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Abstract

The relevant size of state-of-the-art wind turbines suggests a significant Fluid-
Structure Interaction. Given the difficulties to measure the phenomena occur-
ring, researchers advocate high-fidelity numerical models exploiting Computa-
tional Fluid and Structural Dynamics. This work presents a novel aeroelastic
model for wind turbines combining our Large-Eddy Simulation fluid solver with
a modal beam-like structural solver. A loose algorithm couples the Actuator
Line Model, which represents the blades in the fluid domain, with the struc-
tural model, which represents the flexural and torsional deformations. For the
NREL 5 MW wind turbine, we compare the results of three sets of simulations.
Firstly, we consider one-way coupled simulations where only the fluid solver pro-
vides the structural one with the aerodynamic loads; then, we consider two-way
coupled simulations where the structural feedback to the fluid solver is made
of the bending deformation velocities only; finally, we add to the feedback the
torsional deformation. The comparison suggests that one-way coupled simula-
tions tend to overpredict the power production and the structural oscillations.
The flapwise blades vibration induces a significant aerodynamic damping in the

structural motion, while the nose-down torsion reduces the mean aerodynamic
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forces, and hence the power, yet without introducing a marked dynamical effect.
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1. Introduction

To reduce the cost of wind energy, the diameters of the wind turbines have
been continuously increasing up to more than 200 m [IJ.

Even though scaling the turbines up ensures larger power production, such
an extreme design also entails additional problems because of the new implicit
requirements and constraints on the structure, and on the blades in particular.

Nowadays, the blades of the [Horizontal Axis Wind Turbines (HAW'Ts)| are stiff

enough to guarantee sufficient tower clearance and structural properties. In-
creasing dimensions and keeping stiffness constant would cause massive blades
and expensive supports with huge nacelles and towers, which would result in
impractical and inconvenient solutions. Thus, blades are going to be not only
longer and slenderer, but also more flexible, and hence aeroelasticity will have
to be considered during the design process to predict potential performance al-
terations and possible new instability problems affecting the turbine operating
life [2].

Because of the complexity of the problem, analytical aeroelastic models have
only limited applications; moreover, given the difficulties and the costs of con-
trolled experiments and of field data gathering, only few extensive experimental

studies of utility-scale turbines exist in literature [3]. For this reason, it is evident

that numerical models of [Fluid-Structure Interaction (FSI)| play a fundamental

role in the development of wind energy.
Nowadays, most numerical aeroelastic approaches describe the turbine aero-

dynamics by means of low-fidelity engineering models, in particular the widely

used [Blade Element Momentum (BEM)| theory. For example, the standard

multi-physics software OpenFAST [4], developed by the [National Renewable|

[Energy Laboratory (NREL)|and formerly known as FAST, couples an aerody-

namic module implementing theory with a structural solver based on the

[Geometrically Exact Beam Theory (GEBT)|[5], whose equations are discretised

in space with Legendre spectral finite elements [6]. Similarly, the aeroelastic

tool HAWC? [7], developed by the Risg National Laboratory and the Technical
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University of Denmark, couples the BEM] aerodynamic model with a multi-body
structural solver.

Despite its efficiency and effectiveness in a wide range of conditions, sev-
eral studies [8] [9] [0, 11] have proved that theory, even if corrected with
engineering models [12], is unable to represent correctly the unsteady and multi-
scale flow phenomena because of its strong limiting assumptions, which force
designers to adopt conservative safety factors eventually undermining the com-
petitiveness of wind turbines.

As a consequence, the wind energy community advocates the development of
high-fidelity aeroelastic models that are able to study properly the effects of the
unsteady fluid-structure-control interaction for the new big wind turbines [13].
As reported in the reviews of Hansen et al. [14] and Zhang and Shuhong [15],

Fecent studies have tried to leverage the superior capabilities of
[Fluid Dynamics (CFD)| and [Computational Structural Dynamics (CSD)| with

today’s computational resources to describe accurately the fluid motion and the
structural dynamics (CFD-CSD models).

In particular, the use of [CFD] provides high accuracy, also in off-design
regimes, and allows researchers to gain a deeper physical insight in realistic

turbulent conditions [16, [I7]. However, because of the wide range of the spatial

and temporal flow scales of the problem, [Direct Numerical Simulation (DNS)|

of the Navier-Stokes equations is still beyond the reach even of today’s super-
computers for Reynolds number typical of wind energy applications and in fluid

domains including a fine resolution around the solid boundaries of the turbines.

Jurbulence modelling approaches based on the[Reynolds Averaged Navier-Stokeg

(RANS)|equations reduce the computational burden of the simulations, but are

known to be not very accurate in the treatment of separated regions and of

unsteady flows. The [Large-Eddy Simulation (LES)| approach, instead, allows

researchers to model unsteady turbulent flows with superior accuracy compared
to [RANS] but with a minor computational expense compared to [DNS| How-
ever, the necessary resolution to deal with wall-bounded flows increases the cost

of the method, which tends to the one of the [DNS| method for high Reynolds
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numbers [18].

An alternative approach combining the benefits of [CFD] solvers and blade-
element methods consists in the use of generalised actuator disc models [19]:
the flow around the actual geometry of the blades is not resolved, but body
forces act upon the incoming flow in the region that should be occupied by the
blades, to mimic the action of the solid boundaries on the fluid motion. As a
result, the 3D Navier-Stokes equations steer the dynamics of the wake under
the action of the blades’ aerodynamic loading, which instead is determined by
means of a blade-element approach using the tabulated airfoil characteristics and
the local flow kinematics. A popular example of such methods is the
[Line Model (ALM)| [20], where the body forces are distributed along radial lines

representing the blades and rotating with the angular rotor speed. In particular,
this method has been proved effective in accurately reproducing wind turbines
flow field especially in frameworks [211 22| 23].

For what concerns the structural modelling, the main difficulties arise from
the wind turbine blades, given their peculiar shapes and mechanical proper-
ties resulting from composite materials and given the high stiffness of the other

components, such as the tower and the shaft. The structural dynamics models

used in aeroelasticity are essentially the [Finite Element Method (FEM)| the
multi-body formulation and the modal approach [I4]. While allows the

description of complex deformation states, but with a potentially high compu-
tational expense, the modal approach offers a very cheap method to determine
the structural response with satisfactory results. Finally, the multi-body for-
mulation is a good compromise between the two methods above.

During the last years, several research groups have developed various high-
fidelity CFD-CSD models, connecting different aerodynamics and structural
formulations by means of different coupling procedures.

One of the first high-fidelity aeroelastic models was developed by Hsu and
Bazilevs [24], which simulated the three-dimensional of the complete
5 MW reference onshore wind turbine [25], including the nacelle and the tower.

The proposed method coupled tightly a low-order finite-element based ALE-
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VMS technique for aerodynamics with a NURBS-based isogeometric structural
analysis to study the rotor blades, modelled with thin composite shells. Kine-
matic and traction conditions were weakly imposed on a sliding interface. The
simulations showed a strong impact of the tower on the torque and on the blade
displacement, although the authors did not observe any relevant difference on
the time-averaged power production from the comparison between rigid and
flexible cases.

