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In this paper, the feasibility of using far-field acoustic measurements as a non-contact monitoring tech-
nique for wind turbine blade leading edge erosion is assessed. For this purpose, a DU96W180 airfoil with
several eroded leading edge configurations of different severities is experimentally investigated. The
eroded leading edges are designed with pits, gouges and coating delamination scaled from a real eroded
blade. To assess the feasibility of the technique in quasi-realistic configurations, experiments are carried
out under clean and turbulent inflow conditions. Acoustic measurements are performed with a phased
microphone array. In the absence of inflow turbulence, because of the low Reynolds number at which
the experiments are carried out, the case with minor erosion severity shows similar far-field noise spectra
as the clean leading-edge cases, i.e., the presence of tonal peaks caused by laminar boundary layer insta-
bility noise through a self-sustained feedback loop but with higher tonal amplitudes. Increasing the dam-
age level (considered as moderate erosion), the spectra of the noise scattered from the suction side show
that the tonal peaks shift to higher frequencies and have lower amplitudes, thus suggesting that the dam-
age alters the flow features responsible for the acoustic feedback loop; whereas, the spectra from the
pressure side show a broadband noise distribution. For heavy erosion, the far-field noise spectra show
broadband features from both airfoil sides, thus suggesting that the damage has fully forced the transi-
tion to turbulent flow; in which case, an increase in the low-frequency content is observed. Conversely, in
the presence of turbulent inflow, when comparing the noise scattered at the trailing edge, no difference is
found. However, leading edge impingement noise decreases at medium–high frequency compared with
the baseline case at a chord-length-based Strouhal number StC � 10. The experimental results also sug-
gest that the delamination feature is the one which is the most easily detectable and the approach is valid
for a wide range of angles of attack and inflow velocity.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Leading edge erosion is one of the most observed damage types
on wind turbine blades. During the operational life of a wind tur-
bine, aside from the aging of the blades, raindrops or hail, and
other solid particles, such as sand grains, are the principal external
contributors to blade leading edge erosion [1–3]. At the very first
stage, damage often appears as small, randomly distributed pits;
then as the damage develops, larger-size gouges occur; these pits
and gouges grow in size and density leading to coating delamina-
tion on the surface [4]. This results in a reduction in the lift of the
blade, therefore a loss of power output [5–7].
Power conversion efficiency or turbine efficiency is often con-
sidered as a priority in the wind power industry. Therefore, most
of the research on leading edge erosion has concentrated mainly
on how the erosion affects the aerodynamic performance of the
blades [4,8–10]. However, it is essential to detect erosion and mon-
itor the development of damage, not only to provide a reliable pre-
diction of power output but more importantly to reduce potential
operational risks for a wind farm. Therefore, the development of a
reliable, flexible and low-cost damage detection technique is of
high relevance to the wind power industry [11].

A few studies [1,3,12] have focused on the mechanism of ero-
sion formation and growth aiming at building dynamic models to
predict the potential lifetime of a blade and any consequential
effect on the annual energy production. These models account for
blade material properties, operational (e.g. wind and rotor speed)
and environmental (sizes of raindrops or sands) conditions. They
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provide good predictions for blade lifetime and the timing for
inspections but cannot be used for real-time monitoring. For the
latter, detection approaches are mainly based on the measure-
ments of vibrations [13], strain [14] or elastic waves (vibro-
acoustic emission) [15] on the blade. Since the sensors are required
to be mounted inside the blade in advance, these detection
approaches cannot be easily applied to in-service wind turbines.
Other non-contact approaches based on infrared thermography
cameras [16] or laser scanners [17] are potentially easier to apply
to existing wind turbines. Similarly, the measurements of audible
sound (20 Hz to 20 kHz) in the far-field or inside the blade struc-
tures with microphones can also be used as an alternative for blade
damage detection [18–21]. Those airborne-sound-based methods
can be classified into two basic categories: the active excitation
method [22,23] and the passive excitation method [19,21]. The for-
mer relies on far-field measurements for acoustic waves, which are
originally excited by the speakers inside the blade structures, pass-
ing through the holes or cracks of the blades. The latter places the
microphones inside the blade structures to measure the flow-
induced pressure responses due to the leakage of flow from the
holes or cracks into the blade cavity. Besides the above two
approaches using airborne sound, another possible acoustic solu-
tion for damage detection can be based on airfoil self-noise or
turbulence-leading-edge impingement noise measurements in
the far-field, of which the mechanisms of the sound generation
are essentially different from the speaker-based or cavity-flow-
responses induced ones. Compared with a clean blade, an eroded
one usually has a rougher surface near the leading edge and a
smaller thickness and radius at the leading edge due to the coating
shedding [2,4,24]. These geometrical changes in airfoil shape and
surface roughness may affect the noise generated aerodynamically
both at the leading edge and trailing edge.

