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1 SUMMARY

1 Summary

In the present report it has been studied the aerodynamic loads and deformations of the NREL
5-MW and SWT 2.3-93 wind turbines obtained with two different aerodynamic methods: the
Blade Element Momentum (BEM) method and a 3D panel method. The BEM method is
implemented in a SAMCEF module called AERO and for the 3D panel method it has been
used the open source software Vortexje. For the structural model it has been used the SAM-
CEF module called MECANO based on a flexible multibody dynamic model. And for the
coupling method, MECANO and AERO are already internally coupled, while MECANO and
Vortexje have been coupled with the SAMCEF module called Supervisor. The main purpose
of the report is to compare the results obtained with both BEM and panel method in terms
of efficiency and accuracy in order to see the validity and limitations of both methods. Other
purpose is to study the influence of blade deformations, for which simulations have been car-
ried out considering rigid and flexible blades. The last purpose of this report is to study the
influence of gravity loads and flow asymmetries introduced by shaft tilt and yaw angles.

Firstly in order to demonstrate the validity of the MECANO + AERO method, the steady-
state response of the NREL 5-MW and SWT 2.3-93 wind turbines has been compared with
simulations run with FAST + Aerodyn + Beamdyn, which is based on the BEM theory as
well, for several wind velocities, rotor speeds and pitch angles following the stationary control
curves obtained with FAST + Aerodyn + Beamdyn. The simulations have been done for an
axial, steady and uniform wind and without gravity loads to avoid unsteady effects. The
results obtained in terms of rotor thrust and torque and blade deformations show similarity
between them and show a clear influence of the blade deformations on the rotor performances.

Secondly, the dynamic response with MECANO + AERO and MECANO + Vortexje at the
rated operating point has been studied because it is the most interesting point because it is
where the highest aerodynamic loads occur. As in the previous case the simulations have been
done for an axial, steady and uniform wind and without gravity loads. The results obtained in
terms of rotor thrust and torque, blade deformations and distributions of normal force (normal
to the rotor plane) and tangential force (in rotational direction) along the span, show some
differences between both methods. Comparing the results with CFD results of other authors,
some results seem to be better predicted by BEM method and other by the panel method.
Moreover in order to demonstrate the validity of MECANO + Vortexje, the pressure coeffi-
cient distribution along the chord for different span sections has been compared with CFD
data showing a great similarity except in the trailing edge.

After that it has been studied the influence of the tilt and yaw angle under gravitational loads
at the rated operating point only with MECANO + Vortexje due to inability of MECANO +
AERO to correctly predict the tilt and yaw effects. This influence has been studied for blade
deformations and normal force along the span showing a clear unsteady periodic response
which must be taken into account to predict fatigue loads.
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1 SUMMARY

Finally, it is compared the efficiency of both methods in terms of CPU time. The CPU time
required by MECANO + AERO is much less than that required by MECANO + Vortexje to
reach convergence of results. In order to reduce the time required by MECANO + Vortexje it
has been done an study that shows the effect on the CPU time and rotor thrust and torque
of deleting the last wake layer after different rotor revolutions.

The main conclusion is thatMECANO + AERO method is appropriate for uniform and steady
flows in terms of efficiency and accuracy making its use more convenient than MECANO +
Vortexje. However it is inevitable that in actual operating conditions the wind direction
changes, what causes that wind turbines operate at yaw angles relative to the incoming wind
producing a skewed wake behind the rotor. Due to inability ofMECANO + AERO to correctly
predict these effects, in general it is more convenient to use MECANO + Vortexje adding some
improvements, such as flow separation and rotational effects..
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2 OBJECT

2 Object

There is a tendency to build wind turbines with longer blade lengths since the power obtained
by the wind turbine is proportional to the rotor swept area. Furthermore, with the aim of
improving the cost-effective energy efficiency, these blades are designed to have less weight.
The greater size of the blades together with the reduction in weight, causes larger aeroelastic
deformations. These deformations produce considerable variations in the performances of the
wind turbines, so for the design of wind turbines it is required to use methods with structural
and aerodynamic coupling that allow predicting reliably the loads and deformations in the
rotor blades. Inaccurate predictions of loads or deformations can lead to over design the wind
turbine making it inefficient.

Currently, the most used aerodynamic method for obtaining aerodynamic loads on wind tur-
bines is the Blade Element Momentum (BEM) method due to its simplicity and its low com-
putational cost. This method is modified with different engineering models that increase its
applicability. However, as will be seen throughout the project, this has certain limitations. For
this reason, Computational Fluid Dynamics (CFD) (based on the Navier-Stokes equations),
capable of obtaining more accurate results for a wider range of wind conditions, are increas-
ingly being used in the industry. On the contrary, the calculation time is much longer. This
project aims to study an aerodynamic method that falls between the BEM method and the
CFD: the panel method. The panel method is expected to be faster than CFD and to simulate
more complex cases than the BEM method.

Thus to predict aerodynamic loads on wind turbines, Samtech offers a solution based on a
flexible multibody dynamic model (with SAMCEF MECANO solver) of the wind turbines. In
this solution, it is used an in-house module, AERO, to compute aerodynamic loads on both
blade and tower. This module based on Blade Element Momentum (BEM) theory is computa-
tionally very efficient and enables to provide reasonable estimation of the aeroelastic behaviour
of flexible blades. However, because of the fundamental assumptions of quasi-steady flows and
two-dimensional aerodynamics, the method has inevitable shortcomings for simulating realis-
tic flows, and as result, is not able to accurately predict the blade loads and ultimately leads
to over-designed and inefficient wind turbines. To overcome these limitations, it has been cou-
pled a 3D panel method, Vortexje, to the MECANO solver in order to predict more accurate
aerodynamic forces in a wider range of flow conditions.

The main purpose of this project is to compare the results obtained with both MECANO +
AERO and MECANO + Vortexje methods applying them to the NREL 5-MW and SWT
2.3-93 wind turbines. The comparison will be made in terms of accuracy in the prediction
of aerodynamic loads and deformations, and in terms of efficiency comparing the required
computation times. Moreover with the objective to demonstrate the validity of both meth-
ods, MECANO + AERO will be compared with FAST + Aerodyn + Beamdyn, which is also
based on the BEM method, and MECANO + Vortexje will be compared with CFD results of

3



2 OBJECT

other authors. Other purpose is to study the influence of blade deformations on aerodynamic
loads, for which simulations will be run with rigid and flexible blades. The last purpose of this
project is to study with MECANO + Vortexje the unsteady effects induced by gravitational
loads, shaft tilt and yaw angle.

4



3 INTRODUCTION

3 Introduction

3.1 Thesis outline

To fulfill the aforementioned objectives, this thesis follows the following scheme:

• In Section 3, a review of the state of the art is made, in terms of different software
used in the industry for the design of wind turbines and in terms of previous works. The
theoretical development of the Blade Element Momentum method and the panel method
are also explained, since they are the aerodynamic methods used in this project. Finally,
a brief review of the main advantages and disadvantages of both methods is carried out.

• In section 4, firstly it is explained the Bnrel program used to obtain the wind turbine
files (NREL 5-MW and SWT 2.3-93) necessary to apply the MECANO + AERO and
MECANO + Vortexje methods. Next, the structural model of the studied wind turbines
and the MECANO solver used for structural simulation are explained. Then it is devel-
oped how the aerodynamic model is performed for the use of the AERO method (BEM
method) and the Vortexje method (panel method). It also indicates how to apply the
panel method explained in Section 3 computationally. Finally, it briefly indicates how
the coupling between MECANO and Vortexje is carried out.

• Section 5 contains the results obtained from the simulations, which are the forces and
deformations of the wind turbine. To study the two wind turbines (NREL 5-MW and
SWT 2.3-93) the same scheme has been carried out. First, it has been obtained the
stationary control curves of rotor speed and pitch angle as a function of wind speed
using FAST + BeamDyn + AeroDyn. Once these curves have been obtained and using
them, the steady-state response has been obtained with FAST + BeamDyn + AeroDyn
and with MECANO + AERO for different wind speeds and, therefore, different rotor
speeds and pitch angles. Subsequently, the dynamic response of loads and deformations
for the rated operating point has been obtained, firstly comparing the responses of
MECANO + AERO and MECANO + Vortexje for an axial, steady and uniform wind,
and secondly studying with MECANO + Vortexje the influence of gravitational loads,
shaft tilt and yaw angle. Finally, the computational costs of both methods have been
compared and an alternative is proposed to reduce the computational time of the panel
method, consisting of removing the last wake layer.

• Finally, Section 6 presents the main results and conclusions obtained throughout the
project. And Section 7 gives a short description of the improvements made in the AERO
module after the completion of the project and an idea of possible future improvements
that can be carried out in the panel method.
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3.2 State of the art

3.2.1 Wind turbines software

Last years, advances in the design and operation of wind turbines have improved their perfor-
mances, making wind energy more efficient and affordable than ever. Wind energy technology
is becoming a competitive and reliable technology and forecasts reveal that progress will con-
tinue strongly. Until now, design trends have led to building longer (Figure 1) and more
flexible blades, smart rotor and control, and offshore application. Despite the fact that a large
part of these advances are usually attributed to the use of innovative hardware and compo-
nents included in wind turbines, a large part of these advances are due to what is behind
the scenes: the engineering software that led to this design. Software simulations are helping
manufacturers and operators to maximize wind developments, and now researchers are also
benefiting.

Figure 1: Evolution over the years of hub height, rotor diameter and power.

Nowadays in the industry there is a great variety of software for wind turbines simulations for
different functions. Most of these programs can be classified into one of the following groups:

• Software that is used to model the air flow in a certain place, to give an approximation
of the wind characteristic in those places where there are no measurements available (for
example, there are places where measurements have only been taken recently and they
are not yet representative).

• Feasibility analysis programs: They give information on costs, emissions, investment risk
and other information that should be taken into account before setting up a wind farm.

• Wind farm modeling programs: They allow to present a proposal to make a wind farm
graphically, with the final purpose of obtaining its construction permits.

6
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• Softwares that help the design of wind turbines, using aeroelastic packages.

All of these programs are useful, but only design programs have been used in this report.
This group of programs is perhaps the most extensive and important of all those previously
reported. Precisely due to the importance of its function, many universities and research
centers have developed software of these characteristics, but each with its own specializations
and calculation methods. Some of these programs are explained below.

• SAMCEF MECANO : It is a software developed by Samtech for the structural model
based on a flexible multibody dynamic (MBD) model. It allows to discretise the wind
turbine into a number of bodies (blades, tower and drive) that will be interconnected in
a single dynamic system. For the aerodynamic model it uses the module AERO based
on the BEM theory. However it allows coupling other external aerodynamic models with
the Supervisor module. For example, in this project, the aerodynamic model Vortexje
will be coupled.

• Vortexje: It is an open source software developed by Baayen & Heinz GmbH in Berlin
and implements an unsteady 3D panel method suitable for dynamic simulation of ver-
tical and horizontal axis wind turbines. It can be easily coupled with other simulation
environments.

• FAST : It is a computer-aided engineering (CAE) tool developed by the National Re-
newable Energy Laboratory and it can model the dynamic response of both two- and
three-bladed, conventional, horizontal-axis wind turbines. For the aerodynamic model it
uses the BEM theory and for the structural model it uses a modal approach for the dis-
cretisation method. In 1996, NREL has modified FAST to use the AeroDyn subroutine
package developed at the University of Utah to calculate the aerodynamic forces along
the blade. Furthermore, the module BeamDyn has been coupled with FAST providing
new capabilities for modeling curved and twisted wind turbine blades undergoing large
deformations.

• HAWC2 : Horizontal Axis Wind turbine simulation Code of 2nd generation, as its initials
indicate. It is an aeroelastic code intended for calculating wind turbine response in time
domain. It was developed by Technical University of Denmark. For the aerodynamic
model it uses BEM theory and for the structural model it uses multibody dynamics
for the discretisation method. The aerodynamic model is modified to handle dynamic
inflow, dynamic stall, skew inflow, shear effect on the induction and effects from large
deflection.

• GH Bladed : It is an integrated software package for wind turbine performance and
loading calculations developed by Garrad Hassan and Partners Ltd. For the aerodynamic
model it uses BEM theory and for the structural model it uses a modal approach for
the discretisation method. The late version is capable of modeling and analyzing both
onshore and offshore wind turbine with variety of support specification.
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• PHATAS : It was developed by Energy Research Centre of the Netherlands and it deter-
mines the nonlinear dynamic behaviour and the corresponding loads of a horizontal-axis
wind turbine (both onshore and offshore) in time domain. For the aerodynamic model
it uses BEM theory and for the structural model it uses multibody dynamics for the
discretisation method.

• FLEX5 : Since 1992 this code has been used as design and certification tool and was
developed by Technical University of Denmark. For the aerodynamic model it uses
BEM theory and for the structural model it uses a modal approach for the discretisation
method. This code can be integrated into other softwares and work perfectly to do
simulations and calculations.

3.2.2 Previous work

Below is a brief review of the main references and projects carried out by different research
groups that have been use as support for carrying out this project. The Blade Element Mo-
mentum method is widely used in the industry (T.Burton et al. [8]), and several corrections
have been made to the original theory as: tip losses (H. Glauert [11]), root losses, turbulent
wake state (H. Glauert [12] and Buhl [7]), skewed wake (Pitt and Peters [29], and Snel and
Schepers [38]), wake memory effect (Snel and Schepers [38]) or dynamic stall model, for exam-
ple using models based on the Beddoes and Leishman method [5], such as the modified model
developed in Dimitriadis et al. [6], or ONERA method (Mcalister et al. [25]).

