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ABSTRACT

An experimental investigation is carried out to characterize the physical mechanisms by which a trailing-edge crack, idealized as a rectangular
cavity to represent delamination damage, affects boundary layer development, coherent vortex shedding, and far-field noise of a National
Advisory Committee for Aeronautics 0018 airfoil. Both clean and turbulent inflow conditions are considered to isolate the role of inflow dis-
turbance in modifying these mechanisms. The primary objective is to gain insight into how a geometrical discontinuity at the trailing edge
alters the coupled aerodynamic and aeroacoustic behavior. Far-field acoustic measurements and near-wake velocity field data are obtained in
the anechoic wind tunnel at Delft University of Technology. Acoustic data from a phased microphone array (from prior work) are combined
with new velocity field measurements using particle image velocimetry. The results reveal that increasing crack size leads to enhanced near-
wall velocity gradients and stronger coherent vortex shedding, resulting in higher tonal noise levels, particularly at higher frequencies.
Normalized tonal frequencies agree with the empirical prediction model of Brooks, Pope, and Marcolini for blunt trailing-edge noise, affirm-
ing the relevance of this model even in the presence of geometric imperfections. Under turbulent inflow, the coherent structure scale dimin-
ishes slightly, and the tonal frequency increases in the trailing-edge noise spectrum, indicating that inflow turbulence modifies the vortex
shedding dynamics and should be accounted for in predictive models. This study is a first step toward understanding and modeling trailing-
edge noise in the presence of structural damage, under varying flow conditions.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0299883

I. INTRODUCTION

In recent years, wind energy has established itself an important
contributor in the transition to renewable electricity generation,
attracting increasing interest from both industry and academia.1,2

However, wind turbine blades are frequently subjected to damage,
which deteriorates their aerodynamic performance3 and, in severe
cases, leads to full system failure.4 Therefore, effective blade health
condition monitoring and damage detection have become increas-
ingly important to maintain reliable power output and safe operation
of wind turbines. Continuous monitoring can be helpful in assessing
the severity of damage and predicting its development. Established
techniques for blade damage detection generally rely on measure-
ments of vibration,5,6 strain,7 or acoustic emission (AE).8 These tech-
niques adopt one or multiple sensors mounted on or in the blade
requiring cumbersome retrofitting for wind turbines that are already

operational. For this reason, non-contact approaches are being
developed, such as infrared thermography9 and laser scanning
techniques.10

Wind turbine noise has been a crucial issue to be mitigated to
meet installation regulations and social acceptance,11 in particular for
onshore wind farms. Since aerodynamic noise from a wind turbine is
one of the most important noise sources, many studies have been con-
ducted to reduce it by adjusting the geometry of the airfoils,12–14 add-
ing serrations,15,16 or adopting porous materials.17–20 These techniques
are standard approaches for noise reduction, on which some bench-
mark studies have focused.21,22 These studies have inspired a new
application of aeroacoustics for wind turbine blade damage detection
using microphones in the far-field.23–26 The working principle is
based upon the modifications to the flow field that surface damage
causes, which in turn affect aerodynamically generated noise.25,27,28
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The aeroacoustics-based approach potentially enables real-time, pas-
sive monitoring of rotating wind turbine blades without requiring tur-
bine shutdowns or complex instrumentation, offering a simpler and
more cost-effective alternative complementing traditional methods like
laser-based29 or thermal imaging30,31 for more comprehensive damage
assessment.

Previous studies by the authors25,26 proved that, under some cir-
cumstances, measurements of aerodynamic noise can provide useful
information for blade damage detection. For example, in the presence
of leading-edge erosion, it has been found that the leading-edge
impingement noise has lower high-frequency spectral content with
respect to that measured for a baseline reference airfoil. This was
attributed to a larger stagnation region14,32 formed in front of the
eroded leading edge and to a consequent reduction in the magnitude
of the surface pressure fluctuations at the leading edge.27 It was further
observed that the difference in the spectral peak sound pressure level
between the baseline airfoil and one with an eroded leading edge,
DLp ¼ Lp;Baseline � Lp;Erosion, occurs at a chord-length-based Strouhal
number StC � 10. Moreover, the amplitude of DLp increases as the
size of the damage increases.

By contrast, when a crack appears at the trailing edge, this results
in an effectively thicker trailing edge that can cause blunt trailing-edge
noise. It is known from the literature that, when the trailing-edge
thickness, h, is approximately larger than 0.3 times the boundary layer
displacement thickness, d�, periodic vortex shedding appears causing
tonal noise.33–35 The frequency and amplitude of the tonal peaks
depend on the ratio of trailing edge to boundary layer displacement
thickness, h=d�, and it usually appears at trailing-edge-thickness-based
Strouhal number Sth � 0:1.36 In the authors’ previous work,25 it was
investigated how the trailing-edge crack and the operational conditions
affect the trailing-edge noise spectra, in particular the crack-induced
tones.

While the authors’ previous work25 provided a detailed acoustic
characterization of the noise generated by a cracked trailing edge, it
did not investigate the underlying aerodynamic mechanisms responsi-
ble for the observed changes in the noise spectra, due to the absence of
flow field measurements. As a result, a fundamental understanding of
how trailing-edge damage and varying inflow conditions influence key
flow features, such as local velocity gradients, turbulent boundary layer
development, and coherent vortex shedding, is still lacking. These
aerodynamic features are known to directly affect tonal noise genera-
tion.37,38 Gaining such insight is essential to assess whether semi-
empirical models for blunt trailing-edge noise36 remain valid in the
presence of structural damage at the trailing edge, and whether their
predictive accuracy holds under both uniform and turbulent inflow
conditions.

This investigation is motivated by the acoustic observation
in the authors’ prior work that, when inflow turbulence is intro-
duced, the crack-induced tonal peak shifts to a higher trailing-edge-
thickness-based Strouhal number, Sth;peak.

25 This behavior contrasts
with established findings in the literature, which report that turbu-
lent free-stream conditions lead to earlier boundary layer transition,
faster downstream development, and increased boundary layer
thickness.39–42 According to semi-empirical models developed for
clean inflow conditions,36 an increase in boundary layer thickness
would typically reduce the Strouhal number associated with blunt
trailing-edge noise. Therefore, the upward frequency shift observed

under turbulent inflow in the authors’ previous acoustic study
appears inconsistent with existing predictive models, revealing a gap
in understanding how inflow turbulence interacts with trailing-edge
damage to modify flow-induced tonal noise.

