Authors’ response to Anonymous Referee #1:

We, the authors, are very thankful for the detailed and constructive comments and
greatly appreciate the willingness to review our manuscript. Please find our responses
below. The original comments are shown in bold with the respective answers below.
Excerpts of the manuscript are shown in italic writing, whereas additions are written
in blue and deleted parts in red.

Please note that the format of citations in manuscript excerpts might be changed.
Thank you very much for your efforts,

Jannik Schottler on behalf of all authors

1)

Main comment is on the impact to loads. In the introduction, and later in
the paper, references to past literature documenting that their is a connec-
tion between velocity increments and loads, but the nature of the connec-
tion is not elaborated on. Could some of the findings of those papers be
summarized for context? For example, are the impacts more important for
fatigue loads or extreme loads? In the companion paper, figure 11 shows a
reduction in TKE during wake steering. If one is considering wake steering,
to what extent would a reduction in TKE counter-balance a change in in-
crement velocity? Is there a method to weigh these two changes? Is there
a connection to loads on specific components (blades, drivetrain) or failure
modes? Details in this regard would help to contextualize the findings.

Thank you very much for this constructive comment. We want to answer the dif-
ferent aspects separately, for better clarity. Afterwards, we give some more details for
completeness of the discussion.

In the introduction, and later in the paper, references to past literature
documenting that their is a connection between velocity increments and
loads, but the nature of the connection is not elaborated on. Could some
of the findings of those papers be summarized for context?

To what extent intermittent characteristics of atmospheric turbulence transfer to
turbine data such as torque, moments, power, etc has been investigated experimen-
tally and numerically. Details are subject of discussion within the research community,
however, relevant studies are summarized here: Milan et al. [9] analyzed power data
of full scale wind turbines and of a whole wind farm, finding heavy-tailed power incre-
ments on time scales of the order seconds, suggesting intermittency is transfered from
wind to power. In a wind tunnel experiment using an active grid and a model wind
turbine [1], we showed that non-Gaussianity of velocity increments was transfered to
power, torque and thrust data of the model turbine on the lab scale (that is the same
model wind turbine as denoted ForWind turbine in the manuscript).

In a numeric study, Miicke et al. [10] found that intermittent flow conditions result in
similarly intermittent torque increments using FAST [11] in combination with Aero-



Dyn [12]. In the manuscript, we suggest to summarize this in the introduction:

p.2, 11.25 ff:

[...]. To what extent statistical characteristics of velocity increments are transfered
to wind turbines is of current interest throughout the research community [14]. We
Schottler et al. [1] found a_transfer of intermittency from wind to torque, thrust
and power data in_a wind tunnel_experiment using a model wind turbine. Similarly.
Micke et al. [10] found a transfer of intermittency to torque data using a_generic
turbine _model. _ Milan et al. [9] reported intermittent power data in a_full-scale
wind farm. We thus believed that distributions of velocity increments in wakes are
of importance for potential downstream turbines as extreme—events—non-Gaussian
characteristics are likely to be tmnsfered to wind turbznes in terms of ﬂuctuatmg loads
and power output —s et 7 441
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in wakes become extremely relevant for active wake control concepts as well as for wind

farm layout approaches. A _further elaboration on the connection of non-Gaussian

velocity increments and loads as well of power fluctuations is given in Section 4. This
work is organized as follows. [...]

For example, are the impacts more important for fatigue loads or extreme
loads?
Despite the above findings (intermittency is transfered to turbine data), the question
remains to what extent intermittent, non-Gaussion force statistics influence common
ways to calculate fatigue and extreme loads. Berg et al. [15] reported a vanishing
effect of non-Gaussion turbulence on extreme and fatigue loads based on an LES wind
field in combination with HAWC2 [16]. However, in numeric studies the challenge
is to generate synthetic wind field featuring correct statistics of both, velocity incre-
ments and velocity values. At ForWind, we use the Continuous Time Random Walk
(CTRW) model, which is know e.g. from electron transport and molecular movement,
in combination with LES to generate synthetic wind fields. An early version of this
approach was used in [10], showing insignificant effects. Recent improvements allow
for a more realistic generation of synthetic wind fields in the sense of one- and two-
point statistics. Those wind fields were used by Schwarz et al. [17] in combination
with a Blade Element Momentum approach and the NREL 5MW reference turbine
in order to quantify the effects of non-Gaussian velocity increments on fatigue load
calculations. Figure 1 shows the equivalent fatigue loads based on a rainflow counting.
Results should be seen as preliminary and are taken from [17].

Clearly, the inflow conditions featuring intermittent velocity increments result in in-
creased fatigue loads relative to the reference case featuring Gaussian statistics.

Summarizing, we believe that the non-Gaussian character of atmospheric veloc-
ity increments, on time scales affecting the rotor, do impact loads of wind turbines.
However, it is important to notice that it is today not clear and a current research
question, how intermittency affects common ways of load calculations (rainflow count-
ing for example). This possibly strongly depends on details such as time scales etc.
Proper numeric and experimental tools for investigations are being developed and so-
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Figure 1. Effective fatigue loads, absolute (left) and relative (right) of the NREL
5MW reference turbine exposed to Gaussion and non-Gaussian wind fields generated

with the CTRW model. Taken from [17].

phisticated studies are limited. Therefore, a complete and conclusive answer is not
within the scope of this manuscript. Nevertheless, we do agree that this should be
stated more clearly in the manuscript and that it should be elaborated in more detail.
We suggest to update the discussion section as follows:

p.15, 1. 5 f:

This becomes important when assessing the applicability of active wake steering
approaches, as a gain in power has to be balanced with a potential load increase,
affecting maintenance costs and the lifetime of turbines overall.

It should _be_noted that it is to date not clear to what extent high TKE levels and
intermittent force data are affecting common ways of fatigue and extreme load
calculations. This important aspects needs to be addressed in future works. Possibl

it strongly dependents on details such as considered time scales. In our opinion, it

is likely that non-Gaussian inflow is linked to drive train, gear box or pitch systems
atlures, especially because those inflow characteristics are mot accounted for in

standard models used in the design process. The velocity deficit [...]

In the companion paper, figure 11 shows a reduction in TKE during wake
steering. If one is considering wake steering, to what extent would a re-
duction in TKE counter-balance a change in increment velocity? Is there
a method to weigh these two changes?

We believe that a quantification of the impact of the inflow’s TKE on e.g. fatigue
loads of a turbine is a challenging tasks. To our knowledge a direct method is yet to
be found. The same holds for intermittency. Thus, there is not a method to weigh both
flow situations in terms of loads quantitatively. However, we do agree that some spec-
ulation about these questions can improve the discussion section of the manuscript.
Please refer to the above changes (p.15,11 5 ff).



Further Details:

It is a well-known feature of the atmospheric boundary layer that velocity increments
(time scale: order ~ seconds) feature non-Gaussian characteristics. This has been
summarized in [1], Figure 2 of this reply shows a screen shot. In the wind energy con-

linked to torque fluctuations (e.g., Musial et al., 2007; Feng
et al., 2013). Next, turbulent wind affects extreme and fa-
tigue loads, which is clearly related to the lifetime of WECs
(Burton et al., 2001).

Wind dynamics in the atmospheric boundary layer have
been investigated extensively. Here, one has to differentiate

between analyses concerning the statistics of the wind speed
values and velocity increments. The wind velocities might
become anomalously distributed due to large-scale meteoro-
logical events like downbursts or thunderstorms (De Gaetano
et al., 2014). Velocity increments, on the other hand, statisti-
cally characterize the temporal aspect of fluctuations, whose
non-Gaussian statistics are well-known from small-scale tur-
bulence (Frisch, 1995). Active systems, like wind turbines
discussed here, adapt to actual wind situations. Thus, in this
paper we focus on wind speed changes within seconds, i.e.,
by the corresponding increments. Numerous studies have re-
ported on non-Gaussian characteristics of wind speed incre-
ments; see, e.g., Boettcher et al. (2003), Liu et al. (2010),
Morales et al. (2012), and Wiichter et al. (2012). Further-
more, findings of non-Gaussian wind statistics have been im-
plemented in simulations by a variety of methods; see, e.g.,
Nielsen et al. (2007), Miicke et al. (2011), and Gong and
Chen (2014).

Figure 2. Screen shot taken from [1]. The highlightes references are [2, 3, 4, 5, 6].

text, this is of particular interest because those characteristics are not implemented in
standard wind field models such as the Kaimal model, which is suggested to be used in
the design process by the norm IEC 61400-1. Figure 3 shows a screen shot taken from
[1], showing distributions of velocity increments of two time series, one is based on
offshore measurements in the north sea (FINO1 measurement platform), the other one
is based on a synthetic wind field based on the Kaimal model [7], generated in Turb-
Sim [8]. Both time series are equal regarding mean values and turbulence intensity,
however, as the graph shows, the distributions of velocity increments are not grasped
correctly by the Kaimal model, which features purely Gaussian statistics. So far, it is
clear that atmospheric wind features non-Gaussian increment statistics on small scales.



Figure 3. Screenshot taken from [1].

Table 1. First two statistical moments and turbulence intensities of
a synthetic wind speed time series based on the Kaimal model and
offshore data (FINO1). Values are rounded to two decimal places.

Time series (1) [m sT11 oy Ims™!] TI[%]

Kaimal 7.51 0.54 7.21
FINO1 7.50 0.54 7.18
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Figure 1. p(u;) for data sets based on the Kaimal model (dashed
black line) and for offshore measurements, conditioned so that
)y =754+05m g1 (solid black). The PDFs for each scale are
shifted vertically for better comparison, which is done throughout
this paper. Scales from top to bottom v = {1, 5, 10, 30, 60 s}.

FINOL1 refers to offshore measurement data,
Kaimal is a synthetic wind field based on the Kaimal model, generated by TurbSim.



2)

Could the authors elaborate further on the connections to the companion
paper. Would it make sense to bring the TKE analysis of the companion
paper into this paper, and move the analysis of wake position to the com-
panion paper? Feel free to reject this suggestion if I misunderstand the
distinctions between the papers, My thinking is just that, for example, if
only one of the papers dealt with estimating wake position, then this could
make each of the papers more focused on specific effects. But, it would also
be acceptable to further elaborate on the focus of the two papers, where
they overlap and where they diverge.

Thank you very much for pointing this out and adding these constructive ideas to
the discussion. Generally, the idea of dividing both manuscripts is the following: This
paper here compares both turbines. Therefore, the turbine is the changing variable and
we limited examined cases to one downstream distance (6D) and one inflow condition
(uniform turbulence/grid). Comparing data of 2 turbines, 3 yaw angles, 2 distances
and multiple inflow conditions would simply be too much for one manuscript. The
means of comparison are the velocity deficit, the TKE and the intermittency param-
eter A\2. The companion paper focuses on the impact of different inflow conditions.
Therefore, the changing variable is the turbulence grid (no grid, uniform grid, shear
grid) and therewith the inflow. The turbine was limited to one turbine only to keep
the focus. Although both papers investigate the TKE in the wake, one main point in
this manuscript is how findings are different/similar regarding both turbines, while the
main point in the companion paper is how the findings change with different inflow
conditions. Because of that, we would like to keep the distinctions as done in the dis-
cussion papers. However, we think it adds clarity to mention parts of this discussion
in the introduction and suggest to reformulate more clearly:

p. 3, 1. 1ff
This work is part of a joint experimental campaign by the NTNU in Trondheim and

ForWind in Oldenburg. A-While this paper compares the wakes behind two_different
model wind turbines during one inflow condition, a second paper by [18] examines the

influence of varying inflow conditions on the wake of one model wind turbine.

3)

Finally, the difference in rotation direction between the turbine models
is very interesting. The authors use this difference to explain the asym-
metries in vertical transport and tilt, could it also explain differences in
displacement for positive vs negative yaw observed in the companion pa-
per? Does the size of observed vortices vary with whether the vortex shed
by misalignment is rotating in the same direction as the wake?

Thank you very much for bringing up this interesting aspect. To address the first
question, Figure 4 of this document shows the results of the wake center quantification
as proposed in Section 2.2 of the manuscript. The figure is the basis of Table 2 of the



manuscript. As Table 2 of the manuscript and Figure 4 of this document show, the
same deflection magnitude for either direction of yaw misalignment was found for the
ForWind turbine. Differences occur behind the NTNU turbine only using the method
described in Section 2.2 of the manuscript. Therefore, we cannot conclude with cer-
tainty that the direction of rotation is the reason for asymmetric deflections. If that
hypothesis held, one would expect that the deflections behind the ForWind turbine
would be asymmetric as well but the other way round, which it is not.

Consequently, one can only speculate about the reasons for the distinctions between
the turbines in terms of asymmetric deflection regarding v = +30°. Intuitively, one
would assume reasons are connected to the differences amongst the turbines, being:

e blockage
e geometry (tower, nacelle)

e rotor (airfoil, rotor tips,...)

In my opinion it is important that blockage/wind tunnel effect are more influential
using the NTNU turbine, especially during yaw misalignment with a wake deflection.
Wind tunnel effects might play a role regarding the distinctions between both turbines
shown in Figure 4 of this document.

However, the data does not allow a certain reasoning, so its all a bit speculative.
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Figure 4. Potential power P* as described in Section 2.2 of the manuscript for varying
horizontal positions z. x/D = 6.

At the same, a "wake center” is somewhat a vague term. We use the method of a
potential downstream turbine’s power because we believe it is closest to the potential
application of wake deflection studies. We only considered variations in z direction,
which should be kept in mind.



Regarding the second question, I think this is a very interesting train of thought. Ide-
ally, one would have to consider all three flow components for a proper interpretation
of the evolving vortex pairs. However, only two components were recorded for the
majority of this campaign. Those (u(t) and v(t)) are shown in Figures 5 and 6 of
this document for the ForWind turbine and the NTNU turbine, respectively. Showing
both turbines (and thus both rotational directions), both yaw angles and both flow
components, one can compare as much as the data allows. However, as the third
flow component was not recorded, some speculation about the vortex pair is probably
inevitable. Starting with the ForWind turbine (Fig. 5 of this document), we believe
the plots show quite symmetric situations comparing positive and negative yaw mis-
alignment. Confirming Table 2 of the manuscript, also the v component shows very
symmetric contours, regarding position, shape and magnitude of the dipoles. One
expects a strong horizontal velocity component at hub height towards positive z direc-
tion for 7 = —30° and in negative z direction for v = +30°, resulting in two counter
rotating vortex pairs (cf. Fig.6 of the companion paper). As the contours for v = —30°
and v = +30° look very symmetric regarding u(t) and v(t), one cannot conclude that
the shed vortices are much different regarding the direction of yaw misalignment.
Looking at Figure 6 of this document, contours behind the NTNU rotor are slightly
asymmetric, which is expected based on Figure 4 of this document.

