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Abstract

Recent research developments have indicated that substantial reduction of both the

fatigue and ultimate loads can be achieved by adopting trailing edge (TE) flap control

strategies. Their aeroelastic tools employ blade element momentum (BEM) aerody-

namic models enhanced with a sectional 2D treatment of the TE flap, neglecting the

3D effect of the trailed vorticity in the vicinity of the moving flap. In the present

paper, a cross comparison of the BEM-based models used in the aeroelastic analysis

tools against higher fidelity, free-wake lifting line, and fully resolved CFD models is

performed, with the aim to highlight limitations of the first. A second level of compar-

ison assesses the differences among tools of the same level of fidelity from different

research groups. Moreover, a number of engineering-based correction models that

are used in conjunction with BEM and account for the complex 3D trailed vorticity

effect are assessed. Simulations of a stiff rotor configuration of the DTU 10 MW Ref-

erence Wind Turbine are performed for a prescribed, harmonic TE flap motion, and

aerodynamic loads are compared at the sectional and rotor-integrated level. For the

studied stiff rotor with the chosen flaps configuration, the results of the code-to-

code comparisons indicate that low-fidelity BEM tools consistently predict 1P varia-

tions of the rotor thrust due to the TE flap motion, but fail to reproduce the details of

the load distributions especially in the vicinity of the flap section. BEM-based

corrected models, which account for 3D-induced velocity effects, provide load distri-

bution predictions closer to higher fidelity free-wake and CFD models.

K E YWORD S

active trailing edge flap, BEM-based models, lifting line model, loads alleviation, URANS CFD

solvers, wind turbine blades

1 | INTRODUCTION

The wind community has set a target of increasing the size of the big offshore turbines towards the rating of 20 MW. This target has been set

through numerous research projects.1,2 In order to render upscaling feasible, all possible means of reducing loads and therefore blades' weight
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and cost shall be exploited. For many years, load alleviation strategies relied on pitch control; however, as the size of the blades and the inertias

involved increase, the effectiveness of the pitch actuators to provide high-frequency control authority deteriorates. In the last decade, the alterna-

tive of using trailing edge (TE) flaps as active3 or passive devices4 for alleviating loads and regulating or even optimizing power capture,5 has been

considered and investigated. The concept of TE flaps is known from the very early years of aviation as a means of increasing the lift of fixed wings

during take-off and landing.6 Recently, they have been introduced by the helicopter industry in rotorcraft applications for the active control of

noise and vibrations.7,8 The successful operation of TE flaps as local aerodynamic load control devices in aeronautical applications challenged wind

energy sector to transfer their technology to the design of modern wind turbine blades. Compared to pitch control, TE flaps allow for higher actu-

ation frequencies as the moving masses involved get smaller. In addition, they provide the advantage of the localized-distributed control, which

offers more flexibility in designing control strategies. It should be also underlined that flaps directly trade-off with the pitch system; the more the

flaps are utilized, the less the pitch system has to respond, which means that the flaps enable less pitch travel resulting in less pitch-bearing dam-

age. The latter is a key design driver as turbines get larger.

Several research developments support the argument that movable TE flaps are a suitable means of reducing fatigue and ultimate loads. Among

them, pioneering are those by Andersen,9 Castaignet et al10 and Bæk11 from DTU and Lackner and van Kuik12 and Barlas et al,13 from TUDelft. In

the above developments, different types of control strategies, including standard linear control or model predictive control, are tested, mainly focus-

ing on the reduction of blades' fatigue loads. Later, Bergami and Poulsen14 employed linear quadratic control strategies, while Bernhammer et al15

and Karakalas et al16 investigated the possibility to also reduce ultimate loads by simulating critical extreme design loads cases of the IEC standard.

All the above investigations agree that there is a substantial potential for load alleviation, which, depending on the effectiveness of the control strat-

egy and the defining parameters of the flap geometry (spanwise and chordwise length, position along the span), can reach at least 15%, but it can also

exceed 30%. The common basis of all cited developments, even the most recent ones, is that they use simplified blade element momentum (BEM)-

based rotor aerodynamic models, enhanced with two-dimensional (2D) like, section by section treatment of the effect of deformable TE. The above

models essentially ignore the three-dimensional (3D) character of the flow, which is reflected in the far-wake induction and the local induced effects

due to shed vorticity, and consequently ignore the near-wake effect of the flap motion on trailed vorticity and the corresponding induced velocities.

Thereupon, previous investigations agree that there is great potential of reducing loads by using flaps, although the precise quantification of

the reduction capabilities is in question since they rely on low fidelity, nonvalidated models. Validation of the engineering, low-fidelity models on

the other hand, is not an easy task, as existing aerodynamic measurements for moving flaps installed on rotating blades are yet very limited.17

Besides measurements, an alternative way of assessing the validity of the engineering tools is to compare them against high or medium fidelity

models which are better trusted. This is the aim of the present paper. It performs an extensive code-to-code comparison of all existing modeling

options for the simulation of moving TE flaps on rotating blades. The modeling options considered in the paper range from standard BEM models

to enhanced BEM models that account for near-wake, trailed vorticity effect, to medium fidelity free-wake vortex lifting line models and finally to

high fidelity 3D fully resolved CFD models. The above activity started in the framework of the EU funded project INNWIND.EU2 and continued

in the EU funded project AVATAR.18 In the context of the INNWIND.EU project, TE flap control was selected as the most promising and techni-

cally feasible solution among a number of innovative load control strategies targeting at the attenuation of rotor loads. The integration of this

mechanism within conventional rotor designs was assessed in the project, while load reduction potential was evaluated using different numerical

tools.19 The work was complemented in the framework of the AVATAR.EU project, where an in-depth 2D and 3D parametric study was carried

out to analyze the effect of the different flap parameters on the performance and loading of airfoils and rotating blades with the aim to produce

guidelines regarding control strategies.20 An effort to characterize the 3D flow over a blade equipped with TE flaps has been made by Jost et al21

and a code-to-code comparison between different models (engineering models against a fully resolved CFD model and a viscous-inviscid interac-

tion free-wake vortex model) has been presented by Bergami at al,22 but only for the case of a 2D section. Furthermore, a much less extensive

and detailed comparison has been presented by the same group (Barlas et al23).