This inconsistency points to the need for a better understanding
of how a cracked trailing edge alters flow mechanisms, particularly
under turbulent conditions. Several studies have investigated the effect
of free-stream turbulence on trailing-edge noise through measurements
of boundary layer integral parameters and surface pressure fluctuations
and of far-field acoustic spectra.43,44 Findings suggested that the free-
stream turbulence affects the turbulent structures within the boundary
layers and their coherence even at high frequencies, thus changing the
trailing-edge noise spectra.45,46 Prior fundamental studies on vortex
shedding from cylinders47–49 have shown that free-stream turbulence
disrupts the formation and coherence of large-scale wake vortices,
resulting in smaller, fragmented structures and a shift of the wake
energy spectrum toward higher frequencies with broader spectral con-
tent. These effects have been attributed to the destabilization of shear
layers and accelerated vortex breakdown. While these insights align
qualitatively with the acoustic trends observed in the authors’ earlier
work, they do not directly address whether similar mechanisms govern
vortex formation and evolution behind a cracked (blunt) trailing edge.

The present study addresses this gap by examining how a simpli-
fied rectangular trailing-edge crack, intended to mimic delamination
damage,50 modifies the near-wall velocity gradients and coherent vor-
tex structures in the near wake, under both clean and turbulent inflow
conditions. By linking these aerodynamic changes to corresponding
acoustic measurements, the study aims to build foundational knowl-
edge necessary to assess the applicability and limitations of existing
semi-empirical models for crack size estimation in turbulent inflow
environments.36

To this end, the present study extends previous acoustic investi-
gations by incorporating detailed flow field measurements to
uncover the aerodynamic mechanisms underlying the observed
tonal noise behavior. While earlier work focused on far-field noise
characterization using a phased microphone array in combination
with beamforming techniques,51,52 the current study complements
these findings with velocity field measurements near the trailing
edge and in the near wake of a National Advisory Committee for
Aeronautics (NACA) 0018 airfoil featuring various crack sizes.
These measurements are performed under both clean and turbulent
inflow conditions using particle image velocimetry (PIV).53,54 To
further investigate vortex shedding dynamics, proper orthogonal
decomposition (POD) is applied to the PIV data to extract the domi-
nant coherent structures.53,54 Finally, the experimental results are
evaluated against predictions from the Brooks–Pope–Marcolini
(BPM) semi-empirical model for trailing-edge noise,36 to assess its
validity in the presence of structural damage and under varying
inflow conditions.

The rest of the paper is organized as follows: Sec. II presents the
experimental setup and the methodologies used for post-processing
both the acoustic and aerodynamic measurements. In Sec. III, the
experimental results and the relationship between the acoustic and
aerodynamic data are reported and the interpretation of the change
of the crack-induced tone is also discussed. Section IV summarizes
the findings of this study and provides recommendations for the
next steps.
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II. EXPERIMENTAL SETUP AND METHODOLOGY
A. Facilities and test models

The experiments were carried out in the anechoic vertical open-
jet wind tunnel (A-tunnel) of the Delft University of Technology,55

shown in Fig. 1, where the turbulence intensity of the clean inflow is
less than 0.1%. Absorbent foam wedges, with a height of 0.49m, are
placed on the walls of the test room; the acoustic cutoff frequency is
173.5Hz; the A-weighted overall background noise levels vary from 35
to 64 dBA as the free-stream velocity increases from 10m/s to 40m/s.
Additional details on the wind tunnel characteristics can be found in
Ref. 55. To mimic the turbulent inflow conditions, a grid was designed
and mounted on the nozzle of the wind tunnel providing a turbulent
inflow with a turbulence intensity level of I ¼ 4:0% and an integral
length scale of Kf ¼ 7:9 mm. A detailed characterization of the inflow
turbulence can be found in Ref. 25.

A NACA 0018 airfoil with a chord length of C ¼ 200 mm and a
span of L ¼ 400 mm was tested, where the leading edge was placed at
a height of 0.3m with respect to the wind tunnel nozzle. The trailing
edge of the airfoil is changeable, which allows the testing of different
trailing-edge configurations with different crack sizes. Each crack was
designed as a rectangular gap with a given width, W, and depth,
D ¼ 1:5W. The dimensions of the trailing-edge cracks investigated
are reported in Table I. Consequently, the thickness of the trailing
edge, h, is equal to hBaseline þW (where hBaseline is the trailing-edge
thickness of the baseline). Figure 2 shows the baseline airfoil and an
example of the trailing edge with a crack width of 0.2mm. Due to the
nature of the open test section of the wind tunnel, the effective angle of
attack, a�, is lower than the geometrical one, a; more specifically,
a�=a ¼ 0:48.25

The tests were carried out at mean inflow velocities equal to
U1 ¼ 15, 20, 25, 30, and 35m/s, which correspond to the chord-
length-based Reynolds numbers of ReC ¼ 2:0� 105, 2:7� 105, 3:4
�105, 4:1� 105, and 4:7� 105, respectively. Due to the low Reynolds
number conditions, the flow was forced to transition using carborun-
dum tape at 20% of the chord location on both the suction and
pressure sides. The average carborundum roughness element size was
0.84mm.

B. Acoustic measurements

Noise measurements were conducted using a 2-D planar micro-
phone array with 64G.R.A.S. 40PH free-field microphones, as shown
in Fig. 1. The microphone array was placed at 1m from the airfoil trail-
ing edge. The sampling frequency of each microphone is 51.2 kHz, and
the signal was recorded for 20 s for each case. The signal was separated
into chunks with 5120 samples (Dt ¼ 0:1 s) for each Fourier trans-
form (with a Hanning weighting function and 50% data overlap), and
the spectrum was averaged over all chunks. The final spectral resolu-
tion is equal to 10Hz. Conventional frequency-domain beamform-
ing51,52 was then carried out on the plane where the trailing edge is
located. In this study, the trailing-edge noise is of interest; therefore,
the source power integration56 was performed on a 0:2m� 0:2m
square area centered at the mid-span of the trailing edge. The detailed
setup for the acoustic measurements was reported in Ref. 25.

The sound pressure level (SPL, Lp ¼ 10 log p02

p2ref

� �
, where p0 and

pref are the root mean square of sound pressure fluctuations and refer-
ence pressure of 20 lPa for air, respectively) is used as the metric for
the far-field noise spectra. In this study, the measured Lp of trailing-
edge noise was obtained from the beamforming and the source power
integration. The measured sound pressure levels of the airfoil trailing-
edge noise are more than 10dB above the background noise within the
frequency bands 500–2000 and 500–1500Hz for the clean and turbu-
lent inflow conditions, respectively.25

The relative sound pressure level, DLp, is used to compare the
sound pressure level resulting from the cracked cases with that from
the baseline and is defined as

FIG. 1. Experimental setup.

