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This work proposes a methodology aiming at simulating the whole wind farm behavior, from the wake phenomena to the wind turbine fatigue loads, in a both accurate and efficient way and for a large range of operating conditions. This approach is based on Large Eddy Simulation (LES), coupled to an Actuator Disk (AD) approach. In order to recover pertinent fatigue loads with that wind turbine model, the blade trajectories are replicated through the disk and the AD aerodynamic forces are interpolated onto these “virtual blades” at each time step. The wake centerline is also tracked in the whole wind farm, in order to highlight the correlations between the wake phenomena and the wind turbine fatigue damage. The described methodology is deployed in simulations of the Horns Rev wind farm for several wind directions. The time-averaged power production is first compared to measurements and other LES results, with a very good agreement for large wind sectors. We then investigate the fatigue loads for several machines inside the wind farm and wind directions. We clearly show the link between the upstream wake movement and the resulting high and low frequency oscillations of the root bending moments and of the yaw and tilt moments, and therefore on the resulting fatigue equivalent loads. This study demonstrates the capacity of the numerical tool to accurately capture the wind farm flow and the rotor behaviors, as well as the correlations between the wake phenomena and the resulting fatigue loads.
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1 INTRODUCTION
Fatigue is a critical factor in the lifetime of a wind turbine and is one of the causes of failure of the machine components (Sheng, 2013). The actual loads that contribute to fatigue of a wind turbine originate from a variety of sources: high winds, wind shear, gravity and/or potential yaw errors, turbulent fluctuations, ambient gusts, starts and stops of the machine, etc. Moreover, in a wind farm arrangement, fatigue phenomenon is exacerbated by the presence of other rotors: the wind turbines impacted by the wakes of the upstream machines see their cumulated fatigue damage rise due to the increase level of ambient turbulence and the wake meandering phenomenon. Wake effects are very complex and difficult to predict and they further increase the uncertainties in the predicted fatigue damage, leading to unexpected failures forsome wind turbine components. For some wind turbine subassemblies,the downtime associated with repair may be significant, mainly in the offshore environment: this decreases the wind turbine reliability, directly impacting the Levelized Cost of Energy, as demonstrated in Dao et al. (2019).
It is thus of a crucial importance to deploy efforts in the comprehension of the wake phenomena within a wind farm, and of their correlations with the resulting wind turbine fatigue damage, either to optimally design the wind farm, or to develop load alleviation strategies that can be used during its operation (Bossanyi, 2018; Kanev et al., 2018; Capello et al., 2020). This requires access to some recordings of fatigue load measurements, but also to the knowledge of the ambient flow field around of the machines. Information about fatigue loads can be recovered thanks to the SCADA data (Cosack, 2010; Vera-Tudela and Kühn, 2017; Movsessian et al., 2020) and additional sensors located at strategic locations on the machine (Larsen et al., 2013; Hansen et al., 2014; Herges, 2018), while met masts, sodar, or Lidar technology can help in visualising the ambient flow field, and the wake phenomenon in particular (Trujillo et al., 2011; Herges, 2018; Gao et al., 2019; Simley et al., 2021). For example, two wind turbines of the Scaled Wind Farm Technology (SWiFT) facility were highly instrumented (Naughton, 2017; Herges, 2018), with, among others, sensors at the blade roots in order to recover information of flapwise and edgewise moments. A DTU SpinnerLidar (Naughton, 2017) was also mounted on one wind turbine nacelle, giving measurements of the downstream wake velocity field. Two wind turbines of the seven machines of the La Sole du Moulin-Vieux wind farm were also instrumented with additional sensors, in the context of the SMARTEOLE project (Simley et al., 2021; Hegazy et al., 2022). Several lidars and sodar were also added, in order to recover information of the wake behavior (Simley et al., 2021). These instrumented wind farms were mainly used to test control strategies aiming at increasing the power production (induction control and/or wake steering), but the impacts of the control actions on the lifetime of the wind turbines were also investigated. However, most of the wind turbines in operation are not fully instrumented, and if they are, this is often for a few machines inside the wind farm (Larsen et al., 2013; Hansen et al., 2014) or the access to those data is often limited. Moreover, when Lidars are installed on a wind farm site, there are often only one or two of them, giving access to the velocity field around a very small number of wind turbines. If we want investigate the wake phenomena and their impacts on the wind turbine damage in the whole wind farm, another strategy has to be considered.
Numerical studies offer a convenient framework to perform investigations of the fatigue loads for rotors in a wind farm arrangement, as they give access to pertinent information about the blade loading fluctuations and also provide the wind flow in the whole wind farm. They can also be used as a virtual laboratory in order to elaborate and test global control schemes. As more and more efforts are made in order to use information coming from wind turbine loads for estimating relevant characteristics of the environment (Bottasso et al., 2018) or for predicting the wake characteristics downstream of the machines (Aubrun et al., 2015; Muller et al., 2015; Lejeune et al., 2020), which could be used in the control strategies, it is important that those numerical environments accurately capture the blade loads.
Several numerical methods that capture fatigue loads at a wind farm scale exist, and their use depends on the considered application. Lower fidelity approaches, usually implying a Blade Element Momentum (BEM) method combined to a wake model, are often used to evaluate the fatigue loads for the lifetime of the wind farm. Indeed, their low computational costs allow simulations that cover all the incoming wind speeds and directions that a wind farm will meet during its operation. The BEM approach has already demonstrated its performances to accurately represent the wind turbine behavior, even immersed in a complex turbulent inflow (Bangga and Lutz, 2021), and its coupling to an aero elastic code allows to perform accurate fatigue load investigations at the scale of one wind turbine (Damiani et al., 2018; Madsen et al., 2020). Due to its good performances and low computational costs, this approach is widely used in the industry, and many research works still investigate how to further improve this method (Bangga and Lutz, 2021; Jin and Yang, 2021; Potentier et al., 2021). Its combination to wake models that capture the unsteady wake behavior while remaining computationally inexpensive, allows to extend the studies at the scale of a wind farm. For example, Larsen et al. (2013) validated a numerical approach based on a Dynamic Wake Meandering (DWM) model (Larsen et al., 2007) and a BEM implemented in the aeroelastic code HAWC2, by comparing the fatigue loads of one turbine within the Egmond aan Zee wind farm to actual measurements. Galinos et al. (2016) used the same method for computing the representative 20-years lifetime fatigue loads and power production for the Horns Rev wind farm. Schmidt et al. (2011) also investigated the fatigue loads for one machine inside the Horns Rev wind farm, using the DWM implemented into GH Bladed. Those fast approaches or variants of them were also used to investigate control strategies that account for fatigue loads (Harrison et al., 2020; van Dijk et al., 2017; Riva et al., 2020; Stanley et al., 2020). Efforts have also been made to develop operational wake models of higher fidelity (Lejeune et al., 2020). Thanks to their efficiency, the approaches described above are also particularly suitable for model based control, allowing the prediction of the wind turbine fatigue loads and wake behavior and a more accurate control.
Although the DWM model used in several of these approaches account for the wake meandering, it remains of medium fidelity and it cannot capture all the fine physics arising of the complex wake flow phenomena (e.g., wake merging or wake destructuration). If we want to have a high fidelity virtual environment in which we can study fatigue loads in more detail, test the global control strategies, or verify/validate the low and medium fidelity approaches described above, we have to increase the accuracy of the numerical tool. Numerical approaches with a fully resolved wind turbine (Kim et al., 2016; Bangga and Lutz, 2021) are affordable at the scale of one rotor. Large eddy simulation (LES) coupled to a wind turbine model is currently one of the most appropriate approaches for an accurate and efficient representation of a wind farm. Indeed, LES intrinsically and accurately captures unsteady effects and thus the complex wake phenomena that contribute for a significant part of the fatigue damage. For example, LES, coupled with an Actuator Line (AL) approach for the wind turbine model, was used in several numerical studies for investigating fatigue loads and damages. Lee et al. (2018) investigated fatigue loads for two floating wind turbines, with the second machine located in the wake of the first one. The flow solver was two-way coupled with the aeroelastic code FAST (Jonkman and Buhl, 2005). Liu et al. (2020) also considered fatigue damages for a tandem of wind turbines, but the AL method was only adopted for the first wind turbine, in order to simulate the wake flow field numerically. The fatigue loads of the downstream rotor were thus computed using an aeroelastic tool coupled to a Blade Element Momentum (BEM) method. Meng et al. (2020) studied the fatigue damages through a small wind farm with nine wind turbines, modelled using an aeroelastic AL method. Churchfield et al. (2015) performed LES of 36 wind turbines in order to compare the fatigue loads of some machines to those obtained using the DWM model coupled to FAST (Jonkman and Buhl, 2005) and those available from measurements.