Other groups have tried to couple [CSD] models mostly with blade-resolved
fluid solvers. Heinz [26] coupled the structural multi-body formulation of
HAWC?2 [7] with the 3D RANS solver EllipSys3D [27], by means of a partitioned
coupling method. The comparison of the strong and loose coupling implemen-
tations brought the authors to the conclusion that loose coupling methods are
accurate enough for wind energy problems. Yu and Kwon [28] coupled an in-
compressible solver employing mesh deformation techniques with a
beam solver by means of a loose coupling approach. For the same reference
turbine studied by Hsu and Bazilevs, they confirmed the effect of tower interfer-
ence on the structural dynamics. Moreover, they found that gravity essentially
controlled the lead-lag bending in the plane of the rotor, and above all, that
nose-down torsional deformation in the coupled simulations reduced relevantly
the blade aerodynamic loads, and thus torque and thrust. The final results are
in agreement with the behaviour observed also in other works using low-fidelity
aerodynamic models [29] 30]. Dose et al. [3T] simulated the same turbine of the
previous cases, without the tower and the nacelle, by means of a loosely-coupled
method joining the OpenFOAM 3D solver [32], with dynamic mesh mo-
tion and deformation, and an in-house solver based on [33]. The
authors found a smaller torsional deformation of the blades compared to Yu and
Kwon, and observed some differences between the rigid case and the deformable
one only in yawed or tilted cases. Recently, Sprague et al. [34] presented Ex-
aWind, an open-source simulation environment for wind energy. This
tool couples the Nalu-Wind CFD code [35], capable of using or even
[Detached-Eddy Simulation (DES)| with or without actuator disc models, with
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the turbine-simulation code OpenFAST, by using a loose conventional serial-
staggered algorithm [36]. First coupled blade-resolved simulations for
the 5 MW turbine did not reveal a relevant effect of the deformation on
the time-averaged wind turbine performance. The authors ascribed this effect
to the stiff nature of the turbine’s blades under study.
Li et al. [37] coupled a multi-body structural solver with a delayed fluid
solver to analyse the behaviour of the NREL 5 MW turbine and considered a
turbulent inflow generated by the Mann’s model [38]. Information between the
two independent solvers was exchanged at run-time, and dynamic overset grids
solved grid deformations and relative motions of the wind turbine components.
The results suggested that fluid quantities are rather insensitive to structural
flexibility effects, and thus that, at the moment, wake analysis of multi-MW
wind turbines can be performed under the assumption of rigid structure.
Other groups have tried to take advantage of the generalised actuator disc
models in order to avoid generating blade-resolved meshes and to simplify the
physical and computational interface between the fluid and the structural prob-
lems.
Storey et al. [39] coupled in a one-way approach the servo-elastic tool FAST [40]
with the Actuator Sector Method [41] in their in-house [LES|solver. The FAST’s
Aerodyn package evaluated the aerodynamic forces along the blades from the lo-
cal flow field. However, they still considered the turbine as rigid in the coupling
procedure, and thus flexibility could not influence the determination of the local
incidence of the blades. The [NREI] coupled the OpenFOAM [LES| fluid solver
SOWFA (Simulator for Off/Onshore Wind Farm Applications) and its actuator
line model with the engineering tool FAST, in which only flexural structural
dynamics of the blades was considered by means of a modal method. Several
works [42], [43] validated the aeroelastic tool and used it to appraise the effects
of roughness and atmospheric stability on wind turbines, however without as-
sessing extensively the isolated effect of the blades flexibility. Recently, Meng
et al. [44] [45] coupled the actuator line model, first in and then in

framework, with a finite-difference structural solver for rotating Euler-Bernoulli

11
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beams. The structural solver accounted only for in- and out-of-the-plane bend-
ing, and the two-way coupling procedure included in the definition of the local
effective angle of attack only the additional effect of the structural vibration
velocities. The simulations neglected the effect of the tower and the nacelle,
and the analysis was mainly concerned on structural issues.

The aim of this work is to propose a novel two-way coupling high-fidelity
CFD-CDS model for the study of the aeroelasticity for wind turbines. The
method couples our in-house [CES| solver with a modal beam-like solver, by
means of a loose staggered coupling algorithm. Thus, we are able to both de-
scribe fluid phenomena with high accuracy and simultaneously represent, in an
efficient way, the structural dynamics of the cantilever blades clamped at the
hub. The method takes advantage of the Actuator Line Model formulation and
uses it as a natural and efficient interface between the fluid and the structural
subproblems to mutually exchange information about the blades loading and

motion. In particular, the blade dynamics can include also the instantaneous

torsional [Degree of Freedom (DF)[ and the complete elastic state in general,

which is a novelty among the aeroelastic solvers based on the generalised ac-
tuator disc models in [LES] framework, to the authors’” knowledge. Moreover,
because of their crucial role in the problem, the model includes in the fluid
domain also the tower and the nacelle, assumed to be rigid, by means of an

[[mmersed Boundary Method (IBM)| [46].

We carried out three separate sets of simulations, and we compared their
results. In the first case, named “ALM” case, we considered turbulent simula-
tions with one-way coupling, in which only the fluid solver provided at run-time
the structural solver with the aerodynamic loads. Then, we carried out two-way
coupled simulations using two different structural feedbacks to the fluid solver:
in the first case, named “ALM/IV” case, we considered a structural feedback
made only of the instantaneous bending deformation velocities of the blades; in
the second case, named “ALM/IVT” case, we included in the definition of the
incidence also the instantaneous torsional deformation of the blades.

Given the fact that its features and mechanical properties are well-documented

12



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

and its behaviour has been widely studied in literature [24]-[45], here we consider
the NREL 5 MW onshore baseline wind turbine.

This paper is organised as follows. In Section [2] we present the methodology
used for the fluid and the structural subproblems, and we describe how we
coupled them. In Section [3] we report the physical and numerical setup taken
into consideration, and we outline the cases treated, and then in Section []
we present the results of the numerical simulations. Finally, in Section [5| we
comment our main findings, and we outline possible future developments of our

work.

2. Methodology

In the following sections, we present the methodology adopted to simulate
the aeroelastic interaction for a stand-alone wind turbine in a fully-turbulent
flow. In Section we describe our fluid solver and rotor modelling, in Section
we illustrate the structural model for the cantilever blades, and finally in

Section [2.3| we characterize the aeroelastic coupling procedure.

2.1. The fluid model
Our in-house UTD-WF code [47] carries out Large-Eddy Simulations under

the assumption of incompressibile flow. Denoting with indices the vector or ten-

sor components along the x; axes defining the fixed [Frame of Reference (FOR)|

R. (see Figure [I) and adopting the Einstein notation, the filtered governing

equations are:

ou;
p— 1
oy, 0
aﬂi 8ﬂiﬁj ({9]5 1 aﬂz 8Tz'd' t
ST — — 2 4 /! 2
ot o 0x; + Re dz;0x;  Ox; i (2)

where u; are the filtered velocity components; p is the modified pressure, which

js the sum of the filtered pressure p and the isotropic part of the

Scale (SGS)|tensor 7;; = w;u; — U;U; = Tz%- + %Tkkéij; Re is the Reynolds num-

ber based on the turbine’s diameter D, the undisturbed inflow velocity U, and

13
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Figure 1: Different Frames of Reference defined for the description of the problem of
wind energy. The frame Rpg rotates rigidly around the hub centre O and is identified by
the azimuthal angle © of each blade, with F2 constantly pointing at the positive streamwise
direction. In correspondence of a generic section at point P along the blade, the blade pre-
twist ¢ and the instantaneous angular deformation (only torsion is shown in figure) define
the local Frame of Reference Ry, where the effective angle of attack is defined. The velocity
vectors show the combination of the different components in the plane of a generic profile.

the kinematic viscosity of the air v; f! are the components of the body forces
introduced by the turbine modelling (see Section [2.1.1). The Smagorinsky
model [48] expresses the deviatoric part of the residual stress tensor under the

Boussinesq’s hypothesis:

Tidj = —Vsgs (gg; + ZZZ) = 20,5 = —2 {(CSA)Q\/QSUSM] S, (3)
where v,4, is the subgrid eddy viscosity, Sij is the filtered strain rate tensor, C
is the model constant and A = (Az;AzyAz3)'/? is the (implicit) filter width
defined by the grid spacings Ax; in the three fixed directions. According to
previous works [49] 50], we tuned the model constant C; to the value of 0.09 for
wind energy simulations.

Egs. [1] - [2| are discretised by means of the finite difference method on an
orthogonal staggered grid, to avoid odd-even decoupling between pressure and
velocity. Energy-conserving central schemes approximate derivatives in space

with second-order accuracy. A fractional-step method integrates equations in

14
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time by means of a hybrid third-order low-storage [Runge-Kutta (RK)| scheme

that treats implicitly viscous linear terms and explicitly convective nonlinear
terms. The interested reader can refer to Orlandi [51] for more details on the
adopted numerical scheme.

The code is written in Fortran, is parallel, and uses the Message Passing Inter-

face (MPI) paradigm.

2.1.1. Rotor modelling in the fluid domain

The rotor inside the fluid domain is modelled according to the[ALM] proposed
by Sorensen and Shen [20]: the aerodynamic forces are determined by means of
a blade-element approach and are then distributed as body forces along rotating
lines in correspondence of the position of the blades.

According to the blade element theory, for a 2D airfoil located at distance r

from the hub centre, the lift force F; and the drag force Fy per unit length are
L 2 L o
F = ipU,.elc Ci(a)F and F; = §PU7-elC Cy(a)F, (4)

where p is the air density, U,.; is the magnitude of the local relative velocity
in the plane of the airfoil, ¢ is the local chord length of the airfoil, C;(a) and
Cy(a) are the lift and drag coefficients for a certain local angle of attack «, and
F' is a modified Prandtl correction factor.

The look-up tables of the aerodynamic coefficients of 2D airfoils neglect three-
dimensional effects, and therefore, to correct the typical overprediction of the
loads at the blade tip and root, we use in Egs. @ a modified Prandtl tip correction
factor [52] given by:

F = %cos*1 [exp <—gB.R_Tﬂ cos ™t {exp (—gB_T_Rh)] ;
7r 2 rsin (a+ ¢) 2 rsin (a+ ¢)
with g =exp[—0.125 (B X —21.0)] + 0.1,
(5)
where B is the number of the blades, R is the radius of the rotor, Ry is the
hub radius, ¢ is the local twist angle of the blade, A = QR/U, is the tip speed
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ratio, and € is the rotor angular speed.

