

  applsci-09-01075




applsci-09-01075







Appl. Sci. 2019, 9(6), 1075; doi:10.3390/app9061075




Article



Numerical Analysis of a Catenary Mooring System Attached by Clump Masses for Improving the Wave-Resistance Ability of a Spar Buoy-Type Floating Offshore Wind Turbine



Zhenqing Liu 1, Yuangang Tu 1,*, Wei Wang 2[image: Orcid] and Guowei Qian 3[image: Orcid]





1



School of Civil Engineering and Mechanics, Huazhong University of Science and Technology, Wuhan 430074, China






2



Tokyo Institute of Technology, Department of Architecture and Building Engineering, Yokohama, Kanagawa 1528550, Japan






3



Department of Civil Engineering, School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 1138656, Japan









*



Correspondence: M201873566@hust.edu.cn







Received: 25 January 2019 / Accepted: 10 March 2019 / Published: 14 March 2019



Abstract

:

The International Energy Agency (IEA), under the auspices of their Offshore Code Comparison Collaboration (OC3) initiative, has completed high-level design OC-3 Hywind system. In this system the wind turbine is supported by a spar buoy platform, showing good wave-resistance performance. However, there are still large values in the motion of surge degree of freedom (DOF). Addition of clump masses on the mooring lines is an effective way of reducing the surge motion. However, the optimization of the locations where the clump masses are added is still not clear. In this study, therefore, an in-house developed code is verified by comparing the results of the original OC3 model with those by FAST. The improvement of the performance of this modified platform as a function of the location of the clump masses has been examined under three regular waves and three irregular waves. In the findings of these examination, it was apparent that attaching clump masses with only one-tenth of the mass of the total mooring-line effectively reduces the wave-induced response. Moreover, there is an obvious improvement as the depth of the location where the clump masses mounted is increased.
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1. Introduction


Traditional energy sources such as oil and coal are not renewable, thus cause environmental pollution. Meanwhile, wind power is a clean and renewable source of energy. In recent decades, this type of energy has developed rapidly. It is estimated that by 2030, wind energy will provide about 20% of the world’s electricity demand. In particular, wind power is mainly concentrated on land, and onshore wind turbines are relatively mature. To obtain wind power with higher density, offshore wind power has become a major focus of the world’s research, especially in the field of wind energy. Compared with onshore wind, offshore wind has high wind speeds, low wind shear, low turbulence, and other significant advantages. Also, the cost involved in tapping this energy is relatively higher; the trends of wind farm construction—from land to sea, from shallow sea to deep sea, and from fixed foundation to floating platform—are obviously due to the higher wind energy output. There are many kinds of floating wind turbine foundation platforms. They include spar [1,2,3,4,5,6,7], Tension Leg Platform (TLP) [8,9], Semi-Submersible Platform [10,11,12,13,14,15], and so on. Among them, the spar platform has the advantages of a low center of gravity, high flexibility, and low cost. Still, there are some problems in the practical application. That is, the spar must withstand the wave and wind loads experienced during extreme storm conditions. In addition, the expected higher costs of construction and maintenance must be addressed [16]. A lot of research has been done to reduce the motions of the spar type platform [16,17,18,19,20,21,22,23], among which the study by Jonkman and Musial [24] applied several codes for the calculation of the motion of the OC3 Hywind spar platform, such as NREL FAST, ADAMS, HAWC2, etc. Most of the approaches seek to modify the platform structure [25,26,27,28]. For instance, Wang et al. [29] modified the spar-type platform by adding a heave plate. Their results showed that, compared with the original OC3-Hywind spar platform, the heave plate can effectively suppress the heave response of the spar platform. They also found that the viscous damping contributed by the heave plate is a major component of the total damping. Meanwhile, Chen et al. [30] presented a spar-type substructure integrated with the heave plates moored by the optimized mooring system. The dynamic response of the platform under different load conditions were performed using AQWA. The results indicated that both the dynamic response and the mooring tension are significantly improved relative to that of the original OC3 spar. At the same time, Hyunkyoung Shin et al. [31] presented a modified spar-type platform consisting of a main cylinder and four wider cylinders and with the mass, displacement, and pitch inertia similar to those of the OC3 Hywind with reasonable differences. The numerical results indicated that the motions of the modified spar-type floating offshore wind turbine (FOWT) in all of the modes were smaller than those of the OC3 Hywind FOWT, except in heave mode over 0.3 rad/s. Zheng et al. [32] suggested a state-of-the-art concept integrating a deep-water floating offshore wind turbine with a steel fish-farming cage (FOWT-SFFC). Aero-hydro-servo-elastic modeling and time domain simulations were carried out by FAST to examine the dynamic response of FOWT-SFFC for several environmental conditions. The results confirmed that hydrodynamic performance of FOWT-SFFC is much better than OC3-Hywind spar. Yu et al. [33] further proposed a cell spar platform based on the concept of OC3-Hywind spar platform and calculated the dynamic response under wind-wave loads by AQWA. On the basis of the cell spar platform, a floating wind turbine with additional heave plate was built to study the influence. The results indicated that the cell spar platform has better motion performance than the original OC3-Hywind spar platform. Meanwhile, Li et al. [34] presented a new design of a floating platform for wind turbines. They combined the characteristics of semi-submersible and spar, and conducted the numerical hydrodynamic simulation by FAST. The results showed that the new model makes an effective reduction of the motions compared with the OC3 spar. However, the modifications in the above research works to the original OC3-Hywind spar platform are still relatively large. Thus, they will increase the difficulty of the floating platform construction as well as the costs of construction and maintenance.



