Reviewer comments
Stefano Macrì, Sandrine Aubrun, Annie Leroy, Nicolas Girard
Co-authors thank the reviewers for their fruitful comments and will give point by point answers below. In this response to
the reviewers the response of the authors not included in the revised manuscript will be written in blue while the part included
in the revised manuscript will be written in red.
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Response to reviewer 1

Summary:
The work presented in the manuscript describes metrics for a few key phenomena of interest under the dynamic variation
of a wind turbine’s yaw position. The subject is an important one that is likely to receive more attention in the coming years,
as wake steering and active wind plant controls become more common. The main takeaways from the work seem to be that
wake center and wind turbine thrust values are invariant to operating conditions, but that some of the characteristic time scales
exhibit hysteresis with positive and negative yaw dynamics. The work is interesting, but requires some additional clarification
before being appropriate to publish. See comments below.
Major points:

– page 2 - The authors justify the use of porous discs in order to eliminate many of the aerodynamic phenomena in the
wakes related to the rotation and geometry of the rotor blades. Additional explanation is needed to understand how well
the results presented in the paper reflect real wind turbine wakes. At the bottom of page 4, "the similarity law with the
full scale condition" does not discuss the customary dimensionless parameters for dynamic scaling. Please explain how
results from this work apply to real wind turbines.

The porous disc is commonly accepted in literature as a gold standard to model wind turbines at small scale in wind
tunnel as well as for wake engineering models and numerical simulations of single or multiple wind turbine wakes. The
far-wake of a porous disc has been proven to be similar to the one of a rotating wind turbine (Aubrun et al. (2013);
Lignarolo et al. (2016)). Nevertheless it is true that these assumptions might benefit of a more complete explanation in
the paper. For these reasons the following explanation regarding the statement in page 2, has been added to the revised
version of the paper:

i

The use of the porous disc is justified by the fact that, beside its representativeness of the wind turbine far wake (Aubrun
et al. (2013); Lignarolo et al. (2016)), it is the most simplified wind turbine modelling approach and also the most used
both for wake engineering models and for numerical simulations of single or multiple wind turbine wakes (see PortéAgel et al. (2020)). Modelling a wind turbine via a porous disc implies representing a fixed operational point of a wind
turbine in term of thrust coefficient and consequently velocity deficit within the wake, avoiding all the aforementioned
additional sources of unsteadiness. Moreover, this approach is coherent with the general approach used for wind farm
production optimisation tools (i.e. FLORIS). This kind of representation permits a good reproducibility of the results and
the possibility to reproduce the far wake of a wind turbine at a low geometrical scale with a simplified model. Indeed, as
experimented in Macrì et al. (2020), it is very complex to achieve satisfactory statistical reliability and reproducibility of
the results obtained through the use of full scale experiments.

Regarding the statement in page 4, a sentence has been added to justify our choice:

For the wind tunnel condition, the yaw motion was scaled in order to have this 10τ0 duration, thus respecting the Strouhal
similarity based on the wind turbine rotor dimension between the reduced and full scale conditions. This similarity law
is considered as the most relevant when one studies unsteady phenomena in the wake of a bluff-or porous body (Cannon
et al. (1993))
– -"Time delays, multiples of the aerodynamic time scale τ0 were applied and a conditional averaging of the collected
velocity fields was then performed" This requires further explanation, does this mean only a single PIV image pair was
collected for each dynamic yaw maneuver or that images were taken at integer multiples of the time scale?

The statement means that the collection of hundreds of image pairs was triggered at integer multiples of the time scale
τ0 and a conditional averaging approach was then applied. Indeed, due to the PIV system characteristics, during one
yaw cycle from 0° to 30° and vice versa, it was possible to acquire only an image pair at a chosen time delay. The yaw
cycle was then reproduced hundred of times and a conditional averaging was applied in order to achieve the statistical
convergence of the results. The statement has been modified as it follows.

The collection of hundreds of image pairs was triggered at integer multiples of the time scale τ0 and a conditional averaging approach was then applied. Indeed, due to the PIV system characteristics, during one yaw cycle from 0° to 30°
and vice versa, it was possible to acquire only one image pair at a chosen time delay. The yaw cycle was then reproduced
either 300 times or 1000 times depending on the set-up (see table 2) and a conditional averaging was applied in order to
achieve the statistical convergence of the results.

ii

– Not clear how HIT2 cases are different except for max measured TI in the wake. Are these just different ensembles of
observations from the same case?

