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Abstract

An operating 2-MW wind turbine has been scanned and analysed using 2D computa-

tional fluid dynamics (CFD) and blade element momentum (BEM) analysis. The

current work illustrates using full-scale 3D CFD simulations the differences between

2D and 3D simulations and its impact on the local aerofoil vortex shedding fre-

quency. The outcome shows that despite a pressure redistribution and lift change

introduced by the blade span and rotation, the vortex shedding frequency remains

similar between 2D and 3D thereby validating the novel fatigue calculation method

previously proposed.
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1 | INTRODUCTION

Over the last 40 years, the average temperature increased by 2.2�C in Europe, with dire consequences for the inhabitants, for example, flood and

fire. In December 2019, the European Union (EU) agreed to fight climate change and global warming by becoming “climate-neutral” by 2050. To

achieve this goal, several milestones have been set, one of them is “Fit for 55.” This programme should enable each country to halve its carbon

emission (compared to 1990 levels). Several actions including energy efficiency or alternative fuels have been put forward by the EU. The share

of renewable energy in the energy mix should also increase to 40% by 2030. Among the possible renewable energy sources is the wind energy

(both onshore and offshore). The recent developments in turbine design allowed turbine manufacturers to be competitive on the electricity mar-

ket. The Levelized Cost of Energy (LCoE*) of wind (onshore and offshore) is within the production cost of coal since 2010 according to IRENA's

report.1

In order to remain competitive on the energy market, wind turbine manufacturers have to keep innovating to overcome some design con-

straints. Intrinsically, a blade, by its shape, imposes a thick (cylinder like) shape towards the root to withstand the loads and thinner outboard

where most of the energy is generated. Despite being mandatory from a structural point of view, this design is detrimental for the energy produc-

tion. There exists several types of device that are meant to overcome the blade design limitations or reduce the acoustic emission. Such devices

are called Aerodynamic Add-Ons (AAO); a vast literature already exists and will not be detailed here.2–4 AAOs are mainly installed at the blade

root for power increase (e.g., Gurney flap and vortex generator) and at the blade outboard for reducing the noise (e.g., serrations). AAOs add a

*Measure of the average net present cost of electricity generation for a generating plant over its lifetime.
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non-negligible Capital Expenditure cost (CAPEX†) requiring a solid business case for the exploiting party, despite increasing the overall energy

production.5–7

With the increased rotor diameter and hub height, turbine manufacturers are now facing aeroelastic challenges where tower and blades can

deform over large distances. Larger blades require more attention to details during the design phase to reduce the cost. The maintenance cost

during the turbine lifetime increases too; a good understanding of the turbine ageing is necessary. During routine maintenance, ENGIE Green, an

exploiting party, noticed that some turbines equipped with a specific root AAO presented cracks. The AAO is the canoe-spoiler or spoiler and is

installed between the radial position 3 m from the blade root until 7.5 m. The material initially chosen to build the spoiler may be too stiff leading

to stress concentration and facilitating the cracks appearance. However, some aerodynamic phenomena unaccounted for in the design could be

at play and will be investigated here.

Previous studies were dedicated to develop a method to estimate fatigue loading introduced by root spoilers, or add-ons in general, from 2D

computational fluid dynamics (CFD) simulations and blade element momentum (BEM) aeroelastic simulations.8,9 The present paper focuses on

estimating differences between 2D and 3D CFD flow physics at the root spoiler and ultimately ensures the correctness of the method previously

introduced.9 It will be performed by comparison and quantification of the spoiler unsteadiness impact onto a wind turbine blade. Each case

(no spoiler and spoiler) will be analysed using state-of-the-art 3D CFD unsteady Reynolds averaged Navier–Stokes (URANS) solver: ISIS-

CFD.10–12 The present simulations do not include the full turbine geometry (no tower and no nacelle) and consider rigid blades. The inflow is sim-

plified to a steady and uniform case. Only one operating condition is simulated and chosen from the optimization procedure presented in Pot-

entier et al.9 The results presented after are limited to the following operating conditions:

• Inflow: 8 m/s

• Pitch: �1.568�

• Rotation speed: 14.1 RPM

At last, results from the root spoiler configuration are systematically presented against simulations of the no spoiler configuration for compar-

ison purposes. Results are separated in two parts. The first part presents results at the rotor scale including two sections. The first section gives

an overview of the far wake organization. In the following section, the zone impacted by the spoiler is presented. In the second section, results

focus on the blade aerodynamics. First, the 3D blade flow organization will be analysed to end with unsteady pressure distribution in the blade

root area.

Because of the blade scan orientation and CFD set-up (see Figure 1C), the main velocity is following the z-axis ðUzÞ, the x-axis represents the

chordwise velocity ðUxÞ and the y-axis the spanwise velocity ðUyÞ.