Adding clump masses on the mooring line is an effective way to improve the wave resistance ability of a spar buoy-type floating offshore wind turbine. Yuan et al. [35] proposed a hybrid mooring system with several clump weights and buoys, in which the Morison’s Equation was applied to calculate the hydrodynamic loads. In addition, the optimization of the position and volume of the buoys was carried out based on the examination of the tension of mooring line. Tore [36] studied the effects from the size of the clump weight and the position of the clump weight, in which the generalized Morison’s equation is used. Furthermore, the size and position of the clump masses have been optimized by examining the tension of the mooring line.



In order to model the interaction between the waves and the structures in a more accurate way, potential flow theory is adopted in the present research. The fatigue loads of the mooring line are also examined. The optimization of the location of the clump mass is based on the examination of the motion of the floating platform. A detailed comparison between the present research and that by Yuan et al. [35] and Tore [36] is given in Table 1.



In this paper, the structure of the OC3-Hywind spar platform remains unchanged. Only several clump masses are added at the mooring system. Each clump mass’s weight is only one-tenth that of the attached mooring line. This is not likely to increase the difficulty of the platform construction very much. Furthermore, the position of the clump masses is varied and the response of the models at three regular waves and three irregular waves is calculated through the in-house code. Section 2 will introduce the numerical theories adopted in our in-house code. After that, Section 3 will present the configurations of OC3 models with clump masses (OC3CM) and the load cases. Then, Section 4 will discuss the wind‒wave-induced motion and the stability of the proposed OC3CM model and compare it with the original OC3-Hywind spar. Finally, Section 5 will present the conclusions and future work.




2. Numerical Theories


The main difference between a floating wind turbine and an onshore wind turbine is that a floating wind turbine is subjected to the forces transmitted by the wave load and the mooring system. The aerodynamics section [37] is relatively mature, so it is described briefly. The theory calculating the hydrodynamics loads [38,39,40] and the theory of calculating mooring forces [40,41] applied in our code are described in detail in the following sub-sections.



2.1. Blade Element Momentum Theory


The aerodynamic load acting on the blade is usually solved using the blade element momentum theory. The axial thrust of the leaf at radius r is expressed as:


dT=0.5ρBCnV12(1−a)2cdrsin2φ.



(1)




The torque is:


dM=0.5ρBCtV1(1−a)ωr(1+a′)crdrsinφcosφ,



(2)




where ρ is the air density, B is the number of the blades, V1 is the wind speed, c is the leaf chord length, and φ is the relative flow incidence angle, which is the sum of the blade pitch angle and the angle of attack. Cn is the coefficients for the normal force; Ct is the coefficients for the thrust force.


Cn=Clcosφ+Cdsinφ,



(3)






Ct=Clsinφ−Cdcosφ,



(4)




where Cl is the lift coefficient of the airfoil, Cd is the drag coefficient of the airfoil, a is the axial induction factor, and a′ is the tangential induction factor. The axial induction factor a and the tangential induction factor a′ can be calculated as follows:


a=Bc(Clcosφ+Cdsinφ)8πrsin2φ+Bc(Clcosφ+Cdsinφ),



(5)






a′=Bc(Clsinφ−Cdcosφ)8πrsinφcosφ−Bc(Clsinφ−Cdcosφ).



(6)








2.2. Quasi-Static and Multi-Segment Theory


Quasi-static theory [40,41] is used to calculate the tension of mooring lines. For a single line between two fixed points, when no portion of the line rests on the seabed, the analytical equation is as follows:


xF(FH,FV)=FHω{{ln[FVFH+1+(FVFH)2]−ln[FV−ωLFH+1+(FV−ωLFH)2]}+FHLEA,



(7)






zF(FH,FV)=FHω[1+(FVFH)2−1+(FV−ωLFH)2]+1EA(FVL−ωL22),



(8)




where EA is the cross section axial stiffness, ω=gA(ρc−ρ) is the weight per unit length in the submerged fluid, ρc is the cable density, ρ is the fluid density, and g is the acceleration due to gravity; FH and FV are the applied horizontal and vertical force at the fairlead, respectively; L is the upstretched line length; xF and zF are the cable profile in the horizontal and vertical planes at distance s along the line, respectively.