The scope of the work presented in the present paper is (a) to establish a database of reference predictions using reliable CFD tools, (b) to

assess capabilities of the different modeling options and especially to report on shortcomings and limitations of the low-fidelity ones, which are

widely employed today in all state of the art aeroelastic design tools, (c) to explain the differences arising from the complexity of tools, and (d) to

assess the effectiveness of the proposed engineering modifications of the BEM-based tools through comparison against their medium or high-

fidelity counterparts. Code-to-code comparison is performed for the INNWIND.EU reference rotor (the DTU 10 MW rotor24). A fixed TE flap

configuration, having a radial length of 10% of the radius and a chordwise extent of 10% of the chord, is considered, centered at the radial posi-

tion of r/R = 0.75. Simulations are performed for two different wind speeds (11.4 and 19 m/s) and three oscillating frequencies of the moving flap

(1P, 3P, and 6P), considering an infinitely stiff rotor.

2 | NUMERICAL TOOLS

The available numerical tools may be categorized in three groups of varying complexity, the engineering BEM-based solvers (hGAST,

HAWC2, FAST), the lifting line methods (GENUVP) and the advanced CFD Navier–Stokes solvers (MaPFlow, FLOWer). In the first category
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models, engineering-based corrections for the local 3D effects have been applied in HAWC2 and FAST. A brief description of the models is

provided below.

2.1 | BEM-based rotor aerodynamic models

2.1.1 | hGAST

A standard BEM model with a dynamic inflow model based on standard cylindrical wake theory is implemented in hGAST.25 It is equipped with an

engineering correction model for yaw misalignment effect25 and the ONERA local unsteady aerodynamics and dynamic stall model.26 The effect of

the moving flap is taken into account through the 2D, unsteady aerodynamic model FOILFS, which is based on linear-potential unsteady airfoil the-

ory and simulates unsteady aerodynamics due to arbitrary camber line variations of a 2D airfoil section.27 Within the flap region, FOILFS is implic-

itly (nonlinearly) coupled to the BEM equations. Since FOILFS is formulated on the basis of potential flow theory, corrections need to be applied in

order to account for viscous drag and dynamic stall effects. These are again performed by means of the engineering ONERA dynamic stall model.

In particular, the ONERA model splits the aerodynamic forces into a potential and a separated flow component. This is done through the introduc-

tion of two equivalent circulation parameters defined both for the lift and the drag force. In FOILFS and in the case of attached flow conditions,

no corrections are applied to the unsteady lift force and twisting moment computed by the potential code. The only correction applied is the inclu-

sion of the viscous drag contribution to the loads. In the case of separated flow conditions, the separated flow component of the ONERA model is

superimposed to the potential loads provided by the potential part of FOILS. Thus, viscous corrected, sectional unsteady aerodynamic loads, includ-

ing the effect of the deforming camber line, are directly provided by FOILFS model on a section by section basis. Obviously, the method requires

as externally provided input steady-state lift, drag, and moment polars of the different airfoil sections. Especially within the flap region, polars

should be also provided for different TE flap angles (or for different camber line shapes) within the simulated range of flap deflection angles.

2.1.2 | HAWC2

HAWC228 is a BEM-based tool that is implemented on a polar grid29 and includes submodels for among others dynamic inflow, yaw error,

and tip loss. The unsteady aerodynamics associated with the active flaps is computed by using the Beddoes-Leishman type ATEFlap dynamic

stall model.30 The variation of steady lift, drag, and moment coefficients introduced by the flap deflection is externally provided to the model

as a set of airfoil polars. Aerodynamic cross-sectional coupling through trailed vorticity is computed by the near-wake model,31 that is a sim-

plified lifting line model for the wake in the vicinity of each blade. The model is efficient because the induced velocity due to the trailed vor-

tex elements is approximated by exponential functions.32 Therefore, the costly numerical integration of the Biot-Savart law over all trailed

vortex elements can be avoided. The near-wake model is fully dynamic and takes into account how the trailed vorticity evolves over time.

Vorticity is trailed between all aerodynamic sections on the blade; thus, the model captures for example tip and root vortices as well as vor-

ticity trailed at the edges of flaps and vorticity trailed due to radial load variations in turbulent inflow.33 At each vortex trailing point, the

trailed vortex strength is computed as the difference in bound vorticity of the adjacent aerodynamic blade sections. This bound vorticity is

computed including an approximation of the unsteady circulation buildup.31 The correct interaction between 2D unsteady airfoil aerodynamics

model and near-wake trailed vorticity model was demonstrated in a validation against NASA Ames Phase VI wind tunnel measurements in

standstill with harmonic pitching.34

2.1.3 | FAST

FAST35 is an aeroelastic simulation code that can model the dynamic response of two- or three-bladed horizontal axis wind turbines. It is coupled

to the aerodynamic code AeroDyn, which calculates the lift, drag, and pitching moment coefficients on each section of the blade as well as the

forces on each of the elements along the span using a BEM approach.36 The aerodynamic calculations in AeroDyn are based on pseudo 2D prop-

erties of the local airfoil aerodynamics. For calculating unsteady airfoil aerodynamics, the Beddoes and Leishman dynamic stall model has been

implemented. For the flap simulations, CENER has developed an in-house modification of Aerodyn.37 There are two major modifications:

• The unsteady model has been extended with the flap deflection. The oscillations of a TE flap are equivalent to a change in the angle of attack

(based on thin airfoil theory) and a similar formulation in the calculation of the aerodynamic load coefficients, based on Beddoes-Leishman

model. A first-order delay is applied to calculate the effective flap deflection. This delay takes into account the unsteady contribution with a

formulation similar to the one used for the angle of attack in FAST.
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• The spanwise 3D effects of the section at the ends of the flap have been taken into account through concepts related to vorticity and circula-

tion. At the ends of the flap, there is a break of circulation, with a step in the lift coefficient. The emitted vorticity has been simplified to a

straight semi-infinite vortex filament at the ends of the flaps. The strength of the vortex filaments is estimated as the difference in circulation

between the adjacent sections (with and without flap). This spanwise effect is introduced in the FAST code as an increase in the angle of attack

related to the emitted vorticity, calculating the induced velocity related to this vorticity with the Biot-Savart law.

2.2 | Lifting-line model

2.2.1 | GENUVP

GENUVP38 is a potential flow solver combining a lifting line representation of the solid boundaries (blades) with a hybrid vortex lattice and vortex

particle representation of the wake. The blades are considered as lifting lines carrying piecewise constant bound circulation distribution as shown

in Figure 1 (equivalent to open horseshoe type vortex filaments). Horseshoe filaments of equal intensity to the bound ones (in accordance with

Kutta equation) are shed in the wake along the TE lines of the blades. In the model, a hybrid wake approach is followed. The horseshoe filament

representation is retained only in the near-wake part, while the far part is modeled by free vortex particles. The near-wake part consists of the

newly shed vorticity, trailed within few time steps (typically corresponding to a quarter of the revolution).

