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The noise production induced by WLEs is diagnosed via multiprocess acoustic theory.

Public summary
m The effect of a wavy leading-edge wavelength on rod—airfoil noise reduction is examined.
m Noise reduction mechanisms are revealed quantitatively via the theory of multiprocess aeroacoustics.

m Reducing the wavelength is favorable for enhancing the source cutoff effect and destructive source relationship.
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Abstract: Rod—airfoil interaction noise becomes a major issue in some aeronautical applications. The design of four wavy
leading edges (WLEs) with varying wavelengths, bioinspired by the tubercles on humpback whales’ flippers, aims to mit-
igate far-field noise. Among these cases, a reduction in the wavelength is found to be advantageous for noise suppression,
with the smallest wavelength case achieving a maximum noise reduction of 1.9 dB. Furthermore, the noise radiation in-
duced by WLEs is suppressed mainly at medium frequencies. The theory of multiprocess aeroacoustics is applied to re-
veal their underlying mechanisms. The dominant factor is the source cutoff effect, which significantly decreases the source
strength on hills. Additionally, spanwise decoherence with phase interference serves as another crucial mechanism, partic-

ularly for reducing mid-frequency noise.

Keywords: rod—airfoil; wavy leading edge; wavelength; multiprocess acoustic theory
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1 Introduction

In recent decades, airfoil-turbulence interaction (ATI) noise
has become a popular research topic. Among them, the study
of rod—airfoil configurations has attracted considerable atten-
tion since it is a simplified model of rotor-stator interactions
in turbofans'*!. Extensive studies have demonstrated that the
rod—airfoil flow exhibits two typical modes: a wake pattern
with a large interaction gap and a vortex suppression pattern
with a small interaction gap™‘. In the wake mode, the vortex
impingement on the leading edge of the airfoil is the primary
source of noise. In recent years, several approaches have been
used to reduce ATI noise, such as natural blowing™”, porous
surfaces™'"”, and geometric modifications!*'"\.

Motivated by the silent flight of owls and the exceptional
lift-enhancing and drag-reducing performance exhibited by
humpback whale flippers, the utilization of a wavy leading
edge (WLE) has been acknowledged as a promising ap-
proach for mitigating ATI noise"*'". The effect of the WLE
amplitude on noise reduction in isotropic or grid-generated
turbulence has been extensively discussed in previous
studies!* "), and a general finding is that increasing the amp-
litude tends to achieve better noise reduction. The noise re-
duction capability is also associated with the wavelength of
the incident gust'®. To date, the effect of the WLE
wavelength on noise reduction has remained controversial.
Chong et al.” reported that a small serrated wavelength is be-
neficial for decreasing noise. In turn, Narayanan et al."”’ re-
ported that better noise reduction was obtained with wider
series. Chaitanya et al.”” revealed that the optimal serrated
wavelength corresponds to a quarter of the length scale of the
turbulent integral. In the experiments of Chen et al.'] no
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optimal serrated wavelength was found to be present. The
lack of studies on relatively realistic turbulence, such as the
rod—airfoil configuration, necessitates a numerical investiga-
tion to evaluate the influence of the WLE wavelength on the
noise attenuation capability.

The noise reduction induced by WLE may involve more
than one mechanism. Lau et al.'*! suggested that the incoher-
ent response to the turbulence induced by WLE contributes to
noise reduction. Chaitanya et al.®” associated the best
wavelength with incoherent adjacent sources. Narayanan et
al." highlighted that spanwise decoherence and phase vari-
ation are the key factors. Similar mechanisms were found in
numerical studies by Chen et al.'”! and several analytical mod-
els (Ayton et al.”>* and Lyu et al.”"). Kim et al.”! suggested
that the source cutoff effect also plays an essential role. Re-
cently, with the development of numerical simulations, the
diagnosis of near-field sources on the basis of multiprocess
acoustic theory has become possible™’\. In the present work,
we provide a physical explanation of noise reduction with the
aid of this theory.

