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Abstactd The tidal energy industry is progressing rapidilyt there are still barriers to overcome to
realise thecommercial potential of this sectdrarge magnitude and hilyhvariableloadscaused by
wavesacting on theurbineare of particulaconcern Composite bladewith in-built bendtwist elastic
responsemay reduce thee peak loads, bypassively feathémg with increasing thrustThis could
decrease capital codty lowering thedesign load, and improve robustness through the mitigatibn o
pitch mechanismsn this studythepreviousresearclis extended texaminethe performance of bend
twist bladesn combined waveurrentflow, whichwill frequently be encountered in the field scaled

3 bladedurbinewas tested ithe flume at IFREMERvith bendtwist composite bladeandequivalent
rigid blades sequentiallyunder current and edirectional wavecurrent cases In agreement with
previous research,hven theturbinewasoperating in currerdlone at higher tip speedtias the bend
twist blades reducethe mean thrust and power comparethtrigidbladesUnder the specifisvave
currentcondition testedhe averagéadswere similaron both blade setdleverthelesshe bendtwist
blades substantially reduced thmagitudes of theaveragethrust and torque fluctuations per wave

cycle by up to 10% and 14% respectively

Keyword® Composite bladeslynamic loading; laboratory flumeapsively adaptive bladetgjal turbine; vave
current interactions



NOMENCLATURE

BT Bendtwist
CM Current tests with wave maker installed
(6{0) Current tests (undisturbed)
CMM Coordinate measuring machine
Cr Power coefficient
Cr Thrust coefficient
FFT Fast Farrier transform
HATT Horizontal axis tidal turbine
LDV Laser Doppler velocimeter
PSD Power spectral density
Re Reynolds number
RPM Revolutions per minute
TGC Torque generating curre(h)

TI Turbulence intensit{%o)
Tk Frictional torqugNm)
Twm Motor torque(Nm)
Tr Rotor torqugNm)
TSR Tip-speed ratio
t Time (s)
\% Average streamwise flow velocityn/s)
wcC Wavecurrent test series
d Surface elevatiofm)
Or Standard deviatioturbulence intensit{2o)
Cv Standard deviatiofiow velocity (m/s)

1 INTRODUCTION

With a global push towards clean and sustainable electricity production, the marine renewable energy
industry has seen increased growth in recent yeafertunately, tidal energy technology has not yet
reached commercial viability due to high capital and operational costs associated with the challenges
of designing, deploying and maintaining turbiresostile subsea environments. The reliability and

durability of devicesn thesesomewhatunpredictableonditions are primary concerns for the industry
[1].

Tidal currents vary approximately sinusoidally over timethedurbine desigmusttake into account
theforces associated with tipeak currentdowever,it is mosteconomicato setthe peak performance
point at a levelbeneath thenaximumcurrentvelocity to ensureoptimal power capturdor a longer
portion of the tidal cycleVariationsin the flow speeaver shorter time scalesill alsooccur in the
field for exampledue tobedgeneratedurbulence and oceavaveswhich can be in the order of 6 s and

in a rangeof 4 to 10 srespectively2] [3].



To cope with theseontinually changing conditions is desirablefor the turbine tde able tashed
excess load@.e. duringpe tidal currents and extreme wave evgrtsbring the design loadsloser
in-line with the optimum operational conditio®moothing of the dynamic loading patternll also
improve the fatigue life of the turbine components aneducethe requirements orhe power
conditioningsystem

One wayin whichthis might beaccomplisheds through the use of passively adap{flexible) blades

with a built-in coupled bendwist elasticresponse under increasing load. This temporarily alters the
bladepitch angle, reducinghe thrust and torque transferréalthe drivetrain so thatexcess powelis
shed once the design conditions are exceebeel.benetwist mechanism can bmanufactured ito
blades made of composite materiaidich are constructed from number ofayers of either woven or
unidirectionalfibers (i.e. carbon or glass) sén resin. By selecting a suitable orientation of each ply

layer in the stack the desired bemdst response can be achievdd], [5]).

There are a number of advantages to thétsheddingsolution. Firstly,composite materialare
already widely used in the industry to construct rigid esafibr prototype tidal turbine¥his is due to
their high fatigue tolerance, high strengtiweight ratio, corrosion resistance, and ligldamage
tolerance compared to commonly used metal mat¢@plse.compositearewell suited tahe marine
environment7]. By using this same material, betwist blades willretainall of these advantages
without inducing significant alterations &xisting manufacturing procedures

Passive systems have the key advantaget@atingtheneed formoving parts (i.e. pitch mechanisms)
which aredifficult to maintainatsea Passively adaptive blades should be able tothefbading peaks
dynamically enablinghe design loads for the various turbine components throughout the $g&iem
reduced.This will decrease capital costfirstly by allowing thetechnical specifications of the
componentso be downgradedndsecondlythrough weight reductigrparticularly with regards to the
supportstructurewhich currently contributes a large percentafjthe capital coqé]. A lower system
weight will alsolessenthe equipment requirements to transport, deploy, and retrieve the device at the
tidal site[8].

Ultimately, any perceived benefits of the betdist blades must be weighed against anyeases in
design andnanufacturing cds. Asthe design changes are restrictedetorientatingthe angles of the
ply layers, it is not envisageat this stagehatthis would cause aignificant increase ithe cost of
manufacture othe cost ofthe blades themselvesn any casea full economic analysis canot be
completeduntil the behaviorof the bendtwist bladesovera full range ohydrodynamicconditionsis
understoodand their bendtwist response and structurdésignhave beenfully optimised for this

application.

Investigations into the use giassively adaptive compositdades in the tidagénergyindustry are

ongoing, and vious research hadreadydemonstrated tliiepotential for load regutaon in steady



flow conditions Through towingank testing of 360 mm longendtwist composite blades Murrd9]

showed that an 11% reduction in the mean thrust loads at design conditions could be achieved. Using a
fluid structural interaction (FSI) design tool, verified against the towing tank test resulf®frdmvas

predicted thia 10.4 m diameter fullcale turbine with préwisted benewist blades would have
reduced loads and regulated power at flow speeds above design corjdiBjoridicholls-Lee [11]
reportedup to a 12% reduction in the thrust loads and up to 5% increase in the poweiartdfir an

8 m blade with a bentlist composite spar using an FSI model. Furthermdiatley and Barbef12]

showed that passly adaptivebendtwist blades could increase annual energy capture by delaying the
onset of cavitation, thus enabling the stition of larger blades operating at higher rotational speeds
[13].

