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Analysis of wake properties and meandering under
di erent cases of atmospheric stability: a large eddy
simulation study
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Abstract. Large eddy simulations (LES) with the solver Meso-NH are performed to analyse
a single wind turbine wake. In the rst part of this work, four algorithms to determine the
instantaneous wake centre (wake tracking) from the literature are compared. A data-processing
method is also proposed to improve the results of these algorithms. In the second part, three
di erent atmospheric conditions are simulated to assess the e ect of in ow conditions on the
wake. The focus is on the 2-dimensional wake width, the maximum de cit, the maximum added
turbulence and the amount of wake meandering in the lateral and vertical directions. The three
formers are computed in both the Moving and Fixed Frames of Reference (MFOR and FFOR).
Results in the MFOR are shown to be sensitive to the wake tracking algorithm, in particular for
turbulence. The ow eld in the MFOR is found to be independent of atmospheric conditions for
the two cases with similar operating conditions and length scales larger than two diameters of
the rotor. The third case with lower length scales and turbulence intensity behaves di erently.

1. Introduction

The wake behind a wind turbine is characterised by a lower wind velocity and a higher level
of turbulent kinetic energy (TKE) compared to the in ow properties. The wind turbine wakes
interact with the atmospheric boundary layer (ABL): the largest eddies of the ABL induce
meandering, i.e. oscillations of the wake around its mean position [1], and the atmospheric
stability modi es the wake recovery [2]. In order to study and optimise wind farm layouts,
many analytical models for the velocity de cit have been proposed. This work is based on the
bivariate gaussian shape [3]:

y2 22
U(xy:z) = C(x)e 2 y()? 22007 (1)

where U =(U; U)=U; isthe mean, non-dimensional velocity de cit in the wake, with
U; the mean upstream velocity, y; , the lateral and the vertical wake widths and (x;y;z)
the streamwise, lateral and vertical coordinates respectively. This gaussian shape of the velocity
de cit can be found in the far wake i.e. for x > 3D where D is the turbine diameter. Based on
momentum conservation, C(x) takes the following form [4]:
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where Ct is the thrust coe cient. Due to the blade bound vorticity, the shear generated
by the velocity de cit and the wake meandering, the wake is also a region of increased TKE
[5]. Most analytical models dealing with turbulence in wakes are empirical and focus on the
streamwise evolution of the maximum added TKE [3, 6], possibly modulated by a shape function
[7].

When computing the mean and variance of the wake velocity eld over a time period larger
than the meandering period, the wake is spread on the meandering range. Consequently, the
wake de cit is lower, and its width larger compared to a non-meandering wake. In order to
decouple the 'natural’ expansion of the wake and the e ect of meandering, it is here proposed
to work with the Moving and Fixed Frames of References (MFOR and FFOR, respectively), as
in the Dynamic Wake Meandering model (DWM) [1]. The latter is linked to the ground: it is
the frame of reference of the simulation. The former is moving with the wake centre at each
timestep. The wake behaves in the MFOR as if there is no meandering: the mean velocity de cit
is higher and narrower than in the FFOR because it is not spread by meandering. Conversely,
it has been measured that the streamwise turbulence is lower than in FFOR [8], which can be
attributed to the absence of meandering turbulence in the MFOR.

To compute the velocity in the MFOR, the position of the wake centre at each timestep
must be found (this is called 'wake tracking' in the following). The rst objective of this
work is to compare the reliability of di erent tracking algorithms and to show that the choice
of the algorithm induces important changes in the resulting mean and turbulence elds in
the MFOR. A pre-processing method is also proposed to improve the tracking. Previous
works have shown, with a simpler tracking algorithm, that the atmospheric stability strongly
a ects the wake meandering but has a minor impact on the mean wake velocity in the MFOR
[9, 10, 11]. The second objective of this work is to verify this observation with a more reliable
algorithm and a new set of data. The improved reliability of the presented wake tracking
allows to study the turbulence eld in the MFOR between from x=D = 1 to x=D = 8 and
its dependency on atmospheric stability (extending the work of [12] that was restrained to
x = 2:5D). Understanding the behaviour of TKE in the MFOR is an important step towards
physically-based models of TKE that take into account meandering, either dynamically as in
the DWM model or analytically [13].

