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Abstract. In recent years there has been a tendency to increase the size of wind turbine rotors, particularly when
considering offshore applications, leading to more capacity for energy extraction from wind. However, there
are many engineering challenges to that. Blades become very long, surpassing lengths of 100 meters, and are
usually very flexible, which claims a geometrically nonlinear model for evaluation of their structural behavior.
In this context, the present work employs an enhanced structural solver to evaluate the behavior of very flexible
wind turbine blades. The blades are modeled as beams. Large displacements and finite rotations are assumed to
model the kinematics by employing the geometrically-exact theory. To establish a relationship between generalized
internal loads and generalized strains we adopt a linear constitutive model such that one can take results from
another software (such as BECAS from DTU), directly. This can handle torsion-bending constitutive coupling for
a general position of the beam axis, conveniently. The developed solver was used to study general operational
conditions, assuming distinct pitch angles for the blade considering the scenario of the wind turbine. The present
work brings discussions on the structural behavior, such as internal loads distributions along the blade spam in
numerical simulations. The focus is given to the analysis of bending and torsion moments, discussing their aspects
when considering such a long and flexible blade in operational conditions.
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1 Introduction

In the last decade, the size of wind turbines has significantly increased. This is driven by the pursuit of
higher altitudes where wind speeds are stronger and turbulence is reduced. This advancement allows for greater
energy capture and efficiency. A standout example of modern wind turbine design is the IEA 15MW model [1]],
characterized by a tower standing 150 meters in height and a rotor diameter of 240 meters. The construction of
such large rotors claims the use of composite materials, which impart the necessary flexibility and strength to the
blades.

Due to their flexibility, wind turbine blades are particularly susceptible to aeroelastic effects, which arise
from the interplay between aerodynamics, elasticity, and dynamics. Aerodynamics examines the forces acting on
a body under a given load, influenced solely by wind speed and the geometry of the turbine blades. Dynamics
considers the impact of inertial forces, while elasticity focuses on predicting the deformation of an elastic body
under a specified load [2].

Aeroelastic modeling can be divided into two main components: aerodynamic and structural models. The
primary aerodynamic models include the Vortex Panel Methods [3| 4], high-fidelity Computational Fluid Dynamics
(CFD) [5], Actuator-type models [6], and the Blade Element Momentum (BEM) model [7]. The BEM model is
widely used due to its simplicity and accuracy. Initially proposed by [8]], it offers low computational cost and is
easily integrated with beam structural models [9]. Software such as OpenFAST [10] and HAWC2 [[11] utilize this
model.

The structural modeling of wind turbines can utilize either a 3D Finite Element Model (FEM) [12] or 1D
beam models. The 1D beam models can be discretized using 1D FEM. However, it is essential to determine the
properties of the transverse sections to construct the constitutive matrix for each element. For dynamic or modal
simulations, the mass matrix is also required. One way to obtain these properties is through 2D FEM, where
the transverse section is modeled in software like BECAS [13]], resulting in the constitutive (stiffness) and mass
matrices. These matrices can then be used in structural analysis software such as OpenFAST, HAWC2, and Giraffe
[14].
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This paper aims to study the blade internal loads along the blade span in numerical dynamic simulations,
specifically assessing the influence of torsional deformation. The analyses are conducted using the finite ele-
ment program GIRAFFE, which employs the geometrically-exact beam model and the Blade Element Momentum
(BEM) model. The focus is on a wind turbine operating at rated wind speed, a scenario where peak displacement
and internal loads occur at the blade root [[15]].

2 Rotor model

2.1 Geometrically-exact beam model

This document does not aim to exhaustively detail the geometrically-exact beam theory. For an in-depth
understanding, refer to [16]], [[L7], and [18]. Instead, the following sections will provide a general overview of the
constitutive matrix.

The theory of geometrically-exact beams, introduced by [[19], has proven effective in modeling the kinematics
of various structures, including thin-walled beams [20], risers [14], and wind turbines [21], [22]], [12] and [[15]]. For
wind turbines, comparisons between beam and shell models in scenarios with significant geometric nonlinearity
have shown that beam theory accurately captures the overall structural behavior [12]], even under large torsional
loads [15]. An important aspect of this theory is its ability to handle large displacements, which is very useful in
the numerical simulation of the wind turbine rotor.