Regarding the surface panel method, although it is not a widely applied method in wind tur-
bines, it is widely used in the aeronautical industry. The open-source Vortexje (Baayen [3]
and [4]) implements a 3D panel method based on the theory described in Katz and Plotkin
[21] and Hess and Smith [16] applied to wind turbines. Previous works such as A. van Garrel
[39] and Prasad and Dimitriadis [31] implement very similar panel methods for wind turbines.
However Prasad and Dimitriadis [31] also includes a flow separation model, enabling more
accurate results for high wind speeds. For the structural model, Samcef/MECANO offers a
solution based on a flexible multibody dynamic model (Géradin and Cardona [13]).

In Prasad et al. [30] a study was carried out where the structural simulation of the wind
turbine was done using MECANO, coupling it by co-simulation to the aerodynamic model.
The aerodynamic models used in this study are the Blade Element Momentum and Vortex
Lattice Method, demonstrating that the Vortex Lattice Method "represents adequately the
dependency on motion history of unsteady aerodynamic forces which is important in order to
perform aeroservoelastic simulations" (Prasad et al. [30], p.14, 2016).

The NREL 5-MW is a wind turbine defined by the National Renewable Energy Laboratory in
Jonkman et al. [20]. Although no experimental data is available for the studied wind turbines
NREL 5-MW and SWT 2.3-93, several previous works were carried out using higher fidelity
Computational Fluid Dynamics (CFD) approaches of the NREL 5-MW wind turbine such as
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Imiela et al. [19], Dose et al. [10] or Yu and Kwon [41], which will be taken as references to
compare the results obtained. Other projects such as Z. Li et al. [23], Sabale and Gopal [34]
and [35] or Jonkman et al. [20] have applied the Blade Element Momentum method to the
NREL 5-MW. Finally a panel method has been applied to the NREL 5-MW by Schweigler
[36] and Ramos et al. [33].

3.3 Aerodynamic methods

In this section a description is made of the theoretical models used in subsequent chapters to
carry out the aerodynamic study of the rotor. The aerodynamic models used in this project
are: the panel method, and the Blade Element Momentum (BEM) theory corrected by a blade
tip loss factor and by a turbulent wake state.

3.3.1 BEM Method

The BEM method is a combination of the momentum theory and the blade element theory.
On one hand, the momentum theory expresses the axial thrust and torque in terms of overall
flow parameters. On the other hand, the blade element analysis provides expressions of the
same quantities (thrust and torque) in terms of the lift and drag coefficients of the airfoil.

3.3.1.1 Momentum theory (MT)

The following are the hypotheses that are taken into consideration (T. Burton et al. [8], 2001,
p. 41-42):

• It will be assumed that the affected air mass remains separate from the air that does
not pass through the rotor disc, and therefore, does not slow down. So it can be defined
a boundary surface containing the affected air mass and extending upstream and down-
stream forming a long stream tube of circular cross section, as it can be seen in Figure
2. As air does not flow across the boundary, the mass flow of air flowing through the
stream tube will be the same for all positions along the stream tube.

Figure 2: Stream tube of a wind turbine (T. Burton et al. [8]).
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• It is considered uniform upstream wind. There is an azimuth symmetry along the stream
tube, that is, the velocity and pressure profile is uniform in sections parallel to the rotor
plane.

• The rotor will be considered to be isolated, without ground effects or obstacles.

• Viscous effects are considered negligible.

• Stationary movement is considered along the entire stream tube.

• There are no rotation effects in the air.

Following the development used in T. Burton et al. [8], from the linear momentum equation,
the force of the fluid on the rotor, T , caused by the change of the stream speed is obtained:

T = 2 ρAd U
2
∞ a (1− a) (1)

where Ad is the area swept by the rotor and a is the axial flow induction factor, being the
stream speed in the normal direction to the rotor plane:

Unormal = U∞(1− a) (2)

where the term aU∞ is the axial induced speed. The differential thrust experienced by the
rotor corresponding to the momentum theory is:

dTMT = 2 ρ dAd U
2
∞ a (1− a) = 2 ρ (2πrdr)U2

∞ a (1− a) (3)

Then, from the angular momentum equation, the differential torque communicated to the
rotor, dQ, is expressed as:

dQMT = 4π ρU∞ (1− a) Ω a′ r3 dr (4)

where a′ is the tangential flow induction factor. The tangential speed of the stream in the
rotor plane is expressed as:

Utang = Ω r (1 + a′) (5)

where the term Ωra′ is the tangential induced speed. In the section immediately downstream
of the rotor the tangential induced speed is 2Ωra′ (Figure 3).
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Figure 3: Tangential velocity through the rotor (T. Burton et al. [8]).

3.3.1.2 Blade element theory (BET)

In addition to the explained above, it is needed a method that takes blades into account. The
Blade element theory is based on the analysis of the aerodynamic forces applied to a differ-
ential element of a blade and allows the effects of the blade geometry to be incorporated into
the aerodynamic actions.

It is assumed that the blade is divided longitudinally into segments of differential length, dr,
and each blade section is independent of the others. Figure 4 shows the different speeds, angles
and aerodynamic forces involved in the model which are:

• UR ≡ Total relative wind speed at the considered blade section.

UR =
√
U2
normal + U2

tang =

√
U2
∞(1− a)2 + Ω2r2(1 + a′)2 (6)

• θ ≡ Blade section set angle. It depends mainly on the twist and pitch angles but also
on the structural displacements of the blade section due to all flexibilities introduced in
the complete model.

• φ ≡ Flow angle.

φ = arctan
U∞(1 − a)

Ωr(1 + a′)
(7)
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• α ≡ Angle of attack.

α = φ − θ (8)

• dL ≡ Aerodynamic lift of the blade element.

dL =
1

2
ρU2

R c dr cl(α) (9)

where c is the chord of the blade section.

• dD ≡ Aerodynamic drag of the blade element.

dD =
1

2
ρU2

R c dr cd(α) (10)

Assuming that there is not interference of the other blades and that the aerodynamic forces on
the element are due to the lift and drag of the aerodynamic section considered, and projecting
these forces in the parallel and perpendicular direction to the rotor plane, it is obtained that:

• dT ≡ Thrust force in the blade element.

dT = b
1

2
ρU2

R c dr (cl(α) cosφ + cd(α) sinφ) (11)

where b is the number of blades.

• dFT ≡ Tangential force in the blade element.

dFT = b
1

2
ρU2

R c dr (cl(α) sinφ − cd(α) cosφ) (12)

• dQ ≡ Aerodynamic torque in the blade element. It is calculated by multiplying the
tangential force by the radial position of the blade element considered.

dQ = r dFT = b
1

2
ρU2

R c dr (cl(α) sinφ − cd(α) cosφ) r (13)
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Figure 4: Velocities and forces in a blade element (Cuerva et al. [9]).

3.3.1.3 MT and BET combination (BEM)

With the Momentum and Blade element theories it has been obtained two equations for the
thrust and two equations for the torque as a function of the axial and tangential flow induction
factors. Equaling the expressions developed for each theory it is obtained:

dTMT = dTBET ⇒ 4π U2
∞ a (1− a) r = b

1

2
U2
R c (cl(α) cosφ + cd(α) sinφ) (14)

dQMT = dQBET ⇒ 4π U∞ (1− a) Ω a′ r3 = b
1

2
U2
R c (cl(α) sinφ − cd(α) cosφ) r (15)

For a given wind speed, rotation speed of the rotor, aerodynamic profiles, flow angle and a
number of blades, the previous expressions become a system of two equations for the unknowns
a and a′, which will depend of the radial position.

3.3.1.4 Tip Loss Correction

The model considered does not take into account that the circulation in the blade tip is null.
Taking into account the Kutta boundary condition, the blade tip thrust must be zero. To
solve this problem, the Blade Element Momentum theory is corrected by a correction factor
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for circulation losses, F . The model used in this project to represent this loss factor is the
called the Prandtl model (Glauert [11]), whose proposed form is:

F =
2

π
arccos

(
exp

(
− b

2

R− r
r

1

sinφ

))
(16)

where R is rotor radius. This loss factor is used to modify the thrust and torque equations (3
and 4) obtained by the momentum theory:

dTMT = 4π r ρU2
∞ a (1− a) F dr (17)

dQMT = 4π r3 ρU∞ (1− a) Ω a′ F dr (18)

3.3.1.5 Glauert correction

For high values of the axial flow induction factor, a, or high values of the thrust coefficient
CT = T

1
2
ρU2
∞Ad

= 4a(1 − a), the wake becomes turbulent and draws air from outside the
wake using a mixing process that energize the slow air that has passed through the rotor.
Experimental studies have shown that equation 1 of the momentum theory is only valid for
an axial flow induction factor less than about 0.3 − 0.4. To take into account this effect, a
correction developed by Glauert [12] will be applied to the rotor thrust coefficient. This Glauert
correction features an automatic coupling with the loss factor, F , that ensures continuity
between the two parts regardless of the value of the loss factor. According to Moriarty and
Hansen [26], the linear momentum theory does not fit the experimental results from the value
of a ' 0.4 and the Glauert correction does, as shown in Figure 5. The modification of the
Glauert empirical relation that include the tip loss correction was derived by Buhl [7] as follows:

CT =
T

1
2ρU

2
∞Ad

=
8

9
+

(
4F − 40

9

)
a +

(
50

9
− 4F

)
a2 (19)
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Figure 5: Comparison between linear momentum theory and Glauert correction and experi-
mental values (Moriarty and Hansen [26], 2005, p.7).

3.3.2 Panel Method

In order to obtain the pressure distribution on the wind turbine a panel method will be im-
plemented. In this section it has been explained what the panel method implemented consists
in.

The fluid field around the body can be divided into two regions. A near-surface region where it
should be considered viscous effects and rotational flow, and an external region where viscous
effects are negligible and flow is irrotational. It will be considered that the fluid is incompress-
ible, ∇ · v = 0, where v is the velocity vector field.

Although it is left for future developments the near-surface region can be taken into account
introducing the ‘blowing’ velocity, that will be implemented as a boundary condition. This ve-
locity is perpendicular to the surface and is used to simulate the boundary layer in this region.
To calculate the ‘blowing’ velocity it is necessary to know the boundary layer displacement
thickness, so boundary layer equations must be solved.

Considering that φ is the velocity potential, for the case of non-viscous, incompressible and
irrotational fluid, the following equations and boundary conditions must be fulfilled:

• The equations in terms of velocity field are expressed:

∇ · v = 0 (20)
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∇ × v = 0 (21)

It can also be expressed in terms of the potential, where the equation of Laplace governs
our problem:

∇2φ = 0 (22)

where v = ∇φ since the velocity field is conservative.

• The boundary conditions require that the disturbance induced by the blade will decay
far from the blade:

x→ ∞, v → v∞ (23)

which is automatically fulfilled by the singular solutions (source and doublet).

• The normal component of velocity on the solid boundaries of the blade must be:

∇φb · n = uS · n + vn (24)

where n is an outward normal to the surface. The local surface velocity uS can represent
the rotation, translation or deformation velocity of the surface. And the normal velocity
vn can represent the ‘blowing’ velocity to simulate the boundary layer effects.

The panel method arrives at a solution of the Laplace Equation 22 by summing up certain
elementary solutions located on the body boundary. In this case, following the solution im-
plemented by Katz and Plotkin [21] and A. van Garrel [39], it will be used the elementary
solutions known as the source singularity distribution, σ(y, t), and the doublet singularity dis-
tribution, µ(y, t), where y belongs to the boundaries. Thus the velocity potential distribution
on a point x belonging to the fluid volume, can be defined as the contribution of freestream
velocity potential, φ∞(x, t), and perturbation velocity potential distributions, ϕσ(x, t) and
ϕµ(x, t) , due to sources and doublets respectively:

φ = φ∞ + ϕσ + ϕµ (25)

where

ϕσ(x, t) =
−1

4π

∫∫
S

σ(y, t)
1

r
dS (26)

ϕµ(x, t) =
−1

4π

∫∫
S

µ(y, t)
n · r
r3

dS (27)

The vector n is the unit normal vector to the surface and r is the distance between the
evaluation point x belonging to the fluid volume and the point y belonging to the surface,

r = x− y (28)
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Moreover, the source and doublet distribution must satisfy Equation 24. The source strength
σ(y, t) and the doublet strength µ(y, t) can be defined as function of the freestream velocity
potential φ∞ and the velocity potential on the surface φb as follow:

σ(y, t) = ∇(φb − φ∞) · n (29)

µ(y, t) = φ∞ − φb (30)

Combining Equation 29 with the Equation 24, the source strength can be expressed in terms
of known quantities:

σ(y, t) = (uS − u∞) · n + vn (31)

Thus, it will result in a set of equations with the doublet strengths as the unknowns. Applying
the surface gradient to the Equation 30, the tangential component of the velocity potential on
the surface can be obtained:

∇Sµ = ∇Sφ∞ − ∇Sφb → ∇Sφb = ∇Sφ∞ −∇Sµ (32)

From the normal and tangential components of the velocity potential (Equations 24 and 32),
an equation for the velocity potential on the surface is obtained:

∇φb(x, t) = (∇φb · n)n + ∇Sφb = (uS · n + vn)n + ∇Sφ∞ −∇Sµ (33)

Finally, another expression for the velocity potential on the surface can be obtained by sub-
stituting 31 in 33:

∇φb(x, t) = u∞ + σ n − ∇Sµ (34)

To take into account the influence of the wake on the panel method, the wake surfaces will
be introduced at the trailing edge of the lifting surface. As shown in Figure 6, to impose the
Kutta condition, according to Morino’s Kutta condition (introduced by Morino and Kuo [27]),
it will be considered that the doublet strength at the first point of the wake will be equal to
the difference of doublet strength across the trailing edge.