2. Numerical simulation

2.1. The SWIFT cases

This study is based on numerical simulations reproducing the SWIFT benchmark [10] where
several codes were compared ton-situ measurements of a single utility-scale wind turbine of
diameter D = 27 m and hub height z,,, = 32:1 m, located in a at terrain. Three cases are
studied: near-neutral, unstable and strongly stable. In the simulations, the stability parameter
at z =10 m is respectively z=Lyo = f0:003 0:159 0:601g where L o is the Monin-Obukhov
length, the inow velocity at hub height is U = f8:4;6:2;3:7g m/s, the inow streamwise
turbulence intensity (TI) at hub height is Tly = f11:2;12:3;4:79% and the thrust coe cient
is Cy = f0:79;0:81; 0:82g. In ow conditions, turbine response and time-averaged velocity de cit
of Meso-NH have already been presented in a previous work [14], so here the focus is on the
meandering properties and on the wake in the MFOR and the FFOR.
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2.2. The Meso-NH LES solver
These three cases are simulated with the LES solver Meso-NH [15]. The aneslatic (a constant
density pro le (z) isimposed, excepted for the buoyancy term) and non-hydrostatic (the vertical
velocity is driven by the vertical pressure gradient and the gravity) Navier-Stokes equations
along with the energy conservation equation are resolved with a nite volume method on an
Arakawa grid. The unknowns are the 3-D velocity components Uy, Uy and U,) and the potential
temperature . The momentum equation takes into account buoyancy, the Coriolis force and
large-scale forcing. The latter is written as a 2-D geostrophic wind that is imposed by the user.
An equation for the subgrid kinetic energy esgs and a mixing length L, are introduced for
the turbulence closure. The subgrid terms are written as a function ofesgs, L m and the resolved
terms [16]. The mixing length is related to the grid size and strati cation through the Deardor
formulation [17]. A fourth-order centred scheme and a fourth-order Runge-Kunta scheme are
used for spatial and temporal discretisation. To model the wind turbine, the actuator line
method (ALM) is used, following [18]. The implementation in Meso-NH has been validated
against the NewMexico experiments [19] and the SWiFT benchmark [14].

2.3. Numerical parameters

In order to initialise the neutral and unstable ABL, a rst domain D is created, with streamwise
and transverse dimensions of 6 km 2:4 km and 12 km 6 km respectively, and a coarse
horizontal mesh width of 20 m. The ow eld is initialised with a constant-velocity pro le equal

to the geostrophic wind and a constant-temperature pro le up to 1000 m, capped by an inversion
region (5K/50m). To go down in resolution, a nesting is performed: the oweld of D; in a
given region is used as the boundary conditions of a new domai®,, of smaller dimensions
and ner mesh [20]. This operation is repeated twice in order to reach 6 m resolution i.e.
about 60 mesh points per rotor diameter as recommended in [21]. In each nested domain, a
turbulence build-up region (in brown in Figure 1) appears near the in ow, where the ow eld

is not physically realistic. For the stable case, the same procedure is used but since the largest
eddies are much smaller, the dimensions dbD1 are reduced to 630 m 350 m long and wide,
its horizontal resolution is 1:2 m and the ABL height is 200 m. Only one nesting is necessary
to reach G4 m resolution.

Turbulence build-up region Downstream planes

|:] Interpolated BC Upstream plane

Figure 1. Schematic of the simulation set-up with Meso-NH.
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The vertical mesh is the same for every domain and is set to have isotropic cells in the most
re ned domain from the ground to the top tip of the turbine. Prescribed surface roughness
and ground heat ux are used to build a bottom boundary condition for the temperature and
velocity through the Monin-Obukhov similarity theory. Once the ow eld is initialised in the
most re ned model, the ALM is activated with imposed constant rotational velocity and blade
pitch, deduced from the characteristics of the SWIFT turbine. A simple implementation of
the nacelle and the tower is used (following [22]). After a 10-minutes spin-up to let the ow
establish, the instantaneous velocities are extracted at 1 Hz for one plane 2:5D upwind the
turbine and planes downwind from 1D to 8D (see Figure 1). Statistics are then computed over
the whole simulation, i.e. 80 min, 40 min and 10 min for the neutral, unstable and stable cases
respectively.