Previous studies, that have used aerodynamic noise measure-
ments for damage detection [25–28], have been based on
data-driven methods. However, the physical interpretation of the
measured acoustic signal and the mechanism of the sound genera-
tion have not been investigated extensively nor related to the types
and sizes of damage. Such data-driven models derived from exist-
ing databases may not be reliable when applied to new operating
conditions, blade structures or damage severity. Several studies
[29–31] have used a modified surface roughness to emulate blade
erosion and assess its effect on the far-field noise. However, rough-
ness tapes attached to airfoil surfaces cannot exactly mimic leading
edge erosion, as in reality an eroded airfoil sees a reduced thickness
as well as a roughened surface. Other numerical studies [32,33]
have also investigated the effects of blade icing accretion on noise
generation and far-field noise emission.

At low Reynolds numbers, i.e., at the blade inner radial loca-
tions, a laminar separation bubble may exist under clean inflow
conditions. In this case, boundary layer instabilities in the form
of Tollmien–Schlichting (T-S) waves can be triggered and an acous-
tic feedback loop can take place [34]. This phenomenon creates
tonal noise known as laminar-boundary-layer–vortex-shedding
noise [35–37]. The presence of small surface discontinuities due
to erosion can affect the formation and development of the insta-
bilities, thus causing different noise spectra in the far field. Further-
more, if the surface roughness or damaged region due to the
erosion is large, the laminar separation bubble might not be pre-
sent, and the boundary layer might develop directly into a fully
turbulent one thus leading to broadband turbulent-boundary-lay
er-trailing-edge noise [29,38–40]. From a physical perspective,
the damaged surface near the leading edge may force the boundary
layer transition location to move towards the leading edge, thus
affecting the turbulent boundary layer approaching the trailing
edge and, as a consequence, affecting the spectra of the scattered
turbulent-boundary-layer-trailing-edge noise.
2

In this study, we experimentally investigate the aerodynamic
noise characteristics, with and without free-stream turbulence,
when leading edge erosion occurs. A DU96 W180 airfoil with dif-
ferent leading edge erosion levels with pits, gouges and coating
delamination scaled from a real eroded blade is tested in an ane-
choic wind tunnel. The aerodynamic noise scattered from the air-
foil is measured and analyzed and a physical interpretation
behind the acoustic data is postulated. Major differences
between experiments carried out in a wind tunnel environment
and real life are: the Reynolds number, often low in aeroacoustics
facilities; and the presence of turbulence in the wind farm.
Because of the former, an acoustic feedback loop might not be
present in large wind turbines close to the tip of the blades, but
only on the inner part of the blade. Considering the latter point,
the presence of free-stream turbulence can cause turbulence
leading edge impingement noise [41–44]. Previous studies
revealed that there is a dependence between the wavelength of
the free-stream turbulence, the leading edge radius and the
thickness of the airfoil [41,45–50]. Furthermore, the effect of flow
turbulence can potentially hinder the effect of leading edge ero-
sion on transition, thus raising the possibility of assessing erosion
from far-field noise measurements. For this reason, in this paper
we also investigate this aspect, which is poorly analyzed in the
literature so far.

The rest of the paper is organized as follows. In Section 2, the
details of the facilities, test models and data processing configura-
tions are presented. In Section 0, the results of acoustic measure-
ments for different erosion levels are reported together with the
physical interpretation of the noise generation mechanism. In this
section the effects of erosion features, airfoil angle of attack and
mean flow velocity on the noise spectra are discussed. The last sec-
tion summarizes the findings from this study and proposes an out-
look for future studies.
2. Experimental setup

2.1. Facilities and test models

Experiments were performed in the anechoic vertical open-jet
tunnel (A-tunnel) of Delft University of Technology. The wind tun-
nel is equipped with a 40 cm � 70 cm rectangular test section,
which allows a test with a maximum free-stream velocity of
45 m/s with turbulence intensity below 0.1%. The mean flow veloc-
ity non-uniformity within the whole test section is below 0.5%
with respect to the velocity at the center [51]. The experimental
setup is shown in Fig. 1.

Two grids (#1 and #2) were used to generate turbulence for
moderate and high turbulence conditions. Inflow turbulence inten-
sity and integral length scales with two grids mounted were mea-
sured using hotwire anemometry in a previous study [52] and are
reported in Table 1.

