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Abstract. Wind turbine wake and modelling is crucial to optimizing future wind farm layouts
and hence reducing the cost of energy. This paper presents the first phase of a blind test on
modelling controlled and uncontrolled wind turbine wakes. The blind test is based on wind tunnel
experiments of two model scale wind turbines (D = 1.1 m) one downstream of the other. The
exercise is split into two phases and the first one is presented here, where participants are invited
to simulate the baseline case, in which both turbines are aligned with the flow and there is no
control on the either turbine. The objective of this phase is to ensure all participants can
benchmark their numerical approach against a baseline open data set, where no wake control is
applied. Experimental measurements include inflow velocity, turbine power and loads for a
range of tip speed ratios. In the second phase, not presented here, the wake of the upstream
turbine will be controlled and the performance of the downstream one will be recorded. This will
be a blind test with the data not released prior to submissions. The present paper gives an
overview of the initial, open benchmark case, including its objectives, methodology and
experimental results.

1. Introduction
As the wind energy sector continues to expand, the optimization of wind farm design and operation
becomes increasingly critical. Central to this optimization is the accurate modeling of wind turbine
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wakes, as they can significantly impact energy production, turbine placement, and operational strategies
within a wind farm. Wind turbine wake modeling, however, presents a scientific challenge due to the
interplay of complex fluid dynamics, atmospheric boundary layer flow and the geometric layout of wind
farms [1].

At the same time, effective wake control is a critical component of maximizing the energy potential
of wind farms and accelerating the clean energy transition. By implementing wake control strategies, it
is possible to significantly increase the energy production of a plant, and hence reduce the levelized cost
of energy and increase wind farm economic viability. In order to select an optimal wake control strategy,
accurate wake modelling is required [2].

In this context, the present paper introduces a blind test on wind turbine wake modelling and control
based on scaled wind tunnel models. Building on the success of previous blind tests in the wind energy
field [3], the present effort aims to serve as a collaborative endeavour, uniting researchers, engineers,
and industry stakeholders to assess the capabilities of different modelling approaches. By subjecting
these solvers to rigorous testing under controlled conditions and comparing their results to wind tunnel
measurements, this initiative seeks to address fundamental questions in the field of wake modelling. At
the same the component of individual pitch control for wake manipulation is added for the first time in
such an exercise.

The motivation behind this endeavour is multifaceted. Firstly, it aims to validate the performance of
numerical solvers, providing confidence in the tools used for wind farm design and optimization.
Secondly, it fosters innovation by encouraging solver developers to enhance their algorithms and
techniques. Moreover, the initiative promotes standardization by identifying best practices and
methodologies that work effectively across a range of scenarios. Beyond these objectives, this and
similar validation efforts help mitigate the financial risks associated with suboptimal wind farm layouts,
support informed decision-making, and contribute to the advancement of scientific knowledge in wind
energy.

This initiative is part of the TWEET-IE project, a Horizon Europe project on wind tunnel testing for
energy and the environment. The blind test has been developed in collaboration with the Wake and Wind
farm Aerodynamics Committee of the European Academy of Wind Energy.

1.1. The blind test
The blind test is split into two distinct phases. The first is an open-data benchmarking exercise, while
the second is the actual blind test.

1.1.1. Phase I — The benchmark case

During the first phase, announced and commencing during the TORQUE 2024 conference, participants
are invited to simulate the baseline case, where both turbines are aligned with the flow and there is no
control on the either turbine. The objective of this phase is to enhance our understanding of wake and
wake control modelling during the second phase, by eliminating teething issues with the modelling of
the experiments in the first phase. This is done by ensuring all participants can benchmark their
numerical approach against a baseline open data set, where no wake control is applied. All data for Phase
I are publicly available here: DOI 10.5281/zenodo.10566400.

1.1.2. Phase Il — Blind test
During the second phase, a more complex case will be considered, where the wake of the upstream
turbine is controlled by means of active individual blade pitch. In this instance, only the case
specification will be announced (inflow, wind turbine geometry, wind tunnel geometry, wake control
strategy), without the results (performance of the two turbines). The objective of this phase is to
benchmark different numerical approaches; quantify uncertainty; enhance confidence and trust in
numerical techniques and drive relevant advancements.