TABLE I. The dimensions of the cracked trailing edges.

Trailing edge No. 0 (Baseline) 1 2 3 4

W (mm) 0 0.20 0.50 1.00 2.00
h (mm) 0.76 0.96 1.26 1.76 2.76
W/C (%) 0 0.10 0.25 0.50 1.00
h/C (%) 0.38 0.48 0.63 0.88 1.38
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DLp ¼ Lp � Lp;Baseline: (1)

The frequency, f , is nondimensionalized by trailing-edge-thick-
ness-based Strouhal number, i.e., Sth ¼ fh

U1
, where U1 is the inflow

mean velocity. In order to estimate the frequency of the tonal peak of
DLp, an analytical curve of the form

DL0p ¼ Ae
�
Sth�St0h;peak

�2

þ Boffset (2)

is used, where DL0p denotes the best fit to the values of DLp; St
0
h;peak the

estimated location of the tonal peak; and A and Boffset are the fitting
coefficients determining the amplitude and offset of the curve. Figure 3
shows examples of the fit for the W ¼ 2:0 mm case with both clean
and turbulent (I ¼ 4:0%) inflow conditions.

C. Velocity field measurements

The measurements of the velocity fields near the trailing edge and
in the near wake were performed using PIV. The setup for PIV mea-
surements is shown in Fig. 1. The seeding particles were produced by
the SAFEX Twin-Fog Double Power fog generator, which provided a
mean droplet diameter of 1lm (it is integrated into the wind tunnel
and not shown in Fig. 1). An EverGreen 200 laser was used as the light
source. It provided a dual-pulsed beam of 532 nm wavelength with a

maximum pulse frequency of 15Hz and a maximum pulse energy of
200 mJ. The pulse frequency was set to 10Hz, and the energy was set
to 55% of the maximum. The laser beam was turned into a 2-mm-
thick sheet by three lenses.

Two LaVision sCMOS cameras were used to record particle
images. One was used to measure the velocity field and the boundary
layer near the trailing edge, while the other was used to measure the
near-wake velocity field. Each camera has a sensor with a size of
2560� 2160 pixels and the pixel pitch of 6.5lm. A Nikon NIKKOR
prime lens with a focal length f 0 ¼ 200 mm was mounted on each
camera. The focus plane was adjusted to the middle span of the air-
foil, which was illuminated by the laser sheet. The aperture was set
to f 0=8:0, which provided the proper depth of field for this experi-
ment. The field of view for each camera is approximately
32� 27mm. The two fields of view are shown in Fig. 4. A right-
hand xoy coordinate system was established at the middle span of
the trailing edge. Since the trailing-edge surface varies for different
crack sizes, an offset wall-normal coordinate system x0o0y0 was

FIG. 2. The test airfoil: (a) baseline (a
trailing edge insert without a crack) and
(b) an example of a trailing edge insert
with a 0.2 mm crack.

FIG. 3. The measured spectra and the fitted curves of DLp for W¼ 2.0 mm case at
zero angle of attack and 35m/s inflow velocity for clean and turbulent inflow
conditions. FIG. 4. Fields of view for the two cameras and the reference coordinate systems.
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adopted to plot the boundary layer profiles, as shown in Fig. 4. The
exposure time for each frame was 10 ls and the double shutter time
was configured differently, which leads to approximately the same
particle displacement in the free stream of 210lm (16.8 pixels) for
different inflow velocities; statistics were computed by recording 300
pairs of images.

The velocity field calculation was carried out using the software
LaVision DaVis 10.2. To mitigate the effect of spurious reflections
due to the airfoil solid wall, a background image, calculated by aver-
aging all images, was subtracted from the raw images. A geometric
mask for the airfoil and the laser shadow regions was added to
remove the effects of reflections on the cross-correlation. A standard
multi-pass 2D cross-correlation algorithm was performed for the
vector calculation. Two initial passes and two final passes were
applied with deformable windows; the sizes of the windows are
128� 128 pixels and 24� 24 pixels, respectively, and the window
overlaps are 50% and 75%, respectively. This provides a spatial
resolution of 0.3mm and a vector spacing of 0.075mm. The uncer-
tainty of the mean velocity is estimated as eU ¼ rU=

ffiffiffiffi
N

p
and the

uncertainty of the root mean square velocity is estimated as eu0

¼ rU=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðN � 1Þp

,57 where rU is the maximum magnitude of the
velocity fluctuations normalized by the inflow velocity (rU ¼ 20% in
the boundary layer in this study), and N is the number of paired
snapshots (N ¼ 300 in this study). This yields an uncertainty of the
mean velocity and root mean square velocity of 1.15% and 0.82%,
respectively.

III. RESULTS AND DISCUSSION
A. Velocity field near the trailing edge

Figure 5 shows the mean flow velocity field near the trailing edge
for the different damage cases for both clean and turbulent (I ¼ 4:0%)
inflow conditions and the airfoil set at zero angle of attack. For the
clean inflow condition (top row in Fig. 5), the contour lines of the
velocity magnitude, U , normalized by the free-stream velocity, U1,
show that near the trailing edge, when increasing the size of the dam-
age, the boundary layer is affected because of a different pressure gradi-
ent imposed by the variation in the geometry. For example, the space
between the trailing-edge surface and the 0:4U1 contour line
decreases as the damage size increases, which indicates that the velocity
gradient near the surface is larger when the damage is larger. A similar
trend of the velocity gradient can be observed near the airfoil surface
when the inflow is turbulent, as shown in the bottom row in Fig. 5.

1. Boundary layer profile of the mean velocity

The vortex shedding from a bluff body is affected by the velocity
gradient of the boundary layer close to the location where the vortices
are shed from the body.37,38 Figure 6 shows the boundary layer profiles
of velocity magnitude, U , sampled along the y0-axis, shown in the
x0o0y0 reference system in Fig. 4, at the trailing edge for all the cases
investigated, where the velocity is normalized by the boundary layer
edge velocity, Ue. Figure 7 shows the corresponding velocity gradients,
where the y0 axis is normalized by the boundary layer thickness d. In

FIG. 5. Mean velocity field near the trailing-edge surface for different crack sizes with clean and turbulent inflows: (a)–(e) for clean inflow cases and (f)–(j) for turbulent inflow
cases. The white blocks are half sections of the trailing edge and the shaded regions are the shadow areas of the laser.
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the present work, the boundary layer thickness is defined as the point
where the velocity within the boundary layer reaches 95% of Ue, i.e.,
d ¼ d95. To mitigate the impact of numerical differentiation, when
directly calculating the gradient, a second-order regression with a win-
dow size of five points is applied to the velocity fields to calculate the
derivative. In the figures, the markers indicate the data points at ten
times the spacing of the original resolution, i.e., 0.75mm, for clarity.
The airfoil is tripped so the boundary layer is turbulent for all the cases.
The figures confirm the qualitative observations reported previously:
the velocity gradient within the inner region in the y0-axis direction
increases with the increasing size of the damage. This is found for both
inflow conditions. However, for the turbulent inflow cases, the velocity
profile slopes (@y0=@U , reciprocal of gradient) at the boundary layer
edge region for the baseline and W ¼ 2:0 mm cases are smaller than
the W ¼ 0:2, 0.5, and 1.0mm ones, which is also reflected in the gra-
dient plots showing slightly larger values at the boundary layer edge.

