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1 Introduction and objectives
The project zEPHYR aims to analyze the effect of installing wind turbines in complex terrains and urban
areas. The project focuses on human factors and societal acceptance as well as on the improvement
of the prediction models for aerodynamic performance, structural dynamics, and noise production. To
do so, three benchmarks were defined to cover the essential topics the project aims to address. They
are:

• T5.1: Horizontal axis wind turbine: this benchmark aims to define a horizontal axis wind turbine
as a case of study where the ESRs could apply their different methodologies to the same case,
which would allow to compare the results among the ESRs and measurements of the actual wind
turbine and environment.

• T5.2: Complex terrain: in this benchmark, the objective was to conduct simulations of meso and
microscale, which allows the characterization of complex terrain and incorporates the effect of
such complex terrain on wind turbine noise production and propagation.

• T5.2: Urban canopy: this benchmark consists of analyzing the flow around buildings and how the
wind energy can be hastened with vertical axis wind turbines.

In this public report, the main objectives and results achieved by each of the benchmarks are pre-
sented.

2 T5.1: Large Horizontal Axis Wind Turbine
The large on-shore horizontal axis wind turbine benchmark is based on acoustic measurements (Leloudas,
2006) made on a SWT-2.3-93 wind turbine on the Høvsøre Wind Turbine Test Center in Denmark, for
which the met mast data are also available for the corresponding time period. Even if the geometry and
the operating curves are not available, good approximate models for the STW-2.3-93 WT are available
in the literature, as detailed below. The available data allow then performing of a complete simulation
chain validation, from weather re-forecast to noise predictions.

The SWT-2.3-93 wind turbine is a variable-speed variable-pitch turbine, and to determine a specific
operational condition, it is necessary to identify a rotor speed and a blade pitch angle. For above-rated
operations, the blade pitch angle is changed with respect to the reference below-rated value to keep
the nominal power output constant for increasing wind speed. The below-rated pitch angle setting is
an important parameter for a wind turbine, as it refers to the optimal angle of attack at the blade cross-
sections. However, in the Churchfield report (Churchfield, 2013), the below-rated pitch angle setting was
not clearly indicated, and a short sensitivity study was conducted to find a suitable value maximizing the
power output.

At below-rated conditions, the wind turbine operates at constant TSR, and the power curve (Power
P vs wind speed U) follows the ideal P � U 3 law. As already discussed, in the Churchfield report
(Churchfield, 2013), the blade properties were guessed by trying to match the manufacturer’s power
curve, which assumes a design TSR=6, see Fig.1-(a). However, Churchfield could achieve the best
match for TSR=8.4, as shown in Fig.1-(b). Given this ambiguity, the sensitivity analysis considered
three TSR values, namely 6.0, 7.2, and 8.4, and for each of them, a range of blade pitch settings was
simulated from -5.0 to 5.0deg. For this analysis, the turbine was simulated by the Samcef BEMT code
as an isolated rotor with rigid blades, no tilt angle, and for a uniform, steady axial wind inflow of 9.25 m/s
in order to cancel all possible sources of unsteadiness and reach a steady state power output. Finally,
the chord, twist, and airfoil polars provided in the Churchfield report were used as input parameters for
the simulations.

The results of this sensitivity study are shown in Fig.2, where the below-rated power output for the TSR
values studied is plotted against the blade pitch setting. We can see that for all three TSR values, the
power output is maximized for a specific blade pitch setting. Moreover, as suggested by Churchfield
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Figure 1: Effect of the TSR on the power curve for the Siemens SWT-2.3-93 wind turbine according to (Churchfield,
2013).

(Churchfield, 2013), the power output for the optimal pitch setting increases for increasing TSR and is
indeed the largest for TSR=8.4. In any case, The optimal blade pitch setting is in the neighborhood of
0deg for all TSR curves with 1deg variation. From an aerodynamic point of view, it could be argued that
1deg uncertainty in the AoA estimation might lead to some variation in the aerodynamic load estimation,
while for aeroacoustics purposes, it might have a small, if not negligible, effect.

Figure 2: Results of the sensitivity analysis to find the suitable below-rated blade pitch setting for the Siemens
SWT-2.3-93 wind turbine.

Page 7 of 40



MSCA-ITN-2019 5.10: WP5 final report

2.1 Location and time stamp

The Høvsøre Wind Turbine Test Center is located in the northwest of Denmark. The test center is
located on a flat terrain and includes five wind turbines and six meteorological masts spaced about
three hundred meters apart. During the acoustic experiments, only the SWT-2.3-93 WT, located at
position WT5 in Fig. 3b, is operating while the other wind turbines are stopped.