By considering a homogeneous material and applying generalized Hooke’s law, the theory allows for the
formulation of a set of constitutive equations suitable for small deformation contexts. These equations can subse-
quently be integrated into models that account for large rigid body motions, following the principles outlined by
[23]. Consequently, the stresses are expressed as:
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where G and E are the shear modulus and Young’s modulus, respectively, ~ is the shear strain in its respective
direction, and ¢ is the longitudinal strain in the beam axis direction. Thus, relating stress to strain:

O,’L'+1T — D€i+1r , (2)

where the superscript ”..."T1"” represents the back-rotation operation, excluding the rigid body motion effect. The
symbol e stands for the generalized strain vector, and D is a tensor derived from integrating the cross-sectional
stresses of the beam. In a simple case, it can be defined as:

GA O 0 0 0
GA 0 0 0
EA ES; ES
ES, FEIL FElq
ESy FElis El
0 0 0 GJ

; 3)

o o o o o

o o o o o
o o o o

where the coefficients GA, EA, ESy, ESs, EI4, Els, F 115 and G J stand for properties dependent on the material,
the cross-section of the beam, and on the choice of cross-section alignment.

However, wind turbine blades are made of composite materials, and the simplified example provided may not
accurately represent their behavior. To better capture the complex behavior, the matrix D should be fully populated,
allowing for the capture of couplings between degrees of freedom. This capability has been implemented in the
Giraffe software, thus using a third-party generated matrix D into the geometrically-exact formulation.
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2.2 Rotor modeling

The rotor parameters were extracted from [[1] using the latest available version, v1.1. Further details regarding
the modeling approach can be found in and [13]. Below is a concise summary.

A preprocessor was developed to convert the IEA 15SMW OpenFAST data into GIRAFFE inputs. The blade’s
prebend, precone, and tilt angles were incorporated as part of the complex geometry. Figure [T]illustrates the rotor
of the IEA 15MW turbine, created using GIRAFFE software and visualized with ParaView [25]. The model was
adjusted to simulate only the turbine rotor without employing any controller.

Figure 1. IEA 15MW reference turbine rotor illustration produced by GIRAFFE software and visualized by Par-
aview. Source: Adapted from [13].

The blade of the IEA 15MW project has 26 cross-sections, including both ends. In GIRAFFE, each element
features constant constitutive and sectional mass matrices. The blade models were created using multiples of 25
elements, as shown in Figure 2] which depicts a blade with 25 elements (Figure [2h) and one with 50 elements
(Figure[2b). To define these matrices for each element, a linear interpolation was performed along the blade span
using IEA 15MW data, considering all elements of the constitutive matrix from eq. [3

Parameter of cross-sections Parameter of cross-sections
IEA 15MW IEA 15MW
e oy el
1 3 D 1234 5 ¢ 1}50

4 .. 24 25 7 7 48 4
Parameters of elements Parameters of elements

Giraffe Giraffe

Figure 2. Schematic representation of the elements used in the GIRAFFE modeling along the length of the blade.
Source: Adapted from [13].

A mesh analysis was conducted to evaluate different blade meshes (ranging from 25 to 125 elements) to find
a balance between computational cost and accuracy. An i7-10750H@2.5GHz computer was used for simulations,
each with a duration of 100 seconds. For 25 elements, the simulation took 1757 seconds. For 50, 75, 100, and 125
elements, the simulation times relative to the 25-element case were 2.10, 2.69, 3.91, and 5.08, respectively. Figure
[3] shows the flapwise displacement at the blade tip as a function of the number of elements. The displacement
remained constant from 50 elements onward. Therefore, a 50-element mesh was selected. The hub was modeled
as a rigid body.

As stated in [1]], the structural damping for the first modes in the flapwise and edgewise directions was set
at 3%. GIRAFFE uses Rayleigh damping, which relates the viscous damping matrix to the mass and stiffness
matrices. The natural frequencies for the first vibration modes in the flapwise and edgewise directions are 0.506
Hz and 0.693 Hz [15]}, respectively, and these frequencies were used to calculate the damping coefficient.

Each element in the GIRAFFE model is set with predetermined aerodynamic parameters. Therefore, aerody-
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Figure 3. Values of flapwise displacements at the blade tip relative to the number of elements in each blade. Source:
Adapted from [24].

namic coefficients for each element were derived based on the nearest available profile, and the chord length and
aerodynamic center for each profile were determined through linear interpolation.

Each element in the GIRAFFE model is assigned predetermined aerodynamic parameters. To accurately
represent these parameters, the midpoint of each element was used as a reference for positioning it along the blade
length. However, it’s important to note that these midpoints may not always align precisely with the specified
aerodynamic profiles in [1]]. Therefore, the aerodynamic coefficients for each element were derived based on the
nearest available profile, and the chord length and aerodynamic center for each profile were determined through
linear interpolation.