I believe, similarly as for the first question, one has to think about the differences
listed above and some speculation is inevitable. To me, it is more likely that those
asymmetries are caused by wind tunnel/blockage effects. Consequently, we do not
believe that there is a clear connection between the size of the vortex pair and the
direction of yawing / the direction of rotation.

Y= —-30° <u>/uref Y= 30° <u>/u7‘6f
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Figure 5. Wakes behind the ForWind turbine at /D = 6. Left column: v = —30°,
right column: v = +30°. Top row: (u)/u,.r, bottom row: (v) /.y
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Figure 6. Wakes behind the NTNU turbine at /D = 6. Left column: v = —30°,
right column: v = 4+30°. Top row: (u)/u,.r, bottom row: (v)/ty.
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Authors’ response to Anonymous Referee #2:

We, the authors, are very thankful for the detailed and constructive comments and
greatly appreciate the willingness to review our manuscript. Please find our responses
below. The original comments are shown in bold with the respective answers below.
Excerpts of the manuscript are shown in italic writing, whereas additions are written
in blue and deleted parts in red.

Please note that the format of citations in manuscript excerpts might be changed.
Thank you very much for your efforts,

Jannik Schottler on behalf of all authors

1)

Although the title clearly mentions the paper deals with a wind tunnel test,
it would be good to exercise some caution in the text on the application of
the results to the 'real world’.

Thank you very much for this valuable input to the discussion. We do agree that
it is important discuss real life application of the findings and want to adapt the
manuscript accordingly.

Generally the (scientific) interest in wind turbine wakes is closely related to the 'real
world’” as wake effects are known to cause an increase in the cost of energy. Therefore,
a mitigation of wake effects would be economically beneficial for wind farm operators
and turbine manufacturers. As described in the introduction, wake steering through
intentional yaw misalignment is one concept potentially capable of mitigating wake
effects in wind farms, however, prior to applying the concept, the effects have to
be studied carefully in numeric simulations, experimentally and in field tests, all of
which are currently done. Going towards the concrete finding of this study that are
summarized in the conclusion, we think the formation of a curled wake during yaw
misalignment is important when assessing the applicability of wake steering concept.
Those flow conditions become inflow conditions for downstream turbines, therefore an
inhomogeneous flow field is an important feature for resulting loads which need to be
investigated when judging active wake steering methods. Similarly, the curled shape
shows that line measurements at hub height are not sufficient when quantifying wake
deflection magnitudes. This is stated in p.15, 1. 6-8 in the manuscript.

Next, a ring of super-Gaussian velocity increment surrounding the velocity deficit of
a wake, thus having a significantly larger diameter than the rotor, is one main finding
of this paper. The importance of those statistical characteristics are potential load
increases. For a more detailed elaboration, please refer to comment/answer #1 of the
Referee #1. In a 'real world’ scenario, the applications are two folded:

e In wind farm layout optimization, the width of of a wake is a crucial parameter,
especially for lateral turbine spacing. Our results suggest the width of a wake
significantly increases when taking two-point quantities into account (here: A\?).
Exemplary, in a (laterally) densely spaced wind farm, a turbine might operate
in free stream condition considering the velocity deficit, but might be affected



by the ring of high A\? values shown in Fig. 7 of the manuscript. This difference
becomes more clear looking at Fig. 10. Power and loads are being considered
when optimizing a layout, loads are potentially strongly affected by the findings
of the paper.

e As stated in the introduction, wake steering approaches through yaw misalign-
ment are heavily discussed in the research community. The idea is to steer a
wake away from a potential downstream turbine to mitigate power losses through
wakes, thus gaining net power. Just as in layout optimizations, not only power
but also loads have to be considered, which again might be affected by our find-
ings: Looking at Fig. 13 for example at 2 = —0.5,y = 0 a potential in-line
downstream turbine would experience more free stream velocity, thus a power
increase. Taking two-point statistics into account however shows that the exact
same location would experience flows featuring high A\? values. Please refer to
comment #1 of referee #1 for a more detailed elaboration about the connection
between loads and intermittency.

We suggest to formulate more clearly in the updated discussion section:

p.14, 1.8 ff:
Consequently, our findings should be considered in wind farm layout optimization ap-
proaches, where a wake’s width affeets—is_a crucial parameter for radial turbine spac-

ing. As layouts are being optimized reqarding power and loads, the latter might be
significantly affected by taking into account intermittency and the resulting increased

wake width. Possibly, the ring of non-Gaussian velocity increments [...J.

2)

The reported high thrust coefficients corresponds to rather high axial in-
duction factors towards the turbulent wake state, in how far is this rep-
resentative for real life turbines nowadays and how would this affect the
observed wake shapes? Has there been any attempt to clarify the effect of
operational conditions on observations (partial load. full load)

Thank you very much to pointing the attention to the high thrust for the ForWind
turbine. We noticed a non-consistency here and want to correct it: Regarding Table
1 of the manuscript, the thrust coefficient of the NTNU turbine was calculated with
subtracting the thrust caused by the tower. For the ForWind turbine, the value is
based on the total turbine thrust, including the tower structure. This should be cor-
rected in the manuscript and clearly stated. We apply the following correction of the
ForWind thrust coefficient:

The tower structure of the ForWind turbine is simplified as a cylindrical structure of
4cm diameter. At the inflow velocity of (u(t)) = 7.5ms™!, the resulting Reynolds
number is Rejoper ~ 2.1 x 10%. Based on Figure 1, the resulting drag coefficient of a
circular cylinder and thus the tower is

CT tower ~ 1.2. (1)



With the thrust on the tower being

FT,tower = 2CT,tower/u2 1Y Atower; (2)

we can now calculate the corrected thrust coefficient to be

C;‘ = 2(F’tot - Eower)/UQpArotor (3)
c ~ 0.87. (4)

Therewith, the thrust coefficient is the same for both turbines. We want to correct
this is in the manuscript as follows:

p- 3, Table 1:

Table 1: Summary of main turbine characteristics. The tip speed ratio (TSR) is based
on the free stream velocity u,.; at hub height. The Reynolds number at the blade tip,
Reip, is based on the chord length at the blade tip and the effective velocity during
turbine operation. The blockage corresponds to the ratio of the rotor’s swept area to
the wind tunnel’s cross sectional area. The direction of rotation refers to observing the
rotor from upstream, with (c)cw meaning (counter)clockwise. The thrust coefficients

were measured at v = 0° and corrected for thrust on the tower and support structure..

Turbine  Rotor diameter Hub diameter Blockage TSR Reyp Rotation c¢p

ForWind 0.580m 0.077m 5.4% 6 ~ 6.4 x10* cw 0:970.87

NTNU 0.894m 0.090 m 13% 6 ~1.1x10° ccw 0.87
p.11, 1.20:

In [1], where the same setup was used, the skew angle for the NTNU rotor decreased
fromxz/D = 3 tox/D = 6, which is a further indication for wall effects due to blockage,
especially during yaw misalignment. Furthermore, both values show smaller angles as

for the ForWind turbine. ¥r—addition—to-the-blockage—effeetsthistsmuchlikely-eaused

p.12, 1.11:

As already seen in Figure 11, the wakes behind the ForWind turbine are deflected fur-
ther and the curled shape is pronounced stronger, which can be attributed to thetarger
thrust-coefficient-and-blockage effects. Figure 12(b) also shows that the wakes behind
both turbines are slightly tilted. Looking at the black curves (ForWind turbine), an
asymmetry can be noticed as the curves are tilted towards the left, while the red curves
are tilted towards the right.

Barthelmie et al. report a thrust coefficient of ¢ &~ 0.8 for Siemens 2.3-MW and
2.0MW Vestas V80 turbines. Trujillo et al. show a c¢r of 0.77 for Adwen AD 5- 116
turbines, formerly called M5000-116. This list shows a bit more quantitatively, that a
value of 0.87 is slightly high, although the theoretical optimum is at ¢z = 8/9 ~ 0.89
[3]. When discussing the effect on our observations, one has to distinguish between
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Figure 1. Screenshot taken from [2], drag coefficient over Reynolds number for a
circular cylinder.



the different findings as done below:

CURLES WAKE DURING YAW MISALIGNMENT:

Two further experimental studies report on a curled wake shape during yaw misalign-
ment. Bastankhah & Porté Agel [4] use a small turbine model of ¢y = 0.82, while
Howland et al. [5] use a drag disc of ¢y = 0.75. Similarly, Berdowski et al. [6] simu-
lated an actuator disc of ¢ = 0.89. All three studies report the same general effect of
a curled wake shape during yaw misalignment. Thus we think, qualitatively the effect
does not depend on the thrust coefficient significantly.

AREAS OF HIGH )\? VALUES SURROUNDING THE VEL. DEFICIT:

To our knowledge, the ring of intermittent flow structures surrounding a velocity deficit
of a wind turbine’s wake as shown in Figure 7 of the manuscript, has not been reported
before. Therefore, the effect of different thrust coefficients is hard to predict. However,
speculating that the picture of the origin as described in the discussion section (p. 14,
1. 9-13) is correct, I would suspect a variation of the thrust coefficient would not
affect the qualitative effect significantly. Of course the thrust has to be high enough to
create a wake in the first place. In fact, during yaw misalignment the thrust in main
flow direction is decreased and we do observe the same effect there, which supports
the above speculation.

3)

Blockage. Referred paper on tunnel effects refers to blockage correction (to
correct free stream velocity and modify power and loads). Does the same
conclusion hold for measured wake velocities or are they more sensitive to
tunnel effects? Is there an influence of the asymmetry of the test section
on the measured wake shape at 6D in yaw?

Thank you for the comment. We assume the referred paper on wind tunnel effects
is Chen and Liou (2011) [7]. Unfortunately, it is not really clear which conclusion
is meant in the referee comment, we assume the assumption of neglect-able blockage
effects for a cross-sectional blockage ratio of < 10% is meant here.

We do believe that our results support the assumption of 10% blockage ratio being a
good estimation for neglect-able blockage effects, even for wake velocity measurements
6D downstream. Figures 5 and 11 of the manuscript do not show any speed up ef-
fects behind the ForWind turbine (ratio < 10%), which are visible behind the NTNU
turbine (ratio > 10%). Further, the wake center position based on the approach de-
scribed in Section 2.2 of the manuscript result in symmetric values for positive and
negative angles of yaw misalignment and slightly asymmetric values for the NTNU
turbine. Thus, we conclude that the suggested 10% is a good estimation of blockage
effects becoming noticeable. We stated this in the result (p. 7, ll. 26-27) and in the
conclusions (p. 15, 1I. 25-27) of the manuscript, however we suggest to reformulate
more clearly:



p.15, 11.25 ft:
Minor differences could be ascribed to the more prominent blockage (12.8% vs 5.4%)
in the NTNU setup, confirming findings by Chen et al. [7] even for wake velocity

measurements, who state blockage effects can be neglected for a blockage ratio < 10 %.

We assume that 'asymmetric test section’ refers to the test section having different
extensions in y than in z direction. We believe that during yaw misalignment and the
resulting wake deflection in z direction, the tunnel width (z direction) is the parameter
potentially affecting the wake extension, especially for the larger rotor as previously
discussed. For both directions, larger measures would be of advantage, however, we
do not believe that both extensions being asymmetric cause specific effects.

4)

2.1 pp3 Please state the cause/reason for the different TI. How was the
homogeniety verified, do I understand correctly that standard deviation of
flow velocity was the same in all three directions??

We certainly agree that the difference in TT is well worth discussing, thank you very
much for pointing it out. The reasons for the different values in inflow turbulence
intensity are wind tunnel limitations, unfortunately. The same turbulence grid at the
test section inlet was used for both turbines. However, at first, the stream wise position
of the smaller ForWind turbine was chosen as a compromise of two aspect: on the one
hand, the position should be at a sufficiently large distance from the turbulence grid
to allow turbulent mixing. On the other hand, the position should enable a traversing
of the LDA system 6 rotor diameters downstream of the turbine.

As the NTNU rotor is larger than the ForWind rotor, the NTNU turbine had to be
installed closer to the turbulence grid and therewith to the inlet to the test section, to
allow wake measurements 6 rotor diameters downstream of the turbine in the test sec-
tion of 11.15m length. The traversing system in the NTNU wind tunnel is permanently
installed, so moving the turbine was the only way to access downstream distances of
6D. Consequently, the grid generated turbulence did not decay to the same extent as
for the ForWind turbine, unfortunately resulting in different turbulence intensities in
the inflow.

Figure 2 of this document shows the resulting values of turbulence intensities,

TI :=0,/(u) , (5)

over height, measured at a vertical line at the respective turbine’s position, without the
turbine being installed. Vertically, deviations in TI are within +1.7% for the ForWind
turbine and within +3% for the NTNU turbine. Equation 5 states that only the stream
wise flow component u was used, as not all three flow components were recorded.
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Figure 2. Turbulence intensity (TI) of the inflow for both turbines, measured in one
vertical line at the turbine position without the turbine being installed.

We suggest to add the information about the turbulence intensity to the caption of
Table 1 of the manuscript:

p.3, 1. 16 ff:

For the NTNU turbine, the reference velocity measured in the empty wind tunnel was
Urep nTNu = 10ms™ at a turbulence intensity of T1 = o, /{u) = 0.1. For the ForWind
turbine, the inflow velocity was Uref Forwindg = 7.5 ms~! and TI = 0.05. In both cases,
the-inflowu(t) was homogeneous within +6 % and the T1 within £3% on a vertical
line at the turbine’s position.

5)

2.2 pp4 motivate choice for x/D=6

Thank you for this comment. As previously mentioned in the answer to comment #4),
six rotor rotor diameters is the upper limit that can be realized at the wind tunnel facil-
ity, setting the upper boundary of possible downstream distances. Within the project,
we decided to measure two downstream positions to get an insight in downstream
wake development. As 6D is the upper limit we chose this distance along with 3D as
second distance, which was investigated in previous studies using a comparable setup
[8, 9]. This manuscript here focuses on the comparison of both turbines. Therefore,
the turbine is the changing variable and we limited examined cases to one downstream
distance (6D) and one inflow condition (uniform turbulence/grid) as comparing data
of 2 turbines, 3 yaw angles, 2 distances and multiple inflow conditions would be too
much for one manuscript. In the companion paper (Bartl et al. 2018 [10]), only one
turbine was investigated, however, during different inflow conditions and both down-
stream distances.



wind farm Horns Rev 1 Rgdsand Lillgrund North Hoyle  Nysted
spacing [D] 7 5.2-738 3.3-4.4 4.4-10 5.8-104

Table 2: Overview of wind farm spacings as stated in [11].

The study by Walker et al. (2016) [11] uses measurement data from five offshore wind
farms: Horns Rev 1, Rgdsand 11, Lillgrund, North Hoyle and Nysted, listed in Table 2.
Averaging all values results in ~ 6.47 D as average turbine spacing. We thus conclude
that the (somewhat forced) choice of 6D is a downstream distance relevant to consider.

6)

5 ppl5, does blockage also depend on Ct?

