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Abstract

:

Current trends show that wind turbines are growing in size to meet a rising demand for renewable energy generation, and their upscaled rotors have inherently become more flexible to maintain a proportionally lighter design. This is because larger rotors must be less massive relative to their diameter to minimize the levelized cost of energy (LCOE), which means that blades that are notably less stiff are produced as a result. These structural changes to blades are often reflected in their compromised aeroelastic stability and amplified deformation during operation, which has the potential to decrease the blade’s expected lifetime and the performance of the machine overall. Variations in blade flexibility are also known to influence vortex-wake structures downstream of the turbine, causing patterns of velocity deficit to evolve in ways that affect the performance of other turbines in the farm. This research explores how the increased flexibility of modern utility-scale wind turbine blades influences rotor aeroelastic behavior and interactions with farm flow. High-fidelity simulations of Sandia National Laboratories’ (SNL) National Rotor Testbed (NRT) wind turbine are presented. Flexible variations of the NRT baseline blade are simulated in a variety of realistic operational conditions typically expected at the SNL’s SWiFT facility in Lubbock, Texas. Solutions are then compared to investigate how specific changes to the structural properties of the NRT baseline blade’s design and construction can influence its aeroelastic response at the rotor and the evolution of the turbine’s wake.
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1. Introduction


This research explores how the increased flexibility of modern utility-scale wind turbine blades influences rotor aeroelastic behavior and interactions with farm flow. Current trends show that wind turbines are growing in size to meet a rising demand for renewable energy generation [1], and their upscaled rotors have inherently become more flexible to maintain a proportionally lighter design [2]. This is because larger rotors must be less massive relative to their diameter to minimize the levelized cost of energy (LCOE), which produces blades that are notably less stiff as a result [3,4]. Consequently, these changes to the structure of modern utility-scale turbines blade are often reflected in their compromised aeroelastic stability and disproportionately amplified deformation during operation [5]. This increased sensitivity to fluctuations in aerodynamic forces and peak loads has the potential to decrease the expected lifetime and performance of the machine overall, if not properly accommodated for during operation [6,7]. Furthermore, variations in blade flexibility are known to influence the manner in which vortex-wake structures form in wind farm flow downstream of the turbine, causing patterns of velocity deficit to evolve in ways that greatly affect the performance of other turbines in the farm [5].



To optimize the performance and lifetime of highly flexible turbine blades, it is necessary to establish how increased rotor flexibility impacts the blade’s structural response to aerodynamic loading and other flow interactions during operation, and how this compares to what is already known about previous turbine models that operated at a much smaller scale [8]. The altered structural characteristics of modern upscaled blades lead to complex multi-physics reactions that are difficult to predict based on studies of wind turbines that are of an older design [9]. Due to the novel nature of the structural design of recently upscaled wind turbine blades, the dynamic relationship between blade stiffness and utility-scale wind turbine structural design must be further investigated to determine how the rigidity of specific features within a blade can alter its aeroelastic sensitivity to dynamic loading conditions. Furthermore, such enormous turbine rotors outsize the flow domain of even the largest currently available wind tunnel testing facilities [10], and the scale of size differences from previous models of wind turbines, prevents proper extrapolation of data from scaled-down wind tunnel testing. In respect of these challenges, a more feasible avenue of exploration is the use of numerical simulation approaches.



Most modern numerical methods require a large computational expense to simulate the behavior of such large, flexible blades with high fidelity. In most modeling approaches, a higher-fidelity solution usually accompanies a greater demand for computational resources. Thus, there are a variety of computational fluid dynamics techniques that offer a balanced trade-off between desired fidelity and required computational cost, ranging from simplified methods [11] to direct numerical simulation (DNS) [12]. Somewhere along this spectrum, you can find popular techniques that are often used to simulate wind turbine operation, like large eddy simulation (LES) [13,14,15,16] and Reynolds-averaged Navier–Stokes (RANS) modeling methods [17,18,19,20]. Although on the higher-fidelity end of the spectrum, requiring more computational resource, LES models tend to be the most common methodology used for wind farm flow simulation in recent work [21,22].



Alternative wind turbine modeling approaches couple fluid-flow dynamics with a structural blade model, which are often integrated through reduced-order computations of wind turbine rotor flow using variations of the blade element momentum (BEM) model (for more details about the classical BEM theory, see Burton et al. [23] and Manwell et al. [24]). Exploitation of this technique offers a robust characterization of interactions between fluid flow and oscillatory blade responses, and can be adapted to users constraints of fidelity level and cost of computation.



In this work, numerical simulations are performed using the Common Ordinary Differential Equation Framework (CODEF), introduced and validated in Ponta et al. [25]. CODEF is a particularly valuable tool for the scope of this research because it presents the unique ability of generating a high-fidelity, moderate-order solution that characterizes turbine aeroelastic behavior and wake-structure interactions at a computational cost much lower than current high-fidelity LES and RANS solutions. CODEF operates by evaluating many multi-physics calculations simultaneously, in timestep iterations, to form a common solution that defines the wind farm flow. Through an advanced implementation of the BEM technique, the Dynamic Rotor Deformation–Blade Element Momentum (DRD-BEM) and Generalized Timoshenko Beam Model work together to calculate the structural response and aeroelastic behavior of the rotor during operation, and the Gaussian Vortex Lattice Model (GVLM) characterizes wind farm vortex-wake structures and their interactions with downstream atmospheric flow.