3. Wake tracking
3.1. Context
In order to compute the amount of meandering and the velocity eld in the MFOR, it is necessary
to determine the wake centre position at each timestep, hereafter notedy.(t); zc(t) for the
horizontal and vertical coordinates. The most common wake-tracking algorithm (abbreviated
Gauss2D) consists in tting a 2D-gaussian function on the instantaneous, non-normalised
velocity decit eld U = U(x;y;z;t) Uy where Up is the unperturbed velocity (detailed
later). In another algorithm (denoted MinPower), the wake centre is de ned as the region with
the lowest available power [23], i.e. a minimisation algorithm is applied at every time step on
the function:
Z Z
fhezd= Uy yez z)dydz 3
T

where Sy is a disk of the size of the rotor-swept area. In a third method (denoted CstArea),
the wake outline is deduced from a U isoline enclosing an areaS equal to the rotor-swept
area. This algorithm can instead be based on the momentum conservation (it is then denoted
CstFlux) i.e. the wake outline is computed as a U isoline enclosing a surfaces such as:

ZZ

U[Ug U]dS=T (4)
S

where the density of the uid and T is the mean thrust [24]. In the CstArea and CstFlux
algorithms, the wake centre is then computed as the velocity de cit centroid of S. The four
algorithms are applied to the extracted instantaneous velocity planes from Meso-NH with the
SAMWICH python toolbox (used in [10, 24, 25]). Each algorithm can lead to erroneous wake
centre computation: low-speed eddies of the ABL can be 'mistaken’ with the wake and turbulence
tends to modify the wake shape, or even split it, making it hardly detectable.

In the literature, the unperturbed velocity is often de ned as the Upstream velocity, i.e.
Uo(z) = U1 (2) (here taken in the plane at x = 2:5D), allowing to remove the mean shear
but not the instantaneous eddies of the ABL. Instead, it is here proposed to use instantaneous
velocity planes from a Reference simulation, which is another LES simulation with the same
boundary conditions and in ow but without the turbine: Uy = Ut (X;y;2;t). The eddies of
the ABL not a ected by the wake are the same in both simulations and should be cancelled
when subtracting U Up. This method is computationally more expensive as it requires running
another LES simulation.

To smooth the eld on which tracking algorithms are applied, a moving average operator
<:> can be applied to the velocity and reference velocity elds, as in [26]:
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a) 'Upstream’' Uy, no window. b) 'Upstream' Uy, 7sec window.c) 'Reference' Uy, 7sec window.

W 2

i —_

5 00

=, 0.1 g
3 022
N -0.3 ;5
I -0.4

N |

~ -0.5 =)

-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

(y = Yo)/D[-] (y = Yo)/D [-] (y = Yo)/D [-]
—— CstArea_outline U__1 Gauss2D_outline »  Gauss2D_center + CstArea_center
CstFlux_outline ... "+ MinPower_outline e MinPower_center CstFlux_center

Figure 2. Results of di erent wake tracking strategies for the frame 199s at x/D=8.

Z t+ t=2

<U> = ¢ u( )d (5)

t t=2

where t is the window size. One must take care that the meandering motions are not
Itered out by doing so. When the power spectral density of y; is computed as a function of
the frequency, it appears that most of the variance ofy. is coming from frequencies lower than
Us=4D 0:13 Hz 1=7 Hz. U is the convection velocity of the large scales of the wake, which
is here set to 08 U; , according to wind tunnel measurements [27]. The window size is thus set
to t =7 seconds to ensure that the meandering process of the wake is only marginally a ected
by the time-averaging procedure.

