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Mini-Symposium: Challenges in wind tunnel testing in wind
energy research

Oguz Uzol Joachim Peinke Michael Hélling
METU Center for Wind Energy ForWind, University of ForWind, University of
Research (RUZGEM) Oldenburg Oldenburg

Wind turbines operate under complex wind conditions that are constantly changing. Turbine data is a result
of the interaction of the turbine's controller with these inflow conditions and result in an averaged picture of
the current situation. This becomes even more complicated due to the presence of wakes in wind farms. Trying
to improve turbine performance under special wind conditions is a challenging topic since the inflow can
neither be controlled nor repeated. Here wind tunnel tests under controlled conditions are used in general to
gain a better understanding of the complex interactions in the free field. Nevertheless, wind tunnel
experiments also face many problems, which are beyond just scaling. This mini-symposium will focus on the
challenges and possible solutions as to how we can reduce the variability and increase repeatability/reliability
of data obtained from different experiments/facilities. Therefore, we invite abstracts that address mainly these
issues. The mini-symposium is expected to trigger the discussion on topics such as wind energy research wind
tunnel infrastructure, Reynolds number effects and correction/extrapolation methods, new measurement
techniques, improved and consistent calibration methods to be applied for round robin tests, round robin test
ideas, standardization and improving the consistency of wind tunnel inflow.
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Mini-Symposium: Challenges in wind tunnel testing in wind
energy research (I)

Effects of Wind Tunnel Blockage and Turbulence Intensity on the Performance
of a Small Wind Turbine: An In-House Round Robin Study

Burcu Erol’, Anas Abdulrahim, Mustafa Percin, and O€uz Uzol
Middle East Technical University
“Presenting author

Keywords: round robin test | small wind turbine | wind tunnel

In order to improve the reliability of wind tunnel tests and to investigate the variability of data among
different wind tunnels, round robin test campaigns are generally conducted. One recent example of this is by
Aubrun et al [2019], in which wake measurements of porous discs with uniform and non-uniform porosity
were conducted by nine different institutions. In another previous campaign and as a part of another research
project on the use of winglets in wind turbines we have tested a 0.95 m diameter horizontal axis wind turbine
in an open-jet facility at the Center for Wind Energy Research (RUZGEM) at The Middle East Technical
University (METU) in Ankara, Turkey as well as in the 3m x 2m cross-section closed test section of the large-
scale wind tunnel at the Norwegian University of Science and Technology (NTNU) in Trondheim, Norway. The
measured power coefficient variations obtained in these two very different facilities are given in Figure 1
(Ostovan and Uzol [2016]). Although there seems to be a general agreement, some differences can be observed
after about a Tip Speed Ratio (TSR) of 4, most probably due to different blockage and freestream turbulence

intensity levels of the two wind tunnels.
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Figure 1.Variation of Power Coefficient with TSR as measured in METU Open-jet and NTNU Large Scale Wind Tunnel

-

To further investigate this variability, we will be testing the same wind turbine in different test facilities at
RUZGEM. This wind turbine has a 3-bladed rotor with precision machined Aluminium blades that have
nonlinear twist and chord distributions with a NREL S826 profile throughout the blade span. The blade taper
and twist distributions are the same as the ones used in the experiments performed at NTNU as reported in
Adaramola and Krogstad [2011]. The rotor is driven by a precision speed controlled 1.5 kW servo-motor in
order to obtain controlled TSR conditions during the experiments. The torque on the rotor shaft is measured
using an HBM T20WN/5Nm torque transducer and the thrust is measured using an ATl Gamma type six-
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component force-moment transducer on which the entire nacelle is placed. The measurements will be mainly
focusing on the performance of the wind turbine in terms of power and thrust coefficient variations with TSR

at a freestream windspeed of 11 m/s. A picture of the wind turbine is shown in Figure 2.
B SSC RO

Figure 2. Different facilities that will be used in the in-house round robin test campaign

The tests will be conducted in four different facilities (Figure 2): The first one is a 1.7 m diameter open-jet
wind tunnel; the second, third and the fourth ones are all different configurations of the new Large Scale
Wind Tunnel of RUZGEM, i.e. a 3 m diameter open-jet test section, a 3 m x 7 m cross-section and 20 m long
boundary layer test section and a 2.5 m x 2.5 m cross-section test section. The range of blockage in these
tests will be from 3.3% to 31% and the range of freestream turbulence intensity levels will be approximately
from 0.2% to 2%. Comparisons will be made to quantify the effects of these on measured turbine
performance.

