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a b s t r a c t

High-order accurate numerical simulations are performed to investigate the effects of
wavy leading edges (WLEs) on aerofoil–gust interaction (AGI) noise. The present study
is based on periodic velocity disturbances predominantly in streamwise and vertical direc-
tions that are mainly responsible for the surface pressure fluctuation of an aerofoil.

the ratio of the wavy leading-edge peak-to-peak amplitude (LEA) to the longitudinal
wavelength of the incident gust (λg) is the most important factor for the reduction of AGI
noise. It is observed that there exists a tendency that the reduction of AGI noise increases
with LEA=λg and the noise reduction is significant for LEA=λg≥0:3. The present results also
suggest that any two different cases with the same LEA=λg lead to a strong similarity in
their profiles of noise reduction relative to the straight leading-edge case. The wavelength
of wavy leading edges (LEW), however, shows minor influence on the reduction of AGI
noise under the present gust profiles used. Nevertheless, the present results show that a
meaningful improvement in noise reduction may be achieved when 1:0≤LEW=λg ≤1:5. In
addition, it is found that the beneficial effects of WLEs are maintained for various flow
incidence angles and aerofoil thicknesses. Also, the WLEs remain effective for gust profiles
containing multiple frequency components. It is discovered in this paper that WLEs result
in incoherent response time to the incident gust across the span, which results in a
decreased level of surface pressure fluctuations, hence a reduced level of AGI noise.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Aerodynamic sound is generated when a solid surface, such as a wind-turbine blade, is situated in an incident flow which
is unsteady and non-uniform. Noise generated in this manner will be referred to as aerofoil–gust interaction (AGI) noise
herein. The generation of AGI noise is mainly an inviscid phenomenon, where pressure fluctuations are generated to balance
the momentum fluctuations that occur due to the distortion of the velocity disturbance, or gust, by the potential flow near
the obstacle. AGI noise is an important noise source for many applications involving aerofoils (rotor blades, turbofans,
aircraft high-lift devices, etc.) situated in impinging flow disturbances. In recent years, wind-turbine blade noise has gained
significant attention due to the expansion of wind farms as a sustainable source of energy. They are often operating against
atmospheric wind gusts and turbulent wakes from upstream wind turbines, which are potential sources of AGI noise.
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Migliore and Oerlemans [1] showed that AGI noise becomes dominant over trailing-edge noise when there is a moderate
level of disturbances in the incident flow. Therefore, a more in-depth study of AGI noise and its reduction is required.

Wind-turbine noise has been investigated theoretically. For instance, a theoretical approach particularly for the study of
AGI noise was developed by Goldstein [2] utilizing the rapid distortion theory. By assuming the flow to be inviscid and non-
heat-conducting, he linearized the governing equations and rewrote them into a linear inhomogeneous equation in terms
of a perturbation potential. For a compressible flow, the inhomogeneous wave equation derived by Goldstein has vari-
able coefficients and functions within the source term and boundary conditions. Hence the equation has to be solved
numerically. Myers and Kerschen [3,4] developed approximate close-form expressions of the equation. They considered a
2D irrotational compressible mean flow, which was assumed to be a small perturbation to a uniform flow. Superposition of
small amplitude harmonic components was used to represent the upstream divergence-free vortical velocity. They further
assumed small flow incidence angle and high frequency of converted disturbances. With these assumptions, a simplified
form of Goldstein's equation was derived. Flat plate aerofoils with and without camber have been analysed by Myers and
Kerschen [3,4]. Evers and Peake [5] derived an extended equation applicable to an aerofoil with small but non-zero
thickness, camber and angle of attack in transonic mean flows. The theoretical models provide useful ground for the study of
AGI noise in two-dimensional (2D) domain.

There also exist semi-empirical approaches to predict the AGI noise, which were developed based on the results of
previous experimental and theoretical studies. For instance, Lowson [6] combined the AGI theory of Amiet [7], which
considers the response of an infinitely thin flat plate, with a semi-empirical gust field to predict the wind turbine noise. The
parameters of the semi-empirical model were chosen to reflect the test conditions of a certain set of experimental data.
The major advantage of semi-empirical models is that they are computationally inexpensive, easy to use, and fast to return
results. However, the validity of using these models in various flow conditions is questionable since they are restricted by
many constraints.

Computational aeroacoustics (CAA) has made significant advancement in recent years to allow for high-order accurate
simulations of aerofoil noise source mechanisms. However, the computational cost needed to cover the whole range of
wind-turbine noise sources accurately and in reasonable time remains prohibitively high. Hence, it is sensible to study each
type of noise generation mechanism separately. Aerofoil self-noise, which originates within the boundary layer and the
wake regions, is avoided in the current simulations by using Euler equations. There exists some fundamental work done on
AGI noise based on CAA approaches and they were mostly limited in 2D domain [8–11]. Recent three-dimensional (3D)
simulations were performed by Atassi et al. [12] and Hixon et al. [13]. The current research employs an accurate and efficient
high-order method [14] for direct computation of AGI noise in 3D domain.

