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Abstract

:

This paper introduces metrics developed for analysing irregular wave test results from the round robin testing campaign carried out on a floating wind turbine as part of the EU H2020 MaRINET2 project. A 1/60th scale model of a 10 MW floating platform was tested in wave basins in four different locations around Europe. The tests carried out in each facility included decay tests, tests in regular and irregular waves with and without wind thrust, and tests to characterise the mooring system as well as the model itself. While response amplitude operations (RAOs) are a useful tool for assessing device performance in irregular waves, they are not easy to interpret when performing an inter-facility comparison where there are many variables. Metrics that use a single value per test condition rather than an RAO curve are a means of efficiently comparing tests from different basins in a more heuristic manner. In this research, the focus is on using metrics to assess how the platform responds with varying wave height and thrust across different facilities. It is found that the metrics implemented are very useful for extracting global trends across different basins and test conditions.
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1. Introduction


One of the key aims of the EU H2020 MaRINET2 project1 is to improve the quality, robustness, and accuracy of laboratory testing of ocean energy devices. Scaled model testing in a laboratory is an integral part of the development process for many offshore renewable energy (ORE) technologies. Testing at small scale can be efficient and relatively inexpensive, while testing within a controlled environment enables experiments to be repeated for a range of parameters.



Testing a floating wind platform at reduced scale typically involves still water decay tests, tests in regular and irregular waves with and without wind emulation, tests to characterise the mooring system, and tests on dry land that characterise the model itself, e.g., the moments of inertia (MoI) and the centre of gravity (CoG). During tank testing, motions of the model in each of the six degrees of freedom (DoF), i.e., surge, sway, heave, roll, yaw, and pitch, are measured to determine how the platform responds to a range of wind and wave conditions. Generating this data allows validation of numerical models and characterisation of the dynamics of a full-scale platform. In short, model testing is often the first opportunity to carry out a simplified, but global, assessment of the moored platform and the turbine together [1].



However, the effect that the facility used for the model tests will have on the outcomes is uncertain, even when following the same methodologies for carrying out the tests which is not often the case. Research carried out within MaRINET2 [2,3] identified a shortfall in the published guidance available for conducting laboratory testing of floating offshore wind turbines. Much of the existing literature is derived form the oil and gas industry and published by the International Towing Tank Conference (ITTC) literature that deals with ocean engineering2.



To investigate the effect of the facility, a round robin testing program was executed in MaRINET2 whereby generic wave, floating wind, and tidal devices were tested in different infrastructures. The wave [4,5,6] and wind [7] round robin testing included many tests in waves. One of main lessons learnt from this exercise is that it is not straightforward to compare results of wave tests obtained from different basins. Linear response amplitude operators (RAOs) were found valuable for a first comparison [7]. However, the impossibility of generating identical waves in two distinct basins combined with the fact that responses to waves are not fully linear bring an additional challenge for a cross-facility comparison. One way to work around this obstacle is to find metrics which are less sensitive to differences between wave realisations. This paper proposes a set of metrics facilitating the comparison of results from different facilities in irregular waves. It develops the application of these metrics to the floating wind campaign which was conducted at four facilities: Ifremer and Centrale Nantes (ECN) in France, the University of Strathclyde (UoS) in the UK, and University College Cork (UCC), Ireland. Finally, comparisons of these metrics are presented and discussed.



The paper is structured as follows: an overview of the wind round robin test campaign and a brief summary of the main findings is provided in Section 2; Section 3 presents the test plan for irregular waves and introduces the nature of the platform response to these waves; Section 4 introduces the metrics proposed for the inter-facility comparison; Section 5 presents the results of the application of these metrics; and Section 6 discusses the results. Concluding remarks are provided in Section 7.




2. Wind Round Robin Test Campaign


The wind round robin campaign in MaRINET2 involved testing a 1/60th scale floating wind platform in four facilities around Europe: Ifremer, Centrale Nantes (ECN), University of Strathclyde (UoS), and two tests at University College Cork (UCC). The primary purpose of the second test at UCC was to test a second method of wind emulation a number of months after the original test. However, the original test plan with (and without) the thruster was also partly repeated. These latter results comprise the fifth dataset used in the present research paper. Each basin has unique design features with a range of water depths and sizes and different wave and wind generation capabilities. The platform was moored with a linear aerial mooring system, chosen as it is independent of water depth and could be installed in each of the facilities. The mooring system consisted of three lightweight inextensible ropes attached in series to linear springs. Each mooring line extended horizontally above the water surface from each of the model towers to an anchoring point in the basin. For the three wider basins (Ifremer, ECN, and UCC), an aerial mooring system with a spread of 11.8 m was implemented, whereas in UoS, a mooring system with a smaller footprint was installed.



Different methods of wind thrust emulation were tested as part of the round robin campaign: a simple weighted pulley, a uni-directional thruster, and a scaled rotor used in conjunction with a blower. This research paper presents the results obtained with the thruster only. The thruster was provided by Ifremer and calibrated and programmed to achieve fixed values of thrust (3, 5, 7, and 8 N).