The HIT2 cases differ with regard to the reference wind speed Uref . Indeed, the aim was to check whether the absence
of Reynolds effect observed for static yaw conditions is also observed in the case of dynamic yaw manoeuvre. For this
reason the same experiments, with the same discs and set-up, were reproduced by only varying the reference wind speed.
The observed variation of the maximal measured TI is not considered as significant, it can indeed be due to the statistical
uncertainty of the wind speed standard deviation.
– page 9 - Does the formula in Eq. (2) take into account the fact that the projected area of the rotor disc perpendicular to
the flow changes with yaw angle?

Probably the reviewer refers to Eq. (3) that describes the thrust coefficient determination for the downstream porous disc.
As this disc is not subject to yaw manoeuvre, its surface is always considered as normal to the main freestream flow.
– On page 9, the authors state that "Theoretically, due to the absence of rotational entrainment in the wake of a porous
disc, the absolute value of the wake deviation angle is identical for negative or positive yaw angles." This argument does
not take into account the coriolis force for wind turbines operating in the atmospheric boundary layer.

Due to the low scale of the experiments, the Coriolis force is negligible/absent. The statement has been modified as it
follows:

Theoretically, due to the absence of rotational entrainment in the wake of a porous disc and the absence of Coriolis force
at such a reduced scale of observation, the absolute value of the wake deviation angle is identical for negative or positive
yaw angles.
– In Section 4, results are presented as a list, rather than a single continuous and coherent narrative. This should be changed.

Results in section 4 have been modified as demanded by the reviewer. The part rearranged from the original list format
will be written in green.
– Authors state that "No dependence on flow conditions can be detected." in Section 4 when there are obvious differences
as shown in Figure 5. This statement requires additional clarification.

iii

The statement referred to the absence of a clear correlation between the measurements and the flow conditions. There is
a clear scatter in values but it cannot be linked to any flow conditions. The statement has been modified as it follows:

Regarding the impact of the flow conditions on the wake deviation, it is not possible to detect any dependence of the
results on flow conditions. Indeed, a scatter in values of the wake deviation angle or the thrust is visible, but it cannot be
linked to any flow conditions.
– Sensitivity of estimated wake center to identification methodology is a well known issue in the wind energy research
community. Given this, presenting the results of only one method are questionable, especially in the case of outliers. A
figure showing the estimated wake center locations with different methods would be helpful. Also, the vertical component of the wake center should be included for completeness. See Eliot Quon. SAMWICH Box: A Python-Based Toolbox
for Simulated And Measured Wake Identification and CHaracterization. https://github.com/ewquon/waketracking

It is true that the reader could benefit of a comparison between different methods. Given the necessity to detail the approach of each compared method, it was chosen to refer to other published works. Anyway, these wake center tracking
method comparisons, as well as the evaluation of the wake displacement in the vertical direction, have been performed
on the same data set in Macrì (2020). These information have been added to section 3.1 after the statement "Due to
the negligible variation detected over the vertical coordinate Zc , only the horizontal displacement of the wake will be
treated" as it follows:

A detailed comparison between most of the aforementioned approaches applied to the current paper data set has been
done in Macrì (2020). This comparison leaded to the choice of the method based on the available power density ( Vollmer
et al. (2016)). Indeed, this, due to the integration domain definition (see above), reduces the potential sources of bias due
to the PIV possible lower quality at the boarder as detailed in Macrì (2020)) .

Concerning the suggested Toolbox, most of the approaches are based on Gaussian wake shapes and so not applicable to
the shape of the velocity profiles of the present study, or they use an equivalent approach to the one already tested and
described in Macrì (2020).
– "The HIT1 P2 configuration presents a higher deviation than the other ones with the same porosity level, without any
straightforward physical grounds." This point is unclear. Do the authors mean that greater than other tests with the P2
mesh or than all tests with the P1 mesh? Is this evidence of the sensitivity of the center tracking method?

