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Abstract

:

In this paper, the accuracy of an in-house Actuator Line (AL) model is tested on aeroelastic simulations of a Wind Turbine (WT) rotor and a helicopter Main Rotor (MR) under uniform free-stream flow. For the scope of aeroelastic analyses, the AL model is coupled with an in-house multibody dynamics code in which the blades are modeled as beams. The advantage from the introduction of CFD analysis in rotorcraft aeroelasticity is related to its capability to account in detail for the interaction of the rotor wake with the boundary layer developed on the surrounding bodies. This has proven to be of great importance in order to accurately estimate the aerodynamic forces and thus the corresponding structural loads and deflections of the blades. In wind turbine applications, a good example of the above is the rotor/ground interaction. In helicopter configurations, the interaction of MR with the ground or the fuselage and the interaction of tail rotor with the duct in fenestron configurations are typical examples. Furthermore, CFD aerodynamic analysis is an obvious modeling option in which the above mentioned asset can be combined with the consideration of the mutual interaction of the rotor with the ambient turbulence. A WT rotor operating inside the atmospheric boundary layer under turbulent free-stream flow is such a case. In the paper, AL results are compared against Blade Element Momentum (BEM) and Lifting Line (LL) model results in the case of the WT, whereas LL and measured data are considered in the helicopter cases. Blade loads and deflections are mainly compared as azimuthal variations. In the helicopter MR cases, where comparison is made against experimental data, harmonic analysis of structural loads is shown as well. Overall, AL proves to be as reliable as LL in the canonical cases addressed in this paper in terms of loads and deflections predictions. Therefore, it can be trusted in more complex flow conditions where viscous effects are pronounced.
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1. Introduction


The Actuator Line (AL) method [1] is a renowned CFD technique widely used in the aerodynamic analysis of Wind Turbine (WT) rotors. In particular, it has been employed in studying the generation and convection of rotor wakes [2,3]. There are also publications where it has been used in helicopter rotor aerodynamic analyses [4,5,6], particularly when costly simulations are involved, in which a detailed distribution of the blade loading is not an absolute requirement. The broad application of AL stems from the high fidelity level that the CFD context provides, alongside with the limited computational requirements of the methodology. The latter originates in the fact that the rotor blades are not fully resolved, rather than modeled as a set of blade elements along their axis. Just by a simple blade element analysis, together with the use of predefined airfoil polars, the blade forces can be calculated in a cost effective manner and then applied to the flow as source terms of the Navier–Stokes equations. In this way, the effect of the rotor on the flow can be accounted for in great detail [7,8].



Incorporating CFD in rotor analysis renders feasible the estimation of viscous and turbulence effects. These are significant in wind farm simulations, where rotor wake diffusion has an impact on the performance of the downwind turbines. Furthermore, viscous effects are important when studying the rotor wake interaction with the boundary layer developed on surrounding bodies (e.g., helicopter obstacle [9] or WT tower) or even the ground. Such interactions affect the rotor performance and the loading of the rotor [10,11]. Another possible aspect where CFD analysis may be needed is the rotor operation close to bluff bodies with a non-thin boundary layer. Separation of flow around the fuselage is known to induce vibrations on blade loads. Hence, resolving the vortex shedding from bluff bodies in the operating region of rotors is of great importance.



The main shortcoming of the method is that numerous numerical parameters are involved that affect load predictions. In particular, the method used in the projection of the blade forces onto the CFD grid plays an important role in the intensity of the produced tip and root vortices [12]. As a result, in order to capture the blade loads in detail, a case specific tuning is needed for these parameters. A great deal of research effort has been devoted to determining the best practices of body force projection [13,14,15,16]. A common requirement for the successful application of all these methods is the adoption of really fine grid resolution around the blades and in particular close to the blades tip. The alternative is to use a coarse mesh and account for the tip vortex effect through proper tip loss correction models [17,18]. In most of the above cited studies, AL results are compared against results produced by a Lifting Line (LL) model [19] or a Blade Element Momentum (BEM) model that uses Prandtl’s tip correction [20]. Nevertheless, capturing blade loads in detail is still considered to be an issue under investigation for AL methodologies, which requires further development.



As a result, aeroelastic simulations using AL have been published only by few researchers, mainly in the fields of WTs. In [8], the AL methodology implemented in EllipSys3D is loosely coupled with the aeroelastic code Flex5, where the structural analysis is performed in the context of modal reduction. The study focuses on wake characteristics investigation under turbulent free-stream flow. Moreover, a comparison against experimental measurements is performed regarding aerodynamic performance characteristics (power production and rotor thrust loading for various wind speeds) on a model scale turbine. In [21], an OpenFOAM implementation of the AL method described in [22] is tightly coupled with an in-house structural solver, which is again based on modal analysis. The publication provides detailed description of the coupling procedure and the validity of this new aeroelastic tool is checked through a comparison of blade loads at specific spanwise positions, power generation, and blade tip deflection against the respective results of rigid blades. The benchmark comparisons are confined to simple axial flow cases of the NREL 5 MW reference wind turbine [23]. In [24], a standard AL implementation on an incompressible RANS solver is two-way coupled with a finite differences discretization of the 1st order Euler–Bernouli beam model. Root flapwise moment and tip deflection on axial flow cases of the NREL 5MW are compared against standard BEM results obtained using FAST [25]. Furthermore, fatigue analysis is performed for two-staggered rotors that operate inside the atmospheric boundary layer. In [26], an OpenFOAM implementation of AL is coupled with a simplified 1st order representation of the rotating beam dynamic equations. Performance analysis results and blade tip displacements on axial flow cases of NREL 5 MW are compared against NREL reference data (extracted using FAST) and results by other researchers. Recently, in [27], a larger scale WT rotor (DTU 10 MW reference wind turbine [28]) was used as a test model of a loose coupling between EllipSys3D and Flex5. Steady-state performance and damage equivalent loads of the elastic AL model are compared against those obtained by an Actuator Disk (AD) model and the standard BEM model. As far as helicopter rotors are concerned, the AL developments found in the literature focus on pure aerodynamic analysis. At least to the author’s knowledge, no publications have dealt with aeroelastic simulations of helicopter rotors by applying AL as the aerodynamic tool.



In the present work, an AL aerodynamic model is integrated within a multi body structural dynamics environment for the unified treatment of rotorcraft applications exceeding the context of wind energy applications. Most of the previous aeroelastic developments using AL aerodynamic options, are based on simplified structural dynamic models or linear modal representations. The herein proposed model employs high level of fidelity also in the modeling of the structural dynamics. The multibody model used considers flexible components as non-linearly inter-connected beams (application of nonlinear constraint equations) which are numerically treated in the context of FEM analysis. The above model accounts for non-linear geometric and inertial effects due to large deflections while they can incorporate in the analysis the full structure of the simulated configuration (e.g., wind turbine tower or rotor pylon and other flexible elements of the hub and control chain). The objective of this paper is to assess the accuracy of the AL aerodynamic model in strong coupling with the above described structural dynamics module, by comparing its results with lower fidelity aerodynamic models or experimental data. Two different rotorcraft application examples are considered: (a) WT rotor and (b) Helicopter MR. In order to assess the effect of various numerical parameters on loads prediction, any engineering correction model that needs case specific tuning (e.g., tip correction models) is neglected and the numerical parameters that affect the produced results in a more generic way are investigated in detail. A new way to define the projection width of the calculated aerodynamic forces is proposed, which leads to a straightforward grid independent solution.



The test cases considered in the WT analyses extend from simple axial to asymmetric, yaw misaligned flow conditions. Existing literature on AL aeroelastic analyses solely deals with axial flow conditions while yaw misaligned flows are neglected. Recent developments in wind farm control propose wake deflection strategies [29] as an effective approach for increasing power performance and reducing loads. The aforementioned wake control techniques are also popular in floating offshore wind turbine applications [30] in which complex wind turbine dynamics and wave induced motions cannot be accounted for by simplified structural dynamic modules. Therefore, coupling aerodynamic options capable of resolving multi-rotor wake interactions in high fidelity structural dynamic modules that accommodate complicated system dynamics and non-linear flexibilities is considered essential. Furthermore, simulating asymmetric yawed flow conditions is directly linked to helicopter aerodynamics. This is the second application example addressed in the present work.



More specifically, in the WT cases, the rotor of the conceptual DTU 10 MW reference wind turbine [28] is modeled. Uniform free-stream flow conditions are simulated for wind speeds of 8 and 11 m/s. Yaw misalignment conditions are considered as well, where free-stream flow angle ranges from −30   °   to +30   °  . Constant rotational speed and blade pitch angle is assumed for all WT cases. Blade loads and elastic displacements results are depicted as azimuthal variations and radial distributions along the blade span. Comparisons are made between a standard BEM model and the classical LL approach under the framework of free vortex wake modeling [31]. WT analyses are usually based on BEM models, as they are fast and reliable in simple flow cases. Therefore, they have been widely employed in design and analysis. For this reason, BEM results are regarded as reference data in WT simulations of this work. When analyzing complex aerodynamic conditions (yaw misalignment or high shear of the atmospheric boundary layer), the LL model consists of a more accurate alternative due to the detailed vortex particle representation of the wake and the inclusion of viscous corrections on blade loads through dynamic stall models. Consequently, LL results will be used as an extra reference in complex free-stream flow conditions, where AL and BEM results are expected to deviate.