As regards numerical procedure, by satisfying the nonlinear lifting line equation, the unknown bound circulations are determined in every time

step of the simulation. Then, at the end of each time step, the filaments along the interface of the hybrid wake are converted into vortex particles

and both the near-wake filaments and the far-wake vortex particles are convected downstream with the local flow velocity (free-wake represen-

tation). The layout of the modeling is shown in Figure 1 while details of the model are given by Voutsinas.38

Since GENUVP is a potential flow solver, the loads need to be corrected in order to account for viscous effects. This is done by means of the

generalized ONERA unsteady aerodynamics and dynamic stall model.26 The potential unsteady load is calculated by means of Kutta-Joukowski

theorem. Then, viscous corrections are applied to the potential sectional loads that require as input the local flow velocity and angle of attack,

both calculated within the lifting line model. In GENUVP and in the case of attached flow conditions, no corrections are applied to the unsteady

lift force and twisting moment computed by the free-wake code. The only correction applied is the inclusion of the viscous drag contribution to

the loads. In the case of separated flow conditions, the separated flow component of the ONERA model is superimposed to the potential loads

provided by the free-wake model.39 In order to take into account the effect of the moving TE flap in the lifting line model, the CL polars of the

sections equipped with flaps should be provided for different flap angles (in particular their slope dCL/dα and the zero lift angle α0). Then, the

effect of the moving TE flap is then taken into account by changing the slope and zero lift angle α0 in the lifting line equation.

2.3 | URANS CFD models

2.3.1 | MaPFlow

MaPflow40 is a finite-volume multiblock compressible URANS solver equipped with low Mach preconditioning in regions of nearly incompressible

flow. Parallel processing is implemented using the message passing interface (MPI) communication protocol. The discretization scheme is cell-

F IGURE 1 Layout of the free-wake
modeling of a blade
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centered and makes use of the Roe approximate Riemann solver for the convective fluxes. The scheme is second-order accurate in space on

unstructured grids and applies the Venkatakrishnan's limiter.41 In time, an implicit second-order scheme is used introducing dual time stepping for

facilitating convergence. The k-ω SST eddy viscosity model is used for turbulence closure, while the γ-Reθ and the eN models are available options

for transitional modeling.

Grid nodes that belong to the flapping part of the blade surface are moved according to the defined flap deflection. The solution of

the URANS equations requires a new grid with updated nodal coordinates and the corresponding nodal speed at every time step. Provided

that flap deflection follows an analytical relationship, the grid nodes velocities on the blade surface are calculated through the analytical

and not the numerical time derivatives of the displacements, in order to minimize the possibility of accuracy errors propagation. The dis-

placements of the inner grid nodes are obtained as the product of a distance function and the displacement of the associated surface node,

according to the method described by Zhao et al.42 The distance function is damped exponentially with increasing distance from the mov-

ing surface, tending to zero at the outer boundary. A smoothing procedure is incorporated to avoid any possible overlapping of the numeri-

cal cells.

The discontinuity of the geometry at the flap edges is approximated as a solid membrane which does not allow the fluid to pass

through. As a result, the numerical cells render a stretching which is maximized at the maximum deflection angle. In cases that the

stretched cells produce numerical instabilities, the spanwise geometrical variation at the flap edges is smoothed out using a third-order poly-

nomial curve.

2.3.2 | FLOWer

FLOWer43 is a compressible URANS/DES solver based on a finite-volume formulation for block-structured grids. The Chimera overlapping mesh

technique allows consideration of relative motions between different component adapted grids. To determine the convective fluxes a second cen-

tral discretization with artificial damping is used, also called the Jameson-Schmidt-Turkel (JST) method. Time integration is accomplished using the

semi-implicit dual-time-stepping method. During the last years, FLOWer was continuously enhanced for wind turbine and helicopter application

at the Institute of Aerodynamics and Gas Dynamics, University of Stuttgart,44 for example, time-accurate FSI or consideration of resolved atmo-

spheric inflow conditions. One of these enhancements is a functionality to realize trailing or leading edge flaps based on grid deformation using

radial basis functions,21 which is applied in the present work.

2.4 | Computational details

In this section, numerical details for all the models used in the analysis are discussed.

2.4.1 | BEM-based models

For the HAWC2 simulations, the blade is discretized into 91 aerodynamic sections. The outer part of the blade including the flap sections

is resolved with roughly 0.5 m distance between sections. The employed time step is 0.0025 s resulting in an azimuth step of less than

0.15�. In hGAST, the blade is discretized using 50 segments, five segments within the flap region, and the time step corresponds to 1� azi-

muth rotation. In FAST, each blade is discretized with 52 blade elements, and the time step is 0.01 s corresponding to around 0.6� step of

azimuth rotation.

2.4.2 | GENUVP

In the free-wake lifting line computations, the blade discretization consists of 30 segments. The flap section is divided into five segments.

Unsteady time marching simulations are performed using a time step Δt that corresponds to an azimuth rotation interval of 2.5� (144 steps per

revolution). The selected time step corresponds to a minimum of 24 steps per period of the TE flap motion (for the 6P case). Dependence of the

obtained results on the grid and time step parameters has been checked, and it has been identified that the above reported values of the parame-

ters satisfy the solution independence requirement. A number of 10 rotor revolutions have been simulated in all cases in order to ensure conver-

gence to periodic solution. An exponential filter function is applied in the calculation of the induced velocities by the wake vortex filaments of the

near-wake and the vortex particles of the far wake. A core radius (cut off length) of 0.01 m (�0.01% of the blade radius) is considered for the fila-

ments and 1 m (�1% of the blade radius) for the vortex particles.
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2.4.3 | MaPFLow

An O-type spherical mesh is generated using the ANSYS ICEMCFD software. The farfield of the computational domain extends 23 rotor radii far

from the blade surface. Due to the 120� symmetry, simulations of one blade using periodic conditions are performed. The choice of the grid reso-

lution is based on the grid independency study carried out in the context of the AVATAR project.45 In that study, grids at three different levels L1,

L2, and L3 were employed for thrust and power curve estimation, consisting of 14, 1.7, and 0.22 million grid points respectively (no flap was con-

sidered in those simulations). For a free stream velocity of 10 m/s, the average differences between the medium and fine grids L1, L2, in the

spanwise distributions of the thrust and the driving force, were found less than 2% and 3%, respectively. In the present studies, a mesh similar to

L2 is employed in the normal to the blade surface direction; however, in order to achieve an accurate simulation of the flap movement the grid is

significantly refined on the blade surface (finer than L1), especially in the spanwise direction within the flap region. The blade surface is discretized

using 185 nodes spanwise and 378 nodes chordwise. A number of 35 nodes are distributed in the blade surface boundary layer following a geo-

metrical progress starting from y+ = 1 for the first cell (Figure 2). A special refinement is made in the flap region, reaching a minimum grid spacing

of 0.1 m close to flap edges. The total mesh consists of 7.5 million cells. A detail of a mesh slice showing the refinement along the span direction

is shown in (Figure 3). Advancing in time is realized employing 360 time steps per flapping period and 30 internal dual iterations. Fully turbulent

flow conditions are considered for all simulations.