The remainder of the paper is organized as follows. Sec-
tion 2 presents the computational overview and theory of
multiprocess aeroacoustics. Section 3 presents the acoustic
performance of WLEs with various wavelengths and dis-
cusses the noise mitigation mechanisms. Finally, the key find-
ings are presented in Section 4.

2  Computational approaches and multi-
process acoustic theory

2.1 Computational overview
The flow conditions of the simulation are similar to those of
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the experiment performed by Jacob et al’. The schematic dia-
gram is shown in Fig. 1. A NACA-0012 airfoil (chord length
I.=0.1m) is placed 0.1 m downstream of a cylindrical rod
(diameter d = 0.01 m). The spanwise length /. in the numeric-
al simulation is 3d. This rod—airfoil configuration is put in a
uniform inflow (Ma =021, T,=293K, p,=12kg/m%).
The Reynolds number based on the airfoil chord length is
4.8x10°.

The turbulent flow is solved through the compressible large-
eddy simulation (LES) using an unstructured grid with the fi-
nite volume method. To avoid spurious reflections, the
sponge zone technique is introduced along the Riemann far
field. In addition, an adiabatic no-slip wall is implemented on
the rod and airfoil surfaces, together with a slip wall imposed
in the spanwise direction. The convection terms are discret-
ized by the Roe scheme. The lower-upper symmetric Gauss-
Seidel (LU-SGS) method is applied for time marching. The
subgrid-scale eddy viscosity is obtained through the o
model®. In the present study, the flow simulation is per-
formed by the open-source solver PHengLEI*. Details of the
numerical methods are given in Ref. [29].

The Ffowcs-Williams Hawkings (FW-H) analogy is ap-
plied to calculate the noise in the far field with the fluctuation
quantities on the integral surface obtained via LESF. The
FW-H permeable surface is represented by the red line in
Fig. 1. No volume integration is performed because the quad-
rupole source can be overlooked at low speeds. Noise signals
are collected at intervals of 6.59x10°s. With Kato’s
method™", we correct the sound pressure level (SPL) for the
spanwise difference between the simulation and the
experiment.

A series of sinusoidal leading shapes with various
wavelengths W is designed to mitigate the rod—airfoil noise.
At present, the four wavy cases, W150, W100, W075, and
WO050, are named for their wavelengths. For example, the
case WO075 has a wavelength W =0.075/.. All wavy curves
have the same amplitude, that is, A = 0.1/.. The grids used for
all the cases have a similar topology, with only a slightly dif-
ferent number of cells. The computational mesh is shown in
Fig. 2. We use structured meshes around the cylinder and air-
foil. In the wake region of the airfoil, the structured mesh is
also applied. The expansion ratio of the boundary layer mesh

LEY FX
o
=)
oUO7-Tane]

10

——Farfield
o  Observer
Cylinder
—— Airfoil
—FW-H

-1 0 1 2
x/le

Fig. 1. A schematic diagram of the rod-airfoil. The buffer region, FW-H permeable surface, and far-field observers are given.

0202-2

CSTR: 32290.14.JUSTC-2024-0053
DOI: 10.52396/JUSTC-2024-0053
JUSTC, 2025, 55(2): 0202


https://cstr.cn/32290.14.JUSTC-2024-0053
https://cstr.cn/32290.14.JUSTC-2024-0053
https://cstr.cn/32290.14.JUSTC-2024-0053
https://cstr.cn/32290.14.JUSTC-2024-0053
https://cstr.cn/32290.14.JUSTC-2024-0053
https://doi.org/10.52396/JUSTC-2024-0053
https://doi.org/10.52396/JUSTC-2024-0053
https://doi.org/10.52396/JUSTC-2024-0053
https://doi.org/10.52396/JUSTC-2024-0053
https://doi.org/10.52396/JUSTC-2024-0053

Yu et al.

e

Fig. 2. Sketch of the mesh. (a) Overall view. (b) Enlarged view in the vicinity of the rod. (c) Enlarged view in the vicinity of the airfoil leading edge for
the SLE case. (d) Local mesh topology of the wavy leading edge for case W075.

is 1.05, and the grid density of the first layer is set to satisfy
Ay* < 1. Unstructured cells are filled elsewhere. The straight
case SLE contains approximately 73 million cells. At least 30
grid points per serration period in the spanwise direction are
arranged to ensure sufficient resolution. The surface mesh of
WO075 is illustrated in Fig. 2d.