The model was fitted with four reflective markers for tracking the motions of the device using Qualisys, which was available in all facilities: one on each of the aft columns and two on the mast. Load cells were fitted to each of the mooring lines. The load cells and the mooring lines themselves were supplied by Ifremer and travelled with the device to each facility. Each facility supplied its own wave gauges.



The round robin test plan was developed by Ifremer and included hydrostatic tests, mooring stiffness checks, decay tests in calm water (with and without moorings), test in regular waves without wind thrust, and tests in irregular waves with wind thrust. A full description of the model and the test campaign is presented by [7]. For the remainder of this paper, the five datasets obtained from the four test facilities are referred to as A, B, C, D, and E in accordance with Table 1 and to ensure consistency with [7].



The responses to waves have been analysed and reported in [7], in which Response Amplitude Operators (RAOs) were used. The shape of the motion RAOs were globally similar for all basins except around some particular frequencies. As the results were not linear around the resonance and cancellation frequencies, the differences between facilities were magnified for these frequencies. Surge was the most impacted by reflection leading to large differences in the RAOs between all basins. Further comparison of the responses in waves between all facilities has been undertaken through the study of the evolution of the RAOs when the wave height increases. The resonance peaks of the heave and pitch RAOs decreased with the wave height when the eigen frequencies for these modes were lying in the wave frequency range. The trough in the heave RAO at the cancellation frequency got less deep with increasing wave height. The effect of different levels of thrust was also investigated. The thrust did not significantly change the responses in waves. Only the pitch resonance peak dropped under the effect of thrust when exposed to long waves.




3. Responses in Irregular Waves


Irregular waves are essential to test any fixed or floating structures. They are more representative of real sea waves than regular waves. Spread moored floating structures move not only at the periods of the waves but also at longer periods matching the natural periods of their horizontal Degrees of Freedom (DOFs) [8]. The reproduction of these slow horizontal excursions with large amplitudes is essential for the estimation of mooring loads. For floating offshore wind turbines (FOWTs), low frequency motions in pitch and roll are important too because these motions interfere the most with the apparent wind velocity experienced through the rotor of the wind turbine. Accounting for the low frequency motion responses of a FOWT to waves is central in the design of an offshore wind turbine controller [9,10]. Therefore, the ideal analysis for a round robin test campaign should include the comparison of the wave frequency motions (i.e., the frequency range of target wave spectrum, hereafter referred to as WF) as well as the low frequency motions of the FOWT.



The test plan developed by Ifremer included irregular wave tests with and without wind thrust (see Table 2). Table 3 records the nature of the responses that can be expected per motion DOF for each JONSWAP wave, i.e., low frequency (LF) or wave frequency (WF). It also gives the range of frequencies which has been used to distinguish the wave frequency (WF: [  f 1  ,  f 2  ] (Hz)) from the low frequency range (LF:   f <  f 1    (Hz)). Gueydon et al. [7] discuss how each of these waves are likely to excite the model based on their power spectral densities and the associated group power spectral contents (see Table 3).




4. Metrics


Analysis of the round robin test results presented by [7] show that RAOs are suitable for studying the responses of the system in the wave frequency range. However, comparing the RAOs from multiple sources can quickly become difficult when multiple differences are observed. Moreover, RAOs shed light only on the wave frequency range. The main assumption behind the use of RAOs is the linearity of the response to wave height. Using a single value per test condition rather than the series of values making a RAO curve is preferable as it makes the comparison between basins easier to read. An approach based on metrics helps to efficiently assess the overall resemblance and dissimilarity between results from multiple basins. In this research, wherever possible, a single metric is prioritised over more detailed analysis results. This is done with the objective of limiting the analytical interpretation to its strict minimum and to support a more heuristic comparison process.



In this section, the zeroth and second moments of the wave frequency spectrum [11] are rewritten on the limited range of frequencies   [  f 1  ,  f 2  ]   (Table 3) which is used for the analysis of the irregular wave tests:


   m 0  =  ∫   f 1    f 2    S η   d f ,  



(1)






   m 2  =  ∫   f 1    f 2    f 2  ·  S η   d f ,  



(2)




where   S η   is the spectrum of the wave elevation,   [  f 1  ,  f 2  ]   is the wave frequency range and f the frequency (in Hz). Figure 1 shows the theoretical spectrum for the JONSWAP wave with    T p  = 1.29   s. The area shaded in cyan represents the area considered for the calculation of   m 0  . For narrow banded spectra (like JONSWAP),   H s   is related to   m 0   by the relation


   H s  = 4   m 0   .  



(3)







Note that   H s   of Equation (3) underestimates the actual significant wave height as   m 0   is integrated on a limited range of frequencies in Equation (1). Aside from   m 0   and   H s  , another metric is introduced to provide us with an estimated value of the realised peak period,   T p   [12], calculated from:


   T p  =     ∫   f 1    f 2    S η 4   d f    ∫   f 1    f 2   f ·  S η 4   d f    .  



