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Abstract: Among the several noise-generation mechanisms of airfoil self-noise, trailing-edge blunt-
ness noise is an important noise source, which is caused by the vortex shedding at blunt trailing edges.
A numerical study on airfoil trailing-edge bluntness noise control using the bio-inspired wavy leading
edges is presented in this paper. The high-fidelity, improved, delayed, detached eddy simulation
(IDDES) method was used to calculate the flow field, and the acoustic analogy method was used for
noise prediction. For both the blunt-trailing-edge airfoils, a baseline airfoil with a straight leading
edge and a bio-inspired airfoil with a wavy leading edge were used in this study. The chord-based
Reynolds number was 400,000, and there was no angle of attack. The numerical results show that the
trailing-edge bluntness noise of the baseline airfoil was significantly reduced by the wavy leading
edges. The sound pressure level reduction was about 3.7 dB at the characteristic frequency, and the
maximum sound pressure level reduction was as high as 35 dB. The trailing-edge bluntness noise
was decreased at all directional angles. The maximum overall sound pressure level reduction was
6.3 dB at 0°. In addition, by analyzing the pressure fluctuations, wake characteristics, turbulent vortex
structures and spanwise correlation and coherence of the flow field, the noise-reduction mechanisms
of the bio-inspired airfoil are deeply revealed.

Keywords: aeroacoustics; IDDES; trailing edge bluntness noise; wavy leading edges; noise reduction

1. Introduction

With the increasingly strict standards for civil aircraft’s airworthiness noise, the bene-
fits of existing noise reduction methods are gradually decreasing. At the same time, with
the continuous development of wind power technology and the popularity of small civil
unmanned aerial vehicles (UAV), the problem of aerodynamic noise is becoming more and
more prominent and needs to be solved urgently.

Aerodynamic noise generated by airfoils can be mainly divided into the leading-edge
turbulence-airfoil interaction noise and the trailing-edge airfoil self-noise. According to
the different flow patterns of airfoil boundary layer, Brooks et al. classified the generation
mechanisms of the airfoil self-noise into five categories [1]. Among them, the trailing-edge
bluntness noise caused by the vortex shedding from blunt trailing edges was established
by Brooks and Hodgson [2] to be one of the important airfoil self-noise sources. This noise
source might be encountered in many engineering applications, such as aircraft wings,
engine blades, wind-turbine blades and small civil UAV propellers [3,4]. Especially for
large wind-turbine blades, the blunt trailing edge can not only ensure their strength, but
also improve the aerodynamic performance at small angles of attack [5].

There are many passive noise-reduction measures for airfoil aerodynamic noise, such
as trailing-edge serrations [6], wavy leading edges and the use of porous materials [7]. In
order to suppress the blunt trailing-edge vortex-shedding noise at the tooth root of the
cutting sawtooth’s trailing edge, Chong [8,9] et al. proposed a poro-serrated trailing edge
structure: using porous materials to fill the sawtooth gap. By filling the serrated gap with
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suitable porous materials, not only can the blunt trailing-edge vortex-shedding noise be
completely suppressed, but the broadband noise can be further reduced by 1.5 dB without
causing a destructive impact on aerodynamic performance.

The wavy leading edges which are inspired by the flippers of humpback whales
are widely considered as an effective passive noise-control method. Many researchers
have conducted a series of theoretical, experimental and numerical studies on various
bio-inspired wavy leading edges, to investigate their effects on the aerodynamic [10] and
aeroacoustic properties [11-14]. Hansen et al. [11] found in their experimental study in 2010
that the sinusoidal wavy leading edge can eliminate the tonal noise of the NACAQ012 air-
foil at a Reynolds number (Re) of 120,000. At the same time, the broadband noise in
a relatively large frequency range around the tonal noise peak is reduced. In 2021,
Wang et al. [13] used a numerical method combining large eddy simulation and acous-
tic analogy equations to study the effects of different types of leading-edge serrations with
the surface ridge of owl wings on the far-field noise radiation of airfoils. The results show
that the iron-shaped leading-edge serrations had the best noise reduction effect. With them,
the sound pressure level was reduced by 14.3 dB.