A DU96 W180 airfoil was investigated. The profile of this airfoil
was designed at Delft University of Technology for wind energy
applications [53–55]. The airfoil model was made of aluminum
by computer numerical control (CNC) machining (surface rough-
ness: 0.05 mm) with a chord length, C, of 200 mm and span length,
L, of 400 mm, as shown in Fig. 2. The leading edge is changeable
which allows the testing of different erosion cases as well as a
baseline (without any damage).

A global o-xyz Cartesian coordinate system is defined. The origin
is located at the trailing edge mid-span of the airfoil. The x-axis is
oriented with the direction of the free-stream, as shown in Fig. 1.
An airfoil-based Cartesian reference system, O-XYZ, is also defined
with origin at the trailing edge mid-span and X-axis oriented in the
direction of the airfoil chord, as shown in Fig. 2.
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Fig. 1. Experimental setup.

Table 1
Turbulence intensity and integral length of the flow with grid mounted.

Grid No. Turbulence intensity (%) Turbulence integral length scale (mm)

#1 � 4.0 7.9
#2 � 7.1 10.2

X
Y

Z
O

Fig. 2. Airfoil and leading edge erosion model: an example for damage level 4.

lC

lC

Fig. 3. Coefficient of lift versus angle of attack from measurement and XFOIL.
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Due to the experiments being performed in an open test section,
the effective angle of attack, a�, of the airfoil is smaller than the
geometrical angle of attack, a [35]. The effective angle of attack
was obtained using the surface pressure distributions and com-
pared with the data from XFOIL [56]. The static pressure was mea-
sured with two pressure scanners connected to sixteen pressure
taps with 0.4 mm diameter on both pressure and suction side.
The taps are distributed within the range of
�0:99 6 X=C 6 �0:175, tilted 15� to the airfoil centerline to avoid
the contamination of the wakes from upstream taps on the down-
stream ones. The sampling frequency and accuracy of the pressure
scanner are 100 Hz and 12.5 Pa, respectively. For each measure-
ment, pressure data were recorded for 2 s. Fig. 3 shows the rela-
tionships between the calculated coefficient of lift, Cl, and the
angle of attack from the measurement and XFOIL for 20 m/s free
3

stream velocity. The correction factor, n, can be calculated from
the slope ratio of the fitted curve from XFOIL to the one from the
measurements, i.e., n ¼ 0:1073=0:0829 ¼ 1:294.

The design for the leading edge erosion is based on the mea-
surements of eroded blades from 3 M [4] and the damage sizes
are scaled to the airfoil used in this study. The leading edge erosion
contains pits (P), gouges (G) and coating delamination (DL). The
simulated pits (with depth and diameter of 0.2 mm) and gouges
(with depth and diameter of 1.0 mm) are simplified as hollow
cylinders and the coating delamination is simulated as a sunken
offset with 1.5 mm depth to the baseline surface at the leading
edge. The pits and gouges are staggered and distributed within
�200 mm 6 X 6 �180 mm on the suction side and
�200 mm 6 X 6 �174 mm on the pressure side, respectively.
The chordwise extension ranges of the coating delamination are
from the leading edge up to 2, 4, and 6 mm on the suction side
and 2.6, 5.2, and 7.8 mm on the pressure side for different delam-
ination severities (DL, DL + and DL++). The distributed range of
damage features on the pressure side is 1.3 times the one on the
suction side, as suggested in [4], which takes into account that
the pressure side of a real blade is vulnerable to more severe ero-
sion. The detailed dimensions and distributed range of the erosion
features are shown in Table 2.

Four erosion levels are designed with different combinations of
erosion features. Table 3 shows the amounts of pits or gouges and



Table 2
Dimensions and distributed range of erosion features.

Features Depth/
Dimeter (mm)

Damaged range (mm)

Pressure side Suction side

Pits (P) 0.2 (0.1% C) 26 (13% C) 20 (10% C)
Gouges (G) 1.0 (0.5% C) 26 (13% C) 20 (10% C)
Delamination

(DL)
1.5 (0.75% C),
depth

2.6, 5.2, 7.8 (1.3%,
2.6%, 3.9% C)
for DL, DL+, DL++

2, 4, 6 (1.0%, 2.0%,
3.0% C)
for DL, DL+, DL++
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the severity of delamination for different damage levels. Consider-
ing the fact that the scaled dimension of the pits is far smaller than
gouges and delamination, the effect of those pits on aerodynamic
noise emission will be negligible, thus the pits were not manufac-
tured for the simulated erosion cases (Level 1 � 4). Alternatively, in
order to investigate the separate influence of the pits, gouges and
delamination on the noise emission, three additional leading edge
parts with a single type of erosion feature were manufactured. In
Fig. 2, an example of the geometry and real test leading edge of
damage level 4 is shown.
Fig. 4. Microphones in the array. The solid box is the projection of the airfoil onto
the array plane and the top or bottom dashed box is the corresponding source
power integration region at the leading edge or trailing edge, respectively.
2.2. Phased microphone array and acoustic measurements