The authors mean greater than other tests with the P2 mesh, and yes it is evidence of the sensitivity of the center tracking
method. The sentence has been modified as it follows:
iv

The HIT1 P2 configuration presents a higher deviation than the other ones with the same porosity level P2, without any
straightforward physical ground. This can be mostly attributed to the sensitivity of the the center tracking method as
discussed in Macrì (2020).

– The authors make a point, "The ABL P2 configuration presents a discrepancy between its trend (especially at = 20°)
and the other results at the same porosity level. This is because the flow inhomogeneity together with the higher level of
ambient turbulence make the velocity deficit generated by the higher porosity disc rather small and unsuitable to properly
track the wake center. For these reasons, the ABL P2 configuration will not be discussed further." Is this discrepancy
within the uncertainty bands of the measurements? The modeled ABL seems like the most meaningful and representative
case tested in this work to the wakes of real wind turbines. These data should be kept and discussed in the context of the
rest of the analysis.

It is true that the modeled ABL is the most representative of real wind turbine wakes. Unfortunately, for the higher
porosity P2, the data set has not a satisfactory quality to be considered as exploitable. Indeed, the discrepancy is higher
than the uncertainty bands of the measurements. It was chosen to mention this in the paper to give an indication about
the possibility (or not) to properly track the wake of a porous disc in similar conditions with a similar set-up (porosity
level, PIV system and flow conditions). Nevertheless, the ABL case is fully discussed for the porosity P1, and from this
analysis, it is possible to conclude that the presence of the ABL does not impact significantly the wake behaviour as
concerns static and dynamic yaw manoeuvre.
– Last point in Section 4.1 - it is not clear to which discrepancy the authors refer. Data in figure 5a for HIT2bP1 and
HIT2cP1 appear very similar.

The authors refer to the discrepancies between HIT2bP1 and HIT2cP1 and the rest of the cases. It is true that the statement is a bit misleading. The statement has been modified as it follows:

The discrepancies that can be seen between the cases HIT2b P1 and HIT2c P1 and the rest of the cases are not unusual
in experimental measurements (Aubrun et al. (2019)) and may be due to a minor variation in the performances of one of
the experimental measurement systems while changing the set-up.
– Last point in Section 4.2 - Authors state that "the thrust gain for a 30° yaw angle compared to the 0° case is around 13%,
irrespective of the flow conditions" is a bit misleading. It is not immediately clear that the thrust gain and the yaw angle
are for different turbines. This is also true for the right subfigure of Figure 5. The axis labels are a bit confusing. at first
glance, it looks like a ratio of the thrust coefficient of a wind turbine under yaw to that of the same turbine without yaw.
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Update labels to make more clear.

The authors apologise but they don’t see the ambiguity of the statement. Indeed, taking into account of the start of the
section 4.2 "Figure 5b shows the downstream WT thrust coefficient versus the static yaw angle applied to the upstream
WT...", together with the definition of CT (title of section 3.3), the authors thought that the reader had all the elements
to understand the figure. For the sake of completeness the sentence has been modified as it follows:
the thrust gain of the downstream WT for a 30° yaw angle variation of the upstream WT compared to the 0° case is
around 13%, irrespective of the flow conditions
– Figure 5 - These figures would benefit from error bars. Maybe place cases side-by-side in groups for each value of γ?

The chosen representation of the figures is the clearest result of different tests. Regarding the error bars, due to the
different values according to the set-ups, it has been chosen to detail the errors in the text ( sections 3.1 and 4.1)
– Equation 4 - For clarity, authors should specify that for positive yaw maneuvers, γstart = 0, and for negative yaw manoeuvre, γend = 0

The sentence has been modified as it follows:

with γstart and γend the γ values before and after the transient. It has to be noted that for positive yaw manoeuvre, γstart
= 0, and for negative yaw manoeuvre, γend = 0.
– It would be informative to see higher order statistics of the key phenomena of interest. PDFs of wake deviation angle
and thrust coefficient would help readers and researchers understand that these are stochastic quantities.

