
Response to Reviewers

Andrew P. J. Stanley, Jennifer King, Christopher J. Bay, and Andrew Ning

Reviewer 1

First, we would like the express our gratitude for your review of our paper. We realize that you took
time out of a busy schedule to read this manuscript and provide feedback, for which we are very grateful.
We have structured this response to be clear and easy to follow. Each of your original comments will be
shown in blue, immediately followed by our response in black. Note that the page number/line number
indicating where the minor remarks are referring to is for the original submission. The revised manuscript
will be slightly offset as we add/edit content.

The manuscript deals with an important issue with respect to wind farm optimization. The proposed
inclusion of fatigue damage will certainly be applied soon in practice.

Major Remarks

the applied coordinate systems as well as the different wind speeds (undisturbed, wake, instantaneous,
averaged over blade, averaged over rotor) should be appropriate introduced, e.g. in an added section 2.0;
use can be made of e.g. graph of a wind turbine like fig. 7. Furthermore, all names / symbols should be
consistently used. The term ”effective” should be avoided since it is unclear. Furthermore a capital letter
should be used for an averaged value and a lower case letter for instantaneous values), e.g. mean wind speed
in wake averaged over rotor: Uwake-rotor ; instantaneous wind speed averaged over blade: ublade(ψ,t)

We agree, this can be much more clear in the paper! We have made the following changes in the revised
manuscript:

1. We added a paragraph in the beginning of section two to appropriately introduce the different wind
speeds and turbulence intensities that apply to a point value, average over the entire rotor, or average
over a single blade.

2. We removed all uses of “effective” referring to the wind speed or the turbulence intensity. This was
unclear, and reworked to clarify that it was referring to the average wind speed acting over the blade
or the entire rotor.

3. We changed the instantaneous variable of wind speed to be a lower-case u.

We did not add an additional figure, we feel like the current descriptions and equations are sufficient to
understand each variable, and what an additional figure would add to the reader’s understanding is minimal.

In line with the point above it would be better to indicate the velocities and TI in step 3 and 4 with wake
velocities and wake TI. Furthermore, it would be better to move lines 247-252 to step 5 (averaging over a
blade) and line 253-254 to step 8 (considering the entire rotor)

For clarification of the velocities and TI, we certainly agree. We believe the changes we made for the
previous comment should clarify this as well. In regards to moving the explanations of the TI calculations to
subsequent sections, we definitely understand the logic behind this move. For some it may be more clear to
have this organization. However, we think the current organization which discusses the wind speed and TI
calculations in separate sections is also acceptable and clear. Additionally, our current organization makes
it more clear that the TI calculations do not need to be made within the turbulence and azimuth loop.
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The weakest point of the proposed method is the generation of turbulence samples, section 2.1. It can
easily be improved by e.g. using the method of Veers https://prod-ng.sandia.gov/techlib-noauth/access-
control.cgi/1988/880152.pdf By doing so the turbulence will have the correct spectrum (which is essential
for a fatigue analysis). Since in section 2.7 the instantaneous wind speed is needed, varying with azimuth,
the so-called rotational sampled wind speed should be used, e.g. at a radius of 3/4 R. This can be obtained
by first generating a wind field on a rectangular grid (Veers) and next take the wind speed as seen by a blade
element (at 3/4 R) rotating through this turbulent wind field.

This is a very helpful comment. We have added to the explanation of the turbulence samples the following
sentences to address this comment and orient readers.

“Although the turbulence samples used in this paper have the important statistical qualities required for the
fatigue calculations in this paper, there are a variety of other methods that could be used to generate the
turbulence values. One method could be to use the Sandia method, also known as the Veers method, intro-
duced in 1988 (cite). Another could be to us the turbulence generator TurbSim to generate the turbulence
samples, which has made several improvements since the Sandia method was introduced (cite). Using one
of these methods could create more realistic turbulence history, but requires using an external program. For
the results shown in this paper, the turbulence samples we generated are sufficient for demonstrating our
method, and had appropriate statistical properties to compare well with high fidelity simulations.”

Line 128 / 129: “The tuning constants . . . depend on the blade azimuth angle”; it is unclear why that is
the case since there is no periodic loading (like yaw, shear, turbulence and tower shadow)

The tuning constants vary slightly based on azimuth angle because the turbine that we used had a non-zero
tilt angle. This was clarified in the text.