The ability of a wavy leading edge to reduce the noise generated by the interaction
between incoming turbulence and the airfoil’s leading edges has been widely studied and
confirmed [15-22]. A lot of studies have been conducted experimentally and numerically by
the present authors to explore the influences of wavy leading edges on the airfoil instability
noise [14], airfoil-turbulence interaction noise [18,23], axial-flow fan noise [24] and the
airfoil’s aerodynamic performance [25]. However, there are few studies concerning the
reduction in the trailing-edge bluntness noise granted by wavy leading edges. Hashem-
inejad et al. studied the suppression effect of leading-edge serrations on the tonal noise of
the NACAG5 airfoil due to the trailing-edge bluntness [26] and explored the suppression
mechanism of leading-edge serrations on different sound sources [27]. The results show
that a long leading-edge sawtooth has a good noise reduction effect on vortex-shedding
noise, of about 10 dB, and the sawtooth wavelength can change the frequency of the noise.

It was found that the wavy leading edges resemble the vortex generators, which
can generate pairs of contra-rotating streamwise vortices at the wavy trough, so that the
momentum exchange within the boundary layer could be improved [28-31]. The present
study aimed at a reduction in the trailing-edge bluntness noise with bio-inspired wavy
leading edges and explored the potential noise-reduction mechanisms.

2. Numerical Setup
2.1. Design of Wavy Leading Edges and the Blunt Trailing Edge

The baseline airfoil used in this study was a symmetrical NACAQ012 (National Advi-
sory Committee for Aeronautics, NACA) airfoil, for which ¢ = 150 mm (chord length) and
L = 60 mm (span length). As shown in Figure 1a, the wavy leading line is determined by
the wavy amplitude (A) and wavelength (W).
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Figure 1. Design of wavy leading edges: (a) structure of the wavy-leading-edge airfoil; (b) spanwise-
section generation method.
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The chord length of the airfoil with a wavy leading edge varies spanwise according to

the following formula.
A 2
c(z) =c+ - cos (WZ) (1)

The averaged chord length and projected area of the airfoil with a wavy leading
edge are kept the same as the baseline airfoil by stretching or compressing the x-axis. The
spanwise section is generated according to the following equation.

Xmax

22 [xmax + (c(z) —€)] = [e(2) = €] Xo14 < Xmax
X =
e Xold Xold 2 Xmax 2)

Ynew = Yold

The subscripts new and old represent the coordinates of the wavy-leading-edge airfoil
and the baseline airfoil, respectively. xmax represents the position of the maximum thickness
of the baseline airfoil. As shown in Figure 1b, only the geometry from the leading edge to
the maximum thickness is changed. The wavy-leading-edge airfoil studied in this paper is
a A10W10 airfoil, which means that both the amplitude and the wavelength are 10% of the
chord length.

After designing the wavy leading edges, the blunt-trailing-edge airfoils studied in this
paper were directly cut from the baseline airfoil and wavy A10W10 airfoil. When 15% is
cut off from the trailing edge, the airfoil chord length becomes 127.5 mm, and the thickness
of the blunt trailing edge is d = 6.1576 mm, as shown in Figure 2.

C

Figure 2. Baseline blunt-trailing-edge airfoil.

2.2. Aerodynamic Simulation by the IDDES Method

The improved delayed detached eddy simulation (IDDES) method was adopted to
calculate the unsteady flow field in this study. The IDDES method is a hybrid RANS/LES
method which uses the RANS method to deal with the wall boundary layer flow and the
LES method for other flow regions.

The original detached eddy simulation (DES) method has two main disadvantages,
namely, the mesh-induced separation issue and the log-layer mismatch issue [32]. The de-
layed detached eddy simulation (DDES) method was further proposed by Spalart et al. [33].
The DDES method takes the effect of viscosity into account in the turbulent scale, thereby
delaying the premature conversion of the RANS model to an LES model and solving the
mesh-induced separation problem. In order to further solve the log-layer mismatch prob-
lem, Shur et al. proposed the IDDES model [34]. This method utilizes the wall-modeled
LES model to effectively deal with those meshes that are solved by RANS and LES models
simultaneously in the logarithmic region, reducing the mesh correlation and successfully
solving the log-layer mismatch [34,35]. The IDDES/FW-H framework is a suitable method
for bluntness-noise predictions of airfoils by compromising on the computation accuracy
and efficiency [36].

The governing equations of the IDDES method are as follows:

dok ~
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where Fippgs is based on the RANS turbulence scale and LES mesh scale,

Irans = Vk/(B*w).