By using the multi-segmented theory, a mooring line can be divided into two segments. The first segment is from the vessel node to the location of clump masses, while the second segment is from the location of clump masses to the fixed node. Each of the segments is analyzed by the quasi-static theory and solved using the Newton‒Raphson method iteratively.




2.3. Potential Flow Theory


The research by Jonkman [38,42] suggested two theories for calculating the hydrodynamic loads. One is the Morison’s equation and the other is the potential flow theory. Morison’s equation is applicable for calculating the hydrodynamic loads on slender cylindrical structures when the effects of diffraction and radiation damping are negligible. In order to model the interaction between the waves and the structures in a more accurate way, the potential flow theory should be adopted, which is capable of considering the forces induced by both the diffraction and the radiation. Therefore, in the present study the potential flow theory is applied. By defining a potential function ϕ(x, y), the governing equation for ϕ is:


∇2ϕ=0,



(9)




where ∂ϕ/∂x=u, ∂ϕ/∂y=v, and ∂ϕ/∂z=w. u, v, and w are the velocity components of the flow fields in the Cartesian coordinates. After determining the boundary conditions at the free surface, the surface of the structures, and the sea bed, the potential function can be solved and the velocity distribution can be obtained. A more detailed introduction to the potential flow theory can be found in the study by Batchelor [43]. Then the forces acting on the floating structures can be determined as:


F→WAP=F→W+F→HS+F→RD+F→AM,



(10)






F→AM=−AMRPa→p,



(11)






F→W=1N∑k=−N2−1N2W[k]2πΔtSζ2−sided(ω)X(ω,β)|ω=kΔωej2πknN,



(12)






F→HS=ρgV0δ3−CHydrostasticx,



(13)






F→RD=−∫0tK1(t−τ)x˙(τ)dτ,



(14)




where F→WAP is the total loads at the reference point; F→W is the incident-wave excitation force at reference point; F→HS is the hydrostatic forces at the reference node; F→RD is the radiation memory-effect force at the reference point; F→AM is the total added mass forces from all contributions; AMRP is the added mass due to radiation at the reference point; a→p is the linear acceleration of the structure; W[k] is Fourier transform of a white noise time series with unit variance; Sζ2−sided(ω) is the wave spectrum (P‒M spectrum in this paper); X(ω,β) is the wave-induced force array normalized per unit wave amplitude; ω is the frequency; β is the incident wave direction angle; ρgV0δ3 is the buoyancy and equals to the platform weight; V0 is the volume of the immersed part of the platform; δ3 is the component of the Kronecker‒Delta function; CHydrostastic is the hydrostatic-restoring matrix; x is the platform motions; t is time; K1 is the radiation kernel from potential flow theory; and x˙(τ) is the platform velocity. In the in-house code, the code will use the given wave parameters and the selected wave numerical theory to perform wave kinematics calculations at the first step; secondly, the total added mass forces F→AM and the hydrostatic forces F→HS can be calculated by the initial motion state of the platform and the given related matrix; the incident-wave excitation force F→W can be calculated by the P-M wave spectrum and the radiation memory-effect force F→RD will be obtained by the platform initial velocity. Finally, substitute the forces at this moment into the equations of motion, and the motion of the platform will be obtained, and then substituting the obtained motion into the above formula. Continuously iterating like this, the total wave loads calculated by the potential flow theory can be obtained.




2.4. Equations of Motion


To calculate the dynamic response of floating platform in the time domain, the platform can be considered as a rigid body. The equations of motion [44] is expressed as follows:


(M+A)X¨(t)+CX˙(t)+KX(t)=F→WAP+F→Wind+F→Line,



(15)




where M is the mass matrix; A is the added mass matrix; C is the damping coefficient matrix; K is the hydrostatic restoring force matrix; F→Wind is the wind loads applied to the blades and tower; and F→Line is the mooring tension. In the in-house code, the mooring tension F→Line, the wind loads F→Wind and the total wave loads can be calculated using the given parameters as well as the initial motions of the platform. By substituting the force at this moment into the equation of motion, the motion state of the platform can be obtained. At the same time, the force at the next moment can be calculated by the obtained motions of the platform. Similar to the above, the motions of the platform can be obtained by continuously iterating like this. In addition, the rotor dynamics include the aerodynamic loads acting on the blades, the gravity loads, the inertial loads, and the counter-dynamic forces from the shaft. The nacelle dynamics have the forces from the impeller, the cladding load, the aerodynamic loads and the gravity loads. The tower dynamics includes aerodynamic loads, the forces from tower and nacelle, as well as the gravity loads. Simple schematics of each module in the in-house codes are shown in Figure 1.