The above, non-exhaustive, literature overview shows that most of LES studies considered a limited number of rotors, or a limited number of simulation cases (Churchfield et al., 2015), as the AL method requires fine spatio-temporal resolutions. However, the complexity of the wake flow phenomena and of their correlations with the wind turbine damage increases as we consider larger wind farms or several wind conditions. It is therefore crucial that the numerical studies also involve a larger number of wind turbines and operating conditions. This imposes a coarsening of the resolution, in order to keep the computation cost acceptable. The use of an Actuator Disk (AD) approach for modelling the rotor behavior thus appears as the most relevant procedure: with this model, the actual geometry of rotor blades is replaced by a regularized body force term acting over the surface swept by the blades. The most advanced AD approaches include torque effects and force computations based on the prevailing velocities at the disk location (Martínez-Tossas and Leonardi, 2013; Wu and Porté-Agel, 2015; Moens et al., 2018). This last feature allows the wind turbine model to capture temporal and spatial rotor loads variations, which could give relevant information about blade loading and bending moments. In order to reproduce pertinent blade loads, a possible approach consists in replicating the blade trajectories through the disk and interpolate the AD aerodynamic forces onto these “virtual blades” at each time step. It is thus possible to integrate the aerodynamic forces along the blades, and to easily recover fatigue loads, as in a discrete line type approach. Moens et al. (Forthcoming 2022b) used this methodology and showed that an AD model at a coarse resolution, typical of that used in wind farm simulations, gave fatigue loads and damages that were in excellent agreement with those obtained using a Vortex Particle-Mesh method coupled to immersed Lifting Lines (Chatelain et al., 2017; Caprace et al., 2020) at a finer resolution.
We here propose to use LES coupled to an AD model in order to investigate the fatigue damages in a large wind farm and their variations according to the incoming wind direction and the position of the wind turbine. Our objective is to demonstrate that such a numerical tool is appropriate for accurately simulating both wakes and wind turbine behaviors, and thus offers a suitable virtual environment for investigating load alleviation strategies or further understanding correlations between wake phenomena and fatigue loads at a wind farm scale. We consider the Horns Rev wind farm, a Danish offshore wind farm, for which power measurements were available and treated in several research works and papers (Barthelmie et al., 2007; Barthelmie et al., 2009; Barthelmie et al., 2010; Barthelmie et al., 2011). This will allow us to verify the performances of the code in terms of power prediction, before investigating the fatigue loads. We also track the wake centerline position downstream of each machine, based on a technique detailed in Coudou et al. (2018) in order to highlight the correlations between the large scale movement of the wake (i.e., the wake meandering) and the fatigue loads on a rotor impacted by this wake.
The flow solver, the wind turbine model and the methods for recovering the AD fatigue loads and tracking the wake center are described in Section 2. Section 3 reports the configuration of the Horns Rev wind farm, as well as the several wind directions that are investigated in this work. Section 4 present the main results of this work, which are: 1) the comparison of the power production with measurements available in Barthelmie et al. (2009) and other LES performed by Wu and Porté-Agel (2015), 2) the correlations between the wake movement and the instantaneous fatigue loads for several machines and incoming wind directions, and 3) the resulting load cycle distribution and fatigue damages inside the wind farm. Our conclusions are finally drawn in Section 5.
2 METHODS
2.1 Flow Solver
We consider the Large Eddy Simulation (LES) of incompressible flows. It is performed using an in-house developed fourth-order finite differences code (Duponcheel et al., 2008; Duponcheel et al., 2014), formulated in primitive variables (i.e. in velocity and pressure) and using a staggered mesh arrangement. Using a Cartesian coordinate system, the Navier-Stokes equations (supplemented by a subgrid scale (SGS) model) are formulated as
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where [image: image] correspond to the streamwise (x, u), vertical (y, v) and lateral (z, w) directions and velocity components, respectively; p is the pressure and fi is the external body force (per unit volume) acting on the flow to model the wind turbine (discussed in Section 2.3); ρ and ν are the fluid density and molecular viscosity, respectively; [image: image] is the SGS stress tensor model. We here use a classical Smagorinsky model (Smagorinsky, 1963).
The equations were initially discretized in space using the fourth-order finite differences scheme of Vasilyev (2000), which is such that the discretized convective term conserves the kinetic energy on Cartesian meshes. Recent developments saw the addition of wall modeling strategies. This required the convective term to be rewritten; this new version thus preserves the discrete kinetic energy up to fourth order (in the absence of wall modeling procedure, see Thiry (2017) for details) and it conserves the momentum exactly on uniform grids. In this work, only the new version of the code is used as we consider simulations of rotors in an atmospheric boundary layer.
Equations 1 and 2 are solved using a fractional-step method with the “delta” form for the pressure (Lee et al., 2001). The Poisson equation for the pressure is solved using a multigrid solver with a Gauss-Seidel smoother. The time integration is carried using a second-order Adams-Bashforth scheme.
2.2 Generation of the Atmospheric Turbulence
There are two main approaches for generating turbulent inflows in LES. The first one implies using synthetic turbulence field generation techniques, while the second one consists in generating turbulence using a precursor LES.
In the first approach, the synthetic turbulence field is pre-generated from a chosen model and is then imposed over a mean profile at the inlet of the simulation of interest (here denoted the wind farm (WF) simulation). The main advantage of this method is the low computational cost overhead compared to the WF simulation. The most advanced models match physical spectra and moments that are assumed to evolve rapidly enough into realistic turbulence, such as that developed by Mann (1998) and widely used in the wind energy domain. However, Munters et al. (2016) demonstrated that the adaptation length required for the larger structures to develop inside the WF simulation was very important. Those large turbulent structures are known to contribute to the wake meandering process (Espana et al., 2011) and are thus particularly important to capture. This large establishment length sensibly increases the computational domain and thus the computational costs. Consequently, the second approach is used in the present work, i.e. generating the turbulent inflows using a precursor LES.
The precursor technique relies on an auxiliary wind flow simulation, performed on an independent domain without wind turbines, for generating turbulent inflow conditions. This auxiliary simulation is here denoted the Atmospheric Boundary Layer (ABL) simulation. When it reaches a statistically-steady state, either yz-planes of instantaneous velocities are saved to generate an independent data base inflow data, or this auxiliary simulation runs concurrently with the WF simulation (concurrent simulations), which allows inflow conditions to be directly transferred to the inlet of the main domain. The use of precursor techniques has increased in wind energy in recent years (Wu and Porté-Agel, 2015; Munters et al., 2016), and is strongly recommended for wind farm simulations, in order to obtain faithful flow structures impacting the wind turbines (Park et al., 2014).
In this work, concurrent simulations are considered, in order to avoid saving a large amount of inflow velocity planes. For the ABL simulation, periodic conditions are enforced in the horizontal directions, while a no-through flow is imposed at the top. At the bottom, a wall stress model (Thiry, 2017) for a rough wall is applied, to compute the surface shear stress as a function of the LES velocity field at the third vertical grid point and a roughness length, y0. The flow is driven by a pressure gradient that is continuously adapted in order to conserve an imposed mass flow, itself preliminary determined to achieve the desired hub velocity and turbulence intensity (TI). For the WF simulation, outflow conditions are then imposed at the outlet boundary, while periodic conditions are kept in the spanwise direction. Again, a wall model and a no-through flow condition are imposed at the bottom and top, respectively. The code allows different resolutions and streamwise domain sizes for the ABL and the WF simulations.
