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Abstract. We present a detailed experimental investigation of the flow details of the blade/tower interaction on
a 1.5 MW wind turbine operated in a downwind configuration. The study aims to address claims of shortcomings
in the downwind turbine concept, such as impulsive blade loading and the generation of low-frequency noise.
The measurement campaign was part of a comprehensive project conducted by the National Renewable Energy
Laboratory and its partners exploring the feasibility, reliability, and performance of wind turbines whose rotors
are oriented downwind instead of the more traditional upwind configuration. The campaign measured blade
pressure distributions at two radial positions on one blade and pressure on the tower surface at the position
corresponding to the blade path of the outboard instrumented section on the blade. Pressure distributions on the
blade and tower were measured using add-on pressure belts, and local inflow was measured on the blade with
two five-hole probes. Despite challenging weather conditions, two measurement campaigns of different durations
were successfully completed. The analysis of the datasets indicates the data are of good quality and highlights
the importance of dynamically reconstructing the tower pressure measurements that used pressure belts up to
10.7 m in length. Impulse loading is found to be 100-150 Nm~! on the tower and 200-500 Nm~! on the blade
over a time span of approximately 0.3 s. The detailed pressure measurements make the dataset well suited for use
in validating high-fidelity models such as full three-dimensional computational fluid dynamics rotor simulations
that include tower flow.
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1 Introduction

The upwind turbine concept, in which three-bladed wind tur-
bines are positioned with the rotor upwind of the tower, is
by far the dominant industrial wind turbine configuration.
This configuration has been used throughout modern wind
turbine development, except in the late 1970s and early 1980s
when downwind megawatt-scale prototype turbines were de-
signed and tested in the United States and Sweden, among
other places. Low-frequency noise was experienced with the
MOD-1 2MW turbine (Kelley, 1981) and other downwind
turbines in the United States (Hubbard and Shepherd, 1991)
as well as with the 3 MW Maglarp turbine in Sweden. Noise
generation was linked to the blades passing through the wake
behind the tower. The Maglarp turbine had a tubular tower,
whereas the MOD-1 turbine had a lattice tower with four
main poles. In addition to the low-frequency noise problem,
impulsive loading of the blades during tower passage also
increased fatigue loads.

These early negative experiences with downwind turbines
led to the dominance of the upwind rotor concept from the
late 1980s onward. However, in the last 2 decades there has
been renewed interest in downwind turbines because their
relative advantages over upwind turbines might increase with
upscaling. In a numerical study (Bortolotti et al., 2019) com-
paring upwind and downwind 10 MW rotors, it was shown
that the downwind rotor concept has a slightly lower cost of
energy thanks to lighter blades, whose more flexible design is
enabled by the relaxed constraint on blade/tower clearance.
A further advantage of downwind turbines is the direction of
tilt, which can have a positive impact on the power capture
for hilly sites characterized by upflow conditions as well as
for floating turbines (Bortolotti et al., 2019). In addition, the
more flexible rotor enabled by downwind turbines can be an
advantage when transporting blades by rail (Bortolotti et al.,
2021).

However, potential fundamental drawbacks, like the in-
creased low-frequency noise and impulsive loading experi-
enced by early downwind prototypes, have only been sporad-
ically investigated and remain unresolved. An exception is
an interesting advancement in low-frequency noise modeling
and simulation in which pressure fluctuations on the tower
from the blade/tower interaction also seem to contribute con-
siderably to the total low-frequency noise level (Klein et al.,
2018; Zajamsek et al., 2019). In previous simulations of low-
frequency noise (Viterna, 1982; Madsen et al., 2007; Mad-
sen, 2010) only impulsive blade loading was considered to
be the source of the noise.

On the experimental side on the blade/tower interaction of
a down wind turbine, the Unsteady Aerodynamics Experi-
ment conducted by the National Renewable Energy Labora-
tory (NREL) in 2000 should be mentioned as an old source of
interesting data. This experiment was a test of an extensively
instrumented model wind turbine rotor with a 10 m diame-
ter in the giant NASA-Ames 24.4 m by 36.6 m wind tunnel.

Wind Energ. Sci., 11, 3337-3357, 2026

H. Aagaard Madsen et al.: Aerodynamics of wind turbine rotor

The turbine could be operated upwind and downwind of the
tubular tower.

In a later study by Zahle et al. (2009), the data were used
to validate a CFD model of the blade/tower interaction on the
same rotor. An important observation is that in both the sim-
ulations and the measurements a strong impact on the blade
response was caused by the blade passing through shed vor-
tices from the tower. The blade/tower distance was 3.5 tower
diameters in this previous experiment. In the present exper-
iment, the blade/tower distance is only about one tower di-
ameter, since it is an upwind turbine operated in a downwind
configuration where the blade prebend reduces the blade/-
tower clearance. Due to this much closer distance between
the blade and the tower, it is expected that the blade in the
present experiment will pass through a more clean deficit
as visualized in the CFD flow field simulations at a tower
diameter downstream of the tower, as presented in Madsen
et al. (2007). It should also be mentioned that no pressure
measurements were carried out on the tower in the Unsteady
Aerodynamics Experiment, preventing the full validation of
the simulated blade/tower interaction.

Thus, detailed investigations of these fundamental draw-
backs of downwind turbines are still needed. In 2024, a com-
prehensive experiment was conducted at NREL to investi-
gate the feasibility, reliability, performance, and economic
viability of wind turbines oriented downwind. In the experi-
ment, a 1.5 MW wind turbine located at the NREL Flatirons
Campus was operated in a downwind configuration. Loads,
power, and acoustic emissions were monitored and compared
with the upwind operation of the wind turbine. The motiva-
tion, preparation, risk mitigation, execution, and results of
the full-scale downwind experiment at NREL are discussed
in Bortolotti et al. (2025).

In addition to the power, loads, and acoustic measurements
carried out in this experiment (Bortolotti et al., 2025), de-
tailed measurements of the aerodynamics of the rotor and
the blade/tower interaction were carried out over a shorter
period within the same campaign. A novel instrumentation
setup was used to measure the unsteady blade and tower
surface pressure with pressure belts and to measure inflow
measurements at two blade sections. Typically, aerodynamic
and aeroelastic models are validated by integrated measured
quantities such as loads and power derived from signals
recorded by conventional instrumentation like strain gauges
and accelerometers. The predictions of aerodynamic and
aeroelastic codes can be satisfactorily validated in this way
(Brown et al., 2024). In this case, however, the exploration of
some fundamental properties of the aerodynamics of a down-
wind rotor and the blade/tower interaction require more de-
tailed measurements for model validation.

The main objective of this paper is to describe the instru-
mentation for the detailed aerodynamic measurements with
pressure belts, the deployment of the equipment, and some
initial results. The organization of the paper is as follows.
The turbine is presented in Sect. 2, followed by a description

https://doi.org/10.5194/wes-11-3337-2026



H. Aagaard Madsen et al.: Aerodynamics of wind turbine rotor

of the experimental setup and the deployment in Sect. 3. An
overview of the measured data and some initial results from
the postprocessing are presented in Sect. 4. Finally, a discus-
sion and outlook are provided in Sect. 5 and conclusions are
given in Sect. 6.

2 Turbine

The turbine adopted in this study is a 1.5 MW GE SLE ma-
chine manufactured by GE Vernova and installed at NREL’s
Flatirons Campus. The turbine has a rotor diameter of 77 m,
hub height of 80 m, and nameplate capacity of 1.5 MW. More
details about the turbine can be found in Bortolotti et al.
(2025) and in older technical reports released by NREL,
namely, Santos and van Dam (2015) and Mendoza et al.
(2015). The turbine is highly instrumented with sensors that
monitor loads and performance. Note that during the deploy-
ment of the pressure belts, an array of four microphones was
also deployed in the field to record acoustic emissions in the
low-frequency and audible ranges (Bortolotti et al., 2025).