(4)







Equations (1) and (2) are used to obtain an estimate of the zero-up crossing period of the irregular wave:


   T 2  =     m 0   m 2     .  



(5)







An estimate of the wave steepness   S s   [12] can be deduced from   H s   and   T 2   by


   S s  =    2 π  H s    g  T 2 2      



(6)




where g is the gravity constant. Calculating the integral of every response power spectral density (PSD) or spectral energy distribution over the investigated wave frequency range gives us a quantity that should depend linearly on   m 0   if the system is linear. These integrals for surge, heave, and pitch are shaded in cyan in the right hand plots of Figure 2. Therefore, the ratio of the area of the signal’s PSD and the wave PSD calculated over the wave frequency range provides us with a single value which represents how the wave power and the signal power are related. Under the assumption of a linear response, this ratio should remain identical when a system responds to the same spectral shape (e.g., JONSWAP with    T p  = 1.29   s and   γ = 3.3  ) but different   H s  .



The metric used to examine the response of the system in the wave frequency range,   M  W F    is calculated from


   M  W F   =      ∫   f 1    f 2    S  s i g n a l    d f   m 0     ,  



(7)




where   S  s i g n a l    is the PSD of the signal.



Semi-submersible platforms are prone to second order motions. This has been observed and well documented for offshore oil and gas structures [13] and semi-submersible foundations for FOWTs [14]. The link between second-order wave loading and motion responses outside the horizontal plane (e.g., pitch in head waves) has been demonstrated for the OC4 semi-submersible FOWT [15]. By nature, second-order loads are smaller than first-order loads. Their manifestation in the motions is purely coincidental and triggered by resonance. That explains why the low-frequency response comprises isolated peaks lying around the eigen frequencies   f e   of the system (see left hand plots in Figure 2). Out of the seven spectra shown in Table 2 (see also Figure 10 in [7]), five (those with    T p  = 1.81   s and    T p  = 2.58   s) are sufficiently broad to excite the system at the pitch or even heave natural period with first-order wave loads. Only the JONSWAP spectra with    T p  = 1.29   s do not overlap with the low frequencies (the eigen frequencies   f e   for surge, heave, and pitch are shown with arrows in Figure 1). Therefore, the JONSWAP    T p  = 1.29   s wave tests are in theory adapted to look for low frequency responses which are exclusively the effect of the higher order wave loads. It is difficult in practise to exclude the presence of long parasite waves in the basin outside the range of the target wave spectrum. Nevertheless, the existence of low frequency responses for surge, heave, and pitch in results of all tests done in all facilities reinforces the theory that these responses are due to the second order wave loads and not artifacts of a specific basin. Due to the higher order nature of the low frequency responses, any difference in wave excitation has an even bigger impact on the difference in the levels of excitation in surge, heave, and pitch. That makes it hard to comment on the level of the low frequency responses. Nevertheless, the presence and the location of these resonance peaks can be estimated by a metric similar to the one used to estimate the peak period of the waves. This new metric is called   T r   as it represents the period of the resonance response and is given by:


   T r  =     ∫   f e  − δ f    f e  + δ f    S  s i g n a l  4   d f    ∫   f e  − δ f    f e  + δ f   f ·  S  s i g n a l  4   d f    .  



(8)




where   S  s i g n a l    is the PSD of the signal,   f e   is its main resonance frequency, and   Δ f   is a frequency band around   f e   that covers the peak shaped resonance response of the signal.



The reporting of the low frequency responses will be limited to these metrics (for surge, heave, and pitch) in this article. In relation with the layout of the test set-up and the tested conditions (i.e., head waves and head wind) (as described in [7]), these metrics are not presented for other motions than surge, heave, and pitch. As an example, the comparisons of the motion responses and tension responses for JONSWAP    T p  = 1.29   s and    H s  = 5   cm are developed using these metrics in the next section. These metrics consist of:




	1.

	
  H s   calculated over the wave frequency range divided by the targeted   H s   value.




	2.

	
  T p   calculated over the wave frequency range divided by the targeted   T p   value.




	3.

	
  S s   calculated over the wave frequency range divided by the targeted   S s   value.




	4.

	
  M  W F   , the square root of integral of a response over the wave frequency range divided by   m 0  .




	5.

	
  T r  , the period associated with the resonance peak of the response.









Application of the Metrics to Tests with JONSWAP   T p   = 1.29 s   H s   = 5 cm


During the round robin tests, all basins attempted to generate a wave as close as possible to the JONSWAP    T p  = 1.29   s theoretical wave. It can be seen from the realised wave spectra shown in the right plot of Figure 3 that variations are significant. These variations are more noticeable in the calculated   H s   (Figure 4 and Figure 5) and significant steepness   S s   (Figure 6) than in the peak period   T p   (Figure 7). On the   x −  axis of the left hand plot of Figure 3,   Δ f   is the difference frequency that is used to calculate the wave group spectrum (see [7] for a detailed explanation). Differences between the wave group spectra of all facilities are even larger due to quadratic nature of this spectrum. Despite these differences, the regions of the frequency axes that contain significant level of wave forcing are the same. This is valid for the wave frequency range and the low frequency range with some nuances.



