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Abstract: Modern wind turbine blades consist of 
composite airfoil shaped structures that form a 
hollow acoustic cavity. Because of continually 
varying aerodynamic forces, gravitational loads, 
lightning strikes, and weather conditions, all 
blades will experience leading and trailing edge 
splits, cracks, or holes. When acoustic sources 
(wind flow) excite this dynamic cavity structure, 
blade damage will manifest itself in changes to 
the cavity acoustic response. One of the most 
robust tools for modeling acoustic phenomena in 
real structures is the finite element analysis. The 
multi-physics modeling capability of COMSOL 
enables us to model complex structures and 
acoustic wave propagation through blade surface 
with damage and help improve the non-
destructive inspection technology as proposed in 
this study.  
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1. Introduction 
The clean energy generation, supply, and storage 
demands have been continuously increasing 
around the world. This proven technology is on 
the rise and currently at a 66 Gigawatt overall 
capacity only in US and a lot more in Europe [1]. 
Wind turbines capture the energy due to the 
blowing wind in the field and convert it into 
electrical energy. However, reliability problems 
and thus the cost of operability and maintenance 
(O&M) are the common factors impeding the 
value and net gain generated by the wind 
turbines. In a wind turbine, blades are arguably 
the most critical components as they capture the 
energy from wind. Blades are in direct 
interaction with wind as well as other 
environmental factors, such as temperature 
variations, humidity, erosion etc. Because of the 
continually-varying aerodynamic forces, 
gravitational loads, lightning strikes, and weather 
conditions, all blades will experience leading and 
trailing edge splits, debondings, cracks, or holes. 
In order to detect and identify the blade faults 
such as holes, cracks and delamination, several 

methods and approaches have been developed 
and are currently being utilized in the inspection 
and maintenance areas. Vibration-based, acoustic 
emission and wave propagation techniques are in 
common use for evaluating the structural 
integrity of wind turbine blades [2-4]. 
Photogrammetry-based optical techniques have 
recently been used to detect defects from the 
wind turbine blades [5-11]. Ultrasound-based 
inspection is one of the most widely used blade 
inspection techniques in industry and has been 
successful demonstrated in the literature [12-15]. 
Acoustic beamforming is an excellent but costly 
technique that has been demonstrated to succeed 
under certain conditions [16-20]. Acoustic 
signature taken from the structure, before and 
after the defect, will allow us to differentiate the 
fault existence and can also be used as a blade 
inspection method. Aizawa et al. [13] 
investigated damage detection of wind turbine 
blades by installing an audio speaker inside of a 
wind turbine blade and qualitatively 
characterized the sound radiation using a 
microphone array. Their observation in the end 
was that the faults would change the radiated 
sound energy from the object. One other 
potentially viable damage detection method, 
vibroacoustic modal analysis, could also be used 
for damage detection. Arora et al. [2] showed 
that vibroacoustically-coupled mode shapes 
would change due to damage on the structure by 
exciting the structure using a loudspeaker from 
inside a box. Other studies that utilize 
vibroacoustic modal analysis for damage 
detection from composite structures are rather 
sparse and only limited to a few papers [21-24]. 
 
In this paper, a wind turbine blade inspection 
methodology that relies on determination of the 
changes to the acoustic mode shapes and 
perturbations to the perceived source directivity 
of wind turbine blades is proposed. COMSOL 
multi-physics was used for all the subsequent 
analysis required for the initial development of 
this new methodology. The subsequent analysis 
include a “healthy” blade with no defect/damage 
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and also a “damaged blade” with an intentionally 
created opening (circular hole) with varying 
location and size. An acoustic-solid interaction 
model was developed to investigate the 
sensitivity of acoustic modal properties 
(eigenvalues and eigenvectors) to the changes on 
the severity (size) and location of the damage on 
the wind turbine blade. 
 

2.  Problem Formulation  
The finite element analysis of composite blades 
with damage requires a multi-domain modeling 
approach. The blade is treated as a solid body 
made up of a composite material with averaged 
material properties of density at 1064 kg/m^3 
and modulus of elasticity at 4.85 GPa [25]. The 
internal cavity of this subscale blade is modeled 
as air and the damage is modeled as a separate 
air domain coupled with the internal and external 
air regions. This turns the overall problem into a 
fluid-structure problem and to solve the fluid-
structure problem, acoustic-solid interaction 
interface within COMSOL Multi-physics was 
utilized. Specifically, the following parameters 
for both healthy and damaged blade were 
obtained to create a basis for the continuation to 
pursue this new technique: 
 Acoustic natural frequencies 

 Acoustic mode shapes 

 Acoustic directivity (SPL at the far field 
~1.5m away from the source). 

