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Abstract

:

Turbulent wind at offshore sites is known as the main cause for fatigue on offshore wind turbine components. Numerical simulations are commonly used to predict the loads and motions of floating offshore wind turbines; however, the definition of representative wind input conditions is necessary. In this study, the load and motion responses of a spar-type Offshore Code Comparison Collaboration (OC3) wind turbine under different turbulent wind conditions is studied and investigated by using SIMO-Riflex in Simulation Workbench for Marine Applications (SIMA) workbench. Using the two spectral models given in the International Electrotechnical Commission (IEC) standards, it is found that a lower wind lateral coherence under neutral atmospheric stability conditions results in an up to 27% higher tower base side–side bending moment and a 20% higher tower top torsional moment. Comparing different atmospheric stability conditions simulated using a spectral model based on FINO1 wind data measurement, the highest turbulent energy content under very unstable conditions yields a 26% higher tower base side–side bending moment and a 27% higher tower top torsional moment than neutral conditions, which have the lowest turbulent energy content and turbulent intensity. The yaw-mode of the OC3 wind turbine is found to be the most influenced component by assessing variations in both the lateral coherence and the atmospheric stability conditions.
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1. Introduction


The design phase of a wind turbine is considered as one of the most critical steps in wind farm planning. Many research studies rely on numerical simulations to predict and check the reliability of the wind turbine structures, especially those located offshore. For this reason, a justifiable environmental input must be chosen carefully, and reliable measurement data should be used whenever available. In the absence of reliable measurement data, the International Electrotechnical Commission (IEC) 61400-1, 2005 [1], is often used as the wind turbine design guideline. In this standard, two turbulent wind models are recommended for wind turbine design: Kaimal Spectra and Exponential Coherence and Mann Spectral Tensor Model. Herein, the Kaimal Spectra and Exponential Coherence is referred to as the Kaimal model and the Mann Spectral Tensor Model is referred to as the Mann spectral model. Both the Kaimal model [2] and the Mann spectral model [3] were derived from measured wind data under neutral atmospheric conditions. In the IEC 61400-1, the two models are prescribed to have equal energy content but have significant differences in terms of spatial coherence. Eliassen and Obhrai [4] attempted to compare the vertical coherence between the Kaimal model and the Mann spectral model with measured wind data at the FINO1 platform [5]. It was shown that the observed lateral coherence at 40 m separation from FINO1 is over-predicted using the Kaimal model but under-predicted using the Mann spectral model [4].



The study by Godvik [6] shows that a 6 MW spar wind turbine’s platform yaw motion is sensitive to wind coherence over the rotor area when using the two wind models provided in the IEC 61400-1 standard. The Mann spectral model was found to induce higher yaw motion of the spar wind turbine compared to the Kaimal model [6]. Bachynski and Eliassen [7] investigated the influence of the Kaimal model and the Mann spectral model on the global responses of a semisubmersible, spar, and Tensioned-Leg Platform (TLP) 5 MW wind turbines. The platform yaw responses of the three floater types were found to be higher when simulating the Mann spectral model wind fields than the Kaimal model wind fields [7]. Similarly, Doubrawa et al. [8] found that by generating wind fields using the large eddy simulations (LES) for the two spectral models, the tower base yaw moment of a 6 MW spar wind turbine was predicted higher when using the Mann spectral model than the Kaimal model. Since both spectral models differ in terms of spatial coherence (especially in the lateral separations), it is then suggested [6,7,8] that the wind spatial coherence under neutral atmospheric stability conditions has a significant influence for the floaters’ yaw and the spar’s tower base yaw moment. This being said, one should note that the wind spatial coherence varies with atmospheric stability conditions [9], and that offshore, there is a prevalence of unstable conditions [10].



An investigation into the influence of atmospheric stability for the load responses of a bottom-fixed wind turbine was conducted by Sathe et al. [9] using the Mann spectral model. In their study, the measured wind data from Høvsøre site [11] was fitted to the Mann spectral model and they simulated turbulent wind fields using the obtained Mann spectral model parameters from the wind measurement fitting. The fit of the wind measurements at Høvsøre to the Mann spectral model parameters showed an increase of the spatial coherence as the atmospheric stability conditions changed from stable through to unstable conditions [9]. However, it should be noted that the Mann spectral model has not been validated to predict the coherences for non-neutral atmosphere, but it was assumed that the influence of atmospheric stability on the coherences can be depicted using the Mann spectral model [9]. Sathe et al. [9] found that up to 17% load difference (depending on the component of interest) on a bottom-fixed wind turbine is noted when comparing only neutral conditions and various atmospheric stability conditions. To the authors’ knowledge, no studies have been conducted yet with respect to analysis of measured spatial coherence of turbulent wind offshore (especially for lateral separations) under different atmospheric stability conditions due to the data availability. However, Cheynet et al. [12] derived an empirical vertical coherence model from wind measurement data at FINO1. The vertical coherences were found to be increasing from stable to neutral and then to unstable atmospheric stability conditions [12], which is in agreement with the observations from the study by Sathe et al. [9]. Yet, in the work of Sathe et al. [9], it is not specifically mentioned whether the increasing coherence from stable to neutral and then to unstable conditions are for lateral separations or vertical separations, or for both.



As the atmospheric stability conditions shift progressively from neutral to unstable conditions, the low-frequency wind energy content increases, and thus higher turbulence intensities are observed under unstable conditions compared to the neutral conditions [12,13]. Putri et al. [14] and Knight and Obhrai [15] have shown the importance of taking into account the non-neutral atmospheric stratification, especially unstable conditions, in terms of wind energy content on the loads and motions’ responses of floating wind turbines. When comparing unstable and neutral conditions, higher yaw-mode loads and motions of a spar floating wind turbine under unstable conditions were noted up to 40% [14,15].



The findings of References [6,7,8,14,15] raise the question of whether a spar wind turbine’s load and motion responses are more prone to variations in the wind coherence or to the turbulent wind energy content, as we know that the dominant atmospheric stability at offshore is unstable conditions [10]. Hence, this study aims to perform numerical analysis of different incoming turbulent wind inflow conditions on a floating spar wind turbine rotor and investigates the spar wind turbine’s load and motion responses. The Kaimal model and the Mann spectral model are used to simulate wind fields under neutral conditions with variation in coherence. In addition, the Pointed-Blunt model [12], an empirical model fitted to measured data at FINO1, is used to simulate wind fields under different atmospheric stability conditions, from neutral to very unstable. This model is paired with the IEC exponential coherence [1] in the present study.




