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The authors would like to thank the reviewer for his/her e�orts and valuable comments.
They are very much appreciated and incorporated into the revised paper.

In the present document, the comments given by the third reviewer are addressed consecu-
tively. The following formatting is chosen:

ˆ The reviewer comments are marked in blue and italic.

ˆ The reply by the authors is in black color

ˆ A marked-up manuscript is added. Changed section with regard to the comments by
reviewer 3 are marked in red. General changes made by the authors are marked in green.

Speci�c comments "S"

1. "L39: The BAY model is well known in the community of VG modelling, but it would still
help if an explanation/description was given before the acronym was used. The audience of this
paper will hopefully be broader than VG experts. Addition: i see this is provided later in the
article. Perhaps then remove the BAY reference here? Is it needed?"

The publication of Troldborg et al. (2016) is very important for BAY modelling as it was the
�rst application to a full turbine blade. For this reason, the authors would like to cite the
reference in the introduction. In the sentence, the authors speci�ed the source term approach,
but they tried to make it more clear now (seeR3:S1 (page 1, line 10)).

2. "L64: a clear de�nition of what is separated �ow would be needed, before you can use the
term 'nearly separated'. Please rephrase?"

The authors rephrased the sentence (seeR3:S2 (page 3, line 64)).

3. "L100: depends what you mean by e�cient here. They will prevent the �ow from separating
even if they extend beyond the BL height. In fact, the will probably be more e�ective as the shed
vortex will be stronger. Perhaps rephrase or de�ne what is e�cient here?"

The authors meant by "e�cient" the avoidance of separation without the creation of excessive
VG drag. The sentence was rephrased (seeR3:S3 (page 4, line 101)).

4. "Eq.2: how do you compute this velocity term? Is it an average over the VG area or some-
thing else? please clarify."

Thank you for this interesting question. We compute a trilinear interpolation of all the velocity
vectors of the surrounded 27 cells onto the exact position of the kernel point. An explanation
was added (seeR3:S4 (page 7, line 194)).
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5. "L205: diameter? please specify"

The authors adapted the sentence to make it more clear (seeR1:T1-b (page 8, line 220)).

6. "L248: In fact they do increase Cl even before stall (see, among other studies, Wind Energy.
2018;21:745�765, Figure 13)."

The authors adapted the sentence to make it more clear (R3:S6 (page 11, line 268)).

7. "L248: Please explain in more detail. Is it de-cambering or have I misunderstood some-
thing?"

It is an error, of course we meant de-cambering (R3:S7 (page 11, line 268)).

8. "Fig. 5: Should there be two graphs or two curves for each parameter in this graph? (You
state earlier that 'the local� 99 distribution along the radial directionzrel = z=R is di�erent for
each case')"

The wording of "average" was misleading. The� 99(zrel )-distribution is di�erent for the two
cases. In order to get a good �t of the VG height for both cases, the authors decided to use
the average of both curves for the adaption of the VG height. We changed the description of
Figure 5 (page 11) and the wording in the text (seeR1:S7 (page 10, line 242)).

9. "The legend of the colorbar for the middle �gure is so close to the x-axis of the top image,
that can be confusing. Please rearrange either the �gures or the color bars to provide better
clarity. Also please consider increasing the size of this type of �gures to cover the page width.
"

The authors rearranged the legend in all the plots. The plots are not covering all the page width
because of the "manuscript" layout of WES for the review process. In the double column layout
of the �nal paper, they will have the width of one column. This allows comparisons with other
plots on the same page within the new arrangement of the �nal version (one section on blade
loads and Himmelskamp and one section on the boundary layer).

10. "Fig 7: I might be getting this wrong, but by visually examining �g. 7 I understand the
following: From the Fy timeseries, there are at least two separate (?) dominant frequencies
here. A 'slow' one with an average period of 2.3 sec appearing at z>0.1 and a 'fast' one
appearing at z<0.1 with an average period of 1.15 sec. Intriguingly the periods have a ratio of
two. I have tried to visually show this with the red squares in the Fy plot. I have pasted the same
red squares to the dw/dt plot. I can see the 'slow' frequency, but instead of the fast one, I think
an even faster one appears, with (T =0.5sec). Obviously, this is not the way to analyse this and
a PSD spectrum would provide more insight. Have the authors looked into this? Finally, as w
is an integral quantity, did the authors examine the dependence of the frequencies/phenomena
on the extent and on the chordwise location of the WN region?"

Thank you for this detailed comment. The authors agree on the fact, that there are two
frequencies and adapted it in the text (seeR3:S12-a (page 13, line 298),R3:S12-b (page 13,
line 307), R3:S12-c (page 13, line 310), R3:S12-d (page 14, line 320) andR3:S12-e
(page 14, line 336)).

We intentionally decided not to do spectral analysis because the time samples are short enough
to visualise it in time and see the di�erences between each period. Furthermore, a spectral
analysis would require a much longer signal to reach statistical convergence of the detached
�ow. Such a computation would lead to excessive computational costs. Finally, the analysis
of the blade without VGs was not meant to be the main focus of this publication and would
stretch this section too much and would increase the length of the paper. The authors would

2



like to keep the focus of this publication on the interaction with VGs. The e�ects on the clean
blade are too broad to address them in more detail than in the latest version. This could be
the subject of a new publication instead.

Nevertheless, in order to give a deeper insight to the reviewer, the authors undertook the
spectral analysis through a Fast-Fourier-Transform (FFT) of the DesNoVG case (see attached
Figure ??). The two discussed phenomena (i.e. slower and faster) are clearly visible through
the FFT.

Figure 1: FFT of Fy for the DesNoVG case over the radial direction.

Concerning the extent of the WN region: The region is selected much larger in spanwise
direction than the VG arrays are, and thus covering the entire area of interest. Studies on the
extent of the slice in spanwise direction were not undertaken. Regarding the chordwise location
the strength of the phenomena increases for increasing chordwise position, but beyond 80% the
analysis of the boundary layer (BL) was di�cult as the BL edge could not be determined for
all the spacial positions and timesteps.

11. "L275: As the height of 3D separated �ow is �nite, the direction of the local velocity compo-
nent is expected to vary signi�cantly with distance from the blade surface. A: Was this consid-
ered? B: How did you select the �nal height for the WN70 zone? C: Velocity direction will also
vary along the radial direction (or the length of WN70 slice). Is it possible that the large extent
of the zone and the integral form of the metric 'masks' the unsteadiness? Was this considered?
"

A: It is true that the local velocity components are varying strongly with the distance from the
blade surface. Hence, the absolute value of w is a mix between the relatively constant outer
�ow and the varying �ow in the BL. This is one of the reasons why the derivative of w was
used: The outer �ow is relatively constant, and thus the unsteady �ow phenomena of interest
are well visible.

B: In wall-normal direction, the extent was chosen in order to include the highest observed
separated structures for the case with the strongest �ow separation (oDesNoVG).

C: The direction of velocity is varying, but our focus was on the spanwise velocity w. This
component is rather low in the outer blade area. Furthermore, we did not observe any other
unsteady phenomena which could mask the regarded detached �ow (no in�ow turbulence, no
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tilt angle, no tower). Consequently, we do not expect any other unsteady phenomena than �ow
separation to mask the derivative in time of w.

12. "L276: I think the discussion here can be improved by distinguish between faster and slower
phenomena, see comment on �g. 7."

The authors adapted the manuscript in the proposed way (seeR3:S12-a (page 13, line 298),
R3:S12-b (page 13, line 307),R3:S12-c (page 13, line 310),R3:S12-d (page 14, line 320)
and R3:S12-e (page 14, line 336)).

13. "L290: Here a phenomenon that has a frequency of 0.5 Hz is explained via snapshots only
0.4sec apart (f=2.5Hz). Please reconsider the discussion here. Also, consider the use of spectra
in the analysis. Other than that the 0.4sec cycle is very nicely explained."

The snapshots aim to represent crucial stages of the phenomenon in more detail. The duration
until a repetition of the entire phenomenon is around 2s and thus 0.5Hz.

The answer regarding the spectral analysis is discussed in detail in the reviewer comment
number 10.

14. "L298: This location is unclear in Fig. 8, please indicate"

This is an error from our side. We meant Figure 7 (page 13). It was corrected in the manuscript
(see R3:S14 (page 14, line 327))

15. "L298: Which time intervals? This is unclear. Also the 'slow' period appears to be 4 times
the 'fast' one, not three. Unless I have misunderstood something, in which case a rephrasing
would help."

The sentence was adapted (seeR3:S15 (page 14, line 327)).

16. "Could you please show the di�erence between the design and o�-design cases with a Cp-x
graph at z=0.09? I understand the analysis is 3D, but it would help visualise the extend of the
3D e�ects."

Unfortunately, we had to limit the output during the computation and do only have some
surface data �les available. For this reason, an averaging of the surface data is not possible and
a comparison of cp-x snapshots might be more misleading than clarifying.

