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Nomenclature 

Lc   = airfoil chord length 

s   = damage side length 

DL  = damage location 

S  = suction side 

P   = pressure side 

SPL  = sound pressure level 

ΔSPL  = change in sound pressure level 

I.Introduction 

IND turbine blade monitoring for damage offers significant benefits both in terms of economic savings and 

sustainability[1-5]. It is critical to identify and repair damage as soon as possible to limit turbine downtime, minimize 

repair costs, and prevent catastrophic component failure. An acoustics-based approach proposed by Niezrecki and 

Inalpolat [6] would allow for in-operation turbine blade monitoring via measurement of the blade-internal cavity 

sound. If the change in blade’s structural health status (from healthy to damaged) causes a consistent significant 

difference in the sound distribution, the wind farm operator can be notified, and the blade can be inspected and 

repaired. There are two factors that can cause the blade acoustics to change when damage is present. First, the acoustic 
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transmission loss (TL) will change when an opening is created on the blade skin, as more sound can pass into the 

blade internal domain. Second, there may be a change in the aeroacoustic sound generated by airflow over the blade 

when damage is present compared to the sound generated by flow over the healthy blade. The surface discontinuity 

caused by the damage will affect the flow and thus the spatial and temporal acoustic pressure distribution. 

Additionally, the opening created by the damage location allows for coupling between the internal and external 

domains that may create a unique sound. 

This acoustics-based SHM approach has been studied both experimentally [1, 7-11] and computationally [12-14]. 

However, to date, the focus has primarily been on the first factor – the change in transmission loss, not on the sound 

generated by a damaged blade. Thus far, the only experimental studies that include the sound generated by airflow 

over the damage location involve wind tunnel experiments using a small blade cross-section [1, 11]. In these studies, 

Beale at al. demonstrated that damage as small as 0.32 cm in diameter could be detected using an internal cavity 

microphone[1]. However, these investigations did not isolate the influence of the two individual acoustic factors 

(change in TL and change in aeroacoustics due to damage). On the computational side, a reduced-order model has 

been used for aeroacoustic sound generated by flow over a healthy blade, and damage detection prediction has been 

based on a change in TL to detect damage [12-15]. These investigations were beneficial in demonstrating the SHM 

approach, but they did not consider damage-induced sound and how it might affect damage detection.  

The present investigation serves to fill a critical gap in the previous research into the structural health monitoring 

approach. While the previous computational investigations modeled the flow-generated sound for flow over a healthy 

wind turbine blade [12-15], this research will consider the effect of the damage itself on sound generation. A high-

order accurate modeling approach to flow-induced sound is used to identify the impact of the damage location itself 

on the sound that is generated and the effect of the coupling between the external flow domain and the internal blade 

cavity domain. 

II. Methodology 

The numerical simulations are based on high-order accurate Discontinuous Galerkin methods, using the in-house 

software 3DG[16]. While not routinely used for CFD simulations, these high-order methods have been shown to be 

superior over traditional methods for in particular Large Eddy Simulation due to their low numerical dissipation [17, 

18]. In addition, for strongly coupled aeroacoustic phenomena like the ones in this work, it is widely believed that due 



to their high numerical dissipation low-order methods are unable to efficiently capture small pressure perturbations 

using direct numerical simulation of the Navier-Stokes equations.      

The fully compressible Navier-Stokes equations are solved directly, without any models for the turbulence or the 

acoustics. Since the mesh is not resolving all the scales, this corresponds to an Implicit Large Eddy Simulation (ILES) 

technique where the inherent dissipation of the numerical scheme is used as a subgrid model. While the pros and cons 

of such an approach can be discussed, it is routinely used and has been highly successful for prediction of massively 

separated flow using high-order methods[19]. 

In all simulations, tetrahedral elements with polynomial degree p = 3 are used for the spatial discretization. In time, 

an L-stable 3-stage, 3rd order accurate DIRK scheme is used. The large non-linear systems that arise are solved with 

a preconditioned Newton-GMRES method, implemented in parallel using standard domain decomposition [16]. 