Line 272: “just considering these two azimuth angles is sufficient”; this implies that each revolution will lead
to exactly 1 load cycle. In reality, each revolution will contain plenty of smaller load cycles as well. Since
fatigue behaves rather nonlinear one can’t tell in advance that neglecting these smaller load cycles is allowed.

In addition to the explanation given throughout the rest of this paragraph, we changed the last sentence to
the following to acknowledge the presence of small load fluctuations:

“In reality, there are a multitude of small fluctuations that occur throughout the entire rotor rotation.
However, for most conditions, just considering these two azimuth angles is sufficient as they capture the
largest load differences which contribute the most to fatigue damage.”

Comparison with SOWFA/FAST; an appendix can be added in which the steady turbine response is com-
pared (i.e.: CT, P, Ω, θ, Mflatwise, Medgewise) for just 1 wind speed (say 13 m/s) during say 4 to 5
revolutions. In the model (section 2) the same wind input should be used

Great idea. This would certainly be an interesting figure to demonstrate how the higher fidelity SOWFA/FAST
modeling compares with the steady-state CCBlade. Like many other potential figures we agree this would
be interesting, however the not quite appropriate for this paper. Especially when we consider how lengthy
the initial manuscript is, plus the additions we have made to address the excellent feedback we have received,
we feel that we can rely on previous documentation and publications of BEM methodology.

Minor Remarks

Line 27: add “wind shear”

This was added to the revised manuscript.
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Line 77: mention one of these “interactions”

This was added to the revised manuscript.

Line 95: change “wind speed” into “undisturbed mean wind speed”; see also 1st bullet point Major Remarks

This change was incorporated into the revised manuscript.

Line 99/100: change “effective wind speed across the blade” into “wind speed averaged over blade”; see also
1st bullet point Major Remarks

This phrase was clarified in line with the 1st bullet point of the Major Remarks.

Section 2.2: since the Loads Surrogates are derived only once, it is not clear why not the more sophisticated
package FAST has been used

Good question. In our original formulation, there was no surrogate, but the loads were calculated directly
inside the optimization using CCBlade. We added the following sentence to address your comment:

“A higher fidelity model could also be used to calculate the loads for this step, and our choice to use CCBlade
was to allow for an easy transition to evaluating the loads directly in the optimization loop if desired.”

Eq. (2); perhaps it is better to use the symbol q for a force per length instead of F

This was changed in the updated manuscript:

M =

∫ Rtip

0

q(r)r dr

Table 1: mention the units of the constants a to g as well as Psi and Theta

Units were added for a to g in the table, and Psi and Theta units were added in the table caption.

Figure 5: why does the x-axis not continue until the cut out wind speed?

Thanks for this comment! We extended the x-axis out to the cut out wind speed of 25 m/s. Even though
the wind speeds we used in this paper never reached that high of a value, we agree that it is important to
include in this figure. In addition, we removed the figure showing the surrogate fit with no pitch. This was
unnecessary because only the surrogate with pitch was used in the fatigue calculations.

Mention if these curves apply for the case Theta is less then OR greater than 0.05 rad. (Table 1)

We’re not exactly sure what you mean with this comment, but will do our best to respond here. The blade
pitch is determined by the average turbine wind speed (shown in Fig. 3). The surrogate constants that are
used from Table 1 are then determined by the pitch angle of the blades. The figure showing the comparison
of the surrogate to the higher fidelity data contains calculations that were made with both constant values,
depending on the inflow wind speed/blade pitch.
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Line 141: This is in contradiction to the outcome of a BEM calculation I did (based on the NREL 5 turbine):
the effect of a change of 1 degree in pitch correspond to about a variation of rotational speed of 8 %

Yes excellent point. The variation of pitch angle may very well affect the rotation speed of the turbine. The
statement on line 141 is referring to the sensitivity of the loads to the pitch angle and rotation speed. The
loads are sensitive to the pitch angle, but not very sensitive to the rotation speed. This does not mean that
rotation speed will not vary with pitch.

