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Numerical Simulation of BTI Broadband Noise Reduction 

with Wavy Leading Edge for Sweep Blade 

QIAO Weiyang1，DUAN Wenhua2, GUO Xin3,  CHEN Weijie4 and TONG Fan5 

School of Power and Energy, Northwestern Polytechnical University, Xi’an 710072, China 

A hybrid LES/FW-H simulation is performed to investigate the leading-edge broadband 

noise reduction of a sweep blade with Wavy Leading Edge(WLE) configuration. The noise 

radiation from the sweep blade leading-edge is generated by the interaction of the blade and 

incoming anisotropic turbulence (Blade-Turbulence Interaction noise, BTI noise) which is 

produced by a rod whose wake impinges onto the downstream blade. The incoming flow 

velocity is 40m/s and the corresponding blade chord based and rod diameter based Reynolds 

number is about 400,000 and 26,000 respectively. The far field acoustic field is predicted 

using the FW-H acoustic analogy method which has been validated against the experimental 

results. A Straight leading Edge(SLE) blade and a WLE blade are simulated in the study.  

Results show that the WLE can substantially reduce BTI noise when the incoming 

turbulence is anisotropic, and  can mitigate noise radiation at all the azimuthal angles 

without significantly changing the noise directivity. As expected, the reduction of the sound 

pressure level of BTI noise for three-dimensional swept blade with WLE configuration is not 

as significant as that of two-dimensional blade. The OASPL of the BTI noise reduction 

associated with the WLE is approximately 2.4~3.4dB. The underlying noise reduction 

mechanism is then analyzed in detail. It is found that WLE can significantly change the flow 

pattern around the leading edge of swept blade. The present results show that the pressure 

fluctuation around the blade leading edge and the unsteady load on the swept blade were 

significantly reduced with the using of WLE configuration.  

Keywords: Broadband noise; Large eddy simulation; Wavy leading edge; Sweep blade; Noise 

reduction mechanism 

1 Introduction 

The reduction of the turbulence broadband noise from the trailing-edge (TE) and leading-edge(LE) of wing or the 

turbomachinery blade is nowadays an important industrial need and probably one of the most challenging issues in 

aero-acoustics. Especially, the Blade-Turbulence Interaction(BTI) noise which from the interaction between the 

incoming turbulence and blade leading edge is a significant contributor to the noise of turbofan, wind turbines, 

ventilation systems, high-lift devices, propellers, and so on. It has been found that the BTI noise can be the dominant 

source when the incoming turbulence intensity is sufficiently high[1], which is often the case at the leading edge (LE) 

of outlet guide vanes in modern high-bypass-ratio turbofan engines. 

In order to achieve the dream of ultra-quiet flight in the future, "learning from nature" which is the core of the 

noise control using bionic methods, has received unprecedented attention and been investigated extensively. 

Learning from nature can help to provide new aerodynamic noise control ideas, and has become a new vibrant 

aerodynamic noise control field. The wavy or serrated leading edge (Wavy Leading Edge, WLE) was originally 
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bioinspired by owl serrations leading-edge wings and Humpback whale flippers, has been identified as a lift-

enhancing, drag-reducing and noise reducing modification[2-5]. WLE has become the focus of much research to 

explore their benefits in terms of improved aerodynamic performance and/or reducing  noise. Most of the studies 

demonstrate that the WLE can delay the stall occurrence, increase post-stall lift, decrease post-stall drag, and reduce 

the laminar separation bubble, whereas it may degrade the pre-stall performance [6–18].  

In addition to the aerodynamic aspects, many studies have focused on BTI noise reduction with the WLE in recent 

years[19-36]. Clair et al.[19] experimentally and numerically investigated the effects of WLE on the airfoil-turbulence 

interaction noise, reporting a noise reduction of 3-4dB. Lau et al.[20] numerically investigated the effects of WLE on 

the airfoil-gust interaction noise(AGI), finding that the ratio of the WLE peak-to-valley amplitude (A) to the 

longitudinal wavelength of the incident gust (λg) was an important factor in reducing AGI noise. Kim et al.[24] 

conducted a numerical investigation into the noise reduction mechanisms of WLE, obtaining valuable results. 