References:

S. Aubrun, M. Bastankhah, R.B. Cal, B. Conan, R.J. Hearst, D. Hoek, M. Holling, M. Huang, C. Hur, B. Karlsen, I. Neunaber, M. Obligado, J.
Peinke, M. Percin, L. Saetran, P Schito, B. Schliffke, D. Sims-Williams, 0. Uzol, M.K. Vinnes, A. Zasso, (2019), "Round-robin tests of
porous disc models,” Wake Conference 2019, I0P Conf. Series: Journal of Physics: Conf. Series 1256 (2019) 012004, doi:10.1088/1742-
6596/1256/1/012004.

Y. Ostovan, 0. Uzol, (2016), "Experimental Study on the Effects of Winglets on the Performance of Two Interacting Horizontal Axis
Model Wind Turbines,” The Science of Making Torque from Wind (TORQUE 2016), Journal of Physics: Conference Series 753 (2016)
022015 doi:10.1088/1742-6596/753/2/022015.

Adaramola, Krogstad, (2011), "Experimental investigation of wake effects on wind turbine performance” Renewable Energy Vol. 36
Issue 8 pp. 2078-2086.
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Impact of wall blockage on wake steering by yawing

Filippo Campagnolo'”, Franz Miihle', Paul Hulsman?, Vlaho Petrovi®?, Michael Holling?, Lars
Neuhaus?, Abdulkarim Abdulrazek?, Martin Kiihn2, and Carlo L. Bottasso’

Technical University Munich

2ForWind - University of Oldenburg

“Presenting author

Keywords: Wind Tunnel Testing | Wind Tunnel Inflow | Wind Tunnel Blockage

The last years have seen an increased scientific production on wind tunnel testing of scaled wind turbines
and wind farms. In fact, wind tunnel tests can be conducted in a repeatable and a highly controllable
environment, with good knowledge of the boundary conditions. These advantages have been widely exploited
to investigate some physical phenomena governing the formation and propagation of wakes behind wind
turbines, and their impact on the conditions experienced by downstream machines. Additionally, various
techniques for altering the behavior of wakes, such as wake-steering by yawing, power derating, or enhanced
wake mixing, have been investigated with respect to their ability to increase power and reduce loading[1].

Regarding the wind tunnel testing of wake control techniques, the effects of the wind tunnel walls on wake
behavior is an aspect that still needs to be fully clarified. The goal of this paper is to fill this gap, with respect
to wake steering by yawing.

e

/

Figure 1a: G1 model in the POLIMI wind tunnel

To this end, two experimental campaigns were performed by using the same scaled wind turbine model in
two different wind tunnels. The G1 turbine model has a rotor diameter equal to 1.1 meters, features yaw,
torque, and individual pitch control capabilities, and it is equipped with main shaft and tower root load
sensors[2]. One campaign was performed in the civil test section of the wind tunnel of the Politecnico di
Milano (POLIMI, Fig. 1a), whose large cross section (14 x 4 meters) compared to the G1 size implies an almost
negligible blockage[3]. A second campaign was performed in the wind tunnel of the ForWind research center
of the University of Oldenburg (UOL, Fig. 1b). Since the cross section has a size of 3 x 3 meters, blockage
cannot be considered negligible in this case. In fact, the ratio between the areas of the rotor and of the test
section is approximately 0.1. A turbulent atmospheric boundary layer was simulated in each wind tunnel:
spires were located at the inlet and bricks were placed on the ground for the POLIMI wind tunnel[4], while an
active grid was used in the UOL wind tunnel[5]. The two wind tunnels achieved very similar vertical profiles
of the mean speed and turbulence intensity, as well as similar turbulent spectra. Given the similarity of the
inflows, differences in wake behavior can be directly attributed to blockage.
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Figure 1b: G1 model in the UOL wind tunnel

