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Dear Pr. Meyers,

I thank you and the reviewers for having examined the manuscript entitled "Wake redirection at higher induction" and
for the rapidity of the review process.

Both reviewers have raised a number of issues which have been addressed in the revised manuscript and in the reply to
each reviewer. As you can read in the posted author's comments, I have followed most of the suggestions of Prof
Munters (Reviewer 1) while I found it more difficult to follow all the suggestions of Reviewer 2. All the comments,
nevertheless, have helped to improve the quality of the manuscript that I'm resubmitting for publication in Wind Energy
Science.

During the revision process I have also realized that most of the turbine simulations were performed with an erroneous
roughness length which was larger than the one used in the precursor simulation. I have rerun all the simulations with
the correct value and updated the paper figures accordingly, but, luckily, the results do not change much.

Following the many reviewers' comments and suggestions, and the updated results from the new simulations, the
manuscript has undergone a major revision, the main modifications being the following ones:

* All the presented results have been updated with the new simulations (with the correct zo). The new results,
reported in the revised manuscript, are mostly similar to the previous ones so that the main conclusions of the
manuscript do not change. Changes resulting from these new simulations are updated in the revised
manuscript.

* Additional simulation have been performed to analyze the role of the used turbine model, and in particular the
effect of including wake rotation effects. The new results are presented and discussed in the new Appendix B
and mentioned in the manuscript when appropriate.

*  New figures have been added showing the mean streamwise vorticity and velocity fields in the cross-stream
planes to highlight the role of the counter-rotating streamwise vortices forced by the tilt or yaw misalignement
and discuss the role of wake rotation. A scheme has been added to define the tilt and yaw angles.

*  The abstract and conclusions have been modified to make them more clear following reviewers' comments and
suggestions.

All the modifications of the manuscript can be tracked in the highlighted revised version of the manuscript which has
also been posted (red = removed, blue = added or modified).

I hope that you and the reviewers will find this revised version suitable for publication.

Yours sincerely,




Comments on the review of “Wake redirection at higher axial
induction” - Reviewer 1, Wim Munters

Carlo Cossu
Laboratoire d’Hydrodynamique Energetique et Environnement Atmosphérique (LHEEA)
CNRS - Centrale Nantes, 1 rue de la Noé 44300 Nantes, France

January 13, 2021

I thank Prof. Munters for the many constructive comments and suggestions and I appreciate the rapidity
of the refereeing process. Each issue raised by a specific comment is addressed in detail below.

This reply has taken longer than expected because during the revision, in relation to the performed ad-
ditional simulations and to the question on the used roughness length, I became aware that most turbine
simulations input files were bugged leading to the inconsistent use of roughness lengths zy = 0.15 that
were larger than the value used in the precursor simulation. I therefore had to rerun all the simulations
with the correct value zy = 0.001, postprocess the results and redraw all the figures.

The manuscript has undergone a major revision, the main modifications being the following ones:

- All the presented results have been updated with the new simulations (with the correct z;). The
new results, reported in the revised manuscript, are mostly similar to the previous ones so that the
main conclusions of the manuscript do not change. Changes resulting from these new simulations
are updated in the revised manuscript and are discussed, when appropriate, below.

- Additional simulation have been performed to analyze the role of the used turbine model, and in
particular the effect of including wake rotation effects. The new results are presented and discussed
in the new Appendix B and mentioned in the manuscript when appropriate.

- New figures have been added showing the mean streamwise vorticity and velocity fields in the cross-
stream planes to highlight the role of the counter-rotating streamwise vortices forced by the tilt or
yaw misalignement and discuss the role of wake rotation. A scheme has been added to define the tilt
and yaw angles ¢ and .

- The abstract and conclusions have been modified to make them more clear following reviewers’ sug-
gestions.

In the manuscript Wake redirection at higher induction, the author describes a study into combining wake redirection
techniques from yaw and tilt control with increased turbine induction. The study is well-described and the structure
and elaboration of the manuscript is very clear and easy to read. The overall contribution to the field is rather limited
and incremental, i.e. tilt control at higher induction has been shown in an earlier study of the same author (albeit
using a different turbine model); and combined yaw and induction control has been shown in earlier studies by Park
Law and Munters Meyers (albeit using different ways of generating control strategies). That being said, the current
work is still highly relevant to the general community and I believe the topic is suitable for publication in Wind Energy
Science. However, I feel there are several points for improvement of the quality and novelty of the considered work, as
detailed below in my comments

I am glad that the study is found relevant and the topic suitable for publication in Wind Energy Science.
While I agree with most of the comments, which have led to an improvement of the manuscript, I do not
completely agree with the perceived lack of novelty/relevance of some of the results, and in particular
those pertaining to the overinductive yaw control, as discussed below.



The added contribution of the current paper is relevant but incremental: overinduction has already been shown to
work for yaw and tilt control in earlier LES-based studies (Cossu 2020b and Munters and Meyers 2018 respectively.
The author shows that this strategy also works in his current setup (with a slightly different turbine model for tilt,
and a static vs dynamic control strategy for yaw).

I agree that the contribution could be perceived as incremental in what concerns the tilt case. For the yaw-
control results, however, I do not completely agree and I still am quite excited about the results. What
is substantially new, relevant and the main step forward is, in my view, that the proposed overinductive
yaw-control is static and, as such, immediately implementable in existing yaw-control settings. That this
is the case, could not be clearly deduced from previous results with dynamic induction control where one
could not exclude that the coordinated dynamical evolution of C7.(¢) played a major role in the power
gains. Also, the results of Park et al. (2015), which were obtained in the static-static case, seem to converge
towards an underinductive regime for the front-row turbines in the wind-aligned case, probably because
of their simplified wake model. Besides, the finding that a simple static open-loop overinduction control is
able to significantly and systematically increase yaw-control power gains, and does so even for relatively
small overinduction, also shows that the physics behind it is quite robust.

These points, not emphasized enough in the original manuscript, are more explicitly highlighted in the
revised manuscript (lines 55-63 and 68-70).

The added value of the current paper over existing literature would benefit from a more detailed flow analysis of the
current LES results. For example, it would be interesting to see expand Figure 1 with additional flow field sections...

I agree with this comment which has led to an improvement of the quality of the manuscript.

The flow analysis of the current results has been expanded by adding, in the additional figures 2,6 and Bl
of the revised manuscript, cross-stream sections of the mean streamwise vorticity and velocity. These addi-
tional figures, and the associated discussion, show the effect of the tilt- and yaw-induced mean streamwise
vortices and are allow to explain the important role of wake rotation in the newly added Appendix B.

...and compare to results from Cossu 2020b, which would allow to show effects of wake rotation on tilt-based redirec-
tion.

Thank you for this suggestion. As it is difficult to directly compare the present results to those of Cossu
(2020b) because they are obtained for different array configurations (2 vs 3 rows), I have performed ad-
ditional simulations with the same turbine model used in Cossu 2020b for the 2-rows layout considered
in the present study. These results are discussed in the revised manuscript in the newly added Appendix
B and mentioned in the main text (lines 154-159). It is, in particular, shown and discussed how the wake
rotation induces a strong asymmetry of the induced streamwise vortices resulting in an oblique downwash
and therefore in a loss of efficiency in the displacement of the high-speed fluid towards the downstream
rotors.

Further, a flow-based comparison between the differences for yaw and tilt control would be very interesting. For
example, the author mentions in line 160 that the shift of larger optimal angles after including pitch is present for tilt
but not for yaw, and that this can probably be explained by observing that vertical shear is not exploited by yaw. The
author has the data to show this quantitatively, and I feel this could be an important addition to the current work.

In the updated numerical simulations (using a consistent zy) results, the mentioned shift to larger tilt an-
gles is less pronounced than in the original manuscript. Furthermore, the newly discussed effect of wake
rotation on the direction of the downwash in the tilt-induced case adds complexity to the interpretation be-
cause the shear direction to be considered is not vertical for the tilt case, which also probably introduces a
further dependence on the streamwise turbine spacing. In the revised manuscript I have therefore removed
the emphasis that was put on the shift to larger angles, as these shifts appear to be a relatively minor and
probably non-generic effect.

