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Abstract

:

Aerodynamics and motion performance of the floating vertical wind turbine (VAWT) were studied in this paper, where the wind turbine was H-type and the floating foundation was truss spar type. Based on the double-multiple-stream-tube theory, the formulae were deduced to calculate the aerodynamic loads acting on the wind turbine considering the motions of the floating foundation. The surge-heave-pitch nonlinear coupling equations of the H-type floating VAWT were established. Aerodynamics and motion performance of a 5 MW H-type floating VAWT was studied, and the effect of the floating foundation motions on the aerodynamic loads was analyzed. It is shown that the motions of the floating foundation on the aerodynamics cannot be ignored. The motion of the H-type floating VAWT was also compared with that of the Φ-type floating VAWT: they have the same floating foundation, rated output power, mooring system and total displacement. The results show that the H-type floating VAWT has better motion performance, and the mean values of surge, heave and pitch of the H-type floating VAWT are much smaller comparing with the Φ-type floating VAWT.
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1. Introduction


With the increase of unit capacity, size of the offshore wind turbine is getting bigger and bigger. The instability of floating horizontal axis wind turbine (HAWT) may become obvious as the huge drive system is placed on the top of the high tower [1]. The drive system of Vertical Axis Wind Turbine (VAWT) is installed on the bottom, which has little effect on the dynamic behavior of the tower. This makes floating VAWT more advantageous in the development of large-scale offshore wind power [2].



Darrieus wind turbine is the earliest lift type VAWT, and it has the higher power coefficient comparing with other VAWT [1]. According to the form of the blade, the Darrieus wind turbine includes curved blade and straight blade, withib which the Φ-type and the H-type are the most common. With the development of the offshore wind farm, the feasibility of the Darrieus wind turbine is assessed to be used in deep water and supported by the floating foundation.



The research on the floating VAWT has been carried out, including the aerodynamic load calculations of the floating VAWT, the motion comparison of the VAWT supported by different floating foundations, the influences between aerodynamic and hydrodynamic loads, and so on. Some methods and codes were developed to calculate the floating VAWT, including the FloVAWT code [3], the enhanced Hawc2 code [4], Simo-Riflex-DMS (AC) code [5,6], and a rigid-flexible coupling code [7]. The motion performances of the floating VAWT were investigated by these codes. Vita studied the feasibility of a 5 MW Φ-type wind turbine supported by a rotating spar type foundation by using the enhanced Hawc2 code [4]. Borg and Collu calculated the responses of vertical wind turbines supported by different floating foundations by using the FloVAWT code [8]. Cheng et al. implemented the AC method in the Simo-Reflex to conduct the fully coupled aero-hydro-servo-elastic simulation of the floating VAWT [6,9]. Cahay et al. put forward the concept of a three-blade H-type wind turbine installed on a semi-submersible floating foundation [10].



In the above research, the form of the floating foundations mainly includes Spar type, Semi-submersible type, and TLP type. Liu et al. studied the motion performance of a 5 MW VAWT supported by the truss Spar platform [11], which had shorter length than the existent spar type foundation [12,13,14] and can be used in the moderate water depth with good motion performance, and had lighter weight than the existing semi-submersible type foundation [15]. The above codes cannot be used to calculate the truss Spar type VAWT, as the nonlinear coupling between the heave and pitch of truss Spar foundation is important, similar to the deep see Spar platform [16,17], and this is not considered in the above methods.



Compared with Φ-type, H-type is easier to manufacture and has higher power output [18]. In this paper, we studied the motion performances of the H-type VAWT supported by a truss Spar type floating foundation. The aerodynamic loads were calculated considering the dynamic stall and motions of the floating foundation. The surge–heave–pitch coupling nonlinear motion equations of the floating VAWT were established, and the motions of the floating VAWT were assessed.




2. The Aerodynamic Loads of H-Type Floating VAWT


Based on the double multiple stream tube (DMST) theory, the aerodynamic loads acting on the blades were calculated considering dynamic stall, tip losses, aspect ratio, tower shadow effect and the influence of the surge–heave–pitch motions of the floater. The whole floating VAWT was dealt with as a rigid body.