µwt = ∆µt (35)
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Figure 6: Trailing edge Morino’s Kutta condition (A. van Garrel [39], 2016, p.23).

As stated in A. van Garrel [39] following the theorems of Helmholtz and Kelvin for vorticity
dynamics, the equations for the evolution of wake panel position xw and wake panel doublet
strength µw are:

dxw
dt

= u, xw(t0) = xte(t0), (36)

Dµw
Dt

= 0, µw(t0) = µwt(t0), (37)

Once the doublet strength distribution is found, the velocity v and velocity potential φ at
each point in the field are known and the corresponding pressure p will be calculated by the
Bernouilli equation for unsteady potential flow:

p∞ − p

ρ
=

(∇φ)2

2
+
∂φ

∂t
(38)

The pressure coefficient is by definition:

Cp =
p − p∞
1
2ρ v

2
ref

(39)

where

vref = u∞ − uS (40)

Finally, the total force and moment vector can be calculated using the following equations:

F (t) = −
∫∫
S

p n dS (41)

M(t) =

∫∫
S

p n × r dS (42)
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where r is the vector that points from the moment reference point to the surface.

3.4 BEM method vs Panel method

The BEM method is one of the most widely used methods to calculate the induced velocities in
the wind turbine blades due to its simplicity and high calculation speed. However the original
BEM method has some limitations. For example, it considers that the axial induced velocity
in the actuator disk is half of the axial induced velocity in the far wake, which is not entirely
accurate. Furthermore, the BEM method leads to errors when large out-of-plane blade deflec-
tions occur since the theory assumes that the moment is balanced in a plane parallel to the
rotor. Another limitation is that it does not take into account the presence of radial flow since
it assumes that the forces acting on the blades are two-dimensional. It also does not account
for losses at the blade tip and root. However, its main drawback is its inability to predict
unsteady effects, due to unsteady flows or non-axial flows. For example, it assumes that the
flow around the profile is always in equilibrium and that the flow is accelerated instantaneously
to adjust to the changes in the vorticity in the wake due to new operating conditions of the
wind turbine or the air flow, when actually it takes a while to adjust to a changing wake.
Furthermore, the original theory does not take into account the skewed inflow. However, due
to its wide use, different engineering models have been developed with the aim of reducing
the limitations of the original theory. Therefore, the BEM method is considered a reliable
method. The corrections introduced in the BEM theory used by AERO are the tip losses, a
correction for large induced velocities or turbulent wake state and a correction for rotational
stall delay.

The panel method is not as widely used in the industry because it is more complex and re-
quires longer computing times. However, it does not make as many simplifications as the
original BEM method and some of the corrections made in the BEM method such as blade
tip losses and turbulent wake state are already intrinsic to the panel method. In addition, it
does not require the use of experimental data on the coefficients of lift, drag and moments of
the different profiles, which can be an advantage if such data is not available. However the
main reason for using the panel method is its intrinsic ability to account for unsteady effects,
modeling the dynamic wake effect and skewed wake aerodynamics.
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4 Wind turbine model

The first wind turbine model which is going to be studied is a 5-MW reference horizontal-axis
wind turbine defined by NREL in Jonkman et al. [20]. This wind turbine has three blades, a
rotor radius of 63 m and a hub height of 90 m. And it has been adopted by many researchers
as a reference for evaluating the capabilities of their aeroelastic and aerodynamic models.

In Figure 7, the geometry of the full wind turbine configuration is presented. The rotor is
installed with a shaft tilt angle of 5.0◦ and rotates clockwise as viewed from upwind. To
increase the tower clearance, the blade is set at a precone angle of 2.5◦.

Figure 7: Modeling of the NREL 5-MW reference wind turbine (Yu and Kwon [41], 2014, p.
186).
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Table 1: General data of the NREL 5-MW wind turbine.
NREL 5-MW

Rated power 5 MW

Rotor diameter 126 m

Number of blades 3

Power control Variable speed, collective pitch

Minimum rotor speed 6.9 rpm

Maximum rotor speed 12.1 rpm

Cut-in, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s

Hub height 90 m

Shaft tilt 5◦

Precone 2.5◦

After the study of the NREL 5MW, the study of a commercial Siemens wind turbine will be
carried out, specifically the SWT - 2.3 - 93. This wind turbine has three blades, a rotor radius
of 46.5 m and a hub height between 80 and 101 m (in this study it will be considered to be
90 m). The rated power of this wind turbine is 2.3 MW.

Figure 8: Siemens SWT-2.3-93 wind turbine.
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Table 2: General data of the SWT-2.3-93 wind turbine.
SWT 2.3-93

Rated power 2.3 MW

Rotor diameter 93 m

Number of blades 3

Power control Variable speed, collective pitch

Minimum rotor speed 6.5 rpm

Maximum rotor speed 16 rpm

Cut-in, Rated, Cut-Out Wind Speed 3 m/s, 12 m/s, 25 m/s

Hub height 90 m

Shaft tilt 5◦

Precone 2.5◦

4.1 BNREL program: wind turbine models from .txt files

In order to obtain the wind turbine model in the correct format, the program BNREL will
be used. BNREL is a fortran program of Samtech created by the coworker Frédéric Cugnon.
This program creates the wind turbine models necessary to apply both MECANO + AERO
method (based on the BEM theory) and MECANO + Vortexje method (based on the panel
method), from .txt files with NREL format. The Figure 9 shows what the inputs and the
outputs are, in addition to the routines and functions of the program.
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Figure 9: Diagram of BNREL program for the 5 MW NREL wind turbine.

The files that need to be read to run the program are explained below. It should be noted
that the entries defined below have been extracted from Jonkman et al. [20] and some data
will not be used because these files are prepared by NREL to be run with other programs.
The data shown below is for the NREL 5-MW wind turbine. The data for the SWT 2.3-93
can be found in the Appendix A.

• beam50.txt : This file contains the information of the distributed blade structural prop-
erties. The Table 3 shows the data that the file must contain. The entries are:

1. ‘Radius’: Spanwise locations along the blade-pitch axis relative to the rotor center
(apex).

2. ‘BlFract’: Fractional distance along the blade-pitch axis from the root (0.0) to the
tip (1.0). The relation between ‘Radius’ and ‘BlFract’ is shown in the next equation:

Radius = RR+ (DL−RR) ∗BlFract (43)
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where RR is the radius of the blade root and DL is the blade length.

3. ‘AeroCent’: By definition, the quantity (AeroCent - 0.25) is the fractional distance
to the aerodynamic center from the blade-pitch axis along the chordline, positive
toward the trailing edge.

4. ‘StrcTwst’: Structural-twist angle.

5. ‘BMassDen’: Distributed blade section mass per unit length.

6. ‘FlpStff’: Flapwise section stiffness given about the principal structural axes of each
cross section as oriented by the structural-twist angle.

7. ‘EdgStff’: Edgewise section stiffness given about the principal structural axes of
each cross section as oriented by the structural-twist angle.

8. ‘GJStff’: Blade torsion stiffness.

9. ‘EAStff’: Blade extensional stiffness.

10. ‘FlpIner’: Flapwise section inertia given about the principal structural axes of each
cross section as oriented by the structural-twist angle.

11. ‘EdgIner’: Edgewise section inertia given about the principal structural axes of each
cross section as oriented by the structural-twist angle.
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Table 3: Distributed Blade Structural Properties of NREL 5MW (Jonkman et al. [20]).

• bchor50.txt : This file contains the information of the distributed blade aerodynamic
properties. The Table 4 shows the data that the file must contain. The entries are:

1. ‘RNodes’: Spanwise locations along the blade-pitch axis relative to the rotor center
(apex). If the locations here are different from the beam50.txt, the data will be
interpolated.

2. ‘AeroTwst’: Aerodynamic-twist angle. The values of the structural twist are as-
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sumed to be identical to the aerodynamic twist. This column will not be used by
BNREL program.

3. ‘DRNodes’: This data is not used by BNREL program.

4. ‘Chord’: Chord of the section. The chord in other locations will be calculated
interpolating between these values.

5. ‘Nfoil’: Number of profile.

6. ‘PrnElm’: Name of the file which contains the normalized coordinates of the profile.

Table 4: Distributed Blade Aerodynamic Properties of NREL 5MW (Jonkman et al. [20]).

• ‘profile’D.txt : There are as many files of this type as there are profiles on the wind
turbine blade. These files contain the normalized coordinates of the profile.

• tower.txt : This file contains the information of the distributed tower structural proper-
ties. This file is similar to beam50.txt. The entries are:

1. ‘Elevation’: Vertical locations along the tower relative to the tower base.

2. ‘HtFract’: Fractional height along the tower centerline from the tower base (0.0) to
the tower top (1.0).

3. ‘TMassDen’: Distributed tower section mass per unit length.
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4. ‘TwFAStif’: Fore-aft direction stiffness.
5. ‘TwSSStff’:Side-side direction stiffness.
6. ‘TwGJStif’: Tower torsion stiffness.
7. ‘TwEAStif’: Tower extensional stiffness.
8. ‘TwFAIner’: Fore-aft direction inertia.
9. ‘TwSSIner’: Side-side direction inertia.

Table 5: Distributed Tower Structural Properties of NREL 5MW (Jonkman et al. [20]).

• btow50.txt : This file contains the information of the distributed tower aerodynamic
properties. The entries of this file are the same as in bchor50.txt.

Table 6: Distributed Tower Aerodynamic Properties of NREL 5MW.

• MainShaft.txt : This file contains the information of the distributed main shaft properties.
The entries are:

1. ‘ShFract’: Fractional distance along the rotor axis.
2. ‘ExtRad’: External radius.
3. ‘IntRad’: Internal radius.
4. ‘YT’: Young module.
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5. ‘NT’: Poisson coefficient.
6. ‘M’: Mass density.

Table 7: Distributed Main shaft Properties of NREL 5MW.

• CouplingShaft.txt : This file contains the information of the distributed coupling shaft
properties.The entries of this file are the same as in MainShaft.txt.

Table 8: Distributed Coupling shaft Properties of NREL 5MW.

The files which contains the routines and functions that make up the program are:

• bnrel.f : This file is the main routine of the program. It provides the turbine model
files necessary to apply the MECANO + AERO method and the turbine model files
necessary to apply the MECANO + Vortexje coupling method.

• gpro.f : This file is a subroutine. It creates the profiles files (.dat) along the blade with
dimensional values from the files ‘profile’D.txt, which as mentioned above, contain the
normalized coordinates of the profile.

• gprow.f : This file is another subroutine and it has the same aim as gpro.f but for the
tower.

• ut12.f : This file is a function to know the actual length of a chain of characters.
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4.2 Structural model: MECANO solver

For the structural model of the wind turbine MECANO solver offers a solution based on a
flexible multibody dynamic (MBD) model (Géradin and Cardona [13]). In the MBD method,
the wind turbine is discretised into a number of bodies that will be interconnected: three
blades, the tower and the drive. Depending on the objective of the simulation these bodies
can be flexible or rigid. The dynamics of the structure can be then evaluated using equations
of motion, which are usually derived from Lagrange’s equations or Newton-Euler equations.
The MBD method benefits from high modelling flexibility due to its capability to generate
and couple together an arbitrary number of separate bodies in a single dynamic system. To
obtain the discretised equations governing the wind turbine motion, a finite-element method
has been adopted.

Figure 10: Spatial distribution of profiles, chord and thickness of the blade along the span for
NREL 5-MW.
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Figure 11: Spatial distribution of profiles, chord and thickness of the blade along the span for
SWT 2.3-93.

Firstly, the blade is divided into a number of beam elements. It is discretised by different pro-
files in different positions (Figures 10 and 11) taking into account the following considerations:

• In the inner sections, thick profiles will be used, that is, with a high relative thickness,
and therefore the aerodynamic characteristics will be low. The high thickness will allow
a greater capacity to accommodate a large amount of structural material, with the aim
of being able to withstand high structural efforts to which the blade will be subjected
in that area.

• In the outer sections, thin profiles with good aerodynamic properties and high efficiencies
will be used, since their structural responsibility is less and their main task is to extract
power from the fluid stream.

Apart from the cylindrical profiles used in the inner sections, the profiles used in both NREL
5-MW and SWT-2.3-93 wind trurbines are:

• NREL 5MW:

– DU40

– DU35

– DU30

– DU25

– DU21
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– NACA64

• SWT-2.3-93:

– FFA W3 301

– FFA W3 211

In each position it is created a node on the pitch axis. Then around this node, other nodes are
introduced to represent the profile. In order to introduce rigid links between the nodes, these
nodes are linked with the pitch axis node through rigid body elements. Then the pitch axis
nodes are linked between them through beams with the structural properties defined previously.

Once the beam models have been defined, it is necessary to develop a model based on quadri-
lateral cells due to the nature of the forces applied when Vortexje is used, this is, pressure
forces (Figures 12 and 13).

Figure 12: Model of the blade for NREL 5 MW.
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Figure 13: Model of the blade for SWT 2.3-93.

The tower is modeled in the same way as the blades (Figure 14). And finally, the shaft is
modeled by beams with hollow and closed circle profiles.

Figure 14: Model of the tower for NREL 5-MW and SWT 2.3-93.
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Figure 15: Model of the tower and blades for NREL 5-MW.