Since the boundary layer data at the very near-wall region are not
available, to quantify the boundary layer properties, the Clauser plot
method20,57,58 is employed. The turbulent boundary layer within the
logarithmic region can be fitted as

Uþ ¼ 1
j
ln yþ þ B; (3)

where j ¼ 0:41 is the von K�arm�an constant and B ¼ 5 as suggested
in Refs. 57, 59, and 60. Uþ ¼ U=Us and yþ ¼ y0Us=� are the nondi-
mensional velocity and distance in the y0-axis direction relative to the
wall (wall-normal), respectively, where Us is the friction velocity and �
is the kinematic viscosity. By introducing the skin friction coefficient,
Cf , where

Us

Ue
¼

ffiffiffiffiffiffiffiffi
1
2Cf

s
; (4)

and substituting it into Eq. (3), there is only one unknown variable
Cf that needs to be determined by fitting the log-law using boundary
layer data within the logarithmic region, as shown in Fig. 8 for both
the clean and turbulent inflow cases. In this study, data are selected
within the range 30 < yþ < 100 for fitting to avoid the influence of
near-wall unreliable measurements and outer-layer turbulence and
wake effects. Within this range, the data points exhibit an approxi-
mately linear trend in a logarithmic-scale plot, corresponding to the
best agreement with the log-law region of the boundary layer.
Retrieving Us, the boundary layer profile at the near-wall region (vis-
cous sublayer) becomes

Uþ ¼ yþ: (5)

It should be noted that the fitting is performed under the zero-
pressure-gradient (ZPG) assumption. However, for airfoil flows, pres-
sure gradients are typically present, though they are usually weak at
low angles of attack. As a result, the wall shear layer parameters may
be slightly influenced by these unaccounted pressure gradients.

The friction coefficients, Cf , and friction velocities, Us, together
with their ratios to the baseline (subscript 0) for the above cases inves-
tigated are presented in Table II. The obtained Cf and Us of the base-
line case agree with the ones in previous studies.16,20 For the clean
inflows, as the crack size increases, the friction coefficient, Cf , and fric-
tion velocity, Us, increase as well. This indicates that in the near-wall
region, a greater trailing-edge crack size also leads to a larger velocity

FIG. 6. Velocity profiles at the trailing
edge for different crack sizes for (a) clean
inflow and (b) turbulent inflow (I¼ 4%)
conditions.

FIG. 7. Velocity gradient at the trailing
edge for different crack sizes for (a) clean
inflow and (b) turbulent inflow (I¼ 4%)
conditions.
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gradient. Similarly to the clean inflow cases, when the turbulent inflow
is investigated, both the friction coefficient, Cf , and friction velocity,
Us, tend to be greater but the differences between the smaller crack
cases are not significant. For a given trailing-edge geometry, the skin
friction coefficient and skin friction velocity are weakly affected by the
presence of the turbulent inflow. Similar findings have been reported
in the literature; the insignificance of these variations was attributed to
the low turbulence intensity and small integral length scale of the free-
stream turbulence.39,42

Figures 9 and 10 show the mean velocity profiles and gradients
for the baseline airfoil and the ones with a crack of W ¼ 2:0mm for
clean inflow conditions at different free-stream velocities. With the
increase in inflow velocity, for both baseline and cracked cases, the dif-
ferences in velocity profiles are mainly observed in the inner region.
The velocity gradient in this region is greater as the inflow velocity

increases. This agrees with the trend of boundary development on a
flat plate or in a pipe by increasing the Reynolds number.61 Similarly,
by comparing the cracked cases to the baseline for all the tested veloci-
ties, it is found that the cracks lead to a greater velocity gradient within
the inner region of the boundary layer, which agrees with the results
discussed earlier in this paper. Figures 11 and 12 show the same cases
for the turbulent inflow condition, demonstrating that the cracks lead
to similar changes in the boundary layer velocity gradient. However,
by changing the inflow conditions, as shown in Figs. 9 and 11, the
velocity gradient at the boundary layer edge is greater for the turbulent
condition, as the slopes of the velocity profiles in the region near the
boundary layer edge are smaller than those tested with clean inflow.
This suggests that the inflow turbulence strongly affects the boundary
layer at the outer region. Similar results were also found in previous
works.62–64

FIG. 8. The nondimensional velocity pro-
files at the trailing edge for different dam-
age cases for (a) clean inflow and (b)
turbulent inflow (I¼ 4%) conditions.

TABLE II. Skin friction coefficient, Cf , and the friction velocity, Us, obtained by applying Clauser’s method.

Crack size, W (mm)

Clean inflow I¼ 4.0%

Cf ð�10�3Þ Cf =Cf ;0 Us (m/s) Us=Us;0 Cf ð�10�3Þ Cf =Cf ;0 Us (m/s) Us=Us;0

0 (Baseline) 1.4 1.000 0.887 1.000 1.6 1.000 0.960 1.000
0.2 1.5 1.071 0.918 1.035 1.6 1.000 0.940 0.979
0.5 1.5 1.071 0.944 1.064 1.5 0.938 0.917 0.955
1.0 1.7 1.214 0.977 1.102 1.9 1.188 1.024 1.067
2.0 2.0 1.429 1.068 1.204 2.0 1.250 1.058 1.102

FIG. 9. Velocity profiles at the trailing edge
for clean inflows of different mean veloci-
ties: (a) baseline and (b)W¼ 2.0mm.
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Figures 13 and 14 show the mean velocity profiles and gradients
of the baseline andW ¼ 2:0 mm cases at angles of attack of 0� and 5�

for the clean inflow condition. On the suction side, as the angle of
attack increases, the velocity gradient becomes smaller in the inner
region of the boundary layer, where the slope of the velocity profile is
greater, for both the baseline and damaged cases; this agrees with the
results of previous studies in the literature.65 As the crack is present,
for both angles of attack, the velocity gradient on the suction side
becomes slightly greater compared with the baseline case. On the pres-
sure side, the increase in the angle of attack leads to a greater velocity
gradient near the wall for both the baseline and cracked cases; how-
ever, as the angle of attack increases, the differences in the boundary
layer between the baseline and the cracked case become less significant.
Figures 15 and 16 show the same cases for the turbulent inflow condi-
tion, where similar results can be observed. The differences happen at

the edge of the boundary layer, where for the turbulent inflow cases,
the slopes of the boundary layer profiles become smaller indicating
greater velocity gradients compared with the same cases for the clean
inflow.