2 | ROTOR DESCRIPTION

The wind turbine geometry used in the present thesis was acquired during a scanning campaign organized by Maïa Eolis (former ENGIE Green) as

part of a master thesis project.13 Several steps are taken to ensure that the smoothing of the cloud point does not distort the geometry and four

different high-order Bezier splines are used to fit through the cloud of point (not presented here). Thanks to the scan post-process, the blade

geometry was extracted. The turbine radius, R, is 45m long and is equipped with a root spoiler from the radial position r=R¼0:07 until

r=R¼0:17. Figure 1 shows the pressure side of the rotor (Figure 1A) and a zoom-in area located at the radial position R6, equivalent to

r=R¼0:13, (Figure 1B).

3 | MESH SENSITIVITY STUDY

3.1 | ISIS-CFD

ISIS-CFD, developed by Centrale Nantes and CNRS and available as a part of the FINE™/Marine computing suite, is used in the present thesis to

solve the incompressible URANS equations. It is based on the finite volume method to build the spatial discretization of the transport equations.

The unstructured discretization is face-based, which means that cells with an arbitrary number of arbitrarily shaped faces are accepted (producing

thus an unstructured mesh), as illustrated in Figure 2. A second-order backward difference scheme is used to discretize time. The solver can simu-

late both steady and unsteady flows. In the case of turbulent flows, transport equations for the variables in the turbulence model are added to the

discretization.

†Funds used by a company to acquire, upgrade, and maintain physical assets such as property, plants, buildings, technology, or equipment.
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All flow variables are stored at the cells geometric centre. Volume and surface integrals are evaluated with second-order accurate approxima-

tions. The method is face-based, which means that the net fluxes in the cells are computed face by face. Numerical fluxes are reconstructed on

the mesh faces by linear extrapolation of the integrand from the neighbouring cell centres. A centred scheme is used both for the diffusion terms

F IGURE 1 Rotor and coordinate system illustration.

F IGURE 2 Generic unstructured mesh. Left: Typical unstructured control volume. Middle: Cell C0 and its neighbour cells. Right: Centred face
reconstruction notations.

670 POTENTIER ET AL.
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and convective fluxes. The velocity field is obtained from the momentum conservation equations and the pressure field is extracted from the mass

equation constraint, or continuity equation, transformed into a pressure equation. The pressure equation is obtained by the Rhie and Chow inter-

polation.14 The momentum and pressure equations are solved in a segregated manner as in the SIMPLE coupling procedure.15 ISIS-CFD refine-

ment routine automatic grid refinement (AGR) allows for cell count reduction in the mesh by refining only where necessary based on the several

user defined criteria.16,17

3.2 | Domain definition

The work performed using the known reference of the DANAERO blade project allowed to highlight the calculation domain boundaries as well as

the blade discretization.18 It also showed that activating the automatic grid refinement enabled a cell count reduction while maintaining a high

fidelity results. Table 1 shows the used domain size.

Figure 3A shows the full calculation domain. Figure 3B–D shows a zoomed-in view of the mesh around a single blade and the rotor.

3.3 | Mesh independence results

Each case is run three times: One run without refinement and two AGR configurations (Refinement 1 and Refinement 2). The refinement criterion

thresholds are 9 and 4.5 m, corresponding to the reference length (blade radius) divided by 5 and 10, respectively, and the minimum cell size is

0.1 m. The time step is kept constant during the simulations and taken to be Δt¼0:01s, which is equivalent to a rotation of 2� per time step.

Due to time constraints, the rotor simulations were limited, and in particular, it does not include the nacelle and the tower. Also, the wind

inflow was considered uniform and steady in the overall 3D simulation. At last, only one operational condition was performed with and without

spoiler. The presented results show the simulations outcome for an operating wind speed of 8 m/s and a pitch settings of �1.568� following the

pitch setting optimization.9 The chosen wind speed is in the part II of the power curve; that is, the turbine is operating at its optimal power coeffi-

cient (here the power coefficient is approximately 0.42).

Tables 2 and 3 show the impact of the AGR on the aerodynamic thrust. The load is almost equal both for the “Refinement 1” and “Refine-
ment 2,” while the cell count and calculation time are drastically increased with the highest refinement. Therefore, for the rest of the paper, only

the “Refinement 1” results will be used.

4 | AT THE ROTOR SCALE

In this section, the impact of the spoiler is analysed for the first time using 3D URANS simulations. The first section gives a description of the

spoiler effect at the rotor scale: Upstream in the induction zone, downstream in the rotor near and far wake area, and finally in the rotor plane

(the axial and tangential induction and the angle of attack). Major impacts are expected in the blade root area and are detailed later. The impacted

area is first identified using the mean wall shear stress quantity; then the blade root mean flow organization is described. The loads associated to

the spoiler addition are analysed by means of the pressure coefficient and lift coefficient (Cp and CL, respectively). Finally, the unsteady flow and

loads are characterized using spectrum analysis.

The following table highlights the main operating conditions for the 3D simulations at r=R¼0:13.