2.1 Downwind rotor

The experiment consisted of flipping the rotor of the 1.5 MW
wind turbine from upwind to downwind. This was achieved
by pitching the blades 180° and yawing the nacelle 180°. To
an observer located upwind of the turbine, the rotor contin-
ued to spin clockwise and the pitch rate of the three blades
was in the same direction. However, in the downwind con-
figuration, the blades flew behind the tower and experienced
a strong wake deficit induced by the presence of the tower.
The experiment was motivated by the need to quantify the
increase in fatigue loads and acoustic emissions of the down-
wind rotors compared to the upwind rotors, since the down-
wind rotor configuration is proposed for very large and very
flexible wind turbines (Bortolotti et al., 2025).

The downwind orientation of the rotor represents an ad-
ditional challenge for the pressure belts, which were used
to characterize the effect of higher-frequency step changes
in loading during blade passage. Many of the findings dis-
cussed in this work also apply to conventional wind turbines
with upwind rotors.

2.2 Aeroelasticity

The aeroelastic model of the turbine is available in NREL’s
aero-servo-elastic solver OpenFAST. The simulations pre-
sented in this study were run with OpenFAST v3.3.0 (Open-
FAST, 2022), which was coupled to the industrial controller
provided by GE Vernova in the form of a compiled dy-
namic link library. Both polars — in the form of lift, drag,
and moment coefficients — and coordinates of the airfoils
adopted along the span of the blades are known. The aeroe-
lastic model uses a simple Euler—Bernoulli beam formula-
tion for blades and towers and lifting lines for blades that
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include the effects of unsteady airfoil aerodynamics. Un-
steady airfoil aerodynamics are simulated with the Beddoes—
Leishman formulation including the Minnema-Pierce mod-
ifications (Damiani and Hayman, 2019). The tower wake
is modeled with a standard Powles shadow model (Powles,
1983), which is implemented in OpenFAST as described in
Moriarty and Hansen (2005).

2.3 Airfoil performance

The coordinates of the airfoils were fed to the EllipSys2D
two-dimensional (2D) fluid dynamics solver (Sgrensen,
1995), which generated lift and drag coefficients as a func-
tion of angle of attack for both clean and fully turbulent con-
ditions. To capture transitional boundary layers, the e tran-
sition model is used (van Ingen, 1956; Drela and Giles,
1987; Michelsen, 2002). A satisfactory match was found be-
tween these predictions and the airfoil coefficients shared by
GE Vernova within the aeroelastic model. These predictions
were later compared with the experimental measurements
(see Sect. 4).

3 Instrumentation to characterize rotor
aerodynamics and blade/vortex interaction

For the detailed characterization of the aerodynamics of a
blade section of the rotor blade and the flow details of the
blade/tower interaction, we use a novel add-on measurement
system comprising three pressure belts, two five-hole probes,
and three data acquisition systems. The system was devel-
oped at the Technical University of Denmark (DTU) over the
last 7 years and was recently applied in two full-scale cam-
paigns (Madsen et al., 2022, 2025).

In the configuration for this study, we measured pressure
distributions at two radial positions on one blade, each in-
strumented with a 32-tap pressure belt connected to two
mini pressure scanners fixed to the blade surface at the trail-
ing edge. The instrumentation included an aerodynamically
shaped enclosure (referred to as a flyboard) that contained
data acquisition, a WiFi system, batteries, and a five-hole
probe (Fig. 1). The experimental setup measured the surface
pressure along the belt, and the five-hole probe was used to
reconstruct the inflow velocity. During its development, the
experimental system was repeatedly tested in the Poul La
Cour wind tunnel at DTU and validated against data from
a conventional tap installation. The complete system for one
blade section can be mounted on a full-scale wind turbine by
technicians in a few hours.

In the present experiment, an additional pressure belt was
installed on the tower to further characterize the blade/tower
interaction by measuring the pressure fluctuations on the
tower.
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Figure 1. Schematic illustration of the inflow and pressure belt instrumentation on the 1.5 MW turbine in a downwind configuration at
NREL’s Flatirons Campus. See also the actual installation on the blade in Fig. 10.

Figure 2. Cross section of the extruded pressure belt. Photo credit:
Per Hansen, DTU.

3.1 Belts

The extruded belt, with cross section shown in Fig. 2, is made
of 32 channels, each with a diameter of 0.8 mm. The belt is
100 mm wide and has a maximum thickness of 1.8 mm. A
pressure tap hole is drilled into each channel at a specified
chord position, which is chosen to maximize the resolution
of the pressure distribution and to minimize the disturbance
among the pressure taps. The positioning of the taps is dis-
cussed in Sect. 3.2 and shown in the Figs. 4 and 5. Each blade
belt is connected to two 16-channel miniature pressure scan-
ners via a printed fixture. The pressure scanners, with a size
of 37mm x 32.4 mm x 9.2 mm, are operated in “calculated
differential mode”, where one of the ports is used as refer-
ence and connected to the static port of the five hole probe at
this radial position. The full-scale range is —400 to 200 mbar
with a resolution of 0.03 mbar. The scanners are attached to
the blade surface close to the trailing edge and connected
with a signal cable to the data acquisition system in the fly-
board. Further details of the instrumentation can be found in
Madsen et al. (2022).

Wind Energ. Sci., 11, 3337-3357, 2026

beit 1

tap 1

tap 31

belt 2

tap 32

tap 61
m— wind direction

120°
Blade passing

direction

8
*0O*xeO

64 channel
pressure scanner

Figure 3. Orientation, tap layout, and connection to pressure scan-
ner for the two tower belts.

The two blade belts were designed to be installed at dis-
tances from the blade root of 18.90 and 31.45m, where
r/R=0.51 and 0.84, the chord 1.91 and 0.96m, and the
relative thickness 25 % and 18 %. The two locations respec-
tively correspond to 18.35 and 5.80 m from blade tip. The
locations, at mid-span and toward the tip of the blade, were
chosen to focus on a simpler case where flow is assumed to
be close to 2D. Future experiments will be able to focus on
more challenging blade regions, such as closer to the root
and tip, where flow is known to be more three-dimensional
(3D) (Bangga, 2018; Jeong and Ha, 2021). At the two loca-
tions, the chords are known and the airfoils correspond to two
master airfoils of known coordinates and performance. The
length of each belt was set to ensure that the ends of the belt
reached the trailing edge on both the suction and pressure
sides.

The belts on the tower were installed at a height of 46.7 m
from the base of the tower. The height was chosen because it
corresponds to the tower path of the outer belt on the blade
in an undeflected turbine configuration. To cover the entire
circumference of the tower, two belts were wrapped around
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the tower, each made of two 32 channel segments of a length
of 9.7m. The two segments were vertically shifted by one
belt width (see the photo on the right in Fig. 10) to allow
the connection of a 64-channel pressure scanner, which was
installed in an almost airtight box attached to the tower oppo-
site the prevailing wind direction at a location approximately
1 m above the pressure belts. The scanner is the Scannivalve
MPS4264 electronic pressure scanning module with a full
range of 4inH20 (0.145 Psi) and with the static port open in-
side the box with the scanner. Unlike the belts on the blades,
the positions of the taps on the tower were uniformly dis-
tributed, except for a few faulty taps not shown (Fig. 3).

3.2 Tap layout of blade pressure belts

The pressure tap (also known as port or orifice) layout used
at both belt locations was based on a cosine spacing law. This
arrangement produced higher port density at the leading edge
and sparser port density at the trailing edge of both pressure
and suction surfaces. The spanwise spacing of ports mini-
mized upstream ports tripping the boundary layer for down-
stream ports, though some degree of disruption of the air-
foil boundary layer might be expected in some conditions
from the spanwise-running ramps at the edges of the pres-
sure belt (cf. Brown et al., 2018). The port layout is shown in
Figs. 4 and 5. Both the (a) chord positions (Figs. 4a and 5a)
and (b) span positions (Figs. 4b and 5b) of the ports are pre-
sented. The span position plots show the pressure belt from
above as wrapped around the leading edge at sac &2 m and
Sarc ~ 1 m for the two stations.

Note the spanwise layout axes are not to scale. The red
vectors are 15° wedge angles from vertical to assess down-
stream transition spreading. Additionally, pressure belt tub-
ing connectors interfered with optimal port locations near the
trailing edge. These interference areas are depicted as shaded
red trapezoids in Figs. 4b and 5b.

