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ABSTRACT

Recent decades, an ongoing trend has emerged in the upscaling of wind turbines in order to compete with
traditional energy resources. For conventional wind turbines, aside from improving safety, the driving fac-
tors for new designs have always been increased efficiency and performance. This has led to novel wind
turbine designs comprising thin-walled structures and light-weight composite materials that produce more
power per unit. The current cost of wind energy is strongly dominated by operational and maintenance costs
throughout the full lifetime of a wind turbine. Most wind turbines do not reach their design lifetime due to
various reasons, from which fatigue failure is the most prominent one. The events responsible for gearbox
or blade failure are caused by complex interactions between aerodynamics and structural responses that are
inherently of unsteady nature. Aeroelasticity has become increasingly important for a safe and cost-effective
design. Additionally, longer and lighter wind turbine blades undergo extremely large, low-strain deforma-
tions. A more accurate understanding of the aeroelastic behavior demands nonlinear analysis methods.

Most aeroelastic solvers in aerospace industry rely on linear structural models. This thesis work has modified
the existing semi-nonlinear aeroelastic analysis method of the in-house developed CFD code at NLR by us-
ing Nastran’s nonlinear structural module. Both analysis methods were utilized to obtain a converged static
aeroelastic solution for two different operational conditions of the design curve. Subsequently, mode shapes
of the deformed state of the structure were determined, to be used in the flutter analysis.

A 108-meters theoretically designed blade, provided by the Dutch blade design company We4Ce, was anal-
ysed using both methods. The results of static aeroelastic analysis and flutter analysis were compared to
assess the effect of structural nonlinearities on the aeroelastic behavior. It is concluded that linear analysis
overestimates the structural deformations and that pre-stressing due to nonlinear deformations and follower-
forces alter the dynamic properties of the wind turbine blade. For the test case considered, the inclusion of
geometrical nonlinearities resulted in a change of behavior of various modes. Naturally-low damped modes
were affected negatively, eventually leading to dynamically diverging behavior. This thesis has successfully
provided the first steps in the implementation of a nonlinear aeroelastic analysis for extreme scale wind tur-
bines, including the capability of performing stability analysis.
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SUMMARY

Recent improvements in the energy yield and efficiency of wind turbines have led to increasingly large wind
turbine designs. As continuous upscaling of wind turbines is expected, the demand for high-accuracy simu-
lation methods that are capable of dealing with the accessory numerical challenges rises. Reynolds-Averaged
Navier-Stokes (RANS)-based models are known to be superior in analysing the turbulent and unsteady flow
around a wind turbine. But scale amplification also demands revision of the utilized structural models.
Aeroelastic models that are required to predict certain failure mechanisms must cope with a complex set
of structural and aerodynamic phenomena. It is believed that NS-based flow solvers combined with nonlin-
ear structural solution methods are best capable of capturing the aeroelastic behavior of a wind turbine.
Aeroelasticity problems in aerospace industry are often based on linear FEM models to compute structural
response. Likewise, the in-house developed CFD solver at NLR comprises linear structural modelling for both
static and dynamic aeroelastic analysis. With the arrival of increasingly large blade designs, it is of paramount
importance to investigate the effect of structural nonlinearities on the aeroelastic behavior of wind turbines.
In this work, the existing aeroelastic framework is modified by the implementation of a nonlinear structural
solver. Static aeroelastic solutions are obtained from the existing and modified aeroelastic solution method.
Pre-stressed mode shapes are determined using both the linear stiffness matrix and the nonlinear stiffness
matrix. The computed mode shapes are used to obtain a parametric description of the structure. Interpo-
lation of the "linear" and "nonlinear" mode shapes onto the statically deformed aerodynamic grid allows
performance of unsteady CFD simulations, while exciting the mode shapes in a sinusoidal motion. Flutter
analysis is performed to assess the effect of an altered structural description on the stability results.
The methodology is performed on a 108-meters long, theoretically designed blade, provided by a Dutch blade
design company called We4Ce. No validation data is available for this 15 MW-rated wind turbine, except for
computational results from Focus. It was encountered that the acquired data depends on a variety of uncer-
tainties, so it was chosen not to compare the results with these data. The structural and aerodynamic model
were partly validated and the conclusions are based on a comparative study of both solution methods. The
RANS-based CFD solver was validated two-fold. Firstly, two-dimensional computations were performed, af-
ter which the pressures were compared to wind tunnel experiments. Secondly, cross-sectional pressures from
the full-rotor CFD simulation were compared to Rfoil and Xfoil results. For attached and two-dimensional
flow, the CFD results were in reasonable agreement. No validation was feasible for the three-dimensional
flow regions. Future DES or X-LES (i.e. NLR’s variant of DES) computations can be performed to validate and
verify the current method.
From the nonlinear aeroelastic approach, it is shown that the wind turbine blade is unstable for rated oper-
ating conditions. Local buckling effects occur at 90% span at the suction side of the blade. At mild operating
conditions, linear structural modelling overestimates the static deformations comprising a difference of 0.27◦
of tip torsion. Although the differences are clearly visible, it does not influence the loads significantly yet. It
can be expected that for heavier operational conditions, the effect amplifies, affecting the static aerodynamic
loads. Furthermore, several mode shapes change due to the geometrically pre-stressed state of the blade. As
a consequence, the aeroealastic behavior of various modes changes. The stability of naturally poor-damped
modes can be affected negatively. On the contrary, it seems that the pure torsional mode disappears, which
reduces the proclivity to flutter.
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1
INTRODUCTION

1.1. MOTIVATION
In 2015 the Paris Agreement was adopted (UNFCCC, 2015). The aim of the Paris Agreement is to acceler-
ate and intensify the actions to be undertaken to sustain a low carbon society in the future. The agreement
aims on responding to climate change by keeping the global temperature rise below two degrees Celsius and
to pursue efforts to keep it below 1.5 degrees Celsius. In contrast to electrical energy gained from fossil fu-
els, wind power is a promising renewable energy technology and could therefore play an important role in
achieving the defined goals.

In order for wind turbines to compete with traditional energy resources, the Cost of Energy (CoE) must go
down. For that reason, the design process of wind turbines is currently based on optimization of efficiency
and power performance, leading to a continuous increase in overall size and rotor diameter. As a result, wind
turbine designs shifted towards thin-walled, composite structures to keep their weight within limits. Con-
sequently, aeroelastic effects can become more dominant in the dynamic behavior of wind turbines, which
could lead to detrimental instabilities (Hansen et al., 2006). (Lobitz, 2004) even stated that the design process
of wind turbines will be stability-driven in the future.

An aeroelastic model combines an aerodynamic model that determines aerodynamic loads and a struc-
tural model that calculates the dynamic response of the structure. The currently used aeroelastic models
in industrial practices most commonly employ BEM models for the aerodynamics and use a series of one-
dimensional beam elements to model the blade’s structure. However, as explained by (Bazilevs et al., 2011a),
an aeroelastic framework must contain models that can cope with time-dependent flow phenomena, like
gusts and other unsteady flow effects. Furthermore, the models must accurately predict the deformations
and dynamic response of the blade taking into account complex geometries and material compostions. This
motivated Bazilevs et al. to propose a so-called "paradigm shift" in wind turbine aeroelastic modelling by
developing a complex Fluid-Structure Interaction (FSI) modelling framework using Navier-Stokes (NS) equa-
tions. This "paradigm shift" has led to publication of more studies on aeroelastic modelling of extreme scale
wind turbines, using CFD-based methods (Corson et al., 2012; Yu and Kwon, 2013; Guo et al., 2013). However,
most studies were based on wind turbines with blades smaller than 100 meters. Hence, the knowledge on the
performance of existing models in aeroelastic analysis of extreme scale wind turbines remains limited.

(van Garrel et al., 2018) pointed out that the challenges aerospace industry has faced in the past correspond
to the challenges the wind turbine industry encounters nowadays. Therefore, they propose a more exten-
sive collaboration between these sectors regarding research topics of mutual interest, such as aeroelasticity.
As such, a collaboration was set up with We4Ce, a Dutch company that specializes in the design process of
wind turbines. We4Ce has provided the design of a 108-meter long wind turbine blade to be used in this study.

An earlier study performed by a former graduate student has already validated the in-house CFD code of NLR
for the MEXICO wind turbine experiment (Ten Pas, 2016), which comprised of aerodynamic analysis of a rigid
wind turbine model. The results were very promising. Applying the multi-block, compressible flow solver to
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2 1. INTRODUCTION

the MEXICO test case has shown that high-accuracy predictions can be obtained for realistic and practical
wind turbine flow problems.
For aerospace aeroelasticity, generally linear finite element models are used to describe the structure (van
Garrel et al., 2018). Nonlinear effects between loads and deformations are often ignored. However, as wind
turbine blades increase in size resulting in larger structural deformations, these effects may not be disre-
garded.

It is therefore of paramount importance to carefully investigate the influence of structural nonlinearities on
the aeroelastic behavior of extreme scale wind turbines. This thesis studies these effects in order to obtain a
better understanding of the working capacity of existing aerospace aeroelastic solvers on wind turbine related
problems.

1.2. RESEARCH OBJECTIVE
The main aim of this research is to develop a validated aeroelastic approach for static and dynamic aeroelas-
tic analysis of extreme scale wind turbines using the in-house CFD code ENSOLV. Furthermore, this project
aims to improve and contribute to the understanding of the aerodynamic and structural phenomena that are
essential in the aeroelastic behavior of these machines.
From the initial research proposal, it became clear that a number of numerical challenges had to be overcome
in order to develop an aeroelastic simulation framework that could simulate a full wind turbine. Due to the
limited scope of this study, this research focuses on the aeroelastic modelling of a wind turbine rotor subject
to non-turbulent, uniform inflow at normal operating conditions. The effect of structural nonlinearities on
the static and dynamic aeroelastic behavior of the blade was investigated.
The objective of this research was realized utilizing the existing aeroelastic framework of ENSOLV and inte-
grating a nonlinear structural solver into the existing framework. A comparative study of both simulation
methodologies can provide more knowledge about the requirement of nonlinear solving strategies in the
structural modelling of wind turbines. Subsequently, future implementation of this method can be useful to
verify aeroelastic results of lower-fidelity methods commonly used in industrial practices.

1.3. RESEARCH QUESTIONS
Following the motivation and research objective, the central research question can be formulated as follows:

What is the influence of structural nonlinearities on the stability assessment of an extreme scale wind turbine?

Several sub questions are formulated in order to guide the process to answer the main question:

• What are the key structural nonlinearities in the aeroelastic behavior of an extreme scale wind turbine
blade?

• What effect do structural nonlinearities have on the static aeroelastic equilibrium of an extreme scale
wind turbine blade?

• Compared to semi-linear aeroelastic analysis, to what extent does the inclusion of structural nonlin-
earities alter the dynamic properties of the blade? And what effect does this have on the aeroelastic
response?
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1.4. THESIS OUTLINE
An introduction is given to the aeroelasticity problem that has to be modelled in the literature review given
inchapter 2. Afterwards, tye current state-of-the-art in aeroelastic modelling of wind turbines is discussed.
NS-based aeroelastic modelling has not been extensively applied to extreme scale wind turbines. Therefore,
the literature review gives an overview of existing models and discusses their strengths and weaknesses to
obtain a better understanding for applying such models correctly. The exact methodology of this work is pre-
sented in chapter 3. This chapter is decomposed in two parts that comprise all simulations: static aeroelastic
analysis and flutter analysis. Chapter 4 discusses each sub model and partly validates the RANS-based CFD
solver by comparing computational results with experimental data and alternative flow solver results. Once
the aeroelastic framework is explained, the CFD simulations are performed and the results are discussed in
chapter 5. In chapter 6, the conclusions, limitations and recommendations for future work are elaborately
discussed.





2
LITERATURE REVIEW

The aim of this chapter is to give an overview of research and recent developments in the field of wind turbine
aeroelasticity. Furthermore, some background information is given on the difference in modelling strategies
that are used in the scientific community.

2.1. AEROELASTICITY
In this section, first a brief introduction into the basics of aeroelasticity is given. Subsequently, the accent
shifts more specifically towards wind turbine aeroelasticity.

2.1.1. INTRODUCTION TO AEROELASTICITY

Figure 2.1: Subdivision of aeroelastic disciplines (Clark et al.,
2012)

Aeroelastic phenomena arise when structural defor-
mations induce a change in aerodynamic forces, af-
ter which the additional aerodynamic forces may
produce additional deformations. These reciprocal
interactions generally tend to become smaller and
smaller until a certain equilibrium is reached, how-
ever they can also have a magnifying effect on each
other leading to divergence and eventually mate-
rial failure (Bisplinghoff et al., 1996). Aeroelastic-
ity is based on the interaction of different proper-
ties: inertial, aerodynamic and elastic properties of
the system; forming a triangle of disciplines (Clark
et al., 2012), see figure 2.1. Aeroelastic effects
can lead to instabilities, which might lead to struc-
tural damage and eventually failure of the struc-
ture.

An instability has two important characteristics: it is
a growing motion that is self-excited and grows expo-
nentially (Bir and Jonkman, 2007). A self-excited mo-
tion implies that there is no associated external force
feeding the instability. The self-excitation occurs by the motion of the blade and the thereby changing flow
conditions. This can be better understood when a single degree-of-freedom (DOF) system is considered:

M ẍ+C ẋ+K x = F(t ) (2.1)

Here M is the mass matrix, C the damping matrix, K the stiffness matrix, F(t ) the external force and x contains
the displacements in the number of DOF’s.
It must be noted that in this example the mass, damping and stiffness matrices are constant. In order to satisfy
the conditions for an instability, the motion must be self-excited, thus the forces in this system should at least
depend on its motion. For simplicity, the forces on the aeroelastic system can be defined as F(t ) = B ẋ, since

5



6 2. LITERATURE REVIEW

dependence of location and acceleration does not influence the system’s damping and therefore stability. The
equation of motion (EOM) become:

M ẍ+ (C −B)ẋ+K x = 0 (2.2)

If the effective damping, (C −B), becomes negative, the system’s response grows exponentially. In reality, the
above simplified mathematical expression is not credible, since most instabilities involve multiple DOF’s and
the interaction between motion and forces is nonlinear and unsteady.

Aeroelastic instabilities can be categorized in three types on basis of the source of self-excitation:

1. Mode-coupled instabilities: Energy transfer between different modes takes place.

2. Nonlinear instabilities: Nonlinear phenomena (e.g. dynamic stall) cause the instability.

3. Parametric instabilities: This kind of instability occurs when different excitations couple and amplify
(e.g. coupling of a control system with vibration of the tower).

There are a lot of different aeroelastic effects, which are extensively described by (Bisplinghoff et al., 1996) and
many others. However, these will not be discussed here, since the focus lies on wind turbine aeroelasticity.
The instabilities with the highest likelihood will be discussed in the remainer of this section.

2.1.2. WIND TURBINE AEROELASTICITY
The past decades, research in wind turbine aeroelasticity has increased remarkably. Multiple shape optimiza-
tion studies are conducted to optimize wind turbines in terms of cost of energy (CoE) in order to be more
competitive with other energy resources (A. Chehouri and Perron, 2015; Kenway and Martins, 2008). This
has led to the usage of composite materials that provide elastic couplings in the blade. The rise of larger and
smarter (e.g. elastic coupling) blade designs may increase the blade’s proclivity to flutter. In 2004, (Lobitz,
2004) already reported that the flutter speed of MW-rated wind turbines has decreased to twice the opera-
tional speed. This emphasizes the need for good aeroelasticity models in order to assess the probability of
instabilities early on in the design stage. Since then, an increasing amount of effort has put in the develop-
ment of good wind turbine aeroelasticity models.

RELEVANT INSTABILITIES

Section 2.1.1 has already given a brief introduction about aeroelasticity and types of aeroelastic instabilities.
However, not each instability is even likely to occur for wind turbines. (Holierhoek, 2013) has written an arti-
cle about possible aeroelastic instabilities for wind turbines, from which the most relevant are discussed here.

Divergence in the torsional degree of freedom can only occur if the torsional stiffness is so low that the cen-
trifugal twisting moment, induced by the flapping motion of the blade, is sufficient to drive the wind turbine
blade into stall. However, this is only the case if there is a pitch-link failure, whereby the torsional stiffness
completely disappears (Holierhoek, 2013). As pointed out by (Pavel and Schoones, 1999), this instability has
not occurred yet for wind turbines. However, it should be checked, especially for large wind turbines.

Throughout years of research, it turned out that the edgewise instability is a critical instability, especially for
stall-regulated wind turbines. Edgewise blade modes are aerodynamically very low damped (Hansen et al.,
2006). The working principle of the edgewise instability is very simple. Figure 2.2 shows the aerodynamic
damping coefficient as function of the vibration direction. The rotating airfoil section is harmonically trans-
lated along the axis xB , relative to the rotor plane, xR , with angle θRB . The graphs show that for vibrational
directions close to 0◦, which corresponds to edgewise vibrations, the aerodynamic damping coefficient is
negative, independently of the inflow speed. In contrast to edgewise vibrations, the aerodynamic damping
coefficient for flapwise motion depends on the inflow speed.

(Hansen et al., 2006) also clarifies that the edgewise instability often couples with tower modes increasing
its response with some orders of magnitude. This conclusion is drawn after comparing the power spectral
densities of a turbine with a flexible tower and a stiff tower. It turned out that the spectral densities of the
tower lateral bending moment for the case with flexible tower show a distinct peak at the frequency of the
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Figure 2.2: The aerodynamic damping coefficient for a rotating airfoil as function of the vibration direction θRB for three different
inflow speeds (Madsen and Rasmussen, 1998)

first edgewise blade bending mode. Hence, in order to capture the full effects on the edgewise vibration, the
tower must be included in the model.
The last instability that will be discussed is flutter. This instability is a well-known instability for aircraft. It
is expected that the flutter speed will continuously decrease as the size of wind turbines grow (Lobitz, 2004).
The flutter instability is a classical example of a mode-coupled instability involving two DOF’s of the blade,
namely flapwise bending and torsion. The flutter speed decreases as the frequency of these modes approach
each other. Flutter is an extremely damaging instability as it develops itself within seconds.

A distinction must be made between two types of flutter: stall flutter and classical flutter (Hansen, 2007). Stall
flutter involves only the first torsional mode. This instability only occurs for wind turbines operating near stall
as the name says.

Assume a wind turbine already operating in stall that is exposed to a gust. The sudden increase in angle of
attack decreases the aerodynamic loading, which in turn decreases the angle of attack again. For a smaller
angle of attach the force will rise, which may result in an unstable cycle. Vibrations induced by stall can also
occur in different directions. There are three parameters that dominate the risk of stall-induced vibrations:
(Hansen, 2007):

• Airfoil characteristics: A sudden and sharp change in lift slope increases the probability of stall-induced
vibrations.

• Direction of vibration: Figure 2.2 already showed that certain vibration directions are less damped.

• Structural damping: A negative aerodynamic damping could be compensated by structural damping.
However, the use of advanced carbon-epoxy composite systems has reduced the structural damping of
blades (Chortis et al., 2007).

Most commercial wind turbines have shifted to active-pitch-regulated systems preventing the wind turbine
of operating in stall. The risk of stall-induced vibrations is therefore reduced significantly. However, classical
flutter still forms a risk for long and slender wind turbine blades if the eigenfrequencies of torsional modes
and bending modes approach each other. In contrast to stall-induced vibrations, stall flutter can not be
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damped by structural damping as it is a more severe instability. Classical flutter may occur if the following
four criteria are satisfied:

• Attached flow: An increase in angle of attack must induce a rise in lift.

• High tip speeds: High flow velocities ensure sufficient energy in the aerodynamic forces.

• Low stiffness: Both the torsional mode and flapwise bending mode must have a low frequency in order
to couple.

• Aft position of the center of gravity: To ensure the right phasing between torsion and bending, the
center of gravity must be aft of the aerodynamic center, especially towards the outboard region of the
blade.

There are more parameters that influence the flutter limit, but the aforementioned criteria are fundamental.
Although, rotor speeds are limited due to noise considerations, it can be concluded that classical flutter is
most likely to occur for large flexible blades operating at rated conditions or in overspeed.

2.2. HIGH-FIDELITY AEROELASTIC CODES
As mentioned in the introduction, common wind turbine modelling approaches used by industry do not have
the capability to solve highly three-dimensional, nonlinear and unsteady flows. For the aeroelastic analysis of
wind turbines, methods are needed that are able to handle complex time-dependent flow phenomena, such
as gusts and flow separation. This has led to the research of FSI models including higher-fidelity aerodynamic
models, from which some are discussed in this section.

At full scale, coupled FSI simulations are essential for accurate modelling of wind turbines (Bazilevs et al.,
2011b). The motion and deformation of wind turbine blades depends on the total air flow over the blade,
while the air flow depends on the shape, position and movement of the wind turbine blades. (Bazilevs et al.,
2011b) were the first to attempt a coupled FSI simulation of a full-scale wind turbine rotor for aeroelastic anal-
ysis. They used a low-order finite element Arbitrary Lagrangian-Eulerian Variational Multi-scale technique
for the aerodynamics, which is a moving domain extension of the residual-based Variational Multi-Scale for-
mulation of the NS equations. This aerodynamic solver is coupled to a structure solver that discretizes the
wind turbine blades as thin composite shells using a Non-Uniform Rational B-Splines(NURBS)-based Isoge-
ometric Analysis. The thin composite shells should approximate the surface of the wind turbine blade closely.
The structural and aerodynamic model were tightly coupled and the aeroelastic equations are solved using a
block-iterative process.

In order to validate their computational framework, they simulated the NREL 5-MW reference wind turbine
rotor. The NREL 5-MW turbine is developed to support concept studies aiming to assess off shore wind tech-
nology. The results showed a good prediction of the torque and the blade tip deflection compared to the
values from the technical report from NREL (Jonkman et al., 2009). In this study, periodic boundary condi-
tions were used, so only one blade and one-third of the hub had to be modelled to reduce the simulation
space. Therefore, this method is incapable of incorporating unsteady effects, like wind shear and tower-rotor
interaction. In the future, they intend to include the tower in the simulation, because the presence of the
tower will change the aerodynamics and consequently the blade loading.

In 2012, (Hsu and Bazilevs, 2012) conducted a proceeding study using the same models, but now simulated
the full NREL 5-MW wind turbine. Because of the presence of the tower, the environment of the rotor is not
periodic any more causing the periodic boundary conditions to be not valid anymore. In order to solve this,
the complete geometry of the wind turbine had to be included in the aerodynamic mesh. Coupling between
the stationary and rotating domains was performed using a sliding interface that imposed the kinematic and
traction continuity at the rotating and stationary sub domains. The results of this study show that the pres-
ence of the tower has a great influence on the aerodynamic loads of the rotor. Due to the blades passing the
tower, a significant drop in the aerodynamic torque is encountered by the blades. The interference between
the tower and rotor creates a cyclic loading, which causes a variability in the deformation and loading of the
individual blades. The non-symmetrical deformations of the blades also induced eccentric loads on the hub.
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(Guo et al., 2013) proposed a CFD-CSD method that can be used for the aeroelastic analysis of large wind
turbines. The unsteady NS equations are solved using a dual time-stepping approach after the space is dis-
cretized using a finite volume scheme. Low-Mach number preconditioning is applied to improve the accu-
racy and speeds up the numerical convergence. The preconditioning is done by multiplying the time deriva-
tive with a preconditioning matrix. The fluid model they opted for was the Spalart-Allmaras (S-A) based
Detached-Eddy Simulation (DES) model, which was employed to predict separated flows with high accuracy.
For the structural model they used a 1D beam model that is solved with a predictor-corrector scheme. The
system is tightly coupled, which means that sub iterations within each time step are used to ensure conver-
gence. Only the hub-blades configuration of the NH1500 wind turbine is simulated. The results were verified
with a wake-vortex simulation of the same configuration. The results show good agreement with the wake-
vortex model. Future work should consider interaction with the tower and different wind conditions.

Sandia National Laboratories (SNL) Wind Energy Technology Department has performed several studies to
create and evaluate large wind turbine blades for horizontal axis wind turbines to promote designs that are
more efficient in aerodynamic, structural and economical aspects (Griffith and Ashwill, 2011). The aim is to
deliver a 100-m reference blade design for a rated 13.2-MW wind turbine. The same researchers that devel-
oped this blade conducted an aeroelastic analysis of their own blade (Corson et al., 2012). The commercially
available flow solver called AcuSolve was used to solve the aerodynamics. For the steady-state simulation,
Reynolds-averaged Navier-Stokes (RANS) simulations with a S-A turbulence model were used and for the
transient simulations a Delayed-Detached Eddy Simulation (DDES) was applied. The structural dynamics of
the blade were modelled in RADIOSS (a finite element package), where the blade is discretized using shell
elements. Only a single blade is considered in the steady-state simulations, whereby the deformation of
the blade is modelled by a superposition of a number of independent vibration modes. The results were
compared with results from WT_perf(Platt and Buhl, 2012) and FAST (Jonkman and Buhl, 2005) simulations.
The steady-state results were in reasonable agreement with the latter codes. However, the thrust, bending
moment and tip displacement showed deviations in comparison to the FAST results. Apparently, other re-
searchers (Resor et al., 2010) also documented that the FAST code delivered over-estimated values for these
quantities. An explanation is that the induction factor is largely underestimated, which results in higher an-
gles of attack and thus higher aerodynamic loads and thrust.
According to initial calculations performed by SNL using the Lobitz approach, the blade design has little
margins to flutter. The analysis resulted in a predicted flutter speed of 1.0-1.1 times the maximum rated rotor
speed. The CFD-based technique was also used to attempt to predict the flutter speed. But unfortunately, the
method proved to be unsuitable to find the flutter speed.