2. Theory and Methods


This section gives a brief description of the wind models used to generate the wind fields and its characteristics with respect to the atmospheric stability conditions, as well as the methodology used in the present study.



2.1. Atmospheric Stability and Wind Models


Wind spatial coherence or wind coherence is a measure of how related the wind fluctuations at two points in the wind field are, for a specific separation distance, at different frequencies. The term ‘coherence’ refers to the normalized wind cross-spectrum. The coherence consists of a real part called the co-coherence and an imaginary part known as the quad-coherence. In a homogeneous turbulent wind field, the magnitude of the quad-coherence is fairly small for the across-flow separations, compared to the co-coherence. Hence, the quad-coherence is considered to be negligible [16]. In the following, the term ‘coherence’ therefore represents the co-coherence, unless otherwise stated.



Atmospheric stability is one factor which affects spatial and temporal characteristics of wind turbulence [9]. The general classes of atmospheric stability conditions are neutral, stable, and unstable, which depends on the non-dimensional parameter z/Lm (z = height above surface, Lm = Obukhov length) [2]. This parameter is proportional to the temperature flux at the surface      w ′   θ ′   ¯   . When z/Lm < 0, the temperature flux is positive and causes the vertical rise of air parcels, indicating unstable conditions. This enhanced vertical mixing is often referred to as buoyancy-generated turbulence and occurs only under unstable atmospheric stability conditions [17]. On the other hand, when z/Lm > 0, we have stable conditions and a negative temperature flux. Stable conditions are characterized by high wind shear (mean wind profile) and suppression of vertical mixing [17]. Neutral conditions occur when z/Lm = 0, and hence, there is no heat exchange between the air parcels and its surroundings [17].



In the present study, different wind inflow conditions are generated by using three different wind models: the Kaimal model [1], the Mann Spectral Tensor model [1], and the Pointed-Blunt model [12]. Both the Kaimal and Mann spectral models are valid only for neutral atmospheric stability conditions, while the Pointed-Blunt model was fitted to wind data from the FINO1 offshore platform with variable atmospheric stability [12]. It is worth noting that the parameters for the Kaimal and Mann spectral models have been adjusted accordingly to meet the standard requirement and have been set to have equal energy spectra [1,18], while the spatial coherences formulation is not equalized.



For the wind models described in Section 2.1.1, Section 2.1.2, Section 2.1.3 the influence of the Coriolis force is not examined, so the directional shear effect is not taken into account. This means that the longitudinal wind component u- has the same direction as the friction velocity u*.



2.1.1. Kaimal Spectra and Exponential Coherence


First, the Kaimal model is described. The single-sided, non-dimensional velocity spectrum for each wind component Si is defined as follows [1]:


fSi(f)/σi2 = (4fLi/Uhub)/(1 + 6fLi/Uhub)5/3



(1)




where:




	
f: frequency (Hz),



	
i: velocity component index (1: longitudinal, 2: lateral, and 3: vertical),



	
Si: velocity spectrum for each component i,



	
σi: standard deviation of velocity component i (m/s) (Table 1),



	
Li: integral length scale of velocity component i (m) (Table 1),



	
Uhub: mean wind speed at hub height (m/s).








with Λ1 = 42 m (z ≥ 60 m) and z is the hub height in meters. The velocity spectra given in Equation (1) define the single point spectral energy for the three velocity components. The velocity time series at different points in space are computed based on the spatial coherence and a random phase. In this case, the following exponential coherence is associated with Equation (1) and applicable only for u velocity component [1]:


Cohuu(f, Δ) = exp[−12((fΔ/Uhub)2 + (0.12Δ/Lu)2)1/2]



(2)




where:




	
Δ: separation distance, either lateral or vertical (m),



	
Lu: 8.1 Λ1 (m).








Coherence for the v and w velocity components are not specified in the IEC 61400, and in TurbSim [19], identity coherence is recommended for both vv- and ww- coherences. In the present work, the coherence formulated in Equation (2) is adopted for both vv- and ww- turbulence components, for a more representative coherence in a real wind field than applying the identity coherence. In reality, different coherence functions should be used for each of the three turbulence components, and ideally, taken from the relevant site measurements. For the v- turbulence component, a higher lateral coherence than that for u and w components was observed in the study by Saranyasoontorn et al. [16] based on wind measurements. The wind conditions were measured from the Micon 65/13 wind turbine near Bushland in Texas for a mixture of datasets of different stability conditions [16].




2.1.2. Mann Spectral Tensor


The Mann uniform shear turbulence model was developed in the form of a spectral tensor with isotropic von Karman energy spectrum as its initial condition. The tensor will develop anisotropically over time due to the mean wind shear [3]. The resulting anisotropic tensor is given as [1,3]:


Φij(k) = E(k)/4πk4 (δijk2 − kikj)



(3)




with:




	
i,j: index for different wind component (1: longitudinal, 2: lateral, and 3: vertical),



	
Φij: anisotropic tensor for each component ij,



	
k: non-dimensional wave number for each component direction (k1, k2, k3),



	
k: non-dimensional wave number magnitude = (k12 + k22 + k32)1/2,



	
E(k): non-dimensional von Karman isotropic energy spectrum = 1.453k4/(1 + k2)17/8 [1],



	
δij: non-dimensional spatial separation vector components.








The complete tensor matrix of Equation (3) is not shown in detail here but can be found in the IEC 61400-1 [1,18]. The non-dimensional, single-sided velocity component spectrum generated from Equation (3) can be expressed as [1]:


fSi(f)/σi2 = σiso2/ σi2 (4πℓf/Uhub) Ψij(2πℓf/Uhub)



(4)




where:




	
Ψij: wave number autospectrum (i = j)/cross-spectrum (i ≠ j),



	
σi2: component variance (m2/s2) (Table 1),



	
σiso: 0.55 σ1,



	
ℓ: 0.8 Λ1, where Λ1 = 42 m for z ≥ 60 m,








while the coherence is given as [1]:


Cohij(f, Δy, Δz) = Real{Ψij(f, Δy, Δz)/[Si(f) Sj(f)]1/2}



(5)




with:




	
Δy = separation distance in the lateral direction,



	
Δz = separation distance in the vertical direction.








Although the mathematical definition of the Mann spectral model is rather complex, the Mann spectral model is simply described by three parameters: αε2/3, ℓ, and γ, which later will be used as input parameters for the simulations in this study. αε2/3 is a measure of spectral energy in the inertial subrange, ℓ is the length scale (size of the occurring eddy), and γ is the shear parameter (a measure of anisotropy) [3]. A least squares fit of the Kaimal model to Equation (5) results in shear parameter γ = 3.9 [1].




