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The correct prediction of flexo-torsional deformation is of capital importance for the future development
of advanced wind-turbine blade prototypes. Coupling between bending and twisting can be used to
reduce extreme loads and improve fatigue performance. This is the principle of the adaptive blades,
where the incremental loads are reduced when, as the blade bends, the flexo-torsional modes of the
blade structure produce a change in twist, and so in the angle of attack, modifying the lift force acting on
the blade sections. Bend-twist coupling could be achieved either by modifying the internal structure
(structural adaptiveness), or by readapting the geometry of the blade (geometrical adaptiveness). These
two techniques can be used independently or combined, complementing each other.

We have developed a novel computational tool for the aeroelastic analysis of wind-turbine blades,
which allows a full representation of the flexo-torsional modes of deformation of the blade as a complex
structural part and their effects on the aerodynamic loads. In this paper, we report some recent results
we have obtained applying our code to the analysis of geometrical adaptive blades, taking full advantage
of the coupled deformation modes that our aeroelastic code can represent. We analyze alternative blade
configurations for the NREL-5 MW wind-turbine, optimizing the design to mitigate vibration and
improve fatigue performance.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Output power of the state-of-the-art wind turbines nowadays is
in the range from 3.6 to 6 MW, with rotor diameters up to 127 m.
Commercial models within this range are available from several
manufacturers like GE, RE-Power, Enercon, Vestas and Siemens.
This spontaneous tendency in the wind-turbine industry to in-
crease the size of the state-of-the-art machine is driven by
economies-of-scale factors that substantially reduce the cost of
wind energy. The technological challenge in wind power nowadays
is to develop a next generation of feasible upscaled turbines of
cheaper construction that may further reduce generation costs.
Now, industry insiders are talking about next-generation offshore
turbine giants of 7.5e12 MW with rotor diameters close to
200 m [1]. If this generation of super-turbines is successfully
developed, wind-energy costs would be reduced substantially. In
favorable sites, it might be even feasible to produce hydrogen as a
substitute fuel in competitive terms, helping to close the gap
All rights reserved.
between the global fuel needs and the maximum amount of biofuel
that may be produced sustainably.

But limitations in the current blade technology constitute a
technological barrier that needs to be broken in order to continue
the improvement in wind-energy cost. Blade manufacturing is
mostly based on composite laminates, which is labor-intensive and
requires highly-qualified manpower. It constitutes a bottleneck to
turbine upscaling that reflects into the increasing share of the cost
of the rotor, within the total cost of the turbine, as turbine size
increases. Fig. 1 shows a compilation of data by NREL-DOE [2] on
the proportional cost of each subsystem for different sizes of wind-
turbines, where the systematic increase of the rotor cost share is
clearly reflected. This increment is mainly commanded by the dif-
ferences in scaling between different characteristics of the turbines.
For example, the power of the turbine grows as the square of rotor
size, but theweight of the components and, in particular, the blades
would scale with the cube of the rotor size if geometric similarity is
to be maintained. This situation is referred as the squareecube law
[see Ref. [3], for example]. However, the WindPACT blade scaling
study [4] showed that blade mass has been scaling at roughly an
exponent of 2.3 instead of the expected 3. This is the reasonwhy the
cost share of blades has increased significantly but not as much as
the squareecube law would predict.
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Fig. 1. Evolution of the proportional cost for the different wind-turbine subsystems, as
size increases (data compilation from Ref. [2]).
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A key factor for a breakthrough in wind-turbine technology is
to reduce the uncertainties related to blade dynamics, by the
improvement of the quality of numerical simulations of the fluide
structure interaction process, and by a better understanding of the
underlying physics. The current state-of-the-art is to solve the
aeroelastic equations in a fully non-linear coupled mode using
Bernoulli or Timoshenko beam models (see Ref. [5], where a thor-
ough coverage of the topic is presented). The goal is to provide the
industrywith a tool that helps them to introduce new technological
solutions to improve the economics of blade design, manufacturing
and transport logistics, without compromising reliability. A
fundamental step in that direction is the implementation of
structural models capable of capturing the complex features of
innovative prototype blades, so they can be tested at realistic full-
scale conditions with a reasonable computational cost. To this
end, we developed a code based on a combination of two advanced
numerical models implemented in a parallel HPC supercomputer
platform: First, a model of the structural response of heterogenous
composite blades [6], based on a variation of the dimensional
reduction technique proposed by Hodges and Yu [7,8], which al-
lows a full representation of the flexo-torsional modes of defor-
mation. This technique has the capacity of reducing the geometrical
complexity of the blade section into a stiffness matrix for an
equivalent beam. The reduced 1-D strain energy is equivalent to the
actual 3-D strain energy in an asymptotic sense, allowing accurate
modeling of the blade structure as a 1-D finite-element problem.
This substantially reduces the computational effort required to
model the structural dynamics at each time step. Second, a novel
aerodynamic model based on an advanced implementation of the
BEM (Blade Element Momentum) Theory; where all velocities and
forces are re-projected through orthogonal matrices into the
instantaneous deformed configuration to fully include the effects of
large displacements and rotation of the airfoil sections into the
computation of aerodynamic forces. This allows the aerodynamic
model to take into account the effects of the complex flexo-
torsional deformation of the blade structure that can be captured
by the more sophisticated structural model mentioned above.