The submitted results will be compared to the wind tunnel measurements to evaluate solver accuracy
and reliability. To this end, clearly defined quantitative metrics will be used (e.g. turbine performance,
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thrust, torque, vortex strength/development) and the suitability of the different approaches for different
applications will be assessed. We intend to openly publish the blind test results to share the findings
with the wind energy community in order to promote transparency, share best practice guidelines and
help improve solver capabilities.

1.1.3. Schedule

Data for Phase I will become available in May 2024 and the details of the benchmarking campaign will
be further detailed in a Webinar in June 2024. It is envisaged that submissions from participants will be
collected in Winter 2024-2025 and the comparative results will be presented in Summer 2025. Phase 11
will be initiated in Winter 2025. All communications will be done through the project’s website,
http:/www.tweet-ie.eu/.

1.2. Paper structure

The present paper is organized as follows. First the experimental set up is given, followed by the results
and discussion. The paper closes with a concluding section. It is noted that this paper serves as an
announcement of the Benchmark case, however, the published data will be accompanied by a detailed
description of the measurement procedure, set up and results, which should be used to help set up
numerical simulations.

2. Experimental set-up

2.1. Wind tunnel test section

All measurements were conducted in the closed-loop, low-speed boundary layer wind tunnel of the
Chair of Aerodynamics and Fluid Mechanics at Technische Universitit Miinchen (TUM). This wind
tunnel has a test section of: 21m (L) x 2.7m (W) x 1.8m (H), as presented in Figure 1. The blower is
driven by a 210 kW electric motor, which allows velocity regulation from 1 m/s to 30 m/s. More
technical details about the wind tunnel can be found in [4].

Figure 1 presents the static pressure taps located at the centre of the wind tunnel ceiling. This is an
adjustable ceiling that enables an approximately zero pressure gradient to be obtained along the wind
tunnel test section. The pressure taps coordinates in the streamwise (x, cm) and vertical (z, cm) directions
are shown in Figure 2. APgasc ) is defined as the difference between static pressure at the ith tap (P;)
and atmospheric pressure (Pgem),

APstatic,i = P; — Pgtm (1)

The pressure measurements were recorded without and with wind turbine models within the test
section for a time period of tempey = 5 sec.

The tunnel wind speed is measured with a Pitot tube in a distance of 4D upwind of the upstream wind
turbine model (Figure 1). The pitot tube is located at hub height, 50cm from the tunnel side wall.


http://www.tweet-ie.eu/
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Figure 1. Sketch of the wind tunnel test section with the positioning of the pressure taps in the centre
of the wind tunnel ceiling, the location of the pitot tube and the locations of the upstream and

downstream wind turbine models.
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Figure 2. a) Streamwise (X, m) and vertical (z, m) coordinates of the pressure taps at different
positions, along the centre of the wind tunnel ceiling; b) The G1 wind turbine with highlighted

components.

2.2. Equipment

In addition to the sensors on the two wind turbine models a fast response aerodynamic probe (FRAP)
was used to measure the velocity profiles at the locations of the two turbines and at the wake of the
upstream one, when operating on its own. The probe was mounted on a traverse system to move between

positions inside the test section.
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The head of the FRAP probe is 3D printed, while its tip with a diameter of 3 mm is finished
mechanically to guarantee small intrusivity. Pressure is measured by five differential piezo-resistive
pressure sensors at the back of the probe head. Details about the probe and its application can be found
in [5-7]. The FRAP is calibrated for its spatial and its temporal characteristics. The calibration allows
for maximum flow angles of up to £+60°and sampling frequencies of up to 10 kHz. Within this
operational range, FRAP can achieve high accuracies of 0.2° for both flow angles and 0.1 m/s for the
reconstructed velocity.

2.3. Inflow velocity and turbulence intensity profiles

The inflow velocity profile was measured directly at two locations inside the empty test section:
firstly, the velocity profile was recorded at the position of the upstream wind turbine and secondly at the
corresponding position of the downstream wind turbine model, as presented in Figure 1. Both
instantaneous velocity signals were measured at 14 points along a vertical line above the wind tunnel
floor, without the turbine models in the test section. The velocity signal was sampled at 10 kHz for a
total sampling time of 30s. Two main flow characteristics were determined: the mean wind velocity
profile u(z) and the turbulence velocity profile 77, (%), in the streamwise direction.