(Yu and Kwon, 2013) developed a CFD-CSD aeroelastic code in a slightly different fashion. The flow is mod-
elled by the incompressible RANS equations. The flow domain is discretized using a vertex-centred finite-
volume method on an unstructured mesh. To allow the turbulent eddy viscosity to be determined, the κ-ω
SST model was used. The simulations performed covered calculations for both the rotor-alone configuration
and the full wind turbine. The elastic deformation of the wind turbine blades was computed using a FEM-
based CSD solver adopting a nonlinear coupled flap-lag-torsion beam theory model. The data exchange
between the structure and flow solver is based on a loosely-coupled methodology. A steady and dynamic
aeroelastic analysis were performed on the 5-MW reference wind turbine and compared with the design
values, which were obtained using a FAST Aerodyn simulation. The torsional deformation remained un-
verified, as it showed significant deviations from the design values. This could be due to the inability of the
Blade-Element Momentum (BEM)-based model (FAST Aerodyn) to predict the aerodynamic pitching mo-
ment accurately. The research group continued their study by performing an unsteady analysis including
gravitational forces, interference with the tower and rotor shaft tilt. They concluded that the coupled CFD-
CSD method can predict the elastic deformations and unsteady aerodynamic loads with good accuracy.

(Carrión et al., 2014) have developed a tightly-coupled CFD-CSD code and applied it to two wind turbine
models for an aeroelastic analysis. As fluid model, the compressible Helicopter Multi-Block RANS solver was
used. To determine the structural deformations, the mode shapes of a finite element cantilever beam were
used. The mesh adaptation is performed in three steps. The blade surface is deformed using the Constant
Volume Tetrahedron method. The vertices of the multi-block grid are displaced using spring analogy, after
which the grid is generated using transfinite interpolation. The coupling between the moving rotor and sta-
tionary tower was executed by a sliding plane. The simulations were performed on the NREL Phase IV and
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MEXICO wind turbine, which both are small-scaled wind turbine models with a rotor diameter of 4.5 and
10 meter respectively. It must be mentioned that due to the small scale of these models, the aeroelastic ef-
fects encountered are not of the scale of full-scale wind turbines. Both static and dynamic simulations were
performed, whereby two types of aeroelastic methods were implemented into the flow solver:

• A decoupled method suitable for steady-state problems, where the aerodynamic loads from the CFD
solver were implemented into the CSD solver.

• A dynamic tightly coupled method for more complex unsteady problems; structure solver and flow
solver are solved simultaneously. The blade deformation is a combination of the eigenvectors of the
blade and is updated every time step. To obtain the eigenmode shapes and eigenfrequencies theNASTRAN
solver is employed.

The results showed that the aeroelastic effects were larger for the more flexible blade (NREL Phase IV), which
confirms the importance of aeroelastic analysis for extreme scale wind turbines with flexible blades.

The use of high-fidelity FSI methods for the aeroelastic modelling of large wind turbines has been introduced
by (Hsu and Bazilevs, 2012) in 2011. Regarding the previously conducted aeroelastic studies, it is hard to
draw solid conclusions about what methodology performs best in aeroelastic analysis of extreme scale wind
turbines. Nonetheless some important information can be obtained from those studies. The multi-physics
modelling strategy consists of multiple sub models, each taking care of its part within the overall physics. The
FSI models usually consist of the following sub models: fluid model, structure model, mesh-deformation al-
gorithm, time-coupling model and space-discretization model. For each sub model, different techniques are
available that each have their advantages and disadvantages.
Some commonalities can be deduced from the discussed methodologies. It appears that (U)RANS and DES
are the most commonly used fluid models. Besides, most frameworks use a strongly-coupled FSI approach
to ensure a certain level of convergence at the end of each time step.
In the following sections, the choice per sub model will be discussed elaborately.

2.3. FLUID MODELS

2.3.1. HISTORICAL BACKGROUND
Through the years many fluid models have been developed, from which only a few are actually used in indus-
trial codes. (Hansen et al., 2006) composed a comprehensive review of wind turbine aeroelasticity, including
different type of aerodynamic models.

The actuator disc model may be the oldest method to assess the aerodynamic performance of wind turbines.
The model is based on the one-dimensional conservation equations as originally formulated by (Rankine,
1865) and (Froude, 1889). The geometry and the viscous flow over the blades is not resolved, but the swept
area of the blade is replaced by surface forces acting upon the incoming flow. Combining the method with
blade-element analysis has resulted in the commonly known BEM theory. Later developments have led to
the integration of actuator discs in the NS or Euler equations (Lavaroni et al., 2014). These CFD models can
be used to analyze different wake states of a wind turbine, the interaction of wind turbines within a wind farm
or the effect of the thermal stratification within the athmospheric boundary layer.

BEM is the most commonly used aerodynamic model to determine the loads on a wind turbine. It has earned
its popularity due to its computational efficiency and simplicity. The first version of BEM was introduced
by (Glauert, 1935) and consisted of a combination of one-dimensional momentum theory and blade element
theory to obtain the loading over the span of the blades. However, the formulation of the governing equations
contains a number of assumptions that greatly limits the method (e.g. steady flow). Over the years, different
correction models have been developed to improve the method for its deficiencies, such as the dynamic wake
model (Snel and Schepers, 1995), yaw/tilt model (Schepers and Snel, 1995) and dynamic stall model (Hansen
et al., 2004). However, BEM still contains some major drawbacks, which even become more prominent with
the rise of continuously growing blade designs. For structural reasons, thick airfoil profiles are used at the
inboard section of the blades. It is difficult to obtain good and reliable airfoil data for these profiles, even for
low angles of attack. Besides, because of the rotation of the wind turbine, the boundary layer is subjected to
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centrifugal and Coriolis forces, which alters the two-dimensional airfoil characteristics obtained from wind
tunnel testing.

Many three-dimensional inviscid aerodynamic models are developed as an attempt to capture the three-
dimensional flow development around wind turbines more accurately. The lack of inclusion of viscous effects
restrains the usage of such models on wind turbines. However, it contributes greatly in obtaining a better de-
scription of the dynamic inflow and overall flow development over and past the wind turbine. Including a
model for the three-dimensional boundary layer flow would enhance the predictive capability of such meth-
ods considerably (Van Garrel, 2016). There are some examples of methods where boundary layer equations
are coupled to a three-dimensional inviscid flow field representation using the Euler equations (Sørensen
et al., 1986; Mughal, 2005). However, these methods have not yet reached the maturity as the models used in
industrial practices.

The previous referred models have one common advantage over NS methods. They are relatively cheap re-
garding computing times. On the other hand, NS solvers contain more physics and do not depend on empir-
ical models. They are superior in the detailed investigation of flow phenomena that can not be assessed by
the simpler and less computationally expensive methods described above. The NS equations can be solved
using different modelling strategies, which will be discussed in the upcoming sections.

2.3.2. RANS MODELLING
The most common approach to solve the NS equations is by time-averaging the governing equations resulting
in the Reynolds-averaged Navier-Stokes (RANS) equations. The time-averaged quantity of the flow variables
can be mathematically expressed as:

φ(x) = lim
T→∞

1

T

∫ T

0
φ(x, t )d t (2.3)

Where φ denotes the corresponding flow variable.
All instantaneous flow variables are decomposed into a mean and fluctuating part:

φ=φ+φ′ (2.4)

Here φ is the mean part and φ′ is the fluctuating part of the flow variable.
Since the RANS solves steady flow, an alternative model is required to solve for unsteady aerodynamics. Un-
steady RANS (URANS) is a slightly adapted scheme that is able to perform transient simulations:

φ=φ+φ′+φ′′ (2.5)

Here φ is the steady part of the mean flow, φ′ denotes the resolved unsteady part and φ′′ is the modelled
turbulence.
The origin of most CFD codes lies in the aerospace industry, hence most codes are based on the compressible
NS equations. The compressible NS equations can be defined as follows:

∂ρ

∂t
+ ∂ρui

∂xi
= 0 (2.6a)

∂ρui

∂t
+ ∂ρui u j

∂x j
= ρ fi − ∂p

∂xi
+ ∂τi j

∂x j
(2.6b)

∂ρ(e + 1
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2 ui ui )

∂x j
= ρui fi +

∂u jτ j i

∂x j
+Q̇ − ∂q j

∂x j
(2.6c)

Here ρ is the density, ui is the flow velocity in the i-th direction, t is the time, fi are body forces, p is the
pressure, e is the internal energy, h is the specific enthalpy, τi j is the stress tensor of a Newtonian fluid:

τi j = 2µ
(
si j + 1

3δi j
∂uk
∂xk

)
, where the stress-rate tensor si j is given as si j = 1

2

( ∂ui
∂x j

+ ∂u j

∂xi

)
and the convective heat

flux q j is found from Fourier’s law: q j = κ ∂T
∂x j

, where κ is the heat-conduction coefficient.

The compressible NS equations have to be averaged in slightly different fashion. When the incompressible NS
equations are time-averaged, the Reynolds stress tensor originates in the momentum equations and needs
to be closed. Time-averaging of the compressible flow equations results in a triple correlation involving ρ′, u′
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and v ′, increasing the complexity of the closure problem. Hence, it would be sufficient to simplify the aver-
aging problem. Instead of applying time-averaging, so-called Favre-averaging or density-weighted averaging
(Favre, 1965) is applied:

φ̃= ρφ

ρ
(2.7)

The instantaneous flow variables from the NS equations are now defined as:

φ= φ̃+φ′′ (2.8)

The density is time-averaged: ρ = ρ+ρ′.
Applying the Favre-averaging to the compressible NS equations yields:
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(2.9c)

The last term from the momentum equation, Ri j = ρu′′
i u′′

j is the Favre-averaged Reynolds stress tensor. This

additional term can be modelled with different closure models.

Compressible RANS codes are designed to solve flows in the subsonic and transonic regime, however the
flow velocities over a wind turbine does not come close to those speeds. Especially at the blade’s root the
local Mach numbers are expected to be low. The solver could have convergence problems if Mach numbers
become below 0.1 (Tweedt et al., 1997). If so, most solvers have the capability of applying low-Mach precon-
ditioning. The system of eigenvalues is changed by pre-multiplying the time derivatives by a matrix, which
decreases the acoustic wave speed in the equations (Turkel et al., 1996), assuring good convergence proper-
ties at all speeds.

TURBULENCE MODELLING

As mentioned in the previous section, averaging of the NS equations leads to additional unknowns that must
be solved with additional equations. These additional equations are called closure formulas. The number of
equations that have to be solved to find the values of these additional terms determine the complexity of the
turbulence model. Many turbulence models are based on the Boussinesq hypothesis. In 1877, Boussinesq
proposed (Boussinesq, 1877) that the Reynolds stresses could be linked to the mean rate of deformation,
which is consequently linked to the viscosity:

Ri j =−ρτi j =−ρu′
i u′

j = ρνt
(∂ui

∂x j
+ ∂u j

∂xi

)
(2.10)

Here νt is the eddy viscosity that has the same dimensions as molecular viscosity.
Over the years many turbulence models are developed that determine the eddy viscosity. The most basic
turbulence models are described as algebraic (Wilcox, 2006). For computational simplicity, the eddy viscosity
is often defined in terms of a mixing length. (Prandtl, 1926) described that the mixing length is the distance
that a fluid parcel keeps it original characteristics before dispersing them into the surrounding fluid. The
Cebeci-Smith model, Johnson-King model and Baldwin-Lomax model are examples of modern variants of
the mixing length model that all make a distinction in eddy viscosity modelling between the inner and outer
layer of the boundary layer. These models are very simple and rarely cause strange numerical difficulties
(Wilcox, 2006). However, since these models are incomplete, certain closure coefficients must be defined be-
forehand. Hence, they are only suitable for type of flows where they are fine-tuned for. They will not work
sufficiently if it is required to extrapolate beyond the established data base where the model is calibrated for.
All three models provide good skin friction and velocity profiles for incompressible boundary layer, where the
pressure gradients are not too strong. Neither model is able to predict separated flows accurately.
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For all models that are discussed here, the Boussinesq approximation is assumed valid:

τi j = 2νt Si j − 2

3
kδi j (2.11)

Here Si j is the mean strain-rate tensor,k is the turbulent kinetic energy and τi j is the specific Reynolds-stress
tensor.
As computers have increased power, more complex turbulence models have been introduced that are based
upon the equation for turbulent kinetic energy or a postulated equation of the eddy viscosity. One of these
two equations is incorporated in these models to introduce non-local and flow history effects in the eddy
viscosity. The transport equation for turbulence kinetic energy is defined as follows:
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Where ε is the dissipation per unit mass: ε= ∂u′
i

∂xk

∂u′
i

∂xk
.

The so-called one-equation and two-equation turbulence models are used to close the transport equation of
turbulence kinetic energy or eddy viscosity. One-equation models that solve the turbulence kinetic energy
equation are incomplete, since the dissipation term in the equation is unknown. Although two-equation tur-
bulence models have recently become more popular, the S-A model (Spalart, 2000) is very promising. This
model solves the transport equation for the eddy viscosity and is complete in the sense that it involves no ad-
justable functions or coefficients. The S-A predictions are quite satisfactory for a wide range of flows, however
it fails in accurately reproduce the correct jet spreading wakes, which gives concerns regarding the analysis
of wakes. Universal models that are better capable of reproducing separated flows, are two-equation models
that do not only account for the computation of the turbulence kinetic energy but also for the turbulence
length scale or an equivalent.

The first two-equation model is the k−εmodel (Launder and Spalding, 1972), which is based on the transport
equations of the turbulence kinetic energy k and the dissipation ε. Contrary to the S-A model, this model is
superior in predicting the spreading of turbulence in already turbulent flow. Unfortunately, it has problems
with predicting flow separation accurately. Therefore the model would be rather unreliable in predicting the
flow over thick, strong curved surfaces such as the inboard profiles of a wind turbine blade. Besides, it is
extremely difficult to integrate the model over the viscous sublayer. Viscous corrections must be made to
reproduce the law of the wall in an incompressible flat-plate boundary layer.
The second model is the k−ωmodel (Wilcox, 1988). This model is almost the same as the k−εmodel, but the
small difference between both models has a large effect. The transport equation for the dissipation rate ε is
replaced with the transport equation for the specific dissipation rateω. It is more beneficial to use this model
as it is significantly more accurate in describing two-dimensional boundary layers with either favorable or
adverse pressure gradients. The k −ω model is improved for low Reynolds number flows, compressibility
and shear flow spreading. Its drawback is that the solution for free-shear flows is very dependent on the
freestream value of ω.
It is well known that the two above named models have their advantages and disadvantages. The k −ε model
is not able to predict boundary-layer flow with high adverse pressure gradients, while the k −ω model has
problems with predicting free-shear flows accurately (Menter, 1992). In order to obtain a superior turbu-
lence model, the two above mentioned models are blended. The SST k-ω model combines the best of two
worlds. The use of the k-ω model at the inner parts of the boundary layer makes the model directly usable
to describe the viscous sublayer without using viscous corrections. The Shear-Stress Transport formulation
(SST) switches to the k-ε model in the freestream and therefore avoids the dependency of the solution on
the freestream turbulence properties. The model produces a bit too high turbulence levels in regions of large
normal strains (e.g. stagnation points), but this effect is less pronounced as with the standard k-ε model.

(Sørensen et al., 2002) simulated the NREL Phase VI rotor using the SST k-ω model and concluded that the
results satisfied the experimental data for most cases except for medium wind speeds. Under these wind
speeds massive flow separation and flow transition occurred. The SST k-ω model can also be an excellent
platform for the addition of transitional models, such as the γ−Reθt model, which significantly enhances the
performance at inboard regions (Moshfeghi et al., 2012).
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An alternative approach to resolve the free-stream dependency of the k-ω is proposed by (Kok, 2000). The
theoretical analysis in this study has derived a new set of constraints which the diffusion coefficients must
satisfy to resolve the problem. A new set of diffusion coefficients is chosen accordingly and it is proven that
they allow an accurate near-wall solution for constant-pressure boundary layers without the introduction of
blending functions or computing the wall-distance. The modified turbulence model is known as the k-ω TNT
model.

A more sophisticated approach that uses an alternate relation to the linear-Boussinesq approximation, is
the Explicit-Algebraic Reynolds-Stress Model (EARSM). The nonlinear constitutive modelling is discussed in
more detail in the following article (Hellsten, 2019). This constitutive relation for the Reynolds stress tensor
can be coupled to any two-equation model platform (EDGE, 2010). (Hellsten, 2019) proposed an EARSM
k−ω turbulence model. The EARSM approximation is not perfectly valid in strongly curvature or fastly rotat-
ing flows. However, due to the incorporation of the anisotropy term, improvements over the reference models
were achieved in predicting mildly separated flows, and the evolution and merger of wakes.

All above described turbulence models are available in ENSOLV, except for the S-A and k-εmodel. It is chosen
to use either the SST k-ω or EARSM k-ω model. Both turbulence models are good in predicting mildly sep-
arated flows and therefore are suitable of simulating wind turbine blades with thick inboard cross-sections.
However, it is reported that the EARSM k-ω behaves poorly in rapidly rotating flows and flows over strong-
curved surfaces (Wallin and Johansson, 2002). Hence, a slight preference in using the SST k-ωmodel is devel-
oped.

2.3.3. LES MODELLING

Large-Eddy Simulation (LES) is an alternative method to solve the NS equations using spatial filters, resolv-
ing a part of the turbulence length scales (RANS models the full turbulence spectrum). For this reason, LES
is better in capturing large turbulent flow structures than RANS. As smaller turbulent length scales are more
universal, they are easier to model and therefore subgrid-scale (SGS) modelling is applied in these flow re-
gions. Since small-scale turbulence only has a small influence on the large resolved turbulent structures, the
error introduced by the modeling is low.

(Spalart, 2000) wrote a paper to clarify the many levels of fidelity for the numerical prediction of turbulent
flow over a large body like a complete airplane, car or turbine. He stated that turbulence predictions face two
primary challenges:

• The growth and the separation of the boundary layer.

• The momentum transfer after separation.

The first challenge is rather simple, but requires large accuracy. It appears that more complex models do not
obtain a large advantage over lower-fidelity methods in predicting the development of the boundary layer.
For the second challenge, newer strategies with complex time-dependent RANS or hybrid RANS-LES models
are embedded. Some studies investigated the effect of grid refinement on the numerical error, while other
studies aimed at introducing richer physics in the models. LES is not considered to solve the full flow domain
around a wind turbine, as it is still computationally unaffordable in large simulation spaces. To alleviate the
tension between predicting power and computing power, many hybrid models are developed that combine
LES and RANS.

Spalart proposed a method, called Detached Eddy Simulation (DES) (Spalart et al., 1997), that combines
RANS and LES into an hybrid model using the S-A turbulence model as cornerstone. The DES method is a
non-zonal approach that switches between models based on the turbulence length scale and the grid spac-

ing. The S-A turbulence model contains a destruction term for the eddy viscosity ν̃, which scales with ( ν̃d )
2

,
where d is the distance to the closest wall. When the destruction term is balanced by the production term,
the eddy viscosity scales with the deformation rate and the distance to the wall: ν̃∝ Sd 2. The Smagorinksy
model scales it SGS eddy viscosity with: νSGS ∝ S∆2, where ∆ is the largest grid spacing in one of three direc-
tions. Thus if d is replaced by ∆, the S-A model can also serve as SGS model.
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Intuitively, there may originate a problem where d and ∆ are of the same order, which is also known as the
"grey area". The model will switch from RANS to LES, while the resolved turbulence does not balance the
reduction in modelled eddy viscosity (Gritskevich et al., 2012). This numerical flaw is called Model-Stress
Depletion (MSD). It could lead to nonphysical behavior, such as an underestimation of the skin friction,
which would result in a shift of the separation line. This flow effect is called Grid-Induced Separation as it
depends on the grid spacing and not on the actual flow physics. To overcome this problems, Spalart pro-
posed the introduction of a shielding function that protects the RANS formulation for the DES formulation
in wall bounded boundary layers. The modified formulation of DES is called Delayed Detached Eddy Simu-
lation (DDES)(Spalart et al., 2006).

NLR has also developed a hybrid model that varies slightly from DES and DDES. The Extra-Large Eddy Sim-
ulation (X-LES) method applies a non-zonal treatment to combine RANS and LES using a single turbulence
kinetic energy equation (De Cock et al., 2004). In most RANS-LES models it is difficult to define a smooth
transition at the interface of both models. RANS often uses time-averaging, while LES uses spatial filters to
split the turbulence length scales. Most hybrid RANS-LES methods employ these two filters in different re-
gions of the flow domain leading to a discrepancy in the exact definition of the flow variables. In particular,
the turbulent kinetic energy is defined differently, which may cause a wrong coupling at the interface. To
overcome this problem, a temporal filter can be used in the LES formulation. However, a drawback is that the
subgrid stresses are not Galilean invariant anymore. Hence, temporal filtering can only be applied where the
flow resembles free-shear flow. The model switches from LES to RANS when the turbulent time scales are too
small to be resolved by the temporally filtered flow solution.

LES-based methods are superior in predicting separated flows. However, they require very high grid stan-
dards and therefore are computationally very expensive for large-domain simulations. Besides, previous
studies have shown that RANS delivers sufficient accuracy in wind turbine aerodynamics. For that reason,
it is chosen to use RANS as fluid model in this study.

2.4. STRUCTURAL MODELS
In this section, an overview of different structural models implemented in aeroelastic models is given. In
general, first a low-fidelity structural model is used to calculate the structural response of a wind turbine. At
a later stage, a high-fidelity structural model can be used to calculate the internal stresses throughout the
different laminate layers and perform buckling analyses.

From section 2.2, it can be concluded that the most used structural solvers are: the 1D modal approach and
beam models (both linear and nonlinear). This section elaborates on the principles and performance of these
models. The Multi-Body Dynamics approach is omitted from the literature review, since it is mainly used to
define the interaction between different components, while this study focuses on the isolated wind turbine
rotor (two blades and hub).

2.4.1. BEAM MODELS

Two widely used linear beam models are the Timoshenko beam and the Euler-Bernouilli beam. These mod-
els contain the assumption of small deformations. Structural modelling of wind turbines is often based on
classical beam theory (Riziotis and Voutsinas, 1997; Hansen and Laino, 1997). This is due the fact that wind
turbine blades are more rigid than helicopter blades and therefore have a higher stiffness. However, Hansen
et al. stated that if wind turbine blades become longer and more flexible, it can become necessary to adopt
second-order nonlinear beam theory (Hansen et al., 2006).

(Larsen and Hansen, 2004) presented three modifications to the structural part of the aeroelastic code HAWC
to account for nonlinear effects (Horizontal-Axis Wind Turbine Code). HAWC is an aeroelastic code consisting
of different subpackages, each dealing with a specific part of the wind turbine. The main program of HAWC
is the structural model, which is a FEM model using Timoshenko beam elements. Each substructure (e.g.
tower and blades) is built up from these 1D beam elements. The sub-structure model only accounts for
linear deflections and the loads are placed on the undeformed state of the beam elements. This could result
in inaccurate computations of the pitching moment for a deflected blade (Larsen and Hansen, 2004). In
deflected state, a significant moment arm to the pitching axis is created, producing a large contribution to
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the total pitching moment. Therefore the model is not valid for large rotations and displacements. Larsen et
al. applied the following three modifications to the HAWC code and evaluated the result:

• The calculation basis of the displacements is changed from an undeformed state to an initially de-
formed state.

• A multi-body formulation is adopted. The coupling between the bodies is defined using coupling func-
tions. Due to the coupling of multiple linear beams, the total system of bodies is able to account for
large displacements and rotations.

• A local reference frame is assigned to each beam element, such that within that frame the displace-
ments are small (and linear).

In recent years also a lot of research is dedicated to the development of nonlinear beam models. These mod-
els do not require modifications to account for large rotations or deformations. An extensively investigated
nonlinear beam model is the geometrically exact beam theory (GEBT) (Hodges, 2003; Jelenić and Crisfield,
1999), in which the deformed state of the blade is determined exactly.

(Yu and Kwon, 2013) and (Carrión et al., 2014) have implemented nonlinear beam theory in their aeroelastic
frameworks. Carrion et al. used the commercial finite element solver Nastran to perform the structural
calculations. However, it is not possible to draw any conclusions about the performance of the nonlinear
beam model, since no aeroelastic data is available from the experiments. Besides, since both wind turbine
models are quite stiff, the deformations are small and presumably nonlinear effects are not significant. In
the study of (Yu and Kwon, 2013), it is observed that the static aeroelastic deformations of the reference wind
turbine compare well with the design values predicted by the FAST AeroDyn method.

2.4.2. LINEAR MODAL THEORY
Using modal theory is an effective way to describe the deflection of flexible bodies, while reducing the num-
ber of DOF’s. The deflection shape is described as a linear combination of a few, but realistic basic func-
tions, which are often the deflection shapes (eigenmodes) corresponding to the lowest eigenfrequencies of
the structure (Hansen et al., 2006). The superposition of the eigenmodes of a system could describe the dy-
namic behavior of the system. Only a limited number of eigenmodes have to be included in the analysis,
since it can be assumed that high-frequency modes are strongly damped. It should be noted that the num-
ber of included modes should be chosen wisely in order to obtain accurate responses. Besides, the method
is only valid for small displacements as the superposition of mode shapes is based on linear theory. The
displacements of the structure can be defined as follows:

∆x(x, y, z, t ) =
n∑

i=1
hi(x, y, z)qi (t ) (2.13)

Where hi is the modal shape of the i-th mode and qi is the corresponding generalized coordinate.

In most commercial codes only the first three or four mode shapes are used per blade (Hansen et al., 2006),
leaving out the torsional mode. However, large flexible blades often have bending-torsion coupling to al-
leviate the loads at high wind speeds (Fedorov and Berggreen, 2014). Therefore, torsional modes become
increasingly important in the aeroelastic analysis of wind turbine blades.