The correct prediction of this flexo-torsional deformation is of
capital importance for the future development of advanced blade
prototypes. When the blade twists under load, the angle of attack
changes, modifying the lift force, which constitutes the main
component of aerodynamic load. As in an aircraft wing, this aero-
elastic mechanism could be potentially dangerous if the blade
structure is not properly designed. However, coupling between
bending and twisting can be used to reduce extreme loads and
improve fatigue performance. This is the principle of the adaptive
blades (see Refs. [9,10], among others), where the incremental loads
are reduced when, as the blade bends, the flexo-torsional modes of
the blade structure produce a decrease in the blade twist, and so, the
angle of attack. The level of load reduction could be controlled by
two means: In the so-called structural adaptiveness, the level of
bend-twist coupling depends on the blade cross-sectional geometry,
the level of anisotropy in the structural material, and the material
distribution [10]. In the so-called geometrical adaptiveness, the way
to achieve bend-twist coupling is by readapting the geometry of the
blade building it in a curved shape [11]. These two techniques can be
used independently or combined, complementing each other.

Geometrical tailoring of the flexo-torsional or bend-twist
coupling is a concept originally coming from aeronautics. Fine
tuning of the relative positions between the structural torsional
center of the blade section and its aerodynamic center (conven-
tionally located at the quarter-chord length for typical airfoils) is
one of the main principles of swept wings to avoid the so-called
structural divergence and self-adapt angles of attack on the wing
sections. This concept was originally developed in Germany in the
1930s [12,13] and deeply researched during the days of World War
II. There are two possible configurations on swept wings, the first is
known as backwards sweeping. This became almost universal for
light planes, jet fighters, bombers, and commercial aircraft flying
under the subsonic and transonic regimes. The main characteristic
of this configuration is that the aerodynamic coefficient reference
point is located behind the wing section’s torsional center resulting
in a natural nose-down motion of the airfoil section which de-
creases the angle of attack with increasing aerodynamic loads. This
stabilizing effect was a key factor, added to other innovations, for
the success of the Messerschmitt Me 262 jet fighter of WWII which
later influenced the designs of post-war aircraft in the United States
such as the F-86 Sabre and the Boeing B-47 Stratojet [14e16] among
others. The second possible configuration is known as forward
sweeping or structural divergence. Here, the aerodynamic coeffi-
cient reference point is forward to thewing torsional center causing
the airfoil to increase the angle of attack in a nose-up motion as the
aerodynamic loads increase. Experimental aircraft like the Grum-
man X-29 is based on this principle, where the aerodynamic
instability of the wing configuration increased agility, but also
required the use of advanced computerized control systems for
piloting and composite materials on the blade structure to coun-
teract the effects caused by the structural divergence [17,18], which
can potentially lead to a complete structural collapse. In addition to
adaptiveness effects, swept wings help delay the drag increment
caused by fluid compressibility [19,20] at high Mach number re-
gimes. Within the scope of this work, we will only focus on the
structural-adaptiveness aspect of the swept-wing concept, which is
the relevant one in terms of wind-turbine blade applications.

In this paper, we report some recent results we have obtained
applying our code to the analysis of geometrical adaptive blades,
taking full advantage of the coupled deformation modes that our
aeroelastic code can represent. We will analyze alternative blade
configurations for the NREL-5 MW wind-turbine [21], optimizing
the design to mitigate vibration and improve fatigue performance.