3. Configurations of OC3CM Model


The configuration of the OC3CM model is shown in Figure 2. Figure 2a displays the front view of the OC3CM model, while Figure 2b illustrates the arrangement of the mooring system. The mooring line and locations of the clump masses will be described in detail in the following discussion.



Several specifications of the platform with reference to the inertial frame and the degrees of freedom (DOFs) are introduced here; x, y, and z represent the orthogonal axes of its reference frame. The x‒y plane designates the still water level, while the z axis directs upward along the centerline of the platform. The rigid body platform has six DOFs: surge, heave, sway, pitch, yaw, and roll. The following sections only examine three important displacements, surge, heave, and pitch. Table 2 shows the main parameters of the platform and the wind turbine.



3.1. OC3CM Models


The innovation of this paper is attaching clump masses on the mooring lines to reduce the response of the platform. After numerous experiments and analysis of the OC3CM models with clump masses of different weights and different locations, the influences of these differences on the platform response were found. The weight of the clump mass was set to be 7061.74 kg (one-tenth as heavy as the mooring line), 10,087.14 kg (one-seventh as heavy as the mooring line), 14,123.48 kg (one-fifth as heavy as the mooring line). It was found that the response of the platform is highly sensitive to the location of the clump masses, and the increase in the weight of clump masses can only reduce the motion of the platform in a very limited range. Based on the above trials, the weight of the clump masses is set to 7061.74 kg. Except for the additional clump masses, the other part of the structure remains the same as in the original OC3 model. In the present research, five different locations are examined. The properties of the mooring system are shown in Table 3, where P0 is the original model; LM is the distance from connecting locations to the anchor, that is also called fixed node. In addition, L is the length of mooring line, equaling 902.2 m; mCM is the weight of the clump masses, which is one-tenth the mass of the mooring line, equaling 70,109.96 kg.



The angle between the neighboring mooring lines is 120°. The shapes of the mooring lines of the original OC3 model and five OC3CM models are shown in Figure 3. From Figure 3, the changes of the shape of the mooring lines can be clearly identified. Compared with Figure 3a, the segment of the mooring line from the connection node to the vessel node is obviously straightened by the clump masses, which will increase the tension of the mooring line and should limit the motion of the platform in return. This inference will be examined in detail in later sections.




3.2. Load Cases


To investigate the performance of the OC3CM models, the dynamic motions of the above six models in different wave situations are calculated. Table 4 shows the load cases, where H is the individual wave height, T is the individual wave period in regular waves, Hs is the significant wave height, and Tp is the peak-spectral wave period in irregular waves. The airy wave theory is used in the regular wave, while the P‒M spectrum is used to generate irregular waves. Meanwhile, the water depth is 320 m and the water density is 1025 kg·m−3.





4. Results and Discussions


4.1. Validation of the Code


In order to verify the reliability of the code, the motion of the original OC3 model under the free decay condition is performed. Then, the results are compared with those from FAST. Given an initial pitch of the platform with a value of 5°, the model decays freely in still water until equilibrium. The details of settings of the verification case can be found in the study by Si et al. [45]. The surge, heave, and pitch motions are computed by both the in-house code and FAST. A comparison can be found in Figure 4, where the results from the in-house code are seen to be comparable with those from FAST. The maximum deviations for surge, heave, and pitch motions are about 6.7%, 4.2%, and 5.3%, respectively.




4.2. Regular Waves


To establish the initial position of the platform with the clump masses mounted, the free decay is first calculated for the original OC3 model. However, this is done with concentrated force (equal to the weight of the clump masses) added at the location where the clump masses are mounted. The free decay calculation with no wind and no waves lasted for 1200 s before the models reached the equilibrium position. After the free decay, the surge and pitch motions of the new models are all around 0, while the heave motion is around −1.3 m. Secondly, the OC3CM models are built at this equilibrium position to ensure that the initial state of the model is balanced. In the end, the motions of the OC3CM models under different load cases are calculated by the in-house code.



