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The main goal of WP3 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. 

Specific objectives of WP3 are: 

1. To improve the reliability of the power take-off: collect and share electrical component 

operating data, identify failure modes, their causes and test solutions; 

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

TRL 5. 

The sea trial campaign provided test data to improve the reliability of the power take-off 

equipment (PTO), collect and share operating data, identify failure modes, their causes and 

test solutions.  

This deliverable addresses the following topics: 

} PTO performance providing 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 constraints showing the Biradial turbine and generator 

characteristics and operating limits; 

} PTO fatigue-drivers analysing the Biradial turbine and generator integrity; 

} Failures and risks describing the guide vanes superficial traces of corrosion and the 

occurrence of only one electrical failure; 

} Maintenance requirements after disassembling the Biradial turbine-generator set from the 

Mutriku Power Plant. 

 

The Biradial turbine-generator set has been installed in Mutriku Power Plant for thirteen 

months (Jun17-Jul18). During that period, the operation of the PTO has been 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 at Mutriku, two issues deserve particular 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 superficial traces 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 Lisbon. This led to the interruption of the tests for three months. 

The reinstallation and recommissioning were finally achieved in December 2017 leading to a 

three-month interruption of the tests. A filter was installed in between the power electronics 

and the PTO at Mutriku, and the 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 take-off, collected and shared electrical component operating data, 

identified failure modes, their causes and tested solutions, meaning that specific WP3 

objective one was achieved. 

For security reasons, it is recommended to keep the filter in place for the installation on the 

MARMOK-A5 device to avoid the manifestation of the same type of problems, given the 

apparent similarity of the power electronics to that of the Mutriku plant. 

No measurements of noise were performed, but it was observed during 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 exhibits a mean efficiency higher by a factor of 1.55 in 

comparison with the current Wavegen Wells turbines installed at the Mutriku Power Plant. 

This demonstrates that WP3 specific objective two 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 
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1. Lb¢wh5¦/¢Lhb 

This document represents Deliverable 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 analysis. This document aims to analyse the performance of the 

Biradial turbine and its electrical generator at-sea 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. For comparison, available experimental data from the 

existing Wavegen Wells turbines in operation in the Mutriku Power Plant was also analysed.  

This deliverable addresses the following topics: 

} Power take-off (PTO) performance providing 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 (Section 2); 

} PTO operating parameters and constraints showing the Biradial turbine and generator 

characteristics and operating limits (Section 3); 

} PTO fatigue-drivers analysing the Biradial turbine and generator integrity (Section 4); 

} Failures and risks describing the guide vanes superficial traces of corrosion and the 

occurrence of only one electrical failure (Section 5); 

} Maintenance requirements after disassembling the Biradial turbine-generator set from the 

Mutriku Power Plant (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 the same range of dates from the 

Wavegen Wells turbines was analysed simultaneously with the Biradial turbine.  

All the data was downloaded from the Database of the Mutriku Power Plant following the 

Database Access Tool ǳǎŜǊΩǎ Ƴŀƴǳŀƭ ώмϐΦ ¢ƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ŦƻǊ the pressure measurements 

used in the present calculations was the same that was defined by Kymaner during the turbine 

design stage, see Table 1. YȅƳŀƴŜǊΩǎ ƴƻƳŜƴŎƭŀǘǳǊŜ ŘƛŦŦŜǊǎ ŦǊƻƳ ǘƘŜ ƻƴŜ ŀŘƻǇǘŜŘ ƛƴ ǘƘŜ 

database [1]. Kymaner numbered the pressure taps from 1 to 5, see Figure 1. Since there were 

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

άƭέ ƻǊ άƘέ ǘƻ ǘƘŜ ǎŜƴǎƻǊ ƴŀƳŜǎ ǘƻ ŘŜƴƻǘŜ άƭƻǿέ ƻǊ άƘƛƎƘέ ǊŀƴƎŜǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

 

FIGURE 1 - KYMANER'S PRESSURE TAPS NOMENCLATURE. 

 

TABLE 1. NOMENCLATURE USED FOR THE PRESSURE SENSORS. 

Kymaner Present report Database Database columns 

p1 p1l, p1h 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 p1, p2 Col033, Col034 

 

 

For this analysis, only sets of 10 minutes were considered, such 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 high-speed safety valve (HSSV) closes, the rotational speed cannot drop below 1000 

rpm. 

 

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

 

2.1 AVAILABLE PNEUMATIC POWER 

The Biradial turbine was designed for offshore installation in the OCEANTEC MARMOK-5 Spar-

buoy. This floating device produces high-pressure head and low flow-rate in comparison with 

that observed in the Mutriku Power Plant where, in design conditions, the pressure head is 

lower, and the volume flow rate is higher.  

The mean pneumatic power versus the chamber pressure root-mean-square, ÒÍÓὴȟ is 

represented in Figure 2 for both turbines. The mean pneumatic power, ὖ , is higher for the 

Wells turbine, as could be expected because this turbine was designed for installation in the 

Mutriku Power Plant. The size of the Biradial turbine is too small for the Mutriku Power Plant, 

introducing excessive damping 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.  