The rotational movement of the blades around the blade-pitch axis, the rotational movement
of the rotor around the rotor axis and the rotational movement of the rotor around the axis
of the tower (yaw) are modeled by hinge joints.

The equations of motion of the articulated structure discretised by finite elements take the
general form:

[M ] {q̈} +
{
gint
}

=
{
gext

}
(44)

where the notation is simplified by including in the internal forces gint the contribution of the
kinematic constraints and that of elastic, plastic, damping, friction, ..., forces.

Three type of analysis can be performed:

• static analysis

• kinematic or quasi-static analysis

• dynamic analysis.

At each time step, a set of non-linear equations has to be solved. These equations express the
equilibrium of the system at a given time. In a static analysis, these equations take stiffness
effects (linear or not) into account. In a kinematic analysis, the effects due to kinematic veloc-
ities are added to the effects taken into account by the static analysis. Finally, the dynamic
analysis takes all the effects of the kinematic analysis into account including also inertia effects,
which are absent in the static and the kinematic analysis.
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A Newton-Raphson strategy (true or modified) is used in order to solve this non-linear prob-
lem. The modified strategy consists in suppressing the updating of the structural iteration
matrix to reduce the CPU consumption. This suppression is decided automatically by the
program if the convergence rate is good enough.

The assembled mass matrix [M ] is singular, what leads to having to adopt an implicit method
of solution for time integration of equations of motion. MECANO allows to choose the follow
methods:

• Newmark implicit predictor-corrector scheme (Newmark [28])

• Hilber-Hughes-Taylor implicit predictor-corrector scheme (Hughes et al. [17])

• Generalized midpoint method

• Chung Hulbert scheme (Hulbert and Chung [18])

• Generalized-α scheme (Arnold and Brüls [2])

In this project, the Generalized-α scheme developed in Arnold and Brüls [2] has been used.
In order to explain it, firstly the one-step method of Newmark will be outlined.

4.2.0.1 Newmark method

It consists in calculating the displacements, velocities, and accelerations at time tn+1 in terms
of the same quantities at time tn from a Taylor series expansion limited to 2nd order:

{qn+1} = {qn} + ∆t {q̇n} +

(
1

2
− β

)
∆t2{q̈n} + β∆t2{q̈n+1} (45)

{q̇n+1} = {q̇n} + (1− γ) ∆t{q̈n} + γ∆t{q̈n+1} (46)

where β and γ are two free parameters of the method. The usual values given to these
parameters to obtain an implicit scheme are:

• β = 1
4 and γ = 1

2 corresponds to the assumption of average constant acceleration over
the time step. This set of values provides the Newmark unconditional scheme with
maximum accuracy.

• β = 1
6 and γ = 1

2 corresponds to the assumption of linear acceleration over the time step.
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The implicit method implies solving the system of equations of motion expressed at time tn+1.
To this purpose, the Newmark formula is used to express the acceleration {q̈n+1} in terms of
{qn}, {q̇n}, {q̈n} and {qn+1}.

[M ]

β∆t2
{qn+1} + {gintn+1} = {gextn+1} +

[M ]

β∆t2

[
{qn} + ∆t{q̇n} +

(
1

2
− β

)
∆t2{q̈n}

]
(47)

This equation, with known right-hand side, is non-linear in {qn+1} through the term of internal
forces. It is thus solved iteratively using the Newton-Raphson method, which consists in
calculating an improved approximation from an initial approximation:

{i+1qn+1} = {iqn+1} + {i∆q} (48)

and also,

{i+1gintn+1} = {igintn+1} + {i∆g} = {igintn+1} +

[
∂{igintn+1}
∂{iqn+1}

+
∂{igintn+1}
∂{iq̇n+1}

∂{iq̇n+1}
∂{iqn+1}

]
{i∆q} (49)

with the tangent stiffness and damping matrices

[KT ] =
∂{gint}
∂{q}

(50)

[C] =
∂{gint}
∂{q̇}

(51)

by solving the linear system:[
[M ]

β∆t2
+

[C]γ

β∆t
+ [KT ]

]
{i∆q} = {iRn+1} (52)

and the residual vector:

{iRn+1} = {gextn+1}+
[M ]

β∆t2

[
{qn} + ∆t{q̇n} +

(
1

2
− β

)
∆t2{q̈n}

]
−{igintn+1}−

[M ]

β∆t2
{iqn+1}

(53)

This iteration is continued until the dynamic equilibrium is satisfied in d’Alembert’s sense.
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4.2.0.2 Generalized-α method

The Generalized-α scheme (Arnold and Brüls [2]) is obtained using a vector {a} of acceleration-
like variables in the Newmark integration formula.

{qn+1} = {qn} + ∆t {q̇n} +

(
1

2
− β

)
∆t2{an} + β∆t2{an+1} (54)

{q̇n+1} = {q̇n} + (1− γ) ∆t{an} + γ∆t{an+1} (55)

Those additional variables are related to the accelerations by the following equation:

(1 − αm){an+1} + αm{an} = (1 − αf ){q̈n+1} + αf{q̈n} (56)

where optimal algorithmic parameters for second-order ODEs are:

αm =
2ρ∞ − 1

ρ∞ + 1
(57)

αf =
ρ∞

ρ∞ + 1
(58)

γ = 0.5 + αf − αm (59)

β = 0.25 (γ + 0.5) (60)

This procedure allows to introduce some numerical damping in the high frequency spectrum of
the system under consideration. This numerical damping has a stabilizing effect on the time in-
tegration procedure while guaranteeing very good accuracy of integration of the low frequency
range (including rigid body motion in particular). Compare to Hilber-Hughes-Taylor [17] and
Chung-Hulbert [18], this scheme enforce exactly equilibrium at every time step, which guar-
anty second-order accuracy also for the accelerations and less sensitivity to variable time steps.

Damping is controlled by the spectral radius at infinity ρ∞: an undamped scheme is character-
ized by ρ∞ = 1, while ρ∞ = 0 provides asymptotic annihilation of the high frequency response.

4.3 Aerodynamic model

4.3.1 AERO method

To compute aerodynamic loads on both blade and tower of the wind turbine, Samtech offers
an in-house module based on BEM theory. It does this by dividing the blade into a number of
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AERO elements along the span of the blade. It calculates the forces for each segment, which
are used by the structural program to calculate the wind turbine deflections and vice versa,
making the interaction fully aeroelastic.

The files that make up the wind turbine model (structure + aerodynamic model) and that are
necessary to run the simulation with MECANO are shown in the diagram of the Figure 16.

Figure 16: Diagram of the files of the wind turbine model for AERO method.

• prof”.dat : It creates the nodes of the profiles of the blade and the rigid body elements
between these nodes and the pitch axis nodes.

• profw”.dat : It creates the nodes of the profiles of the tower and the rigid body elements
between these nodes and the pitch axis nodes.

• blade.dat : There is one file for each blade and it creates the beams, the cells and the
AERO elements for the blades.

• tower.dat : It creates the beams, the cells and the AERO elements for the tower.
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• drive.dat : It creates the beams to model the shaft.

• Profile_CL.txt : These files contain the lift coefficient of the profile based on angle of
attack.

• Profile_CD.txt : These files contain the drag coefficient of the profile based on angle of
attack.

• Profile_CM.txt : These files contain the moment coefficient of the profile based on angle
of attack.

• wind.dat :It contains the wind function.

• clmsub.dat : It assigns the mechanical boundary conditions to the existing mesh.

• nrel5.dat : This is the main file and it joins the wind turbine elements by hinge joints.

Due to the introduction of the AERO elements, it is necessary to incorporate files that contain
the aerodynamic coefficients of the profiles. Usually the available experimental information on
the aerodynamic coefficients of the profiles is limited to a number of angles of attack. For this
reason, this information must be extrapolated to the whole range of angles of attack. Firstly,
according to Kooijman [22] the experimental data were extended to −180º and 180º using
results from the ECN tool StC (Stall Coefficients) for an aspect ratio of 17 (Lindenburg [24]).
Then, according to Jonkman et al. [20] these coefficients have been corrected by making cor-
rections for three-dimensional behaviour. "The lift and drag coefficients have been corrected
for rotational stall delay using Selig and Eggars method for 0º to 90º angles of attack, and
then the drag coefficients have been corrected using Viterna method for 0º to 90º angles of
attack" (Jonkman et al. [20], 2009, p. 8).
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Figure 17: Corrected coefficients of the DU40 airfoil.

Figure 18: Corrected coefficients of the DU35 airfoil.
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Figure 19: Corrected coefficients of the DU30 airfoil.

Figure 20: Corrected coefficients of the DU25 airfoil.
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Figure 21: Corrected coefficients of the DU21 airfoil.

Figure 22: Corrected coefficients of the NACA64 airfoil.
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Figure 23: Corrected coefficients of the FFA W3 211 airfoil.

Figure 24: Corrected coefficients of the FFA W3 301 airfoil.

4.3.2 Panel method: Vortexje

To predict aerodynamic forces in a wider range of flow conditions it has been used Vortexje
(Baayen [3]). Vortexje is an open source that allows the application of the 3D panel method
based on sources and doublets for the simulation of aerodynamic loads on a dynamic system.
The calculation of aerodynamic forces and moments is given by the orientation of the blades
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in the flow, the shape of the blades and their interaction with the wake.

The main advantage that the panel method has over CFD is the computational cost. The so-
lution of the panel method equations only requires meshing the 2D surface (wake and bodies
immersed in the flow), while the numerical solution of the Navier-Stokes equations requires
3D meshing of the entire region of the flow, increasing considerably the computational cost.

On the other hand, as previously indicated in the Section 3.3.2, the method considers non-
viscous, incompressible and irrotational fluid, which limits its applicability to subsonic cases at
angles of attack in which there is no flow separation. Furthermore, the implemented method
does not allow to calculate the viscous forces, although there are ways to incorporate these
viscous effects.

The basic ideas of the panel method have been outlined in the Section 3.3.2. In order to
apply the panel method in a computer, the blade and its wake are discretised into a number of
panels, and then, it is assigned to each panel both a source and a doublet strength, σ and µ,
respectively. For the present project, each blade has been discretized with 1920 quadrilateral
panels (40 panels along the chord and 48 panels along the span). To store the information,
the numbering used is that shown in Figure 25. In addition to the blades, the wake is also
discretized, whose number of panels increase over time. In the following, the index ‘b’ will be
used to refer to the panels that make up the blade, while the index ‘w’ will be used for the pan-
els of the wake. Moreover, a collocation point is defined in each panel at the center of the panel.

Figure 25: Numbering of the panels.

In order to solve the potential flow equations described in the Section 3.3.2, those equations
will be discretized to be solved numerically. The method implemented in Vortexje is based on
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Katz and Plotkin [21], which has been use in other previous works such as A. van Garrel [39]
and Prasad and Dimitriadis [31]. From the Dirichlet boundary condition on a thick body it is
obtained that the perturbation potential is zero (Katz and Plotkin [21]):

ϕσ + ϕµ = 0 (61)

In Vortexje it is assumed that source and doublet strengths are constant in each panel. So tak-
ing into account Equations 26 and 27, the follow equation is obtained which will be evaluated
for each collocation point:

Nb∑
b=1

Ai,b µb +

Nwt∑
wt=1

Ai,wt µwt +

Nb∑
b=1

Bi,b σb = 0 (62)

[A](Nb,Nb)
{µb}Nb

+ [Awt](Nb,Nwt)
{µwt}Nwt

+ [B](Nb,Nb)
{σb}Nb

= 0 (63)

where Ai,b are the doublet influence coefficients of the blade, Ai,wt are the doublet influence
coefficients of the panels of the wake that are attached to the trailing edge and Bi,b are the
source influence coefficients, at the collocation point of panel ‘i’ due to panel ‘b’ or ‘wt’ :

Ai,b =
−1

4π

∫∫
Sb

n · r
r3

dS (64)

Ai,wt =
−1

4π

∫∫
Swt

n · r
r3

dS (65)

Bi,b =
−1

4π

∫∫
Sb

1

r
dS (66)

in which

r = xi − y, and y ∈ S (67)

The integrals of Equations 64, 65 and 66 can be solved analytically following the development
of Hess and Smith [16] knowing the four panel corner points of the panel ‘b’ or ‘w’, designated
as (x1, y1, 0), (x2, y2, 0), (x3, y3, 0) and (x4, y4, 0), and the collocation point of the panel ‘i’
(x, y, z).
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Figure 26: Quadrilateral panel with constant-strength source and doublet (Katz and Plotkin
[21], 2001, p.245).

Using their results, the influence coefficients can be written as:

k = 1, 2, 3, 4

l = 2, 3, 4, 1

Ai,(b,wt) =
1

4π

∑
k,l

[
tan−1

(
mk,lek − hk

zrk

)
− tan−1

(
mk,lel − hl

zrl

)]
(68)

Bi,b =
−1

4π

∑
k,l

[
(x − xk) (yl − yk) − (y − yk) (xl − xk)

dk,l
ln
rk + rl + dk,l
rk + rl − dk,l

]

− |z|
∑
k,l

[
tan−1

(
mk,lek − hk

zrk

)
− tan−1

(
mk,lel − hl

zrl

)]
(69)

where

dk,l =
√

(xl − xk)2 + (yl − yk)2 (70)

mk,l =
yl − yk
xl − xk

(71)
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rm =
√

(x − xm)2 + (y − ym)2 + z2, m = 1, 2, 3, 4 (72)

em = (x − xm)2 + z2, m = 1, 2, 3, 4 (73)

hm = (x − xm)(y − ym), m = 1, 2, 3, 4 (74)

With these equations, the source and doublet influence coefficients are determined knowing
only the geometry of the panels.