The solid model that is required for the finite 
element analysis of the subscale wind turbine 
blade was created in SolidWorks and imported 
into COMSOL.  
 

 
Figure 1.Subsale wind turbine blade. 

 
The peripheral view of the subscale blade model 
obtained through its solid model in Solidworks is 
given in Figure 1. This figure illustrates the 
nomenclature being used in this paper on the 
simplified blade geometry. Tetrahedral elements 
were used in modeling the structure in 
COMSOL. The minimum element size was 

selected as 0.03 m for the healthy blade and 
reduced when the damage was introduced. The 
finite element model of the subscale wind turbine 
blade is shown in Figure 2. 
 

 

Figure 2.Finite element mesh used for the subscale 
wind turbine blade model. 

 
3. Computational Acoustic Modal 

Analysis of the Blade 
The acoustic modal properties of the turbine 
blades can potentially be utilized for damage 
detection and thus employed in this study. 
Natural frequencies and acoustic modes of the 
blade were determined by using the acoustic- 
solid interaction modules. This is useful in order 
to optimize the virtual sound source (emulating a 
real acoustic speaker) location and detect the 
damage from blades. On the other hand, because 
of the complex geometry of the internal cavity of 
the wind turbine blades, it is generally not 
straightforward to predict the optimal sound 
source location that would efficiently excite the 
internal cavity of the blade.  
 
Table 1. The comparison of  eigenfrequencies of wind 
turbine blade (healthy and damaged with different 
severity cases). 

Healthy

Mode # None 0.12 0.24 0.36 0.12 0.24 0.36 0.12 0.24 0.36

1 32.36 33.56 33.55 33.54 33.59 33.61 33.55 33.59 33.61 34.00

2 43.17 44.20 44.11 44.16 44.30 44.32 44.30 44.35 44.29 44.76

3 126.45 119.23 119.10 119.18 119.29 119.34 119.20 119.43 119.63 119.85

4 253.10 218.42 217.94 218.10 218.54 218.83 218.46 218.82 218.68 219.02

5 281.37 267.00 266.96 266.98 267.00 266.98 267.00 266.67 265.12 262.49

6 285.67 286.45 286.55 286.45 287.03 286.86 287.03 287.45 288.12 286.46

7 351.37 325.01 324.58 324.69 325.19 325.31 324.80 325.55 325.16 324.49

8 460.80 379.65 379.74 379.78 378.53 379.39 378.51 379.10 378.92 378.13

9 502.28 416.74 416.96 416.88 416.07 416.25 415.74 416.52 416.15 414.94

10 621.90 454.43 454.31 454.64 454.32 453.98 453.70 454.18 451.56 449.56

11 632.61 486.56 486.74 486.58 485.05 485.20 483.50 486.73 485.98 485.32

12 688.64 579.22 579.50 579.42 578.11 579.53 577.90 579.67 577.90 576.14

13 710.69 602.10 601.80 601.91 600.58 601.27 600.39 600.45 598.98 594.90

14 751.46 630.71 630.77 630.86 628.62 630.77 627.68 633.34 631.76 632.51

15 765.13 638.47 637.96 638.11 638.36 638.73 638.10 639.08 638.56 638.30

16 828.59 664.32 664.45 664.32 664.07 663.70 663.22 663.73 662.38 660.43

17 931.12 688.15 687.31 687.59 688.71 689.21 688.80 690.54 689.06 685.88

18 948.29 731.46 731.37 731.53 730.61 731.39 729.97 731.19 731.84 730.80

19 1028.86 750.79 750.83 750.98 747.68 748.64 746.73 747.84 749.20 748.18

20 1064.85 779.12 779.28 779.37 778.30 779.36 776.69 781.79 779.99 781.66

Root Hole Mid Span Hole Tip Hole

Natural Frequency (Hz)                       

Hole Diameter (inches)
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The computational acoustic interrogation 
presented in this study is a means to identify the 
mode shapes and the corresponding acoustic 
pressure distributions which can be leveraged to 
find out the best sound source as well as receiver 
(microphone) positions. First, the natural 
frequencies (eigenvalues) of the blade cavity 
were obtained for a healthy baseline case. Then, 
the computational runs were repeated for the 
same blade geometry when the blade has either a 
tip hole, a midspan hole or a root hole to see the 
influence of damage and its location on the 
natural frequency variations. Moreover, the size 
of the holes located at different blade positions 
were varied for understanding the sensitivity of 
the modal properties of the blade to the severity 
of the damage. These results are tabulated in 
Table 1.  
 
