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Abstract

Growing horizontal axis wind turbines are increasingly exposed to significant sources

of unsteadiness, such as tower shadowing, yawed or waked conditions and environ-

mental effects. Due to increased dimensions, the use of steady tabulated airfoil coef-

ficients to determine the airloads along long blades can be questioned in those

numerical fluid models that do not have the sufficient resolution to solve explicitly

and dynamically the flow close to the blade. Various models exist to describe

unsteady aerodynamics (UA). However, they have been mainly implemented in engi-

neering models, which lack the complete capability of describing the unsteady and

multiscale nature of wind energy. To improve the description of the blades' aerody-

namic response, a 2D unsteady aerodynamics model is used in this work to estimate

the airloads of the actuator line model in our fluid–structure interaction (FSI) solver,

based on 3D large eddy simulation. At each section along the actuator lines, a semi-

empirical Beddoes-Leishman model includes the effects of noncirculatory terms,

unsteady trailing edge separation, and dynamic stall in the dynamic evaluation of the

airfoils' aerodynamic coefficients. The aeroelastic response of a utility-scale wind tur-

bine under uniform, laminar and turbulent, sheared inflows is examined with one-

and two-way FSI coupling between the blades' structural dynamics and local airloads,

with and without the enhanced aerodynamics' description. The results show that the

external half of the blade is dominated by aeroelastic effects, whereas the internal

one is dominated by significant UA phenomena, which was possible to represent only

thanks to the additional model implemented.

K E YWORD S
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1 | INTRODUCTION

To increase the competitiveness of wind energy, it is fundamental that high-fidelity computational frameworks model progressively all the physi-

cal phenomena of real wind turbines.1 Among the various aspects, wind turbines' aerodynamics is crucial and subjected to many sources of
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unsteadiness, such as tower shadowing, yawed conditions, mutual interaction between turbines and fluctuations due to turbulence, topography

and atmospheric stability (see Figure 1 for a summary of the various aerodynamic sources). Moreover, the unsteady environment forces the

blades' vibration, affecting the aeroelastic response of the wind turbine and in particular of the blades.

It is clear that transient phenomena in the aerodynamics can potentially affect wind turbines, and thus that they should be considered in the

numerical modelling. Many studies have highlighted the critical importance of unsteady aerodynamics (UA) phenomena for vertical axis wind tur-

bines (VAWTs).2,3 However, several works confirmed that one must include UA also for horizontal axis wind turbines (HAWTs) to accurately pre-

dict the response of the wind turbine, especially if stall-regulated.4,5 For example, phenomena like dynamic stall can critically affect the

aerodynamic damping limiting the structural vibrations in well-designed rotor blades.6 Moreover, researchers showed that neglecting UA gener-

ates nonexisting flapwise vibrations7 and that instantaneous aerodynamics in aeroelastic codes can be defective when calculating stalled rotor

dynamic performance.8 Although pitching control reduces the severe load fluctuations due to flow separation, Leishman9 underlined that load

hysteresis with respect to quasi-steady values is observable also if the flow remains attached.

To quantify the degree of unsteadiness of the aerodynamic force on an airfoil of semi-chord b¼ c=2, oscillating at an angular frequency ω in a

flow with velocity U, the so called reduced frequency k is usually introduced:

k :¼ωb
U

¼ ωc
2U

: ð1Þ

According to Leishman,10 flow unsteadiness can not be neglected if k >0:05, with highly unsteady effects for k >0:2. Vijayakumar et al11

reported the reduced frequency along the blades of three wind turbines for two typical forcing conditions (Figure 1). It can be seen that for larger

wind turbines, flow unsteadiness may become dominant along the entire blade, with severe UA phenomena occurring in the region close to the

hub. In fact, by assuming only a slight increase in the tip velocity of the new blades (observed in the latest models) while increasing the rotor diam-

eter, the velocity along a large portion of the span must decrease. Even if the rated rotor speed for larger wind turbines is smaller, this decrease

together with the increase in size of the airfoils due to larger blades finally result in an increase of the reduced frequency for forcings easily experi-

enced by the blades. Moreover, induced structural vibrations can cause further unsteadiness, resulting in a nontrivial fluid–structure interaction

(FSI), which one should monitor carefully.

Finally, although the Mach number M¼U=a is small and the characteristic unsteadiness frequencies are much smaller than the sonic velocity

(Mk < <1), the possibility of high-k phenomena together with the mild increase in the tip Mach number (below 0.3 in any case), due to rotor

upscaling,12 also signal the potential role of compressibility in UA and for large turbines in general, as highlighted by Yan and Archer.13

With computational fluid dynamics (CFD) methods, solving the Navier–Stokes equations allows a proper description of the blades' vorticity

shed in the wake. If an appropriate wall-resolved approach with body-fitted grids was then used to solve the flow close to the blades,14,15 the

local and transient response of the boundary layer and its separation would also be described properly. However, the large computational cost

required by high-fidelity CFD methods like large eddy simulation (LES),16 makes this approach currently impractical or at most feasible for one sin-

gle small turbine.17 To simulate the large range of scales in the wind energy problem, generalised actuator disc models (GADMs) are commonly

used.18,19 These methods remove the actual solid boundaries of the blades from the fluid domain—and the computational burden related to the

necessary fine wall-resolution—and mimic their presence through additional body forces in the Navier–Stokes equations. The body forces are

determined by a 2D blade-element approach usually employing steady tabulated data of the airfoil coefficients from wind tunnel measurements.

However, this widely adopted approach prevents a complete representation of the transient aerodynamic response of the blade section, which

should depend in principle on the complete history of the local Angle of Attack (AoA) and on the complex response of the blade boundary layer.

As a result, although GADMs allow an efficient representation of the blades, the insufficient resolution around the airfoil and its simplified

F IGURE 1 Possible aerodynamic sources of unsteadiness for wind turbines' blades (left).9 Reduced frequencies along the blades of three
wind turbines of increasing dimensions and capacities (right).11 The reduced frequency is defined on the basis of the revolution frequency
(dashed) and of three times the revolution frequency (solid)
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representation prevent a complete estimation of the aerodynamic loads or airloads. For example, because of dynamic stall phenomena or non-

circulatory contributions (see below), the lift coefficient can overcome temporarily its expected value at static stall, depending on the history of

the incoming velocity magnitude and direction. However, even by modifying in some way the induced AoA, tabulated airfoil data would never be

able to predict the real value, since they are constrained by definition on the steady lift coefficient polar.

The UA phenomena on a 2D airfoil can be classified depending on whether the flow is attached, mildly separated or largely separated. Addi-

tional three-dimensional effects due to finite span, rotation and local sweep can alter the airloads too. However, although blades' upscaling could

make them more relevant, these three effects have been demonstrated not to be crucial on current wind turbines,20–23 and so are typically

neglected in the majority of the UA models.

Seminal papers24–29 provided the basis for UA models of 2D airfoils under fully attached flow conditions, mostly in the frequency domain,

and showed that high-frequency fluctuations of the AoA can produce significant differences in the airloads relative to their corresponding quasi-

steady values. However, time domain formulations are more useful for a generic forcing. According to the indicial response method, the loading

response to a generic history of the AoA is expressed as the superposition of fundamental indicial aerodynamic responses. With the indicial

response ϕ on a thin airfoil undergoing a step change in the AoA α (the Wagner function25), the circulatory part of the lift, which keeps memory of

the complete history of the shed wake, is estimated by a Duhamel convolution integral that defines an instantaneous effective AoA. In addition, an

apparent mass or noncirculatory part must also consider the pressure forces required to accelerate the fluid close to the airfoil. This term is derived

with different indicial functions30 and can lead to strong impulsive contributions related to the time derivatives of AoA and pitching rate.31

As the AoA increases, however, flow separates unavoidably from the leading or from the trailing edge.

For the latter case, the degree of separation is usually quantified by the nondimensional distance f, such that cf indicates where the separa-

tion starts (Figure 2). Usually, f is a function of the AoA, approximated analytically or inferred from steady airfoil data. To model the trailing edge

separation, the Kirchhoff 2D plate theory32,33 is typically adopted. According to this model, the normal and chordwise force coefficients, Cn andCc,

respectively (Figure 2), are expressed as a function of the separation point f and of the attached coefficients for a given AoA. However, if UA is

considered, also the degree of separation needs some time to reach its steady value, and hence, the dynamics off must be considered to include

the transient boundary layer response.

Under certain conditions, separation can also start from the leading edge. This phenomenon, the dynamic stall, can influence dramatically the

lifting properties of the airfoil, and although its complete understanding is still missing,34 it is widely accepted that it occurs when the effective α

varies above and around the static stall angle. The main feature is the development of a leading-edge vortex (LEV):10 at high angles of attack, the

high adverse pressure gradient at the leading edge induces the formation of a vortex that travels progressively along the suction side, prolonging

the attached region, until it leaves the trailing edge. The additional lift can produce even 100% overshoots in the maximum lift with an abrupt stall

and a large hysteresis in flow reattachment.

The modelling of UA phenomena is still challenging, and researchers agree that at present, a universal UA model does not exist. Even if data-

driven methods are promising,31 the most commonly used approach still consists in using semi-empirical models based mainly on the thin-airfoil

theory and involving several—more or less—physical–empirical coefficients. Despite being mainly developed for helicopters, several studies

proved the ability of these models to describe also wind energy airfoils. The most famous ones are as follows: the ONERA model,35 the Risø/

Hansen model,36 the Larsen model37 and the Beddoes–Leishman model.38 Among them, the latter is undoubtedly the most complete and

widespread.