At the moment it has been only taken into account the influence of the wake panels that are
attached to the trailing edge. In order to distinguish between the panels of the wake that are
attached to the trailing edge and those that are not, the latter will be identified with the index
w∗. According to the Equation 37, each wake panel keeps its doublet strength throughout the
simulation, so the doublet strength µw∗ is known from previous steps. Thus the influence of
the old wake panels will be taken into account to calculate the source strength of the blade
panels σb. Therefore, the source strength is determined through Equation 31 by adding the
induced velocity by the wake panels that are not attached to the trailing edge.

σb = (uS − u∞ − Ci,w∗ µw∗) · n + vn (75)

where Ci,w∗ are the aerodynamic influence coefficients for the velocity induced by non-attached
wake panels and they are calculated using the doublet panel - vortex ring equivalence (refs.
[21] and [39]).

Ci,w∗ =
−1

4π

∫
∂Sw∗

r

r3
× dl (76)

Knowing the four panel corner points of the panel ‘wt’, designated as p1, p2, p3 and p4, and
the collocation point of the panel ‘i’ pC , Equation 76 can be written as:

k = 1, 2, 3, 4

l = 2, 3, 4, 1

Ci,w∗ =
1

4π

∑
k,l

[
rk × rl
|rk × rl|2

r0 ·
(
rk
rk
− rl
rl

)]
(77)

where

rk = pk − pC (78)
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rl = pl − pC (79)

r0 = rl − rk (80)

Once the source strength is calculated, the doublet strengths of the trailing edge wake panels
can be determined according to the Morino’s Kutta condition 35 by the doublet strength of
the upper and lower side of the trailing edge panels µbu and µbl :

µwt = µbu − µbl (81)

Figure 27: Numerical Kutta condition (A. van Garrel [39], 2016, p. 32

Therefore, as the doublet strengths of the trailing edge wake panels are a function of the trailing
edge panels, the Equation 63 can be reordered by adding or subtracting the doublet influence
coefficients of the trailing edge wake panels Ai,wt to the the doublet influence coefficients of
the trailing edge panels. Thus, using the Morino’s Kutta condition, the equation that must
be solve is a system of linear equations, where the unknowns are µb:

[A∗](Nb,Nb)
{µb}Nb

= − [B](Nb,Nb)
{σb}Nb

(82)

4.4 Coupling methodology: MECANO-Vortexje

In SAMCEF, it is possible to solve a multi-physics problem by co-simulation two single physics
solvers. For the coupling of MECANO module and Vortexje, the SAMCEF Supervisor module
will be used. The purpose of the supervisor module is to facilitate the exchange of physical
data between MECANO and Vortexje modules, and the synchronization of these modules.

In order to explain how the solution schemes are implemented in the supervisor, it is assumed
that the aerodynamic problem is represented by the equation f(x, y; t) = 0 and the structural
problem is defined by g(x, y; t) = 0, where x(t) and y(t) are the solutions of the problem, that
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is to say, x(t) represents the panel surface pressures and y(t) represents the nodal positions of
the structure. The complete set of equations can be defined as:

F (x, y, t) =

(
f(x, y; t)
g(x, y; t)

)
=

(
0
0

)
(83)

Using a time discretisation method where the time varies between 0 and tn it will be looked
for the solution x(t) and y(t): {(

x0
y0

)
, ...,

(
xi
yi

)
, ...,

(
xn
yn

)}
(84)

starting with the initial conditions x0 and y0.

In this project, it will be used the so-called staggered solution scheme, where both fields are
solved separately and data is only exchanged at the time step level. Because one of the goals
of the supervisor is to couple existing programs (without direct access to the source code), it
is allowed an approach where only information is exchanged at given time instances. For the
staggered solution scheme, both solutions (x, y) are advanced in time using their own time
integration scheme and solver, and only vector data is exchanged at defined time instances.

F (x, y, t) =

(
f(x; y, t)
g(y;x, t)

)
=

(
0
0

)
(85)

In the above equation f(x, y; t) = 0 is solved for the unknown x, for a given (and fixed) value
of y and t. The same is done for the equation g(x, y; t) = 0 for fixed values of x and t. Because
at a given time the value of x or y is held constant, while the other value is solved, the solution
process becomes sequential. This means at a given time instant first one unknown is solved,
and then the other one.

In the Supervisor module for the present project it has been implemented a Prediction and
Substitution algorithm. Taking into account that x and y are the panel surface pressures and
the nodal positions respectively, Figure 28 shows the algorithm used.
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4 WIND TURBINE MODEL

Figure 28: Implemented exchange mechanisms.

At time tn the solution for both PRESS and POS is known. The solution of POS at time tn+1

is predicted, but a prediction does not necessary mean a change in values, so the prediction of
POS at time tn+1 will be POSn. Therefore, PRESSn+1 is solved keeping constant the value
of POS. After convergence of solution PRESSn+1, it is substituted in the second equation
and POSn+1 is solved. Having now found the solution at tn+1, the next time step can be
solved.
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5 Computation of aerodynamic loads and deformations

In this section it has been calculated the aerodynamic loads and deformations of NREL 5-MW
and SWT 2.3-93 wind turbines.

5.1 NREL 5-MW wind turbine

5.1.1 Stationary control curves

The control system of a wind turbine is designed in order to:

• Find the maximum operating efficiency that maximizes the power coefficient.

• Ensure safe operation under all wind conditions.

For the wind turbine under study, it has been chosen a conventional configuration of variable
rotor speed and variable blade pitch. This kind of wind turbines uses two basic control sys-
tems: a generator torque controller and a blade pitch controller. The blade pitch controller
will operate at wind speeds greater than rated speed, while the generator torque controller
will operate at wind speeds below rated.

The aim of the generator torque controller is to maximize the power capture at wind speeds
below the rated wind speed Uin < U∞ < UN0, where Uin is the cut-in speed and UN0 is the
rated velocity. To achieve it, it is necessary to vary the rotor speed, Ω(U∞), when the wind
speed varies. This speed is achieved balancing the aerodynamic torque of the rotor QA with
the appropriate resistant torque of the generator QG (which is the magnitude that is actually
controlled).

On the other hand, the objective of the blade pitch controller is to regulate the generator
speed above the rated wind speed, UN0 < U∞ < Uout, where Uout is the stop speed. For wind
speeds higher than the rated UN0, the power and the rotor speed Ω will be kept constant in
order to limit aerodynamic loads and preserve the structural integrity of wind turbine. Since
the rotor speed is constant, the only way to keep the power constant when wind speed varies is
by changing the pitch angle θ(U∞). Therefore, it is important to accurately predict the aero-
dynamic blade loads, because inaccuracies lead to over-designed and inefficient wind turbines.

The control curves that will be use in this study have been calculated using FAST with Aero-
Dyn and using the subroutine for the Control System DLL (Appendix C of Jonkman et al.
[20]). Moreover, in order to model blade structural dynamics, BeamDyn has been coupled
with FAST. The results obtained for the blade pitch angle and rotational speed of the rotor
are shown in Table 9.
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Table 9: Blade pitch angle and rotational speed of the rotor for the control of NREL 5-MW.
Wind speed (m/s) Pitch angle (◦) Rotor speed (rpm)

3 0 6.97

4 0 7.27

5 0 7.51

6 0 7.88

7 0 8.47

8 0 9.30

9 0 10.29

10 0 11.25

11 0 11.94

11.4 0 12.1

12 3.20 12.1

13 5.85 12.1

14 7.97 12.1

15 9.74 12.1

16 11.28 12.1

17 12.69 12.1

18 14.00 12.1

19 15.27 12.1

20 16.48 12.1

21 17.65 12.1

22 18.77 12.1

23 19.84 12.1

24 20.87 12.1

25 21.89 12.1

In the Figure 29 it is shown the curve of the rotational speed of the rotor Ω(U∞), where the
rotational speed increases with wind speed until reaching ΩN0 (given by structural limitations)
at a wind speed UN0. From this point the rotational speed remains constant.
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Figure 29: Rotation speed variation as a function of wind speed of NREL 5-MW.

The Figure 30 shows the variation of the pitch angle θ(U∞). It is observed that the pitch angle
is θ = 0◦ up to wind speed UN0 and then the pitch angle increases in order to decrease the
angle of attack of the profiles, which leads to a reduction in aerodynamic loads on the blades
of the wind turbine, because it decreases drag and especially lift forces.

Figure 30: Pitch angle variation as a function of wind speed of NREL 5-MW.
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5.1.2 Steady-state response

The steady-state response of the wind turbine has been obtained as a function of wind speed.
The wind has been considered axial, steady and uniform, so the tilt angle of the rotor shaft
has not been taken into account in order to avoid the flow asymmetry produced by the com-
ponent of the wind parallel to the plane of the rotor. For the same reason, the yaw angle will
remain at 0◦. Furthermore, with the same objective of avoiding variations along the azimuth
in the variables to be measured, neither the wind shear effect nor gravitational loads will be
taken into account. The steady-state response has been obtained through simulations with a
duration enough for the transient response die out, and then an average of the last 20 seconds
has been made.

In order to prove the accuracy of MECANO + AERO method, the steady-state response is
going to be compared with the results obtained with FAST + BeamDyn + Aerodyn using
the same conditions, taking into account the control curves of the Figures 29 and 30. The
simulation with FAST + BeamDyn + Aerodyn is based on the Blade Element Momentum
(BEM) method, and as stated previously, MECANO + AERO is also based on BEM method.
Moreover, in order to show the influence of the deformation, a simulation was performed con-
sidering rigid blades and tower. In this section the tower has been included in the simulations,
although the tower shadow effect and the wind shear effect have not been taken into account.
Therefore, the only effect considered is its deformation due to aerodynamic forces.

Firstly, the Figures 31 and 32 show the rotor power and the rotor torque respectively. They
both increase until reach a peak corresponding to the rated wind speed, and then, according to
FAST simulation, are held constant due to the control carried on the wind turbine. However,
it is observed that with MECANO + AERO with flexible and rigid elements, they are not
totally constant; this is because the control curves (Figures 29 and 30) have been obtained
using FAST. In the simulation carried out using FAST, a power value of 5.3 MW is obtained,
which after taking into account that the efficiency of the generator is 94.4 %, a rated power
of 5 MW is obtained.

The rotor thrust (Figure 33) increases until reach a peak and then decreases again. This is
because when the wind speed and the rotation speed of the rotor increases, maintaining the
pitch angle to zero, aerodynamic forces on the blades increase. However, when the pitch angle
begins to increase from the nominal wind speed, the angle of attack of the profiles begins to
decrease and, therefore, the aerodynamic forces on the blades decrease.

The main cause of the differences in results between the simulations with flexible and rigid
elements is due to the torsion produced in the blades, since this causes variations in the angle
of attack and, therefore, the aerodynamic forces will vary. From these figures it is concluded
that the effect of the aeroelastic deformation of the blades in large wind turbines is not negli-
gible and has a clear influence on the aerodynamic rotor performance, and therefore, it must
be taken into account when designing the wind turbine.
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Figure 31: Steady-state response of the rotor power as a function of wind speed.

Figure 32: Steady-state response of the rotor torque as a function of wind speed.

Figure 33: Steady-state response of the rotor thrust as a function of wind speed.
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In the Figure 34 the deflection of the blade tip relative to the undeflected blade-pitch axis and
the deflections of tower top relative to the centerline of the undeflected tower are represented
for the simulations with MECANO + AERO and FAST + BeamDyn + Aerodyn. The peaks
clearly observed in the out-of-plane deflection of the tip blade and the fore-aft deflection of
the tower top are due to the peak observed previously in the rotor thrust.

Figure 34: Steady-state response of the tower and blade deflections as a function of wind
speed. (OPTBDfl : Out-of-plane tip blade deflection. FATTDfl : Fore-aft tower top deflection.
SSTTDfl : Side-to-side tower top deflection.)

As can be seen in the previous figures, the results obtained with MECANO + AERO are
consistent and similar to those obtained with FAST + AeroDyn. However there are some dif-
ferences despite using both the BEM theory and using beams in the structural model. They
can be explained through Figure 35, which shows the blade tip torsion, where a large difference
can be seen. The higher nose-down torsion predicted by MECANO + AERO decreases the
aerodynamic forces and therefore the deflections. After investigating the causes, it has been
concluded that this difference is due to a mismatch in the position of the pitch axis. While in
the simulations carried out with MECANO + AERO it has been considered that the pitch axis
and the aerodynamic center coincide, in FAST + Aerodyn it has been considered that in most
of the blade the distance between them is 12.5% of the profile chord (as indicated in Jonkman
et al. [20]). This causes the pitch moments to be different and therefore the torsion. With
the aim of verifying that this is true, a simulation has been carried out with FAST + Aerodyn
for a wind of 11.4m/s, a rotation speed of 12.1 rpm and a pitch angle of 0◦, considering that
the aerodynamic center and the pitch axis coincide. Indeed, the result obtained is closer to
that obtained with MECANO + AERO, obtaining a nose-down tip torsion of 2.8◦. Therefore,
knowing the cause of the difference, MECANO + AERO method can be considered validated.
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Figure 35: Steady-state response of the blade tip torsion as a function of wind speed.

5.1.3 Dynamic response

As seen previously, maximum aerodynamic loads occur at rated wind speed, making this the
operating point of greatest interest. For this reason, this section will consider the next oper-
ating point: U∞ = 11.4 m/s, Ω = 12.1 rpm and θ = 0◦.