In this study, we did not investigate how varying the thrust coefficient affects blockage
effects on the wake velocities. In our opinion, it would be very hard to isolate the
effect of ¢ on the blockage effect as varying the ¢z would affect the wakes regardless of
blockage effect. One study examining blockage effects during wind tunnel experiments
using model wind turbines is Chen and Liou (2011) [7], although the focus is on turbine
performance rather than wake measurements. Nevertheless, Figure 3 of this document
shows that blockage effects (on performance) are dependent on the tip speed ratio.
Thus, the ¢ should impact blockage effects on performance.

4, Conclusions

This research provides quantitative results for the effects of tun-
nel blockage on the power coefficients of small horizontal-axis
wind turbines in wind tunnel tests under different tip speed ratios
(TSR), rotor pitch angles (), tunnel blockage ratios (BR), and air
freestream velocities (U..). Results indicate that the tunnel block-
age effects and, thus, the blockage factor (BF) are largely dependent
on TSR, BR, and §, and weakly dependent on U__. The blockage ef-
fects increase as TSR and BR increase, and as f decreases. The

Figure 3. Screen shot taken from [7].

7)

5 ppl5 It is stated that another paper ”Bartl, J., Miihle, F., Schottler, J.,
Saetran, L., Peinke, J., Adaramola, M., and Holling, M.: Experiments on
wind turbine wakes in yaw: Effects of inflow turbulence and shear, Wind
Energy Science, submitted, 2017.” discusses the effect of inflow TI. ” Since
the differences between the measurements on the 2 turbines are discussed
in the conclusions, what would be the effect of the different inflow TI for
the 2 campaigns on the measured differences?

Thank you very much for this constructive point. I think to answer this question, one
has to distinguish between the different findings/distinctions and discuss them sepa-
rately as done below:



WAKE DEFLECTION

The manuscript reports different wake deflection magnitudes for both turbines (cf.
Table 2 of the manuscript). The companion paper Bartl et al. (2018) [10] discusses
differences in the wakes during yaw misalignment for the NTNU turbine and tur-
bulence intensities of about 0.23% and 10%. Figure 4 shows the wakes behind the
NTNU turbine for both angles of yaw misalignment and both turbulence intensities.
[10] shows detailed elaboration on the differences, some of which I summarize here

v = —30° (u)/trey v = +30° (u)/tres
0.5 1
S
> 0.8
-0.5¢
0.6
-1 05 1
(u)/tres
0.5 1
2
> 0.8
0.5
0.6
-1 1 05 0 05 1

z/D

Figure 4. (u)/u,.s behind the NTNU turbine at /D = 6. Left column: v = —30°,
right column: v = 430°. Top row: inflow T1 = 0.23%, bottom row: inflow T =
10.0%. The same data was used in [10].

with regard to the referee comment.

In [10], we apply the same method for wake center detection as described in the
manuscript. Figure 5 of this document shows a screen shot taken from [10], comparing
the wake deflection magnitudes for different inflow conditions, inflow A and B being
0.23% and 10% inflow TI. As further discussed in the companion paper, the different
inflows show only very small distinctions regarding wake deflection.

Further, the maximum velocity deficit is pronounced much stronger at low inflow
turbulence. This is expected since higher TT enhances turbulent mixing with the free
stream and thus wake recovery. Next, the (curled) wake shape appears to be more
'stable’/defined with higher TI. In my opinion, this effect is due to the very low TT of
0.23% (top row), and similar distinctions would not be observable comparing 5% and
10% inflow TT using the same turbine. In fact, the result of this manuscript do show
a rather smooth shape for both turbines and thus both inflow TI values.

We suggest to point the reader’s attention to the companion paper regarding the issue
of 2 different inflow TIs by adding to the discussion of the manuscript:

9



7 for 7= —30°:
os =800 TI=0.23%] 4 Psyi, inflow A
mmTTIIo S - m -y = —80° TT=10.0% ® [, inflow B
P o 4 | * Py, inflow C
9 . for v = +30":
S B P, inflow A
o S Poe 1 | o pom o
—_— :l__”_"::r:--_:-:-_ [y =130° TI= 10.0%| & P, inflow C
05 = Tr—omn
T =430° TT=0.23% ---BPA model, inflow A
| | - =-BPA model, inflow B
3 6 o
z/D

Figure 9. Calculated wake deflection 6(z/D) at =/ D=3 and /D=6 for three different inflow conditions A, B and C compared to TI-
dependent deflection predictions by Bastankhah and Porte-Agél’s wake deflection model. Note that a small offset in = /D of the measured

values was chosen for better visibility.

Figure 5. Screenshot taken from [10], showing the wake deflection for different in
flow conditions.

p.15, 20.fF:
This confirms findings by [12] and [9], reporting an asymmetric power output of a
two-turbine case with respect to the upstream turbine’s angle of yaw misalignment.

One should bear in mind that the inflow turbulence intensities are different reqardin

both turbines. We want to point out that the influence of inflow turbulence on the

wake deflection is studied in [10/, showing no significant effects.

RING OF HIGH \?> VALUES

Regarding the ring of high A2, we see a strong influence of the free stream TI on
the magnitude of A\? values. As can be seen in Figure 7 of the manuscript, the \2
values within the ring are considerably higher behind the ForWind turbine and thus
for lower free stream turbulence. This connection is further supported by Figure 6 of
this document, showing A\? contours behind the NTNU turbine for two different inflow
conditions (T1=0.23% and TI=10.0%). Notice that the scale is different in both cases,
showing that the values of A\? are higher for the low turbulent case, thus supporting
the previous statement. Based on those two comparisons, we assume that a larger
gradient in TT (or TKE) between wake and free stream leads to higher A\? values and
thus more heavy-tailed increment PDFs on scales comparable to the rotor. This also
fits to our interpretation that the ring of high A\? values arises from a transition zone,
switching between wake state and free stream state, please see p. 14 1. 9-12 of the
manuscript.

10
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Figure 6. Shape parameter \?> at /D = 6 behind the NTNU turbine. Left: free
stream TT1=0.23%, right: free stream T1=10.0%.
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Authors’ response to Anonymous Referee #3:

We, the authors, are very thankful for the detailed and constructive comments and
greatly appreciate the willingness to review our manuscript. Please find our responses
below. The original comments are shown in bold with the respective answers below.
Excerpts of the manuscript are shown in italic writing, whereas additions are written
in blue and deleted parts in red.

Please note that the format of citations in manuscript excerpts might be changed.
Thank you very much for your efforts,

Jannik Schottler on behalf of all authors

1)

The anonymous referee #2 has commented on the high induction factors
and the choice of position of measurement plane, the different TI, Ct and
blockage ratios for the two turbines tested, and the possible impact on the
measured wake velocities. I understand that the wake effects are more
easily studied at high induction factors, relatively close to the rotor, but I
also share ref #2’s curiosity about how this relates to real wind farms. 1
suggest a section showing the Ct vs. wind speed curve for a large modern
wind turbine, and a few sentences about typical wind turbine spacings in
recently built wind farms (along and across the main wind direction).

Thank you very much for this comment and the suggestions. The agreement with
referee #2 shows that this is indeed an aspect that should be further elaborated on in
the manuscript. We kindly ask you to refer to comment /answer #2 of referee #2, were
we discussed the thrust coefficient, as well as comment/answer #5, where we discuss
the choice of 6D and typical turbine spacings.

2)

The anonymous referee #1 main comment is on the impact of inflow ve-
locity increments on the loads for a wind turbine. I would like to add a
few comments on this topic. Figure 5 shows the mean velocity deficit at
6D behind the rotor. As expected, the wake (in terms of velocity deficit)
has expanded somewhat, but at y/D and z/D of 1, we have more or less
free stream conditions. Figure 6 shows the influence of the rotor in terms
of TKE. Again we see that the wake has expanded, but at y/D and z/D
of 1, we are almost at free-stream. Figure 7 is intriguing. Although the
wake in terms of mean velocity deficit and TKE is hardly present at y/D
and z/D of 1, the shape parameter here shows a strong signal, close to
the maximum value across the measurement plane. My main comment is
that the shape parameter can be high, but the velocity fluctuations may
be too small to affect the loads. I therefore appreciate that the authors
in the following figures try to present the results in different ways, but
in my opinion, some more figures should be added here. In figure 8, the



probability density functions at the two points are normalized in different
ways to be compared with the same Gauss distribution. What is the ratio
of velocity increment standard deviations at the two positions? How would
a plot look if the results were normalized in the same manner? In figure
9, the velocity increments at the two positions are again normalized with
different standard deviations. I would like to see the corresponding plots
also normalized with the standard deviation at D /2.

Thank you very much for this very constructive criticism and interest. I do understand
that several questions are posed and details asked for in this comment. Nevertheless, I
think it makes sense and adds clarity to answer the aspects mentioned in this comment
in one answer as they are closely related. I will refer to specific aspects of the comment
throughout the answer in bold writing.

To begin with, I think one has to pay attention to the term ’fluctuations’. Often in
literature, fluctuations refer to

u'(t) = u(t) — (u(t), (1)

see equation 3 of the manuscript. When stating ’the shape parameter can be
high, but the velocity fluctuations may be too small to affect the loads’,
we assume that not fluctuations in the sense of Eq. (1) but velocity increments are
meant:

ur(t) == u(t) — u(t + 7), (2)

which is statistically different as fluctuations are one-points quantities and increments
two-point quantities. For a detailed elaboration we refer to Morales et al. [1].

’In figure 8, the probability density functions at the two points are normal-
ized in different ways to be compared with the same Gauss distribution.’
This is not entirely correct and we want to clarify: the PDFs u, are indeed normalized
by the standard deviation o, and therewith by different values. This is not done to
be compared to the same Gaussian. The normalization allows to purely compare the
shape of the individual PDFs. The Gaussian is added to guide the eye as normally
one is familiar with the Gaussian shape. As mentioned in the manuscript (p.14, 11. 14
ff), A% is in indicator for a PDFs shape. Because of that, we normalize the PDFs in
Fig. 8 to purely compare the shape and thus visualizing what is expressed by A2.

We fully agree and really appreciate the hint, that for a connection to loads, the
absolute values of u, [ms™!] are much more intuitive. However, we want to clearly
distinguish this and order it the following way:

1. we find a ring of high A? values (Fig. 7). This parameter expresses the shape of
a pdf.

2. we show 2 exemplary increment PDF, normalized, in order to actually show
the shape that is expressed by A2. We believe the shape is best compared by
normalizing by the standard deviation

3. Fig. 10 shows that A? is high where (u) would indicate free steam conditions



4. Now, we think it would be nice to show non-normalized plots, but comparing
positions within the ring of high A\? values and the free stream. That way, we
show much more intuitively that strong velocity jumps (increments) in short time
scale happen significantly more often in the ring than in the free stream. Thus,
we show that the ring is indeed no free stream as (falsely) suggested my defining
a wake width by the velocity deficit in the wake. We show that is is significantly
different regarding velocity increments, and therewith of importance.

For the above points 1. and 2., we think Fig. 7 and 8 should stay in the manuscript.
Point 3. is expressed by Fig. 10. We suggest to add the following plots to bring across
point 4.:

In order to comment on the impact on loads, or at least get a feeling for the potential
impact, we agree that a non-normalized presentation is very beneficial. Figure 1 of
this document shows the increment time series u, in free stream condition (a) and
within the ring of high A? values (b). One can clearly see that jumps exceeding 2.5m/s
happen frequently in (b), and are non existent in the free stream. Hereby we show
that this radial position of the wake features significantly different flows than the free
stream. To show this more clearly, Figure 2 shows the corresponding increment PDF's,
p(u,) of the absolute values. Clearly, one sees the same thing as in Fig. 1 (of this
document):
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Figure 1. Time series of increments w.,(t) for the positions y/D = 0.8, z/D =1 (free
stream,a) and y/D = 0, z/D = 1. The standard deviations o, are indicated in red.
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Figure 2. p(u,) of the free stream at y/D = 0.8, z/D =1 and of y/D =0, z/D =1,
exemplary for the ForWind turbine.

We suggest to update the Results-section of the manuscript the following way:

p9 1. 4 ff:

For z = D, which lies within the ring of large \* values, p(u,) strongly deviates from a

Gaussian, showing a heavy- tazled distribution . indicating more frequent occurrences of

et e é b ; Fzgure
8 further shows p(uT) based on the model proposed by [2] Those dzstmbutzons were
evaluated based on the \* values computed by Equation (6) at z = D, visualizing ezx-

emplary how well the dzstmbutzons shapes are grasped by A2, To-showthe-differencein

%}—&%ﬁg—g@)—ﬁ—%—#&e—ﬂﬁﬁdﬁﬁg—{%&ﬂeﬁ—@f—% Our results show that dependzng
onf...J.

p.11, 1. 3ff:

For illustration, the dotted lines in Figure 10 mark the respective locations. It is shown

that the radial areas of TKE and N* can be related in this way to the velocity deficit. To
et a feeling of the impact on potential downstream turbine, Figure *2 of this response*

compares p(u,) in_absolute terms at a free stream position,y/D = 0.8, z/D =1, and

at a position featuring high \° values, y/D = 0. z/D = 1, exemplary for the ForWind
turbine. It becomes clear that velocity increments exceeding 3ms ™" occur_much more
this radial position of the wake features significantly different flows than the free stream.

To compare more visually, Fiqure *1 of this response® shows the corresponding time

series u.(t). Clearly, the spiky signature of extreme events become obvious in Figure



1(b), confirming that no free stream condition is reached at z/D = 1.

p.14, 11.2 ff:

We find heavy-tailed distributions of velocity increments in a ring area surrounding
the velocity deficit and areas of high TKE in a wind turbine wake. Thus, the definition
of a wake width strongly depends on the quantities taken into account as the ring area

eatures significantly different statistics than the free stream. The heavy-tailed distri-

butions are [...]

We further suggest to delete Figure 9 of the manuscript. I think Figure 1 of this reply
is more valuable and both might be a bit too much.

3)

Caption of Table 1, pg. 3: Is the effective velocity during turbine operation
the relative wind speed with respect to the rotor tip? The blade tip of the
ForWind turbine looks like it has a rounded shape. Where is the tip chord
defined?

