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Abstract. A fluid-structure interaction (FSI) validation study of Micon 65/13M wind turbine
with Sandia CX-100 composite blades is presented. KirchhoffLove shell theory is used for
blade structures, while the aerodynamics formulation is performed using a moving-domain
finite-element-based ALE-VMS technique. The structural mechanics formulation is validated
through the eigenfrequency analysis of the CX-100 blade. For coupling between two domains a
nonmatching discretization of the fluid-structure interface is adopted. This adds flexibility and
relaxes the requirements placed on geometry modeling and meshing tools employed. The sim-
ulations are done at realistic wind conditions and rotor speeds. The rotor-tower interaction that
influences the aerodynamic torque is captured. The computed aerodynamic torque generated
by the Micon 65/13M wind turbine compares well with that obtained from on-land field tests.
We conclude by illustrating the application of the Dynamic Data-Driven Applications System
(DDDAS) to investigate the fiber waviness defects embedded in the CX-100 wind turbine blade.
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1 INTRODUCTION

In modern computational analysis of wind turbines, FSI simulations at full scale are impor-
tant for accurate and reliable modeling, as well as blade failure prediction and design optimiza-
tion. The wind turbine FSI problem presents significant computational challenges because of
the curved geometry of the wind turbine blades, complex distribution of material properties,
wind and rotor speeds that lead to complex, wall-bounded turbulent flows, and the presence
of mechanical components in relative motion. Because of the challenges involved in the aero-
dynamics modeling, only a handful of researchers (see, e.g., [15, 17,24, 34]) performed wind
turbine simulations at full scale and with all the turbine components (i.e. blades, tower and
nacelle) included. The fully coupled FSI simulations of full-scale wind turbine designs were
performed only recently in [1] for the rotor-only case and in [18] for the full machine.

In this paper we present the structural, aerodynamic, and FSI simulations of the Sandia CX-
100 blade. Most of the methods and results resented here may be found in [23]. The FSI frame-
work developed in [2] is adopted wherein isogeometric analysis (IGA) [13, 19] is employed
for structural mechanics. The aerodynamics formulation makes use of a finite-element-based
ALE-VMS technique [9]. The sliding interface formulation developed in [5] employed in con-
junction with the ALE-VMS technique [3] enables the simulation of the interaction between the
spinning rotor and stationary tower. In addition, for improved boundary-layer accuracy, a key
ingredient employed in the ALE-VMS simulation of wind-turbine aerodynamics and FSI are
the weakly enforced no-slip boundary conditions [4, 7, 8] set on the moving blade surfaces.

The blade structures are modeled using the rotation-free multilayer composite Kirchhoff—
Love shell [1,21,22]. Prior to using this blade in our FSI computation, we perform its eigen-
frequency analysis and compare the results with the experimental data. This presents the first
validation of the rotation-free Kirchhoff—Love IGA shell for a full-scale wind turbine blade. In
addition to eigenfrequency analysis, we use the same isogeometric model of the CX-100 blade
for the structural mechanics simulations in the context of the Dynamic Data-Driven Applica-
tions System (DDDAS) framework [14]. In particular, we focus on in-plane fiber waviness
defects, which are typical for multi-layer composite structures, and show how to incorporate
such defects, coming from sensor data, into the isogeometric model of the blade.

2 NUMERICAL METHODS AND RESULTS

To show the accuracy and reliability of the presented FSI framework, simulations of the Mi-
con 65/13M wind turbine are carried out at realistic operational conditions, reported in [35].
The turbine is designed as a three-blade, fixed-pitch, upwind turbine with the total rotor diam-
eter of 19.3 m and rated power of 100 kW. The hub is located at the height of 23 m, with a
mounting flange positioned 0.6 m from the centerline of the low speed shaft. The wind turbine
stands on a tubular steel tower, with a base diameter of 1.9 m. The drive train generator oper-
ates at 1200 rpm, while the rotor spins at a nominal speed of 55 rpm. The Micon 65/13M wind
turbine was used for the Long-Term Inflow and Structural Testing (LIST) program [27] at the
USDA-ARS test facility in Bushland, Texas. This project was initiated by Sandia National Lab-
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oratories in 2001 to explore the use of carbon fiber in wind turbine blades. Three experimental
blade prototypes, GX-100, CX-100 and TX-100, were developed specifically for this project.

2.1 Structural mechanics

For the simulation of the Micon 65/13M wind turbine, we make use of the Sandia CX-
100 carbon-spar blade [12,35] which is an actual design that has over 32 material zones with
complex, nonsymmetric composite layup in each zone (see Figure 1). To model the blade,
including the full composite layup, we use a rotation-free Kirchhoff-Love shell formulation [22]
discretized using NURBS-based IGA [13, 19]. The Kirchhoff-Love formulation is augmented
with the bending strip method proposed in [21].