The total local aerodynamic force vector f*¢"°, made of lift and drag, is then
projected onto the flow. A 2D Gaussian kernel spreads the aerodynamic forces in
cylinders surrounding each actuator line, to avoid numerical instabilities arising
from eventual concentrated forces in the fluid domain. Thus, in Eq.[2] the body
force vector f' acting on the fluid in the cylindrical regions of the actuator lines

is equal to

Flo pacro, _ _faem?iexp [_ (rn)g] | “
e2m €
where 7, is the radial distance of a generic point of the cylinder from the rela-
tive actuator line and € is the spreading parameter. Several studies have shown
that the spreading parameter € strongly influences the evolution of the flow field
and its most appropriate value is still debated. Troldborg et al. [53] suggested
a dependence of the spreading parameter on the grid spacing, and specifically
that it should be such that €/A > 2 to avoid numerical instabilities. On the
other hand, recent studies [54, [55] have proposed to link € to the distribution of
the chord length. In particular, Martinez-Tossas et al. [56] concluded that for
simulations with grid spacing larger than the chord, € should be a function of
A, whereas for grid spacing smaller than the chord, € should be a function of c.
To avoid unfeasible grid requirements for our computational resources, a spread-
ing radius e = 2 A is used for our simulations, corresponding to €/¢ = 0.85, where
¢ is the average chord of the blade.

Finally, to estimate the aerodynamic pitching moment acting on the blades
with respect to the structural pitching axis passing through the quarter of chord,
we follow similarly a blade-element approach. Thus, the pitching moment per

unit length referred to the airfoil quarter of chord is equal to
aero 1 2 2
M = _§PU7-elC Cn(a)F, (7)

where Cp,(«) is the local pitching moment coefficient. The minus sign takes

into account that, by convention, the aerodynamic moment coefficient is pos-
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itive when it pitches the airfoil in the nose-up direction, and thus induces a
negative rotation around the positive structural pitching direction defined by
E; in Figure ] (see Section [2.2)).

Finally, the tower and the nacelle are modelled by means of the [BM] pro-
cedure validated in Santoni et al. [57], and the low-shaft angular speed 2 is
evaluated from the single]DF| model equation balancing the external aerody-

namic torque Tger, and the generator torque Tgep:
Id Q = Taera - Tgen ) (8)

where I, is the drivetrain rotational inertia, which includes the combined inertia
of the rotor and of the generator. We consider a variable-speed turbine operating
in region II, for which the standard quadratic control law [58] holds and is such
that:

Tyen = kgenQ?, (9)

where the torque gain kg, is a function of the optimal tip speed ratio of the

turbine, which for the NREL 5 MW turbine is Ap: = 7.5.

2.2. The structural model

In a wind turbine, the rotor blades are the most flexible components and the
most important parts from the aerodynamic point of view. Several studies have
shown that their modal properties strongly affect the dynamics of the complete
structure [59], and that the analysis of the isolated blades is also sufficient to
estimate correctly aeroelastic properties of the entire structure, such as the
flutter speed [2]. Moreover, the tower and the shaft are rather stiff and their
deflections are usually small.

Because of this, we consider in our aeroelastic model only the structure of the
blades. In particular, the blades are modelled as rotating beams rigidly clamped
at the hub (cantilever beams), under the assumption of small deformations with
respect to a relative ’R £ (see Figure . We indicate with F; the direction

of the pitching axis, coincident with the neutral axis of the blade passing through
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the quarter of chord [25], with E5 the out-of-plane flapwise direction pointing at
the positive streamwise direction, and with Fs5 the in-plane edgewise direction,
so that the [FOR] R g has a right-handed coordinate system.

Under the assumption of linearity, the elastic generalised displacement d,
including translational d; and rotational 6; is thus decomposed along the
coordinate X7 on the neutral axis as

M
d(X1,t) = > gm(t) ™ (X1) (10)
m=1
where 9™ (X7) is the m-th elastic mode shape from the modal analysis of the
structure, g, is the corresponding modal coordinate and Mj is the number of
modes used.

The general inertial coupling is included in modal basis by means of the
methodology introduced by Reschke [60]. Given the difference of our case, we
removed the assumption of mean axes, i.e. origin of the structural coordinate
system at the instantaneous centre of mass, and we derived the inertial coupling
terms for a generic origin. In our case, the origin is fixed at the rotor centre O.

Firstly, we derived the rigid-body (translation and rotation) and elastic equa-
tions by means of the virtual work principle. We assumed a generic virtual
displacement made of rigid and elastic virtual motion, and we considered the
decomposition of the acceleration of the body in the moving [FOR] R rigidly
rotating with each blade. Thus, we obtained a formulation accounting for the
two-way coupling between rigid-body and structural dynamics. However, we
neglected the rigid-body equations because we are not interested in the rigid
translation of the rotor, and we assume a fixed inertia in Eq. [] without con-
sidering any modification of the rotor inertia caused by the deformation of the
blades. The remaining equations were a system of elastic equations where the
angular velocity and acceleration of the structural [FOR] R g were independently

evaluated in Eq. [8] (one-way rigid-body coupling). Hence, we obtained that
Mg+ [D+D (Q)] ¢+ [K+K"(Q)+K(Q)] g = e+e° () +e"*(2) (11)
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where M and K represent the modal structural mass and stiffness matrices
respectively, and e are the external loads in modal basis, which include the
gravity force acting on the local centre of mass and the ALM aerodynamic
forces acting on the local quarter of chord. Given the assumption of linearity, we
apply all the forces to the reference undeformed configuration. The elastic mode
shapes are normalised to unit mass, such that My, = 6;nn and Ky = w26,m,
where w,, is the n-th natural angular eigenfrequency and n,m =1,...,M,. A
constant modal damping ( is assumed, such that the structural damping matrix
is Dy = 2Cwn6mn- We indicate time derivation of structural quantities and
angular speed with (o)

We include the effects of the centrifugal acceleration in the terms

K;m=—ﬂ-sym{///vps (™ ") T o™ @ "] dV} Q, (12

e%:ﬂ~sym{///ps [(Rop-¢")I—Rop®¢n]dV}Q, (13)
v
the effects of the Coriolis acceleration in the term
pfs =29 [[[ oo x ) av, (14)
y

and the effects of the Euler acceleration in the terms

Kfyi:ﬂ-///vps (™ x p") V., (15)

Bt = 2. ///V pe (Rop x 4")dV | (16)

where ® indicates the tensor product operation, Rop is a vector connecting the
origin to the generic point P in the undeformed configuration, I is the identity
matrix, sym indicates the symmetric part of a matrix, ps is the structural den-
sity, and V is the volume occupied by the structure.

The inertial terms are discretised by means of the method presented in Saltari
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Table 1: A comparison with other results in literature of the first six natural frequencies fy,
for the stand-alone blades of the NREL 5 MW wind turbine with the main features of the
corresponding eigenmodes.

Present BMODES FAST Jeong et al. [29)]
Freq. [H] [H] (2] [Hy] Mode
f 0.68 0.69 0.68 0.67 1st flapwise
fa 1.09 1.12 1.10 1.11 1st edgewise
f3 1.95 2.00 1.94 1.93 2nd flapwise
fa 4.00 4.12 4.00 3.96 2nd edgewise
fs 4.52 4.64 4.43 4.43 3rd flapwise
fs 5.58 5.61 5.77 5.51 1st torsional

et al. [6I]. In particular, we express the above global volume integrals as a sum-
mation of volume integrals on each element of a model of the structure,
while we approximate locally the continuous mode shapes by means of a rigid
motion defined by the discrete mode shapes from the modal analysis. We thus
express Egs. [[2]I6] only in terms of information known from the [FEM] model of
the structure and from the mode shapes obtained from modal analysis.
For the detailed derivation and discretisation of the inertial coupling terms see
the

For the modal analysis, we use a finite element model of the blade based on
complete beam elements with 6 with Euler-Bernoulli behaviour for bending
in directions F, and Fs3, and linear shape functions for axial and torsional
deformations [62]. We assume a lumped-mass representation, and we take into
account the local offset of the centres of mass with respect to F; by means of
the formulation in Reschke [60]. Finally, the structural matrices are assembled
considering the local twist.
Table[I]reports the first natural frequencies of the isolated blade of the reference
turbine. These are in good agreement with the frequencies of the complete
structure indicated in the reference technical report and in other studies [25]
29, 31].

The generalised-o method [63] advances the structural dynamics in time.

This one-step three-stage time integration method is unconditionally stable for
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linear problems, second-order accurate, self-starting, and has a controllable algo-
rithmic dissipation. Moreover, it has an optimal combination of high dissipation

of the high-frequency modes and low dissipation of the low-frequency modes.