2.4.4 | FLOWer

Four overset meshes are used in order to perform the simulation of one blade due to the 120� symmetry. The choice of the grid resolution is

based on a grid independency study for steady and unsteady simulations of the generic INNWIND and AVATAR 10 MW wind turbines46 (no flap

was considered in those simulations). In that study grids at three different levels were generated with the total number of cells ranging from 7.45

up to 30.25 million. A good agreement was observed in the predictions of the thrust and driving force spanwise distributions between the

medium and the fine grid. Therefore, that medium grid is considered as the basis for the present study. However, in order to properly account for

the flap movement, the blade surface grid is refined in the chordwise direction in the vicinity of the flap hinge and in the spanwise direction at the

flap edges as described by Jost et al.21 This results in a CH-type blade mesh consisting of 14.1 million cells using 281 nodes chordwise and

201 nodes spanwise. A number of 35 nodes are distributed across the blade boundary layer using a geometrical progression of 1.14 growth rate

F IGURE 2 Overview of the O-type mesh
around a blade section, used in MaPFlow
simulations

F IGURE 3 Detail of a mesh slice indicating
the refinement at the edges of the flap region
used in MaPFlow simulations
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with a height of the first layer being in the order of y+ ≈ 0.5. Beyond the boundary layer domain blocks attach with tanh-distribution towards the

outer grid boundary. No gaps are considered at the spanwise edges of the flap. Rather, a smooth connection between the flap and the remaining

blade is introduced in radial direction. The background mesh consists of 16.5 million cells. The spinner and nacelle mesh consist of 1.4 million and

1.3 million, cells respectively. The upstream and downstream boundaries of the computational domain are positioned 13 rotor radii far from the

blade surface, whereas the radial farfield boundary is positioned seven rotor radii far from the blade surface. Advancing in time is realized

employing 240 time steps per flapping period with 100 internal dual iterations which is oriented on previous investigations.21 The Menter SST

turbulence model is applied with the boundary layer being considered fully turbulent.

3 | NUMERICAL RESULTS AND DISCUSSION

3.1 | Definition of the simulation cases

The rotor of the DTU 10 MW reference wind turbine rotor is considered, which is fully described by Bak et al.24 In order to better assess the

aerodynamic influence of the oscillating flap on the loading (sectional and overall) and on the power performance of the rotor, rotor flexibility is

suppressed in the present analysis. Moreover, zero precone and tilt angles are considered in order to keep the configuration as simple as possible.

Simulations are compared at the rated wind speed of 11.4 m/s and rated rotational speed of 9.6 rpm. The frequencies of the flap motion are

selected as relevant multiples of the rotational frequency (1P, 3P, and 6P). In addition, an extra operating point at 19 m/s with 16.432� pitch angle

and rated rotational speed is simulated using the high frequency of 6P for the flap motion. The TE flaps are centered at the 75% of the blade span

and extend over 10% of the blade radius. The flap length is 10% of the chord, while its deflection follows a sinusoidal variation in time with ampli-

tude of 10�. The matrix of the simulated operating points and the TE flap configuration are listed in Tables 1 and 2, respectively.

3.2 | Flap geometry and 2D airfoil polars

The outer part of the DTU 10 MW rotor blade is formed by the FFA-W3-241 airfoil which begins at the radius of 62 m. Based on the definitions

of Table 2 FFA-W3-241 is the only airfoil section within the radial extent of the flap. The mode shape of the deploying TE flap is the one defined

by Bergami et al.22 Flap deflection is modeled as a deformation of the camber-line, without changing the airfoil thickness. The camber-line points

are displaced normally to the chord-line by a distance Δycamb = β ・ yfl, where β (defined as positive for a downwards motion of the flap) is the flap

deflection (in degrees), and the function yfl describes the flap deflection mode shape, that is, the camber-line variation for a unitary flap deflection.

The deflection shape for a unit chord length airfoil is defined as a circular arc starting at 90% of the chord length (Figure 4):

yfl=c=
yfl=c=0 x=c<0:9

yfl=c=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
c − x=c−0:9ð Þ2

q
−Rc x=c≥0:9

(
,

TABLE 1 Operational conditions of
the simulated cases

Case 1 2 3 4

Wind speed (m/s) 11.4 11.4 11.4 19

Rotor speed (rpm) 9.6 9.6 9.6 9.6

Pitch angle (�) 0 0 0 16.432

Flapping frequency 1P 3P 6P 6P

TABLE 2 Parameters of the flap
configuration

Flap configuration

Chordwise length extension 10%

Maximum deflection angle ±10�

Spanwise length extension 10% of rotor radius = 8.9 m

Spanwise center location 75% of rotor radius = 66.87 m

ΔCL ±0.4
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F IGURE 4 Trailing edge geometry
corresponding to flap deflections of ±10� on the
investigated FFAW3241 airfoil

F IGURE 5 CL and CD polars of the
FFAW3241 airfoil at Re = 15 × 106, Ma = 0.2 and
flap angle equal to 0�. Comparison between
FOIL2W and FLOWer
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while the radius of the circle is such that the line connecting the point on the arc at the TE with the flap starting point forms an angle of 1� with

the undeformed chord-line:

Rc =
0:12 + δ2y

2δy
δy =0:1 tan π=180ð Þ:

The low (BEM type) and medium (lifting line type) fidelity models require airfoil polars as input in order to compute sectional aerodynamic loads.

In the present analysis the polars of the FFAW3241 airfoil have been calculated using the FOIL2W viscous-inviscid interaction code.47 Simula-

tions have been performed for fully turbulent flow conditions to obtain results in line with the results of the CFD analysis. Polars have been gen-

erated for flap angles between −10� and +10� with a step of 1� and for Re = 15 × 106 and Ma = 0.20, which correspond to the average local

values at the 75% of the rotating blade. In order to cover all possible angles of attack, polars are derived for a range of −15� to 18� with a step of

1�. A comparison of the lift and drag polars predicted by FOIL2W against those predicted by the 2D version of FLOWer for TE flap angle 0� is

presented in Figure 5. It is seen that FOIL2W predictions of the CL polar are in good agreement with the CFD results in the attached flow region.