2. Structural model: the dimensional-reduction technique
for beams

Even though rotor blades and rotary wings are slender struc-
tures that may be studied as beams, they are usually not simple to
model due to the inhomogeneous distribution of material proper-
ties and the complexity of their cross sections (see for example
Fig. 2). The ad hoc kinematic assumptions made in classical theories
(like the Bernoulli or the standard Timoshenko approaches) may
introduce significant errors, especially when the beam is vibrating
with a wavelength shorter than its length [22].

Proposed and developed by Prof. Hodges and his collaborators
[7,8], the Dimensional Reduction technique is a model for curved



Fig. 2. An example of a wind-turbine blade internal structure representative of current
commercial designs. The primary structural member is a box-spar, with a substantial
build-up of spar cap material between the webs. The exterior skins and internal shear
webs are both sandwich construction with triaxial fiberglass laminate separated by
balsa core (from Ref. [23]).
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and twisted composite beams that uses the same variables as
classical Timoshenko beam theory, but the hypothesis of beam
sections remaining planar after deformation is abandoned. Instead,
the real warping of the deformed section is interpolated by a 2-D
finite-element mesh and the strain energy is rewritten in terms
of the classical 1-D Timoshenko’s variables (see Fig. 3). The
geometrical complexity of the blade section and/or its material
inhomogeneousness is reduced into a stiffness matrix for the 1-D
beam problem to be solved along the reference line that repre-
sents the axis of the beam. This reference line could be curvilinear
(i.e. twisted or bent), which allows modeling of blades with initial
curvature in their geometrical design. The reduced 1-D strain en-
ergy is equivalent to the actual 3-D strain energy in an asymptotic
sense. Elimination of the ad hoc kinematic assumptions produces a
fully populated 6 � 6 symmetric stiffness matrix for the 1-D beam,
with as many as 21 coefficients, instead of the six fundamental
stiffnesses of the original Timoshenko theory. That is why this
technique is often referred to as a generalized Timoshenko theory.
Even for the case of large displacements and rotations of the beam
sections, dimensional-reduction allows for accurate modeling of
the bending and transverse shear in two directions, extension and
torsion of the structure as a 1-D finite-element problem. Thus,
through dimensional-reduction we are able to decouple a general
3-D nonlinear anisotropic elasticity problem into a linear, 2-D,
cross-sectional analysis (that may be solved a priori), and a
Fig. 3. Dimensional-reduction model: schematic of the reference line, orthogonal
triads, and beam sections before and after deformation.
nonlinear, 1-D, beam ODE unsteady problem that is what we solve
at each time step of the fluidestructure interaction analysis. The
cross-sectional 2-D analysis (that may be performed in parallel for
the many cross sections along the blade/wing) calculates the 3-D
warping functions asymptotically and finds the constitutive
model for the 1-D nonlinear beam analysis of the blade. After one
obtains the global deformation from the 1-D beam analysis, the
original 3-D fields (displacements, stresses, and strains) at each
time step can be recovered a posteriori using the already-calculated
3-D warping functions.

Detailed descriptions of the development of both, the
dimensional-reduction technique and the Variational Asymptotic
Beam Section (VABS) model, can be found in Refs. [7,8], including
validation tests for different cases of complex beams, and applica-
tions to helicopter and wind-turbine blades. A more comprehen-
sive description of our implementation, followed by some results of
the application of our code to the analysis of vibrational modes of
composite laminate wind-turbine blades, is presented in Ref. [6].

3. Aerodynamic model: the large sectional rotation BEM
(LSR-BEM)

The tendency in the wind-turbine industry to increase the size of
the state-of-the-art machine [21] drives not only to bigger, but also
to more flexible blades which are relatively lighter. It is observed for
this type of wind turbine blades that big deformations, either due to
blade flexibility or to pre-conforming processes, produce high rota-
tions of the blade sections. Moreover, blades could be pre-conformed
with specific curvatures given to any of their axes (i.e. coning/
sweeping). This tendency puts in evidence one of themost important
limitations of the current BEM theory.While the basics of this theory
keeps being perfectly valid, the actual mathematical formulation
implies the assumption of blade sections remaining perpendicular to
an outwards radial line contained in the plane of the actuator disk
coincident with the rotor’s plane. That is, even though the basics of
the BEM theory (i.e. the equation of the aerodynamic loads and the
change of momentum in the streamtubes) keeps being valid, the
mathematical formulation cannot represent large rotations of the
blade sections. This basically leads to a misrepresentation of the
effects of the large deformation associated to flexible blades on the
computation of the aerodynamic loads. Hence, a new mathematical
formulation is required to project the velocities obtained from mo-
mentum theory onto the blade element’s plane and then re-project
backwards the resulting forces from Blade Element theory onto the
plane of the stream tube actuator disk.

