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ABSTRACT

A novel concept of utilizing distributed surface compliance to achieve airfoil tonal noise reduction at various loading conditions is proposed.
The aeroacoustics of airfoil configuration subjected to different loading conditions at angles of attack (AoAs) from 3� to 7� are numerically
studied using high-fidelity two-dimensional direct aeroacoustic simulation at Reynolds and Mach numbers of 5� 104 and 0.4, respectively.
Initially, airfoil configurations mounted with single elastic panel (SEP) at individual AoA are designed with the knowledge of respective rigid
airfoil flow characteristics. Stemming from the analysis of noise reduction potential of SEP configurations using a reduced-order modeling
approach, a distributed surface compliance (DSC) airfoil configuration utilizing three resonating panels is designed to attain airfoil tonal
noise reduction over entire range of AoA. Comprehensive acoustic analyses establish that the DSC airfoil could provide a maximum noise
reduction ranging from 3 to 7 dB without any sacrifice in airfoil aerodynamics. The extent of noise reduction with DSC airfoil is found
dependent on the flow-induced modal responses of the panels. At lower AoA, the panel(s) resonate in their designed structural modes, which
remarkably weaken the flow instabilities convecting over the airfoil suction surface and eventually airfoil noise radiation. At higher AoA,
the panel responses deviate from their designed structural mode shapes but could still give less noise reduction. Therefore, the designed
DSC airfoil shows a feasible concept for tonal noise reduction over a wide range of operational AoA, which substantiates its applicability for
aerodynamic devices at low Reynolds numbers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087350

I. INTRODUCTION

Airfoil trailing edge noise is one of the most critical aspect
associated with its operations. The trailing edge noise generated by
the airfoil at high Reynolds number (Re) is generally broadband in
nature;1 whereas, at low Re, the airfoil self-noise is dominated by
distinct high amplitude tones.2–5 Owing to substantial increase in
the utilization of low Re aerodynamic devices including wind
turbines, cooling fans, unmanned air vehicles, gliders, and com-
mercial drones over the last few years, the issue of undesirable
noise generation has significantly restricted the application of these
devices to their full potential. The mechanism of airfoil tonal noise
generation has been widely investigated over the years in a number
of studies.2,6–10 At low Re, the boundary layer over the airfoil sur-
face is laminar but potentially unstable. Under these conditions,
the hydrodynamic instabilities, such as Tollmien–Schlichting
(T–S) waves, convect downstream and grow until it reaches the
airfoil trailing edge and roll up into vortices.4,11–13 The generated
vortices subsequently interact with the trailing edge and generate a
scattered oscillating pressure field with a similar frequency to that

of T–S waves. This oscillating field moves upstream and provides
an acoustic feedback mechanism.4,7,14,15

Although the mechanism of airfoil tonal noise has been well
studied and understood, only a few studies are devoted to modify it for
noise reduction. The existing approaches are mostly limited to modifi-
cations of trailing and leading edges modifications such as serrations,
porosity, etc.16–22 However, the effectiveness of these approaches is
restricted to a certain flow condition or at a specific airfoil loading con-
dition, which limits their application in the real-world environment.
Chong and Joseph23 investigated the effectiveness of NACA 0012 air-
foil with serrated trailing edges in tonal noise reduction at low Re for a
fixed angle of attack (AoA) of 4.2�. The geometric parameters includ-
ing serration angle and serrations height were found to be major con-
tributing factors in tonal noise reduction, which significantly
weakened the normal velocity fluctuations within the small region of
wake from the laminar boundary layer. The utilization of tubercles has
shown favorable flow characteristics for tonal noise reduction by
reducing the coherence of the wake.24–26 Hansen et al.27 claimed in
their experimental and numerical investigations that the streamwise
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vortices generated by the tubercles and the variation in separation
bubble lead to significant tonal noise reduction. These characteris-
tics of the tubercles alter the flow instabilities in the shear layer and
affect the coherence of the vortex shedding in the airfoil wake,
which results in a reduction in trailing edge noise at specific flow
conditions. Moreau and Doolan28 employed different sawtooth
trailing edge serrations on a flat plate and experimentally investi-
gated their tonal noise reduction at two different Re. Their investi-
gation revealed a significant noise reduction by wide serrations,
which were responsible for reduction in the magnitude of velocity
fluctuations at low frequencies. Recently, Jiang et al.29 experimen-
tally tested a series of trailing edge treatments of the NACA 0012
airfoil such as porous edges, poro-serrated edges, and curved ser-
rated porous edges at low to moderate Re for a fixed AoA of 4�.
Their investigation revealed that a combination of porous and
serrated geometries resulted in a noise reduction up to 14.2 dB.

In recent years, flow and noise control utilizing structural elastic-
ity has also been attempted on the airfoil.30–33 Talboys et al.34 observed
that flaplets installed on NACA0012 airfoil are able to stabilize the
shear layer at low Re and low AoA, which could lead to thinning of
the boundary layer on the airfoil suction surface. Schlanderer and
Sandberg35 numerically investigated a flat plate with a flexible trailing
edge and achieved some noise suppression at low to moderate fre-
quencies as compared with a flat plate with a rigid trailing edge; how-
ever, an increase in noise level was observed at some eigen-frequencies
of flexible trailing edge. Recently, Arif et al.36 utilized the structural res-
onance of a short elastic panel on an airfoil surface for tonal noise
reduction at low Re and AoA of 5�.

Although the aforementioned noise control methods have
achieved some tonal noise reduction, their design and effectiveness are
mostly evaluated and restricted to specific/fixed flow conditions only.
Nowadays, many modern low Re aerodynamic devices are required to
operate at variable loading conditions such as wind turbines operating
under high wind sheared flows, unmanned air vehicles under search
and rescue operations, etc. It is well known that the changes in flow
conditions, for example AoA, directly affect the boundary layer char-
acteristics over the airfoil such as flow separation/reattachment points,
natural growth of the boundary layer instabilities, and length of lami-
nar separation bubble (LSB).37–42 As such, it is not surprising to con-
ceive that most of the aforementioned modifications for noise
reduction may not remain as effective as in the specific flow conditions
the noise reduction method is devised.

Motivated by the interest in overcoming the said noise control
challenge, a novel concept of a distributed surface compliance (DSC)
airfoil is proposed in this study, which could provide tonal noise
reduction at various loading conditions. The local surface compliance
is provided by a short elastic panel mounted on the airfoil surface. The
design methodology of DSC airfoil consists of three major stages. In
the initial stage, flow characteristics over the rigid surface (RS) airfoil
are analyzed at different AoAs. Subsequently, airfoil configurations
with single elastic panel are designed and their effectiveness is evalu-
ated at different AoAs by a reduced order model, named as perturba-
tion evolution method (PEM) developed by the authors.43 Finally, a
DSC airfoil with multiple panels is designed and its effectiveness in
tonal noise reduction at different loading conditions by means of vary-
ing the AoA is evaluated using high-fidelity direct aeroacoustic simula-
tion (DAS).

This paper is organized as follows. Section II describes the formu-
lation of the problem and the numerical methodology adopted in the
present study. The analysis of RS airfoil is carried out in Sec. III, which
is followed by the design and evaluation of airfoil configurations with
single elastic panel in Sec. IV. Finally, the design concept and a com-
prehensive aeroacoustics analysis of DSC airfoil is presented in Sec. V.

II. PROBLEM FORMULATION AND NUMERICAL
METHODS

The present problem of interest involves complex interactions
between unsteady flow, panel structural vibration, and acoustics.
Hence, a numerical approach capable of resolving all these physical
phenomena covering both aerodynamic and acoustic scales is
required. Therefore, we adopt the DAS approach for its capability of
resolving the inherent coupling between the unsteady airfoil aerody-
namic and acoustic solutions with sufficient accuracy. The governing
equations for aeroacoustical flow and structural solvers and their
implementation strategy are briefly discussed in the following sections.

A. Aeroacoustical flow solver

The aeroacoustic problem in the present study is modeled by
compressible Navier–Stokes (N–S) equations and the equation of state,
which govern all the physical aspects of flow dynamics and acoustics.
To solve the unsteady N–S equations, conservation element and solu-
tion element (CE/SE) method is adopted. It is a robust and highly
accurate method, which enforces strict physical conservation laws in
N–S equations in both space and time domains.44 Unlike other con-
ventional numerical schemes that are based on finite difference and
finite volume methods, it unifies the treatment of both space and time
domains. Details of its implementation are discussed in Lam et al.,44,45

which show success of using the CE/SE method to analyze the com-
plex aeroacoustic interactions at both subsonic and supersonic flow
speeds within the duct. Recently, Lam and Leung46 and Arif et al.47

have also utilized the CE/SE method to accurately capture the aeroa-
coustic phenomenon of airfoil flow and the acoustic feedback mecha-
nism responsible for the airfoil tonal noise generation.

