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Abstract

In this research a novel passive control method for airfoil tonal noise using lo-

calized flow-induced vibration is proposed and numerically explored with a short

elastic panel flush mounted on the suction surface of a NACA 0012 airfoil at a

low Reynolds number of 5× 104 and Mach number of 0.4. The numerical model

is governed by two-dimensional compressible Navier-Stokes equations together

with equation of state and solved by direct aeroacoustic simulation (DAS) solver

based on the conservation element and solution element (CE/SE) method. The

key idea is to absorb the energy of natural instabilities arising in the laminar

boundary layer by locally self-sustained flow-induced vibration of the short panel

which results in reduced flow instabilities for scattering at airfoil trailing edge

and weakened aeroacoustic-feedback loop responsible for tonal noise radiation

without any adverse effect on airfoil aerodynamics.

In the first part of research, a complete methodology of elastic panel de-

sign based on its material, structural properties, location etc is developed and

the noise reduction potential of the designed airfoil configurations with panel is

evaluated using a reduced order model, namely perturbation evolution method

(PEM). The developed PEM technique allows much quicker panel design iter-

ations with inputs of reasonable approximation and only requires 10% of the

computing time required for a corresponding full DAS. The effects of panel reso-

nance and non-resonance condition under the fluid loading are also evaluated by
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PEM which reveal that a resonant panel located just ahead of the sharp growth

of natural boundary layer instability within the airfoil separation bubble provides

the maximum noise reduction.

Secondly, high-fidelity DAS calculations are carried out for the optimum

elastic panel airfoil configuration to uncover the mechanism of tonal noise reduc-

tion using localized flow-induced vibration in a quantitative manner. The analysis

of numerical results reveals that a resonating elastic panel just at the onset of

sharp growth of boundary layer instability provides an overall tonal noise reduc-

tion up to 3 dB. Such significant noise reduction is achieved without any sacrifice

in the original aerodynamic characteristics of the airfoil.

In the latter part of this research, the designed approach for airfoil tonal

noise reduction is further enhanced by introducing structural coupling of elastic

panels over the airfoil. The results of comprehensive aerodynamic and acoustic

analyses, using high fidelity direct aeroacoustic simulation, of airfoil-panel config-

urations, show that an average and maximum noise reduction up to 7.6 dB and

7.9 dB can be achieved respectively, without any adverse effect on overall airfoil

aerodynamics when strong coupled structural resonance between the panels pre-

vails. This noise reduction is higher than twice of that from the configuration

with a single panel which firmly illustrates the synergy of coupled flow-induced

structural resonance of the panels prevailing in noise reduction.

Finally, an airfoil with multi-panel configuration is proposed which could

provide tonal noise reduction for a range of angles of attack. A detailed design

concept is presented based on the rigid airfoil characteristics at different angles

of attack. Different extent of noise reduction by designed airfoil configuration

is observed for the range of angle of attack making it a promising approach for

modifying the acoustics of existing aerodynamic or wing profiles operating at

variable loading conditions.
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Chapter 1

Introduction

Self-noise generation of an airfoil operating at low/moderate freestream Reynolds

number (Re) is one of the most undesirable aspects associated with its operations.

The mechanism of airfoil self-noise generation has been studied over the years by

several researchers since the early stages of airfoil aeroacoustics studies and has

been explored to date. Brooks et al. (1989) gave a classification of the different

flow physical mechanisms that can lead to noise radiation from airfoil. They

categorized different airfoil self-noise mechanisms at subsonic flow conditions.

The first category is turbulent boundary layer (TBL) trailing edge noise which

is associated with the flow turbulence passing over the trailing edge at high Re.

Secondly, at low Re, the laminar boundary layer (LBL) develops over the airfoil

and the noise generation is associated with the vortex shedding. Another form

of airfoil self-noise is due to vortex shedding occurring at the aft region of blunt

trailing edge. Also, at high angles of attack (AoAs), the separated flow may cause

stall which results in low-frequency noise radiation. Lastly, noise can be radiated

due to the formation of tip vortices occurring at the tips of wings or blades.

Usually, when considering tonal noise of low Re airfoil flow (typically Re < 105),

most studies focus upon trailing edge noise which arises from a complex interac-

tion between laminar boundary-layer instabilities on the airfoil surfaces and the
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acoustic pressure field generated by the flow. A resonant aeroacoustic feedback

loop mechanism is usually in place for the production of discrete tones. The

study of airfoil tonal noise is still of high importance as the tonal noise genera-

tion at low Re is associated with a large number of applications in the modern

era including cooling fans, unmanned air vehicles (UAVs), and micro air vehicles

(MAVs) etc. The impact of tonal noise is much more severe than broadband noise

generated by the airfoil. Its interest has been rising in the aerodynamic research

community in recent years due to the increasing frequency of operations of MAVs

and UAVs in close proximity to people. These vehicles are commonly propelled

with efficient electric motors now and the tonal noise from their wings starts to

emerge as a major contributor to the overall noise radiation. The unwanted noise

associated with operations of these devices certainly undermines their capabilities

and effectiveness especially in the case of UAVs where minimal noise is desired

for surveillance operations. Therefore, in a military context low or suppressed

noise radiation from their wings is imperative in vehicle design which helps in-

crease the survivability of vehicles during operation. On the other hand, for many

civil goals these vehicles are popularly used for such purposes as aerial searching,

film making, law enforcement, etc. The low noise performance would enlarge the

possible range of missions and minimize acoustic nuisance to the environment.

Similarly, the noise generated due to wind turbines has been reported to severely

affect the population in its near vicinity (Abbasi et al. 2015, Botelho et al. 2017,

van Kamp and van den Berg 2018). Hence, a significant effort has been invested

by the aerospace/mechanical research community to understand the complete

noise generation mechanism and design the control strategies for its reduction or

complete elimination. The present study also focuses on the airfoil tonal noise

generation at low Re flow and an attempt has been made to develop a passive

airfoil tonal noise reduction method using localized flow-induced vibration of an

2



1.1. Literature Review

elastic panel mounted on the surface of the airfoil.

1.1 Literature Review

Over the years, researchers have studied and explored the phenomenon of air-

foil self-noise generation and attempted to understand the underlying physics.

The airfoil noise generation phenomenon involves the interaction among differ-

ent physical mechanisms involving hydrodynamics, acoustics, and even structural

dynamics in some cases. Hence, the study of airfoil tonal noise require in-depth

understanding of all the physical processes involved and their inter-dynamics. In

recent times, with advancements in computational and experimental facilities,

numerous efforts have been made to propose/develop new methods to suppress

the airfoil noise generation. The following section presents a brief review on the

tonal noise generation mechanism and some of the existing airfoil noise control

methods along with their strengths and limitations.

1.1.1 Airfoil Tonal Noise Mechanism

One of the earliest and fundamental studies on airfoil noise generation was car-

ried out by Paterson et al. (1973) who carried out the experimental investigation

of NACA 0012 and NACA 0018 airfoil in a low turbulence open jet wind tun-

nel. They observed that the spectrum of sound frequencies was proportional to

the 0.85 power of the freestream velocity. The dominant tone obeyed the power

relation over a finite range of Re until a jump to different frequency was ob-

served. The structure of this spectrum with a dominant tone (also denoted as

primary tone) and multiple secondary tones is called a ladder-type structure with

rungs of ladder constituted by primary tones as shown in Figure 1.1. The phe-

nomenon of ladder structure is related to the superposition of tones at frequencies
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fn and broadband content is the acoustic spectrum that is centered at a particu-

lar frequency (Arbey and Bataille 1983, Chong et al. 2013a). As a result of the

superposition of multiple tones, a dominant/main tone can be clearly identified.

Paterson et al. (1973) observed that the dominant tone follows a relationship of

f = V 1.5. Based on airfoil chord c, viscosity ν, and a proportionality constant k,

an expression was developed as:

f ? =
fc

u∞
= k

√
cu∞
ν

= k
√
Rec. (1.1)

Figure 1.1: Frequency structure observed by Paterson et al. (1973).

Since the benchmark study of Paterson et al. (1973), the research of air-

foil tonal noise has received significant attention. A number of studies have been

conducted to further understand the phenomenon of multiple tones occurrence

through a frequency selection mechanism based on the feedback loop (Plogmann

et al. 2013, Fosas de Pando et al. 2014, Nguyen et al. 2015, Pröbsting et al. 2015).
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The concept of feedback loop was first proposed by Tam (1974) who disagreed

with the opinion that the discrete tone phenomenon is only caused by the vortex

shedding. Tam (1974) observed a self-excited feedback loop between the airfoil

trailing edge and in the wake region which was found to be responsible for the

generation of discrete tones. He described the self-excited feedback loop as an

interaction between the unstable laminar boundary layer and acoustic waves. A

similar phenomenon of feedback loop was also observed by Wright (1976). Arbey

and Bataille (1983) described the noise generation mechanism due to the scat-

tering of surface pressure fluctuations within the boundary layer at the airfoil

trailing edge. They also observed the feedback loop mechanism in their study as

reported by Tam (1974). However, it was proposed that the pressure fluctua-

tions propagate upstream at a point on airfoil where these instabilities are formed.

The explanation of the feedback loop observed by Arbey and Bataille (1983) dif-

fered from Tam (1974) in terms of the location of feedback loop and presence of

source relative to the trailing edge. The location of hydrodynamic instabilities

was observed at the point of maximum velocity over the airfoil. At the in-phase

condition of the acoustic and hydrodynamic fluctuations at this particular loca-

tion, the fluctuations are observed to be amplified (Paterson et al. 1973, Tam

1974). The resulting fluctuation convects downstream and completes the feed-

back loop. Nash et al. (1999) carried out experimental investigations on NACA

0012 in low turbulence closed wind tunnel. They disagreed with the proposed

feedback mechanisms presented by Tam (1974) and proposed that the vortex

shedding process is responsible for tonal noise generation and feedback loop. In

contrast to previous studies, only a single dominant tone in frequency scale was

observed without any ladder structure unlike previous studies (Paterson et al.

1973, Fink 1975). They attributed this phenomenon to a carefully controlled ex-

perimental environment. They also identified that the previous studies have not
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taken into account the influence of the separation bubble near the airfoil trailing

edge and the resulting tonal noise generation. It was observed that the unstable

Tollmien–Schlichting (T-S) waves due to instabilities within the laminar bound-

ary layer convect downstream and grow until it reaches airfoil trailing edge and

roll up into vortices. The generated vortices subsequently interact with the trail-

ing edge and generate scattered oscillating field with a similar frequency to that of

T-S waves. This oscillating field moves upstream to almost the half chord length

which is also the point where the boundary layer instabilities appear. It was

proposed that the fluctuating flow provides a feedback mechanism for the most

amplified instability which results in tonal noise generation. Nash et al. (1999)

agreed with Arbey and Bataille (1983) that the feedback loop mechanism occurs

between the source at the trailing edge and an upstream point at the airfoil sur-

face. However, in contrast to Arbey and Bataille (1983), this upstream location

was observed at the point of maximum velocity on an airfoil whereas Nash et al.

(1999) proposed this location at the half chord. In their comprehensive numeri-

cal study on airfoil tonal noise, Desquesnes et al. (2007) proposed the presence of

secondary feedback loop as well. They observed that the instabilities within the

laminar boundary layer appear as T-S waves when boundary layer separation oc-

curs. These T-S waves subsequently interact with airfoil trailing edge and forms

a dipolar acoustic source. Subsequently, the resulting acoustic waves travel up-

stream along the airfoil and creates a feedback loop. They further observed that

at high flow speeds and high AoA, the boundary layer becomes turbulent and a

similar dipole acoustic source is formed at trailing edge with cardioid directivity

(Figure 1.2). However, the nature of noise generation is broadband in this case.

The observed secondary feedback loop by Desquesnes et al. (2007) is similar to

the study of Arbey and Bataille (1983). However, Arbey and Bataille (1983)

only conducted their experiments at AoA = 0° whereas the non-zero AoA condi-
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tions were investigated by Desquesnes et al. (2007). Chong et al. (2013a) studied

both zero and non-zero AoAs for NACA 0012 airfoil. They also observed the

phenomenon of acoustic feedback loop which occurs between airfoil trailing edge

and at an upstream location of the airfoil. However, in contradiction to previous

studies except for Nakano et al. (2007), they proposed that the upstream location

of the feedback loop is the point on airfoil where the boundary layer instabilities

originate. The concept of feedback loop was further modified by Chong et al.

(2013a) who suggested that the inception point of the boundary layer is a better

choice.

Arbey and Bataille (1983) proposed a feedback loop model where they

suggested that the acoustic waves radiate at an upstream location on the point

of maximum velocity on the airfoil surface. The mathematical formulation for

the calculation of frequency of tones in the noise spectrum based on the proposed

feedback loop model was presented as:

f+
n =

cr
L

(
n+

1

2

)(
1 +

cr
c0 − u∞

)
. (1.2)

where L is the length of feedback loop, cr is the convective disturbance velocity

and n is an arbitrary fitted positive integer. An empirical relation for ∆f was

also proposed by Arbey and Bataille (1983) for NACA 0012 which is given by:

∆f+ =
Lf∆f

u∞
≈ KMa−0.150 . (1.3)

where K = 0.37(±0.02). A number of recent studies have investigated the up-

stream effect of feedback loop (Takagi and Konishi 2010, Arcondoulis et al. 2013,

Chong et al. 2013a). The effect on tonal noise emission due to vortex shedding

from laminar separation bubble (LSB) was observed by employing a splitter plate

by Takagi and Konishi (2010). An increase in unsteady pressure spectra was ob-
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served due to the broadening of energy contents. The acoustic feedback loop for

an airfoil with an embedded cavity was investigated by Schumacher et al. (2014).

The instability waves at the dominant frequency were observed downstream of

the cavity and the frequency spacing was found to be inversely proportional to the

distance between trailing edge and cavity. Arcondoulis et al. (2019) in their com-

prehensive experimental study presented a dual acoustic feedback model, where

feedback processes were found to act independently on the airfoil pressure and

suction surfaces between the point of boundary layer separation and the trailing

edge.

Figure 1.2: Feedback loop mechanism proposed by Desquesnes et al. (2007).

One of the most interesting discussions on the airfoil tonal noise genera-

tion is to identify whether the events occurring on the pressure side of the airfoil

or the suction side are responsible for eventual tonal noise generation. Earlier

studies mostly focused on pressure side flow separation and the resulting tonal

noise generation; however, some of the later studies even noticed the role of the

suction surface of the airfoil in tonal noise generation at some flow conditions. Pa-

terson et al. (1973) observed no change in tonal noise behaviour when the airfoil
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suction surface was tripped, whereas the tonal noise was almost eliminated on

tripping the pressure side of the airfoil. Hence, the tonal noise generation was

mostly associated with the events occurring on the pressure surface of airfoil.

However, Jones et al. (2010) observed that the events on the suction surface are

responsible for tonal noise generation. In their experimental study, Inasawa et al.

(2010) observed that the suction surface of airfoil is responsible for feedback loop

at low Re up to 2.1 × 105. The involvement of both suction and pressure side

of airfoil in tonal noise generation indicates their dependence based on a number

of flow conditions such as freestream Re, freestream Mach number (M), airfoil

profile, and incidence of flow. A comprehensive study on tonal noise regime for a

NACA 0012 airfoil at low to moderate Re (3× 104 - 2.3× 105) and effective AoA

from 0° to 6.3° was carried out by Pröbsting et al. (2015). Their study presents a

very valuable overview of the tonal noise regime and their dependence on either

suction side or pressure side or interaction of both sides of airfoil based on Re

and AoA. Chong et al. (2013a) and Plogmann et al. (2013) observed multiple

tones and ladder-like structure in their experimental studies. Plogmann et al.

(2013) showed that the boundary layer becomes turbulent when the pressure side

boundary layer was tripped and subsequently separation bubble and tonal noise

was suppressed. Tam and Ju (2012) performed numerical simulations of NACA

0012 at low Re and M at zero incidence. They observed a single tone for each

case similar to the observations of Nash et al. (1999). Desquesnes et al. (2007)

in their numerical investigation observed the involvement of both the pressure

and suction surfaces in tonal noise generation. Jones and Sandberg (2011) car-

ried out numerical investigations for NACA 0012 airfoil at low Re and different

flow conditions where the suction surface of the airfoil was found to be responsi-

ble for tonal noise generation. Their results supported Desquesnes et al. (2007)

and Nash et al. (1999) observations that the tonal noise generation is related to
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rolling over of vortices at airfoil trailing edge. They further suggested that the

feedback mechanism plays a vital role in vortex formation. Fosas de Pando et al.

(2014) utilized direct numerical simulations and global stability analysis in their

research to study the feedback loop mechanism and found the involvement of in-

stability processes on the suction and pressure surface boundary layers together

with their cross-interaction by acoustic radiation at the trailing edge. Later,

an experimental study using particle image velocimetry (PIV) was carried out

by Pröbsting et al. (2014) to investigate the tonal noise generation mechanism.

They observed an amplitude modulation of velocity fluctuations near the trailing

edge. A subsequent study by Pröbsting et al. (2015) revealed that the tonal noise

generation is based on the feedback mechanism on the airfoil suction surface at

low Re. However, with an increase in Re the phenomenon gradually shifts to

the pressure side. A recent study by Sanjose et al. (2019) shows a significant

connection between tonal noise and T-S waves. The authors used modal analysis

to observe tonal noise mechanism and found a significant role of flow dynamics

on the airfoil suction surface in noise generation. Ricciardi et al. (2020) carried

out a numerical study on primary and secondary tones generation on NACA 0012

at different flow conditions. A non-symmetric flow even at zero incidence with

a separation bubble only at one side of airfoil was observed. Their results sug-

gested that the noise generation is dependent on multiple frequencies of T-S wave

instabilities which are related to both the main tone and secondary tones. The

secondary tones are generated by the coupling between separation bubble motion

and T-S instabilities. This phenomenon results in modulation of flow behavior

as well as acoustic radiation.
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1.1.2 Noise Control Methods

Previous discussions show a large amount of research has been carried out to

enhance the understanding of tonal noise generation mechanism over the past

few decades; however, the study on its control and reduction is still being ex-

plored. A brief description on some of the existing noise control methods and

their effectiveness is discussed.

1.1.2.1 Bio-inspired Features and Trailing Edge Modifications

One of the most common approaches for airfoil self-noise reduction is to mimic bio-

inspired features of owl due to their silent flight characteristics (Figure 1.3(a)).

Herr and Dobrzynski (2005) and Finez et al. (2010) utilized the bio-inspired

approach by utilizing trailing edge brushes similar to the feathers of owls. A

broadband noise reduction up to 8 dB was observed by Herr and Dobrzynski

(2005) at a wide frequency range whereas Finez et al. (2010) further proposed

brush design for better performance where the application of trailing edge brushes

have found to reduce the noise level up to 10 dB. However, this method suffered

from the aerodynamic performance degradation. Wang et al. (2017a) proposed a

biomimetic NACA 0012 airfoil based on the combination of wavy leading edge,

serrated trailing edge, and surface ridges. A noise reduction up to 13 dB was

observed around the airfoil due to the transformation of laminar vortex shedding

into regular horse shoe vortices in the wake and reduction in spanwise correlation

of large scale vortices. Fan et al. (2018b) carried out the numerical investigation

on a NACA 65-(12)10 airfoil with wavy leading edges subjected to incoming

anisotropic turbulence at high Re. A noise reduction up to 9.5 dB was achieved

around the airfoil; however, a significant rise in aerodynamic drag of 300% was

also observed due to modifications in the airfoil profile.

A number of studies have been carried out to investigate the noise reduc-
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tion potential of airfoil with different trailing edge modifications (Howe 1991, Herr

and Dobrzynski 2005, Herr 2007, Finez et al. 2010, van der Velden et al. 2016,

Arce Leon et al. 2016, León et al. 2016, Avallone et al. 2017, van der Velden and

Oerlemans 2017, Avallone et al. 2018). One of the benchmark studies on trailing

edge modification was carried out by Howe (1991) who used serrated trailing edge

at high Re for noise reduction. A significant amount of research has been carried

out since Howe (1991) proposed approach (Parchen et al. 1999, Oerlemans et al.

2009, Gruber et al. 2011, Chong et al. 2013a). Gruber et al. (2010) conducted a

detailed parametric study of different sawtooth serrated trailing edges to analyze

the effect of serration height, width, and amplitude on noise reduction (Figure

1.3(b)). However, aerodynamic effects due to modifications were not reported.

Hansen et al. (2012) applied serration treatment on the airfoil leading edge and

claimed a significant reduction in tonal noise. Unfortunately, there is a serious

collateral effect with such modification as the aerodynamic performance of the

airfoil was found seriously penalized. Moreau and Doolan (2016) performed an

experimental study on the acoustics of a flat plate with different sawtooth trail-

ing edge serrations at low Re. An overall sound pressure level (SPL) reduction

of 11 dB was observed for a trailing edge with wide serrations due to reduction

in the turbulent velocity fluctuations at lower frequencies; whereas, the narrow

serrations resulted in an increase in noise levels at low Re. The utilization of slits

and perforated serrations have also found to be effective in noise reduction where

a noise reduction of 5 dB for slits and 1 dB for perforated serrations is observed

(Gruber et al. 2013). León et al. (2018) employed trailing edge serrations with dif-

ferent degrees of permeability on a NACA 0018 airfoil and examined their acoustic

characteristics. Their experimental investigations revealed that the mixed solid-

slitted configurations can achieve a higher noise reduction up to 8 dB whereas

the noise reduction potential significantly decreases for fully slitted configuration.
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Chong et al. (2013b) utilized three-dimensional serrations of different amplitudes

and wavelengths on a NACA 0012 airfoil. A broadband noise reduction up to

6 dB was observed for smaller serration angles and large amplitude. However,

high-amplitude noise was also observed due to serration bluntness. Later, this

limitation was resolved by using a porous material between the cut-in serrations

to suppress the narrow-band noise and an additional noise reduction of 1.5 dB

was achieved (Vathylakis et al. 2015, Chong and Dubois 2016). Clark et al. (2017)

investigated the noise reduction of an airfoil by employing the surface treatments

to replicate the effect of owl’s downy canopy. Different variants of design were

experimentally tested where a maximum of 10 dB reduction in broad band noise

was achieved. However, a slight increase in aerodynamic drag was also observed.

Generally speaking, the aforementioned modifications in airfoil geometry

resulted in considerable noise reduction; however, there exist certain limitations

associated with their applicability such as aerodynamic performance degradation,

manufacturing complexities, and noise amplification at certain conditions.

1.1.2.2 Porous Trailing Edge

In recent years, airfoils equipped with porous trailing edges have also gained sig-

nificant attention in the aeroacoustics community (Figure 1.3(d)). A detailed

investigation on the effect of porosity and resistivity on the acoustic character-

istics of a porous airfoil was carried out by Sarradj and Geyer (2007) where the

noise generation by porous airfoils was found to be much lower than the rigid

airfoil. However, the relationship between the material properties and noise re-

duction could not be established. Later, Geyer and Sarradj (2014) investigated

the airfoil acoustic characteristics with different lengths of porous material with

different porous materials and resistivity. It was observed that the airfoil with

a larger porous region achieved a high noise reduction but also resulted in air-
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foil aerodynamic degradation. Also, the airfoil equipped with a low resistivity

porous material was also found to be responsible in adversely affecting the airfoil

aerodynamics. Similarly, Herr et al. (2014) carried out a parametric study to in-

vestigate the effect of porous material on noise reduction. They utilized different

materials including aluminum foam, perforated plate, and sintered bronze pow-

der and observed a higher noise reduction for material with low resistivity. The

mechanism of noise reduction was associated with the pressure release across the

porous material. Recenlty, Alejandro et al. (2017) investigated the acoustic char-

acteristics of a NACA 0018 airfoil equipped with an open-cell metal foam porous

trailing edge. The effect of different pore sizes and permeability was also exam-

ined where a positive effect in noise attenuation by porous material with larger

pores was observed which is in agreement with the previous observations (Geyer

and Sarradj 2014, Herr et al. 2014). Subsequently, Rubio Carpio et al. (2018)

and Rubio Carpio et al. (2019) investigated the effect of permeable and non-

permeable porous trailing edges. It was observed that noise reduction is achieved

when both sides of the airfoil are connected through the porous trailing edge.

However, an increase in noise level was observed at high frequencies which limits

its applicability. Teruna et al. (2020) performed a numerical investigation on a

similar configuration of Rubio Carpio et al. (2018) for the airfoil equipped with

open-cell metal foam porous trailing edge to further examine the flow characteris-

tics for the porous trailing edge. It was observed that the impedance of the airfoil

with a fully porous trailing edge decrease along the chord which redistributes the

noise scattering. In a numerical investigation by Koh et al. (2018), the effect of

porosity and permeability on the porous impedance and noise reduction in the

turbulent boundary layer is analyzed. A noise reduction of 12 dB was observed

by the porous trailing edge configuration. Bernicke et al. (2019) performed the

numerical investigation by a hybrid zonal tool to analyze the noise reduction by
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porous trailing edge for NACA 0012. Wang (2018) applied perforations at the

trailing edge for noise reduction but the aerodynamic performance of the airfoil

was severely degraded.

Application of porous trailing edge has been shown able to reduce the

SPL at low frequencies; however, the noise is adversely amplified at high fre-

quencies (Geyer et al. 2010). These additional high frequency components may

be prominent in audible range and create unpleasant psycho-acoustical impact to

community (Waye and Öhrström 2002, Pedersen and Persson Waye 2004).

1.1.3 Aerodynamic Control by Fluid-Structure Interac-

tions

Airfoil operating at low Re are associated with wide variety of applications in-

cluding UAVs, cooling fans and High Altitude Long Endurance (HALE) aircraft

(Roberts 1980, Lissaman 1983, Patil et al. 2001, Shyy et al. 2008, Dong et al.

2019). However, there exist two inherent major issues associated with its op-

erations in these conditions. Firstly, the flow is usually laminar and is highly

sensitive to even mild adverse pressure gradient which subsequently results in

formation of LSB or boundary layer transitioning to turbulent. As a result,

the aerodynamic performance is severely affected even at low AoAs (Arena and

Mueller 1980, Alam and Sandham 2000). Secondly, airfoil operations at low Re

flow is usually responsible for tonal noise generation due to flow scattering at the

sharp trailing edge forming a continuous feedback loop between the source and

an upstream location on the airfoil (Desquesnes et al. 2007, Jones et al. 2008,

Arcondoulis et al. 2018) which affects the operations of some devices in this flow

regime.

Motivated by the flexibility of the bat wings and its adaptability features,

flexible wings/airfoils have received significant attention in past few decades due
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to their favorable characteristics at low Re flow and improved airfoil aerodynam-

ics at certain flow conditions (Smith and Shyy 1995, Lian and Shyy 2007, Hu

et al. 2008, Tamai et al. 2008, Gordnier 2009, He and Wang 2020). The mem-

brane wings/airfoils are found to have better static stability (Albertani et al.

2007, Stanford et al. 2007) as well as high lift to drag ratio as compared to rigid

wing/airfoil (Shyy et al. 1999, Stanford et al. 2008). Furthermore, these flexible

airfoils have shown to be effective in delaying stall characteristics at high AoA

(Lian et al. 2003).

The study of flexible structures subjected to incoming flow involves com-

plex fluid-structure interactions which evolve the boundary layer characteris-

tics due to strong coupling between membrane dynamics and flow unsteadiness.

Hence it requires in-depth understanding of the panel dynamics and flow respon-

siveness due to fluid-structure interactions. In an experimental study by Galvao

et al. (2006), the membrane wing was found to produce higher lift than rigid

airfoil at moderate to high AoA. However, this phenomenon was associated with

higher drag due to high camber and membrane fluctuations. Song et al. (2008)

carried out an in-depth experimental study on a membrane wing with low aspect

ratio. The compliance of membrane wing was examined for low Re flows where a

high lift slope and a delay in stall were observed as compared to the rigid airfoil.

A series of experiments were conducted by Rojratsirikul et al. (2010a, 2011) to

study the aeroelasticity of membrane wings for low to moderate Re flows for a

wide range of AoAs. It was observed that the membrane fluctuations at low Re

flow excite the shear layer which results in rolling up of vortices. As a result, the

detached shear layer moves closer to membrane surface and produces lesser drag,

and enhance stall characteristics of the wing.

With an increase in computational power and complexity in handling com-

plex fluid-structure problems, a number of computational studies on flexible mem-
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brane airfoil have also been conducted. Gordnier (2009) carried out a compre-

hensive numerical investigation of membrane wing airfoil at low Re of 2500 and

different AoAs. The effect of membrane dynamics and different flow conditions

were studied which revealed a rise in lift coefficient at higher AoAs and a delay

in stall as well. The observed phenomenon of rolling up of vortices and their

convection closer to airfoil surface were in agreement with the Rojratsirikul et al.

(2010b). However, a decrease in lift to drag ratio for the low aspect ratio mem-

brane wing was observed at lower AoA (Gordnier and Attar 2014). Recently,

Serrano-Galiano et al. (2018) carried out a detailed numerical investigation of

membrane airfoil at low AoA to study its fluid-structure interaction where the

introduction of upstream propagating pressure waves driven by membrane vibra-

tions was found to be responsible for loss in aerodynamic efficiency.

The literature on flexible wings/airfoils suggests that an improvement in

airfoil aerodynamic characteristics at moderate to high AoA can be achieved,

however at low AoA the aerodynamic efficiency is considerably degraded. Hence,

there exist two major concerns regarding their applicability; firstly, since most

of the low Re devices are required to operate at low to moderate AoAs, the

aerodynamic performance degradation at low AoA ≤ 5° (Gordnier and Attar

2014, Serrano-Galiano et al. 2018) poses serious concerns in their real world ap-

plications. Secondly, the aeroacoustics aspect of these flexible airfoil/membrane

has not been investigated in any of the previous studies. Although, the flexible

membrane devices designed to operate at low Re flows can enhance the airfoil

aerodynamics but can also adversely increase the airfoil noise radiation due to

membrane fluctuations which alter the flow dynamics in its vicinity. The mem-

brane airfoils utilized in earlier research (Rojratsirikul et al. 2010b, Gordnier

2009, Serrano-Galiano et al. 2018) have a much higher structural wavelength

than acoustic wavelength which would usually create disturbances in the far-field
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and radiate energy into the fluid (Fahy and Gardonio 2007).

In recent years, flow control methods based on the fluid-structure inter-

actions have also been attempted and employed on the airfoil; however, most of

them are aimed to enhance the aerodynamic characteristics such as airfoil stall

(Dong et al. 2015, Di et al. 2017, Açıkel and Genc 2018, Genç et al. 2020, Lei

et al. 2020). Hence, the rationale behind the design of flexible panel(s)/membrane

in these studies is entirely incompatible/unsuitable for airfoil noise control. The

utilization of flexible structures for airfoil noise control has received very little

attention in the literature. Only a few studies can be found in literature owing to

the complexity of using flexible structures in the experimental or computational

analysis. Schlanderer and Sandberg (2013) numerically investigated a flat plate

with a flexible trailing edge and achieved some noise reduction as compared to a

flat plate with rigid trailing edge at low and moderate frequencies; however, an in-

crease in noise level was observed at the eigen-frequencies of flexible trailing edge.

Kamps et al. (2017) used silicone flaplets on a NACA 0010 airfoil and achieved

some tonal noise reduction but no change in broadband reduction was observed.

Talboys and Brücker (2018) in their study on NACA 0012 with flexible trailing

edge extensions, named as flaplets (Figure 1.3(c)), showed that the flaplets can

stabilize the shear layer at low Re and low AoA which could ultimately lead to

a reduction in the boundary layer thickness on airfoil suction surface and results

in lower aerodynamic drag. Later, Talboys et al. (2019) in their experimental

study investigated the possibility of noise reduction using an array of flaplets on

the trailing edge of NACA 0012 airfoil at low to moderate Re with a wide range

of angles. It was hypothesized that the flaplets installed on the pressure side of

the airfoil can modify the laminar separation bubble and result in tonal noise

reduction. Noise reduction was achieved at low frequencies but an increase in

noise was observed at high frequencies (≥ 2Hz). Recently, Zhou et al. (2020) in-
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vestigated the effect of different shapes and flexibility of serrated trailing edge. It

is observed that the flexible serration can provide an additional noise reduction

up to 2-3 dB at high frequencies as compared to rigid serrations at the airfoil

trailing edge.

Although the employment of flexible trailing edge in different studies

has shown noise reduction potential, but these configurations inadvertently de-

graded airfoil aerodynamics. Hence the utilization of flexible structures in improv-

ing/maintaining the aerodynamic performance of the airfoil as well as reducing

its noise radiation remains a dilemma as the design method on improving one

aspect can adversely affect the other.

Figure 1.3: Different airfoil noise reduction mechanisms. (a) Biomimetic airfoil

(Wang et al. 2017a), (b) sawtooth trailing edge (Gruber et al. 2010),

(c) trailing edge flaplets (Talboys and Brücker 2018), (d) trailing

edge perforations (Geyer and Sarradj 2014).
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1.2 Objectives of the Present Study

Numerous studies have been carried out in the past with an attempt to reduce

the tonal noise generated by airfoil at low Re. A number of passive methods

have been proposed in this research area over the past few decades. All these

studies mentioned above require complex geometrical modifications that are dif-

ficult to implement in practical situations due to complexity in manufacturing.

Furthermore, utilization of fluid-structure interactions in airfoil noise control has

not been truly explored. The existing noise control strategies discussed in pre-

ceding sections have few major limitations which restrict their applicability in a

real-world environment. Some of these include aerodynamic performance degra-

dation, complex geometrical modifications which are difficult to manufacture and

install, transition of laminar boundary layer to turbulent, and applicability in a

narrow range of operations (low-frequency range).

Motivated by this challenging problem, the present study proposes a novel

methodology of airfoil tonal noise reduction which can alleviate all the aforemen-

tioned shortcomings to some extent. Therefore, a passive method involving local-

ized flow-induced vibration of elastic panel is utilized in the present study with

an aim to reduce the airfoil tonal noise with minimal or no loss in its aerodynamic

performance. In contrast to existing noise control methods which usually apply

modification on airfoil trailing edge or leading edge, the proposed methodology

explores other possible locations on airfoil surface to weaken, or even eliminate,

the unsteady flow fluctuations within the airfoil boundary layer before they reach

airfoil trailing edge and eventually scatter as noise radiation. The proposed ap-

proach in the present study utilizes small elastic panel(s) flush-mounted on the

airfoil surface which is/are excited by the oncoming flow fluctuations conveyed

with airfoil boundary layer flow. A similar flow-structure interaction phenomenon

was investigated in a previous experimental and numerical study of aerodynamic
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and structural resonance of an elastic airfoil exposed to excitation by oncoming

periodic discrete vortices which were produced by two upstream cylindrical vor-

tex generators (Luk et al. 2004). The results of their study clearly illustrate that

when the elastic airfoil is subjected to an oncoming excitation, the airfoil absorbs

the kinetic energy carried by the oncoming vortical flow to sustain its flow-induced

vibration. However, there is a potential drawback with their approach. Leung

and So (2001) carried out a detailed numerical study of flow-induced vibration

of the vortex-airfoil system and their results showed that an elastic airfoil in

aerodynamic or structural resonance may radiate loud loading noise. There is a

possibility that whilst the elastic panel in structural resonance is absorbing energy

from boundary layer flow fluctuations, its own flow-induced vibration might radi-

ate overwhelming loading noise with a level comparable to, or even higher than,

that of original airfoil tonal noise so that an overall noise amplification rather

than reduction is achieved. Recently, Wu et al. (2018) attempted to utilize flex-

ible panel on airfoil surface, however, the panel structural resonance under the

fluid loading could not be achieved. Also, the structural parameters were selected

without any clear rationale. Hence, the dependence of panel parameters such as

material, thickness, and tension, etc on aeroacoustics performance is uncertain.

The present study aims to achieve an in-depth understanding of the panel

design/implementation strategy and also study the possible limitations associated

with this approach which could inadvertently result in noise amplification. Some

of the major objectives of the present study are:

1. To explore the possibility of tonal noise reduction using localized flow-induced

vibration of an elastic panel mounted on the airfoil surface.

2. To develop a complete panel design methodology including its location,

length, material, and structural properties to identify the role of panel param-

eters and to analyze the effect of structural resonance/non-resonance condition
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on noise reduction performance.

3. To formulate and implement a reduced-order linearized model for quick pre-

liminary assessment of noise reduction potential of designed panel configura-

tions.

4. To analyze the aeroacoustic characteristics of designed optimal configura-

tions and investigate the physical mechanism of tonal noise reduction.

5. To enhance the noise reduction potential of developed approach by using

multiple elastic panels for tonal noise reduction.