Far-field noise was measured using a 2-D planar phased micro-
phone array which contained 64 G.R.A.S. 40PH free-field micro-
phones. The microphone array was placed at y ¼ �1 m, as shown
in Fig. 1. The distribution of the microphones in the array is shown
in Fig. 4. The reference microphone was set at (0.2, 0, �1) m to
ensure all microphones being out of the acoustic shadow of the
wind tunnel nozzle. The frequency response of the microphone is
within �1 dB between 50 Hz and 5 kHz, and within �2 dB between
5 kHz and 20 kHz. The maximum measurable range of the micro-
phone is 135 dB with respect to the reference pressure of 20 lPa.

The acoustic signal of each test case was recorded for 20 s with
a sampling frequency, f s, of 51.2 kHz. For each measurement, the
signal was separated into time chunks of 5120 samples with 50%
data overlap for the Fourier transform. For each chunk, a Hanning
weighting function was applied to reduce the energy leakage. The
cross-spectral matrix was averaged from the obtained auto spectra
of the Fourier transform. Conventional frequency domain beam-
forming (CFDB) [57–61] was performed on a square scan plane
parallel to the xoz plane, ranging: �0:5 m 6 x 6 0:5 m and
�0:5 m 6 z 6 0:5 m. The distance between the microphone array
and scan plane was corrected with the airfoil angle of attack (at
non-zero). The background noise from the wind tunnel test section
and turbulence generating grids was measured under the same test
condition before the airfoil is mounted. Then the background noise
was reduced by means of the eigenvalue identification and sub-
traction (EIS) algorithm reported in [61]. A source power integra-
tion (SPI) technique [62,63] was applied within a rectangular box
(as shown in Fig. 4) with a size of 10 cm� 20 cm centered at the
Table 3
Leading edge erosion design for different damage levels.

Damage case

No. Description
0 Baseline
1 Simulated erosion Level 1
2 Level 2
3 Level 3
4 Level 4
5 Decoupled features from level 4
6
7

4

midpoint of the leading edge or trailing edge to look at the noise
scattered from the regions of interest.

The noise spectrum in this study is quantified using the sound
pressure level (SPL) which is defined as:

Lp ¼ 10 lg
p2
e

p2
ref

 !
ð1Þ

where pe is the root mean square sound pressure fluctuations and
pref is the reference pressure, 20 lPa in air.

2.3. Surface oil flow visualization

To investigate the effect of erosion on flow transition on the air-
foil surfaces, surface oil flow visualization [64] was carried out. The
setup is shown in Fig. 5(a). A fluorescing oil mixture was made of
paraffin oil and petroleum. The mixture was brushed on the airfoil
Erosion features

Pressure side Suction side
– –
30 G 25 G
65 G / DL 50 G / DL
130 G / DL+ 100 G / DL+
260 G / DL++ 200 G / DL++
520P 400P
260 G 200 G
DL++ DL++
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Fig. 5. Setup of surface oil flow visualization: (a) a sketch; (b) an example and interpretation for oil visualization of damage level 2 under clean flow condition with a mean
flow velocity of 30 m/s (picture was taken on the suction side at an angle of attack of 0�).
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surface and then fluorescence was excited with an ultra-violet (UV)
lamp. Pictures were taken by a digital camera. The distribution of
this oil film was affected by shear forces and the change in the
velocity gradient of flow, induced by a laminar or turbulent bound-
ary layers or other features. As an example, flow separation is visu-
alized [65,66] in Fig. 5(b).

2.4. Test conditions

The experiments were carried out under five different mean
flow velocities. The mean flow velocity and relevant chord-

length-based Reynold numbers (ReC ¼ U
�
C=m, where m is kinematic

viscosity) are shown in Table 4. For each mean flow velocity, three
inflow conditions were tested: clean inflow and turbulent inflow
obtained by mounting one of two different grids.

Five angles of attack were selected to investigate the effect of
the airfoil angle of attack on the ability to detect erosion under zero
lift, zero angle of attack, low angle of attack, pre-stall and stall con-
ditions. The geometrical angles of attack and the corresponding
effective ones are listed in Table 5.
3. Results and discussion