Presentunderstanding of turbine performance in combined waweent flow is much less
comprehensivéhan that in steady flowlr' o t he aut hor stiist Hades ek getithee b en d
tested in waveurrent,and only a small number ofsearcherkhave investigatethe performancef

rigid i.e. noradaptive bladem theseconditions[14], [15], [16], [17], more recentl\j18], [19], [20] .
Importantly, these studidsave shownexperimentallythat wavecurrentflow can inducesignificant

cyclic variations in the rotor power and thrust at the frequency of the waves. &aalri21] used a
computational model to investigate tivave inducedvariationin bending momentacting at the roots

of rigid bladesand how these are translated through the drivetrain, causing fluctuating loads on
components such as the bearings and seals. Nevaiiaef22] showed numericaflthat fluctuating

wave loads have the potential to reduce the lifespégidfrotor blades and thdrivetraincomponents
Similarly Gallowayet al [17] concluded that cyclic loading from waves is likely to result in acatddr
fatigue ofnon-adaptiveblades.

The researcttoncerningrigid blades in waveurrentflow hasrevealedsignificantalterations tahe
loading patterns, antiesedynamiceffectsare likely to result in more complex interactions with bend
twist bladesdue to their higher flexibility compared to nadaptive blades. Moreover, the elastic
response and stability of bedist blades in dynamic flow conditions will be critical to thede
structural desigf23]. With turbine blades having a high risk of failyg#], it is imperative that the
blade behavior in these conditions is fully quantified so thedritbe appropately considered in the

design process

As stated previouslydndtwist composite bladesisohave the potential to mitigate the transfepeéak

wave loads through the drivetratherebyalleviatingwear on the turbine componenksowever,the

extent to which the bladesin damp the hydrodynamic loading fluctuations is currently uncertain. With
this in mind, and considering the prevalence of waves at sites deemed suitable for the installation of
tidal energy deviceR21], the objective of this work is to investigate experimentally the effects of-wave

current loadingn bendtwist composite blades.



2 METHODOLOGY
Composite bendwist andaluminiumblades of identical geometry were tested sequentiallgdopa
threebladed horizontal axis tidal turbine (HATT) in the wastgrent recirculating flume at IFREMER
(French Research Institute for Exploitation of the Sea), Boulsgn®ler. The flume specifications are
described iN25]. The experiments were conducted at a scale of approximately 1:20, equating to a
turbine diameter of 828 mm. In this section the experimentalganeasurement techniques and test
program are described.

2.1 Experimental setup
Figure 1shows the turbinand support structure designed and manufactured at Cardiff Unijégity
The turbine stanchioof 71 mm of outside diametevas fixed with two brackets to a steel frame
mounted on a crossbeam over the flume at IFREMEIR center of the turbine huias positioned
m below the free water surfaead the rotokvasoperating upstream of the supporting structure, as it
can be observed in Figure The flume is 18 m long, 4 m wide and 2 m deep, resulting in a blockage
ratio d 6.7% based on the rotor swept area. According to the analySistbfs blockage ratio did not
warrant the application of any corrections to the daighermorethe study presented [B7] suggess
that the turbineds optimum | ocation should foll
(> 0.5xR) and one turbine radius above the floorxRL In the case of these experiments, both
recommendations have been fulfilled by setting thibihe at 2.4R from the free surface and bottom
of the tank. Thushe size of the flume comparga the rotor also meanbatthe flume walls should
notinfluencethe currentprofile across the rotor swept arddowever the velocity profileis expected

to vary with deptlonce waves are added to the curréhis is discussefiirtherin Section3.

The rotor dimensionand blade geometrgre showrin Table1 andFigure 1.The composite blades

were constructed from unidirectional graphite epoxy composite skins \@itomin PB 250 losed

cell foam corewith a density of 250 kg/m3T'he composite skins on the working section of the blades

had fibers oriented at 26.8° from the long axis of the blade with a mirrored layup, as de{&iletbin

induce bendwist coupling. The root section had 6 additiorlalers of 0.2 mm thick composite with
alternating ply angles of 15° an#i5°, and a 316 stainless steel cylinder was inserted at the root for
added strength. This was extended with a stepped down diameter to connect the blades to the hub (see
Figure 1),which was held in place by a 4.5 mm diameter grub screw that slotted into a corresponding
notch in the blade rooThe mass distribution per sectiofithe composite bladesin be foundh Table

1.

The aluminium blades wereanufactured using ad&xis CNC machine and based on the measurements
obtained from scanning the composite blade with a coordinate measuring machine. The mass

distribution of the solid metal blade is also found ablel.



The surface roughness of the blades was measiiteiRe ni shaw EquatorE 300

The composite blade Ha roughness average value of .8.02 umcompared to an average value of

0.93+ 0.4 um measured for trEduminium blade.

Tablel Geometry of the aluminium and composite blades

Rads gy Badetwist Badechod  aerofol - GULIERT FE !
(mm) (9) @)
0
50
54 4 N/A 15.0 Root insert - -
92 42 N/A 29.0 Circular root - -
112 62 N/A N/A Lofted = =
(ellipsg
123 73 0.0 64.3 NREL S814 16.9 1.2
137 87 3.0 62.8 NREL S814 21.2 3.2
166 116 8.3 61.0 NREL S814 41.9 4.1
196 146 12.4 59.0 NREL S814 39.7 3.6
225 175 154 555 NREL S814 34.3 3.1
254 204 17.5 50.9 NREL S814 30.0 3.0
283 233 18.9 46.3 NREL S814 25.9 2.7
312 262 19.8 42.9 NREL S814 221 24
342 292 20.3 40.6 NREL S814 19.2 1.9
371 321 20.6 37.6 NREL S814 151 1.6
400 350 20.9 29.4 NREL S814 13.0 1.3
414 364 21.1 21.3 NREL S814 4.3 0.7
421 371 21.1 13.0 Rounded tip

The blade root pitch was fixetthe optimum angle for power capture with respect to the chosen blade

geometry, aR8.89°.As discussed in Section fiassive controbf excess loads builtinto the blades

via the bendtwist response, rather than employing an active pitching mechanigrarform this

function

a)



Note that he blade design 9] focused orcreatingrobust blades for proof of concelaboratory
testing Optimisation ofthe blade layugo tailor thebendtwist responséor theactualdesign conditions
should be conducted oncererecompleteunderstandin@f the blade behavior has been gained from
the scalegxperimentsand validated computational models have been developed.

To enable comparison of theendtwist blades with a setfarigid blades,aluminium blades were
manufactured using adxis CNC machine from a CAD drawing based e 8cans of the composite
blades. Further details of the blade geometry (includingvaist and chord), as well as the blade design

and material pnoerties are given if9].

