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Author response to reviewer comments
We would like to thank Luca Greco and Georg Raimund Pirrung for their thorough review, time and
constructive and very meaningful comments. Their input helped to improve the original manuscript.
We addressed all comments and reply to these point by point. First the comment is repeated (in
italics), followed by an answer of the authors and if applicable the excerpt from the LaTeX-Diff file
(framed), highlighting the changes. Line numbers in the comments refer to the discussion version
and line numbers in the response to the LaTeX-Diff of the revised manuscript, which is also attached
as a complete version.
Luca Greco, Reviewer #1
Reviewer #1 general comment:
0. [Reviewer #1] As a general comment I found the paper quite long. I understand that the
presented results are many and they require suitable comments and description.
Nevertheless, I encourage the authors to try to make the paper more concise to avoid the
reader getting confused by so many details. For example, some of the results could be
included in a specific Appendix whilst only the most important ones are retained in the main
text.
[Authors] We completely see the point here. We approached this such that we identified the
major messages in our conclusions and which measurements respectively analysis are
needed for our argumentation to get to these conclusions. We identified the time constant
analysis of the hot wire signals to be not relevant to reach our conclusions and thus moved
this part to the appendix as suggested.

Reviewer #1 specific comments:
1. [Reviewer #1] Figure 2: although the description of the experimental setup is very clear, I
suggest that the authors include a 3D sketch of it to replace Figure 2. This would greatly help
the reader in getting a quick overview of the setup and of the instrumentation.
[Authors] Thank you for this comment. We added another perspective (top view) of the
setup for an improved quick overview of the setup. With this view the position of the LDA
probe head on the traverse is obvious as well as the spread of the measurement positions of
the hot wire and LDA focus points. We considered a 3D CAD derived sketch, however stayed
with a 2D representation and added a second perspective view as we found it more clear and
easier/quicker to see the coordinate system orientation. See below the updated Fig. 2.

2. [Reviewer #1] line 113: The authors state that the rotor blades are collectively pitched by
5.9°. In Figure 3 the pitch angle before imposing the step seems to be 5°. I suggest to include
in the description of the rotor the blade pitch value corresponding to the considered
operating conditions.
[Authors] We added the actual pitch settings as suggested in the text (see line 117)

3. [Reviewer #1] In Section 2.1.3 the authors make reference to the work by Herràez (2018) for
the description of the experimental technique used for the definition of the measurement line
(the bisectrix of two rotor blades). For the sake of reading clarity, it would be beneficial to
provide a bit more details supporting the choice of that line of measurements by clearly
explaining the effect of each blade (bound circulation) and of the shed/trailed vorticity, and
providing brief motivations for the limitations of this technique in catching the effect of
trailed vorticity (which is very relevant close to tip and root of the blade). In this regard, I
suggest also that the rotor plot in figure 4b should be made in 3D in order to better get the
information about the point of view and of the direction of circulation on the blades. Finally,
in Fig. 4A, the measured velocity components are not clear: is the tangential component a
radial one? I believe that a 3D view of the rotor could help also in this regard.
[Authors] This is a very helpful comment. The line of measurement is mainly defined by
constraints from the LDA head mount options and the effect of the tower. We also
elaborated further on the effect of each blade and the bound and trailed vorticity in the text.
Figure 4 and caption was also modified to help understand the general concept quickly. In
Fig. 4b firstly a coordinate system is introduced, and the orientation of the rotor is described
in the caption. The vorticity circles are also modified according to the perspective to show
the explicit direction. The vector orientations in Fig. 4a are also mentioned in the caption in
terms of the coordinate system. The text additions (lines 139 - 149) and the revised Fig. 4 are
shown below.