3.1. Identification of erosion level

3.1.1. Clean inflow condition
Fig. 6 shows the spectra of sound pressure level at the trailing

edge measured with the microphone array facing both the suction
and pressure side for different damage levels for the clean inflow
case. The angle of attack is 0�, the free-stream velocity 30 m/s.
When there is no damage (baseline) or the damage is small (e.g.,
damage level 1), at a low Reynolds number, laminar boundary
layer instability noise can be observed. The noise spectra typically
show the combination of a broadband hump with a series of tonal
peaks [34,67–70]. Both on the suction and pressure side, the broad-
band contributions of the damage level 1 do not show many differ-
ences compared with the baseline case, both in amplitude and
frequency. However, on the suction side, the amplitude of the
tones for damage level 1 is larger than that for the baseline. For
example, the amplitudes of the dominant tones are 48.36 dB
(f n;max at 1800 Hz) for damage level 1 and 41.25 dB (f n;max at
1830 Hz) for the baseline case, respectively. This is attributed to
5

a change in the size of the laminar separation bubble, which
becomes longer on the suction side with respect to the baseline
case. This is confirmed by the surface oil flow visualization tech-
nique shown in Fig. 7. On the suction side, since the separation
bubble is larger and closer to the trailing edge, more coherent vor-
tices are shed near the trailing edge, thus resulting in larger tonal
noise [37,71–73]. Fig. 6 also shows the spectra normalized by
chord-length-based Strouhal number, StC . For the damage level 1
case, the dominant tone occurs at StC ¼ 12:0 on the suction side
and StC ¼ 10:2 on the pressure side and the baseline cases at
StC ¼ 12:2 and StC ¼ 10:2, respectively. The frequency of the dom-
inant tones does not change in the presence of a small amount of
damage. For the baseline case, there is also a secondary harmonic
tone on the suction side at StC ¼ 5:9, while, for the damage level
1 case, there is not. Similar results are reported in [71], where
the tones on the suction side and pressure side lock on to the same
frequency (and the same StC) for the NACA 0012 airfoil. The asym-
metry of the DU96 W180 airfoil may be responsible for the differ-
ence (i.e., a smaller peak StC on the pressure side) between the
results of this study and in [71].

When the damage becomes larger, for example damage level 2,
on the pressure side, the flow is turbulent right after the eroded
region as shown in Fig. 7, thus resulting in broadband far-field
noise as shown in Fig. 6. A small tone appears at StC ¼ 15:7 and
might be due to the noise scattered from the feedback loop present
on the suction side. On the suction side, a similar spectral shape to
the damage 1 case is found. The major difference is that the ampli-
tude is lower and both the broadband hump and the tonal peaks
shift to a higher frequency region. As a matter of fact, the dominant
tone is found at StC ¼ 15:7 for the damage level 2 case, while it is at
StC ¼ 12:2 for the damage level 1 case. Previous studies observed
similar trends when forcing transition on the pressure side [71,74].

When the damage level becomes even larger (e.g., damage levels
3 and 4), the spectra both on the suction and pressure side show
only broadband features (Fig. 6). Surface oil flow visualization
results of those cases, as shown in Fig. 7, confirm that the boundary
layer is turbulent on both sides. However, when comparing the
spectra, the overall trend is that as the damage level is larger, there
is an energy increase in the low-frequency range and a decrease in
the high-frequency one. The potential cause for this spectral shape
is that a larger damage area leads to more large-scale turbulence
structures and a thicker boundary layer at the trailing edge; as a
result, the energy is redistributed to a lower frequency region.



Table 4
Test conditions of mean flow velocities and Reynold numbers.

No. 1 2 3 4 5

U
�
(m/s) 15 20 25 30 35

ReC 2:0� 105 2:7� 105 3:4� 105 4:1� 105 4:7� 105

Table 5
The angles of attack tested in the experiment.

No. 1 (Cl ¼ 0) 2 (a ¼ 0�) 3 (low) 4 (pre-stall) 5 (stall)

a(�) �3.2 0 5 10 15
a�(�) �2.5 0 3.8 7.7 11.6

nf
CSt CSt

CSt

CSt

nf CSt

CSt

CSt

CSt

Fig. 6. Spectra of sound pressure level at tailing edge for different damage levels at the angle of attack of 0� under clean flow condition with the mean flow velocity of 30 m/s:
(a) on the suction side and (b) on the pressure side.

Pressure side

Suction side

Baseline Level 1 Level 2 Level 3 Level 4

Baseline Level 1 Level 2 Level 3 Level 4
Separation 

bubble

Turbulent 

boundary layer

Fig. 7. Surface oil flow visualization for different damage levels at the angle of attack of 0� under a clean flow condition with the mean flow velocity of 30 m/s.
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3.1.2. Turbulent inflow conditions
In presence of a turbulent inflow, as shown by the beamforming

maps in Fig. 8, three different noise sources can be identified: one
from the grid, one from the airfoil leading edge and one from the
trailing edge. The noise generated by the grid strongly increases
the background noise, thus affecting the quality of the measure-
6

ment. To reduce the contribution from the grid, the signal process-
ing approach discussed in Section 2.2 has been applied.
Furthermore, data are presented only below 2000 Hz to keep a high
ratio of airfoil noise to grid background noise.