Actually, it is not possible to retrieve the PDFs of the wake deviation angle and thrust coefficient. Indeed, these parameter are obtained after a phase-averaging of the velocity profile or the balance measurement respectively. As example,
although for PIV measurement, hundreds of image pairs were acquired, the wake center has been calculated by processing the phase-averaged velocity field (similar approach for the thrust measurements).
– If the fit functions in Eqs. (7) and (8) are applied to the estimated yaw center and change in thrust of the downstream
turbine, shouldn’t τlag represent the convective time between the upstream turbine and either the measurement location
or the downstream turbine? Also, the transient dimensionless duration is missing 10% of the fit, and thus will systematically underestimate the actual duration. This will lead to misleading values of ∆τ ∗ratio .

vi

In order to answer these questions, a new section 5.4 has been added to the paper. It explains that τlag can indeed
be interpreted as the convection time and c as the transient duration. A discussion on the consequence of the use of
thresholds to determine the start and end is also added.
– The measured overshoot of thrust coefficient is not modeled or discussed at all (see Figure 7). This seems like an
important physical element of this phenomenon. Consider modifying the models in Eqs. (7) and (8) if the overshoot
appears consistently. Are the curves of CT in Figure 7 averages over many maneuvers?
Yes they are. The CT curves in Fig. 7 are averages over many manoeuvre and moreover, the averages are subjected to
a filtering approach. Indeed, as explained in section 2.3, the phase averaging itself was not sufficient to properly filter
out the load fluctuations due to the balance resonance. It is true that for the example case in figure 7, an overshoot of
the thrust coefficient is visible and not discussed. It is indeed difficult to state whether this overshoot belongs to the
actual dynamic response of the model to the load variation, or whether it is a consequence of the filtering strategy tuning
approach. The fact that the balance resonance frequency was relatively close to the frequency range of interest prevents
the authors to draw a final conclusion. Authors decided, driven by the duration metrics assessment, to tune the filtering
approach in order to limit its effect on the ramp slope, despite the residual overshoot at the edges (cut out by the threshold
approach). The following sentence has been added in section 2.3.

The filtering tuning was driven by the duration metrics assessment (§ 5.1), in order to limit its effect on the ramp slope,
despite the residual overshoot at the edges.
– Tables 3 and 4- Do these values represent least-squares fits to average values, or are the instantaneous data fit and fit
values averaged afterward? The tables would benefit from higher order statistics or measurements of uncertainty.

The values in table 3 and 4 represent the least-square fits applied to average values. For this reason, it is not foreseen to
show higher order statistics.
– page 14, line 288 - I think τm should be ∆τm

The reviewer is right, the mistake has been corrected.

– Figure 8 needs legends and should use different symbols as figures above, as the points represent different groupings of
the test cases.
Actually the aim of figure 8 is to give an ensemble evaluation of the duration without focusing just on disc porosity and
kind of manoeuvre. Authors decided on purpose not to use different symbols or additional legend, which would have
"polluted" the figure. Anyway the detailed parameters for each case can be found in tables 3 and 4.
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– Authors state that ""Theoretically, the fitting coefficient τ ∗lag lag (Tables 3 and 4) can be interpreted as a time delay
before the transient starts. Unfortunately, there is no clear relationship between this parameter and the τstart ∗ start. This
illustrates the difficulty of capturing the actual transient start for the present study." It seems like τstart should be τlag
plus the time required for the function to reach 0.5 based on the parameter c.

Regarding the fitting coefficients interpretation, a new section (section 5.4) has been added to the paper, dealing explicitely with this topic. Therefore the statement reported by the reviewer has been modified as it follows:

Theoretically, the fitting coefficient τ ∗lag lag (Tables 3 and 4) can be interpreted as a time delay before the transient
∗
starts. The relationship between this parameter and τstart
will be investigated in section 5.4 together with the relation

between c and the transient duration.