2.3. The aeroelastic coupling approach

Usually, the[ALM] assumes a rigid motion of the actuator lines and estimates
the effective angle of attack only from the fluid velocity sampled at the position
of the lines and from the rotational velocity at each section.

In our two-way coupling aeroelastic model, we link the [ALM] with the described
structural approach as shown in Figure [2} The model is based on two indepen-
dent or partitioned solvers that exchange information once per time step (loose
partitioned coupling approach) [26]. At the beginning of each time substep
n, the distribution of the effective angle of attack o™ is estimated along each
blade from the fluid state F™ (consisting of the velocity field), the angular speed
Q™ and the elastic state S™. In particular, the elastic state can include only
the deformation velocity u%/ or also the local vector of the deformation angles
0, which determines the instantaneous orientation of each section. Given the
look-up tables of the aerodynamic coefficients of the airfoils, the distributions
of the aerodynamic forces and moments per unit length ®”, used in the [ALM]
are evaluated by means of a blade element approach. In order to determine the
structural state at the following instant S™*!, the aerodynamic forces are as-
sumed to remain constant inside each [RK]substep, and thus the external loading

at time n + 1, required by the generalised-a method, is approximated by .

We implemented, therefore, a|[Non-Conventional Serial-Staggered (NCSS)|algo-

rithm [36], given the fact that we did not correct exactly the prediction of the
structural deformation after the final evaluation of the fluid state, but instead
we limited inter-field communications only at the beginning of each [RK|substep,
and we used the consecutive approximations of the aerodynamic forces available
at those instants. This allows us to leverage the knowledge of the aerodynamic
loading from the [RK] scheme of the fluid solver to increase the accuracy of the

structural scheme, without re-evaluating the forces and the structural state in
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Figure 2: Ladder-like scheme of the two-way coupling method for steps n and n + 1.
The fluid state F' is indicated on the left, the structural state S is indicated on the right.
The aerodynamic loading ® and its estimations are indicated in the middle; u?ef is the local
deformation velocity, and 0 is the local vector of the deformation angles.

correspondence of the new fluid state, and thus preserving the overall efficiency
of the code.

Because of the presence of different we define the relative velocity and
the effective angle of attack in Egs. [ and Eq.[7]by means of a matricial notation.
To describe the model, we adopt in this section the convention according to

which (see Figure [1)):

e the lower-case subscript indices refer to the components in the inertial
[FOR| R.;

e the upper-case subscript indices refer to the components in the [FOR] R
rigidly rotating with each blade;

e the lower-case greek subscript indices refer to the components in the local

[FOR] Ry, defined by the instantaneous orientation of each section.

According to the method presented, we express the relative velocity u”¢ of a

point P belonging to an actuator line as

uP,rel — uP,abs o uP,def —Qx OP, (17)
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P,abs P,def

where u is the value sampled at point P of the absolute fluid velocity, u
is the deformation velocity of the blades described by the modal composition
of g, and 2 x OP is the rotational velocity. To determine the local flow at
each section, assuming null yaw error, we express the relative velocity in Ry in
Einstein notation as follows,

P,ab Pd
Prel Re—>E U’j abs RE—>E ef R¢6772 fjkakOPwr (18)

E—X
and R

e—Y
where Raj

are the matrices that define, respectively, the change
from the basis of R, to the basis of Ry, and from the basis of Rg to the basis
of Ry. The matrix REHZ is given by the ordered composition of the matrix
R?, describing the change of coordinates determined by the local blade twist ¢
around the pitch axis, and the matrix R®, describing the change of coordinates
determined by the local angular deformations that define the airfoil planes.
These last angles are referred to the structural reference configuration Rg of
each blade and are evaluated from the structural dynamics. By convention, the
angle #; around direction E; is positive according to the right-hand rule, and
the rotation in space of the airfoil planes is determined by the sequence of finite
rotations 7 — 03 — A3 under the assumption of small angular deformations.

R€_>E includes also the azimuthal rotation of each blade ©,

Finally, the matrix
described by the matrix R®.
By assuming that for © = 0 rad the generic blade is along the x3 positive

direction, it follows that

Re—>2 RE—>E R@ (Rd) Rel) R@
1 0 0 1 03 —6, 0 sin® cosO®
=10 cos¢p sing| |—03 1 01 1 0 0
0 —sing cosg 0, —0; 1 0 cos® —sin®

(19)

In accordance with the definition of the reference directions of Ry, we express

the effective angle of attack and the relative velocity in Egs. [4] for the generic
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Table 2: Parameters of the reference turbine.

Parameter Symbol Value Units
Rated power pPr 5 MW
Rated wind speed UL, 114 m/s
Rated angular speed Qr 1.27  rad/s
Rotor diameter D 126.0 m
Blade length L 61.5 m
Hub height h 90.0 m
Blade mass mp 17740 kg

point P on the actuator line as

P,rel

u 2 2
a = atan <—u;frel> and Upep = \/(uféml) + (uf;rel> , (20)

o3

where we consider only the components in the plane of the local profile on
directions o5 and o3.

By means of the described model, we are able to consider the effects of var-
ious levels of complexity in the coupling configuration. In the two-way coupled
simulations of this work, we consider in the ALM/IV case the effects on the
incidence of the flap- and edgewise deformation velocities without any angular
deformation (ulj’def # 0 in Eq. and 6; = 6y = 03 = 0 in Eq. , while we
include in the ALM/IVT case also the first-order effect of the torsional angle 6,
(u?’def # 0 in Eq. [18/and 6; # 0, 65 = 63 = 0 in Eq. .

3. Geometrical and numerical setup

The stand-alone turbine considered in this work is the NREL 5 MW baseline
wind turbine [25], which has a rotor diameter of D = 126 m and three composite
blades of length L = 61.5m. Table [2|reports a brief summary of the features of
the turbine.

The fluid computational domain considered (Figure|3) is equal to 9.0 Dx10.0 D x

2.88D in the streamwise, wall-normal and spanwise inertial directions respec-
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Figure 3: Fluid computational domain.

tively. The domain is discretised by means of an orthogonal mesh of 1296 x 432 x
432 points, equally distributed in the streamwise and spanwise direction. A uni-
form vertical spacing is used in the lowest part of the domain (first 2 D), such as
to obtain an isotropic grid in the region occupied by the wind turbine, and then
the grid is stretched in wall-normal direction to limit the grid requirements of
the simulations. Figure [f] shows the cell spacing in the vertical direction. The
number of points per rotor diameter for the model is 150. A grid sensitiv-
ity study, not shown here for brevity, confirmed the results reported in Section
for grids with 50 and 200 points per diameter. The hub of the turbine is
located at the spanwise centre, i.e. z/D = 1.44, and at a streamwise distance
from the inlet equal to z/D = 2.96.

Given the fact that turbulence and flow asymmetries caused by wind shear
can be sources of unsteadiness for the blade dynamics, we assume to operate

in a sheared turbulent condition. Hence, inflow turbulent fluctuations are de-
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Figure 4: Vertical grid distribution. Cell spacing Azo/D as a function of the corresponding
nondimensional cell centre coordinate 2 ./D. The dashed line in red indicates the end of the
uniform grid region. More than the half of the points is concentrated in the proximity of the
rotor.

rived from a precursor simulation in a fully periodic domain with cubic surface
roughness, and are superimposed on a mean streamwise velocity profile defined
by a power law with shear exponent equal to oy = 0.14 and mean hub velocity
equal to Uy, = 10m/s. Turbulence intensity at the hub height is T1 = 2%. We
prescribe periodic boundary conditions at the lateral boundaries of the com-
putational box, free-slip boundary condition at the top surface, and radiative
boundary conditions at the outlet. A Van Driest damping function [64] is used
to correct the behaviour of the flow in the proximity of the no-slip bottom wall.

To describe the structural dynamics of the blades, we carried out at first a
sensitivity study, which we do not report here for brevity, to decide the proper
number of modes and structural nodes for the problem. We finally chose a
number of modes My = 15 and a structural discretisation of the blades given by
N = 80 equally-spaced nodes. Because of the different number and position of
the aerodynamic points along the actuator line and the structural nodes of the
blades, we deduce the quantities of mutual interest (forces and blade motion)
by means of a polynomial interpolation that, in the case of the aerodynamic
loading, take care of preserving the global resulting force.

We ran each of the three simulations sets (ALM, ALM/IV and ALM/IVT)
at a Reynolds number Re = 8.5 x 107 for approximately 60 revolutions, corre-

sponding to almost 300 s, after the initial transient.
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Figure 5: Phase average of the power and thrust coefficients. ALM —, ALM/IV —, ALM/IVT
—, BEM [25] - -. Horizontal straight lines indicate the corresponding time-averaged values.
4. Results

In this section, we present the results obtained from the comparison of the
three sets of simulations carried out. First, we analyse the behaviour of the
power and thrust coefficients, then we discuss the structural dynamics in terms
of displacement and deformation velocity. Next, we consider the change of the
aerodynamic forces and the dynamics of the root reaction. Finally, we present
a fluid analysis presenting mean field slices and visualisations of the coherent

structures in the domain.