2.1.3. Pointed-Blunt


The Pointed-Blunt model [12] was developed based on two years of FINO1 measurement data (2007–2008) under different atmospheric stability conditions. This model was named after its shape, which includes the low-frequency part (pointed) and the high-frequency part (blunt). The model has four floating parameters dependent of the atmospheric stability conditions within the range of −2 < ζ < 2, where ζ = z/Lm, z is the observed height and Lm is the Obukhov length. The non-dimensional mathematical formulation for this model is [12]:


fSi(f)/u*2 = a1if/(1 + b1if)5/3 + a2if/(1 + b2if5/3)



(6)




where:




	
a1i, a2i, b1i, b2i: floating parameters,



	
i: index for different wind component (u: longitudinal, v: lateral, and w: vertical),



	
u*: friction velocity (m/s), computed using [20]:










U(z) = u*/κ (ln(z/zo) − Ψ)



(7)




with:




	
U(z): mean wind speed at height z (m/s),



	
κ: von Karman constant (0.4),



	
zo: surface roughness (m), taken as 0.0001 m for open sea surface [17],



	
Ψ: 2ln(1 + x) + ln(1 + x2) − 2tan−1(x); x = (1 − 19.3ζ)1/4.








For this study, the associated coherence for the Pointed-Blunt model is prescribed based on the exponential coherence model, as provided in Equation (2) from the IEC 61400-1. Due to the absence of validated lateral coherences following different atmospheric stability conditions, the exponential coherence in Equation (2) is applied not only for uu- but also for vv- and ww- coherences by assuming the same values are used for the three components.





2.2. Methodology


A floating spar wind turbine was selected for this study, which is based on the International Energy Agency (IEA) Annex XXIII Offshore Code Comparison Collaboration (OC3) Phase IV [21]. The OC3 wind turbine has the 5 MW National Renewable Energy Laboratory (NREL) reference wind turbine (RWT) characteristics with a modified controller to prevent the negative damping effect (excessive motions) of the spar platform [21]. The main characteristics of the OC3 wind turbine are provided in Table 2, while the detailed specifications can be found in Jonkman and Musial [21]. Time domain simulations are performed in this study, where the Simulation Workbench for Marine Applications (SIMA) [22], specifically coupled SIMO-Riflex, is used as the primary simulation tool to obtain the OC3 wind turbine’s structural responses and motions. SIMO handles the spar platform’s motions and station-keeping behavior, while Riflex deals with flexible slender structure analysis (i.e., forces, moments, and deflection computation of the turbine’s blades, wind turbine tower, and mooring lines) based on the Finite Element Modeling [22]. Blade Element Momentum (BEM) theory is implemented in Riflex to compute the aerodynamic responses. The modelled OC3 Hywind wind turbine in SIMA is illustrated in Figure 1. The OC3 Hywind is modelled separately for the following parts: blades, nacelle, tower, spar floater, and mooring lines. Each blade is composed with 17 segments representing different airfoil cross-sections of the NREL 5 MW RWT, while the nacelle is modelled as a body. The tower is made up by 10 segments for each of the tower’s cross-section properties, in accordance with Jonkman and Musial [21]. The spar floater is modelled as a body and its hydrodynamic properties are taken from Jonkman and Musial [21].



As input to SIMA, environmental conditions are necessary, where waves and wind act as the main environmental loads. The waves’ input are taken as constant for all load cases considered in this study, while the wind input defines the load cases. The simulated wave conditions follow a Joint North Sea Wave Project (JONSWAP) spectra with a significant wave height of Hs = 4 m, peak period Tp = 8 s, and a peakedness parameter γ = 3.3, according to DNVGL-CG-0130 [23]. In reality, Hs is dependent on wind speed and should be varied. Additional simulations were performed with variable Hs and Tp. It was noted that simulations with a variable Hs yield similar conclusions (in terms of the OC3 Hywind’s responses with respect to the variation in wind input), as to when a constant Hs is adopted. Since our main objective is to investigate the impact of wind input variation on the OC3 wind turbine’s responses, a constant Hs with wind speed is used in this study.



The main input for the simulations in SIMA is wind inflow conditions (wind fields) that is depicted in the form of ‘moving wind box’ in the u-component direction. This box will be referred to as the turbulence box. The turbulence boxes are pre-generated using different pre-processing tools depending on the wind model. TurbSim [19] is used to generate the turbulence box using the Kaimal Model, Mann Turbulence Generator (MTG) [24] for the Mann spectral model, and windSimFast [25] for the Pointed-Blunt model, where the windSimFast is a MATLAB®-based code. The turbulence box contains wind velocity values at each grid point, representing the flow field variation on the rotor for a selected duration, here taken as 1 hour. The turbulence box size is set to (height × width × length = 160 m × 160 m × [Uhub (mean wind speed at hub) × 3600]). For example, if Uhub is 8 m/s, then the turbulence box size is 160 m × 160 m × 28,800 m. The selected height and width size are to cover the rotor swept area and account for the platform motions. Furthermore, it is important to note that the grids in the turbulence box have proper resolutions. A note on the turbulence box’s grid resolution is given in Section 2.2.1.



The load cases (LC) for this study are summarized in Table 3. The load cases are divided into two main cases, LC 1 and LC 2. LC 1 concerns turbulent wind under neutral conditions with two different coherences and LC 2 covers turbulent wind for different atmospheric stability conditions paired with a fixed exponential coherence.



The turbulence intensity (TI) input values for LC 1 are set equal to the values simulated with the Pointed-Blunt model under neutral stability conditions (LC 2a). Each of the load cases is simulated for 1 hour with six different random seeds to minimize the uncertainty. It is important to note that the 1-hour long time series of the incoming flow are simulated continuously, i.e., not split into 10 min long segments, in order to include the low-frequency wind gusts.



As a simplification, the effect of wind shear is neglected, and a uniform wind profile is applied for all load cases presented in Table 3. Additional simulations were also performed using a stability-corrected logarithmic mean wind profile for all load cases presented in Table 3. For unstable conditions, there is very little wind shear, and as a result, very little influence was noted on the resultant loads and motions of the OC3 Hywind (less than 10%, depending on the component of interest). Whereas for neutral conditions, we observed that the influence of coherence on the OC3 Hywind responses is greater than the variation in mean wind profile. However, since the focus of this study is a comparison of the turbulent wind models, it is then decided to simplify the comparison by using a constant mean wind profile with height.