3.2. Results

The e ciency of the four tracking algorithms as well as of the pre-processing methods are
assessed on the neutral case. The four tracking algorithms are tested on the velocity de cit eld
de ned by: the Upstream de nition without moving average (Figure 2a), the Upstream de nition
with moving average (Figure 2b) and the Referencede nition with moving average (Figure 2c).
Figure 2 shows on purpose a casexfD =8 at t = 199 s) where the di erences are strong and
the wake centre is not trivial to identify. In Figures 2a and 2b, two regions of low-velocity are
present, one neary=D = 1 and the other near y=D = 1, which can both potentially be the
wake, leading the algorithms CstArea and CstFlux to nd di erent results. For this particular
frame, using the Reference unperturbed velocity along with the moving average (Figure 2c)
allows to solve the ambiguity and de ne the wake position as the one located ay=D = 1.

,23 3XEOLVKLQJ

Upstream Reference
total Gauss2D| CstArea | CstFlux | Gauss2D| CstArea | CstFlux | Ambiguous
400 79 39 37 53 43 14 20
% 19,75 9,75 9,25 13,25 10,75 3,5 5
AutomDetec 40 0 0 31 0 0
Remaining(%) 9,75 9,75 9,25 5,5 10,75 3,5

Table 1.
frames.

Number of errors for di erent wake tracking strategies at x=D = 8 for the rst 400

To compare the tracking algorithms, results for the rst 400 frames at x=D = 8 for the
two de nitions of Ugp have been visually checked. For each algorithm, the number of timesteps
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where the output wake position is wrong is reported in Table 1. No criteria could be found to
characterise automatically whether the algorithm failed or not so this visually-based method is
the best at our disposal. This qualitative analysis is based on whether the minimum velocity
(excluding the small eddies attached to the ground) is included in the detected wake, and on the
coherence of the studied frame with the precedent and succeeding frames. In some situations
(5% of the studied frames), it is di cult to determine which algorithm is predicting the actual
wake centre: these are noted a®\mbiguous frames and not counted in the other columns of
Table 1.

Results without the moving average or with the MinPower algorithm are not shown due to
too many outliers. For both Uy de nitions, the Gauss2D algorithm leads to the highest number
of errors, followed by CstArea and then CstFlux. The Reference de nition of unperturbed
velocity allows to reduce this number for the Gauss2D and CstFlux methods. It is possible to
automatically detect about half the errors of the Gauss2D algorithm by discarding the wake
centre position detected near the edges of the frames, making it as reliable as the CstArea
algorithm in term of number of errors. However recovering the wake centre at these timesteps
from interpolation is prone to errors because they tend to appear on several frames in a row,
leading to about 10% missing data. Consequently, the CstFlux algorithm with the Reference
de nition of Ug is considered the one working the best with only 3% of errors.

3.3. Impact on the MFOR
To compute the instantaneous velocity eld in the MFOR, the velocity eld in the FFOR is
interpolated at each time step:

UmMFor (X;YMFOR ;ZMFOR ;1) = Urror (X;YFFOR + Ye(t); Zrror + Zc(t);t): (6)

Given that the ground is located around zrror 1:2D and that the minimum value
of zwrpor is set to 1D, then for the frames wherez;(t) < 0:2D, the velocity eld at
Umror (Zuror < 12D z(t)) is located under the ground and is thus unde ned. Since
extrapolation led to erroneous results, these values are ignored when computing the mean
velocity and TKE in the MFOR. It should also be noted here that only the streamwise velocity
eld Uy is computed in the MFOR so only the corresponding component of the TKEKky = uq®
is studied. Since the data have been sampled at 1 Hz, the values k§ presented herein do not
include the variations of higher frequency nor the subgrid-scale turbulence.