CFD code predicts higher CLmax value and steeper drop of the CL in the stall region. However, in all simulated cases considered in the present

analysis only attached flow conditions are foreseen (given also that the simulated turbine is a pitch regulated one). FOIL2W slightly under predicts

CD as compared to FLOWer. In order to ensure uniformity of all models with respect to drag predictions, a shift on FOIL2W drag polars by 21 drag

counts is performed (see corrected polar in Figure 5). In Figure 6, the variation of the CL with the flap angle, as predicted by the two models, is

F IGURE 6 CL of the FFAW3241 airfoil at Re = 15 × 106 and Ma = 0.2
as a function of the flap angle at AoA = 6.5�. Comparison between
FOIL2W and FLOWer

F IGURE 7 Induced effect of trailed vorticity when flap moves down
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shown. FOIL2W slightly under predicts CL as compared to FLOWer (on average 5% in the linear region). This is expected to induce a similar

underestimation in the prediction of the mean sectional aerodynamic loads (thrust and driving force) in the rotor simulations. However, the slopes

of the CL-β curves predicted by the two models are in very good agreement. Slightly higher deviation is noted beyond 8� positive flap angles. A

maximum deviation of −5% on the absolute ΔCL prediction of FOIL2W with respect to that of FLOWer code is noted at +10� flap angle while the

deviation at −10� flap angle is less than +2%. The above difference is expected to result in similar percentages of underprediction (at positive flap

angles)/over-prediction (at negative flap angles) of the sectional load variation in the vicinity of the flap.

(A) 11.4m/s – 1P flap (B) 11.4m/s – 3P flap

(C) 11.4m/s – 6P flap (D) 19m/s – 6P flap

(E) Focus on flap region 11.4m/s – 3P (F) Focus on flap region 11.4m/s – 6P

F IGURE 8 Radial distribution of loads along blade span for the maximum ±10� flap angle. Comparison between CFD and engineering BEM-
based models without correction. (A) 11.4 m/s, 1P flap, (B) 11.4 m/s, 3P flap, (C) 11.4 m/s, 6P flap, (D) 19 m/s, 6P flap, 16.432� pitch, (E) 11 m/s,
3P: Focus on driving force distribution in flap region to distinguish +10� and −10� curves, (F) 11 m/s, 6P: Focus on driving force distribution in
flap region to distinguish +10� and −10� curves
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3.3 | Comparison between CFD and baseline BEM-based solvers

Considering that the BEM-based models rely on a 2D like, section by section analysis, their differences against the CFD solvers reveal the 3D

character of the flow in the vicinity of the moving flap. When the flap section moves, extra vorticity is trailed in the wake from its edges, which in

turn induces an additional downwash or upwash along the blade span. When the flap section moves down, clockwise vorticity is trailed from the

inboard edge and counter-clockwise from the outboard if the blade is viewed from behind. In this case, this extra amount of vorticity induces a

downwash within the flap section and an upwash outside the flap section (see Figure 7). The opposite occurs when the flap moves up.

The effect of the induced velocities due to the trailed vorticity is clearly depicted in all radial distributions of the thrust and driving force

shown in Figure 8. In the figure, the distributions of forces for the flap being at both extreme positions (i.e., flap angle = ±10�) are shown in the

same plot. The CFD solvers predict lower maximum thrust when the flap is at +10� and higher minimum thrust when the flap is at −10�. This is

apparently due to the induced downwash/upwash velocities within the span of the flap section, which results in reduced lift with respect to that

of the 2D like analysis when the flap moves downwards, and increased lift when it moves upwards (see Figure 9). CFD predictions indicate that

the flap effect due to the influence of the trailing vortices also extends outside the flap region (the above effect is not seen in the BEM-based sim-

ulation results), being in-line with earlier findings.19,21 The lift force developing on the sections outside the flap range (near the two edges) is

higher/lower than the one predicted by the BEM models. This is due to the induced upwash/downwash for downwards/upwards flap motion

respectively. Thus, compared to the 2D BEM-based simulations, the flap efficiency is reduced within the flap section, but is increased outside the

flap region. Therefore, the 3D effect of the flap efficiency reduction is partly compensated by an opposite impact outside the flap region. In addi-

tion, the 3D effect results in the smoothening of the radial distributions, especially in the neighbor of the flap edges. It is noted that the differ-

ences in the maximum/minimum thrust predicted by the two BEM-based codes is due to the slight phase difference in the thrust results of the

two models (different hysteresis predicted by the models). The agreement of the CFD codes is very close for all wind speeds and flapping

frequencies.

As depicted in Figure 8A–C, the CFD predicted radial distribution of the driving force, at the wind speed of 11.4 m/s, exhibits a local reduc-

tion within the flap region with respect to the force outside the flap region when the flap moves down (positive flap angle). On the other hand,

when the flap moves up (negative flap angle), the driving force appears to be almost insensitive to the flap deployment. Such a trend is not

observed in the BEM-based predictions, where the downwards/upwards flap motion results in a noticeable respective increase/decrease of the

driving force within the flap region. That behavior of the CFD predictions is also due to the induced upwash/downwash from the trailed vorticity

(and the corresponding induced drag), and it is explained in Figure 9. When the flap moves down (Figure 9A), the lift force increases due to the

higher camber line curvature, but at the same time, it also turns in the clockwise direction due to the 3D induced downwash (lower effective angle

of attack). Overall, a reduced contribution of the lift force to the driving force is obtained although the lift of the section increases. The opposite

happens when the flap moves up (see Figure 9B). So, it is the induced drag effect that leads to a lower driving force within the flap section when

the flap moves down and to a higher driving force when it moves up. How strong the effect of the induced drag is, depends on the strength of

the vortices trailed from the edges of the flap. At the wind speed of 19 m/s, due to the higher relative inflow angle (angle between relative flow

velocity and rotor plane), the lift force turns towards the in-plane direction and therefore dominates driving force (see Figure 10A,B). As a result,

the variation of the driving force in the 3D CFD predictions follows the shape of the variation of the thrust force (both dominated by sectional lift

F IGURE 9 Effect of induced velocities on thrust force and on driving force. (A) Flap moves down, (B) flap moves up. For the sake of clarity,
the effect of the viscous drag has been omitted in the plot
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F IGURE 10 Effect of wind velocity on thrust force and on driving force. (A) Low wind speed, (B) high wind speed. For the sake of clarity, the
effect of the viscous drag has been omitted in the plot