Despite their potential role especially for increasingly long blades, UA models are usually used only in blade element momentum (BEM)

solvers and are typically neglected in those state-of-the-art CFD solvers for HAWTs that cannot afford the necessary resolution to solve explicitly

F IGURE 2 Different components of the aerodynamic force F for a generic airfoil. Fn and Fc are the normal and tangent components, while Fl
and Fd are the lift and drag components. M is the pitching moment. The nondimensional distance f locates the separation point along the chord

DELLA POSTA ET AL. 3
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the blades' boundary layer, for example, CFD-GADM solvers, leading to an incomplete description of the local aerodynamic response. In fact, only

few studies can be found in the literature trying to implement UA models in GADMs, like the actuator line model (ALM), and they mainly deal with

VAWTs,2,39 with only a very recent work of Spyropoulos et al40 in the field of HAWTs. However, despite the wide use of validated and calibrated

models, the BEM theory relies always on a description of the fluid dynamics that is simplified in comparison with the filtered Navier–Stokes equa-

tions solved by the LES approach. At most, potential methods41 have been similarly used to generate the velocity and AoA in correspondence of

the blades, but we think that it is undeniable that if one wants to better characterise the unsteadiness and nonlinearities of the flow field around

a wind turbine, exploiting CFD to go beyond the momentum theory usually at the basis of BEM is appealing.

Hence, in this work, we present the implementation of a Beddoes and Leishman (BL) model in our CFD-based FSI solver42 to complete the

description of the 2D aerodynamic response of the blade and to assess its distinct effect on a reference utility-scale wind turbine. Our FSI solver

is one of the few in the wind energy literature that is able to join the capabilities of a modal computational structural dynamics (CSD) model with

those of an LES fluid model (CFD-CSD method), by exploiting the formulation of a GADM. To characterise the UA effects, we carried out differ-

ent sets of simulations, with uniform laminar and turbulent sheared inflows and with both rigid and flexible blades.

The paper is organised as follows: Section 2 presents the numerical methodology, including the UA model; Section 3 describes the setup of

our simulations, while Section 4 discusses the results; finally, Section 5 highlights the main outcomes of the work.

2 | METHODOLOGY

We present here the methodology used for the simulations. First, we describe our FSI solver and then the added UA model.

2.1 | FSI solver

Our in-house CFD-CSD methodology is based on a two-way coupling procedure between an LES fluid solver and a modal beam-like structural

solver, exploiting the representation of the blades in the fluid domain provided by the ALM. As a result, we are able to describe the resulting fluid

field with the accuracy of a feasible high-fidelity CFD method, and at the same time, to represent the instantaneous aeroelastic response of the

blades by means of an efficient modal CSD method. For further details, see Della Posta et al,42 where a validation study is also available.

2.1.1 | Fluid model

The flow solver is based on a LES approach for the incompressible Navier–Stokes equations.43 By adopting the Einstein notation to indicate the

components along the xi axes of the fixed frame of reference (FOR) Re (Figure 3), the filtered governing equations are as follows:

F IGURE 3 Different frames of reference used in the model.42 The frame RE rotates rigidly around the hub centre O of the blades' azimuthal
angle Θ (positive counterclockwise). E2 is constantly directed as the positive streamwise direction. At the generic section P, the pretwist ϕ and the
instantaneous angular deformation θ (only torsion is shown for simplicity) define the local frame of reference RΣ in which the effective Angle of
Attack (AoA) is defined. The different components of the generic velocity vector are shown

4 DELLA POSTA ET AL.
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∂~ui
∂xi

¼0, ð2Þ

∂~ui
∂t

þ ∂~ui~uj
∂xj

¼� ∂p
∂xi

þ 1
Re

∂~ui
∂xj∂xi

� ∂τdij
∂xj

þ fti , ð3Þ

where we indicate with ~ui the filtered velocity components; with p the modified pressure, sum of the filtered pressure ~p and of the isotropic part

of the Subgrid-Scale (SGS) tensor τij ¼guiuj�~ui~uj ¼ τdij þ 1
3τkkδij, which is modelled by the Smagorinsky model44; with Re the Reynolds number based

on the rotor diameter D, the undisturbed inflow velocity U and the kinematic viscosity of the air ν; with fti the components of the body forces of

the turbine modelling. The rotor inside the fluid domain is modelled by the Actuator LineModel (ALM),45 whereas an Immersed Boundary Method

(IBM) procedure, validated in Santoni et al,46 is used for the tower and the nacelle (see Appendix A1). In compliance with the literature,47 the

spreading parameter ϵ is twice ΔðΔ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx21þΔx22þΔx23

q
, Δxi ¼0:84m in the isotropic mesh region), and approximately 0.85 the average chord of

the blade considered (c≈3:47m). Furthermore, as suggested by Martínez-Tossas et al,48 a time step constraint is imposed to obtain a smooth

application of the actuator body force, such that the actuator line does not span more than one grid cell per time step.

Finite differences are used to discretise the governing equations on an orthogonal staggered grid to prevent odd-even decoupling between

pressure and velocity. A fractional step method enforces the incompressibility and allows the evaluation of the pressure, while a hybrid third-order

low-storage Runge–Kutta (RK) scheme advances the solution in time, treating implicitly the viscous linear terms and explicitly the remaining

nonlinear terms. Second-order accurate, central schemes approximate the space derivative. The code is written in Fortran and is parallelised

through the message passing interface (MPI) paradigm.

2.1.2 | Structural model

Since the rotor blades are the most flexible and aerodynamically relevant components of the wind turbine,49 while the tower and the shaft are

rather stiff, the structural model assumes that the only flexible elements are the blades, following a simplified approach widely used in the litera-

ture.50,51 In particular, they are modelled as rotating cantilevered beams clamped at the rotor hub, with small deformations with respect to a rela-

tive right-handed FOR RE (Figure 3), where E1 is the direction of the pitching axis, coincident with the neutral axis of the blade passing through

the quarter of chord,52 E2 is the out-of-plane—or flapwise—direction, pointing at the positive streamwise direction and E3 is the in-plane—or

edgewise—direction.

Under the assumption of linearity, the elastic generalised displacement d, which includes translational di and rotational θi degrees of freedom

(DOFs), can be decomposed along the neutral axis coordinate X1 as follows:

d X1, tð Þ¼
XM
m¼1

qmðtÞψm X1ð Þ, ð4Þ

with ψm X1ð Þ being the m-th elastic mode shape from the modal analysis of the structure, qm being the corresponding modal coordinate and M

being the number of modes considered. Given the decomposition of d in the FORRE , d2 and d3 are the flapwise and edgewise displacement com-

ponents, respectively.

The effect of the generic motion of the FOR on the relative structural dynamics (one-way inertial coupling, since we assumed that the blade

deformation does not modify the rotor inertia) is included in modal basis by means of the methodology introduced in Reschke53 and further devel-

oped for the case of wind energy in Della Posta et al.42 Through this method, which exploits the decomposition of the acceleration in a moving

FOR in the virtual work principle, we obtained a system of elastic equations with additional stiffening, damping and loading terms depending on

the angular velocity and acceleration of the rotating FOR (which are determined by means of Equation (A4); see Appendix A1), so that

M€qþ½DþDCo Ωð Þ� _qþ½KþKc Ωð ÞþKEuð _ΩÞ�q¼ eþec Ωð ÞþeEuð _ΩÞ, ð5Þ

where M, D and K are the modal structural mass, damping and stiffness matrices, respectively, and e are the external loads in modal basis, includ-

ing gravity and aerodynamics. The remaining terms are inherently related to the various contributions to the acceleration in a moving FOR: terms

with the superscript Co, c and Eu are related, respectively, to the Coriolis, centrifugal and Euler accelerations. The discrete evaluation of the addi-

tional inertial terms in Equation (5) is expressed as a function only of the information known from the structure finite-element method (FEM)

model and from the corresponding mode shapes, according to Saltari et al.54 With the present modal approach, if one considers modal displace-

ment, deformation velocity and acceleration and given the modal shapes of the structure, the total number of variables handled at runtime for the

structural dynamics of each blade is equal to 3 �M, which is usually a very small number.

DELLA POSTA ET AL. 5
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For the modal analysis, the finite element model of the blade used was based on complete beam elements with 6 DOFs, with Euler–Bernoulli

behaviour for edgewise and flapwise bending and linear shape functions for axial and torsional deformations.55 The second-order accurate

generalised-α method56 advances the solution in time.

2.1.3 | FSI model

The two-way coupling aeroelastic model exploits the ALM sectional approach by locally modifying the AoA and the relative velocity according to

the instantaneous blade motion given by the structural dynamics. The interested reader can refer to Della Posta et al42 for further information

about the coupling procedure. Here in the following, we report only a short summary of the method.

The method uses a loose partitioned coupling,57 which proved to be sufficient for wind energy,58 and joins the two independent or partitioned

solvers running in parallel through a parallel staggered algorithm.59 In particular, the distribution of the AoA along each blade is evaluated not only

as a function of the velocity field from the fluid solver and of the angular velocity from the rotor dynamics but also as a function of the instanta-

neous elastic state (see Equation (7)). The latter is in general made of the deformation velocity v¼ _d and of the local vector of the deformation

angles θ (torsion and bendings) coming from the structural solver, which is forced by the updated aerodynamic forces.

The algorithm limits the interfield communications only at the beginning of each RK substep and so is highly efficient from a computational

point of view. Although the method is not exactly conservative, as almost all partitioned methods,60,61 Farhat and Lesoinne59,62 showed that by

using a sufficiently small time step, the partitioned algorithm adopted introduces negligible errors compared with more complex coupling algo-

rithms that have superior accuracy and conservation properties57 but that require consecutive re-evaluations of the structural and fluid solvers to

improve the estimation of the aerodynamic forces and of the elastic state. In fact, the stringent time step limitation required by ALM, mentioned

in Section 2.1.1, imposes a time step that is much smaller than the one required by the dominant structural unsteadiness of the blades and proved

also to be sufficient for the complete FSI algorithm to avoid any kind of numerical instability in all our simulations. As a result, the knowledge of

the aerodynamic loading at the fine temporal resolution of the fluid scheme was used to increase the accuracy and stability of the structural

scheme and in general of the FSI algorithm, preserving the overall efficiency of the code.