17. "Fig 8: 5.4, instead of 5,4, same for the �gure below. Is the contour of the vorticity
magnitude the optimal option here? The lack of direction can be misleading (see the vortices
sketched here). What about streamwise vorticity (streamwise for the blade/rotating frame of
reference, not the global)?"

The �gure was adapted (see Figure 8 (page 15)). The direction of the vortices was added. The
streamwise vorticity would only show the root vortices, but the separated area has rather a
spanwise vorticity, which should also stay visible in this plot. The authors added two curved
arrows in order to represent the counterrotating root vortices.

18. "Fig. 9: Again, I might be wrong, but it seems that the 'slow' phenomenon of T =2.3 sec
is still present, whereas the faster one has disappeared or is less pronounced? I think a spectral
analysis is would help a lot."

For the reasons already discussed in reviewer comment 10 the authors would kindly ask the
reviewer to not investigate deeper the noVG case. This is also in agreement with the wishes
of the two other reviewers, who proposed to rather shorten the publication than do further
investigations. Nevertheless, we agree totally that a spectral analysis would give more insight
and further discussion.
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For this case, the time sample is even shorter than the DesnoVG case by a factor of 2. Con-
sequently, the statistical convergence is even worse. Nevertheless, the FFT is represented in
Figure 2. As mentioned by the reviewer, the higher frequency phenomenon is clearly reduced,
whereas the slower one is still pronounced.

Figure 2: FFT of Fy for the oDesNoVG case over the radial direction.

19. "I understand the explanation, but this contradicts present practice experience and existing
literature. Currently a number of companies o�er VG retro�tting services and OEMs design
their new blades with VGs. Also, the literature already cited herein claims to have gains from
VG application. (see e.g. http://arc.aiaa.org | DOI: 10.2514/6.2015-1035, Fig. 8) How do you
explain the contradictory results? Is it a matter of VG design? Is it blade speci�c?"

Thank you for this very interesting and relevant comment. As long as the blade is designed
to be able to hold the �ow completely attached (no soiling and/or no erosion) and the blade
is operating at its design point, VGs do not provide considerable advantages, and they may
even have a slight negative impact as they inhibit spanwise �ow and create drag. Nevertheless,
the authors would like to emphasise that this situation (no soiling, no erosion) is rather �ctive
because it is only relevant for a very short period of time at the very beginning of the lifetime
of the wind turbine. Thus, VGs do provide advantages most of the timeeither as soon as they
are included in the design (through higher pitch angles/relative thicknesses possible than for
a blade without VGs and/or new airfoils designed to perform with VGs) or if the blade is not
able any more to keep the �ow attached. This is the case for erosion, which is counteracted by
a retro�tting. Furthermore, VGs may also be advantageous in case of gusty wind conditions
(e.g. complex terrain) as the relative angle of attack increases temporally which could lead to
�ow separation.

20. "I think it would be useful to show how the other mode of the bimodal �ow looks, here. So,
a �gure like Fig. 19 at t= 0.5sec?"

The authors added the new �gure (oDesVGin at t=0.5s see Figure 19 (page 24)) and included
it into the text (see R3:S20 (page 21, line 412)).
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Numerical Study of the Unsteady Blade Root Aerodynamics of a
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Abstract. In order to design vortex generators for modern multi-megawatt wind turbines accurately, the three-dimensional

behaviour of the boundary layer has to be considered. Due to the rotation of the blade, the lift-enhancing rotational augmen-

tation has a considerable impact, especially in the inner blade sections. To investigate the interaction of vortex generators and

rotational augmentation, high-�delity computational �ow simulations by means of unsteady Reynolds-averaged Navier-Stokes

methods are presented for a rotating blade of a generic2MW horizontal axis wind turbine. The inner blade section is analysed5

with and without vortex generators for two different pitch settings including one causing largely separated �ow. Two ways of

placement of the vortex generators on the blade with different radial starting positions are investigated in order to �nd out if a

coexistence of the two lift-enhancement methods (i.e. rotational augmentation and vortex generators) is bene�cial. All simula-

tions are performed with the �ow solver FLOWer and the vortex generators are modelled by the introduction of source terms

into the computational domain through aR3:S1 so-called BAY-type model. For the case without vortex generators, it is found10

that the strength of rotational augmentation largely depends on the effective angles of attackR1:T1-a (i.e. thepitchsetting).

For the case with lower effective angles of attack, rotational augmentation is a cyclic phenomenon whereas for the case with

higher effective angles of attack it generates large loads in the inner root section due to a constant centrifugal pumping mecha-

nism in time. The results from the cases with vortex generators display a rather destructive interaction of vortex generators and

rotational augmentation on the torque. For low effective angles of attack and thus attached �ow conditions, vortex generators15

exhibit slight losses compared to the case without VGs as they inhibit spanwise �ow through rotational augmentation. For high

effective angles of attack, the vortex generators placed over 30% of the blade produce an increase of 3.28% in torque compared

to the case without VGs and high centrifugal pumping.

1 Introduction

The trend in the development of blades for new horizontal axis wind turbines (HAWT) is towards ever greater blade lengths,20

which leads to new structural requirements in the design of the blade root region. One of these is the requirement of high

relative airfoil thicknesses. Their disadvantages in terms of �ow separation can be reduced by vortex generators (VGs) and is

therefore expected to become an integral part of the blade design in future.

Those vane-like passive devices, placed on the blade surface at a certain inclination angle� to the local in�ow, create

streamwise vortices which reenergize the boundary layer by transporting high momentum �ow from the outer boundary layer25
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towards the inner boundary layer. This mechanism delays separation and enables the boundary layer to overcome stronger

adverse pressure gradients. Thus, VGs permit to reach higher maximum lift coef�cients at higher angles of attack. Nowadays,

VGs are optimized through wind tunnel tests and numerical simulations both on extruded airfoil sections to perform ideally

in combination with the speci�c radial airfoil sections. Through an iterative process, the numerous geometrical parameters

like VG height, inter- and intraspacings between the VGs and chordwise positions on the airfoil section are optimized. The30

in�uence of VGs on the boundary layer in a 2D and non-rotating �ow has already been studied since the �rst application

for diffuser �ows in the 1940s (Taylor et al., 1947) for many different �elds and for different applications, e.g. delay of �ow

separation (sub- and supersonic), increase of heat transfer or reduction of noise. Even for wind energy application (i.e. airfoils

with high relative thicknesses), the effect of VGs on the aerodynamics of airfoil sections has been studied in detail as part of

the extensive efforts carried out, for example, by the EU project AVATAR (Baldacchino et al., 2018, 2016).35

On the rotor blade, VGs act differently, due to the rotating motion and the consequently upcoming centrifugal force inducing

spanwise �ow. Only a few authors focused on an aerodynamic investigation of the effect of VGs on rotor blades by means of

Computational Fluid Dynamics (CFD) methods. Troldborg et al. (2016) investigated the DTU10MW wind turbine equipped

with BAY-modelled VGs on the inner part of the blade. They observed that the performance of blade sections equipped with

VGs was affected by the presence of VGs on other sections. Furthermore, it was qualitatively shown that VGs reduce the lift40

enhancement due to rotational effects at high angles of attack. Zhu et al. (2021) investigated the stall-regulated NREL Phase VI

blade with fully-resolved VGs but chose an operational condition with leading edge separation. In this case, the VGs are within

the separated �ow domain and were found to reduce the rotational effects and aggravating the size of the separated domain.

Recently, Manolesos et al. (2023) studied VGs on a tidal rotor both experimentally and numerically with BAY-modelled VGs.

As HAWT and tidal turbines have similarities in operating conditions, they selected a VG setup based on HAWT best-practices45

and showed the need to include the rotating motion into the VG design processes. By comparing controlled (i.e. equipped with

VGs) and uncontrolled (i.e. without VGs) cases for the turbine, it was shown that, particularly for high rotational speed and

low Reynolds numbers (model scale), the rotational forces are stronger (Gross et al., 2012) and thus already reduce separation

making the VGs less useful than expected from results of the airfoil without rotation. Baldacchino (2019) mentioned that the

imbalance occurring between VG vortices of an array due to skewed in�ow, as it occurs in blade root sections, can affect the50

performance of the VGs. These results emphasize the need of numerical methods to obtain an optimal VG design for the rotor

blade.

1.1 Rotational Augmentation

The positive effect of rotation on the boundary layer (i.e. rotational augmentation) was �rst discussed by Himmelskamp (1945)

who observed an increase in lift and a delay of separation on a propeller blade compared to the same airfoil in non-rotational55

2D �ow. This so-called “Himmelskamp effect” was explained by the rotational forces acting on the boundary layer of the blade.