In the present work, thermal and stratification effects are not included; the resulting simulations are thus equivalent to truly neutral atmospheric boundary layer (ABL) cases.
2.3 Wind Turbine Modelling
The wind turbine model targets the context of accurate and still affordable LES of wind farms, we thus choose a rotating Actuator Disk (AD), discretized in the radial and tangential directions, and for which the aerodynamic forces are estimated from local velocities. The AD method is here improved with a tip-loss factor: this correction is based on the commonly used Glauert tip-loss factor, for which the infinite upstream velocity is estimated based on the 1D momentum theory, applied on each AD elements (Moens et al., 2018). The AD forces are finally translated into bulk forces for the LES equations (fi in Eq. 2) by using a second-order mollifier, the M4 kernel (Monaghan, 1985). This AD approach, supplemented with the tip-loss factor, has been verified with a higher fidelity approach in a finer resolution, a Vortex Particle-Mesh method coupled to immersed lifting lines (Chatelain et al., 2017; Caprace et al., 2020): we refer to Moens et al. (2018) for the comparison results and additional methodological details.
2.4 Estimation of Fatigue Loads
In the present work, we will investigate four different moments: the blade flapwise and edgewise root bending moments and the rotor yaw and tilt moments. They are evaluated based on the aerodynamic contributions only. The flapwise and edgewise moments on blade b are denoted Mf,b and Me,b, respectively, and are evaluated as
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where Fb is the aerodynamic blade force per length; en and eθ are the unit vectors normal and tangential to the rotor plane, respectively; Rhub and Rtip are the radii at the hub and the tip locations. The yawing and the tilting moments, denoted My and Mt, respectively, are expressed as
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where Nb is the number of blades; x is the position from the hub center and the considered force point; ey and ez correspond the yaw and tilt axes, respectively. The present study assumes that only the normal force component contributes to the yaw and tilt moments. Indeed, as mentioned above, the moments are calculated based on the aerodynamic contributions only. For the wind conditions considered in this work, the tangential forces will be roughly 10 times lower than the normal forces. Their contribution to My and Mt is thus expected to be less important than that related to the normal forces. This is also reinforced by the fact that the tangential forces are multiplied by the shaft length or a fraction of the shaft length in the My or Mt calculations (if we consider investigating the fatigue damage on the main shaft). This shaft length is usually small. In comparison, the normal forces are multiplied by the local radius, which is higher than the shaft length for the large part of the blade. If the gravitational loads are added in the computation of My and Mt, the contribution of the tangential forces might be no more negligible. However, for a well-balanced rotor, the contribution of the three blades cancels the effect of the gravity on the yawing moment. The gravitational loads play a role on the mean value of the tilting moment, and would add an offset in the temporal signal presented in this paper. As we only account for the cycle amplitudes in the equivalent moments (see Section 4.4), the addition of the gravity should not impact the fatigue analysis of the tilting moment.
For discrete line type approaches, the instantaneous blade loading is directly available and can be integrated along the blade span. For the AD method, we propose to replicate the blade trajectories through the disk and recompute blade-attached aerodynamic forces. At each particular radial position, r, and time, t, the forces Fb acting on the blade b are thus interpolated from the disk forces of the two adjacent disk elements at the same radius r. The instantaneous blade loading is directly available and can be integrated along the blade span to estimate the root bending moments. This procedure can be performed when the simulation is running, in order to avoid the save of a large amount of AD data and additional post-processing computations. Details about the procedure can be found in Moens et al. (Forthcoming 2022b), where it was shown that the fatigue loads estimated using this methodology were in excellent agreement with those obtained using a Vortex Particle-Mesh method coupled to immersed Lifting Lines (Chatelain et al., 2017; Caprace et al., 2020). This methodology has also been used in Moens et al. (Forthcoming 2022a), in order to investigate the individual pitch control within an AD framework, and again, the AD method provides blade moments that are really close to those obtained using a discrete blade type approach. This clearly positions the proposed approach as an efficient method for recovering pertinent and accurate information about fatigue loads.
The simulation tool is not coupled to an aeroelastic code, and the blades thus act as rigid bodies.
2.5 Wake Centerline Tracking
We choose the most robust technique of Coudou et al. (2018) to perform tracking of the wake centroid, (yc, zc), in cross-flow planes located downstream of a wind turbine. It is based on finding the minimum of a convolution product
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between the available power density in the flow
[image: image]
and a Gaussian masking function
[image: image]
with A = 1, μy,z is equal to the wind turbine center, and σy and σz are set to 0.25D and 0.5D, respectively. Physically, this convolution method relies on the computation of the wind power inside a disk (with a Gaussian weighting) located in a cross-flow plane and with a diameter equal to the rotor diameter D. This disk center position can be shifted in the y − and z − directions; the wake center corresponds to the disk position for which the available power is minimum (Vollmer et al., 2016). Finally, by tracking the wake centroid in several downwind cross-flow planes, the wake centerline can be obtained.
For the wind farm simulations, the time-averaged freestream velocity profile is substracted from the velocity field before computing the convolution.
3 THE HORNS REV WIND FARM
We leverage the above-described methodology toward the investigation of the fatigue loads for rotors inside a very large wind farm, and their variations according to the wind turbine location and the incoming wind direction. We also propose to correlate the rotor fatigue damage to the meandering of the upstream wakes.
We here consider the Horns Rev wind farm, an operational large offshore wind farm located 14 km away from the west coast of Denmark. The wind farm has a rated capacity of 160 MW; it comprises 80 Vestas v80 wind turbines arranged in a regular array of 8 by 10 turbines, as shown in Figure 1. The Vestas machine, characterized by a rated power of 2MW, has a rotor diameter equal to 80 m and a hub located at a height of 70 m. It is a variable speed machine, regulated with pitch and torque control schemes. The wind turbine modelization is not the main subject of this study, and its geometry, aerodynamics and controller are defined in Supplementary Appendix 1.
[image: Figure 1]FIGURE 1 | Horns Rev: Rotor organisation and definition of the main wind directions.
We perform simulations for nine wind directions αw, performed each 2° from 262 to 278° (see Figure 1 for the definition of the wind direction); 270° corresponds to a “fully” westerly wind, where the turbine spacing is at its minimum, and the rotors in a line are perfectly aligned. We base our set-up on a measurement campaign presented in Barthelmie et al. (2009). In that study, measurements of power losses inside the Horns Rev wind farm were investigated and compared to results obtained with wake models. The presented cases included data for wind speeds equal to about 8 m/s and an ambient turbulence intensity below 8% in near neutral stability for the atmospheric boundary layer conditions. Using the same wind conditions and wind directions will allow us to compare our simulated power losses to measurements and verify/validate the code before investigating the fatigue loads.
For the present study, we only consider one ABL simulation that is used for the several wind directions. For each considered αw, the wind flow in the WF simulation is always perpendicular to the inflow plane, so only the wind farm layout will vary for simulating the change in the incoming wind direction (this will be highlighted in the results below).