This study provides a high-fidelity analysis of the influence of blade structure and design, in relation to the aeroelastic behavior and flow interaction from turbines of modern utility-scale design with variable stiffness. With the aim of assessing the qualitative and quantitative effects of changes to targeted features of the blade’s physical and structural design, several flexible variations of a baseline blade were made with reference to the National Rotor Testbed (NRT) wind turbine (see Kelley [26]), designed to be located and tested at the Scaled Wind Farm Technology (SWiFT) facility of Sandia National Laboratories (SNL) in Lubbock, Texas (see Kelly and Ennis [27], Berg et al. [28], and Barone and White [29]). This particular wind turbine model is most appropriate for this purpose because it was designed with the intent of investigating flexible properties of large wind turbine blades at a proportionally smaller scale to reduce overall computational expense. Flexible variations of the NRT baseline blade are simulated in a variety of realistic operational conditions typically expected at the SWiFT facility. The solutions are then compared to investigate how specific changes to the structural properties of the NRT baseline blade’s design and construction can influence its aeroelastic response at the rotor and the evolution of the turbine’s wake.




2. The Common ODE Framework


This section presents a brief description of the Common Ordinary Differential Equation Framework (CODEF) [25], and a description of how is it is utilized to simulate wind turbine and wind farm dynamics. In this study, CODEF is used to evaluate solutions for blade structure, aeroelastic behavior, and vortex-wake evolution. Here, we will discuss the basic structure of the CODEF model and its primary modules that are relevant to this research work. More details about CODEF, and its aeroelastic modules and validation tests can be found in Ponta et al. [25].



The CODEF model consists of a suite of inter-dependent modules, each containing subroutines which work together to form a variable-order/variable-timestep ODE solver that evaluates dynamic turbine operation. These modules cooperatively interact with a central-adaptive, nonlinear ODE solver that monitors the local truncation error at each timestep. Regulating truncation errors helps to maintain an efficient and stable progression of numerical evaluation, as the multi-physics modules are simultaneously integrated in successive, time-iterative steps. The modular nature of CODEF enables custom integration of dynamic components that model turbine controls, electro-mechanical devices, blade structure, rotor and farm flow, and more. Each module imposes characteristic boundary conditions and differential equations to define requisite interactions with the centralized CODEF feedback system. Figure 1 provides a visualization of the modular CODEF structure, showing how the interrelated system components enable the control and simulation of wind turbines at an individual and farm-collective level.



In the following Section 2.1 and Section 2.2, we describe the implementations of the CODEF modules: the Dynamic Rotor Deformation–Blade Element Momentum (DRD-BEM), the Generalized Timoshenko Beam Model (GTBM), and the Gaussian Vortex Lattice Model (GVLM).



2.1. Aeroelastic Modules of CODEF


This section describes the DRD-BEM module implemented in CODEF, and its structural counterpart GTBM, which operate as a coupled model of the blade’s aerodynamic and structural response [25]. The classic BEM model approach calculates blade forces by evaluating the change in momentum as stream-tube fluid flow passes through a theoretical actuator disk aligned with the rotor plane. One of the shortcomings of this basic implementation of the BEM model is that it does not account for misalignments of blade sections with respect to the incident flow due to deformation occurring during turbine operation. In certain atmospheric conditions, these changes to blade morphology and aerodynamic attitude are substantial; therefore, neglecting to model them will result in inaccurate calculations of wind turbine aeroelastic behavior.



In CODEF, the DRD-BEM model incorporates the effects of these misalignments due to structural changes to blade attitude during operation. The DRD-BEM model evaluates the aerodynamic forces at deformed blade sections by transforming the incoming wind velocity,     W ∞    w i n d   , to the coordinate system of deformed blade sections, l, using orthogonal-matrix linear operators, as shown in Figure 2.



In the DRD-BEM model, the coordinate transformations begin by projecting the incoming freestream inflow,     W ∞    w i n d   , into the hub coordinate system, h. To account for the alignment of the rotor hub relative to the oncoming wind, the following linear operators are adjusted to represent the misalignment due to instantaneous yaw offset   C  Δ  θ  y a w     , tilt   C  θ  t l t    , and angle of azimuth   C  θ  a z    .


     W ∞   h  =  C  θ  a z     C  θ  t l t     C  Δ  θ  y a w        W ∞    w i n d    



(1)







Axial and tangential induction factors a and   a ′   can then be applied to incorporate the effects of interference at the h coordinate system.


   W h  =       W  ∞  h x     ( 1 − a )         W  ∞  h y    + Ω   r h   a ′        W  ∞  h z         



(2)







A series of linear operators accounting for misalignments, due to coning   C  θ  c n     and pitch   C  θ p   , are applied to transform into the blade-root coordinate system, b. From there,   C  L b    and   C  l L    transform blade-root coordinates to the deformed blade-section coordinates l, derived from structural evaluations of blade warping during operation. Velocity components associated with blade-section structural vibrations,   v  s t r   , and mechanical actions,   v  m e c h   , can also be added in the coordinate system of the deformed blade sections.


