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Abstract

:

Experimental testing of physical turbines, often at a smaller scale, is an essential tool for engineers to investigate fundamental design parameters such as power output and efficiency. Despite issues with scaling and blockage which are caused by limitations in size and flow velocity of the test facilities, experimental tank testing in laboratory environments is often perceived as offering more control and thus trustworthier results than field testing. This paper presents field tests of a tidal turbine, performed using a self-propelled barge in real tidal flow and still water conditions, that are compared to a towing tank test. Factors influencing the performance characteristics, such as the choice of velocity sensor, vessel handling and data processing techniques are investigated in this paper. Direct comparison with test results of the exact same turbine obtained in an experimental test facility further confirms that field testing with robust data analysis capabilities is a viable, time and cost efficient alternative to characterise tidal turbines.
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1. Introduction


Prototype testing is an important part of tidal stream turbine (TST) development and is usually carried out in laboratories. Laboratory testing however comes with inherent issues including scaling and blockage correction uncertainties as well as inter-laboratory variation. Previous comparisons between laboratories have been undertaken through the European MaRINET and MaRINET 2 projects, where the exact same turbine prototype was tested at different facilities. The first set of Round Robin tests showed that turbines tested with blockage ratios of up to   5 %   need to be corrected for. In addition, Reynolds numbers differed sufficiently from full scale devices to cause further uncertainty [1]. Wave–current interaction was the main focus of a similar Round Robin test programme [2] undertaken in MaRINET 2. Experiments were replicated with a highly instrumented horizontal axis turbine of 0.72 m in diameter [3]. Irrespective of the testing conditions, similar conclusions could be drawn from the results that the power coefficient differed by an order of   15 %   to   25 %   at peak power conditions between tank test facilities. It was also shown that uncertainties in the power performance of a turbine can be as high as   15 %   between some facilities suggesting the importance of replicating experiments within any testing campaign to improve the reliability of the results.



While laboratory tests can provide similar conditions to real environments, this is often associated with significant costs in time and money. Costs for access to laboratories and charter rates for vessels differ widely, but EUR 5–10k is not uncommon as a day rate for the largest laboratories. Vessels able to tow turbines of comparable size are widely available for approximately EUR 1.5kper day. Towing tanks also require settling time between experiments and typically the carriage must be returned to the end of the tank, reducing the amount of data that can be obtained to a fraction of the test time, with each run limited to 10 s at best. Testing on a vessel, as described here, allows data to be recorded almost continuously, yielding significantly more data per day.



Few examples of a direct comparison between tank and field testing have actually been published, but many publications discussed below claim that the controlled environment in a laboratory allows for better quality data to be obtained. However, tests in real tidal flows are significant for developers to gain operational experience and might, depending on turbine size, be the only viable option. Field test options include moored or self-propelled short-term experiments. Moored tests are carried out to provide valuable long-term information on high frequency varying inflow over spring/neap tidal cycles in relation to device performance. However, several field investigations have also demonstrated the usefulness of self-propelled short-term experiments.



An early example of a self-propelled short-term experiment of a tidal turbine is the large-scale towing test for Oceanflow Energy’s 1:10th scale Evopod model with 1.5 m horizontal axis rotor diameter in Montgomery Lake, Northern Ireland [4]. The test showed that varying the inflow speed (0.9, 1.0 and 1.1 m/s) yielded little difference in the maximum power coefficients (0.37, 0.33 and 0.35, respectively) and the maxima occurred at approximately the same tip speed ratio (3.2, 3.1 and 3.0, respectively). Ref. [5] performed experiments with a commercial prototype of a full scale turbine of 4m diameter attached to the bow of a tug boat. Complex postprocessing, involving simulations of the flow field around the tug’s hull, was required and scatter of the resulting power curves reached up to 25% of the mean values. However, best-fitted curves matched design simulations well and the tests were deemed a success, demonstrating the correct functioning of the control system and passive load shedding capabilities of the blades. SCHOTTEL also carried out self propelled tests in Strangford Lough, Northern Ireland in 2014 with their 4 m rotor diameter Hydrokinetic Turbine prototype [6]. The turbine was tested in steady and unsteady flows by towing it in Strangford Lough with results showing a 5% difference in power performance. Ref. [7] presented power curves of a small scale cross flow turbine towed behind a boat in the field and also used a Vector to measure inflow velocities. The authors concluded specifically that “The method of tow-testing is found effective”. Ref. [8] used self-propelled platforms such as landing boats to investigate the performance of a range of ducted, bare helical and straight blade Darrieus hydrokinetic turbines in Canada and Australia. The main issue with those tests was the dependency of turbine efficiency on flow velocity due to low Reynolds numbers. Limitations in platform thrust also reduced the range of achievable inflow for larger turbine models. Another noteworthy prototype test of a non-conventional tidal turbine using a self propelled platform was described by [9]. The power curve obtained had relatively low scatter, with a reported average error of ±2.3%.



