Authors reply to 2nd referee’s comments to wes-2024-62

Thank you for your thorough and thoughtful review. The authors are grateful for your valuable
insights and constructive criticism. We believe that the provided clarifications and referenced
literature will significantly help us in refining our manuscript and addressing points that were not
well explained. Your feedback is instrumental in improving the quality and clarity of our work, and
we appreciate the opportunity to enhance our study accordingly.

The referee introduced four major points as to why the paper should not be accepted.
1. Flawed model adaptation
2. Validation does not proof any improvement
3. Novelty
4. Optimized layout would not be accepted by industry

In the following sections, the authors will reply to these points. Note that the order of the points
named is the order of replies and not the original order as mentioned by the referee. Lastly the
authors will answer to the specific comments in Section 5.

1. Flawed model adaptation

The presented code solves analytical explicit equations, utilizing the advantage of lower
computational resources when compared to any CFD application or code that solves PDE’s. The
authors indeed apply the flow equation at a hub height plane, as assumed in the first paragraph
of the referee’s explanation, rather than modelling a 3D flow. The main reasoning behind this is
the reduction of computational time, making the code applicable for a preliminary optimization
study. Eliminating the z-dimension when solving PDE’s is indeed a significant error, as the referee
points out. However, our approach focuses on solving simplified, explicit expressions and not
PDE’s. This type of modelling is specifically chosen to reduce computational time.

We would like to address the application of Ishihara’s and Zong’s models separately, as there is a
fundamental difference in the influence of the third dimension on the model’s results. We will
then address the integration error introduced by the neglect of the height dimension when
combining both models.

Ishihara - Qian

Regarding Ishihara’s model, the equations are solved for specific points behind the turbines to
compute flow velocity and rotor-added turbulence intensity. Based on the PDE’s derived from
momentum conservation, these equations form an explicit expression describing the wake
region as a self-similar, Gaussian-shaped area. This allows for the prediction of flow properties
at any point behind the turbine (in streamwise x, spanwise y, and height z direction)
independently of other points. While this simplified approach neglects external pressure
gradients and forces to maintain the Gaussian assumption [Appendix A., Ishihara-Qian, 2018], it
significantly reduces computational expense. Consequently, the model’s application is limited
for conditions with low vertical mixing and shear, such as neutral to stable atmospheric
conditions and for environments with low surface roughness, which is typical in offshore settings.
Even though the model can predict all three spatial dimensions, it is up to the user to choose
which points in the wake region to compute. For example, if one would like to depict the wake
region in the x — z plane, one would compute all necessary points (x;, z;). When information at
hub height is needed, all necessary points in the x — y plane at z = 0 can be computed without
considering other points in the vertical direction, as they are not interdependent in explicit
models.
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For such a case, Ishihara’s equations are solved for

r=4,y%+(z—-H)?,

where z = H leading to

r=lyl.
This point was not sufficiently clarified in the submitted manuscript, which leads to confusion for

the definition of y in the submission’s equations. This will be pointed out clearly in the paper’s
second draft in chapter “2.1 Ishihara-Qian wake model”.

Neglecting the third dimension during the computation of the turbine’s individual wakes does not
lead to any error or additional calibration uncertainties, as itis merely a decision on which points
to compute, distinct from the integration of inflow parameters, which will be addressed
separately.

Zong - Porté-Agel

Regarding the Zong superposition model, the question of simplification is more complex. The
model's derivation includes several assumptions that initially reduce the problem's complexity.
Apart from assuming uniform inflow and neglecting the Reynolds normal stress term (u'u’), the
model by default assumes no turbulent momentum transfer in vertical and spanwise direction
((u'v') = 0,{u'w’) = 0) [Appendix A, Zong, Porté-Agel, 2020]. This leaves us with the following
equation for the integrated streamwise momentum

pff U dydz—pff u;(x,y,2)? dydz = Fr,
Inlet Outlet

where u; is the velocity in the wake and Fr is the thrust force induced on the flow. Combining with
the conservation of mass, the thrust force equation changes to

Fr=p ff u;(x,y,z) - Au(x,y,z) dydz .
Outlet

Here, Au(x,y,z) is the velocity deficit in the wake, defined as Au = u, — u; [Zong, Porté —
Agel, 2020]. This derivation considers all three spatial dimensions while focusing on conserving
the streamwise momentum, which is fundamental for this work.

Following Zong’s derivations further, the momentum conserved properties of a mixed wake region
is found by performing a weighted summation of the individual wakes

uc,i(x)

AUpgrm(x,y,2) = Z U Au(x,y,2).