In Fritz et al. (2024) the authors initially developed an
optimization routine to minimize the number of pressure
ports needed to accurately measure lift coefficient. This work
showed that 32 pressure ports with cosine spacing already
had a lift coefficient error below 0.01. Therefore, there was
not a significant advantage to using an optimized layout.

3.3 Dynamic calibration of the pressure belts

Due to the long blade sections and large tower diameter of
the 1.5 MW turbine, the pneumatic pressure belts used in
this experiment included extended runs of small-diameter
embedded tubing that connected surface taps to miniature
pressure scanners. Such configurations are known to in-
troduce dynamic distortions in unsteady pressure measure-
ments, including signal attenuation, resonance amplification,
and phase delays. These distortions result from viscous fric-
tion and acoustic wave propagation within the tubing and
are a function of frequency (Bergh and Tijdeman, 1965).

https://doi.org/10.5194/wes-11-3337-2026
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To ensure accurate pressure signals (both in magnitude and
time), which are necessary for analyzing unsteady aerody-
namic phenomena such as blade/tower interaction, it was es-
sential to characterize and compensate for each port’s dy-
namic response.

Following the full-scale measurement campaign, the pres-
sure belts were removed from the turbine and transferred to
a laboratory environment for post-test characterization of the
channel connecting the taps to the transducers. Each pres-
sure channel was individually characterized using an in situ
tubing characterization device, which generated a rapid pres-
sure pulse at the belt inlet (e.g., the surface pressure). The
resulting pressure response at the scanner end of the tubing
(e.g., the remote-raw pressure) was recorded simultaneously
with the surface pressure, thereby enabling quantification of
the system’s frequency-domain transfer function. The tubing
system geometry was then modeled, and theoretical trans-
fer functions (e.g., the system response) were generated and
compared with experimental data to accurately capture vari-
ations in the as-built geometry (Mears et al., 2024). In prac-
tice, reconstruction of the surface pressure requires an in-
verse process; the remote-raw pressure is used to estimate the
surface pressure. A Wiener-filtered inverse model of the sys-
tem response was developed based on the as-built tubing sys-
tem geometry and compared with each port’s measured ref-
erence data, following the methodology of Nikoueeyan and
Naughton (2024). The filtering is necessary to avoid ampli-
fying noise present in the remote-raw pressure when recon-
structing the surface pressure. These models facilitated the
derivation of optimal reconstruction filters capable of sup-
pressing noise amplification while accurately restoring phase
and amplitude across the relevant frequency range.

Figure 6 presents an example of the dynamic characteriza-
tion of one representative pressure port. The left panel shows
the recorded pressure signals in the time domain, clearly il-
lustrating the distortions induced by the tubing system. The
surface pressure exhibits a sharp high-frequency pressure
pulse, whereas the remote-raw pressure is significantly de-
layed and attenuated, showing resonant behavior (overshoot)
caused by acoustic and frictional effects within the tub-
ing. The Wiener-filtered reconstruction produces the remote-
reconstructed pressure that demonstrates a significantly im-
proved comparison to the surface reference input, effectively
correcting both amplitude attenuation and phase delay. The
frequency-domain plot (right panel) confirms these observa-
tions: the pressure pulse applied to the surface has frequency
content from low frequency out past 500 Hz, the remote-raw
pressure is significantly attenuated at all frequencies greater
than 10 Hz, and the remote-reconstructed pressure accurately
restores the broadband frequency content up to 400 Hz. The
ability to reconstruct pressure signals with frequency content
up to 400 Hz ensures the ability to resolve unsteady aerody-
namic phenomena relevant to blade/tower interactions.

It is important to note that the tubing characterization step
was conducted at a significantly higher sampling frequency

Wind Energ. Sci., 11, 3337-3357, 2026
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than that used during field testing to ensure increased fidelity
of the modeling approach. However, the actual field mea-
surements were acquired at a sampling frequency limited
to 100 Hz; consequently, the maximum reconstruction fre-
quency of the test data will be constrained by this sampling
frequency bandwidth.

The reconstructed pressure signals were compared against
the known input signals from the calibration procedure in
both time and frequency domains. For each port, the recon-
struction was evaluated based on its ability to recover the
sharp pressure rise and broadband content of the calibration
impulse. Overall, the reconstruction technique demonstrated
effective recovery of high-frequency pressure content up to
approximately 20 Hz across many channels, which is critical

Wind Energ. Sci., 11, 3337-3357, 2026

for resolving unsteady aerodynamic features in the current
field test campaign.

The validated reconstruction models were then applied
to the raw pressure data acquired during the two down-
wind test campaigns. The reconstruction was performed as
a postprocessing step, channel by channel, using the indi-
vidualized Wiener-filtered system response model developed
for each port. The corrected pressure signals provide a bet-
ter representation of the unsteady surface pressures on the
blade and tower, with significantly reduced influence from
tubing-induced distortions through the reconstruction pro-
cess. These reconstructed datasets form the basis for the aero-
dynamic analysis and comparisons with numerical predic-
tions discussed in subsequent sections.
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Figure 6. Dynamic calibration of the pressure channels. Left: response of one of the pressure channels to a pressure pulse applied at the
surface. Both the raw measured signal at the scanner and the reconstructed pressure are shown. Right: the same three signals in the frequency

domain.

3.4 Flyboard, data acquisition, and five-hole probe

The flyboards, one adjacent to each belt on the blade, con-
sist of a metal frame with a plastic cover that aims to min-
imize impact on the surrounding airflow. The dimension of
the flyboards is approximately 30 cm in spanwise and chord-
wise directions and about 10 cm in height; see Fig. 10. They
contain the data acquisition unit, WiFi, and batteries (see the
middle photo in Fig. 10). Each flyboard also carries the five-
hole probe, which has a length of 0.42 m. The data acquisi-
tion system samples the data from the pressure scanners on
the blade, the five-hole probe, and a three-axis accelerometer
in the flyboard at a rate of 100 Hz; the data are GPS time-
stamped. The WiFi antenna transmits data in real time to the
ground for visualization and postprocessing. Note that if the
WiFi malfunctions, the data are also stored in the data ac-
quisition system housed on the flyboard and can be retrieved
physically by accessing the flyboard. To maximize battery
charge, the data acquisition and WiFi system has a start/stop
function that can be controlled remotely, so the system only
operates when measurements are ongoing.

A third data acquisition system is installed at the bottom
of the tower and samples the 64 channels from the pres-
sure scanner connected to the pressure belts on the tower at
100 Hz. In postprocessing the data are aligned with the blade
pressure data based on the GPS timestamp.

3.5 Calibration of the five-hole probes and data
processing

The five-hole probes, manufactured by Aeroprobe Inc., have
a diameter of 6.35mm and a spherical head. The pressure
ports and the probe coordinate system are shown in Fig. 7.
Two different probe coordinate systems were used in this in-
vestigation. The coordinate system defined by the angle of
attack o and the angle of side slip 8 was used to characterize
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the aerodynamics at the wind turbine blade. The coordinate
system defined by the yaw angle 6 and the roll angle ® ex-
ploits the symmetry of the theoretical shape of the five-hole
probe. The conversion between the two coordinate systems
is given by

o = arctan(sin(¢)tan(6)), (D)
B = arcsin(cos(¢) sin(0)), 2)
and

¢ = arctan(sin(a)/ tan(8)), 3
6 = arccos(cos(a)cos(pB)). 4)

The five-hole probe was calibrated in the red wind tunnel
at DTU (Ildvedsen, 2017). The red wind tunnel provides a
maximum flow velocity of 40ms~! and a turbulence inten-
sity of less than 0.1 %. The test section is 2000 mm long and
has a cross section of 750 mm x 500 mm. The tip of the five-
hole probe was placed on a turn table 750 mm downstream
of the inlet (Fig. 8). A reference Pitot tube was placed 60 mm
downstream of the inlet.