Results indicate an effect of the wind tunnel size on power, loads, and wake behavior in wind-misaligned
conditions. Particularly, a lower power loss and reduced yaw-induced deflection were observed in the UOL
wind tunnel, a fact that suggests the need for specific corrections when testing at higher blockage ratios.
During the oral presentation, a detailed description of the experimental setup and a complete overview of the
results will be given.

References:

[1] Campagnolo, F., Petrovig V., Bottasso, C.L. and Croce, A, 2016, July. Wind tunnel testing of wake control strategies. In 2016
American Control Conference (ACC) (pp. 513-518). IEEE.

2] Bottasso, C. L. and Campagnolo, F., 2020. chap. Wind Tunnel Testing of Wind Turbines and Farms. Handbook of Wind Energy
Aerodynamics, Springer, 2020.

[3] Wang, C., Campagnolo, F., Canet, H., Barreiro, D.J. and Bottasso, C.L,, 2020. How realistic are the wakes of scaled wind turbine
models?. Wind Energy Science Discussions, pp.1-27.

[4] Wang J, Wang C, Campagnolo F, Bottasso CL. Wake behavior and control: comparison of LES simulations and wind tunnel
measurements. Wind Energy Science. 2019;4(1):71-88.

[5] Kréger, L., Frederik, J., van Wingerden, J.W., Peinke, J. and Holling, M., 2018. Generation of user defined turbulent inflow conditions
by an active grid for validation experiments. In Journal of Physics: Conference Series (Vol. 1037, No. 5).

10-6



Theme 10: Emerging Technologies and Special Sessions

Customization and Characterization of a perturbation system for gust
generation: The chopper - 2

Ingrid Neunaber'”, Martin Obligado23, and Caroline Braud’
'Centrale Nantes

2Grenoble-INP

3Université Grenoble Alpes

“Presenting author

Keywords: Wind tunnel experiment | Gust | Turbulent inflow | Dynamic inflow | The chopper

Wind energy converters operate in the naturally turbulent atmospheric boundary layer. They are therefore
exposed to instationary, gusty inflow. As sudden, strong variations of the inflow cause high loads and
unsteady aerodynamic effects on the rotor blades, it is important to understand the interaction between the
flow and the rotor blades. To study this, wind tunnel setups that create reproducible strong, sudden flow
changes are used. For example, active grids can be used to generate extreme gusts [1].
Here, we follow a new approach: A rotating bar, the chopper blade, passes through the inlet of a wind tunnel,
thus creating a velocity deficit, or an inverse gust. This system is called the chopper, and it was first presented
at the WESC 2019 [2]. Since then, we have customized this system, and we will present the new results.
For the experiments, we used a chopper blade of 10 cm width that is rotating with the chopper frequency
fCH. The inflow velocity is u = 25 ms-1.To add background turbulence, a reqular grid can be installed upstream
of the chopper blade in the inlet. All experiments have been carried out with and without the grid, and
therefore with background turbulence intensities of 3% (grid) and 0.3% (no grid). The flow field was scanned
using a hot-wire array that was equipped with 5 probes (see fig. 1).

THE CHOPPER
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Figure 1: Setup: The chopper consists of a rotating bar, the chopper blade, that cuts through the inlet of the test section. Upstream of
the chopper blade, a grid can be installed to add background turbulence to the flow. The flow is scanned with an array of five hot-wire
probes. A horizontal and a vertical plane are investigated.