Previous results at zero angle of attack indicated that both
surface geometry and inflow turbulence influence the boundary
layer development and its velocity profile. As the angle of attack
increases, the boundary layer on the suction side visibly thickens,
while it thins on the pressure side, as shown in Figs. 13 and 15.
To further examine the influence of the crack and inflow turbulence
on the boundary layer, both for the baseline and W ¼ 2:0 mm
cracked configurations, the nondimensional velocity profiles on the
suction and pressure sides are shown in Figs. 17 and 18, with corre-
sponding skin friction coefficients, Cf , and friction velocities, Us,
listed in Table III.

FIG. 10. Velocity gradients at the trailing
edge for clean inflows of different mean
velocities: (a) baseline and (b)
W¼ 2.0 mm.

FIG. 11. Velocity profiles at the trailing
edge for turbulent inflows of different
mean velocities: (a) baseline and (b)
W¼ 2.0 mm.

FIG. 12. Velocity gradients at the trailing
edge for turbulent inflows of different
mean velocities: (a) baseline and (b)
W¼ 2.0 mm.
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FIG. 14. Velocity gradients at the trailing
edge of the clean inflow condition for dif-
ferent angles of attack: (a) on the suction
side and (b) on the pressure side.

FIG. 15. Velocity profiles at the trailing
edge of the turbulent inflow condition
(I¼ 4.0%) for different angles of attack:
(a) on the suction side and (b) on the
pressure side.

FIG. 16. Velocity gradients at the trailing
edge of the turbulent inflow condition
(I¼ 4.0%) for different angles of attack:
(a) on the suction side and (b) on the
pressure side.

FIG. 13. Velocity profiles at the trailing
edge of the clean inflow condition for dif-
ferent angles of attack: (a) on the suction
side and (b) on the pressure side.
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For the baseline case at a ¼ 5�, only minor differences in Cf and
Us are observed between the clean and turbulent inflows on both sides.
However, on the suction side, both Cf and Us are lower than those for
the same configuration at zero angle of attack. In contrast, for the case
with a W ¼ 2:0 mm trailing-edge crack, as shown in Figs. 13 and 15,
the altered geometry shows a thinner boundary layer near the trailing
edge for both clean and turbulent inflow cases and both Cf and Us

increase with respect to the baseline case. Notably, unlike the zero
angle-of-attack case, the presence of inflow turbulence in the 2.0mm
cracked configuration further increases Cf and Us. On the pressure
side, both Cf and Us show an overall increase for the baseline and
cracked configurations when compared to the zero angle-of-attack
cases; for the 2.0mm crack case in particular, Cf and Us increase in
the presence of inflow turbulence, which is consistent with the behav-
ior observed on the suction side.

2. Boundary layer thickness and displacement
thickness

Figure 19 shows the boundary layer thickness, d, and displace-
ment thickness, d�, at the trailing edge for the cases with different
crack sizes and the corresponding ratios normalized by the baseline
configuration. The displacement thickness is defined as d� ¼ Ð d

0 ð1�Uðy0Þ=UeÞdy0. When the inflow is clean, both the boundary layer
thickness and displacement thickness tend to decrease as the crack size
increases. This is because the crack results in an increase in the velocity
gradient of the boundary layer at the trailing edge, and as the size of
the crack increases, the velocity gradient becomes greater. When the
turbulent inflow is introduced, both the boundary layer thickness and
displacement thickness tend to be thicker compared with those for
the clean inflow condition. For the damaged cases with smaller cracks

FIG. 17. The nondimensional velocity pro-
files at the trailing edge on the suction
side for (a) clean inflow and (b) turbulent
inflow (I¼ 4%) conditions.

FIG. 18. The nondimensional velocity pro-
files at the trailing edge on the pressure
side for (a) clean inflow and (b) turbulent
inflow (I¼ 4%) conditions.

TABLE III. Skin friction coefficient, Cf , and the friction velocity, Us, for cases at a ¼ 5�.

Crack size, W (mm)

Clean inflow I¼ 4.0 %

Cf ð�10�3Þ Cf =Cf ;0 Us (m/s) Us=Us;0 Cf ð�10�3Þ Cf =Cf ;0 Us (m/s) Us=Us;0

Suction side
0 (Baseline) 0.65 1.000 0.614 1.000 0.59 1.000 0.572 1.000
2.0 1.1 1.692 0.805 1.311 1.7 2.881 0.961 1.680
Pressure side
0 (Baseline) 1.9 1.000 1.059 1.000 1.9 1.000 1.001 1.000
2.0 2.2 1.158 1.146 1.082 2.6 1.368 1.200 1.199

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 105145 (2025); doi: 10.1063/5.0299883 37, 105145-10

VC Author(s) 2025

 11 N
ovem

ber 2025 16:46:49

pubs.aip.org/aip/phf


(W ¼ 0:2, 0.5, and 1.0mm), a decay trend can be seen both for the
boundary layer thickness and displacement thickness. However, for
the 2.0mm crack case, an increasing trend is presented for both
boundary layer thickness and displacement thickness. This mainly
results from a lower slope of the velocity profile for the 2.0mm crack
case near the boundary layer edge where the velocity recovers to the
free-stream velocity more slowly compared to the other cracked cases,
as shown in Fig. 6(b).

Varying the inflow velocity (as well as the chord-length-based
Reynolds number), as shown in Fig. 20 for the crack where
W¼ 2.0mm, both boundary layer thickness and displacement thick-
ness become thinner as the inflow velocity increases. For the turbulent
inflow condition, both the boundary layer and displacement thickness
become slightly thicker than the clean inflow ones. This is attributed to
greater gradients (with smaller slopes of velocity profiles) near the edge
of the boundary layer when the inflow is turbulent, thus making a
greater integral area below the velocity profile for the calculation of dis-
placement thickness, as discussed previously when comparing Figs. 9
and 11. For both clean and turbulent inflow conditions, the measured
boundary layer thickness or displacement thickness decays with the
�1/5th power law of the chord-length-based Reynolds number, which
agrees with the trends of turbulent boundary layer thickness or dis-
placement thickness for a flat plate as the Reynolds number
increases.66 Although the same power law applies and the boundary
layer thickness ratio, d=d0, normalized with the baseline shows only a
slight difference between clean and turbulent inflow conditions
(0.85–0.89), as shown in Figs. 15(c) and 15(d), the displacement thick-
ness ratio, d�=d�0, exhibits a more noticeable difference, increasing
from approximately 0.8 under clean inflow to 0.85–0.90 under turbu-
lent inflow.