The surge, heave, and pitch motions of the platform in the time domain are shown in Figure 5, Figure 6 and Figure 7, respectively. In Figure 5, the surge motion of the OC3CM models is significantly smaller than in the original OC3 model. In particular, the peak surge motion of the original OC3 model is about 18 m before reaching its stable state and about 14 m after reaching the stable state. However, the peak surge motion of the OC3CM model is only about 13.5 m before reaching its stable state and about 10 m after achieving the stable state. Moreover, the surge motion of the OC3CM model P1 to the OC3CM model P5 is gradually reduced, indicating the more effectiveness of the clump masses when they are mounted at the location closer to the sea bed. However, it is necessary to point out that the clump masses cannot be located too close to the anchor point. Otherwise, they will make the connection node touch the seabed. As for the pitch motion, as shown in Figure 7, a decrease still occurs after the clump masses are added to the mooring lines. However, the decrease is not as obvious as in the surge direction, with no significant changes after moving the connection node from P1 to P5.



Figure 8, Figure 9 and Figure 10 illustrate the maximum, the minimum, and the averaged values, respectively, of the model motion from 600 s to 900 s. In Figure 8, the values of surge from the original OC3 model P0 to the OC3CM model P5 gradually reduce. The maximum and minimum values, as well as the averaged value of the surge of the original OC3 model P0 in load case 1, are 13.9 m, 10.7 m, and 12.3 m, respectively. Meanwhile, the correspondence of the OC3CM model P5 in case 3 is 10.1 m, 6.92 m, and 8.50 m. As inferred above, the clump masses are more effective when mounted closer to the sea bed and OC3CM model P5 can significantly reduce the average value of the surge by about 30.89%. This is considered a good improvement to the surge motion. Figure 9 illustrates significant changes to the values of heave from the original OC3 model P0 to the OC3CM model P5. In load case 1, the maximum heave motion of the original OC3 model P0 is 0.423 m, whereas that of the OC3CM model P5 is 0.41 m. In Figure 10, from the original OC3 model P0 to the OC3CM model P5, there are not many changes in the representative statistics.



Through the examination of the above figures and the representative statistics, the new model is considered to reduce the motions of the spar platform at a regular wave. This is especially evident when the value of the surge is reduced by about 30.89% even if there are no significant changes to the heave and pitch performance.




4.3. Irregular Waves


Similar to the calculation of the model under the regular wave, the time domain motions of the OC3CM model under the irregular waves are also solved by the code. The results are discussed in the frequency domain obtained by transforming the time domain signal to the frequency domain through Fast Fourier Transform [40]. Figure 11, Figure 12 and Figure 13 illustrate the frequency domain amplitude and the peak amplitude of the models at load cases 4, 5, and 6, respectively. Only the results in the low-frequency region are studied, which corresponds to the major contribution of the motion of the platform.



From Figure 11a, Figure 12a and Figure 13a, it can be found that the first peak of the surge amplitude appears at around 0.01 Hz. In the frequency interval 0–0.04 Hz, the surge amplitude of the OC3CM models is significantly smaller than the surge amplitude of the original OC3 model P0, and the surge amplitude of the OC3CM model P5 is found to be the smallest. Figure 11b, Figure 12b and Figure 13b show that the peak surge amplitude of the original OC3 model P0 is the largest, meanwhile, the peak surge amplitude of OC3CM model P1 to P4 are almost the same, but those values are smaller than that of the original OC3 model P0. In load case 4, the peak surge amplitude of the original OC3 model P0 is 1.43 m, while the peak surge amplitude of OC3CM model P5 is 0.88 m. This again illustrates that clump masses are more effective when they are mounted closer to the sea bed; in addition, it can be seen that the peak surge amplitude in the irregular wave situation can be reduced by about 38.4% by the OC3CM model P5.



Figure 11c, Figure 12c, and Figure 13c show that the first peak of the heave amplitude appears at around 0.01 Hz, and the amplitudes of the OC3CM models coincide well with that of the original OC3 model P0 in the frequency interval 0~0.04 Hz. From Figure 11d, Figure 12d and Figure 13d, it can be found that the peak surge amplitudes of original OC3 model P0 and the OC3CM models are staggered. However, those peak surge amplitudes are not very different from each other. In general, the OC3CM models can reduce the peak heave amplitude by 10%~17% in an irregular wave situation.



As shown in Figure 11e, Figure 12e, and Figure 13e, the first peak of the pitch amplitude appears at around 0.01 Hz, which is the same as that of the surge and heave motions. Figure 11f, Figure 12f, and Figure 13f show that the peak pitch amplitude gradually reduces from the original OC3 model P0 to the OC3CM model P5, even if the reduction is not obvious. Overall, the OC3CM models can reduce the peak heave amplitude by 12%~19% in an irregular wave situation.



In particular, the load cases have a significant impact on the motions of the model. By comparing Figure 11b, Figure 12b, and Figure 13b, it is evident that the higher the wave height, the larger the value of the surge. Similar conclusions can be drawn from other figures. In general, increasing the wave height and wind speed will make the value and amplitude of the motions of the OC3 model larger, as is expected.