4.1 | Upstream and downstrean the rotor

The upstream region of the turbine is dominated by the induction zone. It is defined by the wind inflow reduction when approaching the turbine.

The induction zone is defined here where the velocity is below 99% of the inflow. In Figure 4, the rotor centre of rotation is located in

X=D¼0;Y=D¼0;Z=D¼0½ �, where X, Y , and Z are the Cartesian coordinate system used, the rotor plane being located in the X�Z plane. The

TABLE 1 Domain size.

Diameter Upstream length Downstream length Blade length
Case (m) (m) (m) (m)

No spoiler 4000 800 800 45

Spoiler 4000 800 800 45

POTENTIER ET AL. 671
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F IGURE 3 Different views of the scanned blade in its calculation domain.

TABLE 2 Comparison of the aerodynamic thrust, in the no-spoiler case, with respect to the applied refinement.

Thrust Difference Number of cells Calculation time
Case (N) (%) (-) (h)

No refinement 66167.78 �2.24 28 M 40

Refinement 1 64848.53 0.2 43 M 60

Refinement 2 64783.68 0.1 117 M 100

Richardson extrapolation 64715.88 N/A N/A N/A

TABLE 3 Comparison of the aerodynamic thrust, in the spoiler case, with respect to the applied refinement.

Thrust Difference Number of cells Calculation time
Case (N) (%) (-) (h)

No refinement 66436.86 �1.53 29 M 40

Refinement 1 65417.63 0.03 45 M 60

Refinement 2 65427.46 0.02 115 M 120

Richardson extrapolation 65438.81 N/A N/A N/A

672 POTENTIER ET AL.
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induction extent can be highlighted using isocontour of the streamwise velocity in the Z�Y plane (see Figure 4). It clearly shows, for the spoiler

and the no-spoiler case, that the induction area extends 2D upstream of the rotor plane, with D the rotor diameter. Also this induction zone pro-

gressively decreases, for both cases, from Y=D¼0 to Y=D≈1:25 (light orange and yellow zone ahead of the rotor plane). In the defined induction

area, the mean streamwise velocity reduces by up to 20%. All these observations are in good agreement with both the experimental19 and the numeri-

cal literature20,21 without spoiler. Since the induction area is identical in both cases, it indicates that, as expected, the spoiler has no effect on this area.

Behind the rotor, a near wake organization develops in two main areas: A centred cone area, starting at Z=D¼0 and ending at Z=D¼3, in the

no-spoiler case (see Figure 4A). Outside of the cone area, there exists a constant velocity deficit bounded by the well-known tip vortices (see the

wavy surfaces of Figure 5A or the Q-critera iso-contour of Figure 5B). This global organization found with and without spoiler agrees well with

the existing literature.22 In the presence of the spoiler, the cone size is largely decreased from more than 3D diameters down to less than 1D (esti-

mated at the threshold level Vz ¼0:66 of the dimensionless streamwise velocity from Figure 4B). This is expected as the spoiler improves the

blade root energy extraction and increases the flow mixing, thus reducing further the wind velocity in the near wake. Consequently, it increases

the root loads, in good agreement with the flow reorganization observed in 2D simulations.8 A slight overspeed is also noted for the root spoiler

case, which might be attributed to the flow circumvention at the spoiler location. However, this local organization would certainly be highly

influenced by the presence of the nacelle and would need further dedicated investigations.

F IGURE 4 Effect of the spoiler on the induction zone, near and far wake mixing. The inflow is dimensionless (Vz) and flows from left to right.

POTENTIER ET AL. 673
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Further along the blade span, the near wake deficit for the no-spoiler case is as important as in the spoiler case (approximately 60% of the

inflow), meaning that blades are working efficiently to extract kinetic energy from the wind with or without spoiler. In the far wake, the recovery

distance (taken at 99% of the streamwise velocity) without spoiler is around z=D¼9, while it is 8:5D for the spoiler case (see green lines on

Figure 6A,B). This impact is four times smaller than the one observed in the near wake (cone reduction from 3D to 1D). These results are showing

similar tendency as what is generally underlined in the literature about the independence of the blade aerodynamic with the far wake.23,24

4.2 | In the rotor plane

After investigating upstream and downstream the rotor, the following sections will focus on the rotor plane region with observations of the

spoiler impact on the local axial and tangential inductions and on the local angle of attack.

F IGURE 5 Near wake description of the spoiler case.

F IGURE 6 Axial dimensionless velocity deficit at different rotor spanwise positions for the no spoiler and spoiler case.

674 POTENTIER ET AL.
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4.2.1 | Axial induction

Following the classical BEM theory,25,26 the axial induction is defined as: a¼1� Uz
V0
, where Uz is the velocity in the z-direction and V0 is the free-

stream velocity. The axial induction evolution along the blade radius shows its efficiency to extract energy (see Figure 7B). According to the BEM

theory, the optimal induction along the blade radius is a¼1=3. The extraction of the blade related velocities using the AAT method27,28 can be

used to obtain the inductions in the rotor plane.