6. To design a multi-panel airfoil configuration capable of providing tonal noise

reduction at variable loading conditions.

1.3 Overview of the Study

With the advancement in computational resources, numerical analysis can pro-

vide an opportunity to explore the dynamics of flow, acoustic and structural with

high accuracy. A number of benchmark studies have been conducted using high

fidelity numerical simulations in the field of aeroacoustics which have provided

in-depth details regarding the underlying physical mechanism of noise generation

(Desquesnes et al. 2007, Jones et al. 2008, Tam and Ju 2012, Lam and Leung

2018, Fan 2018). Hence, the present research also utilizes high-fidelity direct

aeroacoustic simulation (DAS) for its capability to resolve the coupling between

the unsteady airfoil aerodynamic and acoustic solutions with high accuracy. To

solve the unsteady compressible Navier-Stokes (N-S) equations, conservation ele-

ment and solution 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 (Lam et al. 2014a, Chang 1995). Unlike other
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conventional numerical schemes that are based on finite volume and finite element

methods, it unifies the treatment of both space and time domain. The control

volume is considered as conservation element (CE) in the space-time domain and

the flux conservation is enforced in CE. The evaluation of the space-time flux uti-

lizes the solution element (SE) which relies on the Taylor expansion of solutions

about the solution point. Since its inception, it has been successfully applied to

simulate various aeroacoustics problems (Yu and Chang 1997, Guo et al. 2004,

Loh and Hultgren 2006, Lam and Leung 2018). The nonlinear coupling between

flow fluctuation and panel structural dynamics in this study is resolved with a

monolithic scheme developed by Fan et al. (2018a).

The present proposed methodology aims to leverage similar flow energy

absorption phenomenon with an elastic panel(s) so as to greatly suppress the

boundary layer flow unsteadiness before their eventual scattering as noise. The

aeroacoustic feedback loop is weakened and the airfoil tonal noise is thus reduced.

In principle the feasibility of an elastic panel design for noise reduction can be

explored in detail with high-fidelity DAS (e.g. Lam et al. (2014a)) or such so-

phisticated experimental techniques as in Arcondoulis et al. (2019). However,

it is too prohibitive in extensive deployment of resources and time to search for

optimal design with these approaches within the vast design space of multiple

panel physical parameters. Therefore, to develop the panel design methodology

in a much quicker way, a reduced-order linearized model, namely perturbation

evolution method (PEM), is developed and successfully implemented. PEM only

requires 10% of the computational time required for high-fidelity simulations and

can provide a reasonable qualitative assessment of panel effectiveness in tonal

noise reduction. The designed airfoil configurations would be further evaluated

by DAS analysis to investigate the tonal noise reduction mechanism by an elastic

panel(s) under actual flow conditions.
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1.4 Organization of the Thesis

The remainder of the thesis is organized as the following.

Chapter 2 presents the comprehensive details of the numerical methods. The

implementation of CE/SE method to solve unsteady N-S is discussed along with

the details of boundary conditions. Also, a brief detail on the aeroacoustic-

structural coupling is also presented in this chapter. Subsequently, mathematical

formulation of PEM and its coupling with CE/SE is also presented in this chapter.

In Chapter 3, details on the numerical setup are presented including airfoil

profile, computational domain, grid generation, and grid independence study.

Subsequently, a comprehensive aerodynamic and acoustic analysis of rigid airfoil

is analyzed in this chapter which helps in establishing the base flow for PEM

analysis and also helps in the development of panel design methodology.

Chapter 4 presents the PEM analysis for rigid airfoil and airfoil configurations

with elastic panel. The noise reduction potential of design configurations is as-

sessed using PEM and a comparative analysis is carried out.

Chapter 5 presents the DAS of airfoil configuration with designed elastic panel.

A comprehensive aerodynamic and acoustic analysis is carried out in detail to

study the effects of elastic panel in tonal noise reduction.

In Chapter 6, a comprehensive analysis on the airfoil equipped with coupled

panel configuration is presented. A complete design rationale is developed and

different coupled and non-coupled configurations are assessed by PEM. Subse-
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quently, DAS is carried out for coupled configuration and a comparative analysis

is also carried out with single panel configurations.

In Chapter 7, aeroacoustic analysis of airfoil at different loading conditions is

presented and a multi-panel configuration is designed to provide tonal noise re-

duction at different flow incidence.

Chapter 8 presents the summary of research achievements and conclusions

drawn from the research along with the suggestions for further research in this

area.
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Chapter 2

Numerical Methods

2.1 Introduction

In this chapter, details of the numerical methods employed in the present study

and their implementation strategies are presented. The present study of airfoil

tonal noise reduction involves complex interactions between unsteady flow, panel

structural vibration, and acoustics. A numerical approach capable of resolving

all these physical phenomena covering both aerodynamic and acoustic scales is

required. Therefore, direct aeroacoustic simulation (DAS) approach is adopted

for its capability to resolve the coupling between the unsteady airfoil aerody-

namic and the acoustic solutions with high accuracy. To solve the unsteady

compressible N-S equations in DAS, conservation element and solution element

(CE/SE) method is adopted. The nonlinear coupling between flow fluctuation

and panel structural dynamics is resolved with a monolithic scheme developed

by Fan et al. (2018a). One of the goals of the present study is aimed to utilize

the fluid-structure interactions of an elastic panel on the surface of an airfoil for

tonal noise reduction. The panel design depends on a number of engineering pa-

rameters such as its material, length, and structural properties. Hence, it is too

prohibitive in extensive deployment of resources and time to search for optimal
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panel design with DAS. Therefore, an alternate approach, namely perturbation

evolution method (PEM), is developed in the present study to explore the po-

tential of elastic panel configurations in tonal noise reduction requiring much

shorter computational time and resources. Details of the numerical methods,

their mathematical modeling, and implementation are presented in subsequent

sections.

2.2 Aeroacoustic Solver

The problem of interest for the present study involves key aerodynamic and

acoustic features due to unsteady flow over the airfoil. Since the acoustic fea-

tures are simply the unsteady flow motions in compressible flow (Crighton 1981),

it is essential to adopt a numerical method that can simultaneously solve both

the unsteady flow and acoustics. Although there exist some hybrid approaches

where the flow features and acoustics are solved in separate steps (Singer et al.

2000), these methods are unable to capture the nonlinear interactions between

the hydrodynamic flow and the generated acoustics. Hence, the numerical model

based on DAS is employed in the present study due to its capability to accu-

rately capture flow and acoustic features. DAS solves unsteady compressible N-S

equations and equation of state simultaneously. Its applicability in aeroacoustic

research has been validated by a number of researches including airfoil acoustics,

jet flows, cavity, and duct flow (Jones et al. 2008, Desquesnes et al. 2007, Lam

et al. 2014a, Gloerfelt et al. 2003). The unsteady flow problem is governed by

two-dimensional compressible N-S equations along with ideal gas law for calori-

cally perfect gas. Unless otherwise specified, all the variables are considered in

their non-dimensional form. Taking the fluid properties of freestream with di-

mensional velocity Û∞ and airfoil chord ĉ as reference, the two-dimensional N-S
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equations in strong conservative form can be written as:

∂U

∂t
+
∂ (F− Fv)

∂x
+
∂ (G−Gv)

∂y
= 0, (2.1)

The above equation is normalized by reference density, velocity, viscosity, tem-

perature, specific heat at constant pressure ĉp in free stream flow, and reference

chord length. The speed of sound is defined by â∞ = (γR̂T̂∞)1/2 where γ = 1.4

and the specific gas constant for air R̂ = 287.058J/(kgK). The dimensionless

numbers of the flow Re, M and Pr can be calculated by:

Re = ρ̂∞Û∞ĉ∞/µ̂∞, M = Û∞/â∞, P r = ĉp,0µ̂∞/k̂th∞ = 0.71, (2.2)

where k̂th is reference thermal conductivity. In Eq 2.1, U , F and G are given by:

U = [ρ ρu ρv ρE]T , (2.3)

F = [ρu ρu2 + p ρuv (ρE + p)u]T , (2.4)

G = [ρv ρuv ρv2 + p (ρE + p)v]T . (2.5)

The flux vectors Fv and Gv are defined by:

F v = (1/Re)[0 τxx τxy τxxu+ τxyv − qx]T , (2.6)

Gv = (1/Re)[0 τxy τyy τxyu+ τyyv − qy]T , (2.7)

where τxx, τxy and τyy are defined by:

τxx =

(
4

3

∂u

∂x
− 2

3

∂v

∂y

)
µ, τxx =

(
4

3

∂v

∂y
− 2

3

∂u

∂x

)
µ. τxy =

(
∂u

∂x
− ∂v

∂y

)
µ.

The total energy E and pressure p are defined as:

E = p/ρ(γ − 1) + (u2 + v2)/2, p = ρT/(γM2), (2.8)

and the thermal fluxes are calculated by:

qx =
[
µ/(γ − 1)PrM2

]
(∂T/∂x) , qy =

[
µ/(γ − 1)PrM2

]
(∂T/∂y) . (2.9)
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2.2.1 Conservation Element and Solution Element Method

(CE/SE)

2.2.1.1 Overview

DAS requires a high accuracy and low dissipation numerical method due to in-

herent wide disparity among the energy and length scales between flow dynamics

and acoustics (Lam et al. 2014a). A high numerical dissipation may introduce

nonphysical behaviors and must be carefully controlled as they may affect the

propagation of weak acoustic fluctuations within the flow and may therefore re-

sult in severe inaccuracies in the present study. One of the methods to over-

come this limitation is to utilize high-order schemes (Visbal and Gordnier 2004);

however, these high-order schemes are inevitably computational expensive. The

traditional method of using finite-difference scheme of higher spatial orders for

studying the aeroacoustic problems (Desquesnes et al. 2007, Jones et al. 2010) re-

quires additional numerical treatments to ensure high accuracy which are difficult

to implement in complex flow problems such as shock wave interactions. Further-

more, the finite-difference method greatly depends on uniform/regular mesh and

is not recommended for complex geometries (Anderson and Wendt 1995). Finite

element method is a better choice for complex geometries; however, it also re-

quires high computational resources due to large matrix calculations. The finite

volume method is also a popular approach which is utilized to solve unsteady

N-S equations where the flux from each mesh surface is evaluated. However,

this method requires flux reconstruction on the mesh surface which requires ex-

tensive numerical calculations. Furthermore, the inclusion of artificial viscosity

further increases the computational time and limits its applications in complex

geometries.

An alternative yet efficient approach to overcome these limitations is to
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utilize the space-time conservation element and solution element (CE/SE) method

developed by Chang (1995). It is a robust and highly accurate method which en-

forces strict physical conservation laws in N-S equations in both space and time

domains (Lam et al. 2014a). Unlike other conventional numerical schemes that

are based on finite volume and finite element methods, it unifies the treatment of

both space and time domain. Since its inception, it has been successfully applied

to simulate various aeroacoustics, shock interaction, and jet noise problems (Lam

and Leung 2018, Venkatachari et al. 2008, Loh et al. 2001). Lam et al. (2014b)

successfully implemented the CE/SE method to analyze the complex aeroacous-

tic interactions at both subsonic and supersonic flow speeds within the duct.

Recently, Arif et al. (2020) have also utilized the CE/SE method to accurately

capture the aeroacoustic phenomenon of airfoil flow and the acoustic feedback

mechanism responsible for the airfoil tonal noise generation. Their studies ex-

hibit the robust capability of this scheme in resolving flow dynamics and acoustic

solutions with high accuracy.

2.2.1.2 Mathematical Formulation of CE/SE

To calculate the flow flux through the surface of finite control volume in Euclidean

space, two important numerical constructs, namely the conservation element (CE)

and solution element (SE), are defined. The CE is a finite control volume in

the space-time domain while the SE is used to store the flow solutions. With a

properly defined CE and SE, the flow flux can be calculated by the flow quantities

at the centroid of CE surface. Therefore, there is no need for the complex flux

reconstruction as in finite volume method.

For the evaluation of flow flux through the surface in Euclidean space, the

conservation element (CE) and solution element (SE) are defined. The control

volume is considered as conservation element (CE) in the space-time domain and
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the flux conservation is enforced in CE. The evaluation of the space-time flux

utilizes the solution element (SE) which relies on the Taylor expansion of solu-

tions about the solution point. The flow flux is calculated by determination of

flow quantities at the centroid of CE. Hence, it omits the complex requirement

of any flux reconstruction. CE/SE does not require any approximation method

such as characteristics method, constraints etc, and only depends on Taylor’s

series expansion which greatly simplifies its applicability. It is a non-dissipative

scheme which is neutrally stable and is compatible for both uniform and un-

structured meshes as well. The accuracy of the method is up to second order

although the method is built to first order in nature (Lam et al. 2014a). Based

on the above mentioned advantages, CE/SE becomes a great choice to solve airfoil

aeroacoustics for the present study with optimal computational resources. A de-

tailed description of the implementation of CE/SE method can be found in Lam

(2012). Only a brief discussion on the mathematical formulation is presented in

this thesis.

Consider a Euclidean space with its spatial coordinates as x and y, and

the time t. The N-S equation in strong conservation form can be written as:

∇.K = 0, (2.10)

where ∇. is the divergence operator in Euclidean space and K = [F − Fv,G −

Gv,U ]. Using Guass’s divergence theorem, Equation 2.10 can be written as:∮
S(V )

K.ds = 0, (2.11)

where ds = [∆x,∆y,∆t] and S(V ) is the surface of an arbitrary space-time

region V in Euclidean space. The computational domain is decomposed into the

triangulate grids as shown in Figure 2.1. A grid BDF with its centroid G is

shown in Figure 2.1, whereas A, C and E are the centroids of the adjacent grids.

The conservation element (CE) is constructed by the connecting the nodes of a
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Figure 2.1: Schematic of triangulate grids. A, C, E and G are the centroids of

the grids; B, D and F are the nodes; G∗ is the solution point; and

- - - is the boundary of CE.

grid to the adjacent centroids to form a boundary (ABCDEF ). The centroid

of the hexagon ABCDEF is designated as G∗, which also forms the solution

point of the hexagon. It is important to note that G∗ and G may be located at

different positions due to non-uniformity in the grids. The obtained hexagon is

then extended in the time axis to form a hexagonal prism which also defines a

CE. The conservation of flux is then enforced on this CE. Figure 2.2 shows the

CE which is denoted by CE(G∗, n), where G∗ is the spatial location and n is the

n− th time level.

A solution element (SE) can be formed by all the planes adjacent to the

corresponding solution point as shown in Figure 2.3. The flow variables φ(X)

= U(X), F (X), Fv(X), G(X) or Gv(X) at a location X(x, y, t) within the

solution element SE(G∗, n) can be evaluated by the first-order expansion of the

Taylor series from the solution point G∗:
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Figure 2.2: Schematic of conservation element CE(G∗, n). - - - is the boundary

of SE(G∗, n).

Figure 2.3: Schematic of solution element SE(G∗, n).
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φ(X) = φG* + (x− xG*)(φx)G* + (y − yG*)(φy)G* + (t− tG*)(φt)G*, (2.12)

where the subscripts x, y and t are the derivatives with respect to x, y and t

respectively. The viscous terms Fv(X) andGv(X) are ascertained by a constant

value at the solution point of G∗. Hence, the N-S can be written as:

(U t)G* = −(F x)G* − (Gx)G*, (2.13)

The flow quantities K(X) can be approximated by:

K(X)G* ≡ [F (X)G* − F v(X)G*,G(X)G* −Gv(X)G*,U (X)G*]. (2.14)

Similarly, all the fluxes through the planes in SE and flow variables can be ap-

proximated by the solution point G∗.

2.2.1.3 Time Marching of the Solution

In CE/SE method all the flow quantities are expressed by the conservation vari-

ables and their spatial derivatives, therefore updating the solution of U , ∂U
∂x

and

∂U
∂y

becomes the most important part of this method. Details of the calculation

of U within a conservation element CE(G∗, n) along with the updating process

of ∂U
∂x

and ∂U
∂y

are presented in this section.

Consider a conservation element of hexahedron A1B1G1F1 − A0B0G0F0

as shown in Figure 2.4(a). The flux leaving the conservation element CE(G∗, n)

through surface A1B1B0A0, A1F1F0A0 and A0B0G0F0 may be calculated as:

Υ
n−1/2
1 = ΥA1B1B0A0 + ΥA1F1F0A0 + ΥA0B0G0F0 , (2.15)

where the flux through each CE is calculated by multiplying the value of flow
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Figure 2.4: Schematic of conservation element of hexahedron. (a) A1B1G1F1−

A0B0G0F0, (b) B1C1D1G1−B0C0D0G0, (c) D1E1F1G1−D0E0F0G0

and (d) A1B1C1D1E1F1.
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variables at the centroid of the surface to the area vector, such that:

ΥA1B1B0A0 = K(χA1B1B0A0)A∗ .SA1B1B0A0 ,

ΥA1F1F0A0 = K(χA1F1F0A0)A∗ .SA1F1F0A0 ,

ΥA0B0G0F0 = K(χA0B0G0F0)A∗ .SA0B0G0F0 .

where χ represents the centroid of the respective surfaces, which can be calculated

by:

χA1B1B0A0 =

(
tn−1/4,

1

2
(xA1 + xB1),

1

2
(yA1 + yB1)

)
,

χA1F1F0A0 =

(
tn−1/4,

1

2
(xA1 + xF1),

1

2
(yA1 + yF1)

)
,

χA0B0G0F0 =

(
tn−1/2,

1

4
(xA0 + xB0 + xG0 + xF0),

1

4
(yA0 + yB0 + yG0 + yF0)

)
.

and S represents the outward normal vector for the respective planes, which can

be calculated by:

SA1B1B0A0 =
dt

2
(yB1 − yA1 , xA1 − xB1 , 0),

SA1F1F0A0 =
dt

2
(yF1 − yA1 , xA1 − xF1 , 0),

SA0B0G0F0 =
dt

2
(0, 0,−SA0B0G0F0).

where SA0B0G0F0 is the area of the plane A0B0G0F0. The flow quantities K at
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point A∗ can be estimated by:

K(χA1B1B0A0)A∗ =


U(χA1B1B0A0)A∗

F (χA1B1B0A0)A∗ − F v(χA1B1B0A0)A∗

G(χA1B1B0A0)A∗ −Gv(χA1B1B0A0)A∗


T

, (2.16)

K(χA1F1F0A0)A∗ =


U(χA1F1F0A0)A∗

F (χA1F1F0A0)A∗ − F v(χA1F1F0A0)A∗

G(χA1F1F0A0)A∗ −Gv(χA1F1F0A0)A∗


T

, (2.17)

K(χA0B0G0F0)A∗ =


U(χA0B0G0F0)A∗

F (χA0B0G0F0)A∗ − F v(χA0B0G0F0)A∗

G(χA0B0G0F0)A∗ −Gv(χA0B0G0F0)A∗


T

. (2.18)

It is important to note that all the viscous terms are assumed to be constant at

solution point A∗, such that:

F v(χA1B1B0A0)A∗ = F v(χA1F1F0A0)A∗ = F v(χA0B0G0F0)A∗ , (2.19)

Gv(χA1B1B0A0)A∗ = Gv(χA1F1F0A0)A∗ = Gv(χA0B0G0F0)A∗ . (2.20)

Similarly, the fluxes leaving the conservation element of hexahedronB1C1D1G1−

B0C0D0G0 as shown in Figure 2.4(b) can be calculated by:

Υ
n−1/2
1 = ΥB1C1C0B0 + ΥC1D1D0C0 + ΥC0D0G0B0 , (2.21)

where

ΥB1C1C0B0 = K(χB1C1C0B0)C∗ .SB1C1C0B0 ,

ΥC1D1D0C0 = K(χC1D1D0C0)C∗ .SC1D1D0C0 ,

ΥC0D0G0B0 = K(χC0D0G0B0)C∗ .SC0D0G0B0 .

where χB1C1C0B0 , χC1D1D0C0 and χC0D0G0B0 are the centroids of the surfacesB1C1C0B0,

37



2.2. Aeroacoustic Solver

A1F1F0A0 and C0D0G0B0 respectively, which are calculated by:

χB1C1C0B0 =

(
tn−1/4,

1

2
(xB1 + xC1),

1

2
(yB1 + yC1)

)
,

χC1D1D0C0 =

(
tn−1/4,

1

2
(xC1 + xD1),

1

2
(yC1 + yD1)

)
,

χC0D0G0B0 =

(
tn−1/2,

1

4
(xC0 + xD0 + xG0 + xB0),

1

4
(yC0 + yD0 + yG0 + yB0)

)
.

and the outward normal vectors for planes B1C1C0B0, C1D1D0C0 and C0D0G0B0

are calculated by:

SB1C1C0B0 =
dt

2
(yC1 − yB1 , xC1 − xB1 , 0),

SC1D1D0C0 =
dt

2
(yD1 − yC1 , xD1 − xC1 , 0),

SC0D0G0B0 =
dt

2
(0, 0,−SC0D0G0B0).

where SC0D0G0B0 is the area of the plane C0D0G0B0. The flow quantities K at

point C∗ can be calculated by:

K(χB1C1C0B0)C∗ =


U(χB1C1C0B0)C∗

F (χB1C1C0B0)C∗ − F v(χB1C1C0B0)C∗

G(χB1C1C0B0)C∗ −Gv(χB1C1C0B0)C∗


T

, (2.22)

K(χC1D1D0C0)C∗ =


U(χC1D1D0C0)C∗

F (χC1D1D0C0)C∗ − F v(χC1D1D0C0)C∗

G(χC1D1D0C0)C∗ −Gv(χC1D1D0C0)C∗


T

, (2.23)

K(χC0D0G0B0)C∗ =


U(χC0D0G0B0)C∗

F (χC0D0G0B0)C∗ − F v(χC0D0G0B0)C∗

G(χC0D0G0B0)C∗ −Gv(χC0D0G0B0)C∗


T

. (2.24)

All the viscous terms are assumed to be constant at solution point C∗, such that:

F v(χB1C1C0B0)C∗ = F v(χC1D1D0C0)C∗ = F v(χC0D0G0B0)C∗ , (2.25)

Gv(χB1C1C0B0)C∗ = Gv(χC1D1D0C0)C∗ = Gv(χC0D0G0B0)C∗ . (2.26)
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A similar procedure can be adopted for the third conservation element of

hexahedron D1E1F1G1 −D0E0F0G0 as shown in Figure 2.4(c).

Finally, the area of the top surface of CE(G∗, n) as shown in Figure 2.4(d)

can be expressed as:

Stop = SA1B1C1D1E1F1 = SA0B0G0F0 + SC0D0G0B0 + SD0E0F0G0 , (2.27)

The flux leaving through the top surface can be expressed as:

Υn
top = Stop.U

n
G. (2.28)

The flux conservation in CE(G∗, n) is enforced by:

Υn
top + Υ

n−1/2
1 + Υ

n−1/2
2 + Υ

n−1/2
3 = 0. (2.29)

Hence, the conservation variables at the n-th time step can be evaluated by:

Υn
G∗ = −Υ

n−1/2
1 + Υ

n−1/2
2 + Υ

n−1/2
3

Stop
. (2.30)

The calculation of U is followed by the calculation of spatial derivatives

∂U
∂x

and ∂U
∂y

. Chang et al. (1999) developed a dissipation scheme which calculates

the gradient through a central finite difference method using the values at the

solution points of the neighboring elements. However, the scheme suffered from

numerical errors due to its reliance on simple mathematical operations without

any physical aspects. Furthermore, the scheme is observed to be highly dissipa-

tive due to variation in CFL number at different locations such as boundary layer.

To overcomes these limitations, a Courant number insensitive scheme (CNIS) was

developed by Chang and Wang (2002). In this scheme, the local CFL number

is applied as a dissipation controlling parameter so that the small perturbations

such as acoustic waves can be accurately resolved. However, CNIS is much more

computationally expensive due to the involvement of six neighboring elements in

its calculations to build up the numerical domain of dependence. To optimize the
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Figure 2.5: Definition of Pi.

computational resources, a simplified Courant number insensitive scheme (SC-

NIS) developed by Yen and Wagner (2005) is utilized in this study. Details of its

implementation are as follows.

Consider an element with planes A1B1G1F1, B1C1D1G1 and D1E1F1G1

with their centroids represented by M1, M2, and M3 respectively as shown in

Figure 2.5. The points Pi, i = 1, 2, 3, are located between the Mi and the

corresponding solution point Ni. The physical location of Pi can be expressed as:

Pi = Mi + CFL(Ni −Mi) (2.31)

The numerical domain of dependence of the solution element SE(G∗, n)

is shown in Figure 2.6. The analytical domain of dependence is represented by

a circle at (x, y) = 1/2(−udt,−vdt) from origin G∗ with the radius r = cdt.

The numerical calculations would be stable if the entire analytical domain of

dependence is fully inside the numerical domain of dependence. For a side A∗C∗

(Figure 2.7), the stability criterion would be valid if:

CFL1 =
|G∗S|+ |G∗T |
|G∗Q|

= dt

√
u2 + v2 cos(ϕ− α) + c

|G∗Q|
≤ 1. (2.32)
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2.2. Aeroacoustic Solver

Figure 2.6: Schematic of analytical domain of dependence and analytical do-

main of dependence.

Figure 2.7: Illustration of stability criterion.
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The CFL2 and CFL3 can be calculated in a similar manner for sides C∗E∗ and

E∗A∗ respectively. The local CFL number is then selected by:

CFL = max(CFL1,CFL2,CFL3) (2.33)

The location of Pi can therefore be determined. It is important to note that the

centroid of ∆P1P2P3 does not coincide with the solution point G∗ and therefore

requires a translation such that the centroid of ∆P1P2P3 coincides with G∗:

Pi = Pi +

(
G∗ −

∑3
i=1 Pi
3

)
(2.34)

The conservation variables at point Pi at n-th time step can be calculated by:

Un
Pi

= U
n−1/2
N∗i

+ δxPi

(
∂U

∂x

)n−1/2
N∗i

+ δyPi

(
∂U

∂y

)n−1/2
N∗i

+
dt

2

(
∂U

∂t

)n−1/2
N∗i

, (2.35)

where δxPi
= xPi

− xN∗i and δyPi
= yPi

− yN∗i . A central difference scheme is

applied to calculate the spatial derivatives between the solution point G∗ and

corresponding Pi:(
∂U i

∂x

)n−1/2
G∗

= ∆i
x/∆

i,

(
∂U i

∂y

)n−1/2
G∗

= ∆i
y/∆

i (2.36)

where

∆1 =

∣∣∣∣∣∣∣
δx1 δy1

δx2 δy2

∣∣∣∣∣∣∣ , ∆2 =

∣∣∣∣∣∣∣
δx2 δy2

δx3 δy3

∣∣∣∣∣∣∣ , ∆3 =

∣∣∣∣∣∣∣
δx3 δy3

δx1 δy1

∣∣∣∣∣∣∣ , (2.37)

and

∆1
x =

∣∣∣∣∣∣∣
δU 1 δy1

δU 2 δy2

∣∣∣∣∣∣∣ ,∆2 =

∣∣∣∣∣∣∣
δU 2 δy2

δU 3 δy3

∣∣∣∣∣∣∣ ,∆3 =

∣∣∣∣∣∣∣
δU 3 δy3

δU 1 δy1

∣∣∣∣∣∣∣ ,
∆1
y =

∣∣∣∣∣∣∣
δU 1 δx1

δU 2 δx2

∣∣∣∣∣∣∣ ,∆2 =

∣∣∣∣∣∣∣
δU 2 δx2

δU 3 δx3

∣∣∣∣∣∣∣ ,∆3 =

∣∣∣∣∣∣∣
δU 3 δx3

δU 1 δx1

∣∣∣∣∣∣∣ ,
δxi = xPi

− xG∗ , δyi = yPi
− yG∗ , δU i = UPi

−UG∗ , i = 1, 2, 3.
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The spatial derivatives of the conservation variables are then calculated by:

(
∂U

∂x

)n
G∗

=

∑3
i=1(W

i)β
(
∂U i

∂x

)n
G∗∑3

i=1(W
i)β

, (2.38)

(
∂U

∂y

)n
G∗

=

∑3
i=1(W

i)β
(
∂U i

∂y

)n
G∗∑3

i=1(W
i)β

.

where β > 0, W 1 = ξ2ξ3, W
2 = ξ1ξ3 and W 3 = ξ1ξ2 with

ξi =

√((
∂U i

∂x

)n
G∗

)2

+

((
∂U i

∂y

)n
G∗

)2

, i = 1, 2, 3

2.2.1.4 Boundary Conditions

Boundary conditions play a vital role in DAS analysis due to the physical size

of computational domain. An incorrect domain size or inconsistent boundary

condition may result in erroneous errors in the numerical simulation, hence, the

selection of boundary conditions require careful deliberation and understanding

of physical mechanisms involved. The implementation of boundary condition in

CE/SE is based on ghost cell approach. Ghost elements are created by mirror-

ing of boundary elements along the boundaries. Subsequently, the solutions are

specified on these ghost elements based on the choice of the boundary condition.

The boundary element of CE and SE can be built with the geometric data of the

ghost cell. Based on the different types of boundary conditions, the correspond-

ing solution values are assigned to the solution point of the ghost cell to evaluate

the flux at each time step.

The non-reflecting boundary condition (NRBC) in DAS is particularly

important as it aims to minimize the influence of boundary on the domain. Any

numerical reflections from the boundary may contaminate the flow and especially

the airfoil acoustics. In CE/SE method, the NRBC is designed to allow the flux

from the interior domain to exit smoothly (Loh 2003). There exist two common

types of NRBC in CE/SE. In Type I NRBC, the solution and spatial gradients
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in ghost cell are given by:

UG = UB,

(
∂U

∂x

)
G

=

(
∂U

∂x

)
B

,

(
∂U

∂y

)
G

=

(
∂U

∂y

)
B

. (2.39)

where the subscripts G and B represent the ghost and boundary cells respectively.

Type 1 NRBC is mostly applied in supersonic flow problems (Loh and Hultgren

2006) as the flow speed is much higher than the speed of sound and the assignment

of flow quantities of ghost cell by the boundary cell does not create any reflections.

In Type II NRBC, the solution and spatial gradients in ghost cell are given by:

ρG = ρ∞, uG = uB, vG = vB, pG = p∞, (2.40)

(
∂U

∂x

)
G

=

(
∂U

∂x

)
B

,

(
∂U

∂y

)
G

=

(
∂U

∂y

)
B

. (2.41)

In CE/SE method, the no-slip boundary condition for an isothermal wall is spec-

ified as:

ρG = ρB, uG = 0, vG = o, pG = pB. (2.42)

2.3 Structural Solver

The nonlinear dynamic response of the elastic panel is modeled by solving the

one-dimensional plate equation to the simplest approximation (Dowell 1975). The

normalized governing equation for panel displacement w can be written as:

SEP
∂4w

∂x4
− (TEP +NEP)

∂2w

∂x2
+ ρEPhEP

∂2w

∂t2
+ CEP

∂w

∂t
+KEPw = pex (2.43)

where w is the panel displacement, SEP = ŜEP/ρ̂∞Û
2
∞ĉ

3 is the panel bend-

ing stiffness, EEP = ÊEPÛ
2
∞/ρ̂∞ĉ

4 is the Young’s Modulus of panel, ν is the

Poisson’s ratio, TEP = T̂EP/ρ̂∞Û
2
∞ĉ is the external tensile stress in tangential

direction, NEP = (EEPhEP/2LEP)
∫ LEP

0
(∂w/∂x)2dx is the internal tensile stress
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in the tangential direction, CEP = ĈEP/ρ̂∞Û∞ is the structural damping coeffi-

cient of panel, KEP = K̂EPĉ/ρ̂∞Û∞ is the stiffness of the foundation supporting

the panel and pex = p̂ex/ρ̂∞Û
2
∞ is the net pressure exerted on the panel surface.

For the present study, a very thin elastic panel is designed which is similar to

membrane; therefore, CEP, KEP and SEP are taken as effectively zero (Fan et al.

2018a, Dowell 1975).

The panel dynamic equation is solved by standard finite difference scheme

where the panel is discretized into grids of constant size ∆x. The spatial deriva-

tives of the panel displacement w are evaluated using second-order central differ-

ence method (Hayek 2000) by:

∂wn,j

∂x
= wn,jx =

1

2∆x
(wn+1,j − wn−1,j), (2.44)

∂2wn,j

∂x2
= wn,jxx =

1

∆x2
(wn+1,j − 2wn,j + wn−1,j), (2.45)

∂4wn,j

∂x4
= wn,jxxxx =

1

∆x4
(wn+2,j − 4wn+1,j + 6wn,j − 4wn−1,j + wn+2,j), (2.46)

where the subscripts j represents j-th time step and n represents n-th mesh point.

The time derivatives are calculated by:

∂wn,j

∂t
= ẇn,j =

1

2∆t
(wn,j+1 − wn,j−1), (2.47)

∂2wn,j

∂t2
= ẅn,j =

1

∆t2
(wn,j+1 − 2wn,j + wn,j−1), (2.48)

Using all these approximations in Equation 2.43, w can be evaluated by:

wn,j+1 =
4ρphpw

n,j + (−2ρphp + C∆t)wn,j−1 + 2∆t2B

2ρphp + C∆t
. (2.49)

where B = pex + (Tx +Nx)w
n,j
xx −Dwn,jxxxx −Kpw

n,j. Hence, after every time step

the dynamics of all panel elements W = [w, ẇ, ẅ]T can be evaluated.
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2.3.1 Boundary Conditions

For the fluid boundary in contact with the vibrating panel, the tangency condition

in the y-axis is satisfied by:

v = ẇ + uwx, (2.50)

The normal pressure gradient condition is satisfied by:

∂p

∂y
= ρ

∂v

∂t
+ ρu

∂v

∂x
, (2.51)

such that the continuity of velocity and momentum is maintained at the fluid-

structure interface. The present study only focuses on the fluid inertia effects

and therefore the convective terms are ignored. Hence, the tangency and normal

pressure gradient conditions become:

v − ẇ = 0, (2.52)

∂p

∂y
= ρẅ. (2.53)

The net pressure exerted on the vibrating panel can be calculated by:

pex = ppanel,b − ppanel,a, (2.54)

where ppanel,a = pa + ρaẅ
n(δa −wn) and ppanel,b = pb − ρbẅn(δb +wn), and δ rep-

resents the offset of solution point from the panel surface without any deflection

as shown in Figure 2.8. At each time step, the deformation of the fluid domain is

evaluated by the panel displacement. Generally, grid remeshing is carried out at

the deformed fluid domain to eliminate any strained mesh element where the so-

lution can remain underresolved (So et al. 2003). However, remeshing procedure

requires high computational resources as all the mesh points in the domain are

required to be updated. Based on the characteristic feature of CE/SE method

where the flow solution is calculated at the solution points (Lam 2012) and the
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Figure 2.8: Schematic of mesh at fluid-panel interface (Fan 2018).

consideration of small panel displacements, the effect of fluid domain deforma-

tion is evaluated by a much simpler technique which is derived in the spirit of

immersed element boundary method (Vitturi et al. 2007).

In CE/SE method, the solution points are not laid directly on the physical

fluid domain boundary, rather the flow conditions at the boundary are manifested

by placing a mirror ghost cell behind the boundary, i.e. AG as shown in Figure 2.8.

The flow variables are then specified at the ghost cell such that the desired flow

conditions at the actual panel positions are implicitly applied by the interpolation

of boundary and ghost cells. For rigid boundaries, the ghost point is specified

with normal velocity vG = −vB and its normal gradient as vx,G = −vx,B to

enforce the zero normal velocity condition. The tangential velocity is specified

as uG = UB and its gradient as uy,G = −uy,B. The displacement of the vibrating

panel is assumed to be smaller than the offset δ of the solution point AB, and

hence its normal velocity vG can be approximated by:

vG − ẇn

δ + wn
=
ẇn − vB
δ − wn

. (2.55)

The derivatives of vG and pG in the normal direction are similar to the derivatives
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at the fluid-panel interface and can be written as:

py,G = −ρBẅn, (2.56)

By first order finite difference approximation, it can be written as:

pG = PB − 2δpy,G, (2.57)

vy,G =
vB − vG

2δ

All the flow variables in the ghost cell for isothermal panel are evaluated by:

uG = uB, ux,G = ux,B, uy,G = −uy,B, (2.58)

vG = ẇn +
δ + wn

δ − wn
(ẇn − vB), vx,G = vx,B, vy,G =

vB − vG
2δ

,

pG = pB − 2δρBẅ
n, px,G = px,B, py,G = ρBẅ

2.

The fluid domain and panel share the same mesh and all the panel solution

points are located adjacent to solution points of fluid domain as shown in Figure.