Here, we will introduce the new mathematical formulation of
the BEM theory to take into account the large sectional rotations of
blade elements out of the rotor’s plane. We make use of linear
operators that perform the rotation of the physical magnitudes
involved (velocities, forces, etc.), consistent of a set of orthogonal
matrices, see Ref. [24].

For instance, we could write the wind velocity vector Wh facing
the differential annulus of our actuator disk, affecting its compo-
nents, according to BEM theory, by the axial induction factor a and
the rotational induction factor a0:

Wh ¼

2
64
Wwhð1Þ ð1� aÞ
Wwhð2Þ þ U rhð1þ a0Þ
Wwhð3Þ

3
75; (1)
Fig. 4. Plan view of the blade indicating the position of the design blade sections.
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where a and a0 are the axial and tangential induction factors
respectively,Wwh is the incomingwind velocity projected into the h
coordinate system,U is the angular velocity of the rotor and rh is the
radial distance of the airfoil section in the h coordinate system. The
h subscript here indicates that the wind velocity vector is described
in the hub coordinate system according to standards from the In-
ternational Electrotechnical Commission (IEC) [25].

Then, tocompute therelativevelocityaffectingabladeelement,we
will projectWh going through the different coordinate systems, from
the hub, until reaching the blade’s section coordinate system. Let’s see
first which rotations we shall go through, and which matrices will
transformour velocity vector fromone coordinate systemto theother.

Thus, the Pitching rotation matrix Cqp
, represents a rotation

around the pitch axis of the blade, which reflects any change in
pitch introduced by the actuators of the control system:

Cqp
¼

2
4
cos

�
qp
� �sin

�
qp
�

0
sin

�
qp
�

cos
�
qp
�

0
0 0 1

3
5; (2)

where qp is the pitch angle. Similarly, the coning rotation matrix
Cqcn

, is a linear operator with a basic rotation taking into account
the coning angle for the rotor. This could be a fixed angle repre-
senting the coning of the rotor as a constructive feature (as in the
case of the NREL-5 MW reference wind turbine) or, if a control
mechanism based on changing the coning angle is included, a
Fig. 5. Airfoil sections used to define the geometry of the blade: (a) and (b) ellipsoidal secti
from station 5 to 8 of the blade-span, and (d) airfoil shapes used in the mid-span and tip r
variable matrix that reflects any control action in real time. For a
detailed description of the concept of coning rotors and their effects
see Refs. [26e28].

Two more reorientations are needed in order to get to the
instantaneous system of coordinates of the blade sections, defined
as r in previous sections (see Fig. 3). The first of these matrices
contains information on blade section’s geometry at the time the
blade was designed and manufactured. As it was mentioned pre-
viously, the blade could have pre-conformed curvatures along its
longitudinal axis (i.e. the blade axis is no longer rectilinear). These
curvatures can reflect either an initial twist along the longitudinal
axis or a combination of twist plus pre-bending on the other two
axes (i.e. coning/sweeping). To this end, we compute during the
blade design stage a set of transformation matrices which contain
the information of the three dimensional orientation of the blade’s
sections for each position on the longitudinal axis as wemove along
the span. We compute the FreneteSerret formulas that define the
curvature of the (now curvilinear) longitudinal axis [29]. These
differential formulas provide the means to describe the tangent,
normal and binormal unit vectors on a given curve. Due to this unit
vectors, the FreneteSerret coordinate system is also known as the
TNB frame. More information about the calculation of the TNB unit
vectors, their properties and other applications can be found in Ref.
[29]. Around the tangential axis of the TNB, there is a further
rotation of each blade section to orient it accordingly to the
particular twist specified on the blade’s aerodynamic design.
ons corresponding to stations 3 and 4, (c) thick airfoil shapes used in the inner regions,
egions of the blade-span.