The settings of the computational domain and the airfoil surface mesh are shown in
Figure 3. The distance between the inlet boundary and the leading edge of the airfoil was
10c, and the distance between the outlet boundary and the trailing edge of the airfoil was 15c.
The spanwise length of the computational domain was 0.4c. The structured H-O-H mesh
was adopted. The total numbers of grids for the baseline airfoil and wavy A10W10 airfoil
were 8.9 million and 10 million, respectively. As shown in Table 1, a grid-independence test
was conducted. The wall-normal grid size in wall units was y+ < 1.

(a) (b)

Figure 3. Computational domain and airfoil surface mesh: (a) computational domain; (b) computa-
tional mesh.

Table 1. Grid numbers and the independence test.

Mesh Grid Number Cp ACp
Coarser 2,658,154 0.018473 —0.038%
Coarse 6,410,842 0.018461 —0.103%
Medium 8,912,634 0.018480 —
Fine 11,414,426 0.018469 —0.060%

In this study, the incoming flow speed was 40 m/s, and the outlet pressure was
96,400 Pa. The periodic boundary condition in the spanwise and the adiabatic non-slip
boundary condition on the airfoil surface were used. The k-w SST (shear-stress transport,
SST) model was selected as the turbulence model. The pressure-velocity coupling scheme
used was the SIMPLEC algorithm, and the momentum spatial discretization was solved
by the bounded central-differencing method. A bounded, second-order implicit scheme
was used for time-marching with a time step of 1 x 10~ s. After the convergence of the
unsteady calculation, the acoustic model was turned on. The flow field was recorded
for 10,000 timesteps, and the corresponding physical time was 0.1 s. Then, the Ffowcs
Williams-Hawkings (FW-H) equation was solved for far-field noise prediction.
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2.3. Noise Prediction by the FW-H Equation

Noise prediction was carried out using acoustic analogy theory. The input data of the
noise prediction model were the near-field flow values calculated by the IDDES method.
The time domain integral formula in Fluent software (ANSYS Fluent 2019 R2) was used [35]
to directly calculate the time history of the sound signal at the specified receiving points.
The FW-H equation can be written as [35]:

12y g2, - &
gar ~ VP = oy ()]

— 2 [Py + pui(un — 0a)]5(f) } ©
+ %{[POUH —|—p(un - vn)]‘s(f)}

where ¢, is the far-field sound speed, p’ = p — py is the far-field sound pressure and f = 0
represents the acoustic integral surface. u; and u, are the velocity components in the
direction of flow and perpendicular to the sound-source surface, pointing to the external
region, respectively. v; and v, are the velocity components of the sound source surface
in the above two directions. H(f) is the Heaviside function and é(f) is the Dirac delta
function. Tj; = puu; + Pjj — C%(p - p0)§ij is the Lighthill stress tensor, where P;; is the
compressive stress tensor. For the Stokes’ fluid,

B du;  Oouj  29uy
Pz/—pézj_.l‘(axj'i'axi_3axk51] (7)

In this paper, the airfoil’s surface is selected as the acoustic integral surface. In that case,
the quadrupole terms were neglected, and the Lighthill stress tensor was not calculated.

2.4. Validation and Verification of the Numerical Method

The validation of the CFD simulations was performed using the baseline NACA0012
airfoil. The distribution of pressure coefficient on the airfoil surface is shown in Figure 4.
The numerical calculation results using IDDES method in this paper are compared with the
XFOIL [37] prediction results and the experimental results of Garcia-Sagrado et al. [38] and
Gregory et al. [39]. It can be seen in the figure that the results agree well, which proves the
validation of the numerical calculation method for the flow field in this paper. As for the
difference between the experimental Re of 400,000 and the simulation results at x/c < 0.2, it
may have been due to a trip wire being placed at 12.7% of the chord length of the airfoil’s
surface in the experiment to ensure a turbulent boundary layer at the trailing edge [38].

0.8+ 00 ¢ Experiment Re=4x10% |
O Experiment Re=2.9x10°
06 +- XFOIL Re=4x10° 1
——IDDES Baseline
——|IDDES BaselineBlunt
0.4
a
Qo 02
0
-0.2 A
-0.4 1
0 0.2 04 0.6 0.8 1
x/c

Figure 4. Comparison of the pressure-coefficient distributions.
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The theory of airfoil trailing-edge noise might be the first noise problem concerned
with people, and several trailing-edge prediction models have been proposed by Amiet [40],
Howe [41] and Brooks et al. [1]. The trailing-edge noise model proposed by Amiet is given by:

wbz
27Tcoo?