2.8. To approximate the fourth-order spatial derivative by second-order central

difference scheme there should be four adjacent points for each solution point.

However, the solution points are not enough at the boundaries n = 1 and n′, where

n′ is the total number of solution points of the panel. Therefore, additional ghost

points are included at each panel end as n = −1 and n = n′+2; and two boundary

nodes as n = 0 and n = n′ + 1. Boundary conditions such as pinned or clamped

are applied at the edges. For the pinned-pinned condition, the displacement and

bending moment are set as zero at the boundary nodes, such that:

w0,j = wn
′+1,j = w0,j

xx = wn
′+1,j
xx = 0. (2.59)

Hence,

w−1,j = −w1,j, wn
′+2,j = −wn′,j. (2.60)

For clamped-clamped condition, the boundary conditions are defined as:

w0,j = wn
′+1,j = w0,j

x = wn
′+1,j
x = 0. (2.61)
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Hence,

w−1,j = w1,j, wn
′+2,j = wn

′,j. (2.62)

By applying the Taylor series expansion, the second-order spatial deriva-

tives are written as:

w1,j
xx =

1

∆x2

(
−4w1,j +

4

3
w2,j

)
, wn

′,j
xx =

1

∆x2

(
−4wn

′,j +
4

3
wn
′−1,j

)
, (2.63)

and the fourth-order spatial derivatives are written as:

w1,j
xxxx =

1

∆x4

(
C ′w1,j − 8w2,j +

8

5
w3,j

)
, (2.64)

w2,j
xxxx =

1

∆x4

(
−8w1,j + 8w2,j +

24

5
w3,j +

8

7
w4,j

)
,

wn
′,j
xxxx =

1

∆x4

(
C ′wn

′,j − 8wn
′−1,j +

8

5
wn
′−2,j

)
,

wn
′−1,j
xxxx =

1

∆x4

(
−8wn

′,j + 8wn
′−1,j − 24

5
wn
′−2,j +

8

7
wn
′−3,j

)
.

where C ′ = 16 for pinned-pinned condition and C ′ = 32 for clamped-clamped

condition.

2.4 Aeroacoustic-Structural Coupling

The nonlinear coupling between flow fluctuation and panel structural dynamics

is resolved with a monolithic scheme developed by Fan et al. (2018a). In mono-

lithic approach, all the physical domains are included in the governing equations

by their reformulation and then discretized to solve all domains simultaneously.

Hence, the scheme treats the fluid/panel system as a single entity and includes

the effects of panel dynamics in an extra source term in the CE/SE numerical

model which is then solved with a Newton iteration method with much faster

convergence than the conventional partitioned approach. The approach provides

unconditional stability due to inherent coupling which ensures the time accurate

solutions (Greenshields and Weller 2005). The monolithic coupling scheme has
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been successfully implemented to analyze the fluid-structural interactions in a

Newtonian incompressible fluid where the flow and structure are discretized by

finite element method and a matrix is formed based on the linearized coupled

equations (Rugonyi and Bathe 2001). Also, the coupling scheme is fully val-

idated with a series of benchmark aeroacoustic-structural interaction problems

and is proven to accurately resolve aeroacoustic-structural coupling of various

complexity (Fan et al. 2018a, 2015). Only a brief detail of its mathematical

formulation is presented in this section.

Consider the stresses experienced by two small control volumes of fluid

above and below the elastic panel segment as shown in Figure 2.9. The unde-

flected initial height of each control volume is defined by δ and l(t) is the height

of the control volume due to panel vibration with time. The subscripts a and b

denote the variables above and below the panel respectively. The stress σ gen-

erated from the fluid-panel interface affects the fluid momentum in the normal

direction. Hence, these effects are included as a source term Q on the right hand

side of Equation 2.1 as:

∂U

∂t
+
∂ (F− Fv)

∂x
+
∂ (G−Gv)

∂y
= Q, (2.65)

where 
[Q1, Q2, Q3, Q4]

T = −∂p
∂y

[0, 0, 1, v]T , along fluid/panel interface,

0, elsewhere.
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Figure 2.9: Forces balance on control volume.

All the elements ofQ are directly dependent on panel dynamics. The net external

force applied to the panel is:

pex = σpanel,b − σpanel,a =

(
ppanel,b −

M

Re
τyy,b

)
−
(
ppanel,a −

M

Re
τyy,a

)
, (2.66)

Therefore, the panel dynamics equation (Equation 2.43) can be rewritten as:

SEP
∂4w

∂x4
− (TEP +NEP)

∂2w

∂x2
+ ρEPhEP

∂2w

∂t2
+ CEP

∂w

∂t
+KEPw =(

ppanel,b −
M

Re
τyy,b

)
−
(
ppanel,a −

M

Re
τyy,a

)
. (2.67)
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The source term Q in Equation 2.65 is a function of the solution vector U and

therefore it cannot be solved directly. Hence, Newton’s method with an iterative

procedure is used to solve U (Loh 2005). The term ∂U/∂t in Equation 2.65 can

be defined as:

∂U

∂t
= Q−H ′, (2.68)

where

H ′ =
∂(F − F v)

∂x
+
∂(G−Gv)

∂y
.

For the solution time marching at the j-th time step, the solution vector can be

evaluated by approximating ∂U/∂t = ∆U/∆t:

∂U

∂t
= Q−H ′, (2.69)

The local homogeneous solution UH when Q = 0 is used to eliminate H ′. The

Equation 2.69 can be written as:

U j −∆tQ(U j)−U j,H = Φ(U j) = 0 (2.70)

The solution U j of this implicit equation is solved using Newton’s method as

shown in Figure 2.10 by iterating the equation:

U j,k+1 = U j,k −
(
∂Φ

∂U

)−1
Φ(U j,k) (2.71)

where k is the iteration index and ∂Φ/∂U is the Jacobian matrix which is defined

as:

∂Φ

∂U
= I −

[
∆t

(
Q+

∂Q

∂U

)
+U j,H −U j−1

]
(2.72)

At the j-th time step, the homogeneous solutionU j,H is evaluated by aeroacoustic

model and then substituted in Equation 2.71 to start the iteration. The iteration

52



2.4. Aeroacoustic-Structural Coupling

is progressed until the relative error between the two successive iterations satisfies

the convergence criteria of 10−10.

Figure 2.10: Newton’s method iterative procedure.

In order to evaluate Q and ∂Q
∂U

in Equation 2.72, the pressure above and

underneath the panel and the pressure gradients are determined from the panel

dynamics and expressed in terms of U as presented in detail by Fan (2018).
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2.5. Perturbation Evolution Method (PEM)

2.5 Perturbation Evolution Method (PEM)

The present study is aimed at utilizing fluid-structure interactions of an elastic

panel mounted on the surface of airfoil for tonal noise reduction. The proposed

approach aims to leverage flow energy absorption phenomenon with an elastic

panel so as to greatly suppress the boundary layer flow unsteadiness before their

eventual scattering as noise. Subsequently, the aeroacoustic feedback loop is

weakened and the airfoil tonal noise is thus reduced. Essentially there are two

advantages with the proposed approach. Firstly, although the panel is set to

vibrate under the fluid loading, its vibration displacement should be small as

compared to the airfoil chord given the comparatively weak flow fluctuation am-

plitudes than those reported in Luk et al. (2004). This would lead to a weak

distortion of streamlines locally around the elastic panel which results in a very

weak modification of pressure distribution around the airfoil. Secondly, the panel

acts to absorb flow fluctuation energy using a reactive mechanism rather than a

dissipative one so the airfoil skin friction drag is effectively not affected. As such

the proposed approach would be able to reduce airfoil tonal noise yet it does not

penalize airfoil aerodynamic performance. However, there is a potential drawback

with their approach. Leung and So (2001) carried out a detailed numerical study

of flow-induced vibration of vortex-airfoil system and their results showed that

an elastic airfoil in aerodynamic or structural resonance may radiate loud loading

noise. There is a possibility that whilst the elastic panel in structural resonance

is absorbing energy from boundary layer flow fluctuations, its own flow-induced

vibration might radiate overwhelming loading noise with a level comparable to, or

even higher than, that of original airfoil tonal noise, so that an overall noise am-

plification rather than reduction is achieved. This suggests the necessity of careful

panel design in adopting the proposed ideas for airfoil tonal noise mitigation.

In principle, the feasibility of an elastic panel design for noise reduction can
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be explored in detail with high-fidelity DAS (e.g. Lam et al. 2014a, Desquesnes

et al. 2007) or such sophisticated experimental techniques as in Arcondoulis et al.

(2019). However, it is too prohibitive in extensive deployment of resources and

time to search for an optimal design with these approaches within the vast design

space of multiple panel physical parameters. Therefore, it is deemed essential to

develop an alternate approach which allows much quicker panel design iterations

with inputs of reasonable approximation of key noise production physics. Hence,

a reduced-order linearized model, namely perturbation evolution method (PEM),

is developed to explore the potential of elastic panel configurations in tonal noise

reduction requiring much shorter computational time and resources. For PEM,

an infinitesimal perturbation in the flow field is introduced near the point of

interest (for e.g. leading edge of the airfoil in the present study). The introduced

perturbation excites a range of frequencies at low amplitude and the response

of this perturbation on the boundary layer is monitored. For a convectively

stable flow the disturbance dies down while convecting downstream; whereas for

a convectively unstable flow, the disturbance would lead to growing instabilities

while convecting downstream (Huerre and Monkewitz 1990). Hence, PEM can

be effectively utilized to analyze the convective boundary layer instabilities in the

present study which eventually leads to tonal noise generation due to its scattering

at the airfoil trailing edge. Furthermore, the method may also be employed in

other aeroacoustic studies such as cavity flows etc. Details of the methodology

and its implementation are given in the forthcoming sections.

2.5.1 Methodology

The proposed methodology is entirely based on the analysis of evolution of intro-

duced weak perturbation but it is initiated with information available from DAS

solution of rigid airfoil. The required information includes the base flow obtained
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from time-averaging the DAS time-stationary solution and the flow characteristics

of rigid airfoil. The former is taken as the base flow input for perturbation evo-

lution method whereas the latter helps set the physical and material parameters

for the design of elastic panel as well as its location. Numerical results show that

a typical calculation with PEM for an airfoil with elastic panel takes only 10% of

the computational time required for its corresponding full DAS calculation. The

time saving allows design iteration within the multiple panel parameters space for

optimal noise reduction in a much quicker manner. Once determined, the opti-

mal panel design can then be incorporated into DAS calculation, or experimental

study, for ascertaining the actual effectiveness of noise reduction.

The method originates from the basis of linear stability analysis which

is widely used to study boundary layer transition phenomenon and provides an

effective way to describe hydrodynamic stability responses over base shear flows

qualitatively and quantitatively (Mack 1975, Huerre and Monkewitz 1990, Reed

et al. 1996). Understanding the characteristics of a disturbance evolution is vital

in analyzing the physical phenomenon in fluid mechanics. The stability analysis

methods also rely on the same aspects where the evolution of disturbance and its

interaction with different flow features is studied to uncover key physical mecha-

nisms. Since the present study involves the analysis of boundary layer instabilities

over the airfoil and its scattering at the trailing edge and related noise genera-

tion, the study of disturbances within the boundary layer and their evolution

becomes critical. If the boundary layer is convectively stable, the disturbance

would decay and there would be no further interaction of the disturbance with

the trailing edge. On the other hand, if the boundary layer is convectively unsta-

ble, the disturbance would grow while convecting downstream and interact with

the trailing edge. Although the classical linear stability analysis approach shows

success in many studies of boundary layer transition and/or separation (Drazin
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and Reid 2004, Theofilis 2003, Huerre and Monkewitz 1990), its requirement of a

quasi-parallel incompressible steady base flow makes its application to the present

study of airfoil tonal noise generation problem largely impractical. Jones et al.

(2010) attempted to circumvent this limitation with an alternative numerical ap-

proach. This approach embraces essentially the same sense of classical linear

stability analysis but it is applicable for compressible flow problems with non-

parallel base flow. On similar lines, the flow stability characteristics by solving

the compressible N-S equations directly with additional forcing terms are studied.

The forcing terms are carefully prescribed so that in absence of any introduced

perturbation, the time steadiness of the initial condition (i.e. the base flow) can

be guaranteed over a long time marching of the numerical solution. The analysis

is started after introducing a weak flow perturbation into the steady non-parallel

compressible base flow and the subsequent flow perturbation responses and in-

teractions are evolved with time marching of the forced equation. The calculated

flow characteristics are able to delineate the role of separation bubble dynamics

in airfoil tonal noise generation and subsequent acoustic feedback (Jones et al.

2010, Fosas de Pando et al. 2014). Recently, Unnikrishnan and Gaitonde (2016)

developed a method which is capable of analyzing the effect of small perturbation

propagation through complex unsteady turbulent flows. Their proposed method

is based on two simultaneous large-eddy simulations denoted by ‘baseline’ and

‘twin’. At each time step, a small perturbation is introduced into the twin and

the difference between the baseline and twin simulations is evaluated to study

the effect of perturbation on the turbulent flow characteristics.

It must be borne in mind that a proper choice of the base flow is of critical

importance to the successful application of the approach (Jones and Sandberg

2011). Some of the earlier researchers utilized velocity profile and Hartree profile

as the initial base flow for the stability analysis (Fink 1978, Tam 1974, Archibald
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1975). However, the selection of these base flows suffer from inaccuracies in the

solution due to presence of adverse pressure gradients or flow separation. Another

choice of base flow is to utilize the origin of flow from where the unsteadiness

develops. This type of base flow can yield accurate growth rates but it suffers from

significant deviation from the developed flow (Barkley 2006). One of the most

common choices of base flow is to utilize the time-averaged flow once the solution

is statistically periodic/stable. This approach has been successfully implemented

by a number of researchers and has proven to yield much accurate results whilst

capturing correct flow physics (Jones and Sandberg 2011, Fosas de Pando et al.

2014). Hence, the time-averaged flow solution of the rigid airfoil obtained from

DAS is utilized as the base flow for PEM. Further details on the selection, setting,

and validation of base flow are presented in Chapter 4.

2.5.2 Mathematical Formulation

Choosing the airfoil chord, free-stream density, and free-stream velocity as refer-

ence parameters, the normalized compressible N-S equations in two dimensions

with a constant forcing term S may be written in strong conservative form as:

∂U

∂t
+
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y
= S (2.73)

Given a base flow for Equation 2.73, an infinitesimal perturbation is introduced to

start the PEM calculation. Every flux variable in the equation can be expressed

as a combination of a steady part and a fluctuating part, e.g:

U (x, y, t) = U base(x, y) +U ′(x, y, t) (2.74)

Taking the forcing term derived as spatial gradients of the base flow, Equation
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2.73 becomes:

∂(U base +U ′)

∂t
+

(
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y

)
base

+

(
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y

)′
= S =

(
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y

)
base

. (2.75)

Assuming no modification to the flow field to maintain the initial condition as a

reference state, the behavior of small perturbations introduced to the solution of

Equation 2.75 can be traced to illustrate stability behaviors. The final form of

equation with small perturbations can be written as:

∂ (U base +U ′)

∂t
+

(
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y

)′
= 0. (2.76)

If the base flow is applied as an initial condition, then the right hand side of

Equation 2.75 becomes the source term. Hence, the base flow can be considered

as steady:

∂U base/∂t = 0. (2.77)

Substituting Equation 2.77 in Equation 2.76, the mathematical formulation can

be written as:

∂U ′

∂t
+

(
∂(F − Fv)

∂x
+
∂(G−Gv)

∂y

)′
= 0. (2.78)

Note that the homogeneous Equation 2.78 has the same mathematical structure

of the full nonlinear N-S equations for ordinary DAS calculation (Lam et al.

2014b) but all the primitive variables are replaced by their perturbations in the

flux variables. Similar to DAS calculation, its solution should properly capture

the nonlinear evolution and interactions of all flow perturbation, including acous-

tic disturbances, over a prescribed base flow. Therefore, the same numerical

framework is adopted for solving Equation 2.78 due to its proven capability of

resolving correctly the coupling between the scale disparate unsteady aerody-

namics and acoustics of complex airfoil (Lam and Leung 2018). This capability
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is particularly important in the PEM employed in the present study. As seen in

Chapter 4, it allows to capture the nonlinear interaction associated with airfoil

aeroacoustic feedback loop even though the analysis is initiated with an imposed

perturbation with amplitude orders of magnitude weaker.

2.5.3 Coupling of PEM with CE/SE Method

Once the mathematical formulation of PEM is developed, it is important to couple

the PEM with CE/SE method. By rearranging Equation 2.73, it can be written

as:

∂U

∂t
+

(
∂(F − Fv)

∂x
−
(
∂F − Fv

∂x

)
base

)
+

(
∂(G−Gv)

∂y
−
(
∂G−Gv

∂y

)
base

)
= 0

(2.79)

By integrating the CE, the equation can be written as:

∫ ∫
∂U

∂t
dV +

∫ ∫ (
∂(F − Fv)

∂x
−
(
∂F − Fv

∂x

)
base

)
dV+(

∂(G−Gv)

∂y
−
(
∂G−Gv

∂y

)
base

)
dV = 0 (2.80)

Applying the Gauss Law to Equation 2.80, it becomes:

∫
CE

Ud−→st +

∫
CE

((F − F v)− (F − F v)base)d
−→sx+∫

CE

((G−Gv)− (G−Gv)base)d
−→sy = 0 (2.81)

where d−→st , d−→st and d−→st are the unit vectors along the t, x and y axes respectively.

Equation 2.81 can be further simplified by applying the definition of perturbation

as X ′ = X(t)−Xbase. Hence, Equation 2.81 can be written as:

∫
CE

Ud−→st +

∫
CE

((F − F v)
′ +

∫
CE

((G−Gv)
′ = 0 (2.82)
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which fully restores the original form of CE/SE method (Lam et al. 2014a, Chang

et al. 1999).

2.5.4 Perturbations

In principle, a PEM calculation is started with an introduction of a weak per-

turbation into the steady flow and the evolution of the perturbation is analyzed

for determining the flow stability characteristics. For the designed approach in

the present study, two types of weak perturbations are utilized. The first type is

the weak Gaussian perturbation which is a divergence-free localized perturbation

(Fosas de Pando et al. 2014) and is defined by:

u (x, y) = −
A

ρbase (x, y)

(y − y0)
r

exp

− (x− x0)2 + (y − y0)2

r2

 ,

v (x, y) =
A

ρbase (x, y)

(x− x0)
r

exp

− (x− x0)2 + (y − y0)2

r2

 ,

(2.83)

where A and r are the amplitude and radius of perturbation respectively. It is

important to identify the appropriate perturbation amplitude and its location

at the initial phase. A high amplitude perturbation may completely distort the

flow and may also invalidate the linearized flow theory. Also, the location of

perturbation should be carefully selected such that it interacts with the evolving

boundary layer to study its stability characteristics. Hence, for the present study,

a weak perturbation with a small amplitude of 10−5 is introduced just above the

airfoil surface which can generate a weak disturbance over the airfoil surface and

convects towards the trailing edge.

The second type of perturbation utilized in the present study is the broad-

band acoustic excitation which can effectively produce weak perturbations within

the flow continuously. Such excitation also mimics the continuous excitation ex-
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perienced in actual flow past airfoil (Jones et al. 2010). The broadband acoustic

excitation function may be defined as,

p′inc = pA

100∑
n=1

sin(2πtfexc,n + φn), (2.84)

where pA is pressure amplitude which is constant to a wide range of frequen-

cies fexc,n ranging from 0.1 to 10 with a uniform spacing of ∆fexc,n = 0.1, and

uniformly random phase φn.

A test case is performed to analyze the evolution of perturbation and an-

alyze the flow characteristics over the rigid airfoil. A Gaussian perturbation of

very small amplitude of 10−5 is chosen which does not alter the overall flow char-

acteristics. The perturbation is introduced close to the airfoil suction surface at

a location (x, y) = (0.35, 0.07). The snapshots of transverse velocity fluctuations

v′ flow field with a time interval of dt = 0.2 are shown in Figures 2.11 and 2.12.

At t = 0, the perturbation strikes the suction surface of the airfoil and a weak

wavepacket is generated. At t = 0.2, the wavepacket grows in strength and con-

vects in downstream direction with the flow. From t = 0.4− 0.6 the wavepacket

further travels downstream with growing amplitude with a similar phenomenon

as observed by Fosas de Pando et al. (2014) and Jones et al. (2010). At t = 0.8

the wavepacket reaches the trailing edge and the flow scattering takes place. As

a result, the upstream travelling waves are generated. The upstream waves inter-

acts with the suction surface and a new wavepacket is generated again at t = 1.0.

It is important to note that the generation of this new wavepacket is due to the

self-sustained feedback loop forming between the trailing edge and the point of

growth of instabilities within the boundary layer on the suction surface. From

t = 1.2 − 1.8 (Figure 2.12), the new wavepacket again convects from the airfoil

suction surface towards the trailing edge with a much higher amplitude than the

preceding wavepacket. Subsequently, a new wavepacket is formed at t = 2.0 with

higher amplitude and starts to travel towards the airfoil trailing edge at t = 2.2.
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The process continues with time marching where the wavepackets with regular

intervals are generated and convected towards the trailing edge of the airfoil with

increasing amplitude. The PEM with a Gaussian perturbation shows that the

process can effectively capture the hydrodynamic instabilities within the bound-

ary layer and subsequent acoustic propagation and boundary layer receptivity to

acoustic disturbances.

Although the application of Gaussian perturbation is able to clearly de-

pict the hydrodynamic insatiabilities within the boundary layer and the acoustic

propagation from airfoil trailing edge, it is subjected to some limitations with

respect to the application of elastic panel. As the wavepackets are generated

with regular intervals, the panel is not able to vibrate continuously to sustain its

dynamics and absorb the flow energy, hence, broadband acoustic perturbation is

utilized for the panel design in this research. Further details on the application

of PEM are discussed in Chapter 4.

2.6 Conclusions

A detailed description on the numerical methods along with their mathemat-

ical formulation has been presented in this chapter. The 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,

DAS approach is utilized for its capability to resolve the coupling between the un-

steady airfoil aerodynamic and acoustic solutions with high accuracy. To solve the

unsteady compressible N-S equations, CE/SE method is adopted. The nonlinear

coupling between flow fluctuation and panel structural dynamics is resolved with

a monolithic scheme. Lastly, details on the methodology and implementation

strategy of PEM is discussed along with a test case. All these numerical meth-

63



2.6. Conclusions

Figure 2.11: Evolution of weak Gaussian perturbation over the airfoil from t =

0− 1.0.

64



2.6. Conclusions

Figure 2.12: Evolution of weak Gaussian perturbation over the airfoil from t =

1.2− 2.2.
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ods would be applied in subsequent chapters to achieve the research objective of

airfoil tonal noise reduction.
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Chapter 3

Direct Aeroacoustic Simulation

of Rigid Airfoil

3.1 Introduction

This chapter forms an important part of the present study as it would establish

the framework of the study and help in building up the rationale for the proposed

approach. The chapter is divided into two major parts. In the first part, details

of the numerical setup including airfoil selection, preparation of computational

domain, generation of grid, and grid independence study are presented. The

results are compared with the literature to validate the methodology. In the

second part of this chapter, DAS analysis of rigid airfoil is carried out and a

comprehensive aerodynamic and acoustic analysis is presented. DAS analysis

would also help in setting up the base flow for PEM analysis. Hence, the analysis

of rigid airfoil would build a solid foundation of this research which is utilized

throughout the research.
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3.2 Problem Formulation and Numerical Method

3.2.1 Airfoil Selection

The present study is primarily based on the low Re flows where a laminar bound-

ary layer is formed over a two-dimensional airfoil (i.e. Re < 105). Hence, the

airfoil selection is quite important as it could directly affect the aerodynamic

nature of the flow even in low Re flows. Therefore a NACA 0012 airfoil is cho-

sen due to its wide adoption in many practical applications and vast amount of

available literature (Desquesnes et al. 2007, Jones et al. 2010, Kim et al. 2011,

Pröbsting et al. 2015, Di Ilio et al. 2018). NACA 0012 is one of the most com-

monly used symmetric airfoil for low Re flows; hence, the proposed approach of

employing elastic panel on the airfoil could easily be implemented in practical

situations. Furthermore, due to easy availability of aerodynamic and acoustics

data for NACA 0012 in literature, the results of rigid airfoil could be easily val-

idated as it would serve as a base flow for PEM. The NACA 0012 airfoil profile

is generated by using the airfoil coordinates database of the University of Illinois

at Urbana-Champaign (UICC) (Selig 2016) and shown in Figure 3.1. A total

of 4000 points are used to generate the smooth airfoil profile with unity chord

length.

Figure 3.1: NACA 0012 airfoil profile.
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3.2.2 Computational Setup

The present study aims to propose a method for airfoil tonal noise reduction, it

is preferable to select the laminar flow condition which is responsible for tonal

noise generation (Desquesnes et al. 2007, Arcondoulis et al. 2018, Jones 2008).

Hence, a low freestream Re of 5× 104 is chosen where the boundary layer tends

to be laminar for the NACA 0012 airfoil (Jones et al. 2010). The selection of flow

incidence angle also plays a critical role as a very low AoA can result in com-

plex flow interaction among the pressure and suction sides of the airfoil (Fosas de

Pando et al. 2014, Arcondoulis et al. 2019). On the other hand, a high AoA may

result in strong flow separation on both surfaces of the airfoil and may even lead

to stall. Hence, a nominal AoA of 5° is chosen for the initial part of the study.

In the later part of the study (Chapter 7), numerical investigations at different

flow AoAs are also carried out and presented. The choice of freestream Mach

number M requires careful deliberations as it is directly related to the control of

CFL number for solution convergence. A lower M will lead to higher speed of

sound and would require a much smaller interval of time step size for the control

of CFL number which ultimately leads to higher computational time. On the

other hand, a choice of too high M may not be experimentally replicated and

may cause the flow to become locally transonic. Keeping in view the aforemen-

tioned considerations, a freestream Mach number of 0.4 is selected as a balance

to minimize compressibility effects while maintaining CFL ≤ 1. The choice of

flow conditions follows the work of Jones et al. (2010) which would also provide a

baseline for comparison of rigid airfoil aerodynamics and acoustics for validation

of the present numerical scheme. For the cases with elastic panel, the panel is

flush-mounted on the suction surface of the airfoil where both the ends of the

panel are simply supported.

The selection of computational domain plays a vital role in numerical anal-
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ysis. A relatively small computational domain could constrain the flow around the

airfoil and even distort the acoustic characteristics due to numerical reflections

with the boundaries whereas a large computational domain would certainly re-

quire much higher computational resources. The domain size for the present study

is carefully chosen based on the knowledge of the NACA 0012 airfoil characteris-

tics at low Re number (Desquesnes et al. 2007, Jones et al. 2008, Pröbsting et al.

2015). The convective wavelengths of the hydrodynamic disturbances λconv at the

frequencies of interest for the selected flow conditions are ascertained based on

the available literature (Arcondoulis et al. 2019, Pröbsting and Yarusevych 2015,

Jones 2008). In order to ensure that the length of the domain is large enough for

the wake structures to grow, saturate and dissipate, the domain length is chosen

in a manner that it allows at least 20 wave cycles of lowest frequency of interest

to pass through the domain. Furthermore, the upstream and downstream lengths

around the airfoil are set comparable to the works of Jones (2008). Hence, a two-

dimensional rectangular computational domain with a total length of 9.5 times

airfoil chord and height of 9 chord lengths is generated for the present study.

A buffer zone of width 1.5 surrounding the physical domain is set to eliminate

any possible erroneous numerical reflection. The airfoil is located with its lead-

ing edge at (x, y) = (0, 0) which is located at two chord lengths downstream of

physical domain and its trailing edge is located at (x, y) = (1, 0). A length of 5

chord is maintained at the downstream of trailing edge so that the airfoil wake is

fully developed (Desquesnes et al. 2007, Jones et al. 2010). An upstream length

of 3.5 chord is maintained to allow the propagation of upstream acoustic waves

smoothly without any erroneous reflections. A schematic of the computational

domain is shown in Figure 3.2. The dimensions shown are all made dimension-

less with airfoil chord chosen as the reference length (i.e. L̂0=ĉ). For the case

of airfoil with elastic panel, the panel is flush-mounted on the surface of the
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airfoil as shown in the small inset in Figure 3.2. All domain boundaries adopt

non-reflecting boundary condition (Lam et al. 2014a) except the left and bottom

boundaries which are defined by inlet boundary condition. All solid surfaces in-

cluding the elastic panel are prescribed with no-slip boundary condition using

near-wall approach described in Lam et al. (2014a). The boundary conditions

in CE/SE method are based on a ghost-element approach. Ghost elements are

created by mirroring of boundary elements along the boundaries as defined in

Chapter 2.

Figure 3.2: Schematic sketch of the computational domain.

For every calculation reported, the solution is initially progressed with

a time step size ∆t of 1 × 10−5 up till a non-dimensional time t ∼ 180 so as

to guarantee a time stationary state is achieved. The solution is then further

time marched for a non-dimensional time episode of t = 20 for aerodynamic and

acoustic analyses. A typical time history of pressure variation at a location (x, y)
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Figure 3.3: A typical time history of pressure at (x, y) = (0.5, 3) for rigid airfoil

case at M = 0.4, Re = 5× 104 and AoA = 5°.

= (0.5, 3) for the rigid airfoil case at M = 0.4, Re = 5 × 104 and AoA = 5° is

shown in Figure 3.3. The small inset in the figure shows the time episode t = 20

of data collection for analysis. The calculations are carried out in University

Research Facility in Big Data Analytics (UBDA) of The Hong Kong Polytechnic

University which facilitates parallel processing with 494 CPU cores for a total

of approximately 80,000 CPU hours for each case. To analyze the acoustical

characteristics required in the present study, 180 virtual probes are placed all

around the airfoil with azimuthal increment dθ = 2° at radius r = 2 and 3

respectively (Figure 3.4). Furthermore, 4000 virtual probes have been placed

over the airfoil within the boundary layer along suction and pressure surfaces

respectively to analyze the airfoil hydrodynamic behavior.
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Figure 3.4: Distribution of virtual probes around the airfoil trailing edge.
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Table 3.1: Mesh size around airfoil for different grids

Grid
Mesh Size Mesh Parameters

wle hle wte hte wfar/hfar Nsuction Noffset Nwake Total Mesh

G1 5.5× 10−4 5.5× 10−4 40× 10−4 5.5× 10−4 1× 10−2 800 51 1020 4.84× 106

G2 5.0× 10−4 5.5× 10−4 9.0× 10−4 5.0× 10−4 1× 10−2 2000 63 1400 6.52× 106

G3 4.5× 10−4 5.0× 10−4 7.5× 10−4 4.7× 10−4 1× 10−2 2300 74 1500 7.20× 106

3.2.3 Grid Generation

For the present study, three different computational meshes, namely G1, G2 and

G3, have been generated and evaluated to study the mesh dependence and nu-

merical convergence. The mesh size around airfoil leading edge, trailing edge, and

near wake (Figures 3.6(a)-(c)) are given special considerations for guaranteeing

sufficient resolution for resolving the boundary layer evolution and subsequent

acoustic propagation. Grid G2 is generated by refinement of G1 whereas G3 is

generated by further refinement of G2. The resolution from G1 to G3 is refined

by almost four times near the airfoil surface. The number of mesh elements along

the airfoil surface, airfoil wake, and amount of layers within an offset of 0.05 from

airfoil surface denoted by Nsuction, Noffset0.05 and Nwake respectively and other

key locations are listed in Table 3.1 (Figure 3.6(d)). Also, the details of selected

parameters for the complete domain for each grid are listed in Table 3.2. In the

application of CE/SE method, a quadrangle mesh element is split into four tri-

angles using diagonal cross-division (Lam et al. 2014a). Hence the total size of

the mesh is four times the original quadrangle mesh size. A schematic sketch of

the generated mesh for G2 is shown in Figure 3.5.
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Figure 3.5: Schematic sketch of the computational domain for G2.

Figure 3.6: Definition of mesh parameters.
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Table 3.2: Mesh parameters for the complete domain for different grids (mini-

mum mesh size/maximum mesh size)

Grid
Physical domain Buffer

x < −1 -1 ≤ x ≤ 2 x > 2 |y| > 0.3 -0.3 ≤ y ≤ 0.3 x, y

G1 0.01 / 0.02 0.001 / 0.008 0.008 / 0.01 0.005 / 0.02 0.0007 / 0.008 0.02 / 0.1

G2 0.008 / 0.009 0.0005 / 0.005 0.005 / 0.008 0.005 / 0.01 0.0005 / 0.005 0.01 / 0.1

G3 0.007 / 0.008 0.0004 / 0.005 0.004 / 0.007 0.004 / 0.01 0.0004 / 0.005 0.008 / 0.1

3.3 Direct Aeroacoustic Simulation of Rigid Air-

foil

DAS for rigid airfoil (RS) is initially carried out for the selected flow conditions of

M = 0.4, Re = 5×104 and AoA = 5°. A grid independence study is also performed

for the selection of optimum mesh size and the results of numerical scheme are

validated with the available literature. The important flow field and acoustic fea-

tures such as boundary layer separation/reattachment, near wake characteristics,

tonal noise spectra, and acoustic feedback loop are also evaluated for the RS case.

Essentially there are three major objectives of carrying out the rigid airfoil anal-

ysis at the initial stage. Firstly, it would help in validation of the CE/SE method

in resolving the interaction between flow field dynamics and acoustics effectively.

Secondly, it would help in ascertaining important flow field and acoustic features

such as boundary layer separation/reattachment, near wake characteristics, tonal

noise spectra, and acoustic feedback loop. These characteristics would help in

the subsequent design of elastic panel. Lastly, the time-averaged solution of RS

would be later used in setting up the base flow for PEM.
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3.3.1 Time-Averaged Aerodynamics

Aerodynamic characteristics of RS, based on time-averaged solution extracted

over a period of thirty cycles of airfoil lift and drag fluctuations from time sta-

tionary solution, is evaluated to analyze flow characteristics over the airfoil surface

including LSB. The coefficients of lift CL and drag CD are calculated by integrat-

ing the pressure and shear forces acting over the airfoil surface in their respective

directions. For the said purpose, the results are evaluated over 4000 different

points on the airfoil and are subsequently integrated to evaluate the normal cn

and axial ca forces by using the following formulation (Anderson Jr 2011):

cn =
1

c

[∫ c

0

(Cp,l − Cp,u) dx+

∫ c

0

(
Cf,u

dyu
dx

+ Cf,l
dyl
dx

)
dx]

]
(3.1)

ca =
1

c

[∫ c

0

(
Cp,u

dyu
dx
− Cp,l

dyl
dx

)
dx+

∫ c

0

(Cf,u + Cf,l) dx

]
(3.2)

where Cp is the pressure coefficient, Cf is the skin friction coefficient, subscripts

u and l denote upper and lower surfaces of the airfoil respectively. Subsequently,

the CL and CD are evaluated by:

CL = cn cos(AoA)− ca sin(AoA) (3.3)

CD = cn sin(AoA)− ca sin(AoA) (3.4)

Figure 3.7 shows the calculated coefficient of lift CL and drag CD respectively

for all three grids. For brevity, only a time episode of 0 < t < 3 is shown. It

is observed that the numerical solutions from G2 and G3 are almost identical

and the results appear independent of grid size for these two grid configurations.

However, a significant deviation in the numerical results is observed for G1. For

G2 and G3, the magnitude of CL and CD periodically fluctuate with ranges of
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0.46-0.51 and 0.015-0.020 respectively, whereas for G1, the magnitude of CL and

CD fluctuates within 0.465-0.515 and 0.0145-0.021 respectively. Table 3.3 presents

a summary of the calculated time-averaged aerodynamic parameters for all three

grids along with its comparison with the available numerical and experimental

studies (Jones 2008, Arcondoulis et al. 2013). It is important to note that the

flow conditions of the experimental study carried out by Arcondoulis et al. (2013)

slightly varies from the current study where a very low M of only 0.03 was

considered in the experimental work as compared to M of 0.4. The aerodynamic

results clearly indicate that the solutions from G2 and G3 yield almost identical

values and are in excellent agreement with literature; whereas a slight deviation

is observed for G1. Therefore, a refined grid G2 with a total quadrangular mesh

size of 6.52×106 is selected for the present study for its best compromise between

accuracy and optimum requirement of computational resources. Hence. further

analysis in this thesis would be presented for G2 only.