The lateral pro les (taken at hub height) of Ux and ky at x=D = 8 are plotted in Figure
3 for the Gauss2D and CstFlux algorithms, with the two de nitions of Ug for the tracking. The
impact of the moving average has been observed to be small and is thus not shown here. The
di erent tracking strategies result up to 20% di erence for the maximum velocity de cit, which
is non-negligible. Overall, using the Gauss2D andJpstream lead to stronger de cit than using
CstFlux and Reference Secondly, theky predicted from the Reference de nition of Ugp has a
more realistic shape than the one predicted with theUpstream de nition, i.e. a symmetric pro le
with respect to y = 0 and with values approaching the in ow turbulence ky.1 for yI 1
Three interpretations for the values of ky < k4.1 are proposed, that have not been yet been
veri ed by the authors:

Since the MFOR is 'following' the largest eddies of the atmosphere, the variability of these
eddies are not taken into account. According to the DWM theory, only the length scales
lower than U=2D should be taken into account to compute the upstream TKE in the MFOR.
This interpretation would also explain why this phenomenon is not observed in the stable
case where even the largest turbulence scales are lower thab 2

Here only the streamwise component of the TKE is taken into account. A possible
interpretation would be that there is a redistribution between u® v&0 and win® that
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a) AUpror profiles. b) ky mror profiles.
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Figure 3. Impact of the wake tracking algorithm on the velocity de cit and turbulence pro les
in the MFOR for the neutral case at x=D = 8.

leads to lower values ofky = uQPin some regions of the wake. The analysis of the lateral
and vertical components of the velocity eld in the MFOR could validate this interpretation,
but it is not clear to the authors whether or not a Galilean [8] transformation should be
applied to these components before looking at such TKE budget.

Finally, the wake tracking sensibility should be underlined. Since no perfect tracking
strategy has been proposed yet, the errors necessarily propagate to the computation of
the TKE. However, it cannot be the only source since negative values of kyror are
observed atx=D = 1 where there are almost no errors.

4. In uence of the atmospheric stability.

The preceding part showed that the best results of wake tracking are obtained with the CstFlux
algorithm, applied with the Reference de nition of Ug, smoothed with a moving averaged
operator with t =7 s. In the following, this will be used to compute the time seriesyc(t); z¢(t)

for the three cases of stability de ned in section 2.1 to determine the e ect of stability on the

amount of meandering and wake properties in the MFOR and FFOR.

Figure 4. Amount of wake meandering in the vertical and horizontal directions.

4.1. Wake meandering.
The amount of meandering is computed as the standard deviation of the wake centre position
normalised by the turbine diameter:

q___

—=d
y= y&=b (7)
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where exponentd indicates that the linear trend of the signal has been removed. It is
plotted as a function of x=D for both directions (dashed lines for lateral direction and dotted
lines for vertical direction) in Figure 4. In all the following, the colours red, green and blue
stand for the unstable, neutral and stable cases, respectively. Similarly to other LES studies,
the horizontal meandering is stronger than the vertical one and the stronger the stability, the
weaker the meandering. Since the in ow streamwise turbulence of the neutral and unstable
cases are similar, it cannot be a pertinent parameter to estimate the amount of meandering.

One can also note that the anisotropy of the wake meandering, characterised by the ratio

y= 2z, takes values between 2 and 3 for the unstable case, around ¥5 for the neutral case and

around 1:25 for the stable case. Other LES studies have shown similar behaviour of decreasing
anisotropy with increasing stability [2, 11], whereas the opposite trend has been observed in full-
scale lidar measurements [12]. It must be noted that the turbine and atmospheric conditions
vary from one study to another and that all these studies use a gaussian-t algorithm of wake
tracking which produces more errors. More work is thus needed before concluding on wake
meandering anisotropy.

4.2. Velocity de cit.

In order to quantify the wake expansion, which is crucial to derive a MFOR-based wake model,
the following function is tted to the mean 2D-velocity de cit U for the three cases of stability
and in the MFOR and FFOR:

f(y;2,CoiY0,Z0; y; 2;!)= Co+ Ce 2V ¥0)* 2By yo)(z 20) oz 20)° (8)
with g o COS1sn? o osin2 sin2t o sin? | co$t
o2 23 o Ag 4 - 27" 232

Parameter C is xed as in Equation 2, and the optimisation is run on parameters
fCo;Yo: 20, y; z;! g where! is the angle of rotation of the wake. The resulting y and
are plotted in Figure 5a and 5b respectively, in the FFOR (dashed lines) and MFOR (dotted
lines). The value of as de ned in [4] is also plotted in continuous lines.

