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Abstract. This study is focused on assessing the ability of two refined large wind farm models
to describe the disturbance of the neutral atmospheric flow caused by large offshore wind
farms. Sensitivity studies of internal boundary layer parameters are carried out. An optimum
large wind farm correction is then proposed and combined with two different standard single
wake models, the Park and EVM models. The large wind farm wake effect is evaluated and
validated against measurements of two offshore wind farms at Horns Rev and Nysted and four
standard wake models by computing velocity deficit and normalized power. All large wind
farm models proposed were able to capture wake width to some degree and the decrease of
power output moving through the wind farm. Despite some uncertainties, this very promising
model combinations allows us to take into account the slowdown in large wind farms.
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1. Introduction

When air under neutral conditions flows from one surface through a wind turbine with a different
roughness, the air is slowed [1] [2], reducing the wind velocity (Figure 1, left and side). The region in
the flow behind the turbine is called the wake of a wind turbine. Its effects are seen as wake effects.

Generally, these effects can be neglected when the turbines are spaced apart by more than 10 rotor
diameters. However, the turbines are increasingly clustered in large wind farms, the spacing between
turbines being usually smaller because of the very favorable wind conditions on some sites. In that
case, an internal boundary layer grows downwind from the roughness change [3][4][5] (Figure 1, right
and side), the turbines influencing each other. A large wind farm wake effect then occurs by
combination of single wake effects and this internal boundary layer modification (Figure 1).

Wake models in wind resource softwares like WindFarmer [6], ECN-Wakefarm [7], WASsP [8][9],
NTUA [10] or Meteodyn WT [11] were evaluated for small wind farms [12] or single wakes [13].
However, it has become apparent that standard single wake models as Park [14][15] and EVM [16]
models tend to underestimate wake losses in large wind farms as offshore arrays [17]. It is thus
important to compute correctly the velocity deficit by taking into account the large wind farm wake
effect.

Nowadays, two types of models are used to estimate velocity deficit and power losses due to wind
turbine wakes. One is a wind farm model using a wake model that has been simplified or
parameterized. The second is a CFD-type k- model which solves basic equations of the atmosphere
and produces results on a fine mesh in space and time [18]. In particular, Schlez and Neubert [6]
described the disturbance of the atmospheric flow caused by the wind farm with an empirical large
wind farm correction. However, there are uncertainties in their extrapolation which need to be further
explored [6].



The goal of this paper is to assess the ability of two refined large wind farm models based on [6] to
describe the disturbance of the neutral atmospheric flow caused by the wind farm. Sensitivity studies
of internal boundary layer parameters are first carried out. An optimum large wind farm correction is
then proposed and combined with two different standard single wake models, the Park [14][15] and
EVM [16] models. The large wind farm wake effect is finally evaluated and validated against
measurements of two offshore wind farms and four standard wake models as in [18] by computing
velocity deficit and normalized power.
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Figure 1: Sketch of large wind farm wake effect

2 . Methodology
Single wake models don't consider the change of the atmospheric boundary layer by the additional
roughness associated with wind turbines. More wind turbines are far from the windward side of the
park, more the velocity deficit increases due to speed slowing down over the park. Therefore, the
boundary layer profile is a function of the equivalent roughness 7'y and the wind position relative to the
upstream turbine.

Three sensitivity studies are performed to optimize the large wind farm correction:

1. equivalent roughness 7' computation
2. internal boundary layer profile estimation
3. large wind farm correction activation

The large wind farm correction is parametrized according to Horns Rev offshore wind farm data and
validated against production data at Nysted offshore wind farm as in [18]. The velocity deficit is then
calculated in each point of the wind farm by combining a single wake effect from a wind turbine with
this boundary layer modification. Two different standard single wake models are considered: the Park
model [14][15] and the fast algorithm for EVM model [19] implemented in Meteodyn WT software
[11]. Thereafter, these two large wind farm models are named WT Park+IBL and WT Fast EVM+IBL.

A model intercomparison is finally performed at the two offshore wind farms. These two combined
models are compared with four different wake models: WindFarmer [6], ECN-Wakefarm [7], WASsP
[8][9] and NTUA [10] as in [18].