A horizontal plane and a vertical plane have been scanned for two chopper frequencies, 0.04 Hz and 0.4 Hz.
In addition, at fixed positions, the frequency was varied between 0.01 Hz and 2 Hz, and the wind velocity was
changed from 5 ms-1 to 25ms-1. Also, a characterization of the flow downstream of the static blade fixed at
certain angles in the test section was performed to better understand the turbulence generation.
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The flow will be analyzed both with respect to the mean flow field and with respect to the structure of the

inverse gust and its dependence on the chopper frequency, which has been done in a similar manner in [3]

for a chopper blade with 20 cm width. There and in [4], it has already been shown that the inverse gust

generated by the chopper can be split into the mean gust shape and the superimposed turbulence structures.

Also, the gust is reproducible. For the evaluation of the new data sets, a focus will be on the evolution of the

turbulence with increasing distance and increasing chopper frequency. So far, we could show that the gust

length is anti-proportional to the chopper frequency. Also, the influence of the background turbulence will

be evaluated.

In summary, we will present results from new measurements of the the customized chopper that expand the
results presented at the WESC 2019.

References:

[1] Traphan, D.; Wester, T. T. B.; Peinke, J.; Gulker G. (2018) On the aerodynamic behavior of an airfoil under tailored turbulent inflow
conditions. Proceedings of the 5th International Conference on Experimental Fluid Mechanics ICEFM 2018 Munich

[2] Neunaber, I.; Braud, C.; Soulier, A.; Aubrun, S. (2019) Characterization of a new perturbation system for gust generation: The
chopper. WESC 2019, presentation, doi:10.5281/zen0d0.3405976

[3] Neunaber, I.; Braud, C. (2020) First characterization of a new perturbation system for gust generation: The Chopper. Wind Energy
Science, 5, 759-773

[4] Neunaber, I.; Braud, C. (2020) Aerodynamic behavior of an airfoil under extreme wind conditions. J. Phys.: Conf. Ser. 1618 032035
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Tailoring inflows for wind turbine testing

Lars Neuhaus’, Frederik Berger, Joachim Peinke, and Michael Hdlling
ForWind, University of Oldenburg
“Presenting author

Keywords: Turbulence | Active Grid | Wind Tunnel | Gust | Experiments

New concepts for wind turbines, such as controller designs or add-ons, require appropriate investigations,
including experiments. To ensure significant and transferable results, there are certain requirements for the
measurement conditions, such as realistic and reproducible inflows in the wind tunnel.

Generating certain inflows by means of active grids in the wind tunnel becomes more common nowadays. At
ForWind Oldenburg, investigations are carried out in the large 3 x 3 m? wind tunnel with a test section length
of 30 m. An active grid consisting of 80 shafts with rectangular vanes is used for the flow field generation
(Fig. 1, [1]). The active grid is operated in a constant blockage mode, which allows to generate comparable
inflow conditions over a large cross-sectional area (corresponding to the rotor swept area of a model wind
turbine, e.g. MoWiTO 1.8 Fig.1, [2]), while keeping the global blockage constant and thus reducing pumping
effects of the wind tunnel. Each shaft motion is specified by a predefined motion protocol, which can be
repeated arbitrarily and allows reproducible flow conditions for follow-up experiments.

i

Bl T/ YRS e il

Figure 1: Active grid and MoWITO 1.8 installed in the big wind tunnel in Oldenburg.

A transfer function of the active grid is measured (velocity as a function of the shaft angle). By means of the
transfer function, it is possible to tailor the active grid motion protocol to generate specific inflow structures.
In the presentation, generated flows such as sinusoidal velocity variations, steps, and Mexican hat shaped
gusts will be shown (Fig. 2). These defined shapes help to understand the dynamic response of a turbine to
various single events (steps and gusts). The response to periodic wind fields can be tested with sinusoidal
velocity variation, e.g., to test the switching between two controller regions. Furthermore, fully developed
turbulent wind fields of different turbulence intensity and various other characteristics, e.g. shear, partial
gusts, or wakes, can be tailored and generated by the active grid. This allows for investigating the turbine
behavior for different inflows, e.g. under IEC standard conditions.
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Figure 2: Active grid generated inflow with Mexican hat shape and different gust durations.