Eq. 5: Delta u and u infinity: use capital letters instead; change “d” into “D”

Apologies, we’re not certain what you mean with this comment, as the delta before the u is already capi-
talized. Perhaps you are suggesting to capitalize the u’s in this equation, which we think is a good idea for
consistency. We have gone through and changed all lower case u’s in equations to upper case.

Line 153: also introduce delta and z h

These variables were defined.

Line 168: add: and delta=0

This was added.

Eq. (10): add nTurbs (upper bound summation)

This was added to the updated manuscript.

Figure 7: add a figure with the variation of the wind speed as function of azimuth (for an offset of e.g. 1D)
and compare with the averaged value (over the azimuth) as well as the average of the 4 sample points

As we understand this comment, the purpose of your proposed added figure is to demonstrate that the
4 sample points enough to sufficiently represent the inflow and calculate the average inflow speed to the
rotor. We have added a subfigure that shows the average rotor inflow speed of a downstream turbine as is
moves across the wake of a downstream turbine. We have done this for 3 number of points (1, 4, and 100),
demonstrating that 4 sample points is graphically similar to 100 sample points.

Figure 8; “offset” has not been properly introduced yet

An introduction for “offset” was added before this figure.

Title section 2.4: change “Intensity” into “Intensities” (in line with Fig. 1)

This change was made in the updated manuscript.

Line 205: change “mean” into “undisturbed mean”

This was changed.
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Page 13: Also introduce delta (from Eq. (11))

This was added.

Eq. (23): add, for clarity: TI(r)=TI a + Delta TI, with Delta TI given by Eq. (11)

This was added in the explanation of the referenced equation.

Title 2.5: adopt; see 1st bullet point Major Remarks

This change was implemented, in the text and in Fig. 1.

Eq. (24): change U into U(r); + mention the equation for U(r) (is it Eq. (10)?)

Great suggestion, this was added.

Section 2.6; show in an appendix a few examples of wind speed, rotational speed, pitch angle and bending
moments varying over the azimuth angle.

This would be another interesting figure! However, as was mentioned in our response to a comment before,
we feel like it is not and exact fit for the this paper. Although it would be interesting, in this paper we only
consider the extreme azimuth angles that are most affected by partial waking, and explain this in the text.
A figure showing the full variation of these values over the azimuth, although interesting, is not necessary
for this paper.

Eq. (26): adopt; see 1st bullet point Major Remarks; make 2 versions (Eq. 26a and 26b): one with TI
averaged over blade (from Eq. (23)) and one with TI averaged over rotor

This change was made, and an additional equation was added to section 2.9 with the turbulent wind speeds
calculated for the blade.

Line 282: I guess it should be step 4 (instead of 3)

Yes! This was corrected.

Section 2.9 / line 296: refer to Eq. (26a)

We think you mean to refer to equation 26, as there is no 26a, which we think is a good idea. This was
added.

Section 2.7: refer to Eq. (26b)

We aren’t sure what you mean with this comment, as there is no equation 26b, and section 2.7 is where
equation 26 is defined. We haven’t made any edits based on this comment.

Line 361: change step 7 into step 8

This was fixed in the revised manuscript.
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Line 404 (end): typo “us”

This was fixed in the revised manuscript.

Line 442: add a statement about tower shadow

The following was added to this section:

“We assumed that tower shadow is negligible, meaning that the power is only a function of inflow wind speed
with no adjustment required.”

Line 495: skip “about 6 times more” (such a comparison doesn’t make sense)

This was removed in the revised manuscript.

Caption Figure 17: add for clarity that 0.04 corresponds with 0.07 normalized

This was added in the revised manuscript.

Line 521: skip digit: about 5%

This was changed in the revised manuscript.

Section 5: you may add for further research: to performan several SOWFA simulation in order to determine
the spread of the SOWFA results (Fig. 6, 9, 10 and 11)

Good suggestion. The following was added to the proposed future work paragraph:

“First, further validate and improve our proposed damage model with more SOWFA runs for a wide variety of
wind conditions. In this paper we have presented a range of wind speeds, amounts partial waking, distances
downstream, and two ambient turbulence intensities. Further confidence could be achieved with more high
fidelity data.”

Line 631: is wind shear included?

Yes, the shear exponent we used was 0.12. We added this to the appendix.
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Reviewer 2

First, we would like the express our sincere thanks for reviewing our paper. We know it is a time
consuming process, and we are extremely grateful for your thorough and thoughtful review. We have
structured this response to be clear and easy to follow. Each of your original comments will be shown
in red, immediately followed by our response in black.