The calibration was performed at two flow speeds, 20 and
40ms~!. Five differential pressures were measured during
calibration:

Api6 = p1 — pe. (%)
Apaz = p2— p3, (6)
Apas = ps— ps, (N
Apis = pt— Ps, ®)
Apss = ps — Ps, )

where p,, is the pressure at port n = 1...6, py is the total pres-
sure from the reference Pitot tube, and py is the static pres-
sure from the reference Pitot tube. The reference dynamic

Wind Energ. Sci., 11, 3337-3357, 2026
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Figure 7. Left: a photo of the pressure ports of the five-hole probe from the Aeroprobe manual. Right: the probe coordinate system.

Figure 8. The calibration setup for the five-hole probe.

pressure is calculated by

q = Apws — Apss. (10
The four coefficients,
A
Co =08 (an
Apie
A
Cp=L2 (12)
Apie
A
Cq= 21 (13)
q
A
c,= =08 (14)
q

are calculated by using the calibration pressures from the ref-
erence Pitot tube. The coefficients Cy and Cg are solely de-
fined based on pressures measured with the five-hole probe.
They are used to infer the angle of attack and angle of side
slip according to the procedure outlined below. The static
and dynamic pressure of the flow can only be inferred di-
rectly from the measured pressures at the five-hole probe if

Wind Energ. Sci., 11, 3337-3357, 2026

it is aligned with the flow. The coefficients Cq and C; were
introduced to compensate for the effects of probe misalign-
ment by calibration when determining the static and dynamic
pressure.

The results for a flow speed of 20ms™! are displayed
in Fig. 9. The results of the calibration at a flow speed of
40ms~! are not displayed, because the result is very similar
to the result at 20 ms~!. In addition, it was found that each
calibration coefficient depended mainly on one flow angle
and the influence of the other flow angle could be neglected.
Hence, the approximations

Co = f(@), (15)
Cp=5(B), (16)
Cq = h(0), (17)
Cs = k(), (18)

were made. The calibration coefficients do not depend on
flow speed. This approximation holds if the flow Mach num-
ber is lower than 0.3. The calibration functions were as-
sumed to have polynomial shapes and were displayed in red
in Fig. 9.

The data reduction using the calibration coefficients was
done in the following way.

Cy and Cg were computed with the measured five-hole
probe pressure differentials.

The functions f and g were inverted to get « and .

6 was computed from « and 8.

Cq and Cs were computed from 6 with £ and k.

The dynamic pressure was computed as g = CqA pig.

The pressure coefficients at the belt ports were com-
puted as ¢pp, = 222 — C, where py, are the pressures
at the ports of the belt.
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Figure 9. The calibration coefficients of the five-hole probe. The scatter of the calibration samples is due to a variation in the complementary

angle in the respective coordinate system.

3.6 Deployment

The deployment of the measurement system, which was
planned for the last 2 weeks in April 2024, was challenged
by rainy, windy, and cold weather. On Sunday, 21 April, the
weather was dry and sunny, but the low temperature in the
morning required the removal of ice from the top of the na-
celle, the hub, and the blade surface in the area for the belt
before the installation could start. Despite nonoptimal instal-
lation conditions, both pressure belt systems on blade 1 were
installed on this day from a lift (left and middle photos in
Fig. 10). The already installed inner belt and flyboard are
visible at the mid-span of blade 1.

The middle photo of Fig. 10 shows the belt and the fly-
board installed at the outer blade span location. The belt is
toward the blade root, and the flyboard is toward the blade
tip. The installation included the correct positioning of the
two five-hole probes, which were aligned with the mean an-
gle of attack at the two spanwise stations. Angles of attack
for alignment of the five-hole probes were estimated by run-
ning the turbine model in OpenFAST through six turbulent
seeds from the normal turbulence model with an average
wind speed at the hub height between 5 and 11 ms™! in steps
of 1ms™!.

The installation of the measurement system without the
tower belt was completed in the morning of the following
day. Instead of taking time to mount the tower belt, a mea-
surement campaign of several hours was conducted that day.

https://doi.org/10.5194/wes-11-3337-2026

Unfortunately, rainy weather followed the next several
days, until Monday, 29 April, when it was possible to install
the tower belt. The right photo of Fig. 10 shows the installed
pressure belt with the vertical displacement of the belts rela-
tive to each other. A short measurement campaign was con-
ducted in the afternoon that day with all three pressure belts
working.

4 Results

4.1 Overview of collected data

Data were collected on two days: 22 April (D1) and
29 April (D2) 2024. During D1, only the two blade systems
were available. During D2, all systems were available, but
data on the inner station of the blade were partly corrupted
by the presence of water in the inner blade belt.

4.1.1 Campaign 1 on 22 April 2024

An overview of wind conditions during the D1 campaign is
shown in Fig. 11 together with the turbine electrical power
and rotor speed. As seen by the measured wind speeds at
three heights in Fig. 11 (upper-left), the wind varied a lot
during the first 2-3 h of the measurement campaign. Later
in the afternoon, the wind speed was more stable. The large
variations in wind speed had a positive impact: during this
short campaign of about 5h, the turbine operated from the
cut-in wind speed to the rated power as seen in the graphs of

Wind Energ. Sci., 11, 3337-3357, 2026
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Figure 10. Left: installation of the outer belt on blade 1 of the GE 1.5 MW wind turbine. The rotor is parked in a downwind configuration.
The inner belt and flyboard are visible at the mid-span of blade 1. The belt on the tower had not yet been installed when this photo was taken.
Photo credit: Pietro Bortolotti, NREL. Middle: close-up view of the flyboard, five-hole probe, and belt installed at the outer blade location.
Photo credit: Per Hansen, DTU. Right: the belts on the tower, each covering half of the circumference, were installed 1 m above the laser
sensors and at the height of the outer belt on blade 1. Photo credit: Per Hansen, DTU.

wind speed (upper-left graph) and electrical power (lower-
left graph) of Fig. 11 and with considerable rotor speed vari-
ations, as shown in the lower-right graph. The drawback is
the large variations in wind direction as shown in the upper-
right graph, which result in high instantaneous yaw errors,
which limit useful data when a narrow filter on the yaw error
is applied.

4.1.2 Campaign 2 on 29 April 2024

On the morning of 29 April, the measurement system was
prepared for a new measurement campaign after almost
1 week of rain. The preparation comprising the mounting of
the tower pressure belt system lasted until around 15:00 lo-
cal time, and, as the decommissioning of the system was pre-
pared for late afternoon, only about 1 h of measurement was
possible. However, 1h of high-quality data were acquired
from the outboard blade pressure belt and the tower belt, en-
abling detailed investigation of the blade/tower interaction.
Together with the previously acquired dataset of about 5h,
the main objectives of the experiment and the instrumenta-
tion were fulfilled. In addition, it demonstrated the impor-
tance of accurately resolving the time dependence of both
the blade and the tower pressure distributions.

An overview of the wind conditions during the D2 cam-
paign is shown in Fig. 12 together with graphs of electri-

Wind Energ. Sci., 11, 3337-3357, 2026

cal power and rotor speed. In contrast to the wind conditions
of D1, the wind speed was much more stable during the after-
noon of D2, and instantaneous changes in the wind direction
were also smaller (Fig. 12).

During the interval measured on D2, the turbine operated
below rated power, as seen in the lower-left graph of Fig. 12,
but most of the time it was well above zero power. In ad-
dition, the rotor speed varied from the minimum setting to
almost maximum speed, making the data set a good repre-
sentation for general turbine operation.

4.2 Data processing

The pressure data were filtered using conditions extracted
from the SCADA data to find time periods of fully opera-
tional data. The following filters were applied:

— active power larger than 150 kW,
— blade pitch angle smaller than 15°,
— absolute value of the yaw error smaller than 10°.

The application of these filters reduced the dataset to 1.4 h
for D1 and 0.28 h for D2.

Data from the five-hole probe were first converted to in-
flow velocity and inflow angle using the calibration obtained
during wind tunnel testing. Next, these quantities were used

https://doi.org/10.5194/wes-11-3337-2026
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Figure 11. Upper-left: wind speed at three different heights during the D1 measurement campaign. Upper-right: wind direction at 38 m height
in the meteorology mast compared to the yaw encoder sensor. Lower-left: wind turbine electrical power. Lower-right: rotor rotational speed.

to estimate the angle of attack and relative velocity based
on EllipSys2D computational fluid dynamics (CFD) simula-
tions. The trailing edge pressure measured from the belts was
interpolated first, and then the pressures were integrated to
determine aerodynamic forces and coefficients. The results
were time-averaged (10 samples, resolving up to 10 Hz), fil-
tered based on SCADA data, and binned in terms of angle
of attack and azimuth. The pressure coefficient, Cp, for the
measured data was calculated using the static and dynamic
pressure from the five-hole probe.