Thank you for pointing out that we should be a bit more precise here. As correctly
described, the effective velocity vel.ss during operation is the wind speed the airfoil
experiences at the tip. Indeed, the tip of the ForWind blades are somewhat round. To
account for this we calculated the effective velocity and Reynolds number at r ~ 96%
blade radius R and not at 100%. At r = 0.96R, the cord length is cogy, ~ 20mm and
we can calculate the Reynolds number:

w

w=Au/R
vel,op = wr = Au-r/R
velyor = Au - 0.96
velerr = \/u? + vel?,
velesr &~ 45.6m/s.
= Re ~ 6.42 x 10* .

e R N T N T
S Ot
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I think it is still fair to call it Re;;;, and suggest to clarify this in the updated manuscript
by adding to the caption of Table 1:

p.3, Tab.1 (caption):

Summary of main turbine characteristics. The tip speed ratio (TSR) is based on the
free stream velocity u,r at hub height. The Reynolds number at the blade tip, Rep,
1s based on the chord length at the blade tip and the effective velocity during turbine
operation. For the ForWind turbine, 0.961 was chosen_as radial position to_account
for the rounded blade tips. The blockage corresponds to the ratio of the rotor’s swept
area to the wind tunnel’s cross sectional area. The direction of rotation refers to ob-
serving the rotor from upstream, with (c)cw meaning (counter)clockwise. The thrust

coefficients were measured at v = 0° and _corrected for thrust on the tower and support

structure.




4)
2.3, page 6: Please mention if measurements support the assumption about
vertical vs transversal fluctuations. I assume you mean (w?) vs. (w?).

Thank you for this hint. In fact, we mean (v'(t)?) ~ (w'(t)?) so the approximation
of the TKE is satisfied:

k=05 (((t)%) + (V') + (W' (1)) (9)
~ 0.5 (U (H)2) + 200 (1)) . (10)

We did do measurements supporting this is a fair assumption. We suggest to add
this information to the manuscript:

p.6, 1. 6 ft:

For briefness, we write (u) instead of (u(t)). As the third flow component w was not

recorded, we assume W%%MSO that Equation (2) becomes
k=05 ((u'(t)*) +2('(t)%) , (11)

which will be used in further analyses. Measurements where performed validating this
approzimation. For a thorough analysis/...|

5)

Caption, Figure 3: Consider adding something like: For the NTNU tur-
bine, the wind tunnel walls are located at z/D = +-3.03 and y/D = +-2.02.
For the ForWind turbine, the wind tunnel walls are located at z/D = +-
4.67 and y/D = +- 3.12

We agree that this is helpful information and will add it as suggested in the up-
dated manuscript. Thank you for the suggestion. We believe a factor 0.5 is missing in
the suggested values, so we would like to edit the caption of Fig. 3 as follows:

p. 5, Fig 3(caption):

Non-dimensional measurement grid behind the rotor for v = 0°. The respective con-
tours of the turbines are shown in black (ForWind) and red (NTNU). For the NTNU
turbine, the wind tunnel walls are located at z/D = £1.5 and y/D = £1.0, for the
ForWind turbine at z/D = +2.34 and y/D = £1.56.

6)
Caption, Figure 11, pg. 12: Bottom row.

Thank you for this hint, it will be corrected.

7)
Caption, Figure 13: The red marks show the approximation of the respec-
tive parameter’s radial extension based on i + 10 and p + 20 as described

6



in Section 3.1. But I see only two red lines, is it at one or two sigma?

Thank you for pointing this out. In the TKE contour plots (center column), the
red lines correspond to p & 1o, and in the A? contours (right column), the red lines
correspond to p & 20,. We suggest to state this more clearly in the caption:

p-14, Fig 13, caption:

(u)/ures (left column), TKE (center column) and N* (right column) for v = —30°
behind the NTNU turbine (top row) and the ForWind turbine (bottom row). The time
scale for \? corresponds to the length scale of the rotor diameter. The red marks
show the approximation of the respective parameter’s radial extension based on p=+ 1o,

TKE, middle column) and j =+ 20, (N>, left column) as described in Sections. 1.
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Abstract. This paper presents an investigation of wakes behind model wind turbines, including cases of yaw misalignment. Two
different turbines were used and their wakes are compared, isolating effects of boundary conditions and turbine specifications.
Laser Doppler Anemometry was used to scan a full plane of a wake normal to the main flow direction, 6 rotor diameters
downstream of the respective turbine. The wakes of both turbines are compared in terms of the time averaged main flow
component, the turbulent kinetic energy and the distribution of velocity increments. The shape of the velocity increments’
distributions is quantified by the shape parameter \2.

The results show that areas of strongly heavy-tailed distributed velocity increments are surrounding the velocity deficit in all
cases examined. Thus, a wake is significantly wider when two-point statistics are included as opposed to a description limited
to one-point quantities. As non-Gaussian distributions of velocity increments affect loads of downstream rotors, our findings
impact the application of active wake steering through yaw misalignment as well as wind farm layout optimizations and should
therefore be considered in future wake studies, wind farm layout and farm control approaches. Further, the velocity deficits
behind both turbines are deformed to a kidney-like curled shape during yaw misalignment, for which parameterization methods

are introduced. Moreover, the lateral wake deflection during yaw misalignment is investigated.

1 Introduction

Due to the installation of wind turbines in wind farm arrangements, the turbine wakes become inflow conditions of downstream
rotors, causing wake effects. Those include a reduced wind velocity and increased turbulence levels. The former cause power
losses of up to 20% (Barthelmie et al., 2010) in wind farms, while the latter are linked to increased loads of downstream
turbines, affecting fatigue and life time (Burton et al., 2001). In order to mitigate wake effects, various concepts of active
wake control strategies have been proposed and investigated. One concept is an active wake steering by an intentional yaw
misalignment, where the velocity deficit behind a rotor is deflected laterally by misaligning it with the mean inflow direction.
The possibility of wake re-direction by yawing was observed and investigated by means numeric simulations (e.g. Jiménez
et al., 2010; Fleming et al., 2014b), in wind tunnel experiments (e.g. Medici and Alfredsson, 2006; Campagnolo et al., 2016)

and in full-scale field measurements by Trujillo et al. (2016). Further, the potential of increasing the power yield in a wind farm
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configuration was explored experimentally (Schottler et al., 2016), numerically (e.g. Fleming et al., 2014b; Gebraad et al.,
2014) and in a field test in a full-scale wind farm (Fleming et al., 2017), showing promising results as the total power yield
could be increased in the mentioned studies.

As the applicability of the concept to future wind farms require a thorough understanding of the wakes behind yawed wind
turbines, this study examines the wakes behind model wind turbines during yaw misalignment. Experimental studies are nec-
essary to validate numeric results, to tune engineering models and to gain a deeper understanding of the present effects in a
controlled laboratory environment. However, when examining wake effects experimentally, varying turbine models are used.
Those models strongly differ in their complexity and design, including blade design, geometry or control concepts. The sim-
plest model is a drag disc concept, where a wind turbine is modeled by a porous disk in the flow as done by Espafia et al.
(2012) or Howland et al. (2016). Moreover, rotating turbine models have been used in numerous studies, where the design and
complexity of the models vary significantly. Examples include (Medici and Alfredsson, 2006), (Bottasso et al., 2014), (Abdul-
rahim et al., 2015), (Rockel et al., 2016) or (Bastankhah and Porté-Agel, 2016). In contrast to numerical studies, where the vast
majority of the research community uses consistent turbine models (NREL 5 MW (Jonkman et al., 2009) or DTU 10 MW (Bak
et al., 2013) reference turbines for example), experiments lack certain systematics and comparability due to varying turbine
models, facilities and measurement techniques. The present study aims to compare the wakes of two different model wind
turbines in the same facility, using comparable boundary conditions as far as possible. Therewith, a separation between general

wake effects and turbine specific observations can be achieved.

We present wake analyses ranging from mean quantities to higher order statistics. Average mean flow components are of
relevance when assessing the energy yield of potential downstream turbines. An investigation of turbulence parameters such
as the turbulent kinetic energy (TKE) is linked to fluctuating inflow conditions, which is important for loads of downstream
turbines and therewith their lifetime (Burton et al., 2001). To gain a deeper insight, we extend our analyses to two-point
statistics. More precisely, velocity increments are analyzed, allowing for a scale dependent analysis of flows. Non-Gaussianity
of the distributions of velocity increments has been reported not only in small scale turbulence (Frisch, 1995), but also in
the atmospheric boundary layer (e.g. Boettcher et al., 2003; Liu et al., 2010; Morales et al., 2012). To what extent statistical
characteristics of velocity increments are transfered to wind turbines is of current interest throughout the research community

(van Kuik et al., 2016). We-Schottler et al. (2017¢) found a transfer of intermittency from wind to torque, thrust and power

data in a wind tunnel experiment using a model wind turbine. Similarly, Miicke et al. (2011) found a transfer of intermittenc

to torque data using a generic turbine model. Milan et al. (2013) reported intermittent power data in a full-scale wind farm. We

thus believed that distributions of velocity increments in wakes are of importance for potential downstream turbines as extreme

events-non-Gaussian characteristics are likely to be transfered to wind turbines in terms of fluctuating loads and power output.

~Consequentl
investigations of velocity increments in wakes become extremely relevant for active wake control concepts as well as for wind
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Table 1. Summary of main turbine characteristics. The tip speed ratio (TSR) is based on the free stream velocity u,..; at hub height. The
Reynolds number at the blade tip, Retp, is based on the chord length at the blade tip and the effective velocity during turbine operation. For
the ForWind turbine, 0.96 12 was chosen as radial position to account for the rounded blade tips. The blockage corresponds to the ratio of the
rotor’s swept area to the wind tunnel’s cross sectional area. The direction of rotation refers to observing the rotor from upstream, with (c)cw

meaning (counter)clockwise. The thrust coefficients were measured at v = 0° and corrected for thrust on the tower and support structure.

Turbine Rotor diameter ~Hub diameter Blockage TSR  Regip Rotation et
ForWind 0.580m 0.077 m 5.4 % 6 ~6.4x10" cw 6:970.87
NTNU 0.894m 0.090 m 13% 6 ~1.1x10° ccw 0.87

farm layout approaches. A further elaboration on the connection of non-Gaussian velocity increments and loads as well of
ower fluctuations is given in Section 4.

This work is organized as follows. Section 2 introduces the methods used throughout the study, including the experimental
methods, a concept for quantifying a wake’s deflection and a definition of the examined parameters. Section 3 shows the
result of the study. First, results of the non-yawed rotors are investigated and compared in Section 3.1. Wakes during yaw
misalignment are analyzed in Section 3.2, including a quantification of the wake deflection. Section 4 discusses the findings
before Section 5 summarizes this work and states the conclusions. This work is part of a joint experimental campaign by the
NTNU in Trondheim and ForWind in Oldenburg. A-While this paper compares the wakes behind two different model wind
turbines during one inflow condition, a second paper by Bartl et al. (2017) examines the influence of varying inflow conditions

on the wake of one model wind turbine.

2 Method
2.1 Experimental methods

The experiments were performed in the wind tunnel of the Norwegian University of Science and Technology (NTNU) in
Trondheim, Norway. The closed-loop wind tunnel has a closed test section of 2.71m x 1.81m x 11.15m (width x height x
length). The inlet to the test section was equipped with a turbulence grid having a solidity of 35% and a mesh size of 0.24 m.
Further details about the grid are described by Bartl and Setran (2017). Two different model wind turbines were used that vary
in geometry, blade design and direction of rotation. Those deliberate distinctions allow for an isolation of general effects of
wake properties. The turbines will be denoted NTNU and ForWind, respectively. Table 1 summarizes the main features and
differences of both turbines, further details are described by Schottler et al. (2017b). Figure 1 shows technical drawings. As
can be seen, the ForWind turbine was placed on four cylindrical poles to lift the rotor above the wind tunnel boundary layer
to the same hub height as the NTNU turbine, being 820 mm above the wind tunnel floor. One turbine at a time was placed
on a turning table allowing for yaw misalignment, denoted by the angle ~, which is positive for a clockwise rotation of the

rotor when observed from above as sketched in Figure 2. For the NTNU turbine, the reference velocity measured in the empty
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Figure 2. Sketch of the setup, top view. D denotes the respective rotor diameter as listed in Table 1.

wind tunnel was .y nTnU = 10 ms~1 at a turbulence intensity of T1 = o, /(u) = 0.1. For the ForWind turbine, the inflow
velocity was Uy f, Forwind = (-9 ms~1 and TI = 0.05. In both cases, the-inflow-u(t) was homogeneous within +6 % and the
T'I within +3% on a vertical line at the turbine’s position.

In this study we consider two-dimensional cuts through the wake, normal to the main flow direction at a downstream distance
of 2/D = 6 for both turbines as illustrated in Figure 2. Data were acquired using a Dantec FiberFlow two-component Laser
Doppler Anemometer (LDA) system, recording the u- and v-component of the flow. The accuracy is stated to be 0.04% by the

manufacturer. During turbine operation, the LDA system was traversed in the yz-plane, normal to the main flow direction. Each
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Figure 3. Non-dimensional measurement grid behind the rotor for v = 0°. The respective contours of the turbines are shown in black

(ForWind) and red (NTNU). For the NTNU turbine, the wind tunnel walls are located at z/D = +1.5 and y/D = +1.0, for the ForWind
turbine at z/D = £2.34 and y/D = +1.56.

measured plane consists of 357 points, 21 in z-direction ranging from —D to +D and 17 points in y-direction, ranging from
—0.8D to 0.8 D, see Figure 3. The resulting distance separating two points of measurement is thus 0.1 D. For one location,
5 x 10* samples were recorded, resulting in time series of varying lengths of approximately 30s. As can be seen, the NTNU
turbine has a slimmer tower and nacelle relative to its rotor diameter when compared to the ForWind turbine. The grid of
physically measured values was interpolated to a grid of 401 x 321 ~ 129000 points for further analyses. The distance between
the interpolated grid points is therewith reduced to 0.005 D. Natural neighbor interpolation is used, resulting in a smoother

approximation of the distribution of data points (Amidror, 2002).
2.2 Wake center detection

In order to quantify the lateral wake position, we compute the power of a potential downstream turbine as described by Schottler
et al. (2017b). A similar approach was shown by Vollmer et al. (2016). We define the potential power of a downstream turbine
to be

10
P =Y pAs (us(), ¢ ()
=1

The rotor area is divided in ten ring segments. A; is the area of the i*" ring segment and (u;(t)) 4, + denotes the temporally
and spatially averaged velocity in mean flow direction within the area A;. P* is estimated for 50 different hub locations in the

range —0.5D < z < 0.5 D, at hub height. We define the horizontal wake center as the z-position resulting in the minimum of
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Figure 4. Illustration of the wake center detection method. The hub of a potential downstream turbine is located at the red x. (u;(t)) 4, ¢
is the spatially and temporarily averaged u-component of the velocity. The potential power P* is calculated for each ring segment and then
added up. This procedure is repeated for 50 horizontal hub locations x, while the position resulting in the lowest value of P is interpreted

as wake center.

P*. The procedure is illustrated in Figure 4.