The stream tubes were divided into upwind and downwind sectors, respectively. Coordinate system is shown in Figure 1, where the coordinate origin   o   is in the center of gravity of the floating VAWT, and     ξ 1    ,     ξ 3    , and     ξ 5     are the displacements of surge, heave and pitch of the floating VAWT, respectively. The positive directions of the surge and heave motions are along the positive directions of the   x   axis and   z   axis, respectively; the positive direction of the pitch motion is clockwise. The vector relations of the wind turbine are shown in Figure 2.



The steady wind was considered here, it was a function of the height above the water level, and for a local height     z i    , the wind speed can be written as follow,


    V  ∞ i   (  z i  ) =  V ∞    (  z i  /  z  r e f   )  a  ,   



(1)




where     V ∞     is the average wind velocity at a reference height     z  r e f     , the vertical distance from the center of the blades to the water level is taken as the reference height in this paper, and with power    a = 0.14    [19].



Assuming the velocity parallel to the direction of the steam tube affects the induced velocities and the velocity perpendicular to the direction of the steam tube only affects the local relative velocities, the coordinate and the velocity of each stream tube were deduced considering the motions of the floating foundation in the following parts.



Induced velocities at the upwind and downwind sectors   V   and     V ′    , and the induced equilibrium velocity     V e     are given by [20],


   V = u  V  ∞ i   cos  ξ 5  ,   



(2)






    V e  = ( 2 u − 1 )  V  ∞ i   cos  ξ 5  ,   



(3)






    V ′  =  u ′   V e  =  u ′  ( 2 u − 1 )  V  ∞ i   cos  ξ 5  .   



(4)




where   u   is the interference factor, and    u ′    is the second interference factor.



For the upwind sector, the distance from local blades to the gravity center of floating wind turbine system is expressed as,


    L 2  =     ( R cos θ )  2  +   ( z +  L 1  +  H g  )  2    ,   



(5)




where   R   is the radius of rotor,   θ   is the azimuth of rotor,   z   is the distance from each stream tube to equator (below equator is negative direction),     L 1     is the distance from equator to still water level, and     H g     is the distance from still water level to the gravity center of floating wind system when the system is in a state of stillness. The angle between the local position of the blade and the tower is written as


   γ = arctan (   R cos θ   z +  L 1  +  H g    ) ,   



(6)




Then, the local wind velocity of the blade is given by,


    V  ∞ i   =  V ∞  ⋅   (    L 2  cos (  ξ 5  − γ ) − (  H g  −  ξ 3  )   H +  L 1    )  a  ,   



(7)




where   H   is the half-height of rotor. The velocities of local blades can be derived from the surge, heave and pitch velocities of floater by using transformation matrix. Then, the resultant velocities, which are caused by the motion of the floating foundation, parallel to the direction of the steam tube for the local position can be written as,


    V x  = −   ξ ˙  1  cos  ξ 5  +   ξ ˙  3  sin  ξ 5  −   ξ ˙  5  ⋅  L 2  ⋅ cos γ .   



(8)







Using a similar deducing progress, we get the resultant velocities parallel to and vertical to the direction of the steam tube for the downwind sector, as follows,


    V x    ′  = −   ξ ˙  1  cos  ξ 5  +   ξ ˙  3  sin  ξ 5  −   ξ ˙  5  ⋅  L 2  ⋅ cos γ .   



(9)







For the rotor of upwind sector, namely, the range of azimuth   θ   is    [ − π / 2 ,   π / 2 ]   , and the local relative velocity of the rotor can be written as,


   W =     ( V +  V x  )  2  cos  θ 2  +   ( R ω − V sin θ )  2    ,   



(10)




where   ω   is the rotation velocity of the blade.



The local attack of angle is derived as,


   α = arcsin [   ( V +  V x  ) cos θ  W  ] .   