In this section it will be studied the dynamic response by introducing a uniform flow and an
asymmetric flow by introducing some corrections on the unperturbed wind field in order to
take into account the effects of rotor tilt, yaw angle and the gravitational forces, which cause
an unsteady periodic response. In these simulations only the rotor has been modeled and a
material damping has been introduced.

5.1.3.1 Uniform flow

In this section it is compared the response of the wind turbine using MECANO + AERO and
MECANO + Vortexje with rigid and flexible elements for a uniform flow. Due to the absence
of periodical variations caused by the effects of rotor tilt, gravitational forces or yaw angle,
the responses converge to quasi-steady states.

Firstly, in order to demonstrate the validity of the MECANO + Vortexje method, Appendix
B shows the comparison of the pressure coefficient along the chord for different blade sections
between experimental data and MECANO + Vortexje results for the NREL Phase VI wind
turbine. As there are no experimental data from NREL 5 MW, the results of the pressure
coefficient distribution obtained by MECANO + Vortexje with rigid and flexible elements have
been compared in Figure 36 with those obtained using a coupled CFD-CSD method (Yu and
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Kwon [41]). It is observed that the results obtained with the simulation are quite consistent
with the CFD results. However, at the trailing edge of the profile the pressure difference is
not 0 as stated by the pressure Kutta condition. This is because as stated previously, the Vor-
texje program implements the Morino’s Kutta condition (Morino and Kuo [27]) which always
results in a nonphysical pressure mismatch at the trailing edge. Nevertheless the results are
very similar considering that the panel method does not take into account complex physical
phenomena such as boundary layer, recirculation bubble, laminar/turbulent velocity fields,
etc. Furthermore, as indicated in Section 5.1.4, the simulation time required by the CFD-CSD
method is considerably longer.

Figure 36: Pressure coefficient along the chord in different blade span sections.
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Then, the comparison between MECANO + AERO and MECANO + Vortexje is carried out.
Figures 37 and 38 show the aerodynamic rotor torque and thrust, respectively, so these values
do not include centrifugal and inertial loads. And Figure 39 shows the blade deformations of
the flexible cases, specifically: the out-of-plane deflection, in-plane deflection and torsion of the
blade tip. Moreover the distribution of normal force (normal to the rotor plane), tangential
force (in rotational direction) and out-of-plane blade deflection along the span are represented
in Figures 40, 41 and 42. The final numerical values reached are collected in the Table 10.

Table 10: Final values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion.

Rotor
thrust (kN)

Rotor torque
(kN·m)

Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

MECANO
+ AERO
(rigid)

695.0 4480.6 - - -

MECANO
+ Vortexje
(rigid)

853.7 5248.1 - - -

MECANO
+ AERO
(flexible)

622.9 4356.2 4.41 0.080 -2.78

MECANO
+ Vortexje
(flexible)

809.5 5201.5 6.05 0.187 -2.03

Figure 37: Dynamic response of the aerodynamic rotor torque.
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Figure 38: Dynamic response of the aerodynamic rotor thrust.

Figure 39: Dynamic response of the out-of-plane and in-plane blade tip deflection and blade
tip torsion.
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Figure 40: Distribution of normal force per span.

Figure 41: Distribution of tangential force per span.

Figure 42: Out-of-plane blade deflection along the span.

Comparing the flexible and rigid cases, the aerodynamic loads for the rigid cases are higher
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than for the flexible cases. In respect of the deformations, they are quite significant since with
Vortexje it has been obtained an out-of plane blade tip deflection of approximately 6 meters
and a blade tip torsion of 2◦ (nose-down) and with AERO 4 meters and 2.8◦ respectively. The
distance along shaft from hub center to yaw axis is 5 m, and taking into account the shaft
tilt of 5◦ and the precone of 2.5◦, the clearance between the blade tip and the tower would
be 13.2◦ without deformation and 7.22◦ taking into account the out-of-plane blade deflection
obtained with Vortexje. The main difference between rigid and flexible cases is due to the
nose-down torsion which reduces the effective angle of attack and causes a reduction in the
aerodynamic loads. The distribution of normal and tangential forces show that the results are
very similar in the inner sections but in the outer sections there are certain deviations because
the deformations increase with the radial position.

Comparing the results of MECANO + Vortexje and MECANO + AERO, MECANO + Vor-
texje predicts higher aerodynamic loads, higher tip deflections and a lower tip torsion than
MECANO + AERO. Due to the lack of experimental data, the results obtained by CFD in
Yu and Kwon [41], Dose et al. [10] and Imiela et al. [19] will be considered since the most
accurate results are obtained by CFD. According to Dose et al.[10] and Imiela et al. [19]
the rotor thrust is 771 kN and 808 kN respectively, so it can be observed that MECANO +
Vortexje, whose result is 809.5 kN, predicts a better result than MECANO + AERO, 622.9
kN. Since the out-of-plane tip deflection is directly related to the rotor thrust, this is also
better predicted by Vortexje: Dose et al. [10] and Imiela et al. [19] provide values of 5.57
and 6 meters respectively. However, the rotor torque seems to be better predicted by AERO
(4356.2 kN·m) than Vortexje (5201.5 kN·m) since according to Yu and Kwon [41], Dose et
al. [10] and Imiela et al. [19] it is 4200 kN·m, 4333 kN·m and 4467 kN·m, respectively. In
order to explain the main reasons that can lead to errors in the results, Table 11 indicates
the aerodynamic effects that the BEM and panel methods of AERO and Vortexje take into
account or not intrinsically or by means of engineering models.

Table 11: Aerodynamic effects that AERO and Vortexje take into account or not. I = Intrinsec,
EM = Engineering model.

Aerodynamic effect BEM method
(AERO)

Panel method
(Vortexje)

Axial/Tangential induction I I

Radial induction - I

Tip loss EM I

Root loss - I

Turbulent wake state EM I

Rotational stall delay EM -

Dynamic stall - -

Flow separation EM -
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As it has been seen in previous sections the original BEM method has some limitations.
However, due to its wide use in industry, several engineering models have been developed to
reduce these limitations. As indicated in the section 4.3.1, corrections have been made in
AERO module for the tip loss and turbulent wake state. It must be noted that the rotational
stall delay and flow separation are taken into account by AERO method through corrections
in the aerodynamic coefficients data of the profiles, as shown in Section 4.3.1. BEM method
uses experimental profile data (lift, drag and moment coefficients), which can be an advantage
or a disadvantage. It would be a disadvantage when such information is not available or it
can be an advantage since the use of experimental data can lead to more reliable results. For
the NREL 5-MW wind turbine, the experimental data used is reliable and comes from reli-
able sources. On the other hand, the panel method already intrinsically includes some of the
aerodynamic effects and do not use experimental data. However, as previously observed in
the Figure 36, it can lead to non-physically correct results such as the existence of a pressure
difference at the trailing edge which, taking into account the long blade length of the NREL
5MW wind turbine, can lead to errors in overall results such as rotor torque. But its biggest
drawback is that it considers attached flow, which is not true when the angle of attack is high,
which causes a separation of the flow. To take into account this flow separation it would be
necessary to attach a viscous boundary layer solution to the inviscid panel method as it has
been done in the works of Prasad and Dimitriadis [31] and Ramos et al. [33]. Apart from
taking into account the viscous effects using a strong coupling between the viscous and invis-
cid parts, Ramos et al. [33] takes into account the rotational effects produced from Coriolis
and centrifugal forces (Ramos et al. [32]). Ramos et al. [33] shows that adding the viscous
effects and rotational effects on the NREL 5-MW wind turbine would cause a decrease in the
tangential and normal forces along the blade, making the results obtained in Figures 40 and
41 by MECANO + AERO and MECANO + Vortexje much more similar. Consequently the
rotor thrust and torque and blade deformations would also be more similar.

5.1.3.2 Influence of gravity loads, tilt angle and yaw angle

The main advantage of the application of the panel method over the blade element momentum
method is its capability to predict the effects of asymmetries in the flow, like those produced
by the shaft tilt and yaw angles. It is inevitable that in actual operating conditions the wind
direction changes, what causes that wind turbines operate at yaw angles relative to the in-
coming wind producing a skewed wake behind the rotor. A similar effect is produced by the
shaft tilt.

Although it is not included in the BEM model of AERO module, other BEM models are cor-
rected to take into account this skewed wake effect. For example, AeroDyn uses a formulation
based on an equation developed by Glauert (Moriarty and Hansen [26]), but as it is stated
in the same reference, this correction has limitations. This correction is only valid for lightly
loaded rotors since it assumes a cylindrical wake and in some cases the correction is too large.
Therefore, the unreliability of the skewed wake corrections applied to the BEM method and
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the implication that this has in predicting fatigue loads, make the use of the panel method
more appropriate in some applications.

In this section it will be studied the effects of the shaft tilt and yaw angle with MECANO +
Vortexje. Moreover, gravity loads will be introduced and their effects will be studied as well.
Although gravity loads can be applied in both methods since it is introduced in the structural
model, only MECANO + Vortexje will be used. Three different cases have been simulated: in
the first case only the gravity loads have been taken into account, in the second one gravity
loads and shaft tilt have been introduced, and in the third case the impact of the yaw angle
under gravity loads is evaluated. The simulations have been done with flexible blades.

Table 12 shows the mean values of the aerodynamic rotor thrust, torque and deformations
calculated during the last rotation when gravity loads and shaft tilt are taken into account.
Comparing these values with those obtained previously in Table 10, it can be deduced that
the changes of the mean values are practically negligible. On the other hand, Figure 43 shows
the azimuth variation of out-of-plane and in-plane tip deflection and tip torsion during the last
rotation. It can be seen the unsteady periodic response due to the rotor shaft tilt and gravity
loads. Azimuth 0◦ corresponds to the blade pointing vertically upwards. From Figure 43 it
can be deduced that the main cause of variations in deformations is the gravity. In some cases
the shaft tilt decreases the amplitude of the variation as in out-of-plane tip deflection, in other
cases increases the amplitude as in tip torsion, and in other cases it hardly has any influence
as in the in-plane tip deflection. Furthermore, it can be seen that the shaft tilt produces a
phase shift in the out-of-plane tip deflection.

Table 12: Mean values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion under gravity loads and a shaft tilt of 5◦

with MECANO + Vortexje.
Rotor

thrust (kN)
Rotor torque

(kN·m)
Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

Gravity -
no tilt - no

yaw
812.1 5226.8 6.07 0.190 -2.02

Gravity -
tilt - no
yaw

809.5 5199.0 6.05 0.188 -2.03
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Figure 43: Out-of-plane and in-plane tip deflections and tip torsion under gravity loads and a
shaft tilt of 5◦ with MECANO + Vortexje.

In the out-of-plane blade deflection it is observed that the gravity load produces a peak-to-
peak variation close to 9% of the mean value which is reduced to approximately 8% if the shaft
tilt is included. This variation must be taken into account when designing the wind turbine
in order to avoid collisions between the blade tip and tower. When only the gravity loads
are taken into account, the lowest value of the deflection is found in the lower half because
the gravity tends to bring the blade tip closer to the undeflected rotor plane reducing the
blade deflection, and the highest value is found in the upper half because the gravity tends
to move the blade tip away from the undeflected rotor plane increasing the blade deflection.
The phase shift observed between the tilted and non-tilted rotors can be explained through
Figure 44, which represents the azimuth variation of the normal force per span for different
span positions. As it can be observed, there is a similar phase shift between the tilted and
non-tilted rotors. For the tilted case, the normal forces decrease between 270− 90◦ and they
increase between 90 − 270◦ with respect to the non-tilted case. This is caused by an effect
similar to the skewed wake effect produced by the yaw angle that will be explained later. The
tilt angle causes that the position of the blade relative to the wake to vary over one rotation,
so that when the blade is in the upper half it finds a denser wake than in the bottom half and,
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therefore, the induced velocities in the upper half will be larger causing the forces to be smaller.

In the in-plane blade deflection it is observed a peak-to-peak variation close to 0.9 m for both
tilted and non-tilted cases. The highest and lowest values occur at 270◦ and 90◦ respectively
where gravity force is aligned with edgewise direction.

Finally, a peak-to-peak variation close to 46% of the mean value is observed in the tip torsion
for non-tilted rotor. This variation is magnified by the tilt effect increasing the variation close
to 57% of the mean value. The minus sign indicates that the torsion is nose-down, so the lowest
and highest values of nose-down tip torsion are found at 270◦ and 90◦ respectively. This may
be one reason why the Figure 44 shows that the maximum and minimum are close to 270◦ and
90◦ respectively in the mid and outer span positions. A higher nose-down torsion decreases
the angle of attack causing a decrease in aerodynamic forces, while a lower nose-down torsion
causes the opposite effect.

Figure 44: Normal force per span in different blade sections under gravity loads and a shaft
tilt of 5◦ with MECANO + Vortexje.
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After studying the shaft tilt influence, the yaw angle influence is studied. The yaw angle
produces a reduction in axial velocity and a skewed wake behind the rotor that leads to
variations in the induced velocities throughout a rotation. Table 13 shows the mean values
obtained when the wind turbine operates at a yaw angle of 30◦ and gravity loads are included.
It is observed that the mean values of aerodynamic rotor thrust and torque are lower than
previous cases (Tables 10 and 12) due to the reduction of axial velocity.

Table 13: Mean values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion under gravity loads and a yaw angle of
30◦ with MECANO + Vortexje.