The generated flow fields are examined for their cross-sectional correlation, which is desired for pronounced
shapes, such as steps and gusts, of the velocity timeseries. Furthermore, the individual limits of the generation
process are investigated. Due to the temporal scaling of wind turbine models, very fast velocity fluctuations
are necessary. Although some damping of the gust magnitude was observed for high frequencies (short gust
durations), it is possible to generate very fast and large velocity fluctuations with the active grid.

With this active grid excitation method, tailored inflow conditions for wind turbine investigations can be
generated on a wide range of scales and with large velocity increments even on small time scales.

This provides a good basis for testing wind turbine concepts in the wind tunnel under various reproducible
inflow conditions.

References:

[1] Kréger, L, Frederik, J., van Wingerden, J. W., Peinke, J., & Hdlling, M. (2018, June). Generation of user defined turbulent inflow
conditions by an active grid for validation experiments. In Journal of Physics: Conference Series (Vol. 1037, No. 5, p. 052002). I0P
Publishing.

[2] Berger, F., Kréger, L, Onnen, D., Petrovi@, V., & Kiihn, M. (2018, October). Scaled wind turbine setup in a turbulent wind tunnel. In
Journal of Physics: Conference Series (Vol. 1104, No. 1, p. 012026). 0P Publishing.
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Relevant Wind Energy Research in Small Low-Speed Wind Tunnels

Marlin Holmes', Christopher Rumple', William Schutz', Pourya Nikoueeyan?, and Jonathan
Naughton'”

"University of Wyoming

2Resono Pressure Systems INC

“Presenting author

Keywords: Turbulence | Wake | Airfoil | Active Grid | Wind Tunnel

Performing testing relevant to wind energy in small, low-speed wind tunnels is challenging. Testing at relevant
Reynolds numbers and creating inflows representative of conditions wind turbines experience are examples
of these challenges. If such challenges can be overcome, testing in such facilities is attractive due to the low
cost of such tests when compared to testing in larger wind tunnels and in the field. As a result, significant
investment in developing relevant testing conditions has been undertaken by many groups. Here, approaches
employed at the University of Wyoming are discussed and some example results are presented.
Most wind tunnels fail to create free-stream conditions that mimic the inflow experienced by wind turbines.
This is important because the interaction of the flow with the blade and the subsequent wake development
are highly dependent on the inflow conditions. To address this issue, active grids have been used by several
groups to create turbulent inflows that can be controlled to a degree (Hearst 2015, Neuhaus 2020). At the
University of Wyoming, an active grid has been developed and installed in the convergent section upstream
of the test section. This approach was taken to allow for a longer development length for the turbulence
before interacting with the flow of interest. Initial results have shown that this approach is effective in
producing turbulence at the test section entrance that is more independent of the grid geometry than
traditional installations at the test section entrance.

0 5 10 AUlm/s) g5

[V}
ot

0.8 1 1.2 1.4 1.6 1.8 2 232 24
x/D

Figure 1: Mean velocity deficit of a rotating wake with and without turbulent inflow

For wind energy applications, the primary interest in the turbulence produced by the active grid is the
interaction of the turbulence with a flow of interest. One flow that can be tested effectively in small wind
tunnels is the axisymmetric wake as these wakes behave similarly as long as they are beyond a critical
Reynolds number (Johansson 2003). At the University of Wyoming, a wake generator capable of producing
wakes with rotation, another critical feature of wind turbine wakes, has been developed (Holmes 2017).
Recently, the effect of turbulent inflow on the wake produced by this wake generator was investigated. The
turbulent inflow clearly increases the wake decay as compared to the wake with the non-turbulent inflow.
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Future testing will quantify the impact of the turbulence on wake development for a range of inflow and
wake conditions.