2.3 Examined quantities

The turbulent kinetic energy (TKE) is defined by the fluctuations of the three velocity components as
k=0.5((u(t)%) + (v'(£)%) + (w'(£)?)) , 2)
where () is the fluctuation around the mean of (t) so that

u(t) = (u(t)) + /() 3)

/

For briefness, we write (u) instead of (u(t)). As the third flow component w was not recorded, we assume w-{#}~v"{+}
{w'(t)?) ~ (v/(t)?) so that Equation (2) becomes
k=05 ((u'(t)*) +2('(2)%)) , @)

which will be used in further analyses. Measurements where performed validating this approximation.
For a thorough analysis of the wake turbulence, we examine velocity changes during a time lag 7 and refer to them as velocity

increments,
ur(t) :==u(t) —u(t+71). )

Investigating their probability density function (PDF) allows for scale-dependent analyses of turbulent flows, including all

higher order moments of w., hence all structure functions of order n, S? = (u”) of a velocity time series (Frisch, 1995). The
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impact of certain properties of velocity increment PDFs on wind turbines is to date a widely discussed topic in wind energy
research, see (e.g. Miicke et al., 2011; Milan et al., 2013; Berg et al., 2016; Schottler et al., 2017c). For more details, we refer
the reader to Morales et al. (2012) or Schottler et al. (2017c). Following Chilla et al. (1996), the shape parameter

In(F(ur)/3
4
is used to quantify the shape of the distribution p(u.). F'(u.) is the flatness of the time series of velocity increments,
4
Ur — (Ur
Flu,) = =)’ )

(u2)?
Equation (6) becomes zero for a Gaussian distribution, larger values correspond to broader, more heavy-tailed PDF. \? is of
practical relevance as it provides an analytical expression for the shape of p(u.). A discussion about the interpretation is given
in Section 4. In this analysis, we compute A2 for time scales 7 that relate to the rotor diameter D of the respective turbine.
Using Taylor’s hypothesis of frozen turbulence (Mathieu and Scott, 2000), the length scale » = D is converted to the time

scales T,

r=r/{u)=D/(u), ®)

whereas (u) refers to the respective time series, resulting in varying values of 7 within a wake.
In order to compute u., (t) using Equation (5), evenly spaced data are needed. The procedure applied to uniformly re-sample

the non-uniform LDA data is described in Appendix A. The approach results in a constant sampling rate for each wake.

3 Results
3.1 The non-yawed wakes

At first, we investigate wakes without yaw misalignment, v = 0°. Figure 5 shows the contour plots of the velocity component in
mean flow direction (u) /u,; for both turbines, respectively, 6D downstream. The velocity deficits behind both turbines show a
circular shape as expected, exceeding the rotor area, indicating a slight wake expansion. For both wakes, the minimum velocity
is (u)/ure ¢ = 0.64. Besides those general similarities, some differences are apparent. Both graphs show the tower wake, which
is pronounced stronger for the ForWind turbine. This can be explained by the larger tower diameter relative to the rotor diameter
as shown in Figure 3. Similarly, the four poles the ForWind turbine is placed on (cf. Figure 1) are likely to enhance this effect.
Figure 5 also reveals that the wake behind the ForWind turbine is slightly displaced vertically towards the ground. This effect
can be linked to the tower wake, creating an uneven vertical transport of momentum as recently demonstrated by Pierella and
Saetran (2017). Next, the NTNU wake shows areas of velocities exceeding (u) /u,.y = 1.1 at the edges of the velocity deficit,
especially in the corners of the contour plot. Very likely, this is a blockage effect as the measurement plane is significantly
larger for the NTNU turbine. This results in a higher blockage ratio (13% for the NTNU rotor, 5.4% for the ForWind rotor).

As suggested by Chen and Liou (2011), blockage effects are expected for a cross-sectional blockage ratio exceeding 10%
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Figure 5. (u) /urer aty = 0° for the NTNU turbine (left) and ForWind turbine (right). The white lines indicate the contours of the respective

turbine. Values exceeding (u)/ures = 1.1 are masked.

ForWind TKE [m?s~2]

Figure 6. Turbulent kinetic energy (TKE) in m?s~2 according to Equation (4) for v = 0°. Left: NTNU turbine, right: ForWind turbine.

when using model wind turbines, which is confirmed here. In order to better compare both contour plots, values exceeding
(u) /tures = 1.1 are masked.

To further analyze the wake flows, Figure 6 shows the contour plots of the turbulent kinetic energy (TKE) behind both turbines.
The contours of the TKE appear as a circular shape, slightly larger than the rotor area. Behind the NTNU rotor, an outer ring
of high TKE values appears more pronounced than in the center region. This observation is significantly less distinct for the
ForWind turbine. The differences of the pronounced ring arise most likely from the different blade geometries. The airfoil of
the NTNU turbine (NREL S826) has higher lift coefficients for the relevant angles of attack and Reynolds numbers compared
to the ForWind rotor (SD7003 airfoil). A comparison of both airfoils is given in Schottler et al. (2017b). As a result, larger
pressure differences between suction and pressure side of the blades are expected, resulting in more pronounced tip vortices
shed from the NTNU rotor. Although those are already decayed at «/D = 6 (Eriksen and Krogstad, 2017), the tip vortices are
likely to be the origin for a pronounced TKE at blade tip locations for behind the NTNU rotor.

Further increasing in complexity and completeness of the wakes’ stochastic description, Figure 7 shows the contour plots of
the shape parameter A\? behind both turbines. The length scale T is related to the rotor diameter D of the respective turbine.

The scale is transfered from space to time using Taylor’s Hypothesis, cf. Equation (8). In both cases, the contours of A\? show
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Figure 7. \? for both turbines at v = 0°. The time scales 7 correspond to the length scale of the rotor diameter, cf. Equation (8). The red
markings x and o show measurement positions for which p(u,) were calculated as shown in Figure 8. Left: NTNU turbine, right: ForWind

turbine. Note the different scaling.
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Figure 8. p(u-) of the time series at two measurement position, (y =0, z = D/2) and (y =0, z = D) corresponding to the red marks
in Figure 7. (a): NTNU turbine, (b): ForWind turbine, both at v = 0°. The time scales 7 are related to the length scales of rotor diam-
eters by Taylor’s Hypothesis using Equation (8). For z/D =1 (red curve) the Castaing distribution is shown with A% 7y = 0.046 and
A2 wing = 0.17 (Castaing et al., 1990). A Gaussian fit is added to guide the eye.

a circular ring, whose diameter is significantly larger than the rotor diameter. In order to quantify the qualitative shapes of the
contours shown in Figure 7, Figure 8 shows the increment PDFs of the respective time series, p(u. ), at the positions indicated
by the red marks (o/x) in Figure 7. u, is normalized by the standard deviation, o, for better visual comparison. As shown in
black, the positions behind the rotor tips, where A2 & 0, reveal increment PDFs very close to a Gaussian distribution, which
holds for both turbines. For z = D, which lies within the ring of large A? values, p(u.) strongly deviates from a Gaussian,

showing a heavy-tailed distribution;4

8 further shows p(u,) based on the model proposed by Castaing et al. (1990). Those distributions were evaluated based on



5

10

15

20

NTNU ForWind

—_

~ 0.8} . 0.8}
,< N
~ \\
= 0.6 0.6 N
> .
&~
J04¢ 0.4
\3/
0.2 N 0.2 /
0 : 0 : A
-1.5 -1 -05 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
Distance to hub [D] Distance to hub [D]

Figure 9. Diagonal cuts on the line y = z through the contour plots for v = 0°. Values are normalized to their respective maximum. The

vertical dotted lines mark p & 1o, (black) and p & 20, (red) of a Gaussian fit through the velocity deficit shown in blue.

the A2 values computed by Equation (6) at z = D, visualizing exemplary how well the distributions’ shapes are grasped by

Hb)yand-8(b)y—o—is-the-standard-deviation-of = Our results show that, depending on the examined quantity, different radial
wake regions are of interest. To compare the varying spatial extensions of the three quantities’ significant areas, Figure 9 shows
diagonal cuts through the respective contour plots for the non-yawed cases along the line y = z. The area of pronounced TKE
approximately coincides with the rotor area. The notable peaks are separated by ~ 0.86 D (NTNU) and =~ 0.77 D (ForWind),
respectively, being significantly less pronounced behind the ForWind rotor as previously described. Clearly, the A\? peaks span
a much larger distance, being approximately 1.7 D (NTNU) and 2.0 D (ForWind). At their location, the velocity deficit has
recovered to > 90% of the free stream velocity in all cases. Thus, for a thorough description of wind turbine wakes, a much
larger radial area is of interest as compared to a description restricted to mean values and the turbulent kinetic energy as often
done in literature and wake models. An approximation of the lateral extension of high TKE and \? values based on a Gaussian
fit through the velocity deficit is given by & 10, and p + 20, respectively, with p being the mean value and o, the standard
deviation of the fit. For illustration, the dotted lines in Figure 9 mark the respective locations. It is shown that the radial areas
of TKE and \? can be related in this way to the velocity deficit. To get a feeling of the impact on potential downstream

turbine, Figure 10 compares in absolute terms at a free stream position

high A2 values, y/D =0, z/D = 1, exemplary for the ForWind turbine. It becomes clear that velocity increments exceedin
3ms ! occur much more frequent within the ring of high A2 values than in three free stream. Hereby we show that this radial
osition of the wake features significantly different flows than the free stream. To compare more visually, Figure 11 shows the

10
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Figure 11. Time series of increments u,

deviations o are indicated in red.

corresponding time series u, (t). Clearly, the spiky signature of extreme events become obvious in Figure 11(b), confirmin
that no free stream condition is reached at z/D = 1.

3.2 Wakes during yaw-misalignment

During a yaw misalignment of v = £30°, the velocity deficits behind both rotors are deflected and deformed as shown in

Figure 12 by the contours of the main flow component () /w,. .
The wake is deflected sideways behind both turbines, whereas the lateral direction is dependent on the yaw angle’s sign.

This is expected due to a lateral thrust component of the rotor as a result of yaw misalignment, which has been observed and

11
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Figure 12. (u) /.y during yaw misalignment. Top row: v = —30°, butten-bottom row: v = 30°. Left column: NTNU turbine, right column:
ForWind turbine. The solid white lines indicate the contours of the respective turbine, while the dashed lines denote the rotor area without

yaw misalignment. The red x marks the position of minimum measured velocity (u). Values exceeding 1.1 are masked for better comparison.

Table 2. Wake center location as computed by the approach described in Section 2.2 with corresponding skew angles.

Turbine Yaw angle [°]  Wake center [D]  Skew angle [°]

NTNU 30 —0.28 ~ —2.6
NTNU -30 0.32 ~ 3.0
ForWind 30 —0.38 ~ —3.6
ForWind —30 0.38 ~ 3.6

described in numerous studies including (Medici and Alfredsson, 2006; Jiménez et al., 2010; Vollmer et al., 2016; Trujillo
et al., 2016). The deflection of the velocity deficit is quantified using the approach described in Section 2.2, the results are
listed in Table 2 including the resulting wake skew angles.

As Table 2 shows, the skew angles behind the ForWind turbine are equal apart from their sign for both directions of yaw
misalignment. The NTNU rotor however, shows slightly different deflection angles for v = 30° and v = —30°, which is likely
caused by blockage effects, that play a more significant role for the NTNU rotor due to the larger blockage ratio. This can
also be seen in Figure 12, where speed-up effects are visible in the corners. In Schottler et al. (2017b), where the same setup

was used!, the skew angle for the NTNU rotor decreased from z/D = 3 to 2/D = 6, which is a further indication for wall

'In Schottler et al. (2017b), the quantification was carried out for a sheared inflow. Other aspects of the setup were equal.
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effects due to blockage, especially during yaw misalignment. Furthermore, both values show smaller angles as for the ForWind

turbine. -

In Figure 12, minimum (u) values are marked, showing a vertical transport of momentum in all cases. For v = 30°, the
wake is moved upwards behind the NTNU turbines, and downwards behind the ForWind rotor. Directions are reversed for
v = —30°. Similar observations have been made by Bastankhah and Porté-Agel (2016). The vertical transport is related to
an interaction of a wake’s rotation with the tower shadow/ground. Our results isolate this effect, as the direction of vertical
transport is opposite comparing both turbines having an opposite direction of rotation. The fact that the vertical transport is
stronger behind the ForWind rotor further supports this explanation as the tower wake is more pronounced due to the larger
tower diameter and the structure the turbines is placed on.

A deformation of the velocity deficit to a curled “kidney” shape is observed for both turbines during yaw misalignment, whereas
it is slightly more pronounced behind the ForWind turbine. The curled shape behind a wind turbine model in yaw has previously
been observed by Howland et al. (2016) using a drag disc of 30 mm diameter and by Bastankhah and Porté-Agel (2016) using
a rotating turbine model of 150 mm diameter. Figure 12 confirms these findings on two further scales. For a better comparison
of the curled shape of the velocity deficit during yaw misalignment, we apply the following parametrization, exemplary shown
in Figure 13(a) for the ForWind turbine at -y = 30°: data points of horizontal cuts through the wake, ()y—const., are fitted by a
polynomial. The procedure is repeated for values of y ranging from —0.4 D to 0.4 D. The positions of the polynomials’ minima
(green marks), are fitted by a quadratic function (red line). Figure 13(b) shows the comparison of both turbines for v = 4+30°.
As already seen in Figure 12, the wakes behind the ForWind turbine are deflected further and the curled shape is pronounced
stronger, which can be attributed to the-largerthrust-coeffieient-and-blockage effects. Figure 13(b) also shows that the wakes
behind both turbines are slightly tilted. Looking at the black curves (ForWind turbine), an asymmetry can be noticed as the
curves are tilted towards the left, while the red curves are tilted towards the right. This is illustrated by the gray, dashed lines in
Figure 13(b) which connect the points of intersection for v = +30°. Similar asymmetries have been observes by Bastankhah
and Porté-Agel (2016) for positive and negative yaw angles, which is explained by an interaction of a wake’s rotation with
the tower wake and the ground. By using turbines of opposite rotation direction, we can attribute the asymmetries in vertical
transport and the tilt in opposite direction for v = £30° to the rotation of rotor and wake. Not shown in detail here, the same
effect was observed for different inflow conditions and other downstream distances, using the same setup and methods as in
this study.