Fig. 6. Finite element meshes for: (a) transitional elliptical section, (b) morphed blade section located at the 20% of the blade span, and (c), morphed blade section located at the 60%
of the blade span.
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Combining these rotations we then create a transformation matrix
for every blade section at different span positions. We call this
matrix the CRb, as it relates the global coordinate system of the
blade b, with the system of coordinates of the blade sections in the
undeformed configuration R (Fig. 3).

After applying the CRb, one more projection is needed to get to
the instantaneous coordinate system r (see Fig. 3). This last trans-
formation is given by an orthogonalmatrix CrR, computed by the 1D
Table 1
Operational parameters of the NREL-RWT.

Description Value

Rating 5 MW
Rotor orientation Upwind
Configuration 3 blades
Rotor, hub diameter 126 m, 3 m
Hub height 90 m
Rated wind speed 11.4 m/s
Rated rotor speed 12.1 rpm
Overhang 5 m
Rotor precone 2.5�
structural model. It contains information to transform vectors from
the R to the r systems after structural deformations had occurred.
Note that this matrix is updated at every time step of the 1D model
during dynamic simulations, being one of the key variables trans-
porting information between the structural and aerodynamic
models.

After all these projections of the Wh vector, we have the relative
wind velocity expressed in the blade’s section coordinate system, r.
The expression for the flow velocity relative to the blade section,
Wrel:

Wrel ¼
�
CrRCRbCqp

Cqcn
Wh

�
þ vstr (3)

where the addition of vstr corresponds to the blade section struc-
tural deformation velocities, coming from the structural model.

Then, the magnitude jWrelj and the angle of attack a are used to
compute the forces on the airfoil section through the aerodynamic
coefficients Cl, Cd. Another innovation of our model is that the data
tables from static wind-tunnel are corrected at each time step to
consider either rotational-augmentation, dynamic-stall effects, or
both.



Fig. 7. Blade configuration comparison. Original (thin line) vs. swept-back (bold line) blade.
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The aerodynamic loads acting on the blade element is then
projected back onto the h coordinate system,

dFh ¼ CTqcn
CTqp

CTRbC
T
rRCLthaldFr (4)

where CLthal is the matrix which projects the lift and drag forces
onto the chord-wise and chord-normal directions, which are
aligned with the coordinates of r. Finally, as in the classical BEM
theory, dFh is equated to the rate of change of momentum in the
annular stream tube corresponding to the blade element. The
component normal to the rotor’s disk, is equated to the change in
axial momentum, while the tangential component, is equated to
the change of angular momentum.

In order to apply this theory to HAWT rotors, wemust introduce
some corrective factors into the calculation process. BEM theory
does not account for the influence of vortices being shed from the
blade tips into the wake on the induced velocity field. These tip
vortices create multiple helical structures in the wake which play a
major role in the induced velocity distribution at the rotor. To
compensate for this deficiency in BEM theory, a tip-loss model
originally developed by Prandtl is implemented as a correction
factor to the induced velocity field [30]. In the sameway, a hub-loss
model serves to correct the induced velocity resulting from a vortex
being shed near the hub of the rotor (see Refs. [3,31]) Another
modification needed in the BEM theory is the one developed by
Glauert [32] to correct the rotor thrust coefficient in the “turbulent-
wake” state. This correction plays a key role when the turbine
operates at high tip speed ratios, and the induction factor is greater
than about 0.45.

BEM theory was originally conceived for axisymmetric flow.
Often, however, wind turbines operate at yaw angles relative to the
incoming wind, which produces a skewed wake behind the rotor.
For this reason, the BEM model needs also to be corrected to ac-
count for this skewedwake effect [33,34]. The influence of thewind
turbine tower on the blade aerodynamics must also be modeled.
We implemented the models developed by Bak et al. [35] and
Powles [36] which provide the influence of the tower on the local
velocity field at all points around the tower. This model contem-
plates increases in wind speed around the sides of the tower and
the cross-stream velocity component in the tower near flow field.

Our model also incorporates the possibility to add multiple data
tables for the different airfoils, and use them in real-time according
to the instantaneous aerodynamic situations on the rotor. It also
uses the Viterna’s extrapolation method [37] to ensure the data
availability for a range of angles of attack �180�.

4. Numerical experimentation

In this section, we present a summary of the results of a series of
numerical experiments on alternative geometrical-adaptive de-
signs for rotor blades based on the 5-MW Reference Wind Turbine
(RWT) project developed by NREL [21]. Dynamic rotor responses
under different operational conditions will be reported for the
original blade geometry and two alternative configurations: one
with forward, and the other with backward sweeping. A clear
advantage of seeking blade adaptiveness by sweeping is that it
mostly involves geometrical rearrangement of the blade sections
along the axis of themold where the blade is cast inwhile materials
distribution as well as plying processes keep unchanged, making it
an appealing option from the economic point of view.