The NACA 0012 airfoil is used in this study as a representative case. All dimensions were normalized such that 

the airfoil chord length 𝐿𝐿𝑐𝑐 = 1. The trailing edge had a thickness of 0.00252Lc. As shown in Fig. 1(a), an internal 

domain was defined from x = 0.3Lc to x = 0.8Lc using a smaller NACA 0012 airfoil. Only a single internal acoustic 

cavity was included in the model. Since this computational approach does not include structural coupling, it was not 

necessary to include any other cavities that may be separated by shear webs. Based on previous research, there is 

expected to be limited acoustic coupling between the blade internal cavities [13]. Thus, although in practice there may 

be a small opening connecting the cavities at the root and tip of the blade, this was not likely to be worth the additional 

computational cost of the increased domain size. Also shown in Fig. 1(a) are the four representative damage locations 

used in this investigation. These locations were investigated one at a time such that each damage model only consisted 

of one of the four damage cases. Each damage case was square-shaped with a side length of 𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0.025𝐿𝐿𝑐𝑐. 

Damage location DL1 begins at an x-location of 0.35Lc, while damage location DL2 begins at x = 0.55Lc. Two of the 

damage cases were located on the suction (S) side of the airfoil, and the other two were located on the pressure (P) 

side. 



 

Fig. 1 (a) Airfoil geometry in x-y plane showing damage locations (DL), internal domain, and natural 
transition location on suction side (b) Overhead view (x-z plane) showing six regions for grouping of external 

domain pressure probes. 

Adiabatic no-slip conditions were imposed on the airfoil surface with characteristic boundary conditions at all the 

far-field boundaries. Periodic boundary conditions were applied on the x-y faces of the external domain such that the 

external flow extended infinitely in the z-direction despite only modeling an external span of 0.5Lc. For the internal 

domain, the span was finite, and no-slip boundary conditions were applied at the walls. Two internal domain (ID) 

cases were considered in order to investigate the change in acoustic content created by the coupling of the internal and 

external domains separate from the change created by the surface discontinuity. First, the Small ID case has an internal 

domain with a span of 0.5Lc. This smaller geometry was useful for efficient comparison of different damage locations. 

Second, there is a Large ID internal domain case, which is closest to the actual wind turbine blade geometry. This 

case has a total internal domain span of 10Lc as the internal domain is expanded by 4.75Lc in both the positive and 

negative z-directions. 



The flow speed and angle of attack were selected based on the flow conditions toward the tip of a wind turbine 

blade used in previous computational investigations[13, 14]. For the inlet flow, a Mach number (Ma) of 0.214 was 

selected, which corresponds to a flow speed of 73.5 m/s, at an angle of attack of 5°. However, due to high mesh 

requirements, the Reynolds number was limited to 105 to keep computational costs down and to ensure the flow was 

in a regime that had been previously shown to be accurately modeled by LES on medium fine grids such as the ones 

used in this work. Thus, this would indicate a higher viscosity of the fluid than that of air. In future work, it may be 

worthwhile to investigate the effect of increasing the Reynolds number, as the flow will transition to turbulent closer 

to the leading edge for higher Re values. 

The acoustic pressure was measured at select virtual pressure probe locations throughout the flow domain. Since 

there were more probes than could be examined individually, the external domain probes were divided into groups by 

region along the chord length of the airfoil as shown in Fig. 1(b). There were six regions along the airfoil from leading 

edge to trailing edge, in addition to two separate groups for the probes located upstream of the leading edge or 

downstream of the trailing edge. Since the mesh increased in size away from the airfoil, only the probes for which 

|𝑦𝑦| < 0.1𝐿𝐿𝑐𝑐 were considered in this analysis. For the regions along the airfoil chord length, the dividing lines were 

the XFOIL [20] prediction for natural transition (x = 0.3251Lc), the DL1 boundaries (x = 0.35Lc and x = 0.375Lc), 

and the DL2 boundaries (x = 0.55Lc and x = 0.575Lc) as shown in Fig. 1(b). These regions were also separated between 

pressure side probes and suction side probes. To quantify the change in acoustic pressure when damage was present, 

the change in sound pressure level, ΔSPL, was calculated according to Eq. 1. 