Figure 7A shows the axial induction in the rotor plane for the spoiler case. It clearly highlights that the highest energy extraction is located in

midspan and outer part of the blade. The energy extraction at the root and tip area is degraded due to respectively the tip vortices and the 3D

flow organization at the root, as previously described.29 The spoiler effect is seen on the blade inboard on Figure 7B: The induction increases sig-

nificantly where the spoiler is installed, from 0:03< r=R<0:17, marked by a grey shaded area. The end of the spoiler is marked by a drop in induc-

tion before an increase where the blade becomes more aerodynamic.

4.2.2 | Tangential induction

Regarding the tangential induction, it can be obtained from the ratio between the local tangential flow velocity and the local rotational speed, that

is, a0 ¼�Ux=ωr, where Ux is the induced tangential flow velocity, ω the blade rotational speed, and r the considered radius.30 Figure 8A shows its

evolution along the blade radius without and with the spoiler. Similarly to the axial induction, the tangential induction is significantly increased at

the blade root with a spoiler. This increase is linked to the extent of the cone area behind the rotor detailed in Section 4.1.

At this stage, it is interesting to evaluate the angle of attack modification from these two induction quantities.

4.2.3 | Angle of attack

The relationship between the inductions and the angle of attack translates into: α¼φ�θ where φ is the inflow angle and θ is the sum of the blade

pitch and local twist. The inflow angle is calculated using the axial and tangential induction: φ¼ arctan Uzð1�aÞ
ωrða0þ1Þ. Figure 8B shows the computation

of the angle of attack evolution along the blade radius without and with spoiler using previous axial and tangential inductions. As expected, the

blade inboard experiences high angles of attack without spoiler where the local section operates in the stall region. The spoiler tends to reduce

the local operating angle of attack where installed, although the section still operates in the stall region. This is mostly due to the axial induction

increase and partly thanks to the tangential induction increase. Lowering the angle of attack would mean that the local sections will operate at

F IGURE 7 Axial induction in the rotor plan and radial evolution.
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lower CL and CD. It will also operate closer to the linear region, thereby limiting the harmful effects of the stall region. However, as it is shown in

the following sections, the spoiler effect is not strong enough to remove the flow separation region.

5 | AT THE BLADE SCALE

This section aims at understanding the spoiler impact at blade level. Locating first the modified area, the flow reorganization is then described.

Impact on local loads is presented and the description of the blade wake dynamics reorganization follows.

The coordinate system used in the following is attached to the blade, with its centre at the intersection of the three blade axis. The x-axis is

along chordwise direction, the y-axis is along the blade length and the z-axis is orthonormal to the x-axis and y-axis.

5.1 | Identification of the impacted area

The 3D flow organization at the root area is first analysed in this section through the mean wall shear stress (WSS) quantity in the chordwise

direction, τx, and in the spanwise direction, τy , to have a global overview of the impacted area by the spoiler. It is defined by the following equa-

tions and its unit is in [N/m2]:

τx ¼ μ
∂Ux

∂z

� �
j
z¼0

τy ¼ μ
∂Uy

∂z

� �
j
z¼0

ð1Þ

Ux is the x-axis velocity component, Uy is the y-axis velocity component, z the direction normal to the rotor surface, and μ is the dynamic

viscosity.

Wall shear stress isocontours for the two directions are plotted on the inboard region of the blade in Figure 9A,B for the no spoiler and the

spoiler cases. τx shows a clear region where its value is negative (in cyan), indicating a reverse flow region of the Ux component. This region

extends until r=R≈20% in both cases in good agreement with the literature.31,32 This region is bounded by transitional regions where the WSS is

no longer negative but still lower than the rest of the blade (in yellow). The spoiler does not remove the reverse flow region; on the contrary, it

increases slightly.

On the other hand, the wall shear stress value component along the blade length, τy , in Figure 9B underlines a region in red, until r=R≈0:3,

where the WSS is positive. This region remains almost unchanged when a spoiler is installed and is related to the well-known crossflow due to

the rotation as described in Section 6.

F IGURE 8 Tangential induction and angle of attack evolution for both no spoiler and spoiler case.
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It should be noted that both WSS components are calculated using URANS simulations and exhibit a beating movement in the radial direction

that will be discussed further in the unsteady investigation of Section 6.3. To understand in more details the wall shear stress distribution, it is

analysed in the next section with respect to the velocity field organization.

5.2 | The blade root flow organization

Figures 10 and 11 show, respectively, isocontours of the velocity Ux and velocity Uy at the radial position r=R¼0:13 in an isometric view,

overimposed with the previously illustrated wall shear stress. The figures show the blade from r=R¼0:13 to r=R¼0:4. Isocontour of the

F IGURE 9 Wall shear stress comparison for both case in the following the x and y directions.