   W l  =   C  l L    C  L b    C  θ p    C  θ  c n     W h   +  v  s t r   +  v  m e c h    



(3)







The total aerodynamic load for a blade element section,   δ  F  r e l    , is calculated based on aerodynamic lift and drag coefficients corresponding to the blade section’s instantaneous alignment with the relative wind direction. The linear operator   C  L t h a l    then projects components of lift and drag onto the chord-normal and chord-wise directions, with respect to the l coordinate system. We can express the total aerodynamic load acting on a blade element section in the h coordinate system,   δ  F h   , by projecting back   δ  F  r e l     to the hub coordinates via the inverse of the same linear operators (i.e., the transpose of their original orthogonal matrices):


  δ  F h  =  C   θ  c n    T   C   θ p   T   C  L b  T   C  l L  T   C  L t h a l    δ  F  r e l    



(4)







Then, the axial and tangential components of   δ  F h    are used to obtain the a and   a ′   interference factors as in the traditional BEM method [23,24]. The axial and tangential projections of the hub forces exerted at the root of each blade are also added together to compute the total thrust and torque of the rotor. The rotor power is then obtained by the product of the torque and the hub’s rotational speed.



Complete details about the DRD-BEM formulation, including a full mathematical derivation, can be found in Ponta et al. [25], together with results of the DRD-BEM model applied to the analysis of vibrational modes of composite laminated wind turbine blades, and validation results against the works of Jonkman et al. [30] and Xudong et al. [31].



Applications of the DRD-BEM to the solution of several diverse aeroelastic problems in wind turbine rotors can also be found in several references. Menon and Ponta [32] report results of the DRD-BEM applied to the analysis of the aeroelastic dynamics of rotors undergoing rapid pitch control actions, and Menon and Ponta [33] analyze the effects of flap control actions. Otero and Ponta [34] use the model to analyze the effects of blade-section misalignment on rotor cyclic loads. DRD-BEM is also used to study the effects of controlled gust pulses on rotor oscillatory response in Jalal et al. [35] and Jalal et al. [36], the response of adaptive blade designs in Lago et al. [37], and the rotor’s response in high-aerodynamic-interference conditions in Rajan and Ponta [38].



To model the structural dynamics of wind turbine blades, CODEF incorporates the Generalized Timoshenko Beam Model (GTBM), originally presented by Hodges et al. [39,40]. The GTBM serves to reduce the 3D structural analysis of the blade into a 1D, nonlinear computation of an equivalent beam, performed at each timestep of the aeroelastic analysis. Since wind turbine blades often have a heterogeneous material composition and unique structural features, the GTBM is necessary to give a more descriptive model than what classic beam models offer, which typically neglect to incorporate dynamic and kinematic variables that are influential in the blade’s response to aerodynamic loads.



In classic implementations of the classical Timoshenko method, the blade is represented by a beam of equivalent stiffness, evaluated at undeformed cross-sections along the blade’s span. One of the shortcomings of this approach is that it does not account for warping and misalignment of the blades during turbine operation. In certain atmospheric conditions, these changes in blade morphology and aerodynamic attitude are substantial; therefore, neglecting to model them is greatly detrimental to the accuracy of the method. In CODEF, the original Timoshenko hypothesis of beam sections remaining planar is abandoned. Thus, deformations of blade sections are interpolated from a 2D finite element mesh, and 3D strain energy is pre-solved in terms of the original 1D Timoshenko variables [41]. Through this dimensional reduction, the blade is represented as a structurally equivalent 1D beam with a fully populated stiffness matrix that contains all coupled deformation modes, like the flexo-torsional bend twist modes. For the case of the results presented in Section 3 of the present work, the 1D finite element model for the blade uses 37 one-dimensional spectral isoparametric beam elements of fourth order.



The formulation of GTBM is also inherently capable of representing the influence of large geometric deformation on the blade structural response (for more details about this aspect, the reader is referred to Hodges [39], Yu et al. [40], Otero and Ponta [41], Ponta et al. [25], and the several references within).



Ponta et al. [25], Otero and Ponta [41], and Otero et al. [9] include additional details about the coupling of DRD-BEM with the GTBM structural model, and their application to the analysis of vibrational modes of composite blades, which the reader might find interesting.




2.2. The Gaussian-Core Vortex Lattice Model


Introduced in Baruah and Ponta [42], the Gaussian-Core Vortex Lattice Model (GVLM) is a fluid-flow modeling technique that provides a high-fidelity solution for wind turbine and farm fluid-flow dynamics with a moderate computational cost. A brief description of the GVLM model is presented here in order to make this paper self-contained. For a comprehensive description of the GVLM’s theoretical foundations and its integration into the CODEF suite, the reader is referred to Baruah and Ponta [42]. The latter also includes a complete derivation of GVLM’s mathematical formulation, and a description of the algorithmic sequence for the generation of GVLM’s vortex lattice assemblies.



A series of validation tests can also be found in Baruah and Ponta [42], which compare wind turbine wake velocity patterns from LiDAR field measurements obtained at SNL’s SWiFT facility (as reported by Herges et al. [43]) with results obtained from GVLM simulations in the same operational conditions.



The GVLM works together with the DRD-BEM method to perform a detailed characterization of complex wind turbine vortex-wake evolution that is computationally efficient relative to alternative high-fidelity simulation techniques. The magnitude and angle of attack of the relative incident flow velocity is identified by the DRD-BEM model to characterize the circulation of fluid flow as it interacts with the wind turbine blade sections during operation. GVLM then exploits these span-wise evaluations of the incident flow velocity to calculate the circulation of the bound vortex filament at each blade section, using the Kutta–Jukowski lift theorem. By solving for the circulation of vortex filaments along the whole blade’s span at successive time-iterations of the CODEF solver, the GVLM generates a helical lattice of vortex filaments to model the wind turbine’s wake structure, in such a manner that satisfies both the Helmholtz and Kelvin theorems of conservation of circulation [44].



