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Abstract

:

This investigation focuses on the modelling of a floating oscillating water column (FOWC) wave energy converter with a numerical code (ANSYS AQWA) based on potential flow theory. Free-floating motions predicted by the numerical model were validated against experimental data extrapolated from a 1:36 scale model device in regular and irregular sea states. Upon validation, an assessment of the device’s motions when dynamically coupled with a four-line catenary mooring arrangement was conducted at different incident wave angles and sea states ranging from operational to survivable conditions, including the simulation of the failure of a single mooring line. The lack of viscosity in the numerical modelling led to overpredicted motions in the vicinity of the resonant frequencies; however, the addition of an external linear damping coefficient was shown to be an acceptable method of mitigating these discrepancies. The incident wave angle was found to have a limited influence on the magnitudes of heave, pitch, and surge motions. Furthermore, the obtained results indicated that the mooring restoring force is controlled by the forward mooring lines under the tested conditions.
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1. Introduction


Global interest in the renewable energy industry has steadily increased in recent years, as the fossil fuel industry continues to take criticism with regard to the ongoing environmental impact. With oceans covering 71% of the earth’s surface, there is a large potential for ocean renewable energy (ORE) to become a viable alternative method of energy production. The main sources of ORE are wave, tidal, and non-tidal ocean currents and offshore wind. Wave energy is the most feasible in the Australian market due to the proximity to population hubs with existing electrical infrastructure and the significant available natural resources. An estimate of the wave energy potential for Australia’s southern coastline is 1300 TWh/year, which is roughly five times the nation’s energy requirements [1]. There are currently over 1000 wave energy conversion (WEC) devices with patents worldwide [2], with the majority falling into one of four main device categories: oscillating water columns (OWCs), overtopping devices, pressure differential devices, and wave activated buoys [3]. OWC devices have been suggested to have the highest ratio in terms of efficiency per characteristic width [4] and will be the focus of this investigation. The devices are typically situated along a shoreline, fixed to the seabed, or floating in deeper waters. The body of an OWC comprises a partially submerged, hollow structure and a submerged opening allowing water to ingress into the internal, air-filled chamber. The subsequent rise and fall of the internal free surface create an oscillating airflow within the chamber, which can be used to drive an integrated turbine generator.



Numerical modelling has a key role in the continual development of wave energy devices, providing developers with a means to investigate a broad spectrum of device configurations before approaching investors to fund experimental campaigns. Investigations utilising computational fluid dynamics (CFD) offer the most accurate description of fluid flow and wave–body interactions, yet they also require substantial computational resources. An alternative method, involving substantially less computational load, is the approach based on potential flow theory. Also referred to as boundary element methods (BEMs) or the panel method, this approach computes the velocity potential and fluid pressure on the submerged surface of the body, with separate solutions for the diffraction and radiation problems [5]. Several studies have used this method to evaluate the hydrodynamic performance of OWC devices, through commercial and open-source codes such as ANSYS AQWA, WAMIT, and NEMOH. These include cylindrical type [6], backward bent ducted buoy type [7], and spar type [8].



Numerical codes based on the potential flow theory are also frequently used to evaluate the performance of point-absorber-type WECs [9,10,11], and discrepancies in motions are often noted between the numerical and experimental results for motion. This issue is attributed to the absence of viscous effects in such numerical models [12,13], in which the assumption of zero viscosity in the fluid can lead to over-estimation of the motions for bodies when the pressure and skin friction drag from viscous effects is significant. Typically, the region surrounding the resonant frequency is most influenced by the viscous effects [14]. Accurate modelling of the motions about the natural periods is important, and several investigations have sought to mitigate the effects of viscous damping by tuning the numerical models [9,10,15,16]. A common approach taken in potential flow investigations is to incorporate an external, frequency-independent damping force that is linearly proportional to the structure’s displacement or rotational velocity; some examples include the simulation of side-by-side vessel motions [15] and multiple point absorber WECs integrated into a floating platform [16].



Under excitation from an incident wave field, the free surface within a moonpool can oscillate at a resonant frequency, leading to internal elevations well more than the incident wave height [17]. Resonance can occur in various modes, including piston and sloshing types, both of which have been seen to have some influence on the heave and pitch motions of structures with moonpools [18]. A comparison of numerical and experimental results indicates that potential flow solvers over-estimate the magnitude of the internal free-surface oscillations, as the damping is controlled by flow separation at the sharp corners of the moonpool inlet [19,20]. Most commercial potential flow codes allow for the inclusion of a thin-surface object within the moonpool, known as a lid, with a controllable damping coefficient to mitigate the oscillations of the free surface within the moonpool. This method has been adopted with promising results in self-reacting point absorber WECs [11].



Floating WECs have the additional complexity of station-keeping requirements in variable sea states. While the direction of incoming waves can be predicted with relative accuracy for shoreline projects, where the seabed and coastline topography direct the propagation of the wave trains towards the shore, an offshore wave climate is typically more varied in terms of direction and extreme events. As such, devices must be designed to efficiently generate power from the expected operational environmental conditions yet withstand the significantly higher wave energy levels that accompany extreme weather events [2]. This presents a complex engineering problem, involving a balance between the survivability of the mooring configuration and the effect it has on the performance of the device. Consequently, the design of the mooring system should be integrated with the wave power system design and not as a postscript to the design process [21].



