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Abstract

:

A submerged floating offshore wind turbine (SFOWT) is proposed for intermediate water depth (50–200 m). An aero-hydro-servo-elastic-mooring coupled dynamic analysis was carried out to investigate the coupled dynamic response of the SFOWT under different mooring conditions subjected to combined turbulent wind and irregular wave environments. The effects of different parameters, namely, the tether length, pretension and the tether failure, on the performance of SFOWT were investigated. It is found that the tether length has significant effects on the motion responses of the surge, heave, pitch and yaw but has little effects on the tower fore-aft displacement and the tether tensions. The increased pretension can result in the increase of the natural frequencies of surge, heave and yaw significantly. The influence of tether failure on the SFOWT performance was investigated by comparing the responses with those of the intact mooring system. The results show that the SFOWT with a broken tether still has a good performance in the operational condition.
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1. Introduction


Offshore wind energy has become an increasingly attractive solution for energy conversion due to the enormous energy potential associated with the vast offshore areas, higher wind speeds, more consistent wind patterns, decreased noise and visual effects for human population centers [1,2]. Most of offshore wind turbines are installed in shallow water (<50 m) on the bottom-fixed foundations, such as monopiles, gravity-based, jackets and bucket foundations [3,4,5]. With the development of offshore wind energy, it is inevitable for a wind farm to move towards the deeper water to harvest stronger and superior wind resource [6]. At the intermediate water depth, the bottom-fixed foundations will no longer be economically feasible. A variety of FOWT concepts have been proposed in the last two decades, such as spar, semi-submersible and tension leg platforms (TLPs) [7,8,9,10]. Several of these concepts have already outgrown the prototype status and will go into pre-serial production shortly, such as the WindFloat semi-submersible, SWAY [11,12,13]. In late 2017 the world’s first floating wind farm, Hywind Scotland pilot park, has been built near Buchan Deep, 25 km off the northeast coast of Peterhead in Scotland, at a water depth of 95–120 m, with five 6 MW floating wind turbines.



Before FOWTs can be widely applied, it has several critical challenges to be addressed. The main challenge is to combine the stability, acceptable motions, mooring and low costs [14,15]. Most of the FOWT concepts are evolved from offshore oil & gas platforms. The loads from offshore wind turbines differ significantly from the oil & gas structures and are more dynamic. Given the payload of the wind turbine and nacelle weighing approximately 700 tons for a 5 MW wind turbine and producing a maximum steady-state thrust of approximately 800 kN at 90 m above sea level, the FOWT has a raised center of gravity and a large overturning moment, which will severely challenge its stability. Several studies were conducted to compare and optimize the designs of support structures and mooring systems [16,17,18]. TLPs have been proposed as a possible solution for intermediate water depths, since the taut mooring system may be better suited for relatively shallow water depths than a catenary mooring system. Meanwhile, the platform motions are expected to be reduced compared to other floating concepts [1,19,20,21].



FOWT systems are complicated and dynamic due to time-variant environmental loads from wind, wave, current and mooring tension acting on a flexible integrated structure with a wide range of natural frequencies, coupled with the complex control strategy of the wind turbine. How to accurately predict FOWT’s system dynamic responses excited by variable loads is one of the primary issues in the design, which requires multidisciplinary consideration of wind turbine aerodynamics, floating platform hydrodynamics, structural mechanics and control systems. In recent years, a number of researches have been carried out on the dynamic responses under various environmental conditions. Several coupled codes have been developed to address the challenges of the coupling wave and wind loads and the choice of blade-pitch control strategy [22,23], such as FAST developed by NREL [24], HAWC2 developed by DTU Wind Energy [25], SIMO-RIFLEX-AeroDyn developed by NTNU [26].



In this paper, a submerged floating offshore wind turbine (SFOWT) is proposed to support a 5 MW turbine and withstand harsh environmental conditions in intermediate water depth [27]. The SFOWT is self-stabilized in the transportation and installation phases due to its relatively large waterline area, like a semi-submersible. It has a sufficient restoring moment in ballasted conditions and can thus be wet-towed together with the wind turbine from the quayside to the installation site. The main structure of the SFOWT, cylinder-shaped pontoons and horizontal pontoons, is submerged with a relatively small waterline area of approximately 51.5 m2 in the operation phase, like a spar, which can reduce its wave force and mean drift force. The SFOWT is stabilized and positioned by the taut tethers, like a TLP, which means limited platform motions are expected without a deep draft or large footprint for spread mooring system.