4.3 Pressure coefficient

In Fig. 13, the measured Cp, distribution of the inboard sec-
tion binned on various angles of attack is presented and com-
pared to EllipSys2D CFD results. There is a clear discrep-
ancy, especially on the suction side, resulting in an overall
loading difference with the model results. This could be at-
tributed to shape and roughness imperfections but is prob-
ably not least due to the impact of three dimensional flow
effects in combination with a rather thick airfoil of 25 % in
atmospheric turbulent flow. The missing suction peak could
be due to this.

However, the conversion of the measured inflow angle by
the five hole probe to AoA based on 2D CFD simulations is
also an important source of uncertainty combined with the
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uncertainty in estimating the geometrical angle of the five
hole probe relative to the local chord.

In Fig. 14, the measured C}, distribution of the outboard
section binned on various angles of attack is presented and
compared to EllipSys2D CFD results. The simulation results
show a good match with the measurements, especially the
fully turbulent ones, indicating good estimation of the over-
all loading. The improved correlation between measurements
and simulations for this station compared with the inboard
station mentioned above can probably also be attributed to a
more 2D inflow at this station. We also notice here that the
suction peak at 8° and, in particular, at 10° is well captured
by the pressure measurements.

4.4 Lift coefficient

In Fig. 15, the measured binned lift coefficients of both sec-
tions are compared to the EllipSys2D CFD data. The mea-
surements for the inboard section indicate a lower lift slope,
which could be attributed to shape and roughness imperfec-
tions and the uncertainty mentioned in the conversion method
from the input angle to the angle of attack, the former be-
ing visible in the pressure distributions. The deviations cor-
respond to the pressure distribution differences shown in
Fig. 13.
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Figure 12. Upper-left: wind speed at three different heights during the D2 measurement campaign. Upper-right: wind direction at 38 m height
in the meteorology mast compared to the yaw encoder sensor. Lower-left: wind turbine electrical power. Lower-right: rotor rotational speed.

The measurements for the outboard section match quite
well with the fully turbulent simulation data, which is also in
line with the good correlation between the experimental and
simulated pressure distributions in Fig. 13.

4.5 Blade/tower interaction

4.5.1 Measured blade and tower sectional aerodynamic

loads

The integrated total aerodynamic loads F tower and
F, blade from the measured pressure distributions on the
tower and the outboard blade section for a period of about
0.5h of the second measurement campaign is shown in
Fig. 16, followed by Fig. 17 showing the wind speed and
electrical power during the same time sequence. There is
overall good correlation between the variations in blade and
tower loads, but the level of the tower loads is 3 to 5 times
lower due to the difference between the speed of the free
wind forcing the tower and the relative velocity determining
the sectional force of the blade.

In Figs. 18 and 19, we zoom in on a time span of only 10's
to explore the details of the impulsive loading. In Fig. 18 the
wind speed is relatively low, and we can see that the tower
force increases from a low mean level when the blade passes
and with an impulsive force typically around 100 Nm~". The

Wind Energ. Sci., 11, 3337-3357, 2026

impulsive force of the blade is a decrease in the load level of
200-400 Nm~'. At a higher wind speed, as is the case in
Fig. 19, the tower force decreases from the mean level with
an impulsive amplitude of 100-150Nm~! compared to the
impulsive blade force of 200-500 Nm~!. The difference in
this impulsive load pattern on the tower from low to high
wind speed is a subject of further investigation.

4.5.2 Details of the pressure variation on the tower

Next, we look at the details of the pressure variation on the
tower. The time traces of the measured pressure at two ports
are shown in Fig. 20, together with the reconstructed pressure
signals (dashed lines). Port 32 is in the compass direction of
about 325° and thus upstream of the tower and the rotor and
on the windward side of the tower (Fig. 3). The port is at
the end of pressure belt 2 and has the longest tube length
of about 10.7 m (length of the connection tube to the scan-
ner ~ 1 m plus half the circumference of the tower, 9.7 m.
This gives a strong impact of the dynamic reconstruction as
evidenced by comparing the solid (raw) and reconstructed
(dashed blue) lines in Fig. 20). The pressure drop in the re-
constructed signal is much deeper and the time delay of the
raw signal is removed. On the other hand, the reconstruction
is not visible for port 1 at a compass angle of 145°. Port 1
has the shortest length to the scanner, with a tube length of

https://doi.org/10.5194/wes-11-3337-2026
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Figure 13. Pressure coefficients at (upper-left) 4, (upper-right) 6, (lower-left) 8, and (lower-right) 10° for the inboard blade station. Experi-
mental mean values are reported with circles, and the lines are the results from EllipSys2D with fully turbulent (dashed) and free transition

(solid) conditions.

about 1 m, as the raw and reconstructed pressure are nearly
identical except near the peaks.

The strongest variation when comparing the pressure vari-
ations at ports 1 and 32 is on the upwind tower side away
from the blade passage (Fig. 3). In planning the pressure
tap layout, we expected that the strongest pressure varia-
tion would be on the downwind tower side closest to the
blade; therefore, those taps with locations in this area should
have the shortest connecting channels. However, according
to tap 32’s pressure response, it seems that the flow around
the tower is almost blocked in the instance where the blade is
behind the tower and even shows negative pressure, whereas
the pressure between the blade passage is reasonably stable
around 50 Pa, caused by the free wind speed.

We present further details of tower pressure variations dur-
ing a blade passage in Fig. 21, where the pressure distribution
around the tower is shown at four distinct times. The differ-

https://doi.org/10.5194/wes-11-3337-2026

ent times are shown by the dots in Fig. 20 and are just before,
at, just after, and in the middle of a blade passage.

Just before the passage of the blade (r = 3.46s), the pres-
sure distribution on the downwind side of the tower at an
angle of around 150° is smooth and decreases to a minimum
level at angles of around 65 and 265°. On the upwind tower
surface at an angle around 330°, the distribution is slightly
more irregular. We also notice that there is only a minor im-
pact from the dynamic pressure correction.

At the blade passage 0.13 s later (r =3.69s), the pressure
on the upwind tower side drops to about —50 Pa, and there is
a substantial effect from the dynamic pressure correction, as
seen by the different magnitudes of pressure indicated by the
blue circles and red dots. On the tower side toward the blade
there is a change in the pressure distribution within angles
of 210-240°, but there is not much impact from the dynamic
pressure correction.

Wind Energ. Sci., 11, 3337-3357, 2026
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Figure 14. Pressure coefficients at (upper-left) 4, (upper-right) 6, (lower-left) 8, and (lower-right) 10° for the outboard blade station. Exper-
imental mean values are reported with circles, and the lines are generated by EllipSys2D with fully turbulent (dashed) and free transition

(solid) conditions.

Just at the end of the blade passage (t =3.80s), the pres-
sure on the side of the tower upwind is slightly higher than
before the blade passage; it then decreases to a stable level
between the blade passage (+ =4.30s). However, the effect
of blade passage is still being felt in the region of 60—150°.
It should also be noted that these considerable pressure vari-
ations are within 0.34 s and thus likely contribute to the low-
frequency noise generation. This is only one snapshot of
pressure variation, but animations of the pressure variations
over time as found in the video link at the end of the article
show that the variations are rather systematic.

4.5.3 Details of the pressure variation on the blade

Figure 22 shows the pressure distribution on the outboard
blade section at the same four distinct times as for the tower
pressure distributions in Fig. 21. The main difference is be-
tween the pressure distribution at # = 3.69 s in the passage of
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the blade and then the distributions of the blade before, just
after, and in the middle of tower passage. At the blade pas-
sage, the pressure is lower on both the suction and pressure
sides, and the suction peak is missing. We also notice a very
small impact from the dynamic pressure correction, although
it is a highly dynamic variation in pressure. This is due to the
short channel length (around 1.5 m) of the pressure belt and
the connecting tubes to the pressure scanners.