As for the helicopter simulations, a scaled model of BO105 MR is simulated, for which wind tunnel measurements of loads and deflections are available. In this case, AL and LL predictions will be compared against HeliNOVI wind tunnel measured data [32]. Only forward flight conditions are tested at low (12.3 m/s), medium (50.5 & 50.9 m/s), and high (69.6 & 69.9 m/s) flight conditions. Azimuthal variation of loads and deflections and load harmonics (in terms of amplitude and phase) are compared to measured data.



All the AL simulations performed in this work consider inviscid flow. The reason for that is that BEM and LL are inherently inviscid. In this way, a fair comparison can be made between the different aerodynamic models. Even for the Helicopter MR simulations, where measured data have been used as reference, viscosity is not expected to have any significant effect on the results. This is justified by the fact that the experiments have been conducted in a wind tunnel, without the introduction of any turbulence intensity in the free-stream flow.




2. Methodology


In-house computational tools are used both for the aerodynamic flow analysis and the structural dynamic analysis.



2.1. The Aerodynamic Model


Concerning aerodynamics, MaPFlow [33,34,35] is used, which solves the compressible Unsteady Reynolds Averaged Navier–Stokes (URANS) equations under a cell-centered finite volume spatial discretization scheme. MaPFlow can handle both structured and unstructured grids, it is parallelized under the MPI protocol, and the grid partitioning is performed using the METIS library [36]. The convective fluxes are evaluated by solving the preconditioned local Riemann problem between the neighboring cells of each face, using the Roe’s approximate Riemann solver [37] with the Venkatakrishnan limiter [38]. The viscous fluxes are discretized using a central 2nd order scheme. For the reconstruction of variables at the interface a piecewise linear interpolation scheme is used. The evaluation of the spatial gradients of the primitive variables is done using the Green–Gauss formula, with a centered scheme approximation. Multiple options are available for turbulence modeling, such as the one-equation model of Spalart–Allmaras [39] or the two-equation model k-w SST of Menter [40]. Regarding laminar to turbulent flow transition modeling, the γ-Reθ model of Menter [41] is used. A Delayed Detached Eddy Simulation (DDES) approach is also implemented in MaPFlow, following the suggestions of [42]. Unsteady simulations are performed through an implicit second order backwards difference scheme [43], along with a dual time-stepping technique [44] in order to facilitate convergence. Finally, the implicit operator inversion is accomplished with the use of the Gauss–Seidel iterative method alongside with the Reverse Cuthill–Mckee reordering scheme.



In the AL methodology implemented within MaPFlow, the blade loads are calculated on specific control points along the blade span through a blade element analysis. The control points aerodynamic forces are then applied to the flow as source terms of the flow equations. In order to avoid numerical instabilities, these source terms are smeared across the cells surrounding the rotating blades through a   3 D   Gaussian convolution:


   f  C F D   =    F  c p      ϵ  π    3    exp  −      r ϵ     2    








where:




	
  f  C F D    is the projected force per unit volume [N/m   3  ];



	
  F  c p    is the calculated force on the actuator line emission (control) point [N];



	
r is the distance between the actuator line emission point and the point where the force is applied [m];



	
 ϵ  is the Gaussian kernel that defines the projection width [m].








There are numerous advantages when following this approach:




	
CFD mesh is not forced to follow the blades rotation;



	
Overset grids methodologies can be avoided when interaction between rotor wake and other configurations (e.g., WT tower, helicopter fuselage, other rotors) is to be assessed;



	
Aeroelastic simulations can be performed without many implementation difficulties, as the the computational grid is not burdened to deform along with the blades.








The above render the AL model befitting for complex aeroelastic analyses, provided that the loads are accurately predicted. The main weakness of AL is its dependence on tabulated   2 D   airfoil data. The correct estimation of aerodynamic loads in stall conditions is critical in aeroelastic simulations when the aerodynamic options are based on 2D polars. For this reason, a dynamic stall model needs to be used. In simulations of this research, the extended ONERA model [45] has been used. The delay parameter of the original ONERA model, which accounts for dynamic stall delay in deep dynamic stall conditions is omitted. Moreover, the leading edge vortex and the vortex shedding effect considered by Truong [46] in more recent versions of the ONERA model are not included in the present implementation. These are not expected to have a significant effect on predicted aerodynamic and structural loads as the DTU 10MW turbine is a pitch regulated one while in BO105 simulations only forward flight cases are addressed. Consequently, all the simulation cases considered deal with light stall conditions, a maximum effective angle of attack lies in the vicinity of   (  C  L  m a x    )   where the leading edge vortex is not present. Analytical description and implementation details of the Dynamic Stall model utilized in the aeroelastic cases addressed in this work can be found in [47]. Nevertheless,   2 D   polars, even though corrected for unsteady aerodynamics and dynamic stall effects, still cannot account for unsteady phenomena due to vortex shedding (e.g., when massive flow separation takes place or secondary cross-flow effects at the scale of chord length).




2.2. The Structural Dynamics Model


In order to account for the blades structural and dynamic response, hGAST [48,49,50,51] is used. hGAST is a servo-elasto-dynamic solver based on a multi-body approach, where all flexible components are modeled as flexible   1 D   full stiffness matrix [52] Timoshenko beams. Numerical discretization is applied through FEM approximation. In this way, apart from the blades, the flexible elements of the control chain of a helicopter main rotor (blade hub, pitch link, horn, etc.) or a wind turbine configuration (shaft, tower) may be included. Rigid body and elastic motion due to structural flexibility are concurrently accounted for within the multibody dynamics framework, alongside the non-linear inertial and structural effects and geometric couplings imposed by large deflections of highly flexible components (e.g., blades). These highly flexible components are approximated as an assembly of linear Timoshenko beam structures (sub-bodies). The interconnected linear sub-bodies are linked to each other through proper non-linear kinematic and dynamic compatibility equations. In this way, non-linear geometric and aeroelastic effects due to high deformation are accounted for using linear beam theory at the sub-body level, but considering non-linear effects at the connection points [51]. Following this approach, multiple load path joints can be introduced. Briefly, at the connection points between different sub-bodies, one of them provides the kinematic condition (position/velocity and orientation/angular velocity) to the others, while the rest have to contribute their reaction loads (see Figure 1).



A local coordinate system   (  O k  ,  x k  ,  y k  ,  z k  )   is attached to the start point (P1) of every sub-body. Local elastic deformations resulting from the beam dynamic equations are defined with respect to this system. This local frame of every sub-body k is subjected to 3 translations   (  q t k  )   and 3 rotations   (  q r k  )  , which include rigid body motion undergone by the sub-body and elastic motions induced by other sub-bodies connected to them. For the   k  th body, let    q k  =   {  q t k    q r k  }  T    denote a set of (rigid body) displacements and rotations (time variant or invariant) that define the origin and orientation of the local system of the   k  th body in the undeflected state. Rigid body translations   (  q t k  )   will place the component at   R k  , while rigid body rotations   (  q r k  )   lead to its rotation matrix   T k  . Based on the above, the (global) position vector   r G k   of any arbitrary point P over the deflected   k  th body with respect to the global inertial frame is expressed through the (local) position vector of P in the undeflected state    r l k   =   (  x l k  ,  y l k  ,  z l k  )    and the vector of the local elastic deflections (displacements and rotations)    u k   =   (  u k  ,  v k  ,  w k  ,  θ x k  ,  θ y k  ,  θ z k  )    (both defined in sub-body local co-ordinates) and the rigid body motion   q k   as follows:


   r G k  =  R k    q k  ; t  +  T k    q r k  ; t    r l k  + S  u k   ( t )    








where  S  matrix is given by:


  S =     1   0   0   0    z l k    0     0   1   0    −  z l k     0    x l k      0   0   1   0    −  x l k     0     .  











Kinematic constraints are applied to the end nodes of connected components. For example, in Figure 2, the   P 2   node of component r is rigidly connected to the   P 1   node of component m. As a result, 3 translation and 3 rotation nonlinear constraint equations are defined, expressed through the following nonlinear position/orientation equations:


      r G r   P 2     =     r G m   P 1         θ   r , m     =    c o n s t     








where     θ   r , m   =   θ x  r , m   ,  θ y  r , m   ,  θ z  r , m      is a column matrix that contains the relative rotation angles between the connected points defined in the local coordinate system of node   P 1   of component m. The relative angles    θ   r , m    are given by [53]:


  cos  θ i  r , m     e j r  ·  e k m   − sin  θ i  r , m     e k r  ·  e k m   = 0 ,      i = 1 , 2 , 3  








where   i , j , k   are such that    ϵ  i j k   = 1   and   e i r  ,   e i m   are the two unit vector bases defining the local frames of the connected nodes (see Figure 2). To conclude, the elasto-dynamic equations are linearized and expressed in perturbed form. Equivalent mass   M  , damping   C  , and stiffness   K   matrices are computed. The linearized equations are solved iteratively using the 2nd order implicit Newmark method [54]. Modal analysis can be also performed on the calculated   M , C , K   matrices around the defined reference state.