Based on the REpower 5M wind turbine, the NREL’s RWT was
conceived for both onshore and offshore installations and it is well
representative of state-of-the-art, utility-scale, multi-megawatt
commercial wind turbines. Although full specific technical data is
not available for the REpower 5M rotor blades, a baseline from a
prototype blade was originally released by LM Glasfiber in 2001 for
the Dutch Offshore Wind Energy Converter (DOWEC) 6 MW wind
turbine project [38,39] and later readapted by NREL. This suite of
reports is considered one of the most detailed sources of infor-
mation available for large wind turbines to date. In addition, the
NREL 5-MWRWT project has been adopted as a referencemodel by
the integrated European Union UpWind research program [1] and
the International Energy Agency (IEA) Wind Annex XXIII Subtask 2
Offshore Code Comparison Collaboration (OC3) [40e42].

4.1. Design of the original blade: aerodynamic properties and
constructive aspects

As in NREL’s RWT project [21], the length of our rotor blade is set
to be 61.5 m. All basic aerodynamic properties as blade section
chords, twist angles, and spanwise distribution of airfoil sections
also correspond to the original data in Ref. [21]. Fig. 4 shows a plan
view of the blade and the position of the 20 stations along the span
where the design blade sections are located.

Stations 3 and 4 are transitional shapes providing a smoother
transition from the cylindrical shape of the sections 1 and 2, to the
first airfoil shape in station 5. Two ellipsoidal shapes were used
which match the chords originally given in Ref. [21]. Fig. 5a and b
shows the profiles of these two transitional shapes. Fig. 5c shows
the profiles of the three thick airfoil sections corresponding to the
inner regions of the blade, stations 5 to 8, where a good structural
support is required, while Fig. 5d shows the three airfoils used in the
remaining sections covering from the mid-span to the tip regions
where aerodynamic efficiency is the priority. Aerodynamic co-
efficients for the airfoils were taken from Refs. [39,43]. Aerodynamic
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data for the cylinder, as well as the ellipsoidal shapes, were taken
from Ref. [21].

Observing the internal structure of a blade section (see Fig. 2),
we can see the aerodynamic shells plus two spar caps which,
together with two shear webs, form the box-beam spar.
Constructive characteristics as thickness as well as number and
orientation of fiberglass layers for the different structural compo-
nents of the blade sections are covered in detail in reports pub-
lished by SANDIA National Labs [23,44]. According to these reports,
the aerodynamic shells are mainly composed of �45� layers, plus a
small amount of randomly oriented fibers, gelcoat and filling resin.
Shear webs, the box-beam lateral walls, are made up of �45� layers
with a balsa wood core which provides the needed buckling
resistance. Shear webs are usually located at the 15% and 45% of the
airfoil’s chord but, for sections closer to the blade’s root, the posi-
tions are modified in order to increase the section’s stiffness.
Focusing now on the spar caps, these are made of 0� layers and are
the most important structural element as they give support to the
bending loads on the blade. Finally, the blade sections have a
reinforcement at its rear part, i.e. the trailing edge spline, also made
up of 0� oriented fibers which supports the bending loads in the
388

386

384

Fig. 9. Time evolution of the displacement perpendicular to the rotor disk for a section loc
forward-swept blade, and backward-swept blade.
chord-wise direction. Reports [23,44] also provide a comprehen-
sive description of lamination sequences and material properties.

A triquadrilateral mesh (see Ref. [45]) was generated for each
one of these sections. Fig. 6 shows examples of triangulations for a
transitional elliptical section, a section located at 20% of the blade-
span (a thick airfoil from the inner region), and a section at 60% of
the span (a thin airfoil from the mid-span region). Material prop-
erties were equivalent to those of the actual laminates as described
above.

4.2. Simulation of the dynamic response under transient conditions

The general specifications of the turbine match the ones on
NREL’s report [21], which are summarized in Table 1. Thus, the rotor
has an upwind orientation, and it is composed of three 61.5 m long
blades.