 ∆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑆𝑆𝑆𝑆𝐿𝐿𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑦𝑦 (1) 
 

III.Results and Discussion 

With the higher-order approach, this investigation represented the first time that the damage-generated sound was 

modeled computationally. For the baseline healthy case, no sound was modeled in the internal domain, as the acoustic 

and flow domains were completely separated. Once damage was introduced (see Fig. 2), air flowing over the damage 

side of the airfoil entered the internal cavity, creating a coupling effect. In the rest of this results section, we will 

discuss the effect of this coupling both on the external sound near the airfoil boundary and on the blade-internal cavity 

sound. 



 

Fig. 2 Velocity contour plot showing airflow entering blade internal cavity for damage case DL2S 
(yellow = free-stream velocity; blue = zero velocity). 

First, the impact of the damage location was investigated by modeling the four damage locations depicted 

previously in Fig. 1. The small internal domain was used for these simulations in order to conserve computational 

resources. The effect of internal domain size will be studied in the next section. The ΔSPL values are shown in Fig. 3 

for the suction side and Fig. 4 for the pressure side. Looking at Fig. 3 for the suction side first, it is clear that the 

damage location DL1S has the greatest impact on the external domain sound. This is likely due to the fact that this 

damage is placed near the natural (theoretically expected) location for transition to turbulent flow. The increase in 

SPL is most noticeable in the external domain for regions prior to the full transition to turbulent flow. In Region 1, 

where the flow is laminar, damage location DL2S also caused a significant increase in SPL, with a median change of 

5.4 dB. Even damage case DL1P caused a notable median increase of 3.1 dB in this region. However, once the flow 

is fully turbulent in Regions 4-6, there is no longer a notable increase in SPL or much change between damage 

locations. The change is most easily identified in the laminar region on the suction side of the airfoil, even if the 

damage itself is in the turbulent region, as in the case of DL2S. 

 

Fig. 3 Median ΔSPL values for the Small Internal Domain case for the airfoil suction side for all four damage 
locations 
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Fig. 4 Median ΔSPL values for the Small Internal Domain case for the airfoil pressure side for all four 

damage locations 

 

The pressure side results revealed by Fig. 4 highlights that even for the pressure-side damage locations DL1P and 

DL2P, there was not a significant increase in SPL. These results indicate that damage in the laminar flow region would 

be more difficult to detect if detection were solely dependent on aeroacoustic noise. Damage in this region may still 

be detectable due to a change in transmission loss and measurement of sound from other acoustic sources beyond the 

aeroacoustic noise, which is outside the scope of this paper. 

The effect of the size of the internal domain was investigated for the two suction-side damage cases. Since the 

healthy case did not have any sound transmitted to the internal domain, it is not possible to calculate ΔSPL for the 

internal domain. Instead, the median SPL for the internal domain pressure probes is shown in Fig. 5. The same pressure 

probe locations were used for both internal domain sizes for the sake of comparison, and the internal cavity sound was 

much louder (higher acoustic pressure levels were observed) for the smaller domain size. This is likely due to the 

reverberations that die out in the larger cavity, and indicates that damage will likely be easier to detect for internal 

cavity microphones placed in smaller cavities compared to those in larger cavities. This fact will continue to be 

monitored in future work.  
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Fig. 5 Comparison of the blade-internal cavity median SPL between the small and large internal domains 

IV.Conclusion 

A high-order computational approach was employed to investigate the damage-induced sound of flow over an 

airfoil for development of the wind turbine blade acoustics-based structural health monitoring approach. Based on 

these simulation results, three main conclusions can be drawn. First, damage located just after the transition location 

from laminar to turbulent flow resulted in the greatest change in flow-generated sound and would likely be easiest to 

detect. Second, damage located in the laminar flow region had negligible impact on the generated sound, so detection 

would depend on the change in transmission loss, not on the change in flow-generated sound. Finally, analysis of 

blade internal cavity size showed that the sound pressure levels for the small cavity case were greater than for the 

large cavity case, supporting the idea that damage would be easier to detect in smaller cavities. This investigation sets 

up future studies to continue the research into damage-induced sound. Moving forward, factors such as the Reynolds 

number, airfoil profile, and damage types can be varied to have a better understanding of the wind turbine acoustics 

problem. 
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