As seen in [7], even if all basins share the same global shapes for all RAOs, there are still numerous deviations between facilities. It is difficult to establish which differences are more important than others and should be commented on. The comparison of the metrics gives a global picture of the variations between the results from all basins that is easier to interpret. For instance, the top left graphic in Figure 8 shows that the resonant peak in surge is not located precisely at the same frequency for all facilities. The surge eigen frequency differs for D. This is in line with the discrepancy in surge stiffness and its impact on the natural period reported in [7]. For C, the shift of the surge resonance peak is more surprising and will be discussed later. The metric   T r   is able to catch these differences. The good agreement of   T r   for heave and pitch between all basins (middle and bottom left plots) confirms the stability of the resonance frequencies for these modes across all test set-ups. In the hypothesis of purely linear motions,   M  W F    shown on the right column of Figure 8 should be identical for all basins; however, clearly it is not identical. This metric makes it possible to identify how much the response to waves varies between facilities. Basin B gives the biggest motions and D the smallest. The difference is the most significant for pitch (24%). The differences between facilities are bigger for the tension metrics than for the motion metrics (up to 47% for the port (PS) and starboard (SB) mooring lines, Figure 9). Although, the comparison of metrics is much easier to read than PSDs or RAOs; the metrics inevitably lose the level of detail of the RAO plots (see [7]).





5. Results


The results of the tests in irregular waves carried out during the five distinct campaigns (A, B, C, D, and E) are presented and compared in this section. This includes the tests without and with thrust. The metrics introduced in the previous section are implemented here. For most of the tests, only the main motion metrics are displayed for brevity.



5.1. Effect of Wave Seed on Responses


Similarly to [7], the JONSWAP waves with    T p  = 1.81   s and    H s  = 15   cm generated with different seeds are used to study the effect of randomness on the results. These tests were done in Basins A, B, and C with the same target spectrum but distinct seeds.



The estimates of the resonance periods for surge, heave, and pitch are displayed in a bar-plot (left column of Figure 10). The index given in the subscripts of A, B, and C correspond to repeat waves generated with a unique seed. The metrics   M  W F    are given in the right column for surge, heave, and pitch. Figure 11 shows the same graphics for the mooring line tensions. The three signals processed in this graphic are:   T  P S   , the tension in the line at portside;   T  S B   , the tension in the line at starboard; and   T  S t   , the tension in the stern line. In general, all tests independent of facility and seed give globally similar results for these metrics. Nevertheless, there are differences between facilities and also within the same basin for distinct seeds.



The deviations between results of tests in waves with different seeds per basin are presented in Table 4. The last column of Table 4 contains the deviations when results from the three basins are considered together. Note that this last column is given as an indication and should be considered with caution as the number of seeds and the duration of the tests are different for A, B, and C. As reported in [7],   H s   varies a lot more than   T p   with the seed. Among the motions, the differences are larger for the surge   T r   and the pitch   M  W F   . The deviations of   T r   and   M  W F    are bigger for the tensions than for the motions. The deviations in the metrics between basins are larger than those caused by different seeds within a facility, as was observed with the RAOs presented in [7].




5.2. Effect of   H s   on the Metrics


Looking at the realised irregular waves for all wave heights in all basins, it is remarkable that the peak periods (  T p  ) are always very close to the target theoretical value (Figure 7, Figure 12 and Figure 13). Whereas there are significant deviations between the realised significant wave heights (  H s  ) and the target values (Figure 5, Figure 14, and Figure 15). Furthermore, the spread between facilities is significant, with some below the target   H s   while others are over it. The same discrepancies were noticed for the significant steepness (  S s   in Figure 6, Figure 16, and Figure 17). This justifies the strategy of checking if trends between the response metrics in different basins are equivalent rather than comparing the metrics directly. The metrics have been calculated for the different values of   H s  . They are displayed for each JONSWAP wave and all basins in Figure 18, Figure 19 and Figure 20.



The resonance peak periods (  T r  ) were determined based on Equation (8) for all response signals. It was found that for heave, the values of all facilities were grouped and stable with increasing wave heights. This was also true for pitch. For heave and pitch, the values of   T r   are similar to the natural periods derived from the decay tests in still water without thrust, as presented by [7]. For surge,   T r   is more erratic and often not aligned with the surge natural period of the decay tests (which are reported in [7]). As expected, the deviation reported in the surge natural period for basin D caused by a stiffer mooring system was still present. However,   T r   also varies between different waves (  T p   and   H s  ) in the same basin. These variations are very important for the longest irregular wave (JONSWAP   T p   = 2.58 s). As this was observed with the results of all facilities, it is most likely inherent to the tested system. A closer look at the cases with the largest variations revealed that several resonance peaks are located close to each other rather than a single resonance peak. The second largest peak often appears to coincide with the sway resonance frequency even when the sway motions are much smaller than the surge motion. This suggests that a coupling between surge and sway can sometimes arise and disturb the surge motion. Although this cannot be easily proved, the power cable could well be responsible for this disturbance. The presence of oblique reflection can also cause this disruption. In heave and pitch,   T r   stays at the same level independently of   H s   for all facilities. For surge,   T r   exhibits important variations with no apparent trend with regard to   H s  .