Unless otherwise specified, all the variables in the present study
are considered in their non-dimensional form. The dimensional quan-
tities are denoted with the hat symbol (ˆ) and those without are their
normalized counterparts. Taking the fluid properties of freestream
with dimensional velocity Û1 and airfoil chord ĉ as reference, the
two-dimensional N–S equations in strong conservative form can be
written as

@U
@t
þ @ F � Fvð Þ

@x
þ @ G� Gvð Þ

@y
¼ 0; (1)

where the flow flux conservation variables are defined by

U ¼ q qu qv qE½ �T ;
F ¼ q u q u2 þ p q uv ðqE þ pÞu

� �T
;

Fv ¼ ð1=ReÞ 0 sxx sxy sxxuþ sxyv � qx½ �T ;

G ¼ qv quv qv2 þ p ðqE þ pÞv
� �T

;

Gv ¼ ð1=ReÞ 0 sxy syy sxyuþ syyv � qy½ �T :

The normal and shear stresses are defined as
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sxx ¼ ð2=3Þl 2@u=@x � @v=@yð Þ;
sxy ¼ l 2@u=@y � @v=@xð Þ;

syy ¼ ð2=3Þl 2@v=@y � @u=@xð Þ:

The heat flux components are defined as

qx ¼ l=ðc� 1ÞPrM2
� �

@T=@xð Þ;
qy ¼ l=ðc� 1ÞPrM2

� �
@T=@yð Þ:

The Reynolds number, Mach number, and Prandtl Number can be
calculated by

Re ¼ q̂1Û1ĉ=l̂1; M ¼ Û1=â1; Pr ¼ ĉp;1l̂1=k̂1 ¼ 0:71;

where, the specific heat ratio c¼ 1.4, ĉp;1 is the specific heat at con-
stant pressure and k̂1 is the thermal conductivity. The total energy
and pressure are calculated by

E ¼ p=qðc� 1Þ þ ðu2 þ v2Þ=2; p ¼ qT=cM2;

The non-dimensional time and frequency are defined by

t ¼ t̂ Û1=ĉ; f ¼ f̂ ĉ=Û1:

B. Structural solver and aeroacoustic-structural
coupling

The nonlinear dynamic response of the elastic panel is modeled
by solving the one-dimensional plate equation to the simplest approxi-
mation.48 The normalized governing equation for panel displacement
can be written as

SEP
@4w
@x4
� ðTEP þ NEPÞ

@2w
@x2
þ qEPhEP

@2w
@t2

þCEP
@w
@t
þ KEPw ¼ pex; (2)

where w is the panel displacement from its undisturbed position,

SEP ¼ ŜEP=q̂1Û
2
1ĉ

3 is the panel bending stiffness, EEP ¼ ÊEPÛ
2
1 =

q̂1ĉ
4 is the Young’s Modulus of panel, � is the Poisson’s ratio, TEP

¼ T̂ EP =q̂1Û
2
1ĉ is the external tensile stress in tangential direction,

NEP ¼ ðEEPhEP=2LEPÞ
Ð LEP
0 ð@w=@xÞ2dx is the internal tensile stress in

the tangential direction, CEP ¼ ĈEP=q̂1Û1 is the structural damping
coefficient of panel, KEP ¼ K̂ EPĉ =q̂1Û1 is the stiffness of the foun-

dation supporting the panel and pex ¼ p̂ex =q̂1Û
2
1 is the net pressure

exerted on the panel surface. Stainless steel is assumed for panel mate-
rial properties in this study. We consider a very thin elastic panel,
which behaves similar to a membrane; therefore, CEP; SEP, and KEP

are taken as effectively zero.48,49 Equation (2) is solved by the standard
finite difference method. The nonlinear coupling between aeroacoustic
fluctuation and panel structural dynamics is resolved with a mono-
lithic scheme developed by Fan et al.49 In essence, the scheme treats
the fluid/panel system as a single entity and includes the effects of
panel dynamics on aeroacoustical flow in an extra source term in the
CE/SE governing equations [Eq. (1)], which is then solved with a
Newton iteration method for its much faster convergence than con-
ventional partitioned approach. The coupling scheme is fully validated

with a series of benchmark aeroacoustic-structural interaction prob-
lems and is proven to accurately resolve aeroacoustic-structural cou-
pling of increasing complexity.49,50

C. Reduced order modeling

It is widely acknowledged that DAS provides accurate insight of
airfoil aeroacoustics, but it requires a significant amount of computa-
tional resources to complete a calculation. Using DAS for the design of
an airfoil configuration based on multiple panels with unique struc-
tural properties and evaluation of its effectiveness in noise reduction
for each iteration is not practically feasible. Therefore, a reduced-order
modeling approach, namely perturbation evolution method (PEM),43

is employed in the initial stage for the design and analysis of various
single panel configurations to ascertain their noise suppression
potential.

PEM is based on the analysis of evolution of weak perturbation,
which is initiated with the information available from DAS solution of
the RS airfoil. It is proven to be an effective tool36 as it only requires
10% of the computational time required for a full DAS calculation.
The effectiveness and accuracy of PEM have been successfully vali-
dated in Arif et al.43 Only a brief overview of its adaptation is provided
here. The normalized compressible N–S equations in two-dimensional
form with a constant forcing term S may be written in a strong conser-
vative form as

@U
@t
þ @F
@x
þ @G
@y
¼ S: (3)

We may express the unsteady flow in terms of a steady base flow
and an infinitesimal perturbation [i.e., Uðx; y; tÞ ¼ Ubaseðx; yÞ
þU 0ðx; y; tÞ] and take the forcing term derived from spatial gradients
of the base flow, so Eq. (3) becomes

@ðUbase þ U 0Þ
@t

þ @F
@x
þ @G
@y

� �
base

þ @F
@x
þ @G
@y

� �0

¼ S ¼ @F
@x
þ @G
@y

� �
base

; (4)

) @ Ubase þ U 0ð Þ
@t

þ @F
@x
þ @G
@y

� �0
¼ @U 0

@t
þ @F

@x
þ @G
@y

� �0
¼ 0;

(5)

as @Ubase=@t ¼ 0. Note that the homogeneous Eq. (5) has the same
mathematical form as the full nonlinear N–S equations [Eq. (1)], but
all the primitive variables are replaced by their perturbations in the
flux variables U, F, and G.

For the present study, a broadband acoustic excitation is intro-
duced, which can effectively produce weak perturbations within the
flow continuously, which generates the hydrodynamic instabilities
within the airfoil boundary layer.14 The acoustic excitation function is
defined as p0inc ¼ pA

P100
n¼1 sin ð2ptfexc;n þ /nÞ, where pA is constant

pressure amplitude, excitation frequencies 0.1� fexc;n � 10 with a uni-
form increment of Dfexc;n ¼ 0:1 and uniformly random phase /n. A
weak excitation of pA ¼ 10�5 is introduced near the leading edge of
airfoil at a location ðx; yÞ ¼ ð�0:015 and� 0:01Þ. When the acoustic
excitation interacts with the leading edge of airfoil, a downstream trav-
eling wavepacket over the airfoil suction surface is generated, which
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excites a number of panel natural modal frequencies. Flow-induced
structural resonance is likely to occur at the dominant frequency of
naturally evolving airfoil boundary layer disturbance, and the panel
would respond effectively in suppressing the flow instabilities in this
condition.43

D. Numerical setup

A schematic sketch of the computational domain for the present
study is shown in Fig. 1(a). The dimensions shown are all made
dimensionless with airfoil chord chosen as the reference length (i.e.,
L̂0¼ĉ). A NACA 0012 airfoil with a sharp trailing edge is considered
due to its popularity in low Re applications and the high availability of
its aerodynamic and acoustic data in literature.4,14,40,51 The airfoil is
immersed in a freestream with M¼ 0.4 and Re¼ 5� 104, which
enters the domain from left and bottom inlet boundaries of the
domain. For the cases with elastic panels, the panel is flush-mounted
on the suction surface of the airfoil with its both edges fixed. The
NACA 0012 is modeled with its leading edge at ðx; yÞ ¼ ð0; 0Þ. In
order to avoid any erroneous acoustic reflection, a buffer zone with an
exponentially stretched mesh of width 1.5 is set up around the physical
domain. All domain boundaries adopt nonreflecting boundary condi-
tion44 except the left and bottom boundaries, which are defined by
inlet boundary condition. All solid surfaces including the elastic panel
are prescribed with no-slip boundary condition.

The computational mesh is generated by structured quadrangular
elements throughout the domain. In the application of CE/SE method,
a quadrangle mesh element is split into four triangles using diagonal
cross division.44 In order to limit the computational cost, the mesh
size around the critical locations including airfoil leading edge, trailing
edge, and near wake [Fig. 1(b)] are given special considerations for
guaranteeing sufficient resolution for resolving the boundary layer
evolution and subsequent acoustic propagation. The wall normal reso-
lution of the first grid point in the vicinity of airfoil leading and trailing
edges is set to Dy ¼ 0:0005 with a stretching ratio of 1.05% within the
boundary layer. A comprehensive grid independence study has been

carried out and already presented in Arif et al.47 A grid with a total
mesh size of 6:52� 106 is chosen in the present study for its best com-
promise between accuracy and optimum requirement of computa-
tional resources. Details of the selected mesh sizes for the complete
domain are listed in Table I.

For DAS calculations, the computational domain, grid size, and
time step for the case of AoA ¼ 3� and 5� are kept same. However,
for AoA ¼ 7�, the grid size near the airfoil surface is further refined by
a factor of 2 so as to capture stronger flow unsteadiness within the
boundary layer over the airfoil surface.38 The time step size is also
reduced accordingly for AoA ¼ 7� to maintain the same CFL condi-
tion. For all calculations, the solution is sufficiently progressed until a
time stationary state has been achieved. The solution is then further
proceeded for a time episode equal to 40 flow convective passes for
aerodynamic and acoustic analyses. The calculations are carried out in
a parallel computing facility with 494 CPU cores for a total of approxi-
mately 94 000 CPU hours for each case. To analyze the acoustical
characteristics, 180 virtual probes are placed all around the airfoil with
azimuthal increment dh ¼ 2� at a radius r¼ 3 [Fig. 1(c)].
Furthermore, a total of 4000 virtual probes are placed within the
boundary layer along suction and pressure surfaces of the airfoil to
analyze the flow aerodynamic behavior.

E. Validation of numerical scheme

The validation of numerical setup is carried out by analyzing the
flow characteristics over the airfoil and comparing them with litera-
ture.3,39,52 Figure 2(a) shows the time-averaged friction coefficient Cf

distribution over the airfoil suction and pressure surfaces at
AoA ¼ 5�. The separation and reattachment points can be identified
at locations where Cf crosses zero. The boundary layer separation on
the suction surface occurs at x � 0:180 and reattaches at x � 0:585,
which shows strong agreement with the works of Jones et al.39 A lami-
nar separation bubble of a length 0.4 is observed at the selected flow
condition whereas no boundary layer separation on the pressure sur-
face is observed. A wavy pattern is observed downstream of the

FIG. 1. (a) Schematic of computational domain; (b) mesh design with closeup views of airfoil leading and trailing edges; and (c) distribution of virtual probes around the airfoil.

TABLE I. Mesh parameters for the complete domain (min mesh size/max mesh size).