Fig. 9 shows the sound pressure level at the trailing edge for dif-
ferent damage cases as well as the baseline when grid #1 is



Fig. 8. Beamforming maps on the suction side at one-third octave central frequency from 1250 Hz to 2500 Hz with grid #1 mounted when the flow velocity is 30 m/s at 0�
angle of attack for baseline and damage level 4.

Fig. 9. Spectra of sound pressure level at the trailing edge for different damage levels at an angle of attack of 0�when grid #1 is mounted with a mean flow velocity of 30 m/s:
(a) on the suction side and (b) on the pressure side.
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mounted for the mean flow velocity of 30 m/s and airfoil angle of
attack of 0�. Due to the turbulent inflow, the boundary layer tran-
sition to turbulent very close to the leading edge, as shown in
Fig. 10. Therefore, the noise scattered from the trailing edge can
be attributed to the trailing edge turbulent boundary layer noise
mechanism. However, in this condition, for all the presented cases,
there is no difference between the far-field noise generated at the
trailing edge. This means that damage detection using the trailing
edge noise is not a valid approach.

At the leading edge, where turbulent inflow impingement noise
occurs, the noise spectrum presents a decaying trend above
1000 Hz both on the pressure and suction side when the damage
level increases, as shown in Fig. 11 (a) and (b). Fig. 11 (c) and (d)
show the relative spectral differences from the baseline,
DLp ¼ Lp;Baseline � Lp;Damage, against chord-length-based Strouhal
number StC . The spectral difference shows a hump with increasing
amplitude as the damage level increases. The frequency at which
the hump reaches its maximum is nearly constant for all the cases
at StC � 10. Previous studies [41,50,75] focusing on the effects of
leading edge radius and airfoil thickness on the turbulent inflow
impingement noise, attributed the reduction in the high-
7

frequency range to the larger distortion of the turbulent velocity
in the larger stagnation region [41], because the distortion of the
turbulent structures is related to the slope angle of the steady
mean flow near the leading edge. To confirm this, a 2-D RANS
numerical calculation is performed using Ansys Fluent CFD soft-
ware platform. The standard k-e two-equation turbulence model
is used in the simulation providing a reasonable compromise
between calculation speed and accuracy. Fig. 12 shows numerical
results for the mean velocity around the leading edge for baseline
and damage level 4 under the same condition as in the experi-
ments. The region where the mean velocity is lower than 80% of
inflow velocity is determined as the stagnation region. The result
shows that for the damage level 4 case, there is a larger stagnation
region with larger mean flow curvature compared with the base-
line, particularly due to the steps introduced to mimic the erosion
damage under investigation.

Fig. 13 presents the spectra of sound pressure level when grid
#2 is mounted, where the turbulence intensity is at �7.1%. Similar
results to the previous case can be observed but the spectral differ-
ences between those cases become smaller. This means the turbu-
lent inflow with high turbulence intensity may reduce the



Fig. 10. Surface oil flow visualization for different damage levels at an angle of attack of 0� when grid #1 is mounted with a mean flow velocity of 30 m/s.

Fig. 11. Spectra of sound pressure level and spectral differences compared to the baseline at the leading edge for different damage levels at an angle of attack of 0� when grid
#1 is mounted with a mean flow velocity of 30 m/s: (a), (c) on the suction side and (b), (d) on the pressure side.
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Fig. 12. Mean velocity around the leading edge for baseline and damage level 4 at the angle of attack of 0� under inflow mean velocity of 30 m/s with grid #1 mounted: (a)
baseline and (b) damage level 4. The region bounded by the dashed line is below 80% inflow mean velocity, i.e., 24 m/s, representing the stagnation region.

Fig. 13. Spectra of sound pressure level and spectral differences to the baseline at the leading edge for different damage levels at the angle of attack of 0� when grid #2 is
mounted with the mean flow velocity of 30 m/s: (a), (c) on the suction side and (b), (d) on the pressure side.
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sensitivity for damage detection by analyzing the spectra of lead-
ing edge noise.

3.2. Effect of erosion features

The eroded leading edge investigated contains three features:
pits, gouges, and delamination. In this section, we take erosion
level 4 as an example to investigate the effect of different erosion
features on the far-field noise. In Fig. 14, the spectra of the trailing
edge noise for each of the isolated features present in case 4 are
investigated under clean inflow conditions. The spectra of the cases
9

with pits and gouges show laminar boundary layer instability noise
characteristics. On the suction side, the discrete tones caused by
the gouges case are significantly higher than the one measured
for the baseline and pits-only cases; as a matter of fact, the domi-
nant tones for the cases of gouges, pits and baseline are 56.66 dB,
45.49 dB and 41.25 dB, respectively. Conversely, on the pressure
side, no clear trend is observed. The spectra of the delamination
case on the suction side and pressure side are essentially consis-
tent with the ones of damage level 4.