The first goal of the study is to assess whether additional gains in overinductive tilt control still hold up when consid-
ering realistic turbine models closer to reality. However, I believe that this goal is only partially achieved and the step
forwards from the Cossu 2020b study is relatively small. A significant step forward would have been made using an
actuator line model instead of an actuator disk model. The limitations of an actuator disk model should be mentioned
earlier in the study (currently they are left to the conclusions).



I do not completely agree on this point. This paper is mainly concerned with power gains in wind turbine
arrays where turbines are not closely spaced. As these are time-averaged effects and they concern the
interaction of far wakes with downstream rotors, I think that the actuator disk model is completely adapted
to the purpose of this study and I do not think that any qualitative improvement would come from the use
of at actuator line model. Furthermore, the high computational resources required in ALM simulations,
which require grid refinements and much smaller time steps, would have restricted the analysis to a much
more limited set of ¢ — v, 8 combinations.

The use of an ALM will of course be necessary for further highly suitable investigations of the structural
loads and aeroelastic response of tilted and yawed turbines operated at higher induction. This is now
mentioned in the revised manuscript (lines 225-227).

Some comments related to this:

— In the conclusion, the author mentions that the absolute level of power gains is larger in Cossu 2020a, b. Unless Im
mistaken, this is not mentioned in the main text. The author should attempt to explain this. Could this be due to the
different turbine model (e.g. accounting for wake rotation), or a different wind-farm setup (i.e. 2 rows vs 3 rows)?

This is an interesting suggestion which is closely related to an already discussed point.

In previous investigations of tilt-control it was found that power gains obtained in 3-turbines (3-rows)
layouts were larger than those found in 2-turbines (2-rows) layouts, so this must certainly play a role in
the difference in power gains. However, the respective role of the different number of rows and of the
turbine model can not be isolated by a quantitative comparison of the present results with the mentioned
previous ones, as both the array configuration and the turbine model have been changed. To isolate the role
of the turbine model, additional simulations have thus been performed on the 2-rows configuration used
in the present study but using the same turbine model (ADMC) used in Cossu 2020a,b (and in numerous
previous investigations) as already mentioned in one of the previous points. These additional simulations
show that the inclusion of wake rotation leads to a non-negligible decrease of the absolute level of power
gains explaining the lower absolute values of tilt-induced power gains observed in the present study.

These additional results are reported in the newly added appendix B and are mentioned in the main text
(lines 154-159).

— The increase of C%. shown in Figure 3b requires some further explanation, is this caused by a change in the effective
angle of attack of the blades?

When the tilt angle ¢ is changed at constant rotor collective blade pitch angle 3 (and blade-twist ¢) the angle
of attack & = ¢ — (8 + ) of the blades can change only because of a change in the angle ¢ formed by the
wind with the rotor plane. The change in ¢ = tan~!(U,,/Qr), where U, is the velocity component normal
to the rotor, is therefore a consequence of the change of U,, and of the rotor angular speed 2 which not only
depend on ¢ but also on the load and torque on the turbine rotor (and therefore on C7.) therefore forming
a sort of closed loop. I therefore prefer to avoid explaining the change of C’. as caused by a change of «.
Furthermore, things are complicated by the fact that 2 is determined by the particular controller used for
the specific turbine under consideration, that U, is not uniform on the disk and that wake rotation effects
should also be included in the computation of ¢.

A probably simpler explanation (and also a check that the observed increase of C7, with ¢ is not some kind
of artifact) can be obtained by considering the direct dependence of C7. on ¢ and on the change of the
induction factor a induced by the tilt. C7. can be expressed as a function of ¢ and a by e.g. rearranging

Eq. (2.13) of Shapiro et al. (2018):
, 4a

Cr = (1 —a)cos?yp @)
I have then plotted this predicted C. in Fig. R1.1 as a function of ¢ by using axial induction factors a based
on the simulation data for ug as a(¢) = ug(p)/(Us cos ).
In Fig. R1.1 a trend very similar to the one of Fig. 3b of the original manuscript is observed despite the
strong simplifying assumptions implied by Eq. (1) such as the neglect of the effects of wind shear, turbulent
fluctuations and the radial dependence of the loads on the actuator disk. This detailed discussion is not
included in the revised manuscript to keep the focus on the most important points but it is now mentioned
that the increase of C’. with ¢ is related to the combined effect of the tilt and of the associated decrease of
the induction factor (revised manuscript, lines 147-148).
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Figure R1.1 Dependence of C7- computed with Eq. (1) for each turbine of the upwind row using the uq4(y) data from

the simulations for 8 = 0° and 8 = —5°.

- The author shows the dependency of C7. on different control parameters, but there is no mention of how e.g. the pitch
angle affects the power coefficient C'p (or C if you will). This should be clearly mentioned

The dependence C(3) is shown in Figure R1.2 below for both tilt and yaw control. From this figure it can
be verified that the relation C» = xC/ is a good approximation of the data (with xy = 0.9).

This is now mentioned in the revised manuscript (lines 100-102).
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Figure R1.2 Dependence C:(8) of the rotor-based power coefficient on the pitch angle. Power coefficient predicted
from the thrust coefficient as xC7 (with x = 0.9) are also reported for comparison. Panel (a): tilt control. Panel (b) yaw
control

The author frequently mentions achieving doubled or tripled power gains in high induction compared to baseline
tilt/yaw control. Please be more specific in phrasing here to avoid confusion: mention explicitly the percentages, and
the setup (e.g. Cossu 2020b has a three-row setup, achievable power gains are different than when looking at two rows
as in the current study).

This is done in the revised manuscript.

Starting from line 131, the author discusses that he believes increasing thrust in tilted conditions should not impact
turbine loading compared to standard operation, since the overall thrust force would not be higher than in the latter.
However, Fleming et al (Renewable Energy 2014), have shown that tilt control can have a significant influence on
blade bending and drivetrain torsion. Further increasing thrust could aggravate such issues. I believe that turbine
loading could be an issue at higher induction scenarios such as considered here, and that conclusive statements warrant
a detailed analysis using aero-elastic codes. This should be mentioned in the manuscript.

This is right. Trying to modify the manuscript in this direction, however, I have realized that even with the
suggested additions, the only partial discussion of turbine loading in tilted /yawed conditions remained at
best only qualitative and at worst potentially misleading, so that  have completely removed this discussion
in the revised manuscript where the need for further studies of the turbine structural loading is now clearly
mentioned.

Line 59: typo oveinductive should be overinductive



Right. This is corrected in the revised manuscript.

Line 82, the formula for C?. contains a 7 which shouldnt be there

Right. This is corrected in the revised manuscript.

The appendix states use of a Schumann BC at the wall. What is the roughness length imposed at the bottom and, more
importantly, what is the resulting turbulence intensity at turbine height? This tends to have a significant impact on
power deficits and hence achievable gains.

I thank you for this comment which has led me to find inconsistencies in the simulations input files. The
used zp = 0.01 and the associated turbulence intensity (5.7% at hub height) of the incoming flow are men-
tioned in the revised manuscript (lines 109-110).

A 3x3 km periodic precursor domain is probably too small to generate fully realistic turbulent flow structures. Does
the author expect this to affect results in any way?

Intuitively, I do not expect that running simulations in longer/wider domains would significantly affect the
results, especially for the considered configuration, where the spanwise spacing of the turbines are smaller
than those of natural large- (LSM) and very large scale motions (VLSM) of the boundary layer. In this case,
indeed, a possible locking of the LSM and VLSM to the computational box should not have a significant
influence on the global power gain. Furthermore, the fact that statistics are accumulated for more than one
and a half hours (6000s) ensures their acceptable convergence as can be seen in all figures where data for
each of the upwind-row turbines are shown and where it can be observed that the spread of data among
turbines is small.