(11)







The azimuthal angle of upwind sector of the rotor is divided into several angular tubes, and the angle of each tube is    Δ θ   . Assuming the induced velocity for each angular tube is a constant, the interference factor of each angular tube is a constant, it can be presented as,


   u ( θ ) =   K  K 0    K  K 0  +    ∫  θ − Δ θ / 2   θ + Δ θ / 2     f  u p   ( θ )    d θ   ,   



(12)




where   K  ,     K 0     and    f ( θ )    can be given by following expressions,


   K = 8 π R / ( n c ) ,   



(13)






    K 0  = sin ( θ + Δ θ / 2 ) − sin ( θ − Δ θ / 2 ) ,   



(14)






    f  u p   ( θ ) =   ( W / V )  2   [   C N  cos θ +  C T  sin θ  ]  ,   



(15)




where   n   is the number of blade,   c   is the chord length, and     C N     and     C T     are the normal force and tangential force coefficients, respectively, they can be given by,


    C N  =  C L  cos α +  C D  sin α ,   



(16)






    C T  =  C L  sin α −  C D  cos α ,   



(17)




where     C L     and     C D     are the lift coefficient and the drag coefficient, respectively. 2D static coefficient     C L  2 D      and     C D  2 D      can be obtained by interpolation of the experimental data [21] considering the local Reynolds number and the local attack angle   α  , and 3D static coefficient     C L  3 D      and     C D  3 D      can be derived by taking into account the influence of tip losses and finite aspect ratio [22]. Finally, the coefficients can be corrected by the Gormont–Berg method about the dynamic stall [23].



The local Reynolds number is presented as,


     Re  t  =   c W    υ ∞    ,   



(18)




where     υ ∞  = 1.47 ×   10   − 5    (   m 2  / s  )     is the coefficient of kinematic viscosity.



For the given the geometric lines of rotor, rotational speed and wind speed of each stream tube, the final induced factor    u ( θ )    can be derived by iteration of Equations (2)–(18). Furthermore, the normal force and tangential force coefficients can be obtained.



The normal force     F N     and tangential force     F T     of the blade at different   θ   are further calculated by the following formulae,


    F N  = 0.5 ρ c H    ∫  − 1  1    C N      W 2  d ζ ,   



(19)






    F T  = 0.5 ρ c H    ∫  − 1  1    C T      W 2  d ζ ,   



(20)




where    ζ =  H 0  / H    is local height of the stream tube to equator plane of the rotor.



The thrust force     F X     and side force     F Y     of the blade are calculated as following,


    F X  =  F N  cos θ +  F T  sin θ   



(21)






    F Y  =  F N  sin θ −  F T  cos θ   



(22)







The power coefficient is presented as following,


    C  P 1   = ( R ω /  V ∞  ) ×   n c H   2 π S      ∫  −  π 2     π 2        ∫  − 1  1    C T          ( W /  V ∞  )  2  d ζ d θ .   



(23)







Similarly, the normal force      F ′  N     and the tangential force      F ′  T     can be calculated for the downwind sector, and obtain the power coefficient     C  p 2     . The power coefficient for one cycle can be written as,


    C P  =  C  P 1   +  C  P 2   .   



(24)







In this paper, the steady wind speed was used to calculate the aerodynamics loads. The lift and thrust forces acting on the heave and surge of the floating VAWT can be obtained by decomposing the normal and tangential forces. Calculating the moment of the thrust force about the center of gravity of the floating VAWT, the pitch moment of the aerodynamics acting of the pitch motions of the floating VAWT can be obtained.



Taking a fixed H-type wind turbine VAWT260 [24] as an example, the rotor power was calculated (the coupling of aerodynamics and hydrodynamics was not considered in this part). The VAWT260 H-rotor has two blades with chord length of 1.02 cm and airfoil of NACA0018. The lift and drag coefficients used in this paper are from static test, and iteration residual standard is set to      10   − 4     . The results of rotor power obtained by the numerical simulation were compared with those of model experiment [24], as shown in Figure 3.