In Fig. 15, the spectra for the leading edge noise under the tur-
bulent inflow conditions (with grid #1 mounted) are shown. The



Fig. 14. Spectra of sound pressure level at trailing edge for baseline, damage level 4 and its different erosion features at angle of attack of 0� under clean flow condition with
mean flow velocity of 30 m/s: (a) on suction side; (b) on pressure side.

Fig. 15. Spectra of sound pressure level at the leading edge for baseline, damage level 4 and its different erosion features at an angle of attack of 0� under mean flow velocity
of 30 m/s with grid #1 mounted: (a) on the suction side; (b) on the pressure side.
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spectra of cases of pits and gouges almost coincide with the base-
line while the spectra of the delamination case tend to the ones of
damage level 4, in agreement with the physical explanation pro-
vided in the previous section. This suggests that both under clean
and turbulent conditions, the delamination feature of the erosion
dominates the nature of the noise spectra.

3.3. Effect of airfoil angle of attack

In Fig. 16, the spectra of sound pressure level for the trailing
edge noise under a clean inflow condition for the damage level 4
case and the baseline case at different angles of attack are shown.
For the baseline configuration, at a low (a ¼ �3:2�; 0�; 5�) or mod-
erate (a ¼ 10�, pre-stall) angle of attack, the spectra are character-
ized by laminar boundary layer instability noise. The tonal
components are enhanced with increasing angle of attack both
on the suction and pressure side. For the highest angle of attack
investigated (a ¼ 15�, stall), where the airfoil is operating under
stall conditions, the far-field noise spectra show broadband fea-
tures with an increase of noise in the low frequency range with
respect to other angles of attack. This is caused by the large vor-
tices present in the separated boundary layer. By contrast, for the
case of damage level 4, when the airfoil is at a low
(a ¼ �3:2�; 0�; 5�) and moderate (a ¼ 10�) angle of attack, the
spectra show broadband turbulent boundary layer noise character-
istics, similarly to what was observed in the previous section.
Moreover, on both the suction side and pressure side, the intensity
of noise in the low-frequency range increases while it decreases in
10
the high-frequency range as the angle of attack increases. In con-
trast to the baseline case, when the airfoil is at a ¼ 15�, the spectra
for the damaged case show higher noise intensity in the low fre-
quency region and lower noise intensity in the high frequency
region compared with the baseline case.

When turbulent inflow is introduced, the noise from the leading
edge rather than the trailing edge contains the effective informa-
tion for the identification of damage as discussed before. In this
case, the spectra of the leading edge noise are discussed under tur-
bulent inflow conditions. With grid #1 mounted, as shown in
Fig. 17, the variation in the angle of attack does not affect the lead-
ing edge impingement noise under low and moderate angles of
attack (a ¼ �3:2�; 0�; 5�; 10�) for both the baseline and damage
level 4 cases. By comparing the two configurations for these angles
of attack, it is evident that above 1000 Hz, the sound levels of the
damaged cases are consistently lower compared with those of the
baseline, independent of the angle of attack. However, for a stall
condition, this trend is opposite. The above results suggest that
the change in the angle of attack does not affect the ability to rec-
ognize damage and the proposed approach is valid under a wide
range of airfoil angles of attack.

3.4. Effect of mean flow velocity

Fig. 18(a) and (b) show the sound pressure level of trailing edge
noise under a clean inflow condition with different velocities for
damage level 4. The spectra of the noise for both sides are broad-
band under these testing velocities. Fig. 18(c) presents the overall
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Fig. 16. Spectra of sound pressure level of trailing edge noise for different angles of attack under clean flow condition with inflow velocity of 30 m/s: (a) and (b) on the suction
side; (c) and (d) on the pressure side.

(a) (b)

(c) (d)

Fig. 17. Spectra of sound pressure level of leading edge noise for different angles of attack under turbulent flow condition with grid #1 mounted and mean flow velocity of
30 m/s: (a) and (b) on the suction side; (c) and (d) on the pressure side.
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Fig. 18. Sound pressure level of trailing edge noise for damage level 4 under clean inflow condition with different velocities at the angle of attack of 0�: (a) spectra on the
suction side; (b) spectra on the pressure side; (c) overall sound pressure level to mean flow velocity.
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sound pressure level (OSPL) against the flow velocities. The OSPL is
integrated between 500 Hz and 5000 Hz. As expected, the OSPL
shows an approximate fifth power law of velocity dependency
(5.16 and 5.19 on suction and pressure sides, respectively). This
is consistent with previous studies on turbulent boundary layer
trailing edge noise [31,35,76].