For each test condition the turbine was operated at a constant rotational velocityBmsabRexroth

motor [28] with a rated power of 0.6 kW, rated torque of 28k, and rated speed of 350 RPM. An
encoder mounted at the end of the driveshaft monitored the rotational velocity and position, providing
dynamic feedback for the motor speed control. The motor and encoder outputs were logged using a

National Instruments abVIEW data acquisition system.

The flow velocity was measured at hub height during the tests using a laser Doppler velocimeter (LDV)
located 3.6 nupstream of the rotor. The average resolution was greater than 45 Hz across all test cases.
The LDV measuremnts were initiated by a trigger from the LabVIEW system.

A resistance type wave probe installed on the carriage and positictied imith the rotor blades
measured the surface elevation during the waweent tests. Prior to testing, the probe heigtstill

water was adjusted to a number of known positions to convert the output voltage to units of length. The
probe was connected directly to the LabVIEW data acquisition system so that its output was

synchronsed with the other data streams.

To quantif/ the turbine performance under the applied hydrodynamic loads, the rotor torque (derived
from the tangential force component with respect to the rotor plane) and rotor thrust (normal force

component with respect to the rotor plane) were monitored.
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Figure 2 Measuredmotor torque at different turbine rotational velocities withthe blades attached to
the hub

The rotor torque was obtained from the motor torque generating current (TGC) recorded in the
LabVIEW system at a resolution of 16.67 Hz. The TGC is the electric current required by the motor to
drive and maintain the select turbine rotational velocity. It is related to torque by a torque constant,
specified by the manufacturer as 6M#/A for this motor.The magnitude of the TGC depends on the
hydrodynamic torque contribution from the turbine blades, and the frictiomagedén the drive shaft

which varies with the set turbine rotational velocity. To determine this frictional contribution, the motor
was calibrated in still water by measuring the TGC without the blades attached to the hub at a range of
rotational speedseeFigure 2 The satter in the calibration data in Figures2discussed iAppendix

1, and was taken into account when calculating the error bars shown in Sedti@rotor torque was
determined from the measured TGC and the polynomial regression equation for the frictional

component (shown iRigure 3 as follows:

ooy 1)
Y O MINNTNAYI) ™Ting wp PO TMPQEMTT VUL (2)
Y e EYO ()

where T is torque; subscript R denotes the rotor (hydrodynamic) component, subscript F denotes the

frictional component and subscript M denotes the motor component.

To measure the rotor thrust the turbine stanchion was instrumented witmal&ng, Y11FA-5-120

strain gauge, witla 119.9 Ohm resistance and 2#1% gauge factor, which was located 1.5 m from

the turbine hub center (0.5 m above the free water surfacefjgee 1 This was also connected to

the LabVIEW data acquisition sysh and the data was sampled at 250 He strain gauge was
calibrated by measuring the voltage output for a set of known applied loads acting on the hub in the
streamwise direction. With the blades removed from the hub, the thrust acting on the stanchion was also

measuredn a range of flow speds. The value of the stanchion thrust (without blades attached) at the



appropriate flow velocity was then subtracted from the measured value during testing to obtain the
thrust associated with the rotor blades.

2.2 Test program
The test program consistedsimilar test series for th|uminiumand composite blades. Firstly these
were conducted under current of constant average velocity, denominated the CO test series. The same
current settings were then employed with the wave makers installed in the flumadbive to check
for any influence of their presence on the average current speed and turbulence intensity (CM test
series). Finally, the same current settings were applied with the waves switched on, generating co
directional wavecurrent flow i.e. thre waves were propagating with the curr@hC test series). A
number of repeat tests were included in the program to enable an uncertainty analysis to be completed
(Appendix 1).

Current speeds of 0.8 m/s, 1.0 m/s and 1.2 m/s were emgloyieel current nly (CO) testing These

values were selected based e scaling considerations, and the limitations of the flume and
turbine/blade design. Testing at different flow velocities enables the effect of Reynolds number on the
results to be assessgge Sectin 4) Although taking into accounthe results oprevioustow tank
experimentsand computationamodel prediction$9], it is anticipated that the influence of Reynolds

number will be smalbverthis parameter range

The rdational speed of the turbine was varigain 45 t0110 RPM to includetip speed ratiobetween

2-6 at each current speddue to the limitations of the flume facility waves were constrained to a height

of approximately 0.15 m in conjunction with a @08 currentThe wave period was set to fbproduce

close tothe largest wave induced velocities that the wave machine was capable of, to encourage the
maximum possible beravist response thecompositeblades.Using Froude scaling laws these waves
would be equivalent to a height of 3 m and a period of 9 s in a water depth of 40 m at the full scale.

These wave parameters would be expected to occur at least annually at typical marine en@@ly sites

3 FLOW AND WAVE C HARACTERISTICS

Before examining the measured torque and thrust acting on the turbine (Section 4), it is important to
guantify the flow and wave characteristics recorded by the LDV and wave probes. The streamwise flow
velocity, V, is presented as the average measuree \althe depth of the turbine hub center, and also

as the average velocity profile with depth across the turbine diameter. The turbulence in the flow is
evaluated in terms of the turbulence intenpilyameterTl, which is defined as the reoteansquare

of the turbulent velocity fluctuations divided by the mean velocity of a time skBiiés that thgohase
averaged velocityvas used in these calculations for the wangent testsso that thesinusoidal
variation in the signal due tavaves wasnot counted a turbulence The water surface elevation
measurementduring wavecurrent testingrealsodiscussedn this sectiorin terms of both the time

and frequency domains.

10



Table2 Measuredlow velocity and turbulence intensiiyeraged across the rotor diameter, and measured in
line with the hub center averaged across all test runs for each flow condtiandard deviation values given
relate to the average velocity and average turbulence intensity between test runs.

Velocity profile (depth
c Upsteam point measurement averaged across turbine
ase diameter)

V (m/s) Tl (%) Gy (m/s) Ui (%) V (m/s) Tl (%)

0.8 m/s CO 0.80 1.85 0.00 0.11 0.81 1.83

0.8 m/s WC 0.79 8.41 0.00 0.74 0.73 10.74

0.8 m/s CM 0.75 8.65 0.01 2.59 0.70 12.87
1 m/s CO 1.00 1.85 0.00 0.04 - -
1.2 m/s CO 1.20 1.88 0.00 0.06 - -

In Table2 the velocity and Tl measured at hub height upstream of the rotor are given. These have been
averaged across all available test runs for each of the flow conditions. The 1.2 m/s, 1 m/svdad 0.8
current only (CO) test series are in close agreement with their design values, with the low standard
deviation between tests demonstrating excellent repeatability of the flow conditions. The TI is
consistent between the three flow velocities, andsat than 2% is not anticipated to greatly influence

the results.