2
Sypl) = ( gmmm ) W(@MICS(c0) ®

The trailing-edge noise model proposed by Howe is given by [42]:

) = 5 (e ) (7251 ) (@) ©)

where S, (w) is the power spectral density (PSD) of the far-field sound pressure, Sy (w)
is the spectrum of wall pressure at the airfoil trailing edge, w = 27f is the angular
frequency, b = c/2 is the semi-chord, R is the distance from the receiver to the noise
source, L is the span length, z = Rsinf (6 is the directivity angle), d = L/2 is the
semi-span, U, is the convection velocity, M. = U./cp is the convective Mach number,
0= /x2 4+ (1 — M?2)z? and | L] is the lift function. [, (w) is the coherence length, spanwise,
which is often represented by the following Corcos model [43].

ly(w) = 21U /w (10)

where the convection velocity is often assumed to be U, = 0.8U. However, it should be
noted that the Corcos’s model is mainly suitable for attached turbulent boundary layer
flow. When using Amiet’s model or Howe’s model to predict the trailing-edge bluntness
noise, the direct adoption of Corcos’s model may lead to a large discrepancy.

Therefore, in this study, the spanwise coherence length was firstly calculated based on
the high-fidelity IDDES data. The spanwise coherence coefficient of the surface-pressure
fluctuations is defined as:

Ypp(Dz, f Spp(B2, f)|
\/Spp z1, f \/SPP 2, f

There are 65 spanwise monitoring points at 0.98¢ on the airfoil’s surface. The spanwise
coherence coefficient between different spanwise locations at each frequency is computed
by Equation (11). Then, the following Gaussian function is used to determine the spanwise
coherence length L(f) by least-square fitting of the coherence coefficient curve.

2
Y(z f) = exp (ZL;JC)Z> (12)

The spanwise coherence length calculated using the IDDES data and the empirical
Corcos model [43] given by Equation (10) are shown in Figure 5. It can be seen in Figure 4
that there are great differences between the empirical model and the calculated results,
especially around the frequencies of vortex shedding from the trailing edge. It is proved
that Corcos’s model cannot be used for the prediction of spanwise coherence length for
trailing-edge vortex shedding. Consequently;, it is necessary to firstly compute the span-
wise coherence length based on the high-fidelity numerical methods or high-resolution
experiments before Amiet/Howe’s model can be used for bluntness-noise prediction.

The spanwise coherence length computed based on the IDDES data was substituted
into the Amiet/Howe’s model for noise prediction, as shown in Figure 6. The noise
prediction using the famous BPM (Brooks, Pope and Marcolini) model is also plotted in
this figure. The details about the BPM model are not given here for clarity, and they can
be found in the literature [1]. The receiver point was 1.5 m away from the airfoil, and the
azimuthal angle was 90°.

(11)
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Figure 5. Comparison of the spanwise coherence length between the results computed based on
IDDES data and the empirical Corcos model.

80 .
——Numerical method
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-o—Howe's model 1
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-20 : :
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Figure 6. Comparison of the one-third octave band spectra predicted by different models for the
baseline airfoil.

As shown in Figure 6, the noise spectra predicted by Amiet’s and Howe’s models are
basically consistent, and the noise spectrum predicted by the IDDES/FW-H method agrees
well with the above two models in the range of 600-10,000 Hz. The low-frequency noise
and vortex-shedding noise predicted by the present numerical method are also in good
agreement with the BPM model. However, obvious differences are observed in mid- to
high frequencies, which might be due to the limitations of the semi-empirical model [44].

3. Results and Discussions
3.1. Noise-Reduction Effects of the Wavy Leading Edges

The acoustic receiver points were distributed on a circle 1.5 m away from the center of
the airfoil, as shown in Figure 7. The sound pressure level (SPL) reduction effects of the
wavy airfoil at three azimuthal angles are shown in Figure 8. Welch’s method [45] was
used to calculate the sound pressure level, and the Hanning window with a block-size of
1024 data points was adopted. The frequency resolution was approximately 98 Hz, and the
number of average was about 19 with 50% overlap.
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Figure 7. The distribution of 72 receiver points.
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Figure 8. SPL reduction effects of the wavy airfoil: (a) SPL at 60°; (b) SPL at 90°; (c) SPL at 120°;
(d) ASPL at 90°.