Adding TKE and \? contours during yaw misalignment, Figure 14 shows all three examined quantities, exemplary at a yaw
misalignment of v = —30°, for both turbines. The shapes of the TKE contours are deformed similarly as for (u). A curled
shape evolves and the differences between both turbines as described for v = 0° are still notable during yaw misalignment.
Similarly, the circular rings of high A? values are deformed to a curled shape at v = £30°. Thus, the general effect of heavy-
tailed increment PDFs surrounding the velocity deficits in a wake is stable against yaw misalignment and the resulting inflow
variations at the rotor blades. Further, this finding is confirmed in Large Eddy Simulations (LES) performed at the Universidad
de la Republica, Uruguay, shown in Appendix B. Therewith, it is found to be a general effect as it is observed for all wakes

considered, independent of yaw misalignment or turbine design. The red markings in Figure 14 show the approximation of the
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Figure 13. (a): Example of parameterizing the curled shape of the velocity deficit. The green markings show minimal velocities of a poly-
nomial function used to fit the interpolated data points in a horizontal line, y = const. The red, dashed line shows a quadratic fit based on
the green markings. (b): Visualization of the curled shapes of the velocity deficits. For both turbines, the cases ¥ = £30° are shown. Dashed

lines show a visualization of the wakes tilt, connecting the respective intersections of the curves.
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Figure 14. (u)/u,c; (left column), TKE (center column) and A? (right column) for v = —30° behind the NTNU turbine (top row) and
the ForWind turbine (bottom row). The time scale for \? corresponds to the length scale of the rotor diameter. The red marks show the
approximation of the respective parameter’s radial extension based on 4 1o, (TKE, middle column) and p + 20, (A2, left column) as

described in Section 3.1.

radial extension of the TKE and A\? based on z1 =+ 10, and j1+20,,. ¢ and o, correspond to Gaussian fits of the velocity deficits
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at various horizontal cuts (y=const.) from y/D = —0.5 to y/D = 0.5. It is shown that the methods results in quite good first

order approximations, also during yaw misalignment.
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4 Discussion

In this study the characterization of yawed and non-yawed wind turbine wakes is investigated and extended by taking into
account a further turbulence measure, namely the intermittency parameter A2. We find heavy-tailed distributions of velocity
increments in a ring area surrounding the velocity deficit and areas of high TKE in a wind turbine wake. Thus, the definition
of a wake width strongly depends on the quantities taken into account as the ring area features significantly different statistics
than the free stream. The heavy-tailed distributions are the statistical description of large velocity changes over given time
scales and are transfered to turbines in terms of loads and power output. This has been shown experimentally (Schottler et al.,
2017¢), numerically (Miicke et al., 2011) and in a field study by Milan et al. (2013). Consequently, our findings should be
considered in wind farm layout optimization approaches, where a wake’s width affeets-is a crucial parameter for radial turbine
spacing. As layouts are being optimized regarding power and loads, the latter might be significantly affected by taking into
account intermittency and the resulting increased wake width. Possibly, the ring of non-Gaussian velocity increments is a result
of instable flow states, where the flow switches between a wake and free stream state. Behind a rotor, the wake characteristics
dominate the flow. Outside the wake, free stream properties are dominant. In the transition zone, a switching between both
flow states is believed to result in heavy-tailed velocity increments and therewith high A2 values. Generally, A? will be larger
for smaller scales 7, which is a known feature of turbulence (Frisch, 1995).

Care should be taken when interpreting A2 as an indicator for an increment PDF’s shape. Here, we use the shape parameter as
qualitative indicator. For a more quantitative analysis, one has to consider the increment PDF of a time series directly. This is
done in Figure 8 exemplary for chosen points, however, in order include all time series of a wake, using A? allows for a much

better visualization and comparison.

Figure 14 shows that the velocity deficit is deflected laterally during yaw misalignment, so that a potential in-line down-
stream turbine would exhibit a power increase as more undisturbed flow hits the rotor area at z/D ~ —0.5. Looking at the \?
contours however shows, that areas of non-Gaussian velocity increments are now deflected onto the rotor area. This becomes
important when assessing the applicability of active wake steering approaches, as a gain in power has to be balanced with a

potential load increase, affecting maintenance costs and the lifetime of turbines overall.

It should be noted that it is to date not clear to what extent high TKE levels and intermittent force data are affecting common
ways of fatigue and extreme load calculations. This important aspects needs to be addressed in future works. Possibly, it
strongly dependents on details such as considered time scales. In our opinion, it is likely that non-Gaussian inflow is linked to
drive train, gear box or pitch systems failures, especially because those inflow characteristics are not accounted for in standard
models used in the design process.

The velocity deficit in mean flow direction (u) deforms to a curled “kidney” shape during yaw misalignment. Consequently,
horizontal cuts through the wake are insufficient when characterizing wakes behind yawed rotors, resulting in misleading

and incomplete conclusions when quantifying wake deflections by yaw misalignment. The parametrization of the wake’s curl
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shown in Figure 13 should not be interpreted as quantification. Instead, we use the described approach to better compare
multiple curled wakes as done in Figure 13(b). Our analyses include the velocity deficit in mean flow direction, the turbulent
kinetic energy and the shape parameter A\2. The turbulence intensity in the wake revealed very comparable results as the TKE,
which is why we restrict our analyses to the TKE.

Besides the lateral deflection, a vertical transport of the velocity deficit is observed for both turbines during yaw misalignment.
Using counter-rotating turbines, this effect could be attributed to the wake’s rotation and its interaction with the tower wake. In
full scale scenarios, the ground, wind shear and rotor tilt would further contribute to the effect. For potential floating turbines,
a pitch motion will deflect the wake upwards, see Rockel et al. (2014). This vertical deflection will interact with the vertical
transport shown in Figure 12. Consequently, the direction of yaw misalignment is believed to be of importance when applying
the concept of wake steering to wind farm controls. This confirms findings by Fleming et al. (2014a) and Schottler et al.

(2017a), reporting an asymmetric power output of a two-turbine case with respect to the upstream turbine’s angle of yaw

misalignment. One should bear in mind that the inflow turbulence intensities are different regarding both turbines. We want to
oint out that the influence of inflow turbulence on the wake deflection is studied in Bartl et al. (2018) , showing no significant

effects.

5 Conclusions

This work shows an experimental investigation of wind turbine wakes, using two different model wind turbines. The analyses
include the main flow component, the turbulent kinetic energy and two-point statistics of velocity increments, quantified by the
shape parameter A2, Yaw angles of v = {0°,4:30°} are considered at a downstream distance of 2/ D = 6.

Generally, the results of (u), the TKE and \? compare well for both model turbines. Minor differences could be ascribed to the
more prominent blockage (12.8% vs 5.4%) in the NTNU setup, confirming findings by Chen and Liou (2011) even for wake
velocity measurements, who state blockage effects can be neglected for a blockage ratio < 10 %.

An outer ring of heavy-tailed velocity increments surrounds the velocity deficit and areas of high TKE in a wind turbine
wake. The wake features significantly non-Gaussian velocity increment distributions in those areas, where the velocity deficit
recovered nearly completely. For v = 0°, the ring has a diameter of approximately 1.7D - 2D, depending on the turbine. Based
on a Gaussian fit through the velocity deficit, the radial location of intermittent increments can be approximated by u =+ 20,
making a wake considerably wider when taking two-point statistics into account. This observation becomes important in wind
farm layout optimization and active wake steering approaches through yaw misalignment.

During yaw misalignment, the circular shape of a wake is deformed to a curled kidney-shape. A method for parameterizing
the curl-shape was introduced. Further, the lateral wake deflection was quantified, resulting in skew angles of +3.6° at +30°
for the smaller rotor and 3.0° and —2.6° for the larger rotor. Furthermore, vertical momentum transport in the wake during
yaw misalignment was observed. The direction of vertical transport is dependent on the direction of yaw misalignment. Using

counter-rotating turbines, the effect could be attributed to an interaction of a wake’s rotation with the tower wake in this study.
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Data availability. The experimental data set is available upon request.

Appendix A: Data preprocessing

In order to study intermittency using the shape parameter A2, uniformly sampled data are needed when applying Equation
(5). As the LDA measurement result in non-uniformly sampled data points, appropriate preprocessing is necessary. In the
following, the procedure is described that results in uniformly sampled data points. It is exemplary applied to the data of an
arbitrarily chosen wake.

The time separating two samples of a time series is At. For one time series, (At)~! is plotted for all samples in Figure A1 (a).
The corresponding histogram is shown in Figure A1 (b). The point corresponding to 40 % of all events is marked by the red
dashed line and is referred to as Fls. In this example, Fs ~ 1.17 kHz.

This procedure is repeated for all 357 time series contained in one plane of measurement. Figure A2 shows Fls for all time
series, with the mean value indicated. The mean value of all Fis values in one plane will be used as sampling frequency to re-
sample the time series in one plane uniformly, an exemplary result is shown in Figure A3. Data points are interpolated linearly
onto a vector of uniformly spaced instants defines by the new sampling rate (Fg). It should be noted that the analyses of

velocity increments were performed for different constant sampling rates without showing any significant effect on the results.
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Figure A3. Examples of resampling the raw data u(¢) uniformly with (Fs) = 1.4kHz.
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Appendix B: LES simulations

Within the scope of the blind test 5 project, LES simulations of the ForWind turbine in a very comparable setup were performed,
where the inflow features a vertical shear as opposed to the experiments shown in this paper. The incompressible flow solver
caffa3d.MBRIi as described by Mendina et al. (2014) and Draper et al. (2016) was used to obtain the results shown in Figure
B1. The turbine was modeled by actuator lines. The top row shows /D =3, /D = 6 is shown beneath. The contours of
(u)/ures and A2 reveal very similar results compared to the experimental data. Qualitatively, it can be concluded that the outer
ring of high A2 values and thus heavy-tailed distributions of velocity increments, that surrounds the velocity deficit of a wake,

can be correctly predicted in LES simulations.
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Figure B1. LES data of the wakes 3D (top row) and 6D (butten-bottom row) behind the ForWind turbine at v = 30°. In contrast to the
experiments presented in this paper, the inflow in the LES domain features a vertical shear with comparable turbulence intensity. The time

scales of 7 for the A calculations correspond to the length scale of the rotor diameter.
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Abstract. This paper presents an investigation of wakes behind model wind turbines, including cases of yaw misalignment. Two
different turbines were used and their wakes are compared, isolating effects of boundary conditions and turbine specifications.
Laser Doppler Anemometry was used to scan a full plane of a wake normal to the main flow direction, 6 rotor diameters
downstream of the respective turbine. The wakes of both turbines are compared in terms of the time averaged main flow
component, the turbulent kinetic energy and the distribution of velocity increments. The shape of the velocity increments’
distributions is quantified by the shape parameter \2.

The results show that areas of strongly heavy-tailed distributed velocity increments are surrounding the velocity deficit in all
cases examined. Thus, a wake is significantly wider when two-point statistics are included as opposed to a description limited
to one-point quantities. As non-Gaussian distributions of velocity increments affect loads of downstream rotors, our findings
impact the application of active wake steering through yaw misalignment as well as wind farm layout optimizations and should
therefore be considered in future wake studies, wind farm layout and farm control approaches. Further, the velocity deficits
behind both turbines are deformed to a kidney-like curled shape during yaw misalignment, for which parameterization methods

are introduced. Moreover, the lateral wake deflection during yaw misalignment is investigated.

1 Introduction

Due to the installation of wind turbines in wind farm arrangements, the turbine wakes become inflow conditions of downstream
rotors, causing wake effects. Those include a reduced wind velocity and increased turbulence levels. The former cause power
losses of up to 20% (Barthelmie et al., 2010) in wind farms, while the latter are linked to increased loads of downstream
turbines, affecting fatigue and life time (Burton et al., 2001). In order to mitigate wake effects, various concepts of active
wake control strategies have been proposed and investigated. One concept is an active wake steering by an intentional yaw
misalignment, where the velocity deficit behind a rotor is deflected laterally by misaligning it with the mean inflow direction.
The possibility of wake re-direction by yawing was observed and investigated by means numeric simulations (e.g. Jiménez
et al., 2010; Fleming et al., 2014b), in wind tunnel experiments (e.g. Medici and Alfredsson, 2006; Campagnolo et al., 2016)

and in full-scale field measurements by Trujillo et al. (2016). Further, the potential of increasing the power yield in a wind farm
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configuration was explored experimentally (Schottler et al., 2016), numerically (e.g. Fleming et al., 2014b; Gebraad et al.,
2014) and in a field test in a full-scale wind farm (Fleming et al., 2017), showing promising results as the total power yield
could be increased in the mentioned studies.

As the applicability of the concept to future wind farms require a thorough understanding of the wakes behind yawed wind
turbines, this study examines the wakes behind model wind turbines during yaw misalignment. Experimental studies are nec-
essary to validate numeric results, to tune engineering models and to gain a deeper understanding of the present effects in a
controlled laboratory environment. However, when examining wake effects experimentally, varying turbine models are used.
Those models strongly differ in their complexity and design, including blade design, geometry or control concepts. The sim-
plest model is a drag disc concept, where a wind turbine is modeled by a porous disk in the flow as done by Espaifia et al.
(2012) or Howland et al. (2016). Moreover, rotating turbine models have been used in numerous studies, where the design and
complexity of the models vary significantly. Examples include (Medici and Alfredsson, 2006), (Bottasso et al., 2014), (Abdul-
rahim et al., 2015), (Rockel et al., 2016) or (Bastankhah and Porté-Agel, 2016). In contrast to numerical studies, where the vast
majority of the research community uses consistent turbine models (NREL 5 MW (Jonkman et al., 2009) or DTU 10 MW (Bak
et al., 2013) reference turbines for example), experiments lack certain systematics and comparability due to varying turbine
models, facilities and measurement techniques. The present study aims to compare the wakes of two different model wind
turbines in the same facility, using comparable boundary conditions as far as possible. Therewith, a separation between general

wake effects and turbine specific observations can be achieved.

We present wake analyses ranging from mean quantities to higher order statistics. Average mean flow components are of
relevance when assessing the energy yield of potential downstream turbines. An investigation of turbulence parameters such
as the turbulent kinetic energy (TKE) is linked to fluctuating inflow conditions, which is important for loads of downstream
turbines and therewith their lifetime (Burton et al., 2001). To gain a deeper insight, we extend our analyses to two-point
statistics. More precisely, velocity increments are analyzed, allowing for a scale dependent analysis of flows. Non-Gaussianity
of the distributions of velocity increments has been reported not only in small scale turbulence (Frisch, 1995), but also in
the atmospheric boundary layer (e.g. Boettcher et al., 2003; Liu et al., 2010; Morales et al., 2012). To what extent statistical
characteristics of velocity increments are transfered to wind turbines is of current interest throughout the research community
(van Kuik et al., 2016). Schottler et al. (2017c) found a transfer of intermittency from wind to torque, thrust and power data
in a wind tunnel experiment using a model wind turbine. Similarly, Miicke et al. (2011) found a transfer of intermittency to
torque data using a generic turbine model. Milan et al. (2013) reported intermittent power data in a full-scale wind farm. We thus
believed that distributions of velocity increments in wakes are of importance for potential downstream turbines as non-Gaussian
characteristics are likely to be transfered to wind turbines in terms of fluctuating loads and power output. Consequently,
investigations of velocity increments in wakes become extremely relevant for active wake control concepts as well as for
wind farm layout approaches. A further elaboration on the connection of non-Gaussian velocity increments and loads as well

of power fluctuations is given in Section 4.
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Table 1. Summary of main turbine characteristics. The tip speed ratio (TSR) is based on the free stream velocity u,.s at hub height. The
Reynolds number at the blade tip, Reip, is based on the chord length at the blade tip and the effective velocity during turbine operation. For
the ForWind turbine, 0.96 R was chosen as radial position to account for the rounded blade tips. The blockage corresponds to the ratio of the
rotor’s swept area to the wind tunnel’s cross sectional area. The direction of rotation refers to observing the rotor from upstream, with (c)cw

meaning (counter)clockwise. The thrust coefficients were measured at v = 0° and corrected for thrust on the tower and support structure.