It can be seen in Figure 3 that the rotor power obtained by the numerical simulation agrees well with the results of the experiment.



To verify the aerodynamic loads, comparisons of tangential and normal force coefficients with the calculation results of Paraschivoiu [25] are presented in Figure 4. A NACA0015 blade profile, a chord of 0.2 m and 6 m high H-type blade is used here. The rotational speed is 125 rpm, and the tip speed ratio is 5.2. The double multiple stream tube method with considering finite aspect ratio is used in [25].



Figure 4 shows that the aerodynamic load coefficients mainly agree well with the results of Paraschivoiu. The reason for the relatively obvious differences appearing downwind is that the tower effect is ignored in Paraschivoiu’s calculation. The thrust force and side force used in the dynamical equation in Section 3 can be checked by Equations (21) and (22).




3. The Dynamical Equations of the Floating VAWT


3.1.The Nonlinear Coupled Motion Equations


Liu et al. [16] established the nonlinear coupled motion equations of the Spar platform, and verified the equations by comparing with test modal. In this paper, the method is used to analyze the dynamic motion of the floating VAWT. Regarding the whole floating VAWT as a rigid body, considering the inertia force (moment), damping force (moment), restoring force (moment), mooring force, wind and wave loads, the surge–heave–pitch coupled equations of the floating VAWT can be presented as follows,


    (   M  +   A  ∞   )   X ¨   ( t )  +    ∫ 0 t    h   (  t − τ  )      X ˙   ( t )  d τ + K ( X ( t ) ) X ( t ) = F  (  t , X ,  X ˙   )  ,   



(25)




where   M   is the mass matrix of the floating VAWT,     A ∞     is the mass matrix at infinite frequency, and    h ( t − τ )    is the retardation function accounting for the fluid memory effect   X  ,    X ˙    and    X ¨    represents the displacement, velocity and acceleration vectors of the floating VAWT at its center of gravity, respectively, and    X =   [  ξ 1     ξ 3     ξ 5  ]  T    .   K   is the restoring matrix, including the hydrostatic restoring, restoring of the mooring system, and the nonlinear hydrostatic restoring.    F  (  t , X ,  X ˙   )     is the exciting force vector, which includes the Froud–Krylov force     F  f k   ( t )   , diffraction force     F d  ( t )   , wind loads     F w  ( X ,  X ˙  , t )    (including the aerodynamic loads     F w    a  ( X ,  X ˙  , t )    and the wind loads     F w    p     calculated by the wind pressure theory), and hydrodynamic viscous force     F  v 1     =    D 1   X ˙  +  D 2   X ˙   |  X ˙  |    , where     D 1     is the matrix of viscous damping coefficient,


   F  (  t , X ,  X ˙   )    =    F  f k   ( t ) +  F d  ( t ) +  F w  ( X ,  X ˙  , t ) +  F  v 1   ,   



(26)







For the Spar type floating foundation, the nonlinear coupling between the heave and pitch motions is significant. Referring to the nonlinear heave–pitch coupling motion equations of the deepsea truss Spar platform [16,17], the restoring matrix can be written as follows,


   K =  [       f 1  (  ξ 1  )    0   0     0     f 3  (  ξ 3  ) + ρ g  A w      −    H g   2  ρ g  A w   ξ 5       0     1 2  ρ g ( ∇ + 2  A w    G M  ¯  )  ξ 3      ρ ∇ g   G M  ¯       ]  ,   



(27)




where     f i    (  ξ i  )   ( i = 1 , 3 )    represents restoring stiffness of the mooring system in surge and heave of the floating VAWT.    A w    is water plane area of the floating foundation,      G M  ¯     is the initial stability height of the floating VAWT,   ∇   is the displacement,   ρ   is the density of seawater, and   g   is gravity acceleration. The hydrostatic restoring loads are calculated on the static equilibrium position of the floating VAWT.