C,Farm(x)
Here, each individual wake u;(x, y, z) is linearized to a convection velocity u.;(x). This individual
wake’s convection velocity can be derived from explicit equations such as the Ishihara or
Bastankhah model, again leading to a simplified yet quick prediction. The question of
dimensionality and neglection of the vertical z-direction becomes relevant when investigating the
last entity of this model, the convection velocity of the farm’s wake. Its original definition is given
by

[J Ui(x,y,2) - AU(x,y, z) dydz

[J AU(x,y,2) dydz ’
where U; and AU are the reduced velocity and velocity deficit in the mixed wake within or behind

the wind farm. When applying this equation to a discretized space, we express the integrals with
the Riemann sum as

UC,F arm (X ) =
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Y>> U;i(x,y,2) - AU(x,y,2) AyAz
XX AU(x,y,z) AyAz ’

Uc,Farm (x ) =

which can be reduced to

Z Ui(ny'Z) ' AU(xry'Z)
LAU(x,y,2) '

This work reduces the computed information further to two dimensions, leading to

Z Ui(x:)’) ’ AU(XI)’)
L AU(x,y)

We, therefore, neglect velocity gradients in the vertical direction. In cases of unstable
atmospheric stability, high surface roughness, or different turbine heights within a farm or cluster,
vertical flux is significant. For those scenarios, the proposed simplification would lead to
substantial errors as it cannot capture the wind’s shear profile and vertical flux. However, the
study presented in this manuscript does not involve such complex cases; we model one wind
farm in offshore, neutral atmospheric conditions.

Uc,Farm (x ) =

Uc,Farm (x) =

Regarding the integration of the turbines’ performance parameters: to obtain the thrust and
power of the rotor, the modelled velocity in the rotor plane is averaged to approximate the scalar
inflow velocity. This value is then used to determine power and thrust through performance
curves, as provided in the manuscript. We acknowledge that there is a substantial difference
between evaluating the inflow wind speed in a two-dimensional plane versus a three-
dimensional space. Graphically, as shown in Figure 1, the flow for the 2D case is approximated
by a line of points at hub height. Averaging these points results in a rectangular representation of
the flow, while the three-dimensional version would resolve the circular shape of the wake.

(xy,2) (xy)

Figure 1: Points where flow properties are computed. Left with resolving the z dimension. Right, for
resolving only a 2D plane at hub height.

This simplification can introduce errors, especially in cases with high partial wake overlap. The
authors acknowledge this limitation and do not claim that the proposed 2D version of Qwyn is
superior to other implementations that include three-dimensional space. However, focusing on
Qwyn’s combination of Ishihara’s and Zong’s models, our tool produces results that are
comparable to conservative approaches while significantly reducing computational load (the
effect of the wake meandering correction will be discussed separately). This is particularly
noteworthy given the simplifications made to the model. Nevertheless, as this is ongoing work
within the scope of a larger PhD project, the simplifications presented here are temporary. The
next version of Qwyn will include the third dimension to eliminate potential errors and enable the
modelling of more complex atmospheric stability and topology cases.
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However, we agree, that this fact should be addressed and discussed in the paper. We willadd an
additional paragraph at the end of chapter “2.2 Momentum-conserving wake superposition”,
discussing this very limitation. It will also become important for the discussion of the results and
will be mentioned in our answer to the referee’s specific comment on “L. 330”).

Meandering correction (applied to the rotor-added turbulence)

We do not claim to propose a fully accurate turbulence-meandering model. Instead, we are very
grateful for the referee's extended insight into the field of rotor-added turbulence under
meandering conditions. The development and implementation of an explicit formulation of rotor-
added turbulence under these conditions could be the focus of future work, contributing to the
field of rapid wake modelling.

In the scope of this work, we applied the used analogy because not modelling the rotor-added
turbulence worsened the results consistently, highlighting the importance of turbulence
modelling. This can be seen as a first step, and further improvements and implementations are
made possible by the valuable information and citations provided in this review. We will mention
this in the paragraph on future work in the manuscript’s conclusions.

2. Validation does not proof any improvement

The green curve in Figures 9 and 10 of the manuscript (Momentum conserving superposition) is
also obtained using Qwyn with the discussed 2D simplification. Despite reducing from 3 to 2
dimensions, the implemented framework can follow the trends of all other models and reduce
the RMSE with respect to the linear rotor-based summation.