Physical domain Buffer

x < �1 �1� x� 2 x> 2 jyj > 0:3 �0.3� y� 0.3 For all x, y

0.01/0.02 0.001/0.008 0.008/0.01 0.005/0.02 0.0007/0.008 0.02/0.1
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reattachment point, which exhibits periodic vortex shedding over the
airfoil surface and is also reported in literature.3,39,53

Figure 2(b) shows the time-averaged pressure coefficient Cp over
the suction and pressure surfaces of airfoil at AoA ¼ 5�. On the suc-
tion surface, a sudden increase in Cp near the leading edge 0:04 < x
< 0:2 due to strong adverse pressure gradient can be observed. This is
followed by a pressure plateau from 0:2 < x < 0:45 and a rapid tran-
sition from 0:45 < x < 0:6. From 0:6 < x < 0:79, another pressure
plateau is observed, which is followed by an increase in Cp up till trail-
ing edge. Cp on the pressure surface decreases smoothly from the air-
foil leading edge up to x � 0:3 and increases slowly up till the airfoil
trailing edge. An excellent agreement with the works of Jones et al.39 is
observed with a maximum deviation of less than 2% in the airfoil Cp

distribution.

F. Design and analysis methodology

The present study focuses on the reduction of tonal component
of airfoil self-noise associated with the operations of low Re aerody-
namic devices and is much higher than broadband noise in terms of
magnitude. The airfoil is subjected to various loading conditions by
means of varying the flow AoA and its effectiveness in tonal noise
reduction is evaluated. A range of AoA is initially chosen over which
the airfoil tonal noise is observed for a commonly used low Re airfoil
such as NACA 0012.4,40 According to McAlpine et al.,9 the airfoil
tonal noise would not be observed if the transition to turbulence
occurred sufficiently far from the airfoil trailing edge. For the present
study, the maximum limit of AoA is set to 7� as the boundary layer
tends to be turbulent in its characteristics above this AoA for NACA
0012 airfoil,38–40 and the generated airfoil noise tends to be broadband
in nature. On the other hand, the minimum AoA is set to 3� below, in
which the boundary layer separation occurs near the trailing edge of
the airfoil and fails to reattach with the airfoil surface on both the pres-
sure and suction surfaces.4,39 It is not practically feasible to evaluate
the effectiveness of an airfoil configuration with such a vast design
space (based on multiple compliant panels) in noise reduction at each
AoA. Therefore, an interval of 2� is maintained for the analysis within
a range of AoA between 3� and 7�.

The adopted methodology for the design of DSC airfoil is divided
into three major stages. Initially, the flow characteristics of the RS

airfoil at selected AoAs are analyzed individually by DAS. The results
of DAS analyses also serve as the base flow for subsequent PEM analy-
ses. In the next stage, airfoil configuration mounted with single elastic
panel (SEP) is designed for each AoA. The structural properties and
suitable location of the panel on the airfoil surface are determined
based on the RS airfoil characteristics. Subsequently, the effectiveness
of the SEP configurations in tonal noise reduction is determined by
PEM at their respective AoAs. Finally, a conceptual design of an airfoil
mounted with three unique elastic panels is presented, which is aimed
to provide tonal noise reduction over entire range of AoA. A compre-
hensive aeroacoustic DAS analysis is carried out for the DSC airfoil to
evaluate its effectiveness in airfoil noise reduction and understand the
underlying physical mechanisms.

III. RIGID SURFACE AIRFOIL ANALYSIS

The time-averaged Cf distributions over the airfoil suction and
pressure surfaces at different AoAs are shown in Figs. 3(a) and 3(b),
respectively. On the airfoil suction surface, the boundary layer separa-
tion occurs at x � 0:34 and reattaches at x � 0:85 at AoA ¼ 3�;
whereas, at AoA ¼ 5�, the flow separation and reattachment shift
upstream to x � 0:18 and x � 0:58, respectively. At higher AoA of
7�, the flow separation and reattachment points further shift toward
airfoil leading edge at x � 0:05 and x � 0:38, respectively.40 No
boundary layer separation on the pressure surface is observed at any
flow condition considered in this study. Figures 3(c) and 3(d) show
the time-averaged Cp distribution over the suction and pressure surfa-
ces of airfoil. For AoA ¼ 3�, a sudden increase in Cp near the leading
edge due to strong adverse pressure gradient can be observed on the
airfoil suction surface. This is followed by a pressure plateau from
0:2 < x < 0:7, and a rapid transition from 0:7 < x < 0:8. From
0:8 < x < 0:9, another pressure plateau is observed, which is followed
by an increase in Cp up till airfoil trailing edge. The Cp on the pressure
surface decreases smoothly from the airfoil leading edge up to
x � 0:25 and remains constant up till x � 0:6 and then increases
slowly up till airfoil trailing edge. Similar patterns of Cp variation are
observed for AoA ¼ 5� and 7� with much higher magnitudes and
shorter lengths of pressure plateau, respectively, which indicate a reduc-
tion in the length of LSB at higher flow incidence. At the airfoil pressure
surface, a similar trend of Cp distribution is observed for all AoAs.

FIG. 2. Comparison of (a) time-averaged
Cf distribution and (b) time-averaged Cp
distribution over the airfoil at AoA ¼ 5�

with Jones et al.39
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FIG. 3. Time-averaged Cf distribution over
the airfoil (a) suction surface; (b) pressure
surface. Time-averaged Cp distribution
over the airfoil (c) suction surface; (d)
pressure surface; and (e) variation of
boundary layer separation and reattach-
ment locations with AoA.

TABLE II. Comparison of time-averaged aerodynamic parameters. The term in brackets indicate the percentage deviation of the present DAS results from Jones et al.39

From present DAS/From Jones et al.39

Parameters AoA ¼ 3� AoA ¼ 5� AoA ¼ 7�

CL;mean 0.430/0.425 ðþ1:17%Þ 0.485/0.490 ð�1:02%Þ 0.650/0.640 ðþ1:56%Þ
CD;mean 0.017/0.018 ð�5:55%Þ 0.0185/ 0.0201 ð�7:96%Þ 0.040/0.041 ð�2:43%Þ
xsep 0.34/0.33 ðþ3:03%Þ 0.18/0.16 ðþ11:1%Þ 0.05/0.05 ð�Þ
xreatt 0.85/0.85 ð�Þ 0.58/0.58 ð�Þ 0.38/0.39 ð�2:56%Þ
LSB 0.51/0.52 ð�1:92%Þ 0.40/0.43 ð�6:97%Þ 0.33/0.34 ð�2:94%Þ
fdominant 2.67/2.42 ðþ10:33%Þ 3.37/3.37 ð�Þ 2.40/2.40 ð�Þ
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The variations in the separation/reattachment points and length
of LSB with increasing AoA are shown in Fig. 3(e). The figure clearly
indicates an upstream shift of the LSB and its shrinkage from
Dx ¼ 0:51 to 0.33 with an increase in AoA from 3� to 7�. Table II
presents a summary of the calculated time-averaged aerodynamic
parameters for all AoAs alongside with their comparison with avail-
able literature. A good agreement is observed in the calculated parame-
ters at all conditions with literature,39 which further validates the
numerical methodology adopted for the study.

The variations of the coefficient of lift CL with time (t ¼ t̂ Û1=ĉ)
for all AoAs are shown in Fig. 4(a). The CL fluctuates essentially in a

periodic manner for lower AoAs (i.e., � 5�), whereas its variation
becomes irregular at higher AoA indicating the presence of complex
unsteady flow behavior.38 Figure 4(b) shows the results of Fast Fourier
Transform (FFT) of CL for all AoAs. A time episode of t¼ 10 with a
non-dimensional sampling frequency (f ¼ f̂ ĉ=Û1) of 1� 105 for
fine resolution is utilized with a Hamming window with 50% data
overlap for the transform. The FFT spectrum for AoA ¼ 3� indicates
a clear dominant peak frequency of 2.67 with several low amplitude
peaks associated with higher-harmonics. At AoA ¼ 5�, the spectrum
reveals a dominant peak frequency of 3.37 along with higher harmon-
ics at 6.6 and 10.0. However, at AoA ¼ 7�, the spectrum exhibits a
scattered spectrum with different low amplitude peaks at irregular
intervals. The highest magnitude peak is observed at the frequency of
2.40.

According to Lighthill’s acoustic analogy,54 the unsteady motions
of vortices convecting over the airfoil generate noise, which is similar
to the scattering of an incident wave at a sharp edge. The passage of
vortical structures over the airfoil trailing edge into the wake generally
creates discrete tones.55,56 Hence, it is informative to visualize the flow
field sequence of vortex shedding over the airfoil to investigate the
noise generation mechanism. Figure 5 illustrates the evolution of vor-
ticity distribution within a single lift cycle for every AoA. The time
instances chosen correspond to A, B, C, and D shown in Fig. 4(a). The
point A represents the instance of maximum lift for each AoA,
whereas the time instance of C indicates the point of minimum lift.
On the other hand, points B and D indicate the locations of the lift
cycle where it crosses the neutral axis locally. The black dashed line
indicates the convection of a single vortex over the complete lift cycle
for each AoA. For AoA ¼ 3�, the flow unsteadiness over the airfoil
suction surface results in the vortex generation from the separated
shear layer on airfoil suction surface and its passage over the airfoil
trailing edge into the wake. The vortex shedding appears to be periodic
with strong coherent structures convecting toward the airfoil trailing

FIG. 4. (a) CL variation with time; and (b) FFT spectra of CL.