4. [Reviewer #1] If I understood correctly, in Section 2.1.3 the results of Fig. 5 should be
comparable with the data in Herràez 2018. If so, it would be nice to plot the reference
numerical data on top of the presented results. Moreover, in the cited paper the induced
(perturbation) velocity reaches 0 value at the bisectrix of each pair of blades, i.e. at azimuth
60°, 180° and 300°. In the present results this is not verified (even if the mean value of the
measurement, about 4 m/s, would be eliminated from the data) so the authors are invited to
clarify these discrepancies. The operating conditions (wind speed, rpm) are not reported. In
the paper by Herràez it is clear that the numerical data are obtained in a phase-locked way,
i.e. considering blade 1 at 12 o’clock position and computing the velocity along a circle of
radius r. Differently, here the authors seem to consider a fixed point whilst the blade is
rotating. Please clarify this point.
[Authors] This is a good point and we totally agree that our original statement statement
was far fetched as you point out. We followed your suggestion and added the analytical
solution according to the derivation by Herraez et al. 2018 to Fig. 5a (see below). The
implementation and also the differences to the case presented in the Herraez et al. 2018
paper are outlined in Appendix A (lines 655-670). We further added the info that the shown
measurement is from the steady high load operational point, that is defined priorly (line
151).

5. [Reviewer #1] Section 2.2: in the end of the paper the authors correctly state that the
proposed methodology for the estimate of the dynamic inflow time constants can be very
important for the enhancements of engineering models. From the presented analysis it is also
clear that the synthesized time constants depend on several parameter such as the radial
position, the pitch direction and (?) TSR. So it would be very interesting to include in the paper
a brief discussion on how this methodology could be generalized to be used in an engineering
model which must be applied to several load cases in the design of a wind turbine.
[Authors] That is a good point. We added a paragraph at the end of Sect. 2.2 describing how
the so obtained time constants can be used to assess the time constants of the Øye and new
DTU dynamic inflow model and what the typical scaling parameters to size and operation are
(lines 231-235).

Using these three common scaling quantities we get time constants for two axial induction
settings, that give a good span for the relevant induction settings and such are a good basis
for validation of existing models (see also Berger et al. 2020 https://doi.org/10.1088/17426596/1618/5/052055). They are however not sufficient for development of new models. We
added two sentences in the conclusions on a further planned experiment to increase this
data basis and enable model development from experimental data (line645-650).

6. a [Reviewer #1] In Section 2.3 the authors explain that in the load reconstruction from
induction measurements lift and drag coefficients are obtained by Xfoil. Has any correction to
take into account for 3D effects been considered? It is well known that sectional loads are
typically underestimated if purely 2D polars are used in the framework of BET/BEMT theories.
My impression is that loads reconstruction could be improved by the use of 3D-corrected
polars. For the NREL 5 MW rotor these are available in the report by NREL describing the
turbine characteristics.
[Authors] That is a very good point we originally did not consider. We implemented the quiet
common model by Snel (line 250-252) on the lift polar to account for 3D effects. There is a
slight effect of higher reconstructed thrust at the high load operational point reducing the
mismatch to the strain gauge measured from -7% to -6%. The other load channels and the
loads at the low load configuration stay constant.

b [Reviewer #1] In this section it is also mentioned that the model by Pirrung et al. 2017 is
used to take into account unsteady airfoil aerodynamics. Even though the paper is cited
correctly and easily found in the literature, for the sake of clarity it would be beneficial to add
(here or in a devoted Appendix) the main details of this model. Finally, I did not understand
the sentence on line 231 “The typical time lag....”: maybe it is related to some aspects of the
model by Pirrung? In any case I suggest to rephrase the sentence to clarify the role of the two
mentioned time constants.
[Authors] Thank you for this helpful comment. We see the point, that some more
information on the uA model would be helpful already in this paper. Thus we reproduced the
main model in Appendix B (lines 671-679).
We further clarified the sentence on the role of the two time constants (line 260-261)

7. [Reviewer #1] I did not fully understand the sentences from line 255 to 260. My
understanding is that the aim is to determine a priori a range of variation of the AOA in
unsteady (pitch step) conditions. Please rephrase the sentence to make it more clear.
[Authors] Your understanding is correct. We added a sentence (line 286-287) to state the
reason and give better context and tried to further improve the readability of the whole
paragraph (line 284-292).