The aim of the current study is to investigate the effect of aerofoil leading-edge geometries on AGI noise. It is well
known that the silent flight of owls is attributed to their tiny saw-tooth-shaped serrations on the leading edge of the main
flight feathers [15,16]. Soderman [15] conducted experiments using rotor blades with saw-tooth serrations (0.1–0.5 cm
in height) attached to the lower surface of the leading edge. He found that the serrated leading edge is effective in
reducing high-frequency noise at low tip speeds between 48 and 135 m/s. However, the aerodynamic effect was highly
sensitive to the attachment location of the serrations. Small deviation from the ideal location could lead to overall
degradation in aerodynamic performance. A more recent experimental study on owl wings by Ito [16] reported that
the post-stall aerodynamic benefit brought about by serrated leading edges was only observed at low Reynolds number
of 2:1� 104.

Another type of leading-edge geometry can be found in the pectoral flippers of humpback whales, which have tubercles.
Several studies showed that leading-edge tubercles may lead to a more gradual stall and better post-stall performance than
straight leading edges at the expense of marginal reduction in pre-stall performance [17–25]. The aerodynamic benefits of
leading-edge tubercles have been observed over a wide range of Reynolds numbers. While most of the work has focused on
the aerodynamic aspects, Hansen et al. [26] recently studied experimentally the aeroacoustic effect (tonal noise) and found
that leading-edge tubercles, particularly those with the smallest wavelength and the largest amplitude tested, reduced the
tonal noise significantly.

In light of these studies, the authors investigate a spanwise sinusoidal profile of leading edges, which is referred to as
wavy leading edges WLEs herein. Unlike the aforementioned serrations and tubercles, the proposed WLEs preserve the
same aerofoil section and planform area with those of the original straight leading-edge counterparts. It was recently shown
that WLEs produce similar aerodynamic benefits that were obtained by using the tubercles [25]. It is envisaged that WLEs
may also be beneficial in reducing AGI noise in the presence of incident gusts, which has not been extensively investigated
to this date. In this study, the authors consider periodic velocity disturbances predominantly in streamwise and vertical
directions (with insignificant variation in the spanwise velocity) since they are the main components causing pressure
fluctuations on the aerofoil surface. The present study aims to deliver a fundamental understanding of the effects of WLEs
on AGI noise by performing high-fidelity numerical simulations.

The organization of the paper is as follows. Sections 2 and 3 introduce the present numerical methodology used and its
validation for AGI noise calculations. In Section 4, parametric studies are performed to identify the effects of peak-to-peak
amplitude and wavelength of WLEs. In Section 5, the noise reduction mechanism of WLEs is explained. The effects of WLEs
are further demonstrated in Section 6 for various flow incidence angles and aerofoil thicknesses. In Section 7, multimode
gusts with more than one constituent frequency components are employed to test the effectiveness of WLEs. Finally,
concluding remarks are given in Section 8.
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2. The current numerical methodology

The governing equations used for the current study are the Euler equations, which can be written in the conservation-
form as a compact vector equation

∂Q
∂t

þ ∂E
∂x

þ ∂F
∂y

þ ∂G
∂z

¼ 0; (1)

where Q ¼ ðρ; ρu; ρv; ρw; ρeÞT is the 3D conservative flow variables vector, with ρ;u; v;w and e the density, x-velocity
component, y-velocity component, z-velocity component and total energy per unit mass, respectively; t is time; E, F, G are
the inviscid flux terms, which are functions of Q , such that

E¼ ½ρu; ρu2 þ p; ρuv; ρuw; ðρeþ pÞu�T ;
F¼ ½ρv; ρuv; ρv2 þ p; ρvw; ðρeþ pÞv�T ;

G¼ ½ρw; ρuw; ρvw; ρw2 þ p; ðρeþ pÞw�T ;
where p is the pressure. Since the flow considered is inviscid, the aerofoil self-noise that originates within the boundary
layer and the wake regions cannot develop.

The efficiency and accuracy of the current numerical methodology has been demonstrated in a previous study [14]
concerning 2D problems. One of the unique features of the methodology is a sponge-zone technique that allows for
suppressing wave reflections as well as embedding desired gust flows through the outer boundaries [14]. This new sponge
BC forcing term can be represented by

Snew ¼ s

ρ�ρ1
Wðρu�ρ1ugustÞ
Wðρv�ρ1vgustÞ
Wðρw�ρ1wgustÞ

p�p1

0
BBBBBB@

1
CCCCCCA
;

with

W ¼
WðxÞ for xmin≤x≤xmin þ ϕLd;

0 otherwise;

(

where

WðxÞ ¼ 1
2

cos
πðx�xminÞ

ϕLd

� �
þ 1

� �
;

xmin is the minimum x at which the inflow boundary is situated, Ld is the length of the domain along the x direction, ϕ is a
free parameter and 0≤ϕ≤1. The blending factor s smoothly varies on the thickness of the sponge zone LS, from zero in the
physical domain to some positive value s0 at the outer boundaries of the sponge zone, where non-reflecting characteristic
BC [27,28] are applied. As a summary, the new sponge BC requires three free parameters: the maximum damping coefficient
s0, the sponge zone thickness LS and the velocity forcing length ratio parameter ϕ which were determined in the previous
study [14].