Moorings for wave energy devices can be classified under three types: passive, active, or reactive. Passive and active systems are designed with the sole requirement of station keeping, with some potential influence on device motions due to additional stiffness in the system. Reactive systems are designed for situations in which the device’s power take-off method relies on the relative motion of the body and fixed ground; hence, the moorings provide a reactive restoring force to facilitate power generation [22].



The main scope of this study was to investigate the numerical modelling of a floating oscillating water column (FOWC) wave energy converter with the commercial potential flow solver ANSYS AQWA. Free-floating motions predicted by the numerical model were validated against experimental data extrapolated from a 1:36 scale model device in regular and irregular sea states. Upon validation, an assessment of the device’s motions when dynamically coupled with a four-line catenary mooring arrangement was performed and evaluated at different incident wave angles and sea states ranging from operational to survivable conditions, including the simulation of the failure of a single mooring line. It should be noted that the effect of motion and mooring configurations on the power production efficiency of the device was not within the scope of this investigation. As such, the catenary mooring arrangement within this paper was considered passive. The materials of this paper are set out as follows: Section 2 describes the FOWC model and the experimental setup. Furthermore, the numerical modelling setup, the treatment of viscous damping, and the effect of moonpool damping are thoroughly discussed in Section 2. Section 3 discusses the obtained results of free decay tests in different degrees of freedom, motions, and mooring analyses. Finally, Section 4 concludes the main findings of this study and recommends some points for future work.




2. Materials and Methods


2.1. Experimental Campaign


Experimental testing of a 1:36 scale FOWC was conducted in the Australian Maritime College’s Model Test Basin (AMC MTB). The basin is 35 m long and 12 m wide and capable of accommodating water depths of up to 1 m. A 6 m wave-damping beach is located at the aft end of the tank. The device was situated 11.55 m away from the 16-paddle piston-type wavemaker, and a 2-line soft horizontal mooring setup was installed to provide a restoring force in the surge direction. The model was constructed of marine plywood and polyvinyl chloride (PVC) pipe, with a waterproofing epoxy layer. Additional ballast was managed via an assortment of small lead weights secured within the base of the PVC columns. Three wave probes were positioned within the basin, and additional six wave probes were attached to the FOWC model: five within the chamber and one on the front face. Additional instruments included a load cell incorporated into each mooring line and two air pressure sensors located within the device’s chamber. Wave probes and load cells were sampled at 1000 Hz and filtered with a 10 Hz anti-aliasing filter, and motions were sampled at 200 Hz with the Qualisys Motion Capture System. Figure 1 illustrates the setup within the basin and the main particulars of the device geometry.



The device was subjected to testing under both regular and irregular waves, with motions in all degrees of freedom recorded with the pre-installed Qualisys system. A series of heave, pitch, and surge rigid-body free decay tests were conducted to generate three repeated time histories. The heave decay test was conducted by applying a controlled weight above the centre of gravity (COG), the pitch decay test was conducted by carefully rotating the device about the COG by hand, whilst the surge decay test was performed by displacing the device with strings that were tied to the fairleads, which were located on the side of the OWC chamber and in line with the vertical centre of gravity (VCG) and longitudinal centre of gravity (LCG). Furthermore, free decay tests of the water surface within the moonpool were performed by creating a seal around the device’s orifice and raising the internal water level to an initial starting position with a vacuum unit. The operational wave periods in this study ranged between 4.8 and 18 s at full scale (0.8–3.0 s at model scale). However, due to the long heave and pitch natural periods (obtained from the free decay tests), the regular wave experimental conditions were extended to 30 s (5.0 s at model scale) to quantify the structure’s motions around resonance, even though the likelihood of this relatively long period is extremely low for full-scale waves. The main particulars of the device and the AMC MTB setup are listed in Table 1.




2.2. Numerical Simulation Setup


2.2.1. Geometry and Numerical Domain


The model geometry was recreated at the design full scale in Autodesk Inventor and imported into ANSYS Design Modeller as an IGS file. A thin/surface operation was performed to represent the solid body as a zero-thickness surface. The structure was also segmented at the waterline to allow for meshing of diffracting and non-diffracting elements. The device’s mass displacement/inertial properties were specified within the solver as a point mass acting at the centre of gravity. A convergence study was performed in accordance with the recommendations of ANSYS AQWA [23] such that the maximum size of mesh elements was chosen to be ≤λ/4, in which λ is the smallest wavelength associated with the shortest wave period tested (Tmin = 4.8 s, λmin ≈ 36 m at full scale). A similar convergence study was conducted and documented in [24] for the hydrodynamic diffraction analysis of a tension leg platform wind turbine (TLPWT). Finally, the FOWC model was meshed with a maximum element size of 1.5 m, equating to a total of 9047 elements, 5144 of which were diffracting. Rigid body decay tests and regular wave interactions were considered during the convergence study validations, which confirmed that the 1.5 m size is sufficient for the element size of the panel mesh. The resulting element size and simulation parameters were transferred for use with the FOWC model during mooring analysis. Figure 2 depicts the definition of the axis, degrees of freedom, and meshed body of the FOWC.