MaPFlow has been validated in pure aerodynamic analyses against experimental measurements and other computational tools [28]. The same holds for hGAST when coupled with BEM and vortex type aerodynamic models [28,55]. In the present work, the coupled hGAST/MaPFlow tool is validated. More details about the implementation of the under investigation AL module within MaPFlow and the aeroelastic coupling can be found in [55].





3. Actuator Line Numerical Analysis


In this section, a detailed overview of the employed numerical parameters is presented. In the AL methodology and the CFD context in general, there are plenty of numerical parameters that can affect the predicted loads. To minimize any uncertainties regarding the validity of the produced results, a thorough investigation of all numerical parameters is needed.



3.1. Wind Turbine Rotor Numerical Analysis


The AL numerical parameters regarding the WT simulations have been tested on an axial case at a 11-m/s uniform wind speed. The blades are evenly distributed and considered to be rigid. Structural deflections alongside prebend, cone, and tilt angle of the blades are neglected, so that the configuration is as simple as possible for this parametric study. As a result, we end up with a purely axisymmetric case. In order to reduce computational cost, only one blade has been resolved in the rotating frame, with the use of periodic boundaries and in steady-state condition. The domain is a cylindrical section of 20 rotor diameters (  20 D  ) length (see Figure 3) and   10 D   radius (see Figure 4). Structured and uniform meshing under maximum grid resolution is applied in a thin region surrounding the actuator line. The structured area extends adequately around the actuator line, so that maximum accuracy is acquired in resolving the Gaussian projection of loads (see Figure 5). The characteristic length of this region is denoted by   Δ x  . Moreover, an unstructured and slightly coarser region is considered in order to take into account the near wake impact on the aerodynamic forces. This area extends up to   1 D   upstream,   3 D   downstream, and   1 D   radially from the actuator line, so that the wake expansion is regarded properly. The characteristic length of this region is denoted by   Δ w  .



The first priority is to determine   Δ x  . The results from the analysis are presented in Figure 6 and Table 1. Each column lists the extracted power in MW, with respect to different values of   Δ x   and for various strategies to define the Gaussian kernel value  ϵ . The standard approach in defining  ϵ  based solely on   Δ x   [3] fails to provide a grid independent solution. Since the blade geometry is not resolved, flow does not perceive the presence of a solid body. In order to perform a more accurate simulation that takes into account the blade geometry, the Gaussian distribution of loads is made using varying kernel  ϵ . The value of  ϵ  is independent of the changes in the grid size   Δ x   and is proportional to the chord c of each blade section [13]. The proportionality factor   0.47   is chosen so that the Gaussian projection of the aerodynamic forces extends only up to   1 c   around the emission points. The projection width is   3 σ =  3  2   ϵ  . If the projection width is decided to extend up to   1 c   around the emission points, then   c =  3  2   ϵ   or   ϵ ≈ 0.47 c  . This approach can resolve in detail the blade geometry and thus allow very fine grid resolution in the AL vicinity. However, the reduction of the chord close to the tip results in very small values of  ϵ , even less than   Δ x  , leading to numerical singularities. Therefore, a lower bound is set for  ϵ ,    ϵ  m i n   = 2 Δ x  , as proposed by [3]. Based on the results in Table 1,   Δ x = R / 90   seems to be a good trade-off between accuracy and computational cost.



The outcome of the investigation of the effect of the number of strips (  # s t r i p s  ) (AL control points are located at the center of each strip) and their distribution pattern in the power output is shown in Table 2 and Figure 7 and Figure 8. As a first step, the AL control points are uniformly distributed along the blade, thus leading to a constant strip length (  Δ r  ). The parameter   # s t r i p s   is not independently studied, except through the correlation of   Δ r   with   Δ x  . In Table 2, it is clear that   Δ r ≤ 3 Δ x   is a reasonable rule of thumb to define   Δ r  . Nevertheless, since   # s t r i p s   adds no significant computational cost, the ratio   Δ r = 1.5 Δ x   will be used in the following WT aeroelastic simulations, in order to ensure a smooth representation of the radial distribution of aerodynamic forces. Figure 7 and Figure 8 present a comparison between a uniform distribution of control points (  Δ r = 1.5 Δ x  ) with a non-uniform one with the same number of points. Non-uniformity implies a coarse discretization close to the root that gradually gets finer as we approach the tip. As seen in Figure 7 and Figure 8, where the normal and tangential force along the blade span are plotted for the two different discretizations, the two distributions almost coincide due to the large number of points used. Uniform distribution better resolves the loads at the radius of ≈30 m where a local peak appears in particular in the tangential force. No advantage is observed at the tip region when employing denser distribution of points. It is easy to understand that due to the large number of control points along the blade span, a non-uniform distribution adds no extra benefit. Consequently, constant strip length   Δ r   is adopted for the sake of simplicity.



Wake region characteristic length   Δ w   is examined in Table 3. The crucial aspect in choosing   Δ w   is the detail in resolving near wake velocity and vorticity. Apparently, as   Δ w   gets finer, the accuracy of predicted flow field is enhanced, which comes at an extra computational cost. This improvement does not imply any additional benefits in load predictions which is the main focus of the present work. For this reason   Δ w = 10 Δ x   is considered a good compromise between accuracy and computational cost. However, if wake dynamics is important (simulation of multiple aligned WT rotors, interacting with each other),   Δ w   should be refined as much as possible in order to reduce numerical diffusion in the wake.



Next, the time-step   Δ t   is investigated. In most AL implementations,   Δ t   is picked so that the blade tip will cross a maximum of one cell between two consecutive time-steps   Δ t = Δ x /  V  t i p    . However, based on the results in Table 4, a more strict approach of the above rule of thumb   Δ t = 0.5 Δ x /  V  t i p     is required for WT simulations. Table 4 results have been extracted by a typical unsteady, 3-bladed rotor simulation on a full-scale grid like the one that will be used for the aeroelastic simulations that follow.



Another crucial aspect is the grid type employed. Fully unstructured, structured, and hybrid grids can be used. Structured grids are orthogonal but with high aspect ratio cells. On the other hand, unstructured grids result in a good aspect ratio, but orthogonality is lost. The projection method used in the AL approach can be sensitive to the type of grid. For this reason, mesh structure needs to be properly examined. In Figure 9, Figure 10 and Figure 11, four different grid setups are visualized, whereas in Table 5 the total number of grid cells and the power outcome of each setup are listed. In Figure 9 a fully structured grid (“setup1”) is shown with 8.9 million cells. The area nearby the rotor is kept uniform and fine with a characteristic length of   Δ x = R / 90  , followed by a gradual coarsening up to   Δ w = 10 Δ x   at the limits of the near wake region and a steeper one up to the outer boundaries of the mesh. Figure 10 illustrates two meshing strategies similar to the one used in the periodic, steady-state simulations. Particularly, in “setup2” a fine and structured area is considered around the blade with length   Δ x = R / 90  , while the rest of the domain is unstructured. Again the near wake region has a characteristic length of   Δ w = 10 Δ x   and the total amount of grid cells is 2.9 million. The only difference in “setup3” is that the AL vicinity is unstructured, thus exploding the number of cells to 6.2 million. Finally, a hexahedral mesh (“setup4”) is shown in Figure 11 with a total number of 1.9 million cells. The characteristic lengths of   Δ x = R / 90   close to the rotor and   Δ w = 10 Δ x   in the near wake region have been maintained in this setup. Based on Table 5, all 4 mesh setups produce similar results. “setup3” shows the greatest discrepancy due to the reduced accuracy in the AL region provoked by the unstructured meshing. “setup4” was preferred due to its minimum number of grid cells.



In order to verify the choice of the aerodynamic numerical parameters in an aeroelastic context, coupled aeroelastic simulations are performed under axial wind speed at 8 and 11 m/s. In these cases the prebend, cone, and tilt angle of the blades are accounted for. It is revealed that by choosing    ϵ  m i n   = 2 Δ x  ,   2 / r e v   and higher artifact harmonic frequencies are excited. As a result, the signals of loads and deflections, except form the dominant   1 / r e v   variation are contaminated by significant higher harmonic frequency components. The   1 / r e v   variation is brought about by the 5   °   tilt angle of the rotor. As presented in Figure 12 and Figure 13, increasing   ϵ  m i n    has a damping effect on the artifact harmonics, since the AL sources get spread in a wider region. In this way, the amplitude of artifact harmonics becomes significantly decreased. The larger the wind speed, the greater the needed increase of   ϵ  m i n   , so we end up with    ϵ  m i n   = 2.5 Δ x   at    U ∞   = 8   m/s and    ϵ  m i n   = 3 Δ x   at    U ∞   =   11 m/s. The induced increase in the mean value of the deflection is   1 %   and   1.5 %   respectively with respect to    ϵ  m i n   = 2 Δ x  .




