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ABSTRACT

The influence of atmospheric turbulence on the development of the flow along a long row of wind
turbines is studied, in search for an asymptotic wake deficit state. Calculations are performed
using EllipSys3D, a CFD code that solves the Navier-Stokes equations in their incompressible
form using a finite volume approach. In this code, the Large Eddy Simulation technique is used
for modelling turbulence, and the wind turbine rotors are represented as actuator disks whose
loading is determined through the use of tabulated airfoil data by applying the blade-element
method.

Ten turbines are located along a row and separated from each other by seven rotor diameters,
which is representative of the distance used in today’s offshore wind farms. Turbulence is pre-
generated with the Mann model, with imposed turbulent levels of 4.5 and 8.9%. The turbines
are in this study isolated from their environment, as no effect from the ground is modeled.
This makes the proposed study of the asymptotic wake state behavior easier. Analysis of the
characteristics of the flow as a function of the position along the row of turbines is performed
in terms of turbulence intensity, mean velocity, and power spectra of the velocity fluctuations.
Power production along the row of turbines is also used as an indicator.

Calculations are performed below rated power, where a generator torque controller imple-
mented in EllipSys3D renders it possible for the turbines to adapt to the inlet conditions in which
they operate.

The results obtained for the turbulence intensity, power and mean velocity as a function
of downstream distance show that an asymptotic wake state seems close to be reached near
the end of the 10 turbine row. They also show a certain dependency on the imposed level of
turbulence. Uncertainties obtained in the power spectra of the velocity fluctuations suggest that
further investigation is necessary.
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1 Introduction

Offshore conditions are normally associated with low turbulence levels and stable wind condi-
tions. However, the flow situation deep inside a wind farm is highly turbulent. Since offshore
farm are getting larger, it is of great importance to increase the understanding of the flow char-
acteristics deep inside the farm since these will influence not only the performance of the farm
but also the lifetime of the individual turbines.

The present work will study how the flow is behaving in a long line of turbines. The question
then arises as to if a wake state can be achieved after a certain number of turbines for which the
velocity deficit in the wake would reach an asymptotic behavior, and how this would depend on
the level of atmospheric turbulence.

The work is performed using numerical computations with the large-eddy simulation (LES)
technique and the EllipSys3D code, Michelsen [1][2] and Sørensen [3]. The wind turbines are
parameterized using an actuator disc (ACD) method, Mikkelsen [4] and Troldborg et al. [5],
which models the wind turbines using body forces determined from airfoil data. This method
substantially reduces the computational costs since the boundary layer of the blades is no re-
solved compared to modeling the full geometry of the turbines. Pre-generated synthetic turbu-
lence generated using the method of Mann, see Mann [6][7], is imposed in the domain. The
simulations are performed using uniform inlet conditions and no shear is considered.

Similar simulations have been performed earlier by Troldborg et al. [8][9] which used an
actuator line method in combination with LES to study the wake behavior of turbines in uniform
and atmospheric boundary layer conditions. However, in these works, as the aim was not to
study the asymptotic wake deficit state, a maximum of two turbines was modeled. Other work
in the field field of wind turbine simulations using LES have been performed by Ivanell et al.
[10], Ivanell [11], Porté-Agel et al, [12], Lu and Porté-Agel [13] among others. Furthermore,
for an extensive list of different wake models, the reader is referred to Crespo et al. [14] and
Vermeer et al. [15]. To the authors knowledge, however, no analysis such as the one suggested
here, where a large number of aligned turbines are isolated from their environment and focus is
put on the characteristics of the flow, has been performed with LES before.

As a first step, computations are performed with two different turbulence levels without the
influence of wind turbines in order to study how the turbulence generated synthetically with the
Mann method is developing as function of the downstream distance. In this case the turbulence
intensity (TI) is determined for a number of downstrem postions. Furthermore, spectral analyses
of the velocity fluctuations are performed at different downstream positions in an attempt to
provide more information about the characteristics and evolution of the turbulence in the domain.