From the above analysis, the new model can be said to reduce the motions of the spar platform at an irregular wave. In particular, the peak amplitude of the surge is reduced by about 38.4%, while the peak amplitude of heave and pitch are reduced by about 19% and 20%, respectively, by the OC3CM model P5.




4.4. Fairlead Tension


When the clump masses are added on the mooring lines, the segment of the mooring line from the connection node to the vessel node will be obviously straightened, so the angle between these two segments will become smaller. In the vertical direction, the force provided by the fairlead tension is the sum of the gravity of the clump masses and the vertical force provided by the tension of the mooring line from the connection node to the anchor node. So when the gravity of the clump masses is added, the component force provided by the fairlead tension will be increased several-fold due to the small angle between the upper and lower segments of the mooring lines.



According to the above calculation and analysis, the motions of the spar platform are very limited, especially the surge. The fairlead tension of the mooring lines of original OC3 model P0 and the OC3CM models in regular waves are shown in Figure 14, Figure 15 and Figure 16.



As shown in the above section, fairlead 2 and fairlead 3 are symmetrically distributed and have an angle of 120 degrees. Therefore, the tension of fairlead 2 is considered to be equal to that of fairlead 3. Taking this into account, only the tension of fairlead 1 and fairlead 2 are presented in the figures. In Figure 14a, Figure 15a, and Figure 16a, the fairlead tension of the same model does not change much in different load cases, which means that changes in wind and wave loads make no significant difference to the fairlead tension. Figure 14a demonstrates that the curve of the original OC3 model P0 is obviously below the curves of the OC3CM models, whereas the tension of OC3CM model P1 to P5 is almost the same. At 0 s, there is a significant increase in the fairlead tension of the OC3CM models, which is brought about by the clump masses. Comparing Figure 14a,b, the trend of the curve can be analyzed. In the figures, it is evident that the tension of fairlead 1 has a dramatic change, eventually getting smaller. However, the tension of fairlead 1 is precisely the opposite, which can be explained by the platform gradually moving to anchor 1. As a result, mooring line 1 becomes slack, making mooring line 2 tense. In case 1, the fairlead 1 tension of the original OC3 model P0 is about 720 kN, while the fairlead 1 tension of the OC3CM model P5 is 957 kN at stable state. Additionally, the fairlead 2 tension and fairlead 3 tension of original OC3 model P0 are 1060 kN, while that of OC3CM model P5 is 1320 kN.



In order to calculate the fatigue load of the mooring line, the slope of the S‒N curve is set to 4 and the duration of the wave is set to 365 days. The results are shown in Figure 17. It can be seen that the fatigue loads of the mooring lines undergo obvious changes at different frequencies. The fatigue loads of the mooring lines for the OC3CM models P2 and P5 are found to be relatively small and insensitive to the change in the wave frequencies.



From the above analysis, it can be concluded that the clump masses will increase fairlead 1 tension by about 30% and fairlead 2 and 3 tension by about 24.5%. However, the position of the clump masses and the changes of wind and wave loads have no significant effect on the fairlead tension. These results verify that the segment of the mooring line from the connection node to the vessel node is obviously straightened by the clump masses, which will increase the tension of the mooring line. Thus, it should limit the motion of the platform in return.





5. Conclusions


In this paper, a new model based on the OC3-Hywind spar to support a 5-MW wind turbine is presented. The clump masses are attached to the catenary mooring system to further improve its wave-resistance ability. Following many calculations and analyses of the new models of different weight of clump masses and different position in the previous period, the influence of the mass and position of the clump masses on the response motion of the platform was determined. In addition, the change of the position of the clump masses was found to have an obvious influence on the response motion of the spar platform. Similarly, an increase in the mass of the clump masses will increase the heave of the spar platform and reduce the surge of the platform, but the impact on the surge is very small. Therefore, in this paper, the weight of the clump masses remained unchanged, with only the position of the clump masses changed to obtain five new models. The response motions of the five OC3CM models and the original OC3 model under six load cases were calculated by the codes. Also, the free decay experiment was performed to verify the accuracy of the codes. From the above analysis and discussion, several important conclusions can be drawn, as follows:

	
Through the comparison of the free decay test, it can be concluded that the code developed in-house is accurate, so it can be used for subsequent research on OC3 offshore wind turbines.



	
The OC3CM model can significantly reduce the surge of the spar platform at wind and wave loads, and the clump masses are more effective when they are mounted closer to the sea bed. However, it must be pointed out that the clump masses cannot be located too close to the anchor point, otherwise they will make the connection node touch the seabed. The best model is the OC3CM model P5, which can reduce the value of the surge by about 30.89% under a regular wave and reduce the peak amplitude of surge by about 38.4% under an irregular wave.