In this study, we use solutions of GVLM vortex lattice wake structures to project downstream velocity patterns induced by turbine wakes. The velocity induced at any point in a farm flow-field can be calculated based on the collective vorticity-filament contributions of the GVLM wake structure, using an adapted implementation of the free vortex lattice method from Ponta and Jacovkis [45] and Strickland et al. [46]. The CODEF GVLM differs from the classic representation of singularity concentration from the Biot–Savart law by utilizing filaments with Gaussian-core distributions of vorticity, which leverages several advantages. First, the viscous decay of the vortex wake occurs more naturally with time, in comparison to the simple singularity approach that will never decay [47]. Additionally, the viscous decay of the GVLM reduces computational costs, as it relieves the memory of vortices that have already dissipated. Gaussian-core distributions of vorticity also prevent unrealistic induction of tangential velocity within close radial proximity to the vortex core, which can occur in classic Biot–Savart singularity representations.



See Ponta [47], Batchelor [44], Trieling et al. [48], Flór and van Heijst [49], Lamb [50], and Hooker [51] for more information regarding vortex-core formation and Gaussian-core vorticity and velocity distributions.



For generalized discussions of free vortex lattice techniques and mechanisms of vortex-filament velocity induction, see Ponta and Jacovkis [45], Strickland et al. [46], Karamcheti [52], and Cottet and Koumoutsako [53].





3. Numerical Experimentation and Analysis of Results


This section describes the experimental approach of the study, and presents an analysis of simulated wind turbine operation from CODEF computations. The focus of this work involves the simulation of the National Rotor Testbed (NRT) baseline wind turbine and its flexible variations, in a diverse set of operating conditions. These efforts aim to characterize the nature in which wind turbine blade flexibility is related to the aeroelastic response of the rotor and the character of the resulting vortex-wake structure.



Using the aforementioned numerical approach discussed in Section 2, the NRT baseline blade was modeled within the Common ODE Framework, based on the descriptions of the blade provided by Sandia National Laboratories [26]. Factors such as the geometric, structural, and material properties of the blade design were all considered in the CODEF model to accurately match the physical properties detailed in the NRT blade documentation. After the initial baseline was modeled, several variations of the NRT blade were created by reducing the thickness of specific portions of the blade’s structure to alter the flexibility of the blade. The performance of these flexible variations of the NRT blade are compared to the baseline using CODEF numerical simulations of rotor aeroelastic response and vortex-wake interactions. The results of these computations are presented in this section for analysis and general discussion.



Simulations of wind turbine operation were performed for each flexible blade variation in differing atmospheric conditions, with and without yaw offset. The flow conditions simulated in this study were based on the typical wind observations from meteorological (MET) towers located at the Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWiFT) facility in Lubbock, TX [27,54]. The measurements indicate an average wind speed of 6 m/s at hub height in the SWiFT facility, which correlates to an ideal tip-speed ratio of 9 for the NRT turbine [26]. In all simulations discussed in this study, the hub height wind speed and tip-speed ratio remain constant at these values. Vertical directional wind shear (veer) is also kept constant at   0 ∘  .



The simulated operational conditions presented for comparison in this work include typical daytime and nighttime conditions at SWiFT, with and without a   10 ∘   yaw offset [27]. The measurements from the SWiFT facility indicate that typical daytime conditions have a shear exponent of 0.06 and a turbulence intensity (TI) of 18%. Typical nighttime conditions have a shear exponent of 0.3 and a TI of 8%. The simulated aeroelastic behavior of the baseline NRT blade during daytime and nighttime conditions is shown in Figure 3 below. These plots depict blade axial deflection at the blade tip and 90% span locations; torsional (twist) angle at 90% blade span; angle of attack at 90% blade span; and power, torque, and thrust at the hub.



It is important to note that the typical nighttime conditions indicate a more stably stratified flow relative to the daytime conditions [21,27]. The more stable nighttime atmospheric state inherently introduces a more dramatic shear profile, which causes a larger cyclical variation in aerodynamic loading across the rotor plane and effects within the vortex-wake structure as it propagates downstream [55,56]. Thus, differing aeroelastic oscillatory behavior can be expected from simulations of turbine operation in nighttime conditions. This effect can be observed in plots showing the aeroelastic response of the baseline NRT blade in Figure 3.



In the later Section 3.2 and Section 3.3, the effects of yaw offset are also explored. The introduction of a yaw offset can lead to a similar spatiotemporal variation in aerodynamic loading across the rotor plane, and cascading effects within the propagating vortex-wake structure [11,57]. To evaluate the interplay of these conditions within the scope of turbine aeroelastic behavior and wake dynamics, this study presents a comparison of the nighttime case with yaw offset to the daytime case with no yaw offset. This is shown to exemplify the most dichotomous operational conditions that are typically observed at the SWiFT facility in terms of inducing cyclical variation in aerodynamic loads at the rotor.



3.1. Aeroelastic Simulations of the NRT Blade Flexible Variations with Refined Geometry and Internal Structure


As an initial approach, several variations were created by reducing the scale of individual structural components of the NRT baseline blade to 80% of their original thickness. Some of these variations specifically targeted a reduction in the uniaxial-fiber composite (UNI) material within the blade, in order to evaluate its isolated influence. As an example, Figure 4 shows a schematic view of the typical internal components of the internal structure of a generic wind turbine blade. In this example, a box-beam spar structure is shown; alternative blade internal layouts may use an I-beam spar with only one shear web in the center of the spar connecting the two spar-cap layers.