For all irregular waves, the values of   M  W F    for surge do not vary significantly with the wave height. The trend is stable for all facilities (i.e., the lines on the plots are generally horizontal). On the other hand, the differences between basins are sometimes large, i.e., the vertical distance between the lines (e.g., for the shortest wave (Figure 18) and the longest wave (Figure 20)). For heave,   M  W F    is stable when   H s   increases for two of the three irregular waves (  T p  = 1.29 s and   T p  = 1.81 s (Figure 18 and Figure 19)) whereas it drops for   T p   = 2.58 s (Figure 20). This drop can be associated with the decrease of the heave resonance peak observed in the plot of the heave RAO for increasing   H s   [7]. A significant drop is also observed for pitch when   H s   grows for the longest wave. This decrease also reflects the decrease of the resonance peak of the pitch RAO with increasing   H s   as observed by [7].



Most importantly, the metrics applied to surge, heave, and pitch are showing the same trends with regard to the variation of   H s   for all facilities.




5.3. Effect of Thrust on Responses in JONSWAP Waves with   T p   = 1.29 s and   T p   = 1.81 s


The variations in the resonance peak period for surge, heave, and pitch are small for all facilities.   T r   is very stable for heave and pitch for all basins whereas   T r   often varies for surge in different ways for distinct basins. The resonance peak in surge for C appears to vary more than for the other basins. No global trend can be extracted for the variations of the resonance peak periods that can be attributed to the increase of the thrust (Figure 21, Figure 22, Figure 23 and Figure 24). Except for a few outliers, the surge   M  W F    metric is mostly stable. For these waves, no response is greatly affected by the different levels of thrust. This is true for surge, heave, and pitch. The same can be said for the mooring line tensions (not shown).




5.4. Effect of Thrust on Responses in JONSWAP Waves with   T p   = 2.58 s


For the waves whose spectra cover the resonance responses in heave and pitch (i.e.,    T p  = 2.58   s), the picture is very different from the JONSWAP waves discussed in the previous section. The thrust variation included all possible steps that the propeller system could provide (0N, 3N, 5N, 7N, and 8N); however, these tests were performed at only one facility (D). While the surge and heave   M  W F    metrics decrease slightly with increasing thrust, the pitch metric decreases more noticeably under the effect of the thrust (Figure 25). This evolution of the   M  W F    metric is consistent with the evolution of the RAOs documented in [7]. These reductions can directly be related to the drop observed in the resonance peaks for heave and pitch and reported in [7]. The study of the metrics confirms that the effect of the thrust is most significant on the heave and pitch for the longest wave. The observed decrease is more pronounced for pitch than for heave. The resonance peak in surge is impacted by the thrust. However, the variations of the surge   T r   under thrust are different between the three levels of   H s   (10 cm, 15 cm, and 20 cm) that were tested. It is therefore not possible to extract a trend describing how   T r   for surge varies with the thrust. Moreover, these variations are much smaller than the changes in   T r   observed between   H s   = 10 cm and   H s  = 15 cm.   T r   for heave and pitch do not vary significantly with the level of thrust.




5.5. Effect of Thrust on Responses in the Pink-Noise Waves


The spectra of the Pink-Noise waves cover the resonance responses in heave and pitch. These waves were run in combination with thrust in two facilities (D and E) for the same five steps as for JONSWAP with    T p  = 2.58   s. For surge, the impact of the thrust on the metrics   T r   and   M  W F    was mild but opposite in D and E (Figure 26). As a consequence, no trend could be extracted for surge. For heave and pitch, the response periods appear to be stable when the thrust varies.   M  W F    is decreasing in pitch. This confirms that the thrust acts mainly on the pitch by lowering its response. We know from the study of the RAOs in [7] that this decrease primarily occurs around the pitch resonance. For the tension, the trends of D and E are not the same but it can be said in both cases that the effect of the thrust on the surge   T r   and surge   M  W F    are mild (not shown).



In summary, the thrust has the most significant impact on the pitch response and causes a decrease of the pitch resonance peak [7]. Therefore, this impact is mostly visible for waves which are long enough to properly excite the pitch period. Other effects in heave and pitch are mild. Although the surge metrics are often not significantly affected by the thrust, they sometimes seem to give chaotic results as they vary with the wave height, the thrust, and the facility. Except for surge, the trends that   T r   and   M  W F    follow are globally identical for the majority of the testing campaigns.