The stability of SFOWT is achieved from the mooring system, which means mooring conditions have a significant influence on the motion response of SFOWT. Although a lot of research on the dynamic response of FOWT has been investigated, there are few studies regarding the effect of various design mooring variables on system responses. This paper discusses the effects of mooring conditions on the SFOWT system’s performance under the combined actions of wind and wave. Frequency-domain analysis and time-domain method were employed to study the hydrodynamic behavior of the SFOWT by means of two simulation tools, SESAM and FAST, which are able to perform fully coupled time-domain aero-hydro-servo-elastic simulations for the system [24,28,29].



The paper is organized as follows. Section 2 briefly describes the configuration of the SFOWT system. Section 3 introduces the numerical methods that are used for fully coupled dynamic analysis and environment conditions. Section 4 discusses the dynamic responses of the SFOWT under different mooring conditions and Section 5 summarizes the results.




2. Configuration of the Submerged Floating Wind Turbine


The SFOWT consists of a wind turbine, a tower, a floating platform and a mooring system, as illustrated in Figure 1. The coordinate system and main dimensions of the SFOWT platform are shown in Figure 2. The NREL-5 MW wind turbine, designed by National Renewable Energy Laboratory, is employed for the analysis. Its principal properties are given in Table 1 [30]. The floating platform is composed of one column to support the wind turbine and four separated cylinder-shaped pontoons connected by four rectangular horizontal pontoons. The column and pontoons are interconnected by cross braces. The mooring system consists of 4 sets of vertical tethers and suction anchors to maintain the position of the SFOWT system. The principal properties of the SFOWT and the mooring system are listed in Table 2 and Table 3, respectively.




3. Numerical Modeling and Environmental Conditions


The equation of the SFOWT motion in the time domain can be expressed as [3,19,31]:


[M+Ma(∞)]ξ¨+∫0th(t−τ)ξ.(τ)dτ+Khξ=FI(t)+Fn(t,ξ.)+Fw(t)+Fm(t,ξ)



(1)




where M denotes the mass matrix of the SFOWT, Ma(∞) is the added mass at infinite frequency, ξ, ξ. and ξ¨ are the vectors of six degree of freedom of displacements, velocities and accelerations of the SFOWT, respectively, h(t) is the retardation function, which can be given by h(t)=2π∫0∞b(ω)cos(ωt)dω, b(ω) is the liner radiation damping matrix, Kh is the hydrostatic stiffness matrix, FI(t) is the wave exciting forces, Fn(t,ξ.) is the nonlinear drag force, Fw(t) is the wind induced forces including aerodynamic force and tower drag force, Fm(t,ξ) is the restoring force provided by the tethers.



Fm(t,ξ) can be expressed as [32,33]:


Fm(t,ξ)=Kξ



(2)






K=TTKPT



(3)




where K is the stiffness matrix to the center of gravity, T is the displacement transformation matrix, KP is the stiffness matrix to the center of the body bottom, can be expressed as follows:


KP=[k11000000k220000k31k32k3300k36000k44000000k55000000k66]



(4)






K=TTKPT=[k11000k15∗00k220k24∗00k31k32k33k34∗k35∗k360k42∗0k44∗00k51∗000k55∗000000k66]



(5)




where the components are given by [32,33]:


{k11=k22=tlz+ρgAwδslzk33=EAl+ρgAwk31=k33ξ1/(2l)k32=k33ξ2/(2l)k36=k33(r2ξ6)/(2l)k44=ρgIxcos3φ+B(zB−zE)−G(zG−zE)+EIxxlcos2φ+ρgAw(zB−zE)δsk55=ρgIycos3θ+B(zB−zE)−G(zG−zE)+EIyylcos2θ+ρgAw(zB−zE)δsk66=r2(tlz+ρgAwδslz)k15∗=k51∗=−zGTk11k24∗=k42∗=zGTk22k34∗=zGTk32k35∗=−zGTk31k44∗=k44+zGT2k22k55∗=k55+zGT2k11



(6)




t denotes the tether pretension, B and G are the buoyance and gravity of the SFOWT, respectively, l is the tether length, lz is the mean vertical distance between the upper fairlead and seabed, ρ is the water density, g is the gravitational acceleration, Aw is the waterline area of SFOWT, ξ1, ξ2, and ξ6 are the displacements of surge and sway and the angle of yaw, respectively, r is the horizontal distance between the center of the column and the center of cylinder-shaped pontoon, Ix and Iy are the inertia moment of the waterline about x-axis and y-axis, respectively, Ixx and Iyy are the inertia moment of the SFOWT about x-axis and y-axis, respectively, φ and θ are the rotational angles of roll and pitch, zB, zE and zG are the vertical coordinates of the buoyancy center, the upper fairlead and the center of gravity, respectively, δs is the increment of the set-down motion, δs=l−lz, zGT is vertical distance between the upper fairlead and the center of gravity.