(a) Location of the Høvsøre Wind Turbine Test Center. (b) Locations of the wind turbines and meteorological masts.

Figure 3: Høvsøre Wind Turbine Test Center in Denmark.

Meteorological data are available via online plots at the website of the Technical University of Denmark
Wind Energy Department (DTU, 2021). The weather data such as wind speed, wind direction, tem-
perature, radiation, pressure, and humidity are measured at Mast 6 (Tall Mast), which is an intensively
equipped 116.5 m tall mast located at the coordinates 56.441 (latitude) and 8.151 (longitude) as shown
in Fig. 3b. Data collected from sonic anemometers are logged at 20 Hz, cup anemometers and wind
vanes at 10 Hz, and climatological parameters such as temperature, pressure, and humidity at 1 Hz.
The available data are sampled and averaged in periods of 10 minutes.

Acoustic measurements obtained during 2-days of tests performed under design and off-design operat-
ing conditions in 2006 are available in the master’s thesis project of Giorgos Leloudas (Leloudas, 2006)
in terms of noise spectra.

2.2 Wind turbine geometry and operating conditions

The SWT-2.3-93 is a 2.3 MW (rated power) horizontal axis wind turbine with a rotor diameter of 93 m
built by Siemens Gamesa (Fig. 4a). The rotor speed ranges from 6 to 16 RPM, and the hub height is
80 m. The cut-in and cut-out speeds are, respectively, 3 and 25 m/s (Leloudas, 2006).

An approximated geometry was reconstructed by Churchfield (Churchfield, 2013) based on a reverse
engineering method. The Generic Siemens SWT-2.3-93 is composed by FFA and NACA (63 family)
airfoils of variable chord and twist angle obtained from National Renewable Energy Laboratory’s (NREL)
WT_Perf code (Buhl, 2011). The normalized chord, twist, and thickness distributions along the span were
first denormalized following the steps in Leloudas’ report (Leloudas, 2006); then pitch & torque control
systems were introduced to optimize and closely match the manufacturer’s power curve using the blade
element momentum theory (see Fig. 5).
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(a) SWT-2.3-93 wind turbine, Windtest
Grevenbroich, Germany.

(b) SWT-2.3-93 wind turbine used in acoustic test at Høvsøre Wind Turbine Test
Center.

Figure 4: Siemens 2.3 MW 93 meter rotor diameter wind turbine.

Figure 5: Power and thrust data with non-dimensional coefficients for the Generic Siemens SWT-2.3-93 wind tur-
bine (Churchfield, 2013).

The three operating conditions (OC) used in this benchmark are chosen to match the acoustic measure-
ments of (Leloudas, 2006). They are summarized in table 1, and they will be referred to in the following
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Table 1: Operating Conditions (OC) simulated.

OC1 OC2 OC3

Rotor speed [rpm] 13 14 17
Pitch angle [◦] 3 -2 5
Wind speed at 80 m [m/s] 6 8 9.5

as OC1, OC2, and OC3. These conditions are off-design conditions, meaning that the pitch angle is not
the one prescribed by the controller to obtain the optimal power output, but it was changed to investigate
the effect of the pitch angle on the noise emissions.

The information collected about the wind turbine is published in an open database in Zenodo in https://zenodo.org/record/7323750,
referred to as (Christophe & Oerlemans, 2022).

2.3 Methodologies and interaction among the ESRs

Table 3 shows the ESRs that are participating in this case of study together with their host institution.

Table 2: Participation of the ESRs.

ESR Name Institution
1 Baris Kale VKI
3 Laura Botero UTW
6 Nishchay Tiwari IMP-PAN
8 Andrea Bresciani SISW
9 Umberto Boatto Samtech

12 Oscar Mariño UPM

The flowchart describing the methodologies, ESRs involved, and required input/outputs for each phase
of the benchmark activities is shown in Fig.6. This diagram cleary shows the interaction among the
work of the ESRs. This benchmark addresses three different physics domains corresponding to three
specific types of analyses. First, the modeling of the turbulent atmospheric wind by WRF-LES will be
carried out by ESR 1. Second, the aerodynamic modeling of the turbine rotor by BEMT and CFD will
be done by ESR 1, 9, and 12. Third, ESRs 1, 3, and 8 will perform LE and TE noise modeling by using
different methods. Finally, as part of the noise predictions, ESR 8 will also conduct noise auralization
studies.

