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Abstract. We present an autonomous add-on measurement system for detailed aerodynamic
measurements on full scale turbines. From the measured data we can derive the local
aerodynamic coefficients for the blade section and e.g. compare with wind tunnel data for
a similar section. This forms the basis for evaluating how well the airfoil performs on a rotor
in the turbulent inflow and rotating environment. We describe the measurement system which
comprises a pressure belt with 15 taps, a flyboard with the data acquisition system and a five
hole pitot tube measuring the local inflow to the blade section. The system was used on a SWT-
4.3-120 DD turbine in a short campaign in June 2021. A trailing edge flap system is installed
on that turbine and a particular objective with the measurements was to evaluate the static
and dynamic performance of the flap system. The aerodynamic measurements were correlated
with the SCADA and flap actuation data. Overall the measurement system performed well
and provided good data like smooth pressure distributions. The derived flap performance in
the form of the delta lift coefficient was close to what has been measured in wind tunnel tests.
Finally, the aerodynamic and aeroelastic dynamic time response of the flap actuation could be
characterized with good precision.

1. Introduction
There is a crucial need for detailed aerodynamic measurements on full scale turbines for
validation of aerodynamic and aeroelastic simulation models. However, such data are also
important in order better to understand the fundamental aerodynamic response characteristics
of modern, flexible rotors operating in the atmospheric boundary layer. Finally but not least
this type of measurements enables a faster testing of prototype turbines and add-ons.

In the past, the IEA Wind Technology Collaboration Programme (IEA Wind TCP) has
provided an excellent framework for coordination and sharing data from such aerodynamic
measurements on wind turbines over a time span of more than 30 years from about 1987 and
until today. A review of these experiments and validation work are presented by Schepers and
Scott [1]. The two main wind tunnel experiments explored within IEA Wind TCP from 2003
to 2018 are; 1) the Phase VI experiment by the National Renewable Energy Laboratory where
they conducted detailed aerodynamic and aeroelastic measurements on a turbine placed in the
large NASA Ames wind tunnel experiment in year 2000 - (IEA Wind TCP Task 20) 2003-2007
and; 2) the Mexico turbine experiment in the Large Low Speed Facility of the German Dutch
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Wind tunnel DNW in 2006, analyzed and model validation in (IEA Wind TCP Task 29). Phase
1, 2 and 3 (2007-2018).

However, in the recent concluded Task 29 IV [2] detailed aerodynamic data from an industrial
full scale 2MW turbine with an 80m diameter rotor, the NM80 turbine, were used for model
validation and for study of flow phenomena like transition characteristics and wake flow. The
experimental data analysed are from the DanAero experiments in 2009 [3]. It comprised the
manufacturing of a new, dedicated test blade in order to build in the instrumentation like
pressure scanners and pressure taps during the manufacturing of the blade. At the beginning
of the 3 months measurement period one of the standard blades on the rotor were replaced by
the test blade. After the measurement period the test blade was taken down and the original
blade installed. Overall an expensive but at that time necessary procedure to get the detailed
aerodynamic measurements on a full scale rotor. A similar full scale experiment is the CRADA
experiment carried out in 2011 on a 2.3MW 101m diameter Siemens turbine at NREL [4].

This experimental approach requiring manufacturing of a test blade is not feasible any longer
as the turbines have grown in size and thus being a very expensive set-up. This has led to
work at different research institutes to develop autonomous measurement systems for e.g. blade
surface measurements. In the new IEA Wind TCP task 47 there are coordination activities in
order to improve and facilitate synergy between the different development initiatives.

DTU, participating in IEA Wind TCP Task 47, has developed such an autonomous system
that easily can be mounted on the blade from a lift within a short time and enabling detailed
aerodynamic measurements like blade surface pressure and local inflow to the blade section with
a five hole Pitot tube. The development of the system is presently carried out within the VIAs
project (Validation of Industrial Aerodynamic Active Add-ons) [5] in collaboration between
Siemens Gamesa Renewable Energy, Rehau and DTU and funded by EUDP.

In the paper we present the measurement system and show results from analysis of the first
measurement campaign on the SWT-DD-120 4.3MW turbine at the Høvsøre test site back in
June 2021.