The time domain analysis tool FAST, developed by the National Renewable Energy Laboratory (NREL) was utilized to perform fully coupled time-domain aero-hydro-servo-elastic simulations of the SFOWT system [24]. Five modules of FAST, namely, AeroDyn, HydroDyn, ServoDyn, ElastoDyn and MAP++, were employed to simulate the dynamic responses of the SFOWT, as illustrated in Figure 3. The aerodynamic loads were obtained by AeroDyn [34]. AeroDyn accounted for the influence of wake via induction factors based on the quasi-steady BEM (blade element momentum) theory. The effect of skewed wake was considered by using the Pitt and Peters model. And the tower shadow effect was also considered based on the potential flow theory. Regarding the drag load acting on the tower, it was determined by the tower diameter, drag coefficient and the local relative wind velocity. The hydrodynamic coefficients, such as the added mass, potential damping, hydrostatic restoring stiffness and wave excitation force transfer function, were calculated in frequency domain using the potential-based 3D diffraction/radiation code HydroD/Wadam and then applied in time domain using the convolution technique. Then these hydrodynamic coefficients were fed to the HydroDyn module in FAST [9]. MAP++ was used to model the mooring system. ServoDyn regulates the rotor rotational speed using the generator torque controller below the rated wind speed and the blade pitch angle based on a blade-pitch control algorithm above the rated wind speed. The platform hull was simulated as a rigid body and the tower and blades were simulated as flexible finite elements in ElastoDyn module.



The overall system performances of SFOWT were simulated under different mooring conditions. The wave and wind propagated along the positive surge direction. JONSWAP spectrum was employed to generate the irregular wave time series. Turbsim developed by NREL was used to generate the 3D turbulent wind field [35]. The most representative sea state with the highest occurrence probabilities was selected for analyzing SFOWT performance with a significant wave height of 3 m, a spectral peak period of 10s and rated wind speed of 11.4 m/s at a zero-degree heading. The time series of wave elevation and wind velocity are shown in Figure 4 and Figure 5, respectively. And currents were not considered in the present study for convenience.




4. Results and Discussion


4.1. Length of Tethers


To study the influence of the tether length on the dynamic response of the SFOWT, several tether lengths of 40 m, 60 m, 80 m and 100 m were studied in operational condition with the same draft of 20 m, in other words, the water depth varied from 60 m to 120 m. Figure 5 shows the time series of the surge, heave, pitch and yaw responses of the SFOWT with different tether lengths. The time series of tower fore-aft displacement and tension of tether 1# (in the downstream direction) are presented in Figure 6 and Figure 7, respectively. An overview of the maximum, minimum, mean values and standard deviation for the platform motions, tower fore-aft displacement, normalized tether tension is illustrated in Figure 8 for different lengths of tether. The tether tensions are normalized as the ratio of tension to pretension (3500 kN).



An increase in the tether length will result in a decrease in the mooring system stiffness. As shown in Figure 6a and Figure 9a, the mean surge increase with the growth of tether length due to the reduced tether stiffness. With the increase of the tether length, ranging from 40 m up to 100 m, the mean surge increases by 154.3%, from 0.85 m up to 2.16 m. As can be seen from Figure 6b and Figure 9b, the largest heave amplitude and standard deviation reach 0.15 m and 0.02 m, respectively, which appear when the tether length is 40 m. As the tether length increases from 60 m up to 100 m, the maximum heave amplitude and mean heave amplitude increase by 57.5% and 60.0%, respectively. The pitch motion increased due to the increased tether length, the maximum and mean pitch increase by 137.5% and 154.1%, respectively, as the tether length increases from 40 m up to 100 m. However, the pitch motion is overall low, below 0.10°. The yaw motion response shows the same variation trend of the pitch motion as shown in Figure 6d and Figure 9d. The maximum and mean yaw increase by 81.1% and 157.3%, respectively, as the tether length increases from 40 m up to 100 m. The variation of tether length has little effect on the tower fore-aft displacement and the tether tensions.




4.2. Pretension of Tethers


The restoring forces of the taut mooring system are provided by the tether tension [7], therefore, the variations in tether pretension have direct effects on the dynamic response of the SFOWT. To complete the pretension comparisons, 4 pretensions of 1500 kN, 2500 kN, 3500 kN and 4500 kN for each tether were simulated by adjusting the base ballast. The SFOWT with a tether length of 80 m was selected for analysis.