3.2. Wind Pressure


The wind pressure and wind heeling moment acting on the tower and the blades (in the parked state) were calculated in accordance with the rules of the API [26], as follows,


   F = 0.613 × C s × C h ×  S ¯  ×  V ∞    2  ,   



(28)






   M = F ×  H ¯  ,   



(29)




where     C s     is the shape coefficient of the wind-bearing component;    C h    is the height coefficient of the wind-bearing component;     S ¯     is the frontal projected area of the wind-bearing component in the wind direction;    H ¯    is the distance from the wind force acting points to the rotation center of the floating VAWT; and     V ∞     is shown as Equation (1).




3.3. Hydrodynamic Loads


Hydrodynamic loads were calculated by using the potential theory and the Morison’s equation [27]. The potential theory was used to calculate the wave loads, added mass and radiation damping of the large scale structure (including the upper buoyancy tank, upper mechanical tank, heaving plates, and bottom ballast tank). The first-order wave loads and second-order mean drift forces were considered in this paper.



The Morison equation was used to calculate the inertial load and viscous drag load of the slender structure (truss structures,    D / λ < 0.2   , where   D   is the diameter of the structure and   λ   is the wave length). The transverse hydrodynamic force per unit length can be written as follows,


   d F = ρ π    D 2   4    u ˙  w  + ρ π  C a     D 2   4  (   u ˙  w  −   u ˙  b  ) +  1 2  ρ  C d  D (  u w  −  u b  ) |  u w  −  u b  | ,   



(30)




where     C a     and     C d     are the added mass and quadratic drag coefficients, respectively;     u w     is the transverse wave particle velocity; and     u b     is the local transverse body velocity.



The Wadam [28] was used to calculate the hydrodynamics in this paper. The wind turbine was in the parked state and the wind loads and mooring system were not considered in the hydrodynamic calculation, while the mass and shape of the blade were considered.




3.4. Damping and Mooring System


The heave plates were used to reduce the heave motions of the floating VAWT, and the viscous damping of floating foundation was important. In this paper, the viscous damping was obtained by the experiment of free decay model [29].



The mooring forces acting on the floating foundation in the directions of surge and heave were calculated by quasi-static catenary method, considering catenary mooring line and the fairlead set near the gravity center of the floating VAWT.




3.5. The Motions Calculation of the Floating VAWT


The motions calculation of the floating VAWT was carried out using the method of Runge–Kutta, and the computational procedures were as follows: give initial displacements and velocities of the floating VAWT to calculate the aerodynamic loads of the blades according to Equations (2)–(22); solve Equation (23) considering the wind and wave loads, and mooring loads; and calculate the new aerodynamic loads according to the new displacements and velocities of the floating VAWT. The coupling between aerodynamics and hydrodynamics was obtained by repeating the process above.





4. Results and Analysis


4.1. The Parameters of a 5 MW Floating VAWT


The H-type floating VAWT studied as an example is shown Figure 5. The upper wind turbine refers to the VAWT proposed by Collu et al. [15], and the floating foundation is Truss Spar type, which consists of buoyancy tank, the upper machinery tank, truss structure, heave plates and ballast tank. The specific parameters of the floating VAWT are shown in Table 1. The floating VAWT was located by four groups (one line for each group), the angle between each group of mooring lines was 90°. The lines were designed in the form of chain–cable–chain, and were connected with the floating foundation by the fairleads. The specific parameters of the mooring line are indicated in Table 2.




4.2. Control Strategy of Rotational Speed


The control strategy of rotor speed of the floating VAWT is as follows: for wind speeds less than 12 m/s, the rotational speed is designed to obtain the maximum power capture; the rotational speed is set to the rated rotational speed when wind speed is in the range of 12–15 m/s; and for wind speeds more than the rated wind speed, the rotational speed should be set to maintain the rated output power. Output power for different rotor speed and wind speed are shown in Figure 6, and rotor speed and output power for the different wind speed are shown in Figure 7.