For the validation of the model against the experimental data, the soft mooring lines were replicated in the numerical model as linear cables of zero mass, with pre-tension applied by specifying an unstretched length. An initial estimate of the pre-tension was obtained by taking the mean value of the experimental load cell data when the model was at rest.




2.2.2. Additional Viscous Damping


As previously noted, the zero-viscosity assumption within potential flow theory was inappropriate for the FOWC in this investigation. As such, an additional damping force was required to be implemented into the simulation setup in order to mitigate the over-estimation of motions at the natural frequency. Viscous-induced damping is generally non-linear and frequency dependent [25]; however, the solver only accommodates the specification of one external damping component per degree of freedom, treated as frequency independent. Consequently, the external damping component was determined for the device’s natural frequency and was considered proportional to the velocity of the structure. A non-dimensional damping coefficient can be extracted from experimental free decay tests and is representative of the ratio between the actual damping and the critical damping, at the natural frequency, shown in Equation (1) [25].


  ζ =    b  i j      b  c  r  i j       =    b  i j     2    (   M  i j   + M  a  i j    )  ×  (    2 π    T   N  i j        )       



(1)




where bij represents the damping matrix, Mij the mass matrix, Maij the additional mass matrix, TNij the undamped natural period of the structure, and ζ the non-dimensional damping coefficient. Equation (2) represents the exponential curve that can be drawn through the succeeding peaks of a damped oscillation, from which the damping coefficient can be extracted [26]. This damping coefficient is representative of the entire system damping; hence, the radiation damping coefficient should be subtracted to isolate the viscous damping coefficient.


  x =  x o   e  − ζ  ω N  t    



(2)




where xo represents the initial peak amplitude and    ω N    the undamped natural frequency derived from the damped angular frequency (   ω N   ) in Equation (3) [26].


   ω d  =  ω N    1 −  ζ 2     



(3)







This method was validated with two separate experimental data sets of structures with uncoupled motions, including a cylinder constrained to heave motions and a typical semi-submersible production platform. However, there is limited literature addressing the accuracy of the method in instances of coupled motion.



As an example, Figure 3a,b show the time history of free decay tests extracted from the physical model testing for heave and pitch motions, respectively. For each figure, the components of both heave and pitch motions are plotted alongside each other. It can be observed that the FOWC model has a similar behaviour in both degrees of freedom which suggests strong evidence of coupling between these degrees of freedom. The source of such coupling could be attributed to the geometric parameters of the model and/or to the asymmetrical heave plate located at the base of the model.



For this investigation, an exponential curve was fitted to the dominant peaks in the respective decay tests with Equation (2), from which the non-dimensional damping coefficient (ζ) was estimated. Figure 4 shows the approach taken to fit an exponential line to key peaks selected within each decay test. In addition, we included a reconstructed oscillation, which illustrates the assumed uncoupled decay. The estimated value of ζ was used in Equation (1) to calculate the additional force/moment term (bij) to be applied as an external viscous correction for the numerical model.



The added mass component of the damping force/moment calculation was determined by rearranging the equation for the natural period of the system, seen in Equation (4) [26], after determining TN from a fast Fourier transform of the experimental decay tests. In this instance, Kij represents the hydrostatic stiffness matrix.


   T   N  i j     = 2 π      M  i j   + M  a  i j      K  i j        



(4)








2.2.3. Moonpool Damping Lid


To mitigate the unrealistic excitation of the moonpool free surface, an external lid of horizontal diffracting elements was added within the numerical simulations. This was achieved by modelling a surface body within the chamber, at the design waterline, and specifying the structure as abstract geometry of the external lid type. To avoid meshing errors, the surface body was modelled with a 0.1 m gap between the surface edges and the chamber walls. This does not alter the effect of the lid, as it is not required to follow the structure geometry closely [23]. The input damping factor was determined in a similar manner to that described in Section 2.2.2, using data obtained with the chamber wave probes during the moonpool decay tests. Table 2 summarises the values input into the numerical simulations. It should be noted that the lid damping factor is a scalar number, which represents how effective the lid is to be, ranging between 0 and 1; 0 will result in no effect, while 1 will prevent any vertical water surface velocity under the lid.






3. Results and Discussion


3.1. Numerical Model Validations


Free-floating motions predicted by the numerical model were first validated against experimental data extrapolated from the 1:36 scale model device in regular and irregular sea states. Although the experimental response amplitude operators (RAOs) were derived from results in which the device was moored with the horizontal soft mooring system, the influence of such moorings on the heave and pitch motions was found to be negligible. Numerically, the RAOs were computed through the hydrodynamic diffraction solver in the frequency domain in which the OWC device was modelled as a free-floating body in heave and pitch whilst restrained in surge.