For the baseline airfoil, obvious trailing-edge bluntness noise at 1172 Hz can be
observed, whose corresponding Strouhal number (St = fd/U) is 0.18, and the SPL is up to
48.3 dB. What is more, the frequencies of the several noise peaks are all integral multiples
of 1172 Hz. For the wavy blunt-trailing-edge A10W10 airfoil, the tonal noise caused by the
trailing-edge bluntness is significantly reduced, and even broadband noise at almost all
frequencies is reduced. The noise reduction level at 90° shown in Figure 8d clearly gives
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—BaselineBlunt|{ og°
—A10W10Blunt

150°

180°

210°

= 0
OASPL(dB)

240°

the noise-reduction characteristics in the frequency domain. A maximum noise-reduction
level of 35 dB occurred at 4688 Hz, which is four times the characteristic frequency of
1172 Hz. Local maximum noise reduction levels of 7 and 13.8 dB were obtained at 1074
and 3516 Hz, respectively. At the same time, the SPL of broadband noise was reduced by
2-5 dB on average.

The overall sound-pressure level (OASPL) reduction effects of the wavy airfoil are
shown in Figure 9. Seventy-two receiver points with an interval of 5° were set to plot the
directivity pattern. The frequency range used to calculate the OASPL was 100-10,000 Hz. As
shown in Figure 9a, the directivity pattern of the two airfoils exhibits a typical dipole sound
source. The use of the wavy leading edges can reduce the aerodynamic noise at all azimuthal
angles. The maximum OASPL reduction was about 6.3 dB at 0°. The noise reduction level
at 195° was the smallest, which was about 3.1 dB. Overall, the noise reduction effects at
downstream locations were slightly better than those at upstream locations.

90° 90°
80 60° 120° 7 60°
6

60 5

30° 150° 4 30°
40

3

20 2

0° 180°

330° 210° 330°

300° 240° 300°
270° 270°

(a) (b)
Figure 9. OASPL-reduction effects of the wavy airfoil: (a) directivity pattern; (b) OASPL reduction.

3.2. Noise-Reduction Mechanisms of the Wavy Leading Edges

Airfoil loading noise can be generally divided into lift and drag noise, and the lift
noise often dominates the overall noise [46]. The lift coefficient of the airfoil is defined as:

F

CL=-—L—
b 05pUZL

(13)

where F is the airfoil lift.

The lift coefficients of the baseline airfoil and wavy airfoil in both the time domain and
the frequency domain are compared in Figure 10. As can be observed in Figure 10a, the
wavy leading edges have no effect on the averaged lift coefficient, but the lift fluctuation is
significantly reduced, which helps to reduce the noise scattering from the airfoil. The PSD
of the fluctuating lift is decreased by the wavy airfoil in almost the whole frequency range,
especially around the frequency of trailing-edge vortex shedding, as shown in Figure 10b. The
fluctuating-lift-reduction spectra are similar to the SPL-reduction spectra shown in Figure 6.

The distributions of the root mean square of the pressure fluctuations on the airfoil
surface are shown in Figure 11. The pressure fluctuations of both airfoils are concentrated
near the trailing edge. However, the pressure fluctuation around the trailing edge of the
wavy A10W10 airfoil is significantly reduced and presents a spanwise periodic distribution.
At the same time, the area with strong pressure fluctuations on the wavy A10W10 airfoil is
significantly smaller, which is conducive to reducing the noise.

The distribution of the pressure fluctuations on different spanwise locations of the
baseline and A10W10 airfoils are shown in Figure 12. The baseline airfoil takes the mid-
span section, and the wavy airfoil takes the peak, middle and trough positions, respectively.
It is proved once again that the wavy leading edges can effectively reduce the pressure
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fluctuations near the airfoil blunt trailing edge, thereby suppressing the generation and
radiation of an airfoil’s trailing-edge bluntness noise.

&>
S

—BaselineBlunt —BaselineBlunt| |
0.02 | [=—A10W10Blunt —A10W10Blunt

& N
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S ©
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o
=]

-160
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0.08 0.1 0.12 0.14 0.16 10 10
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Figure 10. Comparison of the lift coefficient between the baseline airfoil and A10W10 airfoil: (a) time
domain; (b) frequency domain.