(A) 11.4m/s – 1P flap (B) 11.4m/s – 3P flap

(C) 11.4m/s – 6P flap (D) 19m/s – 6P flap

F IGURE 11 Variation of sectional thrust vs flap angle at flap center (75% radius)—comparison between CFD and engineering BEM-based
models without correction. (A) 11.4 m/s, 1P flap, (B) 11.4 m/s, 3P flap, (C) 11.4 m/s, 6P flap, (D) 19 m/s, 6P flap, 16.432� pitch
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force). It is the camber line effect of the flap deployment on the lift force that dominates driving force in this particular case, rather than the effect

of the induced velocities and drag. CFD predictions furthermore indicate that as the frequency increases from 1P to 3P and 6P, the above effect

is combined with a reduction in the amplitude due to increasing hysteresis, diminishing the level difference between the +10� and −10� flap angle

positions. A focus on the flap region (Figure 8E,F) actually depicts that the driving force at −10� may surpass that of +10� at a radial position close

to the outward flap edge. It should be noted that these differences, although small, are confirmed by both CFD solvers.

In Figures 11 and 12, the hysteresis loops of the local (middle of the flap section—75% of blade span) thrust and driving force vs. flap angle

are shown for both wind speeds and all simulated TE flap motion frequencies. CFD solvers (FLOWer and MaPFlow) systematically predict lower

slopes of the respective loops which are due to the lower amplitudes of the local loads already seen in the radial distributions. As explained above,

the lower amplitude of the loads is due to the smearing effect of the trailed vorticity induced velocities (3D induced effects). The slope of the

loops predicted by the BEM-based models remains closer to the corresponding steady state curves (not shown in the plots) as they completely

suppress 3D flow effects and therefore overpredict the load amplitude. Furthermore, CFD predicted loops appear to be much thinner as com-

pared to those predicted by the BEM-based models (HAWC2 and hGAST). This is because reduced amplitudes result in less shed vorticity and

therefore less hysteresis of the aerodynamic loads. It is noted that as the frequency of the flap motion increases from 1P to 3P and finally to 6P,

the hysteresis of the loops tends to increase and the gradient of the loops tends to decrease (lower load amplitude). The above trend is

reproduced also by the BEM-based models although the width and the slope of the loops predicted by these low-fidelity models substantially

deviate from the CFD ones.

In particular, the loops of the driving force, predicted by the CFD solvers, at the wind speed of 11.4 m/s are almost horizontal, as opposed to

the BEM-based ones (see Figure 12A–C). In the 3P and 6P cases, at 11.4 m/s, the gradient of the loops becomes almost zero. As explained above,

this is due to the strong influence of the induced drag on the driving force component (change of lift force orientation due to induced upwash/

downwash). On the contrary, a much better agreement in the slopes of the driving force loops between the CFD and the BEM-based analyses is

obtained at the wind speed of 19 m/s as trailed vorticity effect becomes weaker.

(A) 11.4m/s – 1P flap (B) 11.4m/s – 3P flap

(C) 11.4m/s – 6P flap (D) 19m/s – 6P flap

F IGURE 12 Variation of sectional driving force vs flap angle at flap center (75% blade span)—comparison between CFD and engineering
BEM-based models without correction. (A) 11.4 m/s, 1P flap, (B) 11.4 m/s, 3P flap, (C) 11.4 m/s, 6P flap, (D) 19 m/s, 6P flap, 16.432� pitch
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Figure 13 presents the temporal variations of the integrated rotor thrust force and power output. For the 1P case, BEM-based and CFD code

predictions are in good agreement, both in terms of amplitude and phase of the variations (Figure 13A). Apparently, the higher force amplitudes

predicted by the BEM-based codes within the flap region, are compensated for by the reduced amplitudes outside the flap area (see Figure 8A) in

the integrated thrust force. It is therefore concluded that in the 1P case, and in particular when it comes to integrated loads, the overall adverse

effect on the load amplitude from the trailing vortices within the flap section is counter balanced by a positive effect in the blade parts outside

the flap section, and adjacent to the two edges. At the higher frequencies of 3P and 6P at 11.4 m/s though, CFD codes predict smaller amplitudes

of both thrust and power as compared to BEM-based codes (see Figure 13B,C). These differences are attributed to the fact that the 3D flow

effect induced by the trailed vorticity influences a more restricted spanwise region of the blade (see Figure 8A vs. Figure 8B,C). Therefore, the

reduced amplitudes predicted by the CFD codes within the flap region in these cases are not compensated for by the increase of loads outside

the flap, resulting in lower amplitude of the integrated thrust and power. Furthermore, a phase difference is noted in the power output of the 3P

and 6P cases. This is due to the combined effect of the high hysteresis and the reduced slope of the driving force loops predicted by the CFD

models, which shift the position of the maximum/minimum load away from the maximum positive/negative flap angle respectively (see

Figure 12B,C). The above effect (increase in hysteresis and reduction of slope as the frequency increases) is much less pronounced in the loops of

the thrust force and that explains the much closer agreement in the phase of the predicted time series by the CFD and the BEM-based models. At

19 m/s and 6P frequency (see Figure 13D), a very good agreement between the CFD and the BEM-based models is obtained in both the thrust

and the power time series. As already noted, this is because in this high wind speed case, the change in the loading of the rotor is dominated by

the increase in lift, and the effect of the camber line due to the flap deployment becomes more important than the effect of the induced velocities

and drag. Therefore, closer agreement of the CFD results to the 2D like, BEM-based analysis is expected in this particular case.

(A) 11.4m/s – 1P flap (B) 11.4m/s – 3P flap

(C) 11.4m/s – 6P flap (D) 19m/s – 6P flap

F IGURE 13 Temporal variation of integrated power and thrust. Comparison between CFD and engineering BEM-based models without
correction. (A) 11.4 m/s, 1P flap, (B) 11.4 m/s, 3P flap, (C) 11.4 m/s, 6P flap, (D) 19 m/s, 6P flap, 16.432� pitch
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3.4 | Performance of the corrected BEM-based solvers

FAST and HAWC2-NWBEM-based tools are properly modified to account for 3D effects due to the vorticity trailed from the flap edges. The effec-

tiveness of these models is assessed through comparisons of their predictions with those provided by the baseline BEM-based and the CFD codes.

