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Abstract

This work experimentally investigated the feasibility and complementarity of aeroacoustic and infrared thermography
(IRT) techniques for detecting damage in rotating wind turbine blades under controlled wind tunnel conditions. Two rep-
resentative types of damage were considered: trailing edge cracks and internal shear web delamination, created in the
scaled blades manufactured in-house. Experiments were conducted in the open jet facility at Delft University of
Technology. Acoustic measurements using a two-dimensional microphone array revealed that trailing edge cracks induce
distinct tonal noise modifications, which depend on the effective trailing edge thickness and are captured through spec-
tral analysis and acoustic beamforming. The crack-induced tonal noise peaks at a trailing-edge-thickness-based Strouhal
number, St,, between 0.15 and 0.25. IRT, by contrast, are highly sensitive to internal structural features; delaminated
regions exhibited localized temperature variations due to changes in thermal properties. Principal component thermo-
graphy was applied to further enhance the visualization of the internal shear webs and internal delamination. The results
demonstrate that the use of aeroacoustic and IRT methods provides a complementary strategy for detecting both edge
and internal damage in wind turbine blades.
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Introduction for ensuring efficiency, reliability, and safety of oper-

ation.'” ' Remote damage detection based on non-
contact techniques, including acoustics,'® infrared
thermography (IRT),'* and laser Doppler vibrome-
try,’> enables more flexible and convenient inspec-
tions, suitable for use on rotating blades in contrast
to conventional human visual inspections'® which
require a turbine stop or methods using contact sen-
sors which require attachment to the blades.'”'®
Aeroacoustic measurements are used to investigate
noise generated by the motion of airflow and its

Wind energy is an important renewable energy source,
with the number of installed wind turbines steadily
increasing."? Wind turbine blades, owing to their oper-
ating loads and direct exposure to the environment,
are especially vulnerable to damage.? This includes sur-
face damage, such as leading edge erosion® and coating
delamination,” and subsurface or internal structural
damage, including trailing edge cracks,® structural
delamination,” and fatigue-related failures.® Surface
damage, which generally leads to observable visual
changes on the blade surface, can be effectively identi-
fied using, for example, high-resolution cameras” with- 'Faculty of Aerospace Engineering, Delft University of Technology, the
out relying on indirect inference or complex signal  Netherlands
inversion, whereas identification of subsurface or inter-
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interactions with solid bodies.'”** Numerous studies in
aeroacoustics have been conducted to reduce noise
from wind turbines.>'**> In recent years, an
aeroacoustics-based method®® has been applied to
detect damage in wind turbine blades. When damage
occurs on the blade surface or the edge, the resulting
changes in geometry and surface roughness can affect
the surrounding flow field and boundary layer transi-
tion, thereby altering the aerodynamic noise genera-
tion. This noise can be captured by microphones
placed in the far field, enabling a fully remote and non-
contact approach, which has recently been used to
detect wind turbine blade damage in wind farms.?**

In the authors’ previous studies,”®*® the detection
of blade trailing edge cracks and leading edge erosion
was investigated for airfoils under various inflow con-
ditions. The presence of a trailing edge crack effectively
thickens the trailing edge, which can increase the
boundary layer velocity gradient and the intensity of
coherent vortex shedding from the trailing edge,
thereby producing a measurable tonal component in
the noise spectrum. As the crack size increases, the
length scale of the coherent vortex structures decreases,
resulting in a shift of the tonal peak toward lower fre-
quencies.’®?® In the case of leading edge erosion, the
modifications to the noise spectra due to damage
depend strongly on the inflow condition. Under clean
inflow, erosion promotes an earlier boundary layer
transition, altering the trailing edge noise properties
from laminar-boundary-layer instability noise to tur-
bulence noise. In contrast, under turbulent inflow with
a short turbulence length scale in the lab environment,
the trailing edge noise alone cannot effectively indicate
the presence of erosion. Instead, changes in the leading
edge noise spectrum reveal that erosion reduces the
mid-to-high frequency components, due to greater dis-
tortion of the incoming turbulence caused by the
enlarged stagnation region in front of the eroded lead-
ing edge.’” The aeroacoustics-based method is rela-
tively straightforward to implement using microphones
for rotating wind turbine blades, owing to the nature
of aerodynamic noise generation and propagation®
and is effective primarily for surface or edge damage
(for example, leading edge erosion and trailing edge
cracks), as such defects can induce sufficient aeroa-
coustic variations. However, it is incapable of detecting
deep internal structural damage.

IRT has emerged as a valuable tool for non-contact
blade damage detection, in particular, allowing the
identification of internal and subsurface defects by cap-
turing heat transfer anomalies in environments with
temperature differences.”” Internal or subsurface
defects, such as cracks or delamination, introduce air
voids that disrupt heat transfer within the composite
material, leading to measurable changes in the surface

temperature distribution.”®*° During operation with
an external heat source, such as the natural solar heat
source, the surface temperature above an internal
defect rises faster than that of the surrounding healthy
regions, as the defect impedes heat flux and modifies
the local thermal diffusion path.’®>3? This localized
increase of temperature leads to a detectable thermal
anomaly in images captured by infrared cameras,
enabling the identification of subsurface or internal
damage by analyzing blade surface temperature distri-
butions and gradients.** Previous physics-based models
grounded in heat transfer theory have been used to
predict thermal contrasts caused by subsurface defects
and evaluate the defect depth, providing insights into
the relationship between material properties, heating
conditions, and thermal responses.'*** In parallel,
data-driven methods, particularly those based on
machine learning, have been employed to automati-
cally identify damage patterns and classify damage
types from large sets of thermal images.>>*® On-site
inspections have demonstrated the feasibility of using
IRT for internal structural damage detection in real
wind farm environments.*”*®