For the spatial discretization, fourth-order optimized compact finite difference (FD) schemes [29] are used. Sixth-order
optimized compact low-pass filters developed by Kim [30] are used to ensure numerical stability. All the filter coefficients
are functions of the cut-off wavenumber κC only, and can be adjusted easily for different problems. Since the boundary
FD schemes are non-central, the solution resolution at the boundary points is lower. Kim [30] suggested a weighting factor ϵ,
which reduces the cut-off wavenumber κC to lower values κCi for the boundary points. Kim suggested ϵ¼ 0:085 as the
optimal value for the current schemes. This optimal value, which corresponds to the stability range 0:5π≤κC ≤0:88π, is used
in the current study. For parallel calculations, a scalable asynchronous algorithm similar to the one suggested in [31] is
implemented for the MPI communications. In addition, compact FD schemes with extended stencils containing three halo
points near additional sub-domain interfaces are used as suggested by Kim and Sandberg [32]. Kim and Sandberg suggested
a smooth profile of the cut-off wavenumber around the interfaces. The wavenumber reduces from κC at the interior points
smoothly to some value close to κnC at the interface points. Hence, there are three input parameters to the compact discrete
filters used in the current study. They are the cut-off wavenumbers κC and κnC , and the boundary weighting factor ϵ.

For time integration, a standard fourth-order four-stage Runge–Kutta time marching scheme is used to advance the
solution in time in the current study.

3. The validation of the current methodology

The present validation consists of 2D flat-plate calculations compared with theoretical results and 3D calculations of an
aerofoil with WLEs verified by a grid-convergence test, a domain-size test and parametric studies. Numerical input variables
used for all of the present calculations are shown in Table 1. L denotes the mean chord length. The filter input parameters



Table 1
The constant set of input parameters.

κC κnC ϵ s0 LS ϕ CFL

0:87π 0:80π 0.085 4.0 3L 1.0 0.95
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are based on the studies by Kim [30] and Kim and Sandberg [32]; and the sponge BC parameters are determined by the
same procedure as shown in [14].

3.1. Validation against theoretical results

In the first validation study, the theoretical prediction of far-field pressure for a flat plate aerofoil at zero angle of attack
proposed by Myers and Kerschen [3] is used for comparison. Their theoretical far-field pressure is denoted by PMK, and is
plotted as jPMKj ffiffiffiffiffiffiffirph

p , where rph is the physical radial distance from the leading edge. To compare with the theoretical results,
the current numerical results to be plotted are PRMS

ffiffiffiffiffiffiffirph
p

=ζ, where PRMS is the root mean square pressure perturbation and ζ
is the perturbed velocity magnitude and is a small dimensionless number – ζ ¼ 0:01 is used in this paper. PRMS is defined as

PRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

n ¼ 1
ðp′2Þdtn

� �
=tsample

s
; (2)

where p′ is the pressure perturbation about the mean value; dtn is the time step size at the nth time step; tsample is the
sampling time duration.

The initial numerical tests are carried out based on a flat plate with zero thickness at zero angle of attack in a mean flow
with a perturbed velocity defined as

u′i ¼ ð�1ði�1ÞÞfAmp cos ½kðxþ y�M1tÞ� þ Amp sin ½kðxþ y�M1tÞ�g; (3)

which is similar to that used by Myers and Kerschen [3]. In Eq. (3), i¼1 and 2 denote the x- and y-direction coordinates,
respectively; M1 is the freestream Mach number; Amp is the amplitude parameter; and, k is the reduced frequency. It should
however be noted that k¼ 2kMK, where kMK is the reduced frequency defined in the Myers and Kerschen theory [3]. This is
due to the fact that the full chord length of the flat plate is used as the reference length scale here, whereas in [3] the semi-
chord was used as the reference. The grid around the flat plate aerofoil consists of six blocks, which are arranged in a
H-topology as shown in an earlier publication [14].

The first observation is on the effect of the reduced frequency k, which varies from three to ten with an increment of one.
The free-stream Mach number M1 remains constant at 0.5 for this. The resulting directivity patterns for the k tests are
shown in Figs. 1 and 2. The second observation is on the effect of M1, which varies from 0.45 to 0.65 with an increment of
0.05. k is kept at 4 for this. The results for the M1 test are shown in Figs. 3 and 4. It can be seen that the numerical and the
theoretical results show very good agreement with each other in general. An additional test with k¼12 and M1 ¼ 0:6 is
performed for further validation at a high gust frequency. This is equivalent to the case presented in Fig. 4a of Myers and
Kerschen [3] (kMK ¼ 6). Fig. 5 shows the result of the additional comparison between the present simulation result and the
prediction of the theory (plotted by a digitized version of Fig. 4a from [3] as well as our own re-production of the theory).
This shows that the present methodology is suitable and accurate for this type of simulations in a wide range of gust frequ-
encies and free-stream Mach numbers. The accuracy and efficiency of the current methodology have also been demon-
strated in a previous study [14], in which some published solutions to the category 3 problem 1 from the Third [33] and
Fourth [34] CAA Workshops were used for comparison.