In Fig. 1 the different mechanisms of the effect are shown: The centrifugal force, pointing towards the blade tip and increasing

with the distance from the center of rotation, accelerates the �ow in spanwise direction (frame 2 in Fig. 1) and increases the

momentum inside the boundary layer. As the centrifugal force increases towards the blade tip, each blade section loses more
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Figure 1. Schematic description of rotational augmentation.

mass �ow R2:S7 insideits boundary layer towards the tip than it gets from the inner sections (Himmelskamp, 1945). Thus, a60

suction effect called centrifugal pumping towards the blade tip is installed. On top of this effect, the radial velocity component

in the rotating coordinate system creates a Coriolis force which points towards the blade trailing edge. This force reduces the

extent of the separated areas and reenergizes the chordwise boundary layer (frame 3 in Fig. 1) to withstand higher adverse

pressure gradients (Bangga, 2018). The rotational forces acting onR3:S2 thelow momentum �ow in thereferenceframeof

thebladethenearlyseparatedor separated�ow also highly impact the vortex shedding frequencies on the blade. The results65

from Schreck (2010) show that the vortex shedding frequency is largely reduced, compared to the usually expected Strouhal

numbers of around 0.15 to 0.2 for separated airfoils in non-rotating conditions. Depending on the operational regime of the

turbine, this leads to a different unsteady aerodynamic loading of the blade and fatigue loads. Those �ndings emphasize the

fundamental differences between the �ow dynamics on the rotating blade and extruded airfoils.

Herraéz et al. (2016) stated that the main driver for centrifugal pumping is the centrifugal force acting on the boundary70

layer. The radial pressure gradient has only a low impact on the radial �ow (Bangga, 2018). Nevertheless, it is important to

mention that rotational effects heavily depend on the turbine (Herráez et al., 2014). Thereby, according to Bangga (2018), a

large dependency is attributed to the chord to radius distributionc=r of the blade: The in�uence of rotational augmentation

alleviates with decreasingc=r until it vanishes (c=r < 0:1). For this reason, the major rotational effects in this work will �rst

be analysed for the uncontrolled blade before being studied in combination with vortex generators which also take in�uence75

on the boundary layer �ow.

Regarding the quanti�cation of rotational augmentation, it is common to compare inner blade sections with the correspond-

ing 2D sections (extruded airfoils) (Bangga, 2018; Herráez et al., 2014). This requires an extraction of the relevant in�ow

parameters like in�ow velocity, Reynolds number and effective angle of attack from the 3D case as input for the 2D cases. The

estimation of the effective angle of attack is not trivial. It can be determined by means of an algebraic equation (Herráez et al.,80

2014) or by using the 3D �ow �eld (Bangga, 2018) and one of several extraction methods proposed and evaluated by Jost et al.

(2018). Unfortunately, all those methods are subjected to large uncertainty particularly for the inner part of the blade due to
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the large separated areas. On top of the inaccuracies from the determination of the angle of attack, the 2D vs. 3D comparison

includes further inaccuracies as largely separated �ow is a complex 3D phenomenon where methods based on the integral

boundary layer equation or steady Reynolds-averaged Navier Stokes (RANS) CFD simulations are prone to fail. Computations85

of higher �delity methods like Detached Eddy Simulation (DES) are expensive and thus not a feasible alternative.

In this work, a method proposed by Bangga (2018) will be used. It allows to quantify the Himmelskamp effect without using

additional 2D methods but by de�ning the Himmelskamp force as

FH = FCoriolis + Fcentri = � 2 � (
 � V ) + 
 � (
 � r ) (1)

with 
 being the rotational speed,r the distance of the regarded point to the center of rotation andV the velocity of the �uid90

in the rotating frame of reference.

1.2 Vortex generators

VGs are widely used in wind energy due to their robustness, low productionR2 costs and installation costs. They become

even more interesting because various studies provide guidelines for numerous geometrical parameters i.e. VG shape, height,

length, inclination angle, spacings in spanwise and chordwise position.95

Regarding the VG shape, it is established to use triangular shaped VGs as they offer a good compromise between the drag

penalty and the strength of the shed main vortex (Godard and Stanislas, 2006). As the large drag penalty for rectangular VGs

mainly results from the leading edge separation on the VG suction side (Hansen et al., 2016), the so-called cropped-delta

shapes also show a good performance: The cropping leading edge reduces the drag and in comparison to a triangular VG the

vortex strength increases due to the larger surface area (Seel et al., 2022).100

VGs are only ef�cient R3:S3 at delaying �ow separation without creating excessivedragwhentheactwhenacting inside

the boundary layer.Hence,their heightshouldnot exceedthe boundarylayer height� 99 R1:S1 Hence,their heightshould

beadaptedto theboundary layer thickness� 99 in order to behigh enoughto createvorticeswith suf� cientspacial extentand

thusmixing butontheotherhandtheyshouldnotexceed� 99. Consequently, VGs are very small devices and thus the in�uence

area of the shed vortex is limited to a small spanwise extent. In order to obtain the positive mixing effect over a large span,105

a large number of VGs has to be placed along the blade. Regarding the relative position of the VGs towards their neighbors,

Baldacchino et al. (2018) showed that VGs placed in counter-rotating pairs, directing the �ow in between the pair towards the

airfoil surface (i.e. common-down �ow), are the most ef�cient. To achieve such a setup, the interspacing (spacing between

the VG pairs) is chosen to be much larger than the intraspacing (spacing between two VGs of a pair). However, the angle of

the incoming �ow is very relevant for this VG placement: As shown by Baldacchino (2019), who investigated experimentally110

counter-rotating common-down �ow VG arrays placed in an skewed angle to the local �ow, the vortex dynamics and the vortex

breakdown is different compared to the case without skew angle. The asymmetric strength and trajectory of the shed vortices

form strong and weak vortex pairs, and the unbalanced vortex strengths �nally lead to a streamwise motion of the entire vortex

array as it is known from co-rotating VG arrays. This skewed in�ow conditions occur in the blade root area as the �ow velocity

has a component pointing towards the blade tip.115
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In light of the above, it is clear that when it comes to CFD modelling of VGs on a rotor blade, large meshes and high

computational resources are required as multiple very small scale �ow mechanisms (vortex system shed by each VG) in�uence

much larger �ow mechanisms (�ow separation on the rotor blade). For this reason, the re�nements of the mesh have to be

chosen with care. Seel et al. (2021) showed that CFD modelling of fully-resolved VGs and RANS methods requires highly

resolved blade meshes not only in the VG area but also along the propagation path of the main VG vortices. In addition, each120

VG needs to be fully-resolved leading to a large meshing workload and a further raise in number of cells. To reduce these

two drawbacks, a method based on the so-called BAY model is utilised in this work. It uses source-terms applied into the

computational domain de�ecting the �ow to mimic the impact of the VGs. The model was initially proposed by Bender et al.

(1999), and a variant of it proposed by Seel et al. (2022) is used in this work and explained in more detail in Sect. 2.2. Among

the main VG vortex, which is the main driver of the momentum transfer in the boundary layer, several other smaller vortices125

form in its vicinity. Their emergence depends on the VG heighthV G and on the vane inclination angle� (Velte et al., 2016).

These smaller vortices in�uence the main vortex and have an impact on the ef�ciency and durability of the momentum transfer

of the main VG vortex. Therefore, Seel et al. (2022) showed that the mesh resolution can be reduced for the proposed BAY

model derivative but a large re�nement of the cell size of about1=8 to 1=16 of the VG height in the VG area and propagation

area is recommended in span- and chordwise direction in order to achieve a good agreement with the vortex system of the130

fully-resolved case.

R2:S2-a At thispointis shouldbementioned,thattheunsteadyRANSmethodusedin thispaperhaswell-knowndrawbacks

whenit comesto massively detached�ow. R2:S2-b Nevertheless,thestateof theart in thecomputation of BAY-modelled

VGs with higher� delity methodslike DESis very poorcomparedto theoneof RANS. Particularly the in�u enceof theVG

vorticeson theboundary layershielding function is notwell studied for now.It is imaginablethattheVG vorticesareresolved135

throughtheLES modebut,astheyoperatein theboundary layerwith very small turbulent structures,depending on themesh

resolution adepletion of themodelledstressesmayoccur.

1.3 Scope of work and objectives

In the �rst part of the introduction, the physics of two ways of increasing the lift coef�cient in the inner part of the blade were

presented. On the one hand, the positive effect of the so-called rotational augmentation (i.e. centrifugal pumping and Coriolis140

force) was extensively investigated by the community (Himmelskamp, 1945; Schreck, 2010; Gross et al., 2012; Herráez et al.,

2014; Herraéz et al., 2016; Bangga, 2018) and the positive in�uence on the lift over a large range of angles of attack (from

fully attached to detached �ow) was shown. On the other hand, VGs are able to delay the onset of boundary layer separation

and thus increase the lift of extruded wind turbine airfoils for high angles of attack which was clearly shown in a multitude of

experimental and numerical studies (Velte and Hansen, 2013; Manolesos and Voutsinas, 2015; Baldacchino et al., 2016, 2018).145

Hence, both ways alleviate the separated �ow in the inner part of the blade. However, the �rst (i.e. rotational augmentation)

is clearly advantageous in the uncontrolled 3D �ow with rotation and the second (i.e. VGs) has shown its bene�t in 2D �ow.