When comparing between the laboratory and field, two different horizontal axis turbine rotors (1.5 m diameter) have been experimentally tested at the Institute of Marine Engineering (Istituto di Ingegneria del Mare, INM) and the Queen’s University Belfast tidal test centre at Strangford Lough [10,11]. The work focussed on the influence of flow instrumentation and the two main instrument classes available to the industry. Acoustic Profilers, such as Aquadopps, provide spatial information of the flow across the entire depth range, albeit with a sampling frequency of only about 1 Hz. Vectors sample velocity at a single location, but with much higher temporal resolution of 10 s of Hz. The Aquadopp data (in INM) at low carriage velocity showed poor accuracy but were nearly the same as the carriage speed at CNR-INM for higher flow velocities. Strangford Lough Aquadopp data fluctuated between 0.9 and 1.4 m/s during the time series. Authors noted that Doppler noise biasing of the Aquadopp data results in an over-estimate of the inflow power of 1 or 2%, and a corresponding under-estimate of the power coefficient (  C p  ). The effect on Vector data was found to be negligible for typical field conditions and 1 s averages.



The works described above show some examples of research with the use of self-propelled barges or comparative research between laboratory and real-site testing. There have also been attempts to evaluate tidal stream devices at real sites and compare results with design tools such as boundary element models. Ref. [12] presented a rare example of full scale turbine power data over several tidal cycles measured in the field in direct comparison with two results from a boundary element model, one using Active Acoustic sensors and another based on a large scale numerical model for flow data. The error between energy production estimates from the numerical model compared with the real output was reported as 7.6% and the energy estimate based on flow measurements resulted in an error of 8.8%.



It can be argued that the aforementioned studies have successfully tested tidal stream turbine prototypes at sea but there are discrepancies between methods which are not well understood. The aim of this work is to improve our understanding of some of these ambiguities by investigating the impacts on power performance based on flow velocity measurements, in a field test with a self-propelled barge and a controlled laboratory setting and compare how these results relate to a boundary element model.




2. Methodology


2.1. Field Setup


All tests were carried out in Strangford Lough using an Easy Worker 1460 anchor handling barge. Length over all, beam and depth at sides was 14 m, 6 m and 1.8 m respectively. The maximum draught was 1.2 m at the aft perpendicular. The barge can achieve 8 knots maximum speed and 4 t maximum thrust under bollard pull conditions. The crane is rated for loads up to 8 t.



The turbine was mounted forward facing below an aluminium truss protruding midship from the bow of the vessel with a hub height of 1.26 m below the water level and at least 10 cm below the bow section, Figure 1 and Figure 2. The vessel was operated in forward speed during all measurements and the influence of the hull on turbine inflow is believed to be negligible.