 
 

FIGURE 2. MEAN PNEUMATIC POWER VERSUS THE CHAMBER PRESSURE ROOT-MEAN-SQUARE FOR THE 

BIRADIAL AND WELLS TURBINES AT THE MUTRIKU PLANT. 
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2.2 TURBINE SHAFT POWER 

The use of a torque-meter is not feasible to be assembled in a prototype. Therefore, the 

turbine shaft power was calculated from experimental results of dry-testing of both turbines. 

Results from the Biradial turbine are presented in the OPERA Deliverable D3.2 [2] (see Figure 

3a)) and the experimental data for the Wavegen Wells turbines is reported in [3] (see  Figure 

3 b)). 

 
                                                (a)                                                                                  (b) 
FIGURE 3 - PERFORMANCE CURVES OF OPERA BIRADIAL TURBINE (A) AND THE WAVEGEN WELLS TURBINES 

(B) EQUIPPING THE MUTRIKU PLANT. DIMENSIONLESS FLOW RATE  , POWER COEFFICIENT   AND 

EFFICIENCY   VERSUS DIMENSIONLESS PRESSURE HEAD . BASED ON DATA FROM [2,3]. 

 

Figure 4 shows the mean turbine shaft power, ὖ , versus chamber pressure root-mean-

square, ÒÍÓὴ, for the Biradial and Wavegen Wells turbines. Results shows that for ÒÍÓὴ

υυππ Pa the average turbine shaft power of the Wavegen Wells turbine is higher than that 

observed for the biradial turbine. This situation reverses when ÒÍÓὴ υυππ Pa, 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 also Figure 2), 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 butterfly valve at ÒÍÓὴ υπππ Pa. 
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FIGURE 4. MEAN TURBINE SHAFT POWER VERSUS PRESSURE CHAMBER ROOT-MEAN-SQUARE FOR THE 

BIRADIAL AND WELLS TURBINES AT THE MUTRIKU PLANT. 
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2.3 MEAN ANNUAL POWER PRODUCTION OF THE OPERA BIRADIAL 

TURBINE IN THE MUTRIKU PLANT 

The wave climate off the Mutriku power plant is described by n sea-states characterised by 

the significant wave height, Ὄ, the energy period, Ὕ, and the probability of occurrence, ὴ, 

Table 2. 

 

TABLE 2. CHARACTERISTIC WAVE CLIMATE OF MUTRIKU POWER PLANT (ADAPTED FROM [4]). 

n [-] ╗Ἳ [m] ╣Ἥ [s] ▬ἷ [%] 

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 15.5 1.34 

12 2.88 16.5 0.40 

13 3.16 11.5 0.27 

14 3.20 12.5 0.42 

 

The turbine average power ὖ  calculated in the previous chapter can be used to estimate 

the mean annual power production of the Biradial turbine, ὖ ȟ  at the Mutriku Power 

Plant. The calculation gives 

ὖ ȟ В ὴȢὖ ȟ σπψχ W. 

Using the data available for the Wavegen Wells turbines, the correspondent estimation can 

be performed giving the mean annual power, ὖ ȟ , production of the Wavegen Wells 

turbines 

ὖ ȟ В ὴȢὖ ȟ σψωψ W. 

As inferred, the mean annual power production of the Wavegen Wells turbines is higher than 

that of the Biradial turbine since, unlike the Biradial turbine, the Wavegen Wells turbines were 

sized for 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 MARMOK-A5 device instead of the Mutriku 

Power Plant.  

 

2.4  ELECTRICAL GENERATOR POWER: MEASUREMENTS VERSUS 

ESTIMATION 

The measured electrical generator average power can be compared with the estimated 

electrical generator average power, ὖ ȟ  The average electrical generator power is given 

by 

ὖ ȟ Ў
᷿– ὖ  Äὸ, 

where –  is generator efficiency, ὖ ὖ ὖ , ὖ  is mechanical power losses 

and Ўὸ ρπ ÍÉÎ the considered time interval. The instantaneous generator efficiency is 

defined as  

–
ὖ

ὖ
ȟ 

where ὖ  is the electrical power and ὖ  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 Figure 5 . Figure 6 plots the efficiency of the set generator – , as function of the generator 

load,  

ɤ
ὖ

ὖ
Ȣ 

The dots are the measured values used to obtain Figure 5 and the red line is a rational 

approximation obtain using least-squares. 
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FIGURE 5. CONTOUR PLOT OF THE GENERATOR EFFICIENCY, ⱢἯἭἶ, AS FUNCTIONS OF THE ROTATION SPEED , 

AND MECHANICAL POWER ╟ἵἭἫἰ. 