4.1. Power and thrust coefficients

From the time history of the power coefficient Cp and the thrust coeffi-
cient Cp, normalised by means of the mean hub velocity Uy, we computed the
phase-averaged behaviour reported in Figure [5] to filter out the instantaneous
fluctuations due to the turbulent inflow. Hereinafter, we indicate the time av-
erage with an overbar symbol ® and the phase average with angle brackets (e).
The periodic passage of the blades in front of the tower induces a tower shadow
effect with a drop in the power and thust coefficients by about 10 %. The
blade vibration influences the aerodynamic forces especially when the blade
passes in front of the tower, consistently with previous observations [37]. In
particular, the addition of the aeroelastic coupling reduces the amplitude of the

oscillations, and thus the standard deviation of the two coefficients (Table [3)).
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Table 3: Comparison of the statistics of the power and thrust coefficients between the cases
considered. The last two columns report the percentage difference of the statistics for the
ALM/IV and ALM/IVT cases with respect to the ALM one.

| BEM  ALM  ALM/IV ALM/IVT  Aapnsrv Aaayivre

gp 0.4860 0.4812 0.4807 0.4551 - 01 % - 54 %
Cr | 0.7860 0.7975 0.7975 0.7117 0.0 % -10.8 %

oCp - 0.0167 0.0128 0.0133 -23.3 % -20.4 %

oCy - 0.0165 0.0130 0.0133 -21.2 % -19.4 %
1072

Figure 6: [Power Spectral Density (PSD)|of the power and thrust coefficients signals. The
peaks at multiples frequencies correspond to the multiples of 3 Py, highlighted by vertical
dashed lines, given the periodicity of the signal and of the passage of the blades. The vertical
blue line indicates the first torsional natural frequency of the blade f = 5.58 Hz and underlines
the peak of the in the ALM/IVT case, especially for the thrust coefficient. ALM —,
ALM/IV —, ALM/IVT —.

The time-averaged power and thrust coefficient obtained with rigid ALM and
ALM/IV are almost identical (Table [3| and horizontal lines in Figure [f]), de-
spite the differences observed before in the instantaneous value of the forces.
However, when we also consider the torsion of the airfoil section, the power is
significantly reduced, by approximately 5 % with respect to the other two cases.
Similarly, the thrust is about 10 % smaller, which could also affect a possible a
posteriori estimation of the tower deflection [65]. In general, this seems to imply
that simulations perfomed considering the blades as infinitely rigid overestimate
the power coefficient and also the momentum deficit behind the turbine.
Figure [f] presents the [PSD] obtained from the time signals of the coefficients, to

assess if the coupling procedure affects the frequency content of the power and
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Figure 7: Polar plots of the phase-averaged power and thrust coefficients fluctuations. ALM
—, ALM/IV —, ALM/IVT —

thrust signals. The periodic passage of the three blades and the tower shadow
effect induces distinct peaks observable at the frequencies multiple of 3 P,., with
P, being the rotational frequency. The spectral content of the ALM/IV case is
almost the same as the one of the ALM case, whereas in the ALM/IVT case,
the direct influence of the torsional deformation on the aerodynamic forces adds
a small, but distinct, contribution of the first torsional natural frequency of the
blades f = 5.58 Hz (see Table , typical of the torsional vibration, especially
to the thrust coefficient.

To investigate the specific effect of the torsional dynamics in addition to the
mean value reduction, Figure [7] compares the coefficients fluctuations for the
three cases in a polar plot. The plots show that the torsional dynamics, and in
particular the oscillation of the torsional angle caused by the tower, produces
also a modification in the region between the two following minima of the coef-

ficients compared to the ALM/IV case.

In Figure[§] we also report the[Probability Density Function (pdf)]of the two co-

efficients, showing how the coupling procedures redistribute in different ways the
torque and the thrust. Obviously, all the results show the presence of an asym-
metrical negatively skewed distribution with a peak close to the time-averaged
values of the coefficients, related to the undisturbed aerodynamic forces, and a

longer tail below the main peak, related to the drops in the coefficients caused
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Figure 8: Probability density function of the power and thrust coefficients. Vertical lines
indicate the respective time-averaged values. ALM —, ALM/IV —, ALM/IVT —.

by the tower shadow effect. Except for the different averages, Figure [§] shows
that the two-way coupled cases have a mean closer to the mode, i.e. the value
that appears most often in a set of data values, and a more compact tail below
the mean. The absence of the fluctuations in the coefficients that are caused
by the aeroelastic coupling makes the tower shadow effect sharper for the ALM
case. In fact, the [pdi] of the one-way coupled case can be considered in the limit
as a sort of bimodal distribution with one major peak, related to the condition
with no blades in front of the tower, and an other minor peak, related to the

condition with one blade in front of it.

4.2. Displacement and deformation velocity

In this section, the structural dynamics of the blades is analysed. Figure [J]
and Figure [10|report the phase-averaged displacements and deformation veloci-
ties of the six in correspondence of the free edge of the blades. The figures
show that the axial (Fig. and edgewise (Fig. [9d and Fig. structural
dynamics are mainly dominated by gravity, as also reported in other works [29],
and thus that they are only slightly affected by the aeroelastic coupling pro-
cedure. On the other hand, the flapwise (Fig and Fig@ and the torsional
(Fig dynamics are influenced considerably by the aerodynamic forces, and
especially by the presence of the tower, which represents the main source of un-
steadiness for the structural response of these two The local reduction in

the aerodynamic loading, which produces also the observed drops in the power
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Figure 9: Phase-averaged tip deformation velocity. The curves represent the averages on the
three blades. ALM —, ALM/IV —, ALM/IVT —.

The maximum absolute values of the phase-averaged fluctuations used for the normalisations
are: |(v1)|™%* = 0.0031m/s, [{(v2)|™*® = 2.42m/s, |(v3)|™ = 0.71m/s, [{w1)|™** =
5.29deg/s, [{w2)|™M* = 1.22deg/s, |(w3)|™*® = 7.72deg/s
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Figure 10: Phase-averaged tip displacement. The curves represent the averages on the three
blades. ALM —, ALM/IV —, ALM/IVT —. The maximum absolute values of the phase-
averaged fluctuations used for the normalisations are: [(d1)|™%* = 0.015m, |(d2)|™** =
5.45m, |(d3)|™* = 1.06 m, |(01)|™** = 2.55deg, |(02)|™** = 1.75deg, |(03)|™** = 12.00 deg

and the thrust coefficients, breaks the low-frequency structural vibrations just
after the position of the tower at © = 270°, given the fact that the structure

does not react instantaneously to the sudden change in the forcing, and that
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Figure 11: Normalised of the flapwise deformation velocity component vz in logarithmic
scale. Light green vertical lines denote the first twelve multiples of the mean rotor angular
frequency, and indicate the influence of the periodic motion of the rotor. Dark green vertical

lines denote the first seven natural frequencies of the modes with dominant flapwise bending
features. ALM —, ALM/IV — ALM/IVT —.

the tower has a certain width.

As a consequence of the larger influence of the aerodynamic forces on the
flapwise and torsional structural dynamics, it is evident that these [DF§ are con-
siderably influenced both in the unsteady and the mean distributions by the
instantaneous aeroelastic interaction.

The contribution of the deformation velocity in the definition of the angle of
attack dampens the structural response ascribable to the first structural mode,
which is essentially a flapwise bending mode with a mild influence on torsion,
as also shown in the spectrum of the flapwise deformation velocity vy in Fig-
ure As a matter of fact, it is known in literature [2] that the aerodynamic
damping in flapwise direction is relatively high when the flow is attached, in
contrast to the small aerodynamic damping that characterises the edgewise mo-
tion. As shown in Figure a positive flapwise deformation velocity induces
a negative variation of the angle of attack and of the relative velocity magni-
tude that finally reduces the aerodynamic forces, and vice versa. Moreover, as
shown in Figure peaks of (vg) reach relevant values, approximately 20 % of
the mean hub velocity, exactly in the region where the presence of the tower

and also the sheared mean velocity profile reduce the local absolute velocity in
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Figure 12: Sketch to highlight the different aerodynamic damping mechanisms for flapwise and
edgewise motion. On the left, a generic initial condition with positive deformation velocity
components is reported. On the right, we increase the flapwise (top) and edgewise (bottom)
deformation velocity components, and we indicate in blue and red respectively the new kine-
matics. While in the first case both incidence and relative velocity magnitude decrease, in the
second case only incidence decreases whereas the relative velocity magnitude increases. More-
over, especially towards the tip of the blade, the rotational velocity dominates the edgewise
motion, while the flapwise deformation velocity remains comparable to the streamwise flow
velocity throughout blade revolution.

correspondence of the airfoils. As a result, it is clear that the flapwise motion
plays a key role in the definition of the local aerodynamic forces and that the
one-way coupling approach is unable to describe the resulting flapwise aerody-
namic damping.