Mathews and Peake[25] and Lyu et al.[26] also performed theoretical analyses of noise reduction using WLE. 

Chaitanya et al.[27] conducted a detailed parametric study of the sensitivity of noise reduction effects to the amplitude 

and wavelength of the leading-edge serrations of flat plates and a NACA-65(12)10 airfoil. The influence of the 

turbulence integral length scale is also studied. Biedermann et al.[28] proposed a statistical-empirical model to predict 

the noise generated by WLE airfoils. Turner and Kim[29] numerically investigated the aeroacoustic source 

mechanisms of WLE on a flat plate, identifying a system of horseshoe-like secondary vortices developing around 

the WLE. Aguilera et al. [30] investigated the interaction of anisotropic turbulence with a WLE NACA 0012 airfoil 

by means of computational aeroacoustic simulations (CAA). Reboul et al. [31] performed a CAA prediction of the 

broadband noise reduction effects of a serrated OGV using synthetic turbulence. A reduction in overall sound power 

level of 1.9 dB was reported [31]. More recently, a series of experimental and numerical simulation studies on the 

broadband noise reduction with WLE was carried out by present authors in Northwest Polytechnic University(NPU) 

[33-36].  

Despite the rapid growth in this field, the understanding of the noise reduction mechanisms associated with wavy 

leading edge is still underdeveloped[37]. For the above most research works, most of the studies have been focused 

on 2-dimensional airfoils and flat plates with 2-dimensional flow. and most previous studies have used 

homogeneous isotropic and grid generated turbulence. To the authors' knowledge, real fan noise reduction using 

wavy leading-edges has only been reported recently by Tong et al.[36] and Reboul et al. [38](in fact, the simplified 

approximate two-dimensional flow simulation method is still used in these study[36]), and the investigation of lead-

edge noise reduction with  incoming anisotropic turbulence has only been reported recently by Chen et al.[33,34] and 

Tong et al [35]. It is well known that the flow around blade of turbomachinery presents a strong three-dimensional 

flow characteristics. It could be expected that the flow and acoustic mechanism of the WLE in turbomachinery are 

more sophisticated than that in the already existing theory with the supposing of 2-dimensional flow airfoil. In the 

current work, a swept blade which model the three-dimensional flow characteristics around blade is used to study 

the BTI noise reduction mechanism of WLE configuration. The incoming anisotropic turbulence was generated 

using a rod wake which is placed before the swept blade.   

The organization of the paper is as follows. In Sec. 2, the validated hybrid computational aeroacoustics 

methodology and the parameters of the WLE model are described. Then the numerical model and numerical 

simulation setup are presented in Section 3. In Sec. 4, the aerodynamic effects and noise reduction effects of WLE 

on the swept blade are presented. The noise reduction mechanisms of the WLE are elaborated in detail in Sec. 5.  

Finally, some conclusions are drawn in Sec. 6. 

2 Numerical Methodology 

In this paper, a validated the hybrid computational fluid dynamics (CFD)/acoustic analogy method is used to 

calculate swept blade BTI noise[39,33-35]. First, the noise sources of the swept blade, most importantly, the pressure 

fluctuations on the blade surfaces, are obtained using the CFD method. Next, the pressure fluctuations are 

transformed into noise sources in the frequency domain using Fast Fourier Transform(FFT). Finally, the noise 

sources in the frequency domain are coupled with the FW-H equations to obtain the sound power level generated by 

the BTI. 

2.1. Numerical method for flow field  

The broadband nature of the noise sources for BTI noise should be captured by the simulation in the current 

paper, as broadband noise which generally requires direct numerical simulation (DNS) or LES. LES is used to 

compute the flow field in this paper.  
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In LES, the large scales of the flow and small scales of the flow are treated differently according to their different 

characteristics. Generally speaking, large scales of the flow contain the main part of the total fluctuating kinetic 

energy and characterize the flow. They drive the physical mechanisms of the flow. At the same time, the large scales 

of the flow are sensitive to the boundary conditions and are anisotropic.[40] In contrast, small scales of the flow 

contain only a few percent of the total kinetic energy and have weak influence on the mean fluid motions. Their 

main function is viscous dissipation. In LES, the large three-dimensional unsteady turbulent motions are directly 

solved, whereas the effects of the smaller-scale motions are modelled by the subgrid-scale (SGS) stress model.  