8. [Reviewer #1] From the presented induction results it is evident that, in general, the time
constants for model 1c and 2c depend on the considered radial position and on the pitch
direction. Moreover, they also depend on the distance of the fitted measured velocity field
from the rotor disk. Do the authors have any evidence that they also depend on the TSR? In
order to use the 1c and 2c model within an engineering aerodynamic tool, it would be
beneficial to have a relationship that somehow links the time constants used for fitting the
induction to the operating conditions and the radial station. Moreover, do the author have
any proposal on how to generalize the values of the synthesized constants in order to use
them in different load cases (different pitch step but not only, for example yawed flow or
floating wind turbines)? In other words, do the author think that the time constant values
found in this analysis could be used for other turbines in other operating conditions?
[Authors] This actually is a quite interesting comment. For this experimental campaign we
only considered one TSR and two thrust levels. On that basis we thus cannot comment on a
dependence on TSR. Until now the general understanding in the community is that the
dynamic inflow effect depends on the thrust coefficient, respectively axial induction, the
ratio of wind to radius (R/u0) as well as radial position. In our view for a generalization only
based on these measurements a wider range of pitch steps and conditions is needed. We
emphasized that point at the end of the conclusions in an outlook (lines 642-647; Q5 above)
and added these points to our list for future experiments on dynamic inflow. An existing
model like the Øye model however, that uses the mentioned scaling parameters can be
tuned based on these two relevant thrust settings.
9. [Reviewer #1] Line 306: the authors highlight that for the tangential induction factor, a
different value for t0 was used with respect to the axial case. Moreover, the variation of t0
along the radius is quite relevant. To my understanding, this radial variation was not present
in the axial induction. Moreover, a different value of t0 is used also for the fitting of the
velocity field further downstream (fig. 17). The author should comment on this difference and
on the sensitivity of the time constants with respect to the choice of t0.
[Authors] This is a valid point. For quantities with an overshoot, like the tangential induction
such changes might have a relevant effect on the fitted time constants. For this specific case
we ran the fitting again with the strictly fixed t0 to the end of the pitch step and compared
the results. This led to a reduction in the number of the valid fits by 1/3, however for the rest
of the measurement points similar results were obtained. We added this in the text (line 351354) and also Fig. 14.
For the hot wire time constant fit (that was moved to the Appendix C) we also sharpened the
text to better explain the approach to obtain the start point of the time constant fit (line 681685).
For the axial induction that does not show an overshoot we found no relevant effect of such
small changes in the starting point of the fit.

10. [Reviewer #1] Figure 17: might the drop in velocity at 0.2 R before the new equilibrium
somehow be explained by the effect of the nacelle? Which is the radius of the nacelle?
[Authors] The nacelle has a radius of 0.1R. We do not expect a relevant contribution from
the nacelle wake at 0.2R (line 391-392).

11. [Reviewer #1] Figure 19: The caption is not clear (as well as the text on line 368). In particular
I did not understand the definition of the wake ramp. Maybe a sketch could help in this
regard.
[Authors] Thank you for pointing out this unclear description. In a first step we changed the
name of the wake ramp to wake front, for the analogy of a weather front. We changed the
text for the introduction extensively as shown below. The general definition is sharpened in
lines 389-390. The approach is reworked and extended in lines 406-421. The shortened
caption is also shown (note that it is now Fig 18 due to a rearrangement before in the text
and therefore the LaTeX-Diff highlighting did not work here, indicating everything in the
caption as new).

12. [Reviewer #1] Section 3.3: the paper includes several results. I don’t think that in this section
the (SG-no corr) results are really necessary as all the other ways of computing loads
presented in this section do not include the mentioned correction.
[Authors] In the context the figure is described we completely agree and consequently
removed that line from the plot as suggested.
13. [Reviewer #1] Line 390-391: I did not fully understand this statement.
[Authors] We reworked the formulation of that sentence to make the statement more clear
(line 445-448).