3.2. Helicopter Main Rotor Numerical Analysis


Following the preceding analysis, a helicopter MR is examined. The AL numerical parameters have been tested on case 851 which is a forward flight case at 12.3 m/s flight speed. The blades have been considered to be rigid in this study as well. A lot of conclusions extracted from the WT analysis have been used here without further investigation, namely:




	
As depicted in Figure 14, a hexahedral grid set-up has been utilized;



	
The ratio   Δ w = 10 Δ x   is used again for the near wake region;



	
The Gaussian kernel is defined by the relationship   ϵ = m a x ( 2 Δ x , 0.47 c )   (no further increase of   ϵ  m i n    was found to be necessary for MR aeroelastic simulations).








In Table 6, the rotor thrust predictions are listed with respect to different values of   Δ x  . Thrust was preferred as a metric over power in this case, due to its higher sensitivity to changes in the numerical parameters in helicopter cases. Ratio   Δ x = c / 8   is considered to be the optimum compromise between accuracy and computational cost.



In Table 7, the effect of   # s t r i p s   is investigated. Due to constant airfoil along the blade span, reasonable accuracy in thrust prediction is obtained even with a lower number of control points. For MR aeroelastic simulations, a uniform distribution of control points with   Δ r = 2 Δ x   is used. Since   # s t r i p s   does not penalize computational cost, the main criterion for choosing this parameter is the smooth radial distribution of the aerodynamic forces.



The time-step   Δ t   is investigated in Table 8. In this case, the rule of thumb   Δ t = Δ x /  V  t i p     seems to be satisfactory. Overall blade grid and time resolution requirements are found to be relaxed in the helicopter case as higher values for   Δ r   and   Δ t   provided (  # s t r i p s  ) and time independent loads.





4. Results


In this section, results obtained by the investigated AL-based aeroelastic tool are compared against reference results obtained using lower fidelity aerodynamic tools or through wind tunnel measurements. Both WT and helicopter MR cases are assessed.



In WT cases, benchmark simulations are performed for the rotor of the conceptual DTU 10 MW reference wind turbine developed by DTU and employed as a reference turbine in a number of research projects (e.g., INNWIND.EU see [28]). Herein, the 5   °   tilt angle of the rotor, the 2.5   °   pre-cone angle of the blades, and the 3.332 m prebend at the blade tip have been properly considered. Simulations are performed for axial wind speed at 8 and 11 m/s magnitude. Yaw misalignment conditions are considered as well, where wind speed angle ranges from −30   °   to +30   °  . The constant rotational speed and blade pitch angle are assumed for all wind speed values, as described in Table A1 in Appendix A. The rotation direction of the blades, the wind speed direction, and the definition of positive yaw angle are visualized in Figure A1. The airfoil data used for the blade element analysis on the control points of all the different aerodynamic models have been generated by DTU, using the in-house CFD solver EllipSys2D [56] in fully turbulent 2D simulations. AL results are compared to BEM and LL results.



For the helicopter rotor simulations, a   1 / 2.45   scaled model of BO105 MR used in HeliNOVI wind tunnel tests is modeled. In this case, AL predictions are validated against LL simulation results and wind tunnel measurements of the HeliNOVI experiment [32]. Forward flight conditions are tested at low (12.3 m/s), medium (50.5 & 50.9 m/s), and high (69.6 & 69.9 m/s) flight speed conditions. Table A2, Table A3, Table A4 and Table A5 in Appendix A summarize the operational and trim data for these cases. Pitch and Roll attitudes are Euler angles defined in   Y F   and   X F   respectively, whereas Pitch and Roll moments are defined in   Y R   and   X R   (see Figure A2).



4.1. Wind Turbine Rotor Results


Table 9 lists the natural frequencies predictions of hGAST and other state-of-the-art aeroelastic tools (beam models) that were used in the Work Package 2 of the INNWIND.EU project for the DTU 10MW WT blades. The predicted frequencies are compared to   3 D   FEM predictions obtained by NISA FEM code [57]. In Figure 15, the 3rd mode of the rotor is depicted, which corresponds to the 2nd flap mode of the blades. hGAST results are compared against the ones produced by NISA   3 D   FEM code. More details can be found in [58].



In the reference BEM module, the dynamic response of the wake due to time varying conditions is accounted for through an engineering dynamic inflow model [59]. The inflow model is actually a first order filter equation, which imposes a time delay on rotor induction and therefore on rotor loads when the thrust changes in time. It assumes the wake structure to be cylindrical and is tuned based on free-vortex-wake aerodynamic model results. In yaw misalignment cases, the induced velocity is corrected through the introduction of an extra term that models the asymmetric distribution of the induced velocities over the rotor disk due to wake skewness [59]. No tower shadow model is used in BEM computations. The azimuth angle is assumed to be zero when the blade points upwards (opposite to the ground). Blade loads and elastic deflections results are depicted as azimuthal variations and radial distributions along the blade span.



4.1.1. Axial Uniform Free-Stream Flow


Figure 16 depicts the out-of-plane bending moment (  M  f l a p   ) of the blade root and the out-of-plane deflection at the blade tip (  U  f l a p   ) for axial wind speed at 8 m/s. The   1 / r e v   variation is brought about by the 5° tilt angle of the rotor that shifts the maximum loading towards the azimuth position of 180°. Good agreement is observed in the mean values (maximum difference   1.8 %  ). Furthermore, all the models predict a small amplitude of the   1 / r e v   variation (≤3.25% of the mean load). Nevertheless, BEM appears to have a phase difference of approximately 35   °  , while the AL and LL results match perfectly with each other. Results for the predicted by the different models mean load, amplitude, and phase are tabulated in Table 10. The phase difference in BEM results can be attributed to disregarding the wake skewness effect induced by the tilt angle of the rotor in BEM model. The quality of agreement is similar between the different models in the out-of-plane deflection.



In Figure 17, the in-plane bending moment (  M  e d g e   ) of blade root and the in-plane deflection of blade tip (  U  e d g e   ) is shown for the same free-stream flow velocity. Nearly total agreement is achieved between the different aerodynamic models. In-plain loads and deflections are mainly driven by gravitational loads. Consequently, deviations between different aerodynamic analysis methodologies are not expected to have significant effect. This conclusion is valid in yaw misalignment cases as well. For this reason, the corresponding figures of   M  e d g e    and   U  e d g e    are omitted in the yaw misalignment section.



As Figure 18 shows, the different aerodynamic models are in good agreement regarding the twisting moment (  M  t w   ) of blade root. Very small differences are predicted in the mean value of the tip torsion angle (about 0.02   °  ). The phase differences seen in   M  f l a p    and   U  f l a p    have vanished herein.



Comparison of the Aerodynamic Models


It needs to be stressed that in LL and AL models, the blade “perceives” the wake-induced velocity in a different way compared to BEM. This is attributed to the detailed description of the 3D flow field by the Free Vortex Wake and the CFD methodologies respectively. Figure 19 verifies the correct effect of the tip correction model used in BEM [20], as the aerodynamic forces are effectively reduced close to the tip. As depicted in Figure 20 however, axial induction factor computed by BEM has a constant level difference and an increase towards the tip. This is the result of applying Prandtl’s tip correction formula directly on the thrust coefficient   C T  . In the root region, no corresponding correction model has been used to capture the effect of root vortices. For this reason, the axial induction factor there drops to zero.



Back to the tip region, the same pattern holds for LL, but for a different reason. In this case, it is a result of the excessively strong vortices released from the tip. The exaggeration in tip vortices intensity, stems from the fact that the non-zero circulation of the last strip of the blade is followed by a zero circulation after that. In vortex methodologies, this sharp drop of circulation is directly translated to very high vorticity of the near wake filaments close to the tip. This is a fundamental difference between LL and AL, as the latter affects the flow through momentum exchange between fluid and blade. Another difference between the two models comes from the method of calculating the wake-induced velocity. In LL, the computation is performed directly on the control points of the strips through the application of Biot–Savart law. On the other hand, in this AL implementation the control point velocity is calculated based on a distance and volume weighted interpolation to the surrounding cells velocities using Radial Basis Functions [60]. For these reasons, the induced velocity predicted by the AL model tends to zero towards the tip along with blade normal force.