In the current paper, the commercial available solver CFX[41] is used to calculate the flow field and the dynamic 

Smagorinsky-Lilly model[42] is used whose model coefficient can adjust automatically to the flow type according to 

the information contained in the resolved turbulent velocity field. This model has demonstrated satisfactory results 

by Winkler[43] and the authors’ previous study[39]. 

2.2. Far field noise prediction 

The far field noise prediction method is based on Goldstein’s generalized Lighthill equation[44]. The fundamental 

equation governing the generation of sound in the presence of solid boundaries is presented below[44] 
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where
0c is the ambient speed of sound and 

'  is the acoustic density disturbance. At sufficient distance from the 

source, 
2 '

0c   is equal to the acoustic pressure
'p .   is the source time (retarded time).  

'
NV   is the velocity of the 

surface normal to itself relative to the fluid. 

When the incoming flow Mach number is small and the solid surface keeps statistic, which is often the case in the 

acoustic wind tunnel experiments, the first and third term on the right hand of Eq.(1) can be ignored. Therefore, 

Eq.(1) can be simplified as 
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S is the amplitude radius 
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More Details about the noise prediction method can be seen in Ref 39. For clarity, only the final expression for the 

far field acoustic pressure is presented herein as follows[39]. 

3. Model and numerical set up 

3.1. Model 

The swept blade with sweep angle of 30 degrees and constructed by NACA0012 airfoil was numerical 

investigated in this study. The chord of the swept blade is of 150mm and the span is of 300mm.  
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In order to investigate the effect of WLE on the blade-turbulence interaction noise(BTI), the swept blade with 

modified leading edges, i.e. wavy leading edges, is designed as shown in figure1. The wavy peak, middle, and valley 

locations are also depicted in this figure. The averaged Leading Edge(LE) line of the WLE(defined as Wavy LE in 

figure 1) coincides with the LE of the Straight Leading Edge(SLE, defined as Baseline LE in figure 1) case so that 

the mean chord length and the wetted area of the wavy sept blade are maintained constant as that of SLE blade. The 

WLE blade in the form of sinusoidal profile with amplitude A, wavelength W, and mean chord length c is shown in 

Fig. 1(a). It should be noted that the wave shape in figure 1 is obtained by projecting a sinusoidal line with 

amplitude A and wavelength W perpendicular to the flow direction to the blade spanwise direction. Therefore, the 

wavelength W is perpendicular to the direction of the inflow. The symmetrical lines of the sinusoidal profile passing 

through the crest and valley points of the wave are parallel to the flow direction of the airflow. The chord length of 

the WLE blade versus spanwise coordinate z is of the form 
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The coordinates of the baseline swept blade are modified in the nose region according to Eq. (2). The x 

coordinates near the nose are stretched or contracted in line with the spanwise chord length of the WLE blade, while 

the rear coordinates are unchanged. 
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where the parameters with superscript ‘ refer to the modified blade. Subscript max refers to the location of the 

maximum thickness. Λ is the sweep angle of blade. 

 

 
(a)The definition of wavy leading edge for swept blade 

 

(b)The section profile of wavy LE       (c) the typical position of wavy LE 

Fig. 1 Sketch of wavy leading edge of swept blade 
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3.2. Flow Configuration 

The present numerical simulation is based on the rod - blade flow configuration with SLE and WLE swept blades 

located downstream of the rod, to investigate the effect of the WLE on the BTI noise. The flow behand of rod is 

often used to simulate the wake turbulence of turbomachinery blade. The downstream of rod is composed of non-

isotropic turbulence dominated by Karman vortex street, which is very similar to the phenomena observed in 

turbomachinery. The wavy blade which is with wave amplitude A is 15% of the average chord length, the 

wavelength W is 10% of the average chord length, and the sweep angle is 30 degrees is numerical simulated. 