In real-world applications, IRT usually suffers from
limited spatial resolution, making the detection of small
structural defects, especially near blade edges, challen-
ging.* Consequently, higher spatial resolution can only
be achieved by restricting the field of view (FOV) of the
infrared camera to a relatively small, localized region
of the blade surface. However, narrowing the FOV to
improve spatial resolution causes the blade to move
rapidly across the imaged region, thereby inducing
motion blur*®** and making the detection of edge
damage especially difficult in practice. The motion-
induced blurring can be mitigated by employing infra-
red cameras with a very short integration time, which is
an expensive option for practical applications.

Blade damage detection methods using microphones
and IRT are promising due to their potentially straight-
forward implementation in practice.>*** However, the
limitations of the individual methods discussed above
demonstrate that no single technique can provide com-
plete and reliable detection of all types of damage
under real operating conditions. In this work, an
experimental investigation is conducted to assess the
complementarity of aeroacoustics and IRT for the
detection of subsurface and internal damage in wind
turbine blades.

The main experiment was performed in the open jet
facility (OJF) of Delft University of Technology (TU
Delft) using a scaled wind turbine. This was supple-
mented by initial verification measurements on static
blades in an acoustic wind tunnel. The study focused
on several in-house manufactured blades with two
types of internal and subsurface damage, including
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Figure |. Experimental setup.
Note. The distribution of the microphones on the planar array is shown
in Figure 4(a).

internal shear web delamination and a trailing edge
crack. Acoustic data were recorded by a Bionic M-112
microphone array. Acoustic beamforming** and source
power integration** techniques were applied to analyze
the noise sources and isolate background noise. Blade
surface temperatures were measured using a Cedip
Titanium infrared camera, and the thermal images of
the damaged blades were compared with those of a
healthy (baseline) blade under the same test conditions.
Principal component (PC) thermography (PCT)*® was
applied to decompose and reconstruct the thermal data
to suppress noise and enhance the visibility of subtle
damage-related features.

The remainder of this paper is organized as follows.
The second section introduces the methodology,
including a detailed description of the experimental
setup and the procedures for acoustic and thermal
measurements. The third section presents pre-checks
and verification tests on non-rotating blades, providing
a benchmark for comparison with the rotating results.
The fourth section reports the experimental results of
the rotating tests and discusses the performance of
both the aeroacoustic and IRT approaches. Finally,
the fifth section summarizes the main findings of this
work and offers an outlook for future research.

Methodology
Wind tunnel facility and wind turbine

The main experiment was performed in the OJF, which
has an octagonal nozzle with a size of 2.85 X 2.85 m,
as shown in Figure 1. The wind tunnel can reach a
maximum wind speed of 34 m/s with a turbulence
intensity of 0.5% measured at approximately 1 m from
the nozzle. The free-stream area contracts with a 4.75°

Figure 2. The power coefficients of the original and scaled
wind turbines and their difference at various tip speed ratios.

semi-angle along the length of the jet, due to the devel-
opment of the jet shear layer. A detailed description
and characterization of the flow in the OJF were
reported in the study by Lignarolo et al.*’

The test wind turbine was scaled from a 2.3-MW
NM380 wind turbine,*®>° which has a rotor radius of
40.04 m. The rotor was downscaled to a radius of
R=1250 mm (scale factor 1:32). The power captured
by the rotor is transmitted to a brushless motor via a
gearbox with a gear ratio of 1:5. The motor was con-
trolled by an iPOS8015 four-quadrant controller,
enabling the wind turbine to operate at a constant rota-
tional speed. The generated power was fed to the grid
through a Chroma 62000D bidirectional DC power
supply. The wind turbine was fixed on an adjustable
table, making the rotating center approximately
aligned with the nozzle center. The distance between
the rotor and the nozzle edge was approximately
3.75 m. All three blades were manually changeable,
allowing for the testing of different blades and pitch
angles. In the experiment, the pitch angle of the blade
was fixed at 0°. The aerodynamic performance for both
the original and scaled wind turbines was estimated
using Blade Element Momentum Theory (BEMT). The
curves of the power coefficient, C,, against the tip
speed ratio, A =wR/U (where w and R are the angular
rotational speed and radius of the rotor, respectively;
and U is the wind speed), are shown in Figure 2. The
relative difference between the scaled and original wind
turbines, ECP = |Cp, scaled — Cp. orignal |/C , orignals is also
presented for comparison. The scaled wind turbine
shows a slightly lower power coefficient at a given tip
speed ratio compared to the original model. This is
attributed to the lower Reynolds number of the scaled
model, which reduces the aerodynamic efficiency of the
airfoils with a lower lift-to-drag ratio.”'>>
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Figure 3. Blade samples: (a) the manufactured blades and (b) the designed artificial damage, top row: raw blades before gluing or
painting, showing (from left to right) internal delamination and trailing edge crack; bottom row: the corresponding damage in the

finished blades (the internal delamination is invisible).