As a second step, computations are performed for three different turbulence levels with 10
aligned wind turbines. The mean streamwise velocity, TI and power production are determined
as functions of the downstream distance. Spectral analyses are also performed as a function of
the downstream position, in order to provide more information about the effect of the turbine
rotors on the turbulence characteristics, and to help in determining if an asymptotic wake state
is reached. Comparisons will also be performed in terms of production with experimental data
obtained from two offshore wind farms.
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2 Turbine specifications

A downscaled version of the conceptual NREL 5MW turbine is used in this study, see Jonkman
et al. [16]. The used turbine has a radius of 46.5m and a nominal power of 2.3MW. The chord
is downscaled linearly using the diameter ratio between the downscaled turbine and the full size
NREL turbine as the scaling parameter. The twist together with CL and CD airfoil data for the
different sections of the downscaled turbine blades are the same as presented in Jonkman et
al. [16]. The power output of the turbine is actively controlled using the method described in
Nilsson [18].

3 Numerical model

The simulations are performed with the EllipSys3D code developed at DTU / Risø. The El-
lipSys3D code is a general purpose 3D solver, originally developed by Michelsen [1][2] and
Sørensen [3]. The code has been used and described in numerous studies and will hence not
be described in detail here. The reader is referred to Mikkelsen [4], Troldborg et al. [5][8][9],
Ivanell et al. [10][17] and Nilsson [18] among others for more information.

The computations are carried out as LES. With the LES technique large eddies are resolved
explicitly and eddies smaller than a certain size are filtered out and modeled by an eddy-viscosity
based sub-grid scale (SGS) model. For this work the mixed scale model developed by Ta Phuoc
[19] is used. For more information about the LES technique and the SGS model, the reader
is referred to Sagaut [20] and Ta Phuoc [19]. The code is formulated in primitive variables,
i.e., pressure and velocity, in a collocated storage arrangement. The numerical method uses
a blend of a third order Quadratic Upwind Interpolation for Convective Kinematics (QUICK)
scheme (10%) and a fourth order Central Differences Scheme (CDS) (90%) for the convective
terms, while it uses a second order CDS for the remaining terms. The use of the blend is a
compromise between avoiding non-physical numerical wiggles and limiting numerical diffusion.
The pressure correction equation is based on the Semi-Implicit Method for Pressure-Linked
Equations (SIMPLE) algorithm.

3.1 Grid, boundary conditions, and simulation configuration

The grid used in this study has a resolution in the inner equidistant region of 0.1R. This value is
based on experience from previous studies, see Ivanell [11]. This is the region of interest where
all turbines are placed and where the wake calculations are performed. In order to save grid
points, the grid is stretched towards all boundaries as seen in Fig. 1 where the xy (left figure)
and xz (right figure) planes of the grid are shown, respectively. The coordinate system is defined
by (z,x,y), which refer respectively to the streamwise, vertical, and longitudinal directions. The
grid measures totally 167×20×20R3. The equidistant region size is 150×4×4R3. It is centered
in the xz plane, as seen in Fig. 1 (left), and it begins at a z value of 8R.

For simulations where wind turbines are present, 10 wind turbines are placed at positions
(z,10R,10R). The first turbine is placed in position z = 17R and the remaining turbines are
positioned just after each other with a spacing of 14R.
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Figure 1: xy (left) and xz (right) planes plot of the grid. In the xz plane, only the inlet and outlet
parts of the grid are shown and the remaining part of the grid is denoted by three dots.

Slip conditions are imposed at the bottom and at the top of the domain, cyclic conditions are
imposed at the lateral boundaries and a convective condition is imposed at the outlet. Dirichlet
conditions are employed for velocities and pressure at the inlet and a constant and uniform
streamwise velocity component is applied at the upper and lower boundaries of the domain.
80000 timesteps are performed in each simulation, which corresponds to about 12 longitudinal
flowtimes, with a flowtime referring to the time taken for the undisturbed flow to travel once
through the domain in the axial direction.