Although the FSI implementation allows more general coupling approaches, following at first the assumption already used in other works,63,64

in this study, we consider a two-way coupling that includes the effect of the blade deformation velocity only. We decided to neglect also the

effect of the torsional dynamics on the basis of our previous results on the effect of torsion,42 which revealed the reduced dynamical effect of this

DOF for blades that are torsionally stiff like the ones considered in this work and given the questionable results obtained in terms of pitching

moment from the UA model (see Section 4.2). In general, the relative velocity for a moving blade can be written as follows:

Urel ¼~u�Ω�ROP�v, ð6Þ

where ~u is the filtered velocity from the fluid solver at the actuator line, ROP is the position vector pointing to the section considered and v is the

deformation velocity of the structure at that position. As a result, the relative velocity magnitude and the AoA used to determine the airload coef-

ficients (Equations (A1)) are as follows:

α¼ atan
Urel �E2
�Urel �E3

� �
�ϕ¼ atan

ð~u�vÞ �E2
Ωr�ð~u�vÞ �E3

� �
�ϕ,andUrel ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUrel �E2Þ2þðUrel �E3Þ2

q
, ð7Þ

where Ei are the versors of the relative FOR rotating with the structure RE , and hence, v2 ¼ v �E2 is the flapwise deformation velocity component,

and v3 ¼ v �E3 is the edgewise deformation velocity component.

Similar to other works,64,65 the simplified coupling procedure profits from the sectional 1D formulation of the ALM and avoids the complex

fluid–solid interface treatment with the associated kinematic and traction conditions.66 Moreover, the efficient coupling algorithm and structural

solver are able to preserve the overall computational efficiency, already loaded with the considerable expense of the LES.

2.2 | UA model

Given its completeness and extensive use in the literature, also for the wind turbine under study,67 we decided to implement the semi-empirical

model of Beddoes and Leishman38 to complete the description of the aerodynamic sectional forces in the ALM blade-element approach. Despite

the obvious limitations in the accuracy of a semi-empirical model36,37,68 and the use of constants that should be tuned to experimental data, the

model has a limited complexity but maintain a physical meaning and has proved to provide reliable results.23

6 DELLA POSTA ET AL.
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The specific implementation chosen for this work is based on the paper of Damiani and Hayman,67 to which we refer the reader for additional

information. The model relates the normal force, the chordwise force, and the pitching moment coefficients, Cn , Cc, and Cm respectively, to the

history of the AoA α, and its time derivatives _α and €α, normalised and approximated at time n by the backward finite difference expressions Kαn ¼
ðαn�αn�1Þ=Δt and Kqn ¼ðqn�qn�1Þ=Δt, where q¼ _αc=U is the pitch rate. The original method includes compressibility, and it is made of three

submodules modelling the unsteady attached flow response (pot contributions), the unsteady trailing edge separation (fs contributions) and the

dynamic stall (v contributions). The three aerodynamic coefficients are thus given by the following:

Cn ¼Cfs
n þCv

n ¼Cfs,c
n þCpot,nc

n þCv
n ð8aÞ

Cc ¼Cfs
c þCv

c ¼Cfs,c
c þCpot,nc

c þCv
n ð8bÞ

Cm ¼Cfs
mþCv

m ¼Cfs,c
m þCpot,nc

m þCv
m: ð8cÞ

The superscripts c and nc indicate the circulatory and noncirculatory components of the airloads. The total generic airload coefficient from the

module of the base attached flow response, Cpot
• , is given by the sum of the circulatory Cpot,c

• and noncirculatory Cpot,nc
• parts.

2.2.1 | Unsteady attached flow

According to the original model, the unsteady response of the attached flow is given by the superposition of indicial responses to step variations

in the forcing, defined by exponential circulatory and noncirculatory functions. However, since our method couples the UA module to an LES

solver, the shedding of the vorticity in the wake is already explicitly solved, and so the circulatory effects are already included in the local kinemat-

ics of the flow used to determine the instantaneous AoA. Moreover, the noncirculatory terms of the original—compressible—model tend to infi-

nite when the Mach number goes to zero. For this reason, to avoid too large concentrated forces especially close to the hub where velocities are

small, we used the incompressible Theodorsen theory69 to express the noncirculatory terms. The absence of compressibility effects makes the

added mass terms related only to the instantaneous value of the time derivatives of AoA.

According to the above assumptions, the circulatory part of the normal force is simply given by the following:

Cpot,c
n ¼Cnα

βM
ðα�α0Þ, ð9Þ

where Cc
nα is the slope of the linear portion of the Cn�α curve, βM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�M2

q
is the Prandtl–Glauert factor, α is the AoA from Equation (7) and α0

is the zero-lift AoA. The added mass terms in the normal force coefficient for arbitrary free-stream velocity fluctuations70 are instead:

Cpot,nc
n ¼ πb

U2
€hþdðUαÞ

dt
þ b
2
€α

� �
, ð10Þ

where b¼ c=2 is half the local chord, U is the relative velocity and h is the plunge displacement. The above equations has been discretised

adopting a backward finite-difference and assuming that the blade motion is already included in Equation (7).

On the other hand, since the noncirculatory part is not relevant for the drag (Cpot,nc
c ¼0),10 and the D'Alambert paradox imposes a null drag in

potential flows (Cc ¼Cn tanα), the chordwise force from the attached flow module is as follows:

Cpot
c ¼Cpot,c

n tanα: ð11Þ

The circulatory part of the total unsteady pitching moment for attached flow at the quarter of chord is instead given by:

Cpot,c
m ¼Cm0�Cnα

βM
ϕc
αðx̂ac�0:25Þ, ð12Þ

where x̂ac is the aerodynamic centre position from the leading edge, Cm0 is the pitching moment coefficient at zero lift and ϕc
α is the Jones' approx-

imation of the circulatory response function.71 We then express also the noncirculatory contributions of the pitching moment according to the

incompressible theory. In general, the added-mass terms of the pitching moment, referred to c=4, are as follows:

DELLA POSTA ET AL. 7
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Cnc
m ¼ π

2
� b€h

2U2
�3
8
b2€α

U2
þ

_h
U
þα

 !
: ð13Þ

2.2.2 | Unsteady trailing edge separation

The BL model describes then the dynamic flow separation at the trailing edge by means of the Kirchhoff's theory. On the basis of the modifica-

tions proposed by Moriarty and Hansen41 and Liu et al72 for large jαj, the normal and chordwise force coefficients are given by the following:

Cfs,c
n ¼Cpot,c

n

1þ signðfnÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
absðfnÞ

p
2

" #2
, ð14aÞ

Cfs,c
c ¼ ηeC

pot,c
c signðfcÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
absðfcÞ

p
tanα: ð14bÞ

where ηe is a recovery factor to consider viscous effects and fnðαÞ and fcðαÞ are the two separation point distance functions obtained by inverting

Equations (14a) and 14b using the experimental airfoil data. The procedure used to evaluate the actual separation points used in Equations (14) is

such to include the effects of the lagged response of the boundary layer dynamics in the circulatory force component.

As a first step, an effective separation point is interpolated on the α� fn curve in correspondence of an effective AoA αf incorporating the

unsteady pressure response. A first-order lag on Cpot
n thus evaluates an effective C0

n:

C0
n ¼Cpot

n �Dp withDpn ¼Dpn�1
expð�Δs=TpÞþðCpot

n,n �Cpot
n,n�1Þexp �Δs=ð2TpÞ½ �, ð15Þ

where Dp is a deficiency function, TP is an empirical time constant and s is the reduced time (s¼ Ð t0U=bdt). The effective AoA αf is thus:

αf ¼ C0
n

Cc
nα=βM

þα0: ð16Þ

Given the effective value of the separation point f 0 ¼ fnðαfÞ, the definitive separation point f 00 used for Equation (14a) is found by considering

the additional delay in the boundary layer response given by the deficiency function Df and regulated by an another empirical time constant Tf .

Analogously, one has the following:

f 00 ¼ f 0 �Df withDfn ¼Dfn�1 expð�Δs=TfÞþðf 0n� f 0n�1Þexp �Δs=ð2TfÞ½ �: ð17Þ

Once the separation point f 00 is estimated, one should invert the α� fn curve in correspondence of the f 00 value, to evaluate the value of the fc

curve at αðf 00Þ ¼ f�1
n ðf 00Þ. However, to avoid inverting the noninjective function fnðαÞ, inspired by Sheng et al,68 we apply a first-order lag directly

to the effective angle αf :

α00 ¼ αf �Dα withDαn ¼Dαn�1 expð�Δs=TfÞþðαf n�αf n�1Þexp �Δs=ð2TfÞ½ �, ð18Þ

where we introduce the deficiency function Dα and we assume that Tf is the same time constant regulating the boundary layer delay in

Equation (17) and that αðf 00Þ≈ α00. Finally, we interpolate the chordwise-defined separation point location f 00c ¼ fcðα00Þ used in Equation (14b).

The pitching moment coefficient is instead evaluated following Leishman,73 which keeps Equation (12) unaltered and substitutes only xac with

the position from the leading edge of the centre of pressure x̂cp. In order to recover the measured data in the limit steady case, we use a look-up

table defined on the basis of the steady tabulated aerodynamic data (indicated with the subscript st). Since also the x̂cpðαÞ function is not injective,

the model uses the angle α00 to interpolate the delayed effective centre of pressure position. As a result, the expression of the total pitching

moment becomes:

Cfs,c
m ¼Cm0�Cnα

βM
ϕc
αðx̂cp�0:25Þ: ð19Þ

8 DELLA POSTA ET AL.
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2.2.3 | Dynamic stall

The final module includes the effects induced by the formation of a LEV that originates, convects along the airfoil and then detaches.