When inflow is turbulent, the spectral features of leading edge
impingement noise can be used for damage detection. Fig. 19
shows the spectra of the leading edge impingement noise for dam-
age level 4 and baseline as well as their spectral differences (i.e.,
DLp ¼ Lp;Basline � Lp;Damage) under different mean flow velocities
when grid #1 is mounted. Compared with the baseline, in Fig. 19
(a) and (b), the spectrum of the damage level 4 is lower within a
specific band under a given velocity. Moreover, the region with
lower noise intensity shifts to high frequency as the mean flow
velocity increases. When normalizing the frequency as chord-
length-based Strouhal number, the peaks of DLp are all approxi-
mately at StC � 10, which suggests a proportional relation between
the spectral features and the velocity. Moreover, when looking at
the amplitudes of DLp, the change in velocity does not affect the
detection sensitivity.
4. Conclusions

In this study, the aerodynamic noise of a DU96 W180 airfoil
with leading edge erosion was investigated for the purpose of
the development of a non-contact approach for damage detection
and condition monitoring for wind turbine blades. The experimen-
12
tal results showed that it is possible to use the spectral features of
trailing edge noise under a clean flow condition and leading edge
noise under turbulent conditions for erosion damage detection.

Under a clean inflow condition and low Reynolds number, when
the damage level is minor (e.g., damage level 1), the frequencies of
the tones do not change while the amplitude becomes higher than
those of the baseline case. When at a moderate damage level (dam-
age level 2), the tones can only be found from noise spectra on the
suction side, and they shift to a higher frequency region with lower
amplitudes. Furthermore, when the damage level is larger (damage
levels 3 and 4), the noise scattered from the trailing edge becomes
broadband and as the damage level increases the low-frequency
contributions increase while the high-frequency contributions
decrease.

Under turbulent inflow conditions, however, the spectra of the
trailing edge noise for different damage cases are almost the same.
This suggests that it is invalid to use the trailing edge noise for
leading edge erosion detection. As the damage level increases,
mid-high frequency contributions of the leading edge impinge-
ment noise decreases. This is because a greater level of erosion
leads to a larger distortion of the incoming turbulent eddies. When
the turbulence intensity increases, the differences in impingement
noise between the different damage levels become smaller which
suggests that for a high turbulence condition the detection may
be affected.

The effects of erosion features, airfoil angle of attack and mean
flow velocity were also investigated. By comparing spectral
results of each isolated erosion feature at damage level 4 (pits,
gouges and coating delamination) and the baseline, it is found
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Fig. 19. Sound pressure level of leading edge noise and spectral differences to the baseline for damage level 4 under different mean flow velocity with grid #1 mounted at the
angle of attack of 0�: (a) and (c) on the suction side; (b) and (d) on the pressure side.
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that the delamination dominates the noise emission. When the
airfoil angle of attack is changed, the spectral differences between
the damaged case and the baseline are still present from zero lift
to stall condition. This indicates that the method is still valid with
variable angles of attack. Under turbulent conditions with differ-
ent mean flow velocities, the reduction in frequency of the
impingement noise for the damage case against the baseline is
directly proportional to mean flow velocity and the flow velocity
does not affect spectral differences between the damage case and
baseline.

The experiments were carried out using airfoil models but the
conclusions derived from this study are expected to be valid
when extend to rotating systems. This relies on the fact that
the rotation does not essentially change the mechanisms of the
noise generation [77]. However, in real applications, the blades
may encounter more complicated situations, for example, the
accretion of ice or pollution of the insects or dust on the leading
edge. In this case, the noise spectra might be similar to the ones
due to the leading edge erosion, which suggests that additional
measurements or techniques may be needed for the damage
recognition. Further investigations on the small wind turbines
in the wind tunnel and in-service wind turbines in wind farms
will be carried out in the future. It is worth noting that the exper-
iment was conducted under low Reynolds numbers. In a real
application, laminar boundary layer instability noise can be diffi-
cult to detect between the middle and tip sections of the blades.
Thus, the conclusions derived from the laminar boundary layer
instability noise mechanism in this study may only be applied
to the blade root section. On the other hand, the turbulence
length scales of the turbulent inflow may affect the reduction fre-
quency of the impingement noise. In this study, the turbulence
length scales of the turbulent flow when two grids were mounted
13
were of a similar magnitude (�10 mm) thus the effect of the tur-
bulence length scale was not discussed in this study and will be
investigated in the future.
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