2. Objectives
The objective of the work presented here being part of the VIAs project is to develop and
demonstrate an autonomous measurement system for detailed aerodynamic measurements on a
full scale blade comprising blade surface measurements and local inflow measurements to the
blade. From such measurements the local blade section aerodynamic coefficients can be derived.

The measurements are as mentioned above carried out on the SWT-DD-120 4.3MW turbine
which as part of the VIAs project is equipped with trailing edge flaps in a continuation of the
efforts described in ([6], [7], [8]). Therefore a particular objective with the installation of the
measurement equipment is to characterize the aerodynamic and aeroelastic response of the flap
actuation.

3. Methodology
The measurement system developed within the last few years at DTU comprises:

• a pressure belt

• a five hole Pitot tube

• an autonomous data acquisition and transmission system (WiFi) - flyboard

• wake rake - so far tested on a rotating test rig

We decided to use a pressure belt for measuring the blade surface pressure. It is an old
technique used already back in 1943 [9] as a quick method to measure the pressure distribution
on engine cowlings. It is mentioned that a fast measurement method was necessary due to war
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time. However, there was still time for a nice validation campaign, that compared the pressure
belt readings with pressure measured through surface orifices as presented in the article [9].

Much later in 2001 NASA published the results from an experiment using pressure belt
measurements on a light general aviation aircraft [10]. The main objective with that experiment
was to investigate the impact of the tubing size. Two belts with some spanwise distance were
mounted on the one wing and the tubing size was then varied on one of the belts. The reference
tubing size was; outer diameter 1.59 mm and 0.71 mm inner diameter and it was compared with
tube size times 2 and 3 of the reference. The overall conclusion was that at low lift they all
perform similar while at medium to high lift the smallest size tubing seems to perform best.

The present prototype pressure belt tested has 15 pressure taps. The thickness of the belt is
about 2.2 mm and comprises a printed fixture with a flat side and the other side with grooves
where tubes with 1.68 mm outer diameter and 0.86 mm inner diameter can be pressed down into.
One hole (pressure tap) at the wanted chordwise position is finally drilled in each tube which are
connected to a 16 channel mini pressure scanner (EvoScann). The miniature Pressure Scanner,
with a size of 37 x 32.4 x 9.2 mm is used in a so-called calculated differential mode where one of
the ports is used as reference. The full-scale range is -400 to 200 mbar with a resolution of 0.03
mbar. The scanner is glued/taped to the blade surface on the pressure side close to the trailing
edge. Likewise the pressure belt is glued to the blade surface in the chordwise direction with a
double sided tape, figure 2.

The flyboard to which the five hole Pitot tube is attached has been tested in previous
campaigns like in 2016 linking inflow characteristic to aeroacoustic source characterization
with surface microphones [11]. The flyboard is equipped with 3 differential pressure sensors
(First Sensor HCLA), one absolute pressure sensor (First Sensor HDI0811AR), a temperature
probe (B+B Thermo-Technik 0555 0301), a three component accelerometer (Analog Devices
ADXL326B) and a GPS clock. The Pitot tube of Aeroprobe type C06-20 has 5 tip ports and a
static ring. The tip diameter was 6.35 mm and the distance of the tip to the blade surface was
310 mm. The absolute pressure sensor was connected to the static ring. The pressure difference
of the center port and the static ring was measured with a unidirectional HCLA sensor with a
range of 25 mbar. The pressure difference between the opposing tip port pairs was connected to
a bi-directional HCLA sensor with a range of ± 25 mbar. The conversion of the Pitot pressures
to velocity was performed according to the standard procedure for 5 hole probes as found in
[12].

The attachment of the five hole Pitot tube is integrated in the flyboard containing the data
acquisition system and the battery package. The 16 channel mini pressure scanner at the TE is
connected to the flyboard positioned at a spanwise distance of about 1 m from the pressure belt,
and the data are sampled with 100Hz. The system has been tested in three previous campaigns
in the DTU PLC wind tunnel on an airfoil section with a standard instrumentation of pressure
taps drilled through the blade surface and connected to pressure transducers outside the tunnel.
A very good correlation has been found between the pressure distribution from the pressure belt
and the pressures from the standard instrumentation with pressure taps in the blade shell.