We tested the influence of different models on wind farm modelling, and one significant finding
was thatintroducing the wake meandering model to the framework causes substantial deviations
for narrow bins. The meandering correction is validated on cases based on wide bins
[Braunbehrens & Segalini, 2019]. We agree with the referee that itis challenging to understand for
which cases the meandering model improves results and for which it does not. In the one
application case modelled (Horns Rev 1), the proposed model seems to improve results only
when considering large averaging sectors, which could be due to numerical issues or error
cancellation, as mentioned by the reviewer. However, such a claim cannot be made without
further investigation. At present, we observe that the application of the meandering model is not
universally reliable. This finding will be explicitly clarified in the conclusions of the validation
chapter. Additionally, the fact that Qwyn, as a framework, is not limited to the use of the
meandering correction will be clearly stated in the introduction of the chapter. We greatly
appreciate the feedback and will incorporate these comments.
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3. Question of novelty

This research does not claim to present a new model, but rather presents a novel computational
framework. It effectively captures the power production trends of an offshore wind farm under
various inflow conditions (wind direction, turbulence intensity, and speed). The presented
computational framework makes it possible to test different models and their influence on layout
optimization. To the best of our knowledge, no existing analytical, steady-state framework has
included and tested a full wind farm with momentum-conserving superposition approach with
wake meandering correction.

By implementing and testing these models (and simplifying them as shown), we have identified
some limitations in the meandering correction, and demonstrated that reducing the model to a
two-dimensional plane still yields reasonable results. This, along with the optimization study,
provides valuable contributions to the field of rapid, simplified wake modelling that differ from
the approaches in other studies.

Moreover, the observed influence of the wake meandering correction on a layout optimisation
can be regarded as a novel contribution. It is not intuitively clear that the convex shape increases
when neglecting meandering correction, highlighting the insights provided by our study.

4. Optimized layout would not be accepted by industry

The referee mentions that the optimized result presented in this work is too small to be accepted
by industry. We believe this point may have been misunderstood. The optimization study never
aimed to propose a new layout for the industry, especially not using an existing, outdated wind
farm as its basis. Instead, the objective was to explore the potential of such optimization within
the constraints of an existing wind farm.

The results indicate that the increase in power is minimal across all different modelling
approaches, suggesting a need to broaden the scope of optimization parameters, as mentioned
in the manuscript. Optimizing a layout within a predefined field and a fixed number of turbines
yields only a minimal improvement in AEP. Our findings align with the optimization results in the
cited literature, reinforcing the applicability of the given framework and supporting the idea that
further research and expansion of parameters, such as farm shape, number, and size of turbines,
are necessary. This insight alone is valuable for the industry, indicating that there may be more
effective methods to optimize production than layout optimization within an already defined farm
shape. We agree that this point has not been clarified sufficiently. We appreciate the referee's
feedback, which will help us to refine and clarify the goals and implications of our study. The
second draft of the manuscript will address this matter in the discussion & conclusion chapters.
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5.

Answers to the specific comments

L 10: The Frandsen model is not Gaussian but top hat. You could add the Gauss-Hybrid-Curl
instead [King et al, 2021].
A: Thank you for pointing out that oversight. We will adjust this in the manuscript.

L 30: consider removing the statement on the Niayifar’s models being the best since the Zong’s
modelis used in the work and is again described as the most accurate at L 35.

A: We agree and will reformulate the statement to clearly state that Niayifar’s superposition is
the best among those not derived from mass and momentum conservation, which explains
why it is used as the “conservative approach” in the scope of this study.

L 38: Medici et al. advocate for the internally driven meandering hypothesis similar to the
vortex shed by a cylinder, while Larsen et al., 2008 are the ones arguing that large atmospheric
eddies cause meandering. Please amend this paragraph.

A: We apologize for the oversight. While Medici et al. did observe wake meandering in their
wind tunnel testing campaign, it was indeed Larsen et al. who not only proposed a DWM but
also linked the meandering to “large scale air movements”. We will correct this in our
manuscript.

L 46: “hubheight” >> ”hub height”
A: Will be corrected.

L 50: if the Gaussian shape is assumed it cannot be derived from momentum equation.
Momentum equation is instead used to calculate the depth and spread of the Gaussian based
on the thrust. Please correct the sentence.

A: We agree that our formulation can be misleading. The Gaussian shape itself cannot be
derived from momentum conservation, as itis an assumption giving the explicit simplification
of the PDE derived from the momentum equation. However, the assumption of the explicit
equation (in Ishihara-Qian’s case) is based on a PDE derived from the momentum equation.
This distinction is crucial, as the application of Zong’s model is limited to explicit models that
meet this requirement. We will clarify this in the revised sentence.