3.2 Actuator disc method

The turbines are modeled in the simulations using the ACD method, see Mikkelsen [4] and
Troldborg et al. [5]. In the ACD method the rotor is modeled as a disc on which body forces are
imposed. The body forces are determined from local angles of attack and airfoil data (lift and
drag coefficients as a function of the angle of attack). The velocities at the disc are computed
by the flow solver in the global Cartesian grid. These velocities are being interpolated to a
local polar grid. The rotor is initially given a rotational velocity, which is left to adapt to the
conditions in which it operates through the use of a controller, as described in Nilsson [18]. The
local angle of attack is determined by the local flow angle, the twist and the possible pitch of
the blades. The forces acting on the disc are computed on the local polar grid by using the local
angle of attack. In a last step the forces are interpolated back to the global Cartesian grid. It is
emphasized that the disc loading is not uniform since the forces are computed using the local
velocities determined for each grid point of the rotor disc. In order to avoid numerical problems,
the body forces are regularized using a one-dimensional Gaussian approach. The regularization
is performed using a standard deviation of ε/

√
2, where ε is the regularization parameter which

set to 0.2R. The local polar grid is defined using 21 grid points on the radius and 81 points in
the azimuthal direction.
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Figure 2: Schematical figure explaing how the time series of velocity are extracted.

3.3 Modeling turbulence

The modeling of the ambient turbulence is performed by introducing pre-generated synthetic
ambient turbulence. The ambient turbulence is generated using the Mann model, [6][7]. The
turbulent field computed by the model is homogeneous, Gaussian, anisotropic, and has the same
second order statistics as the atmospheric turbulence. For the generation of ambient turbulence
a box is defined measuring 333× 3.9× 3.9R3 with an equidistant resolution of approximately
0.16R. The box consists of 2048× 32× 32 grid points. As each position in the streamwise di-
rection in the box corresponds to a timestep according to Taylor’s frozen turbulence hypothesis,
the box consists of 2048 timesteps. In order to impose the fluctuations in the CFD domain, the
xy-planes at each z position are determined from the box. The fluctuations at these planes are
recalculated into body forces and these are imposed using an analogy to the immersed bound-
ary technique, Troldborg et al. [21]. The lower right corner of the planes of turbulence are at
each timestep introduced at approximately (z,x,y) = (13R,8R,8R) to ensure the entire plane
to be within the equidistant region of the grid but upstream from the first turbine. The planes
are then convected downstream by the flow solver. As the resolution and the timestep in the
turbulence box differ from that of the LES, spatial and temporal interpolation are performed.
The turbulence intensity (TI) is determined only by considering the streamwise component of
the fluctuations. However, all three components are used in the computations. The input to the
Mann model is a mean velocity of 8m/s and the roughness lengths 2.0 ·10−5m and 3.5 ·10−2m.
The idea is to perform simulations with an imposed atmospheric TI equal to approximately 4 and
8%. Additionally, cases without atmospheric turbulence are simulated for comparison purposes.

3.4 Characterization of turbulence

In order to efficiently track time series of velocity at several points of interests, probe sheets are
inserted at different z positions. The probe sheet at each z postion is distributed according to Fig.
2 and its center is placed at (z,10R,10R). The first sheet is placed at z = 17R, the second sheet
is placed at 24R, and the remaining sheets are placed after each other with a spacing of 14R, i.e.,
in-between each pair of turbines.
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As mentioned above, the simulations are performed both without and with the influence
of wind turbines. The former is used to analyze the TI and velocity fluctuations as a function
of downstream distance, in an attempt to study the development of the synthetically generated
turbulence throughout the domain, whereas the latter is used to analyze the impact of different TI
levels on the wake flow, on the power production of the turbines, and on the eventual obtention
of an asymptotic wake state.