Figure 3.8(a) shows the time-averaged pressure coefficient Cp over the

suction and pressure surfaces of airfoil. On the suction 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 transition 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 trailing

edge. Cp on the pressure surface decreases smoothly from the airfoil leading

edge up to x ∼ 0.3 and increases slowly up till the airfoil trailing edge. The

coefficient of friction Cf distribution over the airfoil suction surface is shown in

Figure 3.8(b). The separation and reattachment point can be identified where Cf

crosses zero. The boundary layer separation occurs at x ∼ 0.18 and reattaches

at x ∼ 0.585 which shows strong agreement with Jones et al. (2008) as shown in

Table 3.3. A laminar separation bubble of a length 0.4 is observed at the selected
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Figure 3.7: Coefficient of lift and drag for different grids. - - - , G1; - - - , G2;

and - - - , G3.
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Table 3.3: Time-averaged aerodynamic parameters

Case CL,mean CD,mean fdominant xsep xreatt

Grid G1 0.4857 0.0183 3.31 0.21 0.601

Grid G2 0.4855 0.0185 3.37 0.18 0.585

Grid G3 0.4855 0.0185 3.37 0.18 0.585

Jones et al. (2008) 0.490 0.0201 3.37 0.151 0.582

Arcondoulis et al. (2013) - - 3.62 0.190 -

flow conditions whereas no boundary layer separation on the pressure surface is

observed.

Figures 3.9 and 3.10 show the time-averaged flow field variables for the

rigid airfoil. The small inset shows the close-up view around the airfoil. The

flow field plots obtained from high-fidelity DAS help in identifying the key aero-

dynamic features around the airfoil such as flow separation/reattachment points,

stagnation point at the airfoil leading edge, laminar separation bubble and airfoil

wake. The high pressure region indicating the stagnation point can be identified

around the airfoil leading edge in Figures 3.10(a) and (b) which is followed by

a low pressure region over the suction surface of the airfoil. The flow velocity

accelerates in this region and the flow separation occurs due to adverse pressure

gradient as observed in Figures 3.9(a) and (b). The flow again reattaches at a

downstream location on the airfoil surface and the vortex shedding over the airfoil

surface produces a prominent wake region which is asymmetric due to the flow

incidence of AoA = 5°.

The characteristics of the boundary layer separation/reattachment and
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Figure 3.8: Distribution of (a) time-averaged Cp; and (b) time-averaged Cf

around rigid airfoil. —, suction surface; —, pressure surface.
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Figure 3.9: Time-averaged flow field. (a) u and (b) v.
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Figure 3.10: Time-averaged flow field. (a) p and (b) ρ.
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Figure 3.11: (a) Velocity streamlines over the airfoil surface; and (b) closeup

view of airfoil suction surface indicating flow separation and

reattachment points.

the separation bubble are further investigated in detail. Figure 3.11(a) shows

the time-averaged velocity field along with streamlines around the rigid airfoil.

The flow separation, reattachment, and separation bubble over the airfoil suc-

tion surface can be clearly observed along with the recirculation region prior to

flow reattachment point. The flow behavior is further investigated by closeup

view of the airfoil in Figure 3.11(b) to identify the flow separation and reattach-

ment locations indicated by ‘S’ and ‘R’ respectively. The laminar boundary layer

separation point occurs at x ∼ 0.18 and a separation bubble is formed. The

boundary layer instabilities start to grow within the separation bubble and the

flow reattachment occurs at x ∼ 0.58 as also observed in Figure 3.8(b). The

nature of growth of boundary layer instabilities within the separation bubble and

its evolution is further explored in subsequent sections.

Figures 3.12 (a) and (b) show the flow field distributions of u′rms and

v′rms respectively for the rigid airfoil. It is observed that the prominent velocity
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fluctuations start to emerge over the airfoil suction surface within the separation

bubble which indicates the presence of strong flow instabilities in this region.

These instabilities further grow in amplitude in the form of vortices and convect

downstream towards the airfoil trailing edge and wake region. The presence

of these instabilities within the airfoil boundary layer and the resulting vortex

shedding over the airfoil trailing edge have found to be responsible for airfoil

noise generation in a number of studies (Desquesnes et al. 2007, Jones et al.

2008, Arcondoulis et al. 2018). To further investigate the contribution of flow

fluctuations and their subsequent effect on additional momentum fluxes in the

flow, Reynolds stress (|u′v′|/U2
∞) is evaluated for the rigid airfoil case as shown

in Figure 3.13. It is observed that the magnitude of fluctuations over the airfoil

suction surface starts to increase at the rear end of separation bubble. The

presence of high magnitude of Reynolds stress is attributed to the vortex shedding

induced by the flow instabilities within the separation bubble (Genç et al. 2020).

The magnitude of fluctuation further increases continuously towards the airfoil

trailing edge and subsequently in the airfoil wake.

3.3.2 Unsteady Airfoil Aerodynamics

The frequency spectrum of transverse velocity fluctuations over the airfoil suction

surface within the boundary layer is shown in Figure 3.14. In essence, the time

traces of flow fluctuation at every location is captured along a contour well close

parallel to airfoil suction surface. Every time trace is then processed through

Fast Fourier Transform (FFT) to obtain its spectrum from which the charac-

teristic frequencies and amplitudes of flow fluctuation are identified and deter-

mined. Spectrum is obtained by performing FFT based on the time history of

non-dimensional time t = 10 with a sampling frequency of 1× 105 for fine resolu-

tion. A Hamming window with no data overlapping is applied in the transform.
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Figure 3.12: Flow field distribution of velocity fluctuations over rigid airfoil.

(a) u′rms and (b) v′rms.

Figure 3.13: Reynolds stress distribution over the rigid airfoil.
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In Figure 3.14(a), the FFT spectrum reveals that the natural airfoil boundary

layer growth is dominated by the fundamental frequency (fbl)0 = 3.37 along with

its first and second harmonics observed at (fbl)1 = 6.67 and (fbl)2 = 10.0 re-

spectively. It is interesting to note that the magnitude of velocity fluctuations

becomes observable from x ∼ 0.4 up to the airfoil trailing edge which indicates

the presence of significant boundary layer instabilities. The magnitude of fluctua-

tions observed at (fbl)0 is much higher than its (fbl)1 and (fbl)2 except at x = 0.7

where the fluctuation magnitudes at all dominant frequencies are comparable.

The observed fundamental frequency (fbl)0 of the airfoil boundary layer growth

over the suction surface is also similar to the study of Jones et al. (2008) and

Arcondoulis et al. (2013) (Table 3.3).

To further investigate the flow behavior within the boundary layer over

the suction surface, its natural stability characteristics are analyzed at (fbl)0 and

(fbl)1 by extracting the amplitudes of v′ from the FFT spectrum (Figure 3.14(a))

at the particular frequencies. Figure 3.14(b) shows the amplitudes of velocity

fluctuations v
′

at both frequencies which start to increase at x ≥ 0.27 and grow

within 0.4 ≤ x ≤ 0.45. The amplitude of (fbl)0 grows remarkably to reach its

plateau of 0.043 at x ∼ 0.5, stays there up till x ∼ 0.57, then drops rapidly to

a dip at x ∼ 0.65, and eventually grows mildly again. The amplitude of (fbl)1

appears to grow in a more gradual fashion and fluctuates mildly around a value

of 0.0125 beyond x ∼ 0.57. It is interesting to see that the region for drastic sta-

bility amplification, i.e. 0.27 ≤ x ≤ 0.57, is coincident with the emergence of the

separation bubble on the airfoil suction surface. Such observation is consistent

with the previous instability wave analysis by solving Orr-Sommerfeld equation

(Jones et al. 2008).

Figures 3.15(a) and (b) show the FFT spectra of CL and CD, obtained

for a time episode of t = 20 with a sampling frequency of 1 × 105. The FFT
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Figure 3.14: (a) Distribution of spectrum of transverse velocity fluctuations

v′ along the airfoil. (b) Spatial growth of flow instability over

the airfoil suction surface at (fbl)0 and (fbl)1. The horizontal red

dashed-dot lines in (a) indicate the (fbl)n, n = 1, 2, 3 and the verti-

cal blue dashed lines in (b) indicate the boundary layer separation

and reattachment points.88
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plots clearly indicate a dominant frequency of 3.37 and its higher harmonics as

observed in Figure 3.14(a).

Figure 3.15: FFT spectra of (a) CL and (b) CD.

According to Lighthill’s acoustic analogy (Lighthill 1954), 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 the vortical

structures over the airfoil trailing edge into the wake generally creates discrete

tones (Ffowcs Williams and Hall 1970, Crighton and Leppington 1971). Hence, it

is essential to visualize the flow field sequence of vortex shedding over the airfoil

to investigate the noise generation mechanism. Figure 3.16 show snapshots of

the flow evolution within one lift cycle (peak to peak) for a non-dimensional time
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t/Td = 0− 1.08, where the period Td = 1/ (fbl)0. The unsteady flow exhibits the

emergence of vortices from the separated shear layer on airfoil suction surface and

its subsequent passage over the trailing edge of airfoil into the wake. The evolution

of three vortices on the suction surface can be clearly observed. At the peak of

the lift cycle (t/Td = 0), the formation of vortex starts at x ∼ 0.58 just at the

onset of boundary layer reattachment point whereas the second and third vortices

are already present at x ∼ 0.8 and x ∼ 0.98 on the suction surface. The vortices

convect downstream with each time increment towards the airfoil trailing edge

and subsequently detaches from airfoil surface to pair up with vortices from the

pressure surface which induces counter-rotating vortex pair with strong transverse

flow fluctuations (t/Td = 0.54). The process of vortex formation at x ∼ 0.58

begins again and a cycle is completed by t/Td = 1.08 which corresponds to the

peak of lift cycle.

3.3.3 Airfoil Acoustics

To analyze the noise generation mechanism, instantaneous fluctuating pressure

field defined by p′ (x, t) = p (x, t)− pmean (x) is plotted within one lift cycle (peak

to peak) for a non-dimensional time t/Tdominant = 0−1.08 with equal intervals as

shown in Figure 3.17. Mean pressure pmean is evaluated by averaging the pressure

over the non-dimensional time t = 10. Positive p′ (red color) shows compression

whereas negative p′ (blue color) shows refractions of acoustic disturbances. The

pressure fluctuations induced by the flow scattering at the trailing edge propagates

in the radial direction and a discrete tone is observed. The scattering mechanism

is mathematically explained by Crighton and Leppington (1971) where the sharp

airfoil trailing provides singularity in a low-frequency limit of wave equations.

Since the noise sources are mainly localized in the trailing edge and near-wake

region, the acoustic plot can be utilized to track the propagation of waves from
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Figure 3.16: Instantaneous vorticity distribution on rigid airfoil.

91



3.3. Direct Aeroacoustic Simulation of Rigid Airfoil

airfoil wake to far field and upstream location of flow (Tam and Ju 2012). The

plots reveal that the instabilities start to grow within the separation bubble on

the suction surface and become highly unstable near the trailing edge and near

wake region. These instabilities interact with the trailing edge and result in

the scattering of acoustic waves. The airfoil wake is characterized by a row of

vortices in a staggered fashion. It is also observed that the near wake vortices

motion is asymmetric due to the current flow condition of AoA = 5°. Hence,

the distribution of the acoustic waves is not uniform in all directions as most of

the waves are spread towards the forward half plane. A phase difference of 180°

can be observed between the suction and pressure surface over the airfoil. At the

peak of the lift cycle (t/Td = 0), the instantaneous acoustic field has a completely

opposite phase to the lowest point in lift fluctuation at t/Td = 0.54 and the cycle

repeats with equal intervals. The formation and spreading of the wavefronts at

an upstream location on airfoil indicate the presence of feedback loop as well.
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Figure 3.17: Instantaneous acoustic fluctuation p′ .

93



3.3. Direct Aeroacoustic Simulation of Rigid Airfoil

To further analyze the acoustic propagation, azimuth plots of time-averaged

pressure distributions for rigid airfoil at a radius of two and three airfoil chord

lengths are plotted in Figure 3.18 and compared with the solution by Jones

et al. (2008). The strong aerodynamic fluctuations inside the airfoil wake (i.e.

θ = ±30°) dominate to mask out the acoustic fluctuations (Figure 3.17); thus,

the data in this sector is not shown. A good agreement can be observed between

the directivity pattern obtained from the present study and Jones et al. (2008)

which further validates the numerical methodology. Only a slight deviation of

0.4% is observed at an azimuth location of θ ∼ 120° for both radii.

Figure 3.18: Azimuth plot of time-averaged p/p∞ at (a) r = 2 and (b) r = 3.

—, rigid airfoil; —, Jones et al. (2008).

Figure 3.19 shows the time history of pressure fluctuations p′ at r = 3

for different azimuth locations for a time episode of t = 180 − 190. The p′ plot

at all locations shows a uniform periodic behavior with different magnitudes.

Interestingly, a difference in the magnitudes of p′ at similar downstream locations

above and below the airfoil, i.e. θ = 45° and 315° is observed which indicates

different extent of acoustic radiation by the airfoil at these locations. On the other

hand, the magnitudes of p′ at a similar upstream location above and below the
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airfoil (θ = 135° and 225°) is found to be similar. The noise radiation pattern of

the rigid airfoil is further explored in Figure 3.21(b) in the subsequent paragraph.

Figure 3.20 shows the FFT spectrum of p′ at r = 3 for the same azimuth

locations of Figure 3.19. The FFT plots indicate a dominant frequency peak at

3.37 along with its higher harmonics at 6.67 and 10 at all these locations. The

frequency content observed at these azimuth locations coincide with the frequency

content of the boundary layer instabilities over the airfoil surface which indicates

a direct effect of the flow instabilities on the acoustic radiation for the current

flow condition.

Frequency spectrum of pressure fluctuations p′ all around the airfoil at r

= 3 is carried out to obtain the acoustic spectral directivity as shown in Figure

3.21(a). A full-length time history of 20 calculation time and a sampling frequency

of 1 × 105 is selected for fine resolution. A Hamming window with no data

overlapping is applied to p′. Strong contribution in acoustic waves generation

can be observed at the fundamental frequency of 3.37 which corresponds to the

fundamental frequency within the boundary layer (fbl)0 (Figure 3.21(a)). The

magnitude of fluctuations decreases as the frequency further increases up till 6.67

where a mild contribution to acoustics can be observed. The spectral content

varies with azimuth location as well. The second and third quadrant contains the

strongest and richest spectral content for both fundamental frequency and its first

harmonics. The first and fourth quadrant are comparatively quiet with most of

the contribution coming from the dominant frequency of 3.37 only. The observed

spectral map indicates that the fundamental frequency of naturally growing flow

instabilities within the boundary layer and vortex shedding which scatters at the

trailing edge is the dominant acoustic source for the current configuration.

Figures 3.21(b) shows the azimuthal directivity of acoustic p′rms evaluated

at r = 3 from trailing edge. The acoustic solution within the sector θ = ±30° is
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Figure 3.19: Time history of pressure fluctuations at different azimuth loca-

tions. (a) θ = 45°, (b) θ = 135°, (c) θ = 225° and (d) θ = 315°.

The horizontal red dashed lines indicate maximum and minimum

values.
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Figure 3.20: FFT spectra of p′ at r = 3 for different azimuth locations. (a)

θ = 45°, (b) θ = 135°, (c) θ = 225° and (d) θ = 315°.
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ignored as the contamination of aerodynamic pressure fluctuations right down-

stream of airfoil trailing edge makes the determination of acoustics there inaccu-

rate. Due to the Doppler effect, the magnitude of sound waves increases in the

upstream direction, whereas the magnitude reduces in the downstream direction

(Crighton 1975). As a result, the directivity pattern of sound waves is affected

and the propagation angle of sound pressure waves is shifted towards upstream.

Hence, the noise radiation patterns in the figures look like dipoles skewed towards

upstream with stronger radiation from the airfoil suction surface than pressure

surface where the strongest radiation goes along θ ∼ 130° and 220° respectively.
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Figure 3.21: (a) Azimuthal spectrum of acoustic fluctuations p′ at r = 3; and

(b) directivity of p′ spectrum at r = 3.
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3.4 Conclusions

In this chapter, a comprehensive detail on the numerical setup including airfoil

profile, domain setup, and grid generation is presented. Grid independence study

is also carried out and the results are compared with the literature for validation

of our numerical scheme (Jones 2008). It is observed that the numerical solutions

from G2 and G3 are almost identical and the results appear independent of grid

size for these two grid configurations. Also, the results obtained from G2 and G3

show excellent agreement with literature (Jones et al. 2008). However, a signif-

icant deviation in the numerical results was observed for G1. Hence, a refined

grid G2 with a total quadrangular mesh size of 6.52 × 106 is selected due to its

best compromise between accuracy and optimum requirement of computational

resources.

In the latter half of this chapter, DAS analysis for rigid airfoil is presented

for NACA 0012 airfoil at flow condition of M = 0.4, AoA = 5°and a low Re =

5×104. The FFT spectrum reveals that the natural airfoil boundary layer growth

is dominated by the fundamental frequency (fbl)0 = 3.37 along with its first

and second harmonics observed (fbl)1 = 6.67 and (fbl)2 = 10.0 respectively with

much lower magnitudes. The flow behavior within the boundary layer over the

suction surface at the fundamental frequency of natural instabilities (fbl)0 shows

interesting characteristics which would help in design of elastic panel for tonal

noise reduction in the following chapters. Furthermore, the noise generation

mechanism is analyzed in detail where the unsteady hydrodynamic flow over the

airfoil exhibits the emergence of vortices from the separated shear layer on the

suction surface and its subsequent passage over the trailing edge of airfoil into

the wake which results in generation of discrete tones. The polar FFT spectrum

indicates that the fundamental frequency of naturally growing flow instabilities

within the boundary layer which scatters at the trailing edge is the dominant
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acoustic source for the current configuration.
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Chapter 4

Assessment of Airfoil Tonal Noise

Reduction Potential using

Perturbation Evolution Method

4.1 Introduction

In this chapter, a complete methodology of elastic panel design for airfoil config-

urations is developed and the noise reduction potential with panel is evaluated

using PEM. In principle, the feasibility of an elastic panel design for airfoil tonal

noise reduction can be explored in detail with DAS (e.g. Lam et al. (2014a))

or such sophisticated experimental techniques as in Arcondoulis et al. (2019).

However, it is too prohibitive in extensive deployment of resources and time to

search for an optimal design with these approaches within the vast design space

of multiple panel physical parameters. Therefore, the PEM discussed in Chapter

2 is employed here as it allows much quicker panel design iterations with inputs

of reasonable approximation of key noise production physics. It is worth noting

that the proposed PEM technique takes barely 10% of the computing time of
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DAS. It is a quicker way for studying the variation of the aeroacoustic feedback

loop with various panel designs.

4.1.1 Design of Elastic Panel

As the primary goal of the present study is to design and employ an elastic

panel flush-mounted on airfoil surface for reduction of tonal noise through fluid-

structure interactions, it is imperative to develop a complete panel design method-

ology for the proposed approach that can be applied to any flow condition. The

design of an elastic panel is based on different parameters such as its material,

length, and structural properties; hence, these parameters must be carefully se-

lected to achieve the optimum panel performance in tonal noise reduction. In

the present study, a complete panel design methodology is formulated such that

the proposed approach of utilizing the elastic panel can be applied at any flow

condition.

For the design of an elastic panel, three major characteristics are required

to be ascertained, namely, panel length, its location, and structural properties.

Each of these parameters requires certain flow field knowledge from rigid airfoil

flow characteristics for its selection and are discussed in this section.

4.1.1.1 Panel Location

One of the most important requirements for the implementation of the proposed

approach is to ascertain the panel location over the airfoil suction surface as the

panel is designed to be excited by the growing boundary layer instability convect-

ing over it in such a way that the flow perturbation energy is effectively converted

to sustain panel vibration. In this manner, the flow fluctuation energy can be

expended to sustain panel vibrations which would help in reduction of kinetic

energy of hydrodynamic fluctuations left for ultimate scattering at airfoil trailing
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edge. Hence, the panel location must be set at a location where flow fluctuation

energy is high and helps in panel vibration in the desired modal behavior. The

choice of panel location is aided by the knowledge of flow characteristics of the

natural boundary layer of the rigid airfoil flow which is already evaluated by the

DAS analysis in Chapter 3. The FFT spectrum along a contour well close parallel

to airfoil suction surface determined in Figure 4.1 reveals that the natural airfoil

boundary layer growth is dominated by two frequencies, namely the fundamental

(fbl)0 = 3.37 and the first harmonic (fbl)1 = 6.67. The distribution of the ampli-

tudes of velocity fluctuation v
′

at (fbl)0 and (fbl)1 along airfoil chord is shown in

Figure 4.1. Both amplitudes start to increase at x ≥ 0.27 and grow within 0.4 ≤

x ≤ 0.45. The amplitude of (fbl)0 grows remarkably to reach its plateau of 0.0425

at x ∼ 0.5, stays there up till x ∼ 0.57, then drops rapidly to a dip at x ∼ 0.65,

and eventually grows mildly again. The amplitude of (fbl)1 appears to grow in a

more gradual fashion and fluctuates mildly around a value of 0.0125 beyond x ∼

0.57.

Based on the spatial growth characteristics of the flow instabilities within

the boundary layer over the suction surface of airfoil, three different panel lo-

cations are selected. The first configuration EP1 is designed with an elastic

panel located at 40% chord on airfoil suction surface corresponding to the rapid

growth of instability within boundary layer. In the second configuration EP2,

the elastic panel is placed at 45% chord location corresponding to fully estab-

lished/maximum flow instability, and the last configuration EP3 is designed with

an elastic panel placed at 90% chord near the airfoil trailing edge to study the

feasibility of reducing flow fluctuation energy just before its scattering as airfoil

noise.

104



4.1. Introduction

Figure 4.1: Spatial growth of flow instability with a snapshot of vorticity dis-

tribution. The two blue dashed lines show the extent of separation

bubble. The small figure shows snapshot of the flow.

4.1.1.2 Panel Length

Most of the existing airfoil tonal noise reduction methods are based on geometric

modifications of the airfoil (Geyer et al. 2010, Hansen et al. 2012, Wang et al.

2017b, Wang 2018). As a result, the overall airfoil aerodynamics is also affected

due to these modifications which certainly limit their applicability in real-world

environment. To overcome this limitation, the proposed approach of utilizing an

elastic panel for airfoil tonal noise reduction is aimed to locally absorb the energy

from boundary layer insatiabilities to sustain its vibration without affecting the

overall flow dynamics, such that the airfoil aerodynamic characteristics remain

unaffected. Hence, the length of panel is required to be minimal so that the

radius of curvature over the airfoil suction surface is not affected. Also, Luk et al.

(2004) and Leung and So (2001) observed that the maximum vibration of an
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elastic airfoil can be achieved when the length of chord is set comparable to the

wavelength of oncoming flow excitation. Based on these factors, the length of

panel is set to 5% of chord which is comparable to the length of (fbl)0 amplitude

plateau as observed in Figure 4.1. Furthermore, it is important to make sure that

the mounting of each panel does not distort the airfoil profile locally. Hence, the

offset of each panel from local radii of curvature δEP can be calculated by:

r (x) =

3

√(
1 + (dy/dx)2

)
|d2y/dx2|

(4.1)

where y = y (x) is the NACA 0012 profile. The values of δEP for various panel

designs are evaluated and listed in Table 4.1. It can be observed that the panel

offset is negligible as compared to airfoil chord so that the streamlines of base

flow in proximity of panels can be considered effectively unaltered. A schematic

sketch of the flow problem and locations of elastic panels in various designs are

shown in Figure 4.2.

Figure 4.2: Schematic sketch of the flow problem and the locations of elastic

panels.
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4.1.1.3 Structural Properties

The nonlinear dynamic response of the elastic panel is modeled by solving the

one-dimensional plate equation to the simplest approximation (Dowell 1975). The

normalized governing equation for panel displacement is already presented in

Chapter 2 and can be written as:

SEP
∂4w

∂x4
− (TEP +NEP)

∂2w

∂x2
+ ρEPhEP

∂2w

∂t2
+ CEP

∂w

∂t
+KEPw = pex (4.2)

The panel dynamic equation (Equation (4.2)) is solved by the standard finite

difference method. The nonlinear coupling between flow fluctuation and panel

structural dynamics is resolved with a monolithic scheme developed by Fan et al.

(2018a). In essence, the scheme treats the fluid/panel system as a single entity

and includes the effects of panel dynamics in an extra source term in the CE/SE

numerical model which is then solved with a Newton iteration method.

The natural frequencies of a strongly coupled structure–fluid system are

dependent on the bounded/unbounded fluid loading. For the type of short elastic

panel considered in this study, the structural wavenumber is higher than acoustic

wavenumber, so the fluid would exert an inertial loading on the structure. As a

result, the natural frequency of the panel would be slightly lower than its in-vacuo

value (Fahy and Gardonio 2007). The panel natural frequency fEP for normal

mode should include the effect of added mass (Dugundji et al. 1963). The in-

vacuo natural frequency f of a rectangular elastic panel fixed from both ends can

be calculated by:

f(n,m) =
aEP
2

√( n
L1

)2
+
(m
L2

)2
, (4.3)

where L1 and L2 are the panel length and width respectively, whereas n and m

are their respective modes. The speed of transverse waves on the panel aEP can

be defined as:
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4.1. Introduction

aEP =

√
TEP

ρEPhEP
, (4.4)

where TEP is the external tensile stress per unit length. In a two-dimensional flow

problem, the panel with no structural damping and bending stiffness behaves like

a one-dimensional membrane, so Equation 4.4 can be further simplified as:

fn =

(
n

2LEP

)√
TEP

ρEPhEP
(4.5)

The frequency of panel calculated by the above formulation does not cater the

effect of fluid loading on the panel. Therefore, for the calculation of natural

frequency of panel in the presence of flow field (fEP)n, an added mass term is

introduced (Fahy and Gardonio 2007, Dugundji et al. 1963):

(fEP)n =
fn√(

1 + Am

ρEPhEP

) (4.6)

where, Am = (ρ∞LEP/πn) is the added mass per unit length. Equation 4.6 can

be further written in the desired form as:

(fEP)n =
n

2LEP

√
TEP

ρEPhEP

/√
1 +

LEP

πnρEPhEP
(4.7)

Two types of panel structural properties are set. One type is set to make

one of its natural modal frequencies almost the same as the dominant (fbl)0 so that

flow-induced panel resonance is likely to occur (designated with a subscript ’R’).

The resonant panels in this study are designed to resonate at their third natural

mode with the dominant frequency of the natural boundary layer instabilities.

Basically, the panel modal shape does not effect the noise reduction performance;

provided that the resonance condition is achieved. The choice of third mode

in this study is based upon the practical considerations of the panel thickness,
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4.2. PEM Analysis

Table 4.1: Listing of normalized elastic panel parameters. Stainless steel is as-

sumed for material properties.

Case
Geometrical parameters Material properties Panel natural frequency

xEP δEP LEP hEP TEP ρEP (fEP)1 (fEP)2 (fEP)3

N
on

-r
es

on
an

t
p

an
el

EP1NR 0.40 9.2 x 10−5

0.05 0.009 4.023 6367.35
2.6453

(79%)

5.2909

(157%)

7.9366

(236%)

EP2NR 0.45 7.96 x 10−5

EP3NR 0.90 4.51 x 10−5

R
es

on
an

t
p

an
el EP1R 0.40 9.2 x 10−5

0.05 0.009 0.725 6367.35
1.123

(33%)

2.246

(67%)

3.369

(100%)

EP2R 0.45 7.96 x 10−5

EP3R 0.90 4.51 x 10−5

density and tension. The second type of panel is set with any of its natural modal

frequencies distant from any fbl so that panel resonance is avoided (designated

with a subscript ’NR’). The details of all panel parameters set for the present

study are given in Table 4.1.

4.2 PEM Analysis

4.2.1 Base Flow

In the absence of any introduced perturbation U base has to remain unchanged

when it is marched with Equation (2.73) over a long time; otherwise, the solution

will be driven by the evolution of base flow itself due to rapid solution divergence

rather than by the intended evolution of flow instability characteristics. Jones

et al. (2010) attempted different ways of producing base flow solutions for their

stability analysis. They found that the time average of flow solution produced
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4.2. PEM Analysis

by direct simulation of the original problem is a promising choice. The unsteady

solution is fully validated and shown able to accurately reproduce all the key

tonal noise generation features reported in previous numerical studies by means

of compact finite difference calculation (Jones et al. 2008, 2010). For the base

flow in the present study, thirty cycles of the DAS time stationary solution are

taken and averaged in time to produce the base flow solution U base (Figure 4.3(a)

and 4.3(b)). The quality of U base is checked by solving it as initial condition with

Equation (2.78) in the absence of any flow perturbation. The deviation of flow

solution from initial U base at different key locations is shown in Figure 4.3(c).

Very little deviation prevails in the beginning of the calculation which promptly

becomes saturated with a relative numerical error level well below 10−10. This

error level is five orders of magnitude weaker than the introduced excitation am-

plitude and, as shown clearly in subsequent discussions, is around six orders of

magnitude weaker than the PEM solution. Therefore, the U base adopted is con-

sidered to satisfy the requirement ∂U base/∂t ∼ 0 effectively.
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4.2. PEM Analysis

Figure 4.3: Steady base flow of RS case. (a) Distribution of total velocity. (b)

Distribution of pressure. (c) Relative error of pressure from initial

flow solution at (x, y) = (0.4, 0.07), (0,0) and (0,1).

4.2.2 Perturbation

As discussed in Chapter 2, the prescription of weak perturbation for initiating

the evolution of flow instability requires careful consideration in PEM. Jones

et al. (2010) applied local periodic volume forcing within the airfoil boundary

layer. Alternatively, Fosas de Pando et al. (2014) made use of an artificial weak

divergence-free Gaussian perturbation released at an upstream location very close
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4.2. PEM Analysis

to the airfoil as the external excitation. Both ways allowed the artificial pertur-

bation to convect freely with the evolution of numerical solution to hit the airfoil

leading edge and produce the actual flow perturbations required for subsequent

analysis.

A similar method is adopted by introducing a weak Gaussian perturbation

near the airfoil leading edge for PEM analysis as described in Chapter 2. The evo-

lution of flow instability in terms of velocity fluctuation v′ over the panel within

the airfoil suction surface boundary layer is shown in Figure 4.4(a). The perturba-

tion initiates a wavepacket due to flow instabilities and is convected downstream

until it reaches the trailing edge of airfoil where it scatters as acoustic waves.

The acoustic wave propagates upstream, hits the separation point and produces

a stronger second wavepacket with an interval (Figure 4.4(a)). It is important

to realize that this wavepacket is triggered by the receptivity of boundary layer

to free-stream disturbances originated downstream. It is stronger than the first

one produced by the perturbation and subsequently scatters a stronger acous-

tic wave back to separation point to close the aeroacoustic feedback loop. The

feedback loop continues and generates subsequent wavepackets with regular in-

terval as shown in Figure 4.4(a) which is similar to the phenomenon observed by

Jones et al. (2010). However, the panel must vibrate continuously to effectively

absorb flow fluctuation energy. Therefore, it is imperative that the panel vibra-

tion follows the designed criteria and sustains the vibration in designated mode.

It is observed that the panel vibration is favourable and effective for the time

interval (A) when the wavepacket convects over the airfoil. However, the panel

motion almost vanishes during the time interval (B) between the generation of

next wavepacket due to feedback loop (Figure 4.4(b)). Whilst the perturbation

is able to induce the occurrence of the aeroacoustic feedback loop as reported in

previous studies, it is only able to induce the panel to give a vibration in every
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cycle of feedback rather than sustaining a continuous vibration throughout the

entire feedback loop process. Hence, excitation by a Gaussian perturbation could

not be utilized in the present situation.

Figure 4.4: PEM analysis excited by a Gaussian perturbation. (a) Evolution

of transverse velocity fluctuations v′ over panel. (b) Snapshots of

panel displacements at maximum v′ during intervals A and B. A

thin red line is drawn at y=0 for reference.
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The method is changed to utilize broadband acoustic excitation in the

PEM analysis which can effectively produce weak perturbations within the flow

continuously. Such excitation also mimics the continuous excitation experienced

in actual flow past airfoil (Jones et al. 2010). The broadband acoustic excitation

function is defined as:

p′inc = pA

100∑
n=1

sin(2πtfexc,n + φn), (4.8)

where pA is pressure amplitude which is constant to wide range of frequencies

fexc,n ranging from 0.1 to 10 with a uniform spacing of ∆fexc,n = 0.1, and ran-

dom phase φn. A weak excitation of pA = 10−5 is introduced near the leading

edge of airfoil at a location (x, y) = (−0.015,−0.01) to generate weak artificial

perturbations. When the acoustic excitation interacts with leading edge of airfoil,

a downstream travelling wavepacket over the airfoil suction surface is generated.

As a result of broadband nature of excitation, it would excite a number of panel

natural modal frequencies. However, at the dominant frequency of naturally

evolving boundary layer disturbance on airfoil suction surface the flow-induced

structural resonance may occur and the panel would respond accordingly. The nu-

merical results show that the selected artificial disturbance is able to maintain its

localized flow perturbation properties well during solution time marching. The

feasibility of the use of broadband excitation for PEM analysis in the present

study is discussed in next section.

4.3 Verification of Proposed Methodology

The effect of elastic panel in each EP case is explored from a comparison of its nu-

merical results with those obtained from its reference calculation with the panel

replaced by the original rigid airfoil profile. The latter is labeled as RS. Before
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4.3. Verification of Proposed Methodology

starting the comparison it is important to check if the PEM for RS case is able to

reproduce the key physical processes responsible for tonal noise generation. The

evolution of flow instability is analyzed in terms of the instantaneous snapshots

of distribution of velocity fluctuation v′ with a time interval dt = 0.2 as shown

in Figure 4.5. At t = 0, the perturbation strikes the suction surface of the airfoil

and a weak wavepacket is generated. The introduced excitation perturbation is

convected following a streamline of base flow and initiates a wavepacket triggered

by the local inflectional velocity profiles of the base flow. The wavepacket is found

to possess similar characteristics of T-S waves as observed in laminar boundary

layers over a flat plate (Ruban 1984). The wavepackets further convect towards

airfoil trailing edge with increasing magnitude and ultimately scatters to acoustic

wave radiating away from surface and pressure sides of the airfoil. The acoustic

wave propagates upstream, hits the separation point again and produces another

wavepacket. It is important to realize that this wavepacket is triggered by the

receptivity of boundary layer to free-stream disturbances originated downstream.

The flow instabilities and acoustic wave appear continuously with the repetition

of aeroacoustic feedback loops. These observations are consistent with those re-

ported in previous studies calculated with different numerical approaches (Jones

et al. 2010, Fosas de Pando et al. 2014). Unlike the case of PEM with weak Gaus-

sian excitation, the broadband excitation is able to produce weak perturbations

within the flow continuously which allows the panel to sustain its vibration. The

evolution of flow instability clearly indicates that the PEM analysis with broad-

band excitation is able to capture the aeroacoustic feedback loop responsible for

airfoil tonal noise generation correctly and provide a quality reference solution for

illustrating the effects of elastic panel. In fact same aeroacoustic feedback loops

are also observed in the full DAS calculation of the airfoil in the previous chapter.
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4.3. Verification of Proposed Methodology

Figure 4.5: Evolution of aeroacoustic feedback loop illustrated with transverse

velocity fluctuations v′.

Now an elastic panel is readily installed onto airfoil suction surface for

studying its potential for airfoil tonal noise reduction. However, in view of the

rationale of proposed design methodology, a base flow with elastic panel installed

is generally not known a priori as its DAS calculation has not yet been car-

116



4.3. Verification of Proposed Methodology

ried out. To circumvent this difficulty it is proposed to adopt the base flow of

RS case in PEM calculations of airfoil with elastic panel cases. This choice is

based on two assumptions. The first arises from the benefit of the chosen short

panel length. The second arises from the fact that the setting of PEM allows

the elastic panel to be primarily responsive only to the convecting flow instability

and scattered acoustic disturbances whose velocity fluctuation magnitudes are

at least two orders of magnitude weaker than the steady base flow. The panel

vibration response is expected to follow the same order of magnitude so it should

not modify the base flow significantly. It is essential to verify these assumptions

before proceeding to an extensive study of noise reduction with various elastic

panel designs. For this purpose, an additional DAS calculation is carried out

with an arbitrary choice of panel design, (EP1R). Its base flow solution is ob-

tained from averaging the time stationary solution in time for comparison with

RS base flow. Figure 4.6(a) shows the distribution of percentage deviation (i.e.