6. Discussion


6.1. Advantages of Using Metrics


The evolution of the metrics with the significant wave height has been compared across all basins. Some common trends have been identified from this exercise. For heave and pitch, the resonance response periods (  T r  ) were stable for all wave heights. For surge, the resonance period was erratic and often differed from the surge natural period of the decay tests. This point deserves more attention than what it has been given in the present study and could be the object of further work.   M  W F    was designed as the main metric addressing the linear response of the system in the wave frequency range. Its evolution with   H s   has revealed that the system stops behaving linearly for long waves. Heave and pitch responded non-linearly to long irregular waves. These metrics for heave and pitch decreased with the wave height for all facilities.



For tests with increasing level of thrust, the trends observed in the evolution of the metrics were the same in the four basins. The effects of the thrust on the surge and heave   M  W F    metrics were mild for all wave conditions. The impact of the thrust was the largest on the pitch metric   M  W F    for the JONSWAP wave with    T p  = 2.58   s. The surge response peak period   T r   is also impacted by the different levels of thrust. However, no logical trend could be identified for these variations. It seemed to be more randomly affected by the different thrust levels. In addition, discrepancies between facilities for this metric were significant. The response peak periods for heave and pitch did not change with the thrust.



All these findings corroborate the findings of the study of the RAOs presented in [7]. The two global trends leading the response of the system, i.e., the wave height and the wind thrust, were more clearly apparent in the plots of the metric   M  W F    than in the plots of RAOs. It has been shown that these metrics are powerful tools to find the trends common to several basins. The metrics can also easily support a quantitative comparison. The use of metrics allows for a heuristic comparison of results from distinct basins that cannot be easily compared directly as they are not obtained in identical conditions. The extraction of trends from a selection of metrics is an efficient way to overcome the impossibility of generating an identical wave in distinct facilities. Metrics can also serve the benchmarking of numerical simulations against model-tests [16].




6.2. Limitations of Metrics


A limited number of metrics were used for the comparison of the tests in different facilities and different conditions. Although these metrics are good indicators of the level of agreement between tests, they do not show all possible discrepancies. No efforts to quantify the difference in the amplitude of the responses over the low frequency range have been done due to the lack of a good metric for this purpose. In addition, the duration of the irregular wave tests was not equal in all basins and often shorter than the recommended three hours at prototype scale (i.e., 1394 s in the basins). This is a source of uncertainty that needs to be explored. Furthermore, some differences in the appearance of responses in low frequencies but outside the expected resonance peaks for surge, heave, and pitch have not been discussed. Further research is still necessary to obtain a clearer view on the agreement of the responses in the low frequency range. An analysis focused on the low frequency responses would require the introduction of new metrics that can overcome the disparity between wave amplitudes and spectral shapes achieved across all basins. It would also be preferable to have a better convergence between the realised waves in all facilities for any comparison focused on the low frequencies. The frequencies higher than the wave frequencies have been ignored because they are not deemed to be of importance for the response of a semi-submersible platform [15].