The natural frequency of surge, heave, pitch and yaw in different pretension conditions are plotted in Figure 10. It can be observed that the natural frequency of the SFOWT in vertical plane motions (heave and pitch) are much higher than others in horizontal plane motions (surge and yaw). Except for a slight increase in the natural frequency of pitch, the natural frequencies in other degrees of freedom increase significantly owing to the increased pretension.



Time series of the SFOWT platform motions, tower fore-aft displacement and tether tension in different pretension conditions are shown in Figure 11, while corresponding statistics are presented in Figure 12. It is obvious that the pretension has significant effects on the behaviors of the SFOWT. The restoring force increases with the increase of pretension and the motion in surge, heave, pitch and yaw reduce significantly first but with the increase of pretension, the restoring force provided by the tether is large enough, the effects of pretension on reducing the responses of the SFOWT are decreased. For instance, the maximum surge motion reduces by 40.8%, from 6.25 m to 3.70 m. Meanwhile, the maximum heave motion reduces by 60.7%, from −0.10 m to −0.25 m, when the pretension increases from 1500 kN to 3500 kN. However, when the pretension increases from 3500 kN to 4500 kN, the reduction rates of motions in surge and heave drops sharply to 9.7% and 23.0%, respectively. The pitch responses are relatively small, the motion range of pitch decreased obviously with the increase of pretension, from 1500 kN to 3500 kN. Interestingly, when the pretension reaches 4500 kN, it grows up slightly instead of going down. The pretension variation has a minor effect on the responses of the tower fore-aft displacement, the maximum fore-aft displacement reduces by 9.7% when the pretension increases from 1500 kN to 4500 kN. The standard deviations for the tension have small changes with the increase of pretension. When the pretension is 1500 kN, the lowest tension of tether 1# is only 281.6 kN, close to the relaxed state, which is the limit state of the mooring system. So increasing the pretension is conducive to improve the performance of the SFOWT in the case of ensuring the safety of the mooring system.



The power spectra of the surge, heave, pitch and yaw motions are shown in Figure 13. The spectra of motions are mainly dominated by the resonant response, wind frequency response and wave frequency response in the operational condition. The variation of pretension also introduces large discrepancies of power spectra. As shown in the Figure 13a, the surge motion is mainly dominated by the surge resonant response, especially for that with pretension of 1500 kN. The wind and wave frequency responses are smaller than the surge resonant response. The heave response in the range of low frequency and wave frequency is similar to its surge motion, as shown in Figure 13b. This is because the heave motion is mainly caused by the set-down effect induced by the surge motion. Natural frequency of heave motion is much larger than the wave frequency, which avoids having an obvious resonance response with the wave. The pitch motion is mainly dominated by the wave and wind frequency responses. The yaw motion is mainly concentrated in the natural frequency of yaw motion and the response of yaw motion decreases with the increase of pretension.




4.3. Tether Failure


Two mooring condition scenarios of intact mooring system and one of the tethers broken have been simulated with the tether length of 80 m and pretension of 3500 kN. The layout of tethers is illustrated in the Figure 1. There are 4 sets of tethers, each including 2 tethers. Tethers 3# (7#) and 4# (8#) are located upstream of the incident wave direction and tethers 1# (5#) and 2# (6#) are located in the downstream direction. Figure 14 gives the time series of tether tensions and corresponding statistics. As can be seen in the figure, the tensions of upstream tethers are higher than those of the downstream tethers due to the influence of trim, of which tether 3# (7#) has the greatest tension. Tether may break in response to the harsh environment or repetitive fatigue load [31]. Tether 7#, one of the tethers with the greatest tension, is intentionally broken. After the loss of tether 7#, the remaining tethers keep the SFOWT at a new equilibrium position. The tether failure may result in significant changes to the performance of the SFOWT and the impact of the tether failure on the dynamic response of the SFOWT was investigated.



The changes in the tether tension are presented in Figure 15 and Figure 16. The loss of tether 7# results in a significant increase in the tensions of remaining tethers except tether 1#, which is in the downward direction. The maximum tether tension, occurs at the tether 3#, reaches 2.22 times pretension after the failure, which has 1.71 times safety factor for the tether breaking strength. Figure 17 shows the comparison of dynamic response statistics and percent change. The tether 7# failure results in changes in the SFOWT performance, such as heave and pitch motions. As shown in the Figure 17b, the minimum heave motion decreases by 30.2%, from −0.099 m to −0.069 m after the failure. Meanwhile, the maximum and mean pitch motions increase by 95.4% and 214.5%, respectively. The increase in pitch motion explains the reason for the decrease in tension of tether 1#. The surge and yaw motions show little change after the failure. The SFOWT with a broken tether still has a good performance in the operational condition, which means the restoring force provided by the remaining tethers is sufficient.