General comments:

The authors present an interesting approach to make efficient fatigue estimation for wind farms viable; in
particular for use in optimization-based design approaches or possibly in future systems for operation and
maintenance. By utilizing analytical models and empirical surrogate models, the study provides a simplified,
but transparent methodology for estimating the blade fatigue and shows how this can be used in a simplified
optimization context to make decisions about the wind farm layout. A few of the subsections could use
additional details and explanations and, as will be explained below, there is a common theme of error
estimation that could be considered and/or underlined to strengthen the paper.

Specific comments:

What exactly is shown in Fig 2? The y-axis label is not clear and hence it is not clear what is even measured
on the y-axis. The caption indicates that this is an ”example set” of turbulence samples, but the text on
the same page indicates that the figure shows exactly the samples used in the paper. Which is it?

We agree, this was unclear. We added to the caption of Figure 2 to clarify this. The new caption reads:

“The set of turbulence samples, S, used in this study. Turbulence intensity is defined as TI = σu/ū,
where σu is the standard deviation in wind speeds over a given time, and ū is the mean wind speed. These
turbulence samples are used in a future step to calculate an instantaneous wind speed adjusted for turbulence
as ui = Usteady(1 + Si TI).”

Any further comments on the Gaussian Wake model (Page 8-11)? It is indicated that the authors ”found
good results” with it, presumably when comparing with the SOWFA data (?). Are there any effects that
this model is expected to miss? Do you have error estimates for the tuning constants in Tab 1? It would
be instructive to include these in the table (as +/-) or show the overall effect on the surrogate fit by having
error bars in Fig 4 and 5. If the errors are very small, a short comment to this effect in the text would
suffice.

Excellent, we agree this could use some more clarification/justification. We have done the following to
address these comments:

• After initially introducing the wake model, we added: “Overall, this model performs very well at
capturing the velocity profile in the wake of a turbine, matching high fidelity data very well. For
our purposes, the most important physical effects that this model does not capture is inflow flow
heterogeneity, which can affect power production and loads.”

• We added a small mention of the comparison of the fit for the different turbulence cases that we
considered.

• We added the R2 value of the curve fit to Table 1, indicating how well each model profile fits the
SOWFA data.
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Page 11, eq 10 and below: The authors provide a reference to justify the use of the linear wake summation
model, but a few more comments here would be instructive (whether the content of these can be found in
the reference or not). E.g. what is the motivation for using the linear model over others besides the fact
that it ”works well with the Gaussian wake model”? Is it used for superior accuracy alone or is it more a
case of a simpler model that works acceptably well without introducing further complications? Is there any
downside to using this model?

The following text was added to clarify this point:

“This wake combination method has been shown to compare well with experimental data when combined
with the Gaussian wake model we used (citation). Additionally, this combination method is equally compu-
tationally efficient wake combination methods, such as taking the two-norm of the wake deficits.”

Similarly as above, any further comments on the turbulence intensity model (Page 12-14) chosen and any
possible impact of this choice? Any error estimates for the tuning constants in Tab 3 (or possibly the overall
effect on the error level of the model shown in Fig 9)?

The results are fairly sensitive to the turbulence, as you might expect in a scenario of partial waking. In our
damage calculations, this means that yes, the results are sensitive to the turbulence model. This is hard to
do, as turbulence data is typically quite noisy. With the model, we simply want to get as close as we can to
reality with a simple analytic expression. To show the accuracy of the turbulence model that we used, we
included the R2 values for each of the fits and for each distance downstream of the waking turbine. A really
interesting area for further work would be to explore the sensitivity of the damage with respect to ambient
turbulence intensity and wake turbulence behavior.

What is the expected error level of the surrogate model described in Section 2.9 on Page 17?

We have added the R2 value of each fit to the caption of the figure visualizing the surrogate to give an idea
of the error.

It might be instructive to illustrate a bit more clearly how a load/moment ”history” is obtained via the
Turbulence and Azimuth Loop, perhaps through some example. Specifically, how this method produces
something analogous to the conventional load time series obtained from simulations that are usually the
input to rainflow counting-based fatigue assessment methods.