F IGURE 10 Wall shear stress and velocity field for the no-spoiler cases following the x-axis and y-axis. Respectively the chordwise and
spanwise direction. The velocity field intersects the blade at r=R¼0:13, the blade can be seen up to r=R¼0:4

POTENTIER ET AL. 677
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chordwise velocity (Ux) clearly evidences the flow separation region in good agreement with the negative wall shear stress region shown in the

previous section. Moreover, the other velocity component (the spanwise velocity Uy), in Figure 10B highlights the Himmelskamp (or Coriolis)

effect (also seen on Figure 9B). This last flow organization induces an increase of the wall shear stress spanwise component that is found responsi-

ble of a pressure increase on the blade suction side noticed in the following section (see Figure 19B). Indeed, the chordwise velocity component

exhibits a flow separation and thus normally a zero pressure gradient evolution. This Coriolis beneficial effect is retrieved and described in the lit-

erature.29 The spoiler does not impact significantly this phenomenon, the cross-flow region being only slightly increased (see Figure 11A), and the

separated region is almost unchanged. Therefore, the previously observed impact of the spoiler in Section 4.1: The cone reduction, the angle of

attack reduction, and the axial and tangential induction increase cannot be attributed to the improvement of the flow separation by the spoiler,

nor the increase of the beneficial cross-flow effect. It should be rather linked to the spoiler ability to reorganize the pressure distribution around

the aerofoil, which is investigated in the next section.

5.3 | Impact on blade loads

The following section will detail the spoiler impact on the mean local wall pressure coefficient (Cp) and lift coefficient evolution in 3D for the radial

position r=R¼0:13. In both spoiler and no-spoiler cases, the separated flow region does not exhibit a flat Cp distribution (zero pressure gradient)

in the trailing edge region. This is to be attributed to the beneficial Coriolis effect described in the previous section. As a reminder, the spoiler is

installed on the pressure (bottom) side of the aerofoil. When the spoiler is installed, the impact on the pressure is mostly found on the pressure

side (bottom curve), with Cp being only slightly increased in the suction side. This induces an increase of the mean CL value (see Figure 12B), and a

decrease of the moment coefficient as the aerofoil loading is more evenly distributed rather than front loaded (not shown here). The lift is not

steady due to two phenomena observed in simulations (see short movies available online33,34): Vortex shedding from the unsteady blade wake

organization and transverse flow unsteadiness. The spoiler increases significantly these lift oscillations, similarly to the findings in 2D simulations.8

The following section will examine in more detail this unsteady organization.

5.4 | Unsteady investigation

The following section will first investigate the possible sources of unsteadiness responsible of the lift fluctuations. In the following, the focus will

be on the radial location r=R¼0:13.

The main known source of unsteadiness is the vortex shedding from the blade wake organization. Figure 13 shows for both cases, no spoiler

and spoiler, the 3D simulations outcome of the vorticity and Q-criteria. The Q-criteria is illustrated by black lines following a logarithmic increment

F IGURE 11 Wall shear stress and velocity field for the spoiler cases following the x-axis and y-axis. Respectively the chordwise and spanwise
direction. The velocity field intersects the blade at r=R¼0:13, the blade can be seen up to r=R¼0:4

678 POTENTIER ET AL.

 10991824, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2823 by U
niversité D

e N
antes, W

iley O
nline L

ibrary on [16/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 12 Comparison of the Cp and CL in 3D for the no spoiler and spoiler case.

F IGURE 13 No spoiler and spoiler case 3D vorticity and Q-criteria, operating following the conditions of Table 4. The probing point is shown
as the cyan dot ( ) near the aerofoil's trailing edge.

TABLE 4 Three-dimensional operational conditions for the no spoiler and spoiler at the radial position r=R¼0:13.

Conditions No spoiler Spoiler

Rotation speed 14.1 RPM

Relative velocity 11.5 m/s 11.4 m/s

Angle of attack 27� 19.3�

Reynolds number 2:42�106 2:39�106

Chord 3.1 m
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between 0.1 and 1000. Due to the blade rotation, the vortices are elongated and no longer circular as described later in Section 6.2 in more

details. They are however present and tend to move “upward,” following the main inflow direction. This behaviour is thus creating the cone

noticed near the centre of rotation in Figure 5B.

The spoiler case exhibits a wider wake than the no-spoiler case, similar to previous 2D simulations.8 The vortex shedding organization seems

to be also impacted. In the following plots (Figures 14–17), a spectral analysis is performed in the wake region from a probing point located after

the trailing edge. It is located 10% of the local chord after the trailing edge and aligned with the blade's section chord (see Figure 13). It is com-

pared with the spectral analysis of the lift fluctuation at this section, for the no spoiler and spoiler cases. In the following figures, “3D CL” refers
to the lift coefficient calculated by integrating the pressure coefficient around the aerofoil from 3D CFD simulations. “3D Inflow” refers to the

measured data through a probing point positioned in the wake of the 3D blade.