FIG. 5. Temporal evolution of vorticity distribution at different AoAs. Time instances A–D are referred to Fig. 4(a).
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edge as indicated by the dashed black line. For AoA ¼ 5�, the emer-
gence of the vortices shift upstream with an increase in AoA due to
the variation in the locations of separation and reattachment points as
observed in Fig. 3(a). Again, the vortex shedding appears to be peri-
odic with strong coherent structures shedding into the airfoil wake.
On the other hand, for AoA ¼ 7�, the vortex shedding appears to be
non-periodic, and vortex merging is observed at time instance C where
two vortices coalesce and promote high levels of flow instabilities over
the later half of airfoil. This non-coherent vortex shedding at
AoA ¼ 7� is found to be responsible for the presence of multiple
peaks in the FFT spectra as observed in Fig. 4(b).57,58

Figure 6 shows the instantaneous fluctuating pressure p0, defined
by p0ðx; tÞ ¼ pðx; tÞ � pmeanðxÞ, at the time instance of maximum lift
for each AoA. Regions of prominent instabilities on the suction surface
of the airfoil can be observed for all cases. For each loading condition,
acoustic waves originate from the trailing edge and propagate
upstream with a much higher magnitude than those in the down-
stream direction. The strength of acoustic radiation appears to be
higher at AoA ¼ 7� as compared with lower AoAs (i.e., � 5�). The
radiation patterns for lower AoAs are observed to be similar where the
acoustic waves appear to radiate in a uniform pattern with a phase dif-
ference of 180� between the suction and pressure surfaces over the

FIG. 6. Instantaneous acoustic pressure fluctuations p0 at the time instances of maximum lift at each AoA. (a) AoA ¼ 3�; (b) AoA ¼ 5�; and (c) AoA ¼ 7�.

FIG. 7. Distribution of spectra of trans-
verse velocity fluctuations along the airfoil.
(a) AoA ¼ 3�; (b) AoA ¼ 5�; and (c)
AoA ¼ 7�. (d) Spatial growth of flow
instability over the airfoil suction surface at
ð fblÞ0.
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airfoil [Figs. 6(a) and 6(b)]. However, at higher AoA [Fig. 6(c)], the
acoustic radiation appears to be non-uniform due to non-uniform vor-
tex shedding occurring over the airfoil suction surface as observed in
Fig. 5.

IV. DESIGN OF ELASTIC PANELS
A. Design of single elastic panel configurations

The airfoil configurations with single elastic panel (SEP) are
designed for different AoAs by utilizing the corresponding RS airfoil
analysis, and the effectiveness of these configurations in tonal noise
reduction is determined by PEM. The design of elastic panel is essen-
tially based on three major parameters, namely panel length, structural
properties, and its location. The length of panel is set as LEP ¼ 0:05
for all the cases as such short length does not affect the radius of curva-
ture over the airfoil suction surface.47 In fact, a longer panel with
much longer structural wavelength than the acoustic wavelength may
become a noise source itself and radiate energy into the fluid and far-
field.59 To determine the suitable locations of panel for the AoAs, the
frequency spectra of transverse velocity fluctuations v0 over the airfoil
suction surface within the boundary layer are analyzed and shown in
Figs. 7(a)–7(c). In these figures, a longer time history of t¼ 20 and a
higher sampling frequency of 2� 105 are selected for fine spectral res-
olution. The horizontal dot-dashed lines indicate the dominant fre-
quencies of the boundary layer instabilities. For AoA ¼ 3� [Fig. 7(a)],
its spectrum reveals that the natural airfoil boundary layer growth is
dominated by the fundamental frequency ð fblÞ0 ¼ 2:67 along with its
harmonics at the ð fblÞ1 ¼ 5:20. The magnitude of v0 becomes observ-
able within 0.65� x� 0.85, which indicates the presence of significant
boundary layer instabilities within the separation bubble. The magni-
tude of v0 observed at the fundamental frequency ð fblÞ0 ¼ 2:67 is
much higher than its first harmonics at ð fblÞ1 ¼ 5:20. Some moderate

amplitude flow fluctuations are also observed at f¼ 2.20 and 1.70,
which possibly indicate the presence of secondary tones.4,57 For
AoA ¼ 5� [Fig. 7(b)], the spectrum reveals that the natural airfoil
boundary layer growth is dominated by the fundamental frequency
ð fblÞ0 ¼ 3:37 along with its higher harmonics. The magnitude of v0

becomes observable from x � 0:4 up to the airfoil trailing edge, which
indicates the presence of significant boundary layer instabilities;
whereas, for AoA ¼ 7� [Fig. 7(c)], the spectrum shows scattered fre-
quency content as also observed in Fig. 4(b). However, a high magni-
tude of v0 is observed at ð fblÞ0 ¼ 2:40. The magnitude becomes
observable within 0.2� x� 0.38 within the separation bubble and
reduces significantly at the reattachment point. The magnitude slightly
increases again at a downstream location near the airfoil trailing edge.
Some moderate amplitude flow fluctuations are also observed at
f¼ 2.0 and 3.60 at this AoA.

To investigate the unsteady flow behavior within the boundary
layer over the suction surface, the natural boundary layer stability
characteristics are analyzed at the dominant frequencies for AoA ¼ 3�

(ð fblÞ0 ¼ 2:67), AoA ¼ 5� (ð fblÞ0 ¼ 3:37), and AoA ¼ 7� (ð fblÞ0
¼ 2:40) as shown in Fig. 7(d). For AoA ¼ 3�, the amplitude of v0

starts to increase at x � 0:55 and grow within 0.65� x� 0.7 whereas
the amplitude of v0 for AoA ¼ 5� starts to increase at x � 0:27 and
grow within 0.4� x� 0.45. For AoA ¼ 7�, the growth of v0 moves
further upstream where it starts to increase at x� 0:18 and grow
within 0.2� x� 0.32. It is well established that a resonant elastic panel
is able to effectively weaken the boundary layer instabilities when it is
located corresponding to the onset of rapid growth of flow instabil-
ities.47 Based on the flow instability characteristics over the suction
surface of airfoil observed in Fig. 7(d), the panel for the case of AoA
¼ 3� is located with its leading edge at xle¼ 0.65 on the airfoil suction
surface (designated as SEP3). The location of the panel for the case of
AoA ¼ 5� is set with its leading edge at xle¼ 0.40 on the airfoil suction
surface (SEP5); and for the case of AoA ¼ 7�, the panel is located with
its leading edge at xle¼ 0.20 on the airfoil suction surface (SEP7). The
schematics of the airfoil with single elastic panel for all AoAs are
shown in Figs. 8(a)–8(c).

For each case, the properties of the panel are selected in a way
that its natural frequency coincides with the dominant frequency of
the flow instabilities within the boundary layer to achieve structural
resonance condition in its third natural mode under the fluid loading.
The normalized frequency of the nth panel vibration mode can be esti-
mated as60

ð fEPÞn ¼
n

2LEP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TEP

qEPhEP

s , ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ LEP

pnqEPhEP

s
: (6)

The selected parameters for the designed panel in non-
dimensional form are tabulated in Table III.

FIG. 8. Schematics of designed SEP configurations. (a) SEP3; (b) SEP5; and (c)
SEP7.

TABLE III. Normalized elastic panel parameters.

Case xle LEP hEP TEP qEP ð fEPÞ1 ð fEPÞ2 ð fEPÞ3 ð fEPÞ4 ð fEPÞ5
SEP3 0.65 0.05 0.014 0.725 6367.34 0.89 1.78 2.67 3.56 4.45
SEP5 0.40 0.05 0.009 0.725 6367.34 1.12 2.24 3.37 4.49 5.62
SEP7 0.20 0.05 0.009 0.366 6367.34 0.81 1.61 2.40 3.20 4.01
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B. Assessment of noise reduction through reduced
order modeling

A quick assessment of noise reduction potential of the SEP con-
figurations at AoA ¼ 3� and 5� and 7� is carried out by reduced order
modeling. The azimuth plots of p0rms at r¼ 3 for all AoAs are shown in
Figs. 9(a), 9(c), and 9(e). The acoustic solution within the sector jhj
� 30� is ignored due to strong contamination of aerodynamic

pressure fluctuations downstream of the airfoil trailing edge, which
makes the determination of acoustics inaccurate at these locations. For
each AoA, the noise directivity resembles its corresponding RS airfoil,
which confirms that the panel vibration does not affect the mean flow
dynamics. For SEP3, the strongest radiation goes along h �140� and
�300�, respectively; whereas, for SEP5, the strongest radiation goes
along h �150� and�240�, respectively. A significant reduction in p0rms
is observed at all azimuth locations for SEP3 and SEP5 as compared

FIG. 9. Azimuth distribution of p0rms at
r¼ 3. (a) AoA ¼ 3�; (c) AoA ¼ 5�; and
(e) AoA ¼ 7�. Azimuth distribution of
DSPL at r¼ 3. (b) AoA ¼ 3�; (d) AoA
¼ 5�; and (f) AoA ¼ 7�. Green solid line,
SEP3; orange solid line, SEP5; blue solid
line, SEP7; black solid line, RS airfoil at
the corresponding AoA.

TABLE IV. Noise-reduction effectiveness of SEP configurations at different flow conditions.

AoA ¼ 3� AoA ¼ 5� AoA ¼ 7�

Case Avg DSPL (dB) Max DSPL (dB) Avg DSPL (dB) Max DSPL (dB) Avg DSPL (dB) Max DSPL (dB)

SEP3 3.50 5.60 0.60 0.81 0.20 0.32
SEP5 0.57 0.73 2.10 2.40 0.66 0.81
SEP7 0.04 0.06 0.09 0.10 1.10 2.70
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with the RS airfoil at the corresponding AoAs. For SEP7, the stron-
gest radiation goes along h �140� and �220�, respectively. The
reduction in p0rms for SEP7 appears to be much lower than other
configurations.

The extent of noise reduction by each SEP configuration is illus-
trated by evaluating the reduction in overall sound pressure level,
defined by DSPL ¼ �20� log10ðp0rms;SEP=p

0
rms;RSÞ, as shown in Figs.

9(b), 9(d), and 9(f). Different extent of noise reduction is observed for
each configuration around all azimuth locations. Table IV shows the
comparative analysis of noise reduction for all configurations at all
AoAs. The shaded cells in Table IV indicate the noise reduction

effectiveness of the SEP configurations at their designed AoAs. The
noise reduction potential of each SEP configuration at their off-design
AoAs is also shown in Table IV to analyze their effectiveness at differ-
ent loading conditions. An average DSPL reduction of 3.5 dB is
observed for SEP3 at AoA ¼ 3� with a maximum reduction of
�5.6 dB. Such significant noise reduction performance of SEP3 at
AoA ¼ 3� can be attributed to the presence of longer separation bub-
ble (x � 0:51) as compared with the separation bubbles observed at
AoA ¼ 5� and 7�, respectively, which allows the panel to transfer
higher energy from the flow insatiabilities within the separated region
to sustain its vibration. However, as envisaged, the noise reduction
potential of SEP3 at other AoAs is considerably affected where the

FIG. 11. Time-averaged streamwise velocity profiles for RS and DSC airfoils over the suction surface at different chord locations. Dotted line, RS airfoil; red solid line, DSC
airfoil.