	
The OC3CM model has no significant effect on the heave of the spar platform under wind and regular wave loads; however, after adding the clump masses, the platform will settle about 1.3 m, but the impact is negligible compared to its draught depth of 120 m. In addition, the OC3CM model P5 induces a small change in the peak pitch amplitude, while the OC3CM model P5 can reduce the peak pitch amplitude and the peak heave amplitude by about 20% and 19%, respectively, in the wind and irregular wave load.



	
The clump masses will increase the fairlead 1 tension by about 30% and increase the fairlead 2 and 3 tensions by about 24.5%. However, the position of the clump masses and the changes of wind and wave loads indicate no significant effect on the fairlead tension. The segment of the mooring line from the connection node to the vessel node is obviously straightened by the clump masses. This will increase the tension of the mooring line and should, therefore, limit the motion of the platform. The affected frequency range makes a difference to the fatigue loads on the moorings, but the regularity is not obvious. At the same time, the fatigue loads of the OC3CM model P5 and P2 are relatively small.



	
This paper only intends to provide a way to reduce the response motions, regardless of its increased cost. In subsequent studies, the cost will be taken into consideration and the platform structure as well as the mooring system will be changed simultaneously. These changes are expected to make the OC3-Hywind have better performance under different environmental conditions and better economic benefits.
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Nomenclature




	a
	Axial induction factor



	a′
	Tangential induction factor



	a→p
	Linear acceleration of the structure (m·s−2)



	AMRP
	Added-mass due to radiation at the reference point



	B
	Number of the blades



	c
	Leaf chord length (m)



	CHydrostastic
	Hydrostatic-restoring matrix



	Cn
	Coefficients for the normal force



	Ct
	Coefficients for the thrust force



	EA
	Cross section axial stiffness (kN)



	F→AM
	Total added mass forces from all contributions (kN)



	F→HS
	Hydrostatic forces at the reference node (kN)



	F→Line
	Mooring tension (kN)



	F→RD
	Radiation memory-effect force at the reference point (kN)



	F→W
	Incident-wave excitation force at reference point (kN)



	F→WAP
	Total loads at the reference point (kN)



	F→Wind
	Wind loads applied to the blades and tower (kN)



	FH,FV
	Applied horizontal and vertical force at the fairlead, respectively (kN)



	g
	Acceleration due to gravity (m·s−2)



	K
	Hydrostatic restoring force matrix



	K1
	Radiation kernel from potential flow theory



	L
	Upstretched line length (m)



	Sζ2−sided(ω)
	Wave spectrum (P-M spectrum in this paper)



	t
	Time (s)



	V0
	Volume of the immersed part of the platform (m3)



	V1
	Wind speed (m·s−1)



	W[k]
	Fourier transform of a white noise time series with unit variance



	ω
	Frequency (Hz)



	x
	Platform motions (m)



	x˙(τ)
	Platform velocity (m·s−1)



	xF,
	Cable profile in the horizontal planes at distance s along the line (m)



	zF
	Cable profile in the vertical planes at distance s along the line (m)



	X(ω,β)
	Wave-induced force array normalized per unit wave amplitude (kN·m−1)



	δ3
	Component of the Kronecker‒Delta function



	β
	Incident wave direction angle (degree)