F IGURE 14 CL and relative velocity power spectral density of the no-spoiler case in 3D. The blue square ( ) shows the 3D CL results and
the orange dot ( ) shows the 3D relative velocity results.

F IGURE 15 Comparison of the power spectral density for the relative velocity and its components in the three dimensions for the no-spoiler
case. The blue square ( ) shows the relative velocity, the orange dot ( ) shows x-axis velocity component, the purple triangle ( ) shows y-axis
velocity component and the cyan diamond ( ) shows z-axis velocity component.
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The no-spoiler case shows that both main peak frequencies from the sample signal in the aerofoil's wake and from the lift signal happen

around 1.5 Hz (see Figure 14). The CL power spectral density (PSD) fails to capture the first harmonic seen in the wake velocity signal. Although

the aerofoil is 60% thick, this behaviour falls in line with the well-known cylinder behaviour: CL carries the main frequency while CD carries the

first harmonics and is always twice as high as the peak frequency.35 In the wake, both information are available through the air velocity and there-

fore the main frequency and harmonics are seen.

Aside from the main inflow direction (Uz), the main component of the peak frequency is Uy . It corresponds to the cross-flow pulsing from the

blade root towards the tip as clearly seen on Figure 15. The blue square ( ) on Figures 15 and 17 corresponds to the vectorial sum of Ux,Uy , and

Uz, that is, the velocity vector U.

In the spoiler case, the peak frequency measured in the wake of the aerofoil is much broader than the one from the lift coefficient and occurs

at a slightly lower frequency level, ≈1Hz (see Figure 16). The wake being broader in the spoiler case, the associated vortices are larger. It induces

F IGURE 16 CL and relative velocity power spectral density of the spoiler case in 3D. The blue square ( ) shows the 3D CL results and the

orange dot ( ) shows the 3D relative velocity results.

F IGURE 17 Comparison of the power spectral density for the relative velocity and its components in the three dimensions for the spoiler
case. The blue square ( ) shows the relative velocity, the orange dot ( ) shows x-axis velocity component, the purple triangle ( ) shows y-axis
velocity component, and the cyan diamond ( ) shows z-axis velocity component.
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a slower convective velocity of these vortices and thus a lower shedding frequency. The broader peak frequency can be explained by either a

merging of vortices or the perceived area by the flow is “less smooth” due to the spoiler's presence. However, the most probable scenarios are

either a different contribution from other velocity components or because the probe in the wake is capturing trailing flow from previous radial

positions as illustrated by the inclined streamlines on Figure 9A. Indeed, no vortex merging were observed and the vortices do not leave the

trailing edge in a similar fashion. As shown in Figure 13, for the no-spoiler case, the probing point is at the edge of the wake, while in the spoiler

case, it is in the middle of the bottom vortex.

Similar to the no-spoiler case, Uz and Uy are the main contributors of the peak frequency. Dedicated studies to discriminate the influence of

the rotation and the blade span would be necessary to identify the independent effects on the spectral broadening.

The main difference between choosing the wake velocity or the CL for performing a PSD analysis is the energy within the spectrum. The

energy contained in the lift spectrum is much lower than the energy captured in the relative velocity as indicated by the difference in the levels of

the power spectrum in Figures 14 and 16. Otherwise the predicted vortex shedding frequency (VSF) in both methods is quite similar. Because the

ultimate goal is its use in fatigue analysis, the case without and with the spoiler are compared using loads, here the sectional CL, in Figure 18. It

shows that, in 3D, the addition of the spoiler to a blade section does not change significantly the VSF, despite the different angle of attacks.

Indeed both peak frequencies are close to each others (f1 ¼1:26 Hz and f2 ¼1:52 Hz). Two main contradicting effects can explain the differences

in VSF: The change in angle of attack and the wake widening due to the spoiler addition. The spoiler reduces the local angle of attack, which tends

to increase the VSF. However, the spoiler's other characteristics is that it widens the wake behind the aerofoil, which tends to reduce the VSF.

Figure 18 indicates that the wake widening effect is stronger than the angle of attack reduction.

F IGURE 18 CL power spectral density for both cases in 3D. The blue square ( ) shows the CL results for the no-spoiler case in 3D and the
orange dot ( ) shows the CL results for the spoiler case in 3D. The “�” symbol corresponds to the spectral discretization used.

F IGURE 19 Comparison of the wall pressure coefficient, Cp, (left) and the lift coefficient CL, (right) for the no-spoiler case, in 2D and 3D.
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F IGURE 20 Comparison of the wall pressure coefficient, Cp, (left) and the lift coefficient CL, (right) for the spoiler case, in 2D and 3D.