A focus on a reduction to 80% of original baseline thickness was used to first establish the effects of these selected structural modifications, before investigating different combinations of percentage reductions in further analysis. The following variations were created as a result.



	(A)

	
 “BsLn”   NRT baseline blade;




	(B)

	
 “80Sp”    80% adjustment of UNI material in spar cap;




	(C)

	
 “80Uni”    80% adjustment of all UNI material (spar cap and shell);




	(D)

	
 “80Sh”   80% adjustment of all shell material;




	(E)

	
 “80SpSh”  80% adjustment of all material (spar cap and shell).







To determine the effects of the selected structural modifications to the baseline blade, the resulting changes in stiffness for each blade variation can be visualized along the blade’s span in Figure 5. The isolated structural contributions of the spar cap and shell materials can be identified by comparing the BsLn, 80Sh, and 80SpSh blade variations relative to each other. Similarly, the influence of specifically the UNI material in the spar cap and the UNI material in the shell can be determined by comparing the BsLn, 80Sp, and 80Uni variations.



The plots in Figure 5 show the normalized span-wise distributions of flap-wise stiffness, blade mass density, edge-wise stiffness, and torsional stiffness of the aforementioned 80% blade variations, modeled with CODEF. These distributed properties are computed as part of the dimensional reduction procedure of the GTBM model [39,40,41]. The values from the FAST documentation for the NRT baseline blade are also plotted for reference [26,58].



An aeroelastic analysis of blade response was also performed for the 80% reduced variations by using CODEF simulations. The plots shown in Figure 6 and Figure 7 show a comparison of the aeroelastic oscillatory behavior of a single blade on the baseline NRT rotor and the flexible variations, during daytime and nighttime conditions, respectively. These plots are intended to provide a basis for discussion regarding the aeroelastic behavioral changes that correspond to modifications to the structural composition and stiffness characteristics of the NRT baseline blade.




3.2. Aeroelastic Simulations of Additional Flexible Variations of the NRT Blade


In the next stage of research, additional variations of the NRT baseline blade were created by further reducing all spar cap and shell materials to 60%, 40%, and 20% of their original baseline thickness. Different combinations of scaling factors were used so that the effects of the spar cap and shell modifications could be analyzed independently. The following variations were created.



	(A)

	
 “BsLn”        NRT baseline blade;




	(B)

	
 “60%SpSh”       60% shell and spar cap materials;




	(C)

	
 “40%Sp–60%Sh”   40% spar cap and 60% shell materials;




	(D)

	
 “40%SpSh”      40% shell and spar cap materials;




	(E)

	
 “20%Sp–40%Sh”   20% spar cap and 40% shell materials;




	(F)

	
 “20%SpSh”       20% shell and spar cap materials.







This section will present analysis of these further reduced variations of the baseline blade, including results from numerical simulation of the blade’s aeroelastic behavior in a variety of operational conditions. In the following Section 3.3, simulations of wake-structure interactions are also provided for evaluation of their comparative performance in the context of wind farm flow velocity patterns.



Table 1 lists the 60%, 40%, and 20% reduced blade variations, and their total mass in comparison to the baseline blade. Figure 8 provides the normalized span-wise distributions of flap-wise stiffness, blade mass density, edge-wise stiffness, and torsional stiffness modeled with CODEF. As before, these distributed properties are computed as part of the dimensional reduction procedure of the GTBM model [39,40,41]. The values from the FAST documentation of the NRT baseline blade are also plotted for reference [26,58].



Figure 9, Figure 10, Figure 11 and Figure 12 that follow show aeroelastic simulations of the baseline NRT blade and its 60%, 40%, and 20% reduced variations in four different operating conditions of day and night, with and without yaw. These illustrate the time evolution of axial blade deflection at the tip, twist angle at 90% blade span, power, and thrust at the hub.



These plots offer a demonstration of each blade variation’s structural response to the operational conditions imposed by the daytime and nighttime atmospheric flow states, in addition to the effects of yaw offset. This information is also used to anticipate the consequences that may occur in the downstream vortex-wake structure and farm flow-field velocity distribution, which is discussed later in Section 3.3.



In order to summarize the effects of the flexibility variations on some essential parameters illustrated in the preceding figures, Table 2 shows the mean values of rotor thrust, torque, and blade-tip deflection (BTD) for the sample of the results shown in Figure 9, together with their corresponding standard deviations. Table 3 shows a summary of the same set of data for the sample of the results shown in Figure 12. These two scenarios are particularly relevant as they constitute the most extreme ends of the spectrum of conditions that impose cyclically varying aerodynamic loads at the rotor.




3.3. Wake Structure and Velocity Patterns Simulated for Flexible Variations of the NRT Blade


Based on the observations in Section 3.2, flexible variations (B), (D), and (E) were determined to exhibit aeroelastic oscillatory behaviors that are likely to evoke the most significant changes to the vortex-wake structure and downstream flow velocity patterns, and were, therefore, chosen to perform a further wake-focused study. To investigate these changes, the selected blade variations were simulated with CODEF-GVLM to evaluate the vortex-wake structure interactions in daytime and nighttime conditions, with and without yaw offset.