2.2.1. A Note on the Turbulence Box’s Grid Resolution


When one uses the MTG, the finding by Kim et al. [26] suggests that grid spacing plays an important role in defining a reliable input, and thus the simulation results. Their study pointed out that coarser grid resolution gives a more biased result compared to the finer grid resolution. Hence, a grid resolution check is performed, particularly for the Mann spectral model where the wind turbulence box is generated using MTG. In MTG, the number of grid points in the x, y, and z directions (Nx, Ny, Nz) must follow 2n, where n is a positive integer. To satisfy this requirement, a number of grid point in the x-direction, Nx = 32,768 is selected, which corresponds to a time step dt of 0.11 s for a 3600 s duration (dt = duration/Nx). Table 4 provides different grid resolutions to be checked. Figure 2a presents the Mann spectral model spectra of the u-component (Su) simulated by the MTG tool for different grid resolutions in Table 4, compared with the target spectra for the Mann spectral model. It can be seen that the variation in grid resolution influences the simulated spectra of the along-wind component Su, particularly at frequencies higher than 0.7 Hz. The simulated spectra Su decays faster than the target spectra at frequencies > 0.7 Hz. The finer grid spacing resulted in simulated spectra Su values closer to the target spectra compared to the coarser grid spacing for frequencies > 0.7 Hz.



The low-pass filtering in the Mann spectral model assumes the grid points as the average wind speeds in a cube volume of air [27]. Even though a high-frequency compensation is applied when using MTG to allow the grid points to represent a local wind vector instead of the air cube, it seems that the low-pass filtering is not well compensated, even for the very fine grid size (see Table 4). A finer grid is then seen to better represent the smaller scale turbulence. When an isotropic grid (dx = dy = dz) was used, we observed that the simulated spectra in the frequency > 0.7 Hz approaches the theoretical spectra (red line in Figure 2a). Ideally, an isotropic grid spacing would give the closest values with the theoretical ones for all frequency ranges and should be used in the simulations. Nonetheless, such grid spacing is quite difficult to consider in the simulations. The number of grids, Nx, Ny, Nz, must follow 2n, and MTG’s computational power is limited. Moreover, if a constant dx is used for a constant duration of 3600 s, then Nx will change with wind speed, Uhub. Hence, the turbulence box size will change with wind speed, Uhub. We aim to have a constant wind field size with a continuous duration of 3600 s and a constant time step dt for all considered wind speeds, Uhub. Because the use of isotropic grid spacing will lead to inconsistent turbulence box size with wind speed, the very fine grid size (Ny = Nz = 64) is then selected for all wind simulations using both MTG and TurbSim. As shown in Figure 2b, the grid resolution does not influence the simulated wind of the Pointed-Blunt model. Therefore, a fine grid size (Ny = Nz = 32) is used to generate the wind turbulence box using windSimFast.



The importance of Nx on the simulated spectra Su is related to the time step dt. Nx variation corresponding to a time step from 0.055 to 0.11 s shortens the x-axis, i.e., a smaller time step captures a longer high-frequency range. To save the computational time, a time step of 0.11 s is used to generate the turbulence boxes using all tools, allowing a Nyquist frequency of 4.55 Hz, adequate to capture the OC3 wind turbine’s important natural frequencies.






3. Results


The results are divided into three subsections: the simulated wind turbulence in terms of wind turbulence box properties for each load case, the natural frequencies of the OC3 wind turbine, as well as the load and platform motion responses.



3.1. Simulated Wind Turbulence


The generated wind turbulence is checked to make sure that its statistical properties meet the required target values. Figure 3a shows the simulated dimensional spectra Su averaged from the six seeds for the Kaimal model and the Mann spectral model in LC 1 compared to the IEC target spectra, as well as the Pointed-Blunt model under neutral conditions (LC 2a). The comparison between the simulated dimensional spectra Su and the theoretical spectra for LC 2 is given in Figure 3b. The spectra shown in Figure 3 are calculated using the Welch’s method with six windows and are plotted as a function of frequency. As shown in Figure 3a, the wind turbulence spectral properties from the Kaimal model and the Mann spectral model agree well with the targeted spectra, except for the Mann spectral model at frequencies > 1 Hz due to the grid size. A good agreement between the simulated spectra and the target spectra is also observed for the Pointed-Blunt model for all stability conditions at all considered wind speeds, and for both v- and w- wind components (Sv and Sw, respectively). Figure 3a shows that the Pointed-Blunt model under neutral conditions in LC 2a has equivalent energy content with the two IEC models, as the TI input for the two IEC models are based on the simulated TI from LC 2a. Comparing different atmospheric stability conditions for LC 2, it can be seen from Figure 3b that the spectra Su is increasing as the stability progressively shifts from neutral to very unstable, except in the 0.008 Hz < frequency < 0.05 Hz range, where neutral conditions produced slightly higher spectra Su than for weakly unstable conditions.



Table 5 gives the range of the simulated TI values of u-component from the six seeds. It can be seen that the simulated TI results for the Kaimal model and the Mann spectral model are slightly lower than the target TI given in Table 3. It is important to note that TI is not an input for the Pointed-Blunt model and thus the TI results for the Pointed-Blunt model are due to the changes in Lm and the value of u* in Equation (7). From Table 5, it is noted that the TI is increasing as the atmospheric stability moves from neutral to very unstable conditions. This is expected as unstable conditions have higher spectra energy Su than neutral conditions, as shown in Figure 3.



Figure 4 presents the comparison between the simulated wind lateral coherences and the empirical formula (target coherence function) plotted as a function of reduced frequency = f × Δ/Uhub. Where f is the frequency (Hz), Δ is the separation distance (m), and Uhub is the mean wind speed at the hub. The simulated coherences are obtained based on the Kaimal and Mann spectral models for 65 and 100 m lateral separations for all considered wind speeds. As can be seen in Figure 4, the simulated coherences for all wind speeds agree with the target function. We also note this agreement for a small lateral separation of 10 m and for the vertical separations, which are for brevity not presented here. The simulated coherences for the lateral and vertical separations of the Pointed-Blunt model are not shown here but are also observed to be in good agreement with the target exponential coherence function.



Figure 5 compares the target coherence functions for the exponential coherence model and the Mann spectral model coherence, for the lateral and vertical separations, respectively. In terms of lateral coherence, the Mann spectral model gives lower values than the exponential coherence for the considered reduced frequencies, as shown in Figure 5a. For the vertical coherence, the two coherences are closer to each other, and the one from the Mann spectral model is lower than the exponential coherence for reduced frequencies higher than 0.075 (Figure 5b).