In Section 3.3, it was demonstrated that FLOWer andMaPFlow CFD solvers are in very good agreement, which shows the reliability of their predic-

tions. Therefore, the predictions from just one of the two solvers, namely, the FLOWer solver, are compared against the corrected BEM-based codes

in this section. On the other hand, the uncorrected HAWC2 is chosen as representative of the baseline BEM-based solvers. HAWC2 and hGAST

tools provide similar results with respect to load amplitudes, but they present some small differences regarding phase characteristics (especially at

the 6P frequency). The agreement of the baseline HAWC2 code with the CFD solvers with respect to the predicted phase of the loads seems to be

better, and therefore, the above tool is chosen to be shown in the plots as representative of the baseline BEM-based codes.

Figure 14 presents the radial distributions of the predicted blade thrust/driving forces. In Figure 14B, a focus of the driving force variation

along the flap region is realized, so that the different trends among the predictions can be distinguished. Figure 15A depicts the hysteresis loops

of the sectional thrust force respectively, at the flap center (r/R = 75%), while Figure 15B presents the temporal variations of the overall rotor

power and thrust. Both HAWC2-NW and FAST tools manage to reproduce the basic 3D character of the flow in their thrust predictions, provid-

ing a smoother radial distribution of the thrust loads, as compared to the baseline HAWC2. They both provide reduced amplitudes of the sectional

thrust force in the middle of the flap section and the expected extension of the flap influence outside the span of the flap, adjacent to the two flap

edges. Compared to the CFD predictions, FAST underpredicts the amplitude of the sectional thrust leading to an underestimation of the overall

rotor thrust amplitude (see Figure 15B) and a corresponding decrease in the slope of the sectional thrust loop (see Figure 15A) at all frequencies.

This could be attributed to the fact that the FAST implementation assumes that the trailed vorticity always has the strength of the bound circula-

tion difference at the flap section and does not take into account its evolution in time in a dynamic way. On the other hand, corrected FAST tool

(A) Radial distribution of thrust and driving force

(B) Focus on the radial distribution of driving force in the flap region

F IGURE 14 Comparison of corrected BEM-based models with CFD. (A) Radial distribution of thrust and driving force. (B) Focus on the radial
distribution of the driving force in the flap region to distinguish the +10� and −10� curves of the different codes. Results for 1P/6P flap are
presented in left/right columns, respectively
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consistently predicts the increase in the width of the thrust loop with the increase in the frequency (from 1P to 6P) (see Figure 15A), while

HAWC2-NW demonstrates the opposite trend. It is noted that the baseline HAWC2 is capable of predicting the increase in the hysteresis of the

loops with increasing frequency (see Figure 11A–C). The effect of 3D corrections on the overall rotor thrust and power in HAWC2 predictions

(comparison between baseline HAWC2 and HAWC2-NW) appears to be small (see Figure 15B). It is therefore confirmed that the reduced sec-

tional thrust amplitude within the flap section is compensated by the simultaneous increase in the amplitude outside the flap region, in the vicinity

of the two flap edges. Furthermore, the amplitude of the rotor thrust force predicted by HAWC2-NW is higher than that of the CFD code.

Regarding driving force, HAWC2-NW reproduces the induced drag effect (due to induced downwash/upwash) discussed in Section 3.3,

which leads to reduced driving force within the flap region, when the flap moves down and the opposite when it moves up (Figure 14A,B). How-

ever, it exaggerates the induced effect as compared to the CFD results. When the flap moves down, both the increase in the driving force outside

the flap section and the decrease in the driving force within the flap section (the opposite when the flap moves upwards) are higher, as compared

to the CFD predictions. This is probably due to lack of viscous diffusion in the HAWC2-NW model, as the applied correction relies on inviscid

vortex-wake calculation. On the other hand, corrected FAST model predicts a reduction in the driving force within the flap region both when the

flap moves down and up. Overall, the corrected FAST driving force prediction agrees better with the CFD results at the frequency of 6P, while

HAWC2-NW predictions seem to follow better CFD trends at 1P frequency. This is better represented in the focused plot of Figure 14B, where

it can be observed that HAWC2-NW follows the CFD trend at 1P; however, it does not well reproduce the reduction in the amplitude with

increasing frequency. On the other hand, FAST seems to well predict the induced drag effect at the high frequency of 6P, but overpredicts its

effect at 1P. Regarding power output, the fact that the minimum and maximum values of the driving force within the flap region in the corrected

FAST predictions come too close (Figure 14A), not only reduces the amplitude of the variation but also modifies the whole pattern of the time

series generating an additional frequency as compared to the CFD predictions (Figure 15B). HAWC2-NW power output series agrees well with

the CFD results at 1P; however, it appears to be slightly phase shifted at 6P.

(A) Sectional thrust vs flap angle at flap centre

(B) Temporal variation of power and thrust 

F IGURE 15 Comparison of corrected BEM-based models with CFD. (A) Sectional thrust vs flap angle at flap center (75% blade span),
(B) temporal variation of power and thrust. Results for 1P/6P flap are presented in left/right columns, respectively
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3.5 | Comparison of corrected BEM-based, free-wake lifting line, and CFD models

In the present section, modeling options that, either inherently or by means of engineering corrections, account for 3D trailed vorticity effects are

cross compared. These are (a) the corrected BEM-based models (HAWC2-NW and corrected FAST), (b) a free-wake lifting line model (GENUVP),

and (c) a fully resolved CFD (FLOWer). The free-wake lifting line method can be seen as an intermediate option between the engineering BEM-

based models and the advanced CFD solvers. In comparison to the BEM-based models, it provides a more accurate physical representation of the

flow field and the wake development around the blades. Still, viscous effects are taken into account through engineering corrections based on

provided polars. Thus, the tools compared in this section constitute a representative span of modeling options among the existing in the literature,

both in terms of fidelity and computational cost.

In Figures 16–18, predictions of the abovementioned models are compared for both wind speeds. At the wind speed of 11.4 m/s (Figures 16

and 17), the 1P frequency predictions of the lifting line method are in very good agreement with CFD results in every aspect; the patterns of the

radial distributions of forces, the amplitudes of the variations, the hysteresis of the sectional thrust loops and the integrated rotor loads. A 5%

overprediction, as compared to all other models, is noted in the mean value of the rotor power (Figure 17B), which is due to the higher driving

force predicted by GENUVP outside the flap region, over the mid-span of the blade (see range 40–60 m in Figure 16A). This mean value differ-

ence is mainly related to inherent differences between models of different theoretical basis which does not intervene in the prediction of the

unsteady character of the flow. As already discussed in Section 3.4, HAWC2-NW demonstrates an almost equally good performance in this case.