WF simulation The WF simulation extends over to Lx × Ly × Lz = 124.8D × 12D × 124.8D, leading to horizontal lengths of 9,984 m and a height of 960 m. This height is close to that of similar simulations performed for this wind farm (Wu and Porté-Agel, 2015; Munters et al., 2016). The horizontal lengths are set to be large enough to avoid an effect of the boundaries on the flow velocities at the wind farm level (this has been verified for simulations in coarse resolutions, not shown here), and to include all the investigated wind farm layouts. For this work, the resolution is set to about 12 points per rotor diameter in the transverse directions. This results from a compromise between accuracy and efficiency. The mesh is refined in the y-direction, from the ground to a height slightly above the highest point of the disk, in order to have a few points between the lowest disk position and the height where the velocity is sampled for the wall modelling procedure. The final mesh is a Nx × Ny × Nz = 1,536 × 128 × 1,536 grid that is uniform in the wall-parallel directions (Δx = Δz = 6.5 m) and that is partially stretched in the vertical direction. This stretching leads to uniform vertical grid below 150 m, with Δymin = 3.75 m. Above that, Δy increases, to reach Δymax ≃ 20 m at the top of the domain.
The time step is fixed to Δt = 0.125 s. The simulation time reaches about 1 hour for each simulated wind direction, and the flow statistics are computed during the last 40 min. For all wind directions, the first wind turbine is located 30 rotor diameters from the inlet and the wind farm is globally centered in the middle of the domain.
ABL simulation For the ABL simulation, the pressure gradient that drives the flow is adapted in order to conserve the desired hub velocity of 8 m/s and the TI of 8%. The domain size of the ABL simulation is equal to that used for the WF simulation, but the resolution is slightly decreased in the streamwise direction in order to save computational costs (from 1,536 points to 1,280 points). This leads to a Nx × Ny × Nz = 1,280 × 128 × 1,536 grid. Again, the mesh is uniform in the wall parallel directions (Δx and Δz are constant, and equal to 6.5 and 7.8 m, respectively) while the vertical direction is stretched according to the same procedure as that used for the WF simulation. The time step is the same as that defined in the WF simulation, i.e. Δt = 0.125 s.
The resulting time- and space-averaged velocity profile of the ABL simulation is presented in Figures 2A,B, and compared to the logarithmic law. uτ is the roughness velocity, computed as the time- and space-averaged value of the simulation, and is equal to 0.292 m/s. The resulting TIu (based on the streamwise component) and TI (based on the three velocity components) are also presented in Figure 2C; they are normalized by the unperturbed time-averaged velocity at hub height. We see that the ABL simulation captures the logarithmic law well, and leads to a mean streamwise velocity of 8 m/s at the hub height (see horizontal dashed-line in Figure 2A); this velocity is denoted [image: image] The turbulence intensity is equal to 6.3 and 8.5%, for TI and TIu, respectively, which is close to the expected conditions for the Horns Rev wind farm. We report these two values, as we cannot certify that the TI value given in Barthelmie et al. (2009) is computed based on the three velocity components, or based on the streamwise one only.
[image: Figure 2]FIGURE 2 | Time- and horizontally-averaged streamwise velocity profile (presented in both (A) and (B) but in different ways) and turbulence statistics (C) for the ABL simulation. In (A,B), the ABL velocity profile (solid line with circles) is compared to the logarithmic law (solid line). In (C), the TI is shown for statistics computed based on the streamwise component (solid line with circles) and based on the three velocity components (solid line). The horizontal dashed line represents the hub height and H is the height of the domain.
In order to give visual examples of the evolution and the complexity of the wind flow according to the incoming wind direction and the rotor position within the wind farm, we report on Figure 3 horizontal slices at hub height of instantaneous streamwise velocities for two particular wind directions, αw = 262° and αw = 270°. These two particular wind directions, as well as the resulting wake phenomena, will be discussed in more details in Section 4.2, where we will correlate the root bending moments and the yaw and tilt moments to the incoming flow.
[image: Figure 3]FIGURE 3 | Instantaneous streamwise velocity on a horizontal plane at hub height for the wind directions αw = 262° (A) and αw = 270° (B). The units are in m/s.
4 RESULTS
4.1 Comparisons of the Power Production With Measurements and Other Large Eddy Simulation Results
In order to verify the performances of the code for simulating large wind farms, we first compare the time-averaged power output of the present results to available observations in the reference paper of Barthelmie et al. (2009). The results are moreover compared to an other set of LES performed by Wu and Porté-Agel (2015). The Horns Rev measurements, the different LES, as well as the considered size of wind sectors, are detailed in the next paragraphs.
4.1.1 Comparison With Measurements
We first compare the present results with the observations of Barthelmie et al. (2009) (see Figure 4). For the measurements, the results are shown for several wind sectors, i.e., 270 ± 1°, ±5°, ±10°. When an observation with a reference time period of 10 min had the correct mean wind speed and TI, and a wind direction within the considered wind sector, it was selected for the analysis. We assume11It is not well detailed in Barthelmie et al. (2009).

 that, for one observation, the power output of each rotor in a line is normalized to the power output of the first turbine in the same line. Each rotor power is then averaged on the selected number of observations. The power of each row was then computed as an average of the eight lines. We note that the amount of observations per wind sector is not mentioned in Barthelmie et al. (2009) and values of uncertainties or standard deviations are not available. Only the power output for the first eight rows were shown in the reference paper.
[image: Figure 4]FIGURE 4 | Comparison of the normalized mean power output data obtained from the measurements Barthelmie et al. (2009) and the present simulations, for several wind sectors.
In Figure 4, the present results are shown for different wind sectors: 270 ± 1°, 270 ± 3°, ±5°, and ±9°. Again, the mean powers for a wind sector are averages of rotor powers from simulations for which the wind direction is within the considered wind sector. We recall that we use a discretization of 2°, and so, for example, the wind sector 270 ± 5° includes the directions 266°, 268°, 270°, 272° and 274°. As our simulations are performed from 262° to 278°, the maximal wind sector covers ±9°. The power output of each machine is averaged over the 40 min for each particular wind direction αw, and then averaged over the [image: image] simulations for the considered wind sector. The resulting power of each row is then averaged over the eight lines, and finally normalized with the averaged power output of the first row.
For narrow wind sectors (up to ±5°), we notice that the present LES results clearly under-predict the power output compared with observations. As explained in the reference paper (Barthelmie et al., 2009), the challenges involved in comparing simulations and measurements are multiple:
• the establishment of the freestream flow,
• the presence of wind speed gradients across the wind farm, and of the natural fluctuations in the wind speed and direction in any period for the actual farm,
• the determination of the turbulence intensity and atmospheric stability,
• the estimation of a true freestream wind direction or the nacelle direction and the presence of a possible yaw misalignment.
• the site-specific power curve and thrust coefficients
• the wake transport time through the wind farm
• the time-averaging between simulations and measurements
For narrow wind sectors, the fourth point may have a strong impact on the power output. Indeed, the power data of the second rotor row and the following ones are very sensitive to the small offset of the incoming wind and a possible yaw misalignment. The number of observations is also smaller for those wind sectors, and the absence of uncertainties makes the discrepancies very high. These imperfections lead us to the conclusion that the idealized conditions of our numerical simulations can only provide an upper bound for the wake deficit. As our discretization is quite coarse (each 2°), the average over narrow wind sectors only account for a small number of simulations and wind cases, and this can also play a role in the discrepancies observed for those wind sectors. Larger wind sectors reduce the impact of the discretization and, most crucially, that of the errors about wind direction measurement and yaw misalignment mentioned here above. The power output averaged over a wind sector of ±9° is similar to that of the measurements for a wind sector of ±10° around 270°. However, the decrease of power production of the second row is more important for LES results. The discrepancies decrease from the third row, and the measurements and the LES results are in very good agreement for the fourth and deeper rows.
4.1.2 Comparison With Other Large Eddy Simulation Results
We then compare the simulations results to the LES power output of Wu and Porté-Agel (2015) (see Figure 5). Again, our results are reported for the wind sectors defined as 270 ± 1°, 270 ± 3°, ±5°, and ±9°, while those of Wu and Porté-Agel are reported for wind sectors equal to 270 ± 1°, ±5° and ±10°.
[image: Figure 5]FIGURE 5 | Comparison of the normalized mean power output data obtained from the LES of Wu and Porté-Agel (2015) and the present simulations, for several wind sectors.
