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The main goal of WP3 Task 3.3 was to perform field tests of the Biradial turbietiaiu
shoreline wave power plant, with grid connection, and to validate the reliability and
performance of the novel turbine.

5

Specific objectives of WP3 are:

1. Toimprove theeliabilityof the power takeoff: collect and share electrical component
operating data, identify failure modes, thesausesand test solutions;

2. To increase annual mean efficiency 50% by advancing the novel Biradial turbine to
TRIL5.

The sea trial campaign provided test data to improve tekability of the power takeoff
equipment(PTO), collect and share operating data, identify failure modes, taeisesand
test solutions.

This deliverable addresses the following topics:

} PTO performanceroviding the results of the Biradial turbine tests at Mutriku Power Plant
and its comparison with the results from the Wavegen Wells turbine installed in the same
plant;

} PTO operating parameters and constrainshowing the Biradial turbine and generator
characteristics and operating limits;

} PTO fatiguedriversanalysing the Biradial turbine and generator integrity;

} Failures and riskgdescribing the guide vanes superficial traces of corrosion and the
occurrence of only one electrical failure;

}  Maintenance equirementsafter disassembling the Biradial turbigenerator set from the
Mutriku Power Plant.

The Biradial turbingenerator set has been installed in Mutriku Power Plant for thirteen
months (Jun17Jull8). During that period, the operation of the PT&» lbeen continuously
monitored to analyse its performance. Operation beyond the design values has rarely
happened. In general, the turbine has operated without incidences, being its performance in
line with the results obtained in the dry tests.

During the tests atMutriku, two issues deservparticular attention, with one of them leading
to the interruption of the tests:

1. The guide vanes, manufactured in stainless steel, after the first month of tests exposed
to a salty atmosphere started to show supediciraces of corrosion that have not
progressed since.
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2. The generator suffered a short circuit that led to its removal and repair by the supplier
Siemens in Lisboihisled to the interruption of the tests fothree months.

The reinstallation and recommissingwere finally achieveth December 2017 leading to a
three-month interruption of the tests. A filtewas installedn between the power electronics
and the PTO at Mutrikiandthe PTO has been running ever since, for the past six months,
without any failure. Real operating conditions at the Mutriku power plant improved the
reliability of the power takeoff, collected and shared electrical component operating data,
identified failure modes, theircausesand tested solutions, meaning that specific WP3
objectiveonewas achieved

For securityreasonsijt is recommended to keep the filter in place for the installation on the
MARMOKAS5 deviceto avoid the manifestation of the same type of problems, given the
apparent similarity of the power electronics tbat of the Mutriku plant.

No measurements of noisgere performed but it was observediuring the testing period at
the Mutriku Plant that the noise produced by the Biradial turbine is significantly lower than
that produced by the Wavegen Wells turbines.

The Biradial turbine operation for more than one year, at the Mutriku Power Plant, has shown
that the OPERA Biradial turbine exhibitsmgan efficiency higher by a factor of 1.5%
comparison with the current Wavegen Wells turbines installed at the MutRkwer Plant.
Thisdemonstrates that WP3 specific objectiweo was also fully achieved with the testing at
sea operation at the Mutriku shoreline wave power plant.
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BIMEP Biscay Marine Energy Platform

HSSV High-Speed Safety Valve

OPERA Open Sea Operating Experience to Reduce Wave Energy Costs
owcC Oscillating Water Column

PTO Power Takeoff System(turbine-generator set)

WEC Wave Energy Converter
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This documentepresentsDeliverable 3.3 of WP3 Task 3.3 of the OPERA project. The main
goal of WP 3 Task 3.3 was to perform field tests of the Biradial turbine at Mutriku shoreline
wave power plant, with grid connection, and to validate the reliability and performance of the
novel turbine.

The sea trial campaign provided test data for verifying turbine performance and numerical
models, accumulate experience of a real sea validation and collect the sea trial data for further
performance and reliability analysiShis document aim& analyse the performance of the
Biradial turbine and its electricgenerator atsea operation at Mutriku Power Plant.