As shown in figure 2, an cylinder with the same sweep angle of 30 degree as that of swept blade is placed 

upstream of swept blade to model the interaction between turbulence and swept blade. The cross-section diameter of 

the cylinder is d=10 mm, and is placed at L=100 mm upstream of the leading edge of the swept blade(about the 0.67 

blade chord). The x-axis is in the direction of flow direction, the y-axis is in the direction of transverse direction, the 

z-axis is in the spanwise direction. The boundary of the flow field includes the inflow boundary (solid line part) and 

the exit boundary (dotted line part). The outer flow field is a circular region with the center point at the maximum 

thickness of the blade as the center and the radius is 20 times blade chord(R=20c). Considering the requirement of 

mesh refinement for the WLE case and the limited computation resources, a reduced span length of twice the blade 

chord (2c) is chosen in the current study to reduce the mesh size and computation time, and this span length is 

corresponding to two wavelengths of WLE. 

The computational domain also sweep 30 degrees in the spanwise direction, which ensures that the geometrical 

structures of the two ends in span direction are identical. It is convenient to impose periodic translation interface at 

the positions of the spreading surfaces, so that the whole model can be regarded as extending to infinite length. In 

this way, it is easy to impose periodic translation interface at the positions of both ends of the spanwise direction. 

This choice is consistent with some of the previous studies[32-35]. When it comes to the boundary condition in the 

spanwise direction, slip conditions, symmetry conditions, and periodic conditions have been used in the literature. 

For the free-slip conditions, the velocity components parallel to the wall have finite values (which are computed), 

but the velocity normal to the wall and the wall shear stress are both set to zero. The slip condition only affects the 

vicinity of the boundary. The symmetry condition imposes constraints that mirror the flow on either side of it. The 

velocity normal to the symmetry boundary and the scalar variable gradients normal to the boundary are both set to 

zero. For the periodic conditions, all the flow field quantities of the two periodic planes are fully correlated, which 

means that the periodic conditions impose more constraints on the flow field. It was reported by Boudet et al.[45] that 

the slip condition was physically more relevant and allowed a better comparison with the experiment. Meanwhile, it 

was pointed out by Kato et al.[46] that the slip condition might also be controversial. The periodic boundary condition 

is imposed in the spanwise direction in the present study because it was widely used in the literature and has been 

proven to be an appropriate choice. The previous numerical investigations are not further discussed in detail, 

because our main purpose in the current work is to explore the noise reduction effects and mechanisms of the WLE.  

 

 
(a) y-direction                                                                        (b) y-direction 

Fig. 2 Sketch of the computational domain 

 

3.3. computation grids 

The sketch of computational mesh around the rod and airfoil is shown in figure 3. The far-field of inlet flow and 

exit flow boundary is circular. The four-layer "O" grid topology is adopted to control the boundary area and the area 
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near the blade surface separately. In order to reduce the boundary reflection, the mesh in the far-field boundary area 

far from the blade and cylinder is stretched.  In order to obtain the flow details better, the meshes near the blade and 

the cylindrical wall are refined. 

The grid around the blade is shown in Fig. 3(b). A "C" grid topology is adopted near the blade surface. In order to 

control the mesh quality conveniently, a three-layer grid control curve is generated outside the blade, which makes 

the grid near the blade surface three-layer nested structure. The "O" grid structure around the cylinder is also nested 

with three layers of grid. In order to capture Karman Vortex Street more precisely, the maximum mesh spacing in 

the wake region of the cylinder is 0.45 mm, the maximum mesh spacing on the blade surface is 0.88 mm, the 

number of nodes around the blade is about 500, the number of nodes around the cylinder is about 240, the number of 

nodes extending to the grid is 49, and the number of nodes in the grid is about 5.4 million. 