Conversely, a positive edgewise motion would reduce the angle of attack, but
would increase the relative velocity magnitude (Figure . However, given the
large values of the rotational tangential velocity compared to the small edge-
wise velocities provided by the structural dynamics, the damping effect of the
edgewise motion is much smaller than the flapwise one.

Finally, the blades show a nose-down torsion (Fig mainly affected by
the tower unsteadiness and by the first torsional mode, observable in the high
frequency vibrations. The introduction of the torsional deformation in the angle
of attack thus reduces in general the aerodynamic forces and, as a consequence,
the mean deformations (Figure . However, except for the mean value of

the deformations, the torsional dynamics of the ALM/IV and ALM/IVT cases
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Figure 13: Time-averaged aerodynamic quantities along the blades: I) local incidence; II)
aerodynamic moment; IIT) flapwise aerodynamic force; IV) edgewise aerodynamic force. ALM
—, ALM/IV —, ALM/IVT —, B HAWC2, B Heinz [26]. The ALM curves are not visible
because they are exactly behind the ALM/IV curves.

The maximum absolute values of the time-averaged quantities used for the normalisations are:
[@|™** = 60deg, |M|™* = 2550 N, |F2|™%" = 6090 N/m, |F3|™%" = 622 N/m.

exhibits only minor differences in the first and last quarters of rotation, when

the blades rise after having passed in front of the tower.

4.8. Aerodynamic forces

Figure [[3] displays the time-averaged aerodynamic quantities along the span
of the blades: the local incidence in Figure [I3}I, the acrodynamic pitching mo-
ment in Figure[T3}H1, the lapwise aerodynamic force component in Figure [[3}11,
and the edgewise acrodynamic force component in Figure[I3HV. The results ob-
tained without torsion agree well with the analogous quantities reported in Heinz
[26] for the same mean hub velocity. We point out that, compared to this refer-
ence, radial discontinuities are present in our case in correspondence of the span-

wise transition from one type of airfoil to another. In fact, Heinz [26] adopted a
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Figure 14: Normalised standard deviation of the aerodynamic quantities along the blades:
I) local incidence; II) aerodynamic moment; III) flapwise aerodynamic force; IV) edgewise
aerodynamic force. ALM —, ALM/IV —, ALM/IVT —.

The maximum values of the standard deviations used for the normalisations are: o'* =
470 deg, o™ = 102N, oo = 435 N/m, oe% =104 N/m.

CFD-CSD approach with body-conformal meshes fitting the blades’ geometry.
As a result, the smooth 3D surface used by their RANS solver produced smooth
distributions of the airloads. On the other hand, the Actuator Line Model uses
two-dimensional airfoil data that are not always continuous along the span,
and that thus can produce different aerodynamic coefficients even for approx-
imately the same incidence (see Figure [L3{]). In fact, the ALM and ALM/IV
curves show that the coupling by means of the deformation velocity reduces
only slightly the mean incidence, and thus that the induced vibrations of this
case have almost a net zero effect for what concerns the aerodynamic forces. On
the other hand, the torsional deformation in ALM/IVT, mainly ascribable to
the first torsional mode, imposes a monotonically increasing nose-down torsion,

which significantly reduces the aerodynamic forces towards the tip of the blade.
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Despite the mild influence of the two-way coupling procedures on the time av-
erages, the standard deviation of the aerodynamic quantities along the blades
in Figure suggests that the [FSI] modifies the local statistics of the aerody-
namic forces, and that the structural motion reduces the dispersive effect of the
turbulent fluctuations, especially in the outward region of the blades where the
structural vibrations are more important.

To better understand the local behaviour of the aerodynamic loading, we
evaluated phase-averaged quantities, better suited than time-averaged ones for
describing the effect of the aeroelasticity. Figures [[5a] report the percentage
difference of the phase-averaged aerodynamic quantities of the ALM/IV case
with respect to the ones of the ALM case, normalised by the local values of the
ALM case itself. The contours show that, while the net effect of the fluctua-

tions is null, a relevant variation takes place in the fourth and last quadrant
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of revolution. The sudden and abrupt fluctuation of the flapwise deformation
velocity, induced by the presence of the tower, causes a relevant change in the
local angle of attack, which affects the aerodynamic forces and moment in turn.
In fact, by looking at the sign of the flapwise deformation velocity at the tip
in Figure [Ob] and at the sign of the relative difference of the incidence in Fig-
ure [[5al], it can be seen that the azimuthal regions in which the difference is
positive correspond to the regions with negative flapwise deformation velocity,
which is in accordance with the physical explanation reported in Figure

The distribution of the pitching moment (Figure IT) follows the be-
haviour imposed by the angle of attack, especially in the bottom part. However,
some differences are present. First of all, radial discontinuities reflect the transi-
tion from one type of airfoil to the other along the span, given the discontinuous
features in terms of pitching moment of the different airfoils, as shown also in
Heinz [26]. Second of all, an opposite behaviour is shown in the top part. For
the two-way coupled cases in this region, lower aerodynamic forces opposing the
fluid allow slightly larger velocities. Provided that the variation of incidence in
that region is limited and that the corresponding variation of the pitching mo-
ment coefficient is small, the effect of the local increase in the velocity prevails
according to Eq. [7] and produces a slight increase in (M) in the end.

Figures report the analogous percentage differences for the ALM/IVT
case with respect to the ALM case. In general, the behaviour is similar to the
one reported in Figures and the most significant variations are in corre-
spondence of the passage of the blades in front of the tower and in the fol-
lowing quadrant, although the nose-down torsion causes a general reduction of
all the aerodynamic quantities. Moreover, the reduced angular velocity of the
ALM/IVT case, caused by the smaller loading of the blades, increases slightly
the local angle of attack (Fig[I5P}H). This is particularly evident in the root
region, where the nose-down torsion is still small and thus there is a net in-
crease in the local incidence compared to the ALM case. However, proceeding
towards the tip, the torsional deformation becomes more important and affects

relevantly the distribution of the angle of attack. This causes a significant de-
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Figure 16: Phase-averaged incidence and flapwise aerodynamic force at radial positions from
the hub X1/L =0.75 and X1/L = 0.91. ALM —, ALM/IV —, ALM/IVT —

crease in the aerodynamic forces in the outer part of the blades, which are the
parts contributing the most to the the aerodynamic torque and thrust.
Finally, Figure reports the phase-averaged angle of attack and aerody-
namic flapwise force for some radial sections. Apart from the mean value, the
figure reveals also that the more complete structural state of the ALM/IVT
case introduces another small contribution to the general dynamics of the prob-
lem, as shown by the different recovery of the curves from the minimum in

correspondence of the tower.

4.4. Reactions

To complete the structural analysis of the results, we analyse the behaviour
of the root reactions. In particular, we name R; the reaction force along the i-th
axis of the structural Rp, and M} the reaction moment around the same
axis, with sign defined in accordance with the right-hand rule (see Figure [1)).
Figure reports the phase-averaged reactions and their correspondent time

averages for all the 6 in correspondence of the root. The curves confirm
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Figure 17: Phase-averaged root reaction components. Horizontal lines indicate the corre-
sponding time-averaged values. ALM —, ALM/IV —, ALM/IVT —.

The maximum absolute values of the phase-averaged quantities used for the normalisa-
tions are: |(R1)|™*® = 5.95-10° N, |{R2)|™** = 2.18 - 10° N, |(R3)|™** = 2.00 - 10° N,
[(ME)|mee = 9.77 - 10* N m, [(ME)|™a® = 4.58 - 106 N m, |[(MEF)|m* = 8.69 - 106 N m,

the predominance of the gravitational force on the axial and edgewise

(Figll7a] Fig[l7d and Fig[17¢|respectively), in spite of the torsional and flapwise
ones (Fig[l7d] Fig[i7b] and Fig[l7f respectively) which are more affected by

the aerodynamic forces, and thus are more influenced by the [FSI coupling.
Furthermore, the high mean value of the axial reaction component reveals the
almost constant centrifugal force acting radially.
In addition to generally reduced values because of the diminished aerodynamic
loads, the ALM/IVT case presents also a small phase shift after the tower
azimuthal position, where the torsional dynamics imposes a faster recovery of
the aerodynamic loads than in the ALM/IV case (see also Figure [7]). Finally,
the time-averaged values differ only in the ALM/IVT case, and are in line with
other studies with similar flow conditions [44], confirming the general validity
of our model.