	AQWA
	Integrated Module Under ANSYS



	CAES
	Compressed Air Energy Storage



	DOF
	Degree of Freedom



	FAST
	Fatigue, Aerodynamics, Structures, and Turbulence



	FOWT
	Floating Offshore Wind Turbine



	IEA
	The International Energy Agency



	CM
	Clump masses



	MSQS
	Multi-Segmented, Quasi-Static



	NREL
	National Renewable Energy Laboratory



	OC3
	Offshore Code Comparison Collaboration



	OC4
	Offshore Code Comparison Collaboration Continuation



	P-M
	Pierson and Moskowitz



	RAO
	Response Amplitude Operator



	RNA
	Rotor Nacelle Assembly



	SFFC
	Steel Fish-Farming Cage



	SWL
	Still Water Level



	TLP
	Tension Leg Platform
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Figure 1. Modules in the in-house codes. 
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Figure 2. Structure of the new model: (a) front view; (b) top view. 
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Figure 3. Shape of mooring line with clump masses mounted at different locations: (a) P0, (b) P1, (c) P2, (d) P3, (e) P4, (f) P5. 
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Figure 4. Dynamic response of the original OC3 model under the free decay condition calculated by the in-house developed code and FAST: (a) surge, (b) heave, and (c) pitch. 
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Figure 5. Surge motion from 0 s to 900 s for (a) case 1, (c) case 2, and (e) case 3, and from 600 s to 900 s for (b) case 1, (d) case 2, and (f) case 3. 
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Figure 6. Heave motion from 0 s to 900 s for (a) case 1, (c) case 2, and (e) case 3, and from 600 s to 900 s for (b) case 1, (d) case 2, and (f) case 3. 
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Figure 7. Pitch motion from 0 s to 900 s for (a) case 1, (c) case 2, and (e) case 3, and from 600 s to 900 s for (b) case 1, (d) case 2, and (f) case 3. 
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Figure 8. The maximum and minimum values and average values of surge motion from 600 s to 900 s for (a) case 1, (b) case 2, and (c) case 3. 






Figure 8. The maximum and minimum values and average values of surge motion from 600 s to 900 s for (a) case 1, (b) case 2, and (c) case 3.



[image: Applsci 09 01075 g008]







[image: Applsci 09 01075 g009a 550][image: Applsci 09 01075 g009b 550]





Figure 9. The maximum and minimum values and average values of heave motion from 600 s to 900 s for (a) case 1, (b) case 2, and (c) case 3. 
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Figure 10. The maximum and minimum values and average values of pitch motion from 600 s to 900 s for (a) case 1, (b) case 2, and (c) case 3. 
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Figure 11. Frequency domain amplitude at load case 4 for (a) surge, (c) heave, and (e) pitch, and the peak amplitudes for (b) surge, (d) heave, and (f) pitch. 
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Figure 12. Frequency domain amplitude at load case 5 for (a) surge, (c) heave, and (e) pitch, and the peak amplitudes for (b) surge, (d) heave, and (f) pitch. 
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Figure 13. Frequency domain amplitude at load case 6 for (a) surge, (c) heave, and (e) pitch, and the peak amplitudes for (b) surge, (d) heave, and (f) pitch. 
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Figure 14. Fairlead tension in load case 1 for (a) fairlead 1, (b) fairlead 2. 
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Figure 15. Fairlead tension in load case 2 for (a) fairlead 1, (b) fairlead 2. 
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Figure 16. Fairlead tension in load case 3 for (a) fairlead 1, (b) fairlead 2. 
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Figure 17. Fatigue loads of the mooring line in different load cases. 






Figure 17. Fatigue loads of the mooring line in different load cases.



[image: Applsci 09 01075 g017]







[image: Table]





Table 1. Comparison between the present research and that by Yuan [35] and Tore [36].
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	Research
	Hydrodynamic Theory
	Platform
	Design
	Fatigue Load
	Focus
	Optimized Parameter





	Present study
	Potential flow theory
	Spar
	 [image: Applsci 09 01075 i001]
	Yes
	Optimized position of the clump masses
	Motions of platform



	Yuan’s study [30]
	Morison’s Equation
	Semi-submersible
	 [image: Applsci 09 01075 i002]
	No
	Optimized position and volume of the buoys
	Tension of mooring line



	Tore’s study [31]
	Generalized Morison’s Equation
	Spar
	 [image: Applsci 09 01075 i003]
	No
	Optimized size and position of the clump masses
	Tension of mooring line
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Table 2. Main properties of the OC3-Hywind model.
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	Item
	Value





	Rating
	5 MW



	Rotor type
	Upwind, 3 blades



	Total draft below sea water level (SWL)
	120 m



	Tower base above SWL
	10 m



	Hub height above SWL
	90 m



	Nacelle dimension (length, width, height)
	14.2 m, 2.3 m, 3.5 m



	Platform diameter above taper
	6.5 m



	Platform diameter below taper
	9.4 m



	Rotor nacelle assembly (RNA) mass
	350,000 kg



	Tower mass
	249,718 kg



	Platform mass
	7,466,330 kg



	Hub mass
	56,780 kg



	Number of mooring lines
	3



	Depth to fairleads below SWL
	70



	Global coordinates of the anchor point 1
	(853.87 m, 0, −320 m)



	Global coordinates of the fairlead point 1
	(5.2 m, 0, −70 m)



	Mooring line diameter
	0.09 m



	Mooring line mass density
	77.71 kg m−1
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Table 3. Mooring system model properties.
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	Model
	LM
	mCM





	P0
	0
	0



	P1
	0.7L
	7061.74 kg



	P2
	0.6L
	7061.74 kg



	P3
	0.5L
	7061.74 kg



	P4
	0.4L
	7061.74 kg



	P5
	0.3L
	7061.74 kg







Note: P0 is the original model. LM is the distance from anchor. L is the length of mooring line, mCM is the mass of the clump masses.
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