Flow measurements were performed using two Acoustic Doppler Profilers (Nortek Aquadopp, 2 MHz; Nortek AS, Vangkroken 2, 1351 Rud, Norway) and two Acoustic Doppler Velocimeters (Nortek AS, Vangkroken 2, 1351 Rud, Norway) hereafter referred to as Aquadopp and Vector. The first Vector (V1) measured flow 1.34 m to the portside of the turbine axis and 0.07 m upstream in 0.88 m water depth. The second Vector (V2) was installed downstream, 1.96 m from the turbine plane and at 0.8 m water depth. The first Aquadopp (A1) was mounted 1.24 m starboard and 0.58 m upstream at a depth of 0.45 m. The second Aquadopp (A2) was mounted midship 2.6 m in front of the turbine plane with the sensor head submerged at a depth of 0.45 m with both Aquadopps vertical bin resolution set to 0.1 m. Aquadopps sampled at 1 Hz, Vectors at 16 Hz.



A three-bladed horizontal axis turbine was used for these experiments. The rotor had a diameter of 1.05 m and the blade length was 0.35 m. The blades were designed using a Wortmann FX 63-137 aerofoil profile. The pitch angle was set at 8 deg for all tests. The turbine was equipped with a TorqSense RWT411 torque and rotation sensor and also recorded electrical power with 10 Hz temporal resolution. A sensor at the top of the stanchion recorded turbine thrust with 16 Hz resolution. The Supervisory Control and Data Acquisition (SCADA) system was operated in constant speed mode, attempting to maintain a set-point RPM. The SCADA uses a National Instruments CompactRIO which writes to screen and file allowing for real time monitoring of the inflow and turbine metrics.



All tests were carried out in two different regions of Strangford Lough, Northern Ireland in August 2021. To achieve unsteady, turbulent flows, the barge was first driven in the middle of the Narrows during the ebb tide, details on earlier assessments of the flow conditions there are provided by [13]. A second set of tests was performed in the large bay of Strangford Lough where the water is virtually stagnant and inflow conditions expected to be comparable to towing tank test.



Total water depth was always greater than 20 m to ensure no disturbance by blockage effects. Test runs and data recordings typically lasted 128 s and a total of 105 runs were carried out.




2.2. Tank Setup


To compare the field tests with controlled laboratory testing, experiments were also undertaken in a tow tank located at Kelvin Hydrodynamic laboratory (KHL) at Strathclyde University, Glasgow, UK. The turbine setup can be seen in Figure 3. Table 1 shows the characteristics of the facility and the settings used for the laboratory tests. The Reynolds number calculation is based on [1]. Data from tank tests relied on carriage speed for turbine inflow velocity.



The turbine was installed to the carriage using steel frames mounted to the carriage structure, as can be observed in Figure 4. The flow velocities tested with the tow carriage were based on real-site trials. However, during the test at KHL, at low flow velocities, the turbine only started operating after the mid-section of the tow tank, yielding few useful data. Thus, the laboratory campaign focused on the evaluation of the three higher velocities listed in Table 1 for which repeated tests were carried out.



As observed in Table 1, the blockage ratio within the tow tank facility was   6.97 %   which requires blockage correction of the experimental data. We followed the methods presented by [14,15]. Thrust force was available from the turbine sensors.




2.3. Vector Processing


Data from the Vector probes u was filtered by employing a Phase-Space Threshold Filter (PST), following the methods described by [16]. Filtered data are indicated by the index    f  .



A steadiness parameter  α  was established by evaluating the slope of the linear best fit line for each 30 s window along the entire dataset. The overlap of the windows was 5 s. The section with the lowest absolute  α  value was selected for further processing and is indicated by the index    s  . Figure A1 shows an example data trace, the best fit line segments and the selected sections with the lowest  α  value. Figure A2 shows an example time trace of the raw, filtered and steadiest Vector data section.



The mean value     u ¯   f   of the selected 30 s section was saved for each direction and the inflow angle evaluated as


  θ = a s i n (    u ¯   y , s     u ¯   x , s    )  



(1)







Turbulent kinetic energy (k) was approximated from Vector data as


  k = 0.5 ( V a r  (  u  x , f , s   )  + V a r  (  u  y , f , s   )  + V a r  (  u  z , f , s   )  )  



(2)




with   V a r   being the variance.