4.5.4 Comparison of pressure measurements with
aeroelastic simulations

The OpenFAST model was run to estimate the forces normal
to the chord at the two blade spanwise locations where the
two belts are installed. Six turbulent seeds of 10 min simula-
tions were run to represent conditions measured in the field
in terms of average wind speed, average turbulence inten-
sity, and average shear exponent. The comparison between
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Figure 16. Time traces of the total aerodynamic load on the tower
and the outboard normal sectional aerodynamic load during the sec-
ond campaign.

numerical predictions and experimental measurements from
the first day of measurements is shown in Fig. 23. The plots
display average values as solid lines and standard deviation
as a shaded area. In addition to an offset between the two
average lines, OpenFAST predicts deeper effects caused by
the blade/tower interaction, which is estimated via the con-
ventional Powles shadow model. Simulations were repeated,
adopting the Eames model to predict tower shadow (Simp-
son et al., 2022; Eames et al., 2011) and varying the drag
coefficient along the tower, with no notable improvement.
Note that the above observations may be somewhat frustrated
by effects from azimuthal binning that tend to smear the ac-
tual dynamics of the blade during individual tower passages
(Madsen et al., 2007); this situation is evidenced by the large
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Figure 18. A close-up of time traces at low wind speed of the aero-
dynamic load on the tower and the outboard sectional aerodynamic
blade load.

standard deviation of the measured data around the blade/-
tower interaction.

The observations above should also be interpreted in light
of the unsteady aerodynamic effects from shed vorticity
and apparent mass associated with the passage of the blade
through the tower shadow, which produced effective reduced
frequencies well above 0.05 and 0.2 for the outboard and in-
board sections, respectively, where the effective frequency
was calculated based on the duration of the normal-force dis-
turbance around the blade/tower interaction event. These re-
duced frequencies qualify as moderately to highly unsteady,
respectively, and it has been shown previously that attached-
flow unsteady loading effects in these regimes cause an atten-
uation and delay of the maximum normal force disturbance
of an airfoil section passing through the tower shadow as
compared to quasi-steady aerodynamics (Leishman, 2006).
Studies suggest that the validation success of indicial gust-
response loading models (such as the Beddoes—Leishman-
derived model employed in this article) applied to imping-
ing wakes is sensitive to the accuracy of the reconstruction
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Figure 19. A close-up of time traces at high wind speed of the aero-

dynamic load on the tower and the outboard sectional aerodynamic
blade load.

of the incoming wake profile (Munduate et al., 2004; Wang
and Coton, 2001; Noyes et al., 2018; Brown et al., 2021),
though both tower shadow models tested produced similar
overpredictions of the amplitude of the disturbance, granted
uncertainties due to the azimuthal binning process. Looking
ahead, leveraging the inflow time series measured by the five-
hole probe during (phase-aligned) tower passages may help
indicate whether validation error is being introduced by the
modeling of the tower shadow and/or the modeling of un-
steady blade aerodynamic effects.

It should also be noted that at the unusually small blade/-
tower clearance of this experiment, the assumption of a one-
way decoupled interaction, where the tower wake acts as
an incoming disturbance to the blade without the blade’s
pressure field in turn modifying the tower flow, may not
be fully justified. At such close proximity, two-way aerody-
namic coupling between blade and tower could represent an
additional source of modeling error beyond the two already
identified. The full three-dimensional CFD rotor simulations
including tower flow mentioned above are the appropriate
tool to assess the significance of this coupling.

5 Discussion

Although challenged by the weather conditions during the
planned experimental campaign over 2 weeks in the second
half of April 2024, we succeeded in conducting two cam-
paigns, about 5 and 1h in length. On the first day the wind
speed varied so that the turbine operated throughout its entire
regime from start-up to rated power. In spite of narrow filters
on measured power, pitch and yaw error blade pressure co-
efficients have been derived for four angles of attack: 4, 6,
8, and 10°. Compared with 2D CFD simulations of the pres-
sure coefficients in Fig. 14, we find a close correlation on
the outboard section but some deviation at an angle of attack
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of 4°. It seems that the measurements might be measured at
a slightly higher angle of attack than 4°, which was derived
based on the 2D upwash correction.

At the inboard section, the deviations are more pronounced
and are again greater for lower angles of attack of 4, 6, and 8°
(Fig. 13). Again, this could be due to differences in the an-
gle of attack in the measured and simulated pressure dis-
tributions but also to three-dimensional flow effects and the
roughness of the blade, which might explain the missing sim-
ulated suction peak at 8 and 10°.

However, the measured data are well suited for use in the
detailed validation of high-fidelity simulation tools such as
3D CFD rotor simulations. The discussion of uncertainties in
conversion of inflow angle to angle of attack is not as impor-
tant because the local inflow angle at the position of the five-
hole probe can be compared directly with the inflow angle
extracted from the CFD simulations and used, for example,
to tune the free wind speed in the CFD simulations. Many
different validation cases are believed to be defined for fu-
ture use of the experimental data, for example, showing the
detailed pressure variation on the tower and the blade sur-
face during the blade passage, as illustrated experimentally
in Figs. 21 and 22.

Such CFD rotor simulations should then also include
tower flow modeling like the simulations by Zahle et al.
(2009) and Klein et al. (2018) and contribute to quantifying
the importance of the tower as an acoustic transmitter. In the
present measurements, we found typical impulsive forces on
the tower in the range of 100—150 Nm™! and impulsive blade
forces in the range 200-500 Nm™!.

6 Conclusions

We performed a detailed experimental characterization of the
flow characteristics of the blade/tower interaction of a down-
wind rotor using a novel add-on measurement system on one
blade and on the tower that consisted of pressure belts, two
five-hole probes, and two data acquisition systems. The mea-
surement campaign was part of a comprehensive project at
NREL to support investigations on the feasibility, reliability,
performance, and economic viability of wind turbines ori-
ented downwind. The instrumentation at two sections on the
blade was successfully installed on the 1.5 MW turbine at
NREL’s Flatirons Campus. In a first measurement campaign
before the pressure belt on the tower was installed, pressure
and inflow data at the two blade stations were measured over
about 5 h with the turbine operating from cut-in to rated wind
speed.

The preliminary analysis of the blade pressure distribution
and inflow data indicated that the data are of good quality and
thus well suited for use in validating high-fidelity simulation
codes such as 3D CFD rotor models. A good demonstration
of the value of the detailed pressure measurement is that the
lower lift coefficient on the inboard section at a high angle
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of attack can be explained by the missing suction peak in
the pressure distribution, perhaps due to operation in atmo-
spheric and wind tunnel flow.

At the end of the campaign we succeeded in installing the
pressure belt on the tower and obtained about 1 h of pressure
data on the tower and from the outboard blade section pass-
ing at the same height as the pressure belt on the tower. The
initial analysis of these unique data on a full-scale downwind
rotor showed impulsive loading on the tower in the range of
100-150 N'm~"! and on the blade section in the range of 200
500N m~!. A dynamic correction method to compensate for
the response lag in the longest channels (up to about 10.7 m)
of the tower pressure belt showed large changes in the recon-
structed data (both pressure magnitude and timing), whereas
for the sampling rates used here, only minor changes were
seen in the reconstructed pressure measurements on the blade
sections due to the much shorter pressure belts.

Code and data availability. The data collected during the exper-
iment can be shared upon reasonable request. The aeroelastic model
of the turbine and the airfoil data are proprietary and cannot be
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https://doi.org/10.5281/zenodo.22230718 (Madsen and Barlas,
2026).