(Guo et al., 2013) employed a modal approach to obtain the dynamic response of the wind turbine blade un-
der aerodynamic loading. A predictor-corrector scheme was used to solve the structural equations of motion,
enabling a tight coupling between aerodynamics and structural dynamics. The aeroelastic characteristics of
the wind turbine are analyzed by evaluating the generalized coordinate response and structure response in
the time domain. The study primarily focused on the performance of the fluid model, so no solid conclusions
can be drawn about the performance of the structural model.

It can be concluded that the modal approach would only be useful in dynamic aeroelastic analysis, where
the displacements are assumed small. Large static deflections will be most certainly not captured accurately
utilizing a limited number of mode shapes.
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2.4.3. 3D FEM

In 3D modelling, generally 2D composite shell elements or 3D solid elements are used which are capable of
describing the material characteristics of different composites through the element thickness. A correct de-
scription of the complex aerodynamic shape and complicated laminated structural layout of a wind turbine
requires the use of commercial finite element packages, such as Nastran (MSC Software Corporation, 2017).

However, processing the geometry in these packages is tedious and time-consuming. 3D FEM is an excellent
tool to examine the stress distributions within the material, but is somewhat redundant in aeroelastic analy-
sis. In case there is already a 3D FEM model available, it would give superior results, when coupling it to an
aerodynamic model. But still, it is questionable if it is profitable to use a structural model with so many DOF’s.

Commercial finite element solvers often have the feature of applying model reduction techniques in order
to reduce the number of DOF’s. (Flanigan, 1998) described three reduction approaches: Guyan reduction,
improved reduction system and dynamic reduction. The development of these reduction approaches origi-
nated from the necessity to verify FEM models with experiments. Generally, the FEM model has more DOF’s
than the test model contains accelerometers. Hence, the FEM model had to reduced to a Test-Analysis Model,
for which the DOF’s correspond one-on-one with the accelerometers on the test configuration.

The three reduction techniques reviewed differ in ease, accuracy and required computation resources. The
simplest reduction technique is the Guyan reduction method. The major advantage of this method is that
it is computationally very efficient and easy to implement. Guyan reduction is a standard option in the fi-
nite element codes Nastran and SDRC I-DEAS. The largest drawback is that the method does not account
for the mass effects of the omitted DOF. Therefore, this method is not suitable for structures with very high
mass/stiffness-ratios. Both other models are modified versions of the Guyan reduction approach including
a correction or approximation for the mass effects. However, these methods are computationally expensive
and need additional computational resources. In general, Guyan reduction is most used, because of its sim-
plicity and greater experience base.

Also, it has the characteristic of giving an exact formulation of the stiffness property. Hence, this technique
would very useful in static aeroelastic computations.

2.4.4. CLASSICAL LAMINATION THEORY

Most state-of-the-art wind turbine blades are made of sandwich laminates. Hence, it is worth the effort to
seek for structural modelling methods that are capable of describing the characteristics of composite lami-
nates. Classical Lamination theory (CLT) is a fast method that adopts some effective and reasonable accurate
simplifying assumptions that reduce the complex three-dimensional elasticity problem into a manageable
and solvable two-dimensional mechanics of deformable bodies problem (Kaw, 2006).

Nastran has the possibility to describe composite laminates ply-for-ply. Three methods are available that
model an entire stack of laminae with a single element and compute the matrices of elastic moduli of the
element automatically. The user guide of Nastran (MSC Software Corporation, 2017) describes the assump-
tions and the derivation of the structural equations using CLT elaborately.

We4Ce provided a 3D FEM model that is compatible with Nastran. No effort has been put in constructing a
different model.

2.5. FSI MODELS

One of the conclusions that can be drawn from section 2.2 is that aeroelastic model consists of different sub
models. In addition to the fluid and structural model, an aeroelastic model comprises of a spatial coupling
algorithm, mesh deformation algorithm, time integration scheme and time coupling scheme. Since, this
study is limited to the available modelling techniques in ENSOLV, only important aspects in the fluid-structure
coupling are mentioned.



18 2. LITERATURE REVIEW

2.5.1. MONOLITHIC VS. PARTITIONED APPROACH
There are two basic approaches to model the complete aeroelastic system: the partitioned and monolithic
approach. The monolithic approach solves one complete system that involves both structure and aerody-
namics. The partitioned approach solves the flow and structural equations separately and interchanges data
between them. A large disadvantage of the monolithic approach is that it is problem-specific and therefore
lacks a degree of flexibility. In turn, the partitioned approach needs additional models to couple both mod-
els, which is a source of errors. However, if it is used correctly, the partitioned approach is just as good as
monolithic approaches (Van Zuijlen, 2014). Moreover, the partitioned approach allows different structure of
aerodynamic models to be tested within the same overall framework.

ENSOLV incorporates a partitioned approach, where the simulation process is fully automated. The elasto-
mechanical information of the structure (i.e. mass and stiffness matrix or mode shapes) are computed in
advance using Nastran and are used in the structural equations to determine the structural response.

2.5.2. CONSISTENT VS. CONSERVATIVE APPROACH
In FSI simulations, the meshes at the interface of the flow and structure domain are usually non-matching
(see figure 2.3), since both models require different mesh requirements. Data exchange must be transferred
over the discrete interface. There are two common approaches in transferring data: the consistent approach
and conservative approach.

Pressure forces from the aerodynamic model has to be transferred to the structural mesh and, in turn, the
displacements of the structural model must be transferred to the aerodynamic mesh. The data exchange can
be defined as follows:

(ha) = [Gas ](hs) (2.14a)

(Fs) = [Gsa](Fa) (2.14b)

Here [Gas ] and [Gsa] are the interpolation matrices, h are the displacements and F are the forces or pressures.
The general opinion says that energy must be conserved over the interface (De Boer et al., 2008). The conservative-
coupling approach is based on the global conservation of virtual work. However, nonphysical oscillations of
the pressure forces might be transmitted to the structure mesh (Ahrem et al., 2001).

Figure 2.3: Non-matching interface for fluid and structure mesh (Bijl et al.,
2008)

These oscillations influence the accuracy
of the solution and can slow the conver-
gence process down, especially for flexi-
ble structures where the oscillations could
result in deviations in the displacement
of the fluid interface. The consistent-
coupling approach ensures that the inter-
polation keeps the sum of forces constant.
This leads to a transfer approach with-
out nonphysical pressure distributions over
the structure’s surface. However, the en-
ergy is not always conserved, but this does
not have to be a problem. In loosely-
coupled unsteady simulations, the tempo-
ral error (time-lag of structure’s response
to force changes) already causes the en-
ergy not to be conserved. So, if the error
of data transfer is significantly smaller than
the time-discretization errors, the accuracy
and stability of the solution will not be af-
fected.

Many different spatial-coupling algorithm are developed in the past decades. Neither these methods will be
discussed here.
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ENSOLV employs a three-dimensional volume-spline interpolation (VSI) based on biharmonical operators as
spatial-coupling method, which is both energy conserving and consistent (Hounjet and Meijer, 1995). How-
ever, it is not very economical to solve the associated equations to obtain the interpolation matrix. The num-
ber of support points should therefore be limited.

2.5.3. COUPLING IN TIME

When a partitioned system is supposed to perform transient simulations, it requires timing of the data ex-
change between the two disjoint fields. The information exchange must be carried out in a time-marching
manner, meaning that one model can not progress any further than the other model. However, this does not
imply that both models require the same time step.

Despite that the structural and aerodynamic equations are solved separately, the coupling of both models
allows to observe the coupled system as one system of nonlinear equations. Basically two approaches can
be found to solve the system of nonlinear equations in partitioned schemes: loosely-coupled and strongly-
coupled algorithms (De Boer, 2008). In loosely-coupled schemes the structure and fluid are only solved once
at each time step. This approach introduces an error due to the time-lag between both models, which could
give rise to numerical instabilities. Reducing the time step could prevent the solution to be unstable. Strongly-
coupled schemes introduce sub iterations within each time step, leading to a more robust coupling scheme.
Strongly-coupled approaches should in theory converge to the solution of a monolithic approach (Bijl et al.,
2008), where the equilibrium conditions at the interface are met in an exact manner.

There exist several time-coupling methods (e.g. Block-Jacobi, Gauss-Seidel, staggered schemes, ESDIRK
IMEX (Bijl et al., 2008; Van Zuijlen, 2014)) that all vary in efficiency and accuracy. A balance must be sought
between numerical accuracy and computational resources required to execute the coupling. Choosing a
scheme that allows to use large time steps is rewarding. Hence, fully-coupled explicit Runge-Kutta schemes
are not suited, since they require small time steps given their stability issues. Implicit time-integration schemes
have the characteristic of allowing larger time steps, however iterative schemes are required to solve the cou-
pled equations simultaneously (Prananta, 1999).

In order to avoid excessive computation times, a loosely-coupled staggered approach (see figure 2.4) is in-
corporated in ENSOLV. The coupling scheme is based on an extrapolation procedure of either the structural
displacements or aerodynamic forces to the next time step. The method allows to update the structure and
mesh within sub iterations, which transforms the coupling scheme into a strongly-coupled approach.

Figure 2.4: Caption
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2.5.4. TIME-INTEGRATION SCHEMES
In unsteady simulations the governing equations of structure and fluid must also be discretized in time. After
discretizing the solution domain in space, the system becomes semi-discrete, forming the following equation:

dW

d t
+R(W) = 0 (2.15)

Here W is a vector containing the discrete solution in the finite volume cells or finite element nodes and R is
a vector with the residuals of the equation that arose due to the spatial coupling of the governing equations.
The first term is continuous in time and should be discretized using an explicit or implicit time integration
scheme to fully discretize the governing equations. Explicit time-integration schemes only use the solution
of previous time steps to produce the solution at the next time step. These methods are very straightforward
in the sense that all information is readily available, however often small time steps are required to ensure
stability. Implicit-time integration schemes also include information from future states, hence it requires to
solve a system of equations each time step to determine the solution at the current time step. Therefore, these
schemes require more computational resources, but they allow to use larger time steps without dealing with
stability issues. Implicit schemes are popular because of their robustness.

ENSOLV uses the second-order backward difference method as time-integration scheme. The dual-time step-
ping method of (Jameson, 2012) is adopted to solve the system using fictitious time steps. The basic idea of
this approach is to introduce fictitious time steps into the computation, so that the unsteady problem be-
comes a quasi-steady problem. Each time step basically solves a steady-state problem. This solution scheme
is advantageous, because it gives the possibility to apply local time stepping and implicit methods for con-
vergence acceleration (Jameson, 2012).

2.5.5. MESH-DEFORMATION ALGORITHMS
High-fidelity flow solvers that are used in aeroelastic applications require the use of computational meshes
that deform as the structure is displaced. Wind turbine blades demand high robustness of the mesh-deformation
algorithm, because they are often flexible and reach displacements that are a significant fraction of their total
length. Besides, it is important that they are computationally cheap to mitigate the turn-around time of the
aeroelastic computations. Furthermore, the mesh-deformation algorithm must possess the characteristic to
keep the properties of the initial grid equally(e.g. grid distributions in the boundary layer).

In general two type of mesh-deformation strategies exist: point-by-point schemes and grid-connectivity-
schemes (Bijl et al., 2008). The former method moves each node individually based on its position in space,
while the latter exploits the connectivity of the internal grid points. Only the available mesh-deformation
techniques implemented in ENSOLV are discussed next.

TRANSFINITE INTERPOLATION

Transfinite interpolation (TFI) is known as an easy and efficient method to deform single-block or multi-
block structured grids. A multi-block grid is a collection of structured grids that fill the entire flow domain.
The internal nodes of the separate blocks are displaced by an interpolation from the displacements of the
boundary surface nodes along the grid lines. An additional method is required to move the corner vertices
and edges of the block, which are often located non-uniformly throughout the flow domain. Most TFI algo-
rithms are based on arclength, which preserve the characteristics of the initial two-or three-dimensional grid
(Bijl et al., 2008).

VOLUME-SPLINE INTERPOLATION METHOD

NLR conducted several studies that investigated different non-planar and planar interpolation techniques,
which can either be used for elasto-mechanical data transfer or mesh deformation. According to (Hounjet
and Meijer, 1995), the VSI method is the most promising method because it is easily coded, robust, auto-
matic and it is able to handle non-planar and non-smooth data. The VSI method is an extension of surface
spline interpolation satisfying the three-dimensional biharmonic equation or Laplacian equation. In essence,
the method based on the biharmonic operator is similar to the Laplacian variant, however the biharmonic
method is fourth-order where the Laplacian method is second-order. This means that two boundary condi-
tions at each boundary can be specified, which allows to control the cell size at the boundary and the stretch-
ing of cell sizes normal to the boundary. Hence, mesh-deformation techniques based on the Laplacian oper-
ator are not suitable for viscous flow problems around flexible structures with large deformations. Although,
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this method has numerous excellent properties, it is not economical to solve the governing equations, when
large grids are considered.

An hybrid method between three-dimensional VSI and TFI is used in ENSOLV, whereby the internal grid nodes
of each block are displaced using TFI. The corner vertices, edges or faces of the blocks can be set to be dis-
placed by VSI. In case of grid folding, elliptical smoothing can be used to improve the quality of the mesh.

2.5.6. GEOMETRIC CONSERVATION LAW
When fluid-structure interaction is considered, the structure and thus the fluid domain deforms. There are
two methods that are capable of dealing with moving boundaries: the immersed-boundary method and
body-conforming mesh method. For the immersed-boundary method, both the grid and the equations re-
main the same, while the boundary conditions change. For body-conforming meshes, the grid adapts itself
to the deformed boundaries, whereby the motion of the grid must be included in the governing equations.
The Arbitrary-Langrangian-Eulerian (ALE) formulation method is discussed as it is the most common used
method to include the effects of a moving grid and it is implemented in ENSOLV.

In ENSOLV, the NS equations are discretized using finite volumes in multi-block structured grids (Michaelson,
2015). The conservative form of the NS equations is needed as a starting point for deriving the finite volume
formulation (Michaelson, 2015).

The discretization applied in the ALE equations has an influence on the stability and numerical accuracy of
the solution method. Two issues will be addressed that deal with the quality of the discretization, the Geo-
metric Conservation Law (GCL) and the time-integration method. The GCL characterize algorithm that can
produce similar solution on uniform flow for deforming meshes.

The grid velocity is needed to compute the additional convective flux due to the grid motion. For a moving
mesh, the grid velocities and cell volumes must satisfy the GCL. The GCL is derived by taking the ALE equation
of the mass balance assuming uniform flow. The derivation results in:

∂

∂t
|x0

∫
Vt

dV =
∫

St

ug ·ndS (2.16)

The GCL determines how the grid velocity is calculated. The grid velocity does not only depend on the posi-
tion of the grid points at different time steps or stages, but also on the time discretization used. The structural
solver only determines the position and velocity of the grid points on the interface, but the discrete velocity
of the interface calculated by the structural solver is not the same as the one on the aerodynamic grid due
to the use of different time-integration schemes. The velocity of the interface can be determined by simple
time-integration methods, like the second-order backward finite difference scheme:

un+1
w all =

3xn+1 −4xn +xn−1

2∆t
(2.17)

However, if this scheme is also used to compute the grid velocities, it violates the GCL and therefore artifi-
cial fluxes arise. The approach implemented in ENSOLV to determine the grid velocities can be found in the
following article (Prananta et al., 2000).

2.6. ROTATIONAL EFFECTS
Rotational effects are known to influence both the aerodynamics and dynamics of a wind turbine. There are
two methods to incorporate these effects in the governing equations: the multiple reference approach and
moving-mesh approach.

The multiple reference approach is an analytical method that uses a rotating reference frame for the inclusion
of rotational effects. The method is computationally very efficient, since the mesh is kept stationary, however
it does only apply for constant rotational speeds. The total acceleration of an arbitrary point in a rotating
structure with respect to fixed coordinates can be defined in terms of the acceleration in the rotating reference
frame (Spera, 1994):

at = ü+2Ω× u̇+Ω× [Ω× (r+u)] (2.18)
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Here at is the total acceleration vector, r is origin of an element in the fixed reference frame, u the displace-
ment vector observed in the rotational reference frame andΩ is the constant angular velocity.

Substitution of the above expression into the equations of motion, leads to additional terms. These terms
include tension stiffening, centrifugal forces and Coriolis accelerations. The Coriolis accelerations are often
neglected, because the relative velocity of the structure with respect to the rotating reference frame is usually
low. The centrifugal forces affect the eigenfrequencies and mode shapes by the change of stiffness property.
The dependency on these forces implies that the dynamic characteristics of a wind turbine blade depends on
the speed of rotation (Bedri and Al-Nais, 2005).

The inclusion of rotational effects on the flow can be accomplished in the same way by substitution of the
alternative expression of acceleration into the momentum equations. (Herráez et al., 2014) showed that the
rotational effects mainly affect the inner part of the blade. The results have shown that the effect of stall delay
and lift enhancement manifested themselves separately, but mainly occurred simultaneously. Rotational ef-
fects appeared to act most prominently at the aft region of the boundary layer under stall conditions. Radial
flow is induced due to the centrifugal forces acting on the separated air volume. (Bangga et al., 2017) ob-
served the same effect and added that the transportation of separated flow due to the centrifugal force leads
to boundary layer thinning and hence delayed separation.

In case of uniform inflow, the size of the flow domain can be reduced by applying periodic boundary con-
ditions (Bazilevs et al., 2011a). The aerodynamic mesh contains a single blade as it is assumed that the flow
conditions over each blade are equal.

In the moving mesh technique, the rotational effects are included numerically, whereby the entire mesh is
rotated. Although, this approach is computationally more demanding, it is preferred in wind turbine simula-
tion, because it is also valid for transient simulations. This approach can be again divided into two methods:
the sliding mesh technique and the overset grid technique (also known as the Chimera grid). The overset grid
method employs a cylindrical rotating mesh that is placed on top of a stationary, generally Cartesian grid,
such that they are overlapping. The sliding mesh technique entails a rotating cylinder separated from a sta-
tionary mesh by a discrete interface (Abdulqadir et al., 2017) as shown in figure 2.5. Coupling of the separated
grids can be done using various interpolation techniques.
Both the static and dynamic aeroelastic simulations employ an analytical approach to account for rotational
effects, since uniform inflow is considered in this study.

(a) The Chimera overset grid method (b) The sliding mesh technique

Figure 2.5: Two types of moving mesh techniques (Abdulqadir et al., 2017)
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2.7. FLUTTER ANALYSIS
As already mentioned earlier, current wind turbine designs should be assessed on the possible occurrence of
flutter. (Lobitz, 2004) stated that the flutter speed of near future wind turbines decreases towards operational
speeds. A much more recent research to the flutter prediction of a 100-meter large blade design confirms this
statement (Griffith and Ashwill, 2011). In this report, Griffith et al. estimated the flutter speed of the SNL-100
meter blade to be 1.0-1.1 times the operational speed.

Flutter analysis methods can be divided in two types: time-domain and frequency-domain analyses. Most
flutter calculations are in frequency-domain, whereby it is assumed that the vibratory motion of the structure
can be described by superposition of prescribed vibrational modes (Prananta, 1999). This assumption origi-
nated from the adoption of a linear relationship between displacements and inertial, stiffness and damping
forces of the structure. After obtaining the aerodynamic response for the excitation of several mode shapes
for different frequencies, a complex eigenvalue problem arises, which after solving, provides the damping
and eigenfrequency of the modes. There are multiple methods to determine the flutter points of an aeroe-
lastic system in frequency-domain. The p-method, p-k method and k-method are popular flutter calculation
method in aviation industry.

As current flutter methods require a large set of CFD simulations, several studies are conducted to investigate
the applicability of linearized aerodynamic CFD models to flutter analysis. (Stuurman, 2016) employed a lin-
earized method to assess flutter for an extreme scale wind turbine. It turned out that the developed approach
was capable of predicting flutter-related coupling between modes, but not the instability itself. Following
the study of Stuurman, another Dutch graduate student investigated the efficacy of linearized CFD compu-
tations for flutter analysis (Tatomir, 2019). Tatomir showed that the linearized force coefficients were highly
dependent on reduced frequency. This implied that no set of linearized aerodynamic force coefficients could
predict the unsteady air loads for harmonic airfoil motion with different reduced frequencies. Furthermore,
it was concluded that the method did not account for wake effects and therefore could not predict the flutter
boundaries accurately.

In time-domain flutter calculations less assumptions have to be made. An initial condition is prescribed,
from which the (linear or nonlinear) equations of motions are solved using numerical integration.

2.7.1. THE K-METHOD

The k-method, also known as the V-g method, is the traditional American form of the flutter equation. This
method is only valid for harmonic motion. Using the harmonic loads and introducing an artificial structural
damping factor, g , the complex roots of the equations can be obtained (Heeg, 2000). The value of g represents
the amount of damping that is required to keep the system oscillating harmonically. It should be negative for
a stable system. It can be assumed that the system is oscillating harmonically (without decay or grow) at the
flutter boundary. Therefore this method is only capable of predicting the flutter boundary (where g = 0).

2.7.2. THE P-METHOD

The p-method is the simplest method to understand, but may be the most difficult to apply. It gives realistic
damping values throughout the entire domain and therefore it can give insight in the physical mechanisms
behind the instability. However, the method is complicated because it requires an expression of the unsteady
aerodynamic forces for growing and decaying motions.

2.7.3. THE P-K METHOD

The p-k method is a compromise between the p-method and the k-method. It is based on conducting a
p-method type of analysis with the restriction that the unsteady aerodynamic matrix is only available for
harmonic motion (Heeg, 2000). The equations of motion can be solved producing imaginary roots (Gu and
Yang, 2012). The aerodynamics can then be recomputed using the frequency that resulted from the eigen-
value computation. The p-k method utilizes an iterative calculation procedure to find the reduced frequency
that corresponds to the aerodynamics. The method is based on the assumption that for sinusoidal motion
with slowly increasing or decreasing amplitude, aerodynamics based on harmonic motion is a good approxi-
mation. This means that only the flutter boundary is exact and the damping values in close proximity of the
boundary are realistic.



24 2. LITERATURE REVIEW

2.7.4. TIME-DOMAIN METHODS
(Corson et al., 2012) attempted to find the flutter speed using a high-fidelity CFD-CSD method. The method
was able to predict performance variables (e.g. thrust, torque) with reasonable accuracy in static aeroelastic
simulations, but failed in predicting flutter. Two methods were adopted to find the flutter speed. The first
method simulated a wind turbine rotor in still air with a time-varying rotor speed. The simulation started at
80% of the maximum rotor speed and increased its speed with 10% every 26 seconds to two times the maxi-
mum rotor speed. The tip displacement and tip speed of the wind turbine blade were monitored to evaluate
the dynamic behavior. The increase in rotor speed perturbs the system sufficiently enough to induce a tem-
porarily increase of the tip displacement. The behavior in-plane differs from the out-of-plane motion of the
tip. In-plane, the temporal increase is immediately followed by a decay of the motion, while between 1.0-1.4
times the maximum rotor speed the out-of-plane displacements keeps growing. It is difficult how to interpret
this behavior, but since the displacements are relatively small, the onset of flutter seems unreasonable. In-
creasing the duration of time at each operational condition could give a better understanding of the dynamic
behavior of the blade.

Therefore, in the second approach the rotational speed is held constant and the blade is perturbed by an im-
pulse force. The force is ramped up in five time steps, held constant for five time steps and ramped back down
in either five time steps. As the force is removed, the blade is allowed to vibrate freely. For all four simulation
(1.0, 1.1, 1.2 and 1.3 times maximum rotational speed), the in-plane and out-of-plane motion were charac-
terized by an initial large-amplitude oscillation, after which the amplitudes of the oscillation decreased and
the displacements converged to a mean state.

To the author’s knowledge, it has not yet been possible to predict wind turbine flutter using time-domain
methods, so it appears to be better to choose a method in frequency domain. Because of its simplicity and
capability of exactly predicting the flutter boundary, it is chosen to use the p-k method to perform the flutter
analysis.
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The aeroelastic framework implemented in ENSOLV requires modification to take into account structural non-
linearities. In this work, tools and software packages that were available at NLR, are employed to develop a
solution strategy that could simulate highly flexible aeroelastic systems accurately.
This chapter provides an overview of the utilized software modules, the simulation conditions and the uti-
lized solution methods. The working principle and verification of the separate sub models are discussed in
chapter 4.

3.1. COMPUTATIONAL SET-UP
As mentioned in the introduction, various computational simulations were carried out comprising steady
and unsteady simulations. A concise summary of the separate software packages that wee used in the simu-
lation methodology is presented.

3.1.1. ENSOLV
The accuracy of aeroelastic analysis is highly dependent on the aerodynamic model. All flow-related simu-
lations were performed using the in-house CFD code, ENSOLV, which is part of the ENFLOW simulation envi-
ronment. ENSOLV is a multi-block, compressible CFD solver that encompasses numerous features to allow
the simulation of aerodynamic, aeroelastic and aeroacoustic applications. The multi-block, structured grid
is generated using ENDOMO and ENGRID, which are two separate modules of ENFLOW. The mesh-generation
process is described in detail in chapter 4.
Through the years the solver has been updated and extended regularly. Different researchers contributed to
the development of ENSOLV, the aeroelasticity module was mainly developed by Bimo Prananta. It must be
noted that the automated aeroelastic framework is fully implemented in the ENSOLV environment, hence no
coupling exists to external Computational-Structural Dynamics (CSD) packages. Elasto-mechanical data re-
quired to solve the equations of motion must be extracted from Nastran using special DMAP macros.
The mathematical formulation of the aeroelastic equations contains some minor differences depending on
the aeroelastic phenomena of interest (Prananta et al., 2000); Static aeroelasticity demands a different inter-
pretation of the flow physics than dynamic aeroelasticity. In static analysis, steady flow is generally assumed,
since no vibrations are involved. The static equilibrium often contains relatively large deformations. Dy-
namic aeroelasticity, on the other hand, is characterized by small, time-dependent displacements causing an
unsteady nature of the surrounding flow. These dissimilarities suggest a distinct formulation of the aeroelas-
tic problem.