2.4. Aquadopp Processing


Depth averaged (DA) mean values of the entire time trace for raw and filtered data and the section corresponding to the steadiest flow according to the Vector data were obtained for further processing. Initially, the Aquadopp data were filtered (index    f  ) by applying a single pass replacement of any velocity values corresponding to response amplitude counts below 50 with the mean of the closest neighbouring values in time and space. Figure A3, Figure A4, Figure A5 and Figure A6 show raw and filtered velocity data in x direction over time and bin number for A1 and A2. In addition, two scalar values were determined for the time trace corresponding to the steadiest section, based on the analysis of V1:




	
The parameter  γ  was obtained as the slope of the linear best fit over the mean x velocity values at each depth bin to assess the vertical flow profile.



	
The parameter  δ  was evaluated as the mean root square of the DA velocities in x direction to assess the temporal variation around the mean.








Figure A2 shows raw and filtered depth-averaged data beside the Vector data as discussed above.




2.5. Turbine Data


The power of the turbine was analysed based on the following non-dimensional parameters of Tip Speed Ratio  λ  and Coefficient of Power   C p  .



Tip Speed Ratio  λ  was evaluated as


  λ =   r ω  u   



(3)




with r the turbine radius of 0.525 m, and u was based on the data from each instrument or the carriage velocity.



The Coefficient of Power was obtained as


   C p  =  P  P  i n f l o w     



(4)




with    P  i n f l o w   = ρ  r 2  π  u 3  / 2   and P either electric power   P E   recorded directly by the DAQ or mechanical power   P M   evaluated from torque T and rotational velocity  ω  as    P M  = T ω  .  ρ  is the fluid density and was set to 1025 kg/m   3  . Similar to the treatment of velocity data, power and rotational speed values were either the mean of the entire trace or corresponding to the selected steadiest section.




2.6. Blade Element Model


The turbine blades used in this work were designed using an in-house blade element momentum theory (BEMT) model [17,18] and outputs are also shown for comparison with tank and field results. Details on the method and validation cases can be found in [15,19,20].





3. Results and Discussion


Figure 5 presents    C p  − λ   data from all test runs using the mean of the complete unfiltered and DAV data for each run and mechanical or electrical power. All   C p   values start at  λ  of 1 and maximum power is achieved around a  λ  of 3. Mechanical power is consistently 30% higher than electrical power. Up to a  λ  of 3, data evaluated using the Vector compare well to the Aquadopp data and show little scatter. For  λ  values above 3, scatter increases and Vector data consistently predict higher power values than the Aquadopps. Overall, this analysis without further data selection or filtering already provides a clear understanding of the turbine characteristics. In the following sections, the influence of different filters and data selection strategies will be investigated.



As flow dynamics in the field are much more variable in the field than in the lab, for example due to vessel handling, waves from passing boats or large scale flow patterns, data were limited to the steadiest condition with similar duration as the laboratory tests. Figure 6 shows    C p  − λ   data obtained using raw and the steadiest, filtered 30 s section for V1. Scatter is reduced considerably for  λ  above 3 while maintaining excellent agreement for the lower  λ  values.



It could be argued that choosing the steadiest section of each run might still include data where flow acceleration is large and thus affecting turbine characterisation. Figure 7 presents the same V1 data coloured by the steadiness parameter  α . The range of  α  is very small with values ranging between   ± 0.04  , and most values in the range of   ± 0.02  . No obvious trend appears with highest and lowest values of  α  yielding results in line with each other and indicating that this simple data selection procedure is sufficient to obtain useful data sets.



In laboratory tank tests blockage causes flow acceleration around the turbine such that velocity must be measured some distance upstream or separate tests must be run without the turbine present. Figure 8 shows filtered data from V1 and V2. Again agreement is good below a  λ  of 3. However, above a  λ  of 3, V2 data exhibits a larger scatter, with   C p   values ranging between 0.24–0.32. In contrast, V1 describes almost a flat plateau at   0.32   for  λ  between 3 and   4.5  . The reason for this difference is not clear and requires further investigation. It is possible that the time lag between flow velocity at the position of V2 and the turbine might be a contributing factor. Therefore, in the following section we focus on the Vector probe in line with the turbine, V1.