 

 

FIGURE 6 - EFFICIENCY OF THE OPERA TURBINE GENERATOR , ⱢἯἭἶ, AS FUNCTION OF THE GENERATOR LOADȢ 

THE DOTS ARE THE MEASURED VALUES USED TO OBTAIN FIGURE 5 AND THE RED LINE IS A LEAST-SQUARES 

CURVE FITTING. 
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Figure 7 shows the measured (in red) and the estimated (in blue) electrical generator power 

for different root-mean square values of the chamber pressure, ÒÍÓὴ. The estimated 

electrical power retrieved from the database ignores the electrical losses in ÄὠȾÄὸ filter being 

slightly higher than the measured one.  

 
FIGURE 7. ESTIMATED AND MEASURED ELECTRICAL GENERATOR POWER VERSUS ROOT MEAN SQUARE OF 

PRESSURE CHAMBER.  

 

2.5 BIRADIAL TURBINE VERSUS WELLS TURBINE  

The average turbine efficiency in sea-operation 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 electrical power, since it is not affected by the mismatch of 

the Biradial turbine size relative to the Mutriku power plant.  

Figure 8 shows the average efficiency versus the chamber pressure root-mean-square for the 

Biradial and the Wavegen Wells turbines. For ρυππÒÍÓὴ συππ Pa the biradial turbine 

exhibits mean efficiency higher, by a factor of 1.55, in comparison with the Wavegen Wells 

turbines installed at the Mutriku Power Plant. For ÒÍÓὴ φπππ Pa, 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 values of ÒÍÓὴ 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 detrimental effect on the 

efficiency.  
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FIGURE 8. EFFICIENCY VERSUS ROOT-MEAN-SQUARE OF PRESSURE CHAMBER FOR THE BIRADIAL AND THE 

WELLS TURBINES. 

 

Figure 9 to 12 show histograms of the probability of occurrence of pressure coefficients, 

ὴ ɰ , for four representative test-cases. Also represented in the same figures are the Biradial 

turbine instantaneous efficiency, – , versus the pressure head coefficient, ɰ, and the 

pressure coefficient for the best efficiency point, ɰ . The testing conditions are also 

presented in the figures.  

Figure 13 to Figure 16 show the probability of occurrence histograms of pressure coefficients 

for the Wavegen Wells turbines considering the tests shown before for the Biradial turbine. In 

the same figures are represented the efficiency curve of the Wells turbine and the pressure 

coefficient for the best efficiency point, ɰ . 
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–Ӷ πȢφπχ 

ÒÍÓὴ ςφχς Pa 

ɱ ρςπȢφ rad/s 

ὖ σȢρ kW 

ὖ υȢς kW 

FIGURE 9. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 1 FOR BIRADIAL TURBINE.  

 

–Ӷ πȢυσυ 

ÒÍÓὴ ςσωσ Pa 

ɱ χτȢτ rad/s 

ὖ ςȢφ kW 

ὖ τȢω kW 

FIGURE 10. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 2 FOR BIRADIAL TURBINE. 

 

 

–Ӷ πȢφπρ 

ÒÍÓὴ τψψπ Pa 

ɱ ρτχȢρ rad/s 

ὖ χȢχ kW 

ὖ ρςȢω kW 

FIGURE 11. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 3 FOR BIRADIAL TURBINE. 
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–Ӷ πȢυυφ 

ÒÍÓὴ τψρς Pa 

ɱ ρρφȢχ rad/s 

ὖ χȢχ kW 

ὖ ρσȢω kW 

FIGURE 12. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 4 FOR BIRADIAL TURBINE. 

 

 

–Ӷ πȢσσς 

ÒÍÓὴ ςςρτ Pa 

ɱ ςςτȢχ rad/s 

ὖ σȢφ kW 

ὖ ρπȢχ kW 

FIGURE 13. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 1 FOR WELLS TURBINE. 

 

 

–Ӷ πȢσςς 

ÒÍÓὴ ςυχφ Pa 

ɱ ςτπȢυ rad/s 

ὖ τȢσ kW 

ὖ ρσȢτ kW 

FIGURE 14. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 2 FOR WELLS TURBINE. 
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–Ӷ πȢςωπ 

ÒÍÓὴ τσφπ Pa 

ɱ ςωψȢτ rad/s 

ὖ ωȢυ kW 

ὖ σςȢχ kW 

FIGURE 15. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 3 FOR WELLS TURBINE. 

 

 

–Ӷ πȢςχπ 

ÒÍÓὴ σφως Pa 

ɱ ςχτȢρ rad/s 

ὖ φȢψ kW 

ὖ ςυȢσ kW 

FIGURE 16. HISTOGRAM OF THE PRESSURE COEFFICIENT AND DATA FOR TEST 4 FOR WELLS TURBINE. 

 

Note that the probability density function is higher for pressure coefficients close to zero. A 

higher probability at ɰ  corresponds to higher turbine mean efficiency. Consequently, a less 

dispersive probability density function around ɰ  corresponds to higher mean efficiencies.  

Figure 17 to Figure 20 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 given sea-state.  
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FIGURE 17. DATA FOR TEST 1. 
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FIGURE 18. DATA FOR TEST 2. 
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FIGURE 19. DATA FOR TEST 3. 
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FIGURE 20. DATA FOR TEST 4. 






















