Turbine performance test data was used to estimate the annual power production of the
biradial turbine in Mutriku Power Plant. Formparison, available experimental data from the
existing Wavegen Wells turbines in operation in the Mutriku Power R¥astalso analysed

This deliverable addresses the following topics:

} Power takeoff (PTO) performanceroviding the results of the Biraali turbine tests at
Mutriku Power Plant and its comparison with the results from the Wavegen Wells turbine
installed in the same plar{Bection 2)

} PTO operating parameters and constrainshowing the Biradial turbine and generator
characteristics and operating limiSection 3)

} PTO fatiguedriversanalysing the Biradial turbine and generator integ(Bgction 4)

} Failures and riskgdescribing the guide vanes superficial traces of caorosand the
occurrence of only one electrical failufBection 5)

} Maintenance requirementsfter disassembling the Biradial turbigenerator set from the
Mutriku Power Plan{Section 6)
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This chapter presents the performance analysis of the OPERA Biradial turbine and the existing
Wavegen Wells turbines. A total of 4573 test cases were evaluated for the Biradial turbine
generator set. To make a fair comparison, data from siane range of dates from the
Wavegen Wells turbines was analysed simultaneously with the Biradial turbine.

All the datawas downloadedrom the Database of the Mutriku Power Plant following the
Database Access Todkd SN A& Y ydzl £ @m 8 tie ptesshe nfeasvr&mems | G dzNJ
used in the present calculations was the same that was defined by Kymaner during the turbine
design stage, se@able 1.Y& YI YSNRa y2YSyOfl G4dzNE RAFTFSNER 7T
database [1]. Kymaner numbered the pressure tapsifd to 5, se€&igurel. Since there were

two sensors measuring the same pressure but with different ranges, we appended the letters

Gf ¢ 2NJaKEa LN VilKsSa (2 RSy23GS aft26¢ 2N aKAIK

Generator

K2

S P4 %P3

ps/

FIGURE - KYMANER'S PRES&EURAPS NOMENCLATURE.

TABLH. NOMENCLATURE USEDIR THE PRESSURESSIRS.

Kymaner Present report Database Databasecolumns
pl pll, plh p3, p4 Col035, Col036
p2 p2l, p2h p7, p8 Col039, Col040
p3 p3l, p3h p5, p6 Col037, Col038
p4 p4l, p4h p9, p10 Col041, Col042
p5 p5l, p5h pl, p2 Col033, Col034

For this analysis, only sets of 10 minutes were considesgch that

} The control law does not change;
} The plant’s butterfly valve was fully open in the entire set;
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} If the highspeed safety valve (HSSV) closes, the rotational speed cannot drop below 1000
rpm.

Using this procedure, a total of 4,573 test cases weeatified.

2.1 AVAILABLE PNEUMAROWER

The Biradial turbingvas designedor offshore installation in the OCEANTEC MARMGKar
buoy. This floating device produces highessure head and low flowate in comparison with
that observed in the Mutriku PowdPlant where, in design conditions, the pressure head is
lower, and the volume flow rate is higher.

The meanpneumatic power versus the chamber pressumot-meansquare,O1 @ his
representedn Figure2 for both turbines. The mean pneumatic pow@r, , is higher for the
Wells turbine,as could be expectebecause this turbingvas designedor installation in the
Mutriku Power Plant. The size of tBéradial turbine is too small for the Mutriku Power Plant,
introducingexcessivelamping thus limiting the available pneumatic power. A Biradial turbine
appropriately sized for the Mutriku Power Plant would operate with an available power similar
to that of the existing Wavegen Wells turbines of the Mutriku plant.