During the experimental runs, the skipper could only visually estimate flow direction from surface features but not monitor the flow measurements. Figure 9 shows data from V1 coloured by flow angle magnitude. The maximum flow angle of all data sets is only 5 deg, indicating excellent manoeuvring of the barge. There is no obvious recognisable trend between inflow angle and data scatter, with maximum and minimum flow angles yielding almost identical results. Data points which are seemingly outliers like the highest   C p   value at  λ  3 were obtained at an inflow angle of less than 1.5 deg. This result is in-line with previous research related to flow directionality (yaw angles) in tidal turbines [21].



The turbine was operated using a constant RPM. It might have been expected that mean flow velocity and the associated variations of turbine loading influence efficiency. Remarkably, as shown in Figure 10, runs performed at the lowest and highest velocities yielded excellent agreement around the peak   C p   values of 0.3 at  λ  3 to 4.



The assessment of turbulence levels in tidal flows and their effect on tidal turbines is still a very active area of research. The wide basin of Strangford Lough with practically standing water is a very different environment from the highly energetic flow in the Narrows channel.



Figure 11 presents data split by test location, Narrows or Lough. Resulting   C p   −  λ  curves are similar overall. The four clear outliers in the data, three for   λ = 3   and a further for   4.5  , were all measured in the Lough.



Similarly, turbulent kinetic energy levels encountered during testing do not seem to influence   C p   values either, Figure 12, with values evenly distributed across the entire  λ  range and outliers not showing a clear correlation with extreme values of k. As expected, the four most extreme outliers, which as discussed above were measured in the Lough, show very low turbulence levels. Comparison with Figure 11 also reveals that the highest turbulence levels, for example the highest   C p   value at   λ = 4   and the data for   λ = 5.8   were obtained in the Narrows. These specific results are of course very much turbine dependent, but they highlight the ease with which turbines can be tested at different turbulence levels in the field.



Acoustic Doppler Profilers can provide information across the water column, albeit with much lover temporal resolution than Velocimeters. Figure 13 shows the mean flow velocity values of DA, filtered DA, entire bin 5 and steadiest 30 s sections according to V1 data. The flow velocities range from   − 1.5   to   − 2.5   m/s with the majority of the data between   − 1.7   and   − 2.2   m/s. Filtering has no noticeable effect on DA data. The single bin data over the entire time trace generally also agree well with the DA values. For runs 20–30 single bin data tend to yield   0.01   m/s higher flow speeds. However, even if DA and single beam data agree, the selected steadiest 30 s sections can show differences of up to   0.2   m/s, for example for run 21.



Figure 14 shows a direct comparison of resulting   C p   −  λ  data obtained using DA filtered data from both Aquqadopps and data corresponding to the steadiest 30 s section according to V1. Overall agreement between A1 and A2 is very good. All processing methods yield almost identical results for  λ  below 2.5. Higher  λ  values shows some outliers for DA data, the two most prominent from A1 at  λ  3.5 and 5.3.



Figure 15 shows DA, single bin and steadiest section A1 data coloured by  γ . Slope values range from 0.03 to −0.07. Almost all runs resulted in negative slopes. Varying   C p   values for a given  λ  did not differ in slope, for example at  λ  3 or 4.5,   C p   values range from 0.23 to 0.32.



Similarly the  δ  parameter shows no clear trend or extreme values but minimum and maximum values occur in close proximity, Figure 16. Due to the great water depth and relatively small turbine diameter, the inflow in these experiments was not affected by a shear or wave profile as will typically be the case for larger turbine prototypes installed on the sea floor or in surface proximity. The results indicate overall good agreement between Profilers and Velocimeters and confirm the common practice of using a combination of these sensors to obtain spatial and temporal flow information.



Comparison with Tank and Numerical Data


Figure 17 shows   C p   −  λ  data from field (V1    f , s   ) and tank data (Tank) as scatter diagrams. Lines were fitted as piecewise cubic splines to those points using the GNUoctave splinefit function and are shown as curves   F i  t  V 1     and   F i  t  T a n k     repectively. Furthermore, blockage correction was applied to the tank data and the result is shown as   F i  t  T a n k , B C    . Data from the numerical model is shown as a dashed black line labeled BEM.