The TI and mean streamwise velocity as functions of the downstream distance are deter-
mined as mean values over all the points starting from 0R to 1R in Fig. 2. They are averaged
over the last 6 flow times of the simulations. In this paper, the ambient TI level, which corre-
sponds to the imposed level of atmospheric turbulence in the simulations, will be referred to as
T Iamb,0. We define it as the TI at the position of the first turbine (17R) when this turbine is not
present. The TI at different axial positions in the absence and presence of wind turbines will be
denoted respectively as T INT and T IWT .

Power spectra of the velocity fluctuations are also calculated as a function of downstream
position, radial position, and incoming turbulence intensity, in order to provide more informa-
tion about the turbulence. This is done following the method outlined by George [22], at each
position depicted in Fig. 2. In order to minimize fluctuations in the spectra, FFT’s are per-
formed on each of the last four 13336-timestep blocks of the 80000 timestep simulations, and
are averaged together. Each block corresponds to the number of timesteps required for a Mann
turbulence box to travel through the domain at the mean velocity (which also corresponds to
two longitudinal flowtimes). Four flowtimes were then left for the flow to travel through the
domain before starting to analyse the velocity fluctuations data. Results are finally presented as
azimuthal averages of the spectra calculated at the four azimuthal positions around the circles
shown in Fig. 2. Each resulting spectra, associated to a certain radial position, is in this way
averaged over 16 13336-timestep blocks. Spectra were in this article only performed on the axial
velocity fluctuations.

4 Results and discussion

4.1 In the absence of turbines

As a first step the T Iamb,0 is determined and it is found that the LES overestimates it with approx-
imately 10% compared to values found directly by analyzing the Mann data set. T Iamb,0 in the
LES are found to be 4.5% and 8.9%. In Fig. 3, T INT as a function of the downstream position is
depicted for T Iamb,0 = 4.5% and 8.9%. It is seen that the turbulence is dissipating significantly
as the downstream distance increases. This behavior is expected since the turbulence is imposed
only at one upstream position and since there is no other turbulence generated in the domain to
sustain the T Iamb,0 value. The decay is however not very large at the positions of the two first
turbines, making a study of the influence of T Iamb,0 on the first axial positions possible. Further
downstream, it will be seen that the influence of T Iamb,0 on the wake development will decrease
as the turbulence produced by the turbine rotors increases.

Fig. 4 shows the power spectra of the velocity fluctuations in the absence of turbines cal-
culated at a radial distance of 1R as a function of the downstream distance, for the two studied
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Figure 3: TI as a function of downstream distance in the absence of wind turbines.

levels of T Iamb,0. For the sake of clarity, some axial positions behind turbines were omitted in
these graphs. Only one radial position is shown here for space considerations. The resulting
figures are however enough to demonstrate the general behavior obtained.

The spectra are seen to consist in three distinct regions. In the low frequency region, the
spectra are seen to follow the theoretical slope of -5/3 associated to the inertial range, where
energy is transferred from large eddies to smaller ones. From a value of f ∗R/V0 of about 1,
the spectra depart from this slope, corresponding to the frequency at which energy dissipation
starts to occur. In the present case where the grid spacing is 4.65m and incoming velocity is
8m/s, the time taken for non disturbed flow to travel one grid cell is 0.58s. This can be trans-
ferred into a Nyquist frequency of 0.86Hz, which is associated to a f ∗R/V0 value of about 5,
corresponding to the highest frequency of the structures that can be resolved in our calculations.
After this, the eddies are modeled by the SGS model. In our spectra, energy dissipation starts
to happen at a value of f ∗R/V0 of about 1. The difference with the value of 5 calculated above
might be explained by the fact that a certain number of cells might be needed to resolve a vor-
tex structure. The last region at high frequencies is seen to have smaller fluctuations than the
other regions, and a slope which goes back towards a value of -5/3. Such a behavior for the
slope of the spectra at high frequencies is reported to have been seen in previous simulations
performed with EllipSys3D with the blades modeled as actuator lines [23]. However, this does
not appear to be the case with simulations performed in similar conditions using OpenFoam
with the turbine rotors modeled as actuator discs (see [24] for a description of the setup used
for these simulations). The different SGS model used in the LES simulations performed with
OpenFoam (”classic Smagorinsky”) might explain the differences observed. A different convec-
tion scheme (QUICK in OpenFoam), related among other things to unequal levels of numerical
diffusion, could also contribute to these distinct results. More work is however needed to be able
to conclude on this matter.