The following series of figures present a subset of the results to summarize the findings of the study, specifically including simulations of daytime conditions without yaw, and nighttime conditions with yaw. As discussed earlier in this section, the comparison of these two scenarios is posed to elucidate the behaviors caused by the most extreme ends of the spectrum of conditions that impose cyclically varying aerodynamic loads at the rotor.



Figure 13 and Figure 14 provide visualizations of the simulated vortex lattice structure for the baseline blade. Conditions include daytime with no yaw, and nighttime with yaw, respectively. Both figures show a perspective view, followed by rear cross-sectional views at distances from one diameter (1D) to five diameters (5D) downstream of the turbine, in increments of one diameter. The color scheme used in all vortex lattice images in this section is intended to provide a better appreciation of the lattice shape development, and is not attached to any specific physical quantity.



Observing the wake-structure evolutions in Figure 13 and Figure 14, there are several effects that can be noticed, which occur when the turbine operates in a background wind flow with variable velocity profile. These effects manifest themselves as wake-structure patterns that exhibit substantial differences from the basic cylindrical form that could be observed in a vortex wake evolving in a steady-state, uniform-stream wind flow.



When a wind turbine operates in an atmospheric condition with a nonuniform inflow velocity profile, there are a variety of effects that may emerge in the turbine’s vortex-wake structure, due the dynamic mutual advection of vortex filaments within a changing velocity flow field. These effects substantially distinguish wakes formed in variable background wind scenarios from those which are observed in uniform, steady-state flow that is comparable to what can be found in wind tunnel test conditions.



Rotor operation in a regularized flow state of uniform velocity produces a vortex-wake lattice structure which is extremely orderly, with consistently shed vortex filaments generated from each blade. This forms a spiraling helix of filament-lattices corresponding to the rotation of the blades, where the cylindrical center is associated with the wake core, and filaments representing blade-tip vortices are neatly coiled around it. The wake will gradually lose vorticity strength due turbulent viscous diffusion, but its regularized structure remains preserved in shape as it is advected with a uniform background flow velocity. Thus, the downstream axial flow velocity induced by this typical vortex-filament structure appears as a circular region of velocity deficit, corresponding to the cross-sectional zone circumscribed by the wake.



Wind turbine wakes formed in variable velocity inflow conditions will substantially deviate from this pattern of regularized vortex lattice generation and evolution. Observable effects occur in scenarios where the wind flow profile imposes a cross-flow variation in velocity magnitude or direction, which can be caused by a vertical shear profile, yaw offset, veer, or other conditions. In this type of flow state, the advection speed of a filament becomes dependent on its relative cross-sectional position within the wake, which leads to nonuniform patterns of mutual advection. This introduces fundamental changes to the shape and structure of the vortex wake, as filaments exhibit irregular shifts in their relative position and speed of propagation.



The observable consequences of variable inflow velocity are evident in Figure 13 and Figure 14, where the shear profile introduces a notable effect in the evolution of the vortex-filament structure. In this case, the increase in background wind velocity with height causes filaments located in higher positions to advect faster than those located below, thus affecting the relative arrangement of filaments within the vertical plane of the wake structure. Due to this vertical gradient of mutual advection, the original cylindrical wake structure starts to roll up into a formation resembling a “ram horn” shape appearing in stream-wise cross-sections, and the overall direction of the wake’s propagation is deflected upwards.



These effects are visually exemplified in the progressive cross-sectional views of vortex lattice formations at locations downstream of the turbine. Vortex-wake structure transitions, which are similarly associated with the influence of incident wind velocity changes, are collectively referred to as wake meandering, and are well documented in many research works, including Zong and Porté-Agel [59], Porté-Agel et al. [60], Abkar et al. [61], Su and Bliss [62], Baruah and Ponta [42], and other works.



The GVLM vortex lattice assemblies can be used to calculate the induced velocity patterns in the wake downstream of the turbine. Figure 15 shows the velocity patterns plotted on cross-cut section planes up to seven diameters downstream of the turbine, at intervals of one diameter. These again show the results of the baseline blade operating in daytime conditions without yaw, and nighttime conditions with yaw, respectively.



To frame a direct comparison of the wake effects imposed by flexible blade variations (B), (D), and (E), the downstream velocity patterns were calculated for the selected blade variations and subtracted from the velocity patterns for the baseline blade.



Figure 16 and Figure 17 provide visualizations of the percentage velocity difference, normalized by the magnitude of the incident wind. In these figures, the top plot serves as a perspective view reference, showing the cross-cut sections of velocity difference, plotted at distances up to seven diameters downstream at intervals of one diameter. The matrix of frames then show the individual cut planes for a more detailed analysis of the wake velocity difference patterns. They are arranged to show wake velocity differences for cases (B), (D), and (E) in columns from left to right, with rows corresponding to the number of diameters downstream.





4. Conclusions


A first series of flexible variations was designed based on the constructive characteristics of the SNL-NRT baseline blade, including airfoil shapes, span-wise distribution of geometrical and structural properties, internal structure layout, and materials. By altering the material distribution and scaling the thicknesses of different components of the blade’s internal structure by a factor of 80%, alternative ways of softening the blade were explored.



Simulations were conducted for the aeroelastic oscillatory response of these 80% flexible variations, and the time evolution of several variables that illustrate the structural response when exposed to the daytime and nighttime flow patterns were examined in comparison with the baseline blade. In particular, the blade-tip deflection, torsional angle, angle of attack, and aerodynamic loads at some representative blade sections, and power, torque, and thrust at the hub were reviewed.