The three domains will be investigated sequentially by exploiting the outputs of the previous domain
analyses as well as input data and conditions. The WRF-LES performed by ESR 1 take inputs from
the met mast data and turbine location and provide the turbulent field for the aerodynamic and aeroa-
coustics analyses. The ESRs involved in the aerodynamic analysis also require the wind turbine CAD
geometry and parameters for their simulations and provide rotor aerodynamic data for the noise mod-
eling. Within the noise block, a preliminary step provides the boundary layer characteristics from the
rotor aerodynamic data to the various LE and TE models, which will be calculated for a single airfoil and
compared with wind tunnel measurements conducted by ESR 3. The acoustic outputs of the far-field
noise will be used for noise auralization to get the audible signal.
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2.4 Results

2.4.1 Atmospheric simulations:

Figure 7 shows vertical profiles of time-averaged horizontal wind speed, U , wind direction, �, and tem-
perature, T , as well as turbulence intensity, TI, from numerical results corresponding to WRF-LES-d05,
and experimental data from the Høvsøre mast. WRF-LES results were obtained from the time series
of 200 Hz data, whereas experimental data were obtained by averaging the 10-min averages over the
period of interest. The undisturbed wind speed profiles overestimate the measured data; however, the
wind speed profile obtained in the wake of the wind turbine matches the mean values of the experimen-
tal data above 60 m, demonstrating the influence of the wake on the wind speed measurements at the
met mast location. In addition, the backward S-shaped profile in the measured wind speed indicates a
deceleration of the wind speed along the wind turbine rotor during the measurement campaign. When
backing winds occur, the backward S-shaped wind speed and wind direction profiles can be observed.
Nonetheless, the wind direction profile was nearly flat, and no backing wind occurred during the relevant
measurement period, proving the wake effects on the measured weather data. The reason why the wind
direction profile in the wake of the wind turbine differs from the experimental data is probably due to the
selection of the control point location. The temperature profiles show a trend commonly observed in
typical unstable ABL conditions because the temperature drops with altitude as the earth is heated by
the sun. Higher turbulence levels were observed in the wake of the wind turbine due to enhanced turbu-
lence mixing caused by the wake rotation. Here, TI was calculated from the three velocity components
and normalized by the mean wind speed at hub height. The reader is referred to 8 for the layout of the
WRF-LES control points.

0 2 4 6 8 10
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315 330 345 360
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Figure 7: Vertical profiles of time-averaged horizontal wind speed, U , wind direction, �, and temperature, T , as well
as turbulence intensity, TI, from numerical results corresponding to WRF-LES-d05, and experimental
data from the Høvsøre mast. Solid black lines with horizontal bars correspond to experimental data with
minimum and maximum values. A solid blue line denotes the WRF-LES results at the met mast location,
a solid yellow line denotes the results at a control point upstream of the wind turbine in the northwest
direction (CP-inflow1), solid purple line stands for the results at a point one rotor diameter upstream
of the wind turbine (CP-inflow2), solid green line denotes the results at a control point upstream of the
wind turbine in the northeast direction (CP-inflow3), and solid red line denotes the model predictions at a
control point in the wake of the wind turbine close to the met mast (CP-wake).
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Figure 8: Illustration of the finest-resolution WRF-LES domain (WRF-LES-d05) colored by terrain height. The
dashed line denotes the wake transect, whereas the solid white cross depicts the location of the SWT-
2.3-93 WT. Filled circles show the locations of the control points and the Høvsøre mast. CP stands for
the control point.

2.4.2 Aerodynamic results:

Figure 9 shows the comparison of the blade loading obtained with actuator line simulations and blade
element momentum theory methodologies for the operational condition 2. The results show a good
agreement among both methodologies. The same kind of results are obtained for the other methodolo-
gies, not shown here for the sake of simplicity.

(a) Apparent velocity (b) Angle of attack

Figure 9: Comparison of the blade loading obtained with BEMT and AL for OC 2.

In addition, instantaneous results of the local variables along the whole blade are stored as will be used
in the noise prediction shown in section 2.4.3. The local velocity and angle of attack can be seen in
Fig. 10 for several locations along the blade for one revolution of the turbine. In addition, it is compared
with the average values.
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Figure 10: Evolution of the local variables at certain locations on the blade in one revolution for the AL results.
Average results are shown in black dashed lines.