The spectra associted to a T Iamb,0 of 8.9% depict a higher intensity than the ones associated
to a T Iamb,0 of 4.5%, consistent with the fact that more energy is found in the wake for a higher
level of turbulence. When looking at the two first regions described above, the spectra are
seen to decrease in intensity as the downstream distance increases. This is consistent with the
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Figure 4: Power spectra of the velocity fluctuations in the absence of wind turbines, azimuthally
averaged on a 1R circle centered at the position where the rotors will be located, for different
downstream positions, with an T Iamb,0=4.5% (left) and 8.9% (right)

decrease of TI with increasing downstream distance seen in Fig. 3. This behavior is however not
observed at high frequencies, where no clear trend can be found. Differences were actually also
obtained at high frequencies when looking at different radial positions (not shown here), which
was not the case at lower frequencies. A varying behavior is not expected for different radial
positions, as flow properties are not awaited to change with radial position in the absence of
turbines and influence from the ground. For this reason, and the fact that the results obtained at
high frequencies are different from the ones predicted by Openfoam, the behavior of the spectra
at high frequencies is deemed uncertain, and is currently under investigation.

The spectra seen in these figures however suggest that the turbulent fluctuations imposed
with the Mann method, although decaying, remain significant along the region of interest, mak-
ing the study suggested here possible. As mentioned above, in the presence of turbines, the level
of turbulence will quickly be dominated by the turbine generated turbulence.

4.2 In the presence of turbines

T IWT and the mean streamwise velocity are depicted in Fig. 5 as a function of axial position,
in the presence of turbines. It is seen that the T IWT (left figure) in the wake clearly depends
on T Iamb,0, even at positions where T INT is more or less independent of T Iamb,0 (see Fig. 3 for
comparison). A higher T Iamb,0 indeed results in a higher TI in the wake flow. This suggests that
the wake structures somehow remember the initial turbulence conditions, as they are influenced
by the initial flow conditions even far downstream.

The mean streamwise velocity determined at the same locations as the TI is shown in Fig. 5
(right). It is seen in this figure that the normalized velocity at position z = 17R is just below 0.9,
and is independent of T Iamb,0. Further downstream, the level of the mean velocity is dependent
on T Iamb,0. It is also seen that the velocity is slowly decreasing with the downstream distance
but is found to be more or less constant for the last 3 position for a given T Iamb,0. The impact
of the imposed turbulence is also evident when comparing with the case where T Iamb,0 = 0%,
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Figure 5: T IWT (left) and mean streamwise velocity (right) as a function of downstream distance.

where a significant drop of the velocity is found at z = 24R and z = 38R. After z = 52R the wake
flow has however recovered and the differences between the T Iamb,0 = 0%, T Iamb,0 = 4.5% and
T Iamb,0 = 8.9% cases are minor. A higher T Iamb,0 is seen to result in a higher mean velocity.
This is expected since a higher turbulence results in a higher level of mixing of the wake flow
and the surrounding flow, allowing a quicker velocity recovery.

The trends show that all curves representing TI and mean velocities are aiming for an asymp-
totic value when the downstream distance increases. It is noted that this seems to happen faster
with higher values of T Iamb,0.