An overview of the main features of the models used in this intercomparison is given in [20]. Some of
the models applied are industry standard models, for example, WAsP, WindFarmer, WT Park+IBL
and WT Fast EVM+IBL, whereas others are primarily research models. In WasP, the Park model is
used as a wake model while a large wind farm correction is combined with this single wake model in
the WT Park+IBL model.

Besides, both large wind farm models WT Fast EVM+IBL and WindFarmer are based on the same
single wake model, namely the EVM model. However, the main differences are in the boundary layer
modification parameterization which is the goal of this paper.



There are a number of issues in comparing model simulations and wind farm observations of velocity
deficit and power losses in wakes that were detailed in [20]. It is difficult to make exactly the same
simulations with models of different types even after the main variables, such as thrust coefficient,
wind speed at hub height, free-stream wind profile, etc., have been set. Examples of this are that it is
not possible to run WASsP for extremely narrow wind speed and direction bins because WAsP relies on
a Weibull fit to the wind speed observations. For CFD, one issue is to accurately determine the
turbulence profile and to recall that, for narrow sectors, the wake is centered on the given direction and
no directional variability is included [18].

There are also practical issues relating to computing resources. Running a full wind farm simulation in
WASsP or Meteodyn WT takes of the order of minutes, while in the NTUA model requires a time scale
of days to make even one simulation limiting the number of runs performed.

To provide a quantitative evaluation of the refined large wind farm model performances versus the
observations and other wake models, the normalized power and its root-mean-square-error (RMSE)
are compared for each case.

This normalized power is defined in the next section presenting briefly the two offshore wind farms.

3. Measurements

The observations used to parameterize and validate the large wind farm correction are taken from the
large offshore wind farms at Horns Rev [21] and Nysted [22][23] in Denmark. The turbine spacing at
Horns Rev is 7 D, in both north—south and west—east directions (Figure 2), whereas at Nysted the
turbine spacing is 5.8 Do in the north—south direction and 10.5 D, in the east—west direction (not
shown).

To examine the single wake, the average power at each turbine is calculated in each column of the
wind farm for seven wind direction sectors centered on an exact wind farm row (ER) (270° +/- 2.5° at
Horns Rev and 278° +/- 2.5° at Nysted), and for mean wind directions of +5°, +10°, and +15° and -5°,
-10°, and -15° from ER. Flow down at ER thus represents the likely maximum wake effect, while the
wind directions that are slightly offset from ER assist in assessing the wake width.

Finally, The power in each column is normalized to the power in the first column (1 ... 8 at Horns
Rev). In both cases, wake effects is evaluated for a free-stream velocity mainly coming from the west
(not shown) and equal to 8 m.s" as in [18].
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Figure 2: Horns rev wind farm layout [18].

4 . Large wind farm wake effect: parametrization and activation

4.1. Roughness z'y influence

The equivalent roughness 7'y is calculated with the method of Frandsen [24][25] for each wind
direction and wind speed at each turbine. It depends on the spacing between two rows of wind turbines
along the wind direction S; and the crosswind direction S.. S; has a huge influence on the roughness
(example on Figure 3 for the wind turbine number 74 (WT74) at the Horns Rev with S,= 7). It impacts
directly the velocity deficit coefficient correction and the normalized power with respect to WT04, the
last one going down to 10% if S. = 3 and the wind speed is equal to 8 m.s" (not shown).



An algorithm is developed to calculate S. and S, whatever the type of wind farms and the wind
directions. Figure 4 presents an example of S. and S, evolutions at Horns Rev for ER incidence (other
incidences not shown here). The number of upstream wind turbines for a specific position is increasing
for a wind turbine going far away from the first column of the array. S, and S, are homogeneous over
the all wind farm considering at least one wind turbine is detected upstream. Finally, S. and S, has
been found equal to 7 for both wind farms in Denmark.
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Figure 3: Frandsen roughness function of wind speed and S. with S;=7 at ER incidence and wind
turbine WT74
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Figure 4: Evolution of S.and S, at ER incidence at Horns Rev
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Figure 5: Normalized power at ER +15° at Horns Rev for A, = 0.09h (A/) and hy = 0.05h (B/).