The present SPL spectra are compared with the previous
simulation and experimental results at a far-field point
(x/l.=6.8, y/l.=174, z/I. =0.15) in Fig. 3 to validate the
LES results. Our findings are in good agreement with those of
prior investigations™.

100 ——————— —_—

Present .
+ Jacob et al.¥l(Exp)
- - - -Boudet et al.*(LES)

90
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50
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Fig. 3. Comparisons of sound pressure level (SPL) at the observer of
(x/1. = 6.8, y/l. = 174, 7/I. =0.15).

0202-3

2.2 Multiprocess acoustic theory

There is no doubt that FW-H theory has succeeded in
predicting far-field noise. However, the sources used in the
analogy are not equal to physical noise sources and cannot ef-
fectively reveal the connection between acoustic sources and
flow structures. The theory of multiprocess aeroacoustics re-
cently proposed by Mao et al.”** is expected to overcome
this challenge to some degree. Here, R = In(p/p,) is treated as
the dimensionless acoustic variable, and the noise source is
defined by the objective causality intrinsic to the dynamic
equations associated with longitudinal processes. The acous-
tic equation is expressed as:

D*R-V-(’VR) = (DR)* —v,V’DR =V -(c’Vs’ ) =B, (1)

where D is the operator of the material derivative, v, denotes
the viscosity of the longitudinal kinematics, and c is the
sound speed. Here, 8= (3 —Vu™) : Vu denotes the kinematic
source of the acoustic mode, where I represents a second-
order unit tensor and ¢ represents the dilatation. 8 is con-
sidered as a pseudo ‘inviscid work rate’ made by the nonlin-
ear inertial force on the boundary of the unit mass control
volume. The entropy part V-(c*Vs*) is overlooked owing to
the low Mach condition. In contrast to the FW-H theory, the
current source terms are more physical, which excludes the
hydrodynamic components and allows a direct description of
the shear and thermodynamic processes contributing to sound
production.

For the rod-airfoil interactions, the sound generated by the
wall must be considered”". Therefore, the momentum equa-
tion is applied to the boundary. The momentum equation in
the form of dimensionless thermodynamic variables is
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expressed as follows:

—VP:%(a—I]):—V(— 11s*+T), 2)
where a = Du is the acceleration, 1 =v,Vi¥—vV X denotes
the viscous force of a unit mass, and v denotes the vorticity
and shear kinematic viscosity, respectively. If the accelera-
tion of the wall a = a,(x,?) is given, the flux of pressure on
the boundary is:

*

s 1
y_1+‘T)=En~(nw—aw). 3)

0P =9, (-

Neglecting the entropy change, the state equation for a per-
fect gas is as follows:

5= —R+P ~0. (4)

In this study, all the objects are stationary; thus, the sound
mode equation at the boundary is simplified in the following
form:

0,R ~ %n [v40,0—v(nxV)-w]. 5)

Currently, the acoustic sources in the field and the sound
generation on the wall are diagnosed by g and 9,R,
respectively.

3 Results and discussion

3.1 Variations in noise reduction with wavelength

A parametric investigation is conducted to determine the rela-
tionship between noise reduction and the WLE wavelength.
The overall sound pressure levels (OASPLs) of various cases
are given in Fig. 4. The definition of OASPL is as follows:

OASPL = 2010g,, (P/,../ Pxr) (6)

where the reference pressure p,; is 2x 10~ Pa. Some degree

\ 30°

\
|

240;\“\\% _ /“’{('4,""”5000
270°

W100 ----WO075 ----W050 ——SLE

Fig. 4. The overall sound pressure levels (OASPL) (R=1.85m) for all
cases.