The mean power output of the individual turbines as a function of streamwise position is
depicted in Fig. 6. The power is normalized by the power of the first turbine in the line for
each T Iamb,0 level. The trend for the production is found to follow a similar trend as that for the
mean velocity (Fig. 5, right), which is expected. A higher T Iamb,0 results in a higher production.
This can be seen earlier in studies, see e.g. Hansen et al. [25], and is expected since the mean
velocity recovers faster when increasing T Iamb,0. It is noted that the power is extracted at the
turbine positions while the mean velocity is extracted in between each pair of turbines. Also,
to fit the measurement data the power curves are starting at z = 0R while the velocity curves
start at z = 17R. These aspects makes the velocity and power curves slightly shifted. The
trends for the mean velocity and the production curves however follow each other as expected.
For comparison purposes, the relative power measured at the Horns Rev and Lillgrund wind
farms is plotted as a function of downstream distance, see Hansen et al. [25] and Nilsson et
al.[26]. In the Horns Rev case the T Iamb,0 is equal to approximately 7% and in both the Lillgrund
cases it is equal to approximately 5%. It is seen that there are large differences between the
production in the Lillgrund cases and the the present simulations. This difference is believed
mainly to be due to the spacing between the turbines which is much smaller in the Lillgrund
case. Earlier comparisons between EllipSys3D simulations performed with a right spacing and
the experimental data from Lillgrund have shown very good agreement, Nilsson et al.[26]. The
results from the simulations performed here and the Horns Rev measured data show a similar
trend. In this case, the same distance was used in the simulations between each turbine than
in the real-life case. Obtaining the right trends from the simulations seem to be dependent on
the use of a right distance between the simulated turbines. Let us note that the actual Horns
Rev turbines have a nominal power of 2MW, compared to the 2.3MW nominal power used in
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Figure 6: Relative power production for the different values of T Iamb,0. For comparison purposes
also the measured production at the Horns Rev and Lillgrund wind farms are plotted.

the present simulations. In the experimental case, less kinetic energy is then extracted by each
turbine, letting more energy pass to the following turbine. This should lead to higher production
levels in the measured production, which is a likely explanation for the differences that can be
seen between the simulations and experimental data for turbines 2-5 in the row.

Fig. 7 shows the power spectra of the velocity fluctuations corresponding to the ones showed
in Fig. 4, but in the presence of turbines. In addition to spectra obtained with a T Iamb,0 of 4.5%
and 8.9%, a spectrum is also shown for a T Iamb,0 of 0%. The same three regions that were
described to make up the spectra in the absence of turbines in Fig. 4 can be observed here as
well. In the case where T Iamb,0=0%, the intensity of the first spectrum (at 24R) is much smaller
than at greater downstream distances. The wake takes in this case the form of a shear layer
that appears to be very stable, and has not yet broken down. The velocity as a function of time
inside this shear layer (not shown here) was seen to vary very little. The same phenomenon was
observed for different radial positions around the 1R value. This can be related to the very low
mean TI observed in Fig. 5. This changes drastically with increasing T Iamb,0, which causes the
shear layer to break down and the wake to become unstable, resulting in a very large increase in
the intensity of the spectra. The second turbine has a similar effect on the wake: it contributes to
breaking down the shear layer that otherwise would remain stable over large distances, as seen
in a previous work Breton et al [27].

At T Iamb,0=4.5 and 8.9%, an important difference in intensity is seen, in the whole frequency
range shown, between the spectrum calculated at a distance of 24R and the ones corresponding
to greater downstream distances. Indeed, in the first two regions, the intensity associated to this
spectra is larger. In the third region, the opposite result is obtained, as the intensity is smaller for
this spectra at high frequencies.

These differences suggest, as expected and seen above from looking for example at the turbu-
lence intensity, that the turbulence characteristics of the wake are changing in an important way
when going from behind the first turbine to behind the second turbine. Thereafter, it becomes
however difficult, when looking at low frequencies, to differentiate between spectra obtained for
distances greater than 24R. Indeed, from a distance of about 38R, the spectra become very close
to each other and are hardly discernible, a behavior that can be related to the one observed in Fig.
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5, where after a distance of 24R, the level of TI stays almost constant, except at 0% incoming TI,
which shows a little variation that cannot be detected in the corresponding spectrum. The spectra
differ somehow at high frequencies, but do not show a clear trend with increasing downstream
distance. As explained when discussion Fig. 7, one should be careful with the results shown
here at high frequencies, which require further investigation.