3.2. Natural Frequencies


Free decay tests are performed in SIMA to obtain the natural frequencies of the OC3 Hywind. This is done by considering no wind and still water (no waves) conditions in the simulations. The natural frequency for the OC3 Hywind’s first eight modes is given in Table 6. The values match well with the values obtained in the OC3 code comparison study by Jonkman and Musial [21], except for the platform pitch and the first two tower modes. The corresponding natural frequencies obtained in the study by Saccoman [28] by using Horizontal Axis Wind turbine simulation Code 2nd generation (HAWC2) numerical simulation [24] are also presented in Table 6. It can be seen that the platform pitch and the first two tower modes’ natural frequencies from our study are close to those by Saccoman [28]. The pitch natural frequency of 0.033 Hz as in the present study was also computed by Ahn and Shin [29] using FAST aeroelastic tool [30]. It is important to note that the OC3 Hywind’s natural frequency presented in Table 6 is far lower than the frequency region affected by the grid resolution as discussed in Section 2.2.1.




3.3. Load and Motion Responses


The output from the SIMA simulations are the stress-resultant time series (force, torsional moment, bending moment) for different components as well as motion response time series. The OC3 wind turbine load responses are quantified in terms of fatigue damage, while the platform motion responses are presented in the form of minimum and maximum values from the 6 seeds, and the averaged standard deviation from the six seeds. To quantify the fatigue, the rain flow counting method [31] is adopted by transforming the load response time series into Damage Equivalent Load (DEL). The DELs are then computed using:


DEL = (ΣNiSti m/neq)1/m



(8)




where:




	
DEL: damage equivalent load,



	
Ni: total number of cycles causing failure in bin i from rain flow counting,



	
Si: load magnitude causing failure in bin i from rain flow counting,



	
neq: equivalent number of cycles,



	
m: Wöhler exponent (taken as 3 for steel material and 12 for fiberglass).








The DEL is quantified in 1 Hz duration, so neq is set as 3600 to represent the simulation duration of 1 hour. The DELs from each turbulent wind load case are computed and compared for the following resulting moments of the OC3 wind turbine: tower base fore–aft bending, tower base side–side bending, tower base torsional, tower top torsional, and blade root flap-wise bending. The load and motion responses are discussed separately in two different subsections. The first one is the load and motion responses from LC 1, where turbulent wind under neutral conditions with different coherences are compared. Secondly, the load and motion responses from LC 2, where turbulent wind under different atmospheric stability conditions, from neutral to very unstable, are described.



3.3.1. Influence of Coherences under Neutral Atmospheric Stability Conditions


The OC3 wind turbine responses with respect to variation in the coherence under neutral conditions (LC 1) show that the tower base side–side moment, the tower top torsional moment, and the tower base torsional moment are the most affected components. It is observed that the Mann spectral model results in up to 27%, 20%, and 20% higher DELs than the Kaimal model respectively, for the aforementioned components at the highest considered wind speed 15 m/s (see Figure 6 for torsional moment). In contrast, the tower base fore–aft moment and the blade root flap-wise moment are not significantly affected by the variation in coherence under neutral conditions. The Mann spectral model yields 2% higher DELs for the tower base fore–aft moment and 5% lower DELs for the blade root flap-wise moment. The small difference in the blade root flap-wise moment responses associated with the two different spectral models are consistent with the uniform wind profile that is adopted for all cases in LC 1. Sathe and Bierbooms [32] showed that the mean wind shear profile governs the blade loads. The uniform mean wind profile, accompanied by a uniform TI with height (the numerical simulations of a flow field with nominally uniform turbulence intensity of, for example, 5.95%, result in a variation of turbulence intensity of about 0.5% across the rotor area, both for the Kaimal model and the Mann spectral model flow fields. Such variations in the simulated flow characteristics across the rotor area are considered to be of a secondary importance for the studied wind turbine responses), and the fact that turbulence correlation over smaller distances (than those relevant for the tower twisting and yawing) dominates the dynamic loading of a single blade, all contribute to a limited influence on the blade root flap-wise responses in the present study.



The tower base fore–aft moment response is the least influenced by variation in the coherences comparing the Kaimal model and the Mann spectral model. This is consistent with a small difference in vertical coherence between the two models, as shown in Figure 5b. In contrast to this, the different vertical coherences for different atmospheric stability conditions were found to give 75% difference in the tower base fore–aft loads for a bottom-fixed wind turbine [9]. A further investigation of the influence of the representative, stability dependent vertical coherence on the tower fore–aft response of a floating wind turbine is however needed to examine this and is not discussed in the present study. On the other hand, the tower base side–side responses vary greatly with the difference in the coherences, where a lower coherence produced a 27% higher response, which might be caused by the induced tower base torsional moment.



Since the characteristic of the tower top and the tower base torsional moments are alike, only the tower top torsional moment is discussed in the following. Figure 6 presents the normalized DELs for the tower top torsional moment for the Kaimal model and the Mann spectral model in LC 1 and the Pointed-Blunt model under neutral conditions in LC 2a. The DELs are normalized with the values from LC 2a at 8 m/s. The tower top torsional moment DELs are increasing significantly with wind speed, as shown in Figure 6. The difference in the tower top torsional moment DEL is evident between the Kaimal and Mann spectral models (Figure 6). From Figure 3 and Table 5, we see that the Kaimal and Mann spectral models have approximately equal energy content and TI.



The difference in the DEL values is understood to be due to the difference in the coherence functions associated with the Kaimal model and the Mann spectral model, in particular the difference in the lateral coherence (see Figure 4 and Figure 5a). The lower lateral coherence in the Mann spectral model than in the Kaimal model represents less correlated wind gusts at lateral separations, i.e., a higher ‘asymmetry’ of the wind field which then creates higher twisting loads about the wind turbine’s vertical axis. A similar result has also been noted in previous studies [7,8]. Since the Pointed-Blunt model under neutral conditions is used here with the same lateral coherence as for the Kaimal model, the tower top torsional moment responses for the two models are quite similar, as can be seen in Figure 6.



With respect to platform motions, it is found that the platform’s sway, roll, and yaw are the most affected responses by the differences in the coherence functions. The platform sway and roll are of relatively small magnitude, between −1.3 to +0.6 m for sway and −0.3 to +0.6° for roll at the highest wind speed. The platform yaw is in the range of −2.7 to +1.1° for LC 1 at the highest wind speed investigated, as shown in Figure 7. The standard deviations of the platform yaw resulted from the Kaimal model and the Pointed-Blunt model LC 2a are similar, while the yaw response associated with the Mann spectral model is slightly higher than the two, by 0.1 at 15 m/s wind speed (Figure 7). This is due to the Kaimal model and the Pointed-Blunt model LC 2a that have the same lateral coherences, higher than the lateral coherence of the Mann spectral model. The lower lateral coherence by the Mann spectral model causes a higher twisting moment about the wind turbine’s vertical axis and thus induces a higher yaw motion of the floater.