The author rightfully mentions surprisingly little research efforts into combining yaw and induction control. An
additional study that could be mentioned here is Munters, Meyers, 2018, Optimal dynamic induction and yaw control
of wind farms: effects of turbine spacing and layout. | Phys Conf. Ser 1037, 032015, which investigates combined
dynamic yaw and overinduction for a series of different wind-farm layouts

This is right. This paper is now cited in the revised manuscript (lines 58, 210, 359-360).

I hope to have clarified the main issues raised in the report. I thank again Prof. Munters for his remarks
and suggestions which have helped to improve the manuscript.



Comments on the review of “Wake redirection at higher axial
induction” - Reviewer 2

Carlo Cossu
Laboratoire d’Hydrodynamique Energetique et Environnement Atmosphérique (LHEEA)
CNRS - Centrale Nantes, 1 rue de la Noé 44300 Nantes, France

January 13, 2021

I thank Reviewer 2 for his/her comments and suggestions and I appreciate the rapidity of the refereeing
process. Each raised issue is addressed in detail below.

The reply process has been longer than expected because during the revision, in relation to the performed
additional simulations and to a question raised by Referee 1, I became aware that most turbine simulations
input files were bugged leading to the inconsistent use of roughness lengths zy = 0.15 that were larger
that used in the precursor simulation. I therefore had to rerun all the simulations with the correct value
2o = 0.001, postprocess the results and redraw all the figures.

The manuscript has undergone a major revision, the main modifications being the following ones:

- All the presented results have been updated with the new simulations where the bug on the z; value
was fixed. These corrected results, reported in the revised manuscript, are mostly similar to the previ-
ous ones so that the main conclusions of the manuscript do not change. Changes resulting from these
new simulations are updated in the revised manuscript and are discussed, when appropriate, below.

- Additional simulation have been performed to analyze the role of the used turbine model, and in
particular the effect of including wake rotation effects. The new results are presented and discussed
in the new Appendix B and mentioned in the manuscript when appropriate.

- New figures have been added showing the mean streamwise vorticity and velocity fields in the cross-
stream planes to highlight the role of the counter-rotating streamwise vortices forced by the tilt or
yaw misalignement and discuss the role of wake rotation. A scheme has been added to define the tilt
and yaw angles ¢ and .

- The abstract and conclusions have been modified to make them more clear following reviewers’ sug-
gestions.

1. The abstract mainly provides general introduction and the past research of the author. Please discuss the findings
of the current research. You can quantify and further discuss the power gains due to tilted rotor and yaw control.

I agree. The abstract has been largely rewritten accordingly.

2. 1t is not clear why you have considered just two rows of turbines. I do not see any technical challenge in simulating
for wind farms with more rows.

I agree that the two-rows configuration is highly idealized and, as such, it is not representative of a typical
wind farm and that technically I could have considered more turbine rows. However, the problem of
considering many rows is that the results depend on the specific tilt/ yaw angles enforced in each row. Thus,
if I had considered more than two rows, the effect of increasing the induction in tilted/yawed turbines
(which is the main message of this paper) would have been blurred by considerations/analyses of the



optimal combinations of tilt/yaw angles to be enforced in each row. I have therefore chosen to consider
only two rows for which the results in term of 3 and (a single value of) v or ¢ remain relatively easy to
interpret. The chosen configuration is indeed similar to the two-turbines case considered by Fleming et
al. (2015) except for the fact that spanwise periodic distributions of turbines (the two rows) are considered
instead of only two turbines. This was explained in the original manuscript (lines 61 to 64).

But in case you think two-row wind farm simulation is sufficient, please discuss how you can link your findings to
larger wind farms.

Actually, I do not think that two-rows simulations are sufficient but that they are necessary. Indeed, in
addition to the considerations discussed in point n.2, one should also consider that the computation of
the optimal overinductive tilt or yaw control for realistic turbine arrays, where the optimal combination
of tilt, yaw and pitch angles of all turbines has to be computed for a large number of wind directions and
intensities, would be too computationally demanding if performed by means of large eddy simulations.
This type of analysis is customarily based on less computationally demanding simplified sets of equations
where the accurate modeling of the controlled wakes is of primary importance. In this context, the results
presented in the present study should be used to improve/validate the existing simplified wake models in
moderate to high-tilt/yaw and pitch angles regimes, particularly in the case of significant overinduction.
Indeed, simplified models which are unable to reproduce the power gains results for the set of ¢,~, 8
combinations and the idealized two-row array considered here would probably be unfit to predict annual
power gains in more realistic settings.

This said, I agree, however, that the link between the studied idealized array and realistic configurations
was not clear enough in the idealized manuscript. I have therefore summarized these points in the conclu-
sions of the revised manuscript (lines 228-237).

3. Line 81 to 83: Please add more explanation to clarify the relation between ( and C’.. You can use blade ele-
ment momentum (BEM) theory in order to describe the relations between (3, lift and drag coefficients and the thrust
coefficient.

Additional explanations have been added to Appendix A (lines 265-270).

4. Line 84 to 91: Add LES and other relevant equations.

As in this study I have used the standard SOWFA code without changing its formulation, I prefer to refer
the reader to the original papers to keep the focus on the main scopes of the study. The same is done in
the many related studies based on SOWFA such as the cited ones of Fleming et al. (Renew. En. 2014) and
Fleming et al. (Wind En. 2015) who also refrain from reproducing all the details of the formulation and refer
to Churchfield et al. for the full details on the used formulation, including the LES equations. However, I
agree, that section 2 lacked even some of the most basic information. This is fixed in the revised manuscript
where more details on the used model (filtered Navier-Stokes equations with Boussinesq approximation)
are now mentioned in section 2, lines 88-92 (they were briefly mentioned only in Appendix A in the original
manuscript).

Adding a schematic for the computation domain will be helpful too.

The velocity fields reported in Figs. 1 and 4 of the original manuscript (Figs. 2 and 6 of the revised
manuscript) show the full computational domain. This is now mentioned in the revised manuscript (line
118 and near the end of the caption of Fig.2).

5. This may be beyond the scope of this manuscript, but how practical do you think it is to tilt blade by ¢ = —30°?
Higher tilt angle will significantly increase the flapwise bending and reduce the blade lifetime. You have mentioned
about gravity load in line 137, but that is not very clear.

I agree that the mention of loads, and gravity loads in particular was unclear in the original manuscript. I
have removed it from the revised manuscript to avoid a potentially misleading only partial discussion of
the structural turbine loading.

I also completely agree that the issue of the practicality of tilting turbines is important and deserves further
investigations that are beyond the scope of this paper. However, let me note that given that positive tilt



is not immediately implementable in most of the installed horizontal axis wind turbines with upwind-
directed rotor, possible drawbacks of the tilt on blade loads could be addressed in the design phase of a new
generation of turbines with downwind-oriented rotors and highly flexible blades such as those discussed
by Loth et al. (Downwind pre-aligned rotors for extreme-scale wind turbines, Wind Energy, 20, 12411259,
https:/ /doi.org/10.1002/we.2092, 2017).

That additional studies should consider the influence of overinduction combined to tilt and yaw on loads
and the full aeroelastic response of the blades is now mentioned in the revised manuscript (lines 222-227).

6. Line 116 to 122 and Figure 3(a): I do not understand why increasing [ (making it more negative) increases the
power from the first turbine row. Wind turbines are usually optimized for the pitch angle around 0°. If that is the case
with your turbine too, power output should be lower for 3 < 0°. Increased thrust coefficients -for negative blade pitch
angles- are simply caused by increased drag coefficients, and they will not necessarily translate into the higher power
output.