B. Velocity field of the near wake

In Sec. III A, the boundary layer properties in the presence of
cracks and inflow turbulence were discussed. However, it is still not
clear how the induced changes in boundary layers and inflow condi-
tions alter the coherent vortex shedding in the near wake, which is
directly associated with the tones in the trailing-edge noise. Therefore,
to analyze the relevant coherent vortex shedding and eventually inter-
pret the physics of the noise changes, proper orthogonal decomposi-
tion (POD)53,54 is performed in the near wake to filter the dominant
coherent vortex structures. For a description of the POD approach
adopted, the reader can refer to Refs. 53 and 54.

Figure 21 shows the energy distribution of POD modes, /v , for
the vertical component of the velocity, v, for the crack sizes equal to 1.0
and 2.0mm with both clean and turbulent inflows. The energy of each
i-th POD mode, ki, is scaled by the total energy of all modes. When the
inflow is clean, both for the 1.0mm and the 2.0mm cracks, the energy
of the first two modes is close, after which a clear step change appears
in the higher-order modes. This indicates that the first two modes
might be associated with strong coherent vortex structures in the near
wake.54 As the damage level increases, the energy of the first two modes
increases which suggests that the contribution of coherent vortex struc-
tures to the total fluctuations in the near wake is greater.67,68 When the
inflow is turbulent, for the 2.0mm crack, the difference in the energy
between the first two modes becomes larger compared to the clean
inflow case and the step change of the energy distribution is not evident.
To verify whether the first two modes for this case are associated with
the same coherent vortex shedding, an analysis for the spatial distribu-
tion of the vortex structures in the first two modes is conducted subse-
quently, as suggested in the Refs. 67 and 69.

FIG. 19. Boundary layer thickness and
displacement thickness at the trailing
edge for different crack sizes for 35 m/s
inflow and zero angle-of-attack condition:
(a) boundary layer thickness; (b) displace-
ment thickness; (c) and (d) the corre-
sponding normalized values with the
baseline.
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Figure 22 shows the first two PODmodes for the same cases men-
tioned above. The x axis and y axis are scaled with the trailing-edge
thickness, which allows a comparison of the relative size of the vortices.
For all the cases, it is observed that there is a difference between the
locations of the vortex structure cores in the first mode and second
mode, with the latter being located at a distance of approximately 1/4 of
the length of the vortex structures downstream.54,67,68,70,71 This con-
firms that the first two modes are linked to the same coherent vortex
shedding. Comparing the 1.0mm crack case with the 2.0mm crack
case for the clean inflow condition, it can be observed that the vortex

structures are stronger for the latter case, as expected, because a thicker
trailing edge leads to a greater velocity gradient discussed in Sec. IIIA1.
For the turbulent inflow condition, the shapes of the first two modes
look like the ones for the clean inflow condition but the strength and
size of the vortex structures appear to be slightly lower. This agrees with
the findings in the previous work on the vortex shedding from a cylin-
der in the presence of free-stream turbulence.47–49 Therefore, despite
the absence of a step-like energy distribution, the POD modes seem to
be representative of coherent vortex shedding also in this case. The rea-
sons for such a discrepancy in the mode energy distribution are not yet
clear and will require further analysis.

Figure 23(a) shows the energy distribution of the PODmodes for
the 2.0mm crack case at an angle of attack of a ¼ 5� (a� ¼ 2:4�) and
the clean inflow condition. In contrast to the case at zero angle of
attack, the energy of the first mode is much larger than the second
mode and the step change is more visible after modes 2 and 3. The
energies of the second and third modes are close, and these two
modes seem to be paired, thus hinting at coherent vortex shedding,
while the first mode might indicate non-periodic large-scale structures
shed because of localized flow separation near the trailing edge.
Figures 23(b)–23(d) show the first three POD modes. The second and
third modes show similar characteristics to the ones of the first two
modes for the zero angle-of-attack case: the cores of the vortex struc-
tures in the second mode shift 1/4 of the length of the vortex structures
downstream, which confirms that these two modes are associated with
the same coherent vortex structures in the near wake.

Figure 24 shows the root mean square velocity fluctuations in the
near wake reconstructed by the paired modes for the cases discussed
above, which indicates the intensity of the coherent vortex structures

FIG. 21. The energy distribution of the POD modes for 1.0 mm crack and 2.0 mm
crack cases for different inflow conditions.

FIG. 20. Boundary layer thickness and
displacement thickness at the trailing
edge with W¼ 2.0 mm for different inflow
velocities and zero angle-of-attack condi-
tions: (a) boundary layer thickness; (b)
displacement thickness; (c) and (d) the
corresponding normalized values with the
baseline against chord-length-based
Reynolds number.
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in the near wake. As the crack increases to 2.0mm, the strength of the
coherent vortex structures increases significantly, which is reasonable
because a greater velocity gradient is observed on the boundary layers.
On the other hand, for the same crack size, the strength of the coherent
vortex structures decreases as the inflow turbulence is present, which
might be because the inflow turbulence disrupts the formation and
evolution of shear layers accelerating vortex breakdown to smaller
structures, thus reducing the coherence of vortex shedding.47–49 As the
angle of attack is increased, the strength of the coherent vortex struc-
tures decreases due to the asymmetry of the boundary layers on the
suction and pressure sides.

In order to determine and compare the length scales, K, associ-
ated with the coherent vortex structures for different cases, a cross-
correlation analysis72 in the streamwise direction is performed for the
paired POD modes of the vertical velocity component. As shown in
Fig. 25(a), assuming there are two paired modes, /v;1ðx; yÞ and
/v;2ðx; yÞ, the cross-correlation coefficient of the two modes with a
displacement, Dx, is calculated within the dashed region as

rðDxÞ ¼
X

/v;1ðx þ Dx; yÞ/v;2ðx; yÞ
j/v;1ðx þ Dx; yÞjj/v;2ðx; yÞj

: (6)