(EP1R)base - (RS)base / (RS)base) between the total velocity fields of two base flow

solutions. It shows that there is a modification in the proximity of elastic panel

but its deviation is almost two orders of magnitude weaker than the velocity fluc-

tuations obtained from PEM analysis results. No significant difference between

mean flows of RS and EP1R cases is observed. Furthermore, the azimuthal dis-

tributions of acoustic p′rms captured at a radius of three chord lengths (i.e. r

= 3) from trailing edge obtained from PEM and DAS solutions are compared

in Figure 4.7 which shows a good qualitative agreement. The levels of noise

reduction ∆SPLreduction = 20 × log10
(
p′rms,EP/p

′
rms,RS

)
derived from two types

of calculations are found in excellent agreement too (Table 4.2). Therefore, all

these evidences lend strong concrete support to the adoption of RS base flow as

a reasonably good approximation for base flow for PEM calculation of EP cases.

The results also reflect that the proposed methodology is able to correctly predict
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4.3. Verification of Proposed Methodology

Figure 4.6: Relative percentage deviation (= 0.25%) of total velocity between

EP1R and RS base flow determined from DAS solutions.

the trend of noise reduction by the elastic panel in actual flow by virtue of its

capability of capturing the fundamental airfoil tonal noise generation processes

as indicated in early discussions. It is worth noting that for the perturbation evo-

lution method a simulation requires a time marching within 10 non-dimensional

time units with a time step size of 10−5 to reach saturated regime. However, a

typical DAS calculation has to march in time over 160-200 non-dimensional time

units to reach time stationarity. Hence, a significant saving of more than 90% of

actual calculation time is achieved using the PEM.
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4.3. Verification of Proposed Methodology

Figure 4.7: Azimuth distributions of acoustic p′rms for EP1R case. —, from

PEM solution; —-, from DAS solution.

Table 4.2: A comparison of level of noise reduction of EP1R case from PEM and

DAS solutions.

PEM result DAS result

Average ∆SPLreduction 2.10 dB 2.50 dB

Maximum ∆SPLreduction / θmax 2.40 dB / 130° 3.0 dB / 120°
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4.4. Assessment of Noise Reduction by Elastic Panels

4.4 Assessment of Noise Reduction by Elastic

Panels

The focus of the forthcoming discussions is put in the region around the airfoil

trailing edge where the oncoming flow instability scatters into airfoil tonal noise.

Figure 4.8 (first row) shows a comparison of transverse velocity fluctuation v′ of

flow instability captured at x = 0.99 from the solutions of non-resonant EP1NR

and resonant EP1R cases during t = 4-8 where the feedback loop has been es-

tablished already. The flow-induced vibration of elastic panel appears to provide

continuous suppression of flow instability growth. The extent of instability sup-

pression appears strongly dependent on panel structural properties. It is stronger

in case EP1R than that in case EP1NR. This observation provides good support

to the fact that a resonant panel absorbs the flow energy more effectively and

leaves less flow distortion for the scattering at airfoil trailing edge. To further

illustrate this view, a consistent time window of a single wavepacket in each

case is taken and the v′rms values are calculated within this time window of the

particular wavepacket. The calculated v′rms values are listed in Table 4.3. The

percentage loss of energy from the respective RS case is also given together in the

brackets. It is evident that the reduction of flow energy is fairly uniform with a

non-resonant panel but it appears to differ in intensity when a resonant panel is

mounted. The suppressed flow instability should produce less effective scattering

at trailing edge and subsequently lower noise radiation. This inference receives

concrete support from the acoustic solutions shown in Figures 4.9(a) and 4.9(b).

The acoustic solution within the sector |θ| ≤ 30° is ignored as the contamination

of aerodynamic pressure fluctuations downstream of airfoil trailing edge makes

the determination of acoustics inaccurate at these locations. These figures show

that the noise radiation pattern looks like a dipole skewed towards upstream with
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Table 4.3: Effect of the presence of elastic panel on v′rms in EP1, EP2 and EP3

cases.

Location RS EP1NR EP1R EP2NR EP2R EP3NR EP3R

x = 0.8 2.0096 x 10−3
1.6482 x 10−3

(-17.98%)

1.5077 x 10−3

(-24.97%)

1.8330 x 10−3

(-8.78%)

1.7987 x 10−3

(-10.49%)

2.0017 x 10−3

(-0.39%)

1.9705 x 10−3

(-1.94%)

x = 0.9 2.3637 x 10−3
1.9091 x 10−3

(-19.23%)

1.6910 x 10−3

(-28.46%)

2.1919 x 10−3

(-10.23%)}

2.0173 x 10−3

(-14.65%)

2.3259 x 10−3

(-1.60%)

2.3160 x 10−3

(-2.02%)

x = 0.99 4.6241 x 10−3
3.4304 x 10−3

(-25.81%)

2.9992 x 10−3

(-35.13%)

3.9466 x 10−3

(-14.65%)

3.7207 x 10−3

(-19.53%)

4.4486 x 10−3

(-3.79%)

4.4466 x 10−3

(-3.83%)

stronger radiation from airfoil suction surface than from pressure surface. The

strongest radiation goes along θ ∼ 130° and 220° respectively. More noise reduc-

tion toward upstream is observed than downstream. A resonant panel achieves an

average ∆SPLreduction ∼ 2.1 dB around most azimuth locations with a maximum

reduction of ∼ 2.4 dB along θ ∼ 130°. However, a non-resonant panel achieves

an average of ∼ 1.2 dB reduction and its maximum of ∼ 1.5 dB only.

The transverse velocity fluctuations v′ of flow instability for EP2 cases

are shown in Figure 4.8 (second row). Generally similar effects of elastic panel

to EP1 cases can still be observed, but the suppression of flow instability is less

pronounced even though the elastic panel location coincides with the occurrence of

strongest natural boundary layer instability (Figure 4.1). All the flow instability

evolution patterns are very similar to EP1 cases (Figure 4.8). The v′rms values are

evaluated in the same way as for EP1 cases and the results are shown in Table

4.3. They show transfer of flow energy to vibrating panel but their effectiveness

are reduced by half for both non-resonant and resonant panels. The directivity

of noise radiation is similar to EP1 cases (Figure 4.9(c)). Fortunately, there is
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Figure 4.8: Effect of elastic panel on flow instability evolution at 99% chord

location. First row, EP1; second row, EP2; third row, EP3. ——,

with panel; ——, without panel (i.e. RS).
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still noise reduction as observed in Figure 4.9(d). A non-resonant panel achieves

a fairly uniform noise reduction with an average ∆SPLreduction ∼ 0.45 dB around

the airfoil with a maximum reduction of ∼ 0.6 dB but a resonant panel enhances

the noise reduction to ∆SPLreduction ∼ 0.7 dB with a maximum reduction of ∼

0.84 dB.

Figure 4.8 (third row) shows the transverse velocity fluctuations v′ of flow

instability for EP3 cases. In contrast with EP1 and EP2 cases, the EP3 panel

is at a distance of only 0.05 from airfoil trailing edge and the abrupt change of

pressure behind the airfoil trailing edge imposes an irregular growth on the flow

instability. The calculated v′rms values for both resonant and non-resonant cases

are shown in Table 4.3. The directivity of noise radiation and noise reduction are

shown in Figure 4.9(e) and (f). This time the noise radiation gives a different

pattern from EP1 and EP2 cases where the reduction as well as amplification in

pressure fluctuations can be observed. Both resonant and non-resonant panels

provide more or less the same noise reduction pattern with strongest reduction of

around 0.5 dB at θ ∼ 170°. However, regions around θ ∼ 50 - 60°, θ ∼ 120 - 150°

and θ ∼ 180 - 240° shows some noise amplification as well. Hence, it implies that

the location of panel near the trailing edge of airfoil is not effective in suppressing

flow instabilities and can result in noise amplification as well.

4.5 Structural Response of Elastic Panel

The response of elastic panel due to boundary layer instabilities and subsequent

fluid-structure interactions for EP1, EP2 and EP3 are shown in Figure 4.10. A

snapshot at t = 6 is chosen as a reference for all panel configurations based on

the moderate fluctuations at this instance observed in v′rms plots. The design

parameters for resonant panel are set in a manner that flow-induced structural

resonance occurs at the third natural mode as already shown in Table 4.1.
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Figure 4.9: Effect of elastic panel on noise generation. (a), (c) and (e) distri-

bution of p′rms; (b), (d) and (f) ∆SPLreduction. ——, with resonant

panel; ——, with non-resonant panel; - - - -, RS cases.
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It is evident in Figure 4.10(a) that EP1R vibrates at its third natural

mode with stronger amplitude as compared to the first mode for EP1NR. The

fact that EP1R vibrates in the desired third natural mode validates the panel

design methodology to achieve structural resonance in the presence of fluid load-

ing on the panel. Since the panel tension for EP1R is much lower than EP1NR

whose frequency is closest to (fbl)0. It implies that the resonant panel is able

to effectively absorb more energy from the oncoming flow to sustain its reso-

nance condition. The resulting phenomenon helps in the weakening of T-S waves

instabilities within the laminar boundary layer, which ultimately helps in the

reduction of noise level due to trailing edge scattering. Similar features can be

observed for EP2 in Figure 4.10(b). The elastic panel EP2R vibrates at its third

mode as designed but the noise reduction is much weaker than EP1R. Although

the resonant panel allows the transfer of energy from the incoming flow, its ef-

fectiveness is relatively reduced as boundary layer instability is the strongest at

this panel location which is already indicated in Figure 4.1. Hence, it poses an

opportunity for further investigation in design of panel with better characteristics

without inducing other undesired instabilities such as flutter or divergence. Fig-

ure 4.10(c) shows a similar pattern for both EP3R and EP3NR, but there exists

a non-uniformity in panel response in terms of amplitude and mode shape for

both resonant and non-resonant panels. This non-uniform vibrational response

possibly explains the reason for low noise level reduction and even amplification

for both resonant and non-resonant panel configurations at different azimuth lo-

cations as observed in Figure 4.9(f).

Time histories of panel velocity for elastic panels at center location of each

panel are plotted and shown in Figure 4.10 (right column). A time episode of 6-10

time units is chosen for brevity as the panel has sustained sufficient vibrational

velocity during this period. It can be observed that EP1R, EP2R and EP3R have
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much higher vibrational velocities than their non-resonant counterparts. Fur-

thermore, the magnitude of velocity for EP1R is much higher than EP2R and

EP3R. Hence, it is able to absorb much higher energy from the hydrodynamic

instabilities to sustain its vibration than EP2R and EP3R. Also, the vibrational

behavior of all resonant panels is observed to be periodic. Hence, the resonant

panels can sustain the dynamical behavior in their designed mode. Therefore,

it can be easily ascertained that the resonant panels are much better choice for

tonal noise reduction for the present study.

Figure 4.10: Vibratory responses of elastic panels. —–, resonant panel;—–,

non-resonant panel. Left column, snapshots of vibration modes

at t = 6. Right column, time histories of displacements at panel

center.
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4.6 Conclusions

In this chapter, a comprehensive panel design methodology is presented which is

mainly dependant on panel location, length, and its structural properties. Subse-

quently, a numerical analysis technique, namely perturbation evolution method

(PEM) is designed and adopted due to its lower computational resource require-

ment than full direct aeroacoustic simulation (DAS). The airfoil takes a NACA

0012 profile at an AoA of 5° with chord-based Re of 5× 104 and M of 0.4. The

panel is expected to absorb the energy of boundary layer instabilities convect-

ing with airfoil flow by means of its own flow-induced vibration. As such the

flow fluctuation responsible for scattering at airfoil trailing edge as noise and the

subsequent aeroacoustic feedback loop that underlies the sustained tonal noise

radiation are weakened. PEM is adopted for the feasibility study of panel design

due to its lower computational resource requirement than full DAS. The base

flow for PEM is obtained from averaging the time stationary solutions of accom-

panying DAS of same flow with fully rigid airfoil. In order to allow the elastic

panel to set into continuous flow-induced vibration, the analysis is implemented

with a broadband excitation instead of a discrete Gaussian perturbation. PEM

is applied with various panel structural parameters and panel locations and the

resulting potential for reducing airfoil tonal noise is studied. Generally, all elas-

tic panel designs yield varying levels of tonal noise reduction but maintain more

or less the same directivity as the rigid airfoil. It implies that the existence of

an elastic panel does not alter the nature of the aeroacoustic feedback loop but

only modifies its effectiveness at reducing noise. It is found that a panel located

just ahead of the sharp growth of natural boundary layer instability within the

airfoil separation bubble provides the strongest reduction of instabilities that are

responsible for scattering into noise at the airfoil trailing edge and, hence, pro-

vides the most noise reduction among all cases studied. A panel located at the
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plateau in the boundary layer instability amplitude or in the proximity of the

airfoil trailing edge gives a much lower noise reduction. In addition, for a given

panel location, higher noise reduction is achieved when the structural parameters

of the panel are tuned in such a way that its fluid-loaded natural frequency is

coincident with the dominant frequency of the flow fluctuation passing over it.

A resonant panel in the best location is able to yield almost uniform azimuthal

noise reduction of around 2.1 dB, whereas a non-resonant panel at the worst

location gives only 0.5 dB noise reduction. Based on the results of the study,

installation of a flush-mounted elastic panel is proven to be a feasible method

for airfoil tonal noise reduction. Furthermore, the adopted PEM appears to be

a viable tool supporting quick panel design iterations to search for optimal noise

reduction as it takes only around 10% computational time of the corresponding

DAS calculation. The time saving can then be spent on DAS calculation for the

optimal panel design for gaining better understanding of the relevant physics of

noise reduction.
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Chapter 5

Airfoil Tonal Noise Reduction by

Localized Flow-Induced Panel

Vibration

5.1 Introduction

In this chapter, direct aeroacoustic simulation (DAS) of airfoil configurations with

an elastic panel mounted on the airfoil suction surface is presented to uncover

the physical mechanisms responsible for airfoil tonal noise reduction as revealed

by PEM analysis in Chapter 4. PEM analysis indicated that a panel located just

ahead of the sharp growth of boundary layer instability within airfoil separation

bubble provides the strongest reduction of instabilities responsible for noise gen-

eration by its scattering at airfoil trailing edge. Hence, resonant elastic panel

(EP1R) and non-resonant elastic panel (EP1NR) cases are selected for full DAS

calculation to ascertain the effectiveness of the elastic panel in tonal noise reduc-

tion under full realistic flow conditions and its dependence on panel resonance.

The numerical settings and computational setup are kept the same as described
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in Chapter 2 for consistency and comparative analysis. For all calculations, the

solution is initially time-marched to a non-dimensional time of t = 200 with a

time step size ∆t of 1 × 10−5 until the time stationary state is achieved. The

solution is then further proceeded for a time episode of t = 20 for aerodynamic

and acoustic analyses. The calculations are carried out in UBDA of The Hong

Kong Polytechnic University (PolyU) which facilitates parallel processing with

494 CPU cores for a total of approximately 90,000 CPU hours for each case. The

aerodynamic and aeroacoustic performance of airfoil configurations with elastic

panel is presented in this chapter and compared with the corresponding solution

of the rigid airfoil (RS).

5.2 Aerodynamic Analysis

The time-averaged coefficients of friction Cf for RS, EP1R and EP1NR cases are

shown in Figure 5.1. Evidently, the presence of an elastic panel does not result

in any significant change in aerodynamic characteristics of the airfoil. A minor

shift in separation bubble reattachment point is observed in Cf plot for EP1R and

EP1NR cases where the reattachment point for EP1R is observed at x = 0.561

which results in the reduction of length of separation bubble by 3.2% as compared

to RS case. For EP1NR, the reattachment point is observed at x = 0.567 resulting

in a reduction of 2.24%. However, the boundary layer separation point remains

identical for both elastic panels and rigid airfoil cases (i.e. x ∼ 0.18).
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Figure 5.1: Distribution of Cf on airfoil. The highlighted portion indicates the

coverage of elastic panel. - - - -, RS; —–, EP1NR; —–, EP1R.

Figures 5.2(a) to (c) show the streamlines around the airfoil for the time-

averaged solutions of RS, EP1NR and EP1R cases respectively. The flow sep-

aration, reattachment, and LSB over the airfoil suction surface can be clearly

observed in each case along with recirculation region prior to the flow reattach-

ment point. The recirculation region for RS cases is observed to be 3.25% longer

than EP1NR and 4.75% longer than EP1R due to a shift in flow reattachment

locations for the latter cases. This fact is further investigated by closeup view of

the airfoil in Figures 5.2(d) to (f) to identify the change in flow separation and

reattachment locations indicated by ‘S’ and ‘R’ respectively. The flow separation

point is observed to be identical for all three cases whereas the reattachment point

shifted towards upstream location is observed for EP1NR and EP1R resulting in

a shorter LSB as identified in Figure 5.1.
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Figure 5.2: Streamlines over the airfoil surface. (a) RS, (b) EP1NR, (c) EP1R.

Closeup view of airfoil suction surface indicating flow separation

and reattachment points. (d) RS; (e) EP1NR; (f) EP1R.

Figures 5.3(a) to (c) present the time-averaged streamwise velocity pro-

files obtained from the time stationary solutions of RS, EP1NR and EP1R cases
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respectively. The streamwise velocity just after the boundary layer reattachment

at x ∼ 0.6 for the RS case in Figure 5.3(a) shows higher magnitude fluctuations

which further move downstream towards the trailing edge and airfoil wake. For

EP1NR case in Figure 5.3(b), moderate velocity fluctuations can be observed on

the suction surface, whereas, for EP1R case (Figure 5.3(c)), almost no noticeable

fluctuations is observed near the trailing edge or in the wake region. To investi-

gate the flow behavior over the airfoil suction surface, boundary layer profiles for

all cases at different chord locations within 0.2 ≤ x ≤ 0.6 are plotted in Figure

5.4. A location of x = 0.58 is also selected for analysis which is right ahead of

boundary layer reattachment over the airfoil suction surface for RS case. Effect of

flow separation and adverse pressure gradient due to boundary layer separation

at the selected chord locations can be clearly observed near the airfoil surface

in the boundary layer profiles. The profiles for all three cases are similar at x

= 0.2, 0.3 and 0.4 and no significant difference is observed. However, a slight

deviation within the boundary layer profiles of RS, EP1NR and EP1R can be ob-

served at x = 0.5 which shows a less intensive back flow for EP1R as compared

to RS and EP1NR. It is important to note that the elastic panel covers 0.4 ≤ x ≤

0.45 and appears to have reduced some instabilities within the boundary layer.

At x = 0.58, a significant difference between the boundary layer profiles can be

observed. The flow appears to be reattached for EP1R and EP1NR cases with

no adverse pressure gradient and backflow, whereas the flow still appears to be

separated for RS case. This implies that the elastic panel has effectively reduced

the instabilities within the separated flow which results in a slight reduction in

the length of the separation bubble. At x = 0.6, the flow appears to be reattached

for all three cases and no significant deviation is observed.

Time traces of lift and drag coefficients within a time episode of 0 ≤ t ≤ 3

for EP1R, EP1NR and RS are shown in Figure 5.5. A minor deviation is observed
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Figure 5.3: Time-averaged streamwise velocity profile. (a) RS, (b) EP1NR and

(c) EP1R.
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Figure 5.4: Boundary layer profiles at different chord locations. - - - -, RS; —–,

EP1NR; —–, EP1R.
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in lift and drag fluctuations due to the presence of elastic panel which signifies

the objective of not disrupting airfoil aerodynamic performance while achieving

tonal noise reduction. Table 5.1 shows the temporal statistics of aerodynamic

coefficients for all cases. The time-averaged CL,mean for EP1R and EP1NR are

found to be 0.4889 and 0.4874 respectively which is slightly higher than that of

RS case. A slight variation in CD,mean is also observed. Its values for EP1R and

EP1NR are found to be 0.01875 and 0.01871 respectively as compared to 0.0185 for

RS. The dynamic effect of the short elastic panel displacement for airfoil-panel

configurations results in a slight increase in overall airfoil drag due to added

skin friction drag component (Serrano-Galiano et al. 2018). This aspect is also

observed in a number of membrane airfoil studies with much higher increase in

overall drag due to large size of flexible structures (Serrano-Galiano et al. 2018,

Galvao et al. 2006, Gordnier 2009). A deviation of only 0.64% and 0.72% in overall

CL,mean/CD,mean is observed for EP1R and EP1NR cases respectively with respect

to the RS case which implies that the elastic panel configuration has no significant

influence on airfoil aerodynamic performance. Furthermore, a slight difference in

C ′L,rms and C ′D,rms of 0.59% and 1.5% is observed for EP1R respectively, whereas

no difference in C ′L,rms is observed for EP1NR and a difference of 1.03% is observed

in C ′D,rms for EP1NR.
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Table 5.1: Aerodynamic coefficients for RS, EP1NR and EP1R cases. Values in

brackets show the relative changes from RS case.

Case CL,mean CD,mean CL,mean/CD,mean C ′L,rms C ′D,rms

RS 0.4855 0.01850 26.24 0.0167 0.00194

EP1R

0.4889

(+0.7%)

0.01875

(+1.3%)

26.07

(-0.64%)

0.0168

(+0.59%)

0.00197

(+1.5%)

EP1NR

0.4874

(+0.39%)

0.01871

(+1.12%)

26.05

(-0.72%)

0.0167

(0%)

0.00196

(+1.03%)

Figure 5.5: Coefficient of (a) lift CL and (b) drag CD. - - -, RS; —–, EP1NR;

—–, EP1R.
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Figures 5.6 (a) to 5.6(c) show the distribution of u′rms for RS, EP1NR and

EP1R respectively, whereas Figures 5.6 (d) to 5.6(f) show the distribution of v′rms

for RS, EP1NR and EP1R respectively. Prominent velocity fluctuations for all

cases can be observed on the airfoil suction surface within the separation bubble.

These instabilities further convect downstream towards airfoil trailing edge and

airfoil wake region. It is observed that the magnitude of u′rms and v′rms fluctu-

ations are much stronger for RS and EP1NR as compared to EP1R. The plot

indicates that the resonant panel is able to reduce flow instabilities within the

boundary layer over the suction surface. This results in a lower intensity of ve-

locity fluctuations and would possibly cause a lower magnitude of flow scattering

at the trailing edge.

To investigate the contribution of flow fluctuations and its subsequent

effect on additional momentum fluxes in the flow, Reynolds stress (|u′v′|/U2
∞)

is evaluated for all three cases as shown in Figure 5.7. It is observed that the

magnitude of fluctuations for RS case is much higher than EP1NR and EP1R which

indicates the presence of stronger fluctuations within the flow for RS case. For

EP1NR and EP1R cases, the Reynolds stress becomes less intensive and appear

earlier (towards upstream) than RS case due to shrinkage of LSB. It indicates

that the fluctuations in the flow for EP1NR and EP1R are reduced due to panel

vibrations and enhances the flow stability which conforms with the available

literature (Açıkel and Genc 2018, Genç et al. 2020).

The velocity profile at x = 1.05 and -0.2 ≤ y ≤ 0.2 in airfoil near wake is

also investigated for all three cases (Figure 5.8). A significant velocity deficit is

observed for all three cases where a minimum velocity (u/U∞) of 0.34 is observed

for RS case. Furthermore, the wake profile is asymmetric about centerline due to

flow incidence of AoA = 5°. For EP1R, the wake width is significantly reduced

by 22% as compared to RS case due to lower intensity of fluctuations within the
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Figure 5.6: Velocity fluctuations u′rms and v′rms. (a) and (d), RS; (b) and (e),

EP1NR; (c) and (f), EP1R.
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Figure 5.7: Reynolds stress distribution over the airfoil surface. (a) RS, (b)

EP1NR, (c) EP1R.
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Figure 5.8: Velocity profiles in airfoil near wake region at x = 1.05. —–, RS;

—–, EP1NR; —–, EP1R.

boundary layer over the suction surface of the airfoil, whereas for EP1NR the

velocity deficit is reduced by only 10% at y = 0.02.

5.3 Time-Frequency Analysis

The distributions of the amplitudes of velocity fluctuations v′ for both RS and

EP1R at (fbl)0 = 3.37 and (fbl)1 = 6.6 along airfoil chord are compared in Figure

5.9. For RS case, both amplitudes start to increase at x ≥ 0.27 and grow within

0.4 ≤ x ≤ 0.45. The amplitude of (fbl)0 grows remarkably to reach its plateau of

0.043 at x ∼ 0.5, stays there up till x ∼ 0.58, then drops rapidly to a dip at x

∼ 0.65, and eventually grows mildly again. A similar trend is observed for EP1R

and EP1NR where the amplitude at (fbl)0 = 3.37 grows significantly from x ∼ 0.4,

however, the magnitude of velocity fluctuations within 0.45 ≤ x ≤ 0.55 are much

lower and reach its plateau at 0.04 for EP1R and 0.042 for EP1NR. The amplitude
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Figure 5.9: Spatial growth of flow instability over airfoil suction surface. - - - -,

RS; —–, EP1NR; —–, EP1R.

of (fbl)1 appears to grow in a more gradual fashion and fluctuates mildly around

a value of 0.0125 beyond x ∼ 0.57 for all cases. The difference in the magnitude

of EP1R, EP1NR and RS at (fbl)1 = 6.6 is not significant as compared to (fbl)0 =

3.37.

To investigate the effect of an elastic panel on the flow fluctuations, the

percent deviation in the magnitude of transverse velocity fluctuations |v′| at air-

foil suction surface for EP1R and EP1NR with respect to RS at both (fbl)0 and

(fbl)1 are evaluated and shown in Figures 5.10(a) and (b) respectively. The ef-

fect of panel vibration in the reduction of transverse velocity fluctuations within

the boundary layer can be observed for both EP1R and EP1NR. For the resonant

panel, a continuous reduction in velocity fluctuations at (fbl)0 ranging from 5% to

20% is observed from x = 0.4 up till the trailing edge (Figure 5.10(a)). This ob-

servation manifests the fact that the panel has weakened the strength of boundary
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layer instabilities at their emergence at x = 0.4 which results in convection of low

magnitude fluctuations towards the trailing edge and subsequently results in less

flow scattering at the trailing edge. The observed phenomenon would ultimately

result in lower tonal noise generation and would also weaken the strength of the

feedback loop. Two sharp peaks at x = 0.76 and x = 0.87 are also observed pos-

sibly due to the roll-up of vortices with significant strength on the airfoil suction

surface which intensifies the flow fluctuations to some extent. Nonetheless, still

a reduction of ∼ 3% in velocity fluctuations is observed at these locations for the

resonant panel. For the non-resonant panel, the overall trend is similar to the

resonant panel, however, the reduction in fluctuations is less pronounced which

ranges from 5% to 10% from x = 0.4 to 0.8. However, the two sharp peaks at

x = 0.76 and x = 0.87 result in slight amplification of flow instabilities up to 8%

as compared to RS case. An average reduction of 14% in velocity fluctuations at

(fbl)0 is observed for EP1R but an average of only 4% reduction is observed for

EP1NR. It is interesting to note that a slight reduction of 6% is observed from

the leading edge of airfoil up till the panel location at x = 0.4 for both EP1R and

EP1NR which indicates that the panel is able to weaken the magnitude of prop-

agated acoustic scattering all around the airfoil as a result of reduced strength

of feedback loop. The percentage deviation of transverse velocity fluctuations for

EP1R and EP1NR with respect to RS at (fbl)1 is shown in Figure 5.10(b). Simi-

lar effects of panel on flow instabilities are observed for both EP1R and EP1NR;

however, the magnitude of reduction in fluctuations is less pronounced at (fbl)1.

An average reduction of 9% in velocity fluctuations is observed for EP1R whereas

an average of only 3% reduction is observed for EP1NR.

The time histories of transverse velocity fluctuations at different chord lo-

cations for EP1R, EP1NR and RS are plotted in Figure 5.11. At x = 0.3 (Figure

5.11(a)), the magnitude of fluctuations is one order lower than other downstream
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Figure 5.10: Deviation in magnitude of transverse velocity fluctuations |v′| at

airfoil suction surface for EP1R and EP1NR with respect to RS.

(a) (fbl)0=3.37, (b) (fbl)1=6.6. —–, EP1NR; —–, EP1R.
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locations of the airfoil as depicted in Figure 5.9. The overall trend of velocity

fluctuations for all cases is periodic and similar with respect to time which in-

dicates that the panel has no significant impact on the nature of hydrodynamic

flow. The localized flow-induced vibration of the elastic panel appears to provide

continuous suppression of flow instability for instability growth. The extent of

instability suppression is stronger in case EP1R than that in EP1NR. This obser-

vation provides good support to the fact that a resonant panel absorbs the flow

energy more effectively and leaves less flow distortion for the scattering at airfoil

trailing edge as observed at locations near the trailing edge of airfoil in Figures

5.11(c) to 5.11(f). To further investigate the extent of loss of energy for EP1R

and EP1NR, their overall magnitudes of velocity fluctuations are integrated over a

time episode of t = 20 and their percentage deviations from RS case are evaluated

(Figure 5.12). A strong reduction in flow instabilities is evident with resonant

EP1R but only a mild effect comes with non-resonant EP1NR. For EP1R, the de-

viation in velocity fluctuations varies along the suction surface and remains much

less than RS at all locations except at x = 0.82. For EP1NR, both reduction as

well as some amplification in velocity fluctuations are observed at different chord

locations which undermine the overall effectiveness of non-resonant panel. An

average reduction of ∼ 25% is observed for EP1R whereas an average of ∼ 8%

reduction is observed for EP1NR. It is important to note that although the panel

is located at x = 0.4 − 0.45, reduction in velocity fluctuations is also observed

from the leading edge of the airfoil up till the panel location. In this region of the

airfoil, the boundary layer is stable and no instability develops. The velocity fluc-

tuations captured are essentially induced by the upstream propagating acoustic

waves scattered from the airfoil trailing edge. Substantial reduction of acoustic

wave strength by the elastic panel is obvious.
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Figure 5.11: Time history of transverse velocity fluctuations v′. (a) x = 0.3,

(b) x = 0.5, (c) x = 0.7, (d) x = 0.8, (e) x = 0.9 and (f) x = 0.99,

- - - -, RS; —–, EP1NR; —–, EP1R.
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Figure 5.12: Deviation in overall magnitude of transverse velocity fluctuations

v′ at airfoil suction surface for EP1R and EP1NR with respect to

RS. —–, EP1NR; —–, EP1R.

5.4 Airfoil Acoustics

In this section, a detailed analysis on airfoil acoustics for all three cases (RS,

EP1NR and EP1R) is presented. Instantaneous fluctuating pressures p′ for RS,

EP1NR and EP1R at the moment corresponding to CL peak are shown in Figure

5.13. Region of prominent instabilities on the suction surface of airfoil can be

observed for all cases. Subsequently, acoustic waves appear to originate from

the trailing edge and propagate towards the upstream locations of the airfoil.

Although the radiation pattern for all the cases is similar, the magnitude of

fluctuating pressure for EP1R appears to be much less than RS and EP1NR.

Frequency spectra of pressure fluctuations p′ all around the airfoil at a

radius of three chord lengths are calculated for RS, EP1NR and EP1R respectively

to obtain the acoustic spectral directivity as shown in Figure 5.14. A strong

contribution in acoustic wave generation can be observed for all cases at (fbl)0 =

3.37 (Figure 5.14). However, the magnitude of pressure fluctuation at the same

frequency for EP1R is much lower than RS case. For EP1NR, a minor deviation
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Figure 5.13: Instantaneous acoustic fluctuation p′ at the moment of CL peak.

(a) RS, (b) EP1NR and (c) EP1R.

148



5.4. Airfoil Acoustics

in the magnitude can be observed as compared to RS case. The magnitudes of

pressure fluctuations for all cases decrease as the frequency further increases up to

6.6 where a mild contribution to acoustics can be observed. The spectral content

varies with azimuth location as well. The second and third quadrants contain

the strongest and richest spectral content for both fundamental frequency and

its first harmonics. The first and fourth quadrants are comparatively quiet with

most of the contribution coming from the dominant (fbl)0 only. The directivity

spectrum indicates that the panel design and its implementation has not altered

the overall flow behavior and has resulted in significant reduction in acoustic wave

propagation for resonant panel case.

To ascertain the extent of reduction in pressure fluctuations around the

airfoil, the overall magnitude of pressure fluctuations around the airfoil is eval-

uated and integrated at each frequency (Figure 5.15). A reduction of ∼ 24% in

the magnitude of pressure fluctuations at (fbl)0 for EP1R is observed, whereas a

reduction of 11% is observed for EP1NR. Only a slight reduction of 10% and 6%

for EP1R and EP1NR is observed at the first harmonic (fbl)1, whereas a reduction

of 4% and 2% is observed for EP1R and EP1NR at the second (fbl)2 respectively.

The results indicate that although the panel is designed to resonate with the

fundamental frequency of natural boundary layer instability, it is still effective at

its higher harmonics to some extent.

To evaluate the extent of reduction in flow instabilities and effectiveness

of the panel for the current conditions, azimuth plot of pressure fluctuations

at (fbl)0 are evaluated and shown in Figure 5.16. The figure renders concrete

support to the fact that the suppressed flow instability by EP1R and EP1NR

produces less effective flow scattering at trailing edge and subsequently results

in lower noise radiation. The strongest radiation goes along θ ∼ 145° and 240°

respectively. Furthermore, the noise reduction toward upstream is observed to
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Figure 5.14: Azimuthal distributions of acoustic fluctuations p′ spectra at r =

3. (a) RS, (b) EP1NR and (c) EP1R.

150



5.4. Airfoil Acoustics

Figure 5.15: Spectra of overall pressure fluctuations around the airfoil at r = 3.

(a) —–, RS; (b) —–, EP1NR; (c) —–, EP1R.
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be more significant than downstream. An average SPL reduction of 2.5 dB can

be observed for EP1R whereas for EP1NR an average reduction of 1.1 dB can

be observed. For EP1R, a maximum of 3 dB reduction is observed at θ ∼ 120°

whereas a maximum of 1.45 dB reduction is observed for EP1NR along θ ∼ 120°.

The noise reduction for the other two panels EP2R and EP3R are evaluated

at resonance condition only for comparative analysis with EP1R. The analysis

provides a basis to ascertain the effectiveness of the elastic panel located at dif-

ferent chord locations and validate the rationale for designing a resonant elastic

panel which is located just ahead of the sharp growth of boundary layer instabil-

ity within the airfoil separation bubble for tonal noise reduction. Figure 5.17(a)

shows the azimuth plot p′rms for EP1R, EP2R, EP3R and RS. The effect of EP1R

in suppressing the flow fluctuations is much more than EP2R and EP3R. It can

be observed that an elastic panel located near the trailing edge (i.e. EP3R) is not

able to achieve consistent noise reduction and even results in noise amplification

towards the forward half-plane in the second and third quadrant. Figure 5.17(b)

shows the azimuth plot of ∆SPLreduction for all three resonant panels at the fun-

damental frequency of 3.37. An average SPL reduction of 2.5 dB and a maximum

of 3 dB reduction is observed for EP1R, whereas an average SPL reduction of

1.2 dB and a maximum of 1.4 dB is observed for EP2R. For EP3R, some noise

reduction as well as noise amplification is observed at different azimuth locations.

A maximum of only 0.45 dB reduction is observed for EP3R. It is interesting to

note that the extent of noise reduction of EP2R is much similar to non-resonant

panel EP1NR which indicates the strong influence of both panel resonance and its

location in determining the reduction of airfoil tonal noise.
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Figure 5.16: Azimuth distribution of (a) p′rms at r = 3 and (b) SPL reduction

at r = 3. - - - -, RS; —–, EP1NR; —–, EP1R.
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Figure 5.17: (a) Azimuth plot of p′rms at r = 3 and (b) SPL reduction plot at

r = 3. - - - -, RS; —–, EP1R; —–, EP2R; —–, EP3R. The blue

shaded area indicates noise amplification.
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5.5 Panel Dynamics

From the aerodynamic and acoustic analyses, it has been established that the

airfoil with a resonant panel is able to achieve much stronger tonal noise reduction

than its non-resonant counterpart for the current flow conditions. It is essential

to get a better understanding of the dynamics for the resonant panel EP1R. The

time-stationary response of the elastic panel due to boundary layer instabilities

and its subsequent localized flow-induced vibration for EP1R is shown in Figure

5.18. It is evident that EP1R vibrates at its third natural mode (Table 4.1) at all

selected time instances which shows that the panel design correctly captures the

intended structural resonance as discussed in Section 4.1.1. In order to evaluate

the panel modal response, the panel deflections are recorded for a sufficiently long

time and the space-time evolution of panel displacement is presented in Figure

5.19(a). The third panel vibration mode responses are quite discernible and

repeatable at all time instances. The fact that the panel vibrates in the desired

mode implies that the panel is truly compliant to fluctuating flow-induced loading

of oncoming boundary layer instability and is able to absorb its energy effectively

to sustain its resonance condition. Figure 5.19(b) illustrates the phase plane

plot where the panel displacement and velocity of panel center are plotted for

increasing time instances. It clearly indicates that the panel has sustained limit

cycle oscillations (Luk et al. 2004). The deflections are observed to be centered

around the panel equilibrium position (w = 0) which indicates that the panel does

not experience any aeroelastic divergence as reported in the literature (Visbal and

Gordnier 2004). It is also observed that the trajectory starts from the outside of

the cycle and spirals inside where is a limit cycle is reached.