Another area where inflow conditions are important is airfoil testing. Most airfoils are characterized in low
turbulence conditions that contrast with the highly turbulent conditions in which they often operate.
Therefore, testing airfoils under both low- and high-turbulence conditions is necessary to fully understand
their performance. At the University of Wyoming, dynamically pitching airfoils have been investigated for the
last decade (Naughton 2013). Recently, pitching airfoils have been tested in the presence of turbulent inflow,
and large changes in airfoil performance have been observed when compared to that of airfoils tested in
typical low-turbulence inflow.

Although challenging, wind tunnel testing relevant to wind energy can be conducted in small, lowspeed wind
tunnels. Although such testing is not alone sufficient to fully understand wind turbine flows, tests such as
those carried out at the University of Wyoming can be informative when coupled with tests in larger wind
tunnels and field tests.

References:
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Dynamic induction control for wind farms - an experimental analysis using 3D
particle tracking velocimetry

Daan van der Hoek, Carlos Simao Ferreira, and Jan-Willem van Wingerden
Delft University of Technology

Keywords: Wind farm control | Dynamic induction control | Particle tracking velocimetry | Experimental
analysis

Wind farms traditionally suffer from wake losses caused by upstream turbines influencing the incoming flow
of turbines further down the field. These losses can be partially mitigated by actively influencing the wakes
of upstream turbines using wind farm control methods. One of these methods is called Dynamic Induction
Control (DIC), which is based on the principle of a periodically varying induction factor (Munters and Meyers,
2018). This action induces additional turbulence in the wake of a turbine, which enhances mixing and
subsequently results in faster wake recovery, allowing downstream turbines to extract more energy from the
wake.

The potential of DIC was initially shown by means of high-fidelity simulations. More recently, wind tunnel
experiments also proved that DIC is able to increase the overall performance of a two-turbine array by
measuring the generated power (Frederik et al., 2019). However, a detailed examination of the wake mechanics
in an experimental environment is still missing.

HFSB

— seeder

N
ég Cameras :

Figure 1: Experimental setup for measuring the wake of a turbine with 3D PTV.

In order to investigate the wake of turbine operating with DIC, a measurement setup for 3D Particle Tracking
Velocimetry (PTV) was designed at the TU Delft Open Jet Facility (see figure). Within this setup, Helium-filled
soap bubbles (HFSBs) are released in the flow in front of a MoWiT0-0.6 wind turbine (Schottler et al., 2016).
After passing the wind turbine, the HFSBs are illuminated by LED panels and simultaneously recorded by a set
of three high-speed cameras. This allows the tracking of the HFSBs over time, resulting in a three-dimensional

10-13



Theme 10: Emerging Technologies and Special Sessions

reconstruction of the wind turbine wake. For comparison, the wind turbine is operated with a baseline
controller as well as DIC. The latter consists of applying a sinusoidal reference to the pitch controller. Different
pitch frequencies were implemented in order to examine their effectiveness.

Based on the time-averaged measurements that were obtained, it can be seen that the wake of a turbine
operating with DIC has a lower velocity deficit compared to baseline operation. This enables downstream
turbines to extract more energy from the wind, possibly resulting in an overall increase in power.

U..
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Figure 2: Snapshot of the dynamic streamwise velocity contour of a wind turbine wake obtained with 3D PIV. The turbine is operated
with periodically changing pitch angles with the goal of increasing the available energy in the wake.

In order to find out how DIC is able to achieve this lower velocity deficit, the dynamic wake measurements
are examined. This is generally done by averaging over the dominant phase of the measurement object (e.g.
the rotor speed) in order to obtain a sufficient number of particles and increase the accuracy of the obtained
flow fields. In this case, averaging is performed over the pitch frequency, which clearly shows the effect of
DIC on the wake over time (see figure). However, this averaging approach can also result in a loss of
information, e.g., the vortical structures of the turbine are averaged out. It is possible to solve this problem
by increasing the length of the experiment and averaging over both frequencies simultaneously, but the
required acquisition time and amount of data make this an infeasible solution. Additional challenges that are
encountered are a lower resolution of the wake, illuminating and filming a large volume, and limitations to
model wind turbine pitch actuators, among others. The goal of this abstract is to incite discussion on best
practice