Blade samples

The blades, shown in Figure 3(a), were manufactured
by the authors at the Delft Aerospace Structures and
Materials Laboratory (DASML) of TU Delft. The
length of the blade, excluding the connector to the
wind turbine hub, is L=1200 mm. To balance struc-
tural representativeness and manufacturability in the
laboratory, the blade geometry was simplified and
divided into four parts: the pressure and suction shells
and two internal shear webs, as shown in the cross sec-
tion in the inset to Figure 3(a). The local trailing edge
surface of the blade was slightly modified to be flat
with a zero solid angle,® making it possible to glue
additional tape to modify the thickness. Two internal
shear webs are located at 26.0% and 42.5% of the local
chord length, C, measured from the leading edge,
respectively. For each part, an aluminum mold was
made, and the raw components were produced using a
standard vacuum infusion process for glass-fiber rein-
forced composites.>* The laminate consisted of layers
cut from a 200 g/m? bidirectional glass-fiber fabric (0°/
90° plain weave). For the pressure and suction shells,
10 layers were applied, resulting in a cured thickness of
approximately 2 mm, while the internal shear webs
were composed of 20 layers, yielding a thickness of
about 4 mm. Curing was performed using Resoltech
1800 resin with 1803 hardener at room temperature.
The blades were painted with white matte spray to
ensure a high and uniform surface emissivity and to
minimize infrared reflections during thermal measure-
ments. The thermal emissivity was estimated as 0.91

for the white matte blade surface.>*® The final manu-
factured blades are shown in the larger photo in Figure
3(a).

Two blades were designed with artificial damage:
internal shear web delamination and trailing edge
crack, as shown in Figure 3(b) from left to right. The
internal delamination and trailing edge crack were cre-
ated by intentionally leaving out a section of adhesive
during assembly. Both types of damage are located at
the mid-span of the blade (50% R) and extend over a
length of 125 mm (10% R). A summary of the blade
specifications is presented in Table 1.

Acoustic measurement

Acoustic measurements were conducted using a Bionic
M-112 two-dimensional planar microphone array,
which has a diameter of 1 m and consists of 112 micro-
electro-mechanical systems (MEMS) microphones.
The microphone distribution of the array is shown in
Figure 4(a). The microphone array was placed on the
ground, with its plane tilted at 55° to face the wind tur-
bine rotor. The horizontal and vertical distances
between the microphone array center and the rotor
rotational center were 3.0 and 2.9 m, respectively. The
microphone array center was 0.48 m below the bottom
edge of the OJF nozzle, ensuring that all the micro-
phones were out of the flow. With this configuration,
the spatial resolution varies from about 2.5 m at
500 Hz to 0.25 m at 5000 Hz, covering the wind tur-
bine rotor in the mid-to-high frequency range relevant
for blade damage-induced acoustic features.
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Table I. A summary of blade specifications.

Parameter Dimension
Rotor radius, R 1250 mm
Net length, L 1200 mm
Shell thickness of the pressure and ~2 mm
suction sides

Shear web thickness ~4 mm
First shear web location 26.0% C
Second shear web location 42.5% C

Damage location (center)
Damage length

50% R (mid-span)
12.5 mm (10% R)

For each microphone channel, the sampling fre-
quency was set to 48 kHz, with a 24-bit resolution.
The microphone array was capable of measuring
sound pressure levels ranging from under 33 to
120 dB. In the experiment, the acoustic data were
recorded for 30 s for each case. The signal was sepa-
rated into time chunks of 8192 samples with 50% data
overlap for the Fourier transform. For each chunk, a
Hanning weighting function was applied to reduce the
energy leakage. The configuration provides a fre-
quency resolution of 5.86 Hz. The cross-spectral
matrix was averaged from the obtained auto-spectra of
the Fourier transform. Conventional frequency
domain beamforming (CFDB)**7 was performed to
localize and visualize the acoustic sources on the blade
rotating plane with a size of 2.0 X 2.0 m centered at
the rotating center. A source power integration tech-
nique® was applied to the box with a size of 1.5 X 1.5
m to get the integrated noise spectrum, as shown in
Figure 4(b).

Thermal measurement

To achieve sufficient sensitivity and low integration
time for the thermal measurements, a Cedip Titanium
infrared camera equipped with a 25 mm focal-length
lens, providing an FOV of 21° X 17°, was employed in
the rotating experiments. This camera offers a spatial
resolution of 320 X 256 pixels and a thermal sensitivity
noise equivalent temperature difference (NETD) of
better than 18 mK. The minimum integration time of
the detector is 3 s, adjustable in 1 ps increments. In
this experiment, the camera was calibrated and oper-
ated with an integration time of 50 ws, selected as a
compromise between achieving a sufficient signal-to-
noise ratio and minimizing motion blur caused by the
blade movement.