7. Conclusions


This paper promotes the use of metrics for the comparison of model-test results from distinct basins. A number of metrics have been introduced and applied for the analysis of round robin tests of a floating wind turbine in hydrodynamic basins. These metrics have been very helpful in extracting global trends. They have been used to assess how the responses vary with the wave height and the applied thrust. Aside from illustrating the good agreement between the results from all participating basins, the paper also looks for differences and elaborates on their causes. This investigation is based on a large part of the available test data (i.e. all irregular wave tests). The presentation of the results involves metrics that inevitably narrow the vision on specific aspects of interest to the authors. The main targeted aspect was the linearity of the responses of the system to the waves. There are undoubtedly many other ways to scrutinise these data and shed light on other relevant relations between the data and the characteristics of the basins for instance. One of the major outcomes of this round robin testing is the public availability of the data. This will make it possible for others to do their own investigation and build their own interpretation of similarities and dissimilarities between results from different facilities.
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Register of ITTC guidelines is available at https://www.ittc.info/media/4251/register.pdf (accessed on 17 September 2021).
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Figure 1. Theoretical JONSWAP spectrum    T p  = 1.29   s,    H s  = 5   cm and the eigen frequencies for surge, heave, and pitch. 
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Figure 2. Motion responses to JONSWAP spectrum   T p   = 1.29 s,   H s   = 5 cm: in the low frequency range (left) and in the wave frequency range (right). 
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Figure 3. Realised wave spectra for JONSWAP    T p  = 1.29   s and    H s  = 5   cm: in the low frequency range (left) and in the wave frequency range (right). 
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Figure 4. Realised   H s   as function of realised   T p   for targeted JONSWAP    T p  = 1.29   s and    H s  = 5   cm sea-state. 
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Figure 5. Ratio of realised (  H  s  r e a l    ) to theoretical(  H  s  t h e o    ) significant wave height for targeted JONSWAP    T p  = 1.29   s,    H s  = 5   cm and 7.5 cm sea-state for facilities (A–D). 
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Figure 6. Ratio of realised (  S  s  r e a l    ) to theoretical (  S  s  t h e o    ) significant wave steepness for targeted JONSWAP    T p  = 1.29  ,    H s  = 5   cm and 7.5 cm sea-sate for facilities (A–D). 
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Figure 7. Ratio of realised (  T  p  r e a l    ) to theoretical (  T  p  t h e o    ) peak wave period for targeted JONSWAP    T p  = 1.29  ,    H s  = 5   cm and 7.5 cm sea-sate for facilities (A–D). 
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Figure 8. Metric   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.29  ,    H s  = 5   cm for all facilities given for surge (top row), heave (middle row), and pitch (bottom row). 
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Figure 9. Metric   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.29  ,    H s  = 5   cm for all facilities given for the tensions in port mooring line (  T  P S   ; top row), starboard mooring line (  T  S B   ; middle row) and stern mooring line (  T  S t   ; bottom row). 
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Figure 10. Metrics   T r   (left column) and   M  W F    (right column) applied to surge (top row), heave (middle row), and pitch (bottom row) motions for JONSWAP    T p  = 1.81   s,    H s  = 15   cm in basins A, B, and C. The subscripts identify different seeds. 
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Figure 11. Metrics   T r   (left column) and   M  W F    (right column) applied to port side (  T  P S   , top row), starboard side (  T  S B   , middle row), and stern (  T  S t   , bottom row) mooring line tensions for JONSWAP    T p  = 1.81   s,    H s  = 15   cm in basins A, B, and C. The subscripts identify different seeds. 
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Figure 12. Ratio of realised (  T  p  r e a l    ) to theoretical (  T  p  t h e o    ) peak period for targeted JONSWAP    T p  = 1.81   s,   H s = 10   cm, and 15 cm sea-states for facilities (A–D). 
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Figure 13. Ratio of realised (  T  p  r e a l    ) to theoretical (  T  p  t h e o    ) peak period for targeted JONSWAP    T p  = 2.58   s,    H s  = 10   cm, 15 cm, and 20 cm sea-states for facilities (A–D). 
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Figure 14. Ratio of realised (  H  s  r e a l    ) to theoretical (  H  s  t h e o    ) significant wave height for targeted JONSWAP    T p  = 1.81   s,   H s = 10   cm, and 15 cm sea-states for facilities (A–D). 
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Figure 15. Ratio of realised (  H  s  r e a l    ) to theoretical (  H  s  t h e o    ) significant wave height for targeted JONSWAP    T p  = 2.58   s,    H s  = 10   cm, 15 cm, and 20 cm sea-states for facilities (A–D). 
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Figure 16. Ratio of realised (  S  s  r e a l    ) to theoretical (  S  s  t h e o    ) wave steepness for targeted JONSWAP    T p  = 1.81   s,   H s = 10   cm, and 15 cm sea-states for facilities (A–D). 
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Figure 17. Ratio of realised (  S  s  r e a l    ) to theoretical (  S  s  t h e o    ) wave steepness for targeted JONSWAP    T p  = 2.58   s,    H s  = 10   cm, 15 cm, and 20 cm sea-states for facilities (A–D). 






Figure 17. Ratio of realised (  S  s  r e a l    ) to theoretical (  S  s  t h e o    ) wave steepness for targeted JONSWAP    T p  = 2.58   s,    H s  = 10   cm, 15 cm, and 20 cm sea-states for facilities (A–D).
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Figure 18. Metrics   T r   (left column) and   M  W F    (right column) applied to surge (top row), heave (middle row), and pitch (bottom row) motions for realised significant wave height (  H  s  r e a l    ) with target JONSWAP    T p  = 1.29   s,    H s  = 5   cm, and 7.5cm sea-states per facility. 
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Figure 19. Metrics   T r   (left column) and   M  W F    (right column) applied to surge (top row), heave (middle row), and pitch (bottom row) motions for realised significant wave height (  H  s  r e a l    ) with target JONSWAP    T p  = 1.81   s,    H s  = 10   cm, and 15 cm per facility. 
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Figure 20. Metrics   T r   (left column) and   M  W F    (right column) applied to surge (top row), heave (middle row), and pitch (bottom row) motions for realised significant wave height (  H  s  r e a l    ) with target JONSWAP    T p  = 2.58   s,    H s  = 10   cm, 15 cm, and 20 cm sea-states per facility. 
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Figure 21. Metrics   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.29   s,    H s  = 5   cm per facility for surge (top row), heave (middle row), and pitch (bottom row) at thrust levels of 0, 3, 5, 7, and 8 N (8 N applied at facility D only). 
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Figure 22. Metrics   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.29   s,    H s  = 7.5   cm per facility for surge (top row), heave (middle row), and pitch (bottom row) at thrust levels of 0, 3, 5, 7, and 8 N (8 N applied at facility D only). 
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Figure 23. Metrics   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.81   s,    H s  = 10   cm per facility for surge (top row), heave (middle row), and pitch (bottom row) at thrust levels of 0, 3, 5, 7, and 8 N (8 N applied at facility D only). 
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Figure 24. Metrics   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 1.81   s,    H s  = 15   cm per facility for surge (top row), heave (middle row), and pitch (bottom row) at thrust levels of 0, 3, 5, 7, and 8 N (8 N applied at facility D only). 
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Figure 25. Metrics   T r   (left column) and   M  W F    (right column) for JONSWAP    T p  = 2.58   s,   H s  = 10, 15, and 20 cm for surge (top row), heave (middle row), and pitch (bottom row) at thrust levels of 0, 3, 5, 7, and 8 N for campaign D. 
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Figure 26. Metrics   T r   (left column) and   M  W F    (right column) for surge (top row), heave (middle row), and pitch (bottom row) for the Pink-Noise waves produced during campaigns D and E with thrust levels 0, 3, 5, 7, and 8 N. 
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Table 1. List of test facilities.
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	Facility
	Reference