A comparison of the predicted circulation distribution along the span is shown in Figure 21. AL effectively predicts a circulation distribution that decreases sharply close to the tip. However, this is not depicted in the axial induction factor the same way with LL (Figure 20). It is therefore shown that in AL, the axial induction factor is not directly related to circulation radial variation as in the case of LL, or to an engineering correction model as in the case of BEM. The increased values of circulation in the root vicinity of LL can be justified by the potential nature of LL that changes circulation proportionally to the angle of attack. The higher circulation predicted by the LL model is related to the high values of the angle of attack at the root of the blade (see Figure 22) and the fact that the LL equation presumes a   2 π   slope for the lift variation although this is not valid for the thick non-aerodynamic sections of the root region. Then an a posteriori correction on loads is performed to account for the reduced (or even zero) lift of these sections and the higher drag. In BEM and AL analysis, the calculation of the induction and the loads are in tight connection with the local airfoil polars. To sum up, the main differences between the models in prediction of the above mentioned flow parameters are focused on the blade tip and root regions.





4.1.2. Yawed Uniform Free-Stream Flow


Figure 23 and Figure 24 depict the out-of-plane bending moment of the blade root at 8 and 11 m/s wind speed and for yaw angles of ±15   °   and ±30   °  , respectively. A mean value difference is observed between BEM and the two higher fidelity models that increases with yaw angle (≈3.5% at ±15   °   and ≈8.5% at ±30   °  ). Mean wind speed has a smaller impact. Nevertheless, the amplitude of the variation changes similarly for all three methods. Moreover, a phase difference in the range 35   °  –45   °   between BEM and the other two models exists in all cases. The corresponding deflections at the blade tip are depicted in Figure 25 and Figure 26, presenting qualitatively similar results with those moments.



Figure 27 and Figure 28 show the twisting moment of the blade root at 8 and 11 m/s wind speed and for yaw angles of ±15   °   and ±30   °  . The corresponding torsion angles at the blade tip are depicted in Figure 29 and Figure 30. Very good agreement is observed both for the mean values, as well as for the amplitudes of the variations. The phase differences of BEM encountered in the out-of-plane signals are not present, or at least are much less pronounced herein. The torsion angle is not only driven by the aerodynamic twisting moment but also by the out-of-plane bending loads as a result of very high flapwise deflection. This is also justified by the phase difference of the torsion angle signals, comparing positive and negative yaw angles, which agrees with the corresponding phase difference of the out-of-plane deflection and load signals.



In summary, the main differences between the three models are concentrated in the out-of-plane moments (Figure 23 and Figure 24) and deflections (Figure 25 and Figure 26). A small difference ranging from   4 %   to   10 %   is observed in the mean value, alongside with a phase difference of about 35   °   to 45   °  . This can be attributed to the differences encountered in the axial induction factor seen in Figure 31 and Figure 32. Clearly, AL and LL predict lower mean values compared to BEM, which explains the level difference of moments and deflections (lower induction results in higher inflow velocity and therefore in higher loads). This difference grows as the yaw angle increases. Furthermore, AL and LL predict higher variation amplitude of induction than BEM at all wind speeds and yaw angles. Moreover, a phase difference of about 20   °   to 45   °   is encountered, which is close to the one seen in the out-of-plane moments and deflections. The phase difference in loads and deformations is significant and needs deeper investigation. At positive yaw angles, both at a wind speed of 8 and 11 m/s, all aerodynamic models predict the maximum loading around the azimuth angle of 180   °  . The reason for that is the increased relative velocity seen by the blade at this azimuth position, due to its clockwise rotation. In this position, the in-plane component of the wind is superimposed to the rotational speed of the blade. Apart from that, the effect of the wake skewness is important. It is the origin of the differences between the different aerodynamic models. The variation of the axial induction factor is much less pronounced in BEM results (  7 %   to   15 %   of the mean value), which in turn leads to decreased phase shifting of the loads due to the wake skewness effect as compared to AL and LL models, where the amplitudes are higher (  12.5 %   to   29 %   of the mean value). Minimum-induced velocity is predicted by all models close to the azimuth angle of 270   °  , thus shifting maximum loads towards a greater azimuth position. The lower minimum-induced velocity predicted by AL and LL explains the 35   °   to 45   °   phase difference in the out-of-plane moments and deflections. Similar results are observed at negative yaw angles, but with a phase shift of 180   °   compared to positive values. The reason of the above differences is that in the AL and LL models, the wake induction is inherently included in the flow field and wake computations while in the BEM it is determined by an engineering yaw correction model.





4.2. Helicopter Main Rotor Results


Helicopter simulations correspond to the test matrix of the HeliNOVI wind tunnel experimental campaign [32]. Computations are performed in forward flight conditions at low (12.3 m/s), medium (50.5 & 50.9 m/s), and high (69.6 & 69.9 m/s) flight speed conditions. Operational details can be found in Table A2, Table A3, Table A4 and Table A5 in Appendix A.



AL results are compared against measurements and LL predictions. The comparisons concern azimuthal variations at one flight speed (the lowest) and harmonics of all flight speeds. A discrete Fourier analysis has been performed to blade loads of all the simulated cases. The results have been expressed in terms of amplitude and phase for the harmonic frequencies of the highest energy content. The corresponding mean values are presented in tabulated form.



At the present study, a global Rayleigh type structural damping [61] is applied which cannot reproduce correctly the exact modal damping of each mode. In Table 11, the damping ratio resulting for each mode of the BO105 MR blade is listed. In Figure 33, the predicted Campbell diagram (rotational speed range 0–1050 rpm) of the BO105 model blade is shown. In the modal analysis, the external loads (aerodynamic, gravitational) are neglected and structural damping is set to zero. For a fair comparison against measured data, the control angles (collective and cyclic pitch) have been trimmed based on a feedback control algorithm in order to match the predicted hub loads to the measured ones. Figure 34 compares the predicted by the two aerodynamic models MR pitch control angles against those used in the wind tunnel test campaign. Very good agreement is observed for all flight speeds in the collective and longitudinal pitch, whereas for lateral pitch there is an increasing deviation with the flight speed with a maximum difference of 2   °   at 70 m/s. Moreover, the rotor power requirement that is predicted by the two aerodynamic models is compared against the measured values in Figure 35. A maximum difference of about   4.7 %   is noted in the high flight speed, which is attributed to the difference in the lateral cyclic pitch values and may as well indicate a disagreement in the predicted lead-lag moment.



In the wind tunnel test, all blades were instrumented with load sensors, therefore blade loads for all blades were obtained. In the comparisons, predictions are compared to data from all available sensors. The missing data in some of the comparisons are due to broken or malfunctioning sensors.



4.2.1. Azimuthal Variation of Loads and Deflections at 12.3 m/s Flight Speed


In this low speed case, comparisons of predictions and measurements are made for blade loads and elastic displacements and the results are depicted as azimuthal variations. 0   °   azimuth corresponds to the blade pointing towards the tail boom, as shown in Figure A2 in Appendix A.



Notable differences both in the mean value, as well as in the amplitude of the   1 / r e v   variation are observed in the lead-lag bending moment (Figure 36). Load variations due to high frequency harmonics are well captured by the AL simulations. The LL model predicts a smoother variation of loads at higher frequencies, while the predicted signal is slightly shifted with respect to AL predictions and measurements. In the lead-lag deflections (Figure 37), predictions lead with respect to measurements. It is noted that positive deflection is in the lag direction. This is common in all three flight speeds and is mainly attributed to the technique used to measure blade deflections in the experimental campaign. The Stereo Pattern Recognition (SPR) that was used for the first time in the HART II and HeliNOVI projects, was repeatedly reported to show a consistent and unexplained 2–4 cm (≈1%) translational offset in the lag direction with respect to numerous and of varying fidelity computational method results [62,63]. In [32], the flexibility of the drive train system and the hub, which are regarded as infinitely stiff in our simulations, are considered as an extra source of discrepancies between measurements and predictions. The   1 / r e v   amplitude of the variation is well predicted by the computational models, however high frequency oscillations seen in measurements seem to be almost completely damped in both simulations.



Good agreement is observed in the mean value of the flapwise bending moment (Figure 38). The   1 / r e v   amplitude is fairly predicted. High frequency variations seen in the measurements (mainly   2 / r e v   and   3 / r e v  ) are effectively reproduced by the simulations, with a small under-prediction of the respective amplitudes in LL results. Furthermore, a minor phase difference is seen in AL predictions which appears to be more pronounced in the LL predictions. The   1 / r e v   flapwise deflection amplitude (Figure 39) is clearly under-predicted by the two computations, which however agree well with each other. The high frequency variations seen in measurements are again effectively predicted.



Regarding twisting moment (Figure 40), a small difference is seen in the predicted mean value. A clear   3 / r e v   variation is seen in measurements, which is slightly under-predicted by the simulations. The mean value of the torsion angle is well predicted by the models (Figure 41), however with almost zero   1 / r e v   amplitude. Although the measured signal exhibits a dominant   3 / r e v   variation, a small   1 / r e v   component is also noted. The   3 / r e v   variation is well captured by the simulations, while a small phase shift is observed. The high frequency ripple in the LL simulation is related to higher harmonics or some higher frequency mode due to the BVI phenomena. This does not appear in the AL results due to the increased numerical diffusion of the AL analysis associated with the coarser far wake grid.