----WI150
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of noise reduction is achieved for all the WLEs, with no dis-
tinct change in the propagation direction. Overall, within the
current parameter range, reducing the wavelength helps re-
duce noise. The W050 with the minimum wavelength ob-
tained a noise reduction of up to 1.9 dB in the main propaga-
tion direction (approximately 70°). In other directions, e.g.,
120°, the maximum noise reduction is approximately 3.2 dB.

Furthermore, we evaluate the noise suppression perform-
ance in different frequency ranges. The mean overall sound
power reduction level (AOAPWL) from 45° to 135° is calcu-
lated as follows:

_ lzR — Spp(f’0i+])+Spp(f’9i) o o
W(f)_p?[;( 5 )AB],45 <0< 135,
(7

PWL(f) = 10log,,(W(f)/Wee), (3

OAPWL:]Ologm( - (W(f)/W,Cf)dSt), 9)

Sfu -5t own S ldown
p do

AOAPWL = OAPWLg ; — OAPWLy, ¢, (10)

where R=1.85m, AG=6°xnr/180, and W,, = 10" W. Four
different ranges are evaluated: the low-frequency range
St =1[0,0.1], the medium-frequency range St =[0.1,0.3] (the
vortex tonal noise is included), S¢=1[0.3,1] and the high-
frequency range St =[1,10]. As shown in Fig. 5, noise reduc-
tion mainly occurs in the medium frequency band. Among
them, the WO050 achieves a 3.9 dB noise reduction at
St=1[0.3,1]. Additionally, an inversely proportional relation-
ship between the AOAPWL and WLE wavelengths at
St =1[0.1,1] means that decreasing the wavelength is benefi-
cial for noise mitigation. In the low-frequency band, the
moderate-wavelength case W100 achieves the greatest noise
reduction, whereas the small-wavelength case W050 shows a
slight increase in noise. In the high-frequency band, noise re-
duction is less effective, except in the W050 case. It should be
reported that high-frequency noise is associated with airfoil

w

A OAPWL(dB)
J )

0-0.1 0.1-0.3 0.3-1 1-10
St

Fig. 5. The mean overall sound power reduced level (AOAPWL) in the
different frequency bands.
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self-noise and is not the main focus of the present study.
3.2 Noise reduction mechanisms

In the previous section, we were unable to observe the optim-
al wavelength mentioned in isotropic turbulence by Chaitan-
ya et al®’. In rod-airfoil interactions, the degree of noise
reduction is negatively correlated with the WLE wavelength
and comes mainly from the medium frequency band. To elu-
cidate the noise reduction mechanisms, we first investigate
the change in the noise source due to WLE.

To quantify the intensity of the noise source, we resort to
the multiprocess aeroacoustic theory that was mentioned
before. In Fig. 6a—c, d,R is plotted to represent the noise gen-
erated by the wall. In Fig. 6d—f, g is utilized to denote the
noise sources in the near-wall space. Given the similar distri-
butions of d,R and S in this case, we collectively refer to
them as sound sources in the following analysis. In Fig. 6, the
leading edge of the airfoil is the main sound source region.
The sound source characteristics of WLE and SLE are signi-
ficantly different. The dominant sound sources of WLEs are
confined to the peaks and roots, while the noise intensity of
the hills significantly decreases. This finding is consistent
with the source cutoff effect proposed in isotropic turbulence
by Kim et al™!. The definitions of peaks, roots, and hills are
given in Fig. 2. Comparisons of the W150 and W050 sources
reveal that the cutoff effect is more powerful in the small
wavelength case. In brief, a notable decrease in the intensity
of hill sources is one of the main noise reduction mechanisms.