Due to operational constraints of the flume facility where the utilisation of waves was restricted to flow
speeds of 0.8 m/s, a full assessment of the flow across the turbine was notkendertthe studies
presented without waves; j.2.0 and 1.2 m/sThis practice was considered acceptable s[thdé
showed that the variation of the flow across the water column at the Ifremer facility podifoem

and almost unidirectional axial flows with mean vertical velocities close to zero when thenaleses

arenot operationahnd not immersed in the flume

The results for the CM test series (current only but with wave makerg sittihe flume) shown in

Table 2 indicate that the presence of the wave maker has affected both the average velocity and
turbulence intensity. The wave maker was tedadownstream of the current inlet, triggering flow
disturbances that persisted along the flume. This has resulted in a reduction in the average velocity and
an increase in the turbulence intensity compared to the 0.8 m/s CO series which utilised tuersaine
settings but without the wave makers sitting in the flume. Furthermore, the variability in V and TI
between individual test runs is more significant in the CM series (see standaatiodeViable 2)

signifying that the conditions were less repeatable than in the CO series.

11
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In Figure 3a and 3b typical velocity records from the 0.8 m/s CM and CO test series (current alone with
and without the inactive wave makers installed respectively) are compared. The higher level of
turbulence due to the wave makers is eviderthe CM data (Figure 3b). In Figure 3c and 3d the
turbulence spectra are shown for the CO and CM cases respectively. Both demonstrate similar spectra
despite the differences in Tl. They are broadly in agreement with Kolmogorov turbulence theory, with
bath cases following the expectesf3 gradient in the inertial range (Figure 3¢ and 3d), although there

is considerable noise in the spectra at higher frequencies due to the relatively low measurement
resolution. Comparison of the tests in these two flomd@mns could provide insight into the influence

of turbulence on the hydrodynamic loads acting on the turbine. However, the difference in average flow

velocity between these two conditions must be taken into account.

In Table2 the average velocity in the waeerrent tests is slightly higher than in the case without waves
running (CM series) and the Tl is similar. This indicates that direct comparison between &e wav
current (WC) and current (CM, i.e. wave maker switched off but still installed in flume) cases is

appropriate to discern the effects of wangrent loading on the turbine.

13



Example time series of the waearrent flow characteristics are presente@igure 4 The LDV data

is shown inFigure 4 and the surface elevation is giverrigure 4. The 2 s wave period is evident in

both data sets. There is notable variation in the amplitude of the velocity fluctuations and wave height,
due to the variabilityri the underlying current as demonstratdeen running the current alone (Figure

3b). This level of variability was not present when running the waves alghie, the wave recreated

in the flume corresponds to &®rder wave, insignificant nelinearities of the wave mechanics are
shown in Figure Awhich compares the surface elevation and the horizontal component of the wave
velocity with the superimposed current velocitith predictions obtainedrom linear theory.The

wavelength for this waveharacteristics is of 8.3 m.

The average wave height in the combined waweent flow was approximately 0.15 m. The average
horizontal velocity range per wavgate at hub height across all wawerrenttests was 0.31 m/s (39%
of the average velocity) witan average maximum velocity per wave cycle of 0.93 m/s and average

minimum velocity per wave cycle of 0.63 m/s.

Figure 5shows the wave probe signal in theduency domain for a typical waeearrenttest,
establishing the presence of the dominant wiaguency at 0.5 Hz. To a smaller extent the wave
harmonics are also present, primarily at twice the wave frequency as a result of wireardy. The
presence of these higher frequencies in the waveform is important to note as they may influence the
frequency response of the turbine, as discussed in Séction

Additional velocity measurements were taken to determine the variation in the streamwise flow velocity
with depth through the water column. These welkecied once the turbine had been removed from
the flume Figure 6shows the average velocity profiles retmat in the comparable current alone cases
with and without the wave makers installed (CM and CO series respectively) and in thewvane
cordition. There is only a small change in the velocity and TI profiles with depth fauthent alone

case without wave makers installéddicating that the turbine was situated above the flume bottom
boundary layer. The CM seri¢surrent alone with inactivevave makers installed)as decreasing
velocity and increasing turbulence intensity in the upper section of the profile, coinciding with the draft
of the wave maker which spanned the upper part of the water column. Thewsm case (WC
series) also ladecreasing velocity and increasing turbulence intensity towards the water surface in

Figure 6 However, this is to be expected indioectional wavecurrent flow, se¢30], [31], [32].

14
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In Table2 the velocity measured at the hub center and the velocity averaged across the turbine diameter
are compared. These are in close agreement for the curreat(@lG) case without wave makers
installed, as both the velocity and Tl were reasonably constant with depth (see Figure 6). For the CM
(inactive wave makers installed) and waerent cases there is a greater difference between the
average velocity measutat the turbine centerline compared to that averaged over the rotor diameter,
with lower average velocity and higher turbulence intensity when the velocity profile is taken into
account. This demonstrates the importance of quantifying the inflow vetsetythe full turbine swept

area in order to accurately assess turbine performance characteristics. However, in practice this is
difficult to achieve during testing without interfering with the experiments, and further consideration of
suitable measuremeriechniques is needed to ensure the necessary information is captured in
subsequent laboratory studies. The way in which the velocity is defined will influence the coefficients

of power and thrust and this is discussed in terms of the results in Se2tion 4.

4 MEAN TURBINE PERFORMANCE CHARACTERISITICS

The average thrust and power measured at each turbine rotational velocity selecteddoe therent

(WC) test serieand current alone casefth and wihoutinactive wave makers install¢@M and CO
series)are shown irFigure 7 For clarity the thrust and power results are presented separately for each
blade type. Both the thrust and power increase with flow velocityignre 7 and for each flow
condition the power and thrust vasimilarly with RPM. There is a peak coinciding with the optimal
angle of attack, with torque and thrust reducing at slower and faster turbine rotational speeds. The
position of the peak moves to the right (higher RPM) at higher flow velocities to maimtagame

relative velocity between the turbine and the incoming flow.