4.2.2. Harmonic Analysis at Low, Medium, and High Flight Speed Cases


As stated in Section 4.2.1, computational simulations over-predict the mean value of the lead-lag moment at the low speed case. In Table 12, it is shown that this difference is about   17 %   both for the LL and AL results. However, in the medium and high flight speed, the predicted mean values are within the scatter zone of the measurements of the different blades. The corresponding deflections in Table 13 show a ≈1% difference. This is consistent in all three flight speeds and is totally in line with the comments made in the previous section.



The mean value of the flapwise bending moment is fairly predicted by the two aerodynamic models at   12.3   and 50.5 m/s, whereas an over-estimation of about 1.5 Nm is observed at 69.6 m/s. This difference may seem large (≈60%), however it is smaller than the maximum difference of ≈2.5 Nm between different blades measurements. As far as the flapwise deflection is concerned, the computational results consistently predict slightly higher mean values at all flight speeds with a maximum difference of ≈0.4% at 69.9 m/s.



Finally, the simulations predict slightly smaller absolute mean values of the twisting moment at all the assessed cases. This difference increases with the flight speed up to   13 %   at 69.6 m/s. On the other hand, very good agreement is achieved in the tip torsion angle, where a maximum difference of ≈0.15   °   is noted at 50.9 m/s.



Both in cases where the predicted values are close to the measured ones and in cases where discrepancies are noted, AL and LL seem to be in good agreement with each other.



Fourier analysis is performed on loads. Similar conclusions with respect to the harmonic content are expected to be drawn for deflections.



In Figure 42, the amplitude of the   1 / r e v  ,   2 / r e v  , and   4 / r e v   variations are shown for the lead-lag bending moment. These are the highest excited harmonics of the lead lag moment. Both   1 / r e v   and   2 / r e v   amplitudes are fairly predicted by the computational tools, except from a difference in the   1 / r e v   amplitude at 50 m/s (≈15% of the mean value) and the   2 / r e v   amplitude at 70 m/s (≈6.5% of the mean value for the LL and ≈5% for the AL). The 4/rev harmonic exhibits much higher amplitudes as compared to predictions. This is attributed to a possible miss-match of the 2nd lead-lag mode of the wind tunnel model with respect to the design value. The corresponding frequency approaches   4 / r e v   in the test, which explains its high excitation. The 2nd lead-lag frequency is predicted at 91.58 Hz by the computational structural beam model, well apart from the   4 / r e v   (70 Hz) and close to the design value. This explains the low excitation of the   4 / r e v   in predictions. Better agreement is shown in the phase calculations (Figure 43) where a maximum phase shift is observed in the   4 / r e v   at the high speed case (70   °   for the LL results and 110   °   for the AL).



The flapwise bending moment amplitudes (Figure 44) are generally predicted consistently in the simulations. However, in   3 / r e v   harmonic frequency, a maximum phase shift of 120   °   is seen at the medium flight speed in the LL results and 110   °   at the high flight speed in the AL results (see Figure 45).



Finally, the amplitudes of the different harmonic frequencies of the twisting moment are shown in Figure 46. A maximum difference of about   13 %   of the mean value is observed at the   1 / r e v   amplitude of the low speed case for the LL results. The corresponding difference increases to   15.5 %   for the AL case. Furthermore, the   3 / r e v   amplitude, that seem to be in the measurements of the low speed case, is slightly under-predicted by the simulations (  10 %   of the mean value in LL and   6.5 %   in the AL results). The greatest phase difference (Figure 47) is observed in the   1 / r e v   phase of the low speed case, where a phase shift of 100   °   is noted in the LL results case and 110   °   in the AL case.






5. Conclusions


The paper assessed the accuracy of an AL aerodynamic model in aeroelastic simulations of WT and helicopter rotors. Comparisons are presented against a standard BEM model, a classical LL approach, and experimental data.



In the first part, a detailed investigation of the numerical parameters was performed. For WT simulations, it was found that a number of 90 cells in the rotor radius provided a grid independent solution, whilst a three times coarser discretization is suggested for the actuator lines. For the helicopter simulations, a number of 8 cells in the blade chord was sufficient. Time step was defined based on the grid resolution and tip velocity. The Gaussian kernel was chosen to vary with the chord length, but a lower bound of twice the grid spacing was set in order to avoid a too small kernel value at the blade tip.



In the WT case, comparisons between the AL module, a standard BEM model, and a LL approach were presented. At simple axial cases, good agreement was achieved by all three models in terms of loads and deflections prediction. Deviations occur between BEM and the other two models at yawed free-stream flow conditions. These differences become more pronounced as the yaw angle increased. However, excellent agreement between AL and LL was observed in all the examined cases. In contrast to LL, AL predicted wake-induced velocities that tended to a zero near blade tip. The same difference between these two models was observed in the circulation close to the blade root. For the Helicopter MR simulations, AL predictions were validated against LL simulation results and wind tunnel measurements of the HeliNOVI experiment. In general, predictions were close to the experimental measurements and when differences occur the two models results seemed to agree well with each other. Nevertheless, at low speed cases, in which wake-induced effects were stronger, the AL model achieved a better phase agreement with experimental data and greater aerodynamic damping.



Overall, AL results shared the same level of accuracy with the ones produced by the LL method. Although much more affordable than resolving the whole blade geometry, AL simulations remain at least 2 orders of magnitude more computationally demanding than LL. The main advantage of the AL method compared to LL, is that the rotor wake interaction with the boundary layer of the surrounding bodies (WT-Ground/Tower or MR-Ground/Fuselage) can be accounted for in detail within the CFD context. Moreover, vibrational blade loads induced by the flow separation around the fuselage may be accurately reproduced and studied.
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Abbreviations


The following abbreviations are used in this manuscript:



	WT
	Wind Turbine



	MR
	Main Rotor



	CFD
	Computational Fluid Dynamics



	BEM
	Blade Element Momentum



	LL
	Lifting Line



	AL
	Actuator Line



	URANS
	Unsteady Reynolds Averaged Navier Stokes equations



	D
	Diameter



	  M  e d g e   
	In-plane bending moment



	  M  f l a p   
	Out-of-plane bending moment



	  M  t w   
	Twisting moment



	  U  e d g e   
	In-plane deflection



	  U  f l a p   
	Out-of-plane deflection



	  M W  
	Megawatt
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Table A1. INNWIND 10 MW operational data.






Table A1. INNWIND 10 MW operational data.





	Wind Speed (m/s)
	Rotational Speed (rpm)
	Pitch Anlge (°)





	8
	   6.423   
	0



	11
	   8.837   
	0
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Figure A1. Horizontal axis wind turbine visualization. 






Figure A1. Horizontal axis wind turbine visualization.



[image: Applsci 11 12097 g0a1]







[image: Table] 





Table A2. BO105 free-stream flow data.






Table A2. BO105 free-stream flow data.





	Case
	Flight Speed (m/s)
	Air density (kg/m    3   )
	Temperature (°C)





	851
	   12.3   
	   1.19956   
	   21.5   



	844
	   50.5   
	   1.20347   
	   20.6   



	847
	   69.6   
	   1.19578   
	   22.6   



	983
	   12.3   
	   1.19304   
	   23.9   



	907
	   50.9   
	   1.19081   
	   23.6   



	918
	   69.6   
	   1.19713   
	   23.0   
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Table A3. BO105 Helicopter attitudes.






Table A3. BO105 Helicopter attitudes.





	Case
	Side Slip (°)
	Pitch Attitude (°)
	Roll Attitude (°)





	851
	   0.0   
	   + 3.0   
	   − 0.2   



	844
	   0.0   
	   − 2.6   
	   − 2.8   



	847
	   0.0   
	   − 8.2   
	   − 5.1   



	983
	   0.0   
	   + 3.1   
	   − 0.3   



	907
	   0.0   
	   − 2.7   
	   − 2.7   



	918
	   0.0   
	   − 8.2   
	   − 5.2   










[image: Table] 





Table A4. BO105 rotational speed and control angles.






Table A4. BO105 rotational speed and control angles.





	Case
	Rotational Speed (rpm)
	Collective Pitch (°)
	Lateral Pitch (°)
	Longitudinal Pitch (°)





	851
	1047
	   7.6   
	   2.8   
	   − 0.2   



	844
	1050
	   7.2   
	   1.0   
	   − 2.7   



	847
	1050
	   11.6   
	   0.7   
	   − 5.5   



	983
	1051
	   7.8   
	   2.7   
	   − 0.2   



	907
	1051
	   7.3   
	   1.1   
	   − 2.7   



	918
	1051
	   11.7   
	   0.7   
	   − 5.4   
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Table A5. BO105 hub loads.






Table A5. BO105 hub loads.