Simulations used a constant wind speed assumption, which varies with height according to a power law
[26] with a 0.12 exponent relative to hub speed. The aerodynamic steady-state model was consistently applied
and validated against OpenFAST simulations using the Beddoes-Leishman unsteady model, revealing negligible
differences [[15]].

The orientations of the axes are depicted in the local reference frame shown in Figure ] The Y-axis aligns
with the chord line, pointing towards the trailing edge. The X-axis lies in the plane of the cross-section and
corresponds to the flapwise direction when the chord line is parallel to the rotor plane. The Z-axis is the longitudinal
axis pointing towards the blade tip. The reference point for these axes is located at the pitch axis.

Figure 4. Axis orientation.

3 Simulations and results

This study evaluated the internal forces along the blade under critical conditions occurring at a wind speed of
10.87 m/s [[15]. Two simulations were conducted under the same environmental conditions and modeling param-
eters, differing only in blade torsional stiffness. To determine the appropriate factor for multiplying the torsional
stiffness, an analysis was conducted using the values 2, 5, 10, 25, 50, and 100. The results indicate a convergence
trend at 100 [24]. The original stiffness was labeled TSx1, while the stiffness amplified by 100 times was labeled
TSx100.

The dynamic simulations lasted for 500 seconds, excluding the transient period. Figure [5] illustrates the
internal forces along the blade for both the TSx1 and TSx100 cases. The lines represent the mean values, and the
shaded regions indicate the maximum and minimum values observed over time (as a time-varying quantity).

It is evident from the results that the torsional effect does not play a significant role in influencing the internal
forces along the Y- and Z-axes of the wind turbine blade. The Z-axis, in particular, is predominantly governed
by gravitational forces. When the blade is positioned downward, gravity induces traction, leading to maximum
force values. Conversely, when the blade is oriented upward, gravity induces compression, resulting in minimum
force values along this axis. This gravitational influence underscores the limited impact of torsional stiffness on
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the Z-axis forces.

Similarly, the Y-axis experiences oscillations that are primarily driven by the asymmetrical bending of the
blade. This bending is a direct consequence of the blade’s weight, which causes uneven distribution of forces
across its structure. Despite the potential for torsional stiffness to alter the blade’s behavior, its effect on the Y-
axis forces remains minimal. These findings suggest that while torsional stiffness can affect certain aspects of the
blade’s performance, its influence on the Y- and Z-axes is overshadowed by other dominant factors such as gravity
and the inherent weight distribution of the blade itself.

The X-axis emerges as the most significantly affected by variations in torsional stiffness. This pronounced
impact is primarily due to the X-axis’s role in influencing the angle of attack, a key factor in the aerodynamic
performance of the blade. Torsional stiffness can alter the blade’s twist, thereby affecting the angle at which the
wind interacts with the blade. As a result, even small changes in torsional stiffness can lead to notable differences
in the aerodynamic forces acting along the X-axis.

When analyzing the results at the root of the blade—a critical point of stress concentration—the impact of
increased torsional stiffness becomes evident. In the TSx100 case, the mean internal force along the X-axis shows
a significant 10.9% increase compared to the TSx1 scenario with the original stiffness. This significant increase
in internal force highlights the critical role that torsional stiffness plays in the overall structural integrity of the
blade, particularly along the X-axis, which has the smallest second moment of area. Additionally, the TSx100 case
exhibits more conservative results.

Figure[6]illustrates the moments along the blade. As in the previous plot, the lines represent the mean values,
and the shaded regions indicate the maximum and minimum values observed. The moment component along the
X-axis reflects the force along the Y-axis, and vice versa for the Y-axis. As a result, the Y-axis moment component
is most influenced by the torsion of the blade. When analyzing the outcomes at the base of the blade, the average
internal moment along the Y-axis exhibits a 15.6% rise in the TSx100 scenario relative to TSx1. The torsional
moment (Z-axis moment) is two orders of magnitude lower than the moments in the other two directions.

4 Conclusions

The present work brings discussions on the structural behavior, such as internal loads distributions along the
blade spam, in numerical simulations. The IEA 15MW wind turbine blade show that it is important to consider
the torsion effect in the simulation, mainly the wind direction where the second moment of area is smallest. When
considering the amplified torsional stiffness, the results generally tend to be more conservative due to the influence
of the angle of attack. Thus, the results from the amplified torsion case can also be applied for sizing purposes.
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