4.2.  Internal boundary layer influence
The velocity deficit coefficient correction is the ratio between the wind speed in the IBL and the wind
speed taken at the same height before the roughness change. However, an offset Hy. (function of the
fetch and z’.) from which the boundary layer starts and the IBL height /4, influence it. Sensitivity
studies of Hy.. and Ay are then carried out at Horns Rev with the two combined wake models in order
to optimize wind speed and power corrections:
¢ According to [26], 0.05h < hy < 0.09h, where h is the boundary layer height. Comparisons
between both combined models and observations in Figure 5 show a better agreement for
hin=0.05h (case B/) against 9% of 4 in [6]. The same is observed for all other directions,
except for ER-15° (not shown).
¢ As shown in Table 1, the more Hy,. is low, the more velocity and power deficits are low. On
the contray to [6] proposing Hsau: = 2/3 Ams (With A, the hub height), the optimum Hye, is
equal to zero, meaning the inner boundary layer influence starts from the ground.

All these optimized parameters are considered by default in the next validation section 5.

Table 1: Evolution of wind speed and power correction function of Hy.. for the wind turbine WT74 at
incidence ER at Horns Rev (WT Park+IBL model). D, is the rotor diameter.

Hstart Coefficient Correction WT74 Power Correction WT74
0 0.83 0.57
1/4 Huw 0.78 047
1/3 Hiwp 0.76 0.45
Hruo-Drotor/ 2 0.75 0.41
2/3 Hhuo 0.66 0.27

4.3. Large wind farm correction activation

A geometric measure of turbine density is used to activate the large wind farm correction. For each
small direction sector, the horizon is scanned and the presence of upstream turbines detected. On the
contrary to [6], an optimum turbine density for 5° sectors is parameterized rather than 30° sector.
Several angular sectors between 5° and 30° have been tested (not shown) to find this optimum sector.
The large wind farm correction to ambient wind speed is then applied if there is at least one turbine in
the selected sector.

Figure 6 shows a schematic diagram for wind turbine identification. Two wind turbines are in a sector
[Dir-do. ; Dir+ da] with Dir being the wind direction and da the half turbine density sector. In that
case, the large wind farm correction is combined to the single wake model to estimate the large wind
farm wake effect. This model is always activated from the fourth wind farm column.

Finally, the velocity deficit is computed as the velocity deficit minimum taken between the large wind
farm model and the single wake Park or Fast EVM models.

Figure 6: Schematic diagram for wind turbine identification
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Figure 7: Mean normalized power from Horns Rev (top), Nysted (down) and model simulations for
the second (left) and the eighth (right) columns of wind turbines.

5. Model comparisons with offshore wind farm data

A model intercomparison is performed at the two offshore wind farms for four different wake models
as in [18] and the two combined models.

5.1. Wake width

As for other models, WT Park+IBL and Fast EVM model+IBL capture well the wake width at the
second column of wind turbines (Figure 7) and show greater agreement with the observed wake depth
than WASsP though both overestimate (respectively underestimate) the magnitude of the wake width at
Horns Rev (Nysted).

For the entire wind farm (column 8), normalized powers of both combined models fit better with
observations than other models even if they tend to overestimate (underestimate) the power for sectors
less (greater) than ER.

In general, the root-mean-square error (RMSE) of normalized power shown in Table 2 indicates that
WT Park+IBL and WT Fast EVM-+IBL models perform better (i.e., exibit lower RMSE) for direct
flow down the row (i.e, ER) than for oblique angles.

5.2.  Power deficit by downwind distance

Averaged normalized power as a function of downwind distance for a freestream wind speed of 8 m.s™
for the seven wind directions are shown in Figure 8 (Horns Rev) and Figure 9 (Nysted). Both
combined models appear to capture the shape of power deficit as a function of distance into both wind
farms. In particular, this model has a very good agreement with observations at incident wind
directions of ER-10°, ER-5°, ER+5° for Horns Rev and ER-15°, ER-10°, ER+10° for Nysted.