Based on the standard blade-sections distribution shown in
Refs. [21], we first propose an alternative configuration modifying
the position of the blade’s longitudinal axis (i.e. the reference line of
the equivalent beam) starting at 60% of the span, from the original
value of 0.375 of the chord length from the airfoil’s leading edge,
ated at 95% of the blade span, according to Fig. 8. From top to bottom, original blade,
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increasing linearly up to 0.410 at 100%. This first configuration re-
sults in a slightly forward swept blade shape. The second alterna-
tive configuration is a more extended modification of this
parameter, which now starts at 30% of the blade span, and gradually
decreases from its original value towards the blade tip. In this latter
case, the intention was to obtain the same structural behavior as in
a swept-back blade, with a minimum modification of the
manufacturing process. Fig. 7 shows a superposition of the plan
shape of the second alternative blade over the original blade.

In order to test the aeroelastic dynamics of these blade config-
urations under transient conditions, we designed simulationwhere
the rotor is accelerated beyond the rated operational speed, and
then returned back to its nominal regime. We start from the
nominal tip speed ratio of l¼7, and let the rotor speed up to l¼10
varying only the rotational speed of the turbine. The rotor then
stays in this regime for a certain period of time, where we can
observe its vibrational dynamics, and afterwards it reduces its
rotational speed coming back down to l¼7. This evolution could be
representative of a generic transient situation in which the rota-
tional regime of the rotor is varied as the result of the action of the
control system or the mechanical response of the drive train. More
specific situations involving particular control strategies would be
analyzed in the future. Fig. 8 shows the time evolution of the tip
speed ratio during the 300 s of the simulation period. The accel-
eration and deceleration ramps have a sinusoidal shape.

Fig. 9 shows the time evolution of the displacement of the blade
in the direction perpendicular to the rotor disk Uh1

, at a point
located at 95% of the blade span, for the three blade configurations.
Figs. 10 and 11 show respectively the thrust and torque exerted on
the main shaft, and Fig. 12 shows the power output. In all these
plots, we could identify a common pattern of behavior for each one
of the blade configurations, which is clearly consistent with the
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Fig. 10. Time evolution of the rotor thrust force, according to Fig. 8. From top to bot-
tom, original blade, forward-swept blade, and backward-swept blade.
theoretical principles of the swept blades mentioned above. In the
case of the original blade, the location of the blade axis at 0.375 of
the chord length puts the aerodynamic center 0.125 of a chord
length ahead of the blade axis. For the type of airfoil used in this
blade, and the flow’s angle of attack when the turbine operates
close to nominal conditions, this puts the blade axis approximately
at the center of pressure (i.e. the point of application of the aero-
dynamic force). If the blade axis had been located at the aero-
dynamic center, there would have been an aerodynamic pitch
moment acting in the nose-down sense producing a twist that
would have reduced the angle of attack. In other words, the original
design includes a forward sweep specifically intended to minimize
the torsional deformation (and hence, the change in the angle of
attack) when the blade operates around the nominal regime. This
also puts the blade at the limit of aeroelastic stability, which is the
reason why the oscillations appearing at the moment of decelera-
tionwhen the regime is stabilized at l¼10 are neither amplified nor
mitigated but remain at roughly the same level.

For the case of the first alternative blade, where the forward
sweep was increased, the aeroelastic stability is further reduced to
the point that, even with a slight sweep forward from the original
design, the oscillations are amplified. This affects not only
geometrical quantities like the flap-wise deformation (see Fig. 9),
but also the torque, the thrust, and the power output. If the forward
sweep is further increased, we will soon reach a point where the
oscillations become so large that they will induce structural failure.
On the other hand, the backward-swept blade, as it was expected,
has the tendency of minimizing the oscillations, as could be seen in
all the plots. Wemade a series of tests with different configurations
of backward sweep, and selected the second option described
above as a very interesting example on how mitigation of those
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Fig. 12. Time evolution of the rotor’s output power, according to Fig. 8. From top to
bottom, original blade, forward-swept blade, and backward-swept blade.