To obtain the experimental RAOs, 10 consecutive peaks of a steady-state response were used to determine average values from regular wave runs, as recommended by the International Towing Tank Conference [27]. It should be noted that such a requirement was unachievable at longer periods (≥18 s at full scale) due to the reflected waves in the physical tank. Previous experiments conducted as part of the testing facility and equipment calibration suggested a reflection coefficient of ≥20% for T ≥ 3 s (≥18 s at full scale). As a result, a reduced number of peaks was taken to obtain the experimental RAOs for T ≥ 18 s. Figure 5 shows the RAOs for both heave and pitch motions. As expected, the addition of external viscous damping into the numerical model reduced the motion amplitudes around the two peaks (T ≈ 14.4 s and 23 s), while having little effect on the other regions. There is a good correlation in the heave motions from 5 to 20 s, with slight discrepancies around the first peak of the RAO, indicating the external viscous correction may be slightly understated. The pitch RAO also shows consistency with the experimental results, for wave periods less than 10 s, after which inconsistencies develop. The numerical RAO tends to zero around the 10.5 s mark; however, this is a trend consistent with numerical RAOs derived for semi-submersible platforms using potential flow solvers [28,29,30]. For wave periods exceeding 10 s, the numerical RAO underpredicted the pitch response, except for the first peak. Nevertheless, in comparison to the experimental results, the numerical model does not seem to be able to capture the characteristics of the RAO such that there is still some degree of over-estimation, more significant in the peak correlating to the longer period, which can be attributed to the effect of reflected waves. Such a discrepancy is unlikely to be associated with viscosity addition or moonpool damping, as the numerical RAO remained relatively consistent in these areas over the three simulation cases.



Surprisingly, the influence of the external lid was found to be negligible for both RAOs, with only a very slight difference in magnitude seen at the second peak in the pitch RAO (Figure 5b). Further investigation into the inclusion of the external lid and associated damping factors is recommended to determine the sensitivity and influence of these parameters.



A fast Fourier transform of the heave and pitch responses during the free decay tests revealed two prominent peaks at similar frequencies to those contained within the RAOs. The natural period for both motions is assumed to be the longer of the two peaks due to the increased magnitude evident in both the spectral density and RAO results. This assumption was carried through to the determination of the external viscous force/moments, as outlined in Section 2.2.2. The natural periods, damping coefficients, and corresponding external damping forces/moments for heave and pitch are outlined in Table 3.



A comparison of the results from the numerical decay tests against the experimental data is provided in Figure 6 for heave and pitch motions. It should be noted that all peak values of experimental data obtained from repeated runs were found to demonstrate good repeatability with a small coefficient of variation (CV), i.e., standard deviation/mean value, of ≤5%. This is consistent with the findings of the recent experiments conducted by the authors, as documented in [31,32]. With the addition of the external viscous correction and moonpool lid, the numerical decay test results showed a close correlation with the experimental data, particularly after the results settled into a more sinusoidal form. The results from the numerical heave decay test indicated a slight over-estimation of the heave and pitch motions; however, the heave and pitch motions recorded during the pitch decay test were very similar. These results indicated that the numerical model could predict the heave and pitch natural periods of the FOWC within a relative error <4.5% and that the method of implementing a linear viscous correction in these degrees of freedom is acceptable.



The moonpool damping coefficient significantly affected the surge natural period during the decay test, as seen in Figure 7. The experimental surge damping coefficient (~7%) and pre-tension estimates were insufficient in providing the required damping and restoring forces, respectively. As a result, the surge viscous damping factor was increased to 9% to reduce the error in the surge amplitude, and the mooring pre-tension was reduced to align the natural period within 0.5% following the addition of the external lid. The final input values, which produced a relative error of <1% for the resulting numerical natural period in surge in comparison with the measured one, are listed in Table 4.



The numerical model was subjected to four regular wave cases, all with a wave height of 1.404 m, and periods ranging from 7.2 to 14.4 s. Table 5 presents a comparison of numerical heave, pitch, and surge motions against the experimental results. As expected, the heave and pitch motion magnitudes were overpredicted in the final case (T = 14.4 s), with approximately a 52% and 48% increase, respectively. Such a discrepancy is expected to occur due to the wave period coinciding with one of the dominant peaks observed in the RAOs (Figure 5). An increase in the viscous damping coefficient would likely lead to better agreement in this wave case. For all other cases shown in Figure 8, the heave motion showed very close agreement with the experiment. Similarly, the pitch motion showed very close agreement with the experiment for the wave periods of 7.2 s and 8.4 s. The moonpool natural period is estimated at approximately 7.8 s, and these results indicate that the inclusion of the moonpool does not negatively affect the accuracy of the heave and pitch motion predictions. The largest discrepancy in the results was noted in the pitch motions for the 10.2 s wave case, with the numerical model under-estimating the magnitude by approximately 73%. This wave period directly aligns with the near-zero point in the pitch RAO which is suggested to be the main cause for the discrepancy.



In all cases, the magnitude of surge motions showed some inconsistency. An error in the external viscous force is a potential explanation for the overprediction of the surge motions at the shorter frequencies; however, further investigation would be required to evaluate whether the viscous damping is an influencing factor for the motions at wave periods this far removed from the surge natural period.