This is an interesting point [you are probably referring to Figure 2(b)]. I agree that it seems strange that
more power can be produced by first-row turbines for the suboptimal values 5 < 0°. There are however
two reasons that can explain this apparently counterintuitive result:

(a) For the NRELS5 turbine 5 = 0° corresponds, by design, to the maximum Cp (at the optimal wind-tip
speed ratio) but only for the reference case v = 0°, ¢ = —5° for which the optimization was performed.
However, the data in Figure 2(b) do not pertain to reference values but to ¢ = 30° for which there is no
guarantee that the maximum Cp is obtained for 5 = 0°.

(b) For the case of a (single) row of closely spaced (non-tilted /non-yawed turbines) Strickland & Stevens
(Effect of thrust coefficient on the flow blockage effects in closely-spaced spanwise-infinite turbine arrays,
J. Phys. Conf. Ser. 1618, 2020, doi:10.1088/1742-6596/1618/6/062069) show that “the power production
of turbines in the row increases approximately linearly with C7. when compared to the production of a
free-standing turbine”. It is therefore possible that also in the present case the slight blockage effect of the
first row increases when C7; is increased leading to an increase in the power production.

A note mentioning this has been added to the revised manuscript (bottom of page 7).

7. You have not discussed how the tilt control and the yaw control influence the flow fields inside the wind farm. How
do turbulence fields and shear stresses change as a result of those controls should be presented.

I do not completely agree that I have not discussed how the tilt control and the yaw control influence the
flow fields inside the wind farm because this is precisely what was done in Figs. 1 and 4 and the related
discussion. Additional flow fields and discussion have, however, been added to the revised manuscript
where the mean streamwise vorticity and velocity fields are now shown in crossflow planes in Figs. 3, 7
and B1 in order to better discuss the role of wake rotation.

I have shown the mean streamwise velocity fields because they are the ones which influence the mean
power output which is the main subject of this study. I do not show the turbulence fields because they are
mainly relevant for the analysis of the power and load fluctuations, an analysis which goes beyond the scope
of the present study. However, that additional studies of load fluctuations for the presented overinductive
tilt and yaw control is now mentioned in the revised manuscript (lines 222-227).

Minor comments and corrections: 1. Line 10: an high — a high.

Right. This is fixed in the revised manuscript.

2. Line 8: of the produced — of that produced

Right. This is corrected in the revised manuscript.

3. Line 110: Is it ¢ = —30°? You can add a schematic describing positive and negative directions for yaw, tilt and
pitch angles.

Actually, it is a positive tilt angle ¢ = +30° (see e.g. the discussion of Fleming et al. 2015 who write “With
a positive tilt angle, the rotor would face downward, and for conventional upwind turbine designs, this
would cause the blades to hit the tower”).



A schematic describing positive and negative directions for yaw and tilt has been added in an additional
tigure (Fig. 1 of the revised manuscript). The schematic for the rotor collective pitch angle has not been
added because it would have required a long discussion to avoid misunderstandings (indeed in a plot one
should also discuss the local twist angle, the aerodynamic angle of attack and its definition, etc.). These
angles are now mentioned in Appendix A (lines 267-270).

I hope to have clarified the main issues raised in the report. I thank again Reviewer 2 for his/her many
remarks and suggestions which have helped to improve the manuscript.



10

15

20

Wake redirection at higher axial induction

Carlo Cossu

Laboratoire d’Hydrodynamique Energetique et Environnement Atmospherique (LHEEA)
CNRS - Centrale Nantes, 1 rue de la Noé 44300 Nantes, France

Correspondence: Carlo Cossu (carlo.cossu@ec-nantes.fr)

Abstract. The energy produced by wind plants can be increased by mitigating the negative effects of turbine-wakes inter-

actions. In this context, axial induction control and wake redirection control, obtained by intentionally yawing or tilting the

rotor axis away from the mean wind direction, have been the subject of extensive investigations—We-have-reeently-shown

controllereffects-were-negleetedresearch but only very few investigations have considered their combined effect. In this study
we therefore-compute power gains that ean-be-are obtained by operating tilted and yawed rotors at higher axial induction fer

the-more-by means of large eddy simulations using the realistic native NREL 5-MW turbine-actuator disk model implemented

in SOWFA. We then-extend-this-approach-to-the-case-of-yaw-econtrol—We-show-that-power-gains-show that for the considered
two-rows wind-aligned array of wind turbines the power gains, of approximately 5%, obtained by standard wake redirection
based-on-yaw-or-titt controlare-highty-enhaneed-whenthe-yawed-or tilted-turbines-are-operated-at optimal tilt or yaw angles and
reference axial induction can be more than tripled, to above 15%, by operating the tilted or yawed turbines at higher axial induc-
tion. Fheseresults-econfirmourearly-findingsforthe-case-of tilt-control-and-extend-them-tothe-ease-of-yawcontrel sugeesting

of the power gains are obtained even for moderate overinduction. These findings confirm the potential of overinductive wake
redirection highlighted by previous investigations based on more simplified turbine models that neglected wake rotation effects.
The results also complement previous research on dynamic overinductive yaw control by showing that it leads to large power
gain enhancements also in the case where both the yaw and the overinduction controls are static hopefully easing the rapid
testing and implementation of this combined control approach.

Copyright statement. TEXT

1 Introduction

In wind farms, wind turbines shadowed by the wakes of other upwind turbines experience a decrease of the mean available wind
speed and an increase of turbulent flucutuations resulting in decreased extracted wind power and increased fatigue loads (see

Stevens and Meneveau, 2017; Porté-Agel et al., 2019, for a review). In currently installed wind farms, however, each turbine
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is typically operated in “greedy” mode maximizing its own individual power production. As the greedy operation mode does
not generally lead to the global optimal, where the energy production of the whole wind farm is maximized (see e.g. Steinbuch
et al.,, 1988), a number of different approaches have been proposed where the collective control of all turbines is used to
increase the power production of the whole wind farm by mitigating the negative effects of turbine-wake interactions (see
Knudsen et al., 2015; Boersma et al., 2017, for a review). Among the many proposed approaches, two have received particular
attention: axial induction control and wake redirection control which can be static (the control is steady if the incoming wind
conditions are) or dynamic (the control can be unsteady even for steady incoming wind conditions).

In axial induction control the induction factors of selected (usually upwind) turbines are steered away from the greedy
operation mode in order to increase the power production of other (usually downwind) turbines. While static axial induction
control has not demonstrated significant power gains in realistic settings (Knudsen et al., 2015; Annoni et al., 2016), dynamic
axial induction control has shown promise for significant power gains (Goit and Meyers, 2015; Munters and Meyers, 2017). In
wake redirection control the intentional misalignment of rotor axes from the wind direction is used to deflect turbine wakes in
the horizontal or in the vertical direction by acting on yaw or tilt angles respectively with a documented increase of the global
power produced by the wind farm (Dahlberg and Medici, 2003; Medici and Alfredsson, 2006; Jiménez et al., 2010; Fleming
et al., 2014, 2015; Campagnolo et al., 2016; Howland et al., 2016; Bastankhah and Porté-Agel, 2016).

In two recent studies (Cossu, 2020a, b) we have shown that an appropriate combination of (static) tilt and (static) axial
induction control results in a significant enhancement of the global power gains obtained in spanwise-periodic wind-turbine
arrays. In particularthese studies, for the considered three-rows turbine arrays, power gains were observed to be highly enhanced
(up to a factor of 2 or 3) when the turbines with rotor tilted by the optimal angle (¢ ~ 30°) were operated at disk-based thrust
coefficient C, = 3 higher than in the baseline case (C7, = 1.5).