2.4. Wind Turbine Models

The wind turbine models used in the blind test, are the G1 turbines, developed by TUM. A detailed
description of the turbine design and applications are presented [8—10] while a detailed picture of the
G1 turbine can be seen in Figure 2. The G1 features a rotor diameter, D = 1.1 m, a hub height of zp,,;, =
0.82m and has a rated rotor speed, w = 850rpm (clockwise rotation). Chord and twist distributions are
given in Figure 3.

The turbines are heavily equipped with sensors and multiple actuators including individual pitch,
torque and yaw control. The turbine performance can be acquired by various sensors that measure the
shaft loads, shaft torque, tower loads, blade pitch, turbine yaw and rotor azimuth. The turbine is
controlled by a Bachmann PLC, similar to that of full-scale machines. The full set of airfoil profiles,
chord and pitch distributions and profile polars is available online with the measurement data.
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Figure 3. Chord and twist distribution for the G1 wind turbine model

2.5. Baseline scenarios

The Benchmark Case includes the aerodynamic performance characterization of two identical G1 wind
turbine models when independently but also synchronously are placed in the wind tunnel test section.
During the experimental procedure, when G1 wind turbine model is inserted in the test section, the wind
tunnel blockage ratio o, = Awpine/ Awnnel> COTTESponds to dzncr = 20%. Blockage ratios of this order
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have a significant influence on the wind turbine performance as well as the wake [11]. However, no
blockage correction was applied to the data sets, taking into consideration that the computational
modelers will be asked to include the wind tunnel walls in their simulations.

2.5.1. Individual Wind Turbines

The first phase of this experimental investigation includes the use of two identical G1 wind turbine
models at the TUM test section, referred to as the upstream wind turbine model and the downstream
wind turbine model. These designations were applied to the wind turbines models and will be used for
the remainder of the paper, based on their positions, as shown in Figure 1. Each turbine was also tested
on its own at its respective position. The tunnel wind speed was held constant and the turbine RPM was
varied to cover a range of tip speed ratios (A).

2.5.2. Wind Farm Case

Here, both wind turbines were installed in the test section and the following procedures was followed.
Firstly, power measurements were performed for the upstream wind turbine as a function of TSR -same
with single wind turbine-, while the downstream wind turbine was operated at the fixed rotor speed ,
Waownstream = D74 rpm. Then a tip speed ratio scan was performed for the downstream wind turbine
by varying its rotational speed, with the upstream turbine was operated at the rated rotor speed,
Wypstream = 850 rpm. The tunnel wind speed was constant during these tests.

2.5.3. Calculations
For all cases, the turbine power coefficient, Cp, was calculated using equation (2)

P wT

= )

0.5pUp;40¢(0.5D)2  0.5pUp;40,1(0.5D)?

Cp

where P is the power,  is the rotor speed, T is the torque measured by the shaft strain gauges and Uy, ;1
is the uncorrected wind tunnel velocity, measured with the pitot tube.
The thrust coefficient, C-, was calculated using equation (3)

_ Thrust
0.5pU;407(0.5D)2

Cr 3)
where Thrust is derived based on strain gauge measurement at the tower base. Thrust data are only
available for the upstream wind turbine.

3. Results

3.1. Pressure variation along the test section
Figure 4 shows the pressure drop along the free stream direction for a wind speed of 5.74 m/s for an
empty test section. The pressure drop is less than 2 Pa in 16 m which is considered good.

3.2. Inflow velocity and turbulence intensity profiles

Figure 5 presents the velocity and turbulence intensity profiles in the empty wind tunnel test section at
two locations: at the position of the upstream wind turbine and at the downstream wind turbine model.
The measurements show a uniform streamwise velocity profile at both locations for z/zy,;, = 0.35.
The boundary layer on the tunnel floor grows with distance as expected.