TABLE V. Comparison of lift to drag ratio for RS and DSC airfoils.

Case AoA ¼ 3� AoA ¼ 5� AoA ¼ 7�

RS 26.47 26.24 15.99
DSC 26.18 26.03 15.68
Percentage deviation
from RS

�1.09% �0.80% �1.93%

FIG. 10. Schematic sketch of the DSC airfoil design concept.
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average and maximum DSPL reduction at AoA ¼ 5� drops to 0.6 and
0.8 dB, respectively. Whereas, the average and maximum DSPL
reduction for SEP3 at AoA ¼ 7� further drops to 0.2 and 0.3 dB,
respectively. For SEP5 configuration at AoA ¼ 5�, an average noise
reduction of 2.1 dB is observed with a maximum reduction of
2.4 dB. Similar to SEP3, the noise reduction potential of SEP5 is
also degraded at AoA ¼ 3� and AoA ¼ 7� as shown in Table IV.
The extent of noise reduction for SEP7 configuration at AoA ¼ 7�

is much lower than other configurations where an average noise
reduction of only 1.1 dB is observed. Furthermore, the SEP7 con-
figuration provides almost no noise reduction at AoA ¼ 3� and
AoA ¼ 5�, respectively. It is important to note that although the
noise reduction effectiveness of SEP configurations is reduced at
their off-design AoAs, no noise amplification is observed for any
case.

PEM analyses of all SEP configurations evidently illustrate a sig-
nificant tonal noise reduction for their designed AoAs as shaded in
Table IV. However, the noise reduction potential of each configuration
is severely affected at other AoAs, which would limit their feasibility
and usability in different loading conditions. To overcome this

limitation, a distributed surface compliance (DSC) airfoil is proposed,
which could provide considerable tonal noise reduction at various
loading conditions.

V. DISTRIBUTED SURFACE COMPLIANCE AIRFOIL
A. Design concept

In the present study, a design concept for DSC airfoil is pro-
posed by mounting three unique elastic panels, with structural
properties devised in respective SEP configurations, on its suction
surface (Fig. 10). The proposed design scheme of DSC airfoil is
intended to cater for variation in flow AoA by employing the elas-
tic panels at critical locations that can help in the suppression of
flow insatiabilities at each AoA. The first elastic panel (designated
as “EP1”) is located with its leading edge at xle¼ 0.2 based on the
favorable noise reduction characteristics of SEP7 observed at
AoA ¼ 7�; the second elastic panel (designated as “EP2”) is located
with its leading edge at xle¼ 0.4 based on the favorable noise
reduction characteristics of SEP5 at AoA ¼ 5�; and the third elastic
panel (designated as “EP3”) is located with its leading edge at
xle¼ 0.65 due to its high noise reduction potential of SEP3 at

FIG. 12. Distribution of Reynolds stress
over RS airfoil (left column) and DSC air-
foil (right column). (a) and (b), AoA ¼ 3�;
(c) and (d), AoA ¼ 5�; and (e) and (f),
AoA ¼ 7�.
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AoA ¼ 3� as presented in Table IV. The structural properties and
the natural frequencies of each elastic panel are different where the
properties of EP1 corresponds to the elastic panel utilized for
SEP7, EP2 corresponds to the panel properties of SEP5, and EP3
corresponds to the panel properties of SEP3 as shown in Table III.

B. DAS analysis of DSC airfoil

The capability of DSC airfoil in tonal noise reduction at various
loading conditions is evaluated by high-fidelity DAS analysis. The
complex interdynamical structural interaction among the panels and
their effects on airfoil aerodynamics and acoustics are also explored in

detail to uncover the mechanisms responsible for noise reduction. A
comparative analysis of DSC airfoil with RS airfoil is also carried out
to ascertain the modification in aeroacoustics characteristics of the air-
foil due to the presence of elastic panels.

1. Airfoil flow field analysis

To analyze the effect of panels dynamics on the airfoil hydrody-
namics, the time-averaged streamwise boundary layer profiles for both
RS and DSC airfoils are analyzed over the suction surface at different
airfoil chord locations. The chord locations are carefully selected to
ascertain the impact of panel vibrations on the boundary layer

FIG. 13. Distribution of spectra of trans-
verse velocity fluctuations over RS airfoil
(left column) and DSC airfoil (right col-
umn). (a) and (b), AoA ¼ 3�; (c) and (d),
AoA ¼ 5�; and (e) and (f), AoA ¼ 7�.
The vertical dashed lines indicate the cov-
erage of panels for DSC airfoil.
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characteristics in its near vicinity with an offset of Dx ¼ 0:02 before
and after the panel edges; i.e., x¼ 0.18, 0.27, 0.38, 0.47, 0.63, and 0.72.
From Fig. 11, it is evident that the boundary layer thickness grows sig-
nificantly with an increase in AoA. Furthermore, a prominent effect of
flow separation and adverse pressure gradient can be observed due to
the formation of separation bubble, i.e., 0:34 < x < 0:85 for AoA
¼ 3�; 0:18 < x < 0:58 for AoA ¼ 5�, and 0:05 < x < 0:38 for
AoA ¼ 7�. The profiles for both RS and DSC airfoils are almost iden-
tical prior to the formation of separation bubble at all AoAs. However,
a slight difference is observed in the lower half of boundary layer
within the separation bubble where the thickness of boundary layer is
slightly reduced and an increase in the near-wall velocity is observed
for DSC airfoil with less intensive reverse flow for all AoAs. This

implies that the boundary layer is reattached to the suction surface at
an upstream location for DSC airfoil as compared to RS airfoil. Also,
the reduction in the thickness of boundary layer for DSC airfoil would
ultimately result in a narrower wake as compared with RS airfoil.4,61,62

The aerodynamic efficiency of the RS airfoil and DSC airfoil is
compared by evaluating the time-averaged lift to drag CL;mean=CD;mean

at each AoA (Table V). The analysis reveals that the DSC airfoil can
operate over a wide range of AoA with negligible sacrifice in the airfoil
performance. Compared with the RS airfoil, the aerodynamic effi-
ciency of DSC airfoil varies by only 1.09%, 0.80%, and 1.93% for
AoA ¼ 3�; 5�, and 7�, respectively, which is much lower than the loss
of aerodynamic efficiency observed for membrane airfoils operating at
similar flow conditions AoA (�21%).63

FIG. 14. Comparison of SPL spectra
between RS and DSC airfoils at ðx; yÞ
¼ ð1; 2Þ. (a) AoA ¼ 3�; (b) AoA ¼ 5�;
and (c) AoA ¼ 7�. Green solid line/orange
solid line/blue solid line, DSC airfoil; black
solid line, RS airfoil at the corresponding
AoA. The reference acoustic pressure for
SPL is taken as 2� 10�5 Pa.

FIG. 15. Comparison of azimuth distributions of p0rms at r¼ 3. (a) AoA ¼ 3�; (b) AoA ¼ 5�; and (c) AoA ¼ 7�.Green solid line/orange solid line/blue solid line, DSC airfoil;
black solid line, RS airfoil at the corresponding AoA.
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The contributions of flow fluctuations and their effect on addi-
tional momentum fluxes in the flow are investigated by evaluating the
Reynolds stress magnitude (ju0v0j=U2

1) for RS and DSC airfoils at all
AoAs and are shown in Fig. 12. For both the airfoils, the magnitude of
fluctuations starts to grow near the boundary layer reattachment point
and further increases toward the airfoil wake. This increase is attrib-
uted to the vortex shedding induced by the flow instabilities within the
separation bubble.4,5 However, a marked difference in the magnitudes
of Reynolds stress can be observed for DSC airfoil [Figs. 12(b), 12(d)
and 12(f)]. At AoA ¼ 3� and 5�, the reduction in magnitude for DSC

airfoil appears to be more pronounced than AoA ¼ 7� as the flow
tends to re-energize toward the trailing edge at higher AoAs.

The frequency spectra of transverse velocity fluctuations v0 within
the boundary layer for both RS and DSC airfoils are analyzed and
shown in Fig. 13. The data sampling and frequency resolution are kept
similar to Fig. 7 for comparative analysis. The horizontal dot-dashed
lines indicate the dominant frequencies ð fblÞ0 of the boundary layer
instabilities; whereas the vertical dashed lines indicate the coverage of
panels for DSC airfoil. For AoA ¼ 3� [Figs. 13(a) and 13(b)], a signifi-
cant reduction in the magnitude of v0 is observed at ð fblÞ0 ¼ 2:67 for
DSC airfoil, whereas the dominant frequency ð fblÞ0 shifts to 2.20. Flow
instabilities with moderate intensity were already observed at f¼ 2.20
for RS airfoil in Fig. 7(a), which indicate that the suppression of flow
instabilities at ð fblÞ0 ¼ 2:67 by DSC airfoil results in the shift of domi-
nant frequency to the next peak frequency. The peak magnitude of v0 at
f¼ 2.20 for DSC airfoil is observed to be much lower than that of
f¼ 2.67 for RS airfoil and slightly lower than 2.20. Interestingly, no
change in ð fblÞ0 for DSC airfoil is observed at AoA ¼ 5� [Figs. 13(c)
and 13(d)] with a much pronounced reduction in the magnitude of v0.
For AoA ¼ 7�, a similar phenomenon to that of AoA ¼ 3� is observed
where a change in ð fblÞ0 from 2.40 to 3.60 is observed for DSC airfoil.
As observed in Fig. 7(c), flow insatiabilities of high strength are observed
at both f¼ 2.40 and 3.60. Therefore, suppression of the flow insatiabil-
ities at f¼ 2.20 results in a shift of dominant frequency to 3.60 for DSC
airfoil. Only a slight reduction in the magnitudes of v0 at ð fblÞ0 ¼ 2:40
for RS airfoil and ð fblÞ0 ¼ 3:60 for DSC airfoil is observed.