These-earky-—results"The results reported in these previous studies (Cossu, 2020a, b) were obtained with an actuator-disk
model where wake-rotation and the radial distribution of actuator-disk forces were neglected and the turbines were assumed
to operate at constant given C/.. This highly idealized setting, used in many previous investigations (e.g. Calaf et al., 2010;
Goit and Meyers, 2015; Munters and Meyers, 2017), has been instrumental in obtaining general results not depending on
the specific turbine control law and blade design but calls for confirmation on more realistic turbine models. Hence, a first
goal of this study is to determine the power gains that can be obtained with high-induction (overinductive) tilt control when
realistic turbine models are used that take into due account blade-design, wake-rotation and eentroHerspecifieitiesthe controller
specificity. This goal is addressed in the first part of this study, by making use of SOWFA’s (Churchfield et al., 2012) native
actuator disk model for the NREL 5-MW turbine. In this implementation of the turbine model the radial dependence of the
actuator disk force as well as wake rotation and C7. are computed from turbine blades properties by means of a blade-element
approach and NREL 5-MW’s five-region realistic controller (Jonkman et al., 2009) is used.

In the second part of the study we address the case of yaw control. Indeed, the increased power gains obtained by operating
tilted turbines at higher thrust coefficients mostly result from the increase of wake deviations obtained without a penalization of
the power production of the tilted turbine. Overinductive wake deflection could therefore be beneficial also in the case of yaw-

control where it is known that higher thrust coefficients also result in larger wake deviations (Jiménez et al., 2010; Howland
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et al., 2016; Shapiro et al., 2018). Surprisingly, however, only a-very few studies have investigated the potential benefits of
combining axial induction control and yaw control: ten i i
this-way, Park and Law (2015), based on simplified wake models and advanced optimization techniques, show that significant
power gains can be obtained by the combining static yaw and induction control but they do not analyze the respective effects of
yaw and inductionwhile Munters and Meyers-(2018b)find-; furthermore, their optimal solutions in the aligned case converge to
an underinductive operation mode for yawed turbines. Munters and Meyers (20184, b) show, by means of adjoint methods with
full-state information and an actuator disk turbine model where wake rotation is neglected, that high power gains result from
the combination of dyreamic dynamic yaw and axial induction eontroland-highlight-controls with Munters and Meyers (2018b)
highlighting the potential of quasi-static yaw control in the (dynamic) overinductive regime. From these previous studies, thus,
itis not clear if significant power gains could be realized in the overinductive regime when both the yaw and the axial induction

control are static, nor to what extent the neglected wake rotation effects are important.
The second ;probably-mestimpertant;-objective of the present study is therefore to ascertain if significant power gains can

be obtained, with a combination of static yaw control and static axial induction control, by operating yawed turbines at higher

axial induction and including the effect of wake rotation in the turbine model. An affirmative answer would allow to isolate the
mean wake redirection as the most relevant physical effect at play (instead of e.g. the dynamical adaptation to the incoming
wind) and that it is robust with respect to the inclusion of wake rotation effects. Furthermore, if successful, static overinductive
yaw control could be easily implemented by simply updating existing yaw-control protocols with a prescription on the suitable
turbine rotor-collective blade-pitch angle (controlling the axial induction and the thrust coefficient) for each accessible yaw.

angle.
The potential of eveinduetive-static overinductive wake redirection will be investigated by computing power gains that

can be obtained in a wind-turbine array composed of two spanwise-periodic rows of wind-aligned turbines where the same
control is applied to all upwind-row turbines while downwind-row turbines are left in default operation mode. This idealized
configuration, which is an extension to the spanwise-periodic case of the two-turbine configuration considered by Fleming et al.
(2015), is chosen in order to keep simple the physical interpretation of the results by isolating the effects of tilt or yaw angle

and axial induction of the upwind turbines without entering the problem of the optimization of these parameters in-multi-row

configurations-encountered in more realistic configurations with more rows. As such, this approach is a necessary first ste
needed to isolate the main trends at play before considering more realistic settings. Importantly, the relevance of these power

gains will be tested without excessive assumptions by means of large-eddy simulations in the atmospheric boundary layer using
a turbine model which includes the effects of wake-rotation, radial force distribution and a realistic turbine controller.

We anticipate that substantial enhancements (up to a factor of 3) of the power gains induced by wake redirection are found
when operating the tilted or yawed turbines at higher axial induction.

The formulation of the problem at hand is introduced in §2. Results are reported in §3 and further discussed in §4. Additional
details on used methods are provided in the-appendixAppendix A and additional results about the effect of using a less realistic
turbine model, where wake rotation effects are neglected, are reported in Appendix B.



2 Problem formulation

95 We address the case of two spanwise-periodic rows of wind turbines immersed in a neutral atmospheric boundary layer (ABL)
at latitude 41°N. The flow is simulated by means of large-eddy simulations (LES) with SOWFA (see-AppendixA-and-Churehfield-et-al;20-
the Simulator for On/Offshore Wind Farm Applications developed at NREL, see Churchfield et al., 2012) which solves the filtered
Navier-Stokes equations including the Coriolis acceleration associated to Earth’s rotation and the compressibility effects

modeled by means of the Boussinesq approximation (see Appendix A for more details and Churchfield et al., 2012, for the explicit expres:
100

NREL 5-MW turbines (Jonkman et al., 2009) are considered, which are modeled with SOWFA'’s native actuator disk method
where wake rotation, the radial distribution of aerodynamic forces and the thrust coefficient are all computed from blade proper-
ties providing a reliable descriptions of the wake structure except in the near-wake region. We also make use of SOWFA'’s native
implementation of NREL 5-MW’s realistic five-region turbine controller based on generator-torque control in the Region-II

105 regime corresponding to the mean wind speeds considered in the following; in this regime we modify axial induction by
changing the rotor-collective blade-pitch angle . Higher axial inductions are obtained by enforcing negative values of (3

(see Appendix A), resulting in higher local thrust coefficients €4=—2THmpu2A)Ch = 21/ (pu? A), where T is the thrust

magnitude and u,, is the disk-averaged wind velocity component normal to the rotor disk of area A = wD?/4.

For all the considered cases the local power coefficient C'p =

110 results on C% trends will, therefore, not be shown in the following. The incoming flow, generated by means of a precursor

simulation in a 3km x 3km domain in the absence of turbines, has a 100m-thick capping-inversion layer centered at H=750m

separating the neutral boundary layer with constant potential temperature (§=300K) from the geostrophic region above where
the vertical potential temperature gradient is positive (df/dz)a = 0.03K/m. In the capping-inversion layer this gradient is
(df/dz)cr = 0.03K/m. In the precursor simulation, the ABL is driven by a pressure gradient adjusted to maintain an-a
115 horizontally-averaged mean of 8m/s from the west at z=100m (a few meters above hub height z,=89m). In the region spanned
by the turbines (z <152m) the streamwise mean velocity is well approximated by the logarithmic law and the vertical wind veer
is less than 4° (see Cossu, 2020b, where the same ABL has been already considered). The streamwise turbulence intensity of
= 0.001m) typical of offshore conditions.

the incoming wind at hub height is of 5.7% for the enforced low roughness length (zq

120 Simulations in the presence of wind turbines are repeated in the same 3km x 3km domain starting from the solution of
the precursor simulation at £p=20000s, corresponding to a well developed ABL, up to £;=30000s. Statistics are computed
starting from ¢=24000s, when turbine wakes are fully developed. The pressure gradient issued from the precursor simulation
is enforced during the simulation with turbines and the (previously stored) ABL solution at =0 (west boundary) is used as
inflow boundary condition.