Eventually, both ways are applied on a 3D blade which encounters all the corresponding and already introduced effects.

The objectives of this work, are formulated by the following questions:
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Q1: To what extent are the loads and the state of the boundary layer of the considered turbine affected by rotational augmen-150

tation for the uncontrolled case (without VGs) for different pitch settings of the blade?

Q2: How do the streamwise convecting VG vortices interact with the radial �ow caused by rotational augmentation? In this

context, it will be shown whether the interaction is constructive or destructive and if a combination of both effects is

expedient.

Q3: How and for which considered cases does rotational augmentation trigger �ow unsteadiness?155

In order to to answer the questions posed, one uncontrolled setup and two different VG setups, starting at different radial

positions along the blade root are investigated.In Sect.3 the bladeloadsand the Himmelskampforce arestudied for the

uncontrolled bladefollowedby thetwo VG setups.In Sect.4 theeffect of rotational augmentation andits interaction with the

VGs is studied throughan analysis of the local boundary layer. In Sect.3, the uncontrolledcaseis evaluatedto understand

the rotationalaugmentationeffectswhich occuron this particularbladein the uncontrolledstate.In Sect.4, the interaction160

of rotationalaugmentationandVG vorticesfurtheroutsidein radialdirectionis investigatedby leavingtheinnerroot section

uncontrolled.Finally, in Sect.5, thebladeroot is studiedin a fully controlledsetup.

2 Numerical set-up

The numerical CFD setup is based on a generic pitch-controlled2MW HAWT called I82 introduced by Arnold et al. (2020)

with a rotor radius ofR = 41m. R2:S8-c In order to reduce the high computational costs related to the consideration of165

VGs, a so-called one-third model is used with120� -periodic boundary conditions. Therefore, only one blade, one-third of the

hub and of the nacelle are meshed but in return a very high mesh resolution is possible in the area of interest (i.e. inner sections

of the blade suction side). The in�uence of the simpli�cations from the one-third model (i.e. no blade tower interaction, no

atmospheric boundary layer and no tilt angle) on the studied phenomena in this work is considerednegligible R1:S3 low.

2.1 CFD solver: FLOWer170

The �ow simulations are performed with the block-structured CFD solver FLOWer, which was initially developed by the

German Airspace Center (DLR) (Kroll et al., 2002). The code solves the three dimensional compressible RANS equations

in integral form. In this work, R2:S8-a the spatial discretization of the convective andviscoustermsis second order cen-

tral differencing and the time accurateR2:S8-b computationsaresecondorder implicit with a dual time-stepping technique

is employed. For turbulence modelling, the Menter-SST two-equation eddy viscosity model (Menter, 1994) is used and sur-175

faces are considered fully-turbulent. The implemented chimera overlapping mesh technique, which allows to combine separate

meshes, is very important for the present work as the extent of the considered length scales is large. The smallest considered

scales of the �ow �eld start from the vortex system shed by the VGs towards the largest scales including the induction and

wake of the blade.
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2.2 BAY Model180

In order to study the overall impact of a high number of VGs on a wind turbine blade (> 100) with reasonable computational

costs, a BAY-type model was implemented in FLOWer and compared to fully-resolved VG simulations and validated with

experimental data (Seel et al., 2022). The implementation is very similar to the so-called actuator shape BAY model proposed

by Réthoré et al. (2014) and used for VGs by Troldborg et al. (2016) which aims to improve the representation of the VG

shape compared to the classical BAY model (Bender et al., 1999) or the jBAY model (Jirásek, 2005). The implementation in185

FLOWer is also able to consider any kind of 2D VG shape, but the introduction of forces is not done via an actuator shape

model (Réthoré et al., 2014) but via kernel points as part of a point cloud representing the VG shape. Starting from those kernel

points, the force is smeared into the computational domain in order to guaranty a high level of numerical stability and reduce

the grid dependency. The BAY forcef i;j for each kernel pointpi;j is computed as

�!
f i;j = CV G � � � ju j2 � Si;j � (û � n ) � (û � t ) � (û � b)190

with

û =
u
ju j

(2)

whereCV G corresponds to the BAY calibration constant (set toCV G = 10 in this work according to Jirásek (2005)),�

corresponds to the density,u is the velocity vectorR3:S4 at theposition of thekernelpoint i; j computedvia a trilinearinter-

polation of theneighbourcells. Theandthe vectorsb, n andt correspond to the spanwise, normal and tangential direction of195

the VG surface respectively. The redistribution of the forces is done via a Gaussian kernel distribution which leads to the force

Fc applied to each cellc in the near �eld of a pointpi;j of the CFD grid as

Fc =
MX

i =1

NX

j =1

f i;j � � 3D
" i;j

: (3)

The smearing of the body forces is applied via the Gaussian kernels� " 3D
i;j

for each point. The implemented BAY model uses

isotropic 3D Gaussian kernels de�ned as200

� 3D
" i;j

(d) =
1

"3
i;j �

3
2

exp

"

�
�

d
" i;j

� 2
#

: (4)

The parameter" i;j corresponds to the Gaussian width and determines the spread and smearing of the force distribution. It is

de�ned depending on the distance from the pointpi;j towards the neighboring points and explained in detail by Seel et al.

(2022). Finally, the distanced is de�ned between the considered cell of the CFD grid and the pointpi;j .

2.3 Meshes205

The setup is composed of a total of nine meshes brought together with the chimera technique and contains a total of 114.2

million cells. As shown in Fig. 2, the 120� -background mesh (grey, 4.6 million cells) contains a re�ned background mesh (red,
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Figure 2. Computational background meshes of the one-third model setup with the re�ned area (red) to include the wind turbine. For better

visibility, the number of cells was reduced by a factor of four.

Figure 3. Computational meshes of the one-third model setup. For better visibility, number of cells is reduced by a factor of eight for the VG

re�nement mesh (orange) and by a factor of four for all other meshes.

9.6 million cells) to increase the resolution in the vicinity of the blade. The far�eld radial distanceR1:S5-a of 7 � R as well as

the upstream and downstream distancesR1:S5-b of 7 � R and10� R respectively were selected according to the best-practices

for one-third model setups proposed by Sayed et al. (2015).210

In Fig. 3 the meshes of the wind turbine are shown.R2:S8-d As the nacelle (brown, 0.37 million cells) is a non-

rotating component, a speci�c boundary condition which subtracts the velocities resulting from the rotating motion in the

�rst interior cell is used. The connector (light blue, 1.1 million cells) is linking the hub (dark blue, 0.37 million cells) and

the blade (green, 11.3 million cells) and allows rotation of the blade around the z-axis to set the blade pitch. The blade

mesh, equipped with an upwind facing winglet (magenta, 2.27 million cells) and embedded into a blade tip re�nement mesh215

(not shown, 0.64 million cells) was provided by Wenz et al. (2022) and slightly adapted. The blade and winglet meshes

have an O-topology and ful�ll the requirements for RANS simulations with resolved viscous sublayer (i.e.y+ < 1). In-

side the boundary layer, a growth rate of 1.09 in wall-normal direction is used.R2:S3 Furthermore, a low conserva-

tive numerical error for thrust and torque was obtained during a convergence study made by Wenz et al. (2022). In or-

der to model the effect of the VGs on the blade, the mesh resolution has to be very high in the VG areaR1:T1-b .220

Troldborg et al. (2015) proposed a minimum of 8 cells per VG vortexdiameter in blade spanwise direction.(minimum8cells

per VG vortex in bladespanwisedirection(Troldborget al., 2015)). But also in the propagation area of the streamwise VG
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Figure 4.Placement of the VGs into the blade re�nement mesh in orange. Kernel points of VGs belonging to array H16 withhV G = 16mm

(light blue) and array H11 withhV G = 11mm (red). For better visibility, the number of cells was reduced by a factor of four.

vortices, the resolution has to be resolved with cells of the size of at least1=8 of hV G (Seel et al., 2022) for the BAY model.

For this purpose, a re�nement mesh (Fig. 3 in orange) for the suction side of the blade was created. The mesh has 83.95 million

cells in total and thus represents by far the largest mesh of the setup. In chordwise direction, it extends from 10% of the relative225

chord length to the trailing edge of the blade with 317 points. The point density is thereby increased at the position of the VG

array and at the trailing edge. In radial direction, 2333 points are used from the innermost part of the blade to 90% relative

blade length. In the area of the VG array, the spacing is kept at� z = 5mm (i.e. � z = 0 :000122� R). At the end of the VG

zone, towards the blade tip, the cell size in radial direction is increased smoothly over a relative distance of0:1 � R. For the

entire mesh,y+ < 1 and the wall-normal growth rate in the boundary layer of 1.09 are identical to the values used for the230

blade mesh.