For WLE blade, the grid is refined in the spreading direction, and the number of grid nodes in the wake region of 

the cylinder is increased to ensure that the maximum grid spacing is still 0.45 mm. In order to capture the flow field 

information at the wavy leading edge more carefully and ensure the quality of the grid, the number of the grid nodes 

in span direction increased to 53, and the total number of nodes increased to 6.4 million. Figure 3 (c) shows the 

surface grid of the wave front blade. 

 

(a) grids in far-filed                      (b)grids around blade and rod 

 

(c)grids in the wavy leading edge 

Fig.3 computation mesh 
 

Fig. 1 shows the dimensionless grid size distribution along the streamwise direction and wall normal direction. It 

can be seen that wall normal mesh dimensionless size Δy+ is less than 1 and streamwise mesh dimensionless size 

Δx+ is less than 100 over most of the airfoil surface, which is in accordance to the suggestion by Wagner[40]. 

Moreover, the authors’ previous simulation for a similar configuration[39] indicates that the grid size in x-y plane is 

sufficient.  
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 (a) Δx+                                                                                 (b)  Δy+ 

Fig. 1 Dimensionless grid size distribution 

3.4. Numerical set up and boundary conditions 

The boundary conditions used in this study are set as follows: the inlet boundary is set as the velocity inlet, the 

flow direction is the x-axis positive direction, and the flow velocity is U=40 m/s, and the Reynolds number based on 

the blade chord length is Re=4*105. The outlet boundary is set as Opening boundary, the outlet static pressure is 

standard atmospheric pressure P=101325 Pa, and the temperature is T=288 K. The boundary on both sides of the 

span direction is set as the periodic boundary of translation. The surface of cylinder and blade is set as non-slip 

adiabatic wall. 

Firstly, the steady RANS calculation is used, and the steady RANS computation results are used as the initial field 

for the LES calculation. After the convergence of the LES calculation, the required flow field information is further 

promoted and counted, and the far-field noise information is obtained by using the FW-H method with the pressure 

fluctuation on the blade surface. The plane of far-field acoustic receiving points is on the middle span plane as 

shown in figure 5. The receiving points are centered at the center of the maximum thickness of the blade and the 

circle with radius of 2m. The blade chord direction is 0 azimuth angle, and the azimuth angle difference between the 

receiving points is 10 and the total number of receiving points is 36. 

 
Fig. 5 The distribution of sound receiving points in far-field 

4. The aerodynamic effects and noise reduction of WLE on the swept blade 

4.1. Aerodynamic performance of the swept blade with WLE   

The lift coefficient CL , drag coefficient CD and spanwise force coefficient CS are used to evaluate aerodynamic 

performance of swept blade, which are defined as 
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where Fx, Fy and Fz is the force on the airfoil in x, y and z direction and S is the blade projected area. 

The time history of lift coefficient for SLE swept blade and WLE swept are shown in figure 6. It can be seen from 

figure 6 that WLE can significantly reduce lift coefficient fluctuation while the mean lift coefficient does not vary 

too much. Because the blade studied in this paper is NACA0012 symmetrical airfoil, the lift coefficient fluctuates 

near the zero value. In order to quantify the difference more clearly, the mean and root mean square (RMS) value of 

the lift, drag coefficient and spanwise force coefficient are presented in Fig. 7(a), Fig. 7(b), Fig. 7(c) respectively.  

As can be seen from Figure 7, for swept blades, the WLE can slightly affect the lift coefficient of the blades, 

while reducing the average drag coefficient of the blades by 46.7%. This shows that the wavy leading edge can 

reduce the drag. At the same time, the fluctuation of lift coefficient and drag coefficient can be reduced by 21.2% 

and 8.3% respectively. The flow noise radiated from the flow around the blade usually consists of lift noise and drag 

noise due to the fluctuation of the lift and drag on the blade. The reduction of lift coefficient and drag coefficient 

fluctuation indicates that the structure of WLE can reduce the aerodynamic noise of blade. However, the existence 

of WLE can greatly increase the spanwise force on the blade, increasing by 247.1%, and at the same time will 

increase the root mean square value of the spanwise force by about 52.4%. 