Rotor
thrust (kN)

Rotor torque
(kN·m)

Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

Gravity -
no tilt -
yaw

712.4 4102.6 5.51 0.199 -2.17

In order to see the influence of the skewed wake, Figure 45 show the azimuth variation of
the out-of-plane and in-plane tip deflections and tip torsion during the last rotation. It has a
high influence in the out-of-plane tip deflection: it is observed a peak-to-peak variation close
to 34% of the mean value while, as seen previously, if only gravity is taken into account this
variation is close to 9%. Moreover the maximum value is approximately 0.3 m higher. This
higher peak-to-peak variation can be explained through Figure 46, which represents the az-
imuth variation of the normal force per span for different span positions. In the outer span
position it is observed that the maximum and minimum values of normal force are higher and
lower than values obtained with axial wind, respectively (Figure 44). This is because when
the blade is at an azimuth of 90◦ it is deepest into the wake, so the induced velocities will be
higher, the forces lower and the out-of-plane deformation lower, occurring the opposite when
the blade is at 270◦. Therefore, it is important to take this effect into account when designing
the wind turbine.

The in-plane tip deflection is hardly affected by the yaw angle. A considerable effect is also
observed in the tip torsion, since the peak-to-peak variation is approximately 74% while with
axial wind it was 46%.
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Figure 45: Out-of-plane and in-plane tip deflections and tip torsion under gravity loads and a
yaw angle of 30◦ with MECANO + Vortexje.

Figure 46: Normal force per span in different blade sections under gravity loads and a yaw
angle of 30◦ with MECANO + Vortexje.

5.1.4 Efficiency

The simulations have been carried out on a computer with Intel(R) Xeon(R) Gold 6248 CPU
processors with a clock frequency of 2.5 GHz. It consists of 2 sockets or physical processors
with 20 cores per socket and 1 thread per core, that is to say, 40 virtual processors.

The time step used in the simulations with MECANO + AERO is ∆t = 0.1 s. The results
converge very quickly, after approximately one revolution, that is to say, after 50 iterations.
The CPU time required until convergence is ∼ 9 s, requiring an average value of CPU time of
0.18 s per time step. However, due to its high efficiency, in this project the simulations have
been carried out for more revolutions.

For MECANO + Vortexje simulations, a time step of ∆t = 0.125 s has been used. The results
converge after approximately 16 revolutions, where the first revolution has been simulated
without coupling with MECANO. The time steps and CPU time required until convergence
are 600 and 75016 s (21 hours approximately) respectively. However, in order to obtain higher
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efficiency in the simulations, a function can be implemented in Vortexje that removes the last
wake layer when it reaches a certain distance. Figure 47 shows the values of aerodynamic rotor
thrust and torque when the last wake layer is removed after 2.5, 4 and 7 revolutions and when
the last wake layer is not deleted, for an axial wind of 11.4m/s and a speed rotor of 12.1 rpm.
And Figure 48 shows the required CPU time for each new time step for the different cases. It
is observed that if the last wake layer is not removed, the evolution is quadratic, and when the
last wake layer is deleted, the evolution becomes linear from 2.5, 4 and 7 revolutions. Focus-
ing on the results obtained by removing the last wake layer after 7 revolutions and comparing
them with the no wake deletion case, the errors are 0.64% for the aerodynamic rotor thrust
and 1.15% for the aerodynamic rotor torque. On the other hand, the CPU time required to
complete the same revolutions (16 revolutions) is 56136 s, which means a reduction of 25.2%.
Therefore, if time is the priority over the accuracy of the results, the removal of the last layer
after 7 revolutions turns out to be a good solution. However in this project, the option of not
removing the last wake layer was chosen.

Figure 47: Aerodynamic rotor thrust and torque when the last wake layer is removed after
2.5, 4 and 7 revolutions. Vwind = 11.4m/s, Ω = 12.1 rpm.

Figure 48: Required CPU time for each new time step when the last wake layer is removed
after 2.5, 4 and 7 revolutions.
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Table 14 shows the simulation time needed to simulate the revolutions number 6, 9, 12 and 15
by MECANO + AERO and MECANO + Vortexje without last wake removal and removing
it after 7 revolutions.

Table 14: Simulation time needed to simulate the revolution number 6, 9, 12 and 15.
Revolution
number

MECANO +
AERO

MECANO + Vortexje
(removal after 7
revolutions)

MECANO + Vortexje
(without removal)

6th 9 s 0 h 45 min 3 s 0 h 45 min 1 s
9th 9 s 1 h 5 min 18 s 1 h 22 min 12 s
12th 9 s 1 h 38 min 2 s 2 h 15 min 38 s
15th 9 s 2 h 6 min 57 s 3 h 26 min 36 s

In order to compare the computational costs of the BEM method and the panel method with
CFD calculations, it has been taken as CFD reference the computational costs described in Yu
and Kwon [41] and that led to the CFD results shown previously in the Figure 36. To reach
those results the CPU time was approximately 654240 s (7.5 days approximately) using 180
processors with 2.93 GHz CPUs. Other CFD reference is Dose et al. [10], where simulations
were computed on 360 Intel Xeon CPU E5-2650 cores with a clock frequency of 2.2 GHz.
In this reference the simulations were run for 25 rotor revolutions requiring a CPU time of
403200 s (4.7 days approximately) per simulation. Although it is difficult to compare the
CPU times due to the use of different number and types of processors, different duration of
the simulations and different time steps, it can be deduced that simulations with CFD require
much more simulation time.

5.2 SIEMENS 2.3 MW wind turbine

5.2.1 Stationary control curves

Following the structure used in Section 5.1, firstly, the control curves for the SWT 2.3-93 wind
turbine were obtained using FAST + Aerodyn + BeamDyn using flexible elements and consid-
ering a conventional configuration of variable rotor speed and variable collective blade pitch.
For this, it was necessary to modify the subroutine for the Control System DLL (Appendix C
of Jonkman et al.[20]) including the parameters of the new wind turbine. Taking into account
that the gearbox ratio is 91 : 1 and considering that the generator efficiency is 94.4%, the
main required parameters are the following:
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Table 15: Parameters for wind turbine control.
Desired (reference) HSS speed for pitch controller (rpm) 16 × 91 = 1456

Maximum generator torque (HSS side) (N·m) 1.1 × 2.3×106
0.944 ×

1
1456 ×

60
2π = 17577.56

Generator torque constant (N·m/rpm2) 0.0060319

Rated generator speed (HSS side) (rpm) 0.99 × 1456 = 1441.44

Rated generator power (W) 2.3×106
0.944 = 2436441

The maximum generator torque has been chosen to be 10% above the rated generator torque,
and the rated generator speed has been chosen to be 99% of desired HSS speed for pitch
controller. In the region where Uin < U∞ < UN0, the generator torque is proportional to
the square of the generator speed Qgen = K Ω2

gen, where K is the generator torque constant
defined in Table 15 calculated by taking into account the optimum power coefficient Cpopt of
the turbine. In order to calculate Cpopt , a number of simulations have been run for a wind
speed of 8 m/s and different values of rotor speeds and pitch angles. The higher value of Cp
found has been Cp = 0.4364 for a rotor speed of Ω = 12.5 rpm and a pitch angle of θ = 0◦.
Therefore, taking into account that the gearbox ratio is 91 : 1, the generator torque constant
K is:

Pgen = ΩgenQgen =
1

2
ρ π R2 U3

∞Cpopt → Qgen = 7804.7N·m (86)

K =
Qgen
Ω2
gen

= 0.0060319N·m/rpm2 (87)

The results obtained for the blade pitch angle and rotational speed of the rotor are shown in
Table 16 and Figures 49 and 50.
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Table 16: Blade pitch angle and rotational speed of the rotor for the control of SWT 2.3-93.
Wind speed (m/s) Pitch angle (◦) Rotor speed (rpm)

3 0 6.59

4 0 7.26

5 0 8.26

6 0 9.58

7 0 11.14

8 0 12.80

9 0 14.34

10 0 15.48

10.5 0 15.78

10.9 0 16

11.5 3.09 16

12 4.96 16

13 8.03 16

14 10.38 16

15 12.22 16

16 13.70 16

17 14.95 16

18 16.09 16

19 17.17 16

20 18.25 16

21 19.33 16

22 20.41 16

23 21.43 16

24 22.31 16

25 22.96 16
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Figure 49: Rotation speed variation as a function of wind speed of SWT 2.3-93.

Figure 50: Pitch angle variation as a function of wind speed of SWT 2.3-93.

5.2.2 Steady-state response

Using the control law obtained in the previous section, the steady-state response for differ-
ent wind speed values has been obtained by FAST + Beamdyn + Aerodyn and MECANO +
AERO considering the same assumptions as for NREL 5-MW wind turbine (Section 5.1.2).
The simulations carried out with MECANO + AERO have been done with rigid and flexible
elements, while those carried out with FAST + Beamdyn + Aerodyn have only been done
with flexible elements. Figures 51, 52 and 53 show the power, torque and thrust of the rotor
respectively, and Figures 54 and 55 show the tip deflections of the tower and blade, and the
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blade tip torsion, respectively. The rated wind speed obtained with FAST is 10.9 m/s, ob-
taining a power of 2.44 MW, which considering a generator efficiency of 94.4% a rated power
of 2.3 MW is obtained.

Between the rigid and flexible cases, a smaller difference is observed than in the NREL 5-MW
due to the smaller blade span of the SWT 2.3-93 wind turbine. This highlights the influence
of blade span and the need to use more accurate programs as larger blades are built. Further-
more, it is observed that the loads are higher for the flexible case, contrary to what happened
with the NREL 5-MW wind turbine. This is mainly due to the fact that, as Figure 55 shows,
the torsion is nose-up whereas in NREL 5-MW it was nose-down.

The results obtained using MECANO + AERO and FAST are almost identical except from
wind speeds above 18 m/s where the results start to diverge. This is possibly due to the
fact that small differences in pitch and torsion angles produce deviations in the prediction of
aerodynamic loads that are magnified when the wind speed is higher because the aerodynamic
loads are proportional to the square of the wind speed.

Figure 51: Steady-state response of the rotor power as a function of wind speed.
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Figure 52: Steady-state response of the rotor torque as a function of wind speed.

Figure 53: Steady-state response of the rotor thrust as a function of wind speed.

Figure 54: Steady-state response of the tower and blade deflections as a function of wind
speed. (OPTBDfl : Out-of-plane tip blade deflection. FATTDfl : Fore-aft tower top deflection.
SSTTDfl : Side-to-side tower top deflection.)

74



5 COMPUTATION OF AERODYNAMIC LOADS AND DEFORMATIONS

Figure 55: Steady-state response of the blade tip torsion as a function of wind speed.

5.2.3 Dynamic response

Once the point where the highest aerodynamic loads occur is known, U∞ = 10.9 m/s, Ω = 16
rpm and θ = 0◦, the dynamic response of the rotor is obtained at this operating point by
introducing a uniform flow and an asymmetric one.

5.2.3.1 Uniform flow

Firstly, simulations haven been run with MECANO + AERO and MECANO + Vortexje with
an axial, steady and uniform flow and without gravitational loads. The response obtained
with both methods are compared for both rigid and flexible cases.

Figure 56 shows the pressure coefficient distribution obtained by MECANO + Vortexje with
rigid and flexible elements. It can be seen that in this case the influence of the deformations
is much less than in the case of the NREL 5-MW. And as previously mentioned, a pressure
difference is observed at the trailing edge due to the implementation of the Morino’s Kutta
condition (Morino and Kuo [27]). Nevertheless this mismatch at the trailing edge could be
solved following the method indicated in Section 7. Due to the absence of experimental or
CFD data, the accuracy of the results could not be verified.
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Figure 56: Pressure coefficient along the chord in different blade span sections.

Figures 57 and 58 show the aerodynamic rotor torque and thrust, respectively. And Figure 59
shows the out-of-plane and in-plane blade tip deflection and the blade tip torsion of the flexible
cases. Due to the absence of periodical variations caused by effects of rotor tilt, gravitational
forces or yaw angle, the responses converge to quasi-steady states. Table 17 shows the final
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values reached after 16 rotor revolutions. Moreover the distribution of normal force, tangential
force and out-of-plane blade deflection along the span are represented in Figures 60, 61 and
62. Comparing the results of MECANO + AERO and MECANO + Vortexje, the second one
predicts higher aerodynamic loads, higher tip deflections and a lower tip torsion, in the same
way as in the case of the NREL 5-MW. Due to the absence of experimental or CFD data of
SWT 2.3-93 wind turbine it is not possible to know what results are more accurate. Although
the results are slightly different, the values are representative. As discussed in Section 5.1.3.1,
both methods have limitations, but the panel method implemented in Vortexje takes neither
viscous effects nor rotational effects into account. According to Ramos et al.[33], taking these
effects into account would produce lower tangential and normal forces along the blade, making
the results obtained by MECANO + AERO and MECANO + Vortexje more similar.

Table 17: Final values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion.

Rotor
thrust (kN)

Rotor torque
(kN·m)

Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

MECANO
+ AERO
(rigid)

346.0 1347.5 - - -

MECANO
+ Vortexje
(rigid)

417.5 1762.7 - - -

MECANO
+ AERO
(flexible)

352.7 1350.5 1.99 0.027 0.56

MECANO
+ Vortexje
(flexible)

427.4 1807.3 2.54 0.059 0.09

Figure 57: Dynamic response of the aerodynamic rotor torque.
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Figure 58: Dynamic response of the aerodynamic rotor thrust.

Figure 59: Dynamic response of the out-of-plane and in-plane blade tip deflection and blade
tip torsion.

Figure 60: Distribution of normal force per span.
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Figure 61: Distribution of tangential force per span.

Figure 62: Out-of-plane blade deflection along the span.