Table 1.Geometrical parameters of the VGs

Con�guration Ctrrot. CD �ow

heighthV G [mm] 22; 16; 11 � � 99

Vane angle� [ � ] 15

Lengthl=hV G 3

Intraspacingd=hV G 3.8

InterspacingD=hV G 10

BAY kernel points per VG 49

Ctrrot.: counter-rotating. CD: common-down
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Table 2.Overview of the computational cases

Case blade pitch
 [ � ] zrel;V G 22 [-] zrel;V G 16 [-] zrel;V G 11 [-] Rev. computed n � t per rev. [-]

DesNoVG 2.53 - - - 4 720

DesVGout 2.53 - [0.15; 0.22] [0.22; 0.3] 2 720

DesVGin 2.53 [0.077; 0.15] [0.15; 0.22] [0.22; 0.3] 2 720

oDesNoVG -2.47 - - - 2 720

oDesVGout -2.47 - [0.15; 0.22] [0.22; 0.3] 2 720

oDesVGin -2.47 [0.077; 0.15] [0.15; 0.22] [0.22; 0.3] 2 720

n � t : number of physical time steps; VG22, VG16 and VG11 correspond to counter-rotating common-down �ow VGs with

hV G = 22mm ; 16mm and11mm hV G = 0 :022m ; 0:016m and0:011m respectively

2.4 VG set-up description

As shown in Fig. 4, parabolically-shaped counter-rotating common-down �ow VGs are used. The different geometrical pa-

rameters of the VGs, selected according to the best practices in literature (Baldacchino et al., 2018; Godard and Stanislas,

2006; Pearcy, 1961), are listed in Table 1. At this point it is mentioned that the parabolic shape is inspired by the results of235

an industry-led optimization of the VG shape not further addressed in this work. As VGs reach their highest ef�ciency when

placed inside the boundary layer (i.e.hV G < � 99) and because� 99 decreases along the radial blade direction towards the tip

due to the higher Reynolds numbers outboard, the VG height has to be adapted. In this work, two operational conditions with a

different blade pitch angle (see Table 2), denoted in the following design (Des) case and off-design (oDes) case are considered.

As the local� 99 distribution along the radial directionzrel = z=R (with R the blade length) is different for each case, and to240

get an optimalhV G -distribution along the blade for both operational conditions,� 99(zrel ) was extracted form the uncontrolled

CFD calculations for a chordwise relative region ofxV G =c� 5% andaveragedfor both casesandtwo revolutions R1:S7

theaveragebetweenthe two caseswascomputedfor two revolutions (i.e. 1440 physical time steps). The resulting� 99(zrel )

distribution, as well as the chosen variation ofhV G along the blade length, are plotted in Fig. 5. The variation ofhV G along the

span was adapted as a best �t of the �nding from Godard and Stanislas (2006) who proposedhV G � 0:5� 99 and Baldacchino245

et al. (2018) who proposed a dependency based on the chord lengthc ashV G < 0:1c R1:S6-a hV G < 0:01c. R1:S6-b

The latter is alsoplotted in Fig. 5 for theregardedturbine. A step adaptation of the VG height is common instead of a linear

one because it is closer to a realistic application where it is usual to have only a few discrete VG heights available through

mass-produced parts.

In this work, two VG setups with a different radial starting position are considered (see Table 2). For the �rst setup (case250

VGout) the VG array starts atzrel = 0 :15 and for the second setup (case VGin) the VG array starts at the blade root (i.e.

zrel = 0 :077). The motivation of these two choices is explained as follows:

It is well established that rotational augmentation increases the local lift force. As already discussed in Sect. 1,
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Figure 5. Chordwise VG positions xV G =c, height of the VGs hV G and averaged boundary layer thickness � 99

of the uncontrolled design (DesNoVG) and off-design case (oDesNoVG) along the relative radial position zrel .

boundary layer thickness� 99 along the relative radial positionzrel of the average between the uncontrolled design case (DesNoVG)

and off-design case (oDesNoVG).

the VG vortices increase the streamwise momentum in the lower boundary layer, the �ow is less affected by separation,

experiences more viscous stresses and is consequently less affected by rotational augmentation (Bangga, 2018; Troldborg255

et al., 2016). It is not clear if the loss of rotational augmentation can be compensated or even overcompensated by the effect of

the VGs. Therefore the cases with the ending "VGin", with a fully controlled blade i.e. VGs starting from the innermost part of

the blade towardszrel = 0 :3 are considered. It is also possible that the coexistence of both effects (i.e. rotational augmentation

for the innermost root section and VG vortices more outwards) leads to the best outcome. Therefore, the cases with the ending

"VGout", with the innermost part of the bladezrel = [0 :077;0:15] left uncontrolled, are regarded.260

2.5 Simulation Cases

R1:T2 This work considerssix casesaspresentedin Table 2. In the this work andaspresentedin Table2, six casesare

considered. They arise from three different boundary layer control states of the suction side of the blade: an uncontrolled case

(NoVGs) and two cases with VG arrays (starting at a different radial position). Each of them is analysed for two �ow states: a

design condition and an off-design condition. The regarded generic HAWT was designed to operate without the use of VGs.265

Thus, for design conditions, the separated regions in the root area have only a small extent in radial direction. In contrast to

other passive �ow control devices (e.g. gurney �aps), VGs do not increase the liftover theentirerangeof angleof attack�

R3:S6 for attached�ow conditionsat low angle of attack � but only for higher� throughthe delay of the viscous R3:S7

decamberingrelatedto �ow separation occurringat high � . This is why an off-design case is investigated by decreasing the

blade pitch by 5� in order to increase the effective angle of attack for each blade section and enforce larger separation. The270

value has been adapted in order to maintain the chordwise VG positions in fully attached �ow along the entire blade. The
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Figure 6. Positions of the evaluated wall-normal slices on the rotor blade. The red wall-normal slice WN40 is at 40% of the local relative

chord length behind the VG array positioning linexV G =cand the blue wall-normal slice WN70 positioned in the same way at 70%.

turbine is simulated with fully-turbulent surfaces at uniform in�ow velocityUref = 9 :5ms� 1 and constant rotational speed

of n = 16:1RPM for all cases. For the the dual-time stepping technique, 720 physical time steps are computed per revolution

with 100 inner iterations per physical time step.R2:S8-e The computations wereperformedon the HPE Appolo (Hawk)

systemat theHöchstleistungsrechenzentrumStuttgart(HRLS)by using 4096CPUsfor 48hours(� 2000000CPUh)to obtain275

onerevolution. All cases are initialised at �rst with two uncontrolled revolutions. For the controlled cases two more revolutions

are computed to guarantee the convergence of the BAY-model.

3 Investigation on blade loads and the Himmelskamp force

As already mentioned, the intensity of the rotational augmentation is highly dependent on the regarded turbine (Herráez

et al., 2014). For this reason, the turbine used in this work is at �rst investigated for the uncontrolled cases (DesNoVG280

and oDesNoVG)and then followed by the investigation of the two VG cases . It wasalso already highlighted in Sect. 1.1 that

comparisons to the 2D �ows can only give a rough idea of the effects due to various uncertainties. For this reason, the following

results directly focus on the 3D case.

The blade loads are extracted for each physical time stepn� t along 192 sections which are re�ned towards the blade root

and the blade tip. The Himmelskamp force, stated in a universal form in Eq. (1), can be greatly simpli�ed for this work: The285

centrifugal force is constant for each cell in time and the Coriolis force only depends on the velocity vector in radial direction

and rotation direction in the rotating frame of reference. As a consequence of the cross product in the Coriolis force (
 � V ),

only the radial velocityw has a positive effect on the state of the boundary layer by forcing a �ow acceleration towards the

trailing edge. Hence, in order to get an insight into the unsteadiness of the Himmelskamp force, onlyw is regarded through the

averaged radial velocitywavg calculated for the wall-normal slice WN70 (blue surface in Fig. 6) extracted from the �ow �eld290

at a relative chordwise position of 70% behind the VG positioning line (i.e. around 90% of the relative chord length). For each

physical time stepwavg was calculated as follows

wavg =
1

AW N 70

Z
wdAW N 70 (5)

wherew represents the velocity in radial direction for each cell over the wall-normal slice andAW N 70 represents the surface

of the wall-normal slice WN70.295
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Figure 7. Load distribution of the uncontrolled design case (DesNoVG) along the relative radial positionzrel over time and derivative over

time of the averaged radial velocitywavg for the wall-normal slice WN70.

3.1 Uncontrolled blade

In Fig. 7, the thrust forceFx , the driving forceFy and the acceleration in radial direction (derivative in time ofwavg ) as a direct

indicator of the action of centrifugal force are plotted for the DesNoVG case.R3:S12-a Two mainphenomenawith different

frequenciesandspatial extentsarevisible.Thevariationsof theforcesin timefor zrel < 0:1 correspondto thehighfrequency

phenomenonandareattributedto �ow separation interacting in anunsteadywaywith therootvortices.A lowerfrequencyphe-300

nomenonwith a largerextentin radial direction until zrel < 0:2 is alsovisible throughphasesof stronglydetached�ow (seen

by theloadalleviation mostlyin Fy e.g.ataround5:0s) whicharefollowedby phasesof moreattached�ow (loadincreasee.g.