2. Airfoil acoustics

The acoustic characteristics of RS and DSC airfoils are evaluated
and compared by analyzing their SPL spectra above the airfoil trailing
edge at a location of ðx; yÞ ¼ ð1; 2Þ at each AoA and shown in Fig. 14.
At AoA ¼ 3�, a shift in the tonal noise frequency from f ¼ 2:67 to

FIG. 16. Azimuth distribution of DSPL at r¼ 3 for DSC airfoil.

FIG. 17. Filtered FFT distribution of v0 [i.e., (a), (b), (e), and (f)] and p0 [i.e., (c), (d), (g), and (h)] at f¼ 2.67 (top row) and f¼ 2.20 (bottom row) for RS and DSC airfoils at
AoA ¼ 3�.
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f¼ 2.20 is evident (cf. Fig. 13), and a maximum noise reduction of
5 dB is observed between peak-to-peak frequencies for the DSC airfoil.
The spectra of both RS and DSC airfoils remain similar at AoA ¼ 5�

where a maximum noise reduction of 7 dB is observed for the DSC air-
foil. At AoA ¼ 7�, a shift in the peak frequency is observed again from
f ¼ 2:40 to f¼ 3.60 where a maximum noise reduction of 3 dB is
observed between peak-to-peak frequencies for the DSC airfoil.

The effect of DSC airfoil on the acoustic radiation is analyzed by
plotting the azimuth variations of p0rms at r¼ 3 at each AoA (Fig. 15).
At all AoAs, a reduction in the magnitude of p0rms is observed for DSC
airfoil, which affirms that the designed airfoil configuration can pro-
vide noise reduction at all loading conditions. At AoA ¼ 3�, a signifi-
cant reduction in p0rms is observed in the second quadrant for DSC
airfoil; whereas, a nominal reduction in p0rms is observed in third and
fourth quadrants. At AoA ¼ 5�, the reduction in p0rms is observed to
be significant in all directions with much higher reduction toward the

forward plane. However, at AoA ¼ 7�, the reduction in magnitude is
observed to be non-uniform.

Figure 16 shows the reduction in the overall sound pressure level
(DSPL ¼ �20� log10ðp0rms;DSC=p

0
rms;RSÞ) for DSC airfoil evaluated at

all AoAs. The overall noise reduction for DSC airfoil at AoA ¼ 5� is
observed to be much higher than other AoAs. At AoA ¼ 5�, a maxi-
mum DSPL reduction of �5:04 dB is observed at h ¼ 154� whereas
an average reduction of 2.21 dB is observed. At AoA ¼ 3�, the maxi-
mum and average DSPL reduction of �3:83 dB (at h ¼ 158�) and
�1:81 dB is observed, respectively. The effectiveness of DSC airfoil in
noise reduction slightly reduces at AoA ¼ 7� where the maximum
and average DSPL reduction of�2:69 dB (at h ¼ 175�) and�1:34 dB
is observed, respectively. The acoustic analysis clearly indicates that
the DSC airfoil is highly effective in providing considerable airfoil
tonal noise reduction at all AoAs as compared with single elastic panel
configurations.

FIG. 18. Filtered FFT distribution of v0 [i.e., (a) and (b)] and p0 [i.e., (c) and (d)] at f¼ 3.37 for RS and DSC airfoils at AoA ¼ 5�.

FIG. 19. Filtered FFT distribution of v0 [i.e., (a), (b), (e), and (f)] and p0 [i.e., (c), (d), (g), and (h)] at f¼ 2.40 (top row) and f¼ 3.60 (bottom row) for RS and DSC airfoils at
AoA ¼ 7�.
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In order to obtain a deeper understanding of the effects of elastic
panels on the flow field features and acoustic generation for DSC air-
foil, the fluctuations in the velocity and pressure fields are Fourier
transformed in time domain and subsequently filtered for the domi-
nant frequencies ð fblÞ0 corresponding to each AoA and reconstructed
in the whole domain. For the filtered FFT analysis, a total of 10 000
snapshots with uniform time interval for a time episode of t¼ 10 is
utilized, which correspond to atleast 24 cycles of the lowest frequency
of interest. Figures 17–19 illustrate the filtered flow field solutions at
the selected dominant frequencies. In these figures, the first two col-
umns are the snapshots of v0, and the last two columns are the snap-
shots of p0 for both RS and DSC airfoils at the same time moment.

Figure 17 corresponds to reconstructed filtered v0 and p0 flow
field data at f¼ 2.67 and 2.20 at AoA ¼ 3�. It is important to note that
for both selected infrequences, the acoustic generation mechanism is
found to be similar where the flow instabilities originating from airfoil
LSB convect over the trailing edge and scatter as acoustic wave to form
an aeroacoustic feedback loop, so no other type of noise generation

mechanism exists. At f¼ 2.67, a significant difference in the magni-
tudes of v0 and p0 can be observed between RS and DSC airfoils. The
low magnitude v0 for DSC airfoil at f¼ 2.67 indicates that the vibrating
panels are able to suppress the flow instabilities over the airfoil surface
effectively and as a result the noise radiation for DSC airfoil appears to
be much weaker than RS airfoil. On the other hand, at the shifted
dominant frequency f¼ 2.20, the flow instabilities v0 and its subse-
quent acoustic radiation p0 are almost similar for both RS and DSC air-
foils. This observation shows that the DSC airfoil is able to provide a
significant reduction in the flow instabilities at the original dominant
frequency of RS airfoil (f¼ 2.67 in this case), and it results in a shift to
the frequency of succeeding high magnitude peak (i.e., f¼ 2.20).

Figure 18 illustrates the filtered FFT data of v0 and p0 flow field
data at f¼ 3.37 at AoA ¼ 5� for RS and DSC airfoils, respectively. At
AoA ¼ 5�, no shift in the dominant frequency is observed in Fig. 13
for DSC airfoil and so the flow field data are plotted for f¼ 3.37 only.
The vortex shedding pattern is observed to be similar for both the
cases; however, the strength of v0 and p0 is significantly reduced for

FIG. 20. Comparison of the amplitude of Fourier mode decomposition for first three modes of panels EP1, EP2, and EP3 for DSC airfoil. (a)–(c), AoA ¼ 3�; (d)–(f),
AoA ¼ 5�; (g)–(i), AoA ¼ 7�.
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DSC airfoil. A maximum noise reduction is achieved at this AoA by
DSC airfoil as observed in Figure 16.

Figure 19 corresponds to reconstructed filtered v0 and p0 flow
field data at f¼ 2.40 and 3.60 at AoA ¼ 7�. At f¼ 2.40, only a slight
reduction in the magnitudes of v0 and p0 can be observed for DSC air-
foil. As a result, the noise reduction by DSC airfoil at this AoA is
observed to be much lower than other AoAs. At the shifted dominant
frequency of f¼ 3.60, the flow instabilities v0 and its subsequent acous-
tic radiation p0 are almost similar for both RS and DSC airfoils, which
is analogous to the observed phenomenon of frequency shifting at
AoA ¼ 3�.

3. Panels inter-dynamical structural analysis

From the acoustic and aerodynamic flow analyses in the preced-
ing sections, it is well ascertained that the DSC airfoil is able to provide
considerable airfoil tonal noise reduction at all AoAs. However, it is
essential to understand the role of panel structural dynamics and its
impact on noise reduction capabilities of DSC airfoil at different
AoAs. The vibratory response of the panels under the fluid loading is
initially examined in both spatial and temporal domains to identify
the key dynamical features. In this regard, the Fourier mode decompo-
sition (FMD) analysis is utilized to extract the vibration modes of
interest and analyze the panel displacement at these modes.64 For
FMD analysis, the panel displacement data w are arranged in a time-
space matrix, and FFT is employed to transform it into frequency-

space domain. The dominant vibration modes of each elastic panel
fEP1;2;3 (corresponding to first, second, and third mode, respectively)
are extracted by plotting the Fourier amplitude of w along each panel
location.

Figures 20(a)–20(c) show the extracted modal shapes for all the
panels in DSC airfoil at AoA ¼ 3�. As discussed in preceding sections,
all the panels are designed to vibrate in their respective third modes.
The FMD analysis shows the dominance of first mode for panel EP1
with a magnitude of one order lower than other panels. On the other
hand, the panel EP2 vibrates in the third dominant mode and panel
EP3 vibrates in both the first and third dominant modes. It is impor-
tant to note that the design of the panel EP3 is based on the flow char-
acteristics of the airfoil at AoA ¼ 3�. The fact that the panel EP3
vibrating in its third dominant mode is favorable in inhibiting the
boundary layer instabilities over the airfoil suction surface. Hence, a
considerable noise reduction is observed for DSC airfoil at AoA ¼ 3�

as observed in Fig. 16.
Figures 20(d)–20(f) show the extracted modal shapes for all the

panels in DSC airfoil at AoA ¼ 5�. At this AoA, the panel EP1 vibrates
in third mode with much weaker magnitude than other panels. On the
other hand, panels EP2 and EP3 vibrate in third dominant modes with
much higher magnitudes. Since all the panels tend to vibrate in their
desired third mode shapes, the noise reduction by DSC airfoil at
AoA ¼ 5� is observed to be much higher than other AoAs, which sig-
nifies the importance of panel vibrational behavior in noise reduction
capability of DSC airfoil.

FIG. 21. FFT spectra of panels displace-
ment for DSC airfoil. (a) AoA ¼ 3�; (b)
AoA ¼ 5�; and (c) AoA ¼ 7�. The verti-
cal dashed lines indicate the panels’ reso-
nance frequencies.
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Figures 20(g)–20(i) show the extracted modal shapes for all the
panels in DSC airfoil at AoA ¼ 7�. In contrast to AoA ¼ 5�, all
the panels tend to vibrate in their first dominant mode. As a result, the
noise reduction effectiveness of DSC airfoil at AoA ¼ 7� is slightly
degraded as compared with other AoAs. Nevertheless, the designed
panels for DSC airfoil are still able to provide some noise reduction
even when the desired mode shape is not attained.