Turbine Rotor diameter ~ Hub diameter Blockage TSR  Retip Rotation cr
ForWind 0.580m 0.077m 5.4 % 6 ~6.4x10"  cw 0.87
NTNU 0.894m 0.090 m 13% 6 ~1.1x10° ccw 0.87

This work is organized as follows. Section 2 introduces the methods used throughout the study, including the experimental
methods, a concept for quantifying a wake’s deflection and a definition of the examined parameters. Section 3 shows the
result of the study. First, results of the non-yawed rotors are investigated and compared in Section 3.1. Wakes during yaw
misalignment are analyzed in Section 3.2, including a quantification of the wake deflection. Section 4 discusses the findings
before Section 5 summarizes this work and states the conclusions. This work is part of a joint experimental campaign by
the NTNU in Trondheim and ForWind in Oldenburg. While this paper compares the wakes behind two different model wind
turbines during one inflow condition, a second paper by Bartl et al. (2017) examines the influence of varying inflow conditions

on the wake of one model wind turbine.

2 Method
2.1 Experimental methods

The experiments were performed in the wind tunnel of the Norwegian University of Science and Technology (NTNU) in
Trondheim, Norway. The closed-loop wind tunnel has a closed test section of 2.71m x 1.81m x 11.15m (width X height X
length). The inlet to the test section was equipped with a turbulence grid having a solidity of 35% and a mesh size of 0.24 m.
Further details about the grid are described by Bartl and Setran (2017). Two different model wind turbines were used that vary
in geometry, blade design and direction of rotation. Those deliberate distinctions allow for an isolation of general effects of
wake properties. The turbines will be denoted NTNU and ForWind, respectively. Table 1 summarizes the main features and
differences of both turbines, further details are described by Schottler et al. (2017b). Figure 1 shows technical drawings. As
can be seen, the ForWind turbine was placed on four cylindrical poles to lift the rotor above the wind tunnel boundary layer
to the same hub height as the NTNU turbine, being 820 mm above the wind tunnel floor. One turbine at a time was placed
on a turning table allowing for yaw misalignment, denoted by the angle -, which is positive for a clockwise rotation of the
rotor when observed from above as sketched in Figure 2. For the NTNU turbine, the reference velocity measured in the empty

wind tunnel was u,.f yrnu = 10ms™! at a turbulence intensity of 71 = 7, /(u) = 0.1. For the ForWind turbine, the inflow
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Figure 1. Technical drawings of the NTNU turbine (a) and the ForWind turbine (b).
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Figure 2. Sketch of the setup, top view. D denotes the respective rotor diameter as listed in Table 1.

velocity was Uref, Forwing = 7.5ms~ ! and T = 0.05. In both cases, u(t) was homogeneous within +6 % and the 7'] within
+3% on a vertical line at the turbine’s position.

In this study we consider two-dimensional cuts through the wake, normal to the main flow direction at a downstream distance
of /D = 6 for both turbines as illustrated in Figure 2. Data were acquired using a Dantec FiberFlow two-component Laser
Doppler Anemometer (LDA) system, recording the u- and v-component of the flow. The accuracy is stated to be 0.04% by the
manufacturer. During turbine operation, the LDA system was traversed in the yz-plane, normal to the main flow direction. Each

measured plane consists of 357 points, 21 in z-direction ranging from —D to +D and 17 points in y-direction, ranging from
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Figure 3. Non-dimensional measurement grid behind the rotor for v = 0°. The respective contours of the turbines are shown in black
(ForWind) and red (NTNU). For the NTNU turbine, the wind tunnel walls are located at z/D = £1.5 and y/D = £1.0, for the ForWind
turbine at z/D = +2.34 and y/D = £1.56.

—0.8D to 0.8 D, see Figure 3. The resulting distance separating two points of measurement is thus 0.1 D. For one location,
5 x 10* samples were recorded, resulting in time series of varying lengths of approximately 30s. As can be seen, the NTNU
turbine has a slimmer tower and nacelle relative to its rotor diameter when compared to the ForWind turbine. The grid of
physically measured values was interpolated to a grid of 401 x 321 ~ 129000 points for further analyses. The distance between
the interpolated grid points is therewith reduced to 0.005 D. Natural neighbor interpolation is used, resulting in a smoother

approximation of the distribution of data points (Amidror, 2002).
2.2 Wake center detection

In order to quantify the lateral wake position, we compute the power of a potential downstream turbine as described by Schottler
et al. (2017b). A similar approach was shown by Vollmer et al. (2016). We define the potential power of a downstream turbine
to be

10
P=>"pAi(ui(t)5, ;- ()
=1

The rotor area is divided in ten ring segments. A; is the area of the i*?

ring segment and (u;(t)) 4,  denotes the temporally
and spatially averaged velocity in mean flow direction within the area A;. P* is estimated for 50 different hub locations in the
range —0.5D < z < 0.5 D, at hub height. We define the horizontal wake center as the z-position resulting in the minimum of

P*. The procedure is illustrated in Figure 4.
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Figure 4. Illustration of the wake center detection method. The hub of a potential downstream turbine is located at the red x. (u;(t))a,
is the spatially and temporarily averaged u-component of the velocity. The potential power P* is calculated for each ring segment and then
added up. This procedure is repeated for 50 horizontal hub locations x, while the position resulting in the lowest value of P* is interpreted

as wake center.

2.3 Examined quantities

The turbulent kinetic energy (TKE) is defined by the fluctuations of the three velocity components as
k=0.5((u(t)%) + (V' (£)%) + (w'()%)) , 2)
where v’ (t) is the fluctuation around the mean of wu(t) so that

ult) = (u(t)) +u'(t) . 3)

For briefness, we write (u) instead of (u(t)). As the third flow component w was not recorded, we assume (w’(t)?) ~ (v'(¢)?)

so that Equation (2) becomes
k=0.5((u(1)%) +2(v'(1)%)) , )

which will be used in further analyses. Measurements where performed validating this approximation.
For a thorough analysis of the wake turbulence, we examine velocity changes during a time lag 7 and refer to them as velocity

increments,
ur(t) :==ut) —u(t+7) . )

Investigating their probability density function (PDF) allows for scale-dependent analyses of turbulent flows, including all
higher order moments of u., hence all structure functions of order n, ST = (u?) of a velocity time series (Frisch, 1995). The

impact of certain properties of velocity increment PDFs on wind turbines is to date a widely discussed topic in wind energy
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research, see (e.g. Miicke et al., 2011; Milan et al., 2013; Berg et al., 2016; Schottler et al., 2017c). For more details, we refer
the reader to Morales et al. (2012) or Schottler et al. (2017c). Following Chilla et al. (1996), the shape parameter

n (F(u,)/3)

)\2 — 6
(7) - ©)
is used to quantify the shape of the distribution p(u,). F'(u,) is the flatness of the time series of velocity increments,
4
Ur — (Ur
Fu,) = =) %)

(uz)?
Equation (6) becomes zero for a Gaussian distribution, larger values correspond to broader, more heavy-tailed PDF. \? is of
practical relevance as it provides an analytical expression for the shape of p(u, ). A discussion about the interpretation is given
in Section 4. In this analysis, we compute A\? for time scales 7 that relate to the rotor diameter D of the respective turbine.
Using Taylor’s hypothesis of frozen turbulence (Mathieu and Scott, 2000), the length scale » = D is converted to the time

scales T,

r=r/(u)=D/{u) ®

whereas (u) refers to the respective time series, resulting in varying values of 7 within a wake.
In order to compute ., (t) using Equation (5), evenly spaced data are needed. The procedure applied to uniformly re-sample

the non-uniform LDA data is described in Appendix A. The approach results in a constant sampling rate for each wake.

3 Results
3.1 The non-yawed wakes

At first, we investigate wakes without yaw misalignment, v = 0°. Figure 5 shows the contour plots of the velocity component in
mean flow direction (u) /u,e s for both turbines, respectively, 6D downstream. The velocity deficits behind both turbines show a
circular shape as expected, exceeding the rotor area, indicating a slight wake expansion. For both wakes, the minimum velocity
is (u) /urer = 0.64. Besides those general similarities, some differences are apparent. Both graphs show the tower wake, which
is pronounced stronger for the ForWind turbine. This can be explained by the larger tower diameter relative to the rotor diameter
as shown in Figure 3. Similarly, the four poles the ForWind turbine is placed on (cf. Figure 1) are likely to enhance this effect.
Figure 5 also reveals that the wake behind the ForWind turbine is slightly displaced vertically towards the ground. This effect
can be linked to the tower wake, creating an uneven vertical transport of momentum as recently demonstrated by Pierella and
Saetran (2017). Next, the NTNU wake shows areas of velocities exceeding (u)/u,.y = 1.1 at the edges of the velocity deficit,
especially in the corners of the contour plot. Very likely, this is a blockage effect as the measurement plane is significantly
larger for the NTNU turbine. This results in a higher blockage ratio (13% for the NTNU rotor, 5.4% for the ForWind rotor).
As suggested by Chen and Liou (2011), blockage effects are expected for a cross-sectional blockage ratio exceeding 10%

when using model wind turbines, which is confirmed here. In order to better compare both contour plots, values exceeding
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Figure 5. (u) /urcs aty = 0° for the NTNU turbine (left) and ForWind turbine (right). The white lines indicate the contours of the respective

turbine. Values exceeding (u)/urey = 1.1 are masked.
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Figure 6. Turbulent kinetic energy (TKE) in m?s~2 according to Equation (4) for v = 0°. Left: NTNU turbine, right: ForWind turbine.

(u)/tyes = 1.1 are masked.

To further analyze the wake flows, Figure 6 shows the contour plots of the turbulent kinetic energy (TKE) behind both turbines.
The contours of the TKE appear as a circular shape, slightly larger than the rotor area. Behind the NTNU rotor, an outer ring
of high TKE values appears more pronounced than in the center region. This observation is significantly less distinct for the
ForWind turbine. The differences of the pronounced ring arise most likely from the different blade geometries. The airfoil of
the NTNU turbine (NREL S826) has higher lift coefficients for the relevant angles of attack and Reynolds numbers compared
to the ForWind rotor (SD7003 airfoil). A comparison of both airfoils is given in Schottler et al. (2017b). As a result, larger
pressure differences between suction and pressure side of the blades are expected, resulting in more pronounced tip vortices
shed from the NTNU rotor. Although those are already decayed at 2:/D = 6 (Eriksen and Krogstad, 2017), the tip vortices are
likely to be the origin for a pronounced TKE at blade tip locations for behind the NTNU rotor.

Further increasing in complexity and completeness of the wakes’ stochastic description, Figure 7 shows the contour plots of
the shape parameter A\? behind both turbines. The length scale T is related to the rotor diameter D of the respective turbine.
The scale is transfered from space to time using Taylor’s Hypothesis, cf. Equation (8). In both cases, the contours of A\? show

a circular ring, whose diameter is significantly larger than the rotor diameter. In order to quantify the qualitative shapes of the
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Figure 7. \? for both turbines at v = 0°. The time scales 7 correspond to the length scale of the rotor diameter, cf. Equation (8). The red

markings x and o show measurement positions for which p(u,) were calculated as shown in Figure 8. Left: NTNU turbine, right: ForWind

turbine. Note the different scaling.
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Figure 8. p(u.) of the time series at two measurement position, (y =0, z = D/2) and (y = 0, z = D) corresponding to the red marks
in Figure 7. (a): NTNU turbine, (b): ForWind turbine, both at v = 0°. The time scales 7 are related to the length scales of rotor diam-
eters by Taylor’s Hypothesis using Equation (8). For z/D = 1 (red curve) the Castaing distribution is shown with A%y = 0.046 and
Ao wing = 0.17 (Castaing et al., 1990). A Gaussian fit is added to guide the eye.

contours shown in Figure 7, Figure 8 shows the increment PDFs of the respective time series, p(u., ), at the positions indicated
by the red marks (o/x) in Figure 7. u. is normalized by the standard deviation, o, for better visual comparison. As shown in
black, the positions behind the rotor tips, where A2 2 0, reveal increment PDFs very close to a Gaussian distribution, which
holds for both turbines. For z = D, which lies within the ring of large A? values, p(u.) strongly deviates from a Gaussian,
showing a heavy-tailed distribution. Figure 8 further shows p(u.) based on the model proposed by Castaing et al. (1990).
Those distributions were evaluated based on the A? values computed by Equation (6) at z = D, visualizing exemplary how
well the distributions’ shapes are grasped by A2. Our results show that, depending on the examined quantity, different radial

wake regions are of interest. To compare the varying spatial extensions of the three quantities’ significant areas, Figure 9 shows
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Figure 9. Diagonal cuts on the line y = z through the contour plots for v = 0°. Values are normalized to their respective maximum. The

vertical dotted lines mark p & 1o, (black) and p 4 20, (red) of a Gaussian fit through the velocity deficit shown in blue.

diagonal cuts through the respective contour plots for the non-yawed cases along the line y = z. The area of pronounced TKE
approximately coincides with the rotor area. The notable peaks are separated by ~ 0.86 D (NTNU) and ~ 0.77 D (ForWind),
respectively, being significantly less pronounced behind the ForWind rotor as previously described. Clearly, the A? peaks span
a much larger distance, being approximately 1.7 D (NTNU) and 2.0 D (ForWind). At their location, the velocity deficit has
recovered to > 90% of the free stream velocity in all cases. Thus, for a thorough description of wind turbine wakes, a much
larger radial area is of interest as compared to a description restricted to mean values and the turbulent kinetic energy as often
done in literature and wake models. An approximation of the lateral extension of high TKE and \? values based on a Gaussian
fit through the velocity deficit is given by & 1o, and =+ 20, respectively, with p being the mean value and o, the standard
deviation of the fit. For illustration, the dotted lines in Figure 9 mark the respective locations. It is shown that the radial areas
of TKE and A\? can be related in this way to the velocity deficit. To get a feeling of the impact on potential downstream
turbine, Figure 10 compares p(u, ) in absolute terms at a free stream position, y/D = 0.8, z/D = 1, and at a position featuring
high A\? values, y/D =0, z/D = 1, exemplary for the ForWind turbine. It becomes clear that velocity increments exceeding
3ms~! occur much more frequent within the ring of high A2 values than in three free stream. Hereby we show that this radial
position of the wake features significantly different flows than the free stream. To compare more visually, Figure 11 shows the
corresponding time series u, (¢). Clearly, the spiky signature of extreme events become obvious in Figure 11(b), confirming

that no free stream condition is reached at z/D = 1.