Given the highly unsteady loads imposed by the fluctuating wind conditions,

it is critical to evaluate the fatigue properties of the structure and to assess the
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Table 4: Percentage difference of root reaction DELs for the ALM/IV and ALM/IVT cases
with respect to the ALM case. The percentage difference for the generic root reaction compo-
nent R; is defined as AR;% = 100 - (DELgr, — DELZ"M)/DEL{EM | where DELR, is the
Damage Equivalent Load of the two-way coupled case considered, and DE‘LI’%iLM is that of
the one-way coupled case.

DEL | AR%  AR%  ARs% AM{'% AMFf% AMF%

ALM/IV 0.00% —-1419% +031% —2333% +0.74% —1557%
ALM/IVT | —0.17% — 8.68% +0.03% — 7.28% +041% —11.58%

effect of the aeroelastic coupling procedures on them. Among the different pos-

sible characterisations, a widely used measure of the impact of the fatigue loads

on the structure is the [Damage Equivalent Load (DEL)| [66], which represents

the amplitude of the single constant-rate alternating load that produces the
same total damage of the real load spectrum.

We evaluated the for the reactions of each case by means of the post-
processing tool MCrunch [67]. The tool counts the cycles by means of the
widely used rainflow counting algorithm [68], adopts the linear Palmgren-Miner
rule for damage accumulation [69], and uses standard S-N fitting curves to char-
acterise the material behaviour, for which we chose a constant slope, typical of
composite materials, equal to 10.

Table [ reports the percentage differences of the two-way coupled cases with
respect to the one-way coupled case. The results show that, in general, the
one-way coupled simulation overestimates the fluctuations of the loads, and
that the aerodynamic damping caused by the introduction of the deformation
velocity limits the low-frequency fluctuations of the blade loading. Furthermore,
the ALM/IVT case shows only a slightly larger than the ALM/IV case,
especially in the torsional root reaction component DEL(M{). In fact, the
direct influence of the high-frequency/small-amplitude torsional oscillation in
the ALM/IVT case induces fluctuations that are slightly more relevant for this
component, as shown in Figure On the other hand, the small amplitude
of the torsional angle fluctuations in this case is insufficient to affect the low

frequency unsteadiness of the gravity and the aerodynamic loads in edgewise
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Figure 18: Time-averaged streamwise velocity on a vertical slice through the wind turbine
centre (left) and on a horizontal slice at hub height (right).

and flapwise directions respectively.

4.5. Fluid flow analysis

As a final step, we analyse the fluid variables. Figure shows the time-
averaged streamwise velocity component on a vertical slice through the turbine
centre and on a horizontal slice at hub height for the three cases. In the vertical
plane, it can be seen that the action of the blades decelerates the flow, while
the tower induces a recirculation region behind the turbine, which thus breaks
the symmetry of the flow between the bottom and the top part of the rotor. In
particular, the region of reversed flow is divided into three parts: a lower part,
behind the section of the tower uncovered by the blades, an intermediate part,
behind the section of the tower covered by the external half of the rotor, and a
higher part, behind the nacelle and the section of the tower covered by the inter-

nal half of the rotor. While the bottom part is only affected by the undisturbed
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flow, the intermediate part is influenced by the presence of the blades, and in-
deed its longitudinal extent is reduced by the upstream deceleration imposed by
the rotor to the fluid. Finally, the higher part has again a larger extent, because
of the larger longitudinal size of the nacelle compared to the tower, and because
of the higher fluid velocity at hub height and above.

Furthermore, an asymmetric behaviour of the wake is shown also in the
horizontal plane. In fact, the tower and the nacelle obstruct the flow and induce
a Von Karman vortex street, which is tilted by the helical motion given by the
revolution of the blades, as already shown in Santoni et al. [57].

However, from the comparison of the three cases, no significant difference can
be observed, except for some very small quantitative changes in the ALM/IVT
case caused by the reduced aerodynamic forces.

Finally, we compare the instantaneous coherent structures of the flow for a
generic instant with ® = 90°, represented by means of the Q-criterion [70] in
Figure The root vortices generated close to the hub are promptly disrupted
by their interaction with the wake of the nacelle, whereas the tip vortices are
dissipated after approximately one diameter from the tower. As expected, the
mild wind shear imposed, and thus the different convection velocity of the vor-
tices at different heights, causes only a modest change in slope of the helical
structures in the wake that is slightly visible from the lateral views. On the
horizontal slice at the tower base instead, it is possible to appreciate the trace
of the induced Von Kérman vortex street generated by the tower obstruction.
The comparison of the isosurfaces in Figure [19shows that the three cases under
study are essentially similar. However, as we already commented, the reduced
forces along the blades in the ALM/IVT case cause thinner and less intense
tip vortices. Moreover, the reduced angular velocity increased the pitch of the
helical wake structure.

Ultimately, we can conclude that our simulations suggests that from the
point of view of the fluid dynamics, the aeroelastic coupling for the reference

turbine under study has a small effect, limited to the very near wake only.
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(b) ALM/IV

(c) ALM/IVT

Figure 19: Instantaneous isosurface of the Q-criterion variable coloured by the streamwise
velocity. Three-point perspective projection of the field on the left, and lateral view on the
x — y plane on the right.

5. Conclusions

In this work, we presented a novel high-fidelity CFD-CSD model for the

study of the aeroelastic response of wind turbines. The CFD solver adopts an
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[CES] approach modelling the rotor by means of the Actuator Line Model, and
the tower and the nacelle by means of an Immersed Boundary Method. On the
other hand, the CSD solver adopts a modal approach modelling the blades only
as rotating cantilever beams, and includes the inertial effects in modal basis
by means of the method followed by Saltari et al [6I]. The coupling adopted
is loose and staggered, to avoid undermining the computational efficiency of
the complete coupled scheme, and takes advantage of the sectional evaluation
of the aerodynamic forces of [ALM] which thus provides a natural and efficient
interface between the two physical subproblems.

Hence, for the NREL 5 MW wind turbine under turbulent sheared conditions,
we compared the results of three sets of simulations that we named ALM,
ALM/IV, and ALM/IVT. In the first case, we considered only a one-way cou-
pling approach in which the [LES] solver provided the aerodynamic loading to
the structural solver running in parallel; in the second case, we introduced in
the definition of the local angle of attack a first structural feedback, made of
the instantaneous bending deformation velocity in and out of the plane; in the
third case, we added also the instantaneous torsional deformation caused by the
unsteady loads to the structural feedback.

The results show that:

e The dynamics of the deformation velocity introduces an important varia-
tion in terms of power production, loads distribution, structural dynamics
and fatigue properties. In particular, the dynamics of the flapwise defor-
mation velocity introduces a relevant aeroelastic damping that the one-way
coupled simulations are not able to capture. The effect of the edgewise
deformation velocity, instead, besides being ambiguous, is overshadowed

by the larger rotational velocity.

e The effect of the torsional dynamics in the ALM/IVT case, often neglected
in the literature, impacts significantly the estimated performances. In
particular, the mean nose-down deformation of the blades reduces the

aerodynamic loads, which thus suggests an overestimation of the generated
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power when adopting one-way coupled simulations. The dynamic effect of
the torsional fluctuations instead is in general modest and, although some
small effects on the other and on the root reactions start to be visible,
the amplitude of the vibrations is still not sufficient to cause substantial
differences for the turbine considered. However, different studies [34] have
shown that the NREL 5 MW wind turbine has rather stiff blades. Thus, for
longer and more flexible blades, it is not excluded that torsional dynamics

could play a more influential role in [FSI

The presence of the tower is key to predicting correctly the fluid and struc-
tural dynamics. On the one hand, it breaks the symmetry of the fluid field
and the coherence of the wake structures; on the other hand, it is the main
source of unsteadiness in the structural dynamics. Moreover, the reduced
aerodynamic loads caused by the tower draw attention to the the effect of
the aeroelastic coupling, which is amplified by the large vibrations of the
structure in the quarter of revolution following the tower itself. However,
given the strong influence of the various features of the atmospheric flow
on the turbine performance [71],[72], further in-depth analysis must be car-
ried out to better characterise the turbine aeroelastic response for different
and more realistic turbulent inflows. Indeed, turbulence intensity in our
cases was rather low, and more intense turbulent structures could affect
significantly the coupled dynamics and even dominate the tower-induced

unsteadiness.

The flapwise and the torsional vibrations are those more affected by the
aerodynamic loads and thus by the coupling mechanisms under study.
On the contrary, the axial and edgewise are mainly affected by the
gravitational force, given the large mass of each blade, as shown also in

other works [28].

While the structural dynamics, the aerodynamic loads, and the wind tur-
bine coefficients show the effects of the different coupling procedures, the

fluid field quantities are less or in no way sensitive to them.
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The time-averaged results were in general in good agreement with similar
studies with different techniques, but the inherent features of our high-fidelity
CFD-CSD approach accurately provided additional information also on the un-
steady and distinct effects of the coupling procedures. The present work thus
explicitly assessed the unsteady impact of the aeroelastic mechanisms on a
utility-scale wind turbine under turbulent operative conditions, simulated by
means of a simplified but accurate numerical rotor modelling.