In general, the variation in platform yaw with different turbulent wind conditions in LC 1 shows similar trends with the increase in mean wind speed as the tower top torsional moment DELs (see Figure 6 and Figure 7). This demonstrates the interdependency between the tower torsional moment and the platform yaw response. The platform surge shows a limited sensitivity to the difference in coherences between the Kaimal model and the Mann spectral model. The platform surge is mainly influenced by the thrust on the rotor, which depends greatly on the mean wind speed. The same is observed for platform pitch motion which largely follows the effect of thrust force [33]. For a spar-type wind turbine, the influence of wave conditions on the heave response is more pronounced than the influence of turbulent wind [7]. The observed insignificant response of the platform heave with the difference in the coherences is due to the wave conditions that are kept constant.



Figure 8 presents a segment of the simulated time series of the tower top torsional moment and the yaw response from the Mann spectral model. It can be seen that, generally, the platform yaw angle and the tower top torsional moment are highly correlated. The computed correlation coefficients between the tower torsional moment and the platform yaw are in the range of 0.55 to 0.8.



The snapshots of the underlying wind velocity fluctuations across the rotor are also included, for a case of large and small twisting moment. The moments are seen to be associated with the asymmetrical and the symmetrical distribution of the wind velocity fluctuation over the rotor, with respect to the vertical line y = 0 m. A ‘differential’ action of wind gusts corresponding to an asymmetric field distribution leads to an extreme yaw response of the OC3 wind turbine, in line with the previous discussion. A uniform, symmetric distribution of wind fluctuation over the rotor has an opposite effect.




3.3.2. Influence of Variation in the Atmospheric Stability Conditions


For different atmospheric stability conditions, the tower base side–side moment, the tower top torsional moment, and the tower base torsional moment of the OC3 wind turbine are found to be the most affected components. In LC 2, the wind loads associated with the very unstable conditions result in 27%, 27%, and 26% higher DELs than with the neutral conditions respectively, for the aforementioned components. The DELs of the three most affected component are highest under very unstable conditions, followed by unstable, and then weakly unstable and neutral conditions with close values (less than 3% difference). This is explained by the highest wind energy content under very unstable conditions, followed by unstable, and then weakly unstable and neutral conditions with close values (see the spectra in Figure 3b and the TI values in Table 5 for LC 2). The higher the energy content, then the higher the resultant TI level, and therefore results in higher tower base side–side moment, the tower top torsional moment, and the tower base torsional moment responses. Similar results were shown in previous studies [14,15].



On the other hand, the tower base fore–aft moment and the blade root flap-wise moment are not significantly affected by the variation in turbulent wind input for progressively more unstable conditions. Very unstable conditions yield 4% and 3% higher DELs compared to those under the neutral conditions for the tower base fore–aft moment and the blade root flap-wise moment, respectively. The blade root flap-wise moment response is the least influenced by the difference in stability conditions, similar to the results in the above analysis of the wind load conditions in LC 1. The small difference in the tower base fore–aft moment response by comparing different stability conditions is due to the fact that the tower base fore–aft response is mainly influenced by the spar platform’s surge and pitch motion, that are predominantly affected by the considered waves. Since a constant wave input is considered for all cases in LC 2, we observe an insignificant response change in the tower base fore–aft response with respect to the difference in turbulent wind energy content.



Figure 9 and Figure 10 show the tower top torsional moment and the tower base side–side moment normalized DELs respectively, for different stability conditions. The DELs are normalized with the DEL values obtained for neutral conditions (LC 2a) at 8 m/s. The tower top torsional moment DELs are increasing with wind speed (Figure 9) and so is the tower base side–side moment DELs (Figure 10).



The normalized tower top torsional DEL values as associated with the Mann spectral model LC 1b (Figure 6) appear to be ‘catching up’ with the resulting DEL values from the Pointed-Blunt model LC 2c (Figure 9), even though the LC 1b under neutral conditions has a somewhat lower TI level than the unstable conditions in LC 2c (Table 5). The Pointed-Blunt model for all stability conditions is simulated with a fixed exponential coherence, with a higher lateral coherence level than the Mann spectral model, as shown in Figure 4. As a result, the Mann spectral model wind fields are more ‘asymmetrical’ relative to the Pointed-Blunt wind fields and result in a twisting moment about the wind turbine’s vertical axis that is comparable with the Pointed-Blunt model for unstable conditions with higher TI.



The average power spectral density (PSD) from the six simulated seeds of the tower top torsional moment response for different stability conditions in LC 2 are presented in Figure 11. The tower top torsional moments are the highest under very unstable conditions, followed by unstable conditions, then weakly unstable and neutral conditions with a small discrepancy, as expected. This agrees with the DEL trend presented in Figure 9 for the tower top torsional moment. The major excitation frequencies for the tower top torsional moment are the wave peak frequency, the blade passing 1P frequency, and the blade passing 3P frequency. The wave excitation in the tower top torsional moment response might be due to the platform yaw natural frequency (0.12 Hz) that is excited by the wave peak frequency at around 0.125 Hz. Therefore, we observed the wave excitation in the tower top torsional moment response due to the interdependency between the tower top torsional moment and the platform yaw response. However, the contribution of the excitation blade passing frequencies, 1P and 3P to the tower top torsional moment is higher than that of the wave excitation. This agrees with the findings in References [7,34]. Furthermore, the low-frequency wind excitation (less than 0.1 Hz) is also seen to generate an important part of the torsional moment variations. This indicates the importance of precise description of wind inflow conditions on the rotor of a spar wind turbine, as the rotor harmonics appears to significantly affect the tower torsional moment response.