Author contributions. HAM led the development of the experi-
mental system together with AB, PH, and CBMP. The design of the
belt and pressure tap layout was led by DTU in collaboration with
CK and KB. Calibration of the five hole probe was carried out by
AF. PH and CBMP manufactured, installed, operated, and removed
the experimental system. AB prepared the data postprocessing tools
and led the data analysis together with HAM. PB, HAM, and CK led
the setup and execution of the international collaboration. PB led the
downwind experiment and supported the data analysis by running
the OpenFAST model. CI, MI, JR, and ST led the field operations
on the wind turbine. JN and PN led the dynamic calibration of the
pressure belts. HAM was the lead author of the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

https://doi.org/10.5194/wes-11-3337-2026

3355

Acknowledgements. This work was the result of an international
collaboration between Denmark and the United States, which, in
wind energy research, is as rare as it is valuable. Dozens of people
at DTU, NREL, Sandia National Laboratories, and the U.S. Depart-
ment of Energy contributed to making this collaboration possible,
but special acknowledgment goes to Ben Hallissy and Paul Veers
for their perseverance. We also extend our gratitude to NREL re-
searchers Ryan Beach and David Barnes for the late night and early
morning work to repair the blade after the two flyboards were re-
moved.

Financial support. This research has been supported by the Of-
fice of Energy Efficiency and Renewable Energy Wind Energy
Technologies Office of the U.S. Department of Energy (grant nos.
DE-AC36-08G028308 and DE-NA0003525).

Review statement. This paper was edited by Oguz Uzol and re-
viewed by two anonymous referees.

References

Bangga, G.: Three-dimensional flow in the root region of wind
turbine rotors, Opus Publication Server of the University of
Stuttgart (University of Stuttgart), https://doi.org/10.18419/opus-
11032, 2018.

Bergh, H. and Tijdeman, H.: Theoretical and experimental results
for the dynamic response of pressure measuring systems,
TR F.238, Amsterdam Nationaal Luchtvaarlaboratorium (Na-
tional Aeronautical and Astronautical Research Institute),
https://www.researchgate.net/profile/H-Tijdeman/publication
(last access: 18 August 2026), 1965.

Bortolotti, P., Kapila, A., and Bottasso, C. L.: Comparison between
upwind and downwind designs of a 10 MW wind turbine ro-
tor, Wind Energ. Sci., 4, 115-125, https://doi.org/10.5194/wes-
4-115-2019, 2019.

Bortolotti, P., Johnson, N., Abbas, N. J., Anderson, E., Camarena,
E., and Paquette, J.: Land-based wind turbines with flexi-
ble rail-transportable blades — Part 1: Conceptual design and
aeroservoelastic performance, Wind Energ. Sci., 6, 1277-1290,
https://doi.org/10.5194/wes-6-1277-2021, 2021.

Bortolotti, P., Fingersh, L. J., Hamilton, N., Huskey, A., Ivanov, C.,
Iverson, M., Keller, J., Lambert, S., Roadman, J., Slaughter, D.,
Thao, S., and Wells, C.: Upwind vs. downwind: loads and acous-
tics of a 1.5 MW wind turbine, Wind Energ. Sci., 10, 2025-2050,
https://doi.org/10.5194/wes-10-2025-2025, 2025.

Brown, K., Molinaro, N., Meyers, T., Borgoltz, A., Devenport, W.,
Luedke, J., and Pesetsky, D.: Sensitivity of wind turbine airfoil
sections to geometry variations inherent in modular blades, Wind
Engineering, 42, 529-546, 2018.

Brown, K., Fleming, J., Langford, M., Walton, W., Ng,
W., Schwartz, K., Wisda, D., and Burdisso, R.: Reduced-
order prediction of unsteady propeller loading and noise
from pylon wake ingestion, AIAA J., 59, 3304-3316,
https://doi.org/10.2514/1.J060109, 2021.

Brown, K., Bortolotti, P., Branlard, E., Chetan, M., Dana, S., de-
Velder, N., Doubrawa, P., Hamilton, N., Ivanov, H., Jonkman,

Wind Energ. Sci., 11, 3337-3357, 2026



https://doi.org/10.5281/zenodo.22230718
https://doi.org/10.18419/opus-11032
https://doi.org/10.18419/opus-11032
https://www.researchgate.net/profile/H-Tijdeman/publication/267748828_Theoretical_and_experimental_results_for_the_dynamic_response_of_pressure_measuring_systems_by_HBergh_and_HTijdeman/links/5458f7370cf2bccc4912b0d9/Theoretical-and-experimental-results-for-the-dynamic-response-of-pressure-measuring-systems-by-HBergh-and-HTijdeman.pdf
https://doi.org/10.5194/wes-4-115-2019
https://doi.org/10.5194/wes-4-115-2019
https://doi.org/10.5194/wes-6-1277-2021
https://doi.org/10.5194/wes-10-2025-2025
https://doi.org/10.2514/1.J060109

3356

J., Kelley, C., and Zalkind, D.: One-to-one aeroservoelastic val-
idation of operational loads and performance of a 2.8 MW wind
turbine model in OpenFAST, Wind Energ. Sci., 9, 1791-1810,
https://doi.org/10.5194/wes-9-1791-2024, 2024.

Damiani, R. R. and Hayman, G.: The Unsteady Aerodynam-
ics Module For FASTS, Tech. rep., National Renewable
Energy Laboratory (NREL), Golden, CO (United States),
https://doi.org/10.2172/1576488, 2019.

Drela, M. and Giles, M. B.: Viscous-inviscid analysis of transonic
and low Reynolds number airfoils, AIAA J., 25, 1347-1355,
https://doi.org/10.2514/3.9789, 1987.

Eames, 1., Jonsson, C., and Johnson, P. B.: The growth of
a cylinder wake in turbulent flow, J. Turbul., 12, N39,
https://doi.org/10.1080/14685248.2011.619985, 2011.

Fritz, E. K., Kelley, C. L., and Brown, K. A.: On optimizing the sen-
sor spacing for pressure measurements on wind turbine airfoils,
Wind Energ. Sci., 9, 1713-1726, https://doi.org/10.5194/wes-9-
1713-2024, 2024.

Hubbard, H. and Shepherd, K.: Aeroacoustics of large
wind turbines, J. Acoust. Soc. Am., 89, 2495-2508,
https://doi.org/10.1121/1.401021, 1991.

Ildvedsen, S.: Design of a windtunnel test section for 2D aerofoils,
Bs thesis, Technical University of Denmark, 2017.

Jeong, J. H. and Ha, K.: Numerical investigation of three-
dimensional and vortical flow phenomena to enhance the power
performance of a wind turbine blade, Appl. Sci.-Basel, 11, 1-16,
https://doi.org/10.3390/app11010072, 2021.

Kelley, N. D.: Acoustic noise generation by the DOE/NASA MOD-
1 wind turbine, https://ntrs.nasa.gov/citations/19820015850 (last
access: 17 August 2026), 1981.

Klein, L., Gude, J., Wenz, F, Lutz, T., and Krimer, E.:
Advanced computational fluid dynamics (CFD)-multi-body
simulation (MBS) coupling to assess low-frequency emis-
sions from wind turbines, Wind Energ. Sci., 3, 713-728,
https://doi.org/10.5194/wes-3-713-2018, 2018.

Leishman, G. J.: Principles of helicopter aerodynamics with CD ex-
tra, Cambridge University Press, 757-761, ISBN 0-521-85860-7,
2006.

Madsen, H. A.: Low frequency noise from wind turbines mecha-
nisms of generation and its modelling, J. Low Freq. Noise V. A.,
29, 239-251, https://doi.org/10.1260/0263-0923.29.4.239, 2010.

Madsen, H. A. and Barlas, A.: downwind-turbine-
pressure-variations-blade-tower, Zenodo [video],
https://doi.org/10.5281/zenodo.22230718, 2026.

Madsen, H. A., Johansen, J., Sgrensen, N. N., Larsen, G. C.,
and Hansen, M. H.: Simulation of low frequency noise from
a downwind wind turbine rotor, technical Papers, 42. Aiaa
Aerospace Sciences Meeting and Exhibit, 11, 7549-7560,
https://doi.org/10.2514/6.2007-623, 2007.

Madsen, H. A., Barlas, T., Fischer, A., Olsen, A., and Gomez Gon-
zalez, A.: Inflow and pressure measurements on a full scale
turbine with a pressure belt and a five hole pitot tube,
J. Phys. Conf. Ser., 2265, 022096, https://doi.org/10.1088/1742-
6596/2265/2/022096, 2022.