Although different conditions have been proposed to establish when the vortex is generated,68 we decided to maintain the criterion of the

original BL model, based on the value of the steady normal force in correspondence of the break of the chordwise force at the onset of stall.

Once determined that the leading-edge separation is occurring, a nondimensional time variable τV tracks the position of the vortex along the

upper surface of the airfoil with respect to the empirical time constant TVL, which indicates the time needed by the vortex to travel from the lead-

ing edge to the trailing edge.37,74 When τV > TVL, the vortex has been shed in the wake, and so vorticity is no longer accumulated. Multiple shed-

ding can take place at a certain shedding frequency, defined by the Mach-independent Strouhal number Stsh ≈0:19.

When dynamic stall is taking place and the vortex is on the profile, the normal force component receives an additional contribution: regulated

by another first-order time lag:

Cv
n,n ¼Cv

n,n�1 exp �Δs=TVð ÞþðCVn �CVn�1 Þexp �Δs=ð2TVÞ½ �, ð20Þ

where CV ¼Cpot,c
n �Cfs,c

n and TV is the time constant related to the decay of the vortex lift.

When dynamic stall is instead not taking place or when the vortex has left the airfoil, an accelerated decay is imposed on Cv
n:

Cv
n,n ¼Cv

n,n�1 exp �Δs=ðTV=2Þ½ � ð21Þ

For what concerns the chordwise force component, we adopt the method presented by Pierce,75 where

Cv
c ¼Cv

n tanðαeÞð1� τV=TVLÞ: ð22Þ

For the pitching moment, Leishman73 represents the additional contribution from the dynamic stall as follows:

Cv
m ¼�x̂vcpC

v
n,withx̂vcp ¼ xcp 1� cosðπτV=TVLÞ½ �, ð23Þ

where x̂vcp is the distance of the centre of pressure from the quarter of chord and xcp is an airfoil-dependent constant usually set at 0.2.

Finally, one last comment regarding the communication of the vortex shedding to the flow. Although the dynamic stall involves the genera-

tion and advection in the wake of the LEV, it is important to stress that ALM is in principle able to consider the effects of vortex shedding from

the blades only indirectly. In particular, for the specific case of the dynamic stall, the linear increase in the lift, due to the convection of the vortex

along the chord, is the only effect perceived and transferred to the fluid by the actuator line's body forces, without the explicit definition of a

LEV. Indeed, the localised increase in body force represents a source of vorticity in the fluid equations with the right circulation resulting from the

imposition of the tabulated or modelled aerodynamic forces.

3 | SETUP

In this work, we examine the reference NREL 5 MW wind turbine52 (properties in Table 1).

On the basis of our previous work, the dimensions of the fluid computational domain (Figure 4) are Lx�Ly�Lz ¼9:0D�10:0D�2:88D,

discretised by an orthogonal mesh of Nx�Ny�Nz ¼1296�432�432 points. While the spacing is uniformly distributed in the streamwise and

the spanwise directions, and in the first 2D in the vertical direction, to obtain an isotropic mesh in the rotor region, the remaining wall-normal spacing

is stretched to limit the grid requirements. Simulations with the same domain but with 50, 150 and 200 points per diameter provided similar results,

except for a reduced resolution in the first case and an unfeasible computational cost in the latter case. Hence, we opted for the intermediate mesh,

which provides a compromise between accuracy and computational cost. The turbine is at the spanwise centre and at Xt ¼3:5D from the inlet.

Periodic, free-slip and radiative boundary conditions are imposed on the lateral, top and outlet surfaces respectively, whereas a Van Driest

damping function76 corrects the flow close to the no-slip bottom wall. Finally, we consider two inflows: in the first, we impose a uniform velocity

U¼10m=s, while in the second, we impose a sheared turbulent velocity representative of a turbulent atmospheric boundary layer (ABL). On the

basis of the review of Breton et al,77 we derived the inflow turbulent fluctuations from a precursor simulation in a fully periodic channel with cubic

surface roughness,78 and we superimposed an appropriate power law ðU=Uhub ¼ðy=yhubÞαÞ with shear exponent α¼0:20 and mean hub velocity

Uhub ¼10m=s. The turbulence intensity at hub height is approximately TI≈10%. In order to check the quality of the generated inflow with respect

to widely used synthetic turbulence models, we also compared the spectral features of the obtained velocity fluctuations with the results of the

Mann turbulence model,79,80 obtaining a satisfactory agreement.

DELLA POSTA ET AL. 9
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According to previous works,42 we use a number of modes M¼15 and a number of structural nodes N¼80 equally spaced along each blade.

The UA module adopts the model constants of the wind turbine's airfoils available from the reference database,81 with tabulated airfoil data

already corrected to include 3D rotational augmentation effects,82,83 and empirical parameters already tuned to consider thick profiles too.37

Table 2 reports an outline of the simulations carried out. Each simulation run for approximately 60 revolutions after an initial transient

(a period approximately equal to Lx=U, not considered in the evaluation of the statistics), at Re¼8:5�107, and at constant Courant-Friedrichs-

Lewy (CFL) number CFL¼0:2. The structural dynamics of all the coupled simulations has been initialised from a static equilibrium condition at rest

(null deformation velocity). We considered eight sets of simulations including all the possible combinations of the different kinds of inflow, FSI

coupling and aerodynamics modelling presented above. The aim of this simulation campaign is thus to discern the isolated effects and the com-

bined influence of each of the considered aspects on the response of the utility-scale wind turbine under study.

4 | RESULTS

In the following, we consider the behaviour of the power and the thurst, of the aerodynamics loads, of the structural response and of the reac-

tions. Then, we examine some of the variables introduced by the UA model, and finally, we analyse the fluid flow behaviour.

We indicate the time average with • , the phase average with ⟨• ⟩ and the average on the rotor area with ⟨• ⟩A.

TABLE 1 Gross properties of the NREL 5 MW wind turbine52

Parameter Symbol Value Units

Rated power Pr 5 MW

Rated wind speed Ur 11.4 m=s

Rated angular speed Ωr 1.27 rad=s

Rotor diameter D 126.0 m

Blade length L 61.5 m

Hub height h 90.0 m

Blade mass mb 17740 kg

F IGURE 4 Fluid computational domain with the adopted nomenclature

10 DELLA POSTA ET AL.
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4.1 | Power and thrust

At first, we compare the fluctuations relative to the mean value of the phase-averaged normalised power and thrust. Since power and thrust are

obviously affected by the velocity of the flow impacting the wind turbine (see Figure 5, where tref ¼D=U), in the cases with turbulent ABL inflow,

these quantities show large-scale fluctuations (related to the inflow turbulence as shown in Figure 5A), overlapped to local oscillations that are

more associated with the tower shadowing (the high frequency fluctuations observable in Figure 5B), with the aeroelastic interaction and with

the UA. To verify if the period considered for the averaging is sufficient to filter out the large-scale turbulent fluctuations, we high-pass filtered

the power and thrust signals of the cases with turbulent inflow to remove the large-scale fluctuations, and we then derived the corresponding

phase averages.* Given the large computational cost of the simulations, the time period considered is limited; however, the good agreement

between the filtered and nonfiltered phase averages for the cases with turbulent ABL inflow (Figure 6) demonstrates that the period considered is

sufficient to filter out the large scale fluctuations. Hence, we assume that it is reasonable to compare the phase-averaged results relative to the

uniform and ABL cases.

From Figure 6, reporting the above presented fluctuations, we can see that the unsteady aerodynamics has a limited effect on power and

thrust and thus that the local loads' fluctuations have a zero mean around the corresponding steady-state values and also that their distribution

does not affect the integration of the loads along the blades' span. On the other hand, the introduction of the aeroelastic feedback generates the

TABLE 2 Outline of the simulations carried out. Inflow can be uniform or sheared turbulent (ABL)

# Name Inflow FSI UA

1 U-ALM Uniform One-way No

2 U-ALM/IV Uniform Two-way No

3 U-ALM-UA Uniform One-way Yes

4 U-ALM/IV-UA Uniform Two-way Yes

5 ABL-ALM ABL One-way No

6 ABL-ALM/IV ABL Two-way No

7 ABL-ALM-UA ABL One-way Yes

8 ABL-ALM/IV-UA ABL Two-way Yes

Note: Classic ALM with rigid blades is used when one-way FSI is considered, whereas tabulated airfoil data are used when UA is not considered.

Abbreviations: ABL, actuator line model; ALM, actuator line model; FSI, fluid–structure interaction.

F IGURE 5 (A, B) Time history of the rotor-averaged streamwise velocity at one diameter from the hub ⟨U1D⟩A=U and of the normalised
power fluctuations for the U-actuator line model (ALM) and the atmospheric boundary layer (ABL)-ALM cases. The corresponding low-pass
filtered signals are indicated in grey and cyan, respectively

*The generic filtered signal Af is the subtraction from the original signal A of the low-pass filtered signal obtained by means of a 1-D digital FIR filter.84
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oscillations centred approximately around Θ¼60�, 180� and 300�, already shown in Della Posta et al.42 The shadowing effect experienced by the

blades when passing in front of the tower triggers particularly the vibration of the structure, and the resulting aeroelastic response of the blade

(in terms of deformation velocity, especially in the out-of-plane direction) induces load fluctuations that finally account for the fluctuations of the

power and thrust after the drops due to tower shadowing.

The distribution of the phase-averaged coefficients differs from the cases with laminar, uniform inflow and those with turbulent, sheared

inflow. Mainly three states can be identified in these coefficients: the tower shadowing dips (Θ¼30�, 150� and 270�, one of the blade is in front

of the tower), the undisturbed top value (clearly visible in the one-way coupled cases, none of the blades is in front of the tower) and the

vibration-induced peaks (between the tower shadowing dips, for the two-way coupled cases only). The cases with uniform inflow have sharp tran-

sitions between the first two aforementioned states (see highlighted regions in Figure 6), whereas the influence of mean wind shear and turbu-

lence makes the transition between the different states smoother and the amplitude of the dips weaker, given the fact that the abrupt effect of

the tower shadowing is mitigated by the presence of more significant turbulent fluctuations.