Three 500 W halogen lamps were used to heat the
blade and the surrounding air, as shown in Figure 1.
The lamps were positioned slightly below the table,
approximately 0.5 m from the blade tip, and tilted

upward to ensure heating along the entire blade sur-
face. The lamps were manually controlled simultane-
ously and remained on throughout each measurement
to provide a sufficient and stable heat source. For the
internal delamination case, the blade was fixed in a
downward position and pre-heated for 300 s. As the
lamps also heated the tower, the infrared camera was
placed on the left side upwind of the turbine rotor to
capture images of the blade as it passed horizontally,
and to mitigate background effects from the tower dur-
ing post-processing. The camera was placed 1.40 m
from the blade rotation center and 1.75 m from the
rotation plane to avoid disturbing the flow, and was
horizontally rotated toward the blade with a yaw angle
of 28° The configuration provided an FOV of
0.74 X 0.59 m. A trigger signal from the wind turbine,
combined with a DG535 trigger-delay generator,
allowed thermal images to be recorded at a fixed posi-
tion when the blade of interest passed through the
FOV of the camera. For each measurement, 600 frames
were recorded. Non-uniformity correction (NUC) was
manually applied before each measurement.

Verification

To establish a reference for the rotating tests and to
examine whether the aeroacoustic and thermal phe-
nomena associated with blade damage were present,
verification measurements were first conducted on the
blades under non-rotating conditions prior to the rotat-
ing tests.

Non-rotating tests for acoustic measurements were
conducted in the Anechoic vertical open-jet tunnel (A-
tunnel) of TU Delft.*® The experimental setup is shown
in Figure 5(a). The wind tunnel has a 0.4 X 0.7 m rec-
tangular test section at the outlet. It can operate at
free-stream velocities up to 45 m/s, maintaining a tur-
bulence intensity below 0.1% across the full velocity
range. The uniformity of free-stream velocity in the test
section is within 0.5% relative to the velocity at the
nozzle center. The blade was mounted horizontally
above the wind tunnel nozzle using two clamps at the
two ends of the blade to ensure its stability. This con-
figuration minimizes unwanted vibrations, which may
introduce a change in the geometry of the blade, for
example, the angle of the attack, under aerodynamic
load during measurement. The trailing edge at mid-
span was fixed at 500 mm from the nozzle, with the
chord line at mid-span aligned with the nozzle center-
line. During the measurements, the wind tunnel oper-
ated at a free-stream velocity of 30 m/s. The boundary
layer was tripped using 0.4 mm thickness zigzag strips
at 20% on both pressure and suction sides. Due to
setup constraints, a different microphone array,



Structural Health Monitoring 00(0)

(a) X
0.4 o °°°°°
o 9 o
oo 4 ooocoo
o o
0.2—59o° °°°oo°
o o
E,o 0°4° % ol ol °
o o 00,00 [0 IO
P~ oo 990009 ©°
o
-0.2 © ©00 0, ,0 09
06 °00°%p o Poo
°
0.4 oo°g -°°°
o o ° )
o
-0.4 -0.2 0 0.2 04
X [m]

Lp,1/3 [dB]
55

50

45

40

Figure 4. Acoustic measurement: (a) the distribution of the microphones of the array and (b) a representative beamforming map
in one-third octave band with center frequency of f|/3 = 3150 Hz; the solid circle is the rotor center; the dashed circle is the blade
tip sweeping trajectory, and the orange dashed box indicates the source power integration region.

Figure 5. Experimental setup for non-rotating tests: (a) wind tunnel measurements and (b) static thermal measurements.

consisting of 64 G.R.A.S. 40PH free-field microphones,
was employed in the verification tests. The microphone
array provided similar performance to the Bionic M-
112 and was used in the previous studies.?*>">° The
sampling frequency of each microphone was 51.2 kHz.
For each measurement, the acoustic data were recorded
for 30 s and then separated into time blocks of 5120
samples with 50% overlap for the Fourier transform

(Hanning weighted) and averaging, which provided a
frequency resolution of 10 Hz. The same CFDB as
described for the tests in the OJF was then performed
on a square grid 1 X 1 m. The sound power was inte-
grated within a 0.2m (width) X 0.25 m (height)
rectangular area centered at the blade trailing edge at
mid-span. This configuration ensures the results
obtained from the acoustic setup in the A-tunnel
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70 Table 2. The crack size and frequency of the tone in the
——— Baseline(healthy), h = 4.0 mm spectra and the corresponding Sty peak-
Crack, h = 5.5 mm (undamaged section, h = 4.5 mm)
60 Crack, h = 6.0 mm (undamaged section, h = 4.5 mm) Crack
50 Undamaged
_ Case Baseline  section Crack Large crack
40t Trailing edge 4.0 45 55 6.0
S thickness,
301 h (mm)
foeak (H2) 1260 1100 920 860
Sth, peak 0.168 0.165 0.169 0.172
20 +
10 . : L L
500 1000 2000 4000 numbers, St; peak, listed in Table 2, vary between 0.168
f [Hz] and 0.172. Moreover, as the crack size increases, the

Figure 6. Noise spectra for the baseline and different cracked
cases.

remain comparable with those measured in the OJF for
the rotating tests.

The crack-induced increase in trailing edge thickness
can alter the coherent vortex shedding process and,
consequently, shift the associated tonal noise.”**®
Figure 6 presents the noise spectra for the baseline and
for different crack sizes under non-rotating conditions
with a clean inflow. Table 2 summarizes the trailing
edge thickness and the corresponding tonal frequency
for each case, together with the trailing-edge-thickness-

based Strouhal number, St peak :fl’%h (fpeak, h, and U
are the tonal frequency, trailing edge thickness, and
inflow velocity, respectively). The crack size was
increased by introducing a small insert into the original
cracked trailing edge.