At the same wind speed and at the frequency of 6P, the lifting line method still predicts satisfactorily the patterns of the radial distributions

of the forces, but it slightly underestimates the effect of shed vorticity (unsteady character of the flow). This is seen in Figure 17A, where for the

6P case, the loop of the sectional thrust force predicted by GENUVP model, although wider from that of the 1P case, it is still thinner than that

predicted by FLOWer code.

(A) Radial distribution of thrust and driving force

(B) Focus on the radial distribution of driving force in the flap region 

F IGURE 16 Comparison among lifting line, CFD, and corrected BEM-based models. (A) Radial distribution of thrust and driving force,
(B) focus on the radial distribution of the driving force in the flap region to distinguish the +10� and −10� curves of the different codes. Results
for 1P/6P flap are presented in left/right columns, respectively
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It is noted that at both frequencies (1P and 6P), the predictions of the driving force by GENUVP within the flap region agree better with the

CFD results than the two corrected models. This is clearly depicted in the focused plots of Figure 16B: The agreement regarding levels and trend

is very good for the 1P case, while in the 6P case, GENUVP reproduces the result of the high fidelity models that within the flap region the driving

force of −10� flap position locally exceeds that of the +10� flap position. Still, the discontinuity of the driving force on either side of the flap edges

(due to the local discontinuity of the trailed vorticity induced velocities—see Figure 7) appears to be more pronounced in GENUVP predictions as

compared to FLOWer code, but definitely less pronounced than in HAWC2-NW results. This is probably due to the fact that in the free-wake

model an exponential filter function is applied in the calculation of the induced velocities by the wake vortex filaments and particles. The effec-

tiveness of the filter depends on a length scale parameter which corresponds to the core radius of every vortex filament/particle. Although the

radii used in the analysis are rather small (0.01% of the radius in the calculation of the near lattice wake-induced velocities on the blade lifting line

and 1% of the radius in the calculations of the vortex particles contribution), the smearing effect on the induced velocities and the corresponding

driving force distribution is significant, especially near the edges of the flap section. The better agreement of the GENUVP code with the FLOWer

code on the prediction of the driving force variation within the flap region (see Figure 16B) is also reflected on the integrated power variation (see

Figure 17B). Despite the above discussed overprediction in the mean power, the shapes of the variations predicted by GENUVP at both frequen-

cies agree well with the CFD results.

At the wind speed of 19 m/s (Figure 18), a very good agreement between all models is obtained. The essential difference of this high wind

speed case with respect to the low wind speed one is, as already discussed, that the loading of the blade is dominated by the lift increase, and

therefore, 3D effects due to induced velocity and drag are less strong. It is worth noting that HAWC2-NW again underestimates the hysteresis of

the sectional thrust force with respect to all other models (Figure 18) but also with respect to the baseline HAWC2 (Figure 11D).

(A) Sectional thrust vs flap angle at flap centre

(B) Temporal variation of power/thrust

F IGURE 17 Comparison among lifting line, CFD, and corrected BEM-based models. (A) Sectional thrust vs flap angle at flap center (75%
blade span) and (B) temporal variation of power/thrust. Results for 1P/6P flap are presented in left/right columns, respectively
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4 | CONCLUSIONS

A database of reference predictions of aerodynamic loads on rotating blades equipped with TE flap has been established using a range of tools of

different fidelity. In response to the objectives defined in the Section 1, the following remarks can be made: low fidelity, baseline BEM-based tools,

widely employed in state-of-the art aeroelastic analysis, are unable to reproduce correctly local forces distributions, especially in the vicinity of the

flap edges. The reason is that the above tools ignore the 3D effects due to the vorticity trailed from the edges and along the span of the moving flap

section. This is more pronounced in the case of the driving force, which is highly affected by the induced drag. Baseline BEM-based tools

F IGURE 18 Comparison among lifting line, CFD, and corrected BEM-based
models for the case of 19 m/s, 6P flap, 16.432� pitch. (A) Radial distribution of
thrust and driving force, (B) sectional thrust vs flap angle at flap center (75% blade
span), and (C) temporal variation of power/thrust
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overpredict the effect of the moving flap on the local thrust force within the flap section, while predict reasonably well the amplitude of the inte-

grated overall thrust. This is because overall, the reduction in the amplitude of the thrust variation within the flap region is counter balanced by an

increase in the amplitude on sections adjacent to the flap edges. The fact that baseline BEM-based tools well predict the 1P amplitude of the inte-

grated thrust force indicates that despite their limitations, such tools may give a good estimation of the load reduction potential of TE flaps, at least

at the inner most blade sections where loads are expected to be higher. However, different flap configurations and flexible rotors should be studied

to confirm that such tools can be trusted for load reduction assessment. It is noted that most of the proposed TE flap control strategies target to

the reduction of the 1P amplitude of the flapwise bending moment. Moreover, predictions of the baseline BEM-based models agree well with the

results of the CFD tools at high wind speeds. This is because as the inflow angle increases, driving force is dominated by local lift. Keeping in mind

that TE flap control is usually deactivated in the partial load region to avoid undesirable interactions with power control, the above remark supports

the argument that, despite their shortcomings, BEM-based models can be effectively employed to cover a wide range of practical applications.

Predictions of the overall rotor thrust and power indicate that, as the frequency of the flap motion increases, the ability of the low-fidelity

baseline BEM-based models to predict load amplitudes decreases. This is because the reduction of load amplitudes caused by the trailed vorticity

will also affect shed vorticity and thereby the sensitivity of the loads to increasing unsteadiness. Therefore, more elaborated models should be

employed in the case of high frequency control strategies. On the other hand, predictions of the BEM-based models are significantly improved

when appropriate corrections are considered to account for the missing trailed vorticity effect. Corrected models manage to reproduce the

smearing effect on the thrust distribution due to the induced downwash/upwash, while in the driving force at least they manage to reproduce the

basic physical mechanisms of the 3D flow.

The intermediate to BEM-based and CFD tools, free-wake vortex model, reproduces well both the 3D and the unsteady character of the flow

and presents a quite good agreement with the high fidelity CFD solvers. Therefore, at least in a stiff rotor topology, it can be considered as an

alternative to BEM-based models, compromising between computational cost and accuracy. Still, studies on flexible rotors, including the aerody-

namic/elasto-dynamic coupling, should be made to demonstrate that vortex solvers are capable of accurately performing aeroelastic simulations.

Finally, an almost perfect agreement between the CFD tools is obtained in all simulated cases. The above achievement is definitely credited

to the INNWIND.EU and AVATAR projects, in the framework of which high fidelity CFD tools managed to reach a high level of maturity, which

allows them to predict complex unsteady and turbulent flows, among them, TE flap controlled motion addressed in the present paper.
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