for measuring dynamic wake effects in large volumes.
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Simultaneous wind and acoustic measurements in combined aerodynamic and aeroacoustic wind tunnels are
challenging using traditional Pitot tube techniques placed inside the wind flow. This is because of the potential
acoustic noise generation from in situ probes submerged in a high-speed flow. The potential adverse influence
has to be handled with care in aeroacoustic experiments in general and especially in experiments with wind
turbine blade profiles optimized to be silent.

At DTU Wind Energy, a project with the aim to accelerate and increase quality in aerodynamic and
aeroacoustic design loops (AeroLoop) is currently pursued. One avenue leading towards faster wind tunnel
testing procedures would be the use of wind sensing probes that are free from generating acoustic noise,
which would allow for simultaneous aerodynamic and aeroacoustic measurements.

The concept explored on this route is based on remote sensing continuous-wave Doppler lidars that are widely
used in full-scale wind turbine field experiments where spatially detailed measurements at measurement
distances below a few hundred meters are of interest. For instance, the DTU-developed short-range
WindScanners are based on continuous-wave wind lidars that also have showed promising potential for
remote wind sensing in large boundary layer wind tunnels (Van Dooren et al., 2017) as well as in smaller wind
tunnels of various kind (Sjoholm et al., 2017).

Here we present the latest very-short-range wind lidar developments and their application in highspeed
aerodynamic and aeroacoustic wind tunnels. Since the length of the probe volume of a continuous-wave lidar
varies quadratically with the measurement distance, relevant probe lengths in the centimeter regime can be
obtained at measurement distances of a few meters using 3" optics. In particular, the recently established
Danish National Poul la Cour wind tunnel at DTU Wind Energy with capability to generate speeds well above
100 m/s in a 3m by 2 m wide tunnel cross-section placed inside an anechoic chamber is used for the
experiments reported.
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Figure 1: Awind lidar telescope in an anechoic chamber outside of a wind tunnel used for aerodynamic and aeroacoustic measurements
of wind turbine blade sections (Photo: Mikael Sjholm).

The lidar design considerations are outlined with regard to sampling volumes and the beam scanning
mechanism. Furthermore, the challenges of optically accessing the wake flow regions of interest in the wind
tunnel without generating additional flow-induced acoustic noise are discussed, as well as the challenges of
obtaining enough backscattering for the lidar laser light in clean and dry environments. Finally, some first
preliminary lidar measurements of the wake from a wind turbine blade section are provided as an example of
the capabilities of the concept presented.
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Introduction

Flexing wind turbine blades experience oscillating loads and angle of attack changes when in operation. The
impact from turbulence, wind shear and the blade elastic response produce the AoA changes with dynamic
stall flow behaviour present at all blade section. Dynamic testing of two dimensional aerofoils have served to
explain details of the periodic aerodynamic forces, but are in many cases limited experimentally to moderate
Reynolds numbers as compared to Reynolds numbers at operating wind turbine blade, e.g. the Risg-1 profile
tested at Re=1.6M [1]. For the NACA 23012, Leishman [2] tested at several Reynolds numbers Re=0.8-2.0M
although only found a weakly Re no. dependency for the dynamic stall characteristics of this aerofoil. A
different approach to high Re no. testing (Re=3M) using compressed air (~220bar) by Kiefer[3] investigated
ramp up/down maneuvers of a NACA0021 foil at relatively high AoA. This setup opens for high Re
measurements, but with significant added complexity in testing. Effective experimental investigations of the
high Re

dynamic stall phenomenon remains an open and relevant challenge in wind tunnel testing, van Kuik et al.[4].
The present work investigates the dynamic stall characteristics of the NACA 63-418 measured in the Poul la
Cour tunnel (PLCT) at Reynolds numbers Re=1.5M-3M and reduced frequencies up to k~0.1 at moderate mean
AoA and amplitude variation, Ah =2-4deg.