Rmse Static Pressure [Pa] Rmse Stalic Pressure [Pa)

01234567809 101112131415 0123456789 101112131415
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Figure 11. Distribution of the pressure fluctuations on the airfoil’s surface: (a) baseline; (b) A10W10.

= =

(a) (b)
= =
(c) (d)

Figure 12. Distribution of the pressure fluctuations on various spanwise sections: (a) baseline;
(b) A10W10 peak; (c) A10W10 middle; (d) A10W10 trough.
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Figure 13 further shows the distribution of the pressure fluctuations at different
spanwise positions on the airfoil’s surface. It can be observed that the pressure fluctuations
increase rapidly before the trailing edge of the airfoil. The maximum pressure fluctuation
of 28.5 Pa was obtained at the blunt trailing edge of the baseline airfoil. However, for the
wavy A10W10 airfoil, the pressure fluctuation at the trailing edge was about 15-18 Pa lower
than that of the baseline airfoil. This shows that the wavy leading edges can effectively
reduce the intensity of the sound source around the trailing edge.

30 . \ T T
—BaselineBlunt
o5 | —A10W10Blunt_peak |
A10W10Blunt_middle
A10W10Blunt_trough
20 1
w
&,
E 15+ 1
a
10+ 1
5- ‘ = 1
0 0.2 04 0.6 0.8 1
x/c

Figure 13. Distribution of the pressure fluctuations at different spanwise positions on the airfoil’s surface.

Figure 14 shows the PSDs of the pressure fluctuations on the surfaces of the
two airfoils. The monitor points were located at 0.98c. The differences among the peak,
middle and trough locations for the wavy A10W10 airfoil were small, which is consistent
with the pressure fluctuations shown in Figure 13. It can be observed from Figure 14 that
the wavy airfoil can reduce the pressure fluctuations in almost the whole frequency range.

10

—BaselineBlunt

— A10W10Blunt_peak
A10W10Blunt_middle|]
A10W10Blunt_trough| |

g
o o

PSD (dB/Hz)
A
[an}

.90 ‘ ‘
10? 10° 10
Frequency (Hz)

Figure 14. PSD of the pressure fluctuations at 0.98c on each airfoil surface.

Figure 15 shows the iso-surface of the Q-criterion (Q = 150,000 s~2) colored by the
streamwise vorticity for the baseline and wavy airfoils. For the baseline airfoil shown in
Figure 15a, shed vortices are generated in the middle section of the airfoil, and finally, the
large-scale vortex shedding in the spanwise direction can be seen on the blunt trailing edge.
For the A10W10 airfoil, the small-scale, counter-rotating streamwise vortex induced at the
wavy trough destroys the large-scale spanwise vortex structure generated by the vortex
shedding of the blunt trailing edge to a certain extent.
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Vorticity X Vorticity X

(a) (b)

Figure 15. Iso-surfaces of the Q-criterion (Q = 150,000 s~2) colored by the streamwise vorticity:
(a) BaselineBlunt; (b) A1I0W10Blunt.

Figure 16 further depicts the streamwise vorticity distributions along several stream-
wise sections for the two airfoils. For the baseline airfoil, intensive streamwise vorticity
can only be observed at the sections downstream of the blunt trailing edge. However,
for the wavy A10W10 airfoil, intensive, small-scale, counter-rotating streamwise vortices
are induced at each trough. The interaction between streamwise vortices and spanwise
vortices destroys the structure of large-scale spanwise shedding vortices, which makes
a great contribution to noise reduction.

Vorticity X Vorticity X

H T .

-500 -250 o 250 500

L

(a) (b)

Figure 16. Streamwise vorticity distributions on several streamwise sections: (a) BaselineBlunt;
(b) A10OW10Blunt.

The mean streamwise velocity distributions for the baseline and wavy airfoils in the
wake region are compared in Figure 17. At the near wake of x = 1.1c, the velocity deficit of
the wavy airfoil is comparable to that of the baseline airfoil, and the wake width is also
equivalent. At the positions further downstream, the wavy airfoil has the lager velocity
deficit and the broader wake width, compared to the baseline airfoil. In addition, the
velocity deficit is more obvious at the peak of the wavy airfoil.