The time histories of the ratio of panel displacement to local boundary

layer thickness (w/δ) at 20%, 40%, 60% and 80% panel length are evaluated and

shown in Figure 5.20. The results confirm that the panel maximum displacement
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Figure 5.18: Vibration response of EP1R. (a) t = 1, (b) t = 2, (c) t = 3, (d)

t = 4, (e) t = 5, and (f) t = 6.
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Figure 5.19: (a) Temporal evolution of panel deflection and (b) phase plane

plot at center of panel.
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is much lower than the maximum boundary layer thickness by a magnitude of

three orders which does not distort the mean flow. A regular pattern of displace-

ment at all panel locations can be observed in Figures 5.20(a), (c), (e) and (g)

which gives rise to a dominant frequency of 3.37 (third mode) as observed in Fig-

ures 5.20(b), (d), (f) and (h). Lower modes of panel natural frequency can also be

observed at 1.12 (first mode) and 2.246 (second mode) in frequency plots at much

lower amplitudes except at 60% panel length where its magnitude of first mode

of panel vibration is comparable to third mode. The uniform periodic vibrational

behavior of the panel indicates that the panel is able to absorb the flow energy to

maintain its motion. The frequency and displacement plots certainly validate the

panel design methodology which is aimed to allow the panel to vibrate in third

mode with resonance condition in the presence of fluid loadings.

5.6 Comparison of DAS and PEM Prediction

As PEM is invoked at the beginning of elastic panel design, it is fruitful and

informative to assess the correctness and accuracy of PEM prediction with the

availability of DAS solution for overall airfoil aeroacoustics with elastic panel.

Figure 5.21 shows a comparison of azimuth distributions of p′rms at (fbl)0 for EP1R.

The p′rms plot obtained from PEM is amplified by a constant factor to make it

comparable with DAS result. The plot shows excellent qualitative agreement

between the noise radiation pattern observed by DAS and PEM. The levels of

noise reduction derived from two types of calculations are found in excellent

agreement too (Table 5.2). These results provide confidence in the proposed

methodology of using PEM to effectively design elastic panel based on a number

of different parameters. The affirmative results also reflect that the PEM can

correctly predict the trend of noise reduction by the elastic panel in actual flow by

virtue of its capability of capturing the fundamental airfoil tonal noise generation
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Figure 5.20: Time histories of panel displacements and their frequency spectra.

(a) and (b) 20%, (c) and (d) 40%, (e) and (f) 60%, (g) and (h)

80% panel length.
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Figure 5.21: Azimuth distribution of p′rms at r = 3 for EP1R case with PEM

and DAS.—-, PEM solution; —–, DAS solution.

processes. It is important to note that the PEM technique takes barely 10% of

the computing time of DAS.

Table 5.2: A comparison of level of noise reduction of EP1R case from PEM and

DAS solutions.

PEM result DAS result

Average ∆SPLreduction 2.10 dB 2.5 dB

Maximum ∆SPLreduction / θmax 2.40 dB / 130° 3.0 dB / 120°
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5.7 Conclusions

A detailed analysis on the airfoil tonal noise reduction using localized flow-induced

vibration of an elastic panel flush-mounted on the suction surface of a NACA 0012

airfoil is presented in this chapter. The idea is fully explored with tonal noise

generation by an airfoil flow condition of M = 0.4, AoA = 5° and a low Re =

5× 104. The elastic panel is designed in such a way that it weakens the unsteady

flow fluctuations within the boundary layer before they scatter as acoustic noise

from trailing edge interactions. From PEM results, it is observed that a panel

located just ahead of the sharp growth of boundary layer instability within the

airfoil separation bubble (EP1) provides the strongest reduction of instabilities

responsible for noise generation by its scattering at airfoil trailing edge. Hence,

resonant (EP1R) and non-resonant (EP1NR) panel configurations for this panel

are selected for full direct aeroacoustic simulation (DAS) calculations to analyze

their effectiveness of the elastic panel in tonal noise reduction.

A comprehensive aerodynamic and acoustic analysis is performed with

DAS numerical results to evaluate the panel effectiveness in actual flow condi-

tions. With regard to aerodynamic analysis, boundary layer profiles of the fully

rigid airfoil (RS) and EP1 cases indicate that the elastic panels are able to effec-

tively reduce the instabilities within the separated flow which results in a slight

reduction in the length of the separation bubble by 3.2% for the resonant panel.

The presence of the elastic panel results in a negligibly small change in aerody-

namic characteristics of the airfoil which is evident by only a variation of 0.64%

and 0.72% in time-averaged CL/CD of EP1R and EP1NR with respect to RS case.

The effect of panel vibration in the reduction of transverse velocity fluctuations

within the boundary layer is also observed. At the dominant frequency, for the

resonant panel, a continuous reduction in velocity fluctuations ranging from 5%

to 20% is observed from x = 0.4 up till the trailing edge of airfoil. The observed
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phenomenon ultimately results in lower tonal noise generation and also weakens

the strength of the feedback loop, whereas for the non-resonant panel, the reduc-

tion in fluctuations is less pronounced.

Results of acoustic analysis show that the radiation pattern for all the

cases appear to be similar; however, the magnitude of fluctuating pressure for

EP1R appears to be much less than RS and EP1NR. This fact is further strength-

ened by the directivity spectrum which indicates that the panel implementation

has not altered the overall flow behavior and has resulted in significant reduction

in acoustic wave propagation for resonant panel case. The azimuth plot of pres-

sure fluctuations reveals an average SPL reduction of 2.5 dB for resonant panel

whereas for a non-resonant panel an average reduction of 1.1 dB is be observed. A

maximum of 3 dB reduction is observed at θ = 120° for a resonant panel whereas

a maximum of 1.45 dB reduction is observed for the non-resonant panel.

Panel dynamic behavior is investigated by phase plots and temporal evo-

lution spectra. The resonant panel vibrates at its third natural mode at all time

instances which validates the panel design methodology to achieve structural res-

onance in the presence of fluid loading on the panel. The fact that the panel

vibrates in the desired mode implies that the panel is truly compliant to fluc-

tuating flow-induced loading and is able to effectively absorb energy from the

oncoming flow to sustain its resonance condition. Finally, the PEM technique

for panel design is compared with DAS results and a strong qualitative agree-

ment is observed in the noise radiation pattern. The fact that the present PEM

technique takes barely 10% of the computing time of DAS provides a quick tool

for initial panel design. Since the proposed noise reduction method works with-

out any compromise of aerodynamic characteristics, the outcomes of the study

evidently suggest that the proposed passive control method with a localized flow-

induced vibrating panel is effective in screening out to suppress the fundamental
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mechanism for airfoil tonal noise generation. This makes the proposed method a

promising technique for modifying the acoustics of any existing aerodynamic or

wing profile operating at low Reynolds number.
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Chapter 6

Reduction of Airfoil Tonal Noise

by Coupled Panel Resonance

6.1 Introduction

The passive method of utilizing a resonant elastic panel has been shown to pos-

sess great potential tonal noise reduction up to a maximum of 3 dB at θ = 120°

without any adverse effect on airfoil aerodynamics. Now, the approach for airfoil

tonal noise reduction is further enhanced by utilizing structural coupling phe-

nomenon of elastic panels over the airfoil. Details of the panel coupling approach

and its implementation on the airfoil are presented in this chapter. The fluid-

structure interaction arising from multiple structures in unsteady flow, such as

rod-airfoil configuration, cylinders in tandem or multi-cavity system is highly

influenced by the hydrodynamic interference among the structures which can re-

sult in considerably different acoustic behavior than the individual entities (Lau

et al. 2004, Mohany and Ziada 2005, Finnegan et al. 2010, Shaaban and Ziada

2019). In their aeroacoustic study of flow over multiple cavities, Nakiboğlu and

Hirschberg (2012) observed constructive and destructive hydrodynamic interfer-

ence depending on the separation distance between adjacent cavities which is
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highly influenced in determining the acoustic behavior of entire flow system. A

similar phenomenon of hydrodynamic interference was also observed by Shaaban

and Ziada (2019) in their study on multi-cavity pipe arrangement where the ef-

fect of constructive interference among the two cavities was found to be much

higher than doubling the source of individual cavity. However, the phenomenon

of structural coupling of vibrating structures for airfoil noise reduction has not

been explored yet. Hence, the possibility of airfoil tonal noise suppression is ex-

plored by utilizing the phenomenon of strong and weak structural coupling of

two elastic panels mounted on the suction surface of airfoil. The strongly cou-

pled panel configuration (SCC) in the study refers to inter-dynamical structural

coupling between the panels whereby their mode shape and vibration pattern

remain similar and synchronized at all time instances; and the weakly coupled

panel configuration (WCC) refers to the airfoil configuration where the panels vi-

brate in an asynchronous manner with each other. The condition of strong/weak

structural coupling between the panels is highly dependent on the relative fluid

loading due to unsteady flow passing over the airfoil surface. Hence, it is impera-

tive to analyze and identify the key airfoil flow characteristics and its interaction

with the elastic panels.

In this chapter, the fluid-structure interactions for coupled panel configu-

ration are investigated in detail to identify the key physics (i) of panel structural

responses and their mutual influence carried along with the unsteady flow over

them, (ii) on the effect of panels coupling on airfoil aerodynamics and acoustics,

and (iii) of the governing parameters to achieve coupled structural resonance. It

is important to note that the application of multiple panels may result in more

complex flow interactions between the flow and panels which may distort the air-

foil flow and can even result in noise amplification or aerodynamic performance

degradation (Luk et al. 2004, Talboys et al. 2019, Schlanderer and Sandberg
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2013). Hence, employing multiple panels on the airfoil surface for noise suppres-

sion requires a careful panel configuration design approach. Initially, different

airfoil-panel configurations are designed based on the flow characteristics of the

rigid airfoil and subsequently analyzed using PEM, to assess their noise suppres-

sion potential. The optimal configuration determined from PEM results is then

analyzed in detail using DAS and its results are compared with the baseline rigid

airfoil and corresponding single panel configurations to uncover the mechanisms

responsible for tonal noise suppression arising from fluid-structure interactions

and panel inter-dynamics.

6.2 Airfoil-Panel Configurations

The design of airfoil mounted with panels requires certain knowledge of the flow

characteristics over the rigid airfoil from which the identification of possible panel

placement locations and their required structural properties to achieve resonance

condition in the presence of fluid loading can be deduced. Hence, the unsteady

flow behavior within the boundary layer over the suction surface of the rigid

airfoil is examined first. Subsequently, five different configurations are designed

and their effectiveness is assessed with PEM. The adopted design methodology

is presented in the following sections.

6.2.1 Panel Length

For the present study, a same short length LEP = 0.05 is set for all the configu-

rations because such short length does not provide any significant change in the

radius of curvature of airfoil profile as shown in Chapter 4. Furthermore, the ef-

fects of such short elastic panel are confined to the flow instability processes with

scales comparable to boundary layer thickness to avoid any adverse effect on the
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overall airfoil aerodynamics. On the contrary, the dynamic behavior of a long

panel driven by flow-induced vibration cannot be easily managed and it may act

as an additional acoustic source as the panel/membrane with larger structural

wavelength than the acoustic wavelength (or phase speeds aphEP
> aphac) can

create considerable disturbances in the far field and radiate energy into the fluid

(Fahy and Gardonio 2007).

6.2.2 Panels Coupling Setup

For the setup of airfoil configuration with coupled panels, the frequency spec-

trum of transverse velocity fluctuations v′ within the boundary layer of rigid

airfoil suction surface is initially analyzed (Figure 6.1(a)). A time episode of

non-dimensional time t = 20 with a sampling frequency of 1× 105 is taken and a

Hamming window with no data overlapping is applied. The spectrum reveals a

dominant fundamental frequency (fbl)0 of 3.37 within the airfoil boundary layer

along with its first and second harmonics at 6.6 and 10 respectively. The mag-

nitude of fluctuations observed at (fbl)0 is much higher than its (fbl)1 and (fbl)2

except at x = 0.7 where the fluctuation magnitudes at all dominant frequencies

are comparable. The boundary layer natural stability characteristics at (fbl)0 for

RS are evaluated as shown in Figure 6.1(b). The amplitude of the natural bound-

ary layer growth starts to increase at x ∼ 0.27 and grow within 0.4 ≤ x ≤ 0.45.

The amplitude grows remarkably to reach its plateau of 0.043 at x ∼ 0.5, stays

there up till x ∼ 0.58, then drops rapidly to a dip at x ∼ 0.65, and eventually

grows mildly again up till the trailing edge.
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Figure 6.1: (a) Distribution of spectrum of transverse velocity fluctuations

along the airfoil, and (b) spatial growth of flow instability over

the airfoil suction surface at (fbl)0. The blue shaded area in (b)

indicates the coverage of panel for SP1 as defined in Section 6.2.2.
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The fluid-structure interactions in a coupled structural system are highly

influenced by the relative locations between the vibrating structures which may

eventually affect the flow and acoustic characteristics of the complete system in

a significant manner (Lau et al. 2004, Shaaban and Ziada 2019, Nakiboğlu and

Hirschberg 2012). Since the present problem involves complex fluid-panel interac-

tions, it is imperative to carefully ascertain the panel locations in such a way that

the panels may be able to sustain strong inter-dynamical coupling in resonance

condition. In their study on double cavity system Nakiboğlu and Hirschberg

(2012) observed a hydrodynamic interference (constructive/destructive) which

directly affects the aeroacoustic characteristics of the system. The nature of hy-

drodynamic interference was found to be depending on the distance between the

cavities and convective wavelength of the hydrodynamic flow. Since the research

is also aimed at achieving possible coupling between the panels, it is important

to identify the relative location of the panels on the airfoil such that a synchro-

nized structural dynamics is achieved between the panels under the fluid loading.

Hence, the apparent convective disturbance wavelength λconv for the baseline RS

case is evaluated to ascertain the relative distance between the panels to achieve

coupled structural dynamics. The analysis is performed between the p′ signal at

a location (r, θ) = (−1.12, 135°) marked as point A in Figure 6.2 and a series

of v′ signals along the airfoil surface. The phase difference between a p′ and v′

signal θ12 is evaluated by a transfer-function estimate between the cross power

spectral density of both signals (Arcondoulis et al. 2018). The λconv at (fbl)0 is

calculated with the phase difference plot for the rigid airfoil (Schumacher et al.

2014, Arcondoulis et al. 2018, Lam and Leung 2018). Figure 6.3(a) shows the

wrapped phase plot whereas the unwrapped phase plot is shown in Figure 6.3(b).

The region from x = 0.24 to 1 sees a regular convective disturbances pattern

as the phase change is fairly linear along the airfoil chord whereas the slowly
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varying phase in upstream region x = 0 to 0.24 shows the acoustic wave pattern

(Arcondoulis et al. 2018). A phase difference of 2π indicates a traversal over one

disturbance wavelength in Figure 6.3(a). The location corresponding to three full

peak-to-peak phase change cycles is chosen in 0.480 ≤ x ≤ 0.935 and the appar-

ent wavelength of convective disturbance is found by taking an arithmetic mean

(Arcondoulis et al. 2018) which yields λconv ∼ 0.151. The λconv can also be evalu-

ated by calculating the inverse of the slope of line obtained by least-square fit as

shown in Figure 6.3(b). For example, two different values of θ = 2.8π and 0 are

chosen which correspond to x = 1 and 0.58 respectively. The λconv is calculated

by inverse of the slope of line by (1 − 0.58)/(2.8 − 0) which yields λconv ∼ 0.15.

The evaluation of λconv shows that in order to achieve a strong coupling among

the panels, the distance between the leading edge of two panels ∆dle may be set

nλconv wavelength(s) apart, where n is an integer.

Figure 6.2: Virtual probes location around the airfoil at r = 3.
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Figure 6.3: Phase difference between the acoustic signals at location (r, θ) =

(−1.12, 135°) and velocity signals along the airfoil chord. (a)

wrapped phase plot, and (b) unwrapped phase plot.

Different airfoil-panel configurations are initially designed and their noise

suppression potential by PEM is analyzed. To establish a concrete understand-

ing on the configuration setup, it is intended to identify the certain limita-

tions/threshold beyond which the panel configuration may become ineffective

or even result in excessive noise generation. For the ease of discussion, the single

panel airfoil configurations are designated by “SP”. All strongly coupled panel

configurations are designated with “SCC” whereas the weakly coupled panel con-

figurations are designated with “WCC”. Figure 6.4 shows the schematic of airfoil-
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panel configuration designs in the present study. As the previous study reveals

Arif et al. (2020) that a panel located at an upstream location of sharp boundary

layer instability growth within the airfoil separation bubble is found to provide

the strongest suppression of flow instabilities and consequently tonal noise, so

the location of the first panel is thus fixed with its leading edge at xle = 0.40

(designated as SP1 and marked by the blue shaded area in Fig. 6.1(b)) except

SCC4. Table 6.1 presents the details of all airfoil-panel configurations considered

in this study.
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Figure 6.4: Schematic sketch of airfoil-panel configuration designs. 1○, first

panel; 2○, second panel.

6.2.3 Panel Structural Properties

For the panel to effectively absorb the flow energy from the boundary layer insta-

bilities to sustain its vibration in resonance, the panel structural properties are

selected such that the panel natural frequency (fEP)n coincides with the (fbl)n

as discussed in Chapter 4. All the panels considered in this study are designed

to vibrate in structural resonance with their third natural bending mode under
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Table 6.1: Details of airfoil-panel configurations design.

Case First panel Second panel Separation of panels (∆dle)

SP1 0.40 - -

SCC1 0.40 0.55 1λconv

SCC2 0.40 0.70 2λconv

SCC3 0.40 0.25 -1λconv

SCC4 0.55 0.70 1λconv

WCC1 0.40 0.45 0.34λconv

WCC2 0.40 0.625 1.5λconv

WCC3 0.40 0.90 3.4λconv

the excitation of airfoil boundary instability. Table 6.2 provides the details of the

panel structural properties.

Table 6.2: Normalized elastic panel parameters.

Material properties Panel natural frequency

LEP hEP TEP ρEP (fEP)1 (fEP)2 (fEP)3

0.05 0.009 0.725 6367.35 1.123 2.246 3.369

6.3 Assessment of Noise reduction Potential by

PEM

The evolution of flow characteristics in the vicinity of the airfoil through PEM is

analyzed. For PEM, the computational domain, grid, and simulation parameters

are kept same as those discussed in Chapter 3. The influence of panel location

setting on the boundary layer instabilities over the airfoil is analyzed with the
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change of the magnitude of v′ over the suction surface of the airfoil at the (fbl)0

for each airfoil-panel configuration (Fig. 6.5(a)). The analysis reveals that the

strongly coupled configurations effectively reduce the boundary layer instabilities

to a different extent with respect to the RS case. The extent of reduction in v′

varies with the location of the second panel. The case SCC1 provides a much

higher reduction as compared to SCC2, SCC3, and SCC4. Furthermore, the

reduction in v′ for SCC3 is observed to be similar to the SP1 case which implies

that the second panel located at an upstream location is ineffective due to weaker

instabilities within 0.25 ≤ x ≤ 0.30 (Fig. 6.1(b)). The variation of v′ for the

weakly coupled configurations shows different behavior where both reduction and

amplification of boundary layer insatiabilities are observed. The cases WCC1

and WCC2 result in an increase in v′ which indicate that their fluid-structure

interaction induces an adverse effect on the flow characteristics. For WCC3, a

slight reduction in v′ is observed but it is much lower than SP1. Nevertheless,

WCC3 still provides some reduction in boundary layer instabilities in contrast to

WCC1 and WCC2. To further investigate the extent of reduction/amplification

in the flow fluctuations, the percent deviation in the magnitude of v′ at airfoil

suction surface at (fbl)0 for each configuration is evaluated with respect to RS

(Fig. 6.5(b)). The weakening effect of panel vibration on v′ within the boundary

layer is evident for cases SCC1, SCC2, SCC3, SCC4, and WCC3. It is interesting

to note that a slight reduction in v′ is also observed from airfoil leading edge up

till the leading edge of the first panel for these configurations. Such observation is

attributed to upstream propagating acoustic wave scattered from airfoil trailing

edge and its weakening provides an evidence for reduced strength of aeroacoustic

feedback loop in these configurations. Figure 6.5(b) illustrates that the extent of

reduction in v′ for SCC1 is much higher than the other configurations where an

average reduction of ∼ 60% within 0.3 ≤ x ≤ 1 is observed with respect to RS. On
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the other hand, WCC1 and WCC2 show continuous amplification in the v′ along

the suction surface. All the results clearly illustrate the effectiveness of SCC1 in

leveraging the maximum flow energy absorption for effective suppression of airfoil

boundary layer flow unsteadiness before their eventual scattering as noise.

The effectiveness of different airfoil-panel configurations in airfoil noise

suppression is ascertained by the azimuthal acoustic pressure fluctuation p′rms

evaluated at r = 3 from the trailing edge (Fig. 6.6(a)). The noise radiation

patterns are observed to form a dipole skewed towards the upstream direction

with the strongest radiation at θ ∼ 135° and θ ∼ 240° for all cases. The extent

of variation in p′rms varies with configurations where WCC1 and WCC2 show

an increase in p′rms at all azimuth locations. All the other configurations show

different extents of reduction in p′rms in which SCC1 is able to achieve much

higher reduction than other configurations. The extent of noise suppression is

further illustrated with the reduction in sound pressure level ∆SPLreduction =

20×log10
(
p′rms,EP/p

′
rms,RS

)
as shown in Fig. 6.6(b). An average noise suppression

around the airfoil of 8.8 dB is observed for SCC1. Its maximum suppression of 9.8

dB occurs at θ ∼ 220° which is significantly higher than that (2.4 dB) achieved

by the single panel configuration SP1. For SCC2, an average noise suppression of

2.6 dB is observed which is slightly higher than SP1. For SCC3, an average noise

suppression of 2.1 dB is observed which is comparable to SP1 noise suppression.

Interestingly, an average noise suppression of only 0.9 dB is observed for SCC4

which signifies the importance of the matching of panel placement and coupling

characteristics whereas satisfaction of the latter alone does not guarantee high

noise suppression. For the weakly coupled configuration WCC3, average noise

suppression of 1.1 dB is observed which is much lower than the SP1 case. For

WCC1 and WCC2, an increase in noise generation with an average of 0.4 dB

and 1.6 dB is observed respectively. The results clearly indicate that the weakly
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coupled configurations have adversely affected the noise suppression potential of

airfoil-panel configuration.

Table 6.3: Effectiveness of airfoil configurations in tonal noise reduction (PEM

prediction).

Configuration
Avg ∆SPLreduction

(dB)

Max ∆SPLreduction/ θmax

(dB)/(°)

Max ∆SPLamp/θmax

(dB)/(°)

SP1 2.1 2.4 / 130 - / -

SCC1 8.8 9.8 / 220 - / -

SCC2 2.6 3.7 / 124 - / -

SCC3 2.1 2.4 / 130 - / -

SCC4 0.9 1.0 / 240 - / -

WCC1 -0.4 - 0.5 / 150

WCC2 -1.6 - 2.2 / 146

WCC3 1.1 1.8 / 162 -

6.4 DAS Analysis of Airfoil-Panel Configurations

PEM results provided a good qualitative assessment of different configurations

based on noise radiation and reduction in flow instabilities. The airfoil-panel con-

figuration with coupled elastic panels SCC1 is found to be most effective in tonal

noise reduction among all the configurations studied. However, in order to ana-

lyze the physical mechanisms involved in the panel inter-dynamical relationship,

their fluid-structure interactions and their effects on airfoil aerodynamics and

acoustics, high-fidelity DAS calculation is performed for this case. The airfoil

configurations with single panel cases at x = 0.4 (SP1) and x = 0.55 (SP2) are
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Figure 6.5: (a) PEM prediction of spatial growth of boundary layer instabilities

at (fbl)0. (b) Deviation in magnitude of transverse velocity fluctua-

tions v′ along airfoil suction surface from RS. Note that the results

for SCC3 and SP1 almost overlap.
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Figure 6.6: Effect of elastic panel(s) on noise generation from PEM analysis.

(a) Distribution of p′rms at r = 3, and (b) ∆SPLreduction at r = 3.

The area shaded in gray indicates SPL amplification. Note that

the data for SCC3 and SP1 almost overlaps.
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also analyzed individually to identify the effect of coupled structural resonance

in comparison with a single resonant panel at the same locations.

6.4.1 Airfoil Aerodynamics

In an attempt to investigate the flow characteristics near the airfoil surface and

its wake, the airfoil flow field analysis is carried out for chosen airfoil-panel con-

figurations (RS, SP1, SP2 and SCC1). Figures 6.7(a)-(d) show the time-averaged

streamlines around the airfoil for all four configurations. The flow field around the

airfoil is observed to be similar for all chosen configurations which confirm that

the panel dynamics of such short panel(s) do not produce any observable effects

on the overall flow characteristics of the airfoil. The flow separation, reattach-

ment, and LSB over the airfoil suction surface can be clearly observed along with

recirculation regions prior to flow reattachment points. The recirculation region

for RS case is observed to be much longer than SP1, SP2 and SCC1. The flow

separation point is observed to be identical for all chosen configurations whereas

the reattachment point shifts upstream for SP1 by 3.2%, SP2 by 2.4% and SCC1

by 4.9% (Table 6.5) resulting in a much shorter LSB for the airfoil-panel con-

figuration with coupled elastic panels. The flow characteristics over the airfoil

indicate that the panel vibrations excite the flow in its vicinity so effectively that

it presses the detached shear layer closer to panel surface and results in early flow

reattachment than RS case.
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Figure 6.7: Time-averaged streamlines over the airfoil surface; (a) RS, (b) SP1,

(c) SP2, and (d) SCC1. Closeup views of airfoil suction surface

indicating flow separation and reattachment points; (e) RS, (f) SP1,

(g) SP2, and (h) SCC1. 1○, first panel; 2○, second panel.

The effect of panel vibration on flow instabilities is analyzed by evaluating
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the time histories of transverse velocity fluctuations at different chord locations

downstream of boundary layer reattachment point over the suction surface of air-

foil as shown in Figure 6.8. For brevity, only a time episode of t = 4 comprising

of ∼ 13 periodic cycles is shown. The overall pattern of velocity fluctuations is

periodic with respect to time for all cases where the localized flow-induced vi-

bration of elastic panels in SCC1 provides significant reduction of flow instability

growth at all chord locations as compared to SP1 and SP2 which indicates that

the coupled panel configuration absorbs the flow fluctuation energy more effec-

tively and leaves less flow distortion for the scattering at airfoil trailing edge. To

further quantify the extent of loss of energy in the instabilities for all cases, the

magnitudes of squared velocity fluctuations |v′2| are integrated over a consistent

time window of t = 0 − 10 and listed in Table. 6.4. Terms in brackets indicate

the percentage difference with respect to the baseline RS case. A significant re-

duction in |v′2| is observed at all chord locations for SCC1 indicating high loss of

energy from the flow as compared to other configurations.

In an attempt to investigate the flow characteristics near the airfoil surface

and its wake, the airfoil flow field analysis is carried out for all configurations.

The airfoil wake characteristics are analyzed by evaluating the velocity profiles

downstream of the airfoil at x = 1.05 and 1.5 for all cases (Figure 6.9). The

wake profile is asymmetric about centerline due to flow incidence of 5°. In the

close vicinity of trailing edge (x = 1.05), a significant velocity deficit is observed

for all chosen cases where a minimum velocity (u/U∞) of 0.34 is determined for

RS case. The wake width is significantly reduced by 32% for SCC1 as compared

to RS due to less vigorous flow fluctuations within the boundary layer over the

suction surface of the airfoil. For SP1 and SP2 the velocity deficits are respectively

reduced by 22% and 17% at y = 0.02. At a further downstream location (x = 1.5),

the wake profile shifts further towards positive y-axis with less intensive velocity
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Figure 6.8: Time history of transverse velocity fluctuations v′. (a) x = 0.7, (b)

x = 0.8, (c) x = 0.9, and (d) x = 0.99. —–, RS; —–, SP1; —–,

SCC1.
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Table 6.4: Comparison of |v′2| for different configurations.

Case Locations

x = 0.7 x = 0.8 x = 0.9 x = 0.99

RS 4.074× 10−4 4.798× 10−4 6.006× 10−4 6.095× 10−4

SP1 3.126× 10−4

(−23.26%)

3.706× 10−4

(−22.75%)

4.807× 10−4

(−20.80%)

5.103× 10−4

(−16.2%)

SP2 3.298× 10−4

(−19.04%)

3.951× 10−4

(−17.67%)

5.061× 10−4

(−15.73%)

5.221× 10−4

(−14.33%)

SCC1 0.890× 10−4

(−78.14%)

1.100× 10−4

(−77.07%)

1.874× 10−4

(−68.78%)

2.319× 10−4

(−61.94%)

deficit. However, the velocity deficit for SCC1 is still lower than SP1, SP2 and

RS cases. All in all the results of flow field analysis clearly indicate that the

airfoil-panel configuration with coupled elastic panels is able to effectively reduce

the strength of boundary layer instabilities and airfoil wake.
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Figure 6.9: Velocity profiles in airfoil near wake region at (a) x = 1.05, and (b)

x = 1.5. —–, RS; —–, SP1; —–, SP2; —–, SCC1.

The aerodynamic coefficients for RS, SP1, SP2 and SCC1 configurations

are also evaluated and their temporal statistics are compared in Table 6.5. The

time-averaged CL,mean for SP1, SP2 and SCC1 are found to be 0.4889, 0.4891

and 0.4861 respectively. All of them are slightly higher than that of RS case

due to reduction in the length of LSB and effective mean camber provided by

the elastic panel (Galvao et al. 2006). Compared to RS case, the overall lift to

drag ratio CL,mean/CD,mean slightly varies for SP1, SP2 and SCC1 by only 0.64%,

0.60% and 1.48% respectively which is much lower than the loss of aerodynamic

efficiency with membrane airfoil design (∼21%) at lower AoA (Serrano-Galiano

et al. 2018). Hence, the overall aerodynamic efficiency of the airfoil is essentially

not degraded in the airfoil-panel configuration with coupled elastic panels.

185



6.4. DAS Analysis of Airfoil-Panel Configurations

Table 6.5: Aerodynamic coefficients for RS, SP1, SP2 and SCC1 cases. Values

in brackets show the percent deviation from RS case.

Case CL,mean CD,mean CL,mean/CD,mean xsep xreatt

RS 0.4855 0.01850 26.24 0.180 0.585

SP1 0.4889

(+0.70%)

0.01875

(+1.35%)

26.07

(-0.64%)

0.180

(-)

0.566

(-3.2%)

SP2 0.4891

(+0.74%)

0.01873

(+1.24%)

26.08

(-0.60%)

0.180

(-)

0.571

(-2.4%)

SCC1 0.4861

(+0.12%)

0.01881

(+1.67%)

25.85

(-1.48%)

0.180

(-)

0.556

(-4.9%)

6.4.2 Airfoil Acoustics

The airfoil acoustics is analyzed by plotting the instantaneous fluctuating pres-

sures p′ for all configurations at the same time instance of maximum lift fluctua-

tion and shown in Figure 6.10. Region of prominent instabilities on the suction

surface of airfoil can be observed for all cases. Subsequently, acoustic waves ap-

pear to originate from the trailing edge and propagate towards upstream of the

airfoil with much higher magnitude as compared to the acoustic waves in the

downstream direction. Although the radiation patterns for all the cases are simi-

lar, a significant difference in the magnitude of fluctuating pressures and acoustic

radiation can be observed. The strength of acoustic radiation for SCC1 appears

to be much less than RS, SP1 and SP2 configurations.
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Figure 6.10: Instantaneous pressure fluctuations p′. (a) RS, (b) SP1, (c) SP2,

and (d) SCC1.

The azimuth variations of p′rms and SPLreduction at r = 3 are evaluated

and shown in Figure 6.11. Figure 6.11(a) shows a significant reduction in acoustic

radiation by SCC1 at all azimuth locations as compared to RS, SP1 and SP2.

The overall reduction is observed to be more significant towards upstream loca-

tions. The maximum reduction in p′rms is observed at θ = 140° and θ = 210°

for SCC1 which correspond to a maximum SPLreduction of ∼ 7.9 dB whereas a

maximum reduction of ∼ 3 dB and ∼ 2.3 dB is observed for SP1 and SP2 re-

spectively (Figure 6.11(b)). An average SPLreduction of ∼ 7.6 dB is observed all

around the airfoil for SCC1 as compared to ∼ 2.5 dB and ∼ 1.9 dB for SP1 and
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SP2 respectively. The acoustic analysis clearly indicate that the overall effect of

airfoil-panel configuration with coupled elastic panels in tonal noise reduction is

more than the arithmetic sum of the noise reduction achieved by the respective

individual single panel configurations (SP1 and SP2). A similar phenomenon of

hydrodynamic interference was also observed by Shaaban and Ziada (2019) in

their study on multi-cavity pipe arrangement where the effect of constructive in-

terference among the two cavities was found to be much higher than doubling the

source of individual cavity. Hence, it signifies the importance of coupling among

the panels in noise reduction capabilities for the present study. The physical

mechanisms for such high noise reduction capability of this configuration would

be further explored in the subsequent sections.

6.4.3 Panel-Structure Coupling

The vibration of elastic panel due to unsteady fluid loading results in a com-

plex structural behavior in both spatial and temporal domain so it is important

to analyze the panel dominant structural modes. Fourier mode decomposition

(FMD) analysis (Li et al. 2020) is utilized to extract the vibration modes of in-

terest and analyze the panel displacement at these modes. For FMD analysis,

the panel displacement data w is arranged in a time-space matrix and FFT is

employed to transform it into frequency-space domain. The dominant modes of

the elastic panel are extracted by plotting the Fourier amplitude of w along each

panel location at fEP = 1.1, 2.2 and 3.3 which corresponds to first, second and

third mode respectively (Table 4.1). Figures 6.12(a) and (b) show the extracted

modal shapes for the selected fEP from SP1 and SP2 configurations. Different

mode shapes are easily discernible where the amplitude of third mode is observed

to be much higher than other modes. The amplitude of w for the panel in SP2

is slightly higher than that in SP1 which can be attributed to the presence of
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Figure 6.11: Azimuth distributions of (a) p′rms at r = 3, and (b) ∆SPLreduction

at r = 3. —–, RS; —–, SP1; —–, SP2; —–, SCC1.
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higher flow instabilities at x = 0.55 as compared to x = 0.4 (Figure 6.1(b)). The

modal shape at selected frequencies for first and second panels of strongly coupled

configuration (SCC1) are shown in Figures 6.12(c) and (d). The third structural

mode is dominant for both the panels of SCC1 as well. This observation confirms

that the designed panels are truly compliant to fluctuating flow-induced loading

of oncoming boundary layer instability and are able to vibrate in their desired

mode. The amplitude of panels in SCC1 is observed to be much higher than their

corresponding individual configurations in SP1 and SP2 which indicates that the

effect of coupling resonance among the panels is more pronounced than their be-

havior in isolation. Higher energy from unsteady flow within the boundary layer

is expended to sustain the panel vibrations which leaves less flow distortion pro-

ceeding to scattering at airfoil trailing edge and subsequently lower tonal noise

generation than other configurations (6.11(b)). It is important to note that the

panel maximum displacement wmax is observed to be much lower than the local

boundary layer thickness δ by two orders (i.e wmax/δ ≤ 10−2) which ensures that

the panel vibration does not alter the airfoil aerodynamics.

Figures 6.13(a) and (b) show the FFT spectrum of w for SP1, SP2 and

SCC1 with a sampling frequency of 1 × 105 and a Hamming window with 50%

overlapping for fine resolution. A dominant frequency at third structural mode

f = fEP = 3.3 is observed in all configurations which coincides with fbl0 to achieve

the desired structural resonance condition. Although the vibratory response of

the elastic panels indicate the desired third mode, however, it is still essential for

the panels to maintain their continuous vibrational pattern to effectively absorb

the energy consistently from the incident flow to sustain its dynamics. Hence, the

panel phase plane plots are analyzed where the panel displacement w and velocity

ẇ at the center of panel are plotted with increasing time instances (Visbal and

Gordnier 2004) as shown in Figures 6.14(a) and (b). The phase plane plots clearly
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Figure 6.12: Comparison of the amplitude of Fourier transform for first three

modes at the selected frequencies f = 1.1, 2.2 and 3.3 extracted

by FMD. (a) SP1, (b) SP2, (c) first panel of SCC1, and (d) second

panel of SCC1. —–, first mode; - - - -, second mode; , third

mode.
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indicate that for all the configurations, the panels have set into sustained limit

cycle oscillations with much higher magnitude for SCC1 as compared to SP1

and SP2. The panel displacements are observed to be centered around the panel

equilibrium position (w = 0) which indicate that the panels do not experience

any aeroelastic divergence. The trajectory starts from the outer cycle and spirals

inside where is a limit cycle is reached.