Wu and Porté-Agel (2015) used an AD approach similar to that used in this work, with aerodynamic loads computed based on the local flow velocities. Simple control schemes were also added to account for the dynamics of the rotor. Simulations were performed for each degree from 260° to 280°. The mean powers of a wind sector consist of averages of rotor powers from simulations for which the wind direction is within the considered wind sector; a wind sector of 10±° thus implies simulations from 260° to 280°, including these two wind directions. The power output was averaged over a time of 40 min. Again, details about the averaging procedure in Wu and Porté-Agel (2015) are scarce: it is only mentioned that the power output of each row is obtained by averaging power of the eight lines at the row r. Only the power output for the first eight rows were shown in the paper.
In Figure 5, we notice small differences between our power production and that of Wu and Porté-Agel (2015). First of all, as already mentioned, we perform a simulation every two degrees, which is coarser than the wind direction discretization of other LES results (one simulation each 1°). For narrow wind sectors (up to ±5°), our results produce slightly lower levels of power than those reproduced from Wu and Porté-Agel (2015). A larger number of simulations could help in reducing these discrepancies. However, mainly for narrow wind sectors, the present results lead to a different behavior for the fourth row and the following ones. Our simulations predict a slightly lower production for these rotors, while a plateau in power production is reached from the third one for Wu and Porté-Agel. This cannot be attributed solely to a difference in the discretization. We propose several potential explanations:
• First of all, the grid used by Wu and Porté-Agel (2015) is coarser than the one used in the present simulations (more than twice as coarse); this impacts the rotor production but also the numerical and the subgrid scale dissipations. One can thus expect such a coarse grid to produce a different wake behavior, in terms of wake meandering, velocity recovery or level of turbulence. Narrow wind sectors exacerbate the sensitivity of the production prediction to the numerically-predicted wake characteristics as the downwind machines are most of the time fully or partially immersed in the wake. Larger wind sectors imply wind directions for which the rotors are not aligned anymore: the turbines are then more often out of the wake and impacted by the freestream flow. The impact of coarser grids may then be less significant, which might explain the better agreement between the LES results for wider wind sectors. A simulation on coarser mesh should be performed, to clearly identify the impact of the resolution on the power production.
• Secondly, the level of turbulence in our simulations is about 6.3% while that of simulations of Wu and Porté-Agel (2015) is about 7.7%. This can affect the production of the first machines: the second row of rotors may produce less (our simulations lead to a second row that produces slightly less than those of Wu and Porté-Agel (2015) simulations for 270 ± 3°), so the third one produces slightly more and the fourth one thus produces less. The plateau is then reached from the fourth row on. This could also explain the discrepancies observed in the comparison with measurements, as the observations are selected when the turbulence intensity is about 8%, which is slightly higher than that obtained in our simulations.
• Finally, there are also differences in the rotor representation. The rotor inertia is not represented in Wu and Porté-Agel (2015). Indeed, at each LES time step, the rotor speed is adapted instantaneously through an iterative procedure to produce the optimal torque based on the local flow velocities. The optimal behavior is thus achieved at every time step of the simulation. In our control architecture, as detailed in Supplementary Appendix 1, the rotor speed dynamics responds to the imbalance between the AD aerodynamic torque and the controlled generator torque. As the inertia is taken into account, the control takes several LES time steps to find the optimal rotor speed that balances the aerodynamic and the generator torques for the considered wind conditions. As a consequence, in the presence incoming flow velocity variations, the response of our controller and that of Wu and Porté-Agel (2015) will be different. This clearly affects the power output, and may explain the difference of powers observed in Figure 5.
4.2 Moments Histories and Correlations With Wake Meandering
We now investigate the history of the moments for several wind turbines and two representative and “extreme” wind directions: α = 270°, corresponding to the fully-aligned configuration, and α = 262°, where the rotors can be out of the upstream wakes during large periods. We consider four rotors, located in R1, R2, R6 and R10 in the middle line L4 (see Figure 1 for the locations of those wind turbines). These rows are representative of the typical behaviors inside the wind farm, with rotors impacted by an unperturbed wind flow (R1) or by a very well-structured wake (R2) and with machines located deeper in the wind farm (R6 and R10). For αw = 262°, the row R10 may also correspond to situations where the machine is impacted by the wakes of the adjacent line.
We report on Figures 6, 7 the instantaneous signals of the root bending moments and the yaw and tilt moments. The histories of the flapwise and the edgewise root bending moments are shown for one blade, and are denoted Mf,1 and Me,1, respectively. For the sake of clarity, we only show the instantaneous signals for 15 min. The time is made dimensionless by multiplying it by [image: image] and is denoted t*. The filtered signals, at the rotation frequency (fΩ) for Mf,1 and Me,1, and at three times fΩ for My and Mt, are added on Figures 6, 7 in order to highlight the low frequency fluctuations of the moments.
[image: Figure 6]FIGURE 6 | Histories of the flapwise (A) and edgewise (B) root bending moments and of the yaw (C) and tilt (D) moments for αw = 270° and rows R1, R2, R6 and R10 (grey lines). The filtered signals of Mf,1 and Me,1 at fΩ, and of My and Mt at 3fΩ are also added (red lines). The wake centerline position just upstream of the machine is also reported for rows R2, R6 and R10 (black lines).
[image: Figure 7]FIGURE 7 | Histories of the flapwise (A) and edgewise (B) root bending moments and of the yaw (C) and tilt (D) moments for αw = 262° and rows R1, R2, R6 and R10 (grey lines). The filtered signals of Mf,1 and Me,1 at fΩ, and of My and Mt at 3fΩ are also added (red lines). The wake centerline position just upstream of the machine is also reported for rows R2, R6 and R10 (black lines).
For rows R2, R6 and R10, we also report on Figures 6, 7, the horizontal position of the wake center (denoted Zwm) just upstream of the rotor, in order to discuss the moment behaviors with respect to the upstream wake movement. Zwm is calculated as the relative horizontal position of the upstream wake with respect to the center of the rotor, and normalized by the Vestas diameter. For the tilt moment, it is more interesting to discuss its behavior as a function of the vertical upstream wake movement, denoted Ywm. Ywm is calculated as the relative vertical position of the upstream wake with respect to the hub height, and, again, it its normalized by the rotor diameter.
Additionally, we report on Figure 8 snapshots of the instantaneous streamwise velocities at several times, in order to support our discussion of some particular behaviors of the moments for the different machines. We also add the horizontal wake centerlines on those velocity slices.
[image: Figure 8]FIGURE 8 | Several snapshots of the streamwise velocity in a horizontal plane located at hub height, centered around some rows, for wind directions αw = 262° (A) and αw = 270° (B). The units are in [m/s].
We structure our discussion in terms of 1) the depth of the turbines, and 2), the center of partial wake impingement (respectively, 270° or 262°).
Rows R1 and R2: For αw = 270°, there is an increase in the amplitude of the high frequency oscillations of the root bending moments between R1 and R2 (see Figures 6A,B). Those moment fluctuations, denoted here as the 1P oscillations, are characterized by a frequency equal to that of the blade rotation and are due to the blade passage through areas of higher and lower velocities over one rotation. For row R1, those oscillations occur when the rotor is partially immersed in a gust or in a lull and when the blade crosses the sheared wind. For row R2, those moment fluctuations are mainly due to the presence of an upstream wake, which, at times, partially immerses the rotor. An example of the wind turbine in a half-wake situation is shown in Figure 8B for t* = 126, which can be correlated with the high amplitudes of the high frequency moment fluctuations. For the considered wind conditions ([image: image] of 8 m/s and low TI), the wake downstream of the first wind turbine in a line is very “well-structured”, with a velocity deficit that is clearly more marked than the ambient wind fluctuations (as highlighted in Figure 3). The amplitude of the moment fluctuations for a rotor impacted by such a wake is thus higher than that observed when the machine is partially impacted by a gust. Moreover, Figure 6 shows that the meandering of the wake upstream of row R2 is weak, with very small oscillations of the wake center: the rotor of R2 is thus often in half wake situations, leading to many episodes of large-amplitude high-frequency moment fluctuations. This is also translated by a decrease of the time-averaged values of Mf,1 and Me,1.