We perform eigenfrequency calculations of the CX-100 blade using three quadratic NURBS
meshes. The coarsest mesh has 1,846 elements, while the nest mesh has 18,611 elements. The
mesh statistics are summarized in Table 1. The eigenfrequency results are compared with the
experimental data from [25,33]. We compute the case with free boundary conditions and the
case when the blade is clamped at the root. For the free case the eigenfrequencies for the first
and second flapwise bending modes and for the first edgewise bending mode are summarized in
Table 2. The experimental eigenfrequencies are obtained for this blade at Sandia National Lab-
oratories (SNL), Los Alamos National Laboratory (LANL) and the University of Massachusetts
Lowell Structural Dynamics and Acoustics Laboratory (UML SDASL), and reported in [25].

Figure 1: Left: Five primary sections of the CX-100 blade; Right: 32 distinct material zones of the CX-100 blade.

Number of Control Points Number of Elements

Mesh 1 3,469 1,846
Mesh 2 7,411 4,647
Mesh 3 25,896 18,611

Table 1: NURBS blade meshes used in the eigenfrequency analysis.
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Mode: 1% Flapwise (Hz) 1% Edgewise (Hz) 2™ Flapwise (Hz)

Mesh 1 8.28 15.92 19.26
Mesh 2 8.22 15.61 18.21
Mesh 3 8.22 15.6 18.01
Experiment 7.6-8.2 15.7-18.1 20.2-21.3

Table 2: Comparison of experimentally measured and computed natural frequencies corresponding to the first few
bending modes for the free case.

Mode: 1% Flapwise (Hz) 2"¢ Flapwise (Hz) 3¢ Flapwise (Hz)

Mesh 1 4.33 11.82 19.69
Mesh 2 4.29 11.61 19.08
Mesh 3 4.27 11.54 18.98
Experiment 4.35 11.51 20.54

Table 3: Comparison of experimentally measured and computed natural frequencies corresponding to the first few
bending modes for the clamped case.

(a) b)

Figure 2: First flapwise bending mode (a) and first edgewise bending mode (b), for the free case.

Table 2 provides a range of experimental eigenfrequency values. For the clamped case, the
eigenfrequencies for the first three bending modes are compared with the results of the tests
performed at the National Renewable Energy Laboratory (NREL) [25]. In both cases, the com-
puted natural frequencies are in good agreement with the experimental data (see Table 3). The
medium mesh shows a good balance between the computational cost and accuracy of the results.
For this reason, this mesh is chosen for the FSI computations presented in the next section. The
mode shapes computed using the medium mesh are shown in Figures 2 and 3.
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Figure 3: First flapwise bending mode (a) and second flapwise bending mode (b), for the clamped case.

2.2 Aerodynamics and FSI

The wind turbine aerodynamics is governed by the Navier—Stokes equations of incompress-
ible flows. The incompressible-flow assumption is valid for the present application because
the Mach number is low. The aerodynamics formulation makes use of the FEM-based ALE-
VMS approach [3] augmented with weakly enforced boundary conditions [4]. The former acts
as a turbulence model, while the latter relaxes the mesh size requirements in the boundary
layer without sacrificing the solution accuracy. The framework includes FSI modeling with
nonmatching discretization of the interface between the fluid and structure subdomains. We
take advantage of the flexibility associated with using nonmatching discretizations, combining
the most appropriate discretization for each part of an FSI problem. The use of nonmatching
grids also allows for adopting different geometry modeling and meshing tools for the fluid and
structural mechanics subproblems. Nonmatching discretizations at the fluidstructure interface
require the use of interpolation or projection of kinematic and traction data between the non-
matching surface meshes (see, for example, [2,28,29]), and that is what we do here.

To simulate the full machine, we use a sliding-interface formulation developed in [5], and
recently employed for wind-turbine simulations in [17, 18]. We note that in application of the
FEM to flows with moving mechanical components, the Shear—Slip Mesh Update Method [10,
11,30] and its more general versions [31, 32] may also be used to handle objects in relative
motion.

An aerodynamic and FSI simulations of the full Micon 65/13M wind turbine are presented
for a constant inflow wind speed of 10.5 m/s and fixed rotor speed of 55 rpm are prescribed.
These correspond to the operating conditions reported for the field tests in [35]. The air density
and viscosity are set to 1.23 kg/m® and 1.78 x 107> kg/(m-s), respectively.

The computations were carried out in a parallel computing environment. The meshes, which
consist of linear triangular prisms in the boundary layers and linear tetrahedra elsewhere, are
partitioned into subdomains using METIS [20], and each subdomain is assigned to a compute
core. The parallel implementation of the methodology may be found in [16]. The time step is
set to 3.0 x 107> s for all cases.