The last component of the complete measurement system necessary for derivation of the local
lift and drag coefficients for a section of the blade is a wake rake for measuring the drag of the
section. Such wake rake has been developed at DTU within the INDUFLAP2 project ([13], [14],
[15]) and will be installed on the SWT-DD-120 4.3MW turbine in a new campaign in the spring
2022. However, the wake rake has already been tested on the DTU rotating test rig where a
blade section of 2 m span can be rotated on a 10 m boom [16], figure 1.

Recently, in June 2021 the pressure belt system and flyboard were installed and tested during
a two days campaign on the SWT-DD-120 turbine at the Høvsøre test field in Jutland, Denmark,
figure 2.

As seen on the left photo in figure 2 the installation was carried out from a lift. The flyboard
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Figure 1. Left photo: The wake rake developed within the INDUFLAP2 project for
measurements of the drag on a rotating blade section. Here the rake is attached on a 2.0m
blade section mounted on the rotating test rig at the Risø Campus at DTU. To the right a look
along the span showing the position of the wake rake relative to the blade trailing edge [16].

Figure 2. Left photo: The flyboard and pressure belt was installed from a lift on the SWT-
DD-120 turbine at the Høvsøre test field in Jutland in June 2021. Right photo shows a close
look at the flyboard and the pressure belt.

was installed at radius 50 m and the the pressure belt 1 m inboard at radius 49 m as can be
seen in photo to the right in figure 2. It took about one hour to complete the installation of the
measurement system. The sampled data are stored on the flyboard but also transmitted online
by Wi-fi to a computer on the ground enabling continuous monitoring of the sampled data, not
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least valuable during installation and test of the system on the blade.
The results in this paper are based on the measurements conducted from about 17:30 to 7:30

the next morning. During most of the measurement period the wind speed was relative low as
seen by the nacelle wind speed shown in the upper graph of figure 3. As a result of that the
turbine operated most of the time at a constant rotational speed equal to the lowest allowable
speed set in the controller, see lower graph in figure 3. Only around mid night the wind speed
increased and thus also the rotor speed and the turbine power shown in the middle graph of
figure 3.These data were sampled by the SCADA system of the turbine at a sampling rate of 25
Hz.

Figure 3. Overview of nacelle wind speed, turbine power and rotor speed during the test
campaign from 16:30 on June 9 to 7:30 on June 10. red: maximum, black: mean, and green:
minimum of individual 10-min measurement points.

The data acquisition system in the flyboard samples the data from the pressure scanners and
the five hole pitot tube with a sampling rate of 100 Hz. The captured raw data from the flyboard
and pressure belt are processed and converted into quantities of interest. This process includes
the calibration of the Pitot tube pressure data and conversion into two flow angles (inflow angle
and sideslip angle)) and a velocity.

The inflow measurement quantities are further corrected in order to transform the Pitot tube
inflow angle into airfoil angle of attack AoA and relative velocity. This is based on 2D CFD
simulations performed by SGRE on the airfoil section for zero and full flap states, where the
flow velocity and angle at the point of measurement of the Pitot tube is extracted as a function
of the geometric angle of attack AoA, figure 4. The inflow angle measured by the Pitot tube is
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mainly influenced by the upwash from the bound circulation of the blade section and this leads
to an almost linear relation between AoA and the pitot inflow angle as seen in figure 4, except
at high AoA where the airfoil stalls. The upwash increases the inflow angle measured by the
Pitot relative to the AoA and in particular this is effect is seen for the higher Pitot inflow angle
when the flap is activated due to the increased bound circulation.

The pressure belt data is integrated into 2D aerodynamic forces by chordwise trapezoidal
integration of the pressures, while a trailing edge pressure is added as a average of the two
nearest points. Utilizing the corrected dynamic pressure and angle of attack from the Pitot
tube, the local pressure and lift coefficients are calculated. The 100 Hz sampled data from the
autonomous system is also synchronized to the 25 Hz wind turbine measurement system data,
and quantities of interest are binned according to the flap activation state (zero or full).

Figure 4. Angle of attack as a function of Pitot tube inflow angle from 2D CFD.