Raw data show a trend of higher   C P   values for tank data and the best fit line yields a maximum value of 0.354 for   λ = 4  , somewhat above the best fit line from the field data which yields    C P  = 0.344  . Blockage correction results in an almost perfect match between tank and field data for  λ  in the range of 3.5 to 4.5. BEM data also agree very well in this range. Across lower and higher  λ  values agreement is still very good, with maximum deviations between field and blockage corrected tank data of less than 1%   C P  .





4. Conclusions and Future Work


A three-bladed horizontal axis turbine prototype was tested at Strangford Lough and a tow tank facility at Strathclyde University. The aim of the Marinet2 testing programme was to investigate the effects on power performance when a turbine operates in real seas using a self-propelled barge and in still water conditions (laboratory facility). The main findings are described as follows:




	
Overall, the agreement between the field and tank data for this particular turbine was found to be very good once the blockage correction was applied. In addition, the results are further validated by the good agreement with the BEM design method.



	
Without advanced postprocessing or filtering of the data, the quality of the data was good enough to obtain reasonable   C p   −  λ  curves using either the Vector or Aquadopp data.



	
Applying standard PST filters and selecting steady 30 s sections significantly reduces scatter for Vector data. In addition, the steadiest sections extracted from each run showed very low levels of flow acceleration/deceleration and no influence on   C P   could be found for the levels encountered.



	
  C P   values evaluated using the upstream Vector resulted in a larger scatter than the inline probe.



	
Aquadopp yields a larger scatter than Vector based data, even when the flow is not affected by vertical shear.



	
Inflow angles were generally less than 3 deg and never higher than 5 deg. Data revealed no trend between inflow angle and   C P   values, confirming previous work that inflow angles below 5 deg are acceptable.



	
Mean flow velocity, mean rotational velocity of the turbine, test location in tidal channel or still water, or turbulent kinetic energy had also no discernible influence on   C p   data scatter. While these results can be expected to be largely turbine dependent, they emphasise that results were obtained for a larger range of conditions than is viable in most tank tests and indicate the robustness of the presented approach.








While this initial test has yielded promising first results, future work and refinements to the use of self propelled barges is still required. A key limitation is the vessel speed–thrust characteristic, which, as in towing tanks, will limit the maximum turbine size. Testing of wave current interaction effects will also require more complex data acquisition and postprocessing to compensate for platform motion and is an area we hope to develop in the future.
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Figure A1. Example of Vector data processing. Lines indicate best fit straight lines over 30 s, slope is used as steadiness parameter. Steadiest section selected for evaluating power curve is coloured in red. 






Figure A1. Example of Vector data processing. Lines indicate best fit straight lines over 30 s, slope is used as steadiness parameter. Steadiest section selected for evaluating power curve is coloured in red.
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Figure A2. Example of an inflow data set. Raw and PST filtered Vector data. The selected steadiest 30 s section is highlighted. Raw and filtered Depth averaged flow velocity from Aquadopp sensor is also shown. 






Figure A2. Example of an inflow data set. Raw and PST filtered Vector data. The selected steadiest 30 s section is highlighted. Raw and filtered Depth averaged flow velocity from Aquadopp sensor is also shown.
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Figure A3. Waterfall plot of inflow x–velocity for Aquadopp1 in mm/s. Bin size is 0.1 m. 






Figure A3. Waterfall plot of inflow x–velocity for Aquadopp1 in mm/s. Bin size is 0.1 m.
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Figure A4. Waterfall plot of inflow x–velocity for Aquadopp 2 in mm/s. Bin size is 0.1 m. 






Figure A4. Waterfall plot of inflow x–velocity for Aquadopp 2 in mm/s. Bin size is 0.1 m.
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Figure A5. Waterfall plot of filtered inflow x–velocity for Aquadopp 1 in mm/s. Bin size is 0.1 m. 