5.2.3.2 Influence of gravity loads, tilt angle and yaw angle

Below it is studied the influence of asymmetries in the flow caused by the shaft tilt and yaw
angle, and the effect of the gravitational loads on the SWT 2.3-93 wind turbine withMECANO
+ Vortexje and with flexible blades. As previously proceeded with the NREL 5-MW wind
turbine, three different cases have been simulated: in the first case only the gravity loads have
been taken into account, in the second one gravity loads and shaft tilt have been introduced,
and in the third case the impact of the yaw angle under gravity loads is evaluated.

Table 18 shows that the mean values of rotor loads and deformations during the last rotation
taking into account gravity and the shaft tilt, are very similar to those collected in Table
17. However an unsteady periodic response can be observed in Figure 63, which shows the
azimuth variation of blade deformations during the last rotation. This periodic response is
very similar to those obtained in the NREL 5-MW, but it can be noticed that, apart from the
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variations having a lower peak-to-peak amplitude due to the size of the blades, in this case
the tilt increase the amplitude of the variation in the out-of-plane tip deflection, contrary to
what happened with NREL 5-MW.

Table 18: Mean values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion under gravity loads and a shaft tilt of 5◦

with MECANO + Vortexje.
Rotor

thrust (kN)
Rotor torque

(kN·m)
Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

Gravity -
no tilt - no

yaw
422.9 1772.98 2.50 0.060 0.08

Gravity -
tilt - no
yaw

422.0 1765.8 2.50 0.060 0.08

Figure 63: Out-of-plane and in-plane tip deflections and tip torsion under gravity loads and a
shaft tilt of 5◦ with MECANO + Vortexje.

Figure 64: Normal force per span in different blade sections under gravity loads and a shaft
tilt of 5◦ with MECANO + Vortexje.
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Next, the effect of the wind turbine operating at a yaw angle of 30◦ and gravity loads is
studied. Table 19 shows the mean values of aerodynamic rotor thrust and torque are lower
than previous cases (Tables 17 and 18) due to the reduction of axial velocity produced by the
yaw angle. The effect of the skewed wake produced by the yaw angle is shown in Figures 65
and 66, where the variations show the same behaviour as that explained in Section 5.1.3.2.

Table 19: Mean values of aerodynamic rotor thrust, aerodynamic rotor torque, out-of-plane
tip deflection, in plane tip deflection and tip torsion under gravity loads and a yaw angle of
30◦ with MECANO + Vortexje.

Rotor
thrust (kN)

Rotor torque
(kN·m)

Out-of-plane tip
deflection (m)

In-plane tip
deflection (m)

Tip torsion
(◦)

Gravity -
no tilt -
yaw

386.1 1434.7 2.32 0.067 0.02

Figure 65: Out-of-plane and in-plane tip deflections and tip torsion under gravity loads and a
yaw angle of 30◦ with MECANO + Vortexje.

Figure 66: Normal force per span in different blade sections under gravity loads and a yaw
angle of 30◦ with MECANO + Vortexje.

81



5 COMPUTATION OF AERODYNAMIC LOADS AND DEFORMATIONS

5.2.4 Efficiency

As the same number of elements have been used to model this wind turbine and a time step
proportional to the rotation period, the simulation times are expected to be the same as in the
case of the NREL 5-MW. The time step used in the simulations with MECANO + AERO is
∆t = 0.076 s, and the results converge after approximately one revolution, that is to say, after
50 iterations. Effectively, very similar CPU time is required until convergence ∼ 8 s, requiring
an average value of CPU time of 0.16 s per time step. For MECANO + Vortexje simulations,
a time step of ∆t = 0.095 s has been used and the results converge after approximately 16
revolutions (approximately 600 iterations). The CPU time required until convergence without
last wake layer removal is 78514 s (21 hours and 48 minutes approximately). Figure 68 and
Table 20 show CPU times that are practically the same as in the case of NREL 5-MW. So for
more information about the comparison of the efficiency of the methods go to Section 5.1.4.
Figure 67 shows the values of aerodynamic rotor thrust and torque when the last wake layer
is removed after 4 and 7 revolutions and when the last wake layer is not deleted, for an axial
wind of 10.9 m/s and a speed rotor of 16 rpm.

Figure 67: Aerodynamic rotor thrust and torque when the last wake layer is removed after 4
and 7 revolutions. SWT 2.3-93: Vwind = 10.9m/s, Ω = 16 rpm.
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Figure 68: Required CPU time for each new time step when the last wake layer is removed
after 4 and 7 revolutions (SWT 2.3-93).

Table 20: Simulation time needed to simulate the revolution number 6, 9, 12 and 15 of SWT
2.3-93 wind turbine.

Revolution
number

MECANO +
AERO

MECANO + Vortexje
(removal after 7
revolutions)

MECANO + Vortexje
(without removal)

6th 8 s 0 h 49 min 23 s 0 h 48 min 59 s
9th 8 s 1 h 10 min 59 s 1 h 26 min 53 s
12th 8 s 1 h 29 min 28 s 2 h 21 min 12 s
15th 8 s - 3 h 35 min 19 s
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6 Conclusions

In the present study, a comparison has been performed between the method most used by the
industry, the Blade Element Momentum method, and the 3D panel method for the simula-
tion of aerodynamic loads on wind turbines. Furthermore, in order to obtain the influence of
deformations, a structural-aerodynamic coupling was carried out. MECANO + AERO has
been the software used based on the BEM method and MECANO + Vortexje the one based
on the panel method. The study was carried out for two wind turbines: NREL 5-MW and
SWT 2.3-93.

Initially, a comparison of the steady-state response for different wind speeds was made between
MECANO + AERO and other open software that is also based on the BEM method: FAST +
BeamDyn + Aerodyn. The results obtained in terms of aerodynamic loads and deformations
show great similarity, validating theMECANO + AERO method. TakingMECANO + AERO
as reference, the dynamic response for a uniform wind and the rated operating point has been
compared with MECANO + Vortexje, obtaining similar results. According to different works
carried out using higher fidelity CFD approaches (Yu and Kwon [41], Dose et al.[10] and Imiela
et al.[19]), the MECANO + AERO method seems to offer a more accurate result of the rotor
torque while MECANO + Vortexje offers a better result in the rotor thrust. However, this
comparison should not be taken as definitive, since two important effects are not taken into
account in the panel method, such as the viscous effects or flow separation and the rotational
effects produced from Coriolis and centrifugal forces that causes stall delay phenomena. It is
expected (Ramos et al.[33]) that taking these effects into account, the results obtained will be
closer to those obtained using the Blade Element Momentum theory, which takes into account
the effects of flow separation and the rotational stall delay through the corrected experimental
information on the aerodynamic coefficients of the profiles.

The main observed advantages of the MECANO + AERO method is its low computational
cost compared to MECANO + Vortexje, in addition to the greater simplicity of its imple-
mentation. For this reason, a function has been implemented in Vortexje that removes the
last wake layer when it has almost no effect on the rotor, trying to make it more competitive
in terms of computational cost. However, the computing time is still much higher. On the
contrary, the main advantage of the MECANO + Vortexje method is its ability to take into
account unsteady effects produced by asymmetries in flow, modeling the dynamic wake effect
and skewed wake aerodynamics. This has allowed a study of the effect of the shaft tilt and
yaw angle on rotor deformations and loads. It is important to consider these effects because in
real wind conditions it is inevitable that the wind direction will change. The results obtained
show a great influence of the yaw angle on the amplitudes of the oscillations, causing them
to increase considerably and, therefore, must be taken into account when predicting fatigue
loads or in design aspects like tower-blade tip clearance. Another unsteady effect that has
been studied is the effect produced by gravitational loads, which cause a fairly large unsteady
periodic response that must also be taken into account.
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Furthermore, the MECANO + Vortexje method does not require the use of experimental or
empirical data, while MECANO + AERO does. This can be seen as an advantage or a dis-
advantage. The BEM method requires providing the lift, drag and moment coefficients. This
can be a disadvantage if such data is not available or reliable, or if it is available it is normally
limited to a number of attack angles having to extrapolate the information and make correc-
tions for three-dimensional behavior. Furthermore, this process must be carried out for each
wind turbine. On the contrary, it can be an advantage since it allows to introduce effects such
as the stall of the airfoil produced by flow separation or the rotational stall delay.

Throughout the work, the results obtained with rigid and flexible elements have been com-
pared, showing the non-negligible influence that deformations have on aerodynamic loads,
especially due to the torsion produced in the blades. Comparing the results obtained in SWT
2.3-93 and NREL 5-MW wind turbines, it is observed that the use of larger blades produces
greater aeroelastic deformations and, therefore, greater changes in the rotor loads. The trend
in recent years is to build longer blades with the aim of obtaining more power. For this reason,
the use of more precise and reliable methods with structural-aerodynamic coupling is increas-
ingly necessary.

For an early-stage design work, it would be better to use the Blade Element Momentum due
to computational costs are very low and the results quite reliable. However, for more advanced
studies in which it is necessary to take into account unsteady effects, the use of higher fidelity
methods is recommended. At a midpoint between high fidelity CFD methods, which are very
computationally expensive, one would find the panel method by coupling it with a viscous
boundary layer solution and introducing rotational effects.
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7 Future work and AERO updating

In order to obtain more accurate results, some improvements can be included in both the BEM
method implemented in the AERO module and in the panel method implemented in Vortexje.
In fact, after the completion of this project a new version of AERO module is available with
several improvements, leaving for future work the comparison between the new AERO module
and the panel method.

Regarding to the new version of AERO module, the losses at the root are included in a similar
way to the blade tip losses, simply defining a new loss factor F = FRFT where FT is the tip
loss factor and that has been defined in Section 3.3.1.4, and FR is the root loss factor that
using the so-called Prandtl model (Glauert [11]) is defined by:

FR =
2

π
arccos

(
exp

(
− b

2

r − rhub
rhub

1

sinφ

))
(88)

In order to predict the effects of asymmetric flow due to yaw or tilt angle, it has been intro-
duced the skewed wake correction. The TUDk model from Snel and Schepers [38] is integrated
in the SAMCEF solution. This correction has been implemented by other softwares based on
the BEM method such as Aerodyn. For example, Aerodyn has implemented a method devel-
oped by Pitt and Peters [29].

To obtain more accurate results when the rotor is subjected to highly dynamic flow condi-
tions, it has been introduced a dynamic stall model in the AERO module. There are different
dynamic stall models, like those based on the Beddoes and Leishman method [5] such as the
modified model developed in Dimitriadis et al. [6], or ONERA method (Mcalister et al.[25]).
The model implemented in AERO is based on the Beddoes and Leishman method and is
borrowed from Hansen et al.[15]. Finally, another improvement implemented is a model that
takes into account the wake memory effect. The model for the introduction of this effect is
developed in Snel and Schepers [38].

Regarding the panel method, some improvements can also be made, as indicated throughout
the report. In order to better meet the Kutta pressure condition by reducing the pressure
difference to zero at the trailing edge, it could be implemented the method developed in Wang
et al.[40], where it is solved with the Newton-Raphson method with the initial values obtained
with the Morino’s Kutta condition.

In future works the panel method implemented in Vortexje could be improved by including the
flow separation effect by a weak coupling of a viscous boundary layer solution as explained in
Prasad and Dimitriadis [31]. Prasad and Dimitriadis [31] uses "the double wake model, where
the separation is modeled by introducing a second wake from the separation point" (Prasad
and Dimitriadis [31], p.1, 2017). More challenging seems the solution adopted in Ramos et
al.[33], where the viscous effects are taken into account using a strong coupling between the
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viscous and inviscid parts, solving the integral boundary layer equations and introducing the
‘blowing’ or ‘transpiration’ velocity as a boundary condition. Furthermore, it takes into ac-
count the rotational effects produced from Coriolis and centrifugal forces (Ramos et al.[32]).

It would also be interesting to study in future works the influence of the tower on the aerody-
namic loads comparing the results obtained byMECANO + AERO andMECANO + Vortexje.
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Appendix A Aerodynamic and structural data for SWT 2.3-93
wind turbine.

Table 21: Distributed Blade Structural Properties of SWT 2.3-93.
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Table 22: Distributed Blade Aerodynamic Properties of SWT2.3-93.

Table 23: Distributed Tower Structural Properties of SWT 2.3-93.
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Table 24: Distributed Tower Aerodynamic Properties of SWT 2.3-93.

Table 25: Distributed Main shaft Properties of SWT 2.3-93.

Table 26: Distributed Coupling shaft Properties of SWT 2.3-93.
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Appendix B NREL PHASE VI: Comparison of MECANO-Vortexje
with experimental data

In order to validate the MECANO + Vortexje method, it has been applied to the NREL
Phase VI wind turbine by the coworker Xavier Dechamps and it has been compared against
experimental data performed in the NASA AMES wind tunnel (Sicklinger [37]).

The studied case is the Sequence S0700000 described in Hand et al.[14], which corresponds
to a simulation with 0◦ cone angle, a wind speed of 7 m/s, a rotor speed of 72 rpm, without
yaw angle and a blade tip pitch angle of 3◦. Figure 69 shows the pressure coefficient along
the chord for different sections of the blade span obtained from MECANO + Vortexje after
12 rotor revolutions and experimental data. It is observed that the results obtained with the
simulation represent the experimental data quite well. However, at the trailing edge of the
profile the pressure difference is not 0 as stated by the pressure Kutta condition. This is
because as stated previously, the Vortexje program implements the Morino’s Kutta condition
which always results in a nonphysical pressure mismatch at the trailing edge.
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Figure 69: Pressure coefficient along the chord in different blade span sections.
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