Madsen, H. A., Gomez Gonzalez, A., Barlas, T., Olsen, A. S.,
Ildvedsen, S. B., and Fischer, A.: Blade surface pressure and
drag measurement of a blade section on a 4.3MW turbine
with trailing-edge flaps, Wind Energ. Sci., 10, 2499-2513,
https://doi.org/10.5194/wes-10-2499-2025, 2025.

Wind Energ. Sci., 11, 3337-3357, 2026

H. Aagaard Madsen et al.: Aerodynamics of wind turbine rotor

Mears, L. J., Nikoueeyan, P, Hind, M. D., Strike, J., Perry,
M., Wimpenny, B., and Naughton, J. W.: Unsteady Surface
Pressure Characterization on Launch Vehicle in Liftoff
Configuration, J. Spacecraft Rockets, 61, 1248-1257,
https://doi.org/10.2514/1.a36032, 2024.

Mendoza, 1., Hur, J.,, Thao, S., and Curtis, A.: Power Per-
formance Test Report for the U.S. Department of Energy
1.5-Megawatt Wind Turbine, Tech. rep., National Renew-
able Energy Lab. (NREL), Golden, CO (United States),
https://doi.org/10.2172/1215120, 2015.

Michelsen, J. A.: Forskning i aeroelasticitet (Research in aeroe-
lasticity) EFP-2001, chap. 6. Beregning af laminar-turbulent
omslag i 2D og 3D (Computation of laminar-turbulent transi-
tion in 2D and 3D), Risg-R-1349(DA), Forskningscenter Risg
(now DTU Wind), https://backend.orbit.dtu.dk/ws/portalfiles/
portal/7712406/ris_r_1349.pdf (last access: 17 August 2026),
2002.

Moriarty, P. J. and Hansen, A. C.: AeroDyn Theory Manual,
Tech. rep., National Renewable Energy Lab., Golden, CO (US),
https://doi.org/10.2172/15014831, 2005.

Munduate, X., Coton, F. N., and Galbraith, R. A. M.: An investi-
gation of the aerodynamic response of a wind turbine blade to
tower shadow, J. Sol. Energy Eng., 126, 1034—-1040, 2004.

Nikoueeyan, P. and Naughton, J. W.: Evaluation of Embedded
Miniature Pressure Scanners for Unsteady Measurements in
a Low-Speed Wind Tunnel Testing Application, in: AIAA
SCITECH 2024 Forum, American Institute of Aeronautics and
Astronautics, https://doi.org/10.2514/6.2024-1123, 2024.

Noyes, C., Qin, C., Loth, E., and Schreck, S.: Measurements and
predictions of wind turbine tower shadow and fairing effects,
J. Wind Eng. Ind. Aerod., 179, 297-307, 2018.

OpenFAST: OpenFAST v3.3.0, released on 28 October 2022, ,
https://github.com/OpenFAST/openfast (last access: 17 August
2026), 2022.

Powles, S.: The Effects of Tower Shadow on the Dynamics of
a Horizontal-Axis Wind Turbine, Wind Engineering, 7, 26—
42, http://www jstor.org/stable/43749009 (last access: 17 August
2026), 1983.

Santos, R. and van Dam, J.: Mechanical Loads Test Re-
port for the U.S. Department of Energy 1.5-Megawatt
Wind Turbine, National Renewable Energy Laboratory,
https://doi.org/10.2172/1215119, 2015.

Simpson, J. G., Kaminski, M., and Loth, E.: Influence of tower
shadow on downwind flexible rotors: Field tests and simulations,
Wind Energy, 25, 881-896, https://doi.org/10.1002/we.2703,
2022.

Sgrensen, N.: General purpose flow solver applied to flow over
hills, PhD thesis, Risg National Laboratory, https://backend.
orbit.dtu.dk/ws/portalfiles/portal/12280331/Ris_R_827.pdf (last
access: 18 August 2026), 1995.

van Ingen, J.: A Suggested Semi-Empirical Method for the
Calculation of the Boundary Layer Transition Region, Tech.
Rep., Delft Univ. of Technology, Rept. VTH-74, Dept.
of Aerospace Engineering, https://resolver.tudelft.nl/uuid:
cff1fb47-883f-4cdc-ad07-07d264£3fd10 (last access: 18 August
2026), 1956.

Viterna, L. A.: Method for predicting impulsive noise generated by
wind turbine rotors, https://ntrs.nasa.gov/citations/19820013840
(last access: 18 August 2026), 1982.

https://doi.org/10.5194/wes-11-3337-2026


https://doi.org/10.5194/wes-9-1791-2024
https://doi.org/10.2172/1576488
https://doi.org/10.2514/3.9789
https://doi.org/10.1080/14685248.2011.619985
https://doi.org/10.5194/wes-9-1713-2024
https://doi.org/10.5194/wes-9-1713-2024
https://doi.org/10.1121/1.401021
https://doi.org/10.3390/app11010072
https://ntrs.nasa.gov/citations/19820015850
https://doi.org/10.5194/wes-3-713-2018
https://doi.org/10.1260/0263-0923.29.4.239
https://doi.org/10.5281/zenodo.22230718
https://doi.org/10.2514/6.2007-623
https://doi.org/10.1088/1742-6596/2265/2/022096
https://doi.org/10.1088/1742-6596/2265/2/022096
https://doi.org/10.5194/wes-10-2499-2025
https://doi.org/10.2514/1.a36032
https://doi.org/10.2172/1215120
https://backend.orbit.dtu.dk/ws/portalfiles/portal/7712406/ris_r_1349.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/7712406/ris_r_1349.pdf
https://doi.org/10.2172/15014831
https://doi.org/10.2514/6.2024-1123
https://github.com/OpenFAST/openfast
http://www.jstor.org/stable/43749009
https://doi.org/10.2172/1215119
https://doi.org/10.1002/we.2703
https://backend.orbit.dtu.dk/ws/portalfiles/portal/12280331/Ris_R_827.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/12280331/Ris_R_827.pdf
https://resolver.tudelft.nl/uuid:cff1fb47-883f-4cdc-ad07-07d264f3fd10
https://resolver.tudelft.nl/uuid:cff1fb47-883f-4cdc-ad07-07d264f3fd10
https://ntrs.nasa.gov/citations/19820013840

H. Aagaard Madsen et al.: Aerodynamics of wind turbine rotor

Wang, T. and Coton, F. N.: A high resolution tower shadow model
for downwind wind turbines, J. Wind Eng. Ind. Aerod., 89, 873—
892, 2001.

Zahle, F., Sgrensen, N. N., and Johansen, J.: Wind Tur-
bine Rotor-Tower Interaction Using an Incompress-
ible Overset Grid Method, Wind Energy, 12, 594-619,
https://doi.org/10.1002/we.327, 2009.

https://doi.org/10.5194/wes-11-3337-2026

3357

Zajamsek, B., Yauwenas, Y., Doolan, C. J., Hansen, K. L., Tim-
chenko, V., Reizes, J., and Hansen, C. H.: Experimental and nu-
merical investigation of blade—tower interaction noise, J. Sound
Vib., 443, 362-375, https://doi.org/10.1016/.jsv.2018.11.048,
2019.

Wind Energ. Sci., 11, 3337-3357, 2026



https://doi.org/10.1002/we.327
https://doi.org/10.1016/j.jsv.2018.11.048

	Abstract
	Copyright statement
	Introduction
	Turbine
	Downwind rotor
	Aeroelasticity
	Airfoil performance

	Instrumentation to characterize rotor aerodynamics and blade/vortex interaction
	Belts
	Tap layout of blade pressure belts
	Dynamic calibration of the pressure belts
	Flyboard, data acquisition, and five-hole probe
	Calibration of the five-hole probes and data processing
	Deployment

	Results
	Overview of collected data
	Campaign 1 on 22 April 2024
	Campaign 2 on 29 April 2024

	Data processing
	Pressure coefficient
	Lift coefficient
	Blade/tower interaction
	Measured blade and tower sectional aerodynamic loads
	Details of the pressure variation on the tower
	Details of the pressure variation on the blade
	Comparison of pressure measurements with aeroelastic simulations


	Discussion
	Conclusions
	Code and data availability
	Video supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