Moreover, WT Fast EMV+IBL model results have the same order of magnitude than data from
Wakefarm and WindFarmer models, being even better at incident wind directions of 255°, 260°, 275°
for Horns Rev and 263°, 268°, 273°, 288° for Nysted.

Overall the performance of a single wake model and the large wind farm correction combination is
very promising.



Table 3: RMSE of normalized power from the models vs observations at Horns Rev (top) and Nysted
(bottom).

Horns Rev

Direction (°)  WT Park+IBL WT Fast EVM+IBL WindFarmer =~ Wakefarm WAsP NTUA

ER-15° 0.11 0.11 0.15 0.17 0.07
ER-10° 0.04 0.03 0.05 0.07 0.17 0.11
ER-5° 0.05 0.03 0.05 0.03 0.03
ER 0.06 0.06 0.04 0.08 0.06 0.08
ER+5° 0.07 0.05 0.04 0.05 0.04
ER+10° 0.08 0.08 0.03 0.03 0.11 0.03
ER+15° 0.07 0.07 0.07 0.03 0.10
Nysted
Direction (°) WT Park+IBL WT Fast EVM+IBL  WindFarmer Wakefarm WAsP
ER-15° 0.02 0.02 0.09 0.05
ER-10° 0.04 0.04 0.05 0.04 0.21
ER-5° 0.04 0.06 0.13 0.10
ER 0.04 0.07 0.04 0.06 0.09
ER+5° 0.08 0.07 0.04 0.03
ER+10° 0.03 0.03 0.04 0.03 0.12
ER+15° 0.07 0.06 0.03 0.04

6 . Discussion and conclusion

A new correction to the classic wind farm wake model is presented that allows the disturbance of the
ambient flow field caused by large wind farms to be modelled. Sensitivity studies of internal boundary
layer parameters are carried out in order to assess the combination of single wake models (Park or Fast
EVM) with a refined version of boundary layer model based on [6] and [26].

The two new combined model simulations were evaluated comparing wake width and normalized
power output by turbine moving through the wind farm. The large wind farm models were able to
capture wake width to some degree and the decrease of power output moving through the wind farm.
Root-mean-square errors indicate generally better model performance for direct down the row flow
than for oblique angles.

The large wind farm correction compared with four standard wake models is then validated with
success for two offshore wind farms (Horns Rev and Nysted), solving a complex flow problem with
little computational cost. This suggests that both combined wake models proposed assess well the
power losses in those wind farms.

The main strenght of this new correction is the automatic estimation of the spacing between two rows
of wind turbines along the wind direction S;and the crosswind direction S.. Indeed, the new algorithm
developed to calculate S; and Sq allows us to estimate directly the equivalent roughness z'y for each
wind direction and wind speed at each turbine whatever the type of wind farms.

However given the limited set of validation cases there is still uncertainties in such extrapolation. The
large wind farm model based on fundamental physics of the boundary layer is designed to scale to



offshore wind farm layouts. In particular, the internal boundary layer parametrization depends on these
wind farms and their equivalent roughness z'0.

Further validation cases are then needed and the large wind farm correction should be also tested on
onshore wind farms where the topography is more complex.

In the future, a linear combination of single wake models with the boundary layer modification will be
assessed to compute velocity and power deficits. Moreover, the influence of thermal stratification of
the boundary layer will be also evaluated.
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Figure 8: Normalized power at Horns Rev.
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Nomenclature Acronyms
da Half turbine density sector (°) CFD Computational Fluid Dynamics
Dir Wind direction (°) ECN Energy research Center of
Dotor Rotor diameter (m) the Netherlands
€ Turbulent dissipation rate (J/(kg.s)) EVM  Eddy Viscosity Model
ER Exact wind farm row (°) IBL Internal Boundary layer
h Boundary layer height (m) NTUA The National Technical
Pt Hub height (m) University of Athens
Ripi Internal boundary layer height (m) RMSE Root-mean-square error
Hare Boundary layer offset (m) WasP ~ Wind Atlas Analysis and
k Turbulent kinetic energy (m?.s) Application Program
Se Spacing between two wind turbine
rows along the crosswind direction(m)
Sa Spacing between two wind turbine

rows along the wind direction (71)
z' Equivalent roughness (m)
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