3.2. Validation against experimental data

To further validate the code, lift coefficient of the aerofoil is calculated and compared with the experimental measure-
ments provided by Sheldahl and Klimas [35] for a NACA0015 aerofoil with a straight leading edge and no incident gust at

Re¼ 3:6� 105. Since the current numerical simulations are inviscid, no meaningful data for drag can be drawn. Only the lift
at low angles of attack is computed and compared with the measured data for validation purpose. While grid convergence
studies are performed and are discussed in Section 3.3, it is noteworthy that the baseline grid (see Table 2) is used in this
section. The lift is calculated by integrating all the elemental surface pressure force components around the 3D aerofoil in
the vertical direction. We have tested the following free-stream Mach numbers: 0.1, 0.3 and 0.5. The values of lift coefficient
(CL) are calculated for α¼�11, 01, 11, 21, 31. The computed lift coefficients are presented in Fig. 6, where the left figure is
directly from the current calculation and the right one shows the current data multiplied by the Prandtl–Glauert factorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�M2

1

q
that converts the current compressible CL to its corresponding incompressible value. It can be seen from the plot

on the left that as Mach number increases, the slope of the current CL�to�α lines also increases. This increase in slope
is due to the compressibility effect as suggested by the plot on the right, which shows that the current CL�to�α lines
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Fig. 2. The effect of reduced frequency, k¼7, 8, 9 and 10.
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Fig. 1. The effect of reduced frequency, k¼3, 4, 5 and 6.
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at different Mach numbers collapse onto a single line after applying the conversion factor. The discrepancy between the
current and the experimental data is conjectured to stem from the omission of viscosity in the current simulation.

3.3. The effect of WLEs on aerodynamic performance

In this section a grid convergence study is performed first to identify the optimum baseline grid for the aerofoil
simulations with WLEs and then the effects of the WLEs on the lift coefficient are studied. Fig. 7 shows a typical of the
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Fig. 3. The effect of free-stream Mach number, M1 ¼ 0:4, 0.45, 0.5 and 0.55.
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present aerofoil geometry and the frame of computational domain used in this work, where the definitions of leading-edge
amplitude and wavelength, denoted by LEA and LEW, respectively, are given. Note that LEA is peak-to-peak based.

The imposed perturbed velocity components are given by

u′i ¼ Ai cos ðk1xþ k2yþ ωtÞ þ Bi sin ðk1xþ k2yþ ωtÞ for i¼ 1;2; (4)

where A1 ¼ B1 ¼ 0:005 and A2 ¼ B2 ¼�0:004 (parameters to set the amplitude of the perturbation) are constantly used in
this paper. The prescribed velocity disturbances are mainly in the streamwise and vertical directions, whereas the spanwise
component is constrained to satisfy the divergence-free condition, i.e. ∂u′i=∂xi ¼ 0, to prevent the generation of unwanted
pressure fluctuations in the free stream. The streamwise and vertical components are the major cause of pressure fluctu-
ations on the aerofoil surface leading to AGI (aerofoil–gust interaction) noise. The free-stream Mach number is set to
M1 ¼ 0:5 for the rest of the paper unless otherwise specified. The indices i¼1 and 2 denote the Cartesian coordinates; u′i
represents the velocity perturbation along the ith direction; k1 and k2 are the non-dimensional wavenumbers; and,
ω¼�k1M1 is the angular frequency for a wave travelling in the positive x-direction (from left to right).

For the grid convergence tests, two grids, one with double the grid density of the other, are used. Then, two different
sizes of the domain in span (with periodic boundary conditions) are tested. Two grids of the same cell density on the x–y
plane, one with two LEWs in span and the other with only one, are used. For these two tests, k1 ¼ k2 ¼ 2π and α¼ 0 are used.
The cross-section of the aerofoil used is uniformly based on NACA0015. For both tests, LEA¼ 0:1L and LEW¼ 0:5L.
The numerical results presented are directivity patterns of PMS ð ¼ P2

RMSÞ in the x–y plane, which are averaged over the span
in z-coordinate and obtained at a radial distance R¼ 4L from the averaged centre of the aerofoil section.



Fig. 5. Validation of the current implementation of the Myers and Kerschen theory [3].

Table 2
The number of grid points used in the baseline grid.

Up- or down-stream 131
Above or below 131
Upper and lower surface of aerofoil 131
Spanwise 36
Total 3,706,776
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Fig. 6. Calculated lift coefficients (for a straight leading edge) compared with experimental data.