Figure 5. Evolution of the wake widths with x in both frames and for both directions.

For all cases and both frames of reference, the wake widths depend linearly oD, according
to [4] and unlike blu bodies wakes where x173. This linear relation is valid from x=D = 3
in the MFOR and x=D = 2 in the FFOR. Similarly to other works on stable ABL [28, 29], the
wake in the stable case is skewed by an angle of about 45° due to the strong veer. The
induced deformation leads the wake to be elongated in one transverse direction and narrow in the
perpendicular direction. The rotation parameter ! introduced in Equation 8, allows detecting
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this deformation, making y and ; no longer aligned withy and z but rather with the elongated
and thin directions, respectively. It leads to the results plotted in Figure 5 where  increases
and ; is almost constant. Alternatively, one can compute y and , aligned with y and z by
using a gaussian t on 1D-proles at y = 0 and z = zny, [2]. This latter methodology led to

y 2 in the cited work but it is less straightforward to rebuild 2D velocity-de cit maps (e.g.
for an analytical model) from such data than from rotated , and , and! . Alternatively, the
model developed in [28] could be used as a tting function instead of Equation 8.

For the neutral and unstable cases in the MFOR, the wake width is fairly axisymmetric
(dotted red and green lines are similar in Figures 5a and 5b), as it is assumed in the DWM [5].
Moreover, despite strong di erences in the FFOR, the wake widths in the MFOR are equal in
the neutral and unstable cases which could be due to similar values o€t and Tlx.1 in the
simulations, and thus the di erences in the FFOR could be interpreted as being mainly due to
di erent values of meandering. Finally, one can note that if P y z was plotted, the stable case
would be similar to the two other cases in the MFOR.

Figure 6. Maximum values of velocity de cit as a function of the downstream distance in both
frames of reference.

The maximum absolute values of the wake de cit are plotted as a function ofx=D in Figure
6 in the FFOR (dashed lines) and MFOR (dotted lines). The stronger the stability, the weaker
the meandering (see Figure 4) and thus the smaller the di erence between FFOR and MFOR.
Moreover, the similarity of the velocity de cit between the neutral and unstable cases in the
MFOR is again underlined on this graph, whereas in the FFOR they largely di er.

4.3. Added turbulence.
The streamwise added Tl is hereby de ned as:

q
ue — : g [ T2VEVE
Tigeyiz)= oo 20yiz) wrbeyi2) ©)
Un

where Uy, is the velocity at hub height. The value of TI at the top tip ( z= D=2) is plotted
in Figure 7a as a function ofx=D with the same plotting convention as above. In the MFOR,
the Tl at the top tip is similar between the neutral and unstable cases: it reaches a maximum
at x = 2D and then decreases somewhat linearly between2 and 8D. In the stable case, a
plateau can be observed between2 and 5D before the decrease, leading the top tip Tl in the
far wake to be greater in the stable case compared to the unstable and neutral cases. The same
observations can be drawn in the FFOR at the di erence that values are considerably larger
(due to meandering turbulence) and that the maximum is reached about D upstream than in
the MFOR. With comparable thrust coe cients and in ow turbulence intensities (but without
thermal e ects), similar amplitude and shape of the added turbulence at the top tip in the
MFOR were found in [7] (see Figure 17, case 8 for the neutral and unstable cases and case 6 for
the stable case).
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The evolution of the maximum added TI in the wake (whatever is its position on each y-z
plane) as a function ofx is plotted in Figure 7b. It is con rmed from this second gure that in
the MFOR, the ow elds of the unstable and neutral are still very similar one to another. From
Figure 7a, one could conclude that the turbulence in the FFOR is similar between the unstable
and neutral cases in the FFOR. However, the neutral Tl pro le takes a double-gaussian shape
centred at the top tip in the neutral case whereas, due to the strong meandering, it quickly
evolves to a simple-gaussian shape centred at hub height in the unstable case. Consequently,
the top tip added Tl is close to the maximum added TI in the neutral case, whereas it is not in
the unstable case. Similarly, the maximum added TI in the stable case is displaced towards the
negative y due to veer and is thus not captured by the value at the top tip.