4.2 | Aerodynamic forces

Figure 7 reports the time average of the aerodynamic forces in the flapwise and edgewise direction, F2 and F3, respectively, and of the pitching

moment, M, along the blades' span. The distributions, consistent with Heinz,58 show that the time average of the aerodynamic forces is the same

for the same inflow. In other words, both FSI and UA preserve the mean loads, which thus can be estimated by one-way coupled simulations with

classic sectional aerodynamics. A slight increase in the aerodynamic loads can be noticed for the case with ABL inflow, due—most likely—to a

slightly higher mean velocity at the inlet. Moreover, the results confirm the capability of the UA model to recover the steady-state values of the

averaged forces.

However, the standard deviation of the airloads along the blade in Figure 8 starts to unveil the differences in the data set. Although we were

not able to provide a fair comparison for the same conditions as in the case of the time-averaged airloads, we proved the validity of our data by

checking them against the distributions of the standard deviation along the blade for similar cases in Ehrich et al85 and in Trigeaux et al,65

obtaining satisfactory results. The cases using the UA model exhibit a relevant increase in the airloads variability in the first half of the blade,

whereas the cases with two-way FSI coupling exhibit a slight reduction towards the tip, as shown in our previous works. These effects are domi-

nant in the uniform inflow cases, where the root values can reach five—or even more—times the values towards the tip, while their importance is

reduced in the simulations with ABL inflow. For the latter, even if the first half of the blade still presents larger standard deviations, these remains

comparable with the tip values. Moreover, the structural feedback lowers the load variance towards the tip and slightly increases it towards the

hub. This can be explained by looking at Figure 9, which reports the time average and the standard deviation of the AoA along the blade for the

uniform and ABL inflow cases. Although the mean distribution of the AoA remains constant, with higher values at the root, the variability of the

angle is higher throughout the span for the ABL inflow cases, more in the external half of the blade. As a result, in the cases with ABL inflow, the

F IGURE 6 Phase-averaged fluctuations with respect to the mean value of the normalised power (top) and thrust (bottom) for the uniform-
inflow cases (left), the atmospheric boundary layer (ABL)-inflow cases (centre), the filtered ABL-inflow cases (right). Colours from Table 2. The
curves of the UA and corresponding non-UA cases are almost overlapped. Pref ¼1=2ρU3A and Tref ¼1=2ρU2A. The transition regions are
highlighted in grey
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variance of the loads increases in the tip portion so that the difference with the root is levelled, even if this is more related to the variability of the

inflow than to effects related to UA.

From here, we can start to observe the division of the blades in two regions: the tip portion, mostly affected by the aeroelastic interaction,

since here the deformations and the vibrations are more important, and the root portion, mostly affected by the UA effects. In fact, in the inner

region of the blade, the fluctuations of α are substantial and the relative velocity is small. This makes the local flow highly unsteady and hence the

airloads of the hub sections highly sensitive to the noncirculatory mechanisms and to other hysteresis phenomena strongly depending on _α

(Equation (10)).

The pitching moment deserves careful scrutiny. The increase of the moment variability with the UA model is particularly high with both

inflows. We will see that special attention must be devoted to the improvement of the description of the torsional moment. As a matter of fact,

the modelling of the pitching moment dynamics is often disregarded in the literature, and also semi-empirical procedures used to determine it are

not unambiguous compared to the descriptions of the normal force components, and thus their accuracy can be questioned.

To inspect the local airloads, Figure 10 reports the phase-averaged airloads in the cases with ABL inflow for two sections of the blade, respec-

tively, at 25% (DU35_A17 airfoil) and 90% (NACA64_A17 airfoil). From the plots, the distinction of the two regions of influence is even clearer.

For the root region, the faster and larger fluctuations of α with low incoming velocity induce sharp variations of the aerodynamic forces around

F IGURE 7 Time-averaged airloads per unit length along the blade span. Scatter data from Heinz:58 ■ HAWC2 (blade element momentum
[BEM]-based aeroelastic solver)86 ■ HAWC2CFD (wall-resolved RANS-based aeroelastic solver).58 Colours from Table 2. Fref2 ¼6510N=m,
Fref3 ¼669N=m, Mref ¼2760N

F IGURE 8 Standard deviation of the aerodynamic loads per unit length along the blade span. Colours from Table 2. σrefF2
¼1320N=m,

σrefF3
¼315N=m, σrefM ¼2430N
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the corresponding steady-state values obtained without UA. In particular, in correspondence of Θ¼270�, the passage of the blade in front of the

tower produces the largest variations of the loads. On the other hand, the effect of the structural vibrations close to the clumped hub is practically

null, and thus, there is no relevant difference between the one-way and the two-way coupled cases. For the tip region, instead, the velocity is

higher and the fluctuations of the AoA are smaller. The contributions from the UA model to the airloads are thus almost null, except a small

increase in the mean values due also to small compressibility effects (Mmax ≈0:2 at 90% of the blade causes a 2% increase, in agreement with the

Prandtl–Glauert correction). Conversely, the structural vibrations are here mostly important and affect the behaviour of the airloads, especially in

the last quarter of revolution (see Figure 3). In the IV cases, it has been demonstrated42 that the AoA and absolute value of the velocity are pri-

marily influenced by the flapwise deformation velocity component v2 of the structure. In particular, a positive increase of the flapwise deforma-

tion velocity v2 induces a reduction of both the AoA and the velocity magnitude, which thus lowers the aerodynamic forces, and vice versa. Thus,

when comparing the ALM and ALM/IV cases, the differences are determined by the behaviour of v2: if v2 increases, the aerodynamic loads in the

ALM/IV case decrease compared with the ALM case; if v2 decreases, the aerodynamic loads in the ALM/IV case increase compared with the ALM

case. Moreover, given the fact that the most important load fluctuations due to UA are confined to the root region, which is less significant for

the structural vibrations mainly taking place towards the external half of the blades, the ALM/IV and ALM/IV-UA cases do not show relevant dif-

ferences, confirming that the effects of UA and FSI remain separated.

The local distribution of the phase-averaged pitching moment (Figure 10C) explicitly shows the very large and abrupt fluctuations deducible

from the standard deviation. In fact, if small—but noticeable—fluctuations are present even at the tip, which do not affect the overall phase-

averaged behaviour, high fluctuations, related to the noncirculatory normal force coefficient (see Section 4.5), alter completely the unsteady aero-

dynamic response, with severe overshoots compared with ALM and ALM/IV results with traditional tabulated airfoil data.

Figure 11 reports the comparison of the premultiplied spectra in logarithmic scale of the out-of-plane aerodynamic force component F2 along

the blade between the cases ABL-ALM/IV and ABL-ALM/IV-UA. Each vertical slice of the contour at a certain location shows the premultiplied

spectrum of F2 at that spanwise section. From the plots, we can recognise in both cases the trace of the loads' periodicity at the multiples of the

rotor rotational frequency, given by the periodic passage of the blades in front of the tower and across the mean shear. Comparing the two cases,

we can notice at first that the entire spectrum has larger values at high frequencies for the case with UA, because of the generalised increase in

F IGURE 9 Time average (left) and standard deviation (right) of the Angle of Attack (AoA) along the blade span. – U-ALM, - - ABL-ALM.
σrefα ¼2:76�

F IGURE 10 Phase-averaged airloads per unit length in the cases with atmospheric boundary layer (ABL) inflow (cases 5 to 8) at 25%
(DU35_A17 airfoil, top row) and 90% (NACA64_A17, bottom row) of the blade length. The curves of the UA (non-UA) cases at 25% of the blade
are almost overlapped. Colours from Table 2
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variability of the loads throughout the blade. However, the most significant variations take places in the internal half of the blade, which sees an

increased contribution throughout the high-frequency domain attributable to the rapid fluctuations of the noncirculatory loads in this region (see

Section 4.5), which are related in turn to the dynamic history of the incoming flow and to the large time derivatives of the AoA.

Finally, Figure 12 shows the instantaneous and phase-averaged airloads as a function of the instantaneous AoA at 25% and 90% of the blade

for the ABL-ALM/IV and ABL-ALM/IV-UA cases. The phase-averaged values are coloured on the basis of the corresponding azimuthal position of

the blade. In this way, we can observe the aggregated hysteresis of the loads, including not only the hysteresis of the aerodynamic coefficients

(see Section 4.5) but also the effect of the velocity fluctuations. The coloured phase averages show that the majority of the AoA variation is

related to the tower shadowing and confined in the last quarter of revolution. The strong and sudden variation in AoA and velocity generates a

hysteresis in the loads of both the sections. However, the larger hysteresis of the aerodynamic coefficients makes the variation of the loads at the

root larger compared to the ones at the tip. In the end, the increased airloads variability, of the pitching moment in particular, is visible from the

increased area covered by the instantaneous airloads in grey.