3.1.2. NASTRAN
Nastran is originally developed for NASA with funding of the United States government. It is a rigorously ver-
ified and validated Finite-Element Analysis (FEA) solver, which has been in widespread use for aerospace ap-
plications. Likewise, it serves as workhorse for aeroelasticity-related problems at NLR. As already briefly men-
tioned in the literature review, We4Ce provided a three-dimensional FEM model compatible with Nastran.
The nonlinear finite elements and solution strategies available in Nastran are deemed sufficient for non-
linear analysis of a wind turbine blade. Therefore, no additional effort was put into the optimization of the

25
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Figure 3.1: Overview of the pre-processing steps for aeroelastic simulations in ENSOLV (Kok, 2019)

structural module.

3.1.3. NLR TOOLS
NLR has developed various utilities (so called ENUTIL programs) written in ANSI Fortran 77 that perform
operations required in the aeroelastic framework. The most relevant ENUTIL programs used in the pre- and
post-processing of the aeroelastic simulations are discussed.

NASEXT
In this study, the tool NASEXT was solely used in the pre-processing of static aeroelastic analysis. The stiffness
and mass matrices extracted from Nastran were converted into a so-called FLEX file, which is compatible
with ENSOLV. Additionally, a NASEXT file was generated containing geometrical data of the structural model.
The NASEXT file is required in the next pre-processing step in order to define correct coupling between struc-
tural and aerodynamic mesh.

SPLMOD
The working of the SPLMOD tool depends on the type of aeroelastic analyis. For static aeroelastic analysis,
the fluid-structure interpolation matrix (called SPLINE file) was generated using the geometrical data of the
aerodynamic and structural mesh.
In dynamic aeroelastic analysis, the structure is represented as a set of mode shapes determined by modal
analysis. SPLMOD maps the generalized elasto-mechanical data onto the aerodynamic grid generating a DY-
NAMIC file. The process of generating the required input files for ENSOLV can be seen in figure 3.1.

3.2. SIMULATION CONDITIONS
Turbulence, anisotropy and non-uniform velocity profiles of inflow are parameters that greatly influence the
flow field around the wind turbine. Prescription of simulation conditions should therefore be carefully de-
fined.

3.2.1. SIMULATION SPACE AND REFERENCE FRAME
Partial Differential Equations require appropriate boundary conditions in order to be solved. These boundary
conditions can be of physical or artificial nature. Situations in which they effect must be avoided. Far-field
boundary conditions must be chosen sufficiently far from the wind turbine to prevent these effects from
happening. Findings from earlier research report that too small flow domains could result into unstable or
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(a) Full simulation domain (b) Close-up of the upper blade

Figure 3.2: The simulation space and body reference frame

diverging simulations (Stuurman, 2016).

The simulation domain is set to be a cylinder with a radius of five blade lengths, a distance of four blade
lengths from the inlet to the blade and a distance of six blade lengths from the blade to the outlet. The di-
mensions of the flow domain are based on reference studies found in literature (Corson et al., 2012; Carrión
et al., 2014; Stuurman, 2016). The simulation domain includes the full wind turbine rotor (two blades and a
hub), because initially it was intended to apply atmospheric boundary layer flow. Besides, it would be easier
to extend the simulation domain with a tower.

The coordinates of the initial geometry were defined in the body reference frame. The flow direction was set
as the positive x-axis, the blade spanwise direction as the z-axis and the y-axis is perpendicular to the xz-
plane. This led to a simulation domain ranging from x:(-440,660) meters, y:(-550,550) meters and z:(-550,550)
meters. The simulation space including the body reference frame axis can be seen in figure 3.2.

3.2.2. BOUNDARY CONDITIONS
Far-field boundary conditions are necessary to bound the flow solution. As flow variable distributions at inlet
and outlet are unknown, pressure-based boundary conditions based on the atmospheric pressure were cho-
sen at the far-field boundaries. At the inlet a uniform velocity field is applied specifying the inflow speed.

Navier-Stokes wall conditions are imposed on the wind turbine rotor’s surface. This means that the normal
and tangential velocity components at the surface are kept zero and no heat transfer takes place, implying a
no-slip, adiabatic wall. It was assumed that the flow over the surface is fully turbulent, hence no transition
model was applied.
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3.2.3. INFLOW CONDITIONS
As discussed in the literature review, geometrical nonlinearities become more prominent as structural dis-
placements increase. Figure 3.3 and 3.4 show the design conditions of the studied wind turbine. The black
dotted vertical lines indicate the test conditions that are considered (U∞ = 7 m/s and U∞ = 11.5 m/s). For
U∞ = 11.5 m/s the axial forces (shown in figure 3.3) are at a maximum, implying that the structural deforma-
tions will be largest. In figure 3.4), the pitch angle and rotational velocity are plotted against wind speed. The
blade starts pitching, at U∞ = 11.5 m/s, to avoid the onset of flow separation and mitigate large load fluctua-
tions.

For ease, uniform, non-turbulent inflow is assumed, which should be sufficient to find an answer to the re-
search question.

Figure 3.3: The power and axial force curve

Figure 3.4: The design conditions of the wind turbine
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3.3. SIMULATION METHODOLOGY
Aeroelastic analysis combines aerodynamic and structural models in order to solve the equations of motion.
The system of equations is based on the reciprocal relation between aerodynamic forces and structural dis-
placements. The one-degree-of-freedom system defined in the literature review can be extended to a three-
dimensional system. The aeroelastic system can be expressed as follows:

[M+]ẍ++ [C+]ẋ++ [K +]x+ = q+
∞S+CA(M∞,Re∞, ẋ+,x+)+B+ (3.1)

Here [M ], [C ] and [K ] are the mass, damping and stiffness matrix, {}+ denotes the variables have dimensions,
x is the displacement vector, q∞ is the freestream dynamic pressure, S is the aerodynamic reference area and
B are the body forces (i.e. gravitational and inertial forces) and is expressed as follows:

B+ = [M ](g− ÿ) (3.2)

Where g is the gravitational acceleration vector and ÿ is the acceleration vector. From the literature review, it
is known that the acceleration vector adds rotational terms to the equations of motion.
The aerodynamic force coefficient, CA, depends on the state of the structure and the flow parameters, e.g.
Mach number and Reynolds number, and is expressed as follows:

CA = 1

L+2
str uct

∫
S+

p+/q+
∞dS+ (3.3)

Here p+ represents the pressure. Viscous forces are omitted, since the skin friction is negligible relative to the
pressure.

ENSOLV solves the non-dimensional form of the aeroelastic equations. Each variable in equation 3.1 is non-
dimensionalized, using reference values defined in the input files. The substituted dimensionless variables
are not given here, but can be found in the article written by (Prananta et al., 2000). Inserting the reference
variables into the governing equations gives:

[M ]ẍ+ [C ]ẋ+ [K ]x = 1

2
V ?2CA +B (3.4)

Here V ? is the speed index and is defined as follow:

V ? = Up
µ

(3.5)

With the reduced velocity, U , and mass ratio, µ, defined as:

U = U+∞
ω+

str uct L+
str uct

, µ= m+
str uct

ρ+∞L+
str uct

3 (3.6)

The speed index ensures the correct scaling between the structural model and fluid model.
The dimensionless aeroelastic equation stated above serves as starting point for the mathematical formu-
lations for static and dynamic aeroelastic analysis. As stated earlier, the static analysis often contains large
structural displacements, while dynamic analysis involves small time-dependent displacements. Hence, the
total dynamic displacements can be decomposed in a mean and fluctuating part. The mean state of the
deformed structure can be expressed as follows:

xm = xjig +hstc (3.7)

Where hstc is the deformation due to static aerodynamic loads. The static deformation is defined in physical
coordinates to ensure an accurate description.
Dynamic aeroelastic analysis is restarted from the mean state, assuming the computed static state of the
structure as initial condition. A perturbation of the equilibrium state can be applied to determine the corre-
sponding aeroelastic response. The time-dependent displacements are defined as:

x(t ) = xm +xdyn(t ) (3.8)

Since the displacements are assumed relatively small, the structure is defined in terms of generalized coordi-
nates employing a limited number of presumed modes.
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3.3.1. SEMI-NONLINEAR AEROELASTIC ANALYSIS
The first analysis consisted of performing static aeroelastic simulation using the existing aeroelastic mod-
ule of ENSOLV. As the structural model relies on the assumption of linearity, this method can be called a
semi-nonlinear approach. The algorithm is fully-automated and implemented in the ENSOLV environment.
Structural data must be readily available in the form of mass and stiffness matrices. The elasto-mechanical
data of the structure was computed using Nastran and processed into the required file format using NASEXT
and SPLMOD. A pre-stressed state of the blade was considered, taking into account stiffening effects due to
centrifugal forces.
The equations of motion can be reformulated omitting the time-dependent terms from equation 3.3:

[K ]Lx = 1

2
V ?2CA (3.9)

Where the [?]L denotes the stiffness matrix is linear. Note that the body forces are omitted. It is known
that the inclusion of rotational terms induces a centrifugal force on the structure. However, in linear static
analysis, the forces are applied on the undeformed state of the structure, implying that the centrifugal forces
would only have an elongating effect on the blade. Hence, they were neglected.
From the literature review, it was known that the spatial-coupling algorithm employed is computationally
expensive. To avoid large computation times and an excessively large interpolation matrix, the 3D FEM model
must be reduced or revised. It was chosen to use one of the available model reduction techniques in Nastran
as it is the fastest and simplest method to obtain an equivalent structural model with less degrees of freedom.
Guyan reduction (or static condensation) is a well-established and widespread used reduction method and
is standard available in Nastran. This method decomposes the full structural model in so-called "active"
and "deleted" nodes. It has been proven that it delivers an exact representation of the stiffness matrix and
therefore is sufficient for static problems. As a drawback, the method exhibits an inaccurate representation
of the mass matrix as it does not explicitly accounts for mass effects of omitted degrees of freedom. While the
dynamic properties of the blade are expected to alter, it depends on the number and location of the "active"
nodes to what extent. Although this drawback must be handled with care, it is expected that this drawback
does not constitute problems in the dynamic analysis of current wind turbine blades as they are relatively
stiff and light-weight.
The Guyan reduction can be expressed as follows:

xn =
(

xa

xd

)
= [T ]xa (3.10)

Where [T ] is the transformation matrix, the subscript a denotes the active or "master" nodes and the sub-
script d denotes the deleted or "slave" nodes.
The original stiffness equation, [K ]Lx = F can be rewritten in the following form:[

[Kaa] [Kad ]
[Kd a] [Kdd ]

](
xa

xd

)
=

(
Fa

Fd

)
(3.11)

Assuming that the forces in the slave nodes equal zero, equation 3.11 can be rewritten in terms of xa only:

[Kd a]xa + [Kdd ]xd = 0 (3.12a)

xd =−[Kdd ]−1[Kd a]xa (3.12b)

[Kaa]xa + [Kad ][Kdd ]−1[Kd a]xa = Fa (3.12c)

The transformation matrix [T ] then becomes:

[T ] =
[

[I ]
[t ]

]
=

[
[I ]

−[Kdd ]−1[Kd a]

]
(3.13)

Since the energy of the system must be conserved, the new stiffness and mass matrices can be written as
follows:

[K G ]
L = [T ]T [K ]L[T ] (3.14a)

[MG ] = [T ]T [M ][T ] (3.14b)
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Where the superscript G denotes the Guyan reduced matrices.

As follows, the reduced matrices are processed by NASEXT and SPLMOD in order to generate the required input
files for the static aeroelastic analysis. The new formulation of the governing equations is expressed as follows:

[K G ]
L

x = 1

2
V ?2CA (3.15)

Since RANS accounts for nonlinear flow effects, an iterative scheme must be adopted to solve the equation
stated directly above. The iterative scheme can be expressed as follows:

hstc
k+1 = (1−ω)hstc

k +ω[K G ]
L−1[1

2
V ?2CA(xk

m)
]

(3.16)

Where hstc are the static displacements, ω is a relaxation factor, k is the iteration counter and xk
m represents

the deformed state of the structure at the k-th iteration.
Note that equation 3.16 is solved at the structural mesh, the aerodynamic coefficient is interpolated from the
deformed aerodynamic mesh to the structure to define the load on the structure. Subsequently, equation 3.16
is solved and the displacements are interpolated to the aerodynamic grid, after which the mesh is deformed
using the mesh-deformation algorithm. This process is repeated until the equilibrium state is reached, re-
sulting in the final linear deformed geometry, xm

L , and corresponding aerodynamic loads, CA(xm
L).

3.3.2. FULLY-NONLINEAR AEROELASTIC ANALYSIS
The second approach comprises the existing aeroelastic framework of ENSOLV modified by the implementa-
tion of the nonlinear structural solver of Nastran, which realizes a fully-nonlinear approach. Currently, the
FSI iterations must be performed manually. The structural deformations are solved in the Nastran environ-
ment using the nonlinear solver and the aerodynamic loads are computed in ENSOLV using the steady solver.
Data transfer between both models is executed SPLMOD. In order to speed up the convergence process, the
aerodynamic loads from the linear computed steady-state are applied to the structure. Remember that these
forces were applied in the "active" nodes. Although the forces can be directly applied to the full structural
model, it was chosen to interpolate them to the entire set of structural nodes to avoid odd local deformations.

In linear statics, the force-displacement relation is linear as shown in equation 3.9. Taking F = 1
2 V ?2CA, a

more general expression for the relation can be defined:

[K ]Lx = F (3.17)

This linear relation implies that the displacements are in similar direction as the forces. Additionally, the
linear stiffness matrix only depends on the linear material properties and the undeformed structure. The
fully-nonlinear aeroelastic approach aims to be capable of computing large displacements that involve non-
linear structural phenomena. These nonlinearities primarily consist of two aspects: stiffening effects due
to initial displacements and stresses, and follower-force effects. Therefore, the linear stiffness matrix must
be modified. Firstly, geometrical effects are included into the expression of the stiffness matrix. The force-
displacement relationship can be rewritten as follows:

F = [K ](u)x = F = {[K ]L + [K ]d }x (3.18)

Here [K ]d is the differential stiffness matrix, which depends on the deformation of the structure. In turn, the
deformed state depends on the forces. Follower-forces are forces, of which the definition depends on the
displacements of the structure on which they act. The most-often quoted example of such forces may be
the surface pressure, where the force on the surface depends on the surface area and its orientation (Hibbit,
1979). This means that the force vector changes upon deformations. An additional follower-force stiffness
must be added to the formulation of the stiffness matrix, resulting in:

[K ]t = [K ]L + [K ]d + [K ] f (3.19)

Lastly, the follower-forces must be added to the equation. Since aerodynamic forces were computed around
the deformed geometry, they are not set to change. The rotational forces, neglected in the semi-nonlinear
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approach, have to be added as they depend on the deformation of the structure. The force-displacement
relation then becomes:

F+Fcent = [K ]t x (3.20)

The solution approach in Nastran utilizes an iterative procedure based on the modified Newton-Raphson
method. It differentiates itself from the previous method by updating the structure each iteration. As such,
the change of the stiffness property and loads due to deformations are accounted for. In each iteration, an
incremental load P is applied to the structure. Due to the change in geometry, the incremental load and the
element force vector Fi are not equal, leading to a residual error. A number of iterations must be performed
on the particular load level until the residual error is reduced below the specified convergence criterion. This
can be expressed as follows:

(Fi +Fi
cent)−P = Rn → 0 (3.21)

Figure 3.5: Nonlinear solution strategy in Nastran (Aerospace
Engineering - Training, 2016)

Figure 3.5 shows this iterative process schematically.
The total load on the structure is applied in incremen-
tal steps solving for an interim solution. The predictor-
corrector scheme ensures convergence at each in-
cremental load, marching to a final converged solu-
tion.

After the solution was converged, the structural dis-
placements from the earlier defined support points
can be extracted and interpolated to the aerodynamic
model to deform the mesh. Subsequently, a steady
CFD solve was performed, which in turn provided the
static aerodynamic load around the newly-deformed
shape. This process can be repeated until the steady-
state solution has reached certain convergence crite-
ria resulting in the final nonlinear deformed geometry,
xm

N L , and corresponding flow solution, C A(xm
N L).

3.3.3. MODAL ANALYSIS
The dynamic aeroelastic analysis is restarted from the
steady-state solution. As the displacements associated
to dynamic aeroelastic problems are small, the structure can be defined in terms of a parametric space
spanned by a finite number of mode shapes. The time-dependent displacements can be expressed as fol-
lows:

xd yn(t ) =φ1q1(t )+φ2q2(t )+ . . . +φNqN (t ) (3.22)

Where φi is the i-th mode shape and qi is the i-th generalized coordinate.
The mode shapes must be selected such that they accurately represent the motion of the structure. It was
therefore chosen to use the natural mode shapes of the structure. Two flutter analyses are performed: the first
using the linear mode shapes and the second using the nonlinear mode shapes. In general, the eigenmodes
can be calculated by solving the following eigenvalue problem:[

ω2
L[M ]− [K ]L]

φL = 0 (3.23)

Where φL are the "linear" computed natural mode shapes and ωL the corresponding modal frequencies.
Similar as in the semi-nonlinear static aeroelastic approach, the pre-stresses stiffness matrix is used to com-
pute the eigenmodes. The tensile stresses due to the centrifugal force act as stiffener, leading to higher eigen-
frequencies. The eigenvalue problem can be expressed as follows:[

ω2
L[M ]− ([K ]L + [K ]cent )

]
φL = 0 (3.24)

Where [K ]cent suggests the stiffening effect.
In order to compute the "nonlinear" mode shapes, the similar eigenvalue problem is solved, however the
nonlinear stiffness matrix computed by the fully-nonlinear aeroelastic approach is used. The eigenvalue
problem can be expressed as follows: [

ω2
N L[M ]− [K ]T ]

φNL = 0 (3.25)
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Where φNL are the "nonlinear" computed natural mode shapes and ωN L the corresponding modal frequen-
cies.
The mode shapes were normalized with their largest component in order for the mode shapes to be of similar
magnitude. This is required for flutter analysis.

3.3.4. FLUTTER ANALYSIS
Flutter is the diverging oscillatory motion of a structure that is self-exciting due to changing flow conditions.
It is of paramount importance to predict this type of instability as it will exponentially increase until catas-
trophic failure occurs. Flutter analysis intends to find the flutter boundary. At this boundary, the structure
will adopt a self-sustained, constant-amplitude oscillation. Exceeding the flutter boundary leads to diverg-
ing motion, while remaining within the boundaries signifies damped motion. In this thesis, the p-k method
was used to perform the flutter analysis. Since flutter occurs when the structure is in harmonic motion, this
method assumes that the aerodynamic loads are also harmonic. This assumption is only accurate in close
proximity of the flutter boundary (Gu and Yang, 2012). As in most flutter analysis methods, the structure is
defined in terms of a set of mode shapes, which are computed using the modal analysis. This indicates that
the structure is linearized around the deformed state of the blade, comprising a semi-linearized method. The
motion of the structure can be expressed as superposition of a set of mode shapes:

xdyn(t ) =φ1q1(t )+φ2q2(t )+·· ·+φNqN (t ) (3.26)

For a set of N mode shapes.
Substituting these modes in the equations of motion and multiplying with φT

i lead to the uncoupled set of
generalized equations of motions:

[M̂ ]q̈ + [Ĉ ]q̇ + [K̂ ]q = 1

2
V ?2

CQ i +Bi (3.27)

Here the [̂] indicates that a matrix is generalized, leading to [M̂ ], [Ĉ ] and [K̂ ] being the modal mass, damping
and stiffness matrix respectively. CQ i are the generalized aerodynamic forces, that can be expresses as follows:

CQ i =
∫

S+

p+

q∞
φT

i ·ndS+ (3.28)

P-K METHOD

The flutter equations, in p-k form, can be expressed as follows:

[
V 2/c2[M̂ ]p2 +V /c[Ĉ ]+ [K̂ ]− 1

2
ρV 2[Â(i k)]

]
q = 0 (3.29)

Here A(i k) is the complex aerodynamic matrix, {̂} indicates that the matrix or vector is generalized and p are
the complex roots of the nonlinear eigenvalue problem: p = γk ± i k. Here k = ωc

2V is the reduced frequency
and γ is the rate-of-decay. Since harmonic motion is assumed, the aerodynamic matrices are independent of
γ.
As all matrices are real-valued, except for the aerodynamic matrix. The above equation can be simplified by
decomposing the aerodynamic matrix into a real and imaginary part:

A(i k) = AR (k)+ i AI (k) (3.30)

The entries of the aerodynamic matrices, AR (k) and AI (k), constitute the Aerodynamic Influence Coeffi-
cients (AIC’s), where the real-valued matrix contains the modal aerodynamic stiffness coefficients and the
imaginary-valued matrix the modal aerodynamic damping coefficients. After substituting the above expres-
sion in the flutter equation, it becomes:

[
V 2/c2[M̂ ]p2 +V /c[Ĉ ]− 1

2
ρV 2 [Ai (k)]

k
p + [K̂ ]− 1

2
ρV 2[AR (k)]

]
q = 0 (3.31)

The flutter equations can be written in its final state-space form (Rodden and Johnson, 1994):

([A]−p[I ]){uh} = 0 (3.32)
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where uh includes the modal displacements and velocities and [A] is a real matrix:

[A] =
[

0 I

−[M̂ ]
−1(

[K̂ ]− 1
2ρV 2QR (k)

) −[M̂ ]
−1(

[Ĉ ]− 1
4ρcV (Q I (k)/k)

) ]
(3.33)

By means of a process called determinant iteration, the flutter equations are solved at different inflow veloci-
ties V for complex roots p associated with the modes of interest. The iterative process is completed mode by
mode for one speed and then at successive pre-selected inflow speeds (Hassig, 1971). The initial trials of the
complex roots are defined as:

p1 = δ1 + i k1, p2 = δ2 + i k2 (3.34)

Whereby the aerodynamic matrices A(k1) and A(k2) are interpolated from the available aerodynamic matri-
ces. This process is repeated using the Regula-Falsi method until a previously defined degree of convergence
is reached.

pi+2 = (pi+1Fi −pi Fi+1)

(Fi −Fi+1)
(3.35)

The converged value for the complex root, pc = δc + i kc ,is used to determine the frequency and damping of
the specific mode:

f = V kc

2πc
, g = 2γ= 1

π
ln

an+1

an
= 2

δc

kc
(3.36)

COMPUTING THE AIC’S

Computation of the AIC’s is essential for flutter analysis. The AIC’s must be given for a sufficient number of
k values. As shown in literature review, the classical form of wind turbine flutter entails coupling of the first
torsional mode with one of the flapwise modes. As will be shown in the results given in chapter 5, the sixth
mode (from the linear set of mode shapes) and the eighth mode (from the nonlinear set of mode shapes)
represent the first torsional mode. It was therefore decided to include the first eighth mode shapes in the
analysis. The unsteady CFD simulations were carried out in ENSOLV, in which multiple simulations were
performed similar to structural vibration analysis. The statically deformed blade was used as initial condition.
At this condition, the initial displacement, velocity and acceleration are zero. The imposed harmonic motion
started from the initial state and can be expressed as follows:

xdyn(t ) = aφi sin
kV

c
t (3.37)

Here φi is the mode that is excited, a is an amplitude constant, V is the reference velocity, c is the reference
length and k is the reduced velocity defined in ENSOLV as follows: k = ωc

V . Where ω is the circular frequency
in rad/s.
The generalized aerodynamic forces (GAF’s) were derived by mapping the integrated pressures onto the sep-
arate mode shapes and recording the time response. The GAF’s can be expressed as follows:

G AF i j =
∫

S+

p+

q+∞
φT

j ·ndS+ (3.38)

Where i denotes the mode that is excited and j the mode shape in which the aerodynamic forces are mapped.
It is essential for the accuracy of the analysis that the GAF’s converge to a periodic response. As the p-k
method is in frequency-domain, the time-dependent GAF’s must be converted into frequency-domain. The
built-in Fast-Fourier Transform (FFT) function FFT in Matlab was employed to perform that operation. The
Discrete Fourier Transorm (DFT) transforms a sequence of equally-spaced samples of a function (in this case
the GAF) into a same-length sequence of equally spaced samples of the Discrete-Time Fourier Transform
(DTFT), which is a complex-valued function of frequency. The DFT can be found in every textbook of vibra-
tional analysis and can be expressed as follows:

Xk =
N−1∑
n=0

xn exp−i
2πkn

N
(3.39)

Here k denotes the number of the frequency bin, N is the number of samples and k is the sample frequency.
Because the imposed sinusoidal motion of the structure assumes constant amplitude and reduced frequency,
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the aerodynamic response can only be obtained for a single reduced frequency. Therefore, merely the com-
plex number of the first frequency bin is considered to determine the AIC’s. The AIC’s are computed by di-
viding the FFT of the particular GAF by the FFT of the imposed motion. The derivation of the AIC’s is as
follows:

A(i k) =


A11(i k) A12(i k) . . . A1n(i k)
A21(i k) A22(i k) . . . A2n(i k)

...
...

. . .
...

Ad1(i k) Ad2(i k) . . . Adn(i k)

 (3.40)

And so:
AR (k) = r eal (A(i k)), AI (k) = i mag (A(i k)) (3.41)

It was chosen to use the data from the last vibration period to compute the AIC’s in order to ensure good
convergence. For the p-k method it is required to extrapolate the AIC’s to k = 0 in order to complete the
aerodynamic matrices.