	ECN
	A



	Ifremer
	B



	UCC Campaign 1
	C



	UoS
	D



	UCC Campaign 2
	E
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Table 2. Irregular wave list at model scale.






Table 2. Irregular wave list at model scale.












	Spectrum Details
	   T p    (s)
	   H s    (m)
	Wind Thrust (N)
	Details





	JONSWAP (  γ = 3.3  )
	1.29
	0.05
	0; 5; 7
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	1.29
	0.05
	3; 8
	D



	JONSWAP (  γ = 3.3  )
	1.29
	0.075
	0; 7
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	1.29
	0.075
	3; 5; 8
	D



	JONSWAP (  γ = 3.3  )
	1.81
	0.10
	0; 7
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	1.81
	0.10
	5
	A, B, D



	JONSWAP (  γ = 3.3  )
	1.81
	0.10
	3
	C



	JONSWAP (  γ = 3.3  )
	1.81
	0.10
	3; 8
	D



	JONSWAP (  γ = 3.3  )
	1.81
	0.15
	0; 7
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	1.81
	0.15
	5
	A, B, D



	JONSWAP (  γ = 3.3  )
	1.81
	0.15
	3
	C



	JONSWAP (  γ = 3.3  )
	1.81
	0.15
	3; 8
	D



	JONSWAP (  γ = 3.3  )
	2.58
	0.10
	0
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	2.58
	0.10
	3; 5; 7; 8
	D



	JONSWAP (  γ = 3.3  )
	2.58
	0.15
	0
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	2.58
	0.15
	3; 5; 7; 8
	D



	JONSWAP (  γ = 3.3  )
	2.58
	0.20
	0
	A, B, C, D



	JONSWAP (  γ = 3.3  )
	2.58
	0.20
	3; 5; 7; 8
	D



	Pink noise
	
	
	0; 3; 5; 7; 8
	D, E
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Table 3. Expected resonance responses for irregular wave conditions (low frequency (LF) or wave frequency (WF)) and WF range [  f 1  ,  f 2  ] (Hz) per wave condition.






Table 3. Expected resonance responses for irregular wave conditions (low frequency (LF) or wave frequency (WF)) and WF range [  f 1  ,  f 2  ] (Hz) per wave condition.





	Motion Mode
	Surge
	Heave
	Pitch
	    f 1    
	    f 2    





	JONSWAP    T p  = 1.29   s
	LF
	LF
	LF
	0.50
	1.3



	JONSWAP    T p  = 1.81   s
	LF
	WF
	LF
	0.35
	1.2



	JONSWAP    T p  = 2.58   s
	LF
	WF
	WF
	0.25
	1.2



	Pink-Noise
	LF
	WF
	WF
	0.25
	1.2
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Table 4. Variations (%) of wave parameters and metrics across facilities for different random seed tests.






Table 4. Variations (%) of wave parameters and metrics across facilities for different random seed tests.





	(Max-Min)/Mean (%)
	A
	B
	C
	A + B + C





	Hs
	4.0
	9.0
	2.2
	26.3



	   T p   
	1.0
	2.1
	1.4
	3.6



	Surge    T r  
	7.0
	4.3
	0.9
	12.1



	Heave    T r  
	1.0
	1.7
	1.4
	2.8



	Pitch    T r  
	1.2
	0.6
	1.9
	1.9



	Tension PS line    T r  
	7.6
	4.1
	1.3
	12.2



	Tension SB line    T r  
	6.4
	4.4
	3.8
	11.4



	Tension Stern line    T r  
	7.1
	4.3
	1.1
	12.1



	Surge    M  W F   
	2.5
	3.6
	2.4
	4.1



	Heave    M  W F   
	3.0
	3.2
	3.5
	4.3



	Pitch    M  W F   
	4.3
	5.6
	2.8
	6.1



	Tension PS line    M  W F   
	3.6
	3.3
	3.8
	15.3



	Tension SB line    M  W F   
	4.5
	3.7
	1.7
	17.8



	Tension Stern line    M  W F   
	3.1
	3.7
	2.3
	4.1
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