	Case
	Thrust (N)
	Pitch Moment (Nm)
	Roll Moment (Nm)





	851
	   3774.7   
	   − 33.1   
	   132.4   



	844
	   3857.5   
	   − 37.5   
	   220.6   



	847
	   3999.5   
	   − 86.9   
	   231.0   



	983
	   3787.3   
	   − 22.6   
	   152.7   



	907
	   3883.1   
	   − 48.9   
	   223.3   



	918
	   4008.4   
	   − 84.7   
	   226.6   
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Figure A2. BO105 Fuselage (F) and Rotor disk (R) coordinate systems. 






Figure A2. BO105 Fuselage (F) and Rotor disk (R) coordinate systems.
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Figure 1. Compatibility conditions. Example between 3 sub-bodies (sb1, sb2, sb3). 
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Figure 2. Local bases vectors of interconnection points. 
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Figure 3. Periodic grid. Lateral view. 
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Figure 4. Periodic grid. Axial view. 
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Figure 5. Periodic grid. Gaussian projection of aerodynamic forces. 
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Figure 6. Grid dependency analysis. Power [MW] vs grid characteristic length   Δ x   [m]. 
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Figure 7. Normal force radial distribution. Comparison of uniform and tip dense distribution of strips. 
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Figure 8. Tangential force radial distribution. Comparison of uniform and tip dense distribution of strips. 
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Figure 9. Wind turbine fully structured grid setup. 
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Figure 10. Wind turbine unstructured grid setup. 
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Figure 11. Wind turbine hexa grid setup. 
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Figure 12. Minimum value of  ϵ  investigation. Flapwise deflection in axial uniform free-stream flow at 8 m/s. 
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Figure 13. Minimum value of  ϵ  investigation. Flapwise deflection in axial uniform free-stream flow at 11 m/s. 
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Figure 14. MR hexa grid setup. 
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Figure 15. Mode shape of 1st flapwise mode. 
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Figure 16. Out-of-plane root bending moment and tip deflection at 8 m/s axial wind speed. 
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Figure 17. In-plane root bending moment and tip deflection at 8 m/s axial wind speed. 
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Figure 18. Root twisting moment and tip torsion angle at 8 m/s axial wind speed. 
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Figure 19. Normal force radial distribution at 8 m/s axial wind speed. Averaging over the final revolution of the simulation. 
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Figure 20. Axial induction factor radial distribution at 8 m/s axial wind speed. Averaging over the final revolution of the simulation. 
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Figure 21. Circulation radial distribution at 8 m/s axial wind speed. Averaging over the final revolution of the simulation. 
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Figure 22. Angle of attack radial distribution at 8 m/s axial wind speed. Averaging over the final revolution of the simulation. 
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Figure 23. Out-of-plane bending moment of blade root at 15   °   yawed wind speed at 8 and 11 m/s. 
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[image: Applsci 11 12097 g023]







[image: Applsci 11 12097 g024 550] 





Figure 24. Out-of-plane bending moment of blade root at 30   °   yawed wind speed at 8 and 11 m/s. 
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Figure 25. Out-of-plane deflection of blade tip at 15   °   yawed wind speed at 8 and 11 m/s. 






Figure 25. Out-of-plane deflection of blade tip at 15   °   yawed wind speed at 8 and 11 m/s.
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Figure 26. Out-of-plane deflection of blade tip at 30   °   yawed wind speed at 8 and 11 m/s. 
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Figure 27. Twisting moment of blade root at 15   °   yawed wind speed at 8 and 11 m/s. 
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Figure 28. Twisting moment of blade root at 30   °   yawed wind speed at 8 and 11 m/s. 
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Figure 29. Torsion angle of blade tip at 15   °   yawed wind speed at 8 and 11 m/s. 
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Figure 30. Torsion angle of blade tip at 30   °   yawed wind speed at 8 and 11 m/s. 
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Figure 31. Axial induction factor at   75 % R   of the blade at 15   °   yawed wind speed at 8 and 11 m/s. 
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Figure 32. Axial induction factor at   75 % R   of the blade at 30   °   yawed wind speed at 8 and 11 m/s. 






Figure 32. Axial induction factor at   75 % R   of the blade at 30   °   yawed wind speed at 8 and 11 m/s.



[image: Applsci 11 12097 g032]







[image: Applsci 11 12097 g033 550] 





Figure 33. Campbell diagram of BO105 MR. 
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Figure 34. Control angles comparison. Trimmed simulation values vs experimental measurements. 
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Figure 35. Rotor power requirement comparison. Simulation predictions vs experimental measurements. 
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Figure 36. Forward flight at 12.3 m/s, case 851. Lead-lag moment at   r / R = 0.03  . 
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Figure 37. Forward flight at 12.3 m/s, case 983. Lead-lag deflection at   r / R = 0.99  . 
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Figure 38. Forward flight at 12.3 m/s, case 851. Flapwise moment at   r / R = 0.1465  . 
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Figure 39. Forward flight at 12.3 m/s, case 983. Flapwise deflection at   r / R = 0.99  . 
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Figure 40. Forward flight at 12.3 m/s, case 851. Twisting moment at   r / R = 0.332  . 
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Figure 41. Forward flight at 12.3 m/s, case 983. Torsion angle at   r / R = 0.99  . 
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Figure 42. Harmonic analysis of Lead-Lag bending moment. Amplitude of frequencies with the highest energy content. 
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Figure 43. Harmonic analysis of Lead-Lag bending moment. Phase of frequencies with the highest energy content. 
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Figure 44. Harmonic analysis of Flapwise bending moment. Amplitude of frequencies with the highest energy content. 
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Figure 45. Harmonic analysis of Flapwise bending moment. Phase of frequencies with the highest energy content. 
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Figure 46. Harmonic analysis of Twisting moment. Amplitude of frequencies with the highest energy content. 
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Figure 47. Harmonic analysis of Twisting moment. Phase of frequencies with the highest energy content. 
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Table 1. Variation of power [MW] with increasing the structured region characteristic length   Δ x   [m]. Reference power corresponds to minimum value   Δ x = R / 180  .






Table 1. Variation of power [MW] with increasing the structured region characteristic length   Δ x   [m]. Reference power corresponds to minimum value   Δ x = R / 180  .











	
	    ϵ = 2 Δ x    
	    ϵ = 0.47 c    
	    ϵ = max ( 2 Δ x , 0.47 c )    





	   Δ x = R / 30   ( 151   t h o u s a n d   c e l l s )   
	   + 31.4 %   
	   + 67.5 %   
	   + 9.2 %   



	   Δ x = R / 60   ( 283   t h o u s a n d   c e l l s )   
	   + 22.6 %   
	   − 37.6 %   
	   + 2.6 %   



	   Δ x = R / 90   ( 495   t h o u s a n d   c e l l s )   
	   + 15.1 %   
	   − 20.7 %   
	   − 0.8 %   



	   Δ x = R / 120   ( 884   t h o u s a n d   c e l l s )   
	   + 9.5 %   
	   − 10.1 %   
	   − 1.5 %   



	   Δ x = R / 150   ( 1.500   m i l l i o n   c e l l s )   
	   + 4.5 %   
	   − 3.9 %   
	   − 0.9 %   



	   Δ x = R / 180   ( 2.290   m i l l i o n   c e l l s )   
	7.921 MW
	9.202 MW
	9.362 MW
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Table 2. Variation of power [MW] with increasing blade grid size   Δ r   [m]. Reference power corresponds to minimum value   Δ r = Δ x  .






Table 2. Variation of power [MW] with increasing blade grid size   Δ r   [m]. Reference power corresponds to minimum value   Δ r = Δ x  .









	
	    ϵ = max ( 2 Δ x , 0.47 c )    





	   Δ r = 4 Δ x   
	   − 1.8 %   



	   Δ r = 3 Δ x   
	   + 0.1 %   



	   Δ r = 2 Δ x   
	   + 0.06 %   



	   Δ r = Δ x   
	9.286 MW
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Table 3. Variation of power [MW] with increasing wake region characteristic length   Δ w   [m]. Reference power corresponds to minimum value   Δ w = 5 Δ x  .






Table 3. Variation of power [MW] with increasing wake region characteristic length   Δ w   [m]. Reference power corresponds to minimum value   Δ w = 5 Δ x  .









	
	    ϵ = max ( 2 Δ x , 0.47 c )    





	   Δ w = 20 Δ x   ( 340   t h o u s a n d   c e l l s )   
	   + 2.2 %   



	   Δ w = 10 Δ x   ( 495   t h o u s a n d   c e l l s )   
	   + 0.9 %   



	   Δ w = 5 Δ x   ( 1.653   m i l l i o n   c e l l s )   
	9.202 MW
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Table 4. Variation of power [MW] with increasing time-step   Δ t   [sec]. Reference power corresponds to minimum value   Δ t = 0.25 Δ x /  V  t i p    .






Table 4. Variation of power [MW] with increasing time-step   Δ t   [sec]. Reference power corresponds to minimum value   Δ t = 0.25 Δ x /  V  t i p    .