The inter-dynamical behavior between both the panels for SCC1 is in-

vestigated by the cross wavelet coherence analysis of panel displacement at the

center of both panels to obtain further insights. Cross wavelet coherence of the

time series of both panels are evaluated by using the Morlet wavelet function

(Grinsted et al. 2004):

Wab =
|SC∗aCb|2

S|Ca|2.S|Cb|2
(6.1)

where S is the smoothing operator in time and scale, Ca and Cb represents the

cross wavelet transform of the first and second panel respectively. The superscript

* denotes the complex conjugate and Wab represents the cross wavelet coherence

among the panels. The panel data for a time episode of t = 10 is selected

with 50% data overlapping for fine resolution. Appropriate scales are chosen

with reference to frequency of interest ranging from 0.01 to 10. The analysis

(Figure 6.15(a)) reveals that both the panels maintain a high coherence (x ≥

0.9) at (fbl)0 for all time instances which indicate that the panels are able to

maintain seamless coupling at their third resonant modes and achieve a state

of limit cycle oscillation. However, the coherence between the panels decreases

significantly at higher frequencies. Figure 6.15(b) illustrates the cross wavelet

phase spectrum Wθab between the same signals. A constant phase difference of

∼ 12° (0.06π) at (fbl)0 for all time instances indicates a strong coupling among the

panels where they vibrate with similar frequency and mode shapes. However, at

higher harmonics, the phase difference among the panels continuously fluctuates
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Figure 6.13: Panel dynamics. SP1 and the first panel of SCC1: (a) panel dis-

placement spectra. SP2 and the second panel of SCC1: (b) panel

displacement spectra. —–, SP1; —–, SP2; —–, SCC1.
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Figure 6.14: Panel dynamics. SP1 and the first panel of SCC1: (a) phase plots

of centres of panel. SP2 and the second panel of SCC1: (b) phase

plots of centres of panel. —–, SP1; —–, SP2; —–, SCC1.
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at (fbl)1 and (fbl)2.

The extent of mutual coupling between the two panels is analyzed by

evaluating the coherence between the vibration responses of two panels over their

complete length (Figure 6.16(a)). The magnitude-squared coherence function

γ212(f) between the displacement signals of both the panels is calculated with a

frequency resolution of 1× 10−3. The coherence function is calculated by (Stoica

et al. 2005)

γ212(f) =
|P12(f)|2

P11(f)P22(f)
(6.2)

where P11(f) and P22(f) are the power spectral densities of w′ signals for the first

and second panel respectively, and P12(f) is the cross power spectral density of

both the signals. The x-axis in the figure gives a panel location lp measured from

its leading edge and is expressed as a percentage of panel length. As an example,

a lp/LEP = 50% indicates the center location of both the panels, i.e. x = 0.425 on

the first panel and x = 0.575 on the second panel. A strong coherence of x ∼ 0.95

shows that the panels vibrate with similar modal behavior. Interestingly, a sharp

reduction in γ212(f) is observed at x = 33% and x = 66% respectively which

corresponds to anti-nodes for third mode of vibration. The observed phenomena

indicate some deviation among the panels vibration during the instance when the

panel motion crosses its neutral axis. The analysis is further extended to quantify

the phase difference θab between both corresponding panel locations at (fbl)0 as

shown in Figure 6.16(b). A constant phase difference (θab = 10°) between all

corresponding panel locations is observed which indicates that both the panels

vibrate in a similar pattern at all instances.

The fluid-structure interactions of the panels and their associated vibration

responses are investigated by analyzing the snapshots of instantaneous pressure

fluctuations p′ for one complete hydrodynamic cycle and plotted along the corre-
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Figure 6.15: (a) Spectrum of cross wavelet coherence among the two panels for

SCC1. (b) Spectrum of phase difference among the two panels for

SCC1. The horizontal black dot-dashed line indicates the (fbl)0.
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Figure 6.16: Coherence of vibration responses of the two panels for SCC1. (a)

Magnitude-squared coherence γ2, (b) phase difference θab.
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sponding panels displacement in Figure 6.17. Initially at time t0, both the panels

are subjected to positive pressure fluctuations (indicated by red color patches)

where the vibration pattern of both the panels follow the third mode. The am-

plitude of second panel is observed to be almost twice to that of first panel. After

a time increment of Td/5, the fluid loading on the panel changes and affects the

panel displacement amplitude to give similar patterns of both panel displace-

ments. At the next time increment 2Td/5, the panels are subjected to both

positive and negative pressure fluctuations which completely reverse the mode

shape of the panels. At later time between 3Td/5 and 4Td/5, both the panels

respond to maintain a high level of coupling between them. The fluctuation cycle

repeats at Td along with the panels displacement. The highly coherent vibration

responses observed firmly show that the intended coupled structural resonance of

the panels separated by one λconv is completely achieved.

6.4.3.1 Wavenumber-Frequency Analysis

It is more informative to uncover the coupled fluid-structure interactions between

unsteady airfoil flow and the two panels in SCC1; hence, the fluid pressure fluctu-

ations p′ right above the panel and panel displacement w signals are transformed

from space-time domain Y (x, t) to wavenumber-frequency domain Y (k, f) by per-

forming two-dimensional Fourier transform (2D-FFT) (Desquesnes et al. 2007).

The 2D-FFT is evaluated by:

Y(k,f) =
1

2π

∫ ∞
−∞

∫ ∞
−∞

Y(x,t)e
−2πi(kx+ft)dxdt. (6.3)

For 2-D FFT, the p′ and w data over the panel surface is arranged in a

space-time matrix. The temporal data is extracted with a length of 1× 105 sam-

ples. The Fourier transform is initially applied to the time signal at each location

with a Hamming window without any segmentation or data overlapping. Sub-
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Figure 6.17: Snapshots of the p′ over the panels and panel displacements in

SCC1 within one period Td = 1/ (fbl)0. 1○, first panel; 2○, second

panel.
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sequently, for each frequency, the complex-Fourier transform is applied in space

domain. The resolution of wavenumber k depends on the spatial length of data in

Fourier transform which is not high enough in our case due to short panel length.

Hence, zero-padding is applied in spatial direction to increase the length of data

by ten times to enhance the resolution of k. It however may increase the aliasing

error in the Fourier spectrum. Figure 6.18 shows the resulting spectra of k−f for

SCC1. For brevity, only positive axis for frequency is shown which is represen-

tative for all physical wave propagation phenomena for the present study. The

wave propagating with positive k indicates downstream travelling bending waves

on panel whereas the wave propagating with negative k represents upstream trav-

elling waves. The spectrum of w in Figures 6.18(a) and (b) show a symmetric

pattern of upstream and downstream bending waves travelling through both the

panels due to fluid loading and vice versa. The travelling waves are observed to

be convecting with a phase velocity of ∼ 0.65U∞ which is indicated by a line

of constant slope (dashed yellow line). The symmetric patterns in the figures

show both upstream and downstream waves of same phase velocity prevail on

each panel for all frequencies. This observation further confirms the emergence

of standing bending waves on panels for structural resonance. The high energy

content can be identified at fEP = 1.1, 2.2 and 3.3 indicating panel dominant

vibration modes. The response at the third mode fEP = 3.3 is observed to be

much stronger than lower modes which even coincides with the fbl0 as also ob-

served in Figure 6.12. The spectra of p′ for both the panels in SCC1 in Figures

6.18(c) and (d) show a similar trend of wave propagation where the downstream

waves travel with hydrodynamic convection velocity while the upstream waves

propagate with the acoustic phase speed aphac (indicated by red dashed line)

with similar frequency content which shows a strong correlation between hydro-

dynamic fluctuations and acoustic waves (Desquesnes et al. 2007). However, the
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Figure 6.18: Wavenumber-frequency spectra for SCC1. (a) w and (c) p′ for

the first panel, (b) w and (d) p′ for the second panel. Yellow

dashed lines correspond to ±0.65U∞; red dashed line corresponds

to acoustic velocity.

p′ spectra for SCC1 also indicate the presence of very low magnitude energy con-

tent at f = 1.1, 4.4 and 5.6 respectively. Although the magnitudes of p′ at these

frequencies are much lower than that at (fbl)0 = 3.3, they still indicate that the

coupled resonance of the panels has redistributed the frequency content of flow

unsteadiness. Same phenomenon is also observed by Serrano-Galiano et al. (2018)

for a membrane airfoil with much aggressive re-distribution than the present case.

However, due to very weak redistribution observed in the present study, the mean

flow for SCC1 remains essentially unaltered and similar to RS configuration as

observed in Figure 6.7.
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6.4.3.2 Correlation Analysis

The data corresponding to the evolution of p′ right above a panel and w for SCC1

has been bifurcated into downstream and upstream propagating waves. This fact

allows us to explore the coupling between flow field with panel dynamics and

its physical mechanism responsible for the significant airfoil noise reduction for

SCC1. The complex process involves filtering of frequency and wavenumber data

from 2D FFT domain with respect to each direction of wave propagation. For

analysis of downstream propagation, the data related to upstream travelling waves

(negative k) are suppressed and the inverse of 2D FFT is performed to transform

the remaining data back to space-time domain. Same process is performed for the

analysis of upstream travelling waves by filtering the downstream waves (positive

k). One must note that the complete process requires careful operation of data

filtering as the Fourier inverse operation requires strict conjugate symmetry to

yield the time series data in absolute real values rather than complex numbers.

Figure 6.19(a) shows the space-time evolution of w′ with respect to time

without any data filtering for the first panel of SCC1. The third mode of vibra-

tion is easily discernible from the spectrum at all time instances. Despite the

complex panel dynamics observed in the spectrum, the standing wave pattern

can still be identified. Figure 6.19(b) shows the downstream travelling waves of

w′ by filtering of upstream waves. The lines with a positive slope indicate the

downstream wave propagation in a periodic manner. Figure 6.19(c) shows the

upstream travelling waves where the negative slope in the spectrum indicates

upstream propagation with a similar magnitude as downstream waves. The mag-

nitude of w′ for downstream and upstream travelling waves are observed to be

quite similar.

Figure 6.20(a) shows the space-time evolution of p′ over the elastic panel

without any data filtering for the first panel of SCC1, whereas Figures 6.20(b) and
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Figure 6.19: Space-time evolution of panel w′ for the first panel of SCC1. (a)

full w′. (b) Downstream propagating w′ waves. (c) Upstream

propagating w′ waves.
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(c) shows the downstream and upstream travelling pressure waves after data fil-

tering respectively. Since the structural wavelength of the panel is much smaller

than the hydrodynamic wavelength in the present study, the relative slope of

the downstream and upstream waves is almost zero. The observed phenomenon

is completely in contrast of typical membrane airfoil wing where the structural

wavelength of membrane is usually higher than the hydrodynamic wavelength

(Rojratsirikul et al. 2011, Song et al. 2008, Serrano-Galiano et al. 2018). It is in-

teresting to note that the magnitude of the pressure fluctuations for the upstream

waves is ∼25% lower than downstream travelling waves indicating the influence

of elastic panel dynamics on the pressure field. The effects of this phenomenon

on airfoil acoustics would be further explored in the following section. A similar

trend of w′ and p′ is observed for the second panel of SCC1 after data filtering

and therefore not presented.

A similar trend of w′ and p′ with different magnitudes is observed for

the second panel of SCC1 after data filtering as shown in Figures 6.21 and 6.22

respectively.

With the help of data filtering operation, the correlation analysis is per-

formed between the w′ and p′ data over the panel which would further uncover the

underlying fluid-structure coupling phenomenon and noise reduction mechanism.

The cross-correlation R̂pw between the two signals is calculated by (Fillinger et al.

2010):

R̂pw(m) =


N−1∑
n=0

p(n+m)w
∗
n, m ≥ 0,

R∗wp(−m), m < 0.

(6.4)

where m is the lag coefficient and N is the sample size which is taken as 1× 105

for the present study for fine resolution. For easy interpretation, Equation 6.4 is

usually expressed in normalized form as:
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Figure 6.20: Space-time evolution of flow p′ for the first panel of SCC1. (a) full

p′. (b) Downstream propagating p′ waves. (c) Upstream propa-

gating p′ waves.

205



6.4. DAS Analysis of Airfoil-Panel Configurations

Figure 6.21: Space-time evolution of panel w′ for the second panel of SCC1.

(a) full w′. (b) Downstream propagating w′ waves. (c) Upstream

propagating w′ waves.
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Figure 6.22: Space-time evolution of flow p′ for the second panel of SCC1. (a)

full p′. (b) Downstream propagating p′ waves. (c) Upstream prop-

agating p′ waves.
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Rpw(m) =
R̂pw(m)√

R̂pp(0)R̂ww(0)
(6.5)

where R̂pp(0) and R̂ww(0) are the autocorrelation coefficients of p′ and w at zero

lag respectively. Figures 6.23(a) and (b) show the spectra of Rpw between the

downstream p′ waves and the point of wmax (a fixed location of maximum dis-

placement of each panel determined by the time series data) for the first and

second panel of SCC1 respectively. A strong correlation can be observed between

the downstream propagating p′ waves and wmax for the second panel. However,

the correlation is slightly reduced at the rear half of first panel. Similar phe-

nomenon is observed with membrane airfoil (Serrano-Galiano et al. 2018) which

mildly affects the overall aerodynamic characteristics of the airfoil. It explains

the slight increase in CD for SCC1 as compared to other configurations (Table

6.5). Nevertheless, an increase in CL is still observed for SCC1 as compared to

RS as discussed in Section 6.4.1.

The spectra of Rpw between the upstream pressure waves and the point

of maximum displacement for the first and second panel of SCC1 are shown in

Figures 6.23(c) and (d) respectively. For the first panel, the upstream p′ waves and

w are weakly correlated from panel leading edge up to 30% of the panel length

beyond which the correlation between the two signals completely diminishes.

On the other hand, for the second panel, the correlation between upstream p′

waves and w completely diminishes behind 10% of panel length from the leading

edge and slightly recovers again at the rear end of second panel. The observed

phenomenon indicates a key fluid-structure coupling feature in the present airfoil-

panel configuration SCC1 that the panel displacement is weakly correlated with

the upstream propagating acoustic waves generated from the flow scattering at

airfoil trailing edge. This weak correlation is attributed to the difference in the

phase speeds of upstream acoustic waves and panel displacement as observed in
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Figure 6.18. This phenomenon would lead to weakening of aeroacoustic scattering

at airfoil trailing edge and results in effective reduction of tonal noise. This aspect

is further studied in Section 6.4.4.

6.4.4 Relationship between Near Flow Field and Acous-

tics

The contributions of coupled panel dynamics to airfoil tonal noise reduction are

highlighted by evaluating the distributions of the amplitudes of transverse veloc-

ity fluctuations v′ for RS, SP1, SP2 and SCC1 at (fbl)0 = 3.37 along airfoil chord

are compared in Figure 6.24(a). For RS case, the v′ amplitude starts to increase

at x ≥ 0.27 and subsequently grows to different extents upon approaching airfoil

trailing edge. A similar trend is observed for SP1, SP2 and SCC1 up to x ≥ 0.4.

The magnitude of v′ from x = 0.4 up till trailing is much lower for SCC1 as com-

pared to SP1 and SP2. The percent deviation in transverse velocity fluctuations

v′ is evaluated at airfoil suction surface for SP1, SP2 and SCC1 with respect to

RS at (fbl)0 as shown in Figure 6.24(b). The effect of the vibration of panel(s) on

the reduction of v′ within the boundary layer can be observed for SP1, SP2 and

SCC1. For SP1, a continuous reduction in the magnitude of v′ at (fbl)0 ranging

from 8% to 20% is observed from x = 0.4 up till the trailing edge. For SP2, the

reduction ranging from 6% to 18% is observed. The reduction in v′ for SCC1 is

much higher than SP1 and SP2 which ranges from 8% to 34%. This observation

manifests the fact that the coupled resonant panels have weakened the strength

of boundary layer instabilities at their emergence at x = 0.4 and x = 0.55 which

results in convection of low magnitude velocity fluctuations towards the airfoil

trailing edge and subsequently weaker flow scattering there. That leads to lower

effectiveness of aeroacoustic feedback loop and weaker tonal noise generation.

The relationship between airfoil flow dynamics and noise generation for
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Figure 6.23: Spectra of cross-correlation for SCC1 between time signal of w

at location of maximum displacement and (a) downstream propa-

gating p′ waves for first panel, (c) upstream propagating p′ waves

for first panel. Spectrum of cross-correlation for SCC1 between

time signal of w at location of maximum displacement and (b)

downstream propagating p′ waves for second panel, (d) upstream

propagating p′ waves for second panel.
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Figure 6.24: (a) Spatial growth of flow instability over the airfoil suction surface

at frequency (fbl)0. (b) Deviation of spectral amplitude |v′| at

airfoil suction surface with respect to RS at (fbl)0 = 3.3. —–, RS;

—–, SP1; —–, SP2; —–, SCC1.
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all configurations (RS, SP1, SP2 and SCC1) is analyzed by performing coherence

analysis between the p′ signal at a location (r, θ) = (−1.12, 135°) marked as Probe

A in Figure 3.4 and v′ signal along a streamline at an average offset of ∆y = 0.0001

over the suction surface which is divided into 2000 segments. The γ212 between

the p′ signal and v′ signals is calculated using the similar procedure as discussed

in Section 6.4.3. Figure 6.25 illustrates the coherence spectrum along the airfoil

chord for all configurations. A strong coherence is observed between the acoustic

waves and airfoil flow along the chord for RS at (fbl)0, (fbl)1 and (fbl)2. For

SP1, a reduction of ∼ 32% is observed at the panel location whereas for SP2,

a reduction of ∼ 25% in the magnitude of coherence is observed. However, for

SCC1, a significant reduction of ∼ 60% is observed on the first panel and ∼ 50%

reduction is observed on the second panel at (fbl)0 which exemplifies that the

panel vibrations in coupled structural resonance have remarkably influenced the

acoustic generation by the airfoil. In contrast to SP1 and SP2, reduction in the

coherence at higher harmonics is also observed for SCC1.

Figure 6.26 illustrates the γ212 extracted at (fbl)0 and its higher harmonics

from the coherence analysis. At (fbl)0 (Figure 6.26(a)), a high coherence (γ212 ≥

0.98) among the acoustic and velocity signals along the airfoil suction surface is

observed for RS case. For SP1, a high coherence is maintained from airfoil leading

edge up to the panel leading edge in which the coherence among the signals drops

to γ212 ∼ 0.6 and jumps back to γ212 ≥ 0.98 at the panel trailing edge. For SP2,

a reduction in coherence up to γ212 ∼ 0.75 is observed at the panel location. For

SCC1, the coherence among the signals further reduces to γ212 ∼ 0.4 and 0.5

at two panel locations (x = 0.4 and 0.55) respectively which endorses the high

impact of panel coupling on the coherence between acoustic waves and airfoil

flow resulting in the distorted acoustic propagation. At (fbl)1, the reduction in

coherence for SP1 and SP2 is almost negligible at the panel locations (Figure
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Figure 6.25: Spectra of magnitude-squared coherence γ212 between the acoustic

signal at (r, θ) = (−1.12, 135°) and velocity signals along the airfoil

chord. (a) RS, (b) SP1, (c) SP2, and (d) SCC1. The horizontal

yellow dot-dashed lines indicate the frequencies (fbl)n, n = 0, 1, 2.

The vertical orange dotted lines indicate the panel edges.
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6.26(b)); however, the coherence for SCC1 significantly drop at both panels. A

similar trend is observed for (fbl)2 (Figure 6.26(c)) where the coherence drops at

both panels for SCC1 whereas no reduction is observed for SP1 and SP2.

Figures 6.27(a) to 6.27(c) show the spectra of phase difference θ12 between

pressure and velocity signals for all three cases. A complete phase cycle of 2π

is indicated by the combined width of red and blue area in the horizontal di-

rection. For RS, the slow variation of phase from the leading edge of airfoil to

x ∼ 0.24 corresponds to upstream acoustic waves. In the region downstream of

this location, the phase shift occurs rapidly which corresponds to combination

of convective disturbances within the boundary layer and the acoustic waves. A

regular pattern of phase change in convective wave disturbance is observed in

the spectrum from x ∼ 0.24 up to the trailing edge for RS and SCC1 cases. On

the other hand, the phase change pattern between the two signals is severely dis-

rupted at the panel locations for SCC1 which supports the phenomenon already

observed in Figure 6.25 and Figure 6.11. Furthermore, in contrast to SP1 and

SP2, the phase change pattern is also effected at higher harmonics for SCC1. The

observed results clearly indicate that the relative phase difference among the air-

foil flow and acoustic signals results in mutual cancellation and subsequent noise

reduction.

Based on the results of comprehensive aeroacoustics and fluid-structural

analyses discussed above, two key characteristics in effective tonal noise reduction

are determined for airfoil-panel configuration with coupled elastic panels. Firstly,

the panels must vibrate in structural resonance in the presence of fluid loading

and sustain standing wave patterns in forms of limit cycle oscillations. Secondly,

the dynamics of panels must be strongly coherent and inter-related where the

panels vibrating with same phase and modal behavior suppress the boundary layer

instabilities very effectively. A complete schematic for the proposed framework
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Figure 6.26: Coherence plot at (a) (fbl)0=3.37, (b) (fbl)1=6.6 and (c) (fbl)2=10.

—–, RS; —–, SP1; —–, SP2; —–, SCC1. The vertical black dotted

lines indicate the panel edges.
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Figure 6.27: Spectra of phase difference θ12 between the acoustic signal at a

location (r, θ) = (−1.12, 135°) and velocity signals along the airfoil

chord. (a) RS, (b) SP1, (c) SP2, and (d) SCC1. The horizontal

yellow dot-dashed lines indicate the (fbl)n, n = 1, 2, 3, and the

vertical black dotted lines indicate the panel edges.
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depicting the favorable panel locations based on the panels coupled structural

resonance is shown in Fig. 6.28(a) and (b).

Figure 6.28: (a) Designed framework for panel pair configuration design, and

(b) Identification of feasible locations for panel placement.

6.5 Conclusions

The proposed approach to enhance the airfoil tonal noise reduction by utilizing

the coupled resonance of elastic panels flush-mounted on the suction surface of
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NACA 0012 airfoil is investigated in this chapter. The numerical analysis is

conducted at a low Re flow of 5 × 104 at M = 0.4 and AoA = 5° for a NACA

0012 airfoil. Initially, different airfoil configurations are designed based on the flow

characteristics of rigid airfoil and subsequently analyzed using PEM. The strongly

coupled configuration with the panels separated by one convective length λconv

of boundary layer instability (SCC1) is observed to be most effective in tonal

noise suppression as compared to other configurations. In order to analyze the

underlying physical mechanism of tonal noise suppression for strongly coupled

configuration, DAS calculation is performed and a comparative analysis is carried

out with baseline rigid airfoil (RS) and single panel configurations (SP1 and SP2).

A comprehensive aeroacoustic and fluid-structure interaction analyses are

performed using DAS to explore the insight of panel dynamics with the incoming

flow and their inter-dynamical relationship. The acoustic analysis reveals that

SCC1 results in a considerable reduction in acoustic wave without altering the

overall flow behavior significantly. A significant effect of the coupled resonance on

noise suppression is observed where a maximum reduction of 7.9 dB is observed

which is even higher than the sum of the contributions of the corresponding single

panel configurations. The aerodynamic analysis shows that the SCC1 provides

significant suppression of flow instability growth over the suction surface. This is

due to the fact that the strongly coupled panel vibration absorb the flow fluctua-

tion energy more effectively and leave a very little flow distortion for scattering at

the airfoil trailing edge. Furthermore, no significant deviation in the aerodynamic

characteristics of the coupled configuration is observed as compared to the RS

case.

Panel dynamic behavior is investigated by phase plots and temporal evo-

lution spectra. Both panels vibrate at the selected third resonant mode at all

time instances which implies that the panels are truly compliant to fluctuating
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flow-induced loading and are able to effectively absorb energy from the oncoming

flow to sustain their resonance condition. Two key characteristics in effective

tonal noise suppression are determined for strongly coupled panel configuration.

Firstly, the panels must vibrate in structural resonance and sustain standing wave

patterns in the forms of limit cycle oscillations. Secondly, the dynamics of panels

must be strongly coherent and inter-related where the panels vibrating with the

same phase and modal behavior suppress the boundary layer instabilities more

effectively.
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Chapter 7

Multi-Panel Configuration for

Noise Reduction at Various

Loaded Conditions

7.1 Introduction

As discussed in Chapter 5 the passive method of utilizing an elastic panel mounted

on the suction surface of a NACA 0012 airfoil has been found effective in tonal

noise reduction at low Reynolds number Re of 5 × 104, Mach number M = 0.4

and angle of attack AoA = 5°. Furthermore, the noise reduction potential of the

proposed method has been significantly enhanced by utilizing the coupled struc-

tural resonance of two elastic panels separated by a distance of approximately a

convective wavelength λconv between the leading edges of the panels (Chapter 6).

The phenomenon of structural coupling among the elastic panels can be effec-

tively achieved for tonal noise reduction for the low Re devices which operate at

a fixed freestream AoA such as cooling fans/blades. However, some devices op-

erate at various loading conditions to achieve optimum operational performance
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such as MAVs, UAVs etc. It is a well known fact that the changes in flow con-

ditions directly affect the boundary layer characteristics over the airfoil such as

flow separation/reattachment points, dominant frequency of the boundary layer

instabilities, and the length of LSB (Lowson et al. 1994, Sandberg et al. 2007,

Jones 2008, Pröbsting et al. 2015). In the present study, the airfoil is subjected

to various loading conditions by means of varying the flow AoA. For the devices

operating at variable AoAs, the structural coupling among the panels may not be

maintained at each AoA and it may affect the tonal noise reduction potential of

the airfoil as well. Therefore, an effort is made in this chapter to design and test

a multi-panel configuration which could provide tonal noise reduction at various

loading conditions. The assessment of the noise reduction potential of such airfoil

configuration is carried out using perturbation evolution method (PEM) in this

chapter.

7.2 Methodology

In the present chapter, a detailed methodology for the design of an airfoil con-

figuration based on multiple elastic panels is proposed which could provide tonal

noise reduction at different AoAs. The rationale behind selection of AoAs and

the design methodology along with analysis strategy are presented in detail in

this section.

7.2.1 Choice of the Range of AoA

The most important aspect for the present analysis is to ascertain the range of

AoA over which the effectiveness of airfoil tonal reduction is to be evaluated. As

DAS requires very high computational resources it is not practically feasible to

test the airfoil configuration for a wide range of AoA. Therefore, a design space is
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initially identified based on the variations in the flow characteristics of airfoil at

different AoAs along with the physical limitations of employing multiple panels

on the airfoil surface.

In the present study, the range of maximum AoA is limited to 7° as the

boundary layer tends to be turbulent above this AoA for NACA 0012 airfoil

(Pröbsting et al. 2015, Jones et al. 2008, Sandberg et al. 2007) and the generated

airfoil noise tends to be broadband in nature. As the developed method aims to

suppress the boundary layer instabilities due to formation of LSB on the suction

surface of the airfoil. The minimum AoA is set to 1° below which the LSB forms

near the trailing edge of the airfoil on both the pressure and suction surface and

fails to reattach with the airfoil surface (Desquesnes et al. 2007, Jones 2008).

As discussed in Chapter 6 the structural coupling between two panels

is achieved by maintaining a distance of λconv between the leading edges of the

panels, it is essential to ascertain the variation in λconv with freestream AoAs. For

the said purpose, DAS analyses of rigid airfoil are carried out for different AoAs

ranging from 1° to 7° with an increment of 1°. The average λconv at each AoA is

evaluated using the same methodology as discussed in Chapter 6. The analysis

is performed between the p′ signal at a location (r, θ) = (3, 135°) and a series of

v′ signals along a line slightly offset from the airfoil surface. The phase difference

θ12 between a p′ and v′ signal is evaluated by a transfer-function estimate between

the cross power spectral density of both signals. Figure 7.1 shows the variation

of λconv with AoA obtained. It is observed that the λconv tends to reduce with

an increase in AoA which is in agreement with the literature (Arcondoulis et al.

2019, Pröbsting and Yarusevych 2015). At lower AoAs (< 3°), λconv is observed to

be less sensitive to AoA where λconv almost remains constant. This observation

indicates that the effect of panel structural coupling in this range of AoA can

easily be leveraged by maintaining a distance of λconv ∼ 0.17 between the leading
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edges of the panels. Furthermore, at lower AoAs (< 3°) the separation bubble

forms towards the airfoil trailing edge (Pröbsting et al. 2015, Desquesnes et al.

2007, Jones et al. 2010) which physically limits the placement of multiple panels

with a separation of λconv on the airfoil surface. Hence, the lower limit of AoA

for the present study is changed from 1° to 3° while the upper limit is set at 7°.

From Figure 7.1 it is observed that the variation in λconv between AoA = 3°

to 4° and AoA = 5° to 6° is only ∼ 0.0073 per degree which accounts for less than

15% of the panel length LEP = 0.05. Hence it appears that an increment of

up to 1° in freestream AoA does not deviate from the requirement for the panel

structural coupling significantly. However, with an increment of 2° in AoA (i.e.

between AoA = 3° to 5° and AoA = 5° to 7°), the variation in ∆λconv is observed

to be ∼ 0.021 which accounts to ∼ 42% of the panel length and may completely

distort the structural coupling phenomenon. Therefore, in the present study, an

interval of 2° is selected for the analysis within a range of AoA between 3° to 7°.

7.2.2 Design and Analysis Methodology

The adopted methodology for the design of multi-panel configuration for differ-

ent AoAs is divided into three major stages as shown in Figure 7.2. In Stage

1, the flow characteristics of the rigid airfoil at selected AoAs are determined

individually by DAS. The results of DAS analyses also help in determining the

steady base flow at respective AoAs for subsequent PEM analyses. In the next

stage (Stage 2), the airfoil configuration with single elastic panel is designed for

each AoA. The structural properties and suitable location of the panel on the

airfoil surface at each AoA are determined based on the rigid airfoil character-

istics evaluated in Stage 1. The rigid airfoil analysis, panel design methodology

and PEM analysis at AoA = 5° have already been presented in preceding chap-

ters and their information would be utilized. The effectiveness of the single-panel
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Figure 7.1: Variation of λconv with AoA.

configurations in tonal noise reduction is determined by PEM at their respective

AoAs. In the final stage (Stage 3), a conceptual design of a multi-panel config-

uration is presented which is aimed to possibly achieve tonal noise reduction at

different AoAs. The structural properties and locations of the elastic panels in

this configuration are based on the PEM results obtained in Stage 2 for single-

panel configurations at different AoAs. Finally, the effectiveness of the designed

multi-panel configuration in airfoil tonal noise reduction is evaluated at different

AoAs by PEM.

7.3 Rigid Airfoil Analyses

As mentioned in Section 7.2.2, the rigid airfoil analyses at AoA = 3° and 7° are

initially carried out in Stage 1 to ascertain the flow characteristics. The results
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Figure 7.2: Schematic of the proposed methodology.
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of rigid airfoil analyses will subsequently be utilized for the design of elastic

panel on the airfoil for optimum tonal noise reduction. For DAS calculations, the

computational domain, grid size and time step for AoA = 3° are kept same as

that for the case of AoA = 5°. However, for AoA = 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 (Sandberg et al.

2007). The time step size is also reduced to 5 × 10−6 for AoA = 7° to maintain

the same CFL. For every calculation, the solution is proceeded up till t ∼ 200 to

guarantee a time stationary state is achieved. The solution is then time-marched

for an extra non-dimensional time episode of t = 20 for further analysis.

7.3.1 Time-Averaged Analysis

Figure 7.3 shows the time-averaged Cp distribution over the suction and pressure

surfaces of airfoil. As a reference, the Cp distribution for airfoil at AoA = 5°

is also shown in Figure 7.3. For AoA = 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. A similar pattern of Cp variation is observed

for AoA = 7° with much higher magnitude and shorter length of pressure plateau

which indicates a reduction in the length of LSB at higher flow incidence.

The time-averaged Cf distributions over the airfoil suction and pressure

surfaces are shown in Figures 7.4(a) and (b). On the airfoil suction surface,

the boundary layer separation occurs at x ∼ 0.34 and reattaches at x ∼ 0.85
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Figure 7.3: Time-averaged Cp distribution over the airfoil.

at AoA = 3°, whereas at AoA = 7° the flow separation and reattachment shift

further upstream to x ∼ 0.05 and x ∼ 0.38 respectively. Overall, a reduction in

the length LSB is observed with an increase in AoA. However, no boundary layer

separation on the pressure surface is observed at any flow condition. The changes

in separation/reattachment points and length of LSB with increasing AoA are

shown in Figure 7.5. The length of LSB reduces from 0.51 to 0.33 from AoA = 3°

to 7°. Table 7.1 presents a summary of the calculated time-averaged aerodynamic

parameters for all three AoAs along with their comparison with the available

literature (Jones et al. 2010, Jones 2008). A good agreement is observed in the

parameters at all conditions which further validates the numerical methodology

adopted for the study.
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Figure 7.4: Time-averaged Cf distribution over the airfoil. (a) suction surface

and (b) pressure surface.
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Figure 7.5: Variation of time-averaged separation point, reattachment point

and length of separation bubble.

7.3.2 Unsteady Flow Analysis

Figure 7.6 shows the CL variation with time for all AoAs. For brevity, only a

time episode of 0 < t < 10 is shown. The CL fluctuates essentially in a periodic

manner for AoA = 3° and 5°, whereas the CL variation becomes irregular at

higher AoA indicating the presence of complex unsteady flow behavior (Sandberg

et al. 2007). Figures 7.7(a) to (c) show FFT of CL for AoA = 3°, AoA = 5°

and 7° respectively. The FFT plot for AoA = 3° indicates a clear dominant

peak frequency of 2.67 with several low amplitude peaks associated with higher-

harmonics. At AoA = 5°, the FFT plot reveals a dominant peak frequency of

3.37. However, at AoA = 7°, the FFT spectrum exhibits a broadband spectrum

with a highest peak at the frequency of 2.40. The analysis indicates that at AoA

> 5° the vortex shedding behavior transitions from a dominant single frequency
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Table 7.1: Comparison of time-averaged aerodynamic parameters.

Parameters
From present DAS / From Jones et al. (2008)

AoA = 3° AoA = 5° AoA = 7°

CL,mean
0.430 / 0.425

(1.17%)

0.485 / 0.490

(1.02%)

0.650 / 0.640

(1.56%)

CD,mean
0.017 / 0.018

(5.55%)

0.0185 / 0.0201

(7.96%)

0.040 / 0.041

(2.43%)

xsep
0.34 / 0.33

(3.03%)

0.18 / 0.15

(20%)

0.05 / 0.05

(−)

xreatt
0.85 / 0.85

(−)

0.58 / 0.58

(−)

0.38 / 0.39

(2.56%)

LSB
0.51 / 0.52

(1.92%)

0.40 / 0.43

(6.97%)

0.33 / 0.34

(2.94%)

fdominant
2.67 / 2.42

(10.33%)

3.37 / 3.37

(−)

2.40 / 2.40

(−)

Note: The term in brackets indicate the percentage deviation of the present

DAS results from Jones et al. (2008).
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Figure 7.6: Time dependent CL variation. ——, AoA = 3°; ——, AoA = 5°;

——, AoA = 7°.

to a broadband behavior due to turbulent flow characteristics near the trailing

edge at higher AoAs (Hoarau et al. 2003, Jones 2008).

The unsteady flow behavior over the airfoil for AoA = 3°, 5° and 7° is

illustrated by plotting the iso-contours of instantaneous vorticity at different time

instances as shown in Figures 7.8, 7.9 and 7.10 respectively. The time instances

for the vorticity plots are carefully chosen for a single lift cycle for each AoA which

are indicated as A, B, C and D in Figure 7.6. 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. For AoA = 3° as observed in Figure

7.8, 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 towards the airfoil trailing

edge. For AoA = 5° (Figure 7.9), the formation of the vortices shift upstream
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Figure 7.7: FFT spectra of time dependent CL variation. (a) AoA = 3°, (b)

AoA = 5° and (c) AoA = 7°.
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with an increase of AoA due to the variation in the locations of separation and

reattachment points as observed in Figure 7.4(a). Again, the vortex shedding

appears to be periodic with strong coherent structures shedding into the airfoil

wake. For AoA = 7° (Figure 7.10), the vortex shedding appears to be non-periodic

due to early occurrence of laminar boundary layer separation and reattachment

over the suction surface. Furthermore, vortex merging is also observed at different

time instances which promotes high levels of flow instabilities over the later half

of airfoil. As a result of non-coherent vortex shedding at AoA = 7°, multiple

peaks in the FFT spectra are observed in Figure 7.7.