The benewist behavior of the composite blades can be quantified through comparison with the
performance of thaluminiumblades. The tests run in the three uniform current (CO) castésut

the wave makers installed in the flunage considered first in Sectidhl These results are then
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compared with the current alone tests with the inactive wave makers installed in the flume (CM series)

in Section4.2 The wavecurrent (WC) series is discussed with respect to the CM series in S&&ion

The error bars shown iRigure 7and Figure 11were computed based on tbecertainty in the
measur ement calibrations, manufacturersodé specitf

Appendix 1
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4.1 Uniform currenttests(CO series)
The performance characteristics of the compositeatindiniumblades are compared Figure 8and
Figure 9for thecurrent only(CO) test conditiongi.e. without wave makers present in the flumié)e
data is presented in the form of theusgtrand power coefficients,y@nd G, as a function of the tip
speed ratio, TSR. These parameters represent the actual rotor thrust, power and rotational velocity
normalsed by the available thrust, power and fsteam velocity, as detailed i{83]. Non
dimensionalising the parameters in this way facilitates direct comparison of the data collected under the

different flow velocities.

The G values for thealuminiumand composite blade tests in 0.8 m/s current areistin Figure &.
While there is scatter in the data, the polynomial regression lines are in close agreement and the error
bars overlap(Figure 7, indicating that the magnitude of the thrust acting on the composite and

aluminiumblades is similar.

In Figure & the G values for theluminiumand composite blade tests conducted at the 1 m/s and 1.2
m/s current velocities are compared. There is a noticeable difference in the loads on the two blade types
at higher TSR values, with a reduction in thrustlos composite blades. This is not evident in the 1

m/s current tests at lower TSR values (i.e. lower RPM) where the curves for the two blades are in close
agreement. At the 1.2 m/s current velocity the reduction in thrust associated with the compteste bla

is greater compared to that in the 1 m/s set at the same TSR value, indicating that the magnitude of the
thrust reduction increases with flow velocity. The maximum reductionrirs @pproximately 11%,

which is in close agreement with the results ofridy et al [34], providing confidence irthe test
methodology. Thisndicates thatat least in this contexthe 2% difference in Tl between the present
study and that of34] has not affected the behavior of the blades in this respeatever higher
turbulence intensities may affebie operationof devicesconsiderably, as stn in[35]. These results

have also been replicated to a reasonable degrteliwoway coupled BEMTFEM computational

model in[34].

Similarly to the G data, the @values for the two blade types, showrrigure 9 are in close agreement

at lower TSR values. The-@easurements for the composite blades then begin to reduce compared to
those for thealuminium blades as TSR and flow velocity increase. This amounts s@nificant
reduction in G at the highest TSR values tested (35% reduction in the 1 m/s case). The peak value of
Cris also reduced due to the composite blades, by nearly 7% for the 1 m/s case and by approximately
14% in the 1.2 m/s case. Even at thedst flow speed of 0.8 m/s there is a small reduction of 3% at
peak power which increases to a notable 26% at the maximum TSR value. While passive power
reduction is beneficial above rated conditions, these results demonstrate the need for careful design o
bendtwist blades so that power capture is not diminished during normal operating condisons.

mentioned in Sectiofthe primary design objectivfer the bladest this stage was to demonstrate the
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potential of the concept, rather thattiempting to bne the bendwist response to generate optimal
performance curved herefore, hese results are encouraging because they show, as hygsuitibsk
boththethrust and powetransmitted tahe turbine can be reduced passiughthe benewist blades

The differences between tladuminiumand composite blades in terms of both thrust and power are
more significant at higher values of RPM and flow velocity because as these parameters increase, so
will the forces acting on the blades. This will cause atgredegree of benmlist in the composite

blades, shedding more power and thrust relative to the characteristicabfrtiieiumblades. At the

lowest flow velocity and turbine rotational velocities tested the forces areemoalyjh not to induce a
sigrificant bendtwist responsein the composite blades, hence the loads on the composite and

aluminiumblades are similar under these conditions.

When comparing the results for taluminiumblades inFigure 8andFigure 9at the three current
velocities, thee is only a small increase in the pealka@d peak €values with increasing flow velocity.

As the data has been nornsad, this implies that the influence of Reynolds number (Re) is small over
this range. The critical Reynolds number to achieve Reyrinttipendence (based on the turbine
diameter) was found by Masaones[36] to be 510°, and the effect of Reynolds number was
insignificant for Re>2x10 The Reynolds number for the turbine in the present study at a current speed
of 0.8 m/sand similar to Masodoned36] based on the turbine diametisr6.6 10°. While a different

blade geometry was used in the préstundy to that ii36], this should not affect the critical Reynolds
number at least in terms of its order of magnitude. Therefore, the test conditions in the present study

are thought to be approaching independence.
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Figure 8 Comparison of variation in the thrust coefficient with tip speed ratio for the two blade typest
only (CO) test serieswithout wave makers installed 0.8 m/s b) 1 m/s and 1.2 mPolynomial regression
lines for each data set are shown to aid comparison.
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Figure 9 Comparison of variation in the power coefficient with tip speed ratio for the two blade ¢ypes)t
only (CO) test serieswithout wave makers installed 0.8 m/s b) 1 m/s and 1.2mPolynomial regression lines
are shown for each data set to aid comparison.

4.2 Comparison of current tests at a nominal velocity of 0.8 (@/© and CMseries)
In Section3 it was found that in theurrent alone@M) serieswith inactive wave makers installed in
the flumethe presence of the wave makers altered the characteristics of the current, reducing the average
velocity andincreasing the turbulence intensity. It is interesting to consider the effect of this on the

turbine performance.

As shown inFigure 7 the lower average velocity (and possibly the increased turbulence intensity) in
the CM conditionwith inactive wave maks installedhas resulted in a reduction in both thrust and
power compared to the same blade type in the 0.8 m/s CO teswsthas the wave makers present
The peak thrust and peak power have been reduced by approximately 26% and 28% respectively.

To understand the influence of turbulence, first the effect of the difference in average velocity must be
removed, by plotting the data in ndimensional form. In Figure 10 this is done using two different
definitions for velocity. In Figure 10a arddb thecoefficients of thrust and torque plotted against the
tip speed ratio were computed using dverage velocity measurad hub depthlduring eachestrun.

In Figure 10c and.0d the velocityprofiles measured after testing are stitl to estimate the avega
velocity across the rotor swept area, following the methd8#f Note thatthis velocity parameteis

very similar to thedepth averaged velocity across the rotor diamatethis studyas velocity
measurements were not collected in the estisam direction due to time constrairBy. taking into
accounthe velocity across thell rotor swept area close agreemenachevedbetween theurves for

the two blade typeg~igure 10c and 0d), despite the increased scatter due to these measurements not
being related to specific test ruMghereas, sing the point measuremerfvelocity thecoefficients

of thrust and torquare smaller in the CMestseriegFigure 10a and b)
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Figure 10 Comparison ofurbine performance in the CM and Qést seriesvith and without inactive wave
makers installect a nominal velocity of 0.8 m/aluminiumand composite blades a) thrust coefficiesing
point measurement velocity for each t@spower coefficienising point measurement velocity for each ¢@st
thrust coefficient calculated from estimate of velocity averaged over turbindrarearelocity profiles, Figure
d) power coefficient calculated from estimate of velocity averaged over turbineraneadlocity profiles.