	
	    ϵ = max ( 2 Δ x , 0.47 c )    





	   Δ t = Δ x /  V  t i p     
	   − 2.0 %   



	   Δ t =  0.5 Δ x /  V  t i p     
	   − 0.2 %   



	   Δ t = 0.25 Δ x /  V  t i p     
	9.631 MW
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Table 5. Variaton of power [MW] with different grid setup. Reference power corresponds to grid “setup4”.






Table 5. Variaton of power [MW] with different grid setup. Reference power corresponds to grid “setup4”.









	
	    ϵ = max ( 2 Δ x , 0.47 c )    





	   g r i d − s e t u p 1   ( 8.9   m i l l i o n   c e l l s )   
	   − 0.12 %   



	   g r i d − s e t u p 2   ( 2.9   m i l l i o n   c e l l s )   
	   − 0.17 %   



	   g r i d − s e t u p 3   ( 6.2   m i l l i o n   c e l l s )   
	   + 1.93 %   



	   g r i d − s e t u p 4   ( 1.9   m i l l i o n   c e l l s )   
	9.607 MW
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Table 6. Variation of thrust [kN] with increasing the structured region characteristic length   Δ x   [m]. Reference thrust corresponds to minimum value   Δ x = c / 10  .






Table 6. Variation of thrust [kN] with increasing the structured region characteristic length   Δ x   [m]. Reference thrust corresponds to minimum value   Δ x = c / 10  .









	
	   Thrust   





	   Δ x = c / 4   ( 830   t h o u s a n d   c e l l s )   
	   − 3.4 %   



	   Δ x = c / 6   ( 1.65   m i l l i o n   c e l l s )   
	   − 1.7 %   



	   Δ x = c / 8   ( 4.22   m i l l i o n   c e l l s )   
	   − 0.6 %   



	   Δ x = c / 10   ( 9.33   m i l l i o n   c e l l s )   
	4.706 kN
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Table 7. Variation of thrust [kN] with increasing blade grid size   Δ r   [m]. Reference thrust corresponds to minimum value   Δ r = 2 Δ x  .






Table 7. Variation of thrust [kN] with increasing blade grid size   Δ r   [m]. Reference thrust corresponds to minimum value   Δ r = 2 Δ x  .









	
	   Thrust   





	   Δ r = 4 Δ x   
	   − 0.16 %   



	   Δ r = 3 Δ x   
	   − 0.07 %   



	   Δ r = 2 Δ x   
	4.679 kN
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Table 8. Variation of thrust [kN] with increasing time-step   Δ t   [s]. Reference thrust corresponds to minimum value   Δ t = 0.25 Δ x /  V  t i p    .






Table 8. Variation of thrust [kN] with increasing time-step   Δ t   [s]. Reference thrust corresponds to minimum value   Δ t = 0.25 Δ x /  V  t i p    .









	
	   Thrust   





	   Δ t =    2 Δ x /  V  t i p     
	   − 4.0 %   



	   Δ t =      Δ x /  V  t i p     
	   − 0.9 %   



	   Δ t =  0.5 Δ x /  V  t i p     
	   − 0.01 %   



	   Δ t = 0.25 Δ x /  V  t i p     
	4.683 kN
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Table 9. DTU 10MW blades natural frequencies. Comparison between different structural models used in WP2 of the INNWIND.EU project.






Table 9. DTU 10MW blades natural frequencies. Comparison between different structural models used in WP2 of the INNWIND.EU project.





	Mode
	hGAST
	NEREA
	Cp-Lambda
	HAWC2
	NISA





	1st   f l a p  
	   0.62   
	   0.62   
	   0.62   
	   0.61   
	   0.64   



	1st   e d g e  
	   0.94   
	   0.94   
	   0.94   
	   0.93   
	   0.96   



	2nd   f l a p  
	   1.76   
	   1.74   
	   1.76   
	   1.74   
	   1.85   



	2nd   e d g e  
	   2.80   
	   2.79   
	   2.80   
	   2.77   
	   2.86   



	3rd   f l a p  
	   3.59   
	   3.52   
	   3.60   
	   3.57   
	   3.76   



	1st   t o r s i o n  
	   5.40   
	   5.36   
	—
	   6.60   
	   6.01   



	3rd   e d g e  
	   5.73   
	   5.61   
	   5.74   
	   5.70   
	   5.82   



	4th   f l a p  
	   6.09   
	   6.03   
	   6.11   
	   6.11   
	—
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Table 10. Out-of-plane bending moment of blade root at 8 m/s axial wind speed. Comparison between different aerodynamic models.






Table 10. Out-of-plane bending moment of blade root at 8 m/s axial wind speed. Comparison between different aerodynamic models.











	
	Mean Value [MNm]
	Amplitude [MNm]
	Phase [°]





	BEM
	   17.004   
	   0.434   
	124



	LL
	   17.307   
	   0.560   
	160



	AL
	   17.151   
	   0.559   
	156
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Table 11. BO105 MR blade damping ratio at 1050 rpm.






Table 11. BO105 MR blade damping ratio at 1050 rpm.





	Mode
	Damping Ratio   ζ  





	1st   l a g  
	   0.73 %   



	1st   f l a p  
	   0.64 %   



	2nd   f l a p  
	   0.28 %   



	1st   t o r s  
	   0.29 %   



	3rd   f l a p  
	   0.57 %   



	2nd   l a g  
	   0.44 %   



	4th   f l a p  
	   0.68 %   
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Table 12. Mean values of blade structural loads.






Table 12. Mean values of blade structural loads.















	
	
	    Blade  1    
	    Blade  2    
	    Blade  3    
	    Blade  4    
	   LL   
	   AL   





	
	     M  l a g   ¯    [ N m ]    
	-
	   100.86   
	-
	   85.26   
	   117.93   
	   117.31   



	12.3 m/s
	     M  f l a p   ¯    [ N m ]    
	   − 4.38   
	   − 11.91   
	   − 8.51   
	   − 12.13   
	   − 4.95   
	   − 5.22   



	
	     M  t o r s   ¯    [ N m ]    
	-
	-
	   − 2.94   
	   − 4.49   
	   − 2.80   
	   − 2.80   



	
	     M  l a g   ¯    [ N m ]    
	-
	   135.17   
	-
	   97.65   
	   104.68   
	   105.62   



	50.5 m/s
	     M  f l a p   ¯    [ N m ]    
	   − 2.83   
	   − 12.12   
	   − 9.84   
	   − 11.99   
	   − 4.10   
	   − 4.19   



	
	     M  t o r s   ¯    [ N m ]    
	-
	-
	   − 3.49   
	   − 5.02   
	   − 3.28   
	   − 3.39   



	
	     M  l a g   ¯    [ N m ]    
	-
	   217.76   
	-
	   173.15   
	   186.84   
	   186.71   



	69.6 m/s
	     M  f l a p   ¯    [ N m ]    
	   − 2.53   
	   − 5.01   
	   − 5.19   
	   − 4.94   
	   − 0.91   
	   − 0.97   



	
	     M  t o r s   ¯    [ N m ]    
	-
	-
	   − 4.36   
	   − 5.64   
	   − 3.79   
	   − 3.91   
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Table 13. Mean values of blade deflections.






Table 13. Mean values of blade deflections.















	
	
	    Blade  1    
	    Blade  2    
	    Blade  3    
	    Blade  4    
	   LL   
	   AL   





	
	      U  l a g   / R  ¯    [ % ]    
	   0.99   
	   1.04   
	   1.05   
	   0.97   
	   − 0.07   
	   − 0.09   



	12.3 m/s
	      U  f l a p   / R  ¯    [ % ]    
	   0.45   
	   0.25   
	   0.30   
	   0.36   
	   0.49   
	   0.61   



	
	     Θ  t o r s   ¯    [ d e g ]    
	   − 1.21   
	   − 1.45   
	   − 1.79   
	   − 1.53   
	   − 1.70   
	   − 1.72   



	
	      U  l a g   / R  ¯    [ % ]    
	   0.45   
	   0.54   
	   0.58   
	   0.45   
	   − 0.15   
	   − 0.15   



	50.9 m/s
	      U  f l a p   / R  ¯    [ % ]    
	   − 0.17   
	   − 0.22   
	   − 0.31   
	   − 0.16   
	   0.22   
	   0.24   



	
	     Θ  t o r s   ¯    [ d e g ]    
	   − 1.36   
	   − 1.52   
	   − 1.84   
	   − 1.53   
	   − 1.94   
	   − 1.98   



	
	      U  l a g   / R  ¯    [ % ]    
	   1.51   
	   1.72   
	   1.50   
	   1.57   
	   0.46   
	   0.45   



	69.9 m/s
	      U  f l a p   / R  ¯    [ % ]    
	   0.34   
	   0.27   
	   0.05   
	   0.29   
	   0.71   
	   0.72   



	
	     Θ  t o r s   ¯    [ d e g ]    
	   − 1.72   
	   − 1.87   
	   − 2.43   
	   − 2.05   
	   − 2.41   
	   − 2.46   
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