For the baseline case, as shown in Figure 6, only a
single spectral peak associated with blunt trailing edge
noise is observed, since the trailing edge thickness is
uniform along the span. This peak is located at
Sty peak = 0.168, which agrees with the results reported
in the study by Brooks et al.”> When a crack appears
at the trailing edge, two distinct peaks emerge in the
noise spectrum. For the cracked blade, manufacturing
differences lead to a slightly larger trailing edge thick-
ness in the undamaged section compared to the healthy
blade, causing the higher-frequency peak to shift
toward a lower frequency relative to the baseline case.
In addition, the presence of the crack further increases
the trailing edge thickness at the damaged section, giv-
ing rise to an additional peak at a lower frequency. As
the crack size increases, from a thickness of 5.5 to
6.0 mm, this low-frequency peak shifts further toward
lower frequencies. A qualitative analysis shows that the
corresponding trailing-edge-thickness-based Strouhal

Strouhal number, St peak, tends to increase, which is
consistent with the findings reported in the authors’
previous work.>®

Static thermal measurements were performed in the
DASML. A FLIR A655sc infrared thermal camera
was employed in the verification tests. The camera was
chosen for its high spatial resolution, and a short inte-
gration time was not required for the non-rotating
blades. It is equipped with a 24.6 mm focal length lens
corresponding to an FOV (in angle) of 25°X19°. The
camera provided an image resolution of 640 X 480 pix-
els. The detector has a typical time constant of § ms.
The thermal sensitivity (NETD) is better than 30 mK
at 303.15 K and remains below 50 mK within the full
measurement range. The blade was horizontally
clamped on the aluminum frame at the blade root, as
shown in Figure 5(b). The thermal camera was
mounted on the top of the frame at a distance of about
1.5 m from the blade surface, which provided an FOV
0of 0.66 X 0.50 m. A 500 W halogen lamp was mounted
approximately 0.3 m from the blade tip and 0.5 m
above the blade at a tilt angle of about 45°, to heat the
whole blade section within the FOV of the thermal
camera while avoiding thermal reflections back to the
camera. For each measurement, the blade was heated
for approximately 300 s by manually controlling the
lamp, after which the lamp was switched off. The ther-
mal camera recorded the temperature variation during
the blade heating phase and for an additional 300 s
during the cooling phase at a recording rate of 1 Hz,
resulting in approximately 600 frames for each case.
NUC was performed before each measurement and dis-
abled during recording, as the acquisition time was
short.

To evaluate the capability of IRT in detecting struc-
tural damage, especially for the internal defects, the
thermal responses for baseline and damaged blades
were compared. Figure 7 shows the instantaneous ther-
mal images when the blades were heated for
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Figure 7. Instantaneous thermal image when the blade is
heated for around 120 s for baseline and different damaged
cases. The dashed box indicates the damaged location.

approximately 120 s for the baseline and internal dela-
mination cases. The region with internal shear webs for

both blades exhibits a slightly lower temperature com-
pared to the surrounding area. In the case of internal
delamination, the damaged region appears to exhibit
less contrast with the surrounding area than the non-
damaged location and at the same location as
the baseline case. This behavior can be attributed to
the disruption of heat conduction caused by the dela-
mination, which introduces an additional thermal resis-
tance. As a result, the heat flux is partially impeded,
leading to localized temperature accumulation.

To further quantitatively examine the influence of
the internal structure and delamination on the surface
temperature distribution, Figure 8 presents the tem-
perature profiles and their gradients for the baseline
and internal delamination cases at two representative
locations, x=250 and x=450. To mitigate the impact
of numerical differentiation, a second-order regression
with a window size of five points was applied to calcu-
late the gradient from the temperature fields. In the
delamination case, the profile at the location x=250
passes directly through the damaged region. For the
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Figure 8. Temperature profiles and gradients at different locations for baseline and internal delamination cases: (a) baseline at
x =250, (b) baseline at x =450, (c) internal delamination at x =250 (damaged location), and (d) internal delamination at x =450. The
blue dashed lines indicate the potential shear web locations; the orange lines present the zero temperature gradient, and the orange

areas are the estimated width of the shear web.
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f1/3 = 2000 Hz Lp,l/3 [d6%]

Figure 9. Beamforming maps at different representative one-third octave bands. The solid circle is the rotor center; the dashed
circle is the blade tip sweeping trajectory, and the orange dashed box indicates the source power integration region.

undamaged sections of the blades, shown in Figure
8(a), (b), and (d), the surface temperature over the two
internal shear webs is lower than that of the surround-
ing regions, with a maximum difference of about
0.5 K. These valleys in the profile mark the centerlines
of the shear webs (the dashed blue lines in Figure 8§).
The associated temperature gradients emphasize the
local variations in the temperature profiles: valleys in
the gradient curves indicate transitions from warmer to
cooler regions, whereas peaks represent transitions in
the opposite direction. As illustrated in Figure 8, the
areca between a valley and a peak (highlighted in
orange) represents the estimated width of the internal
web. Zero crossings of the gradient curve correspond
to local maxima and minima, which can potentially
mark the centerlines of the internal shear webs, as indi-
cated by the intersections with the orange dashed lines

in Figure 8. In contrast, as shown in Figure 8(c), the
temperature distribution of the damaged section differs
from that of the undamaged regions. The delaminated
region shows no distinguishable difference with the
surrounding temperature, since the air void replaces
the adhesive in the damaged section, and its thermal
behavior is closer to that of the blade internal cavity.