4. Results
The resulting post-processed data for a selected time period of 1000s during operation is shown
in figure 5. As can be seen in the upper graph the flap was repeatedly activated in 60s and then
off in 60s. Therefor all the processed data should have similar inflow and operational conditions.
The flap activation can be seen to cause a highly correlated response in local lift coefficient and
blade flapwise moment at 24 m from the root thus illustrating the capability of the flap system
to control the flapwise response. Additionally, some characteristic 1p variations are seen in the
local lift coefficient due to non-uniform inflow from shear. Bigger 1p variations in the flapwise
moment are seen caused by both 1p variations in aerodynamic loading and due to gravity blade
force in combination with out of plane bending

The average pressure coefficient distribution along the chord of the flapped section binned for
no flap activation and full flap activation at AoA of 3 deg is shown in figure 6. The uncertainty
due to the missing pressure information along the trailing edge is reduced by adding a point at
the trailing edge with interpolated pressure between the first aft measurement points on each
side. It´s also clear that with only 15 pressure taps in this prototype pressure belt the real
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Figure 5. Time series of flap activation and response for a time period of 1000s.

pressure distribution cannot be fully captured. In the next generation of the pressure belt it´s
planned to have 32 taps.

The average lift coefficient as a function of angle of attack of the flapped section binned for
no flap activation and full flap activation is shown in figure 7, where it is compared with data for
a similar blade section measured in the PLC wind tunnel at DTU. An angle offset of 2deg was
added to the binned field data in order to facilitate the polar comparison. As described above
the measured inflow angle has already been corrected for the upwash but there can still be more
causes for the offset. There are steep gradients of the axial flow through the rotor plane and the
pitot tube is pointing slightly upstream the rotor plane. Another contribution to the uncertainty
is the uncertainty on the absolute geometrical angle direction of the flyboard. When corrected
with the offset we observe small deviations in the lift slope and flap lift impact when comparing
with wind tunnel data. The performance of the flaps in the form of delta lift coefficient seems
to be at least the same as measured in the steady conditions in the wind tunnel.

The average dimensionless flap state response (ensemble binned) for a flap activation cycle
is shown in figure 8, and for a flap deactivation cycle in figure 9. The time response of the lift
coefficient follows with a small delay the flap pressure response (delay impacted by flap deflection
dynamics and unsteady aerodynamics), and the flapwise moment response follows with slightly
higher delay (in the beginning of the cycle) the one of the lift coefficient (structural dynamics).
Some smaller oscillations are seen in the lift coefficient despite the ensemble averaging. Bigger
and longer oscillations are seen in the structural flapwise moment linked probably closely to
the first flapwise eigen frequency. The derived time constants from the aerodynamics and the
structural dynamics are important input for tuning the digital twin of the turbine and the flap
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Figure 6. Binned pressure coefficient distribution for flap on/off.

Figure 7. Binned lift coefficient versus angle of attack for flap on/off and comparison with
wind tunnel data.

system. The digital twin can then be used for optimizing the flap control of the turbine.

5. Conclusions and outlook
We have presented a prototype of a measurement system for detailed aerodynamic measurements
on full scale turbines comprising a flyboard and a pressure belt that in short time (approximately
one hour) easily can be mounted on a turbine blade from a lift. Although there are only 15
pressure taps in this first version of the pressure belt the pressure distribution seems to be
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Figure 8. Average dimensionless time response of flap pressure, lift coefficient and flapwise
moment for an activation cycle.

Figure 9. Average dimensionless time response of flap pressure, lift coefficient and flapwise
moment for a deactivation cycle.

captured reasonably well even though a part at the trailing edge is missing. A next version
of the pressure belt with 32 pressure taps has already been tested in the PLC wind tunnel at
DTU and will later in the spring be used in a new measurement campaign on the SWT-DD-120
4.3MW turbine where a wake rake will also be installed on the blade. The results from this
first measurement campaign has demonstrated that the system can provide experimental data
that enable a detailed characterization of the local sectional aerodynamic response of the blade
which in the present case is a blade with trailing edge flaps. The delta lift coefficient of the flaps
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has been derived as well as the aerodynamic and structural dynamic response characteristics.
Such data are important for tuning an accurate simulation model of the turbine and flap system
which then can be further optimized by simulations.
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