5:5s to 6:6s) in a cyclic manner.It is alsovisible that,thephasesof highly detached�ow areshorterin time thanthephases

of lower separation for theregardedcase.Thevariationsof theforcesin time for zrel < 0:1 areattributedto �ow separation

interactingin an unsteadyway with the root vortices.Phasesof stronglydetached�ow (seenby the load alleviationmostly305

in Fy e.g.at around5:0s) arefollowed by phasesof moreattached�ow (load increasee.g.1s to 1:9s) in a cyclic manner

wherethe phasesof highly detached�ow areshorterin time thanthe phasesof lower separationfor this case. R3:S12-b

Thosephasesof highly detached�ow recurwith a frequencyof around0:5Hz andfollow acomplex �ow mechanismwhich is

explainedin thefollowing: With a frequencyof around0:5Hz, asimilarunsteadybehaviourof the�ow �eld is visible through

the load �uctuations e.g.4:5s to 5:6s; 6:8s to 7:5sand9:0s to 10:0s. At �rst, the �ow R3:S12-c massively separatesdue310
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to the high frequencyphenomenaseparates over a large extent in radial direction which is visible through the driving force

alleviation in the root section forzrel < 0:1. In this �ow state, the viscous stresses in the boundary layer are low and thus the

�ow is very receptive for the action of the centrifugal force transporting the separated �ow in radial direction. This is visible

by the high radial accelerationdwavg =dt of the �ow and simultaneously the extended oblique area of reduced thrustFx and

driving forcesFy along the radial directionzrel . The resulting radial velocityw is the main driver of centrifugal pumping and315

the chordwise Coriolis force (FCoriolis;y = 2 ! x w). The latter described effect is shown in Fig. 8 through the upper snapshot

at t = 5 :4swhich corresponds to a cycle of increasing rotational effects (green cycle). As soon as the separation reduces in

size, shown in the lower snapshot of Fig. 8 att = 5 :8s, the viscous stresses in the boundary layer increase and the impact of

the centrifugal force is damped. Consequentlyw, the main driver for centrifugal pumping and the Coriolis force, reduces (i.e.

deceleration). This �nally helpsR3:S12-d a newhigh frequencyphenomenonto appearthroughtheemergenceof separated320

�ow in theroot area.This separated�ow will then,depending on its expansion,promotea newcycle of increasing rotational

effectsaspartof the low frequencyphenomenon.separated�ow to emergeandgrow againin theroot areapromotinga new

cycle of increasingrotationaleffects. The results for the DesNoVG show that large �ow separations with a certain critical

extent in radial direction are the starting point of a cycle increasing of rotational effect (green cycle in Fig. 8).

Furthermore, a root vortex system composed of two counter-rotating vortices is visible on the rearmost wall-normal slice325

(Fig. 8 att = 5 :8s). This system produces a momentum transfer towards the blade surface and is therefore responsible for

the increase in driving force inR3:S14 Fig. 7 Fig. 8 at zrel � 0:125 which occurs R3:S15 during eachperiod of de-

creasing rotationaleffectsaftereachof thethreementionedtime intervals and is thus part of the cyclic behaviour of rotational

augmentation for this case.

In Fig. 9 the loads for the uncontrolled off-design case oDesNoVG are shown. With respect to the transport of the detached330

�ow outwards, the case shows similarities with the DesNoVG case considered before. Forzrel > 0:12 alternating diagonal

areas of higher and lower driving forceFy are visible. The phases of strong radial acceleration and deceleration of the �ow

occur during the periods of decreasing and increasingFy respectively. In this time interval a cycle of increasing rotational

effects is followed by a cycle of decreasing rotational effects according to Fig. 8.

Regarding the inner part of the blade (aroundzrel = 0 :1), the driving force is at a high level over the entire time compared335

to the outer sections. This observation is largely different compared to theR3:S12-e high frequencyphenomenonof the

previous case (DesNoVG) and attributed to two effects: Firstly, the more ef�cient and more time-constant centrifugal pumping

mechanism inhibits the growth of separated �ow structures forzrel < 0:1. Secondly, enabled by the strong centrifugal pumping

and thus low extent of separated regions, the root vortex system (composed of two counter-rotating vortices (Bangga, 2018))

is closer to the surface compared to the DesNoVG case and thus locally reenergizes the boundary layer resulting in locally340

increased blade loads (zrel � 0:09).

3.2 Blade partially equipped with VGs

In Fig. 10 the VG impact on the time-averaged loads is plotted for all six cases considered in this work. For the DesVGout case,

the loads are equal or slightly lower than for the uncontrolled case depending on the radial position. Globally, the differences in
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Figure 8. Description of the periodic behaviour of rotational augmentation in the uncontrolled cases with snapshots of the �ow �eld at

different times. BL: Boundary Layer, w(t): radial velocity.

torque � M x;Case � NoV G � M y;Case � NoV G for the inner section (zrel < 0:3) is lower by 2.05% (Table 3) compared to the345

case without VGs. The reduction is due to the lower driving forceFy;mean for zrel > 0:11(Fig. 10). In this region and for this

case, the �ow is fully attached and consequently the VGs do not have any bene�t, even worse, they inhibit any lift enhancement

through radial �ow which is presumed to be the reason for the lower driving force. In contrast to the VG mechanism, the radial

�ow resulting from rotational augmentation also increases the lift at moderate angles of attack (Herraéz et al., 2016) and does

not only delay �ow separation for higher angles of attack.350

Table 3.Thrust forceFx and torqueM x M y comparison forzrel < 0:3 of the different VG cases to the uncontrolled case.

Case � Fx;Case � NoV G [%] � M x;Case � NoV G � M y;Case � NoV G [%]

DesVGout -1.18 -2.05

oDesVGout 1.77 2.83

DesVGin 0.75 -0.20

oDesVGin 3.58 3.28
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Figure 9. Load distribution of the off-design case (oDesNoVG) along the relative radial positionzrel over time and derivative over time of

the integrated radial velocitywavg for the wall-normal slice WN70.

Figure 10. T ime-averaged load distribution of thrust forceFx and driving forceFy for all regarded cases along the relative radial position

zrel .

Regarding the unsteady loads in Fig. 11, similar phases of increasing and decreasing rotational effects as for the DesNoVG

case are visible by the areas of lower driving force traveling outwards in time. The phases of radial acceleration instantaneously
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Figure 11. Load distribution of the design case partially equipped with VGs forzrel = [0 :15;0:3] (DesVGout) along the relative radial

positionzrel over time and derivative over time of the integrated radial velocitywavg for the wall-normal slice WN70.

follow the occurrence of large detached areas in the root area (zrel < 0:1). Thus, the VGs placed partially on the blade (at

zrel > 0:15) do not inhibit the occurrence of cyclic rotational augmentation effects in the root area.

For the oDesVGout case, the time-averaged driving forceFy is slightly higher in the inner part of the blade than for the355

uncontrolled case. This again shows that the rotational effects in this case are not affected by the VGs. In contrast to the

DesVGout case, the bene�t of the VGs is well visible forzrel > 0:2 through higher time-averaged thrust and driving force

compared to the uncontrolled case (10). At those sections, the impact on torque is high, leading to a 2.83% increase compared to

the uncontrolled case (Table 3). This behaviour was expected because the considered turbine was designed to be used without

VGs and for lower effective angles of attack. Remarkably, the VGs are not ef�cient (i.e. increasing the loads) from their360

radial start position atzrel = 0 :15 but only forzrel > 0:18. This is attributed to the interaction of the centrifugal pumping

mechanism in radial direction and the VG vortices convecting in chordwise direction. Explained in more detail, the centrifugal

pumping behaves in an undisturbed manner forzrel < 0:15 (separated �ow is accelerated towards the blade tip) and impacts

perpendicularly the chordwise propagating VG vortices only atzrel = 0 :15. Therefore, the collected radial momentum of the

separated �ow during the acceleration is progressively reduced but still strong enough to reduce the ef�ciency of the �rst VG365

vortices.