A.S.H. Lau et al. / Journal of Sound and Vibration 332 (2013) 6234–62536240
Fig. 8 shows the resulting directivity patterns of PMS ¼ P2
RMS for the two tests. From the plot on the right of Fig. 8, it can be

seen that the directivity patterns for the two grids of equal grid density but with different span lengths are identical. This
indicates that one leading-edge wavelength in span is sufficient for the subsequent investigation. The plot on the left of
Fig. 8 shows that the two grids with different grid density yield very little difference in solution. This result provides a
baseline grid for simulations in the case of k1 ¼ k2 ¼ 2π as shown in Table 2.

This baseline grid contains about 11 grid points per gust wavelength near the domain boundaries where the grid is the
coarsest. The same level of grid density per gust wavelength is maintained in this paper for all the other cases with higher-
frequency incident gusts. Note that the spanwise number of grid points varies with different values of LEW.



Fig. 7. The grid structure and the definitions of leading-edge amplitude and wavelength.

Fig. 8. Grid convergence and domain size tests.

Table 3
Test cases for CL validation of the 3D aerofoil with WLEs.

Test case LEA LEW α tested

Case 1 0.1L 0.5L 01, 11, 21, 31
Case 2 0.2L 1.0L 01, 21, 41
Case 3 0.3L 1.0L 01, 21, 41
Case 4 0.4L 1.0L 01, 21
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Fig. 9. Aerodynamic validation of the present 3D aerofoils with WLEs.
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To test the effects of WLEs on the aerodynamic performance we consider an aerofoil with WLE and an incident vortical
gust given by Eq. (4), with the same Mach number (M1 ¼ 0:5) and wavelength (k1 ¼ k2 ¼ 2π) used in the earlier grid-
convergence test. The spanwise size of the domain is set to one LEW as mentioned earlier and periodic boundary conditions
are implemented. The test cases are listed in Table 3.

The resulting CL data are plotted in Fig. 9 compared with the data from a straight leading edge without the incident gust.
It can be seen that all the calculated data agree with each other very well, which indicates that the averaged aerodynamic
performance of the present 3D aerofoils with WLEs is identical to that of the original 2D aerofoil.

Since no viscosity is included in the present study, the result of simulations is meaningful only at low values of α. Given
the limitation, the validation studies show that the present numerical methodology provides an accurate, reliable and
efficient ground for the investigation of AGI noise associated with WLEs.

4. The effects of wavy leading edge amplitude and wavelength

In this section, the effects of wavy leading-edge peak-to-peak amplitude (LEA) and wavelength (LEW) with respect to the
longitudinal (streamwise) wavelength of the incident gust (λg) on AGI noise are investigated. Three different gusts with
λg=L¼ 1:0, 0.5 and 1/3 are used, which are referred to as low-, the medium- and the high-frequency gusts, respectively.

The numerical results are presented in the form of spanwise-averaged x–y plane directivity patterns of the mean-square
pressure fluctuation, PMS, representing the sound pressure level, plotted at a radial distance R¼ 4L from the centre of the
aerofoil section. Also, the percentage differences relative to the straight leading-edge case are plotted against the sound
propagation angle θ, whose definition is shown in Fig. 10. The test cases in this section are listed in Table 4.

The low-frequency gust is used for Tests 1.0 and 2.0–2.3, and the high- and medium-frequency gusts are used for Tests 1.1
and 3, respectively. The 3D aerofoil section is based on the NACA0015 profile and zero angle of attack is applied in this
section. Tests 1.0 and 1.1 investigate the effects of LEA, and Tests 2.0–2.3 and 3 are for the effect of LEW, where the geometric
parameters are related with the gust wavelength (λg). Collectively, these parametric tests should show a glimpse of when
the reduction in AGI noise becomes significant.

4.1. The effects of LEA

The resulting directivity patterns of PMS from Test 1.0 for the low-frequency gust and the percentage differences relative
to the straight leading-edge case are plotted in Fig. 11. It can be seen that the AGI noise level reduces as the peak-to-peak
Fig. 10. Definition of sound propagation angle θ.

Table 4
The list of leading-edge and gust parameters tested in this section.

Test case LEA LEW λg

Test 1.0 0.1L to 0.5La 1.0L 1.0L
Test 1.1 0:1L;0:3L;0:5L 0.3L (1/3)L
Test 2.0 0.3L 0.5L to 2.0Lb 1.0L
Test 2.1 0.1L 0:5L;1:0L;1:5L;1:75L 1.0L
Test 2.2 0.2L 0:5L;1:0L 1.0L
Test 2.3 0.5L 0:5L;0:75L;1:0L 1.0L
Test 3 0.15L 0:0L;0:5L;0:75L;1:0L 0.5L

a Increments of 0.1L.
b Increments of 0.25L.
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Fig. 12. The effect of LEA=λg: comparison of low- and medium-frequency gust cases.