125 In each (spanwise-periodic) row, turbines are spaced by 4D in the spanwise direction (where D=126m is the rotor diameter)
and the two rows, are spaced by 7D in the streamwise direction with corresponding turbines of each row aligned with respect

to the mean-wind direction (see Fig. 2, where the full computational domain is shown). Downwind-row turbines are always
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Figure 1. Definition of the positive rotor tilt and yaw angles ¢ and « used in the present study. Positive tilt angles can be obtained for

downwind-oriented rotors to avoid blade-tower hits.
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Figure 2. Tilt control: Mean (temporally averaged) streamwise velocity field in the horizontal plane at hub height obtained (a) in the baseline
case where all turbines are operated in default mode, (b) with upwind turbines tilted by ¢ = 30° and operated at the default rotor-collective
blade-pitch angle 8 = 0° and (¢) with upwind turbines tilted by ¢ = 30° and operated at higher induction (8 = —5°). The mean wind is

from the west (from the left, parallel to the = axis). Note that the entire 3km x 3km computational domain is shown in the figure and that

eriodic boundary conditions are applied on the north and south boundaries.

operated in default mode with the rotor axis at zero yaw angle v = 0° (aligned with the mean wind at z=100m), tilt angle
= —5 {to prevent rotor-tower hits (see Fig. 1 for a definition of ¢ and ) and rotor-collective blade-pitch angle 8 = 0°. In
the baseline (reference) case upwind-row turbines are also operated in default mode. The baseline case is then compared to
a set of controlled cases where all the turbines of the upwind row are operated at the same non-zero tilt or yaw angle and,

possibly, non-zero piteh-anglerotor-collective blade-pitch angle.

3 Results
3.1 Effect of overinduction on tilt control

In the baseline case (all turbines operated with v = 0°, o = —5°, 5 = 0°), the usual situation is found where the turbines of the

downwind row see a strongly reduced mean wind (see Fig. 2a and Fig. 3b) therefore producing only ~30% of the total power,



(a)

300

0.02
~200 | @
E 0o 2
~ 4
N100 e
-0.02
0 - L { 0
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
y (m) y (m)
(© (@)
300 300 s
0.02
—~200 @ —200 @
E o 2 E 6E
N100 < N100 >
-0.02 4
0 : - 0 :
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
y (m) y (m)

Figure 3. Tilt control: Cross-stream view of the mean streamwise vorticity and velocity fields in the in the baseline case (top panels a and

—5°

b) and with upwind turbines tilted by o = 30° and operated at 8 = bottom panels ¢ and d). From the streamwise vorticity fields (left

anels a and c), extracted 3D downstream of the first turbine row, the negative streamwise vorticity in the wake core associated to wake

rotation can be clearly seen in the baseline case (panel a) as well as its combination with the two counter-rotating streamwise vortices forced

by the tilted rotor (panel ¢). Streamwise (color scale) and cross-stream (arrows) velocity fields (right panels b and d) are extracted D /2

upstream of the second row of turbines; to improve readability only the fields of the two central turbines columns (between y = 1000m and

2000m) are shown. The circles in black represent the perimeter of downstreamn rotors.
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Figure 4. Effect of enforcing negative rotor-collective blade-pitch angles 3 on upwind-row turbines tilted by ¢ = 30°. Panel (a): (temporally-
averaged) local thrust coefficient C7 of the individual turbines of the upwind row. Panel (b) wind power extracted by the upwind (hatched

red) and downwind (cross-hatched green) rows of turbines normalized by the total power Pr.s produced in the baseline case (Ref).
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Figure 5. Effect of the tilt angle ¢ on: (a) the tetal-powergatn{P—Prer/Prerforselected-vatues-of-5:{(b)-the-local thrust coefficients
C’ of upwind-row turbines when they are operated with 3 = 0° (default axial induction) or with 3 = —5° (strongly overinductive regime),

b) the total power gain (P — Pges)/Pgey for selected values of

i.e. 40% of the-that produced by the upwind row of turbines (see Fig. 4b). The effect of wake rotation is clearly discernible
in the mean streamwise vorticity field (see Fig. 3a). In the following, power gains will be computed with respect to the mean
power Pg. s produced in this baseline case.

We then consider the case where upwind-row turbines are tilted by ¢ = 30°, an angle in the range where best power gains
have been found in previous studies (Fleming et al., 2014, 2015; Cossu, 2020a, b), while keeping their rotor-collective blade-
pitch angle at the default value 8 = 0°. In this case, the wakes of the upwind turbines are pushed down by the tilt-induced
downwash increasing the mean wind available to downwind turbines (see Fig. 2b). The tilt-induced decrease of power produced
by upwind-row turbines is compensated by the increase of the power produced by downwind-row turbines resulting in an-global
power gains of ~5% global-pewergain-for ¢ = 307 tilt-angles-(see Fig. 4b).

In a further step, the rotor-collective blade-pitch angle of the tilted upwind-row turbines is changed. Enforcing increasingly
negative values of /3 (i.e. increasing the mean angle of attack of all rotor blades, as explained in Appendix A) results in increased
thrust coefficients (increased axial induction) which, starting from C/. = 1.5 in the baseline case (5 = 0°), attain C7. = 3 for
B = —5° in turbines tilted by ¢ = 30° (see Fig. 4a).

The effect of the increased thrust is twofold: i
WWVW&W
Fig. 3¢,d), which increases the mean wind speed seen by downstream rotors (see Fig. 2c and Fig. 3d) and their extracted power
despite the higher wake deficit of upwind turbines (compare Fig. 2¢ to Fig. 2b) but-it-alse-(mere-slightly)inereases-and (b) the

power produced by tilted turbines s also (slighlty) increased! (see Fig. 4b). The combination of these two effects results in

optimal power gains which are highly enhanced (almost tripled) pewergainswith respect to those obtained by tilt without

of the power produced by an (upwind) spanwise-periodic row of turbines as
iven that for the NRELS turbine

optimal wind-tip speed ratio) for an isolated non-tilted turbine but not necessarily so when ¢ = 30°,

! This might be related to blockage effects which induce an increase with C/,

shown by Strickland and Stevens (2020) and it is not surprisin,

= 0° corresponds, by design, to the maximum C'
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Finally, a full set of - combinations is considered. Frem-For these simulations we observe that, for turbines operated at
constant 3, the increase of C7 with ¢ is noticeable only for ¢ 2> 30°, as shown in Fig. Sa (we have verified that this increment
is consistent with the effects of changing the tilt angle and the associated change of the induction factor). Considering the

P—P ower gains with respect to the baseline case, from Fig. 5b it can be seen that tilt-induced-the maximum
g i is i d i ate-reached for ¢ ~ 30° with optimal values obtained

with significant overinduction (power gains larger than 15% for 3 ~ —5°) which are almost three times those (=~ 5%) obtained

:00

. This effect of overinduction in tilt control is very strong: from Fig. 5b

with tilt control at reference induction rates 6

optimal-g—those obtained by standard tilt control at baseline induction is consistent with that found in our previous studies
(Cossu, 2020a, b) therefore confirming the robustness of this trend. The absolute levels of power gains are, however, smaller
than those reported by (Cossu, 2020a, b) both because two-rows arrays are considered here instead of the previously considered
three-rows arrays (which have higher power gais, see e.g. Annoni et al., 2017) and because wake-rotation effects, neglected in
the previous studies, are here taken into account (see Appendix B for further details).

3.2 Effect of overinduction on yaw control

We now evaluate the benefits of combining static yaw control with static overinduction. We proceed similarly to the tilt-

control case by using the same precursor simulation and the same baseline case where all turbines operate at default values

190 7 =0°, ¢ =—5 B =0°.
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Figure 6. Yaw control: Mean streamwise velocity field in the horizontal plane at hub height obtained (a) in the baseline case where all
turbines are operated in default mode (v = 0°, 8 = 0° same as Fig. 2a, reproduced here to ease the comparison), (b) in the case with upwind

turbines yawed by v = 30° and operated at the default 5 = 0° and (¢) with upwind turbines yawed by v = 30° and operated at higher
induction (8=—5%3 = —4°).
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Figure 7. Yaw control: Cross-stream view of the mean streamwise vorticity and velocity fields with upwind turbines yawed by v = 30° and
operated at 8 = —4°. The signature of the two vertically-staked counter-rotating streamwise vortices forced by the yawed rotor combined

with wake rotation is clearly visible in the streamwise vorticity field (panel a) extracted 3D downstream of the first turbine row. Their effect

on the lateral displacement of the wake is clearly discernible in the streamwise (color scale) and cross-stream (arrows) velocity fields (panel

b) extracted D /2 upstream of the second row of turbines. Only the fields of the two central turbines columns (between y = 1000m and

2000m,) are shown.
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Figure 8. Effect of changing the rotor-collective blade-pitch angle 3 of turbines yawed by v = 30°. Panel (a): local thrust coefficient C’ of
the turbines of the upwind row. Panel (b): wind power extracted by the upwind (hatched red) and downwind (cross-hatched green) rows of
turbines normalized by the total power Pg. s extracted in the baseline case.
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Figure 9. Effect of the yaw angle -y on: (a) the local thrust coefficients C7. of upwind-row turbines when they are operated at 3 = 0° or at
= —5%, and (b) power gains for selected values of rotor-collective blade-pitch angle 3.