14. [Reviewer #1] Line 394-395: as already pointed out in my previous comments, might the use
of the 2D polars instead of the 3D corrected one form an explanation for the deviation of LDA
recon loads with respect to the strain gauges measurements? Moreover, at the end of the
discussion the authors state that the main driver for the observed differences between
reconstructed loads and SG measurements are the structural interactions. I suggest to
investigate also the effect of 3D flow phenomena that are not fully included when using
purely 2D polars.
[Authors] As also put in the answer to question 6a in slightly more detail we now consider 3D
effects for the lift polars and achieved a slight improvement for the reconstructed thrust at
the high load level.
The observed differences you refer to in the text are the dynamic differences, so mainly the
overshoot and time constant. Here especially the mismatch in the thrust overshoot can be
related to the oscillation of the tower after the pitch step, that we could not completely filter
out. For future experiments we will consider an accelerometer in the nacelle to consider
these inertial forces, however the necessity of such a sensor is one of the lessons learned
from this experimental campaign. Also the flexibility of the blades (very stiff but not perfectly
stiff) and drivetrain add uncertainty to these highly dynamic experimental measurement.
15. [Reviewer #1] Line 408-416: the theoretical procedure described in these lines to obtained
the results in Fig. 23 is not clear to me. Please rephrase the paragraph for the sake of clarity.
[Authors] Thank you for this hint. We rephrased that paragraph to increase the clarity. The
reworked paragraph is shown below in (lines 465-475)

16. [Reviewer #1] Line 453: it would be nice (not only here but in general in the discussion of the
results) to indicate the percentage radial variation of t_slow and t_fast because the have very
different magnitude and from the plot is not immediately evident.
[Authors] We implemented that good point within the results (line 324-325 & 328-330) and
discussion (line 514-517) section. Looking at these values we also slightly updated the
conclusions (line 629-631).

Reviewer #1 technical corrections:
17. [Reviewer #1] Throughout the paper large use of personal forms (like “we”, “us”, “our”...) is
made. I find the impersonal forms to be more appropriate for a scientific paper. Please revise
the whole manuscript taking care of this aspect.
[Authors] We changed the vast majority of these points to an impersonal form and only left
this personal form at single instances where an opinion or presumption was stated.
18. [Reviewer #1] In the abstract and in the introduction both present and past tenses are used
when referring to literature results and also presented results: please make a coherent
choice. I would suggest to use always the present tense.
[Authors] Thank you for pointing this out. We changed all to present tense as suggested.
19. [Reviewer #1] line 84: pitching speed should be indicated in rad/s
[Authors] We added the pitching speed in rad/s.
20. [Reviewer #1] line 130: “blades induction”
[Authors] We changed this according to the suggestion.
21. [Reviewer #1] line 236: replace “along” with “with” and “from” with “described in”.

[Authors] We changed this according to the suggestion.
22. [Reviewer #1] line 248: “low load case shows”
[Authors] We changed this according to the suggestion.
23. [Reviewer #1] line 292: replace “shorter” with “smaller”
[Authors] We changed this according to the suggestion.
24. [Reviewer #1] line 299: symbol t_fit was never defined before this point
[Authors] We looked this up and actually the variable tfit is introduced in line 205 along the
method of the fitting procedure in Sect. 2.2.
25. [Reviewer #1] line 525: replace “adopt” with “adapt”
[Authors] We changed this according to the suggestion.

Georg Raimund Pirrung, Reviewer #2:
Reviewer #2 minor comments:
26. [Reviewer #2] I think the angle 'theta' is not consistent between Equation (3) and Equations
(11) and (12). In Equation (3) it is the sum of twist and pitch, and in Equations 11 and 12 it
seems to be the inflow angle.
[Authors] Thank you for pointing this out to us. You are completely right. We changed the
variable in Eq. (3) for the sum of pitch and twist to ‘gamma’.
27. [Reviewer #2] Figure 11: I suggest to remove the irrelevant time constant tau_fast where
k_free=1
[Authors] That is a good idea. We implemented it according to your suggestion in the Fig. 11
and mentioned it in the text (line 312)

28. [Reviewer #2] Figure 16: It could be made a bit more clear what is actually shown in the
figure. If I understand it correctly it is abs((u-u_0)/u_0)
[Authors] Thank you for this comment. We added a sentence to clarify this point (line 373375).