10
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Figure 10. p(u,) of the free stream at y/D = 0.8, z/D =1and of y/D =0, z/D = 1, exemplary for the ForWind turbine.
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Figure 11. Time series of increments u(¢) for the positions y/D = 0.8, z/D =1 (free stream,a) and y/D =0, z/D = 1. The standard

deviations o, are indicated in red.

3.2 Wakes during yaw-misalignment

During a yaw misalignment of v = £30°, the velocity deficits behind both rotors are deflected and deformed as shown in

Figure 12 by the contours of the main flow component (u) /uy. .

The wake is deflected sideways behind both turbines, whereas the lateral direction is dependent on the yaw angle’s sign.

This is expected due to a lateral thrust component of the rotor as a result of yaw misalignment, which has been observed and

described in numerous studies including (Medici and Alfredsson, 2006; Jiménez et al., 2010; Vollmer et al., 2016; Trujillo

et al., 2016). The deflection of the velocity deficit is quantified using the approach described in Section 2.2, the results are

listed in Table 2 including the resulting wake skew angles.
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Figure 12. (u)/urcs during yaw misalignment. Top row: v = —30°, bottom row: v = 30°. Left column: NTNU turbine, right column:
ForWind turbine. The solid white lines indicate the contours of the respective turbine, while the dashed lines denote the rotor area without

yaw misalignment. The red x marks the position of minimum measured velocity (u). Values exceeding 1.1 are masked for better comparison.

Table 2. Wake center location as computed by the approach described in Section 2.2 with corresponding skew angles.

Turbine  Yaw angle [°] Wake center [D]  Skew angle [°]

NTNU 30 —0.28 ~ —2.6
NTNU -30 0.32 ~3.0
ForWind 30 —0.38 ~ —3.6
ForWind —30 0.38 ~ 3.6

As Table 2 shows, the skew angles behind the ForWind turbine are equal apart from their sign for both directions of yaw
misalignment. The NTNU rotor however, shows slightly different deflection angles for v = 30° and v = —30°, which is likely
caused by blockage effects, that play a more significant role for the NTNU rotor due to the larger blockage ratio. This can
also be seen in Figure 12, where speed-up effects are visible in the corners. In Schottler et al. (2017b), where the same setup
was used!, the skew angle for the NTNU rotor decreased from z/D = 3 to x/D = 6, which is a further indication for wall
effects due to blockage, especially during yaw misalignment. Furthermore, both values show smaller angles as for the ForWind
turbine.

In Figure 12, minimum (u) values are marked, showing a vertical transport of momentum in all cases. For v = 30°, the

wake is moved upwards behind the NTNU turbines, and downwards behind the ForWind rotor. Directions are reversed for

'In Schottler et al. (2017b), the quantification was carried out for a sheared inflow. Other aspects of the setup were equal.
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Figure 13. (a): Example of parameterizing the curled shape of the velocity deficit. The green markings show minimal velocities of a poly-
nomial function used to fit the interpolated data points in a horizontal line, y = const. The red, dashed line shows a quadratic fit based on
the green markings. (b): Visualization of the curled shapes of the velocity deficits. For both turbines, the cases v = +30° are shown. Dashed

lines show a visualization of the wakes tilt, connecting the respective intersections of the curves.

~ = —30°. Similar observations have been made by Bastankhah and Porté-Agel (2016). The vertical transport is related to
an interaction of a wake’s rotation with the tower shadow/ground. Our results isolate this effect, as the direction of vertical
transport is opposite comparing both turbines having an opposite direction of rotation. The fact that the vertical transport is
stronger behind the ForWind rotor further supports this explanation as the tower wake is more pronounced due to the larger
tower diameter and the structure the turbines is placed on.

A deformation of the velocity deficit to a curled “kidney” shape is observed for both turbines during yaw misalignment, whereas
it is slightly more pronounced behind the ForWind turbine. The curled shape behind a wind turbine model in yaw has previously
been observed by Howland et al. (2016) using a drag disc of 30 mm diameter and by Bastankhah and Porté-Agel (2016) using
a rotating turbine model of 150 mm diameter. Figure 12 confirms these findings on two further scales. For a better comparison
of the curled shape of the velocity deficit during yaw misalignment, we apply the following parametrization, exemplary shown
in Figure 13(a) for the ForWind turbine at v = 30°: data points of horizontal cuts through the wake, <u>yzconst., are fitted by a
polynomial. The procedure is repeated for values of y ranging from —0.4 D to 0.4 D. The positions of the polynomials’ minima
(green marks), are fitted by a quadratic function (red line). Figure 13(b) shows the comparison of both turbines for v = +30°.
As already seen in Figure 12, the wakes behind the ForWind turbine are deflected further and the curled shape is pronounced
stronger, which can be attributed to blockage effects. Figure 13(b) also shows that the wakes behind both turbines are slightly
tilted. Looking at the black curves (ForWind turbine), an asymmetry can be noticed as the curves are tilted towards the left,
while the red curves are tilted towards the right. This is illustrated by the gray, dashed lines in Figure 13(b) which connect

the points of intersection for 7 = £30°. Similar asymmetries have been observes by Bastankhah and Porté-Agel (2016) for
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Figure 14. (u)/u,cs (left column), TKE (center column) and A? (right column) for v = —30° behind the NTNU turbine (top row) and
the ForWind turbine (bottom row). The time scale for A? corresponds to the length scale of the rotor diameter. The red marks show the
approximation of the respective parameter’s radial extension based on p + 1o, (TKE, middle column) and z 4 20, (A2, left column) as

described in Section 3.1.

positive and negative yaw angles, which is explained by an interaction of a wake’s rotation with the tower wake and the ground.
By using turbines of opposite rotation direction, we can attribute the asymmetries in vertical transport and the tilt in opposite
direction for v = £30° to the rotation of rotor and wake. Not shown in detail here, the same effect was observed for different
inflow conditions and other downstream distances, using the same setup and methods as in this study.

Adding TKE and A\? contours during yaw misalignment, Figure 14 shows all three examined quantities, exemplary at a yaw
misalignment of v = —30°, for both turbines. The shapes of the TKE contours are deformed similarly as for (u). A curled
shape evolves and the differences between both turbines as described for v = 0° are still notable during yaw misalignment.
Similarly, the circular rings of high \? values are deformed to a curled shape at v = £30°. Thus, the general effect of heavy-
tailed increment PDFs surrounding the velocity deficits in a wake is stable against yaw misalignment and the resulting inflow
variations at the rotor blades. Further, this finding is confirmed in Large Eddy Simulations (LES) performed at the Universidad
de la Republica, Uruguay, shown in Appendix B. Therewith, it is found to be a general effect as it is observed for all wakes
considered, independent of yaw misalignment or turbine design. The red markings in Figure 14 show the approximation of the
radial extension of the TKE and A\? based on ;1 + 10, and pu+20,. p and o, correspond to Gaussian fits of the velocity deficits
at various horizontal cuts (y=const.) from y/D = —0.5 to y/D = 0.5. It is shown that the methods results in quite good first

order approximations, also during yaw misalignment.
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4 Discussion

In this study the characterization of yawed and non-yawed wind turbine wakes is investigated and extended by taking into
account a further turbulence measure, namely the intermittency parameter A2. We find heavy-tailed distributions of velocity
increments in a ring area surrounding the velocity deficit and areas of high TKE in a wind turbine wake. Thus, the definition of
a wake width strongly depends on the quantities taken into account as the ring area features significantly different statistics than
the free stream. The heavy-tailed distributions are the statistical description of large velocity changes over given time scales
and are transfered to turbines in terms of loads and power output. This has been shown experimentally (Schottler et al., 2017c¢),
numerically (Miicke et al., 2011) and in a field study by Milan et al. (2013). Consequently, our findings should be considered in
wind farm layout optimization approaches, where a wake’s width is a crucial parameter for radial turbine spacing. As layouts
are being optimized regarding power and loads, the latter might be significantly affected by taking into account intermittency
and the resulting increased wake width. Possibly, the ring of non-Gaussian velocity increments is a result of instable flow
states, where the flow switches between a wake and free stream state. Behind a rotor, the wake characteristics dominate the
flow. Outside the wake, free stream properties are dominant. In the transition zone, a switching between both flow states is
believed to result in heavy-tailed velocity increments and therewith high A\? values. Generally, A? will be larger for smaller
scales 7, which is a known feature of turbulence (Frisch, 1995).

Care should be taken when interpreting A? as an indicator for an increment PDF’s shape. Here, we use the shape parameter as
qualitative indicator. For a more quantitative analysis, one has to consider the increment PDF of a time series directly. This is
done in Figure 8 exemplary for chosen points, however, in order include all time series of a wake, using A? allows for a much

better visualization and comparison.

Figure 14 shows that the velocity deficit is deflected laterally during yaw misalignment, so that a potential in-line down-
stream turbine would exhibit a power increase as more undisturbed flow hits the rotor area at z/D =~ —0.5. Looking at the \?
contours however shows, that areas of non-Gaussian velocity increments are now deflected onto the rotor area. This becomes
important when assessing the applicability of active wake steering approaches, as a gain in power has to be balanced with a
potential load increase, affecting maintenance costs and the lifetime of turbines overall.

It should be noted that it is to date not clear to what extent high TKE levels and intermittent force data are affecting com-
mon ways of fatigue and extreme load calculations. This important aspects needs to be addressed in future works. Possibly, it
strongly dependents on details such as considered time scales. In our opinion, it is likely that non-Gaussian inflow is linked to
drive train, gear box or pitch systems failures, especially because those inflow characteristics are not accounted for in standard

models used in the design process.
The velocity deficit in mean flow direction () deforms to a curled “kidney” shape during yaw misalignment. Consequently,

horizontal cuts through the wake are insufficient when characterizing wakes behind yawed rotors, resulting in misleading

and incomplete conclusions when quantifying wake deflections by yaw misalignment. The parametrization of the wake’s curl
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shown in Figure 13 should not be interpreted as quantification. Instead, we use the described approach to better compare
multiple curled wakes as done in Figure 13(b). Our analyses include the velocity deficit in mean flow direction, the turbulent
kinetic energy and the shape parameter \?. The turbulence intensity in the wake revealed very comparable results as the TKE,
which is why we restrict our analyses to the TKE.

Besides the lateral deflection, a vertical transport of the velocity deficit is observed for both turbines during yaw misalignment.
Using counter-rotating turbines, this effect could be attributed to the wake’s rotation and its interaction with the tower wake. In
full scale scenarios, the ground, wind shear and rotor tilt would further contribute to the effect. For potential floating turbines,
a pitch motion will deflect the wake upwards, see Rockel et al. (2014). This vertical deflection will interact with the vertical
transport shown in Figure 12. Consequently, the direction of yaw misalignment is believed to be of importance when applying
the concept of wake steering to wind farm controls. This confirms findings by Fleming et al. (2014a) and Schottler et al.
(2017a), reporting an asymmetric power output of a two-turbine case with respect to the upstream turbine’s angle of yaw
misalignment. One should bear in mind that the inflow turbulence intensities are different regarding both turbines. We want to
point out that the influence of inflow turbulence on the wake deflection is studied in Bartl et al. (2018), showing no significant

effects.

5 Conclusions

This work shows an experimental investigation of wind turbine wakes, using two different model wind turbines. The analyses
include the main flow component, the turbulent kinetic energy and two-point statistics of velocity increments, quantified by the
shape parameter A\?. Yaw angles of v = {0°,4-30°} are considered at a downstream distance of z/D = 6.

Generally, the results of (u), the TKE and A2 compare well for both model turbines. Minor differences could be ascribed to the
more prominent blockage (12.8% vs 5.4%) in the NTNU setup, confirming findings by Chen and Liou (2011) even for wake
velocity measurements, who state blockage effects can be neglected for a blockage ratio < 10 %.

An outer ring of heavy-tailed velocity increments surrounds the velocity deficit and areas of high TKE in a wind turbine
wake. The wake features significantly non-Gaussian velocity increment distributions in those areas, where the velocity deficit
recovered nearly completely. For v = 0°, the ring has a diameter of approximately 1.7D - 2D, depending on the turbine. Based
on a Gaussian fit through the velocity deficit, the radial location of intermittent increments can be approximated by u =+ 20,
making a wake considerably wider when taking two-point statistics into account. This observation becomes important in wind
farm layout optimization and active wake steering approaches through yaw misalignment.

During yaw misalignment, the circular shape of a wake is deformed to a curled kidney-shape. A method for parameterizing
the curl-shape was introduced. Further, the lateral wake deflection was quantified, resulting in skew angles of +3.6° at +30°
for the smaller rotor and 3.0° and —2.6° for the larger rotor. Furthermore, vertical momentum transport in the wake during
yaw misalignment was observed. The direction of vertical transport is dependent on the direction of yaw misalignment. Using

counter-rotating turbines, the effect could be attributed to an interaction of a wake’s rotation with the tower wake in this study.
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Data availability. The experimental data set is available upon request.

Appendix A: Data preprocessing

In order to study intermittency using the shape parameter A2, uniformly sampled data are needed when applying Equation
(5). As the LDA measurement result in non-uniformly sampled data points, appropriate preprocessing is necessary. In the
following, the procedure is described that results in uniformly sampled data points. It is exemplary applied to the data of an
arbitrarily chosen wake.

The time separating two samples of a time series is At. For one time series, (At) ! is plotted for all samples in Figure A1 (a).
The corresponding histogram is shown in Figure A1 (b). The point corresponding to 40 % of all events is marked by the red
dashed line and is referred to as Fis. In this example, F's ~ 1.17 kHz.

This procedure is repeated for all 357 time series contained in one plane of measurement. Figure A2 shows Fg for all time
series, with the mean value indicated. The mean value of all Fg values in one plane will be used as sampling frequency to re-
sample the time series in one plane uniformly, an exemplary result is shown in Figure A3. Data points are interpolated linearly
onto a vector of uniformly spaced instants defines by the new sampling rate (Fs). It should be noted that the analyses of

velocity increments were performed for different constant sampling rates without showing any significant effect on the results.
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Figure A3. Examples of resampling the raw data u(¢) uniformly with (F's) = 1.4kHz.
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Appendix B: LES simulations

Within the scope of the blind test 5 project, LES simulations of the ForWind turbine in a very comparable setup were performed,
where the inflow features a vertical shear as opposed to the experiments shown in this paper. The incompressible flow solver
caffa3d.MBRi as described by Mendina et al. (2014) and Draper et al. (2016) was used to obtain the results shown in Figure
B1. The turbine was modeled by actuator lines. The top row shows /D = 3, x/D = 6 is shown beneath. The contours of
(u)/tyes and A2 reveal very similar results compared to the experimental data. Qualitatively, it can be concluded that the outer
ring of high A2 values and thus heavy-tailed distributions of velocity increments, that surrounds the velocity deficit of a wake,

can be correctly predicted in LES simulations.
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presented in this paper, the inflow in the LES domain features a vertical shear with comparable turbulence intensity. The time scales of 7 for

the \? calculations correspond to the length scale of the rotor diameter.
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