Results and discussion
Acoustic detection

Noise sources and background noise. Beamforming was
applied to process the acoustic data measured in the
OJF experiments. Figure 9 shows the beamforming
maps at several representative one-third octave bands
(where f1/3 is the center frequency of one-third octave
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background noise and the non-rotating case.

band) for the baseline configuration (where all the
blades are healthy) under an inflow velocity of 7 m/s
and a rotational speed of 420 rpm. It should be noted
that, due to the Rayleigh limit,° conventional beam-
forming based on the configuration of the microphone
array in this study is not able to identify the noise
sources at low frequencies. Since the source power inte-
gration is applied within the dashed box shown in
Figure 9, the background noise from the wind tunnel
can be mitigated. Figure 10(a) compares the spectra of
the wind tunnel background noise with those of the
wind turbine under non-rotating and rotating condi-
tions. To better distinguish between aerodynamic and
mechanical noise sources, the power spectral density of
the vibration signal (fore—aft direction) from the accel-
erometer mounted on the main bearing housing is
shown for comparison. The relative sound levels of the
rotating wind turbine regarding the wind tunnel back-
ground noise and non-rotating condition are shown in
Figure 10(b).

Within the frequency range of 300-2000 Hz, the
wind tunnel background noise is approximately 20 dB
lower than that of the rotating wind turbine. When the
inflow is present (7 m/s), the noise level of the rotating
wind turbine remains about 10 dB higher than that of
the non-rotating case in the 500-2000 Hz range. These
results indicate that, although the OJF wind tunnel
was not originally designed as an anechoic facility, it
nevertheless provides a sufficiently low background
noise level to enable reliable acoustic measurements.
Similar observations were reported in a previous pre-
liminary investigation.*?

The wind turbine noise in the 500-2000 Hz fre-
quency range, which is relevant for damage detection,

as shown in Figure 10, exhibits a broadband character-
istic, indicating that trailing edge turbulence noise is
dominant. In addition, three discrete tonal peaks are
observed at center frequencies of 750, 1150, and
1520 Hz. These peaks also appear in the vibration sig-
nal, suggesting that they originate from the mechanical
components of the wind turbine. The beamforming
map at the one-third octave center frequency of
f1/3=1250 Hz, shown in Figure 9, further indicates
that this tonal component at 1150 Hz is primarily gen-
erated at the wind turbine center.

Trailing edge crack detection. A crack at the trailing edge
can lead to an increase in the local effective thickness,
as the crack opening introduces a geometric modifica-
tion® that affects aerodynamic noise. In this work, the
damage size was adjusted by adding different layers of
tape to the damaged section, thus increasing the total
thickness of the trailing edge. Experiments were con-
ducted at a rotational speed of 420 rpm and a wind
speed of 7 m/s. All the blades were tripped using
0.4 mm thickness zigzag strips on both the suction and
pressure sides at 20% of the chord. Figure 11 shows
the noise spectra for the baseline and the various
cracked configurations. It should be noted that, since
the experiments in the A-tunnel and OJF were per-
formed in different seasons, the trailing edge thickness
of the original crack slightly changed from 5.5 mm, as
shown in Table 2, to 4.85 mm. As shown in Figure 11,
the noise spectra of the baseline case and the 4.85 mm
cracked case are very close below 1300 Hz, where the
damage-induced features are not clear. A noticeable
difference between the two configurations appears in
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The sound pressure level and the relative sound pressure level for baseline and trailing edge crack of different crack

sizes: (a) noise spectra and (b) relative spectra compared to the baseline case.

the 1700-3000 Hz range, where the noise spectrum of
the cracked blade exhibits a higher-level broadband
hump compared to the baseline. Figure 12 shows the
beamforming maps for these two cases at a one-third
octave frequency of f;3=2500 Hz with the same
dynamic range (60—75 dB). The cracked configuration
exhibits a markedly higher sound pressure level near
the blade tip, which may be attributed to a slight tip
deformation after manufacturing, leading to a small
twist that generates increased noise in this region.
However, this change does not affect the detection of
the trailing edge crack, as the crack-induced spectral
variations are present at lower frequencies.

For a larger crack, the trailing edge thicknesses were
setto & = 6.22, 6.90, and 7.22 mm. Strong tonal com-
ponents appear in the corresponding noise spectra, as
shown in Figure 11(a). As the crack size (trailing edge
thickness) increases, the tonal components shift to
lower frequencies, consistent with the expected effect
of the blunter trailing edge. Figure 11(b) shows the
relative sound pressure level compared to the baseline
case, AL, =L, — L, Bascline- The frequency is scaled by
the trailing-edge-thickness-based Strouhal number,
Sty =fh/U, where U is the resultant flow speed at the
damaged section. The resultant flow speed, U, is
obtained from BEMT, as shown in Table 3. The
humps induced by damage are located in the range of
St, between 0.15 and 0.25, which agrees with the results
reported in previous studies.?®>

To investigate how operating conditions, such as
under different tip speed ratios, A, corresponding to
varying Reynolds numbers (based on chord length)
and local angles of attack, affect damage detection, the
wind turbine was tested at different rotational speeds
while maintaining a constant inflow velocity of 7 m/s.