7.4 Elastic Panel Design

In Stage 2, airfoil configuration with single elastic panel is designed for each AoA

and the effectiveness of the configuration in tonal noise reduction is determined

by PEM. The design of elastic panel is essentially based on three major param-

eters, namely panel length, structural properties and its location. The length of

panel is set as LEP = 0.05 for all the cases as such short length does not affect

the radius of curvature over the airfoil suction surface as shown in Chapter 4.

To determine suitable locations of panels for each AoA, the frequency spectra

of transverse velocity fluctuations v′ over the airfoil suction surface within the

boundary layer are analyzed and shown in Figures 7.11(a) to (c). In these fig-

ures, a longer time history of t = 20 and a sampling frequency of 1 × 105 are

selected for fine spectral resolution. For AoA = 3° (Figure 7.11(a)), its spectrum

reveals that the natural airfoil boundary layer growth is dominated by the funda-

mental frequency (fbl)0 = 2.67 along with its harmonics at the (fbl)1 = 5.20. The

magnitude of v′ becomes observable within 0.65 ≤ x ≤ 0.85 which indicates the

presence of significant boundary layer instabilities within the separation bubble.

The magnitude of v′ observed at the fundamental frequency (fbl)0 = 2.67 is much
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Figure 7.8: Iso-contours of instantaneous vorticity for AoA = 3° at different

time instances.
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Figure 7.9: Iso-contours of instantaneous vorticity for AoA = 5° at different

time instances.
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Figure 7.10: Iso-contours of instantaneous vorticity for AoA = 7° at different

time instances.
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higher than its first harmonics at (fbl)1 = 5.20. Lower amplitude flow fluctua-

tions are observed at regular intervals of ∆f = 0.05 which possibly indicate the

presence of secondary tones (Desquesnes et al. 2007, Ricciardi et al. 2020). For

AoA = 5° (Figure 7.11(b)), the spectrum reveals that the natural airfoil boundary

layer growth is dominated by the fundamental frequency (fbl)0 = 3.37 along with

its higher harmonics. The magnitude of v′ becomes observable from x ∼ 0.4 up

to the airfoil trailing edge which indicates the presence of significant boundary

layer instabilities. For AoA = 7° (Figure 7.11(c)), the spectrum shows scattered

frequency content which is broadband in nature as also observed in Figure 7.7(c).

However, a high magnitude of v′ is observed at (fbl)0 = 2.40. The magnitude

becomes observable within 0.2 ≤ x ≤ 0.38 within the separation bubble and re-

duces significantly at the reattachment point. The magnitude slightly increases

again at a downstream location near the airfoil trailing edge.

To investigate the unsteady flow behavior within the boundary layer over

the suction surface, the natural boundary layer stability characteristics are an-

alyzed at the dominant frequencies for AoA = 3° ((fbl)0 = 2.67), AoA = 5°

((fbl)0 = 3.37) and AoA = 7° ((fbl)0 = 2.40) as shown in Figure 7.12. For

AoA = 3°, the amplitude of v′ starts to increase at x ≥ 0.55 and grow within

0.65 ≤ x ≤ 0.7 whereas the amplitude of v′ for AoA = 5° starts to increase at x

≥ 0.27 and grow within 0.4 ≤ x ≤ 0.45. For AoA = 7°, the growth of v′ 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 designed elastic panel is able to effectively

weaken the boundary layer instabilities when it is located corresponding to the

onset of rapid growth of flow instabilities (Chapter 4). Based on the flow insta-

bility characteristics over the suction surface of airfoil observed in Figure 7.12,

the panel for the case of AoA = 3° is located with its leading edge at xle = 0.65

on the airfoil suction surface. For the case of AoA = 7°, the panel is located with
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Figure 7.11: Frequency spectra of transverse velocity fluctuations. (a) AoA =

3°, (b) AoA = 5° and (c) AoA = 7°. The vertical black dashed

lines indicate boundary layer separation and reattachment loca-

tions. The horizontal red dot-dashed lines indicate the dominant

frequencies of the boundary layer instabilities.

.
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Figure 7.12: Spatial growth of flow instability over the airfoil suction surface.

its leading edge at xle = 0.20 on the airfoil suction surface. The location of the

panel for the case of AoA = 5° is set with its leading edge at xle = 0.40 on the

airfoil suction surface as already discussed in detail in Chapter 4. The schematics

of the airfoil with elastic panel for all AoAs are shown in Figures 7.13(a) to (c).

For each case, the properties of the panel are selected in a way that its

natural frequency (in third natural mode) coincides with the dominant frequency

of the flow instabilities within the boundary layer to achieve structural resonance

condition under the fluid loading. Details on the mathematical formulation for the

calculation of panel natural frequency in the presence of flow have been presented

in Chapter 4. The selected parameters for the designed panel in non-dimensional

form are tabulated in Table 7.2.
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Figure 7.13: Schematic sketch of the airfoil configurations with single elastic

panels. (a) AoA = 3°. (b) AoA = 5°. (c) AoA = 7°.
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Table 7.2: Normalized elastic panel parameters

Case xle LEP hEP TEP ρEP (fEP)1 (fEP)2 (fEP)3 (fEP)4 (fEP)5

EPAoA=3° 0.65 0.05 0.014 0.725 6367.34 0.89 1.78 2.67 3.56 4.45

EPAoA=5° 0.40 0.05 0.009 0.725 6367.34 1.12 2.24 3.37 4.49 5.62

EPAoA=7° 0.20 0.05 0.009 0.366 6367.34 0.81 1.61 2.40 3.20 4.01

7.5 Assessment of Noise Reduction by PEM

A quick assessment of noise reduction potential of the airfoil mounted with sin-

gle elastic panel for the cases of AoA = 3° and 7° is carried out by PEM. For

PEM, same method as described in Chapter 4 is implemented where a broadband

excitation with a pressure amplitude pA = 10−5 is introduced near the leading

edge of airfoil at a location (x, y) = (−0.015,−0.01) to generate weak artificial

perturbations.

The azimuth plots of p′rms at r = 3 for AoA = 3° and 7° are shown in

Figures 7.14(a) and (b) respectively. For AoA = 3°, the strongest radiation goes

along θ ∼140° and ∼300° respectively. A significant reduction in p′rms is observed

at all azimuth locations for the airfoil configuration with single elastic panel

(EPAoA=3°) as compared to RS. For AoA = 7°, the strongest radiation goes along

θ ∼140° and ∼220° respectively. The reduction in p′rms for EPAoA=7° appears to

be much lower than EPAoA=3° and EPAoA=5°. For each AoA, the noise directivity

resembles to its corresponding rigid airfoil configuration which confirms that the

panel vibration does not affect the mean flow dynamics. To further illustrate

the extent of noise reduction, the sound pressure level reduction ∆SPLreduction

is evaluated for all three single-panel configurations as shown in Figure 7.15.
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Table 7.3: Panel effectiveness at different flow conditions

Case Average ∆SPLreduction Maximum ∆SPLreduction / θmax

EPAoA=3° 3.5 dB 5.6 dB / 210°

EPAoA=5° 2.1 dB 2.4 dB / 130°

EPAoA=7° 1.1 dB 2.9 dB / 168°

Different extents of noise reduction are observed for each configuration around

all azimuth locations. Table 7.3 shows the comparative analysis of noise reduction

for all configurations. The noise reduction achieved by EPAoA=3° configuration is

observed to be much higher than other configurations. An average ∆SPLreduction

of 3.5 dB is observed for EPAoA=3° with maximum reduction of ∼ 5.6 dB along

θ ∼ 210°. For EPAoA=5° configuration, an average noise reduction of 2.1 dB is

observed with a maximum reduction of 2.4 dB along θ ∼ 130°. The extent of

noise reduction for EPAoA=7° configuration is much lower than other configurations

where an average noise reduction of only 1.1 dB is observed. The enhancement in

noise reduction performance of the elastic panel at AoA = 3° can be attributed to

the presence of longer separation bubble (x ∼ 0.51) as compared to the separation

bubbles observed at AoA = 5° and 7° respectively, which allows the panel to

absorb much more energy from the flow insatiabilities within the separated region

to sustain its vibration.

PEM analyses of single-panel configurations evidently illustrate significant

average tonal noise reduction for all three AoAs. Their results are expedient in the

design of a multi-panel configuration which could possibly provide some extent

of tonal noise reduction at different AoAs.
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Figure 7.14: Azimuth distribution of p′rms at r = 3. (a) AoA = 3°. (b) AoA =

7°. ——, RS; ——, EPAoA=3°; ——, EPAoA=7°.
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Figure 7.15: Azimuth distribution of ∆SPLreduction at r = 3. ——, EPAoA=3°;

——, EPAoA=5°; ——, EPAoA=7°.
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7.6 Multi-Panel Configuration

In Stage 3, a conceptual design of a multi-panel configuration is presented which

is aimed to achieve tonal noise reduction at different AoAs. The structural prop-

erties and locations of the elastic panels in this configuration are based on the

PEM results obtained in Stage 2 for single-panel configurations at different AoAs.

Subsequently, the effectiveness of the designed multi-panel configuration in tonal

noise reduction is evaluated at different AoAs by PEM.

7.6.1 Panel Design Concept

PEM analyses of single-panel configurations at AoAs = 3°, 5° and 7° indicate

different extents of tonal noise reduction. All these configurations have exhibited

high potential of noise reduction at a particular AoA. Now, for the design of

an airfoil which could provide tonal noise reduction at different AoAs the re-

sults of the PEM analyses for single-panel configurations obtained in Stage 2 are

utilized and a design scheme is formulated. As discussed in Section 7.2.1, an

increment/decrement of freestream AoA by 2° results in a considerable variation

in λconv. Hence, a simple panel design concept is proposed for an airfoil operating

within the range of AoA = 3° to 7° by mounting three evaluated elastic panels

on the suction surface of the airfoil. This specific airfoil configuration mounted

with multiple panels is designated as ’MPC’ in the present study (Figure 7.16).

For MPC, the first elastic panel (designated as ’EP1’) is located with its leading

edge at xle = 0.2 based on the favorable noise reduction characteristics observed

at AoA = 7°; the second elastic panel (designated as ’EP2’) is located with its

leading edge at xle = 0.4 based on the favorable noise reduction characteristics

at AoA = 5° and the third elastic panel (designated as ’EP3’) is located with its

leading edge at xle = 0.65 due to its high noise reduction potential at AoA = 3°.

The structural properties and the natural frequencies of the elastic panels EP1,
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Figure 7.16: Schematic sketch of the MPC design concept.

EP2 and EP3 are same as that of the single-panel configurations for AoA = 7°,

AoA = 5° and 3° respectively (Table 7.2).

7.6.2 Noise Reduction Potential of MPC

The effectiveness of MPC in tonal noise reduction at different AoAs is evaluated

with PEM analysis. Figure 7.17 shows the azimuth plots of p′rms at r = 3 for

both RS and MPC at each AoA. At AoA = 5° (Figure 7.17(b)), a significant

reduction in p′rms is observed at all azimuth locations for MPC as compared to

RS. However, the noise directivity for the MPC is observed to be slightly different

than the single-panel configuration at AoA = 5° (as illustrated in Chapter 4)

which indicates that the complex fluid-structure interactions among the three

panels have modified the acoustic radiation pattern of the airfoil. Furthermore,

the azimuth plot for MPC appears to be asymmetric around θ = 0° where the

reduction in p′rms appears to be significant in the third quadrant. At AoA = 3°

(Figure 7.17(a)), a reduction in p′rms is observed for most azimuth locations;

however, a slight amplification is also observed between 120° ≤ θ ≤ 140°. At

AoA = 7°, the reduction in p′rms in first quadrant is much higher than AoA = 3°

and a greater region of amplification in p′rms is also observed between 120° ≤ θ ≤

170°. The noise directivity patterns for MPC at AoA = 3° and 7° differ from their
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respective single-panel configurations as observed in Figures 7.14(a) and (b). It

is important to note that the noise directivity pattern for the single-panel airfoil

configurations remains similar to that of rigid airfoil (Figure 7.14), however the

complex inter-dynamical interaction among the panels for MPC appear to slightly

modify the noise directivity pattern as compared to rigid airfoil.

The extent of noise reduction achieved by MPC is evaluated by analyzing

the ∆SPLreduction at different AoAs and shown in Figure 7.18. The noise reduc-

tion achieved by MPC at AoA = 5° is much higher than other AoAs where an

average reduction of 4.41 dB is observed with a maximum reduction of 7.92 dB at

θ = 185°. At AoA = 3°, an overall average noise reduction of 2.20 dB is observed

with a maximum reduction of 7.73 dB at θ = 178°. However, a maximum noise

amplification of 1.46 dB is also observed at θ = 126°. At AoA = 7°, an overall

average noise reduction of 1.41 dB is observed with a maximum reduction of 6.75

dB at θ = 60° but a maximum noise amplification of 1.70 dB is also observed

at θ = 164°. Table 7.4 shows a comparative analysis of noise reduction at all

AoAs along with the noise reduction achieved by the corresponding single-panel

configurations. It is interesting to observe that an enhancement in the maximum

noise reduction is achieved by MPC as compared to single-panel configuration

at each AoA; however, the average noise reduction is reduced for AoA = 3° and

remains almost similar at AoA = 7°. The average noise reduction by MPC at

AoA = 5° is much lower than the noise reduction achieved by the coupled panel

airfoil configuration at the same AoA (Chapter 6). The overall noise reduction for

MPC is observed to be highest at AoA = 5° whereas the highest noise reduction

for single-panel configuration is observed at AoA = 3°. The possible cause of

higher noise reduction at AoA = 5° for MPC may be attributed to the fact that

all the panels are exposed to region of high boundary layer flow instabilities at

this AoA as compared to that for AoA = 3° and 7° (Figure 7.12). Furthermore,
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Figure 7.17: Comparison of azimuth distributions of p′rms at r = 3 between

MPC and RS. (a) AoA = 3°, (b) AoA = 5°, and (c) AoA = 7°.

——, RS; ——, MPC.
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the panels inter-dynamical interactions appear to play a critical role in enhanc-

ing/degrading the noise reduction of panel-airfoil configuration as observed in

Chapter 6. However, exploration of these effects would require multiple DAS

calculations for better in-depth evaluation which is left to future study.

Figure 7.18: Comparison of azimuthal distribution of ∆SPLreduction at r = 3

between MPC and respective RS. ——, AoA = 3°; ——, AoA =

5°; ——, AoA = 7°. The area shaded in red indicates SPL ampli-

fication.

From the results of acoustic analysis, a slight variation in the noise direc-

tivity pattern for the MPC is observed at different AoAs as compared to their

RS configurations. To ascertain the change in flow characteristics due to elas-

tic panels dynamic, FFT spectra of v′ for MPC are evaluated at x = 0.9 and

x = 0.99 at different AoAs and compared with their RS configurations as shown
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Table 7.4: Effectiveness of multi-panel configuration at different flow conditions

Multi-panel configuration (MPC) / Single-panel configuration

AoA

(°)

Avg ∆SPLreduction

(dB)

Max ∆SPLreduction

(dB)

θmax

(°)

Max ∆SPLamp

(dB)

θmax

(°)

3 2.20 / 3.53 7.73 / 5.60 178 / 210 1.46 / - 126 / -

5 4.41 / 2.12 7.92 / 2.41 185 / 130 - / - - / -

7 1.41 / 1.10 6.75 / 2.92 60 / 168 1.70 / - 164 / -

in Figure 7.19. At AoA = 3°, the dominant frequency for MPC is observed to

be shifted to a higher frequency (fbl)0 = 3.39 as compared to (fbl)0 = 2.67 for

RS. The magnitude of v′ at (fbl)0 = 2.67 for MPC is observed to be much lower

than the magnitude of v′ for RS. However, an amplification in the magnitude of

v′ is observed at (fbl)0 = 3.39 for MPC as compared to RS. At AoA = 5°, again

an increase in the dominant frequency for MPC is observed where the frequency

shifts to (fbl)0 = 3.95 as compared to (fbl)0 = 3.37 for RS. However, the magni-

tude of v′ for MPC at AoA = 5° is much lower than that of RS at all frequencies,

which possibly relates to higher noise reduction achieved by MPC at this AoA.

At AoA = 7°, the dominant frequency for MPC shifts from (fbl)0 = 2.40 to

(fbl)0 = 2.78 where the magnitude of v′ at this frequency for MPC is observed

to be much lower than the magnitude of v′ for RS. However, an increase in the

magnitude of v′ for MPC is also observed at certain higher frequencies. The shift

in dominant frequency reduces with an increase in AoA which possibly affects

the noise reduction potential of the MPC. Nevertheless, the designed MPC is

still able to achieve an overall noise reduction at varying flow conditions.
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Figure 7.19: FFT spectra at different AoAs. (Left column) x = 0.9 and (right

column) x = 0.99. (a) and (b) AoA = 3°, (c) and (d) AoA = 5°,

(e) and (f) AoA = 7°. ——, RS; ——, MPC.
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7.6.3 Structural Responses of Elastic Panels

Structural responses of the elastic panels for MPC airfoil due to boundary layer

instabilities and subsequent fluid-structure interactions are evaluated at different

time instances of t = 5, 6 and 7 where the panels have sustained their vibrations

as shown in Figures 7.20, 7.21 and 7.22 respectively. For comparative analysis,

the structural response of the elastic panel for the single-panel configuration is

also plotted at the respective AoA (indicated by black dashed line). The x-axis in

the figure gives a panel location lp measured from its leading edge and is expressed

as a percentage of panel length.

At AoA = 3°, for all time instances (Figures 7.20(a), 7.21(a) and 7.22(a))

the panels EP1 and EP2 follow the first mode shape whereas the panel EP3 follows

the mode shape which is similar to the second and third modes. It is important

to note that the design of the panel EP3 is based on the flow characteristics of the

rigid airfoil at AoA = 3°; hence, its response appears to be in the desired vibration

pattern which is much supportive in inhibiting the boundary layer instabilities

than the other panels at this AoA. On the other hand, the response of the elastic

panel for single-panel configuration for all time instances at AoA = 3° (indicated

by black dashed line) shows the panel vibration at its third natural mode to

achieve structural resonance under the fluid loading. A significant phase difference

is found among the panels for MPC where EP3 is observed to be completely out

of phase with respect to EP1 and EP2 at all time instances which indicate that

the panels are not structurally coupled at AoA = 3°.

A similar phenomenon is observed at AoA = 5° (Figures 7.20(b), 7.21(b)

and 7.22(b)) where the panels EP1 and EP3 vibrate in their first mode. The

panel EP2, which is designed in accordance to the flow characteristics of the

rigid airfoil at AoA = 5°, follows the mode shape somewhat similar to the third

mode at all time instances. The response of the elastic panel for single-panel
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configuration at AoA = 5° also shows the panel vibration at its third natural

mode under the fluid loading. In contrast to the structural dynamics observed

at AoA = 3° for MPC, the panels appear to be in phase with each other at

AoA = 5°. Although, the exact coupling phenomenon cannot be achieved due to

variations in the mode shape of panels; nevertheless, still an increase in average

noise reduction is observed for MPC at AoA = 5° as compared to single-panel

configuration (Table 7.4). However, the observed enhancement in average tonal

noise reduction is much lower than the coupled panel configuration (Chapter 6)

which signifies the importance of panels coupling in enhancing the noise reduction

potential of the proposed approach.

At AoA = 7° (Figures 7.20(c), 7.21(c) and 7.22(c)), the vibration pattern is

observed to be different from other AoAs where the panels EP1 and EP3 appears

to be in first mode. On the other hand, EP2 appears to vibrate in the different

modes and out of phase with other panels at all time instances. It is observed

that the panel EP1, which is designed in accordance to the flow characteristics

of the rigid airfoil at AoA = 7°, does not vibrate in the desired third mode

which directly affects the overall performance of MPC in tonal noise reduction.

Although a slight increase in average noise reduction potential is observed for

MPC at AoA = 7° as compared to single-panel configuration, an amplification in

tonal noise is also observed which can be attributed to the non-uniformity among

the panels structural response.
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Figure 7.20: Vibratory responses of elastic panels for MPC at t = 5. (a) AoA =

3°, (b) AoA = 5°, and (c) AoA = 7°. ——, EP1; ——, EP2 ; —

—, EP3; - - - -, single resonant panel for corresponding AoA i.e.

x = 0.65−0.70 for (a), x = 0.40−0.45 for (b) and x = 0.20−0.25

for (c).

254



7.6. Multi-Panel Configuration

Figure 7.21: Vibratory responses of elastic panels for MPC at t = 6. (a) AoA =

3°, (b) AoA = 5°, and (c) AoA = 7°. ——, EP1; ——, EP2; —

—, EP3; - - - -, single resonant panel for corresponding AoA i.e.

x = 0.65−0.70 for (a), x = 0.40−0.45 for (b) and x = 0.20−0.25

for (c).
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Figure 7.22: Vibratory responses of elastic panels for MPC at t = 7. (a) AoA =

3°, (b) AoA = 5°, and (c) AoA = 7°. ——, EP1; ——, EP2; —

—, EP3; - - - -, single resonant panel for corresponding AoA i.e.

x = 0.65−0.70 for (a), x = 0.40−0.45 for (b) and x = 0.20−0.25

for (c).
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7.7 Discussion on MPC Noise Reduction Poten-

tial

Based on the acoustic and structural analyses by PEM, it is evident that a com-

plex flow-structure interaction occurs with the multi-panel configuration (MPC)

operating at different AoAs. PEM results show a non-linear response in the noise

reduction characteristics for MPC where different extent of average noise reduc-

tion is observed with the change in AoA. Nevertheless, an enhancement in the

extent of maximum noise reduction is still observed at all AoAs. Some of the

possible reasons of such non-linearity in the overall response by MPC at different

AoAs as identified by PEM analysis are as follows:

1. The panel designed for a specific AoA does not achieve desired mode shape

under the fluid loading at different flow conditions due to a change in fun-

damental boundary instabilities at different AoA. As an example, the panel

designed to vibrate in resonance under the fluid loading at AoA = 5° does not

achieve structural resonance at AoA = 3° and 7°. As a result, it may affect the

overall panel inter-dynamics among the panels.

2. It is established in Chapter 6 that the noise reduction potential of an airfoil

mounted with more than one panels is highly dependent on the inter-dynamical

structural coupling among the panels. The structural coupling among the

panels is achieved only when the panels are located at a distance of nλconv

apart. However, as discussed in Section 7.2.1, with the chosen increment of

AoA of ±2° the apparent λconv appreciably varies (Figure 7.1). As a result, the

structural coupling phenomena among the elastic panels for the MPC is not

effectively achieved at different AoAs.

3. As discussed in Chapter 5, the magnitude of flow instabilities appears to
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play an important role in noise reduction potential of an elastic panel configu-

ration where the panel is deliberately located just ahead of the sharp growth of

boundary layer instability within the airfoil separation bubble so as to provide

the strongest reduction of flow instabilities and highest noise reduction. With

the change in AoA, the overall characteristics of the boundary layer instabili-

ties over the airfoil surface also varies as shown in Figure 7.12. As an example,

the panel located at x = 0.2 (EP1) for MPC becomes less effective at AoA = 3°

due to the presence of low magnitude of fluctuations present at this location.

7.8 Conclusions

A multi-panel configuration (MPC) based on three elastic panels is designed to

provide tonal noise reduction over a range of AoA. The panel structural properties

and their suitable locations on the airfoil surface at AoA = 3°, 5° and 7° are

evaluated based on their individual rigid airfoil characteristics. The effectiveness

of the airfoil with designed panel is determined by PEM at their respective AoAs.

PEM analysis of single-panel configurations at different AoAs indicates that a

different extent of tonal noise reduction can be achieved at all conditions where

the panel is designed to achieve structural resonance. Subsequently, an airfoil

configuration based on three panels (MPC) with different structural properties is

designed and its noise reduction potential is assessed at varying AoAs. A different

extent of noise reduction is observed at each AoA. The noise reduction achieved at

AoA = 5° is much greater than other AoAs where an average reduction of 4.41 dB

is observed with a maximum reduction of 7.92 dB at θ = 185°. At AoA = 3°, an

overall average noise reduction of 2.20 dB is observed with a maximum reduction

of 7.73 dB at θ = 178°. Furthermore, a maximum noise amplification of 1.46 dB

is also observed at θ = 126°. At AoA = 7°, an overall average noise reduction of

1.41 dB is observed with a maximum reduction of 6.75 dB at θ = 60°; whereas, a
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maximum noise amplification of 1.70 dB is also observed at θ = 164°. A shift in

the dominant frequency of boundary layer instabilities is also observed for MPC

at each AoA. The structural analysis shows a complex vibration pattern for all

the panels which clearly indicates the presence of complex structural interaction

among the panels for MPC airfoil at varying AoA.
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Chapter 8

Conclusions

8.1 Summary and Research Achievements

A novel passive control method for airfoil tonal noise using localized flow-induced

vibration is proposed and explored with a short elastic panel(s) flush-mounted

on the suction surface of a NACA 0012 airfoil at low Reynolds number (Re).

The key idea is to absorb the energy of natural instabilities arising in laminar

boundary layer by locally self-sustained flow-induced vibration of the short panel

which results in reduced flow instabilities for scattering at airfoil trailing edge

and weakened aeroacoustic-feedback loop responsible for tonal noise radiation,

without any adverse effect on airfoil aerodynamics.

The present research involves complex interactions between unsteady flow,

panel structural vibration, and acoustics. Therefore, direct aeroacoustic simula-

tion (DAS) approach is adopted for its capability to resolve the coupling between

the unsteady airfoil aerodynamic and acoustic solutions with high accuracy. To

solve the unsteady compressible N-S equations, conservation element and solu-

tion element (CE/SE) method is adopted. The nonlinear coupling between flow

fluctuation and panel structural dynamics is resolved with a monolithic scheme.

Since, the panel design depends on a number of different parameters such as its
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material, length and structural properties. Hence, it is too prohibitive in extensive

deployment of resources and time to search for optimal panel design with DAS.

Therefore, an alternate approach, namely, perturbation evolution method (PEM)

is developed to explore the potential of elastic panel configurations in tonal noise

reduction requiring much shorter computational time and resources. Details of

the numerical methods, their mathematical modeling and implementation are

discussed in Chapter 2. The details of the computational setup, grid generation

and validation of the numerical scheme are presented in Chapter 3. Further-

more, a comprehensive aeroacoustics analysis of the rigid airfoil is carried out at

Re = 5× 104, Mach number M = 0.4 and AoA = 5° and presented in Chapter 3.

The DAS solution of rigid airfoil serves three major purposes. Firstly, it helps in

validation of the CE/SE method in resolving the interaction between flow field

dynamics and acoustics effectively. Secondly, it allows to ascertain the important

flow field and acoustic features such as boundary layer separation/reattachment,

near wake characteristics, tonal noise spectra, and acoustic feedback loop which

helps in subsequent design of elastic panel. Lastly, the time-averaged solution

of rigid airfoil is later used in setting up the base flow for PEM. In Chapter 4,

a complete methodology of elastic panel design is developed and the noise re-

duction potential of the airfoil configurations with an elastic panel is evaluated

using PEM. The base flow for PEM is obtained from time-averaged solution of

accompanying DAS solution of same flow with fully rigid airfoil and the analysis

is implemented with a broadband excitation near the leading edge of the airfoil.

PEM is applied with various panel structural parameters and panel locations and

the potential for airfoil tonal noise reduction is analyzed. The results indicate

that a panel located just ahead of the sharp growth of natural boundary layer

instability within the airfoil separation bubble provides the strongest reduction

of instabilities that are responsible for scattering into noise at the airfoil trailing
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edge and, hence, provides the highest noise reduction among all cases studied.

Subsequently, a comprehensive aerodynamic and acoustic analysis of the optimal

airfoil-panel configuration is performed with DAS to evaluate the panel effective-

ness in actual flow conditions in Chapter 5. The results show that the airfoil

mounted with a resonant elastic panel provides a maximum noise reduction up

to 3 dB with no adverse effect on airfoil aerodynamics. Since the proposed noise

reduction method works without any compromise of aerodynamic characteristics,

the outcomes of the analysis evidently suggest that the proposed passive control

method with a localized flow-induced vibrating panel is effective in screening out

to suppress the fundamental mechanism for airfoil tonal noise generation. The

designed approach for airfoil tonal noise reduction is further enhanced by utilizing

the structural coupling of elastic panels over the airfoil. The details of the panel

coupling setup and its implementation on the airfoil are presented in Chapter 6.

The analysis reveals that an airfoil-panel configuration with two elastic panels

separated by approximately one convective wavelength and mounted in a region

exposed to high boundary layer flow instabilities yields optimal noise suppression.

The aerodynamic and acoustic analyses show that an average and maximum noise

suppression up to 7.6 dB and 7.9 dB can be achieved respectively, without any

adverse effect on overall airfoil aerodynamics when coupled structural resonance

between panels prevails. This noise suppression is higher than twice of that from

the configuration with single panel which firmly illustrates the synergy of coupled

flow-induced structural resonance of the panels prevailing in noise suppression.

Subsequently, a comprehensive framework is also developed for the design of cou-

pled panel configuration for any airfoil operating at any flow condition. Lastly,

in Chapter 7, a multi-panel airfoil configuration (MPC) based on three elastic

panels is designed to ascertain the effectiveness of the proposed method at dif-

ferent flow conditions such as variable AoA. A different extent of noise reduction
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is observed for MPC at each AoA. However, a shift in the dominant frequency

of boundary layer instabilities is also observed. The structural analysis shows a

complex vibration pattern for all the panels which clearly indicates the presence

of complex structural interaction among the panels for MPC airfoil at varying

AoA. An in-depth understanding of such interaction can only be studied by full

DAS analyses at different flow conditions for MPC. Some of the major research

highlights are listed below:

1. Development of a passive noise control method with short elastic panel(s)

which is able to achieve a significant noise reduction without affecting the airfoil

aerodynamics and easy to implement in real world environment.

2. Exploration of the possibility of employing a noise reduction method at a

location other than the conventional methods at airfoil trailing edge or leading

edge.

3. Formulation of a comprehensive panel design methodology based on its ma-

terial, structural properties, length and its location on airfoil which can be

utilized for any airfoil or any flow condition.

4. Development of PEM for quick assessment of noise reduction potential of dif-

ferent panel configurations which only requires 10% of the total computational

time required for full DAS.

5. Development of a framework for utilization of structural coupling phenomenon

of vibrating structures on the airfoil for noise reduction purposes.

6. Feasibility study and assessment of a multi-panel airfoil configuration capable

of providing noise reduction at different angles of attack.
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8.2 Limitations and Future Works

The research explored the possibility of airfoil tonal noise reduction by using fluid-

structure interactions of an elastic panel by DAS. Due to the requirement of very

high computational resources and time by DAS, all the calculations are based on

two-dimensional analysis. Although, the flow conditions considered for this study

are well represented by two-dimensional analysis, for some real world applications

the three-dimensional effects may come into play, such as flow condition at high

angles of attack or turbulent flows etc. Hence, three-dimensional analysis may

provide further details on the effectiveness of the proposed approach at these

conditions.

In this research, the nonlinear coupling between flow fluctuation and panel

structural dynamics is resolved with a monolithic scheme. The structural solver

employed in this research cannot handle large panel deformations. Based on the

present approach, the aeroacoustic-structural interaction is directly solved at the

solution points on the fluid-panel interface. The effect of panel displacement is

based on the distance between a solution point to the interface. If the deformation

is larger than the limitation, the fluid solution point would not physically exist

at this instance. Its role will become a virtual solution point that applies the

effect of the aeroacoustic-structural interaction to the fluid domain through linear

projection. Hence, it may result in numerical errors in the calculation of overall

panel dynamics. Since this research already utilizes the short elastic panel with

very small deformation which are of two order lower than the local boundary layer

thickness such that the mean flow dynamics remain unaffected; this limitation

does not affect the current analysis. However, in case of large panel deflections,

such as membrane airfoils, the current structural solver may provide inaccurate

results.

The proposed method of employing flexible structures for noise control has
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proved to be quite effective in this research. However, there are some research ar-

eas which can be further explored in future studies. Some of the recommendations

for future works are listed below:

1. As discussed in Chapter 7, for in-depth understanding of complex interaction

among the panels for MPC airfoil, a number of full DAS analyses may be carried

out at different AoAs. Since, the computational time increases significantly

with the increase in number of panels, the analysis would require much large

computational power than the existing available resources for full DAS.

2. The proposed method of utilizing elastic panel(s) may be employed for high

Re turbulent flows to assess its effectiveness at these conditions. It may help

in expanding its application for broadband noise control as well.

3. The flow passing over the open cavity also generates sharp tonal noise at

certain flow conditions due to shear layer oscillations. Hence, a similar approach

of employing elastic panel for noise control may be utilized for this practical

problem.

4. The utility of elastic panel may be combined with other noise control methods

such trailing edge serrations, sawtooth trailing or porous trailing edge to further

enhance the overall airfoil self-noise reduction.
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Açıkel, H. H. and Genc, M. S. (2018), “Control of laminar separation bubble

over wind turbine airfoil using partial flexibility on suction surface,” Energy ,

Vol. 165, pp. 176–190.

Alam, M. and Sandham, N. D. (2000), “Direct numerical simulation of short

laminar separation bubbles with turbulent reattachment,” Journal of Fluid

Mechanics , Vol. 410, pp. 1–28.

Albertani, R., Stanford, B., Hubner, J. P., and Ifju, P. G. (2007), “Aerodynamic

coefficients and deformation measurements on flexible micro air vehicle wings,”

Experimental Mechanics , Vol. 47, No. 5, pp. 625–635.

Alejandro, R. C., Roberto, M. M., Francesco, A., Daniele, R., Mirjam, S., and

Sybrand, v. d. Z. (2017), “Broadband trailing-edge noise reduction using per-

meable metal foams,” INTER-NOISE and NOISE-CON Congress and Confer-

ence Proceedings , Vol. 255, Institute of Noise Control Engineering, pp. 2755–

2765.

266



References

Anderson, J. D. and Wendt, J. (1995), Computational fluid dynamics , Vol. 206.

Springer.

Anderson Jr, J. (2011), Fundamentals of aerodynamics . McGraw-Hill, New York,

5th ed., p. 982.

Arbey, H. and Bataille, J. (1983), “Noise generated by airfoil profiles placed in a

uniform laminar flow,” Journal of Fluid Mechanics , Vol. 134, pp. 33–47.
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Koh, S. R., Meinke, M., and Schröder, W. (2018), “Numerical analysis of the

impact of permeability on trailing-edge noise,” Journal of Sound and Vibration,

Vol. 421, pp. 348–376.

Lam, G. C. Y. (2012), Aeroacoustics of merging flows at duct junctions , Ph.D.

thesis, The Hong Kong Polytechnic University.

275



References

Lam, G. C. Y. and Leung, R. C. K. (2018), “Aeroacoustics of NACA 0018 Airfoil

with a Cavity,” AIAA Journal , Vol. 56, No. 12, pp. 4775–4786.

Lam, G. C. Y., Leung, R. C. K., Seid, K. H., and Tang, S. K. (2014a), “Validation

of CE/SE scheme in low mach number direct aeroacoustic simulation,” Interna-

tional Journal of Nonlinear Sciences and Numerical Simulation, Vol. 15, No. 2,

pp. 157–169.

Lam, G. C. Y., Leung, R. C. K., and Tang, S. K. (2014b), “Aeroacoustics of duct

junction flows merging at different angles,” Journal of Sound and Vibration,

Vol. 333, No. 18, pp. 4187–4202.

Lau, Y. L., So, R. M. C., and Leung, R. C. K. (2004), “Flow-induced vibration of

elastic slender structures in a cylinder wake,” Journal of fluids and structures ,

Vol. 19, No. 8, pp. 1061–1083.

Lei, J., Zhang, J., and Niu, J. (2020), “Effect of active oscillation of local surface

on the performance of low Reynolds number airfoil,” Aerospace Science and

Technology , Vol. 99, pp. 105774.

León, C. A., Merino-Mart́ınez, R., Pröbsting, S., Ragni, D., and Avallone, F.
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