29. [Reviewer #2] Page 22 line 395 'High deviations are seen for Fthrust between strain gauge
measurement and reconstructed loads, especially with the uA model, but also without the
model, for both pitch directions.' Was the airfoil data 3D corrected? Without 3D correction
the aerodynamics at the inboard sections might be inaccurately predicted by the load
reconstruction procedure. This effect would be less visible on flapwise blade root moment and
torque due to the short moment arms at the root section.
[Authors] That is a good point. As also written in the answers to question 6a and 14 of the
first reviewer we originally did not consider 3D corrected polars. Now we corrected our lift
polars with the model proposed by Snel. We do achieve a slightly better match of the thrust
at the high load case as you assumed. However there still is some relevant mismatch. We
suspect that also the low Reynolds number polars with XFoil (especially those at the root
which are at Re 60e3 at 0.2R; The airfoil is a low Re airfoil with low camber, but with 16%
relative thickness rather thick for a model turbine) have relevant uncertainties and might
lead to a further underprediction of the actual lift forces. Along this line also laminar
separation bubbles at this root near stations, that can increase the local lift significantly, are
possible. Such a reattaching bubble near the leading edge at the suction side is indicated by a
high level of vorticity at a similar operational point at 0.25 R in a PIV measurement of the
exact turbine with these blades for an angle of attack of 13° (published only in a presentation
https://zenodo.org/record/3955740#.YURSMS221pQ slide 26 top left). We have added this
suspicion to the text (line 585-587).

Reviewer #2 small comments:
30. [Reviewer #2] 'tower bottom' bending moment is probably more frequently used than 'tower
foot'
[Authors] We implemented the change as suggested throughout the manuscript.
31. [Reviewer #2] Page 10 line 230 'as a time lag on the angle of attack alpha'. You might add
'and has been extended to take the effect of camber into account'.
[Authors] We implemented the addition also considering a reformulation suggested in
question 6b (line 257-259)

32. [Reviewer #2] Page 10 line 239 'unsteady aerodynamics model' -> unsteady airfoil
aerodynamics model'
[Authors] We implemented the change as suggested.
33. [Reviewer #2] Page 13 line 285 'influnece' -> influence
[Authors] We corrected this typo.
34. [Reviewer #2] Page 23 line 400 'the normalised overshoot for the Mflap and Fthrust is similar
per pitch direction, whereas the overshoot in Maero is 3 to 4.5 times higher'. I believe this is
because the dynamic inflow effect causes the inflow angle and angle of attack to lag behind
the quasi steady value. The thrust and the flapwise moment feel the effect mainly due to a
change in magnitude of the lift force (due to the lag of the angle of attack), while the torque
feels this change in magnitude and also the change in the projection of the lift force in the inplane direction due to the lag of the inflow angle (Equation 12). Because the thrust force is
determined using the cosine of the inflow angle (Equation 11), the effect of the inflow angle
lag is much smaller there.
[Authors] Thank you for this excellent comment. We have added this argumentation closely
based on your text in the discussion of the load overshoot (line 596-601)

35. [Reviewer #2] Page 28 line 563 'by the shed vortex from the tip due to the fast change in
trailed vorticity'. In the literature, sometimes 'shed vorticity' is used to describe vorticity that
is parallel to the span, and 'trailed vorticity' to describe vorticity that is perpendicular to the
span. Maybe you could instead write 'by the tip vortex due to the fast change in trailed
vorticity'
[Authors] Thank your for making us aware of this unclear description. We have changed the
sentence as proposed (line 638).