Figures 21(a)–21(c) show the FFT spectrum of w for all the pan-
els of DSC airfoil at each AoA. The vertical dashed lines indicate the
desired resonance frequency for each panel according to its color code.
At AoA ¼ 3�, the panels EP2 and EP3 vibrate at their resonance fre-
quencies in the third mode at f¼ 3.37 and 2.67, respectively; whereas,
the panel EP1 vibrates in its first mode at f¼ 0.72. It indicates that the
panel vibrations at other than their desired resonance frequency (EP1
in this case) may affect the noise reduction effectiveness of the airfoil
to some extent as discussed in FMD analysis. At AoA ¼ 5�, all the
panels EP1, EP2, and EP3 vibrate at their resonance frequencies in the
third mode at f¼ 2.34, 3.37, and 2.67, respectively. Since all the panels

maintain their desired mode shape and resonance condition, the noise
reduction effectiveness of the DSC airfoil is observed to be much
higher than other AoAs. Furthermore, no change in the spectral con-
tent of the flow is observed at this AoA (Fig. 13). At AoA ¼ 7�, all the
panels are found to deviate from their desired resonance frequencies.
As a result, the overall noise reduction potential of DSC airfoil is also
reduced at AoA ¼ 7� as observed in Fig. 16.

The fluid–structure interactions of the panels on DSC airfoil and
their associated vibration responses are investigated by analyzing the
pressure fluctuations p0 within one complete hydrodynamic cycle
counting from the moment of maximum lift for each AoA together
with the corresponding panel displacement. Figure 22 shows the fluid-
structure interactions of DSC airfoil at AoA ¼ 3�. The region
corresponding to panel EP3 is subjected to prominent high and low
pressure fluctuations due to the growth of flow instabilities as observed
in Fig. 12(b). The panel EP3 is observed to vibrate in third mode shape
throughout the cycle. The panel EP2 shows some variation in mode
shape between second and third modes at different instances. On the

FIG. 22. Snapshots of the p0 distribution over the panels and panel displacements for DSC airfoil within one period Td ¼ 1=ð fblÞ0 at AoA ¼ 3�.
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other hand, the panel EP1 maintains first mode throughout the cycle
with much lower amplitude than other panels.

Figure 23 shows the fluid-structure interactions of DSC airfoil at
AoA ¼ 5�. The regions corresponding to panels EP2 and EP3 are sub-
jected to prominent high and low pressure fluctuations as the growth
of flow instabilities shifts upstream at this AoA. All the panels main-
tain a well-defined third mode shape at all instances throughout the
cycle, which agrees with the panels FFT spectrum (Fig. 21).

Figure 24 shows the fluid-structure interactions of DSC airfoil at
AoA ¼ 7�. All the panels are subjected to prominent high and low
pressure fluctuations at AoA ¼ 7� as the separation bubble shifts fur-
ther upstream toward leading edge of the airfoil. The panel displace-
ments of EP1 and EP2 are non-uniform throughout the cycle whereas
the panel EP3 maintains first mode shape at all instances.

The impact of panels vibrational response on the flow dynamics
and its consequence to airfoil acoustics is further investigated by
coherence analysis. The analysis is performed between the p0 signal at
a location ðr; hÞ ¼ ð3; 135�Þ [marked as location A in Fig. 1(c)] and v0

signal within the boundary layer along a streamline at an average offset
of Dy ¼ 10�5 over the suction surface, which is divided into 2000 seg-
ments. The magnitude-squared coherence c212ðf Þ between the p0 and
v0 signals65 is calculated by

c212ðf Þ ¼
jP12ðf Þj2

P11ðf ÞP22ðf Þ
; (7)

where P11ðf Þ and P22ðf Þ are the power spectral densities of v0 and p0

signals, respectively, and P12ðf Þ is the cross power spectral density of
both the signals.

Figures 25(a)–25(f) illustrate the coherence spectra for RS and
DSC airfoils at all AoAs. The horizontal dashed dot lines indicate the
ð fblÞ0 at each AoA whereas the vertical dashed lines indicate the cover-
age of panels for DSC airfoil. At AoA ¼ 3�, a strong coherence is
observed between the acoustic waves and airfoil flow along the chord
for RS airfoil at ð fblÞ0¼ 2.67. The coherency is significantly reduced at
ð fblÞ0¼ 2.67 for DSC airfoil, which indicates that the panels vibrations

FIG. 23. Snapshots of the p0 distribution over the panels and panel displacements for DSC airfoil within one period Td ¼ 1=ð fblÞ0 at AoA ¼ 5�.
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have remarkably influenced the acoustic generation by the airfoil. A
slight increase in c212ðf Þ is observed within 0:05 < x < 0:35 for DSC
airfoil at f¼ 2.20; however, its magnitude is still much less than that of
RS airfoil at the ð fblÞ0¼ 2.67 at the same locations. At AoA ¼ 5�, the
significant reduction in c212ðf Þ at ð fblÞ0¼ 3.37 is observed for DSC air-
foil from 0:2 < x < 1. Interestingly, the coherency at higher harmon-
ics is also significantly reduced for DSC airfoil at AoA ¼ 5�. At
AoA ¼ 7�, the reduction in c212ðf Þ at ð fblÞ0¼ 2.40 is observed to be
less pronounced as compared with other AoAs. Hence, the noise
reduction effectiveness of DSC airfoil is also observed to be lower at
this AoA.

Based on the comprehensive aeroacoustic and structural analyses,
it is evident that the complex fluid–structure interactions occurring
over the panels for DSC airfoil has a great influence on the airfoil
acoustics and overall airfoil flow field characteristics. The extent of
noise reduction with respect to AoA is observed to be non-uniform for
DSC airfoil. Coincidence with panel vibrational mode shape and
achievement of panel resonance are found to be the major

contributing factors in the noise reduction effectiveness of DSC airfoil.
In the present study, these factors prevail fully with the flow at AoA
¼ 5� where the vibrations of all panels tend to resonate in their desired
third modes and maximum noise reduction is achieved. At lower
AoA, one of the panels is found to vibrate in the first mode, which lim-
its the noise reduction effectiveness of DSC airfoil. In contrast, at
higher AoA, all the panels are vibrating far away from their desired
mode shapes which severely reduces the noise reduction potential of
DSC airfoil. Nevertheless, a considerable average noise reduction is
observed over a complete range of AoA for DSC airfoil, which can be
utilized for different low Re aerodynamic devices operating at various
loading conditions.

VI. CONCLUSIONS

A novel concept of utilizing distributed surface compliance for
reduction of tonal noise of airfoil has been studied numerically in
detail and evaluated with a uniform flow at Reynolds number Re
¼ 5� 104 and Mach number M¼ 0.4 past a NACA 0012 airfoil.

FIG. 24. Snapshots of the p0 distribution over the panels and panel displacements for DSC airfoil within one period Td ¼ 1=ð fblÞ0 at AoA ¼ 7�.
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The distributed surface compliance is facilitated by mounting short
elastic panels at appropriate locations on airfoil suction surface. The
salient feature of the proposed concept rests with the fact that the
modified airfoil (i.e., DSC airfoil) is able to give consistent tonal noise
reduction at various loading conditions under different angles of attack
AoAs without any sacrifice in its aerodynamics. The design framework
of the DSC airfoil is based on the flow characteristics of the rigid sur-
face (RS) airfoil. Initially, different single elastic panel (SEP) configura-
tions are designed for the airfoil AoAs of interest, and their
effectiveness in tonal noise reduction is ascertained using perturbation
evolution method (PEM) for quick assessment. The analysis reveals
that a significant reduction in tonal noise can be achieved at each AoA
by utilizing the structural resonance of elastic panel; however, the
effectiveness of SEP in noise reduction is significantly reduced at their
off-design AoAs. Hence, the distributed surface compliance (DSC) air-
foil can be carefully designed to achieve tonal noise reduction over a
complete operational range of AoA.

A comprehensive aeroacoustic and fluid-structure interaction
analyses are performed using DAS and compared with RS airfoil. The
results of the comprehensive acoustic analyses, using high-fidelity
direct aeroacoustic simulation, reveal that the DSC airfoil could effec-
tively provide a significant noise reduction up to 7 dB over the com-
plete range of AoA without any adverse effect on airfoil aerodynamics.
Spectral analysis of the DSC airfoil flow indicates that a significant
reduction in the strength of the flow instabilities is observed for
AoA ¼ 3� and 5� whereas a mild reduction is observed at higher
AoA. This aspect is further uncovered with Fourier mode decomposi-
tion analysis of dynamic behaviors of the flow-induced vibrating pan-
els. The analysis reveals that at lower AoA, the designed panels vibrate
in their desired mode shape in resonance condition, which results in
the suppression of flow instabilities over the airfoil suction surface and
eventually leads to higher tonal noise reduction, whereas, at higher
AoA, the panels vibrate in their first mode, which results in a relatively
low noise reduction. Nevertheless, considerable noise reduction is still

FIG. 25. Spectra of magnitude-squared
coherence c212ðf Þ between the acoustic
signal at ðr ; hÞ ¼ ð3; 135�Þ and velocity
signals along airfoil chord. (a) and (b),
AoA ¼ 3�. (c) and (d), AoA ¼ 5�. (e) and
(f), AoA ¼ 7�. The horizontal dashed-dot
lines indicate the ð fblÞ0 at each AoA, and
the vertical dashed lines indicate the cov-
erage of panels for DSC airfoil.
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achieved by DSC airfoil at all loading conditions, which substantiates
its applicability in different low Reynolds number aerodynamic
devices.
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32M. S. Genç, A. ikel, and K. Koca, “Effect of partial flexibility over both upper
and lower surfaces to flow over wind turbine airfoil,” Energy Convers. Manage.
219, 113042 (2020).

33P. Zhou, Q. Liu, S. Zhong, Y. Fang, and X. Zhang, “A study of the effect of ser-
ration shape and flexibility on trailing edge noise,” Phys. Fluids 32, 127114
(2020).

34E. Talboys, T. F. Geyer, and C. Br€ucker, “An aeroacoustic investigation into the
effect of self-oscillating trailing edge flaplets,” J. Fluids Struct. 91,
102598–102511 (2019).

35S. C. Schlanderer and R. D. Sandberg, “Direct numerical simulation of a com-
pliant trailing-edge flow,” AIAA Paper No. 2013–2013, 2013.