Two irregular wave cases were considered for the validation of the numerical model: an operational sea state of Hs = 1.584 m and Tp = 9.012 s and an elevated sea state of Hs = 3.384 m and Tp = 14.598 s. These parameters were used to generate respective Joint North Sea Wave Project (JONSWAP) spectrums in the numerical simulations, with a factor of 3.3 for the non-dimensional peak shape parameter (γ). A time history of 36 min was simulated to perform analysis in both time and frequency domains. Table 6 presents a comparison between experimental and numerical results for irregular wave conditions for wave spectral parameters and significant motion amplitudes. In the operational sea state (see Figure 9), the motions were predicted relatively well for frequencies matching those within the irregular wave train; however, there was a significant response in heave and pitch motions at frequencies outside the wave field. Although the response was also apparent in the experimental results, it was numerically overpredicted. As the peaks of these responses directly aligned with the natural frequency peaks evident in the spectral analysis of the decay tests, the overprediction is likely related to the understated viscous correction. For the elevated condition (see Figure 10), relative agreement in the heave, pitch, and surge motions was obtained with overpredictions in the heave and pitch motions and underprediction of the surge displacement. It should be noted that the considerable differences in the free surface elevation will lead to error propagation when comparing the motion of the device.




3.2. Mooring Analysis


Following the experimental validation of the FOWC motions, the soft mooring line configuration was replaced with a four-line catenary spread to investigate the motions of the device under a more realistic station-keeping arrangement. The mass of the device was reduced to compensate for the weight of the suspended mooring lines, and the water depth was increased to 100 m, but all other parameters remained unchanged. An R3 chain grade of studless configuration was chosen as the mooring line material due to its prevalence in the offshore industry [33]. Chain specifications regarding physical properties and load characteristics were taken as the standard values offered by the commercial vendor Ramnas [34]. Mooring design is an iterative process and must be optimised to find an economical solution capable of meeting all the operational requirements, which is often a time-consuming process when considering all the design factors, including fabrication, installation, maintenance, station-keeping performance, fatigue evaluation, and decommissioning [35]. The scope of this investigation was limited to the hydrodynamic performance of the device under a single mooring to influence future optimisation of the moorings. Specifically, the intent was to identify key areas of concern and operating boundaries in the FOWC.



The anchor radius, line length, and chain diameter were determined through a basic static analysis of the system, with the requirement that the anchors should experience zero uplift at the design far offset of the device [36]. Mooring design often uses a maximum offset as a starting point in the process, typically controlled by an allowable displacement or line angle in riser/umbilical components. Further development of the FOWC device is required to determine an appropriate offset; hence, this investigation assumed a nominal design maximum offset of 15% water depth. As this study focused on the effect of the mooring lines and not the design of a site-specific arrangement, the environmental design conditions were assumed as the drift force experienced under a significant wave height of 6 m (Hmax = 11.16 m) and a peak period of 12 s. The drift force was calculated through numerical analysis using the near-field solution, as the solver cannot facilitate the far-field solution when incorporating an external lid [23]. The characteristics of the mooring spread are listed in Table 7. The moorings were incorporated into the numerical model as non-linear catenary cables, and the simulations were run with a dynamic analysis method, considering the hydrodynamic drag effect of the cables. The drag coefficients were adopted as those specified in DNV-OS-E301 [37].



Structures in offshore environments are susceptible to variable wave directions, and this must be taken into consideration during the design procedure of both the structure and the mooring configuration. Five general sea-state conditions were investigated, selected from the sea-state codes provided by the World Meteorological Organisation (WMO). The conditions were analysed with irregular waves, applying the same JONSWAP method as used in the experimental validation. The duration of the time-domain simulations was 3 h [33], at a time step of 0.1 s. The device’s symmetry across the x axis was utilised in the selection of the five incident wave angles, at 45° intervals. Table 8 and Figure 11 provide more details on the mooring configuration, incident wave angles, and analysed sea states. Although the FOWC will likely operate in reasonably shallow waters and thus be somewhat sheltered in certain directions from swells developed over long fetch distances, this investigation assumed the wave climate was uninterrupted in all directions.



3.2.1. Effect of Wave Height and Incident Wave Direction


Table 9 and Figure 12 show the single maximum tension experienced in the catenary mooring spread during the 3 h storm duration. The minimum breaking load of the chain, as specified by the manufacturer, is 4884 kN. The results suggest that integrity in all lines will be maintained over the analysed wave directions in Cases 1–4. In Case 4, with an environmental direction of 90°, the maximum tensions in the lines were significantly higher than the other incident directions, almost exceeding the safe working load of the chain (minimum breaking load/safety factor (MBL/SF)). This is likely a combination of the additional wave drag force due to the front walls of the device and the corresponding yaw rotations due to the asymmetry of these walls across the y axis.



For angles 90°, 135°, and 180°, the minimum breaking load was exceeded in Case 5, indicating the current mooring configuration is insufficient for a survivable sea state of Hs = 9 m and Tp = 12 s. Further analysis of the data indicated that all three failures occurred within the first hour of the storm, at wave heights of 13.5 m, 14.6 m, and 11.3 m, respectively. For this reason, data corresponding to Case 5, and the stated angles, were excluded from the following discussions as the motions and tensions after this failure point cannot be assumed accurate.