In terms of platform motions, it is found that the platform’s sway, roll, and yaw are the most sensitive to the variations in the atmospheric stability conditions in LC 2. The platform sway and roll are of relatively small magnitude, between −1.4 to +0.65 m for sway and −0.3 to +0.63° for roll. The platform yaw is in the range of −2.9 to +1.1° for LC 2 at the highest wind speed investigated, as shown in Figure 12. The platform yaw shows similar trends with the increase in mean wind speed for different stability conditions as the tower top torsional moment DELs (see Figure 9 and Figure 12). Again, this indicates the related excitation mechanisms for both the tower torsional moment and the platform yaw response. The platform yaw standard deviation is the highest under very unstable and the lowest under neutral conditions, with the latter result being close to that for weakly unstable conditions. The platform surge and pitch are found to be driven by the wave conditions which are not varied in the present study. In the frequencies 0.033 Hz < f < 0.07 Hz, we note the highest surge and pitch spectral energy under very unstable conditions, which decreases as the stability shifts to neutral conditions with small discrepancies. In the wave excitation frequency (0.125 Hz) to 0.3 Hz, no spectral energy discrepancies are observed and the spectral energy under all stability conditions coincides with each other. The same is noted for the platform heave, which is, again, more prone to the variation in wave conditions [7], which are not varied in the present study.



Figure 13 shows the average PSD of the platform yaw response from the six simulated seeds, for different stability conditions in LC 2. It can be seen that the platform yaw responses are the highest under very unstable conditions and decrease as the stability changes to neutral conditions. The platform yaw is mainly excited by the low-frequency turbulence, the wave excitation, and the blade passing 1P and 3P frequencies. The wave excitation in the platform yaw response might be because the platform yaw natural frequency (0.12 Hz) has a very close value with the wave peak frequency (0.125 Hz). Nonetheless, the 1P excitation gives a higher contribution than the wave excitation.






4. Conclusions


The present study was motivated by previous studies [6,7,8] which suggest that the wind spatial coherence is an important factor to consider when simulating the motions of a spar floating wind turbine. In addition, Putri et al. [14] demonstrated the importance of unstable atmospheric conditions for a spar floating wind turbine’s loads and motions. Through SIMA simulations and relevant wind turbulence simulation tools, the influence of different turbulent wind conditions on the OC3 wind turbine loads and motions was investigated. The primary objectives of the study were to clarify how the two turbulent wind models given in the IEC standards result in different stress resultants and motion responses of the OC3 wind turbine, even though both models imply the same energy content for neutral atmospheric stability conditions for a single point spectra. The difference in the spatial coherence between the two models was demonstrated as the main cause for the differences in the wind turbulence load effects on the OC3 turbine. The importance of defining the appropriate coherence for offshore conditions was thus highlighted. The coherence functions of the Kaimal and Mann spectral models for neutral atmospheric stability gave different levels of frequency-dependent correlation of wind gusts, particularly for the across-flow, lateral separations. The lower lateral coherence simulated by the Mann spectral model resulted in higher tower top torsional moments and tower base side–side moments than the Kaimal model by 20% and 27%, respectively.



Additionally, we aimed to demonstrate the impact of the energy level and turbulence content, related to the non-neutral atmospheric stability, especially unstable conditions on the OC3 wind turbine load and motion responses. This was performed by using the Pointed-Blunt spectral model, which was previously derived from FINO1 wind measurement data. The observed increase in the simulated DELs as the atmospheric stability shifts from neutral to very unstable was strongly correlated with the increase in the turbulent wind energy content, and thus the respective increase in TI. The simulated DEL values for tower top torsional moment and tower base side–side bending moment under very unstable conditions were 27% and 26% higher than the values under neutral conditions.



The two aspects of the turbulent wind field, the coherence and the energy content, were studied by changing each aspect at the time. Different flow characteristics were simulated without considering the variations with height. Such idealized flow fields are suited to identify the importance of each aspect of the turbulent flow field, rather than to fully represent conditions in a wind field.



The same exponential coherence was assumed for uu-, vv-, and ww- components due to the absence of relevant information. We also ran simulations with the Kaimal spectral model by using the same exponential coherence for uu- (Equation (2)) but applying identity coherence for vv- and ww- (as suggested by Jonkman [19]). This case resulted in only 2% smaller DEL values than the values presented in this study, depending on the component of interest. The coherence functions for the vv- and ww- components adopted in the present study are hence considered plausible and suitable for the analyses carried out.



The variation in the spatial coherences for different atmospheric stability conditions was not considered in the present study. Instead, fixed coherence values for different atmospheric stability conditions were assumed due to the absence of a valid lateral coherence under non-neutral conditions. The study by Doubrawa et al. [8] showed that the lateral coherences obtained from LES might be sensitive to the change in atmospheric stability conditions only at frequencies lower than 0.1 Hz and separations higher than 140 m for 8 m/s wind speeds. In other words, generally, the lateral coherences yielded from LES under neutral, stable, and unstable conditions are relatively similar, except at the mentioned separations. Therefore, the assumption of pairing a fixed coherence to the Pointed-Blunt model under different unstable conditions in this study could be reasonable. A campaign attempting to acquire the spatial wind coherence information with respect to atmospheric stability conditions from the wind measurements at Obrestad site is currently on-going, but the results are yet to be published [35]. This data can potentially be used for future work.



The present study does not aim to highlight a particular turbulent wind model to predict the accurate responses of a floating wind turbine using numerical simulations. The use of reliable site-specific measured wind data to simulate the wind fields as input into numerical simulations is necessary to get an accurate structural response prediction. Alternatively, the use of LES to simulate the wind fields might also be an option, as demonstrated in the study by Doubrawa et al. [8].
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Figure 1. The OC3 Hywind spar wind turbine model in the Simulation Workbench for Marine Applications (SIMA). 
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Figure 2. Normalized spectra of the u-component for: (a) the Mann spectral model from the Mann Turbulence Generator, and (b) the Pointed-Blunt model from windSimFast for different grid resolutions with Nx = 32,768 and 8 m/s mean wind speed at the hub point. 
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Figure 3. Spectra of the u-component for 11.4 m/s mean wind speed at hub point based on: (a) Kaimal model and Mann spectral model, and (b) Pointed-Blunt model for various stability conditions. 
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Figure 4. Simulated lateral coherences of the u-component for the Kaimal (exponential coherence) and the Mann spectral models for different mean wind speeds at: (a) 65 m separation (rotor radius) and (b) 100 m separation distances. 
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Figure 5. Theoretical coherences of the u-component at 65 m separation (rotor radius) distance for: (a) lateral separation and (b) vertical separation comparing the exponential coherence and the Mann spectral model coherence. 
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Figure 6. Normalized Damage Equivalent Loads (DELs) of tower top torsional moment for neutral conditions for the Kaimal and Mann spectral models using standard TI (LC 1) and the Pointed-Blunt model under neutral conditions (LC 2a). The black markers represent seeds while the red markers represent the average value of the six seeds at the respective wind speeds. 
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Figure 7. Platform yaw minimum (blue markers), maximum (red markers), and standard deviation (black markers) for the Kaimal and Mann spectral models (LC 1) and the Pointed-Blunt model under neutral conditions (LC 2a). 
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Figure 8. Wind velocity fluctuations over the rotor (upper figure) and the tower top torsional moment and yaw response (lower figure) for the Mann spectral model at 15 m/s mean wind speed at the hub, in case of a small (a) and large (b) twisting moment. The circle lines represent the rotor swept area. 
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Figure 9. Normalized DELs of the tower top torsional moment for different atmospheric stability conditions for the Pointed-Blunt model (LC 2). The black markers represent seeds while the red markers represent the average value of the six seeds at the respective wind speeds. 