36I. Arif, G. C. Y. Lam, R. C. K. Leung, and D. Wu, “Leveraging surface
aeroacoustic-structural interaction for airfoil tonal noise reduction,” AIAA
Paper No. AIAA 2019-2758, 2019.

37M. V. Lowson, S. P. Fiddes, and E. C. Nash, “Laminar boundary layer aeroa-
coustic instabilities,” AIAA Paper No. AIAA 94-0358, 1994.

38R. D. Sandberg, L. E. Jones, N. D. Sandham, and P. F. Joseph, “Direct numeri-
cal simulations of noise generated by airfoil trailing edges,” AIAA Paper No.
AIAA 2007-3469, 2007.

39L. E. Jones, R. D. Sandberg, and N. D. Sandham, “Direct numerical simulations
of forced and unforced separation bubbles on an airfoil at incidence,” J. Fluid
Mech. 602, 175–207 (2008).

40S. Pr€obsting, F. Scarano, and S. C. Morris, “Regimes of tonal noise on an airfoil
at moderate Reynolds number,” J. Fluid Mech. 780, 407–438 (2015).

41R. Wang and Z. Xiao, “Transition effects on flow characteristics around a static
two-dimensional airfoil,” Phys. Fluids 32, 035113 (2020).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 046113 (2022); doi: 10.1063/5.0087350 34, 046113-23

Published under an exclusive license by AIP Publishing

https://doi.org/10.1017/S0022112083003201
https://doi.org/10.1017/S0022112099008976
https://doi.org/10.1017/S0022112007007896
https://doi.org/10.1017/jfm.2015.427
https://doi.org/10.2514/3.60229
https://doi.org/10.1121/1.1914682
https://doi.org/10.1017/S002211209800367X
https://doi.org/10.1006/jsvi.1998.2085
https://doi.org/10.1017/jfm.2014.356
https://doi.org/10.1017/jfm.2014.156
https://doi.org/10.1063/5.0050002
https://doi.org/10.1017/S0022112009993089
https://doi.org/10.1063/5.0045967
https://doi.org/10.2514/1.J052344
https://doi.org/10.1016/j.jsv.2016.11.021
https://doi.org/10.1063/5.0012958
https://doi.org/10.1063/5.0012958
https://doi.org/10.1063/5.0024248
https://doi.org/10.1063/5.0054767
https://doi.org/10.1063/5.0047512
https://doi.org/10.1063/5.0050261
https://doi.org/10.1016/j.jsv.2013.06.033
https://doi.org/10.1006/jfls.1997.0128
https://doi.org/10.1006/jfls.1997.0128
https://doi.org/10.1063/1.1688341
https://doi.org/10.1146/annurev.fluid.38.050304.092201
https://doi.org/10.1017/jfm.2015.611
https://doi.org/10.1017/aer.2016.39
https://doi.org/10.1007/s00348-018-2598-9
https://doi.org/10.1016/j.enconman.2020.113042
https://doi.org/10.1063/5.0032774
https://doi.org/10.1016/j.jfluidstructs.2019.02.014
https://doi.org/10.1017/S0022112008000864
https://doi.org/10.1017/S0022112008000864
https://doi.org/10.1017/jfm.2015.475
https://doi.org/10.1063/1.5144860
https://scitation.org/journal/phf


42J. Tank, B. Klose, G. Jacobs, and G. Spedding, “Flow transitions on a cambered
airfoil at moderate Reynolds number,” Phys. Fluids 33, 093105 (2021).

43I. Arif, D. Wu, G. C. Y. Lam, and R. C. K. Leung, “Exploring airfoil tonal noise
reduction with elastic panel using perturbation evolution method,” AIAA J. 58,
4958–4968 (2020).

44G. C. Y. Lam, R. C. K. Leung, K. H. Seid, and S. K. Tang, “Validation of CE/SE
scheme in low Mach number direct aeroacoustic simulation,” Int. J. Nonlinear
Sci. Numer. Simul. 15, 157–169 (2014).

45G. C. Y. Lam, R. C. K. Leung, and S. K. Tang, “Aeroacoustics of duct junction
flows merging at different angles,” J. Sound Vib. 333, 4187–4202 (2014).

46G. C. Y. Lam and R. C. K. Leung, “Aeroacoustics of NACA 0018 airfoil with a
cavity,” AIAA J. 56, 4775–4786 (2018).

47I. Arif, G. C. Y. Lam, D. Wu, and R. C. K. Leung, “Passive airfoil tonal noise
reduction by localized flow-induced vibration of an elastic panel,” Aerosp. Sci.
Technol. 107, 106319 (2020).

48E. H. Dowell, Aeroelasticity of Plates and Shells (Noordhoff International
Publishing, Leyden, 1975).

49H. K. H. Fan, R. C. K. Leung, G. C. Y. Lam, Y. Aur�egan, and X. Dai,
“Numerical coupling strategy for resolving in-duct elastic panel aeroacoustic/
structural interaction,” AIAA J. 56, 5033–5040 (2018).

50H. K. H. Fan, R. C. K. Leung, and G. C. Y. Lam, “Numerical analysis of
aeroacoustic-structural interaction of a flexible panel in uniform duct flow,”
J. Acoust. Soc. Am. 137, 3115–3126 (2015).

51J. Aguilar-Cabello, P. Gutierrez-Castillo, L. Parras, C. del Pino, and E.
Sanmiguel-Rojas, “On the onset of negative lift in a symmetric airfoil at very
small angles of attack,” Phys. Fluids 32, 055107 (2020).

52L. E. Jones and R. D. Sandberg, “Numerical analysis of tonal airfoil self-noise
and acoustic feedback-loops,” J. Sound Vib. 330, 6137–6152 (2011).

53P. Balakumar, “Direct numerical simulation of flows over an NACA-0012 air-
foil at low and moderate Reynolds numbers,” AIAA Paper No. AIAA 2017-
3978, 2017.

54M. J. Lighthill, “On sound generated aerodynamically II. Turbulence as a
source of sound,” Proc. R. Soc. London, Ser. A 222, 1–32 (1954).

55F. Williams and L. H. Hall, “Aerodynamic sound generation by turbulent flow
in the vicinity of a scattering half plane,” J. Fluid Mech. 40, 657–670 (1970).

56D. G. Crighton and F. G. Leppington, “On the scattering of aerodynamic
noise,” J. Fluid Mech. 46, 577–597 (1971).

57T. R. Ricciardi, W. Arias-Ramirez, and W. R. Wolf, “On secondary tones aris-
ing in trailing-edge noise at moderate Reynolds numbers,” Eur. J. Mech.-B/
Fluids 79, 54–66 (2020).

58T. Ricciardi, W. Wolf, and K. Taira, “Laminar-turbulent transition and inter-
mittency effects on secondary tones from a NACA 0012 airfoil,” AIAA Paper
No. AIAA 2021-2295, 2021.

59F. J. Fahy and P. Gardonio, Sound and Structural Vibration: Radiation,
Transmission and Response, 2nd ed. (Elsevier, 2007).

60R. D. Blevins, Formulas for Natural Frequency and Mode Shape (Van Nostrand
Reinhold Company, New York, 1979), pp. 226–227.

61P. Chaitanya, P. F. Joseph, S. Narayanan, C. Vanderwel, J. Turner, J. Kim, and
B. Ganapathisubramani, “Performance and mechanism of sinusoidal leading
edge serrations for the reduction of turbulence–aerofoil interaction noise,”
J. Fluid Mech. 818, 435–464 (2017).

62F. Avallone, W. C. P. Van Der Velden, D. Ragni, and D. Casalino, “Noise
reduction mechanisms of sawtooth and combed-sawtooth trailing-edge
serrations,” J. Fluid Mech. 848, 560–591 (2018).

63S. Serrano-Galiano, N. D. Sandham, and R. D. Sandberg, “Fluid–structure cou-
pling mechanism and its aerodynamic effect on membrane aerofoils,” J. Fluid
Mech. 848, 1127–1156 (2018).

64G. Li, B. C. Khoo, and R. K. Jaiman, “Computational aeroelasticity of flexible
membrane wings at moderate Reynolds numbers,” AIAA Paper No. AIAA
2020-2036, 2020.

65P. Stoica and R. Moses, Spectral Analysis of Signals, 1st ed. (Pearson Prentice
Hall, Upper Saddle River, NJ, 2005).

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 046113 (2022); doi: 10.1063/5.0087350 34, 046113-24

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0061939
https://doi.org/10.2514/1.J059191
https://doi.org/10.1515/ijnsns-2012-0118
https://doi.org/10.1515/ijnsns-2012-0118
https://doi.org/10.1016/j.jsv.2014.04.045
https://doi.org/10.2514/1.J056389
https://doi.org/10.1016/j.ast.2020.106319
https://doi.org/10.1016/j.ast.2020.106319
https://doi.org/10.2514/1.J057324
https://doi.org/10.1121/1.4921285
https://doi.org/10.1063/5.0008348
https://doi.org/10.1016/j.jsv.2011.07.009
https://doi.org/10.1098/rspa.1954.0049
https://doi.org/10.1017/S0022112070000368
https://doi.org/10.1017/S0022112071000715
https://doi.org/10.1016/j.euromechflu.2019.08.015
https://doi.org/10.1016/j.euromechflu.2019.08.015
https://doi.org/10.1017/jfm.2017.141
https://doi.org/10.1017/jfm.2018.377
https://doi.org/10.1017/jfm.2018.398
https://doi.org/10.1017/jfm.2018.398
https://scitation.org/journal/phf

	s1
	s2
	d1
	s2A
	s2A
	s2B
	d2
	s2C
	d3
	d4
	d5
	s2D
	s2E
	f1
	t1
	s2F
	s3
	f2
	f3
	t2
	f4
	f5
	f6
	f7
	s4
	s4A
	d6
	f8
	t3
	s4B
	f9
	t4
	f11
	t5
	f10
	s5
	s5A
	f12
	s5B
	s5B1
	f13
	f14
	f15
	s5B2
	f16
	f17
	f18
	f19
	f20
	s5B3
	f21
	f22
	d7
	f23
	s6
	f24
	f25
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65