Polynomial regression lines ashown for each data set to aid comparison.

The Reynolds number based on the average velocity for the CM condition is still above the critical
Reynolds number defined Ip§6]. Therefore, it is likely that the influea®f Reynolds number is small,
andhence agreement between the CO and CM cases is to be expedteBigure 10c andl0d. This

implies that the increased turbulence intengltgible 2) once the wave makergereinstalled in the

flume (CM serieshas had little effect othe average values eitherCp or Cr.

In Figure 7the thrust and power curves for the two blade tgpesimilar for the CM caseith inactive
wave makers installed in the flumand are within the measurement uncertaifiizen plotting this
data in terms of theoefficients of thrust and torque in Figafdc andL0d, there is also little difference
between thecoefficient of thrust for théwo blade typesFor the coefficient of power, Figure 10the
expected trend of reduced D the composite bladest higher tip speed ratios is somewhat evident.
Nonetheless, the results indicate thatywéth the 0.8 m/s CO test seri¢ise forces associated with the
CM flow conditionare not substantial enough to prod@ceonsiderabldendtwist response in the

composite blades.
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43 Comparison of current and waveurrent tests(CM and WCseries)

Thealuminiumand composite blade behaviors in the wamgrent condition are presented in terms of
average thrust and torquerigure 11 The results from theurrent alone case with wave makers present
but inactive CM serie$ are also included ifigure 11for comgarison. For thaluminiumblades the
wave-current(WC) andcurrent CM) cases are in close agreement, indicating that the average forces
in wavecurrent and current are similar, as has been reported previoUd¥]land[18].

For the composite blades both the power and thrust are a little highenmmavbeurrent WC) series
compared to in theurrent CM) tests However,these differenceare still within the measurement
uncertainty bsed on the repeated tests (&ppendix ), and so without conducting further testing it is
not possible to conclude that this is a significant result.

When comparing the waxaurrent results between the two blade types for both thrust and power these
arealso within the measurement uncertainty of the instrumentation. As with the tests in current (0.8 m/s
CO and CM series) this indicates that the flow velocity is too low to induce muchtwishdn the
composite blades, at least in terms of affectingaverage loadslThis does not mean that the bend

twist blades do not respomtynamically tothe fluctuating loadsand this is discussed in terms of the
frequency and time domains in the following s&tt
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Figure 11 Comparison of variation in power and thrust with turbine ritasl velocity for thecurrent alone
(CM) and wavecurrent (WC)test series and both blade types a) thrust b) power. Polynomial regression lines

are shown for each da set to aid comparison.

5 FREQUENCY DOMAIN ANALYSIS

Further insight can be gained into the turbine loads by singlthe results in the frequency domain.

This allows the amplitudes of vibrations induced in the turbine system at different frequencies to be
guantified. These may be due to fluctuations in the incoming flow (turbulence or waves), or related to
the rotationbperiod of the turbine and interaction with the support structure.
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5.1 Uniform current tests (CQeries)
Figure 12shows the spectral analyses, determined by fast Fourier transform (FFT), of the thrust and
torque time series for both the composite aluninium blades operating at optimum RPM in the 0.8
m/scurrent tests without the wave makers installe® ceriek

In terms of the thrustHigure 12) both blade types have similspectra with the most prominent
frequencybeing equal to theotational fregiency of the rotor, at approximately 1.1 Hz (65 RPM) for

the test case showmhere is also a smaller peak in the spectrum at three times the turbine rotational
frequency which corresponds with the rate of the blades passing the staAthfia.frequenyg the
amplitude is slightly larger for the composite blades, implying they may be bending a little due to
interaction with the tower. However, the magnitudehi$ fluctuation is smalenough so as not to
induce any change in torque (Figure 12)dmuch lower than that at the rotor rotational frequency.
Tower interactions were expected to be limited due to the fairly substantial distance between the rotor
head and stanchion in the streamwise direclitye. higher frequency peak at approximately 5z4idH

probably related to the natural frequency of the support structure and mounting frame.

The amplitude of the fluctuations in the torque spectrum are an order of magnitude smaller than those
in the thrust spectrunfgure 12). The frequencies assoaal with the turbine rotational period and

the stanchion passing frequerang not distinguishablieom the background noise associated with the
measurement system. Vibrations due to the mounting structure may be more evident in the thrust
spectrum becaudhe thrust gauge was mounted directly on the stanchion, whereas the torque was
monitored at the motavhich was mounted behind a radial shaft seal and a single set of bearings. These
drive shaft components alikely to have added damping tiee system ragting the level of torsional

fluctuations observed ithesemeasurements
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Figure 12 Compaison of the frequency spectfar thealuminiumand composite blades, CO test series
(current, no wave makers in fluma) thrustb) torque(examples shown are from 0.8 m/s tests run at 65 rpm
(1.08 Hz)
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Figure 13 Comparison of the amplitude of the peak in the frequersstispn at the turbine rotational velocity
for thecomposite and aluminium blades, current only (CO) test series without wave makers installed a) thrust
amplitude versus turbine rotational speed b) thrust amplitude versus tip speed ratio

Any fluctuations inthrust and torque associated with the rotor blades should appear primarily at three
times the turbine rotational frequency due to superposition of the responses of the thredrblades.
practice, however, fluctuations at the rotational frequency may occur due to small differences in the
blade pitch settings, their geometry, weight or plyugy(when considering the composite blades).
Fluctuations at this frequency may also be geedrdly the motor/control system or a small

misalignment in the drivetrain

In Figure 13the amplitude of the peak in the thrust spectrum at the turbine rotational velocity for each
test in thecurrent only CO) serieswithout wave makers presestshown. he magnitude of the thrust
vibration increases with RPM and decreases with increasing flow vel&diyré 1&). The effect of

flow velocity is removed irFigure 13, although with some scatter, by presenting the results in terms
of TSR.