The mean tensions experienced in the lines during the storm periods, displayed in Figure 13, present an idea of the critical mooring line/s for each wave direction. The results were as expected, with the load being distributed symmetrically across the x axis for head seas of 0° and 180° incident angles and with the lines attached to the forward columns experiencing higher tensions, forward being relative to the incoming wave direction. This is reflective of the catenary shape of the lines under these conditions, with a longer suspended length, and thus more suspended chain weight, present in the forward lines as the device offsets with the incoming waves. In beam seas (90° incident angle), Line 1 controlled the largest portion of tension. This was previously noted because of the asymmetry in the front walls of the device. For the angled wave trains (45° and 135°), the highest mean tensions were experienced in the lines perpendicular to the incident wave angle and forward relative to the incoming wave train. This is again reflective of the increase in tension due to the increase in suspended length. In all cases, excluding the disregarded Case 5, the highest mean tensions were experienced in Line 4 during an incident wave angle of 135°. As this investigation assumes the device is subject to sea states from all incident wave angles, this line was considered the critical component, noting that the symmetry of the device means that Line 3 would be equally critical under wave angles of 225°.



In terms of significant motions, the heave displacements and pitch rotations remained relatively consistent over all the incident wave directions, as seen in Figure 14. Surge displacement was also consistent for all angles, excluding 90°, where the surge motion was resulting only from the reaction force of the wave impact on the asymmetrical front walls of the device. As expected, sway, roll, and yaw motions were negligible for the head sea conditions (0° and 180°), where the symmetry of the device along the x axis caused balanced reaction forces under the incoming waves. One unexpected result was the higher relative horizontal displacements in Case 2 (Hs = 2.5 m, Tp = 8 s) compared to those of Case 3 (Hs = 4 m, Tp = 12 s), particularly evident in the sway motions at a 135° wave angle. This suggests that the peak wave period of the irregular sea state has a controlling influence on the horizontal restoring forces of the mooring system, and this should be considered in conjunction with the wave heights during catenary mooring optimisations. This is specifically crucial in the design of devices in proximity. Although the static method followed in the mooring design assumed a maximum offset of 15% water depth at an Hs of 6 m, the significant horizontal motions were observed to exceed this limit for some cases.




3.2.2. Effect of Mooring Line Failure


The wave incident angle of 135° was selected as the critical condition to assess the device’s recovering and on-going performance following the failure of a mooring line. At this incident angle, the greatest tension was observed in Line 4, and it was assumed that this line would be the most susceptible to failure. Simulations were run for Cases 1–4, with a failure of Line 4 occurring at the fairlead location at 1/6th of the storm duration. Case 5 was disregarded from this study, as the previously discussed results indicated the mooring configuration to be insufficient in the intact condition. As seen in Figure 15, in all cases, the loss of the restoring force from Line 4 increased the tension magnitude in both Line 1 and Line 3, with Line 1 of a slightly larger value, due to the asymmetry of the device. This ratio was found to increase for the two larger wave heights, with significant spikes in load on Line 1. For Case 4, the tension in Line 1 exceeded the minimum breaking load of the chain and further failures should be expected.



As seen in Figure 16, following the failure of Line 4, the device underwent a horizontal offset in line with the incident wave angle, until the tensions in the remaining lines provided enough restoring force to maintain an equilibrium position. A reduction in the tension of Line 2 was observed post-failure of Line 4, with minimal fluctuations following the return to equilibrium. This indicates that the tension in this line is predominantly resulting from the weight of the suspended line, which is likely close to vertical through the water column. At a water depth of 100 m, the submerged weight of the chain equates to a tension of 98.5 kN, which supports this conclusion. The transient period to a new equilibrium position was most evident in the horizontal displacements. While the magnitude of the low-frequency oscillations increased with wave height, the greatest equilibrium offset was experienced in Case 2. This response corroborates with the previous suggestion that the horizontal restoring force is dependent on the wave frequency. For Cases 1 and 2, a minimal increase in the significant heave and yaw motions was observed, at less than 0.15 m and 0.75°, respectively. Likewise, there was a minimal alteration in the roll and pitch rotations, with the failure of the mooring resulting in a slight decrease in the significant response (~1.6°), potentially due to an adjustment of the equilibrium angle. However, substantial increases in these motions were evident in Cases 3 and 4, with the structure capsizing about the x axis in Case 4.






4. Conclusions and Recommendations


In this investigation, a floating oscillating water column (FOWC) wave energy converter was modelled using a numerical code based on potential flow theory, i.e., ANSYS AQWA. The numerical modelling of the hydrodynamic performance of the device was compared against experimental data from a test campaign conducted in the wave basin with a 1:36 scale model. Further studies investigated the hydrodynamic performance under varied irregular sea states and incident wave angles, with station-keeping requirements being met by a four-line spread catenary mooring configuration. The key findings and recommendations from the validation study and mooring analyses are:




	
The lack of viscosity led to overpredictions of the heave and pitch motions around the resonant frequencies. With the addition of an external viscous damping factor, derived experimentally, the solver was able to replicate the free decay tests with considerable accuracy in both magnitude and the period of oscillation.



	
The validation of the device motions in regular sea states and RAOs showed a close correlation for shorter wave periods. For longer wave periods, the accuracy of the experimental results was found to be likely affected by reflected waves in the testing facility. In irregular sea states, good agreeance was observed for the motions corresponding to the wave frequencies. In all cases, the numerical results slightly overpredicted the response around the resonant frequencies, suggesting that the additional viscous damping could be increased.