Apart from the intensity of the sources, the interference ef-
fect between the sources also plays a role in far-field noise.
Fig. 7 compares the spanwise averaged coherence spectra of
various cases. The definition of C,, (z, : z;, f) is as follows:

0.3

(@

0.2+

2/l

0.1+

0.2

z/le

0.1

0
-0.1 0 0.1 0.2

Bl
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|<SPP (z: Zl’f)>|2
Cp(@iz,f)= , 11
@D s P el D
1 ¢k

CoN=7 ], Culeria Nz, (12)

where
S (2 ) =2p"(z, )P, ), (13)
S (2212, /) =2 (2, ) P2 /), (14)
where, “*” represents the Fourier transform and “#” denotes

the complex conjugate. Compared with SLE, the spanwise
coherence of WLEs decreases at almost all frequencies. The
impact of WLE on the mid-frequency band is prominent, es-
pecially the significant drop of the coherence peaks at the vor-
tex tonal frequency (St =0.1938) and the frequency of drag
oscillation (St=0.3876). Although the variations are not
monotonic, small wavelength cases tend to attain low coher-
ence levels.

The phase variation on the leading edge is shown in Fig. 8.
The definition of phase ¢ is as follows:

¢z 120, ) =Im[In(S,, (2 : 2. )], (15)

where Im denotes the imaginary part. cos(¢) =1 denotes
in-phase radiation, and cos(¢) = —1 denotes out-of-phase ra-
diation. It is obvious that the additional phase changes in-
duced by WLE are concentrated in the medium frequency
band, as shown in the green box. The smaller wavelength
case, e.g., W050, has a deeper degree of phase interference.
Notably, achieving perfect phase interference in rod—airfoil

zifle

Fig. 6. The sound generated by the wall and the acoustic sources in the field are diagnosed by d,Rms and V{(B%), respectively. Each value is normalized
via the mean of the SLE. 9,Rm, of (a) the SLE case, (b) the W150 case, and (c) the WO050 case. /(82) of (d) the SLE case, (e) the W150 case, and (f) the
WO050 case.
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1 T ——
[ ——SLE

| ----W150 |

0.8 w100 |

- ----W075 4
----W050

1072 107! 100

Fig. 7. Spanwise averaged profiles of the coherence spectra. The center
point of the leading edge is chosen as the reference point.

interactions is much more challenging, which may explain the
difficulty in theoretically finding the optimal wavelength. As
shown in the yellow box, for low-frequency components,
sources tend to radiate in phase. Moreover, small wavelengths
introduce a slight low-frequency out-of-phase. In conclusion,

1

0.5

-0.5

1 102 _

both the spanwise decoherence and variation in the phase play
crucial roles in medium-frequency noise reduction.

4 Conclusions

Large-eddy simulations are employed to investigate the flow
structures and sound radiation in the rod—airfoil model. The
leading edges of four wavy airfoils with various wavelengths
are designed to reduce the far-field noise. The noise reduc-
tion performance is negatively correlated with the
wavelength. The WO050 with the minimum wavelength
achieves an approximately 1.9 dB noise reduction in the dom-
inant propagation direction. The wavy leading edge is most
effective at moderate frequencies St =[0.1, 1], reducing noise
up to 3.9 dB.

The theory of multiprocess aeroacoustics is applied to the
diagnosis of noise production by the wall and near-wall
space, respectively. The source cutoff effect is considered a
crucial mechanism. The dominant sources are confined to the
peak and root regions, and the noise intensity at hills is dis-
tinctly reduced. The spanwise decoherence with phase inter-
ference is another noise reduction mechanism, especially in
mid-frequency noise mitigation (S¢=/[0.1,1]). Smaller
wavelengths contribute to a greater source cutoff and phase
interference.
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1 102 m -1
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Fig. 8. cos(¢) is used to show the phase variation along the airfoil leading edge. (a) SLE. (b) W150. (c) W050. The midpoint of the airfoil leading edge is
chosen as the reference point.
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