2.4.3 Acoustic results:

In this section, the noise predicted with the several methodologies used by the ESRs is presented for
the three operational conditions compared with the experimental measurements in Figure 11. The figure
also includes the lines for the uncertainty of the measurements.

For the OCs 1 and 3, there are no large differences in the low-frequency range for the different method-
ologies. The large difference in the high-frequency range between the far-field noise prediction and the
Harmonoise propagation model is because of the atmospheric absorption that is neglected in the far-
field noise prediction, as explained before. For the OC2, the differences among the methodologies are
larger, most probably because of the separation detected by XFOIL and in the GAL + RANS method-
ology that was not detected by the steady RANS simulations. The poo agreement in the low-frequency
range for the “LES + GAL + RANS” methodology compared with the others is because this approach
does not consider the leading-edge noise, which is responsible for the low-frequency noise, as shown
in Figure ??.

In OC 3, it is evidenced that considering the instantaneous or averaged results of the AL simulations,
the wind turbine noise is not affected. This is because there is no source of change in the blade loading
over one rotation. The different noise intensity observed at each azimuth location is due to the change
of the noise directivity at each position with respect to a fixed observer. This might differ if a source of
non-axisymmetric is incorporated into the AL simulations, e.g., a tower or the wake of an upstream wind
turbine. However, this study remains a proposal for future work.
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(a) OC1 (b) OC2

(c) OC3

Figure 11: Far-�eld noise for the several operational conditions obtained with the different methodologies.
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3 T5.2: Complex terrain
The scarcity of �at terrain availability for wind-farm development has shifted the focus towards the uti-
lization of complex terrains, which constitute 70% of the Earth's surface. This potential for wind energy
harvesting, as well as the advantage of remoteness from urban communities, which reduces the nui-
sance due to wind turbine noise, is signi�cant. However, complex terrains remain very challenging areas
to consider for wind farm siting due to the following considerations:

• Wind farm modeling requires a more advanced approach than commonly used cost-effective lin-
earized models, which cannot handle complex phenomena (i.e., �ow separation)

• Wind resource assessment requires to account for the multitude of different temporal and spatial
scales.

• Wind turbine noise propagation can be strongly affected by topography and the complex �ow �eld.
While wind turbines are often placed along ridges to bene�t from the wind speed-up, noise issues
may still remain a key environmental factor even in such areas that are usually found further away
from urban communities.

To address the above challenges, a benchmark case was chosen to develop numerical models and
address existing research gaps. The complex terrain site of Perdigão was chosen for benchmarking due
to the availability of a wide range of �eld measurement data as listed on the Perdigão website ( Perdigao
Field Experiment, 2017). An extensive �eld measurement campaign was carried out at the Double Ridge
site in Perdigao, Portugal, by a joint US/European program partially funded by the EU. The campaign
spanned a period of 183 days (26 weeks) from December 15, 2016, to June 15, 2017. The site is located
at San Gregorio near the Centre of Portugal, comprising two parallel ridges with northwest orientations,
separated by 1.5 km, 4 km long, and 500, 550 m tall at their summit. The site is covered by a short
heterogeneous canopy over the entire terrain. An elevation map of the terrain is shown in Fig. 12.

Table 3 shows the different participants of this benchmark and the project objectives. The topic and
exchange of information for this benchmark is illustrated in the �owchart shown in Fig 13, highlighting
the different simulation approaches and methodologies.

Table 3: Participation to the benchmarks.

ESR# Name Institution Title of contribution
- NAME INSTITUTION Eg. Perdigao Mesoscale, Microscale, Noise, Turbine etc
1 Baris VKI/UPM Meso(PBL)-micro(LES) coupled wind turbine simulations using WRF
2 Kartik VKI/UdeS Microscale simulation modelling with different source terms
3 Laura UTW Wind turbine noise generation
8 Andrea SISW/CSTB Wind turbine noise propagation
9 Umberto SAMTECH-SISW Wind turbine aero-elasticity

13 Mohanad UPM synthetic realization (time/space series)
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Figure 12: Elevation map and locations of interest at Perdigao. Positions of the measurement towers in the SW
ridge group are indicated with + symbols; likewise, NE masts are marked with an x, and the masts in the
inside valley group are indicated with black dots. PT-TM06/ETRS89 coordinate system, height above
sea level.
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