100000

80000 -

60000 -~

20000} e . g . -

* Biradial CL
Wells

i i i i ]
0 2000 4000 6000 8000 10000 12000
rms(p) [Pa]

FIGURE. MEAN PNEUMATIC PG&R VERSUS THE CHAMBRESSURE REMHANSQUARE FOR THE
BIRADIAL AND WELLUIRBINES AT THE MURRIPLANT.
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2.2 TURBINE SHAFT POWER

The use of a torqueneter is not feasible to be assembled in a prototype. Therefore, the
turbine shaft power was calculated from experimental results oftdsting of both turbines.
Results from the Biradial turbine are presented in the OPERA Deliv&aliid2] (sed-igure
3a)) and the experimental data for the Wavegen Wells turbines is reported in [3|Kgpee
3b)).
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FIGURB - PRFORMANCE CURVESO®BERA BIRADIAL TURBKA) AND THE WAVEHGWELLS TURBINES
(B) EQUIPPING THE WRIKU PLANT. DIMERSILESS FLOW RATEPOWER COEFFICIENAND
EFFICIENCYVERSUS DIMENSIONLEBESSURE HEADBASED ON DATA FR\8].

Figure4 shows the mean turbine shaftqwer, 0, versus chambepressure rootmean
squareQ | @ ,for the Biradial and Wavegen Wells turbinBssults shows that foD | &

L v TPA the average turbine shaft power of the Wavegen Wells turbine is higher than that
observed for the biradial turbine. This situation reverses wddn @ v v TPm, where the
mean turbine shaft power of the Biradial turbine becomes higher. The present behaviour is
mainly due to two reasons: first, the lower power available to the Biradial turbine in the
Mutriku Power Plant (see aldéigure2), as a consequence of the small size of the Biradial
turbine, and, secondly, to the control algorithm of the Wavegen Wells turbines which partially
closes the safety buttelff valve alOl @ v 1 TPa.
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2.3MEAN ANNUAL POWER GIBUCTION OF THE OREBRIRADIAL
TURBINE IN THHHUTRIKU PLANT

The wave climate off the Mutriku power plarst described by seastates characterised by
the significant wave heightO, the energy period;Y, and the probability of occurrence, ,
Table 2.

TABLER. CHARACTERISTIC WAVBMATE OF MUTRIKOWER PLANT (ADAPTHROM [4]).
N[ gy Im] | dys] | e [%]

1 0.88 5.5 3.23
2 1.03 6.5 3.44
3 1.04 7.5 5.08
4 1.02 8.5 6.11
5 1.08 9.5 10.73
6 1.19 10.5 9.31
7 1.29 11.5 9.52
8 1.48 12.5 7.42
9 1.81 13.5 2.75
10 2.07 14.5 2.96
11 2.59 155 1.34
12 2.88 16.5 0.40
13 3.16 115 0.27
14 3.20 12.5 0.42

The turbine average powar calculated in the previous chapter can be used to estimate
the mean annual power production of the Biradial turbide, ; at the Mutriku Power
Plant. The calculation gives

0 5 B nd& ; o T

Using the data available for the Wavegen Wells turbines, the correspondent estintation
be performedgiving the mean annual poweb,  , production of the Wavegen Wells
turbines

~

0 B na o Y oYY

As inferred, the mean annual power production of the Wavegen Wells turbines is higher than
that of the Biradial turbine since, unlike the Biradial tudgithe Wavegen Wells turbinegere
sizedfor the Mutriku Power Plant.
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Results indicate that the capacity factor of the Wavegen Wells turbine at the Mutriku Power
Plant is about 0.22 whereas the lower value obtained for the Biradial turbine (0.10) is a
consequence of its design to match the Oceantec MARMGKevice instead of the Mutriku
Power Plant.