We also notice on Figures 6A,B, for row R2, lower frequency fluctuations of Mf,1 and Me,1 (highlighted in the filtered signals). This is due to the transition between full and half wake situations, characterized by a decrease and an increase in the mean values of Mf,1 and Me,1.
For the yaw and tilt moments and αw = 270° (see Figures 6A,B), there is also an increase in the amplitude of the fluctuations related to the blade rotation (the frequency of those oscillations is here equal to three times the rotation frequency (3P), as opposed to above (1P)). There is also a significant increase in the amplitude of the lower frequency fluctuations (see red curves of Figures 6A,B). For My, we see that those oscillations follow the horizontal wake movement, therefore at a frequency that is close to that of the wake meandering. As R2 is fully aligned with R1, My remains centered around zero, and oscillates between positive and negative values, depending on the wind turbine side impacted by the wake. The tilt moment is also correlated to the horizontal wake movement, but the correlation is more obvious when we consider the vertical wake movement (see Figure 6D). So, even if the vertical wake movement is small, its impact remains important, mainly in a configuration where the rotor is most of the time impacted by the wake.
The behavior of Mf,1, Me,1, My and Mt is different for αw = 262°. As the wind turbine of R2 is misaligned with respect to that of R1, it is often fully out of the upstream wake, making its behavior more similar to a machine of row R1. For example, in Figure 7, between t* = 135 and 145, we see that the moments have oscillations with means and amplitudes that are similar to those of row R1: this can be linked to the wake centerline position, which is highly off-centered from the rotor hub at this particular time (see Figure 8A for t* = 136). However, the wind direction αw = 262° still leads to situations where the wind turbine of row R2 is immersed in the upstream wake. For example, around t* = 200, the center of the upstream wake is closer to that of the rotor, resulting in an increase in the amplitude of the high frequency oscillations for all the moments. It is also highlighted in the streamwise velocities at t* = 201, reported in Figure 8A. As for αw = 270°, there is an increase in the amplitude of the lower frequency oscillations, correlated to the horizontal motion of the upstream wake. For Mf,1 and Me,1, those fluctuations occur at the same frequency as that of the wake meandering, as the wind turbine is off-centered from the upstream wake, and thus oscillates between periods where it is partially immersed in the wake and periods where it is fully out of the wake. The difference of the mean value around which the signal oscillates during these different periods can be large, as the rotor switches from a freestream situation, with high velocities, especially if it is impacted by a gust, to a waked configuration (for example between t* = 145 and 155, in Figures 7A,B).
For My, the mean of the signal varies between zero (when the rotor is out of the wake) and negative values, as the wake only impacts one side of the rotor. For Mt, the correlation between the low frequency oscillations and the vertical wake movement is less obvious, as the wind turbine is either out of the wake, or partially immersed in the upstream wake.
Row R6: For αw = 262°, the behavior of row R6 is comparable to that of row R2, as the upstream wakes that impact these two rows have a similar behavior (see Figure 3A for the global view of the wind farm). However, the wake upstream of row R6 is slightly less structured, and wider: so, even when the wake centerline is estimated far from the rotor center, the rotor can be still impacted by some flow structures of the wake, as highlighted for t* = 126 and row R6 in Figure 8A. For αw = 270°, compared to αw = 262°, the behavior of the upstream wake differs more between R2 and R6. The amplitude of the wake meandering increases, leading to a wind turbine that is sometimes out of the upstream wake (for example around t* = 139, see Figure 8B). However, as the wake is more destructured and also wider, the rotor blade crosses wake structures most of the time, even when the center of wake is computed as being far from the rotor one. This decreases the amplitude of the moment fluctuations related to the blade passage and, mainly for the yaw moment, those of lower frequencies, correlated to the wake meandering. As the wake also recovers faster deeper in the wind farm, the velocities in the wake upstream of row R6 are higher, further attenuating the high frequency moment fluctuations occurring when the rotor is in half wake situation.
Row R10: For αw = 270°, the behavior of the wind turbine of row R10 is globally similar to that of R6. For αw = 262°, as already mentioned, in addition to the upstream wakes of its own line, R10 is also impacted by the wakes of the adjacent line L5 (see Figure 3 the global view of the wind farm). The rotor is then immersed in a more “uniform flow”, with changes in velocity speed that are less marked, as it is well noticeable in Figure 8A for t* = 126 and R10. This decreases the amplitude of the moment oscillations at the blade passage frequency, but also at lower frequencies, correlated to the large scale wake motion.
It is relevant to compare the LES results to those obtained with the actual measurements available in Hansen et al. (2014). Their work studied the flapwise root bending moment for the wind turbine located in R2 and L4 as a function of the different atmospheric stabilities and incoming wind speeds and directions. The wind speed was estimated based on the measurement at the nacelle of that wind turbine, while the wind direction was derived from pairs of undisturbed wind turbines assuming no yaw misalignment. The atmospheric stability was estimated based on the Monin-Obukhov theory and wind speed, air and see temperatures, all measured at met mast 7 (see Figure 1).
For wind directions that led it to freestream conditions and for 8 m/s, the wind turbine of R2 and L4 exhibits a measured time-averaged flapwise bending moment of slightly less than 1,400 kNm. These particular operating conditions can be related to those of R1 in our simulations, which corresponds to a freestream turbine. We obtain a time-averaged value that is equal to 1,250 kNm for this particular turbine, which underpredicts the mean Mf by about 10% compared to the measurements. The discrepancies between the LES results and the measurements may be explained in several manners. First, although a large part of the study of Hansen et al. (2014) was dedicated to the dependence of the fatigue loads to the atmospheric stability, it seems that the time-averaged value was computed from all the valid measurements, and not only from those representative of the neutral atmospheric stability. The atmospheric stability impacts the wind shear and the turbulence intensity, which may lead to differences in the resulting time-averaged Mf. Additional discrepancies may come from to the establishment of the inflow flow characteristics. As mentioned, the wind speed is measured at the nacelle of the wind turbine. For wind speeds below 11 m/s, the authors mention that the measurement at the nacelle matches well with the ambient flow when the wind turbine is in freestream condition. However, it is not specified if a correction accounting for the rotor induction, potential pressure gradients around the nacelle or wake effects (because the anemometer is located behind the blades) exists. This contributes to increase the uncertainties, which are not quantified in Hansen et al. (2014).
We also compare the time-averaged Mf for R2 and αw = 270° to that obtained with the actual measurements of Hansen et al. (2014) for the same machine. For a mean wind speed of about 5.5 or 6 m/s, corresponding to the upstream velocity of R2 in our LES results, Hansen et al. (2014) obtained a value between 700 and 800 kNm for wind directions that set the wind turbine in fully aligned conditions. The LES results produce a time-averaged value of about 900 kNm, which corresponds to an error between 13 and 22%. This difference can be explained in several manners. First, the measurements were given for fully aligned conditions, which led to the lowest separation between wind turbines (i.e., 7D), but it was not explicitly mentioned in Hansen et al. (2014) whether these conditions accounted for αw = 270° only. Other wind directions satisfy that criterion (e.g., αw = 90°), and result in a different relative wind turbine position within the wind farm, and thus a different Mf behavior. Again, the uncertainties related to the estimation of the inflow characteristics may reinforce the discrepancies. The atmospheric stability also plays an important role, as it impacts the upstream wake behavior. We recall that no distinction was made between the stability types for the computation of the time-averaged value given in Hansen et al. (2014).