5. Conclusions


This paper presents an investigation into the coupled dynamic responses of a submerged floating wind turbine (SFOWT) under different mooring conditions. The time domain analysis tool FAST is utilized to perform fully coupled time-domain aero-hydro-servo-elastic simulations of the SFOWT system.



The influence of tether length on the performance of the SFOWT was investigated. An increase in the tether length will result in a decrease in the stiffness of the mooring system. The surge and pitch motions increase significantly, as the tether length increases from 40 m to 100 m. The maximum heave amplitude and mean heave amplitude increase by 57.5% and 60.0%, respectively, as the tether length increases from 60 m up to 100 m. It is worth noting that the largest heave amplitude and standard deviation appear when the tether length is 40 m. The variation of tether length has little effect on the tower fore-aft displacement and the tether tension.



An increase in pretension will result in an increase in restoring force. As expected, the pretension has significant effects on the performance of the SFOWT. The natural frequencies of surge, heave and yaw increase significantly owing to the increase of pretension and the natural frequency of pitch has a slight increase. The motions in surge, heave, pitch and yaw obviously reduced with the increase of pretension until the pretension is large enough. The pretension variation has a minor effect on the responses of the tower fore-aft displacement. The standard deviations for the tension have small changes with the increase of pretension. The power spectra of motions are mainly dominated by the resonant response, wind frequency response and wave frequency response in the operational condition. The variation of pretension also introduces large discrepancies of power spectra. The coupled behavior among the surge and heave motion is also captured in the spectra. The motions of the SFOWT are not a simple linear superposition of wind-wave induced motions and complex nonlinear motion responses may occur when coupled with other multiple degrees of freedom.



The influence of a tether failure on the SFOWT performance was investigated by comparing the responses with those of the intact mooring system. The loss of tether 7# results in a significant increase in tensions of remaining tethers except tether 1#, which is in the downward direction. The maximum tension of tether reaches 2.22 times pretension and has 1.71 times safety factor after the failure. The tether failure results in the increase of pitch motion response. However, the surge and yaw show little change. It is worth noting that the SFOWT with a broken tether still has a good performance in the operational condition.
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Figure 1. Overall model of the SFOWT. 
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Figure 2. Coordinate system and main dimensions of the SFOWT platform. 
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Figure 3. An overview of codes used in the fully coupled analysis [3]. 
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Figure 4. Time series of wave elevation. 
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Figure 5. Time series of wind velocity. 
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Figure 6. Time series of platform motions for different tether lengths. 
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Figure 7. Time series of tower top fore-aft displacements for different tether lengths. 
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Figure 8. Time series of tether 1# tension for different tether lengths. 
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Figure 9. Comparison of platform motion, tower fore-aft displacement, tension of tether 1# for different tether lengths. 
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Figure 10. Natural frequencies of surge, heave, pitch and yaw in different pretension conditions. 
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Figure 11. Time series of platform motion, tower fore-aft displacement and tension of tether 1# in different pretension conditions. 
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Figure 12. Statistics of platform motion, tower fore-aft displacement, tension of tether 1# in different pretension conditions. 
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Figure 13. Power spectra of motions in surge, heave, pitch and yaw in different pretension conditions. 
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Figure 14. Time series and statistics of tether tensions. 
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Figure 15. Time series of tether tensions. 
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Figure 16. Comparison of normalized tension statistics. 
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Figure 17. Comparison of dynamic response statistics and percent change. 
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Table 1. NREL-5MW wind turbine principal properties.
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	Impeller Diameter
	Hub Diameter
	Hub Height
	Impeller Mass
	Nacelle Mass
	Tower Mass
	Centroid Coordinates





	126 m
	3 m
	90 m
	110 t
	240 t
	347.46 t
	(−0.2, 0.0, 74.0) m
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Table 2. Floating platform principal properties.
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	Item
	Value
	Item
	Value





	Pontoon diameter
	9 m
	Pontoon height
	12 m



	Middle axis distance of pontoons
	40 m
	Column height
	18 m



	Column diameter
	6 m
	Bracing diameter
	2 m



	Platform mass (including ballast)
	2734.2 t
	Displacement volume
	6116 m3
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Table 3. Mooring system principal properties.






Table 3. Mooring system principal properties.





	Item
	Value
	Item
	Value





	Number of tethers
	8
	Tether mass density
	116.07 kg/m



	Distance from MWL to anchors
	60–120 m
	Pretension
	1500–4500 kN



	Distance from MWL to upper fairleads
	20 m
	Breaking strength
	13,249 kN



	Tether diameter
	0.127 m
	Axial stiffness EA
	2.7 × 109 N











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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