4.3 | Structural dynamics

Figure 13 shows the phase average of the flapwise, edgewise and torsional components of the displacement and of the deformation velocity at

the blade's tip, for the cases with ABL inflow only. We can see that the FSI coupling has a major impact on the flapwise and torsional components,

confirming the existence of a flapwise damping mechanism, whereas it has a practically negligible effect on the edgewise component, dominated

by the sinusoidal weight force on the blade. As explained in Della Posta et al,42 an increase in v2 reduces the AoA and the relative velocity magni-

tude, which finally cause a reduction of the aerodynamic forces that were originating the v2 increase itself, and vice versa. As a result, the contri-

bution of the flapwise structural dynamics in Equation (7) accounts for the damping of the first structural mode (essentially a flapwise bending

mode with a mild torsional influence) observable in the tip structural response in Figure 13 and in the premultiplied power spectral density (PSD)

of the tip flapwise deformation velocity in Figure 14 for the cases with two-way FSI coupling. The ⟨v2⟩ fluctuations, mostly triggered by the pas-

sage of the blade in front of the tower, reach values that are comparable with the upstream fluid velocity in the last quadrant and thus influence

largely the definition of the local aerodynamic forces. On the other hand, the smaller variation of the AoA and the larger importance of the struc-

tural vibrations towards the free tip of the long blades make the effect of UA at the tip practically negligible. However, if we look at the

premultiplied spectrum in Figure 14, we can see that the UA cases have relevant energy peaks corresponding to the flapwise natural modes of

the structure at higher frequencies, f >10Hz.† The physical explanation for these peaks is shown in Figure 15, which reports the comparison of

the time history of the first six flapwise modal loads ei of the cases with ABL inflow during a rotor revolution. The modal load ei is given by the

projection of the forces on the structure onto the i-th mode of the blade. The increased amplitude of the last modal loads proves that the impor-

tant high-frequency load fluctuations close to the hub, particularly induced by the UA of the normal force (as shown in Figure 11), trigger the

higher-frequency bending modes, which are more influenced by the load distribution also in the region close to the clamped end.

F IGURE 11 Premultiplied spectrum in logarithmic scale of the out-of-plane aerodynamic force component F2 along the blade for the
(A) atmospheric boundary layer (ABL)-ALM/IV and (B) ABL-actuator line model (ALM)/IV-UA cases. Horizontal lines indicate the frequencies
corresponding to: first three multiples of the rotational frequency, first six flapwise modes, first four edgewise modes, first four torsional modes

†The difference in the flapwise motion is also visible from Video 1 in the additional material, where the time animation of the flapwise dynamics is compared between the ABL-ALM/IV (first row)

and the ABL-ALM/IV-UA cases (second row). We reported the flapwise dynamics from the first three flapwise modes in the first three columns, the flapwise dynamics from all the other modes

in the fourth column and the evolution of the total flapwise displacement all over the blade in the fifth column.

DELLA POSTA ET AL. 15
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Concerning the fluctuations of the unsteady pitching moment, even if their variation is large, since the blades under study are particularly stiff

torsionally,14 the increased fluctuations at frequencies potentially forcing the torsional structural modes (first torsional mode at f ≈5:58Hz) do not

affect dramatically the overall dynamics of θ1. As a consequence, also, the indirect effect of the torsion on the flapwise motion, due to the even-

tual flexo-torsional coupling in the blade's structure, is rather small, and so we are confident that the results of our simulations are not com-

promised by the possible uncertainties in the pitching moment UA model. However, care must be taken, since we can see from Figure 14 that the

increased fluctuations due to the UA model in the ALM/IV-UA cases start to reinforce the high-frequency structural response in general. In this

way, torsional modes may also be activated, and even if they do not enter directly in the definition of the AoA in the FSI coupling considered in

this work, they still may have a nonnegligible flexural component sensed in Equation (7).

F IGURE 12 Instantaneous and phase-averaged airloads per unit length as a function of the Angle of Attack (AoA) in the cases with
atmospheric boundary layer (ABL) inflow (cases 6 and 8) at 25% and 90% of the blade span. The colormap indicates the azimuthal angle in the
phase average

16 DELLA POSTA ET AL.
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F IGURE 13 Phase-averaged flapwise (left), edgewise (centre), and torsional (right) components of the displacement (top) and corresponding

components of the deformation velocity (bottom) at the blade tip for the cases with atmospheric boundary layer (ABL) inflow only (cases 5 to 8).
Colours from Table 2. jd2jmax ¼5:96m, jd3jmax ¼1:08m, jθ1jmax ¼2:89deg, jv2jmax ¼2:45m=s, jv3jmax ¼0:789m=s, jω1jmax ¼18:6�/s

F IGURE 14 Premultiplied power spectral density of the flapwise deformation velocity at the tip, normalised by the corresponding variance
(cases 5 to 8). Colours from Table 2. Vertical lines indicate the frequencies corresponding to: first 12 multiples of the rotational frequency, first
6 flapwise modes, first 4 edgewise modes, first 4 torsional modes. The last two modes reported are flexo-torsional modes with a dominant
flapwise nature in the first case and a dominant torsional nature in the second case

F IGURE 15 Time history for approximately one revolution of the modal loads ei of the first six flapwise modes. Cases 5 to 8, colours from
Table 2. je1jmax ¼3062N, je2jmax ¼384N, je3jmax ¼295N, je4jmax ¼374N, je5jmax ¼302N, je6jmax ¼334N
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4.4 | Reactions

Figure 16 shows the phase average of the six components of the reaction at the blade's root for the cases with ABL inflow. We indicate with R1,

R2 and R3 the axial, flapwise and edgewise components of the reaction force respectively, and with MR
1, M

R
2 and MR

3 the torsional, edgewise and

flapwise reaction moment components, respectively.

As expected, R3 and MR
2 are mostly sinusoidal and determined by the gravitational force that is maximum at the multiples of Θ¼180�. The

axial component R1 instead is completely determined by the gravity and the centrifugal force. On the other hand, the flapwise and torsional com-

ponents show the influence of the structural vibrations, which is dominant around the main source of structural unsteadiness, that is, the tower.

Moreover, UA introduces additional oscillations affecting the local behaviour. The amplitude of these contributions is larger for the torsional root

moment, which experiences the large variability of the pitching moment.

To enrich the analysis of the response of the wind turbine, we compare the fatigue properties from the root reactions. We thus estimate

the widely used damage equivalent load (DEL),87 which represents the amplitude of the single constant-rate alternating load producing the

same total damage of the real load spectrum. To evaluate the DELs for the root components of each case, we used the post-processing tool

MCrunch.88

Tables 3 and 4 report the DELs for the U-ALM and ABL-ALM reference cases and the percentage differences between each case and the rel-

ative reference one. The results confirm previous findings42 regarding the overprediction of the load fluctuations by using one-way coupled simu-

lations. In particular, we demonstrated how the aerodynamic damping due to FSI coupling limits the flapwise and torsional vibrations of the blade

and thus reduces by almost 10%–20% the DELs of the corresponding components. By comparing the results of the cases with uniform and ABL

inflows, turbulence and mean shear increase by almost the double the equivalent airloads of the uniform inflow cases. Meanwhile, the turbulent

ABL inflow limits the differences between the one- and two-way coupled cases, which confirms that turbulence mitigates the impact of the struc-

tural vibrations on the aerodynamics. However, torsional root reactions do not seem to be affected by the different coupling conditions, with only

small differences between the uniform and ABL inflow cases.

On the contrary, the introduction of the UA model has an opposite effect on the equivalent airloads: the additional fluctuations produced by

the airloads hysteresis increase considerably all the DELs, especially the flapwise components affected by the hysteresis of Cn.

As a result of the two counteracting effects, the DELs of the IV-UA cases have an intermediate shift with respect to the ALM cases.

In particular, they show that the increase due to the UA dominates over the decrease due to the aeroelastic coupling for R2, while the

contrary happens for MR
3. This disagreement is actually coherent with the distribution of the forces and with the different regions of influence

along the blade. In fact, the force component is only given by a thorough integration of the force along the span, which makes no distinction con-

cerning where the sectional force is applied. On the other hand, the moment depends on where the sectional force is applied and privileges the

forces towards the tip. As a consequence, for MR
3, the diminishing effect of the tip aeroelastic coupling prevails over the increasing effect of the

root UA.

F IGURE 16 Phase-averaged force and moment components of the root reaction for the cases with ABL inflow only (cases 5 to 8). Colours
from Table 2. jR1jmax ¼6:24 �105N, jR2jmax ¼2:41 �105N, jR3jmax ¼2:00 �105N, jMR

1jmax ¼1:13 �105N �m, jMR
2jmax ¼4:60 �106N �m,

jMR
3jmax ¼9:54 �106N �m
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4.5 | UA variables

In this section, we examine the phase average of the various definitions of the AoA, the delayed separation point and the contributions to the

attached normal force component introduced by the UA model for two sections at 25% and 90% of the blade, respectively.

Figure 17 reports the comparison between the ABL-ALM/UA and the ABL-ALM/IV-UA cases at 25% and 90% of the blade. The curves in

Figure 17A confirm that the AoA is not affected by the structural vibrations close to the root of the blade, while the curves in Figure 17D show

the sinusoidal variation due to the mean shear and confirm the effect of the aeroelastic interaction, especially in the last quadrant. Furthermore, it

is visible that in the first half of the blade, the UA model introduces a noticeable delay between the geometric AoA ⟨α⟩, the effective AoA ⟨αf⟩ and

even more in the chordwise-effective AoA ⟨α00⟩. It is also possible to see that, given the small time in which the blade covers the azimuthal region

around the tower, large derivatives of the AoA take place close to the root at low velocities, suggesting the relevant role of noncirculatory

components here.

The decrease of the AoA shown in the tower region accounts for the gradual increase of the separation point function ⟨f⟩ and of its delayed

estimation ⟨f00⟩, which is visible in Figure 17B. Close to the hub, the flow on the airfoil is always separated, with approximately 10% of the chord

always covered by separated flow, and there is a relevant delay between ⟨f⟩ and ⟨f 00⟩. On the other hand, towards the tip of the blade, the flow is

almost fully attached, and the main source of motion to the separation point becomes the sinusoidal fluctuations imposed by the wind shear and

the aeroelastic modifications. Moreover, the delay between ⟨f⟩ and ⟨f 00⟩ is almost null.