We first simulate the standard yaw control where the yaw angle v of upwind-row turbines is changed (while keeping un-
changed the other parameters ¢ = —5°, 3 = 0°) resulting in the well known horizontal deviation of upwind-row turbine wakes
and the increase of the mean wind speed seen by downwind rotors (see Fig. 6b). From Fig. 8 it is seen that --in-this-case;-the
increase of the power produced by downwind-row turbines compensates the reduction of the power produced by the yawed
(upwind-row) resulting in maximum power gains of ~5% obtained for +—20—306%(see-a}y ~ 30°, similarly to the values
found by Fleming et al. (2015) for the two-turbines case.

Increasing the local thrust coefficient C/. by means of increasingly negative blade-pitch angles in yawed turbines (see
Fig. 8a) has effects similar to those observed for the tilt-control case: an increase of wake-velocity deficits in upwind-row
turbine wakes but also their higher deviation away from downwind turbines (see Fig. 6¢ and Fig. 7b) induced by the stronger
yaw-induced vertically-staked counter-rotating streamwise vortices (see Fig. 7q) resulting in an increase of the mean power
produced by all turbines 6)-with respect to the standard yaw-control case with 5 = 0° (Fig. 8b).

The analysis of pewergains-obtained-with-differenta full range of y-/3 combinations, leads to results similar to those obtained
for the tilt-control case. A non-negligible increase of U, is observed for large yaw angles y 2 30° when operating at constant
[3, as reported in Fig. 9a, reveals-thatand global power gains obtained by yaw control are highly enhanced when yawed turbines
are operated at higher induction —Pewer-gains-are-indeed-(more negative values of the rotor-collective blade-pitch angle 3).
Also similarly to the tilt-control case, maximum power gains are obtained for v &~ 30 regardless of the 3 value. Overall optimal

ower gains (above 15%) are reached for relatively high overinduction (8 ~ —4°). Also in this case, power gains obtained b

7= 30° yaw control are more than doubled already for 5 = —2° and are-almost tripled for the optimal yaw-pitch-combination
4=-30%value f = —4° —

yaw-control-ease-(5-~-20%for-with respect to the standard operation mode (3 = 0°) —Heweverdifferently from-the-tilteontrol

10
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yaw angle 7 = 307,

These results confirm the first intuition that, also in the static yaw-control case, static overinduction leads to a substantial
improvement of the power gains which is based on the same mechanisms discussed for the tilt-control case confirming that
these mechanisms are quite robust.

4 Conclusions

The main goal of this study was to assess the magnitude of global power gains that can be obtained in wind turbine arrays by
combining static wake redirection control and static axial induction control operating tilted or yawed turbines at higher axial
induction (overinduction). Results have been obtained by means of large-eddy simulations of a two-rows array of NREL SMW
turbines in a neutral atmospheric boundary layer.

In a first part of the study we have considered the effect of higher induction on tilt-control by using an actuator disk model less
idealized than the one used in our previous studies of this approach. The results confirm that, also with this more realistic turbine
model, power gains can be highly increased by operating tilted turbines at higher induction (power gains above 15% are found,

to be compared to ~=5% obtained with default induction, for the considered set of parameters). This substantial enhancement

of power gains due to the use of overinduction in tilt control is consistent with those found in our previous studies (the-abselate

levels of the power gains are smaller because of the differences in array configurations and in the used turbine models. Indeed
when included in the turbine model, wake rotation results in an inclination of the formerly vertical downwash which displaces
higher-altitude higher-speed fluid towards downstream rotors and, as a consequence, a decrease of tilt-induced power gains.

In the second part of the study we have ascertained if th

enhancement-also-in-the-ease-of similar power gain enhancements could be obtained by combining static overinduction with
static yaw control. To this end, we have first considered the standard case where yaw-yawed turbines are operated at the

standard-reference rotor-collective blade-pitch angle 5 = 0 finding power gains of the order of 5%, similar to those found in

numerots-many previous studies (e.g. Fleming et al., 2015, for the two-turbines case). We then show that a very significant

11



increase of power gains (almost threefold, up to ~15% for the cases considered) is obtained by operating yawed turbines at

higher induction, similarly to what found for tilt control.
The findings concerning the static overinductive yaw control are probably the most relevant of this study —Fhey-cotldindeed;

250

similar-for short-term applications because they show that significant power gains can be realized with simple-static-epen-loop

a simple static overinductive yaw control in a realistic model (the atmospheric boundary layer with NREL 5-MW turbines
simulated with SOWFA) —Furthermore—yaw—eontrol-can-be—tested—and-appled—in—meost-ofeurrently—installed—windfarm

255 where wake rotation effects are fully taken into account. They also probably isolate the main physical mechanisms underlyin
the significant power gains found by Munters and Meyers (2018b, a) by means of combined (dynamic and static) yaw and

dynamic) induction control using adjoint methods with full state information on large-eddy simulations where the turbines

were modeled with a simplified actuator disk method neglecting wake rotation effects. Furthermore, static overinductive yaw

control is suitable for immediate experimental testing with most existing standard horizontal axis wind turbines unlike tilt
260 control which is promising for specifically designed future generation downwind-oriented and/or floating turbines (Bay et al.,

2019; Nanos et al., 2020).

Another important result, obtained for both tilt and yaw overinductive controls, is that while maximum power gains (=~ 15%)
are obtained for relatively large rotor-collective blade-pitch angle (5 = —5°) for the optimal large tilt and yaw angles (0,7 & 30°%).
265  even moderately overinductive turbine operation.
It is also to be noted that here we have considered only two rows of turbines and for a single configuration with a small value
of the D /4 ratio of rotor diameters to the ABL thickness but that higher power gains can be expected for a larger number of
Additional investigations are, however, necessary to further refine, in many directions, the conclusions of the present study.
structural loads experienced by the blades of tilted and yawed turbines. A complete aeroelastic analysis based on higher-fidelity
simulations making use of the actuator line method, and-neeessarity requiring more refined grids ;-woutd-be-welcomeand time
steps and larger computational resources, is highly desirable, especially for the largest considered values of the yaw, tilt and
pitch angles where the near- and middle-wake strueture-is-structures are probably more sensitive to details of the turbine model.
275 Another-issue-is-the-wind-direetion-Other issues are wind direction and array configuration. The present study is limited to a
two-rows array in the wind-aligned case, but it is, of course, important to evaluate power gains in arrays with many more rows

also in non-aligned configurations. Such kind of analysis, where the optimal combination of tilt, yaw and pitch angles of all
turbines has to be computed for a high number of wind directions and intensities, would be too computationally demanding.
if performed by means of large eddy simulations and is customarily based on less computationally demanding simplified sets
280  of equations where the accurate modeling of the controlled wakes is of primary importance (see e.g. Boersma et al., 2017). In
this context, an-improvement ofexisting the results presented in the present study could be used to help in the improvement
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and validation of simplified wake models in high-tittmoderate to high tilt/yaw-and-pitch-anglesregime-would-make-possible

a-mere-precise-predietion-yaw- and pitch-angle regimes, particularly in the case of significant overinduction. Such improved
models would allow for more reliable predictions of annual energy production gains obtained with overinductive yaw or tilt

285 control for realistic wind roses and wind farm configurations by using advanced optimization methods such as those used by
Park and Law (2015).
Finally, it would be very interesting to ascertain if additional power gain enhancements could come from the simultaneous
activation of tilt, yaw and axial induction control. It might indeed be possible that, as a consequence of the symmetry breaking
associated to wake rotation effects and Coriolis acceleration, optimal power gains are obtained with “hybrid” yaw-tilt rotor-axis

290 rotations even in wind-aligned configurations. This is the subject of current intense research effort.