 
 

Fig. 6 Time history of airfoil lift and drag coefficient 
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 (a) blade lift coefficient                  (b) blade drag coefficient 

 
(c) spanwise force coefficient 

Fig. 7 Comparison of the mean and RMS value of the airfoil lift, drag and span force coefficient between SLE  blade and WLE  

 

Fig. 8 is a comparison of power spectral density(PSD) of fluctuating lift, drag and spanwise forces between the 

SLE blade and the WLE blade. The frequency of the shedding vortices behand the rod or its primary harmonic 

frequencies can be observed in these figures. It can be seen from Fig. 8(a) that the characteristic frequency of power 

spectrum of the fluctuating lift coefficient of the SLE and WLE blade is same as that of the Strouhal number of the 

shedding vortices behand the rod, which indicates that the lift force fluctuates periodically under the influence of the 

shedding vortices. The WLE not only reduces the power spectral density of fluctuating lift at the shedding vortices 

frequency, but also reduces the power spectral density at other broadband frequency ranges. Fig. 8 (b) and Fig. 8(c) 

indicate that the characteristic frequency of fluctuating drag and spanwise forces is the first harmonic frequency of 

shedding vortex frequency. This is because the two opposite vortices in Karman vortex street will have the same 

effect on the drag and spanwise force of the blade when they act on the blade, so that the fluctuation frequency is 

twice as high as that of the shedding vortices (i.e. the first harmonic frequency). It could be also seen from fig. 8(b) 

that WLE can also reduce the drag fluctuation in all frequency range. As shown in Fig. 8(c), as expected, the wavy 

leading edge blade can not only reduce the power spectral density of the spanwise force at the characteristic 

frequency, but also increase the power spectral density of the spanwise force at all frequencies. 
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(a) airfoil lift coefficient                  (b) airfoil drag coefficient 

 
(c) spanwise force coefficient 

Fig. 8 Comparison of PSD of the airfoil lift, drag and spanwise force coefficient fluctuation between SLE case and WLE 

 

4.2. Aero-acoustic performance of the swept blade with WLE 

Fig.  shows the comparison of the aero-acoustic performance between the SLE blade and WLE blade. 9(a) shows 

the results of sound pressure level at a distance of R=2.0, azimuthal angle of 90° relative to the airfoil center. The 

azimuthal angle of 0° denotes downstream direction (positive x direction) and 180° denotes upstream direction 

(negative x direction) and 90° denotes the upside direction relative to the blade surface (positive y direction). It can 

be found from fig.9(a) that the noise energy is mainly concentrated in the middle and low frequencies close at the 

characteristic frequencies of Karman Vortex Street. The WLE does not change the characteristic frequency of 

upstream Karman Vortex Street, nor can it reduce the noise at this characteristic frequency. However, the WLE can 

reduce the blade-turbulence interaction noise in other frequency. It can be seen from Fig.  (a) that wavy LE can 

significantly reduce the broadband sound pressure level, especially at frequency range of St>0.2. 

 Fig. (b) shows the results of overall sound pressure level (OASPL) computed from St=0.2 to St=1.5. It could be 

seen from Fig.9(b) that the directivity of the blade-turbulence interaction noise from swept blade has the "8" shape 

of the dipole directivity form, the maximum OASPL is presented at the 90° and 270°, while the minimum OASPL is 

presented at the 0° and 180°. WLE has little effect on the shape of the directivity of the BTI noise. A significant 

reduction of OASPL at various azimuthal angles is observed. It can be found that the OASPL is reduced about 3.4 

dB at 0° and 180°, and OASPL is reduced about  2.4 dB at 90° and 270°. As expected, the reduction of the sound 

pressure level of BTI noise for three-dimensional swept blade with wavy configuration is not as significant as that of 

two-dimensional blade. As indicated in previous research work(Tong et al.[35] ,figure 12), for the two-dimensional 

straight blade, a averaged noise reduction of 9.5 dB with the using of wavy leading edge is observed. 