Moreover, several studies [73, [74] have demonstrated the capability of LES
solvers to simulate numerically the effects of the fluid interaction between tur-
bines in realistic layouts of wind farms, but under the assumption of rigid struc-
tures. The presented method will allow us in future works to assess also the
aeroelastic effects on the loading of the turbines in similar waked operational
regimes. Finally, experimental measurements [75] have shown the effects, also
for wind turbine blades, of the complex and 3D unsteady aerodynamics. Under
highly variable operational conditions and turbulent inflows, it is thus reason-
able to think that our future implementation of a dynamic stall model could

potentially affect also the aeroelastic interaction.
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Appendix A. Derivation of the fully-coupled equations of motion for
a moving flexible blade

The general fully-coupled equations of motion for a rotating flexible blade are
here obtained from a weak formulation of the Cauchy’s equation, also known

as virtual work principle, that includes the rigid-body and the linear elastic
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dynamics. By multiplying the Cauchy equations by a generic virtual displace-
ment dx for a flexible continuous structure, and by integrating on the volume

V occupied by the structure, we obtain

[l o= [0 s [ 5. 550
(A1

1)
where as = Dv/Dt is the body acceleration, f, and ts are the external forces
per unit volume and surface, T's is the stress tensor in the body, dE is the
virtual strain increment tensor, and S is the exterior surface of the structural
volume V.

The virtual displacement dx is expressed as a combination of the elastic
motion and the rigid-body motion of the generic point at distance r from the
centre O’ of the relative m which moves with angular speed €2 and Q with
respect to the fixed fixed in O. In our case, for example, O’ corresponds
to the root of the blade, and O corresponds to the centre of the hub. Thus, we
have that

)
dx =dxo +00 X1+ Z g™, (A.2)

n=1
where dxp/ + 60O X r is the virtual rigid-body motion contribution, made up of a
translational part and a (rigid) rotational part, whereas the last contribution is
the virtual elastic deformation dd, described in terms of shape functions ™ ().

Hence, the first term on the left-hand side can be expressed as

dxor - -///vpsad]/+59~///vpsr X adV—i—i(;qn ///vpsa~1,b"dv, (A.3)
n=1

and then the three integrals in the above formula can be recast as follows:

e according to the Reynolds transport theorem, the first integral becomes

Dv _d _ dvig
///v psﬁdv = &///v psvdV = my & (A.4)

where my is the total mass of the body and v is the absolute velocity of

47



867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

the centre of mass.

By defining the relative velocity with respect to the centre of mass v/ =
v — vg, and the position of the centre of mass of the structure in the

relative[FOR] ror @, such that 7 = rosg + 74, the second integral becomes

///psrx—dvf
///VpgrolgdeJr///pgrg —dV =
(N
:rofcx///ps@dl)—k///vm%(rgxv’)dV:

where hg is the angular momentum of the structure with respect to the

centre of mass.

In the last integral, we can express the absolute acceleration a in terms

of its components when described in the moving [FOR}

a= Areil  + @07 + QX (XX Tper) + QX Trep +2Q X Vper, (A.6)
—~— ~ —— —— ~——
Relative acc. O’ acc. Centrifugal acc. Euler acc. Coriolis acc.

where r,e1, Vret and a,e; are respectively the position, the velocity and
the acceleration of a generic point in the relative [FOR] aor is the accel-
eration of the origin O’ with respect to the origin of the fixed O
Q X (2 X rper) is the centrifugal acceleration, ‘11? X Tpey 18 the Euler ac-
celeration, and 2€2 X v, is the Coriolis acceleration.

By assuming undeformable tower and nacelle, the moving origin acceler-
ation is determined only by the angular speed and acceleration, and its

undeformed position Ro:

dRo/
dt

ao = =QxRo +Qx(Q2xRo). (A7)
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Given the distributive property of the vector product over addition, we
can group these two terms in the Euler and centrifugal acceleration terms
respectively, where we use r = Ro» + Ro'p +d = Rop + d. Moreover,
we have that v, = d, and Gpep = d.

Thus, by leveraging the vector triple product formula, the n-th term from

the centrifugal term gives:
// ps x (A xr)-9p"dV =
%
:—Q.sym{///vps [(Rop-v"™)I— Rop ® "] dV} Q4+
_ Q. < MM — ™ " avy Q m =
S a-sm{ [[[ o167 w19 0w av] ag

= _efl + Z K’ri?nq"’M

m=1

(A.8)

by leveraging the scalar triple product, the n-th term from the Euler term

///Vps<ﬂ><r)~'¢”dvz
=Q-//Aps<Ropx¢">dV+

+§:Q-///Vps(¢m><¢")d\fqm=

9]
Eu E Eu
= —€, + Knmqm7
m=1

gives:

(A.9)
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the n-th term from the Coriolis term gives:

///\2/)82 (2 X Vper) - p"dV =

_ i ///Vp (™ ") AV Gy = (A.10)
= iDc"qm,

the n-th term from the relative acceleration term gives:

/// Ps@re - P" AV = ZMnmqm. (A.11)

m=1

The projection on the virtual displacement of the first two terms of the right-

hand side of Eq. gives us the action of the external forces:

/// Psfs~5wdv+// ts~(5:ndS:fT~6wo/+mo/-6®+Zen6qn. (A.12)
v S n=1

where fp and mos are the resulting force and moment respectively acting on
the structure.
On the other hand, by assuming a linear elastic solid, the last term expresses

the structural stiffness contribution to the elastic dynamics

/// To:0EdV,= Z Z KnmmOn - (A.13)

n=1m=1

Finally, we obtain the following form of Eq.

d d dh
(mt J¢ fT> “dxor + (mt rog X % + Tf - mo') 6O+

Z oqn, { Z MG + Dgan + (Kmn + Kﬁm + KEu) m] +

m=1

—e, — € — ef"} (A.14)
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For a general displacement, the fully-coupled equations for a moving flexible

body are
d’UG
dv dh dh
my rorg X Tf + TtG = Mmoo —— Tf = mg (A].G)

7 [Mumiin + DS + (K + K& + KES) ] = €n + €5 + B (A17)
m=1
The above equations fully account for the two-way coupling between the elastic
and the rigid-body motion, by means of the inertial coupling terms in the elastic
dynamics and by means of the modifications of the inertia caused by the elastic
displacement. However, as stated above, we neglect the latter effect, and we
consider only the one-way coupling in the elastic dynamics.

The local offset of the centre of mass of each section with respect to the
neutral axis is included in the mass matrix by means of the method presented
in Reschke [60], which adds diagonal and off-diagonal terms to the lumped mass
matrix used in this study.

To represent the inertial coupling terms in Eq. we use a discretisation
approach similar to Saltari et al. [61], although in our case the origin is centred
at the root of each blade and not in the centre of mass of the structure as in
the original reference. The only information required by this method can be
obtained from the finite element model of the structure. The main steps of the

method are:

1. the integrals in the inertial coupling terms are split up as a sum of integrals
on complementary subvolumes V; with ¢ = 1,... N, where N is the number
of nodes of the structure. The absolute vector decomposition Rop, =
R, + (¢ identifies each generic point in the i-th subvolume, where R, is
the absolute vector position of the centre of mass of V.

2. The following inertia properties of the subvolumes are inferred from the
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finite element model:

m; = ///Vipsdv, (A.18)
do= [ oec-en-coqo= [[[ pc-orave,

where J 37: is the local inertia tensor J,, with respect to the local centre

of mass minus half of its trace.

. The local displacement field of the n-th mode shape ™|, is assumed to

be locally described by the rigid-body kinematics:

Y, = b

9i+1/)7‘

5 <€ (A.20)

where ;| -and 97|, are, respectively, the displacement and the rotation
associated with the n-th eigenmode of the structure at the centre of mass
of the i-th subvolume. For the sake of brevity, we neglect the g; subscript

in the following.

By following the approach presented, it is possible to obtain the following dis-

cretised terms:

e centrifugal terms:

N
Ko~ 030 L {27 - 97) T~ 9 @ 4" — 47" 0 9] +
=1

(A.21)
2 [ A, (A IS )] T— AT A — AL TS AL Q
N
C 1 n n n
en = QZi{mZ [Q(Rgi "lpt)I_R!]i ®'¢'t _1/’15 ®R9J+
i=1 (A.22)

s [
+An Jgi - ']gi ‘A”} 2
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e Euler terms:

N
KU~ —Q ) [map] x by = I, (47! x )] (A.23)
=1
X N
el = =Y [miRy, x Y] (A.24)
=1
e Coriolis terms:
N
DOo ~ =2 [my ) x = I0 () x )] (A.25)

i=1

where A, and A, are the skew-symmetric operators associated with the local

rotation ;" and ;..
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