Figure 9. Normalized DELs of the tower top torsional moment for different atmospheric stability conditions for the Pointed-Blunt model (LC 2). The black markers represent seeds while the red markers represent the average value of the six seeds at the respective wind speeds.



[image: Energies 13 02506 g009]







[image: Energies 13 02506 g010 550] 





Figure 10. Normalized DELs of the tower base side–side moment for different atmospheric stability conditions for the Pointed-Blunt model (LC 2). The black markers represent seeds while the red markers represent the average value of the six seeds at the respective wind speeds. 
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Figure 11. Tower top torsional moment power spectral density (PSD) for different stability conditions in LC 2 at 15 m/s mean wind speed at the hub. 
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Figure 12. Platform yaw minimum (blue markers), maximum (red markers), and standard deviation (black markers) comparing the Pointed-Blunt model for different stability conditions (LC 2). 
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Figure 13. Platform yaw PSD comparison for the different stability conditions in LC 2 at 15 m/s mean wind speed at the hub. 
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Table 1. Parameters for the Kaimal model [1].
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Velocity Component




	

	
1 (u)

	
2 (v)

	
3 (w)






	
σi

	
σ1

	
0.8 σ1

	
0.5 σ1




	
Li

	
8.1 Λ1

	
2.7 Λ1

	
0.66 Λ1
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Table 2. The Offshore Code Comparison Collaboration (OC3) wind turbine general properties [21].
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	Properties
	Value





	Power production rating
	5 MW



	Rotor diameter (hub diameter)
	126 m (3 m)



	Hub height
	90 m



	Cut-in, rated, cut-out wind speed
	3, 11.4, 25 m/s



	Cut-in and rated rotor speed
	6.9, 12.1 rpm



	Water depth, platform draft
	320 m, 120 m



	Added mass, drag coefficient
	0.969954, 0.6



	Number of mooring lines (angle between adjacent lines), mooring line length
	3 (120°), 853.87 m
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Table 3. Load case (LC).






Table 3. Load case (LC).





	
LC No.

	
Wind Model

	
Atmospheric Stability Conditions

	
Coherence Model

	
Input Parameters






	
1a

	
Kaimal

	
Neutral

	
Equation (2)

	
Uhub * = 8 m/s (TI ** = 5.95%)

Uhub = 11.4 m/s (TI = 6.08%)

Uhub = 15 m/s (TI = 6.16%)




	
1b

	
Mann

	
Equation (5)

	
ℓ = 42 m, γ = 3.9

Uhub = 8 m/s (TI = 5.95%),

αε2/3 = 0.00956

Uhub = 11.4 m/s (TI = 6.08%), αε2/3 = 0.0203

Uhub = 15 m/s (TI = 6.16%), αε2/3 = 0.036






	
2a

	
Pointed-Blunt

	
Neutral

	
Equation (2)

	
Lm = ∞ (ζ = 0)

Lm = −200 m (ζ = −0.407)

Lm = −100 m (ζ = −0.815)

Lm = −50 m (ζ = −1.63)

Uhub = 8, 11.4, 15 m/s




	
2b

	
Weakly unstable




	
2c

	
Unstable




	
2d

	
Very unstable




	

	








* Uhub = mean wind speed at hub, ** TI = turbulence intensity
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Table 4. Convergence study: grid size.






Table 4. Convergence study: grid size.





	No.
	Grid Size dy * = dz ** (m)
	No. of Grid Points in

y and z Directions Ny = Nz (–)
	Lx = 3600 s × Uhub = Nx × dx *** (m)
	Wind Model





	1
	10 (coarse)
	16
	28,800
	Kaimal 1, Mann 2



	2
	5 (fine)
	32
	41,040
	Kaimal 1, Mann 2



	3
	2.5 (very fine)
	64
	54,000
	Kaimal 1, Mann 2







* grid size in the y-direction, ** grid size in the z direction, *** grid size in the x direction, 1 TurbSim, 2 Mann Turbulence Generator.
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Table 5. Simulated turbulence intensity of the u-component (mean ± variation).






Table 5. Simulated turbulence intensity of the u-component (mean ± variation).





	
Turbulence Intensity (%)




	
Uhub (m/s)

	
LC 1

	
LC 2




	
Kaimal

	
Mann

	
Pointed Blunt




	
(a)

Neutral

	
(b)

Neutral

	
(a)

Neutral

	
(b)

Weakly Unstable

	
(c)

Unstable

	
(d)

Very Unstable






	
8

	
5.77 ± 0.17

	
5.83 ± 0.4

	
5.95 ± 0.2

	
6.0 ± 0.23

	
6.51 ± 0.23

	
7.6 ± 0.27




	
11.4

	
5.93 ± 0.15

	
5.95 ± 0.4

	
6.08 ± 0.17

	
6.11 ± 0.2

	
6.61 ± 0.2

	
7.74 ± 0.25




	
15

	
6.03 ± 0.14

	
6.01 ± 0.35

	
6.16 ± 0.16

	
6.18 ± 0.2

	
6.67 ± 0.2

	
7.83 ± 0.23
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Table 6. Natural frequencies of the OC3 wind turbine.






Table 6. Natural frequencies of the OC3 wind turbine.





	Mode
	Natural Frequency (Hz)
	OC3 Code Comparison [21] (in Hz)
	Saccoman [28]

(in Hz)





	Surge
	0.00714
	0.0085–0.0093
	0.00776



	Sway
	0.0073
	0.0085–0.0091
	0.00776



	Roll
	0.045
	0.51–0.55
	0.0324



	Pitch
	0.033
	0.054–0.057
	0.0324



	Heave
	0.045
	0.05–0.054
	0.0305



	Yaw
	0.12
	0.112–0.18
	0.121



	First tower side–side
	0.492
	0.67–0.7
	0.448



	First tower fore–aft
	0.52
	0.6–0.71
	0.464











© 2020 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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