Figure 7. Maximum and top-tip values of the added turbulence intensity as a function of the
downstream distance in both frames of reference.

Besides its dierent TI, the inow of the stable case also diers from its spectral
characteristics. The integral length scaleLy of the incoming ow eld has been investigated
for the three cases of stability and compared to the cuto length scale (D = 54 m) used in the
DWM to di erentiate the eddies a ecting the MFOR and the eddies a ecting the meandering
[1]. To do so, the integral timescale has been computed by integrating the auto-correlation of
u® up to its rst zero-crossing value. The product of this integral timescale with Uy leads to
Ly = 335125159 m i.e. Ly=D = f124;7:6;0:59 for the unstable, neutral and stable cases
respectively. SinceLy < 2D, there are almost no eddies energetic enough to move the whole
wake in the stable case, explaining the very low values of in Figure 4. ConverselyLy is
larger in the unstable case than in the neutral one, resulting in more meandering despite similar
streamwise in ow Tl (con rming the work of [11]).

Furthermore, the MFOR turbulence eld in the stable case misses the eddies of size ranging
betweenL, = 15 m and 2D, because such length scales do not exist in the in ow. This can be
a secondary explanation for the di erences in the MFOR with the neutral and unstable cases
(see Figure 7) where all the length scales from the Kolmogorov scale tol2 are available in the
in ow and will be found in the MFOR. According to this interpretation and if similar turbine
operating conditions are met, a less-stable ABL would behave similarly to the neutral and
unstable cases in the MFOR ifLy > 2D in its in ow, and a more-unstable ABL would simply
result in more meandering but similar ow in the MFOR. Even though three simulations are not
enough to draw nal conclusions, it con rms that the ow in the MFOR is mostly independent
of atmospheric conditions, but shows that this assumption is not true whereLy < 2D. For
small rotors like the Vestas V27, only strongly stable ABL ful | this condition, but for very
large rotors it could happen in more common atmospheric conditions.
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5. Conclusions

This work aims at studying the wake of a single utility-scale wind turbine under di erent
atmospheric conditions with the LES code Meso-NH. The rst part focuses on dierent
methodologies to nd the time series of wake centre position. Four wake tracking algorithms are
compared and a new de nition of the unperturbed velocity used in the tracking algorithms is
proposed, where the unsteady velocity of &Reference simulation with no turbine is used instead
of the mean in ow velocity pro le. It is shown that the choice of a wake tracking algorithm has
an important impact on the velocity de cit and added turbulence in the MFOR. From the results
presented in this study, it appears that the "CstFlux" algorithm (application of the momentum
conservation) with the Reference de nition of the unperturbed velocity works the best.

In the second part of this work, an analysis of the wind turbine wake in both frames of
reference has been performed for three cases of atmospheric stability: unstable, neutral and
strongly stable. The hypothesis of axisymmetric wake in the MFOR is validated for the neutral
and unstable cases but not in the stable case where the strong veer of the ABL leads to a skewed
wake. It is shown that for two cases whereCt and Ty are similar (neutral and unstable), and
despite very di erent results in the FFOR, a robust wake tracking leads to case-independent
turbulence and velocity elds in the MFOR. Conversely, the wake in the stable case shows a very
di erent behaviour, even in the MFOR, indicating a change of regime depending on atmospheric
stability or turbulent intensity. These results are given for three speci ¢ atmospheric conditions
and operating conditions and do not allow to conclude for all possible conditions o€+, Lyo,
U; and Tl. To do so quantitatively, a sensibility study on these parameters will be performed
in future works to evaluate the impact on the MFOR and FFOR.
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