The different response of the separation point to a qualitatively similar variation of the AoA throughout the rotor revolution depends mostly

on the different f�α curves of the airfoils of the two regions. In particular, Figure 18 shows that the AoA fluctuations close to the tip take place

near the sharp knee between the flat and steep regions of the separation point curve, while close to the hub they take place in a region with

approximately uniform slope. Indeed, the airfoils closer to the tip are thinner and have a broader linear attached region in the aerodynamic polar,

which makes the f curve flat on top for a broader region and then suddenly steep. Thick profiles in the first half of the blade, and especially really

close to the root, have instead a more limited linear portion, since flow tends to separate soon and progressively, and thus their f curves have

smoother knee on top. As a result, even assuming the same history of the AoA, the response fðαðtÞÞ is different.
Figure 17C–F report the comparison of the contributions to the potential normal force coefficient. The differences in Cpot

n for the different

cases are actually the origin of the differences in the complete airfoil coefficients, since the contribution from the LEV is almost null (not shown

for brevity). We can immediately notice that the aeroelastic coupling has only an effect on the circulatory component of the tip profile, since it

influences directly the modification of the geometric AoA. On the other hand, the noncirculatory component is insignificant at the tip, while being

TABLE 3 Damage equivalent load (DEL) of the reaction components: uniform inflow

DEL R1½N� R2½N� R3½N� MR
1½N �m� MR

2 ½N �m� MR
3 ½N �m�

U-ALM 146.0 24.73 145.9 12.01 2988 942.0

ΔRi% ΔR1% ΔR2% ΔR3% ΔMR
1% ΔMR

2% ΔMR
3%

U-ALM-UA 0:00% +24.73 % +0.34 % +268.71 % +0.27 % +8.28 %

U-ALM/IV �0.03 % �20.75 % +0.10 % �21.81 % +0.22 % �24.58 %

U-ALM/IV-UA 0:00% +14.14 % +0.58 % +230.34 % +0.49 % �15.13 %

Note: The DELs of the baseline U-ALM case are reported together with the percentage differences for the other cases. The percentage difference for the

generic root reaction component Ri is defined as ΔRi%¼100 � ðDELRi �DELALMRi
Þ=DELALMRi

, where DELRi is the DEL of the i-th root component of the case

considered, and DELALMRi
is that of the corresponding one-way coupled case without unsteady aerodynamics and with the same inflow (U-ALM).

Abbreviation: ALM,actuator line model.

TABLE 4 Damage equivalent load of the reaction components: ABL inflow

DEL R1½N� R2½N� R3½N� MR
1 ½N �m� MR

2 ½N �m� MR
3 ½N �m�

ABL-ALM 152.0 47.95 146.0 23.98 2992 1840

ΔRi% ΔR1% ΔR2% ΔR3% ΔMR
1% ΔMR

2% ΔMR
3%

ABL-ALM-UA �0.07 % +15.11 % +0.48 % +193.58 % +0.25 % +7.09 %

ABL-ALM/IV +0.00 % �11.27 % +0.41 % �25.35 % +0.70 % �13.56 %

ABL-ALM/IV-UA �0.10 % +7.81 % +1.44 % +196.50 % +1.19 % �6.39 %

Note: As in Table 3, but the baseline is the ABL-ALM case.

Abbreviations: ABL, atmospheric boundary layer; ALM, actuator line model.
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comparable with the circulatory component at the root. Here, where the variability of the AoA and the chord are larger, and the flow velocity is

smaller (q at the root can be even 6 times higher than at the tip), the oscillations of Cpot,nc
n can even overshadow the main Cpot,c

n especially close the

tower passage, which remains the main source of unsteadiness for both the structure and the aerodynamics.

In order to better identify the two different conceptual regions in which the blade can be split (tip region dominated by FSI, root region domi-

nated by UA), we report in Figure 19 the fraction of time with respect to the total one Tnc=T for which the noncirculatory part Cpot,nc
n accounts for

more than 50% of the whole normal force component Cn at each section of the blade, for the UA cases with ABL inflow. From this figure, we can

observe that the division between the two regions of influence is actually rather sharp, since only the inner 25% of the blade has a significant con-

tribution from the noncirculatory loads dominating the UA. As a result, there is certainly a smooth transition region, but the conceptual split

between the two areas of influence is also quantitatively representative.

In the end, similar to the complete airloads in Figure 12, Figure 20 reports the phase-averaged and instantaneous hysteresis of the airload

coefficients only for the ABL-ALM/IV-UA case at 25% and 90% of the blade. The coefficients oscillate around the steady-state values, confirming

the ability of our UA model to recover in the average the usual tabulated values, and attest the main source of variation around Θ¼270�. Besides

noting generally the different extent of the hysteresis at the two sections, we highlight the narrower hysteresis of Cc related to the limited

F IGURE 17 Phase average of some variables of the UA model for the atmospheric boundary layer (ABL)-actuator line model (ALM)-UA
case and the ABL-ALM/IV-UA at 25% (top) and 90% (bottom) of the blade span (shown on the left): various definitions of the Angle of
Attack (AoA), delayed separation point, contributions to the attached normal force coefficient. Full lines are referred to the ABL-ALM-UA
case, shaded lines to the ABL-ALM/IV-UA case. In the AoA plots, we report the instantaneous geometric AoA α, the effective AoA αf and the
chordwise-effective AoA α00

F IGURE 18 Hysteresis of the separation point at 25% (DU35_A17 f�α curve, –) and 90% (NACA64_A17 f�α curve, - -): instantaneous and
phase-averaged f 00 as a function of the Angle of Attack (AoA) in the atmospheric boundary layer (ABL)-actuator line model (ALM)/IV-UA case. The
colormap indicates the azimuthal angle in the phase average

20 DELLA POSTA ET AL.
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variability of the circulatory component of Cn, from which Cc mainly depends (Equation (14b)). Finally, we observe the very large hysteresis of Cm.

For this component, the noncirculatory component remains significant also at the tip and far larger than the small circulatory part typical for small

angles of attack.

4.6 | Fluid flow

In general, we have noticed that the mean fluid flow is not affected significantly by the aeroelastic coupling and the UA. For this reason, we pre-

sent in the following only a quick comparison between U-ALM and ABL-ALM cases and an overview of the flow topology in the rotor region

influencing the response of the blades.

Figure 21 compares the mean turbulent kinetic energy (TKE) for the U-ALM and the ABL-ALM cases on vertical and horizontal slices through

the hub. The contours show that the tower introduces an asymmetry in the wake, with a recirculation region just behind the tower and the

nacelle. Moreover, the increased mixing induced by the turbulent ABL inflow stimulates a more intense activity behind the wind turbine, promot-

ing a faster wake recovery, as observable also from the rotor-averaged velocity along the streamwise axis in Figure 22. Small differences in the

organisation of the flow just behind the tower and the nacelle can also be noticed: the imposed mean shear reduces the extent of the recirculating

F IGURE 19 Fraction of time with respect to the total one Tnc=T for which the noncirculatory part Cpot,nc
n accounts for more than 50% of the

whole normal force component Cn at each section of the blade, for the atmospheric boundary layer (ABL)-actuator line model (ALM)-UA and
ABL-ALM/IV-UA cases (cases 7 and 8)

F IGURE 20 Instantaneous and phase-averaged airload coefficients as a function of the Angle of Attack (AoA) in case atmospheric boundary
layer (ABL)-actuator line model (ALM)/IV-UA at 25% (top) and 90% (bottom). The colormap indicates the azimuthal angle in the phase average
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region at the feet of the tower and enhances the one behind the nacelle. In order to validate the rates of recovery obtained, we have estimated the

optimal parameters A and n able to describe the velocity deficit through the power law expression Δ⟨u⟩A=U¼AðD=xÞn in the far field (at least

ðx1�XtÞ=D>3 to avoid the effect of the tower and the nacelle89). Even if the domain used is rather short to estimate properly the decay of the

velocity deficit in the far field (especially for the cases with uniform inflow), the values obtained (A¼0:78 and n¼0:59 for the cases with ABL

inflow) agree adequately with those obtained by Aitken et al90 through fitting of a large data set of experimental measurements (A¼0:56 and

n¼0:57).

Figure 23 reports instead the time-averaged velocity components for the U-ALM case on a vertical slice in correspondence of the rotor, with

arrows indicating the velocity in the plane. The figures spotlight how the 3D and complex interaction between the disc blockage, the tower

shadowing and the swirl induced by the blades break the axisymmetry of the flow in the proximity of the rotor, affecting the local fluid dynamics

that determines the aerodynamic loads on the blades. In particular, the interaction between the tower and the swirled flow induced by the rotor

generates a mean flow slightly skewed towards the left (z< zt) for a counterclockwise-rotating rotor. The obstruction due to the asymmetric rec-

irculation region behind the tower induces the streamwise velocity to slightly increase on the left and and vice versa on the right. Moreover, the

assumed conical shape of the tower generates a decrease of the flow velocity that is not homogeneous in the vertical direction. Thus, the lower

part of the blades feels more the tower shadowing and the imposed flow deceleration.

As a result, we can divide the flow in the proximity of the rotor into four different regions:

• Close to the terrain, the tower is not hidden by the rotor and the flow is deviated symmetrically in the lateral directions.

• In the bottom tip region, the enlargement of the stream tube impacting the rotor induces a radial flow component. The flow is determined by

the combination of this component with the tower shadowing, whose effect is maximum here. From here, we can observe the asymmetry of

F IGURE 21 Time-averaged turbulent kinetic energy on vertical (top) and horizontal (bottom) slices through the hub. U-actuator line model
(ALM) (left), atmospheric boundary layer (ABL)-ALM (right)

F IGURE 22 Rotor-averaged velocity along ðx1�XtÞ=D. atmospheric boundary layer (ABL)-actuator line model (ALM) curve is scaled by the
value of the rotor-averaged velocity at the inlet, which is slightly larger than U. The region occupied by the wind turbine is indicated in gray.
U-ALM –, ABL-ALM –
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the flow towards the left side of the turbine: while the fluid particles on the left do not find any obstacle in following the imposed clockwise

swirl, the fluid particles on the right are blocked by the tower and thus forced to flow more radially, towards the terrain.