Fig. 13. Time evolution of the blade section torsion angle for a section located at the
95% of the blade span, according to Fig. 8, and referred to the r coordinate system
according to Fig. 3. From top to bottom, original blade, forward-swept blade, and
backward-swept blade.
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fluctuations could be achieved by this relatively simple process of
redesign. Some further discussion about how those fluctuations
may affect several aspects of the operational life of the turbine will
be presented in the concluding section. Note that the plots of the
magnitudes depicted in Figs. 9e12 for the original blade begin from
and continue at different value levels than the other two graphs in
each figure. This is due to the fact that the twist angle at a certain
operational condition is different for the swept-back and swept-
forward blades (see Fig. 13), and it indicates that sweeping has
effects on the mean values of the magnitudes as well as their
fluctuations. These differences would be naturally compensated by
the pitch control system by adopting a set point which would be
different from the one of the original blade for the same operational
conditions.

Finally, Fig. 13 shows the time evolution of the blade torsional
deformation qr1 , which directly affects the angle of attack (and
hence, the aerodynamic loads on the blade section) initiating the
chain of events that ultimately leads to the evolution of the other
variables. Here, we can clearly see how the amplitude of the oscil-
lations in the torsion angle remain mostly constant in the original
blade, but are amplified in the forward-swept blade, and quickly
damped in the backward-swept blade. In a sense, the couplingof the
aeroelastic combination could act either as a damper or an amplifier,
depending on how the blade is designed. In the case of a damper, it
would behave in the same sense as a viscous dissipation in the
material. This could be related to the eigenvalues of the aeroelastic
response of the blade/fluid as a system, the imaginary part of the
eigenvalues would give the frequencies of the vibrational modes,
while their real parts would reflect the effect either of the damping
or the amplification of the aeroelastic coupling.

This analysis also confirms the important role played by the
flexo-torsional modes of deformation that our model can take into
account. This requires that both the structural and the flow mod-
ules could reflect the effects of the combinedmodes of deformation
on the aerodynamic loads exerted on the blade sections. It is worth
to mention that these features are absent in previous aeroelastic
models like the FAST-Aerodyn suite [46e48].

5. Conclusions and outlook for further work

We have successfully developed a very powerful computational
tool for the aeroelastic analysis of wind-turbine blades. Due to the
particular features mentioned above in terms of a full representa-
tion of the combined modes of deformation of the blade as a
complex structural part and their effects on the aerodynamic loads,
it constitutes a substantial advancement ahead the state-of-the-art
aeroelastic models currently available, like the FAST-Aerodyn suite
[46e48]. Both the structural and the aerodynamic modules could
reflect the effects of the combined modes of deformation on the
aerodynamic loads exerted on the blade sections, features which
are absent in previous aeroelastic models.

Here, we also include the results of several experiments on the
NREL-5 MW blade, which is widely accepted today as a benchmark
blade, together with some modifications on its geometrical design
intended to explore the capacities of the new code in terms of
capturing features on blade-dynamic behavior which are normally
overlooked by the existing aeroelastic models. In this regard, some
further remarks could be added to the observations already made
about those experiments in Section 4.2:

First, the analysis presented here clearly confirms the important
role played by the flexo-torsional modes of deformation, that our
model can take into account, in the determination of the charac-
teristics of the blade in terms of adaptiveness.
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Second, even tough fluctuations in the aerodynamic loads may
not necessarily lead to catastrophic failure (unless a very high level
of structural divergence is inherent to the design), their mitigation
is critical to avoid structural fatigue, which is a determining factor
in blade lifespan. There are also many other components on the
wind turbine that are directly affected by the level of fluctuation in
the aerodynamic loads on the blades. For instance, the thrust and
torque on the main shaft (see Figs. 10 and 11) directly affect the
design of several wind-turbine components like the gearbox, cou-
plings, bearings and the rotor’s main shaft [3,31]. Moreover, the
fluctuations in the torque are also reflected as fluctuations in power
output (see Fig. 12), this may affect several other subsystems of the
turbine like the generator, the power electronics, and other elec-
trical systems involved, with effects which, if strong enough, may
even propagate to the electric grid.

Third, as an outlook for further work, in view of the results
presented here, we may explore the possibility of modifying the
orientation of the fibers in the composite laminates used in blade
construction. Together with other modifications in the layout of the
internal structure of the blade, it could be expanded and com-
plemented by suitable geometrical modifications of the aero-
dynamic design in such away of increasing the effects of vibrational
mitigation reported here. It could also be possible to achieve some
degree of power limitation at high wind speeds, which in combi-
nation with flaps, micro-tabs, or other small flow-control devices,
would reduce the size (or completely eliminate) the need of
expensive pitch-control actuators. To this end, further experiments
with swept-back blades with fully curvilinear axis seem to be
particularly promising.
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