4.3. Results and Analysis


4.3.1. Free Decay Motions of the Floating VAWT


The free decay motions were carried out in this section. The wind turbine was in the parked state and wind and wave loads were not considered. The natural periods of surge, heave and pitch motions of the system are obtained as shown in Table 3.




4.3.2. Motions of the Floating VAWT Considering the Wind and Regular Wave Loads


Motions of the floating VAWT were calculated considering the wind loads and regular wave loads in this section. The parameters of wave and wind are shown in Table 4.



The time histories and the corresponding spectra (obtained by the Fast Fourier Transform) of the floating VAWT motions are shown in Figure 8, Figure 9 and Figure 10, and the mean displacements and the corresponding standard deviations (STD) are shown in Table 5.



Table 5 shows that, for the three cases, the max STDs of the surge, heave and pitch motions of the floating VAWT are 1.55 m and 0.60 m and 2.64 degrees, respectively; the mean values of heave are all small, and the max mean values of the surge and the pitch motions of the three cases are 2.95 m and 3.27 degrees, respectively. Therefore, the floating VAWT has good motion performance. Compared with LC3.2, the pitch STD of the floating VAWT in LC3.3 increases by approximately 77%, and the corresponding mean value increases by approximately 25%.



In Figure 8, Figure 9 and Figure 10, we can find that the motion frequencies of the floating VAWT are dominated by the wave frequencies for the three cases. For the pitch frequencies of the floating VAWT, there are components of the rotor rotational frequency (2P response). However, they are not significant compared with the wave–frequency responses.




4.3.3. The Aerodynamics of the Floating VAWT


To analyze the effect of floating foundation’s motion on the aerodynamics, two conditions are considered for LC3.2: (a) the foundation is floating, and the couple motions of floating foundation are considered in aerodynamics calculation; and (b) the wind turbine is considered to be set on a fixed foundation. The normal and tangential forces acting on the equator of one blade are calculated, and the results of time histories and spectra are shown in Figure 11 and Figure 12.



Figure 11 and Figure 12 show that the normal force is much bigger than tangential force. Compared with the fixed foundation case, the amplitudes of normal force and tangential force of the floating foundation cases increase up to 9.4% and 16.3%, respectively. As shown in Figure 12, the main frequency of aerodynamic force is 2P frequency. In addition, for the floating foundation model, there are frequency components of wave frequency and the difference frequency between 2P and wave frequency.




4.3.4. Motions of the Floating VAWT Considering the Wind and Irregular Wave Loads


Motions of the floating VAWT were calculated considering the wind loads and irregular wave (JONSWAP sea spectrum) loads in this section. The calculation parameters are shown in Table 6.



The time histories and spectra of pitch motions of LC4.2 and LC4.3 are presented in Figure 13. The max values, mean values and STDs of surge, heave and pitch responses of the floating VAWT are calculated, and the results are shown in Table 7.



Figure 12 shows that the pitch motions of the floating VAWT increase with the increase of wave height and wind speed, and they are still dominated by the wave–frequency motions. Comparing Figure 12b with Figure 9b, the 2P frequency caused by the aerodynamic loads is more significant in the case LC4. Because of the effect of heave plates, the heave responses are small and the max values of heave is 1.15 m for LC4. In Table 7, we can find that the STDs of surge and pitch motions of the floating VAWT are small, which shows the floating VAWT has good motion performance in the wave and wind conditions.




4.3.5. Comparison with Φ-Type Floating VAWT


Liu et al. studied a 5 MW Φ-Darrieus type wind turbine supported by the same truss Spar type floating foundation and with the same mooring system, and its parameters are presented in Reference [11]. Compared with the Φ-type wind turbine (blade height is 129.56 cm, mass of two blades is 308 tons), the blade height and blades mass of this paper decreased by 39% and 75%, respectively. The two floating VAWTs have the same total mass.



Motions of the two floating VAWTs were compared considering the wind loads and regular wave loads, and the calculation parameters are shown in Table 8. The mean value and STDs of the surge, heave, and pitch motions of the two floating VAWTs are presented in Figure 14, Figure 15 and Figure 16. The mean generator powers of the two floating VAWTs are shown in Figure 17.