3.3.5. ANALYSIS SET-UP
The set of analyses that were performed in this work, required communication and data transfer between dif-
ferent software modules. At the beginning of this chapter, a concise overview of the utilized software packages
was given. In this section, a clear representation of the mutual interactions and processes between the variety
of software modules is given. As may noticed, ENSOLV functioned as the core of the solution methodology,
while various in-house tools and packages performed the pre- or post-processing steps needed to enable the
performed simulation. Figure 3.6 summarizes the entire analysis set-up.
Pre-processing of the static aeroelastic analysis can be decomposed in two main operational processes: gen-
erating the aerodynamic grid and generating input files that involve the FSI coupling. A concise impression
of the mesh-generation process is depicted for completeness, but will be discussed in more detail in chapter
4. As mentioned earlier in this chapter, the elasto-mechanical data must be readily available prior to the anal-
ysis. Special DMAP macros developed at NLR enable extraction of the stiffness and mass matrix from modal
analysis (SOL103), after which NASEXT and SPLMOD convert the data into desirable formats. The aerodynamic
grid, prescription of the boundary conditions and flow conditions, and the files containing the interpolation
matrix and structural matrices served as input to ENSOLV, after which the static aeroelastic analysis can be
started. ENSOLV utilizes a fully-automated approach to solve the equations of motion.
With regard to saving time and work, the fully-nonlinear aeroelastic approach was restarted from the semi-
nonlinear solution. This simulation approach is not yet automated, causing it to be quite labour-intensive.
The steady-state solution of both static analyses served as initial condition for the flutter analyses. Linear and
nonlinear pre-stressed mode shapes are computed and imported into ENSOLV to excite the blade. Both flut-
ter analyses contained 64 unsteady CFD simulations, exciting eight separate mode shapes at eight successive
reduced values. Since no parallel computation could be performed, it is decided to execute four simulations
sequentially per node (including eight processors), which allowed the performance of a full flutter analysis
at once. The aerodynamic response data was exported to the Matlab environment so it can be processed
further. A correction model is applied to filter still-existing transient effects, after which the AIC’s were com-
puted. The AIC’s and generalized elasto-mechanical data obtained from modal analysis were imported, after
which the nonlinear eigenvalue problem was solved. The damping and frequency characteristics of the blade
mode were saved and plotted to create frequency- and damping plots of the blade.
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Figure 3.6: Overview of the entire analysis set-up



4
MODELS

The sub models incorporated in the aeroelastic framework are discussed in this chapter. First, the geomet-
rical and structural characteristics of the analysed wind turbine blade used in this study are presented in
section 4.1. In section 4.2, the process of mesh-generation of the blade is explained and the results of the sub-
sequent grid-convergence study are discussed. The coupling models involved in the analysis methodology
are presented in section 4.3. Finally, the fluid and structural model are verified for a number of test cases.

4.1. WIND TURBINE BLADE

4.1.1. BLADE’S GEOMETRY
The wind turbine blade used in this study is a theoretical blade, designed by a Dutch blade design com-
pany, called We4Ce. It originated from one of its earlier blade designs by upscaling and is modified using the
integral wind turbine design tool FOCUS. The 220 meters-diameter, two-bladed, clock-wise rotating, pitch-
regulated turbine has a power rating of 15 MegaWatt (MW) and contains individual pitch control. The blades
are twisted and contain a variety of airfoil types over the span to optimize its performance. In figure 4.1, the
geometry of the blade is shown, where the different colors indicate airfoils with a varying thickness-to-chord
ratio (t/c = 0.8 at the root and t/c = 0.18 at the tip). Wind turbine blades have similar requirements as to air-
plane wings. In general, the cross-sectional shapes are chosen to obtain the best lift-to-drag characteristics.
As the surface area contributes greatly to unwanted drag, these shapes are fairly thin. However, wind turbine
blade design also depends on structural requirement, which means that the blade must become thicker to-
wards the root. In order to meet the structural requirements at the inboard part of the blade without using
"fat" shapes airfoils, blunt-trailing edge airfoils are incorporated in the blade design. Besides providing good
structural characteristics, these cross-sectional shapes lead to reduction of sensitivity to soiling (Mertes et al.,
2011). The sections in the middle and outboard regions of the blade consist of conventional (sharp trailing
edge) airfoils. The exact type of airfoils are not given due to confidentiality reasons.
The twist distribution and planform shape of the blade are also determined to optimize the aerodynamic
performance. It is evident that the optimization of these design parameters is also constrained to structural
and manufacturing issues. From figure 4.2, it can be observed that the twist distribution can be subdivided
in three regions: the inboard, the outboard and the tip region. As the relative wind speed is higher at the tip,
the apparent wind angle relative to the rotor is greater. Hence, the twist decreases constantly over largest part
of the blade. At the tip, the twist increases to alleviate tip loads. Additionally, large twist angles appear at the
inboard part of the wind turbine blade. In this area, transition occurs from a cylindrical shape towards the
blunt trailing-edge airfoil shapes. The blade is heavily twisted in that region to avoid excessive flow separa-
tion, which could lead to undesired drag.

37
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Figure 4.1: The blade geometry with the different airfoil profiles highlighted

Figure 4.2: The chord and twist distribution of the blade (the y-axis is multi-functional and the units of the axis are listed in the legend)

4.1.2. BLADE STRUCTURAL PROPERTIES
Structural blade design is driven to maintain its structural integrity and avoid material failure, while keep-
ing its weight low and minimize material usage. Additionally, structural design has evolved towards smarter
blade design that can adapt their shape to the wind conditions. The most prominent example is the inclusion
of bending-torsion coupling in the blade to adapt the effective incidence angles to the wind (Fedorov and
Berggreen, 2014).
As shown in the aerodynamic design, thick cross-sectional shapes are integrated in the design to provide
good structural properties. We4Ce also provided the structural model of the blade, which was generated by
FOCUS. This integrated wind turbine design tool has the capability of generating 3D FEM models from equiv-
alent beam models that are used in low-fidelity aeroelastic analysis. The sectional stiffness’s of the equivalent
beam model are shown in figure 4.3. Evidently, the inboard region of the blade has the highest stiffness, since
the cross-sectional shapes are largest. The cross-coupling stiffness defines the degree of coupling between
flapwise bending moment and deformations in edgewise direction. The positive cross-coupling stiffness in-
dicates that downwind flapwise moment results in a deformation in-plane in the direction of the leading
edge.

4.1.3. BLADE EIGENMODES
From now on, only the 3D FEM model is considered. A modal analysis was carried out to obtain a better un-
derstanding of the dynamic characteristics of the blade. The literature review has showed centrifugal forces
impact dynamic behavior of rotating structures by an increase in natural frequency. Consequently, the eigen-
modes of the blade were determined for an unloaded and a pre-stressed condition. The pre-stressed con-
dition considered the stiffening effect corresponding to the angular velocity of load case 1: Ω = 8.7 rev/min.
The results are shown in table 4.1.
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Figure 4.3: Cross-sectional stiffness’s over the blade (the y-axis is multi-functional and the units of the axis are listed in the legend)

Mode number Unloaded state [Hz] Pre-stressed state [Hz] Mode shape
1 0.486 0.525 1st flapwise bending
2 0.725 0.732 1st edgewise bending
3 1.300 1.348 2nd flapwise bending
4 2.162 2.191 2nd edgewise bending
5 2.619 2.675 mixed bending
6 4.161 4.219 1st torsional
7 4.260 4.346 mixed bending
8 4.571 4.704 mixed bending

Table 4.1: The eigenmodes computed for the unloaded and pre-stressed state of the wind turbine blade

The computed eigenfrequencies confirm that centrifugal forces stiffen the blade. This implies that dynamic
behavior of structures depends on speed of rotation. As a result, it is essential to take into account stiffening
effects in the aeroelastic analysis of a rotating structure.
In order to get a better understanding about the shape of the modes, a frequency response analysis is car-
ried out in Nastran. Firstly, an external sinusoidal force of 100N in flapwise direction is applied at the tip
for a certain frequency range. Secondly, the same loading is applied in edgewise direction. Both frequency
responses are depicted in figure 4.4. The red-dotted lines represent the frequencies of the blade’s modes. It is
expected that the tip displacements are amplified at the natural frequencies of the blade.
The results clearly show that the first and third mode are flapwise bending modes, while the second is an
edgewise bending mode. For the other mode shapes, the response is more complicated, which indicates a
mixing of vibrational directions. With the aid of mode visualization, see appendix E, the type of modes can
be determined. It follows that the sixth mode shape represent the first torsional mode, and the fifth, seventh
and eighth mode are "mixed" bending modes as there is no dominant vibration direction perceptible.

(a) Force frequency response for sinusiodal load out-of-plane (b) Force frequency response for sinusiodal load in-plane

Figure 4.4: Force frequency responses for sinusiodal loads with a frequency between f = 0H z and f = 5H z
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4.2. MESH DEVELOPMENT
Prior to this study, no CFD analysis was performed of this blade yet, hence a new mesh had to be developed.
As mentioned in chapter 3, ENSOLV is part of the ENFLOW environment, which consists of the following mod-
ules (Kok, 2019):

• ENSOLV: The fluid solver.

• ENDOMO: The domain modeler.

• ENGRID: The grid generator.

• ENADAP: The grid adaptor.

ENDOMO and ENGRID are used to generate the multi-block structured grid required for CFD analysis in ENSOLV.
ENADAP can be used to improve the multi-block grid by using an initial flow solution, but was not used in this
study.

4.2.1. MESH STRUCTURE
For most wind turbine applications, a body-fitted approach is used in mesh generation. In general, three
types of meshes can be distinguished in this approach: the structured mesh, the unstructured mesh and the
hybrid mesh (see figure 4.5). The difficulty and computational costs of generating body-fitted meshes to com-
plex geometries is of concern in the analysis of wind turbines. Unstructured meshing methods simplify the
process, because tetrahedral cells are used instead of orthogonal hexahedral cells. However as unstructured
meshes are based on arbitrary relations, they require memory to store the inter-connectivity relations. Struc-
tured meshes, on the other hand, are better capable of capturing the boundary layer correctly, because the
are aligned with the local streamlines. The major drawback is the difficulty to handle complex geometries.
Hybrid meshes blend both mesh strategies, combining best of two worlds.

(a) Structured mesh (b) Unstructured mesh (c) Hybrid mesh

Figure 4.5: Three types of aerodynamic meshes

Multi-block grids alleviate the difficulty of generating structured grids around complex geometries. Besides,
they provide the opportunity to run simulations in parallel on multi-processor computing systems, solving
flow problems more efficiently. ENSOLV computes two- or three-dimensional flow solutions on multi-block
structured grids. As shown earlier, the ENFLOW environment contains in-house developed modules for gener-
ating multi-block grids. The mesh-generation process consists of three steps. First, ENDOMO is used to create
the block-topology description around the imported CAD model. The flow domain is bounded defining ap-
propriate far-field conditions. As follows, the topology is imported into ENGRID, after which structured grids
are created. And finally, two in-house codes are used to smooth the grid and obtain boundary layer resolution
adjacent to the surface of the object.

4.2.2. MESHING PROCEDURE

SURFACE GEOMETRY

In order to create the multi-block topology around the wind turbine rotor, the geometry must be imported in
ENDOMO. The Computer-Aided Design (CAD) geometry including a single blade is provided by We4Ce. Most
file formats for CAD designs can not be directly imported into ENDOMO. As ENDOMO is compatible with seg-
ment files, commercial mesh-generation software was used to convert the CAD model into a segment file. An
iterative approach is used to generate an identical geometry in ENDOMO.
First, the CAD model (using IGES) is imported into Pointwise. Discrete curves were drawn over the span of
the consisting of cross-sectional segments. Four additional discrete curves were created to that connected
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the spanwise segments. Subsequently, the set of discrete curves were exported and converted into the re-
quired format to be imported in ENDOMO. In ENDOMO, the initial blade geometry was created by the generation
of discrete surfaces. The initial surface description was, in turn, transferred back into Pointwise, where the
points of geometry were projected onto the CAD model. After several iteration steps, all points of the dis-
crete surfaces were located on the actual geometry. Copying and rotating the final blade geometry led to two
blades.

HUB MODELLING

Figure 4.6: Visualization of the hub geometry of the Enercon E-126
(Enercon GmbH, 2016)

Currently, the CAD model merely contained the
blade geometry. As the full rotor was analysed
in this work, the hub must be devised. The
geometry of the hub is based on the design of
Enercon E-126 wind turbines shown in figure
4.6). The Enercon E-126 is characterized by its
groundbreaking gearless drive concept, which
distinguishes itself with its unique streamlined
hub and housing (Enercon GmbH, 2016). It was
attempted to approach the shape in ENDOMO for
a 2-meter hub radius. The hub and the blades
are blended into one piece using Pointwise, af-
ter which the final geometry was imported into
ENDOMO.

MULTI-BLOCK TOPOLOGY

It was chosen to adopt an O-type grid around the blade as the implementation was simple and straight-
forward. In order to create the O-grid, the geometry of the blade is decomposed in multiple faces, shown
in figure 4.7a. Blocks adjacent to the surface can be semi-automatically generated. These so-called Navier-
Stokes blocks are useful to obtain good resolution near the wall in order to capture the boundary layer ac-
curately. As the outer boundaries of the flow domain represent a cylinder, it was decided to connect the
Navier-Stokes blocks and outer boundaries using a H-type topology. Figure 4.7b and 4.7c show the entire
multi-block topology used to create the mesh.

(a) The face topology on the surface of the blade (b) O-grid around a cross-section of the blade (c) The full multi-block topology

Figure 4.7: An overview of the topology in different layers of the aerodynamic mesh

4.2.3. GRID GENERATION
ENGRID was used to generate the aerodynamic mesh using the multi-block topology. Each block in the multi-
block topology contains an orthogonal grid, where the grid cells are defined in i, j and k direction. The grid-
generation process commenced by defining the number of grid points on the edges. Because of orthogonality,
ENGRID automatically defined the grid dimensions of opposing edges. The distributions of the points on the
edges were adapted to obtain smooth transition over block boundaries. Additionally, grid distributions of
high-curved surface regions were modified in order to capture large gradients of flow variables. After realizing
a reasonable good aerodynamic mesh, the grid is smoothed with the in-house tool SMOGRD. The smoothing
tool, based on the biharmonic equations, increases the grid quality automatically, which reduces the time
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required for obtaining a well-working grid. The tool adapts the grid distribution at block boundaries, but also
computes a modified position of those boundaries. In other words, the tool works across block boundaries,
which makes it very efficiently.

(a) The O-grid (b) Close-up of the trailing edge

Figure 4.8: Fine grid resolution in the boundary layer at z/R = 0.26

4.2.4. Y+ VALUE
Boundary layer modelling is essential in CFD analysis. As the boundary layer contains the smallest eddies in
turbulent flow, resolving these scales require a vast number of grid cells. In order to reduce computational
costs, a variety of models are developed that capture flow variables in the boundary layer accurately. These
models are based on self-similar behavior of turbulent boundary layers. In RANS, there are two common
ways to simulate the behavior of the inner layer of the turbulent boundary layer. Wall functions, developed
by using universal relations based on experiments, can be used to model the turbulent boundary layer. These
wall functions are generally reasonable accurate and reduce computational costs significantly. The second
approach requires a cell size smaller than the height of the viscous sublayer, for y+ ≤ 5. From figure 4.9 it can
be seen that below y+ ≤ 5, the law-of-the-wall depends on a linear relationship between the dimensionless
variables, u+ and y+. The y+ is expressed as follows:

y+ = yuτ
ν

, (4.1)

Here y is the height of the first cell, uτ is the friction velocity and ν is the kinematic viscosity.
ENSOLV does not have the option to use wall functions. Hence, the grid must be suitable of resolving the
viscous part of the turbulent boundary layer. The cell size of the first grid cell for y+ = 1 was calculated using
flat-plate theory (Schlichting and Gersten, 2001). The following equations were used:

C f = 0.0592Re−0.2
c (4.2)

d y = 2
y+c

Rec

√
C f

2

(4.3)

Here C f is the skin friction coefficient and Rec is the chordwise Reynolds number.

In order to capture the boundary layer correctly, the normal growth rate of the cells in the Navier-Stokes
blocks must not exceed 1.2. The in-house tool strgrd is used to redistribute the cells within the Navier-
Stokes blocks, for y+ ≈ 1 and a stretching factor of 1.2. Using the above stated formula, led to an off-wall
spacing in the order of 10−5 to 10−6 meters. As a result, a large number of cells were required if an universal
cell stretching was retained. Therefore, the cell stretching to far-field boundaries was increased. In figure 4.8,
the grid distribution of the Navier-Stokes block is depicted.
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Figure 4.9: The dimensionless boundary-layer profile (CFD Online, 2011)

4.2.5. GRID QUALITY
The final grid quality metrics are obtained by running ENGRID in batch mode. A grid quality report is gen-
erated, in which different mesh parameters are listed. The mesh characteristics slightly depended on the
number of cells, however the values of the quality metrics were reasonable similar. Table 4.2 shows the mesh
quality of the grid used in all CFD simulations concerning this work. It must be noted that the grid quality
report merely provided maximum values per block. Hence, the averages of those values are added to the pre-
sented table in order to give a more complete representation of the grid quality. Yet, the aspect ratio appears
substantially large. Due to large dimensions of the model and small volume cells in the NS blocks, the maxi-
mum values of aspect ratio were huge. When the NS blocks are omitted from the quality report, the average
of maximum values declines to approximately 600. The cells adjacent to the wall and the remaining cells in
the NS blocks substantially increased the average values of the aspect ratio heavily.

Mesh quality metrics Maximum value Average value
Stretching [-] 1.80 1.32
Turning [◦] 30.0 15.4
Aspect ratio [-] 3.00E5 4.47E4

Table 4.2: Mesh quality metrics of the final grid (Mesh #2 of the grid convergence study)

4.2.6. GRID CONVERGENCE STUDY
Grid convergence is important in CFD analysis as it investigates the effect of grid size on the computational re-
sults. It is clear that the solution becomes more accurate for an increasing number of cells. Very fine meshes,
on the other hand, require high computation times. Hence, a compromise must be sought between nu-
merical accuracy and computational expenses. In this study, various mesh configurations were tested and
analyzed on their performance. For the case shown, various cross-sectional pressures and the lift and drag
distribution are shown for an inflow wind speed of V = 11.5 m/s over the rigid blade. It was observed that
leading edge and trailing edge pressures were highly dependent on the number of chordwise cells and their
distributions. However, the enhancement of numerical accuracy by increasing the number of chordwise cells
was bounded. It was observed that further grid refinement did not lead to better prediction of pressures, in
particular at small z/R. Therefore, three geometrically-equal grids are shown comprising 290 chordwise cells.
The mesh characteristics of the three meshes are presented in table 4.3.
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Mesh ID Mesh #1 Mesh #2 Mesh #3
Total # of cells 30M 20M 15M
# of spanwise cells 290 196 168
# of chordwise cells 290 290 290
# of boundary layer cells 64 64 48
max(y+) ≈1 ≈1 ≈1

Table 4.3: Mesh characteristics of the three meshes used in the grid convergence study

As shown in figure 4.10 and 4.11, the number of cells in the NS-blocks appeared critical to obtain good results.
All meshes produced reasonable similar pressures for the four cross-sections that are shown. Additionally the
lift- and drag characteristics over the blade were analyzed. The lift and drag were calculated using the proce-
dure shown in appendix B. Looking at the lift and drag distribution shown in figure 4.12, it can be concluded
that Mesh #3 overestimates the lift over the entire span of the blade. Furthermore, these distributions confirm
the similarity of Mesh #1 and Mesh #2. It also appeared that the flow at the inboard region did not converge.
This was caused by high unsteadiness of the flow over the cylindrical and transition part of the blade. Table
4.4 shows the root-mean-square deviation of the lift-and drag coefficients between three meshes, with and
without inclusion of the inboard part of the blade, z/R < 0.2. The RMS values show that Mesh #2 produced
similar results as Mesh #1. It was decided to use Mesh #2 as a larger mesh size did contribute considerably to
the accuracy of the flow solution, while it has substantially saved computation times.

Root-mean square deviation of lift coefficient
0 ≤ z/R ≤ 1 0.2 ≤ z/R ≤ 1

Mesh #1 - Mesh #2 0.0625 0.0125
Mesh #2 - Mesh #3 0.2228 0.0377
Mesh #1 - Mesh #3 0.2092 0.0285
Root-mean square deviation of drag coefficient

0 ≤ z/R ≤ 1 0.2 ≤ z/R ≤ 1
Mesh #1 - Mesh #2 0.0165 0.0022
Mesh #2 - Mesh #3 0.0767 0.0031
Mesh #1 - Mesh #3 0.0648 0.0049

Table 4.4: Root-mean square deviation of the lift- and drag coefficients between different meshes
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(a) At z/R = 0.23 (b) At z/R = 0.46

Figure 4.10: Pressure distribution at cross-sections for different meshes

(a) At z/R = 0.68 (b) At z/R = 0.91

Figure 4.11: Pressure distribution at cross-sections for different meshes

(a) Lift distribution (b) Drag distribution

Figure 4.12: The lift and drag distribution over the span of the blade for different meshes
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4.3. COUPLING MODELS
In this study, the Fluid-Structure Interaction (FSI) model was composed of three sub models: a spatial cou-
pling model, a grid-deformation algorithm and time-integration model (for flutter analysis).

4.3.1. SPATIAL COUPLING: VOLUME-SPLINE INTERPOLATION METHOD
Spatial coupling between fluid and structure mesh was performed using the VSI method. Methods of load
and data transfer require some basic principles that are explained in this section. The exact working prin-
ciple of the approach will not be discussed, but can be found in the article by (Hounjet and Meijer, 1995).
The interface geometry of fluid and structure mesh is often non-matching. A data exchange method must
be applied to transfer information across the discrete interface. A variety of methods were found in litera-
ture that produce interpolation matrices required in FSI modelling. The interpolation matrix Gas relates the
deflections on the structural grid to the deflections on the aerodynamic grid:

(ha) = [Gas ](hs) (4.4)

As shown in the literature review, energy must be conserved over the discrete interface. The transformation of
force vectors between aerodynamic and structural grid must be structurally-equivalent (Hounjet and Meijer,
1995). In other words, it is required that aerodynamic forces (fa) and their structurally equivalent values (fs)
acting on the structural grid do the same virtual work. Conservation of virtual work can be expressed as
follows:

(∂ha)T (fa) = (∂hs)T (fs) (4.5)

Substituting equation 4.4 into 4.5 gives the following expression:

(∂hs)T [Gas ]T (fa) = (∂hs)T (fs) (4.6a)

(∂hs)T [
[Gas ]T (fa)− (fs)

]= 0 (4.6b)

(fs) = [Gas ]T (fa) (4.6c)

However, it is known that conservation of virtual work can lead to unphysical oscillations in pressure. In
order to transfer loads accurately without artificial effects, the following list of requirements must be met by
the interpolation method:

• No unrealistic wild oscillations should occur.

• No pathological end effects should occur. As the number of support points is often limited, the in-
terpolation should not give exceeding values outside the range of support points. It should be noted,
however, that interpolation methods are not suited for extrapolation. Thus, the location and number
of support points must be chosen carefully.

• The interpolation is exact at the support points.

It is proven that the VSI technique copes with the above stated requirements. Therefore, it was assumed that
this method is sufficient if it is correctly applied.

The selection of the support points must be done carefully. It was decided to pick six or seven grid points per
cross-section (depending on the number of shear webs) of each spanwise meter, totalling to approximately
1600 support points. The support points were located at the leading edge, trailing edge, midpoint of each
shear web and shells at the pressure and suction side respectively. The adequateness of the spatial-coupling
algorithm was verified by comparison of deformations on structural mesh and fluid mesh. The deformed and
undeformed state of both meshes are shown in figure 4.13 and 4.14. The figures were extracted from the load
case where U∞ = 11.5 m/s. Although details are not visible, it shows similarity of the overall displacements.
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Figure 4.13: Structural nodes of the wind turbine in deformed and undeformed state (U∞ = 11.5 m/s)

Figure 4.14: Fluid mesh nodes of the wind turbine in deformed and undeformed state (U∞ = 11.5 m/s)
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4.3.2. GRID DEFORMATION: VOLUME-SPLINE INTERPOLATION METHOD AND TRANSFINITE

INTERPOLATION METHOD
A grid deformation algorithm was required to deform the multi-block grid in order to adapt the grid as the
structure deforms. The algorithm should be kept simple and efficient, but most of all robust and grid-quality
conserving. The VSI method used as coupling model can also be used to deform the grid around deflected
structure. Applying VSI to deform aerodynamic grids consisting of millions of grid cells leads to high comput-
ing times. The systems of equations become excessively large, slowing down the solution process. In order
to save time, it was chosen to include a limited set of support points in the mesh-deformation process. Since
the displacements of the wind turbine were smooth, no crucial deformation data was lost. It was chosen to
specify the grid points modulo to four, implying that one of four successive grid points was used as support
point. Moreover, VSI was exclusively used to displace vertices of the blocks. The remainder of the grids points
were displaced using the Transfinite Interpolation (TFI) method, since TFI it is very efficient method in de-
formation of structured grids. As each block consisted of orthogonal grids with i,j,k-topology, normalized arc
lengths (s, t ,u) of the initial grid can be blended in the TFI formulation preserve initial grid characteristics
(Prananta et al., 2000).
The normalized arc lengths in x-direction can be defined as follows:

si , j ,k =
∑i

m=1 ||xm, j ,k −xm−1, j ,k ||∑N I
m=1 ||xm, j ,k −xm−1, j ,k ||

(4.7)

Where N I are the number of grid points over the edge in i-direction and x are the coordinates of the initial
grid. This means that s0, j ,k = 0 and sN I , j ,k = 1. The determination of new grid locations of surface grids can
be expressed as the following two-step recursion formula:

dx1(i , j ) = (1− si , j )dx(0, j )+ si , j dx(N I , j ) (4.8a)

dx2(i , j ) = dx(i , j )+ (1− ti , j )
(
dx(i ,0)−dx1(i ,0)

)+ ti , j
(
dx(i , N J )−dx1(i , N J )

)
(4.8b)

dx(i , j ) = dx2(i , j ) (4.8c)

Where dx is the set of displacements of block vertices computed by VSI.
Equation 4.8a computes the displacements in the interior of the face in i-direction by straight-line inter-
polation. Subsequently, equation 4.8b corrects the displacements for contribution in j-direction. In three-
dimensional space, the TFI-method considers a three-step recursion formula to compute the displacements.
The expressions for the three-dimensional form can be found in the technical report by (Prananta et al., 2000).