F IGURE 21 No spoiler and spoiler case vorticity and Q-criteria comparison between 2D and 3D, operating following the conditions of
Table 4. The probing point is shown as the cyan dot near the aerofoil's trailing edge.
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6 | AT AEROFOIL SCALE

Increasing simulation fidelity increases the computational time. The impact of fidelity simulations on the spoiler effect is evaluated here. The dif-

ference in simulation fidelity is first presented at the aerofoil scale by comparing 2D URANS simulations with aerofoil cross sections of 3D

URANS simulations. The comparison will be presented at the radial position r=R¼0:13

Finally 3D URANS simulations are briefly compared with DDES simulations.

6.1 | Aerofoil local and global loads

The wall pressure coefficient, Cp, is used to help define the possible separation along the aerofoil. Flow separation occurs after a sharp adverse

pressure gradient and can be observed on a Cp plot in the region exhibiting a plateau. Such example occurs at x=c¼0:25 on Figure 19B for the

F IGURE 22 Relative velocity power spectral density of the no spoiler and spoiler case in 2D and 3D. The blue square ( ) shows the 2D
relative velocity results and the orange dot ( ) shows the 3D relative velocity results.
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2D case while it is not present in 3D simulations, for both cases (without and with spoiler). Also, integrating the area comprised between the two

Cp curve (suction side and pressure side) allows for the calculation of the local lift coefficient CL and drag coefficient CD. The velocities used to cal-

culate the different metrics have been extracted using the AAT method.27,28

Figures 19 and 20 show the differences at aerofoil level between 2D and 3D CFD simulations through the comparison of the mean local wall

pressure coefficient, Cp, and the instantaneous lift coefficient, CL. For both cases, the no spoiler and the spoiler case, the pressure coefficient dis-

tribution exhibits a plateau and thus a separated flow area in 2D that is not present in 3D simulations. It is due to the cross-flow and the Coriolis

effect in good agreement with the stall delay phenomenon found in the literature36,37 and already discussed in Section 5. For the no-spoiler case,

the impact of the mean lift level due to this Coriolis effect is found to be almost tripled, from C2D
L ≈0:25 to C3D

L ≈0:75 (see Figure 19B).

The difference between the 2D and 3D simulations in terms of mean lift coefficient is less important for the spoiler case, C2D
L ≈0:92 and

C3D
L ≈0:97 (see Figure 20B). It is to be noticed that even if the mean lift value is similar, there is a significant difference in the pressure distribution,

that is more balanced in the chordwise direction in 3D than in 2D simulations. The results also show that 3D simulations significantly dampen the

F IGURE 23 No spoiler power spectral density comparison of the CL. The blue square ( ) shows the 2D CL results and the orange dot ( )
shows the 3D CL results. The “�” symbol corresponds to the spectral discretization used.

F IGURE 24 Spoiler power spectral density comparison of the CL. The blue square ( ) shows the 2D CL results and the orange dot ( ) shows
the 3D CL results. The “�” symbol corresponds to the spectral discretization used.
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amplitude of oscillations in both spoiler and no-spoiler case (Figures 19B and 20B). To understand further, the unsteady aerofoil wake organiza-

tion is analysed in the following section.

6.2 | Aerofoil unsteady wake investigation

The following section will verify the validity of the assumption that the VSF is affected neither by the blade's span nor its rotation and that 2D

simulations can, in a first design approach for fatigue calculation, represent the unsteady behaviour of the flow past the aerofoil. Figure 21 high-

lights differences between 2D and 3D simulations on the aerofoil wake flow organization. Globally, with or without spoiler, vortices in the 2D

F IGURE 25 Comparison of the power spectral density relative velocity for the DDES and SST model at r=R¼0:13 for the spoiler case. The
blue square ( ) shows the 3D relative velocity results for the DDES model and the orange dot ( ) shows the 3D relative velocity results for the
SST model.

F IGURE 26 Comparison of the power spectral density relative velocity for the DDES and SST model at r=R¼0:28 for the spoiler case. The
blue square ( ) shows the 3D relative velocity results for the DDES model and the orange dot ( ) shows the 3D relative velocity results for the
SST model.
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wake are well formed (Figure 21A,C), homogeneous in their size and with a proper alternation of the vortex sign. This results in a clear peak

frequency. In the 3D wake, the vortices are not round (highlighted with black isocontours of the Q-criteria), not formed regularly and with a high

vorticity level (in red and blue) between them (Figure 21B,D).

F IGURE 27 Comparison of vortices in the wake of the turbine for different turbulence models.
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Figure 22A,B compares the 2D and 3D spectrum of the relative velocity in the aerofoil's wake for both cases. “2D CL” refers to the lift coeffi-

cient calculated by integrating the pressure coefficient around the aerofoil from 2D CFD simulations. “2D Inflow” refers to the measured data

through a probing point positioned in the wake of the 2D aerofoil. Similarly to the outcome when comparing the lift coefficients and wake veloc-

ity in 3D (see Figures 14 and 16), the no-spoiler case shows a good agreement in peak frequencies for the 2D and 3D simulations. However, in

the spoiler case, the 2D simulation does not catch the first peak below 1 Hz, but detects the higher ones. It is probably due to the too large fre-

quency step chosen in 2D.