The amplitude ofhe thrust is higher for the composite blades than foalilmainiumblades inFigure

13. This is in agreement with the results[84]. The difference in blade weights was smaller between

the three composite blades (2 #hPRthan between the threduminiumblades (£0.9%), so this can be
ruled out as the cause. Significant differences in pitch are also unlikely due to the locking mechanism
employed.A small difference in deflection between one of the composite blades arathir two

blades was identified from static loading test$lid], probablyresulting fromdifferences in the ply

layup during manufacture. Thimay account for the increased fluctuation size at this frequency.
Alternatively the higher fluctuations could be a resultibfations set up by the motor/drivetrain being

transferred more so to the composite blades due to their increased flexibility.

While the frequency response in this study is specific to the scaled drivetrain design, at full scale it is
possible that vibrations could be induced in flexible blades by the response of other components in the
drivetrain or the support structure. Therefathis is important to consider in the structural design and

assessment of the fatigue life of composite blades. However, it should be noted that the actual variations
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in thrust (< 3 N) are small relative to the average values of thrust shown in F{§0+200 N depending

on flow speed and RPM), and so would not be expected to be of major concern.

5.2 Current tests with wave aker installed in flume (CMeries)
Figure 14shows the thrusand torque frequency spectoa the optimum case in tlaairrent alonéCM)
test seriewith inactive wave makers installed in the flunfes with the CO casef current alone
without wave makers in the flun{€igure 13, there are peaks in the thrust spectrum associated with
the rotational frequency of the rotor and the natural frequency of the mounting system. However, it is
difficult to distinguish a peak at the blade passing frequency. This is due to the greatarieiss in
the spectrum which is probably related to the higher turbulence in the CM conditeambplitudeof
noise in bothhe thrust and torque specisan order of magnitude greater than in the CO case. Similarly
to the CO case, theeaksassociagéd with the turbine rotational period and blade passing frequency are

indiscernible in the torque spectruffiqure 14).
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Figure 14 Compaison of the frequency spectfar thealuminiumand composite blades, CM test series a)
thrustb) torque(examples shown are from tests run at 65 (pr8 Hz)and a flow velocity of 0.8 nj/s

5.3 Wavecurrent testgWC series)
Figure 15shows the spectral analyses of the thrust and torque time serimstffahe composite and
aluminium blades for the optimum case in wamarrent flow. The dominant frequency in the thrust
spectrum Figure 1%) correlates to the wave frequency of 0.5 Méile significantly smaller in
magnitude, lte rotational period of thieirbine is also clearly defined with a peak of similar amplitude
to that in theCM casgwave makers inactiv&igure 14). The amplitude associated with this frequency
is slightly larger for theomposite compared @uminiumbladesfor thesamereasos as discussed in
terms of the CO tests in Section 58s with the CM case the contribution that relates to the blades
passing the stanchion at three times the turbine rotational frequency is not visildars 1%. The

natural frequency of the stanohiis present at around 5.4 Hz as in the CM and CO cases.
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Figure 15 Compaison of the frequency spectfar thealuminiumand composite bladegjavecurrent (WC)
test series a) thrudt) torque(examples shown are from tests run at 65 (fprd8 Hz)and a flow velocity of 0.8
m/9

There is a small peak in the thrust spectrum at twice the wave frequency which is linked to the presence
of this harmonic in the wave signal, $égure 3. The wave frequency and its first harmonic are evident
similarly in the torque spectrunfrigure 1%). There is also a small peak at 1.58 Hz in the thrust, and to

a lesser extent in the torque spectrum which is equal to the sum of the wave frequency and the turbine
rotational frequency. This superposition indicates an interaction effect between the tothtional

period and the wave period, which was demonstrated and discussed with respect to the loads on a single
blade in[38]. Seeing some interaction in terms of the response of the full rotor is interesting as it
indicates that the ini¥idual blade interactions dwot fully cancel each other out in this respect.

In Figure 16the amplitude of the fluctuations in thrust and torque at the wave frequency are shown for
the two blade types for each of the wagrent tests. Ténamplitude of both the thrust and torque is
consistently larger for theluminiumblades than for the composite blades, revealing that the composite
blades damp out the oscillatory forces generated by the waves. Signifithistiyill moderate the
loading fluctuations that are transferred to the drivetrain components at this frequency, thereby reducing

their likelinood of failure.
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Figure 16 Comparison of the amplitude of the peak in the frequency spectrum at the wave frequency for the
composite andluminiumblades in thevavecurrent (WC) test series a) thrust b) torque
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6 TIME DOMAIN ANALYSIS

To quantify the size of the fluctuations in thrastd torque and the damping associated with the
composite blades under wawgerrent loading, the results are investigated in the time domain where the
contributions from all of the frequencies discussed in Seé&i8are combinedFigure 17shows the
average range in thrust and torque per wave cycle.

The magnitude of both the thrust and torque fluctuations are reduced for the composite blades compared
to thealuminiumblades irFigure 17 corresponding with the salts associated with the dominant wave
frequency in SectioB.3 The composite bladesducethe size of the thrust fluctuations by up to 10%

and the torque fluctuations by up to 14%. The fluctuating forces due to the waves result in increased
bendtwist being induced during part of the wave cycle, shedding peak thrust and power.The size of the
thrust and power fluctuations for tluminium blades and the level of damping by the composite
blades increases with the rotational speed of the turbine, due to the larger forces induced at higher

RPMs, and consequently the greater bewidt response adhe composite blades.

The low flow velocity and relativelgmall wave height set for the wagarrentcondition mean that

the benewist response in the composite blades was fairly limited. If the size of the waves or the current
speed was increased, # likely that the damping of the fluctuating forces would be much more
significant, and the average values of thrust and power may also be affdéotedver, it has been
demonstrated bf9] that ideal prawisting conditions an be obtained iteratively to produce coupled

BT blades that will provide thrust loads reductions close to 9% with power losses of only 5%. Thus,
these BT blades can be designed according to the set specifications.