In Fig. 12, the loads of the oDesVGout case are plotted over time in the same manner as in the previous section. The unsteady

behaviour is very similar to the oDesNoVG case and thus the rotational augmentation effect is not diminished by the VGs. One
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Figure 12.Load distribution of the off-design case partially equipped with VGs forzrel = [0 :15;0:3] (oDesVGout) along the relative radial

positionzrel over time and derivative over time of the integrated radial velocitywavg for the wall-normal slice WN70.

difference due to the VGs is the occurrence of high frequency �uctuations in the radial accelerationdwavg =dt resulting from

interaction of spanwise �ow and chordwise VG vortices.370

3.3 Blade entirely equipped with VGs

In Fig. 10 the time-averaged loads are plotted for the DesVGin case. In the inner part of the blade (zrel < 0:2) the loads are

globally increased compared to the two other identically pitched cases (DesNoVG and DesVGout). It has already been shown

for those cases that the inner part of the blade encounters �ow separation but the centrifugal pumping is not very ef�cient. Thus,

the bene�t of VGs in the inner blade area is higher than the one resulting from rotational augmentation. Despite the favourable375

effect for the inner section, the torqueM x M y of the entire section (zrel < 0:3) is almost equal to the uncontrolled case

(Table 3). This is due to the slightly decreased driving force forzrel > 0:21. The reasons for this are the same as those already

discussed in Sect. 3.2 forthe DesVGout case and are mainly related to the inhibition of spanwise �ow through the VG vortices

and meanwhile no positive effect of the VGs.

For the load �uctuations shown in Fig. 13 two different aspects are discussed: Firstly, the separated �ow visible forzrel < 0:1380

and secondly, the inhibition of the spanwise transport of separated structures.

Regarding the �rst aspect, separated �ow forzrel < 0:1 develops even if VGs are placed on the entire area. This is due to the

highly outward directed (i.e. skewed) �ow combined with the blocking effect of spanwise �ow through the VG vortices which
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Figure 13. Load distribution of the design case entirely equipped with VGs forzrel = [0 :077;0:3] (DesVGin) along the relative radial

positionzrel over time and derivative over time of the integrated radial velocitywavg for the wall-normal slice WN70.

Figure 14. Pressure distribution on the suction side and the vorticity magnitude! mag for the DesVGin case att = 3 :6s. The slices are

placed in wall-normal direction and at different constant relative chordwise positions behind the VGs(x � xV G )=c.

enables the formation of a pocket of separated �ow. In order to get qualitative insight, a snapshot of the �ow �eld att = 3 :6s

is displayed in Fig. 14. The interaction of the separated �ow and the �rst VG vortices creates a shear layer highlighted by the385

white dashed line. The dynamic of it is visible through the high frequency oscillations of the acceleration ofwavg . R1:T5 Fur-

thermore,it is clearlyvisible throughthestreamlinesupstreamof theVG arraysthateachVG pair encountershighly skewed
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Figure 15.Load distribution of the off-design case entirely equipped with VGs forzrel = [0 :077;0:3] (oDesVGin) along the relative radial

positionzrel over time and derivative over time of the integrated radial velocitywavg for the wall-normal slice WN70.

in�ow resulting in high inclination angles for oneVG of the pair and lower inclination angle for the otherVG of the pair.

Furthermore,it is clearly visible throughthe streamlinesupstreamof the VG arraysthat the VGs encounterhighly skewed

in�ow resultingin high inclination anglesfor eachthe VG of a pair locatedcloserto the hub andat the sametime lower or390

no inclination angleof the otherVG of the pair (locatedcloserto the bladetip). Those in�ow conditions are far from ideal

because the quality of the shed vortex system is degraded (Pearcy, 1961). Thus, a rotation of the innermost VG pairs around

their symmetry center may help to avoid the misalignment. Finally, the use of wing-type vortex generators for these sections

may be bene�cial as they are mainly insensitive to skewed in�ow conditions (Pearcy, 1961).

Regarding the second aspect, in contrast to the already considered identically pitched cases, the transport of separated �ow395

in spanwise direction is inhibited and the loads are almost constant over time forzrel > 0:12. Even for large separated �ow

structures (e.g.t = 3 :6sin Fig. 13), an oblique area of outward transport of the separated �ow is visible. Thus, the centrifugal

force is not able to accelerate the �ow suf�ciently in spanwise direction to lift-off a large number of VG vortices. Nevertheless,

the spanwise accelerationwavg over the regarded slice is oscillating in a higher frequency than for the other considered cases

which is related to the cyclic interaction of the inner VG vortices and a small centrifugal pumping effect of the detached �ow.400

For the oDesVGin case, the time-averaged loads are plotted in Fig. 10. The centrifugal pumping mechanism is largely

reduced and consequently the local maximum inFy atzrel � 0:09 is not visible for this case. In return, forzrel > 0:115the

loads are higher than for the other two cases with the same pitch (oDesNoVG and oDesVGout) which is due to the reduced
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Figure 16. Mean distribution of shape factorH 12 for the DesNoVG and the oDesNoVG cases and chord to radius distribution (c=r) along

the relative radial positionzrel on the wall-normal slice WN40.

negative interaction of centrifugal pumping with the VG vortices increasing greatly their ef�ciency. The inner parts are much

less relevant than the outer ones for the torqueM x M y and therefore this case is reachingR2:S6 approximately3%a3.28%405

higher value than for the NoVG case (Table 3).

The loads over time for the oDesVGin case are plotted in Fig. 15. At the beginning of the time series until1s, high values

of driving force are visible aroundzrel = 0 :1 and the separated areas are weak. After this time interval, larger and stronger

separated areas appear. At this point it should be mentioned that this is probably not a result of insuf�cient numerical con-

vergence because all evaluated time intervals in this work are based on a minimum of two revolutions with the uncontrolled410

settings and two revolutions with controlled settings. The results are rather supposed to be related to the bimodal behaviour

of the lift signatures of airfoils equipped with VGs just aftercl;max R3:S20 . In Fig. 19 andFig. 20 snapshotsfor t = 0 :5s

andt = 3 :6saredisplayedrespectively. Whencomparing both,a differencein theextentsof theseparatedregionsareclearly

visible.Thisbehaviourwasalso shown experimentally by Baldacchino et al. (2018) for a DU97-W-300 airfoil section in a wind

tunnel. They observed this effect, which is resulting from a highly dynamic process of separation and reattachment only when415

equipped with VGs. On a rotor blade, the rotational augmentation also takes part in the interaction as soon as separation occurs.

Thus, the already explained cycles of increasing and decreasing rotational effects (Fig. 8) gets even more complex potentially

affecting the fatigues loads of the blade in a new manner and should therefore be theR1:T6 subjectobject of further research.

4 Assessment of the boundary layer state

The investigation of the blade loads is not suf�cient to understand the �ow mechanisms and characterise the state of the420

boundary layer �ow. In order to get a more detailed insight into the boundary layer, this section addresses the behaviour of the

shape factorH12 which is de�ned as

H12 =
� 1

� 2
(6)
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where� 1 is the displacement thickness and� 2 the momentum thickness of the boundary layer. Low values ofH12 indicate

a fully attached boundary layer and, according to Castillo et al. (2004), values aboveH12 � 2:76� 0:23 are obtained for425

detached boundary layers in turbulent �ow. At this point it should be mentioned that both thicknesses are computed with the

chordwise and spanwise velocity along wall-normal lines and consequentlyH12 gives information about the state of the 3D

boundary layer. This is important because the spanwise component plays a crucial role for the quanti�cation of the in�uence of

the rotational augmentation on the state of the boundary layer. The boundary layer thickness� 99, required to calculate� 1 and

� 2, was determined through a threshold combination of the turbulence kinetic energykt < 0:001m2s� 2 and the wall distance430

dw > 0:001m.

4.1 Uncontrolled blade

In Fig. 16H12 along the wall-normal slice WN40 (red surface in Fig. 6) and the chord length to radius distributionc=r are

plotted for both uncontrolled cases. In the inner blade section atzrel < 0:12 large radial variations ofH12 are visible for

both cases which is attributed to the action of the counter-rotating root vortex system. Such a systemR2:S11 , which is also435

visible throughthedottedarrowsat thebottom plot of Fig. 8 on therearmostwall-normal slice, introduces high wall-normal

velocities leading to attached or detached �ow depending on the direction of rotation and the radial position of the vortices and

the distance between the two vortex cores.

Interestingly, theH12 values of oDesNoVG show no offset to a higher value compared to DesNoVG even with the effective

angle of attack being larger by5� R1:T1-c (decreasedpitch). Regarding the local maximum atzrel � 0:095, the oDesNoVG440

case is even lower and of smaller radial extent.R1:T3 This is an indication that the rotational effects are larger for the

oDesNoVGcaseasalsoseenin thebladeloads.This is an indicationthat,asalreadyseenin the loads,therotationaleffects

arelargerfor theoDesNoVGcase. Further towards to the blade tip, the effect of rotational augmentation is alleviated due to

the decreasingc=r ratio and thusH12 increases for the oDesNoVG case as one could expect for a non-rotating airfoil section.

In this section it has been shown that, in regard to the DesNoVG case, rotational augmentation on the investigated rotor blade445

is not constant but occurs in cycles of increasing and decreasing rotational effects. The recurrence of the cycles is supposed to

be mainly dependent on the extent of areas of separated �ow in the inner blade region. For the oDesNoVG case, the innermost

part of the blade encounters relatively high loads resulting from strong centrifugal pumping and from the root vortex system

whereas forzrel > 0:12alternating phases of higher and lower loads are visible. When comparing both cases, it was con�rmed

throughH12 that rotational augmentation is much stronger for the oDesNoVG case than for the DesNoVG case as the states of450

the respective boundary layers are on a similar level for the root section (zrel < 0:16).