4.3.3. TIME-INTEGRATION OF FLUID MODEL: 2ND-ORDER BACKWARD DIFFERENCE SCHEME
In flutter analysis, time-dependent CFD simulations are performed. Solving the unsteady RANS equations
requires a time-integration scheme. As the aerodynamic mesh discretizes the flow domain spatially, the flow
equations can be expressed as a semi-discrete formulation:

d(V U )i , j ,k

d t
+Vi , j ,k R(U )i , j ,k = 0 (4.9)

Where U is the flow-state vector, R is the residual and V is the grid cell velocity.
The second-order backward difference method is the most commonly used integration method available in
ENSOLV. As shown in literature review, implicit-time integration schemes provide good stability characteris-
tics and therefore it allows to use larger time steps. Applying this scheme to the time derivative leads to the
following equation:

ψ1
(
(V U )n+1

i , j ,k − (V U )n
i , j ,k

)−ψ2
(
(V U )n

i , j ,k − (V U )n−1
i , j ,k

)+V n+1
i , j ,k R(U n+1)i , j ,k = 0 (4.10)

Whereψ1 = 1
∆t n + 1

∆t n−∆t n−1 andψ2 = 1
∆t n−1 − 1

∆t n+∆t n−1 , with∆t n = t n+1− t n . The dual time-stepping method
is adopted to solve the resulting equations. Fictitious time steps are introduced reforming the unsteady equa-
tions in a quasi-steady problem. As a result, each time step solves a steady state problem that can be described
as follows:

R̃(U n+1)i , j ,k +P n+1
i , j ,k = 0 (4.11)
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In which R̃ is the unsteady residual: R̃(U n+1)i , j ,k =ψ1Ui , j ,k +R(U )i , j ,k and P is a forcing function:

P n+1
i , j ,k = 1

V n+1
i , j ,k

(− (ψ1 +ψ2)(V U )n
i , j ,k +ψ2(V U )n−1

i , j ,k

)
(4.12)

As may noticed, the equations include grid cell velocities. Grid cell velocities must be accounted for as they
produce additional convective fluxes. Most commonly, they are computed by volumes swept by cell faces
between two time steps. The exact procedure of computing the grid velocity can be found in the following
technical report by (Prananta et al., 2000).

4.4. FLUID MODEL
The literature review showed that RANS is capable of solving wind turbine aerodynamics with good accuracy.
As the considered test cases comprised normal operating conditions, attached flow was expected for most
part of the blade. For attached flow, it is assumed that RANS resolves the flow accurately.

4.4.1. LOW-MACH PRECONDITIONING
The derivation of the compressible RANS equations is explained in literature review. Wind turbine flow can be
considered low-speed and therefore is regarded as incompressible flow. For low speed flow, the compressible
flow equations become stiff due to a large disparity between acoustic wave speed and convective wave speed.
As a consequence, the convergence of steady-state computations may deteriorate. To alleviate this problem,
low-Mach preconditioning can be applied. These methods change the eigenvalues of the system reducing
the disparity of wave speeds. Although the Mach number of incoming wind is relatively low, the local flow
velocities over the blade exceeded Mach = 0.1. Hence, in case no convergence-related problems emerged, it
was chosen not to apply low-Mach preconditioning in the current study.

4.4.2. SOLUTION PROCEDURE
ENSOLV utilizes a highly efficient solution scheme that achieves an acceleration factor of 2 to 10 in compar-
ison to conventional solution methods. The so-called multi-grid scheme performs relaxations on different
grid levels to accelerate the convergence on the finest grid level. The solutiona on coarser levels of the com-
putational grid are used to make large wavelength components of the error converge faster. There are many
variations in multi-grid algorithms, but the principle remains the same. The restriction operator transfers the
solution and residual of a fine grid to a coarser grid, where computations are performed to correct the fine
grid solution. The exact working principle can be found in documentation about ENSOLV (Kok, 2019). The
multi-grid scheme is shown in figure 4.15.

Figure 4.15: The multi-grid scheme

4.4.3. VERIFICATION
A former NLR graduate student already validated ENSOLV for wind turbine aerodynamics. (Ten Pas, 2016)
used wind tunnel data publicly available from the EU project Mexico (Schepers et al., 2012) to validate the
flow solver. The measurements were carried out on a 4.5-meters diameter rigid wind turbine model in the
Large-Low Speed wind facility of DNW (German-Dutch Wind Tunnels).
The results were in good agreement with experimental data. However, the wind turbine used in the current
study possesses some unique design features that differentiates itself from the validated model. Because of
its extreme scale, the structural design had to satisfy high structural requirements. As a result, the blade de-
sign incorporated a thick cylindrical-shaped profile at the root that smoothly transforms into thick airfoils
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with blunt trailing edges. These profiles may cause flow separation, which could lead to inaccurate solutions
as the utilized fluid model lacks sufficient transition and turbulence models. Since no validation data was
directly available for this blade design, the fluid model was verified following a two-step approach.

In literature, experimental data was found for the DU97-W-300-10 flatback airfoil, one of the thick-trailing
edge profiles incorporated in the blade design. The first verification step consisted of comparing two-dimensional
CFD data to experimental data from wind tunnel testing. The second verification step compared pressure
distributions at several spanwise sections of the three-dimensional CFD solution to pressure distributions
computed by Xfoil and Rfoil.

Cp -DISTRIBUTION ALONG THE DU97-W-300-10 FLATBACK AIRFOIL

In the Virginia Tech Stability wind tunnel, wind tunnel measurements were conducted to determine the noise
and aerodynamic performance characteristics of a 10%-thick trailing edge version of the DU97-W-300 airfoil
(Berg and Barone, 2008). The experiment was carried out in a propeller-powered wind tunnel, providing a
Reynolds number of Rec = 3.2 ·106, and the airfoil was placed at ten degrees angle of attack. The boundary
layer was tripped by placing zigzag tape at x/c = 0.05 and x/c = 0.1, on the upper and lower surface respec-
tively. According to the article, stall conditions were not reached, implying two-dimensional attached flow
conditions. The pressures obtained from measurements were compared to two-dimensional computations
performed in Xfoil and ENSOLV, shown in figure 4.16. It can be observed that the computed pressures devi-
ated from experimental results. It appeared that Xfoil significantly overestimated the suction peak, which
corresponds to findings in literature (Ramanujam and Ozdemir, 2017). The suction peak observed in the CFD
pressures was in reasonable agreement with experimental data, however the suction side pressures were un-
derestimated over the majority of the chord length. Based on these results, it was difficult to state to what
extent the fluid model accurately predict the pressures over a blunt trailing edge airfoil. For this reason, an
additional verification step was performed.

SECTIONAL Cp -DISTRIBUTIONS ALONG THE WIND TURBINE BLADE

Since the experimental data was based on two-dimensional flow, also computations were carried out taking
into account three-dimensional flow effects. The sectional pressure distributions at several spanwise loca-
tions from the full-rotor CFD simulation were compared to the results from Rfoil and Xfoil, where the
pressures obtained from Rfoil were corrected for rotational effects. As shown in figure 4.17, the pressure
distributions at four cross-sections (z/R = 0.37, z/R = 0.48,z/R = 0.90 and z/R = 0.99) were analyzed.
Due to the rotating motion of the blade, the pressure coefficient must be computed differently than usual. A
different expression for the dynamic pressure must be substituted, leading to:

CP = p −p∞
1
2ρ

(
U 2∞+ (ωR)2

) (4.13)

Here p is the static pressure, ρ is the density, p∞ is the atmospheric pressure, U∞ is the wind velocity, Ω the
angular velocity in rad/s and R the distance to rotation axis.
It can be noticed that Xfoil predicted higher values for the pressure than the CFD computations. This is a
consequence of assumptions made in the determination of the wake geometry (Ramanujam and Ozdemir,
2017), based on assumption of inviscid flow. In Rfoil a scheme is implemented that includes viscous effects
in the determination of the wake geometry, which has led to better lift predictions. The results showed that
Rfoil approached the CFD results more closely, especially for the most inboard section. Furthermore a
large disparity in suction peak pressure can be seen at the outermost cross-section. The reason for this effect
may be two-fold. First of all, the reduction in pressure can be denoted to the tip-effect. Earlier findings of
(Lindenburg, 2003) had proven that sectional lift is reduced for rotating airfoils. Two-dimensional methods
do not account for three-dimensional flow effects at the tip causing an overprediction of the suction peak.
Additionally, as the stagnation point slightly shifted, it can be concluded that the angle of attack changed. As
long as two-dimensional flow occurs, Rfoil and ENSOLV predict similar sectional pressure distributions.
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Figure 4.16: Comparison pressure distribution over DU97-W-300-10 flatback airfoil between experimental data, 2D CFD and Rfoil for
Rec = 3.2 ·106 and α= 10◦ (Berg and Barone, 2008).

(a) At z/R = 0.37 with t/c = 0.3 (b) At z/R = 0.48 with t/c = 0.25

(c) At z/R = 0.90 with t/c = 0.21 (d) At z/R = 0.99 with t/c = 0.18

Figure 4.17: Comparison of the pressure distributions at several spanwise locations



52 4. MODELS

4.5. STRUCTURAL MODEL
The structural model used is a three-dimensional FEM model provided by We4Ce. Since the model is com-
patible with Nastran, a wide range of solution methods can be applied to assess its behavior. As mentioned
in the methodology, the Guyan reduced model was used in the semi-nonlinear aeroelastic approach. Several
test cases were performed to verify its performance compared to the original model.

4.5.1. MODEL DESCRIPTION
As shown in figure 4.18, the overall lay-out of the structure consists of an outer shell and multiple inner shear
webs, varying in number and location throughout the span of the blade. As mentioned earlier in this chap-
ter, the structural model was automatically generated using the integrated design tool FOCUS. Due to the vast
decrease in chord towards the tip, the integrated mesh-generation tool of FOCUS constructed deteriorated el-
ements at the tip. In order to avoid numerical issues, the FEM model was shortened by a meter.

The blade geometry is meshed using quadrilateral shell elements, in which material properties of the com-
posite laminates are described using a combination of PCOMPG cards and MAT8 cards. The PCOMPG card
enabled to define the properties of a multi-ply composite laminate layer-by-layer, while the MAT8 card de-
fined the composite plies as orthotropic material. CLT was used to compute the equivalent properties of a
plate from the material definitions (Sale et al., 2013). An elaborate explanation of the implementation of this
theory in Nastran can be found in Nastran’s user manual (MSC Software Corporation, 2017). As already
mentioned in section 4.2.2, the hub was not designed yet. Since the hub was not of interest, the root of the
blade was fixed using single-point constraints (SPC’s).

Figure 4.18: A close-up from the tip of the three-dimensional FEM model
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4.5.2. MODEL ADJUSTMENT
As stated earlier in this chapter, the FEM model was one meter shorter than the aerodynamic problem. Prob-
lems may be arise in the coupling between both models. In particular, artificial displacements can originate at
the tip due to a lack of surrounding support points. In fact, the tip displacements must be extrapolated to the
aerodynamic model. The VSI provided a zero-th order extrapolation, resulting in an unphysical representa-
tion of the tip. To resolve this, additional support points were added to the tip to ensure correct interpolation
of the tip displacements. It was chosen to add two structural nodes at the location of the tip leading- and trail-
ing edge respectively. They were connected to the existing structural model using rigid bar elements (RBE2
elements). However, in this manner, a singular stiffness matrix was generated because these elements have
an infinite stiffness. In order to resolve this, the added tip nodes were duplicated and connected their equal
using an extreme stiff spring element. This technique appeared to work. The model adjustment resulted in
linear extrapolation of the displacements to the tip.

Figure 4.19: Representation of the fluid and structural model at the tip

4.5.3. VERIFICATION
Two test cases were performed in the verification of the reduced model, including static analysis and modal
analysis.

STATIC ANALYSIS

As mentioned in the methodology, Guyan reduction provides an exact representation of the linear material
stiffness matrix. Hence, in linear static analysis both models would compute similar displacements in match-
ing nodes. Accordingly, the reduced model is verified by comparing the results to the solution of nonlinear
static analysis. For nonlinear static analysis, it is required to adopt the full model. Table 4.5 summarizes the
performed test cases.

Bending
Test case Load type Load magnitude
Tipload 10 kN Force in flapwise direction (Fx ) 10 kN
Tipload 40 kN Force in flapwise direction (Fx ) 40 kN
Tipload 10 kN Force in edgewise direction (Fy ) 1 kN

Torsion
Test case Load type Load magnitude
Tiptorsion 10 kNm Moment around z-axis (Mz ) 10 kNm

Table 4.5: Static test cases considered for verification of the reduced model
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The displacements resulting from the various load cases are presented in table 4.6. Considering the displace-
ments are small, the reduced model produced similar results. Although the differences are small, it can be
observed that they increasingly deviate as the loads were amplified. It can be concluded that the model re-
duction did not effect static analysis.

Bending
Test case Flapwise displacement (full) Flapwise displacement (reduced)
Tipload 10 kN 8.1783·10−1 m 8.1787·10−1 m
Tipload 40 kN 3.2556 m 3.2715 m
Test case Edgewise displacement (full) Edgewise displacement (reduced)
Tipload 10 kN 2.1074·10−1 m 2.1075·10−1 m

Torsion
Test case Torsion (full) Torsion (reduced)
Tiptorsion 10 kNm 9.7609·10−2◦ 9.7641·10−2◦

Table 4.6: Results of the static test cases considered for verification of the reduced model

MODAL ANALYSIS

The second test case involved modal analysis in order to assess the influence of reduction on dynamic prop-
erties of the model. The modal analysis was performed for a rotating blade analogous to the first test case
(U∞ = 11.5 m/s). This implies that both models are pre-stressed by a centrifugal force corresponding to an
angular velocity of Ω = 8.7 RPM. Table 4.7 shows the results of the modal analysis. It appeared that higher
modes were more significantly affected in terms of their natural frequency. Subsequently, a Modal Assurance
Criterion (MAC) analysis was carried out to determine the similarity of the mode shapes of both models. The
MAC value is calculated as the normalized dot product of two sets of vectors and can be thought of being the
correlation between two modal vectors squared:

M AC ({φ f }, {φr }) = |{φ f }T {φr }|2

({φ f }T {φ f })({φr }T {φr })
(4.14)

Hereφ f is one of the modal vectors of the full model andφr is the corresponding modal vector of the reduced
model.
Due to omitted mass effects, the computed modal characteristics of the wind turbine blade changed. The
MAC values showed a similar trend as the differences in frequencies. Depending on the set of "active" nodes,
mode shape and natural frequency, the modal characteristics were influenced by the model reduction. In
order to ensure a proper characterization of the structure of the blade, the modal characteristics of the full
blade were used in the "linear" flutter analysis.

Mode number Full model [Hz] Reduced model [Hz] Difference [%] MAC [%]
1 0.525 0.525 0.00 100.0
2 0.732 0.732 0.00 100.0
3 1.347 1.348 0.05 100.0
4 2.180 2.191 0.47 100.0
5 2.668 2.675 0.25 100.0
6 4.174 4.219 1.08 99.9
7 4.300 4.346 1.08 98.9
8 4.602 4.704 2.22 98.4
9 6.359 6.455 1.51 99.7

10 7.432 7.760 4.41 78.9
11 7.666 8.154 6.37 77.3
12 8.548 8.778 2.72 99.3

Table 4.7: Results of the modal analysis for the full and reduced structural model (Ω= 8.7 RPM)
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4.5.4. BUCKLING ANALYSIS
In the continuous upscaling of wind turbines, optimum design strategies were adopted to limit the weight
increase of the blades. These strategies have led to the use of alternative materials and thin-walled structures,
which raised the risk on buckling behavior (Ounis and Balehouane, 2016). The linear-elastic buckling finite
element analysis of structures can be formulated as an eigenvalue problem (Zienkiewicz and Taylor, 2005):

([K ]+λ[KG ])φ= 0, (4.15)

where [K ] is the global stiffness matrix, λ is the buckling load factor, [KG ] is the geometric stiffness matrix
and φ are the buckling modes. The linear geometric stiffness (or differential stiffness) matrix is created by
initial stresses due to pre-loading the structure for the specific load case. As linear analysis is considered, the
geometric stiffness depends linear on the displacements.





5
RESULTS

The results of the performed simulations are presented in this chapter. Two similar simulations of a rotating
wind turbine were considered, for different wind speeds: U∞ = 7 m/s and U∞ = 11.5 m/s. The associated op-
erational parameters to these two load cases are shown in table 5.1. The most important parameters specified
in the input files of ENSOLV can be found in appendix .

Simulation conditions
Load case V [m/s] Ω [rev/min] Pitch angle [◦] Tip speed ratio [-]
1 11.5 8.7 0.5 8.7
2 7 6.3 0.5 10.4

Table 5.1: The two simulation conditions that are considered

5.1. LOAD CASE 1
The first case considered an uniform inflow of 11.5 m/s. According to the design curve shown in the method-
ology, the axial forces are largest for this load case. Hence, it is expected that the nonlinear structural effects
will be most prominent.

The aerodynamics around the rigid blade is discussed prior to the results of the static aeroelastic simulation
in order to gain insight on the overall flow development. Subsequently, the effect of deformations on the
aerodynamic loads was assessed.

5.1.1. AERODYNAMICS AROUND RIGID BLADE
This section presents the steady aerodynamic solution around the jig shape of the rotor. The flow character-
istics are discussed by means of convergence data, velocity- and pressure plots and streamlines.

RESIDUAL ANALYSIS

The convergence of the flow solver was checked to assure that the solution had reached a steady-state. For this
simulation, three grid levels were used in the multi-grid scheme, in which the number of iterations was set to
5000 per grid level. Due to the multi-grid scheme, a single CFD analysis can also serve as a grid convergence
study. Since the mesh coarsened with order two, the approximate grid sizes could easily be calculated with
the knowledge that the fine grid contained ≈20 million cells. Table 5.2 provides a brief summary of the cell
sizes:

Mesh refinement Total number of grid cells
Fine 20M
Medium 2.5M
Coarse 0.3M

Table 5.2: Summary of grid sizes used in residual analysis
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The particular wind speed of U∞ = 11.5 m/s will apparently result in attached flow as this load case concerns
an operational condition of the design curve. Therefore, it was expected that the flow solver would not have
major difficulties in reaching a converged flow solution. Figure 5.1 shows that the residuals of the steady-
state flow solver decreased by approximately four orders of magnitude, implying reasonable convergence.
However, they did not progress to commonly desired convergence levels in the order of 10−4. The root mean
square (RMS) residuals stagnated and started oscillating around a final value. Stagnation of the residual val-
ues could imply bad grid quality or unsteadiness in the flow. It is also clearly visible that the coarse grid level
reached substantially lower residual values. This signified that eventual unsteadiness of the flow was not pre-
sented by the coarse grid. Bad grid quality could however lead to inaccuracies leading to errors in computed
aerodynamic forces. Hence the convergence of the aerodynamic forces is checked.

Figure 5.1: Residual plots from steady aerodynamic simulation in ENSOLV (U∞ = 11.5 m/s)

Only the development of the total forces of the rotor were available in the convergence file.

CONVERGENCE OF AERODYNAMIC FORCES

Unfortunately, ENSOLV only records the total forces on the object in the convergence file. In the analysis of
wind turbines, this results in a distorted view of the working forces. As the in-plane forces of the separate
blades work in opposite directions, the recorded in-plane force cancels out. Since the out-of-plane forces are
most significant in the aeroelastic deformations, these give a good impression of the accuracies attained. To
give a clear representation of the force magnitudes reached after convergence, the force development of the
distinct meshes is presented in figure 5.2. It must be noticed that the thrust force (i.e. force in x-direction) of
the full rotor is shown. The convergence plot showed that the thrust converged to a final value. Additionally,
the force differences showed that a relatively large mesh was needed to obtain good results. As was shown
in the convergence study, the solution deteriorated when less cells were used in the boundary layer or in the
chordwise direction. It is advised to use a sufficient number of grid cells in order to predict correct pressure
distributions. In particular, the leading- and trailing edge region require a denser grid distributions as the
pressure gradients are large in those areas.
The final forces and moments working on the wind turbine rotor are shown in table 5.3. The results showed
that the force in y-direction differs most between both blades. It was concluded that the discrepancy between
both blades was the result of unsteady flow at the root. In fact, residual information given by the output file
showed that RMS values were highest in the blocks around the hub and cylindrical-shaped blade segment.
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Figure 5.2: Grid convergence analysis of thrust force

Figure 5.3: Grid convergence analysis of torque

Forces
Component

∑
Fx

∑
Fy

∑
Fz

Upper blade 1.0467·106 N -1.4960·105 N 2.5129·104 N
Lower blade 1.0455·106 N 1.5471·105 N -2.5358·104 N
Hub 2.4851·103 N 1.8694·103 N 2.4738·102 N

Moments
Component

∑
Mx

∑
My

∑
Mz

Upper blade -9.1230·106 N·m 7.4274·107 N·m 9.6304·104 N·m
Lower blade -9.1209·106 N·m -7.3978·107 N·m -9.3607·104 N·m
Hub blade 4.4926·101 N·m 4.4237·102 N·m -2.6243·103 N·m

Table 5.3: Final forces and moments per component (U∞ = 11.5 m/s)
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FLOW AND PRESSURE PLOTS

To visualize the flow around the blade, Tecplot was used to generate velocity, pressure and streamline plots
at several cross-sections. To get a clear representation of the pressures, additionally the pressure distribu-
tions were given. The flow variables shown in the plots are normalized by the local free-stream velocity. At
z/R = 0.12, massive flow separation occurred behind the blade segment as shown in figure 5.4a. Transition
from the cylindrical root to thick blunt trailing edge airfoils takes place in this region. As expected, the flow
was unsteadiness in this region. The steady solver attempted to solve the unsteady flow, resulting in a vortical
flow structure. However, as the streamlines merged downstream, it can be concluded that it was not capable
of capturing unsteady vortex shedding. Figure 5.7a shows that a significant adverse pressure gradient arises
slightly aft the location of the suction peak, leading to onset of flow separation. This was obviously an effect
of the thick profile. The flow phenomenon observed explained the stagnation of residuals. Furthermore as
shown in figure 5.6, it appeared that separated air was driven outwards, resulting in a radial velocity compo-
nent. Highly three-dimensional flow emerged. In the middle region of the blade the flow is nicely attached
and two-dimensional. Figure 5.7b shows excellent aerodynamic properties of the blunt trailing edge airfoil.
Minor numerical issues appeared at the trailing edge, as consequence of the discontinuous shape. Lastly, at
z/R = 0.90 the flow was attached, but three-dimensional occurred. This was caused by the tip. The differ-
ence in radial flow speed implied the formation of a tip vortex. In order to adequately analyze this effect,
unsteady computations must be performed. In case of interest, additional flow and pressure plots are given
in appendix C.

(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.4: Streamlines and velocity in y-direction at several spanwise cross-sections (U∞ = 11.5 m/s)

(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.5: Contour plots of pressure at several spanwise cross-sections (U∞ = 11.5 m/s)

(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.6: Velocity in z-direction at several spanwise cross-sections (U∞ = 11.5 m/s)
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(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.7: Pressure distribution at several spanwise cross-sections (U∞ = 11.5 m/s)

Realizing that flow separation occurred, it was interesting to determine to what extent his behavior applied to
the blade. As mentioned in the methodology, the surface walls imply zero tangential and normal velocity. The
no-slip condition was applied. In order to determine the onset of flow separation, an alternative method must
be performed. It was chosen to analyze the skin friction lines on the surface. These lines were calculated by
taking the streamlines of the vector field of wall shear stress. The resulting streamlines can be found in figure
5.9 and confirmed that the flow is mainly separated at the root. Towards the tip, it seemed that a skin friction
line was located slightly upstream of the trailing edge as can be observed at both sides of the blade. Although
no flow separation was observed in the velocity plots, this could indicate that a slight portion of trailing edge
separation occurred.

COMPARISON TO BLADE-ELEMENT MOMENTUM RESULTS

The aerodynamic loads obtained from CFD analysis are compared to BEM results. As shown earlier in this
chapter, the majority of the blade exhibited two-dimensional attached flow conditions. It was assumed that
BEM could give similar results. The flapwise and edgewise forces are depicted in figure 5.8. The lift- and drag
polars used in the BEM computations, were obtained from Rfoil calculations. As it appeared that Rfoil
did not produce correct data for the inboard segments, the transitional and cylindrical region were replaced
by the thickest integrated airfoil profile. Hence at the inboard region the flapwise force displayed a linear
behavior. It appeared that Rfoil slightly overestimated the flapwise forces. While in the middle part of the
blade, the estimation of the edgewise forces reduced. The discrepancies in lift- and drag were already ob-
served in literature and analyzed in the fluid model verification in chapter 4. When the force distributions
were compared without including the results of z/R 6= 0.35, it was shown that BEM results deviated 2.7% and
3.8% from the flap- and edgewise forced computed by CFD respectively. It can be concluded that for attached
conditions, BEM gives a good estimate of aerodynamic forces. But BEM does not produce adequate solutions
when more complex or critical flow conditions originated. Experimental data or high-fidelity analysis must
be performed to determine appropriate corrections.
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(a) Flapwise forces over the blade (b) Edgewise forces over the blade

Figure 5.8: Comparison of CFD and BEM results for steady flow (U∞ = 11.5 m/s)

Figure 5.9: Limiting streamlines and pressure coefficient on the pressure (left) and suction (right) side of the rigid wind turbine blade
(for U∞ = 11.5 m/s)
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5.1.2. STATIC AEROELASTIC SIMULATION
In this section, the results from the static aeroelastic analysis are presented. As described in the methodol-
ogy, the steady-state deformation and corresponding flow field was solved using the in ENSOLV implemented
static aeroelastic solver.