−5 −4 −3 −2 −1 0 1 2 3 4 5

x 10−8

x 10−8

−5

−4

−3

−2

−1

0

1

2

3

4

5

0 45 90 135 180 225 270 315 360
−120

−100

−80

−60

−40

−20

0

20

40

Fig. 11. Results of Test 1.0 for the effect of LEA based on a low-frequency gust.
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LEA increases and the amount of reduction is particularly significant at the major angles of propagation. It is shown that 80
percent or higher percentage reduction in a wide range of angles can be achieved with LEA¼ 0:5L. However, there should be
a certain limitation to the peak-to-peak LEA value in practical wind-turbine applications due to structural concerns.

Fig. 12 shows the result of additional tests with LEA¼ 0:15L and LEW¼ 0:5L against the medium-frequency gust.
The result of Test 1.0 with LEA¼ 0:3L is also shown together. For both tests, the ratio of wavy leading-edge amplitude to the
longitudinal (streamwise) wavelength of the gust, denoted by LEA=λg , is fixed at 0.3. From Fig. 12, it can be seen that,
although the incident gusts and the leading-edge geometries of the two tests are significantly different, the profiles of the
relative (normalized) reduction of AGI noise look remarkably similar. This suggests that LEA=λg is the key factor that
characterizes the performance of WLEs.

Fig. 12 also shows that the medium-frequency gust generates a smaller level of AGI noise and more complex directivity
patterns with distinct lobes, compared to the low-frequency gust. Note that the amplitude parameters of the low- and the
medium-frequency gusts are identical. Myers and Kerschen [3] analytically predicted for a 2D flat plate that the acoustic
power of AGI noise would be inversely proportional to the reduced frequency of the gust.

Fig. 13 shows the results of Test 1.1 based on the high-frequency gust, which show cases that a high percentage reduction
of AGI noise (80 percent or more) uniformly in all directions may be achieved when LEA=λg is sufficiently larger than 0.3 at
the given LEW. This test also suggests that the amount of noise reduction may become saturated when LEA=λg is around 0.9.
Note that the local data in the trailing-edge direction (θ¼ 01 and 3601) may not be sufficiently meaningful since the original
values of PMS in that region are extremely small and numerical errors associated with the geometric singularity of the
trailing-edge may have prevailed.

Fig. 14 compares the three different cases from the low-, medium- and high-frequency gusts with the same value of
LEA=λg ¼ 0:3. The similarity in the profiles of relative (normalized) noise reduction at the same value of LEA=λg , which
was conjectured earlier from Fig. 12, now looks more convincing. This confirms that LEA=λg is the key factor to predict and
characterize the aeroacoustic performance of WLEs for the reduction of AGI noise.
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4.2. The effect of LEW

Fig. 15 shows the directivity patterns of noise propagation and the profiles of relative noise reduction for Test 2.0 where
various wavelengths of the leading edge are investigated. In this test, LEA=λg is kept at 0.3 and, again, the similarity in
the profiles of relative noise reduction takes place irrespective of various LEWs. Although the profiles show insignificant
differences against each other due to the similarity prevailing, the results suggest that some improvement in noise reduction
may be achieved by adjusting LEW.
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To further investigate the effect of LEW, Tests 2.1, 2.2 and 2.3 are conducted for three different values of LEA=λg and the
results are plotted in Figs. 16, 17 and 18, respectively. Overall, the results show the major dependency of LEA=λg with minor
variations against LEW. It is conjectured that the minor effect of LEW might be attributed to the present gust model
containing insignificant spanwise disturbances, which results in weak interactions with the leading edges. In Fig. 16 for
LEA=λg ¼ 0:1, it can be seen that there is an additional reduction in noise between LEW=λg ¼ 0:5 and 1.0. The noise reduction
seems to reach the maximum at LEW=λg ¼ 1:5 (as hinted in Test 2.0) but returns to the initial level at LEW=λg ¼ 1:75. The
meaningful improvement of noise reduction taking place between LEW=λg ¼ 0:5 and 1.0 is also exhibited in the following
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Fig. 20. Six transducer locations for the measurement of pressure fluctuations.
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Figs. 17 and 18 for different values of LEA=λg ¼ 0:2 and 0.5. While these results are based on the low-frequency gust, Test 3 is
carried out for the medium-frequency gust. Fig. 19 shows the results of Test 3 where LEA=λg is set to 0.3 and three different
cases of LEW=λg ¼ 1:0, 1.5 and 2.0 are compared. It can be seen that the same trends found in the low-frequency gust
case still apply in the higher-frequency case. It is worth noting again that the effect of leading-edge wavelength (albeit less
significant than LEA) becomes meaningful when 1:0≤LEW=λg ≤1:5 whereas the effect diminishes outside the range.
5. The noise reduction mechanism of WLEs

In this section, the AGI-noise-reduction mechanism of WLE is investigated. Two different geometries (LEA¼ 0:3L and 0:4L
with both LEW¼ 1:0L) are employed and the results are compared against the straight leading-edge case. The incident gust
is also imposed by using Eq. (4) with k1 ¼ k2 ¼ 2π which sets the longitudinal wavelength of the gust to λg ¼ 1:0L. The time
signals of pressure fluctuation and its rate of change are recorded at six transducer points located around the leading edges.
The transducer locations are depicted in Fig. 20 and they are namely, Peak 1 and 2; Middle 1 and 2; and, Trough 1 and 2.
Although the straight leading edge has no peak or trough, the same names of transducers are used to indicate the corre-
sponding locations.