From those results, the thicknesses of the spar cap and the shell were identified as the most important factors in terms of controlling the blade’s different modes of deformation. A strong shell contribution to the overall stiffness of the NRT blade was found, emphasized by an addition of unifilar material to the bilinear layers of the shell structure, located in the region of the span between 7% and 20% from the root. At its peak, around the 11% and 13% stations, these layers of unifilar material were quite substantial in proportion to the total of unifilar spar-cap material thickness. Thus, in the variations created, cases were added where that portion of shell unifiliar material was also reduced together with the spar cap. Combinations of thickness reductions in the shell as a whole were also tried, as well as thickness reductions in the shell plus the spar cap.



Based on the previous results, a second series of structural modifications was explored, where five new blade variations of increased flexibility were created by combining different scaling factors for the spar cap and the shell thicknesses. Their aeroelastic response was analyzed in four different wind scenarios: daytime and nighttime, with and without yaw. Vortex lattice structures and wake velocity patterns for the three variations showing the most significant changes in aeroelastic response were also analyzed. Patterns were plotted at different locations up to seven rotor diameters downstream of the turbine, for two wind scenarios: daytime no-yaw, and nighttime with yaw. These represent the ends of the spectrum in terms of the cyclical variations that they induce in the aerodynamic loads. The differences in wake axial velocity between the baseline blade and each one of those three flexible variations were reported, normalized by the value of the incident wind. They showed maximum percentage variations between 1% and 3.5%, with various distributions in the locus of the pattern of velocity difference.



In terms of how the outcome of this paper might affect the future of blade design, the consequences of blade-weight reduction on the blade deformation and rotor load parameters that could be observed in the summaries of the mean and standard deviation values listed in Table 2 and Table 3, and the curves in the associated Figure 9, Figure 10, Figure 11 and Figure 12, are relatively moderate. Even for the lightest blade variation, 20%SpSh, operating in the most intense nighttime scenario, the increase in tip deflection values, both mean and cyclical fluctuation, are not prohibitively large compared with the original values computed for the baseline blade; and the same could be said about the rotor thrust and torque loads. This aspect is worth noticing, as the advantages of blade-weight reduction in terms of cost reduction of wind energy generation are numerous. Reductions in the cost of materials, labor, and production times in blade manufacturing are clearly evident. But other ancillary aspects could also be included in the cost–benefit equation, like the logistics of blade transport and rotor assembly, and the possibility of overcoming limitations in maximum crane capacity, especially for the much larger blades of the next generation of “super turbines”.



As an outlook for further work, it was observed that, in the steady-in-the-average (SITA) wind conditions cases analyzed during this research, the stimuli of the aerodynamic load fluctuations came from the cyclical motion of the blades traversing through a variable flow field caused by wind shear, tilt, and yaw. In these SITA cases, the frequency of fluctuations was mostly dominated by the rotor’s turning speed, which is comparatively slow versus other stimuli. It could be hypothesized that differences in dynamic response between the baseline blade and its more flexible variations would likely become more intense when rapid temporal fluctuations, based on anemometry data, were added to the input wind. This would be due to the fact that the different natural frequencies in the aeroelastic response of the blade’s flex variations will be triggered by the short-term pulses in the wind signal, impacting the wake structure more intensely. This would substantially affect the vortex-shedding process, altering the wake patterns of each of the different blade types. This aspect will certainly be worth testing as part of a next phase of our research.
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Figure 1. Adaptive, interconnected structure of the Common ODE Framework suite. 
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Figure 2. Schematic representation of the sequence of coordinate transformations via orthogonal-matrix linear operators used by DRD-BEM. 
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Figure 3. Plots showing the time evolution of the NRT baseline blade operating in daytime and nighttime conditions, with no yaw offset. 
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Figure 4. Schematic view of the typical internal components of the internal structure of a generic wind turbine blade. In this example, a box-beam spar structure is shown. 
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Figure 5. Distributions of flap-wise stiffness, blade mass density, edge-wise stiffness, and torsional stiffness of the baseline NRT blade and 80% reduced variations, as computed by the GTBM process, plotted along the normalized blade span. Input FAST values (labeled “FAST Inp”) are also plotted for comparison. 
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Figure 6. Time evolution of blade-tip deflection, twist angle at 90% of the blade span, and power and thrust at the hub during typical daytime conditions. 
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Figure 7. Time evolution of blade-tip deflection, twist angle at 90% of the blade span, and power and thrust at the hub during typical nighttime conditions. The response of the BsLn blade in daytime conditions is also shown for reference. 
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Figure 8. Distributions of flap-wise stiffness, blade mass density, edge-wise stiffness, and torsional stiffness of the baseline NRT blade and its 60%, 40%, and 20% reduced variations, as computed by the GTBM process, plotted along the normalized blade span. Input FAST values (labeled “FAST Inp”) are also plotted for comparison. 
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Figure 9. Time evolution of blade-tip deflection, twist angle at 90% blade span, power, and thrust at the hub during typical daytime conditions, with yaw offset =   0 ∘  . 
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Figure 10. Time evolution of blade-tip deflection, twist angle at 90% of the blade span, power, and thrust at the hub during typical daytime conditions, with yaw offset =   10 ∘  . 
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Figure 11. Time evolution of blade-tip deflection, twist angle at 90% of the blade span, power, and thrust at the hub during typical nighttime conditions, with yaw offset =   0 ∘  . 
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Figure 12. Time evolution of blade-tip deflection, twist angle at 90% of the blade span, power, and thrust at the hub during typical nighttime conditions, with yaw offset =   10 ∘  . 
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Figure 13. Vortex lattice structures for the NRT baseline rotor, operating in day conditions with yaw offset =   0 ∘  . Perspective view, followed by cross-cuts at 1 to 5 diameters downstream of the turbine. The color scheme used is intended to provide a better appreciation of the lattice shape development, and is not attached to a specific physical quantity. 
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Figure 14. Vortex lattice structure for the NRT baseline rotor, operating in nighttime conditions with yaw offset =   10 ∘  . Perspective view, followed by cross-cuts at 1 to 5 diameters downstream of the turbine. The color scheme used is intended to provide a better appreciation of the lattice shape development, and is not attached to a specific physical quantity. 
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Figure 15. Perspective views of wake velocity patterns at cross-cut planes from 1D to 7D downstream. Top: daytime conditions, yaw offset =   0 ∘  . Bottom: nighttime conditions, yaw offset =   10 ∘  . 
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Figure 16. Visualizations of the normalized wake velocity difference percentage between the the NRT baseline blade and its three flexible variations during daytime conditions with yaw offset = 0°, plotted on cross-section cut planes from 1D to 7D downstream. Top shows a perspective view of the cross-section cut planes positioned for reference, and the following plots include the individual cross-cut planes. In the series of frames shown, the three columns correspond to each case (BsLn-60%, BsLn-40%, and BsLn-20%, respectively), and the seven rows correspond to the distance downstream from the turbine (from 1D to 7D, respectively). 
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Figure 17. Visualizations of the normalized wake velocity difference percentage between the the NRT baseline blade and its three flexible variations during nighttime conditions with yaw offset =   10 ∘  , on cross-section cut planes from 1D to 7D downstream. Top shows a perspective view of the cross-section cut planes positioned for reference, and the following plots include the individual cross-cut planes. In the series of frames shown, the three columns correspond to each case (BsLn-60%, BsLn-40%, and BsLn-20%, respectively), and the seven rows correspond to the distance downstream from the turbine (from 1D to 7D, respectively). 
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Table 1. Total mass of the NRT blade and its reduced thickness variations.