From this section on, convergence plots are omitted to avoid an overload of figures. The pressure and velocity
plots are displayed to show the effect of the deformations on the flow field around the blade. Subsequently,
the loads in undeformed and deformed are compared to provide insight in the aeroelastic coupling of this
blade.

FLOW AND PRESSURE PLOTS

Flow around the deformed blade is visualized by similar plots as shown in the rigid case. The greatest part of
the blade experienced similar flow conditions. It was evident that flow separation occurred at the cylindrical
section shown in figure 5.10a. The largest difference in the flow characteristics can be observed at the tip. At
z/R = 0.90 shown in figure 5.7c, it can be noticed that the suction peak was smaller and the stagnation point
(Cp = 1) was located closer to the leading edge, indicating an angle of attack reduction. Similar as for the rigid
case, the remaining velocity and pressure plots are given in appendix D.
As shown in figure 5.17, the limiting streamlines on the deflected surface were roughly similar to the unde-
flected case. The deformation of the blade did not influence the onset of flow separation, which is obvious as
negative torsion leads to lower angles of attack.

(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.10: Streamlines and velocity in y-direction at several spanwise cross-sections (U∞ = 11.5 m/s)

(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.11: Contour plots of pressure at several spanwise cross-sections (U∞ = 11.5 m/s)
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(a) z/R = 0.12 (b) z/R = 0.31 (c) z/R = 0.90

Figure 5.12: Pressure distribution at several spanwise cross-sections (U∞ = 11.5 m/s)

FSI ITERATIONS

As described in the methodology, the aeroelastic solver includes a linear structural model. The pre-stressed
linear stiffness matrix was incorporated to solve equations governing static aeroelastic analysis. Due to lin-
ear characteristics of the structural model, it was assumed that the structure adopted its final shape after the
flow was converged. Figure 5.13 and 5.14 shows the displacements in the three main directions after con-
vergence within a threshold of 0.1% of the final displacement. The results showed a tip displacement of 16
meters, which corresponds to 15% blade radius. It may be expected that structural nonlinearities affect the
steady-state solution. Furthermore, some valuable insights were derived from the results. As known from
the methodology, in linear analysis the deformations are pointed in similar direction as applied loads. Figure
5.14a confirmed this event, showing that the tip displaced radially outward relative to the initial state. The
blade was elongated due to applied loads. This artificial effect increased the effective rotor area, resulting
overestimation of rotor performance. In reality, higher-order terms included in nonlinear models cause geo-
metric couplings. Independently of material effects, bending would displace the tip radially inward causing a
reduction in effective rotor area. Additionally it was shown that the aerodynamic loads resulted in a large tip
torsion. The negative values imply that the leading edge of the blade was twisted into the wind. This elastic
effect was incorporated to alleviate loads for heavier wind conditions. This effect is clearly visible in figure
5.15. The flapwise- and edgewise forces were substantially reduced due to deformations.

(a) Flapwise displacements (b) Edgewise displacements

Figure 5.13: Structural displacements of the linear deformed blade for U∞ = 11.5 m/s
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(a) Spanwise displacements (b) Torsion angle

Figure 5.14: Structural displacements of the linear deformed blade for U∞ = 11.5 m/s

(a) Flapwise forces over the blade (b) Edgewise forces over the blade

Figure 5.15: Comparison of the aerodynamic forces over the rigid and linear deformed blade for U∞ = 11.5 m/s

BUCKLING ANALYSIS

The next step would be to perform a fully-nonlinear FSI iteration in order to evaluate the effects of structural
nonlinearities on static deflection. As explained in the methodology, the forces obtained from semi-nonlinear
aeroelastic analysis were mapped on the full structural model. Subsequently the nonlinear computations
were performed. Numerous efforts were conducted to perform the static analysis, but the solution did not
converge. Regardless of the solver settings, the solution started diverging at approximately 60% of the total
load. It appeared that the deformations led to local defects of shell elements. The area of deteriorated cells
was located at approximately 90 meters span at the suction side of the blade. It appeared that the grid defects
were caused by large incremental rotations between successive shell elements. These numerical instabilities
seemed to have a physical cause. Due to a reduction in local stiffness, local buckling occurred. Subsequently,
a linear buckling analysis was conducted to investigate these event. The buckling analysis was performed in
Nastran using the SOL105 solution procedure. Notice that a linear analysis was executed. Therefore only
a geometrical stiffness correction was performed based on small displacements. Besides, the results only
provide an overview of the buckling modes (i.e. eigenvectors) and associated load factor (i.e. eigenvalues).
As buckling modes are generalized vectors, they do not present actual displacements and stresses. Hence,
the results do not contain information about the severeness of the instability. The results are shown in table
5.4. As buckling often leads to structural failure, only the first five modes were given. It can be seen that the
first buckling mode has a load factor of approximately 0.42. It seemed that the load factor is significantly
smaller than the value at which the nonlinear static analysis failed to converge (≈ 0.4 and ≈ 0.6 of the total
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load respectively). This is a result of nonlinear effects. Due to the iterative solution process, shell elements
in close proximity of the buckling region, adopted some of the stresses, causing alleviation of the defected
elements.

Mode number Buckling load factor λ
1 0.4208
2 0.4213
3 0.4264
4 0.4268
5 0.4581

Table 5.4: Overview of the first five buckling modes for U∞ = 11.5 m/s

Figure 5.16 shows the location of the first buckling mode. As shown high compressive stresses occurred in the
particular region. The two vertical black lines are located at 90 and 93 meters span. As the thickness of the
material decreases towards the tip, it can be stated that material stiffness’s are relatively low. As a consequence
further stiffness reduction led to local buckling

Figure 5.16: An overview of the compressive stresses (in Pa) and buckling effects (visualized by the Z rotation of elements in degrees) on
the suction side of the blade. The vertical black lines range from 90 to 93 span.
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Figure 5.17: Limiting streamlines and pressure coefficient on the pressure (left) and suction (right) side of the linear deformed wind
turbine blade (for U∞ = 11.5 m/s)
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5.2. LOAD CASE 2
In this section, the results from the second load case (U∞ = 7 m/s) are presented. This operational condition
was chosen with the expectation that the blade loads would not cause excessive buckling effects. As shown in
the design curve presented in the methodology, the axial loads predicted in BEM computations were approx-
imately halved compared to load case 1.

5.2.1. STATIC AEROELASTIC SIMULATION
For this load case, only the results from static aeroelastic analysis are discussed. First, the results from the
semi-nonlinear static aeroelastic analysis performed in ENSOLV are discussed. Subsequently, the results from
the fully nonlinear aeroelastic approach are analyzed, after which both solutions are compared.

LIMITING STREAMLINES

The limiting streamlines from figure 5.22 affirmed that the flow characteristics were similar compared to
case 1. The flow over the blade was still two-dimensional and attached, except for the inboard region. The
remaining velocity and pressure plots are omitted as they do not contribute to new findings or insights.

BUCKLING ANALYSIS

With the knowledge obtained from load case 1, a buckling analysis was performed prior to the sequence of
aeroelastic analyses. The results obtained from linear-buckling analysis are shwon in table 5.5. Like in case
1, the load factor of the first buckling mode was beneath the critical load, which implied that buckling also
occurred in the current load case. As shown in the first load case, the nonlinear structural solver is capable
of exploring post-buckling behavior. Figure 5.18 shows that the compressive stresses are more than twice as
low as for case 1, which explains the higher buckling load factors.

Mode number Buckling load factor λ
1 0.8512
2 0.8589
3 0.8641
4 0.8649
5 0.9328

Table 5.5: Overview of the first five buckling modes for U∞ = 7 m/s.

Figure 5.18: An overview of the compressive stresses (in Pa) and buckling effects (visualized by the Z rotation of elements in degrees) on
the suction side of the blade. The vertical black lines range from 90 to 93 meters.
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NONLINEAR DEFORMED BLADE

Despite the occurrence of buckling, it was decided to execute the nonlinear analysis. As described in the
methodology, the analysis compromised of a manually performed coupling between ENSOLV and Nastran.
The forces derived from the semi-nonlinear static aeroelastic approach were applied as initial condition in
order to speed up convergence. The analysis results showed that a converged solution was obtained. Con-
sequently, the displacements were interpolated to the aerodynamic mesh, after which the mesh could be
deformed and a steady CFD analysis was performed. The results showed that the aerodynamics loads hardly
changed as shown in figure 5.21. Therefore, the performance of additional two-way iteration was omitted as
it was supposed that the solution would not significantly change. In figure 5.19 and 5.20 the displacements in
several degrees of freedom are displayed. Additionally, figure 5.23 provides rendering of both deformed blade
shapes. The differences in flapwise and edgewise displacements are clearly visible, where the largest devia-
tion existed for the flapwise displacements as expected. The discrepancy in flapwise and torsional deforma-
tion were mainly caused by follower-force effects. Due to bending of the blade, the orientation of centrifugal
forces relative to the blade axis changed, causing a restoring bending moment. This moment opposed the
aerodynamic forces alleviating the magnitude of displacements. More importantly, a torsional moment was
created due to the aft location of the mass centre relative to the shear centre line of the blade. Although the
torsional deformations reduced, it resulted in higher loads as a consequence of larger angles of attack. For this
load case, only a tip torsion of 0.27◦ was observed, causing only a minimum change in aerodynamic loads.
It is expected that torsional deformation becomes larger and the discrepancy between the deformations in-
crease. As already expected, the displacements in spanwise direction changed sign. Higher-order geometric
terms led to spanwise displacement due to bending. The linear deformed blade was almost 0.5 meters longer
than the nonlinear deformed blade. Since the discrepancy in spanwise displacements comprised 0.5 meter, it
was expected that the difference did not lead to significant overestimation of thrust and torque. Furthermore,
the results showed that the edgewise displacement were differently distributed along the blade. This effect
was a result of changing stiffness. In the region where local buckling occurred, the stiffness reduced result-
ing in higher displacements. It can be concluded that structural nonlinearities did not affect the steady-state
solution for this load condition. However, the nonlinear effects are clearly visible and are expected to lead
to an increasing deviation of deformations for heavier load cases. For comparison, the semi-nonlinear static
approach computed a tip torsion of 4◦ for the first load case, which is almost twice as large as in this case.
Therefore it can be concluded that for heavier wind conditions linear structural modelling is not sufficient to
solve static aeroelastic problems for concerning extreme scale wind turbines accurately.

(a) Flapwise displacements (b) Edgewise displacements

Figure 5.19: Comparison of the structural displacements of the linear and nonlinear deformed blade for U∞ = 7 m/s
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(a) Spanwise displacements (b) Torsion angle

Figure 5.20: Comparison of the structural displacements of the linear and nonlinear deformed blade for U∞ = 7 m/s

(a) Flapwise forces (b) Edgewise forces

Figure 5.21: Comparison of force distributions along the linear and nonlinear deformed blade for U∞ = 7 m/s
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Figure 5.22: Limiting streamlines and pressure coefficient on the pressure (left) and suction (right) side of the linear deformed wind
turbine blade (for U∞ = 7 m/s)
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(a) Side view

(b) Front view

Figure 5.23: A visualization of the tip displacements of the linear and nonlinear statically deformed blade.
Blue: Linear deformation: d Xt i p = 7.69 m; dYt i p =−0.70 m; d Zt i p = 0.09 m; dφt i p =−2.05◦,

Red: Nonlinear deformation: d Xt i p = 7.13 m; dYt i p =−0.73 m; d Zt i p =−0.37 m; dφt i p =−1.78◦.
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5.2.2. FLUTTER ANALYSIS
In order to assess the effect of structural nonlinearities on the stability of the wind turbine, flutter analy-
ses were carried out. To be more specific, the flutter analyses were restarted from the steady-state solution
acquired from the semi-nonlinear and fully-nonlinear static aeroelastic approach respectively, using a semi-
linearized approach. As already mentioned in the methodology, it was essential to include the first torsional
mode to be able to predict classical flutter. Therefore, the first eight modes were included in the analyses.

It must be noted that transient simulations including forced mode vibration were performed on the coarse
grid level, because this type of analysis could only be carried out in a single domain (and therefore a single
node). For unknown reasons, it appeared that parallel computing did not work for these type of simulations.

As shown in the methodology, the flutter analyses were restarted from steady-state conditions. This section
compares the results from "linear" and "nonlinear" flutter analysis.

MODAL ANALYSIS

Modal analysis was performed around the linear and nonlinear statically deflected structure to assess the
effect of nonlinearities on the dynamic properties of the blade. The first eight eigenfrequencies were analyzed
and were used in the flutter analysis. Pre-stressing effects due to initial stresses and displacements led to two
distinct set of mode shapes depending on the inclusion of structural nonlinearities. Figure 5.24 shows the
eigenfrequencies for different states of the blade. As shown, initial stresses had an opposing effect compared
to centrifugal stiffening. Presumably, this effect is a consequence of alternation of the orientation of the force
vector, causing the influence of centrifugal forces on the stiffness to be decreased. From the eigenfrequencies
however, it appeared that nonlinearities did not influence the results significantly, especially for the lower
mode numbers. It is of major importance to analyze the characteristic shape of the modes. Figure 5.25 and
5.26 visualize the first and sixth mode shape from the pre-stressed undeformed blade and loaded nonlinear
deformed blade. It can be seen that the first mode shape remained similar, but the sixth changed. In appendix
E the remainder of the mode shapes are shown. It can be concluded that the blade dynamics changed due to
the inclusion of nonlinear structural effects.

Eigenfrequencies in Hz

Mode number
1 0.486 0.510 0.508
2 0.725 0.729 0.718
3 1.300 1.329 1.307
4 2.171 2.173 2.075
5 2.626 2.651 2.596
6 4.205 4.175 4.168
7 4.304 4.290 4.439
8 4.676 4.595 4.673

Figure 5.24: The first eight eigenfrequencies for the undeformed blade with and without stiffening effect, and the nonlinear deformed
blade subject to rotational and aerodynamic forces
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Figure 5.25: First mode shape; Left: ΦL
1 , f = 0.510 Hz; Right: ΦN L

1 , f = 0.508 Hz

Figure 5.26: Sixth mode shape; Left: ΦL
6 , f = 4.175 Hz; Right: ΦN L

6 , f = 4.168 Hz

SIMULATION SET-UP

As known from the methodology, the computation of aerodynamic matrices for several reduced frequencies
is necessitated in order to apply the p-k method. The reduced frequencies were selected such that they cover
the eigenfrequencies of the first eight modes, while keeping the lowest reduced frequency closest to zero. The
reason for that is to ensure an accurate extrapolation of the AIC’s to k=0. The reduced frequencies, according
to the expression used in ENSOLV, are k = 0.035, k = 0.070, k = 0.140, k = 0.280, k = 0.550, k = 1.100, k = 2.200
and k = 4.400. For consistency, this expression is also used in the presented results.
The choice of time step and total simulation time is based on a compromise between numerical accuracy and
computational expenses. Those considerations led to a time step that agrees with 0.5 degrees rotation and a
simulation time of five rotor revolutions. This entailed that, for k = 4.400. one vibration period contains 17
data points and, for k = 0.035, three vibration periods are simulated.
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COMPARISON OF GRID LEVEL CONVERGENCE

As mentioned in the introduction of this section, the unsteady CFD computations were carried out on coarse
grid level. In order to get a better understanding of the difference in performance of the separate grid levels,
steady and unsteady CFD computations were performed on various grid levels. It must be noted that the
computations were executed for the operational conditions of case 1 (i.e. U∞11.5 m/s). Hence, the results
from steady CFD are already presented at the beginning of this chapter. Table 5.6 gives an overview of the
converged values of the total thrust for all grid levels. The values of the unsteady simulations were obtained
by taking the average value over the last rotor revolution. The results show that the coarse grid approached the
fine grid better in the unsteady computations. As concluded in the grid convergence study at the beginning of
this chapter, the coarse grid was not capable of capture the unsteadiness of the flow. It can be concluded that
the coarse grid would perform better in unsteady CFD analysis. However, from earlier findings it is known
that appropriate grid resolution was required to predict the pressures accurately. Hence, the flutter results
must be viewed critically.

Grid level
∑

Fx (steady) Difference
∑

Fx (unsteady) Difference
Fine 2.0947·106 N - 2.0693·106 N -
Medium 1.8898·106 N -9.78% 1.9995·106 N -2.95%
Coarse 1.4740·106 N -29.63% 1.9423·106 N -6.54%

Table 5.6:
∑

Fx evaluated at different grid levels for U∞ = 11.5 m/s

CHECK FOR PERIODICITY

To assure an accurate solution of the flutter analysis, it was required to check if the aerodynamic responses
are periodic. Transient effects, that occur after the wind turbine blade is forced into motion, need time to
damp out. The periodicity of the aerodynamic responses was checked by plotting the generalized aerody-
namic forces against the amplitude of the motion. Figure 5.27 and 5.28 show the plots of the following four
generalized aerodynamic forces: QL

1,1, QN L
1,1 , QL

6,6 and QN L
6,6 . The plots contain the generalized aerodynamic

forces for different values of k. Since the last period of the aerodynamic responses was used to compute the
AIC’s, the latter responses were plotted.

Figure 5.27: The "periodicity" plots of the generalized aerodynamic forces of the first flapwise bending mode; Left: Around linear
structure, Right: Around nonlinear structure.
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Figure 5.28: The "periodicity" plots of the generalized aerodynamic forces of the first torsion mode; Left: Around linear structure, Right:
Around nonlinear structure.

The results showed that for high-frequency vibrations, the aerodynamic responses took on the form of an
hysteresis. The closed shape of the aerodynamic responses indicated that the flow solution converged to a
periodic response. However, for low values of k, periodicity was not reached. Due to the limited computation
time, the transient effects did not have the opportunity to damp out. Since the transient effects were small,
it was expected that the transient effects would not affect the aerodynamic influence coefficients consider-
ably. To check this, a correction was proposed that should filter undesired transient effects. Apart from the
periodicity check, additional conclusions can be drawn from the "periodicity" plots. In figure 5.28 it is clearly
visible that the amplitude of the "nonlinear" response was substantially smaller compared to the "linear" re-
sponse. Additionally, the hysteresis adopted a different shape, implying a change in shift. The sixth mode
from both mode sets behaved substantially differently. A more complete overview of the "periodicity" plots
can be found in appendix F.

CORRECTION MODEL

The "periodicity" plots from the previous section showed that, especially for low k values, the aerodynamic
responses were not yet periodic. Therefore, a correction was applied to the aerodynamic responses, before
computing the AIC’s. In order to avoid an overflow of figures, only the aerodynamic responses around the
"linear" structure are shown. The response plots in figure 5.30 demonstrate that the transient effects develop
in a similar pattern. The correction model is based on an approximation method that can imitate the tran-
sient behavior. Two distinct approximation methods were used depending on the value of k:

a) Conventional approximation method (high values of k): Transient effects were approximated by an
average of two cubic Hermite splines that interpolate the local maxima and minima of the aerodynamic
response (shown by the green line in figure 5.29a). For low-frequency vibrations, the conventional
correction method had difficulty finding local extremes towards the end of the simulation. This led
to a polynomial that does not follow the transient effect correctly as can be seen in figure 5.29a, even
leading to more pronounced errors. To resolve this, an alternative approximation method is used for
the lowest two k values.

b) Alternative approximation method (lowest two values of k): The cubic spline function is built up using
the first data point of each aerodynamic cycle. The phase between imposed motion and aerodynamic
response is computed in the last vibration period, after which the phase is used to find the first data
point of the aerodynamic response. 5.29b shows that this method delivers a better representation of
the transient effects.
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(a) Conventional approximation method (b) Alternative approximation method

Figure 5.29: The working of both approximation methods, applied on Q11 for k=0.070

The approximated transient effect was subtracted from the aerodynamic responses, resulting in the modified
aerodynamic responses. The dotted lines in figure 5.30 represent the approximated transient effect. After
subtraction of the transient effect, the corrected aerodynamic responses were obtained. The corrected data
shown in figure 5.31 displays that the response still contained higher harmonics. Since Low-frequency vibra-
tions influenced the flow less severely, the error caused by convergence issues was more significant. However,
it was expected that applied correction reduced the existing error sufficiently.

AERODYNAMIC INFLUENCE COEFFICIENTS

Determination of the AIC’s was executed by computing the transfer function using FFT as explained in the
methodology. Only the last period of the aerodynamic response was used in order obtain the most accurate
AIC’s. The same steps were executed for the analysis around the linear and nonlinear structure. Prior to com-
paring the results from both flutter analyses, the effect of the correction was analyzed. Only the diagonal
aerodynamic influence coefficients are presented in figure 5.32 and 5.33 to avoid an overload of figures. It
is evident that the modes coupled through aerodynamic forces. Moreover, flapwise bending and torsional
modes incorporated a strong coupling as expected.
The dots (generally positive) represent the modal aerodynamic stiffness and the crosses (generally negative)
represent the modal aerodynamic damping coefficient. It is clearly visible that the applied corrections mainly
impact the aerodynamic influence coefficients for low k values as expected. The results show that outliers (es-
pecially for the fourth mode shape) disappeared, which indicates that the error induced by transient effects,
was successfully reduced.
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(a) k=0.070

(b) k=0.550

(c) k=1.100

Figure 5.30: Line: Aerodynamic response in time of separate mode shapes to excitation of the first mode shape; Dotted line:
Interpolated transient part of aerodynamic response
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(a) k=0.070

(b) k=0.550

(c) k=1.100

Figure 5.31: Corrected aerodynamic response in time of separate mode shapes to excitation of the first mode shape; Last period is used
in determining the aerodynamic coefficients
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Figure 5.32: Linear case: Corrected vs uncorrected diagonal aerodynamic influence coefficients

Figure 5.33: Nonlinear case: Corrected vs uncorrected diagonal aerodynamic influence coefficients
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EFFECT OF NONLINEARITIES ON AERODYNAMIC RESPONSE

The corrected response data from both flutter analyses can be seen in figure 5.34. It shows the AIC’s versus
the reduced frequency. The results showed that the aerodynamic responses of the first three mode shapes
are identical as expected from the modal analysis results. Furthermore, the AIC’s confirmed that the first
torsional mode has shifted from the sixth mode, ΦL

6 , to the eighth mode, ΦN L
8 . However as can be seen in

appendix E, the mode φN L
8 coupled with bending mode. Due to the change of characteristic shape, the AIC’s

substantially changed.
Evidently, the flow around the blade is highly sensitive to torsion as the angle of attack changes. Without prior
knowledge about the mode shapes, the torsional modes could be easily identified due to their high positive
values of the modal aerodynamic stiffness. Notice that for k = 0, the aerodynamic modal stiffness coeffi-
cients of the latter had positive values. However for k = 0, steady-state aerodynamics must be considered.
The nonzero coefficients could lead to inaccuracies in the flutter analysis. To avoid this, it can be chosen to
compute the aerodynamic matrices for more values of k. In this study however, it was not feasible to perform
additional simulations. Analyzing the "nonlinear" aerodynamic influence coefficients, the increased modal
aerodynamic stiffness coefficients of ΦN L

4 , ΦN L
6 , ΦN L

7 and ΦN L
8 indicated that the mode shapes consist of a

torsional component. This means that the change in dynamic characteristics leads to an alteration of the
aeroelastic characteristics, which may affect the stability characteristics of the blade. Note that the edgewise
bending modes (Φ2 andΦ4) are aerodynamically worse damped, which confirms findings from literature (see
section 2.1.1). Inclusion of torsional deformation may lead to diverging behavior of the respective modes.

Figure 5.34: Comparison of the corrected diagonal aerodynamic influence coefficients
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FREQUENCY AND DAMPING PLOTS

The frequency and damping characteristics of the blade were obtained by the p-k method as described in
methodology. In this work only the solution using the corrected AIC’s is shown to avoid an overload of figures.
However, the "uncorrected" solutions are presented in appendix G. From those plots, it can be seen that
frequency and damping plots were not significantly affected by the applied correction. On the contrary, it
can be concluded that the convergence did not lead to major inaccuracies.
The frequency and damping plots obtained from the corrected AIC’s are presented in figure 5.35 and 5.36.
Both flutter results showed that no flutter occurred. As shown in the damping plots, the majority of the mode
shapes were stable over the full solution domain. The flapwise bending modes were even strongly damped,
avoiding proclivity to flutter. Additionally, both diagrams show that the frequency of the sixth mode shape
changed considerably. Since the mode shapes in proximity of the sixth mode shape had considerably lower
frequencies, no modes-coupling occurred. At higher flow velocities however, the torsional modes seemed
to lead to diverging behavior as it can be seen that they deflect towards the flutter boundary. As a result
of higher AIC’s, this effect on the "linear" torsional was more pronounced. The results show that structural
nonlinearities led to the loss of the pure torsional mode, resulting in more stable behavior of the latter. On
the contrary, the edgewise bending modes (mode 2 and 4) became unstable due to inclusion of torsion. As
known from literature review, edgewise bending modes are poorly damped and could therefore be prone to
instabilities.
Given the assumptions the p-k method is founded on, the results were not a realistic representation of the
actual operational conditions. Since the p-k method is based on the principle of linear aerodynamics, the
flow conditions over the blade must be the same. The set of AIC’s do not account for nonlinear flow effects.
For wind turbines, this requirement implies that the tip speed ratio of the the wind turbine must remain the
same as the local flow conditions depend on wind flow velocities and flow velocities induced by rotational
motion. As shown in the design curve given in the methodology, the tip speed ratio can be assumed constant
between cut-in speed, U∞ = 3 m/s, and U∞ = 9 m/s. Above U∞ = 9 m/s, curve representing the rotor speed
decreases, after which the rotor speed adopts a constant value as of U∞ = 12 m/s. Additionally, the static state
of the blade depends on the considered operational condition. Lastly, the dynamic properties of the blade
change over the operational envelope as shown in the results of static aeroelastic analysis.