4.2 Blade partially equipped with VGs

In Fig. 17 the shape factorH12 of the 3D boundary layer is plotted. The root section displays results similar to those of the

uncontrolled case already described in Sect. 4.1, i.e. rotational augmentation is the dominant �ow mechanism. The VGs are

clearly visible through the zigzag pattern ofH12: counter-rotating common-down �ow VG pairs create downwash areas be-455

tween each other and upwash areas between them and their respective neighbour vortices from the other pair. In the downwash
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Figure 17. Mean distribution of shape factorH 12 on the wall-normal slice WN40 for the partially controlled cases with VGs for

zrel = [0 :15;0:3] (DesVGout and oDesVGout) and chord to radius distribution (c=r) along the relative radial positionzrel .

areas, the velocity vectors are partially de�ected towards the surface and therefore reduceH12. In contrast, the upwash areas

de�ect the �ow away from the wall and yield a higherH12. Regarding the second VG array VG11 (zrel > 0:22 in Fig. 17) ,

an offset between the two cases is visible due to the higher effective angles of attack. This offset is not visible for the �rst VG

array VG16 at0:2 < z rel < 0:22 and underlines the importance of the correct adaptation of the VG height to the local state460

of the boundary layer. A low height can lead to an early separation whereas an oversized height creates additional drag without

further bene�t on the lift.

As already seen for the time-averaged blade loads, the impact of the VGs is not visible inH12 from the �rst VG of the array,

which starts atzrel > 0:15, but only fromzrel > 0:16 for DesVGout and fromzrel > 0:18 for oDesVGout. Furthermore,

Fig. 17 reveals a local peak inH12 at zrel � 0:16 for oDesVGout and a much smaller one in amplitude and spanwise465

extent atzrel � 0:15 for DesVGout. In both cases, the peak results from the same mechanism, i.e. the negative interaction

of centrifugal pumping (radial �ow) and the VG vortices (chordwise �ow). The extent of this interaction depends on the

intensity of centrifugal pumping, which is much stronger for the oDesVGout case andon the VG vortex strength which is

similar for both casesR1:T1-d becauseit mainly dependson theVG size R3 relative to thelocal boundary layer(because

it mainly dependson the VG size). Hence, for the oDesVGout case a longer radial length is required to reduce the higher470

spanwise momentum. It isR3 expectedsupposed that a larger VG height for this case could further increase its performance

by stopping abruptly the spanwise �ow and enabling fast takeover of 2D VG controlled �ow. Nevertheless, the consequences

of stronger VG vortices on the separation of the boundary layer should be evaluated in more in detail.

4.3 Blade entirely equipped with VGs

In Fig. 18, the shape factorH12 is shown for the two cases DesVGin and oDesVGin. For0:12 < z rel < 0:22 both cases are475

very similar because the VGs of the VG16 array are able to provide a fully attached boundary layer for both cases (DesVGin

and DesVGout). In contrast, the smaller VG11 array (zrel > 0:22) is not able to reach the sameH12 level for both cases.

The higher pitch of the oDesVGin case leads to a still attached but deteriorated state of the boundary layer visible through

the offset ofH12 to higher values. Forzrel < 0:12 the oDesVGin case shows largely separated �ow, as visible in Fig. 19,
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Figure 18. Mean distribution of shape factorH 12 of the wall-normal slice WN40 for the fully controlled cases with VGs (DesVGin and

oDesVGin) and chord to radius distribution (c=r) along the relative radial positionzrel .

Figure 19. new �gure Pressure distribution on the suction side and the vorticity magnitude! mag for the oDesVGin case att = 0 :5s. The

slices are placed in wall-normal direction and at different constant relative chordwise positions behind the VGs(x � xV G )=c.

and consequently it was not possible to determineH12 because the edge of the boundary layer� 99 was not detectable for the480

extracted slice.

By having a closer look at the �rst innermost VG vortex pairs detected withH12 for oDesVGin (Fig. 18) atzrel � 0:125

a spanwise shift of the peaks is visible between the two cases. According to those peak positions the vortex pairs of the

oDesVGin case shown in Fig. 19 by the framed "2" are pushed outwards and also stretched in wall-normal direction by the

strongly separated �ow (Fig. 19 framed "1") forzrel < 0:12. Furthermore, a shear layer (dashed white line) similar to the485

one observed for the DesVGin case is visible but the inclination of the line is higher. This is related to the fact that for the

higher pitch angle the local adverse pressure gradient is stronger and relocates the loss of ef�ciency of the VG vortices to a

more upstream chordwise position. Due to this same effect, a small recirculation area is visible at the spanwise transition to a

smaller VG height (framed "3"). At this point it is mentioned that the spacing at these transitions was set to the interspacing

of the larger VGs. Additional studies on an extruded airfoil have shown that this choice of spacing is less prone to separation490
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Figure 20. Pressure distribution on the suction side and the vorticity magnitude! mag for the oDesVGin case att = 3 :6s. The slices are

placed in wall-normal direction and at different constant relative chordwise positions behind the VGs(x � xV G )=c.

because the stronger vortex obtains more space to evolve in spanwise direction and the lift-off from the surface (i.e. loss of

ef�ciency) through the induction of the VG vortex of the smaller array is delayed.

5 Conclusions

In this work, a rotor blade of a generic2MW wind turbine was investigated by means of unsteady RANS simulations with

the CFD solver FLOWer regarding rotational augmentation and its interaction with vortex generators. In order to reduce the495

required computational resources, a 120� -model was used. The suction side of the blade has a very high mesh resolution (83.9

million cells) to resolve the small VG vortices. To further reduce the computational effort, a BAY-type model was used to

model the parabolically-shaped VGs considered in this study. The placement of the VGs and their size was adapted according

to current best-practices. Regarding the �ow conditions of the blade, two operational conditions were studied. The �rst one is a

given design case and the second one is an off-design case where the blade pitch angle was adapted to generate �ow separation500

within a certain distance behind the chordwise VG position. These two operating conditions were investigated at �rst for the

uncontrolled case and then with two different VG setups. For the �rst one, the inner part of the blade is left uncontrolled and

the VGs are placed only further outwards (0:15 < z rel < 0:3) to investigate the interaction of the rotational augmentation

and the VG vortices. For the second one, the VGs are placed all over the root region of the blade (0:077 < z rel < 0:3) to

minimize any kind of separated �ow.505

The cases were investigated regarding the torque and the thrust force over the inner blade part as well as the time-averaged

loads. In addition, the time-resolved loads were examined and compared to the time-resolved radial �ow acceleration which

is an indicator of the action of the centrifugal force being a main driver of rotational augmentation. Finally, in order to get a

deeper insight into the state of the boundary layer, the shape factorH12 was studied in the wake of the VG arrays.

Regarding the stated scienti�c questions in Sect. 1.3, the �ndings in this work allow the following answers:510
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Q1: For the uncontrolled cases the rotational augmentation for the off-design case is far more ef�cient than for the design

case (with lower effective angles of attack). The constant centrifugal pumping over time leads to a load peak in the

innermost root region of the blade. For the design case the centrifugal pumping appears to be a cyclic phenomenon with

increasing and decreasing rotational effects recurrent in time.

Q2: The combination of rotational augmentation in the inner blade section (zrel < 0:15) and the effect of VGs further515

outwards (0:15 < z rel < 0:3) is rather destructive for the regarded cases and the considered turbine. Presumably,

this is also true in general because the driver of the centrifugal pumping is the radial �ow which is undermined by

the VG vortices convecting in chordwise direction. Hence, VG vortices alleviate the rotational augmentation effect

and vice versa, the rotational augmentation locally reduces the positive VG effect by impacting the �rst VG vortices

in radial direction, thus reducing their ef�ciency. Nevertheless, VGs are more ef�cient than rotational augmentation520

effects for largely separated �ow (off-design case) particularly if the separation has a large radial extent where rotational

augmentation effects vanish progressively. On the other hand, if the �ow is mainly attached (design case), VGs are

useless and even have a slight negative effect as they inhibit radial �ow.

Q3: Rotational augmentation is a cyclic phenomenon for the design case and the regarded turbine. The interaction of the �rst

VG vortices in the root region creates a shear layer which produces high frequency �uctuations in the spanwise �ow.525

R2:S5 In summary, this study highlighted the importance of not only optimizing the VGs for the relevant airfoil at the

regarded blade section and in�ow conditions but shows that the 3D effects occurring on a rotating blade interact with the VGs

in a complex manner. To incorporate the 3D effects, the use of CFD simulations seems to be a very helpful and relatively

inexpensive tool compared to experimental setups including rotating blades and VGs.
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