Methodology

The NACAG3-418 aerofoil is tested in the Poul la Cour tunnel (PLCT [5]) at DTU Risg campus. The test section
measures 2m in height and 3m in width and 9m in length. The 2D aerofoil section is placed vertically having
a nominal model chord of 1m and a span of 2m. At midspan, 100 surface pressure tabs are placed in a
staggered arrangement around the pressure and suction side. Pressure scanners are placed inside the model,
ensuring short tubing and fast response. Whereas the reduced frequency, k=fric/V, is in a range comparable
to wind turbine blade conditions, the Reynolds number of Re=3M is a step up compared to previous tests,
although still not near actual large blade Reynolds numbers.
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Figure 1: Harmonic pitching of the NACA63418 airfoil, lift and drag coefficients, Re=3M, k=0.072, dAoA=2deg

Results
Harmonic foil pitching is controlled directly through the servo drive i.e. no added mechanism is needed for

the PLCT turntable arrangement. First results presented is based purely on gage measurement, shown in the
figures with at pitching amplitude of Ah =2 deg. A reduced frequency of k=0.072 and Reynolds number 1.5-
3M is compared for the 120s binned averaged measured data.
Gage zero data is subtracted, also measured for 120s at zero wind tunnel speed to acquire the resulting
dynamic loops for the lift and drag coefficients.

Re=1.5-3M dA=2deg F=1.0-0.5Hz k=0.072

8 9 10 11 12 13
AocA[deg]
Figure 2: Lift loop at Re=1.5M and 3M, gage measurements only

A clear shift appear present in the lift when increasing Re=1.5M to 3M for mean AoA=10deg, although the
mean AoA remains in attached flow. Measurement at negative stalled mean AoA could appear irrelevant for
dynamic stall investigation, however, the most outboard part of pitch controlled wind turbine blades does
operate in this regime in high winds. Loops at mean AoA =-14deg is shown in the figure and further result
will be presented for higher mean AoA.
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Conclusions

The Reynolds number dependency on dynamics stall characteristics is mapped out between Re=1.5-3M for
the NACA63-418 aerofoil at moderate harmonic pitch amplitudes and in attached flow as well as stalled mean
AoA. Also, the dynamic capabilities of the present PLCT turntable arrangement will be reported on.
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Introduction

Since the 1990's there has been an increasing need for wind tunnel tests to support wind turbine design.
Especially there has been a need within design and characterization of wind turbine airfoils.

In the start, aerodynamic tunnels were used, where there was only minor focus on the flow quality and no
focus on the aeroacoustic characteristics. With the increasing size of the wind turbines, there has been an
enhanced focus on both the flow quality and the aeroacoustic characteristics.

DTU Wind Energy observed a need for a wind energy dedicated wind tunnel. In 2011 specifications for a new
wind tunnel were established in a collaboration with the Danish stakeholders within wind energy. It was
decided to establish a large wind tunnel dedicated to airfoil tests where both aerodynamics and aeroacoustics
could be characterized. The wind tunnel was designed from 2012 to 2015 and the wind tunnel with all its
aerodynamic and aeroacoustic features was established in December 2019. The basic specifications for the
wind tunnel is presented in the list below and a sketch of the wind tunnel is shown in Figure 1.

Figure 1: Sketch of the Poul la Cour Tunnel

- Maximum Reynolds number per meter [-] = 7.0x106 [-]

- Maximum flow speed = ~105m/s or 378km/h

- Test section: Width = 3.00m

- Test section: Height = 2.00m

- Test section: Length = 9.00m

- Maximum turbulence intensity = Max 0.1%

- Anechoic chamber: background noise at 60m/s with Kevlar walls 2m from airfoil < 70dB

- Design flow speed for acoustic measurements = 60m/s

The resulting design was a closed-return airline with a closed test section. The test section has two different
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