4.3 Load Cycle Distribution
We now investigate the number of cycles, ni, per moment amplitude Mi, computed using the Rainflow counting (RFC) method (ASTM A. E, 2003). We sill consider the wind directions αw = 262° and 270° and the rows R1, R2, R6 and R10. In order to have consistent ni in the large moment amplitudes, which are marginally captured by the simulations, we accumulate the cycles over six lines, from L2 to L7. We deliberately omit L1 and L8 in the computation, as they potentially have a different behavior, due to their position at the extremities of the wind farm. The resulting cycle distributions are reported on Figure 9, for the four moments. For the root bending moments, the cycles are moreover accumulated over the three blades: those moments are now denoted Mf and Me. Again, the discussion follows a row-wise order.
[image: Figure 9]FIGURE 9 | Number of cycles for the flapwise (A) and edgewise (B) root bending moments and for the yaw (C) and tilt (D) moments in the rows R1, R2, R6, and R10, for αw = 262° (blue bars) and αw = 270° (black bars). For each row, the number of cycles is accumulated over six lines, from L2 to L7.
Rotors of row R1: Globally, as expected, the cycle distribution for row R1 is similar for the two considered wind directions. The small discrepancies observed in ni are due to the change of the rotor location according to the wind direction. We notice a peak in ni for moments of middle amplitudes. As already mentioned, this results from the moment fluctuations when the blades crosse long-lasting areas of higher and lower velocities over their rotation.The cycles of large amplitude are due to more global changes in the incoming wind speed, i.e. larger gust or lulls.
Rotors of row R2: For the four investigated moments and the two wind directions, the distribution of ni varies between R1 and R2. The number of load cycles of middle and large amplitudes increases, and the peak related to the blade rotation is shifted towards higher moment amplitudes, and spread over a wider range of moments. As already highlighted in the discussion about the instantaneous signals, it is due to the presence of an upstream wake, characterized by a velocity deficit that is clearly more marked than the ambient wind fluctuations.
Compared to αw = 262°, the root bending moments obtained for αw = 270° have a higher number of cycles around the middle amplitudes for Mf and Me, with a peak that is slightly shifted towards higher amplitudes. This is due to the high frequency moment oscillations that have, for most of the simulation time, higher amplitudes than for αw = 262°, as highlighted in Section 4.2. For αw = 270° and Me, the amplitude of the lower frequency oscillations, which are the same order of magnitude as those of higher frequency, contributes to increase the peak. For Mf in particular, αw = 262° seems to lead to higher maximal amplitudes, although the number of those cycles remains small. It is due to the transitions between periods where the rotor is immersed in the wake, and periods where the rotor is out of the wake, as highlighted in Section 4.2. For αw = 270°, My and Mt also present a non-zero number of cycle in the very large amplitudes, which may contribute to increase the differences in the resulting fatigue loads between the two different directions.
Rotors of row R6: For αw = 262°, the ni distribution for R6 is comparable to that observed for row R2, as the upstream wakes impacting these two rows globally have a similar behavior (see Figure 3A). For αw = 270°, compared to row R2, R6 sees an upstream wake with a lower velocity deficit and that is wider, which reduces the amplitude of the 1P and 3P moment fluctuations when it is fully and partially immersed in wake and thus shifts the distribution towards lower moment amplitudes. The tail of the Mf cycle distribution also spreads over larger amplitudes: as the amplitude of the wake meandering upstream increases, the wind turbine located in R6 is sometimes out of the wake, increasing the amplitude of the low frequency oscillations when the it transits between waked and freestream situations. In contrast, the cycle distribution of Me remains compact and does not extend to larger cycle amplitudes. Indeed, for Me, compared to Mf, the amplitude of the low frequency fluctuations is closer to that of the 1P oscillations. In fact, it is even of the same order of magnitude as that of the 1P oscillations of row R2 (see Figure 6B). Consequently, the increase in the amplitude of the lower frequency oscillations between R2 and R6 does not contribute to spread the cycle distribution over large amplitudes. For My, if the wind turbine is more often completely out-of-wake, this will decrease the amplitude of the lower frequency oscillations due to an imbalance in the rotor loads (highlighted Figure 6C), moving the cycle distribution towards smaller amplitudes. For Mt, the tail of the distribution still extends to cycles with amplitudes similar to those of R2. However, Figure 6D highlights that, between R2 and R6, there is a net decrease in the frequency of the filtered moment fluctuations. Those fluctuations were correlated to the vertical wake movement for R2. As R6 is more often out of the wake, this is translated by a decrease in the number of cycles of about 400 or 500 kNm, and a decrease in the resulting fatigue damage (this will be discussed in Section 4.4).
Rotor of row R10: For αw = 270°, R10 presents a similar cycle distribution as for row R6. For αw = 262°, as R10 is impacted by the wakes of its own line, but also those of the adjacent line L5, the rotor is then immersed in a more “uniform flow”, decreasing number of cycles ni in the large amplitudes.
4.4 Fatigue Equivalent Loads
In order to investigate the effects of the wind direction and the wind turbine location on the resulting fatigue damages, a quantitative fatigue indicator, the equivalent moment Meq, is here computed. Meq is estimated based on the cycle distribution computing using the RFC method, combined with a Palmgren-Miner rule Miner (1945). Assuming that the moment is proportional to the stress, Meq is computed as
[image: image]
where i and Lc represent the load case number and the total number of load cases, respectively; ni is the number of cycles for the particular moment amplitude Mi, determined using the RFC method; m is a parameter dependent on the material; Neq is an arbitrary number of cycles. As we only investigate Meq as ratios, Neq does not need to be defined in this work. In the present study, Mi corresponds to a particular Mf, Me, My or Mt amplitude. The exponent m is here defined as 10 for Mf and Me, which is a widely used value for blades made of fiberglass (Mandell and Samborsky, 1997), such as those of the Vestas 2 MW. The yawing and tilting moments impact, among other components, the main shaft, which is usually made in forged steel (AWEA, BlueGreen, GLWN, and NIST, 2011): m is chosen to be equal to 4, which is within the range between 3 and 5 typically used for the metallic wind turbine components (Guideline and Lloyd, 2010). In each line, the fatigue estimate is normalized by Meq of the first row. We still accumulate the cycles from line L2 to line L7, and also over the three blades for Mf and Me.
We organize the discussion around these four equivalent moments shown in Figure 10.
Flapwise moment Meq,f: Globally, for the two wind directions, there is a marked increase in Meq,f between the first row and the downstream rows. This is an expected behavior after the discussions of Sections 4.2 and 4.3. Compared to αw = 270°, αw = 262° leads to a higher increase in the equivalent Mf for rows R2 to R6, despite its smaller ni in the small and middle amplitudes (see Figure 9A). Indeed, for this wind direction, the number of cycles in the very large moment amplitudes is non-zero. Even if their numbers are small, those cycles are particularly significant in the fatigue estimates, notably due to the presence of the m exponent in the computation of Meq. From row R7 for αw = 262°, the rotors are additionally impacted by the wakes of the adjacent lines, slightly reducing the number of large amplitude cycles, and shifting the peak related to the blade rotation towards lower amplitudes (see discussion of Section 4.3). As a consequence, the resulting fatigue damage decreases, and becomes smaller than that obtained for αw = 270°. For αw = 270°, although the cycle distribution is slightly shifted towards lower amplitudes for rows downstream of R2, it is also spread over larger amplitudes (as highlighted in Figure 9A). As a consequence, the ratios [image: image] still increase after row R2.
Edgewise moment Meq,e: The increase in Meq,e is similar in both wind directions, excepted for rows R7 to R10, where the fatigue estimates is lower for αw = 262°. For both wind directions, R2 presents the highest increase in Meq. Indeed, for rows located downstream, the cycle distribution is shifted towards lower amplitudes, without an increase in the number of cycles of large amplitude, as highlighted in Figure 9B for R6 and R10 and in the discussion of Section 4.3.