DOI: 10.13009/EUCASS2019-118



 

11 

 
(a) Sound pressure level (at R=2.0m, azimuthal angle of 90°)           (b) Overall sound pressure level 

Fig. 9 Comparison of the aero-acoustic performance between SLE blade and WLE blade 

 

4.4. Flow field characteristics 

The time averaged pressure distribution on the blade surface is displayed in Fig.10 (Because the blade 

investigated in this study is symmetrical, and the angle of attack of inflow to blade is of 0°, the statistical 

characteristics of flow field is the same on both sides of the blade). It can be seen from Fig. 2 that the pressure 

distribution along the spanwise direction is substantially changed due to the wavy leading edge modification. The 

averaged pressure of the SLE blade is uniformly distributed along the spanwise, and a periodicity of the pressure 

distribution along the spanwise is observed for the WLE blade with a low pressure region located just downstream 

of the wavy leading edge valley. It could also be seen that the maximum pressure on leading edge is not at the crest 

tip, but at the short side of the wave leading edge. This is caused by the impact of the incoming flow on the short 

side of the wave with the forward direction inflow for swept blade. 

 
 (a)SLE         (b) Wavy LE 

Fig. 2 Time averaged pressure distribution on the airfoil suction side surface 
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The comparison of time averaged pressure coefficient distribution on the blade is shown in 

 
Fig.  where the pressure coefficient Cp is defined as  
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The pressure coefficient distribution of the blade spanwise-section along the wave crest, wave valley and wave 

hill on both sides of the leading edge of the wave is given in the fig.11. It can be seen from 

 
Fig.  that WLE has an effect on the pressure coefficient distribution but this effect is limited to the region 

upstream of x/c=0.3. Downstream of x/c=0.3, the effect of the wavy leading edge on the pressure coefficient is 

negligible.  

For the WLE, the pressure coefficient distribution upstream of x/c=0.3 is different at four different spanwise 

locations, i.e. peak, valley, short hill and long hill location. An important feature is that the pressure coefficient on 

the blade surface undergoes more and more sudden change from peak location to valley location. It can be seen that 

there is a certain pressure gradient along the spanwise direction of the leading edge of WLE blade, which is likely to 

induce a strong spanwise flow. Moreover, a local minimum of the pressure coefficient is observed behand the wave 
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valley location, which is marked as little red circle region in 

 
Fig. . It will be shown later that this local minimum of pressure has an impact on the flow characteristics near the 

leading edge. As shown in the red circle, it can be clearly found that the flow pressure gradient here is very large, 

and it can be predicted that there must be strong flow characteristics in this region. 

 
Fig. 11 Time averaged pressure coefficient distribution 

 

 

Fig. 3 shows the time averaged spanwise component of the wall shear stress distribution along the blade surface 

for SLE and WLE blade. For the SLE blade, the averaged spanwise component of the wall shear stress is most 

prominent along the leading edge. Compared with the SLE case, wavy LE blade shows a significant reduction in the 

averaged wall shear stress along the leading edge, especially around the wavy leading edge long hill location. 

Downstream of the wave valley, a region of low averaged wall shear stress is observed, as shown in Fig. 3(b).There 

are positive and negative shear stresses on both sides of the wave valley, and there is a negative shear stress zone at 

the downstream of the wave valley. These results indicate that there are some transverse secondary flow structures at 

the wave valley, which have an impact on the shear stress from the leading edge of the blade to the middle region. 

 
 (a)SLE blade                                                                             (b) WLE blade 

Fig. 3  Time averaged spanwise component of wall shear stress distribution  
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Fig. 13 shows the streamwise component of the wall shear stress distribution on the SLE and WLE blade. It can 

be seen that, for the SLE blade, the streamwise shear stress is uniformly distributed in the spanwise direction, and 

the streamwise shear stress is the largest at the leading edge. For the WLE blade, the streamwise shear stress is 

distributed periodically along the spanwise direction. The streamwise shear stress at the crest and valley of the wave 

is higher than that at other positions, and the streamwise shear stress at the long hill of the wave is lower than that at 

the short hill. There is a more wide range of low shear stress in the leading edge position for WLE blade. Because 

streamwise shear stress is closely related to blade friction resistance, it can be expected that the wavy leading edge 

can effectively reduce the blade resistance.  