Table 3. The angular rotational speed, tip speed ratio,
resultant flow speed, the local chord-based Reynolds number,
and angle of attack at the damaged section.

Case no. | 2 3 4

Rpm 180 300 420 540

A 3.37 561 7.85 10.10

U (m/s) 13.69 20.79 28.27 3591

Rec 7.05x10* 1.07Xx10° |.46X10° 1.84%10°
a (%) 25.34 13.13 7.07 3.96

The test matrix is summarized in Table 3. The resultant
flow speed, U, and local angle of attack, «, at the dam-
aged location were calculated using BEMT. Figure 12
presents the noise spectra and the relative spectra for
the #=6.22mm crack case with respect to the baseline
configuration under the same operational conditions.
At a low rotational speed of 180 rpm, the high-
frequency content in the noise spectrum is reduced,
with pronounced high-level harmonics (characterized
as laminar boundary layer instability noise.®’ due to
low Reynolds number), while the low-frequency com-
ponents remain similar to those at 420 rpm. The
observed changes in the broadband distribution are
attributed to the high local angle of attack, which pro-
motes the formation of larger-scale vortices on the suc-
tion side.® When the rotational speed increases to
540 rpm, distinct low-frequency harmonics related to
the blade passing frequency (fz) appear in the spectrum
(8-14 fz observed), indicating the presence of loading
noise.®> For the low-speed cases (180 and 300 rpm,
corresponding to low tip speed ratios), the damage-
induced humps are absent in both the noise and relative
spectra. This is attributed to the absence of coherent
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vortex shedding due to the asymmetry of boundary layers
on the suction and pressure sides at high angles of
attack.”** At a higher rotational speed of 540 rpm, the
damage-induced spectral hump becomes more pro-
nounced and shifts toward higher frequencies compared
to the 420 rpm case, while peaking at a similar Strouhal
number, St;,, as shown in Figure 13(b).

Thermal detection

Thermal features from the single image. Subsurface defects
or damage potentially introduce air voids, resulting in a

locally reduced effective thermal conductivity com-
pared to the unaffected area. However, these subsur-
face or internal damage or defects may not significantly
change the aerodynamic noise, making them difficult
to identify using acroacoustic features alone. Figure 14
shows the instantaneous thermal images for both base-
line and delamination cases. In the experiment, the
blades were pre-heated for around 300 s. For the base-
line blade, a tripping zigzag strip was placed at 20% of
the chord on both the suction and pressure sides, which
appears as a clear line in the thermal image. The
regions corresponding to the internal shear webs



Zhang et al.

13

Baseline T[K]
309
—.20
»
B 40 s EEE - 308
=60
80 Trailing edge/ 307
50 100 150 200 250 300
= [px]
Internal delamination TIK] ‘o
o 20
240 308
= 60
80 306
50 100 150 200 250 300
z [px]

Figure 14. Thermal images for the baseline case and the case
with internal delamination. The dashed box indicates the
damaged location.

exhibit lower surface temperatures than the blade cav-
ity regions. This observation is consistent with the non-
rotating blade results, as the blade cavity restricts heat
dissipation, leading to greater temperature accumula-
tion at the surface. For the blade with internal delami-
nation, the tripping strips were moved close to the
leading edge to minimize their influence on visualizing
the internal shear webs. The damaged location exhibits
a clear thermal discontinuity due to the absence of
adhesive, where a lower surface temperature is
observed, highlighting the sensitivity of IRT to internal
delamination. This behavior in the temperature field is
inconsistent with the non-rotating case. This difference
can be attributed to the stronger flow convection effects
associated with blade rotation, which enhance heat dis-
sipation. As a result, the temperature at the damaged
location (the air void), which has a significantly lower
volumetric heat capacity, decreases more rapidly than
that in the intact regions.

PC thermography. To further enhance the visibility of
temperature features associated with internal structures
and defects, PCT is applied to the thermal image
sequences. In this study, 500 thermal images were used
for the PCT analysis. Figure 15 shows the first four
PCs for the baseline and internal delamination cases.
For the baseline case, the first three PCs clearly show
the internal shear webs (at 26.0% and 42.5% of the
chord length) together with the surface zigzag tripping
strip (at 20% chord), while the fourth PC shows only
the tripping strip. In contrast, for the internal delami-
nation case, discontinuities in the internal shear web
patterns are evident in PCs 2 and 3, indicating the pres-
ence of internal delamination.

The thermal images are reconstructed using only the
PCs associated with internal features to ensure consis-
tency with the analysis framework used for the non-
rotating blades discussed in the third section. Figure 16
shows the reconstructed instantaneous thermal images
for the baseline and internal delamination cases. For
the baseline blade, the reconstruction is performed
using PCs 1-3, whereas for the internal delamination
case, only PCs 2 and 3 are used. After reconstruction,
the thermal features associated with the internal struc-
tures become more pronounced than in the original
images shown in Figure 14. The internal delamination
is more clearly visualized, appearing as a higher-
temperature discontinuity at the damaged location.
This behavior is attributed to the reduced effective
thermal conductivity at the delaminated section, which
impedes heat transfer and leads to localized heat accu-
mulation, as discussed previously.