Figure 14, Figure 15 and Figure 16 show that compared with the Φ-type floating VAWT, the mean values of the H-type floating VAWT’s motions are much smaller. Taking the rated wind speed case (LC5.2) as an example, the mean values of surge, heave and pitch of H-type floating VAWT decrease 38%, 74.2% and 38.6%, respectively. Therefore, H-type VAWT withstand smaller wind loads compared with the Φ-type VAWT. The STDs of motions of the two floating VAWTs are almost same, as they are supported by the same floating foundation, and the STD of the floating VAWT motions mainly depends on the wave loads. Figure 17 shows that the motion of floating VAWTs has insignificant effect on the mean generator power for both type wind turbines. It is a satisfactory result for the prospective development of a floating VAWT.






5. Conclusions


The surge–heave–pitch coupling nonlinear motion equations of the H-type floating VAWT were established considering the coupling between aerodynamic and hydrodynamic loads, and the motions of a 5 MW H-type floating VAWT were studied. The motion of the H-type floating VAWT was also compared with that of the Φ-type floating VAWT; they have the same floating foundation and total displacement. The main conclusions are as follows:




	
The natural periods of surge, heave, and pitch motions of the H-type floating VAWT are 51.2 s, 20.5 s, and 29.3 s, respectively. The small STDs of the LC3 and LC4 show the good motion performance of the H-type floating VAWT in the wave and wind conditions.



	
The effects of wind and wave loads on the motions of the H-type floating VAWT are assessed. For LC3, the motion frequencies of the floating VAWT are dominated by the wave frequencies, and there are small components of 2P frequency for the pitch motions. The 2P frequency is more significant in irregular wave conditions (LC4).



	
The effects of the floating foundation motions on the aerodynamics are also assessed. The results show that the normal force is much bigger than the tangential force. Compared with the fixed foundation case, the amplitudes of normal and tangential forces increase up to 9.4% and 16.3%, respectively, for the floating foundation case. Besides the 2P frequency, the frequencies of aerodynamics also include the wave frequency and the difference frequency between 2P and wave frequency for the floating foundation case. The effect of the floating foundation motion on the aerodynamics cannot be ignored.



	
The H-type VAWT withstand smaller wind loads compared with the Φ-type VAWT, and mean values of the H-type floating VAWT’s motions are much smaller compared with the Φ-type floating VAWT. The STDs of motions of the two floating VAWTs are almost same, as they mainly depend on the wave loads.
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Figure 1. Coordinate system. 






Figure 1. Coordinate system.
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Figure 2. Equatorial velocity vector. 






Figure 2. Equatorial velocity vector.



[image: Applsci 08 00262 g002]







[image: Applsci 08 00262 g003 550] 





Figure 3. Validity checking of the aerodynamic loads. 
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Figure 4. Validity checking of the aerodynamic loads. 
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Figure 5. The H-Type floating VAWT system. VAWT: Vertical Axis Wind Turbine. 
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Figure 6. Power for different rotational speed and wind speed. 
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Figure 7. Power and rotational speed for different wind speed. 
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Figure 8. Surge responses of the floating VAWT (LC3): (a) time histories; and (b) response spectra. 
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Figure 9. Heave responses of the floating VAWT (LC3): (a) time histories; and (b) response spectra. 
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Figure 10. Pitch responses of the floating VAWT (LC3): (a) time histories; and (b) response spectra. 
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Figure 11. Time histories of aerodynamic force on the blade: (a) Normal force; and (b) Tangential force. 
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Figure 12. Spectra of blade aerodynamics: (a) Normal force spectra; and (b) Tangential force spectra. 
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Figure 13. Pitch responses of the floating VAWT: (a) time histories; and (b) response spectra. 
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Figure 14. Surge comparison of two floating VAWTs (cases LC5). 
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Figure 15. Heave comparison of two floating VAWTs (cases LC5). 
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Figure 16. Pitch comparison of two floating VAWTs (cases LC5). 
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Figure 17. Mean generator power of two floating VAWTs (cases LC5). 
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Table 1. Parameters of the floating VAWT. VAWT: Vertical Axis Wind Turbine.
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	Items
	Values