• After a region of transition, close to the root, the tower shadowing is less evident and the flow is dominated by the blades' swirl at the left of

the tower (the rotor rotates in counterclockwise direction). At the right, the decelerated flow remains mainly streamwise and progressively

goes radially proceeding towards the tip of the blade, because of the increase in the stream tube area. Future works will also consider the pres-

ence of the hub in the geometry of the immersed body, whose lack in this case accounts for the overestimated velocities in the central region.

• Above the nacelle, where there is no tower shadowing, the left and right flows merge together producing a flow that—in the plane—gradually

tends to follow the opening of the stream tube towards the tip and the rotation imposed by the blades.

5 | CONCLUSIONS

Despite the potential role of UA phenomena for increasingly large wind turbines, their effects on the local aerodynamics have been scarcely inves-

tigated with the purpose of improving the modelling of HAWTs in high-fidelity CFD frameworks that simplify the blades' representation to avoid

heavy wall-resolved approaches. In addition to proven usefulness in engineering methods like BEM,91 the adoption of UA models to estimate the

airloads' coefficients has the potential to complete the description of the local aerodynamics also in those CFD methodologies that do not use the

sufficient resolution to solve explicitly the blade boundary layer. A case in point is the ALM and the other GADMs, which typically use only steady

tabulated airfoil data from wind tunnel measurements to evaluate the local aerodynamic forces.

For this reason, in this work, we examined the effects of an UA model for the evaluation of the sectional aerodynamic forces in an LES-based

FSI solver for wind energy. A semi-empirical Beddoes–Leishman model has been implemented to evaluate dynamically the aerodynamic coeffi-

cients of the blade's airfoil in the ALM of our LES solver, instead of using fixed tabulated airfoil data. In particular, we considered a set of simula-

tions of the baseline onshore NREL 5 MW HAWT assessing the global behaviour of such a utility-scale wind turbine with uniform, laminar or

sheared, turbulent inflows, with and without the UA model and for one- and two-way aeroelastic coupling.

Our results show that the effects of both UA and FSI are not directly visible in the time-averaged behaviour but rather more in the variability

of all the aerodynamic and structural quantities. For fully coupled simulations, we observed that the blade is divided into two regions of influence:

the tip region, mainly influenced by important flapwise vibrations affecting the local AoA, and the root region, mainly influenced by significant

oscillations of the AoA (larger than in the rest of the blade; see Figure 9) at low fluid velocity that generate large noncirculatory contributions to

the airfoil coefficients. Inflow turbulence mitigates the differences between the two regions and increases the variability of the loads throughout

the blade. However, if one avoids considering the corrections to the local aerodynamics due to UA, even a high-fidelity fluid solver with ALM

would underestimate the loads' variability severely, affecting the evaluation of the unsteady response of the wind turbine.

Even for the cases with turbulent ABL inflow, the dominant source of aerodynamic and structural unsteadiness is confirmed to be the pres-

ence of the tower, which is thus a critical element to be considered to properly estimate the overall wind turbine behaviour. Tower shadowing

causes a sudden variation of the flow that curtails the airloads, promotes the flapwise and torsional structural vibration, triggers the surge of

added mass effects thus amplifying the airload hysteresis, and causes a mean deflection in wake flow.

F IGURE 23 Time-averaged streamwise (left), vertical (centre), spanwise (right) velocity components on a vertical plane in correspondence of
the rotor for the U-actuator line model (ALM) case, with arrows indicating the velocity in the plane
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Given the different regions of influence, our results show that UA and FSI effects remain rather independent for the wind turbine under

study, although the spectral analysis of the deformation velocity reveals that the increased unsteadiness introduced by the UA fluctuations starts

to trigger the high-frequency structural modes, which also affect the torsional dynamics, with potential effects in the aeroelastic response of the

blade when torsion is considered.

The analysis of the fatigue properties from the root reaction components also indicated that the two models have competing effects, whose

net balance depends on the reaction component considered. While the FSI-induced aerodynamic damping reduces the load fluctuations almost

exclusively at the tip, the hysteresis of the airloads from the UA module increases them more, but primarily at the root, as previously shown for

tidal turbines.92 The DELs confirm the importance of the corrections introduced by the UA model considered and show that classic ALM would

underestimate the equivalent loads relevantly, provided that the UA model used is able to produce reliable results.

Finally, the flow dynamics primarily changes because of the different inflow, with increased wave recovery promoted by the more realistic

turbulent conditions, but is almost insensitive to the variations induced by the structural vibrations and the UA. Therefore, if one is only interested

in the study of the fluid field of similar wind turbines, classic ALM formulation confirms its effectiveness. In addition, the analysis of the mean flow

close to the rotor showed the complexity induced by the critical presence of the tower, which affects the definition of the AoA for the blades' air-

foils and the airloads in turn.

We acknowledge that the pitching moment UA model needs further studies, given its intrinsic empiricism. But does its use invalidate all the

results, especially about the aeroelastic interaction? Since some high-frequency contributions around the torsional natural frequencies are present

in the spectra of the flapwise deformation velocity, some effects of the enhanced torsional dynamics start to be observed. However, the flexo-

torsional coupling in the blade we considered has a limited importance for the low natural frequencies of the structure, which still remain the

dominant ones. Hence, we believe that our conclusions about the FSI coupling are still valid.

In any case, despite the expected limits of the semi-empirical UA model implemented, our study puts under the spotlight the potential impact

of the UA on the general dynamic behaviour of the wind turbine and points out the need to further investigate the modelling local aerodynamics

for simplified CFD methods used in wind energy. Moreover, severe fluctuations of the AoA may cause higher-frequency and higher-amplitude

fluctuations of the aerodynamic coefficients, triggering even more high-frequency structural modes. These include torsional and more coupled

structural modes, which thus paves the way for torsion to come into play in the definition of the AoA. As a result, it will be interesting to examine

in further developments, how the inclusion of the torsional degree of freedom in the structural feedback42 changes the aeroelastic response with

complete aerodynamics, properly modelled by improved UA models. Moreover, UA phenomena are exacerbated in very long blades,11 whose

nonlinearities could require to improve the overall structural model, by means of nonlinear beam models93 (better suited to aeroelastically tailored

curved blades94) and also by including the effect of the tower, of the nacelle, and of the mutual interaction between the blades in the structural

dynamics of the full machine.95
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APPENDIX A: ROTOR MODELLING

The rotor inside the fluid domain is modelled by the ALM:45 the airloads are determined by means of a blade-element approach and are then dis-

tributed as body forces along rotating lines, which substitute the physical blades in the fluid domain in correspondence of the azimuthal position

of the actual blades. According to the blade element theory, for a 2D airfoil the lift force Fl, the drag force Fd and the aerodynamic pitching

moment M (referred to the airfoil quarter of chord) per unit length are as follows:

Fl ¼1
2
ρU2

relcClðαÞF,Fd ¼1
2
ρU2

relcCdðαÞF,M¼�1
2
ρU2

relc
2CmðαÞF, ðA1Þ

where ρ is the air density, Urel is the magnitude of the local relative velocity in the plane of the airfoil, ClðαÞ, CdðαÞ and CmðαÞ are the lift, drag and

pitching moment coefficients for the local AoA α and F is a modified Prandtl correction factor. The minus sign in M considers the usual convention

according to which Cm is positive when it pitches the airfoil in the nose-up direction, which is here the �E1 direction (Figure 3).
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To correct the typical overprediction of the airloads at the blade tip and root, due to the finiteness of the blade span, Equation (A1) uses a

modified Prandtl tip correction factor,96 that for the wind turbine considered is given by the following:

F¼
4
π2

cos�1 exp �g
3
2

R� r
rsin αþϕð Þ

� �� �
cos�1 exp �g

3
2

r�Rh

rsin αþϕð Þ
� �� �

,

with g¼exp �0:125ð3λ�21:0Þ½ �þ0:1,

ðA2Þ

where r is the distance from the hub centre, R is the rotor radius, Rh is the hub radius, ϕ is the local pre-twist angle of the blade, λ¼ΩR=U is the

tip speed ratio and Ω is the rotor angular speed.

Finally, a 2D Gaussian kernel η spreads the local lift and drag in cylindrical regions surrounding each actuator line, to avoid numerical instabil-

ities due to concentrated forces. The actuator lines start from the hub radius and do not extend up to hub centre. Thus, the body force vector ft

in Equation (3) is as follows:

ft ¼�faeroη¼�faero
1
ϵ2π

exp � rη
ϵ

� �2� �
, ðA3Þ

where rη is the radial distance of a point of the cylinder from the relative actuator line and ϵ is the spreading parameter.

Even though this severe limitation hinders the potential of LES-ALM simulations, the very fine temporal resolution given by the time step lim-

itations bolsters the accuracy and the stability of the FSI coupling methodology. Indeed, the FSI algorithm is at least first-order accurate, even if

the interfield parallelism is obtained at the expense of possible amplified errors in the mutual interaction and response of the single fields, as

Farhat and Lesoinne59 report. However, without subcycling the fluid computations, that is, using the same time substep for the solid and the fluid

dynamics, it has been demonstrated that a light amplification of the errors appears only in the case of strong instabilities and that adopting a

reduced time step, the error produced is even smaller than those corresponding to more sophisticated parallel staggered algorithms.

Finally, an IBM procedure validated in Santoni et al46 is used for the tower and the nacelle, while the balance between the aerodynamic tor-

que Taero and the generator torque Tgen determines the low-shaft angular speed Ω, such that:

Id _Ω¼ Id €Θ¼ Taero�Tgen ¼ Taero�kgenΩ2, ðA4Þ

where Id is the drivetrain rotational inertia, _•ð Þ and €•ð Þ indicate the first and second time derivatives and Θ is the counterclockwise azimuthal

angle indicating the position of a reference blade (Figure 3). A standard quadratic control law97 characterises the generator torque, where the tor-

que gain kgen is related to the turbine's optimal tip speed ratio (λopt ≈7:5 for the case under study).52
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