The time signals of pressure fluctuation and its rate of change calculated and collected at the six transducer locations for
each leading-edge geometry are plotted in Figs. 21 and 22, respectively. The results show that, for the straight leading edge,
the signals are completely in-phase and are almost identical as anticipated. In contrast, WLEs produce significant phase
shifts between signals from different locations (although no difference is observed between transducer 1 and 2). It seems
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apparent that the case of LEA=λg ¼ 0:4 yields larger phase shifts and lower levels of fluctuations than the case of LEA=λg ¼
0:3. Both WLEs show noticeably decreased fluctuations compared to the straight leading edge.

In order to check the global effect of the WLEs, the pressure data are integrated over the aerofoil surface and the per-
turbed lift coefficient (C′L) is calculated. The time signals of C′L and dC′L=dt for the three different leading edges are plotted
in Fig. 23. It is confirmed that the WLEs reduce the amplitude of fluctuations compared to the straight leading-edge case and
the reduction becomes more pronounced as LEA=λg increases.

The results indicate that the WLEs yield a de-synchronized gust response (phase shift) in span along the frontline of the
aerofoil, which makes the local pressure fluctuations around the leading-edge area dispersed over the retarded period of
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time. These local changes brought about by the WLEs in turn lead to a global reduction in the unsteady force acting on the
aerofoil surface. The consequence of the reduced AGI noise can be explained by using the loading, or dipole, source term
of the Ffowcs-Williams Hawkings (FW-H) equation. Farassat [36] have derived one of the solutions to the FW-H equation
referred to as Formulation 1A. The far-field loading noise component of the Formulation 1A solution can be written as

4πp′L x; tð Þ ¼
Z
l ¼ 0

ð∂p′=∂τÞ cos θ

crð1�MrÞ2

" #
source

dS;

where τ is the source time (details can be found in [36]). This explains that the amplitude of dp′=dt at the source location
and time is directly proportional to the magnitude of the propagated sound. Since the WLEs reduce the unsteady fluctu-
ations both locally (dp′=dt) and globally (dC′L=dt), the reduction of AGI noise is a direct consequence as described by the
above formula.
6. The effects of flow incidence angle and aerofoil thickness

In this section, the effects of angle of attack (α) and aerofoil thickness associated with the WLEs on the reduction of AGI
noise are studied. The same flow-gust condition as used in the previous section is maintained. The gust wavelength is also
kept at λg ¼ 1L. Three different angles of attack, α¼ 11, 21 and 31, are tested. For this test, the NACA0015 aerofoil is used and
the leading-edge parameters selected are LEA=λg ¼ 0:1 and LEW=λg ¼ 0:5. Fig. 24 shows the sound directivity patterns and
the profiles of relative noise reduction varying with α. It can be seen from the results that AGI noise level increases with α for
both the straight and the WLE, although the overall shape of the directivity patterns seems unchanged. Myers and Kerschen
[3] analytically predicted that the acoustic power of AGI noise (from a flat plate) increases almost linearly with the angle
of attack in 01≤α≤31 for M1 ¼ 0:5 (see Fig. 5 of [3]). In the meantime, the relative reduction of noise due to the WLEs
remains more or less the same. This indicates that the noise reduction capability of WLEs is not significantly affected by the
change of flow incidence angle (at least within 01≤α≤31). An extended study on larger values of α would be useful but
nonlinear viscous effects will need to be taken into account, which is beyond the scope of this paper.

For studying the effect of aerofoil thickness associated with WLEs, four different values of thickness: NACA0005, 0010,
0015 and 0020 are used. The same flow-gust condition and leading-edge geometry parameters used in the earlier study are
maintained and α is kept at zero. The results are presented in Fig. 25. First, it can be seen that there exist remarkable changes
in the sound directivity patterns varying with the aerofoil thickness. The main changes take place in the upper half-plane for
this particular gust condition, and more sound propagates upstream as the aerofoil becomes thicker – these effects will need
to be further investigated at a later publication. The second observation is that the profiles of relative noise reduction due to
the WLEs (compared to the straight leading-edge case) still show a strong similarity at LEA=λg ¼ 0:1 despite the substantial
differences in thickness.
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7. The effects of multimode gusts

In this section, incident flows with two constituent gust-modes are implemented to investigate their combined effects
compared to the earlier single-mode cases. The results from this analysis may provide ground for further studies on how the
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wavy leading-edge geometry can be adjusted or optimized to reduce AGI noise effectively in a real atmospheric turbulence/
gust condition.