2.4 ELECTRICAL GENERATEGRWER: MEASUREMENT$ERSUS
ESTIMATION

The measured electrical generator average power bancomparedwith the estimated
electrical generator average powear, ; The average electrical generator power is given

by
U R . 6 Ab,

where— s generator efficiency) 0 0 ,0 is mechanical power losses
and Yo p 1t E the considered time interval. The instantaneous generator efficiency is
defined as

C2
<

C4

where 0 is the electrical power and mechanical shaft power. The results were
obtained for different pairs of rotational speed and the shaft torque [2]. The contour plot of
the generator efficiency as function of the rotational speed and mechanical power is depicted
in Figure5 . Figure6 plots theefficiency of the set generater , as function of the generator
load,

The dots are the measured values used to obtaigure5 and the red line is a rational
approxXxmation obtain using leastquares.
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Generator efficiency, n
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Figure7 shows the measured (in red) and the estimated (in blue) electrical generator power
for different rootmean square values of the chamber pressute] @ . The estimated
electrical power retriegd from thedatabasegnores the electrical lossesATAofilter being
slightly higher than the measured one.

10000
H : Y ® ® P st
8000 - - - - - - e - - ‘ - - R E - E |® ® P_meas
. °
6000 -----
A : : ;
[ ]

0 8 °
2000 I i i i L
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FIGURE. ESTIMATED AND MENASELCELECTRICSAENERATOR POWERSMERROOT MEAN SQUARE
PRESSURE CHAMBER.

2.5 BIRADIAL TURBINE \AFS WELLS TURBINE

The average turbineefficiency in seaperation at the Mutriku plant represents a fairer
comparison between both turbines types rather than the mean pneumatic power, the mean
turbine shaft power or the mean electricpbwer, since it is not affected by the mismatch of
the Biradial turbine size relative to the Mutriku power plant.

Figure8 shows the average effiaiey versus the chamber pressure rentansquare for the
Biradial and the Wavegen Wells turbines. pav T Ol @ o v TPathe biradial turbine
exhibitsmean efficiency higher, by a factor of 1.%%®,comparison with the Wavegen Wells
turbines installed athie Mutriku Power PlanttorOi @ ¢ 1 mPm, the efficiency of the
Wells turbines shows the typical sharp drop due to the flow stall conditions at the rotor blades,
while the efficiency of the Biradial turbine remains almost constant. The rotational speed of
the Wells turbine is limited [5]. To improve its performance at the higher valuésiofy a

three or more stages Wells turbine should be used instead. However, this solution increases
the mechanical complexity, the turbine cost and also has a detrial effed on the
efficiency.

OPERAMeliverable Grant Agreement N654444 Pagel9| 64




D3.3
Turbine and electrical equipment performance and reliability in
shoreline OWC wave plant

ero

T T T T
(T Y TY. At W0 ool N gy o]
- H
' ® MooV 2
B ‘ '
: ." & '-l.' L I ¢ °
H N N [ ] [ ]
.. L ]
N ™ L ]
*
040
02
01f 1
e ¢ Biradial CL
Wells
0‘0 L 1 1 1 L
0 2000 4000 6000 8000 10000
rms(p) [Pa]

FIGURB. EFFICIENCY VERRO®TMEANSQUARE OFRESSURE CHAMBER RIIRBIRADIAL ANDHH

WELLS TURBINES.

Figure9 to 12 show histograms of the probability of occurrence of

pressure coefficients,

n w , for four representative testases. Also represented in the same figures are the Biradial

turbine instantaneous efficiency;
pressure coefficient for the best efficiency point
presented in the figures.

, versus the pressure head coefficien, and the
. The testing a@nditions are also

Figurel3to Figurel6 show the probability of occurrence histograms of pressure coefficients
for the Wavegen Wells turbines considering the tests shown before for the Biradial tulibine.
the same figures are represented the efficiency curve of the Wells turbine and the pressure

coefficient for the best efficiency point)
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Note that the probability density function is higher for pressure coefficients close to zero. A
higher probability aty  corresponds to higher turbine mean efficiency. Consequently, a less
dispersive probability density function aroungl  corresponds to higher mean efficiencies.

Figurel7to Figure20 show, for tests 1 to 4, the rotational speed, the turbine power and the
chamber pressure as a function of time. As expected, the rotational speed of the Wells turbine
is in general higher than that of the Biradial turbine for a givesetate.
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