Figure 17 shows the temperature profiles and gradi-
ents sampled from the reconstructed temperature
fields for baseline and internal delamination cases at
different representative pixel locations. The window
size of the second-order regression was set to three
points due to a lower resolution compared to the veri-
fication tests when calculating the gradient. For the
baseline case along x =200, the zigzag tripping strip
close to the first shear web results in large temperature
variations, which obscure the identification of the
internal structural features. At the location of the sec-
ond shear web, the temperature profile exhibits a dis-
tinct valley accompanied by a zero crossing in the
temperature gradient, consistent with the results
reported in the third section.

For the internal delamination case, at the healthy
section near the shear web tips (x=150), the tempera-
ture profiles and gradients exhibit the typical thermal
features of the two internal shear webs: the tempera-
ture profiles show valleys of approximately —0.1 K
with zero gradient at the minima, while the effective
shear web width can be estimated from the region
between a valley and a peak in the gradient curve. At
the near-root section (x=250), a similar thermal pat-
tern is observed; however, the distinction between the
two shear webs becomes less pronounced, as the two
valleys tend to merge. This behavior is potentially due
to the formation of a laminar separation bubble in the
boundary layer under low Reynolds number condi-
tions close to the blade root over the shear web loca-
tions. The associated external thermal effects can hide
the thermal features of the internal structures.

At the internal delamination location (x=200), the
two shear webs remain identifiable but exhibit a
reduced temperature  contrast  (approximately
—0.06 K) compared to the same blade at the healthy
locations (x = 150 and x =250). The results demonstrate
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Figure 15. The first four PCs of PCT for the baseline case and the case with internal delamination. PC: principal component; PCT:
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Figure 16. The reconstructed thermal images for the baseline
case (using PCs 1-3) and the case with internal delamination
(using PCs 2 and 3). PC: principal component.

that thermal measurements, particularly when com-
bined with appropriate post-processing, can effectively
visualize internal structural features and detect internal
defects or damage.

Conclusions

This work experimentally investigated the feasibility of
aeroacoustic and IRT techniques for damage detection
in rotating wind turbine blades in the wind tunnel. Two
types of subsurface and internal damage, including
trailing edge crack and internal shear web delamina-
tion, were examined under controlled operating condi-
tions to evaluate the sensitivity and complementarity of
the two methods.

The aeroacoustic results demonstrate that subsur-
face edge damage, such as trailing edge cracks, induces
distinct aeroacoustic modifications. The crack-induced
tonal noise exhibits a clear dependence on trailing edge
thickness, which shows a peak at a trailing-edge-thick-
ness-based Strouhal number, St,, between 0.15 and
0.25, and can be effectively identified using spectral
analysis and beamforming techniques. However, the
internal defects do not necessarily generate observable
aerodynamic noise features, limiting the applicability
of aeroacoustics for detecting such damage. In practi-
cal wind turbine applications, mechanical noise from
the drivetrain can be isolated by using beamforming
and applying advanced spectral analysis techniques
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Figure 17. The temperature profiles and gradients of the reconstructed temperature fields for different cases at various
representative pixel locations: (a) baseline at x =200, (b) internal delamination at x = 150, (c) internal delamination at x =200
(damaged location), and (d) internal delamination at x =250. The blue dashed lines indicate the potential shear web locations, and

the orange areas are the estimated width of the shear web.

based on its different spectral characteristics compared
to aerodynamic noise sources.

IRT, on the other hand, shows strong sensitivity to
internal structural features through their influence on
heating and dissipation properties. Internal delamina-
tion introduces air voids with reduced effective thermal
conductivity and volumetric heat capacity, leading to
localized heat accumulation or dissipation and measur-
able surface temperature differences. The application
of PCT can enhance the visibility of internal shear webs
and delamination.

Combining aeroacoustics and IRT enables the detec-
tion of both subsurface damage at the blade edge and
internal structural defects. This mitigates the individual
limitations of each method, such as the insensitivity of
aeroacoustics to internal damage and the spatial resolu-
tion and motion-induced constraints of IRT for the
blade edge. The results suggest that a multi-technique
framework has the potential to provide a more compre-
hensive and robust strategy for wind turbine blade
damage detection.

Future work will focus on a deeper integration of
acoustic and thermal imaging data, such as data-level
or feature-level data fusion, and machine learning
algorithms within a unified framework, to further
enhance the effectiveness and reliability of the pro-
posed measurement methods for blade damage detec-
tion, achieving comprehensive and automatic fault
diagnosis.

In contrast to a wind tunnel, the inflow in a wind
farm is typically unsteady and turbulent, which creates
additional noise sources, for example, leading edge
noise. Solar heating on the blade is generally stronger
and more uniformly distributed than artificial heating,
leading to a more pronounced thermal contrast
between healthy and damaged regions. However,
defects located at varying depths may be difficult to
detect based on thermal variations observed on the
blade surface. The proposed approach will be further
validated in more complex operational scenarios using
measurements on real-world megawatt-scale wind
turbines.
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