The distributions of the streamwise velocity fluctuations in the wake region are com-
pared in Figure 18 for the two airfoils. It can be seen in Figure 18a that the turbulence
intensity at the peak and middle of the wavy airfoil is decreased in the near wake of
x = 1.1c. The maximum turbulence intensity at middle position is reduced from 21% to
15%. At the positions further downstream of x = 1.2c and x = 1.3c, the turbulence intensity
decreases gradually without an obvious difference about different spanwise positions. In
general, the wavy airfoil increases the wake deficit, broadens the wake width and reduces
the turbulence intensity in the wake region.
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Figure 18. Distribution of the fluctuating streamwise velocity in the wake region: (a) x = 1.1c;

(b) x =1.2¢; (¢) x = 1.3c.
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0.95

The spanwise correlation coefficient of the pressure fluctuations is defined as:

__cov(p(zt),p(z+ Az t))
Vvar(p(z, t))var(p(z + Az, t))

where ‘cov’ represents the covariance of the two pressure time signals at different spanwise
positions, and ‘var’ represents the variance in a series of pressure time signals.

Figure 19 shows the distributions of the pressure fluctuation correlation coefficient
at different streamwise locations of x = 0.0c (the airfoil leading edge), x = 0.95c and
x = 0.98c. The time histories of the fluctuating pressure at 65 spanwise monitor points of
each streamwise position were recorded for the correlation analysis. It was found that,
at the leading edges of the airfoils, the spanwise correlation is effectively reduced by the
wavy configuration and has a periodic distribution, and its period is consistent with the
wavelength. However, near the trailing edge of the airfoil, the spanwise correlation of the
wavy airfoil is increased, which is significantly different from previous results. An increase
in the spanwise correlation is not conducive to noise reduction according to Amiet’s and
Howe’s noise prediction models, as shown in Equations (8) and (9). Therefore, spanwise
correlation is not the main factor affecting the reduction of trailing-edge bluntness noise.

(14)

Rpp(Az)

1
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Figure 19. Spanwise correlation analysis of the pressure fluctuations at various streamwise locations:
(a) x = 0.0c; (b) x = 0.95¢; (c) x = 0.98c.

Figure 20 shows the distributions of the spanwise coherence coefficient of the surface-
pressure fluctuations at different frequencies. There were 65 spanwise monitor points at
0.98c on the airfoil’s surface. The spanwise coherence coefficient for different spanwise
locations at each frequency was computed by Equation (11). It was found that the span-
wise coherence is effectively reduced by the wavy configuration at 2050.8, 3515.6 and
4687.5 Hz, corresponding to the locally maximal noise-reduction points in Figure 8. On the
contrary, the spanwise coherence coefficient of the wavy airfoil increased at 14,550.8 Hz,
and the corresponding noise also increased. A decrease in the spanwise coherence is indeed
beneficial to noise reduction according to Amiet’s and Howe’s noise prediction models, as
shown in Equations (8) and (9).
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Figure 20. Spanwise coherence analysis of the pressure fluctuations at various frequencies:
(a) f = 2050.8 Hz; (b) f = 3515.6 Hz; (c) f = 4687.5 Hz; (d) f = 14,550.8 Hz.

4. Conclusions

In this paper, a hybrid computational aeroacoustics method of the IDDES combined
with the FW-H equation was used to study the effect of wavy leading edges on airfoil
trailing-edge bluntness noise and to reveal the underlying physical mechanisms of the
noise reduction. When the thickness of the airfoil’s trailing edge is large, due to the vortex
shedding from the trailing edge, the bluntness noise becomes the dominant noise source for
the baseline airfoil at small angles of attack. The wavy airfoil can significantly reduce the
trailing-edge bluntness noise, and a maximum noise-reduction level of 35 dB was obtained.
The OASPL-reduction levels were between 3.1 and 6.3 dB. The sound source distributions
of the baseline and wavy airfoils were similar, and the pressure fluctuations were mainly
around the trailing edges of the airfoils. However, the size of the pressure fluctuations at
the trailing edge of the wavy airfoil was significantly reduced. The wavy leading edges can
also affect the wake flow by increasing the velocity deficit, broadening the wake width and
reducing the turbulence intensity. In addition, the time-space correlation of the pressure
fluctuations is increased a little, and the spanwise coherence is substantially decreased, by
the wavy airfoil.
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