7.1. Two-mode gust condition

The present two-mode incident gust is specified by the parameters listed in Table 5, where f g ¼M1=λg denotes the gust
frequency of each mode. The parameters are used for Eq. (4) to generate the velocity disturbances. The same amplitudes
of disturbances are applied to both modes by using the same coefficients A1 ¼ B1 ¼ 0:005 and A2 ¼ B2 ¼�0:004, which is
intended for comparison purposes. The NACA0015 aerofoil is used and two different WLEs named Wavy LE1 and Wavy LE2
with the same LEA but different LEW are employed, of which the geometric parameters are specified in Table 6. The ratios of
the leading-edge parameters to the incident gust wavelengths in each mode are summarized in Table 7.

The results of the two-mode gust simulations are shown in Fig. 26. It is obvious that the two wavy leading-edge
geometries lead to significantly reduced sound levels compared to the straight leading-edge case. However, the difference of
noise reduction between the Wavy LE1 and Wavy LE2 cases is rather insignificant as it is discussed in Section 4.2 that LEW
has a much less impact on noise reduction than LEA has. Most of the noise reduction comes from the effect of LEA as
revealed in Section 4.1, and it is expected that the noise reduction is more effective against the second gust mode than the
first one since the ratio of LEA=λg is higher with the second mode. To confirm this, sound pressure spectra are calculated at
four different locations shown in Fig. 27, and the results are presented in Fig. 28. The two spectral peaks at f g ¼ 0:5 and 0.75
correspond to the first and the second gust modes, respectively. It can be seen from Fig. 28 that both WLEs lead to significant
Table 5
Parameters for two constituent gust-modes used.

Mode λg f g k1 ¼ k2

1 1.0L 0.50 2π
2 ð2=3ÞL 0.75 3π

Table 6
Wavy leading-edge parameters used for simulations with a two-mode gust.

Name LEA LEW

Wavy LE 1 0.3L 1:0L
Wavy LE 2 0.3L ð2=3ÞL

Table 7
Parameters of two WLEs relative to each gust mode.

Mode LEW=λg of Wavy LE 1 LEW=λg of Wavy LE 2 LEA=λg

1 1.0 ð2=3ÞL 0.30
2 1.5 1.0 0.45
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Fig. 26. PMS directivity patterns from two-mode gust simulations.



Fig. 27. Locations of observer points for the calculation of sound pressure spectra for the two-mode case.
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Fig. 28. Sound pressure spectra calculated at four different observer locations for the two-mode case.
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noise reduction at the second mode frequency. Therefore, it is certain that LEA=λg plays the major role in AGI noise reduction
against multimode gusts.

8. Conclusions

The present computational results show that the ratio of the peak-to-peak amplitude of WLEs to the longitudinal
wavelength of incident gusts, denoted by LEA=λg , is the most important factor to characterize the acoustic performance
of WLEs in order to reduce AGI noise. The amount of noise reduction increases with LEA=λg and saturates at around
LEA=λg ¼ 1:0. It is found that the value of LEA=λg at around 0.3 leads to a significant reduction of AGI noise up to 80 percent
or more in a wide range of propagation angles (at a given wavelength of the incident gust). Also, it is conjectured that there
exists a strong similarity rule that any two different profiles of relative (normalized) noise reduction (from different leading-
edge geometries or incident gusts) match very well together when they have the same value of LEA=λg . In the meantime, the
effect of LEW=λg turns out to be much less significant. This might be due to the fact that the spanwise velocity disturbances
in the present gust model used were too weak to sufficiently interact with the leading-edge geometries. Nevertheless,
it seems that there is a meaningful amount of extra noise reduction when 1:0≤LEW=λg ≤1:5 outside which the effect
diminishes. A further study on the effects of LEW=λg will be required.
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The reduction mechanism of AGI noise using WLEs has been investigated. It is found that the WLEs induce a
de-synchronized gust response (phase shift) in span along the frontline of the aerofoil, which makes the local pressure
fluctuations around the leading-edge area dispersed over the retarded period of time. As a result, the dispersed pressure
fluctuations at any spanwise location on a WLE have smaller amplitudes and time derivatives compared to those at the
corresponding location on a straight leading edge. The attenuated level of pressure fluctuations on the aerofoil surface is the
direct consequence of reduced dipole sound according to a well-known acoustic theory.

Further tests on the AGI-noise-reduction capability of WLEs have been carried out. The test results demonstrate that
the relative amount of noise reduction is well maintained for various flow incidence angles and aerofoil thicknesses.
The effectiveness of WLEs is also demonstrated through multimode gust tests. The multimode gust tests confirm that LEA=λg
plays the major role in the noise reduction relative to the constituent gust wavelengths. For a given leading-edge
wavelength (LEA), higher-frequency gust components are more effectively attenuated since the value of LEA=λg is larger.
The present results provide a useful database for more practical applications of WLEs in the presence of a realistic atmos-
pheric turbulence/gust.
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