Figure 5.35: Frequency and damping plot (linearized around linear deflected blade)



5.2. LOAD CASE 2 83

Figure 5.36: Frequency and damping plot (linearized around nonlinear deflected blade)





6
CONCLUSIONS AND RECOMMENDATIONS

In the ongoing quest for fossil fuel alternatives, an increasing interest in the research and development of
more sustainable energy resources such as wind energy, has arisen. The continuous search for lower CoE
is the driving factor behind the increasing size of wind turbines. This increase in size has resulted in novel
wind turbine designs, for which aeroelastic effects become more prominent. In order to accurately analyze
aeroelastic phenomena in extreme scale wind turbines, it is of great importance to adequately model the
structural, aerodynamic and inertial aspects.
The aim of this research project is to develop a validated aeroelastic framework for the static and dynamic
aeroelastic analysis of extreme scale wind turbines, with the objective of investigating the validity of linear
structural modelling in the stability assessment of these machines.
In this chapter, the main conclusions drawn from this study are presented. The central research question
and corresponding sub-questions that were presented in the introduction will be answered. As follows, some
limitations that affect the extent of the drawn conclusions will be discussed. Additionally, recommendations
on possible improvements of this work are presented and additional wind turbine related research topics of
interest are proposed.

6.1. RESEARCH CONCLUSIONS
In order to realize the objective of this research, the existing aeroelastic framework of ENSOLV was used to
perform a static aeroelastic analysis on a 108-meters long theoretic blade design provided by We4Ce. A mod-
ified version of the simulation framework including a nonlinear structural solver was utilized to compute the
nonlinear steady-state solution. Both static solutions served as initial condition to perform flutter analyses.
In flutter analysis, the structure is expressed by a set of eigenmodes that are separately forced into harmonic
motion. In this manner, the effect of structural nonlinearities on the aeroelastic behavior could be investi-
gated.
Since this study comprises a theoretical blade design, no validation data was available. As far as the realiza-
tion of the objective, a comparative study was deemed adequate to draw a conclusion on the matter.

WHAT ARE THE KEY STRUCTURAL NONLINEARITIES IN THE AEROELASTIC BEHAVIOR OF AN EXTREME SCALE WIND

TURBINE BLADE?
This question can be partially answered with knowledge gained from the conducted literature study. In liter-
ature, consensus exists that geometrical nonlinearities and follower-characteristics of centrifugal and aero-
dynamics loads are the most relevant structural nonlinearities for wind turbine blades. Geometric nonlin-
earities manifest themselves as displacements become larger. Follower-force effects are a consequence of
structural displacements, leading to a different definition of the force vector. These effects cause a change in
the stiffness of blades and the direction of forces.
A somewhat unexpected finding was that the blade is prone to local buckling effects in normal operating
conditions. Buckling is a nonlinear effect, which arises if the local stiffness decreases. As shown in modal
analysis, the blade was stiffened by tensile stresses induced by centrifugal forces. Compression at the suction
of side of the blade caused an opposing effect, reducing the local stiffness. This effect can not be noticed
when small displacements are assumed. As a result, linear analysis is not capable of assessing buckling ef-
fects. This study showed that buckling occurred in normal operating conditions. Hence, it can be concluded
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that buckling is a phenomenon that can not be ignored in the analysis of extreme large wind turbines as it
could lead to catastrophic failure.

WHAT EFFECTS DO STRUCTURAL NONLINEARITIES HAVE ON THE STATIC AEROELASTIC EQUILIBRIUM OF AN EX-
TREME SCALE WIND TURBINE BLADE?
Key finding in the performed static aeroelastic analyses is that differences in solution strategy predict a tor-
sional deformation. Centrifugal forces belong to the class of follower-forces. When the blade deforms as a
consequence of aerodynamic loads, it will substantially bend in axial direction. The direction of the centrifu-
gal forces relative to the blade axis change resulting in an inward force component. This component creates
a restoring moment leading to a reduction of the flapwise displacements. Additionally, it leads to a positive
moment around the blade axis, resulting from the mass centre line lying aft the shear centre line. This mo-
ment reduces the blade’s torsional deformation resulting to higher loads.
Furthermore, in linear analysis the displacements work in similar direction as the forces. As a result, aerody-
namic tip loads elongate the blade. The nonlinear static analysis includes higher-order kinematic relations
enabling to capture geometric and elastic coupling between bending, torsion, shear and extension. The ar-
tificial blade lengthening could lead to overestimation of loads and power, however the slight difference in
blade length (below 0.5% R) does not affect the steady-state results considerably.
The results of the considered operational condition have shown that nonlinear geometric behavior and follower-
force effects do not have a significant impact on static aeroelastic behavior. Most likely, these effects become
more prominent in heavier inflow conditions.

COMPARED TO SEMI-LINEAR AEROELASTIC ANALYSIS, TO WHAT EXTENT DOES THE INCLUSION OF STRUCTURAL

NONLINEARITIES ALTER THE DYNAMIC PROPERTIES OF THE BLADE? AND WHAT EFFECT DOES THIS HAVE ON THE

AEROELASTIC RESPONSE?
From the literature review, it is known that the nonlinear stiffness matrix depends on the linear stiffness
matrix, differential stiffness matrix and the follower-force stiffness matrix. Only a slight difference is observed
between the eigenfrequencies computed with the linear stiffness matrix and the nonlinear stiffness matrix.
However, modal analysis showed that initial stresses in the blade change the characteristic shape of various
modes resulting in the inclusion of a torsional component. Evidently, the aeroelastic response of the blade
is highly susceptible to torsion. As a consequence, the change in mode shapes leads to different aeroelasic
behavior. The unsteady aerodynamic response of bending modes, incorporating torsional deformation due
to nonlinear pre-stressing effects, was influenced most prominently. On the contrary, the first three mode
shapes remained similar in comparison to the "linear" computed mode shapes. Furthermore, the behavior
of the first torsional mode shape deemed to be less pronounced, when nonlinearities were included. As a
result, the unsteady aerodynamic response to the enforced motion of this mode reduced in magnitude and
became more sufficiently damped.

WHAT IS THE INFLUENCE OF STRUCTURAL NONLINEARITIES ON THE STABILITY ASSESSMENT OF AN EXTREME

SCALE WIND TURBINE?
Aeroelastic behavior is a reciprocal relation between motion and aerodynamic forces. Due to alterations in
the mode shapes of the blade, its motion changes and thus the aerodynamic response changes. Structural
nonlinearities therefore have a noticeable effect on the flutter characteristics of the blade.
Damping and frequency characteristics directly result from the AIC’s that are computed. As shown, a pure tor-
sional mode lacked in the set of nonlinear modes. Instead, various modes contained a torsional component.
The degree of torsion contributes to the proclivity of mode-coupling. The reduction in modal aerodynamic
stiffness evidently prevents change in modal frequency over the entire computed domain.
Naturally low-damped modes, such as edgewise bending modes, can be affected negatively regarding their
stability as torsion induces higher load fluctuations. Furthermore, it can be concluded that no flutter occurs,
since the flapwise bending are strongly damped.

6.2. LIMITATIONS AND RECOMMENDATIONS
From the results and drawn conclusions, some recommendations can be made on potential enhancements
of the current study or opportunities for research studies in a related field of work.

• The buckling problem could be resolved by increasing the thickness of the composite sandwich con-
struction in the region of the instability. However, it was not known a priori how much effort it would
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cost to adapt the structural design in order to be stable at heavy wind conditions. A parametric study
can be conducted to investigate how the structural design can be optimized most efficiently, while
maintaining its overall structural properties. As follows, the novel blade design could be used to assess
nonlinear structural effects for higher loads.

• In the current study, the FSI iteration performed in the fully-nonlinear approach was executed manu-
ally. Since the aerodynamic loads computed for the linear and nonlinear deformed blade were similar
for the considered flow condition, only one two-way FSI iteration had to be performed. However as
the effect of structural nonlinearities increases for larger structural deformations, it is obvious that the
steady-state solution of both approaches will increasingly deviate for more critical flow conditions. As
a result, multiple iterations have to be performed to assure full convergence of the nonlinear solution.
It is recommended to automate the entire process of the fully-nonlinear static aeroelastic approach in
order to increase its efficiency.
In fact, the sub models required in the fully-nonlinear approach are available in separate tools or in
ENSOLV implemented algorithms. Makefile could be used to automate processes involved in the fully-
nonlinear static aeroelastic framework. Makefile is a program building tool that runs on Unix or Linux,
and can be used to execute separate modules automatically. It also allows definition of various solver
settings that are needed in the separate modules. There already exists an automated process to perform
flutter analysis, hence it can be decided to incorporate that algorithm.

• The unsteady aerodynamic simulations were performed on a coarse grid. Since it is required to run the
simulations for multiple rotor revolutions in order to overcome transient effects, the simulations would
require too much time if they were performed on fine or medium grid. The grid level convergence study
has shown that the averaged total loads do not differ much, however it is known that the coarse grid will
not capture the wake accurately. A prior study has shown that accurate prediction of the unsteady air
loads in harmonic oscillatory motion is essential in the computation of the flutter boundary. Wake ef-
fects play a major role in the development of unsteady air loads and therefore the flutter analysis may
not be accurate. The results should be validated using an alternative approach.

• The p-k method is valid for an operational envelope, in which the flow conditions on the blade are sim-
ilar. This implies that for wind turbines the tip speed ratio and blade pitch must be kept constant. How-
ever, these parameters change for different inflow velocities. Additionally, the structural characteristics
of a wind turbine blade depend on rotor velocity, while they are assumed constant in this method. The
flutter analysis should be performed for multiple operational conditions to provide accurate results.
Despite its drawbacks, the current solution methodology provided valuable insights about the impor-
tance of using an accurate expression of the structure.

• From literature review, it is known that edgewise vibrations are a relevant wind turbine instability
caused by a coupling between the tower and rotor blades. Additionally, the presence of the tower
causes a cyclic loading on the wind turbine rotor. In order to investigate these effects, the next step
in the aeroelastic simulation of a wind turbine is to extend the wind turbine rotor with a tower and na-
celle.
The extension to a full wind turbine however, would be quite challenging, since different complex mod-
els must be integrated. First of all, the structural model must be adapted or even replaced, to incorpo-
rate coupling conditions between different wind turbine components. Secondly, at least one sliding
interface must be added to the mesh, because the geometry consists of a stationary (i.e. tower) and
moving part. And thirdly, multiple reference frames must be implemented in the analysis (this option
is already available in ENSOLV).

• The initial objective of this research study was to perform static and dynamic aeroelastic simulations
of an extreme scale wind turbine subject to atmospheric boundary layer flow. As mentioned earlier,
imposing non-uniform inflow conditions requires coupling of moving- and stationary flow domains.
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In order to realize the coupling, the sliding-mesh technique can be used. In this study, steady aerody-
namic simulations around the rigid rotor have already been performed using the sliding-mesh tech-
nique, which gave similar results as the single-flow domain computations.
The simulations mentioned directly above could be extended by simulating atmospheric boundary
layer flow or yaw inflow. The influence of unsteady air loads resulting from non-uniform inflow condi-
tions, on the aeroelastic behavior of wind turbine could be investigated.

• In the current study, RANS is used as acting fluid model. From literature, it can be concluded that RANS
is valid for wind turbine aerodynamics. However, even higher-fidelity CFD methods are increasingly
used to model the flow around a wind turbine. LES-based CFD methods are superior in predicting
separated flows and capturing the complex wake.
From the verification results of the flow solver, some uncertainties arose about the flow solution around
thick-trailing edge airfoils. LES-based CFD methods could be applied to obtain a better understanding
of the flow physics around such profiles and give an error estimation of the method used in the current
study.
These methods can investigate the effects of turbulent wake structures on the dynamic blade loading
and associated deformations.
In ENSOLV a LES-based method (i.e. X-LES) is already implemented. In contrast to RANS, this method
resolves large-scale turbulence using the aerodynamic grid as spatial filter. The aerodynamic grid may
be adapted to assure capturing the wake using the full capability of this method.
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A
INPUT PARAMETERS FOR CFD SIMULATIONS

This appendix provides a summary comprising the settings of ENSOLV for the executed CFD simulations. Ta-
ble A.1 contains the settings of the steady aerodynamic solves including load case 1 of the undeformed blade
and load case 2 of the nonlinear deformed blade. Note that no aeroelastic coupling is present in these simu-
lations. Additionally, table A.2 summarize the input parameters of the static aeroelastic analyses performed
in ENSOLV. And lastly, table A.3 gives an overview of the parameters defined for the flutter analysis. The pa-
rameters involving the time-step, reduced frequency and simulation time are omitted from the table as they
are discussed in chapter 5.

Parameters Meaning Settings
- - Load case 1 Load case 2
Mach Mach number 0.0338 0.0206
Reyn Reynolds number 7.83·105 4.76·105

NasMod Fluid model Full RANS Full RANS
Rlen Reference length 1 1
UnsMod Solution mode -1 -1
AEMod Aeroelastic mode 0 0
TurMod Turbulence model k-ω SST k-ω SST
AngVel ωL

U∞ 0.0792 0.0942
MaxML FAS multi-grid levels 2 2
Npre Pre-relaxations in multi-grid 20 20
Npost Post-relaxations in multi-grid 20 20
CFL Courant number 3 3
TurPdl Limiter of k production 10 10

Table A.1: Settings for steady solves
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Parameters Meaning Settings
- - Load case 1 Load case 2
Mach Mach number 0.0338 0.0206
Reyn Reynolds number 7.83·105 4.76·105

NasMod Fluid model Full RANS Full RANS
Rlen Reference length 1 1
UnsMod Solution mode -1 -1
AEMod Aeroelastic mode 2 2
TurMod Turbulence model k-ω SST k-ω SST
AngVel ωL

U∞ 0.0792 0.0942
MaxML FAS multi-grid levels 2 2
Npre Pre-relaxations in multi-grid 20 20
Npost Post-relaxations in multi-grid 20 20
CFL Courant number 3 3
TurPdl Limiter of k production 10 10
DefNit Grid-folding smoothing iterations 5 5
DefUnd Under-relaxation for grid smoothing 0.6 0.6
VindX Speed index 12.728 7.748
AerLen Reference length structural model 1 1
UndrX Under-relaxation of EOM 0.5 0.5

Table A.2: Settings for static aeroelastic solves

Parameters Meaning Settings
Mach Mach number 0.0206
Reyn Reynolds number 4.76·105

NasMod Fluid model Full RANS
Rlen Reference length 1
UnsMod Solution mode 3
AEMod Aeroelastic mode 0
TurMod Turbulence model k-ω SST
AngVel ωL

U∞ 0.0942
MaxML FAS multi-grid levels 2
Npre Pre-relaxations in multi-grid 20
Npost Post-relaxations in multi-grid 20
CFL Courant number 3
TurPdl Limiter of k production 10
DefNit Grid-folding smoothing iterations 5
DefUnd Under-relaxation for grid smoothing 0.6
NmodRq Requeste number of modes 8
AmplM Amplitude of imposed motion 0.005

Table A.3: Settings for flutter analysis



B
COMPUTATION OF LOCAL AERODYNAMIC

FORCE COEFFICIENTS

The pressure distribution of a blade element can be integrated, which will lead to the force on the blade el-
ement. The forces per section can be used to determine the aerodynamic force coefficient, like lift and drag
coefficient. It is chosen to output the pressures in the cell vertices, Li (xi , yi ). The integrated forces are con-
sidered in the centre of the cell edge, Fi (Fx,i ,Fy,i ) at the blade segment ds: [Li ,Li+1]. The pressure over a
segment is assumed to be linear.

To integrate the pressure, the following expression is used:

||Fi || =
∫ xi+1

xi

(p −p∞)d s (B.1)

In case of a closed shaped, the atmospheric pressure can be ommitted.

p(x) = pi + pi+1 −pi

xi+1 −xi
(x −xi ) (B.2)

d s =
√

1+ ( yi+1 − yi

xi+1 −xi

)2
d x (B.3)

Substituting B.2 and B.3 in equation B.1 gives:

||Fi || =
∫ xi+1

xi

(
pi + pi+1 −pi

xi+1 −xi
(x −xi )

)√
1+ ( yi+1 − yi

xi+1 −xi

)2
d x (B.4)

||Fi || =
√

1+ ( yi+1 − yi

xi+1 −xi

)2 pi+1 +pi

2
|xi+1 −xi | (B.5)

In order to compute the force components, the angle the horizontal axis and the segment must be known:

|cosβi | =
√√√√ 1

1+ ( yi+1−yi
xi+1−xi

)
2 (B.6)

|si nβi | =
√√√√ 1

1+ ( xi+1−xi
yi+1−yi

)
2 (B.7)

Fx,i = ||Fi |||si nβi | yi − yi+1

|yi − yi+1|
(B.8)

Fy,i = ||Fi |||cosβi | xi+1 −xi

|xi+1 −xi |
(B.9)
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Summing all forces gives the sectional forces in x- and y-direction:

Fx =
N+1∑
i=1

Fx,i (B.10)

Fy =
N+1∑
i=1

Fy,i (B.11)

The forces are non-dimensionalized into force coefficients in the following way:

Cx = Fx
1
2ρ[U∞2 + (ωr )2

] (B.12)

Cy =
Fy

1
2ρ[U∞2 + (ωr )2

] (B.13)

Where ρ is the fluid density, c is the chord length, U∞ is the freestream velocity, ω is the angular velocity and
r is the radial distance of the blade section. The lift-and drag coefficients can be computed from the expres-
sions of the force coefficients, when the flow incidence angle on the rotor plane is known.

The incidence angle is approximated as follows:

β= arctan
U∞
ωr

(B.14)

CL =Cx cosβ+Cy sinβ (B.15)

CD =Cx sinβ−Cy cosβ (B.16)



C
PRESSURE AND VELOCITY PLOTS FROM

STEADY AERODYNAMIC SIMULATION

In this appendix a more comprehensive overview is given of the velocity and pressure plots at several span-
wise locations of the wind turbine blade. All velocity and pressure plots that are shown are from the steady
aerodynamic simulation of case 1 (V = 11.5 m/s. The velocities in y-direction show that the flows was sep-
arated at the inboard section. Furthermore, it is observed that the blunt trailing-edge profiles produced a
thick wake leading to three-dimensional flow. Separated air is driven outwards by centrifugal forces leading
to cross-flow. It is known that cross-flow could lead to lift enhancement of radial outward blade segments
due to re-energizing the boundary layer. Additionally, radial flow could result in stall-delay. In conditions
involving heavy flow separation, these effects will be most prominent. However for the load cases considered
in this study, these effects do not occur.
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100 C. PRESSURE AND VELOCITY PLOTS FROM STEADY AERODYNAMIC SIMULATION

VELOCITY PLOTS

(a) z/R = 0.12 (b) z/R = 0.17

(c) z/R = 0.26 (d) z/R = 0.31

(e) z/R = 0.37 (f) z/R = 0.48

(g) z/R = 0.90 (h) z/R = 0.99

Figure C.1: Velocity plots at several spanwise locations of the blade
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(a) z/R = 0.12 (b) z/R = 0.17

(c) z/R = 0.26 (d) z/R = 0.31

(e) z/R = 0.37 (f) z/R = 0.48

(g) z/R = 0.90 (h) z/R = 0.99

Figure C.2: spanwise velocity plots at several spanwise locations of the blade



102 C. PRESSURE AND VELOCITY PLOTS FROM STEADY AERODYNAMIC SIMULATION

PRESSURE PLOTS

(a) z/R = 0.12 (b) z/R = 0.17

(c) z/R = 0.26 (d) z/R = 0.31

(e) z/R = 0.37 (f) z/R = 0.48

(g) z/R = 0.90 (h) z/R = 0.99

Figure C.3: Pressure plots at several spanwise locations of the blade



D
PRESSURE AND VELOCITY PLOTS FROM

STATIC AEROELASTIC SIMULATION

In this appendix a more comprehensive overview is given of the velocity and pressure plots at several span-
wise locations of the wind turbine blade. All velocity and pressure plots shown are obtained from static aeroe-
lastic analysis of load case 1 (V = 11.5 m/s). The velocity and pressure plots of case 2 are not shown. The
effects shown in the rigid case, can also be observed in these results. The flow conditions do not substan-
tially change, although the change in angle of attack decreases the pressures over the blade, especially for the
outboard segments
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104 D. PRESSURE AND VELOCITY PLOTS FROM STATIC AEROELASTIC SIMULATION

VELOCITY PLOTS

(a) z/R = 0.12 (b) z/R = 0.17

(c) z/R = 0.26 (d) z/R = 0.31

(e) z/R = 0.37 (f) z/R = 0.48

(g) z/R = 0.90 (h) z/R = 0.99

Figure D.1: Velocity plots at several spanwise locations of the blade
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PRESSURE PLOTS

(a) z/R = 0.12 (b) z/R = 0.17

(c) z/R = 0.26 (d) z/R = 0.31

(e) z/R = 0.37 (f) z/R = 0.48

(g) z/R = 0.90 (h) z/R = 0.99

Figure D.2: Pressure plots at several spanwise locations of the blade





E
MODE SHAPES AROUND LINEAR AND

NONLINEAR DEFLECTED BLADE

In this appendix the "linear" and "nonlinear mode shapes are presented that are used in the flutter analyses.
The modes are computed from pre-stressed load conditions, determined by static aeroelastic analysis of load
case 2 (U∞ = 7 m/s). By analysis of the shape of the modes, it can be concluded that initial stresses due to
structural nonlinearities mainly led to a change in torsional behavior. Therefore it is important to consider
"nonlinear" mode shapes in dynamic aeroelastic analysis as aerodynamic loads are very sensitive to blade
torsion.

Figure E.1: First mode shape; Left: ΦL
1 , f = 0.510 Hz; Right: ΦN L

1 , f = 0.508 Hz
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108 E. MODE SHAPES AROUND LINEAR AND NONLINEAR DEFLECTED BLADE

Figure E.2: Second mode shape; Left: ΦL
2 , f = 0.729 Hz; Right: ΦN L

2 , f = 0.718 Hz

Figure E.3: Third mode shape; Left: ΦL
3 , f = 1.329 Hz; Right: ΦN L

3 , f = 1.307 Hz

Figure E.8: Eighth mode shape; Left: ΦL
8 , f = 4.594 Hz; Right: ΦN L

8 , f = 4.673 Hz
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Figure E.4: fourth mode shape; Left: ΦL
4 , f = 2.173 Hz; Right: ΦN L

4 , f = 2.075 Hz

Figure E.5: Fifth mode shape; Left: ΦL
5 , f = 2.651 Hz; Right: ΦN L

5 , f = 2.596 Hz



110 E. MODE SHAPES AROUND LINEAR AND NONLINEAR DEFLECTED BLADE

Figure E.6: Sixth mode shape; Left: ΦL
6 , f = 4.175 Hz; Right: ΦN L

6 , f = 4.168 Hz

Figure E.7: Seventh mode shape; Left: ΦL
7 , f = 4.290 Hz; Right: ΦN L

7 , f = 4.439 Hz



F
PERIODICITY OF GAF’S

In this appendix the periodicity plots are shown. Only the diagonal generalized aerodynamic forces are con-
sidered to avoid an overload of figures. It can be observed that the high-frequency aerodynamic responses
converged qualitatively as the hysteresis are closed. Low-frequency vibration barely influenced the flow, caus-
ing the transient effects to become dominant. The generalized aerodynamic forces were corrected to avoid
errors in the computation of the AIC’s due to convergence issues.

Figure F.1: The phase plots of the generalized aerodynamic forces of the first flapwise bending mode; Left: Around linear structure,
Right: Around nonlinear structure.
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112 F. PERIODICITY OF GAF’S

Figure F.2: The phase plots of the generalized aerodynamic forces of the first edgewise bending mode; Left: Around linear structure,
Right: Around nonlinear structure.

Figure F.3: The phase plots of the generalized aerodynamic forces of the second flapwise bending mode; Left: Around linear structure,
Right: Around nonlinear structure.

Figure F.4: The phase plots of the generalized aerodynamic forces of the second edgewise bending mode; Left: Around linear structure,
Right: Around nonlinear structure.
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Figure F.5: The phase plots of the generalized aerodynamic forces of the first mixed bending mode; Left: Around linear structure, Right:
Around nonlinear structure.

Figure F.6: The phase plots of the generalized aerodynamic forces of the first torsion mode; Left: Around linear structure, Right: Around
nonlinear structure.

Figure F.7: The phase plots of the generalized aerodynamic forces of the second mixed bending mode; Left: Around linear structure,
Right: Around nonlinear structure.



114 F. PERIODICITY OF GAF’S

Figure F.8: The phase plots of the generalized aerodynamic forces of the third mixed bending mode; Left: Around linear structure,
Right: Around nonlinear structure.



G
FREQUENCY AND DAMPING PLOTS FROM

THE PERFORMED FLUTTER ANALYSES

This appendix gives an overview of the frequency and damping plots for the different conducted flutter analy-
ses (linear/nonlinear and corrected/uncorrected). From the frequency and damping plots it can be observed
that the flutter results were reasonable similar for the corrected and uncorrected AIC’s. Since low-frequency
motions did not significantly contribute to changing flow conditions, the results remained similar.

Figure G.1: Frequency and damping plot for the uncorected aerodynamic influence coefficients (linearized around linear deflected
blade)
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116 G. FREQUENCY AND DAMPING PLOTS FROM THE PERFORMED FLUTTER ANALYSES

Figure G.2: Frequency and damping plot for the corrected aerodynamic influence coefficients (linearized around linear deflected blade)

Figure G.3: Frequency and damping plot for the uncorrected aerodynamic influence coefficients (linearized around nonlinear deflected
blade)
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Figure G.4: Frequency and damping plot for the corrected aerodynamic influence coefficients (linearized around nonlinear deflected
blade)
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