 
(a)SLE blade                                                                             (b) WLE blade 

Fig. 4 Time averaged streamwise component of wall shear stress distribution 

 

To further investigate the noise reduction mechanism, Fig shows the comparison of wall pressure fluctuation 

amplitude on blade surface. It can be seen from fig.14 that the pressure fluctuation at the leading edge of the SLE 

blade is the largest and distributes uniformly along the spanwise direction. This indicats that the leading edge is the 

main area of pressure fluctuation and the main sound source area. The pressure fluctuation on the WLE blade is the 

largest in the leading edge area, and it changes periodically along the spanwise direction. The largest pressure 

fluctuation is on the wave valley position. The pressure fluctuation on the wave crest, short hill and long hill 

decreases in turn. Compared with the SLE blade, the pressure fluctuation on the WLE blade is larger only in the 

wave valley position and smaller in the all other position. It could be concluded that the pressure fluctuation of the 

WLE blade surface is obviously weakened, and the corresponding blade lift and resistance pulsation are reduced. 

This is one of the main reasons for reducing noise using wavy leading edge.               

(a) SLE blade                                     (b) WLE blade 

Fig.14 Comparison of wall pressure fluctuation amplitude on blade surface 

 

 

5 Conclusions 

 

A hybrid LES/FW–H acoustic analogy method has been applied to study the effect of wavy leading edge on 

swept blade-turbulence interaction noise. A rod which is located on the front of a swept blade was used to generated 

anisotropic turbulence in the inflow to swept blade. The chord of the swept blade is of 150mm and the span is of 

300mm.The free-stream speed is of 40m/s with a zero angle of attack and the corresponding blade chord based and 

rod diameter based Reynolds numbers are about 400,000 and 26,000 respectively. A sinusoidal WLE with amplitude 

A of 15mm(0.1c)  and wavelength W of 10mm(0.67c) is designed to reduce the BTI noise. The main conclusions 

from this study include: 

(1) Wavy leading edge can substantially reduce swept blade lift and drag coefficient fluctuation while the mean 

lift coefficient does not vary too much. It is found that the fluctuation of lift coefficient and drag coefficient can be 

reduced by 21.2% and 8.3% respectively in this study. The reduction of lift coefficient and drag coefficient 

fluctuation indicates that the structure of wavy leading edge can reduce the aerodynamic noise of the swept blade. 

However, the existence of wavy leading edge can greatly increase the spanwise force on the swept blade, increasing 

by 247.1%, and at the same time will increase the root mean square value of the spanwise force by about 52.4%. 

(2)The wavy leading edge not only reduces the power spectral density of fluctuating lift and drag at the shedding 

vortices frequency, but also reduces the power spectral density at other broadband frequency ranges. The 

characteristic frequency of fluctuating drag and spanwise forces is the first harmonic frequency of shedding vortex 
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frequency. This is because the two opposite vortices in Karman vortex street will have the same effect on the drag 

and spanwise force of the blade when they act on the blade, so that the fluctuation frequency is twice as high as that 

of the shedding vortices.  

(3) The pressure and shear stress distribution along the spanwise direction is substantially changed due to the 

WLE modification. There is a more wide range of low shear stress in the leading edge position for WLE blade.  

Compared with the SLE blade, the pressure fluctuation on the WLE blade is larger only in the wave valley position 

and smaller in the all other position. It could be concluded that the pressure fluctuation of the WLE blade surface is 

obviously weakened, and the corresponding blade lift and resistance pulsation are reduced. This is one of the main 

reasons for reducing noise using wavy leading edge.   

(4) The wavy leading edge can substantially reduce BTI noise when the incoming turbulence is anisotropic. The 

use of wavy leading edge can mitigate noise radiation at all the azimuthal angles without significantly changing the 

noise directivity. The OASPL of the BTI noise reduction associated with the WLE is approximately 2.4~3.4dB. As 

expected, the reduction of the sound pressure level of BTI noise for three-dimensional swept blade with WLE 

configuration is not as significant as that of two-dimensional blade. 
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