	Rated power
	5.00 (MW)



	Number of blade
	2.00



	Radius of rotor
	37.00 (m)



	Height of blade
	78.75 (m)



	Chord of blade
	3.50 (m)



	Hub height
	72.00 (m)



	Airfoil profile
	NACA0018



	Rated wind speed
	15.00 (m/s)



	Rated rotor speed
	12.00 (rpm)



	Mass of blades
	76.75 (ton)



	Draft of the foundation
	65.00 (m)



	Total water displacement
	7475.10 (t)
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Table 2. Parameters of the mooring line. EA: XXX.
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	Items
	Chain
	Cable





	Length (m)
	55
	135



	Diameter (mm)
	147
	84



	Wet weight (Kg/m)
	375.7
	25.6



	Dry weight (Kg/m)
	432.2
	29.5



	Axial rigidity EA (N)
	1.6 × 109
	3.9 × 109
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Table 3. Natural periods of the floating VAWT.
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	DOFs
	Natural Period (s)





	surge
	51.2



	heave
	20.5



	pitch
	29.3
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Table 4. Regular wave and wind cases (LC3).
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	Items
	Wave Height (m)
	Wave Period (s)
	     V ∞      (m/s)
	Total Time (s)





	LC3.1
	2.10
	9.74
	5
	3600



	LC3.2
	3.62
	10.29
	15
	3600



	LC3.3
	6.02
	11.38
	25
	3600
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Table 5. The standard deviations and mean values (LC3). STD: standard deviations.
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Case

	
STD

	
Mean Value




	
Surge (m)

	
Heave (m)

	
Pitch (deg)

	
Surge (m)

	
Heave (m)

	
Pitch (deg)






	
LC3.1

	
0.50

	
0.20

	
0.84

	
0.36

	
−0.00

	
0.40




	
LC3.2

	
0.89

	
0.35

	
1.49

	
2.32

	
0.006

	
2.62




	
LC3.3

	
1.55

	
0.60

	
2.64

	
2.95

	
0.011

	
3.27
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Table 6. Irregular wave and wind cases (LC4).
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	Items
	Significant Wave Height (m)
	Spectrum Peak Period (s)
	     V ∞     (m/s)
	Total Time (s)





	LC4.1
	2.1
	9.74
	5
	3600



	LC4.2
	3.62
	10.29
	15
	3600



	LC4.3
	6.02
	11.38
	25
	3600
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Table 7. Response statistics of the floating VAWT (cases LC4).
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Items

	
Surge (m)

	
Heave(m)

	
Pitch(deg)




	
STD

	
Mean

	
Max

	
STD

	
Mean

	
Max

	
STD

	
Mean

	
Max






	
LC4.1

	
0.36

	
0.32

	
1.46

	
0.27

	
0.17

	
0.52

	
0.19

	
0.42

	
1.14




	
LC4.2

	
0.58

	
2.33

	
4.28

	
0.34

	
0.17

	
0.72

	
0.39

	
2.61

	
3.97




	
LC4.3

	
1.04

	
2.95

	
6.45

	
0.49

	
0.17

	
1.15

	
0.72

	
3.28

	
5.67
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Table 8. Comparison cases (LC5).






Table 8. Comparison cases (LC5).





	
Case

	
Wind Turbine Type

	
Wave Height (m)

	
Wave Period (s)

	
     V ∞      (m/s)






	
LC5.1

	
H-type

	
2.10

	
9.74

	
5




	
Φ-type

	
5




	
LC5.2

	
H-type

	
3.62

	
10.29

	
15 (rated wind speed)




	
Φ-type

	
14 (rated wind speed)




	
LC5.3

	
H-type

	
6.02

	
11.38

	
25




	
Φ-type

	
25
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