The application of load shedding techréguo the offshore industry provides beneficial properties to

the structures such as the reduction of stress range and intensity on a particular area allowing the
interruption of crack propagation. However, it has also been noted that greater stresse=prodyced
elsewhere causing additional damad@% [40]. These effects should then be properly studied in the
marine renewable energy sector as fatigue failure is not only related to the ¢pafeidad, it is also

(and probably more) related to the number of load cycles that these structure are exposed to along with
the strain range of the material. It should be noted therefore that further investigations are required to
investigate low frequeaay cyclic loading such as tidal loading (diurnal, setinirnal and mixed) and

higher frequencies from turbulence, velocity profile and blade support structure interaction along with
wavecurrent interaction exposure. Therefolgstis an area for furthavork, the first stage of which

would be to conduct tests in a facility where wawerent combinationwith higher average velocity

and larger velocity fluctuationsan be tested.e. higher current speed, longer wave periodlarger

wave heightto gain greater insight into the behdist blade behavior and support optsation ofthe

bendtwist blade structural design.
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composite anadluminiumblades

7 CONCLUSIONS

The aim of this study was to investigate experimentally the performance: 20 acaledhree bladed
horizontal axis tidal turbine under current anddix@ctional wavecurrent conditionsThe turbine was
tested withcomposite bendlwist coupledblades and rigiclluminiumblades tocharactese, through
comparisonthe benewist response in these flow conditions. The turbine thrust and power were
consideredastime-averaged quantities and by arsitlg the dynamic behaviasf the turbinein the

frequency and time domains.
The main conclusions are as follows:

- Considering the timaveraged data, in uniform currd@O test serieghe peak value of €
was reduced by up to 10% and the peakv@s reduced by up to 14% due to load shedding

caused by th bendtwist response of the composite blades compared @luh@niumblades.

- The size of this load reduction increased with TSR i.e. with flow velocity and with turbine
rotational velocity as both of thegereasedhe magnitude of the forcesting o the blades
thereby inducing greater bemdist in the composite bladeSonsequenthat the slowest flow

velocity and turbine rotational speeds tested the loads on the two blade types were similar.

- Under wavecurrent conditions the mean loads on theposite andaluminiumblades were

similar, in agreement with the results in curreloneat the samaveragdlow velocity.

- In wavecurrent flow when considering the time domain the amplitude of the average loading
rangeper waveperiodwassignificantlyreducedvhen operating the turbine with tbemposite
blades compared to the rigatbminiumblades. The thrust and torque fluctuations were reduced

by up to 10% and 14% respectively.
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- Thesereductiors in the average loading range per wpeeiodincreasd with the rotational
speed of the turbin@nd hence the loads acting on the blades increased indugiegtebend

twist response

- The magnitude of thirustfluctuations associated with the frequency of rotation of the turbine
wasgreaterfor the conposite blades compared to the rigidminiumbladesn all conditions
tested (current and waxeirrent)due to their higher flexibility. However, the magnitude of
these fluctuations was small comparedboth the average value of thrust, ama the
fluctuationsassociated with waveand hence the fluctuations at the wave frequency dominated

the overall blade response in wasgrent flow

This study has demonstrated the potential for Henst blades to passely damp fluctuations in
power and thrust due to wav&hedding of excess thrust loasi#l help to increase bladatigue
life andreducethe probability of failure of thelades and drivetrain componeritsmay also lead
to a reduction inthe cost ofcomponents throughailoring of the design loadpecificatiors.
Damping of the power fluctuationsill be of benefit to thelesign of thegenerator and power
conditioning unit,increasing theircost effectiveessdue to the reduction in peak loads and

improved power smoothing

Continuing research into the performance of bavidt blades is needed tolly optimise themfor
the tidal energyapplication at full scale so that the desired power and thrust curvesalisedin
tandem with a suitable structll design. Following this theost of manufacture of this type of blade
compared to more conventional optioreeds to be determined thathe potential for capital and

maintenance cost radtionscan beproperlyassessed

To move towards this goal, ithe nearer termuture work will investigate the bertdist
performanceof composite bladefh a wider range of wavand currentconditions, including
extreme events, so that betdst is induced for a greater portion of the wave cyeldfasterflow
velocitieswhere thebenefits of bendwist blades can be further visualisdheaxial loads onthe

rotor plane and omdividual blades will also be compared with the rotor loads discussed in this
study to better understand the blade structural performance and interaction effects between the wave
period and turbine rotational peridgBlade deflections will be measured during testimgirectly
monitor the benedwist response similar to the work presented if18]. Moreover, blade
deformations in nomniform flow fields should be taken into account by performing a hgthstic
deformation study Alongside this, the numerical modelling work presented[34] will be
extended to include waxaurrent conditions and compared with the experimental results from this
study, so as to developnaore comprehensive design tool foomposite bendwist tidal turbine

blades.
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APPENDIX 1 UNCERTAINTY ANALYSIS

The error bars shown in Figure 7 and Figure 11 in Section 4 were computed following the guidelines
for conducting an uncertainty analysis produced by Equjd¥grand the ITTJ42]. Theprecision,

bias, and combined expanded uncertainty values for the mdasriables are given ifiable 3.

The bias uncertainties were obtained from manufacturerfgagicns, measurement equipment

resolution, or calibration of the test equipment andyauen in[34].

The precision uncertainty given irable 3 equates to the standard deviation between the average
values of each parameter from repeated test runs. The highest standard deviation in the thrust and
torque occurred in the repeat set conducted witlalilmainiumblades at 75 RPM. Becsel of the

low uncertainty in the current only (CO) flow condition wittave makers uninstalled gble 3),

the errors from this test set can be primarily attributed to those inherent in the thrust and torque
measurement techniques. Therefore, these values have been taken as the precisiotyundezta
applied to all test cases. The combimegbanded uncertainty ifiable 3 is the square root of the

sum of the precision and bias uncertainties squaredipfiedt by a coverage factor of 2.2. The

error bars in Figure 7 and Figure 11 in Section 4 represent this parameter.

Table3: Precision, bias and combined expanded uncertainty values based on the 0.8 m/s CO repeated test
set with tle highest standard deviation (four repeated runs at 75 ghnminiumblades). The uncertainty
in the current only (CO), current with inactive wave makers installed (CM) and-gwavent (WC) flow
velocities calculated across all test runs is also given.

Uncertainty values Mean Precision Bias Combined Percent of
value expanded mean

value (%)
Power (W) 35.42 2.03 N/A 4.47 12.62
Thrust (N) 79.68 2.82 0.02 6.20 7.78
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Rotational speed (RPM)
CO flow velocity(m/s)
WC flow velocity (m/s)

CM flow velocity (m/s)

74.97

0.80

0.79

0.75

0.02

0.0014

0.0014

0.0100

0.20

0.0013

0.0013

0.0013

0.44

0.0042

0.0042

0.0222

0.59

0.53

0.53

2.96

In Table3the error in the torque is slightly higher than that in the thrust due to the greater variability
in the calibration data (Figure 2). This is probably a consequence of employing an inditesd m

to obtain the rotor torque via the motor TGC. It is recommended in future test programs to install a
torque transducer on the drive shaft to reduce this uncertainty. The higher uncertainty in the CM

flow velocity compared to in the CO and wamarrent cases is a direct result of the flow

disturbances setp by the inactive wavmaker positioned in the flume.
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