Yaw and tilt moments, Meq,y and Meq,t: For αw = 270°, the increase in the fatigue damage due to My and Mt is more important than that obtained for αw = 262°. It was highlighted in the discussion of the instantaneous signals in Section 4.2. The fatigue damages also slightly decrease for rows located deeper in the wind farms. Again, this was highlighted in Figure 9 and in the discussion of Section 4.3. For αw = 262°, the equivalent moments slightly increase between row R3 and R6, and, again, decrease for the last rows.
It is relevant to compare the increase in fatigue equivalent loads to results available in the literature. To that end, the ratio of flapwise equivalent loads between R1 and R2 as a function of the incoming wind direction is reported in Figure 11. We here consider all the simulated wind directions; in order to make clearer the comparison with other results, the wind direction is expressed as the offset with respect to αw = 270°. We also report on Figure 11 the results of Lee et al. (2018). Lee et al. (2018) numerically investigated the damage equivalent loads in a pair of floating wind turbines. The first wind turbine and its resulting wake were simulated using LES coupled to an AL model. The behavior of the second wind turbine was modeled by extracting time series of a planar data at 7D downstream from the turbine to use as an input to FAST. They made vary the lateral position of the downstream wind turbine, in order to simulate fully and partially immersed situations. They consider a turbine of 3MW, and thus with a radius larger than the Vestas 2MW, but, as mentioned, the spacing between the two wind turbines is 7D, which is equal to our configuration for αw = 270°. Moreover, the wind speed is about 9 m/s, meaning that the rotor operates in the second region of the power curve, with a thrust coefficient close to that of our LES results. The TI is set to less than 4%, which is lower to the TI used in the Horns Rev simulations. This may lead to discrepancies between the two sets of results, as the TI affects the wake meandering. The comparison between the results should be also cautiously done, as Lee et al. (2018) consider floating wind turbines, capturing the interactions between the platform, the wake and the turbine. However, we expect a similar behavior in terms of the evolution of the fatigue damage.
[image: Figure 10]FIGURE 10 | Meq for the 10 rows, normalized by Meq of the first row of the line for the wind directions 262° and 270°.
[image: Figure 11]FIGURE 11 | Flapwise equivalent moment of R2, normalized by that of R1, as a function of the incoming wind direction. The wind direction is expressed as the offset with respect to 270°. The results of Lee et al. (2018) are also reported; the ratios are computed based on the absolute values available in Lee et al. (2018).
Globally, we see the same tendency for both sets of results, with a lower increase of Meq for fully aligned conditions than for small offsets. This tendency is also observed in other research works (Schmidt et al., 2011). Indeed, when the wind turbine is fully aligned with the upstream machine, there are periods where the rotor remains fully immersed in the upstream wake, decreasing the flow variations that the blade crosses over one rotation. The amplitude of the load cycles associated to those 1P oscillations is thus smaller, which decreases the resulting damage equivalent loads. For small offset (e.g., + or -5°), as the wind turbine is most of time partially immersed in the upstream wake, the increase in fatigue loads is more significant. When the offset increases, the rotor is more often out of the wake (this was well highlighted in the discussion of Sections 4.2 and 4.3), which decreases the damage equivalent loads. However, for an offset of about 8°, we see in Figure 11 that there are more discrepancies between the two sets of results. Lee et al. (2018) explained their low increase in Meq for that offset by a wake deficit region that was non-symmetric due to its interaction with the vertical shear and the presence of the Coriolis effect. We do not account for the Coriolis forces in our LES, which may explain that the wake remains more symmetric, and that we do not observe a net decrease for the positive offset of about 8°. However, for the other offsets, the order of magnitude of the increase of Meq is globally similar in the two sets of results.
5 CONCLUSION
In this work, we proposed a methodology aiming at simulating the whole wind farm behavior, from the wake phenomena to the wind turbine fatigue loads, in a both accurate and efficient way and for a large range of operating conditions. We used Large Eddy Simulation (LES), coupled to an Actuator Disk (AD) approach. The use of the AD method allows for coarse resolutions and thus reduces the computational costs of the simulations. In order to recover pertinent fatigue loads with that model, we replicated the blade trajectories through the disk and interpolated the AD aerodynamic forces onto these “virtual blades” at each time step. This allowed us to easily compute the resulting blade root bending and yaw and tilt moments. The wake centerline was also tracked in the whole wind farm, in order to highlight the correlations between the wake phenomena and the wind turbine fatigue damage.
We used the described methodology for simulating the Horns Rev wind farm for wind directions varying between 262° and 278°, with a simulation every 2°. 270° corresponds to a westerly wind, leading to the smallest spacing between wind turbines and a perfect alignment of the rotors in a line.
We first compared our time-averaged power production to the Horns Rev measurements of Barthelmie et al. (2009) and to other LES results (Wu and Porté-Agel, 2015), for different wind sectors. Discrepancies between the simulation results and the measurements for small wind sectors could be attributed to the uncertainties in the measured wind direction and possible yaw misalignment for the actual wind farm. Small discrepancies were also observed between the LES results and those of Wu and Porté-Agel (2015). These could be due to a difference of resolution, wind turbine controller, and additional small variations in the turbulence intensity of the freestream flow. Widening the wind sector brought to a very good agreement between our LES results, those of Wu and Porté-Agel (2015) and the measurements.
We then investigated the fatigue loads for several machines inside the wind farm and two particular wind directions, αw = 270° and 262°. In this study, we considered the blade root bending moments and the yaw and tilt moments. We clearly showed the link between the upstream wake movement and the resulting high and low frequency oscillations of the investigated moments. The high frequency fluctuations were attributed to the load variation when the blade moved in and out of the wake when the wind turbine was in an half wake situation, while the lower frequency oscillations were due to the wake sweeping across the rotor plane. The time-averaged flapwise moments were also compared to actual measurements for a turbine in a freestream configuration and in waked situation. The differences varied between 13 and 22%, which was attributed to uncertainties related to the estimation of inflow conditions (atmospheric stability, wind speed and direction,…).
The load cycle distributions, computed using the Rainflow counting method, were also studied for the same machines and wind directions, and reflected the main behaviors observed in the moment history. The second row in a line saw its number of cycles increase in the middle and large amplitudes, due to the presence of upstream wakes. This contributed to increasing the rotor fatigue damage, as highlighted in the resulting equivalent moment. For αw = 262°, until the seventh row in a line, the equivalent moments are more less equal to those of the second row. From the seventh row, the rotors were also impacted by the wakes of the adjacent line, making the flow field more uniform, reducing the equivalent moments. For αw = 270°, the equivalent moments slightly decreased after the second row, because the upstream wakes were less structured and characterized with a lower velocity deficit. This reduced the amplitude of the high and low frequency oscillations of the moments.
We also compared the ratios of flapwise equivalent moments between the first and the second rows for all the simulated wind directions, to those of other numerical studies. Those studies did not simulate the Horns Rev wind farm in particular, but considered a pair of wind turbines, with different lateral positions for the downstream machine. In this analysis, we saw that our results globally reproduced the same tendency and the same order of magnitude for the ratios.
Although the proposed methodology could be further improved by coupling the flow solver to an aeroelastic code, or by accounting for different atmospheric stabilities and Coriolis effects, the numerical tool clearly demonstrated its capacity to accurately capture the wind farm flow and the wind turbine fatigue loads. Compared to lower fidelity approaches, such as a wake model coupled to a Blade Element Momentum (BEM), it captures all the fine physics of the wake phenomena, and its impact on the turbine loads. It also remains computationally affordable at the scale of a large wind farm scale, unlike LES coupled to an Actuator Line method, which requires finer spatio-temporal resolutions. As our tool also includes the tracking of the wake centerline position, it identifies the correlations between fatigue loads and wake phenomena, and highlights the flow features that should be captured by operational wake models in a perspective of model predictive control of the wind farm. In this study in particular, we highlight the signature of the wake meandering during full or partial impingement scenarios, wake merging contribution for the deeper rows, and in particular, its signature in the load cycle distribution.
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