Focusing now on the CL spectrum, the differences between 2D and 3D organization without and with spoiler is mostly reflected by the

decrease in the energy in the spectrum, while the VSF remains almost unchanged (see Figures 23 and 24). This validates the use of 2D simulations

to compute VSF values in a first design approach regarding the fatigue evaluation introduced in Potentier et al.9

The investigation at the aerofoil scale shows a significant difference between 2D and 3D simulations on the pressure distribution and thus

local aerofoil loads in the inboard area. These differences are found less important in the evaluation of the VSF for fatigue computation, even if

the 2D simulations significantly overpredict the peak frequency energy.

6.3 | URANS—DDES

There are known difficulties associated to URANS model to simulate highly swirling flows that has led to the development of more advanced tur-

bulence model, for example, delayed detached eddy simulation (DDES) model. DDES model combines the best aspects of LES and URANS model.

Indeed, large eddy simulation (LES) is well known as a better model compared to the URANS model in terms of accuracy for highly separated flow,

but its computational cost is high especially near the wall, in the viscous boundary layer. The best aspects of DDES is the hybrid calculation

approach: URANS is applied near the wall and the LES model applied far from the body.

In previous results, the k�ω SST URANS model (or SST model as later named) has been used. It can be extended easily in ISIS-CFD by

selecting the DDES model. Only the blade equipped with the spoiler has been ran, due to the high CPU cost because of the finer mesh and smaller

time step required. Figure 25 shows differences in the relative velocity wake spectrum at the radial position r=R¼0:13. As expected, the energy

in the spectrum is well distributed over all frequency values in DDES simulations, while the SST simulations has a single dominant frequency

(≈ 1Hz). Regarding its use for fatigue analysis, the DDES presents a completely different excitation pattern. More investigations are necessary to

draw any further conclusions, especially regarding the convergence of DDES simulations which needs to be improved. However, it is interesting

to notice that, after the spoiler position both the SST and DDES model produce a similar spectrum as seen on Figure 26.

The DDES model is able to capture a much broader array of turbulence structure, which is confirmed by the presence of numerous vortices

of different sizes in DDES simulations compared to simulations of the SST model in the inboard region of the rotor wake (see Figure 27A,B). It

should be noted that these vortices are more persistent in the rotor wake for the DDES model than the vortices from the SST model.

7 | CONCLUSIONS

The current work highlighted the spoiler impact using 3D simulations. The findings can be summarized as follows: The addition of the spoiler

influences the near wake by means of reducing the size of the cone region; however, its influence on the far wake velocity recovery is limited.

Similarly, the induction area upstream the rotor is not impacted by the spoiler. The local inboard blade quantities however, that is, the axial and

tangential induction and angle of attack, are very much impacted. The axial induction and the tangential induction increases, leading to a reduction

of the local angle of attack. When analysing the flow locally, this can be explained by a redistribution of the pressure around the blade with the

spoiler case. However, it cannot be due to a modification of the separation area nor by modification of crossflow region, which are almost

identical in both cases. Local loads with a spoiler are increased, mostly due to the lift and drag increase following the pressure redistribution. A

positive side effect is the more balanced loads in the chordwise direction. The counterpart is an increase of the flow oscillations with two major

sources of excitation: The blade shedding frequency and the crossflow oscillations. These oscillations are found to be transferred to the

structure through the lift variation. The energy content in the CL spectrum is higher in the spoiler case despite the no-spoiler case having similar

peak frequencies.

In 3D, the spoiler presence produces similar overall effect as in 2D simulations, with a redistribution of the pressure, an increase of the wake

area, and the level of the lift oscillations, with no impact on the flow separation. However, major differences exist between 3D and 2D simulations

at the aerofoil scale for inboard regions such as the wake and vortices organization and the presence of the cross-flow due to Coriolis effects.

At the aerofoil scale, for the no-spoiler case, the mean lift is significantly different between 2D and 3D simulations because of the crossflow

benefit from Coriolis effects. Where the spoiler is installed, similar mean lift is observed between 2D and 3D simulations. Regarding the aerofoil

wake unsteadiness, 3D simulations are found to significantly dampen the lift oscillations, leading to a significant decrease of the lift spectrum

energy and thus on its transmission to the structure. Regarding the application to fatigue calculation, it is noted that the actual value of the VSF
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has less impact than the actual aerodynamic coefficient amplitude. No significant modification of the peak frequency value is found, without and

with the spoiler both in 2D and 3D.

To conclude this study, DDES simulations were briefly compared with SST model results. They present a broader frequency range in the

blade inboard wake with a higher energy level than 3D URANS simulations. Such findings needs to be investigated further as part of dedicated

studies.
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