	
In the catenary mooring study, wave direction was observed to have a minimal effect on heave and pitch motions and a more prominent effect on sway, roll, and yaw motions. The surge motion was consistent across all directions, excluding beam seas (90°), which showed less response.



	
For all cases tested, the highest tensions were experienced in the mooring line/s on the forward side of the device, relative to the incoming waves. For devices located in areas with a predominant swell direction, mooring design should consider a heavier chain on the forward lines and a lighter chain on the rear, as a cost reduction strategy. Future design iterations should also consider an increased number of incident wave angles, in conjunction with coupled loading from wind and current forces.



	
The mooring line tensions were observed to exceed the minimum breaking limit for a sea state of Hs = 9 m and Tp = 12 s. Following the simulated loss of Line 4 under a 135° incident wave, the device showed good recovery for operational to moderate sea states but experienced a catastrophic loss of positive stability in Hs = 6 m and Tp = 12 s. This indicates that a heavier mooring line or alternative configuration must be considered if the expected wave conditions are within this scale.



	
Larger horizontal motions were evident in the moderate sea state when compared to the rough sea state, despite the increase in significant wave height. It is suggested that this is the consequence of the shorter wave period in the moderate sea state. To determine the validity of this assumption, a moderate sea state with a longer period should be analysed and compared with the original results.
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Figure 1. Australian Maritime College’s Model Test Basin (AMC MTB) experimental setup (left), with the main dimensions of the floating oscillating water column (FOWC) model shown on the right side. 
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Figure 2. (a) FOWC axis and degree of freedom definition, blue depicting the submerged volume. (b) panel mesh on the FOWC device. 
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Figure 3. Time series of experimental free decay tests: (a) heave-free decay test and (b) pitch-free decay test. 
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Figure 4. Interrogation of experimental free decay tests: (a) heave component during heave-free decay test and (b) pitch component during pitch-free decay test. 
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Figure 5. (a) Heave response amplitude operator (RAO) and (b) pitch response amplitude operator (RAO). 
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Figure 6. (a) Heave displacement during heave decay test, (b) pitch rotation during heave decay test, (c) pitch rotation during pitch decay test, (d) heave displacement during pitch decay test, (e) heave spectral response, and (f) pitch spectral response. 
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Figure 7. (a) Time series of surge displacement of free decay tests and (b) the corresponding spectral density plot. 
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Figure 8. Experimental and numerical results for regular waves (H = 1.404 m for all cases; T = 7.2–14.4 s). 
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Figure 9. Experimental and numerical results for an operational, irregular sea state (Hs = 1.584 m, Tp = 9.012 s): (a) wave spectral density, (b) heave spectral density, (c) pitch spectral density, and (d) surge spectral density. 
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Figure 10. Experimental and numerical results for an elevated, irregular sea state (Hs = 3.384 m, Tp = 14.598 s): (a) wave spectral density, (b) heave spectral density, (c) pitch spectral density, and (d) surge spectral density. 
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Figure 11. (a) Plan view of the FOWC with mooring arrangement and incident wave directions, (b) three-dimensional representation of the mooring arrangement. 
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Figure 12. Numerical results of maximum tensions in the mooring lines for Test Cases 1–5. 
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Figure 13. Mean tensions (kN) in mooring lines for Cases 1–5 over a 3 h storm duration and under varied incident wave directions and sea states. 
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Figure 14. Significant values of the moored FOWC device motions in (a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw for all test cases (data withheld for Case 5 at incident waves angles of 90°, 135°, and 180°). 






Figure 14. Significant values of the moored FOWC device motions in (a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw for all test cases (data withheld for Case 5 at incident waves angles of 90°, 135°, and 180°).
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Figure 15. Mooring line tensions pre- and post-failure of Line 4 at 1800 s for (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4. 
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Figure 16. Motions of the moored FOWC device in (a) surge, (b) roll, (c) sway, (d) pitch, (e) heave, and (f) yaw following the simulated failure of Line 4 at 1800 s. 
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Table 1. Main particulars of the experimental model and test setup.
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Description

	
Model Scale (1:36)

	
Designed Full Scale

	
Units






	
FOWC structure

	
Mass displacement

	
27.0695

	
1.263 × 106

	
Kg




	
LCG (from heave plate aft edge)

	
0.420

	
15.12

	
M




	
VCG (from keel)

	
0.246

	
8.856

	
M




	
Draft

	
0.400

	
14.4

	
M




	
Mass Moments of Inertia

(Ixx, Iyy, Izz)

	
3.719, 3.683, 4.881

	
0.225 × 109, 0.223 × 109, 0.295 × 109

	
kg·m2




	
Soft moorings

	
Spring stiffness

	
647.8

	
839632

	
N/m




	
Pre-tension

	
29.43

	
1.37 × 106

	
N




	
AMC MTB

	
Water depth

	
0.893

	
32.15

	
m




	
Regular wave conditions

	
Wave height

	
0.039

	
1.404

	
m




	
Wave periods

	
0.8–5

	
4.8–30

	
s




	
Irregular wave conditions

	
Significant wave heights

	
0.044, 0.094

	
1.584, 3.384

	
m




	
Peak periods

	
1.502, 2.433

	
9.012, 14.598

	
s
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Table 2. Input parameters for the external lid.
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	Description
	Value
	Units