In Figure 4 the time history of the aerodynamic torque is plotted. As can be seen from the
plot, using FSI, we capture the high frequency oscillations caused by the bending and torsional
motions of the blades. In the case of the rigid blade the only high-frequency oscillations in
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Figure 4: Aerodynamic torque history for the FSI and rigid-blade simulations. The experimental range for the
aerodynamic torque and its average value are provided for comparison and are plotted using dashed lines.

Figure 5: Wind speed contours at 80% spanwise station as the blade passes the tower.

the torque curve are due to the trailing-edge turbulence. For the rigid blade case the effect of
the tower on the aerodynamic torque is more pronounced, while in the case of FSI it is not as
visible due to the relatively high torque oscillations. The ’dips’ in the aerodynamic torque can
be seen at 60°, 180°, and 300° azimuthal angle, which is precisely when one of the three blades
is passing the tower.

The computed values of the aerodynamic torque are plotted together with field test results
from [35]. The upper and lower dashed lines indicate the aerodynamic torque bounds, while the
middle dashed line gives its average value. Both the aerodynamic and FSI results compare very
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Figure 6: Relative wind speed at the 70% spanwise station for the FSI simulation at # = 0.86 s (left) and t = 1.06 s
(right). The blade deflection is clearly visible.

well with the experimental data.

Figure 5 shows the flow field as the blade passes the tower. Figure 6 shows the relative wind
speed at the 70% spanwise station rotated to the reference configuration to illustrate the blade
deflection and complexity of boundary-layer turbulent flow.

2.3 DDDAS

DDDAS is a framework in which measurement data collected for a given physical system
are used to dynamically update a computational model of that system. Using measurement
data, the computational model geometry, boundary conditions, forcing, and material parame-
ters may be updated to better represent physical reality. At the same time, the properly updated
computational model is able to produce higher-fidelity outputs for the quantities of interest for
which measurements are not readily available. As such, DDDAS is a framework in which mea-
surement and simulation co-exist in a symbiotic environment. Many applications of DDDAS
involve not only updating of the computational model on the basis of sensor data, but also ad-
justment of the model and physical system input parameters to optimize a desired outcome. For
example, in [26], the authors developed and deployed a DDDAS framework for computational
steering of the laser-guided surgery for prostate cancer treatment. The temperature and location
of the laser were dynamically controlled to achieve maximum damage to the cancerous tissue.

In our case, we are interested in a DDDAS framework for large-scale structures exposed
to aerodynamic loading [6]. One of the main features of the framework proposed in [6] is
the use of IGA to model shell structures made of laminated composites. The use of a single
geometry for modeling and simulation, which is one of the tenets of IGA, has several benefits
for DDDAS. Here we take advantage of the parametric description of the blade geometry in
order to locate the composite fiber waviness defect (detected by the sensors) on the model
surface, and to impose the fiber waviness during the through-thickness homogenization process.
Because fiber waviness is a local phenomenon, the computational mesh needs to be refined in
order to capture the local variation in the strain (and stress) components. Schematic of the
DDDAS modeling applied in the context of composite fiber waviness defects is illustrated in
Figure 7. The more general DDDAS procedure may be described as a feedback loop, which
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Figure 7: DDDAS loop for in-plane fiber waviness.

Figure 8: Local mesh refinement that captured in-plane shear stress variation due to the detected in-plane fiber
waviness.

contains the actual structure with embedded sensors that provide feedback to the simulation and

modeling/meshing modules. The concentration of the in-plane shear strain after the defect was
located and the mesh was refined locally is shown in Figure 8.
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3 CONCLUSIONS

We constructed a detailed structural model of the actual wind turbine blade, which has 32
material zones. Each of the material zones was characterized with its distinct composite layup.
Nonsymmetric layup was used in all zones, which introduced coupling between the membrane
and bending response of the Kirchhoff-Love shell. Despite the discontinuity in the material
properties, almost everywhere C'-continuous quadratic NURBS basis was used to discretize
the shell kinematics, and the NURBS mesh lines were not aligned with the boundaries of the
material zones. The material properties were approximated at the quadrature points of the
NURBS mesh. With this construction, we were able to reproduce the experimentally measured
eigenfrequencies of the CX-100 blade. To our knowledge, this is the first full-scale validation
of the IGA-based thin-shell composite formulation..

We used the previously developed ALE-VMS formulation for modeling the turbulent flow,
FSI coupling of FEM and IGA, weakly enforced boundary conditions, and a sliding interface
formulation to compute the full Micon 65/13M wind turbine with the CX-100 blades mounted
on its rotor. The results of the aerodynamic and FSI simulations are in a good agreement with
field test data for this wind turbine. The FSI simulation captures high-frequency oscillations in
the aerodynamic torque, which are caused by the blade structural response.

Finally, we illustrated the benefits of using IGA within a recently proposed DDDAS frame-
work for in-plane fiber waviness calculations in composites.
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