report undertaken during the GH led TSB project (TSB project
#200018) on the performance characteristics and optimisation of marine current
energy converter arrrays (2007-2009). The experiments referred to in this appendix
were carried out in both the Chilworth Research laboratory, University of
Southampton and the circulating water channel at IFREMER research facility in
Boulonge sur Mer, France. The purpose of this appendix is to provide background on
the post-processing of data from ADVs and experimental error. Once the
instrumentation is finalised (in WG4WP2D2) the permissible bounds of experimental
error will be decided based on these guidelines. This appendix does not relate to the
tests detailed in this document.

Post-processing of ADV data

Problems with the accuracy of ADV velocity measurements can be caused by
relatively high levels of ambient noise and spikes in the data due to a phase shift
between the outgoing and incoming pulse. For this reason data should not be used
without suitable post-processing. In addition to velocity measurements the ADV
provides signal to noise ratio (SNR) and correlation (COR) parameters which can be
used to filter the data improving the quality of the measurements.

SNR is an indication of the strength of received signal compared to the noise level of
the instrument; as ambient noise increases, SNR decreases. It is defined as follows:

Amplitudey,,
Amplitude, .

= 20log ortek,
AR = 20log;, (Nortek, 2004)

The generally accepted SNR threshold is recommended to be at least 5dB when
measuring average flow velocities (Wahl, 2000) and a minimum of 15dB when
measuring instantaneous velocities and turbulence quantities (Wahl, 2000; Rusello et
al, 2006; Ciochetto, 2007) but there is no theoretical or experimental evidence to
support these rule of thumb limits (Ciochetto, 2007). Low SNR values can be a
result of inadequate scattering material being present in the flow (Blanckaert, 2006;
Rusello et al, 2006).

The correlation parameter, is an indicator of the relative consistency of the behaviour
of the scatterers in the sampling volume during the sampling period. ADV’s collect
data at a higher sampling rate than the reporting period, and the COR parameter
indicates the consistency of the multiple measurements that take place within each
sampling period (Wahl, 2000).

Manufacturers have typically recommended filtering to remove any samples with
correlation scores below 70% (Wahl, 2000; Ciochetto, 2007) and even if the data is
considered poor in only one beam the whole sample should be discarded (Ciochetto,
2007). However, samples with correlation values much less than 70% can
sometimes still provide good data, particularly if the signal to noise ratio is high and
the flow is relatively turbulent (Wahl, 2000). Low correlation values can be an
indication of high levels of turbulence (Wahl, 2000; Ciochetto, 2007) and in cases of
high turbulence the reduction in correlation will be independent of SNR. If
turbulence are not strong then correlation is a function of SNR (Ciochetto, 2007).

Most spikes can be removed at the time of processing by adjusting the instrument
velocity range. Remaining spikes may correspond to reductions in SNR and
correlation values but as this is not always the case an additional procedure to
remove spikes should be employed (Wahl, 2000). In some cases spikes may look
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similar to natural fluctuations in the velocity. Goring & Nikora (2002) developed an
algorithm Acceleration Threshold Method which considers maximum possible
instantaneous acceleration values and this method is used widely.

Accuracy of the ADV data, particularly when considering turbulence characteristics,
can be significantly reduced if the sample size is too small. Chanson et a/ (2007,
citing Garcia et al 2005) suggest the the sampling record should contain more than
5,000 samples to yield minumum errors for turbulence measurements and that
records in excess of 50,000 samples are required for accurate determination of
Reynolds stresses. However, Voulgaris & Trowbridge (1997) using 9,000 samples
showed that an ADV sensor can measure mean velocity and Reynolds stress within
1% of the estimated true mean value.

Post processing of porous disc experimental data

Between two and six thousand measurement records were produced at each
datapoint for each experiment run. The ADV’s velocity range was reduced until the
number of spikes in the data was minimal. Spikes were removed where downstream
velocity differed by more than 50% of the mean. In addition, measurements were
discarded where the lateral and vertical velocity components were greater than three
standard deviations from the mean.

Goring & Nikora (2002) state that “almost any spike replacement method is
preferable to spike elimination” but in this case the spikes were few and the effect of
elimination not considered to be significant. Future work could be improved by
introducing a more refined method for spike removal and replacement.

Data produced in the smaller Chilworth flume was filtered by setting minimum
correlation to 70% and minimum SNR to 15%. The effect of filtering at this level
produced a minimal reduction in data. Figure 1 shows the decrease in sample size
for 7 typical datapoints.

Number of samples in correlation bands
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Correlation band

Figure 1. Reduction in number of data samples with increase in correlation filter (7 datapoints)

Experiments carried out in the flume at Ifremer produced records with comparatively
low correlation values.  Setting the correlation filter to around 45% would cause
around 10% of the data to be discarded; at 70% more than half the data would be
eliminated (see Figure 2).
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Figure 2. Percentage decrease in sample size with increase in correlation filter for base runs ‘Ct" and ‘Boundless’

SNR values from the Ifremer flume were extremely low compared to those from
Chilworth. Water in the channel was very clean and it was not normal procedure to
use ADVs at this site. The lack of suspended particles in the water is likely to have
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been the main factor causing the SNR readings to be low.

Filtering the data with an SNR threshold of 15 would eliminate almost all of the data
and a threshold of 5 would reduce the sample size by nearly two thirds (see Figure

3).
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Figure 3. Percentage decrease in sample size with increase in SNR filter for base runs ‘Ct’ and ‘Boundless’
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