Figure A5. Waterfall plot of filtered inflow x–velocity for Aquadopp 1 in mm/s. Bin size is 0.1 m.
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Figure A6. Waterfall plot of filtered inflow x–velocity for Aquadopp 2 in mm/s. Bin size is 0.1 m. 






Figure A6. Waterfall plot of filtered inflow x–velocity for Aquadopp 2 in mm/s. Bin size is 0.1 m.
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Figure 1. Instrument layout schematic (not to scale). Blue circles show Vector (V) locations, Yellow stars Acoustic Doppler Profilers (A). Distances of the sensor heads from the turbine axis are given in brackets. 
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Figure 2. Experimental setup on the barge, seen from shore. Turbine blades are in line with Vector 1 (V1). Aquadopps 1 and 2 are indicated by A1 and A2, Vector 1 and 2 by V1 and V2 respectively. 
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Figure 3. Turbine installed at the Kelvin Hydrodynamics Laboratory. 
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Figure 4. Mounting frames used to support the turbine to the main carriage. 
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Figure 5.   C p   −  λ  data for all runs performed in the field, with no filtering applied. Power is based on electrical (  P E  ) or mechanical (  P M  ) data, inflow is measured using mean x velocity u for the Vector 1 or depth averaged velocity (DAV) data over all bins for the Aquadopp 1. 
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Figure 6.   C p   −  λ  data based on mechanical power and Vector1 raw data (  P  M . V 1   ) vs steadiest 30 s sample (  P  M . V 1 , f   ). 
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Figure 7.   C p   −  λ  data based on filtered steadiest 30 s samples from V1. Coloured by steadiness parameter  α . 
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Figure 8.   C p   −  λ  data based on of filtered Vector 1 vs Vector 2 data. 






Figure 8.   C p   −  λ  data based on of filtered Vector 1 vs Vector 2 data.



[image: Jmse 10 01182 g008]







[image: Jmse 10 01182 g009 550] 





Figure 9.   C p   −  λ  data based on filtered steadiest 30s samples from V1. Coloured by absolute inflow angle in degrees. 
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Figure 10.   C p   −  λ  data based on filtered steadiest 30 s samples from V1. Coloured by mean velocity (m/s). 
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Figure 11.   C p   −  λ  data based on filtered steadiest 30 s samples from V1, classified by location, Narrows (energetic) or Lough (still water). 
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Figure 12.   C p   −  λ  data based on steadiest 30 s sampled from Vector 1, coloured by k. 
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Figure 13. Comparison of raw depth–averaged data (  D A  ) from Aquqadopp 1 from the entire timetrace, compared to filtered data (  D  A f   ), data from only a single bin (  B i n   5) and the depth–averaged values obtained from the steadiest 30 s section (  S t e a d y  ) according to Vector 1. 
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Figure 14.   C p   −  λ  data based on filtered DA and steady A1 data vs A2 data. 
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Figure 15.   C p   −  λ  data based on raw DA A1 data vs selected bin 5 vs steady 30 s section according to V1. Colour indicates vertical slope. 
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Figure 16.   C p   −  λ  data based on raw DA A1 data vs selected bin 5 vs steady 30 s section according to Vector 1. Colour indicates rms (Ux, steady across bins). 
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Figure 17.   C p   −  λ  curve obtained from field V1, filt and tank data. Lines were fitted as piecewise cubic splines using the GNUoctave splinefit function. Constraints are set to force the position (2, 0.124). 
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Table 1. Kelvin Hydrodynamics Laboratory specifications.
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	Parameter
	Value





	length × width × depth
	76 m × 4.6 m × 2.5 m



	Flow velocity
	Maximum speed 5 m/s



	Blockage ratio
	6.97%



	Flow velocities tested
	1.7, 1.8 and 2.0 m/s



	Repeated tests per flow speed
	2, 2 and 3



	Number of data sets per flow speed
	24, 32 and 54



	Reynolds number at 70% of the blade length

at  λ  = 4 per flow speed
	5.16 × 10   5  , 5.46 × 10   5   and 6.07 × 10   5  
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