Figure 25(b) shows the cross-correlation coefficients of the
paired modes for the 1.0 and 2.0mm damage cases for different
test conditions. The displacement is scaled with the trailing-edge
thickness, h. Due to the orthogonality of the POD modes, the cross-
correlation coefficients for all the cases are all at zero when the dis-
placement Dx ¼ 0. The location of the first peak of cross-correlation
coefficients indicates the 1/4 length of the coherent vortex structures,
and the location of the first valley indicates the 3/4 length of the
coherent vortex structures. The location of the first peak of the cross-
correlation coefficients for the case with the 1.0mm crack is at
Dx=h ¼ 2:6, and it is greater than the one for the 2.0mm crack cases
at Dx=h ¼ 1:0, which means the relative size of the coherent vortex
structures is larger. However, for all the tested cases with a 2.0mm
crack, the locations of the first peak of the cross-correlation coeffi-
cients are close at Dx=h ¼ 1:0, which makes it difficult to compare
the sizes of vortex structures for these cases. The locations of the first
valley for the 2.0mm crack cases are at Dx=h ¼ 3:52, 3.41, and 3.27
for the cases of clean inflow and zero angle of attack, turbulent inflow
and zero angle of attack, clean inflow, and a ¼ 5� (a� ¼ 2:4�), respec-
tively. This suggests the length scale of the coherent vortex structures
for the first case is slightly greater than the ones of the other two
cases.

FIG. 22. First two POD modes of the v
component for the cases: (a) and (b)
1.0 mm crack case for clean inflow condi-
tion; (c) and (d) 2.0 mm crack for clean
inflow condition; (e) and (f) 2.0 mm crack
for turbulent inflow condition. The white
blocks are the trailing edges, and the
shaded sections are the shadow areas of
the laser.
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FIG. 24. The fluctuations in the near wake
reconstructed with the paired modes: (a)
for 1.0 mm crack case and (b)–(d) for
2.0 mm crack cases for different condi-
tions. The white blocks are the trailing
edge and the shaded sections are the
shadow areas of the laser.

FIG. 23. The energy distribution and first three modes for the case with a 2.0 mm crack at a ¼ 5� (a� ¼ 2:4�) for the clean inflow condition. The white blocks are the trailing
edges, and the shaded sections are the shadow areas of the laser.
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C. Effects on the tones of trailing-edge noise

The preceding analysis and discussion explained in detail how
trailing-edge crack and inflow turbulence alter the boundary layer
properties and coherent vortex shedding at the trailing edge. This
can further explain their influence on the shift of the tonal noise
peak. Figure 26 shows the relative sound pressure level, DLp ¼ Lp
�Lp;Baseline (where Lp and Lp;Baseline are the sound pressure levels for
the cracked and baseline cases under the same test condition), and the
corresponding fitted curves of the spectra for the representative cases
with different crack sizes and inflow conditions. The frequency is
scaled using the trailing-edge-thickness-based Strouhal number,
Sth ¼ fh=U1. The detailed acoustic observations were reported in
Ref. 25. The vortex shedding frequency depends on the convective
velocity of vortex shedding and vortex length scale, i.e., f ¼ Uc=K.
Therefore, Sth can be calculated as Sth ¼ Uc

U1
h
K, which is proportional

to the value of h=K, assuming that Uc=U1 is a constant. The spectral
peak for the case with the crack size ofW ¼ 2:0mm is narrower with
a higher Sth at 0.1052 compared with the one for the damage case of
W ¼ 1:0mm, which is at 0.085. This is because the strength of the
coherent vortex structures is greater (as shown in Fig. 24) and the rela-
tive length scale, K=h, is shorter (as shown in Fig. 25) when the dam-
age level increases as discussed above. Similarly, for the cases with a
turbulent inflow or at a higher angle of attack, the intensity of the
coherent vortex shedding is less and the vortex length scale, K, is
shorter, which leads to a tone with lower amplitude and higher fre-
quency in the spectrum. As the velocity increases, the amplitude of the
tonal peak increases and the location of the tonal peak shifts to a
higher value of Sth. This is attributed to a greater velocity gradient in
the boundary layer and thus stronger coherent vortex structures with
slightly shorter length scales in the near wake. A similar result was
observed in some numerical and experimental studies,73,74 where the
ratio of the vortex structure length to trailing-edge thickness, K=h,
slightly shifts to a higher value as the Reynolds number increases.

In order to investigate the influence of displacement thickness on
the tonal noise frequency, as shown in Fig. 27, the spectra of relative
sound pressure level are scaled using the displacement-thickness-based
Strouhal number, St�d� (where �d

� ¼ ðd�p þ d�s Þ=2 is the averaged

boundary layer displacement thickness over the pressure and suction
sides). For the clean inflow case, all the spectral peaks of DLp collapse

at St�d� � 0.92, indicating that the displacement thickness provides an
effective scaling parameter for tonal noise frequency. In contrast, for
the turbulent inflow cases, the spectral peaks no longer collapse and
instead decrease from 0.135 to 0.115 with increasing inflow velocity
(and thus the chord-length-based Reynolds number). This may be
attributed to the inflow turbulence disrupting the formation and evolu-
tion of the wake vortex structures, as discussed previously, which
weakens the scaling correlation between the displacement thickness
and the coherent vortex shedding process. This suggests that the influ-
ence of inflow turbulence cannot be neglected when scaling trailing-
edge noise based on boundary layer parameters.

As suggested by Brooks et al.,36 the distribution of Sth;peak as a
function of h=�d

�
, for h=�d

� � 0:2, follows the semi-empirical law

Sth;peak ¼ 0:212� 0:0045W

1þ 0:235 h=�d�
� ��1 � 0:0132 h=�d�

� ��2 ; (7)

where W is the solid angle (in degrees) between the sloping surfaces
upstream of the trailing edge as defined in the reference paper and
shown in the upper illustration of Fig. 28(a). In the present work, the
solid angle is 21:22� for the baseline airfoil. As the crack is present, due
to the change in geometry at the trailing edge, an equivalent solid angle
is defined as shown in the lower illustration of Fig. 28(a). As the crack
size increases, the effective solid angle slightly decreases and is esti-
mated to be equal to 20:94�, 20:54�, 19:83�, and 18:44� for the four
crack cases, 0.2, 0.5, 1.0, and 2.0mm, respectively.

Figure 28(b) reports the measured Sth;peak, where the frequency of
the tonal peak is determined using the fitting procedure shown in
Fig. 26. As described above, the tonal peak cannot be accurately deter-
mined for all cases, and therefore, these points are excluded from the
figure. The two solid lines in Fig. 28(b) are obtained by plotting the
Strouhal number determined using Eq. (7) with solid angles equal to
18:44� (forW ¼ 2:0 mm) and 21:22� (for the baseline case). Data for
the clean inflow cases lie between the two lines, showing consistency
with the model. It is interesting to note that as the crack size increases,
the measured Sth;peak is in agreement with the model. However, for the
W¼ 2.0mm case, the measured Sth;peak values do not quite coincide
with the upper line corresponding to the solid angle of 18:44�. This
might be because the reduction in the effective solid angle as a function
of the crack size is slightly overestimated in the lower illustration of
Fig. 28(a).