Figure 5b presents the streamwise turbulence intensity profile T1,, (%) calculated at the positions of
the upstream and downstream turbine models. The turbulence intensity at hub height is 1.88% for the
upstream turbine model and 1.97 % for the downstream turbine model. Within the boundary layer height,
di.e. z<30 cm, T1, values are higher (between 4% and 8%), again as expected.
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Figure 4. Pressure drop along the ceiling of the test section (in the streamwise direction) without wind

turbine models in the wind tunnel test section
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Figure 5. Vertical inflow profiles of a) streamwise velocity U (m/s) (error bars: standard deviation of
streamwise velocity); and b) turbulence intensity, Tl, (%) in the empty wind tunnel test section, at the
positions of the two wind turbine models.

Additional velocity measurements were performed at hub height, at two additional points in the
lateral direction (y = £0.5D) to examine the symmetry of the inflow streamwise velocity and the
turbulence intensity at the locations of the two models, see Figure 6. A marginal asymmetry of the inflow
profile and turbulence intensity at the location of the upstream profile appears to be diffused at the

downstream turbine location.

3.3. Wind Turbine Performance

The performance of the two turbines was examined independently, i.e. when located on its own in the
test section, see Figure 7. The Upstream WT was tested only at the upstream position, while the
Downstream turbine was tested at both the upstream and the downstream positions. All results are very
similar, suggesting the two turbines have very similar performance and that the turbine position in the

wind tunnel does not affect performance.
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Figure 6. a) Streamwise velocity, u (m/s) (error bars: standard deviation of streamwise velocity) and
b) Turbulence intensity, Tl, (%) variation along the spanwise direction in the empty wind tunnel test
section, at the positions of the two wind turbine models.
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Figure 7. a) Power, P; b) power coefficient, Cp; and c) thrust coefficient Cy variation with tip speed

ratio, A, when each of the turbine models is placed independently in the wind tunnel test section. The

downstream wind turbine model is measured at the downstream position (blue square) and also at the
upstream position (blue circle). Error bars represent the measurement uncertainty of P, Cp and Cr.
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Figure 8. a) Power, P; b) power coefficient, Cp; and c) thrust coefficient C variation with upstream
turbine tip speed ratio, A,p,streqam, When both wind turbines are placed in the wind tunnel test section.
The upstream wind turbine model rotates at variable rotational speed while the downstream wind
turbine rotates at constant rotor speed (574 rpm, Agownstream = 5-86). Error bars represent the
measurement uncertainty of P, Cp and Cy.
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Figure 9. a) Power, P; b) power coefficient, Cp; and c) thrust coefficient C variation with
downstream turbine tip speed ratio, A4ownstream, When both wind turbines are placed in the wind
tunnel test section. The upstream wind turbine model rotates at constant rotational speed (850 rpm,
Aupstream = 8.53) While the downstream wind turbine rotates at variable rotor speed. Error bars
represent the uncertainty in the measurement of P, Cp and Cy.

Figure 8 shows the performance of both turbines against Aypsream, When the upstream and
downstream turbines operate at variable and constant RPM, respectively. Clearly, the performance of
the upstream turbine and the energy it extracts from the flow significantly affect the performance of the
downstream one.

Figure 9 presents the performance of the two turbines when the upstream one operates at constant
RPM and the downstream one operates at variable RPM. The upstream turbine remains largely
unaffected while the downstream turbine displays peak performance at A;onstream = 9-1.

The baseline case is considered that in which the upstream and downstream turbine operate at 850
RPM and 544 RPM, respectively, the tunnel wind speed is 5.7 m/s. For this case the expected
performance is given in Table 1.

Table 1. Performance of the two wind turbines for the baseline case

Rotational Power Power Cp Cp Cr Cr

Speed Uncertainty uncertainty uncertainty
Turbine RPM [W] [=W] [-] [£] [-] [£]
Upstream 850 44.6 0.45 0.50 0.02 0.88 0.02
Downstream 544 9.5 0.28 0.11 0.005

4. Conclusions

The present paper discusses Phase I of the Blind test on wind turbine wake modelling based on wind
tunnel experiments. Velocity, turbine performance and turbine load measurements are presented. All
data are publicly available along with geometry and turbine data. It is envisaged that this phase will
ensure all participants to the exercise are able to meaningfully simulate the flow past the two turbines
and numerical solvers well prepared for the blind test on controlled wake modelling.
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