The spectra, in their current form, do not seem to make it possible to determine when an
asymptotic state is reached. They become indeed too close together already from behind the
second turbine to be discernable. It is hoped that a further investigation in the behavior of the
spectra at high frequencies will allow to give more information in this regard.
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Figure 7: Power spectra of the velocity fluctuations in the presence of wind turbines, azimuthally
averaged on a 1R circle centered at the rotor, for different downstream positions, with a T Iamb,0
of 0% (top left), 4.5% (top right) and 8.9% (bottom)

However, when considering the mean streamwise velocity, the TI and the power as functions
of downstream distance for a given value of T Iamb,0, the conditions far downstream in the wake
structure are believed to reach a near-asymptotic state since these mean quantities are considered
as more or less independent of the downstream position. The dependency of this result on the
imposed level of turbulence does not seem very strong, although imposing a certain level of
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turbulence intensity seems to favor the obtention of this state, and accelerate its reach. A rather
great uncertainty is however believed to be found in the dissipation of the imposed turbulence,
and more work is needed to clearly conclude on the influence of the imposed level of turbulence
on the obtention of an asymptotic wake state.

5 Conclusion

LES simulations were performed with EllipSys3D on a line of 10 wind turbines modeled as actu-
ator discs, under different levels of imposed turbulence generated synthetically with the method
of Mann, in search for an asymptotic wake deficit state. The characteristics of the turbulence
were first studied in the absence of turbines. It was observed that the level of turbulence im-
posed in the simulations seems somehow to be remembered further downstream when looking
at evolution of the turbulence intensity (TI), although it was observed to be decaying in the ab-
sence of wind turbines. The power spectra of the velocity fluctuations were observed to be in
agreement (at least for a large part of the spectra), with what was expected, and provided inter-
esting information about the characteristics of turbulence. However, the fact that their behavior
was not fully understood at high frequencies and that no clear trends could be observed at these
frequencies limited the amount of information available. Differences observed with similar sim-
ulations performed with OpenFoam in this frequency region also called for more investigations.
An asymptotic wake deficit seemed very close to being obtained with 10 turbines when analyz-
ing the mean velocity, power and turbulence intensity in the wake, and a higher level of imposed
turbulence seemed to help reach this state. Comparisons in terms of power with experimental
data from the Horns Rev offshore in which the turbines were separated by 7 rotor diameters as
in the present case showed that similar trends were obtained

Future work will push this study further by considering a greater number of turbines, and
a greater number of T Iamb,0, in hunt for a truly asymptotic wake state, and of its dependency
on the imposed level of turbulence. This could be made easier by considering a finer grid,
which should limit the decay of the imposed turbulence by numerical dissipation. It is also
desired to study the effect from curtailment, where different turbines would be pitched, and the
effect on the obtention or not of an asymptotic wake state will be studied. The effect from the
distance between the turbines will also be investigated, along with the influence from the ground.
Further comparisons between the results obtained with OpenFoam and EllipSys3D will be made
in order to learn more about the differences obtained in the velocity fluctuations spectra at high
frequencies. It is wished to perform simulations in very simple configurations aimed at isolating
the effects from the different SGS model and convection scheme, in order to determine their
impact on the results obtained, and she more light into the behavior of the spectra obtained at
high frequencies, which could provide valuable information about the turbulence characteristics
in the wake.
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[12] Porté-Agel F, Wu Y-T, Lu H, Conzemius RJ. Large-eddy simulation of atmospheric bound-
ary layer flow through wind turbines and wind farms. J. of Wind Eng. and Industrial Aero-
dynamics 2011; 99; 154-168
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