Table 1. Total mass of the NRT blade and its reduced thickness variations.





	Blade Variant
	Mass [Kg]
	% BsLn Mass





	BsLn
	551.157
	100.000



	60%SpSh
	360.594
	65.425



	40%Sp–60%Sh
	344.863
	62.571



	40%SpSh
	260.445
	47.254



	20%Sp–40%Sh
	244.601
	44.380



	20%SpSh
	156.286
	28.356










 





Table 2. Summarized data from aeroelastic simulations of the NRT flexible variations operating during the daytime conditions at 6 m/s, shown in Figure 9. Data are averaged over 7 cycles.






Table 2. Summarized data from aeroelastic simulations of the NRT flexible variations operating during the daytime conditions at 6 m/s, shown in Figure 9. Data are averaged over 7 cycles.





	
Blade

	
Thrust

	
Thrust

	
Torque

	
Torque

	
BTD

	
BTD




	
Variation

	
Mean [N]

	
StD [N]

	
Mean [Nm]

	
StD [Nm]

	
Mean [m]

	
StD [m]






	
BsLn

	
9600.17

	
4.18

	
7960.01

	
8.35

	
0.2249

	
0.0042




	
60%SpSh

	
9550.13

	
3.11

	
7917.92

	
6.21

	
0.3480

	
0.0062




	
40%Sp–60%Sh

	
9544.84

	
2.89

	
7900.56

	
5.99

	
0.4276

	
0.0074




	
40%SpSh

	
9487.81

	
2.34

	
7862.99

	
4.69

	
0.4963

	
0.0081




	
20%Sp–40%Sh

	
9471.22

	
1.83

	
7816.39

	
3.95

	
0.6964

	
0.0105




	
20%SpSh

	
9295.47

	
1.32

	
7686.43

	
2.77

	
0.9060

	
0.0112











 





Table 3. Summarized data from aeroelastic simulations of the NRT flexible variations operating during the nighttime conditions at 6 m/s, shown in Figure 12. Data are averaged over 7 cycles.






Table 3. Summarized data from aeroelastic simulations of the NRT flexible variations operating during the nighttime conditions at 6 m/s, shown in Figure 12. Data are averaged over 7 cycles.





	
Blade

	
Thrust

	
Thrust

	
Torque

	
Torque

	
BTD

	
BTD




	
Variation

	
Mean [N]

	
StD [N]

	
Mean [Nm]

	
StD [Nm]

	
Mean [m]

	
StD [m]






	
BsLn

	
9334.01

	
23.29

	
7603.79

	
31.74

	
0.2186

	
0.0188




	
60%SpSh

	
9279.05

	
17.92

	
7557.24

	
21.86

	
0.3380

	
0.0292




	
40%Sp–60%Sh

	
9272.04

	
17.31

	
7535.57

	
23.14

	
0.4152

	
0.0362




	
40%SpSh

	
9209.71

	
13.61

	
7495.70

	
14.82

	
0.4813

	
0.0417




	
20%Sp–40%Sh

	
9188.77

	
12.21

	
7436.90

	
15.03

	
0.6748

	
0.0581




	
20%SpSh

	
8998.35

	
8.48

	
7307.43

	
15.34

	
0.8750

	
0.0782
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