	Lid damping factor
	0.0655
	-



	Gap for external lid
	14.4
	m
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Table 3. Heave and pitch natural period and damping particulars.
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Degree of Freedom

	
TN (s)

	
ζ (%)

	
External Viscous Force/Moment




	
Experimental

	
Numerical






	
Heave

	
23.742

	
22.71

	
2.99

	
164,240.03 N/m/s




	
Pitch

	
23.477

	
22.71

	
3.19

	
7,911,707.55 N·m/rad/s
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Table 4. Surge natural period, damping particulars, and mooring pre-tension.
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TN (s)

	
ζ (%)

	
External Viscous Force

(N/m/s)

	
Mooring Pre-Tension

(N)




	
Experimental

	
Numerical






	
124.29

	
124.7

	
9.0

	
60153.9

	
2.51 × 106
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Table 5. Comparison between experimental and numerical results for heave, pitch, and surge response in regular waves for H = 1.404 m.
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Condition

	
Heave (m)

	
Pitch (Degrees)

	
Surge (m)




	
Experimental

	
AQWA

	
Experimental

	
AQWA

	
Experimental

	
AQWA






	
Run 1 (T = 7.2 s)

	
0.214

	
0.213

	
0.601

	
0.623

	
0.204

	
0.328




	
Run 2 (T = 8.4 s)

	
0.278

	
0.256

	
0.500

	
0.428

	
0.257

	
0.408




	
Run 3 (T = 10.2 s)

	
0.283

	
0.308

	
0.482

	
0.128

	
0.296

	
0.494




	
Run 4 (T = 14.4 s)

	
0.704

	
1.073

	
2.930

	
4.333

	
0.708

	
0.539











[image: Table] 





Table 6. Comparison between experimental and numerical results for irregular wave conditions.
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Condition

	

	
Hs (m)

	
Tp (s)

	
Heave (m)

	
Pitch (Degrees)

	
Surge (m)






	
Operational

	
Experiment

	
1.584

	
9.012

	
0.54

	
1.848

	
3.204




	
AQWA

	
1.602

	
8.814

	
0.73

	
3.139

	
3.197




	
Elevated

	
Experiment

	
3.384

	
14.598

	
2.700

	
11.311

	
6.768




	
AQWA

	
3.349

	
14.79

	
3.056

	
11.953

	
3.29
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Table 7. FOWC catenary mooring characteristics.
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	Description
	Value
	Units
	Description
	Value
	Units





	Chain grade
	R3 studless
	-
	Added mass coefficient
	1
	-



	Chain diameter
	76
	mm
	Number of mooring lines
	4
	-



	Mass/unit length in air
	126
	kg/m
	Fairlead locations (x,y,z)
	+/– 15.1, +/– 15.1, 0.0
	m



	Submerged mass/unit length
	100.5
	kg/m
	Anchor locations (x,y,z)
	+/– 491, +/– 491, –100
	m



	Minimum breaking load (MBL)
	4.8843 × 106
	N
	No. of cable elements
	100
	-



	Stiffness (EA)
	6.3 × 108
	N
	Line length
	715
	m



	Transverse drag coefficient
	2.4
	-
	Safety factor (SF)
	2.0
	-



	Longitudinal drag coefficient
	1.15
	-
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Table 8. Sea-state conditions for the FOWC mooring study.
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Case No.

	
Description

	
Input Parameters

	
Spectral Analysis

	
Wave Directions (Degrees)




	
Hs (m)

	
Tp (s)

	
Hs (m)

	
Tp (s)

	
Hmax (m)






	
1

	
Operational

	
1.25

	
8.00

	
1.25

	
8.19

	
2.38

	
0, 45, 90, 135, 180




	
2

	
Moderate

	
2.50

	
8.00

	
2.50

	
8.19

	
4.75




	
3

	
Rough

	
4.00

	
12.00

	
4.00

	
12.47

	
7.55




	
4

	
Very rough

	
6.00

	
12.00

	
6.01

	
12.47

	
11.2




	
5

	
Survivable

	
9.00

	
12.00

	
9.02

	
12.47

	
16.74
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Table 9. Maximum tension (kN) in the mooring lines over a 3 h storm duration and under varied incident wave directions and sea states.
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Wave Direction (Degrees)

	
Case 1

	
Case 2

	
Case 3

	
Case 4

	
Case 5




	
Max. Tension/Line No.

	
Max. Tension/Line No.

	
Max. Tension/Line No.

	
Max. Tension/Line No.

	
Max. Tension/Line No.






	
0

	
219.7/Line 2

	
320.1/Line 1

	
340.76/Line 2

	
621.6/Line 2

	
3411/Line 1




	
45

	
222.1/Line 3

	
301.4/Line 1

	
370.2/Line 1

	
517.7/Line 1

	
2933/Line 1




	
90

	
227.9/Line 1

	
367.9/Line 1

	
373.2/Line 1

	
2056/Line 1

	
10,450/Line 2




	
135

	
242.7/Line 4

	
518.5/Line 4

	
387.7/Line 4

	
1480/Line 1

	
20,511/Line 2




	
180

	
221.7/Line 1

	
329.7/Line 3

	
398.8/Line 1

	
750.5/Line 3

	
4995/Line 3
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