The following has been added to the introduction of the loop calculating the blade loads (1.6) to orient the
reader and explain this:

“The steps in this loop are to: 1.7) calculate the turbine inflow wind speed accounting for turbulence,
1.8) using this inflow speed, determine the turbine rotational speed and blade pitch, and 1.9) determine
average turbulent wind speed across a blade, and use this speed and the blade pitch in the loads surrogate
to determine the blade loads at the time step. These steps are then repeated for as many azimuth angles
and rotations that will be simulated. After each time through the loop, the loads calculated in step 1.9 are
added to a loads history. The end result is a history of the flatwise and edgewise blade loads, which is used
in future steps to make fatigue calculations. ”

It is indicated on Page 19 (line 360) that the results in the paper are based on load histories obtained from
50 complete revolutions of the rotor. For the NREL 5MW this would be something like a few minutes of
simulation time. Conventional time domain-based fatigue estimates are usually based on at least 60 minutes
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of simulation. The shorter duration is understandable for the purposes of the paper, but do the authors have
any comment on this?

Great point, we agree that this is important to acknowledge in the paper. The following was added on this
point:

“Although conventional time domain-based fatigue estimates are generally based on a longer time period
of simulation, for the purposes of this paper in which we demonstrate the use of this proposed model, this
shorter time was used for decreased computational expense.”

Fig 10 and 11: The y-axis labels should indicate that the values shown are in fact lifetime fatigue values
(which is my assumption, but this is not clear).

That is correct. This point was clarified in the caption of the figures.

In the Conclusion, on Page 30, the use of active yaw control and its possible coupling to the proposed method
is discussed for future research. As noted previously in the paper, the yaw angle was fixed at zero in this
study. Any comment on what effect (if any) non-zero yaw angles (or yaw errors even) might have on the
proposed method?

Great question. We believe it would be a fairly straightforward addition to add in considerations for non-zero
yaw angles or yaw errors. From the loads model, the only things that would be required would be to create
a 2-D surrogate of the loads, making the blade loads a function of the inflow wind speed and the yaw. The
wake deflection that would occur would be accounted for in the analytic wake model, and we believe every
other portion of the model could remain as presented.

I have made several comments concerning error estimates for various parts of the proposed method. Beyond
the general interest of such error estimates as indicators for the validity of each simplification, the analytical
nature of the authors’ methodology actually makes it possible to potentially propagate these errors all the
way to the end fatigue result. The resulting error estimates could be very useful and would in fact be a
strength of the method. In particular, for optimization it could provide some manner of error bound or
expected uncertainty in the result that would show the level of robustness of the solution. Especially in light
of Fig 14 and related results. It could also make optimization approaches that consider uncertainty more
explicitly more viable for use in similar wind farm studies. While any larger investigation into this issue or
indeed carrying out such an error propagation might be out of the scope of the present work, some discussion
of these points would be favorable for the paper.

This is a great comment! We agree, considering error estimates and uncertainty is an is important for a
model such as this, which is sensitive to the model parameters and uncertainty in inputs. Although, as you
state, any significant exploration of this topic is beyond the scope of this paper, we have added to the future
work paragraph in the conclusions the following to at least address this topic:

“Fifth, investigate the sensitivities and uncertainties involved with each of the models and assumptions made
throughout the model, and how they impact the final damage calculations. This would be incredibly relevant
for future studies that specifically include uncertainty analysis. The method presented in this paper uses
analytic models, but we expect that the final results are sensitive to model parameters, tuning variables, and
uncertainty in any inputs. A better understanding of these uncertainties would be important in building
reliable wind farms.”

Do the authors have any comments regarding the use of SOWFA as a benchmark for the accuracy of the
proposed method and to what extent SOWFA itself can be used in this manner (i.e. its accuracy)? It is
likely worth pointing out that any relevant experimental data for windfarms, which may not be available at
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present, could presumably be similarly used to tune the parameters of the method, so it is not reliant on
SOWFA as such.

Thanks for pointing this out, we did not provide sufficient justification for using SOWFA as our validation.
In the revised manuscript, we added a sentence on how SOWFA has been previously validated along with
citations. Additionally, we added to the future work section a portion about comparing our model to real
wind farms, rather than exclusively to SOWFA.
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