Appendix A: Methods

Farge-eddysimulations The large-eddy simulations presented in this study are performed with SOWFA (the-Simulater-for- On/Offshere-Win
—SOWEA-, a set of libraries and codes able to simulate atmospheric flows over wind turbines (Churchfield et al., 2012), that

is based on OpenFOAM;~which-selves-the OpenFOAM software environment designed to solve partial differential equations
295 based-on-aby means of finite-volume frameweork-spatial discretizations on unstructured meshes (Jasak, 2009; OpenCFD, 2011).

The filtered Navier-Stokes equations are solved using the Smagorinsky (1963) model to approximate subgrid-scale stresses -

Ceompressibility-effeets-are-ineluded-with-with compressibility effects accounted for by means of the Boussinesq approxima-
tion and the-herizontal-component-of-Coriolis-aceeleration-is-ineluded-Earth’s rotation effects accounted for by the Coriolis
acceleration term in the equations (see _Churchfield et al., 2012, for all details on the used formulation and for a validation of the code in t

300 . Schumann (1975) stress boundary conditions, modeling the effect of ground roughness, are applied near the ground and slip
boundary conditions are enforced at at the top of the solution domain. The solutions are advanced in time using the PIMPLE
scheme.

Periodic boundary conditions are applied in the x (west-east) direction for the preliminary ‘precursor’ simulations where
the atmospheric boundary layer flow is computed in the absence of wind turbines in order to generate realistic inflow wind

305 conditions (Keating et al., 2004; Tabor and Baba-Ahmadi, 2010; Churchfield et al., 2012). The mean pressure gradient is
adapted in order to maintain a-(horizontally-averaged) mean westerly winds of 8m/s wind-at z = 100m. The time-history of
the mean pressure gradient and of the solution at x = 0 are stored and then used in the simulations with wind turbines which
are run in the same domain with the same grid but removing the periodicity constraint in the streamwise direction and replacing
it with an inflow condition enforcing the solution found x = 0 in the precursor simulation. Periodic boundary conditions are

310 applied in the y (south-north) direction for both precursor simulations and simulations with turbines.

The solution domain extends 1km in the vertical direction and 3km x 3km along the x and y axes and is discretized with
cells extending 15m x 15m in the x and y directions and 7m (near the ground) to 21m (near the top boundary) in the vertical
direction. At = 0.8s time steps are used to advance the solution. These parameters keep manageable the amount of data stored

in the precursor simulation.
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Figure B1. Tilt control: Cross-stream view of the mean streamwise vorticity and velocity fields obtained by using the ADMC turbine model

tilted b

in the baseline case where all turbines are operated at C- = 1.5 with no tilt or yaw (top panels a and b) and with upwind turbines

= 30° and operated at C/» = 3 (bottom panels c and d). The streamwise vorticity fields (panels a and c) are extracted 3D downstream of

the first turbine row, while the streamwise velocity fields (panels b and d) are extracted D /2 upstream of the second row of turbines.

315 The-aerodynamiesforees-The aerodynamic forces developing on NREL 5-MW turbines, having a D=126m rotor diameter
and z,=89m hub height (Jonkman et al., 2009), are modeled with SOWFA'’s native actuator disk method where-aerodynamie

forees-are-computedfrom-the-charaeteristies—of-based on the blade-element method (BEM). The forces exerted on the fluid

are computed for each radial blade section by using the lift and drag coefficients cj,(«), cp(a) associated to the local

NREL 5-MW blade profiles ;rotational-speed-and-the-reselved-wind-veleeity—A-and the local angle of attack o = ¢ — (0 + 3

320 computed as the difference between the angle ¢ formed by the relative wind seen by the blades with the rotor plane and

the local pitch angle which is the sum of the local twist angle 6 of the blades and the rotor-collective blade-pitch angle 3
. Burton et al., 2001; Sgrensen, 2011,

. The Gaussian projection of the discretized body forces proposed by Sgrensen and Shen (2002) is also used with a smoothing
parameter € = 20m is-alse-used-to avoid numerical instabilities (Martinez-Tossas and Leonardi, 2013).

the reader is referred to e. for a detailed discussion of turbines modeling in general and of the BEN

325 The NREL 5-MW five-region controller implemented in SOWFA is used to control the turbines rotational speed and axial
induction. In the Region II regime, the one accessed in the presented simulation, the turbine is driven to the design point
(tip-speed ratio and thrust coefficient corresponding to the maximum power coefficient for an isolated non-tilted non-yawed
turbine) by means of generator-torque control at the default rotor-collective blade-pitch angle 5 = 0°. In this regime, the-statie
we enforce the axial induction control is-applied-by changing the rotor-collective blade-pitch angle 3 while leaving unchanged

330 the other parameters of the generator torque controller.

The local thrust coefficient is retrieved from the computed turbine thrust magnitude and rotor-averaged normal mean wind

speed u,, by making use of its definition C%, = 8T'/mpu2 D?.

Appendix B: Effect of the used turbine model on tilt-control

14



A quantitative analysis of the effect of the improved ADM model used in the present study by means of a direct comparison with
335  the results obtained in Cossu (2020b) is not possible due to the difference of the considered array configurations (two arrays here, three in C
- Additional simulations of tilt-control have therefore been performed by using the same turbine model (ADMC) used in
Cossu (2020b) for the same array configuration used in the present study. We recall that, contrary to SOWFA’s ADM used in
the present study, in the ADMC model wake rotation effects are neglected and a uniform load is assumed over the rotor disk
that is assumed to operate at constant Oy
340  First a baseline case has been simulated with all turbines operated at the reference values O = 1.5, ¢ = =5% 7= 0%
=15
obtaining a power gain AP/ P, ~ 11%. Finally, overinductive tilt control has been tested by operating at C'". = 3 the upwind
row turbines tilted by o = 307 obtaining a power gain of ~ 27%.
For the 2-rows array layout, therefore, the ADMC model also predicts that power gains obtained by overinductive tilt
345 control are much larger than those obtained by standard tilt control (by a factor of ~240% for the ADMC turbine model
and by a factor of ~330% with SOWFA's ADM for o = 307). However, the absolute levels of power gains computed with
the ADMC model are higher than those computed with SOWFA’s ADM turbine model. In this context, the effect of wake
rotation appears to be important, In the ADMC model which applies a uniformly distributed force purely normal to the rotor
disk, wake rotation effects are indeed neglected, resulting in a negligible mean axial vorticity in the rotor wake in the baseline
350 case and in almost-symmetric counter-rotating vortices in the tilted case (see Fig. Bla and c). In the ADMC tilted case,
therefore, the downwash associated to the tilt-induced streamwise vortices is purely vertical resulting in a highly efficient
displacement of higher-altitude higher-momentum fluid towards the downstream-rotor swept area (see Fig. B1d). In the case of
the SOWFA’s ADM more realistic turbine model, on the contrary, wake rotation effects are fully taken into account, resulting.
in non-negligible mean axial vorticity in the rotor wake in the baseline case and in strongly non-symmetric counter-rotating
355  vortices in the tilted case (see Fig. 3a and ¢). In the more realistic case, therefore, the tilt-induced streamwise vortices are

associated to an oblique downwash which is less efficient in displacing high-momentum fluid towards the downstream rotors
(see Fig. 3d). This explains that lower absolute values of tilt-induced power gains are obtained when wake-rotation effects are

Then, a standard tilt-control case has been considered with upwind-row turbines operated at C/

taken into due account.
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