Table 2.The comparison of blade acoustic mode 
shapes (healthy blade and blade with  mid-span hole) 

 
 
Note that a certain natural frequency under the 
healthy case column may not be compared with 
the result in the row for the damaged blades as 
the mode shapes change and differ significantly. 
In other word, the frequencies seeming similar or 
close to the healthy case frequencies mostly 
belong to a different mode. Besides for the very 
first few modes, all the natural frequency values 

tend to decrease with the existence of the hole. 
The higher the natural frequency the higher the 
influence of damage on the frequency would be. 
Besides, the severity (size) of the hole has 
relatively less overall effect on the natural 
frequency values obtained.  
 
Secondly, the acoustic mode shapes are obtained 
and illustrated through the iso-surface plots in 
order to indicate the identical pressure 
distribution regions inside the cavity (see Table 
2). The magnitude (Sound Pressure Level - SPL 
in dB) of the pressure is illustrated using a color 
scheme in Table 2, where a spectrum ranging 
from dark blue to red facilitates a pressure value 
distribution from low to high. The mode shapes 
can be visualized more clearly if the iso-pressure 
surfaces can be virtually connected with a curve 
that goes through the high pressure points at the 
axial locations where there exists a red plane and 
low pressure points at the axial locations where 
there exists dark blue plane inside the blade 
cavity.  
 
The two example frequencies, 460 Hz and 931 
Hz were selected to illustrate the mode shape 
changes due to the existence of damage. These 
two modes have a “high pressure point” where 
the damage was previously prescribed. The 
damage, if located at or close to the high 
pressure regions of the mode shapes, affect the 
mode shapes as well as natural frequencies 
comparatively more. This highlights the 
locations where the sound sources should be 
located at locations close to these high pressure 
points (anti-nodes) to excite the cavity more 
efficiently.   
 

4.  Far-field Directivity 
The other important goal of this computational 
study was to understand the influence of the 
damage on the far field sound pressure 
distribution. In this investigation, far field 
directivity plots were employed to clearly exhibit 
the difference between several different analysis 
at once. The results of this analysis are rather 
important to understand the best position of a 
measurement microphone to be located outside 
of the blade in the far field. A monopole with 
0.01 m^3/s source strength is located inside the 
blade to excite the acoustic cavity of the blade as 
schematically shown in Figure 3(a). A full 
integral far-field evaluation was performed 
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approximately 1.5 m far away from the source. 
The directivity plot in Figure 3(b) illustrates the 
directivity information for the healthy blade in 
comparison with the damaged blade with a 0.12 
inch diameter hole located at various locations. 
The comparison presented in Figure 3(b) 
indicates that the microphone positions that are 
outside the blade, blade root direction could 
potentially make the best microphone position in 
a practical application as it receives the highest 
directivity and thus the radiates sound waves. 
 
Finally, the influence of damage severity (size) 
on the sound directivity is investigated for the 
three separate regions on the blade, root, 
midspan and the tip. All of these results are 
presented in Figure 4(a), 4(b) and 4(c), 
respectively.   
 

 
 
Figure3. The comparison of far-field plot for different 

location of hole (r=0.12 in), source at 200 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  The directivity information given for the 
blade with different size (a) root holes, (b) mid-span 
holes, and (c) tip holes, source at 200 Hz. 
 
The results shown in Figure 4 indicate the fact 
that a midspan hole would create the highest 
sound pressure levels in general, slightly trailed 
by a root hole. The effect of hole size on the 
radiated sound pressure level is also the highest 
for the midspan hole. In the absence of any 
external excitations (such as wind flow), this is 
expected as the monopole source is position 
closer to the midspan region as it was previously 
shown in Figure 3(a). 
 

5. Conclusion 
 

In this study, the multi-physics modeling 
capability of COMSOL was utilized to 
understand the influence of damage on the sound 
radiated by a subscale wind turbine blade 
actively excited from inside using a virtual 

(b)

Damage 
direction 

(c)

Damage 
direction 

(a) 

Damage 
direction 
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monopole type sound source. Two separate 
virtual microphones were located, one inside the 
other outside of the subscale blade, emulating an 
active acoustic excitation source to be used in a 
real application. In the absence of the realistic 
wind flow excitations in this simplified study, 
the results indicate that the location of the 
damage has more impact on the radiated sound 
levels compared to the size of the damage, under 
the assumption that the damage size is 
reasonably small. The directivity analysis 
showed a cavity internal microphone close to the 
root section and an external (outside the blade) 
microphone location underneath the nacelle 
makes the most sense in order to receive 
relatively high signal-to-noise ratio. This study 
will be complemented with an experimental 
investigation to better understand the influence 
of wind noise on the overall sound pressure level 
distribution around the blades and the 
effectiveness of the current approach on damage 
detection. 
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