Eq 1: ¢ is function of both x and y, since o (x), so either ¢(x, y)or ¢(§). Please correct.
A: Will be corrected.

Eq 4: the definition of ¢ should be placed right after Eq 1.
A: We will move Eq.4 and adjust the text.

Eq 13:same as Eq 1, ¢ is function of both x and y.
A: Will be corrected.

Eq 15 and 16: the sign of the y in the limit of k, should be negative because we are considering
the lower side of the wake. The original formulation used r which is always positive by in this
case is different. The k; and k, should also be 0 if y is negative and positive, respectively, and
also this condition is missing.

A: Here, we would like to refer to our answer regarding the major comment: “Flawed
adaptation - Ishihara - Qian”. In our notation y is used as r, where r = |y|. This will be clarified
in the manuscript, to prevent confusion.
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L 120: the first and second sentences could be removed. There is no need to emphasize that
all the models proposed before Zong are “unsound”.

A: It is not the authors intention to devalue any model or work before Zong. We will choose a
softer formulation in this part of the text, as we believe it serves a good introduction to the
motivation of using Zong’s model.

Figures 5, 6 and 12 are not very informative, the algorithm follows the general “bin” method for
AEP estimations and layout optimization presented in countless studies.

A: We agree that the information provided in the named figures is showcasing the basic
structure of the computation framework. However, we would like to mention three reasons to
show this computation structure in the paper:

1) Depending on the readers background, the threshold for delving into this topic can be
high, making such publications less inclusive.

2) The general algorithm structure is necessary to ensure comparability & reproducibility.
3) As afollow-up to the second point: ongoing improvements to the framework, which will
be shown in future studies, can be directly compared and linked to this initial publication.

Table 2: the experimental data also are collected based on bins, but from the table it seems
that arbitrary 1 and 5-deg bins are used for the simulation instead but not for the experimental
data analysis. Ther use of 8% and then 7.7% Tl is unclear too.

A: The measurement data is also binned in 1 and 5 deg. bins. This is a misunderstanding/ not
sufficiently clarified in the table. We will adjust this. Regarding the turbulence: The LES data
use 7.7% for all simulations. We decided to keep to it with our analytical modelling. The 8%
are taken from the measurement data and are provided purely as additional information. We
propose to remove this value to avoid possible confusion.

L 301: Itis not clear which part of the meandering model is fitted to the data. The model shown
in Section 2.3 seems to have all the constant predefined so it should be explicated which won
has been changed to match the data.

A: Here, the manuscript is inaccurate. The authors of the manuscript have not altered/ fitted
any of the constants to measurement data themselves. As pointed out correctly, all constants
are predefined. What needs to be communicated here, is, that the meandering model has
been validated with a 5-degree binned dataset (on Horns Rev) in the original publication by
Braunbehrens & Segalini, 2020. We will correct this in the manuscript.

L 330: the explanation of the mismatch based on the wake rotation is not supported
sufficiently. The reference by Qian and Ishihara. 2020, talks about the reduced turbulent
production for partial wake overlapping but not based on rotation but on the magnitude of the
velocity gradient. The wake rotation is indeed seen to decay quite fast behind the turbine even
for low Tl (lungo et al, 2013, Fig. 2b).

A: That is a very important clarification & correction, thank you for providing insightful
literature. This needs to be corrected in the given manuscript and discussion. It seems that it
is rather the simplification to 2 dimensions, which drives the deviation between the presented
modelling approach and the LES study, as discussed and displayed in the answer to the major
comments: “Flawed adaptation: Zong — Porté-Agel” - Figure 1.

L 380: the expression “boundary conditions” is more suited for the solution of some PDE

systems. In optimization context the term “constraint” is more common.
A: Will be corrected.
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L441: the optimization without meandering has higher wake losses than which “reference”,
the optimized with meandering or the real layout? And how can an optimization make the
objective function worse.

A: The second proposed layout is found by running the optimisation while using Qwyn with the
meandering model turned off. It does not make the objective function worse, but rather shows
aninsignificant change of AEP (minimally improved by 0.10%), as summarized in Table 5 of the
manuscript. What is meant by the statement in L441 is, that when we evaluate this very layout
with the meandering model turned on (thus - different modelling approach), we observe, that
the AEP is not improved, but worsened with respect to the reference case, which in this case
is also evaluated with the meandering correction turned on. We see therefore, that the choice
of models influences the optimization results. At the same time all different modelling
approaches yield an insignificant improvement in AEP, showcasing the limitation of an
optimisation based on pure turbine placement adjustments in an already predefined outer
farm shape.
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