FIG. 25. Cross-correlation for the paired
POD modes: (a) illustration for calculation
and (b) results for different cases.
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When the inflow is turbulent, the measured Sth;peak shifts to
higher values for all the investigated cases. This is because the inflow
turbulence affects the boundary layer velocity profile, and the ampli-
tude and frequency of the coherent vortex shedding as discussed previ-
ously. Although there is an offset with respect to the data for the clean
inflow cases, the distribution of measured points for the turbulent
inflow cases seems to follow the same trend line as for the clean inflow
cases. This suggests that the model developed by Brooks et al.36 can
capture the variation in the Strouhal number as a function of crack
size, albeit some correction is required for turbulent inflow. This result
is significant because it suggests that the model could be used for prac-
tical applications. The exact correction will require further work.

IV. CONCLUSIONS AND OUTLOOK

A study to investigate the relationship between the variations in
the aerodynamic field and the far-field noise has been carried out on a

NACA 0018 airfoil with simplified cracks of different sizes at the trail-
ing edge. The airfoil self-noise was measured by a phased microphone
array. With the help of beamforming and source power integration
techniques, the contributions of the trailing-edge noise were obtained.
The measurements for velocity fields near the surfaces of the trailing
edge and the near wake were carried out using a PIV technique. A
POD method was used to identify the dominant vortex structures
from the velocity field data.

When the inflow is clean, the velocity gradient within the bound-
ary layer increases as the crack size increases. As a result, the boundary
layer thickness and displacement thickness decrease. When the inflow
is turbulent, a similar trend of change in the boundary layer velocity
profile in the inner region was observed with respect to the clean con-
dition: as the damage level increases the velocity gradient in the bound-
ary layer becomes greater. The difference from the clean cases is that
at the edge of the boundary layer, the slope of the velocity profile

FIG. 26. Relative sound pressure level
DLp and the corresponding fitted curves
for different cases: (a) under inflow veloc-
ity of U1 ¼ 35m=s; (b) under inflow
velocity of U1 ¼ 35m=s (fitted); (c) at
different velocities with clean inflow; (d) at
different velocities with clean inflow (fit-
ted); at different velocities with turbulent
inflow; and (e) at different velocities with
turbulent inflow (fitted).
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(dy0=dU) decreases in the presence of turbulent inflow, and thus, a
greater velocity gradient is present compared with the same case with
clean inflow.

As the crack size increases, the coherent vortex structures in the
near wake have greater intensities and shorter relative length scales
K=h. This results in the shift of the tonal peak to a higher nondimen-
sional frequency, Sth, with higher amplitude for a larger crack (with a
blunter trailing edge). When the turbulent inflow is introduced, the
shapes of coherent vortex structures in the near wake seem to be
deformed with a slightly smaller size, which leads to the tonal peak
slightly shifting to a higher value of Sth.

As expected, as the inflow velocity increases, for the same
crack configuration, the boundary layer velocity gradient near the
wall becomes greater for both clean and turbulent inflow condi-
tions which leads to a thinner boundary layer thickness and dis-
placement thickness. Also, when the airfoil is set at a higher angle
of attack (a ¼ 5�, a� ¼ 2:4�), the boundary layer velocity gradient
becomes less on the suction side and greater on the pressure side,
respectively, compared with the zero angle-of-attack case, which
agrees with the findings in previous studies.65 This also changes
the formation of the coherent vortex shedding and thus the tone in
the noise spectrum.

FIG. 28. Comparison with the model developed by Brooks et al.: (a) definition of solid angle for baseline and cracked cases; (b) dependence of the peak Strouhal number vs
the ratio of trailing-edge thickness to boundary layer displacement thickness. The points outside the dashed box are for clean inflow cases. Solid lines are obtained using the
semi-empirical law reported by Brooks et al. for the two different values of the solid angle shown in (a).

FIG. 27. Relative sound pressure level
DLp and the corresponding fitted curves
normalized by the displacement thickness
for the 2.0 mm crack case at different
velocities: (a) and (b) with clean inflow;
and (c) and (d) with turbulent inflow.
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The current experimental data for both clean and turbulent
inflow conditions fit well with the trend of the previous model found
in Ref. 36 using the relationships between the Sth;peak and h=�d

�
. This

suggests that the model is still valid for the cases with a trailing-edge
crack. However, when the inflow is turbulent, the frequencies of the
tonal peaks shift to higher values. This suggests it is necessary to con-
sider a correction term for the turbulent inflow conditions for the esti-
mation of the crack size or trailing-edge thickness when using the
current prediction models of the clean inflow version.

As can be seen from this study, the geometry of the trailing edge
can alter the local boundary layer properties, vortex shedding, and
consequent aerodynamic noise. This suggests that it may require a spe-
cific analysis for a certain type of damage. Accurately measuring the
boundary layer properties of a rotating wind turbine blade is challeng-
ing in practice. However, a database of these properties can be readily
obtained through a few experimental and numerical cases using inter-
polation methods or fast aerodynamic software, such as XFOIL,75 for
given operational conditions.

Although the experiments were performed for 2D airfoils, the
noise generation mechanisms do not change when the blade is rotat-
ing.76 The analytic and semi-empirical models of aerodynamic noise
are still valid for a full-scale rotating wind turbine blade by accounting
for the corrections of the Doppler effect and directivity terms.36,77–79

Furthermore, the experiments were carried out in a controlled envi-
ronment with mimicked inflow turbulence, which might be different
from that in real wind farms. However, turbulence properties in a
wind farm are often well characterized during both the pre-
construction and post-construction phases, based on industry stand-
ards, historical measurements and simulations.80,81 This allows direct
use of available turbulence data without the need for extensive new
measurements in many cases.

It should be noted that, in this study, the geometry of the trailing-
edge crack is simplified and idealized. This is done to investigate the
fundamental mechanisms in aerodynamics and aeroacoustics due to
the presence of damage and inflow turbulence. In the real world,
trailing-edge damage is diverse, leading to more complicated changes
in shape at the trailing edge. Future work will aim to replicate realistic
damage and validate the results in more representative conditions.
Fatigue experiments are being conducted in laboratory environments
on the scaled blades to create realistic damage. Based on these results,
wind tunnel tests of a small-scale wind turbine will be performed,
allowing for the investigation on the effects of damage under rotating
conditions. Eventually, the approach will be validated in field tests on
operational wind turbines, enabling direct comparison between dam-
aged and undamaged blades under real operating conditions.
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