5.4 Interpretation of fitting law coefficients
In this section, an evaluation of the fitting coefficients of the exponential law is done with respect to the timing parameters
used for the transient analysis. In figure 1a, the wake deviation duration ∆τθ∗ is plotted against the c coefficient of the
fitting law for both positive and negative manoeuvre and porosities levels, while in figure 1b, the same analysis is done
∗
. Generally c has a very clear correlation with the duration for both wake deviation
for the thrust variation duration ∆τCT

and thrust variation cases. Indeed, it possible to retrieve by linear fitting imposing the fit law to pass through the origin, a
linear relationship that links c to both wake deviation and thrust variation duration. This linear fitting was done separately
for the wake deviation and thrust variation but leaded to the same slope of 0.93:

c = 0.93∆τ ∗

(1)

∗
where ∆τ ∗ is either the wake deviation duration ∆τθ∗ either the thrust variation duration ∆τCT
. These results confirm

the robustness of the fit coefficient c although the reason that keep c constantly lower than the phenomenon duration has
∗
∗
still to be investigated. In figure 2a, the start of the wake deviation τstart
is plotted against the τlag
coefficient of the

exponential fitting laws for both positive and negative manoeuvre and porosity levels. In figure 2b, the same analysis is
∗
done for the start of the thrust variation. Several considerations on the τlag
coefficient can be done. Indeed, although it
∗
can be observed an higher scatter than for the c coefficient, τlag
also shows a detectable trend. The thrust data seems

to have lower scatter than the wake deviation data and this could be related to the higher time resolution of the load
measurements. There is generally a bias between the values that oscillate between 1 and 2 τ0 . This could be partially
∗
attributed to the threshold value used for the τstart
determination.
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∗
versus
Figure 1. a) Wake deviation duration ∆τθ∗ versus the c fitting coefficient of the exponential laws. b) Thrust variation duration ∆τCT

the c fitting coefficient of the exponential fitting laws. Summary of all the treated cases. Symbols: N positive yaw manoeuvre duration, H
negative yaw manoeuvre duration. Colors: red for porosity P1, green for porosity P2.

∗
∗
∗
Figure 2. a)Wake deviation start τstart
versus the τlag
fitting coefficient of the exponential laws. b) Thrust variation start τstart
versus the
∗
τlag
fitting coefficient of the exponential laws. Summary of all the treated cases. Symbols: N positive yaw manoeuvre duration, H negative

yaw manoeuvre duration. Colors: red for porosity P1, green for porosity P2.
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In conclusion, the fitting laws implemented for the dynamic yaw conditions seem to be exploitable for a generalisation
of a law describing the transition phenomenon. Especially, the c coefficient has proven to be quite robust to be used in
∗
coefficient, although its physical signification is clear, its
an empirical law to model the transient. Regarding the τlag

implementation in an empirical law demands more caution. Indeed, the measured values do not follow a trend as clear
as for the duration coefficient. This is probably due to the specificity of this parameter which is directly linked to the
∗
start of the phenomenon, and consequently it is more sensible to dispersion. Nevertheless, τlag
, being representative of

advection, could be adjusted by making some simple advection hypothesis. The higher robustness of the c parameter,
∗
being representative of the transient duration, can probably due to the fact that it damps better the scatter of τstart
and
∗
τsend
which are generally concordant (both either overestimated or underestimated). At this stage, further exploitation

of these data and studies have to be done in view of the implementation of an empirical model.
Minor points:

– page 1 - paper
– page 1 - which is increasingly studied
– page 1 - started to be envisaged.
– page 1 - Remove "ity"
– page 1 - Remove the work "in" from XXXX
– page 6 - Table 2 - units should be written in normal text rather than math font.
– page 6 - Remove ical
– page 6 - kHz
– page 6 - "performed in order to perform" is redundant. Please rephrase. "designed in order to perform"
– page 6 - Text subscripts should be changed (e.g. Tf iltered instead of Tf iltered )
– page 7 - Assumptions are made by the authors in fact. Replace "can be" with "is".
– page 8 - treated - considered?
– page 8 - it is not clear what ‘usual error propagation methods’ are. Please be specific.
The sentence has been modified as it follows:
As concerns measurement uncertainties, taking into account the uncertainties on the wind speed, the PIV vector resolution (see Table 2) and the methods used to estimate the wake center, it was possible to estimate the maximal measurement

x

error for both set-ups by applying usual resolution-based error estimation methods. The estimated measurement uncertainty is θ=±0.07◦ & Yc = ±4.2×10−4 m for HIT1 conditions and θ=±0.04◦ & Yc = ±6.5×10−4 m for HIT2 and ABL
conditions.
The minor points listed by the reviewer have been taken into account.
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