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1. Introduction

The aviation sector has been continuously improving and reducing noise associated with aircraft
wings and helicopter blades. These efforts have been deliberated carefully by acoustically tailored
materials and/or altering the design configurations. Porosity, serration, morphing, shape
optimization, and finlets are amongst the techniques used to mitigate the noise generated at the
trailing edge of the airfoils. In addition, several features such as fringes and downy wing surfaces have
shown significant noise reduction within audible range of their prey and themselves. However, detail
physical analysis is needed for better understanding [1]. Computer simulation is one of the methods
used to understand the physics of the flow structure over airfoils since it is cost-efficient. Thus, the
method can investigate better ways of mitigating the effects of the noise. Moreover,
experimentation came in handy to validate the simulation data and visualize the actual scenario.
Noise is unpleasant and causes discomfort to passengers as well as the residential areas. Reduction
and control of noise are efforts to achieve sustainable transportation, which has a low impact on
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users and the environment. Quiet take-off and landing for the commercial airplanes near the
population are one of the main goals of the International Civil Aviation Organization (ICAO).
Therefore, ICAO is planning to reduce the number of individuals who are affected by aircraft noise.

The characteristics and behavior of tonal emissions at low Reynolds number (Re = 10%) differ from
that at higher Reynolds number [2]. Flow separation and laminar separation bubble (LSB) has
tremendous effects on the flow topology over airfoils operating at lower Reynolds number. At lower
Reynolds number, the separated laminar boundary layer (LBL) rapidly transits to turbulence by
forming an unsteady vortex structure and is usually followed by flow reattachment [3]. Thus, creating
laminar separation bubbles. In addition, the laminar separation bubble is dependent not only on the
Reynolds number but also on the angle of attack [4]. The size and location of the separation bubble
vary as the Reynolds number and angle of attack increase, hence changing the fluid flow structure
over a body [5]. Laminar separation bubbles can form on both side of the airfoil at small angles of
attack.

Boundary layer separation gradually decreases as the angle of attack increases, which leads to a
decrease in the size and extension of the laminar bubble separation on the airfoil pressure side
(Figure 1). Also, increasing the angle of attack, laminar separation points rapidly shifted from the
trailing edge to the mid chord and eventually to the leading edge on the airfoil suction side [6]. These
cause flow transition to move upstream on the suction side whereas, the laminar boundary layer on
the pressure side extends close to the trailing edge before turning into a laminar separation bubble
[7]. Moreover, the size of the laminar separation bubble is also affected by airfoil profile and
thickness; varying the angle of attack was found to significantly change the flow structure and the
aerodynamic performance [8].
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Fig. 1. Influence of angle of attack on laminar separation bubble (LSB) [4]
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Noises generated can be categorized into mechanical and aeroacoustic noise [9]. Mechanical
noise can be mitigated by various ways such as isolating mechanical vibration and employing sound-
absorbing materials [10]. However, aeroacoustic noises are more dominant and difficult to alleviate
[11]. Aeroacoustic noise is divided into airfoil self-noise and turbulent inflow noise [9]. Airfoil self-
noise is further classified into Turbulent Boundary Layer - Trailing-Edge Noise, Laminar Boundary
Layer - Vortex-Shedding Noise, Separation-Stall Noise, Trailing Edge Bluntness Vortex- Shedding
Noise, and Tip Vortex Formation Noise (Figure 2) [12]. These noises are linked to subsonic conditions.
For instance, at relatively low Re, instabilities that grow in the LBL interact with the trailing edge to
generate noise. The interaction of turbulence layer with the trailing edge produces noise at high Re.
For larger than zero angle of attack, the flow separates from the surface thus, radiating acoustic
waves due to stall and reversal flow. Lastly, noise is produced by the vortex generated at the trailing
edge as well as near the tip of the wing. The dominant source of the noise for various applications is
Turbulent Boundary Layer - Trailing-Edge Noise [12,13], despite its contributions were initially
neglected [13]. Turbulent Boundary Layer -Trailing-Edge Noise is caused by scattering of turbulence
fluctuations within the boundary layer at the trailing edge thus, resulting in the radiation of the noise
[9]. The sound pressure intensity of the trailing edge noise is related to varies flow characteristics so
as to understand the noise phenomena better. The equation and the concept are well explained by

the author [12].
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Fig. 2. Types of airfoil self-noise [9]
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Airfoils operating at low to moderate Reynolds numbers generate whistle-like tonal noise [2].
Whistle noise may be found on blunt bodies or airfoil-shaped structures such as buildings, fans,
turbines, and aircraft wings. The discrete tonal noise emitting from a sharp trailing edge was initially
identified from isolated airfoils operating at moderate Reynolds numbers [14-16]. For low to
moderate Reynolds number, where micro-wind turbines, small UAV and compressor as well as
cooling fans operate; airfoil produces tonal and broadband noises in the vicinity of the trailing edge.
Broadband noise is either caused by the interaction of boundary layer turbulence and trailing edge,
inflow turbulence and leading-edge interaction, and vortex-related conditions [17]. The existence of
discrete tones and multiple tones was found in the spectrum [18-20]. Noise spectra generated show
a primary tone (f,,, max) and a series of secondary tones (f,,) as well as broadband hump (f;) defined
as the centre frequency of the broadband noise component [21], as shown by Figure 3. In another
study, airfoil tonal noise is composed of broadband noise with centered frequency and a
superposition of discrete tonal noise [22]. Noticeable tonal noise is produced whenever peak
frequency is at least 40dB [2]. High-intensity tonal noise is generally more annoying as compared to
broadband noise. An airfoil generates whistle-like noise by complying with a few criteria (Figure 4)

i. Laminar separation bubble amplifies TS-waves immensely near the trailing edge.

ii. Tonal noise is more effective whenever laminar separation bubble remains closer to the
trailing edge of an airfoil.

iii. Flow reattachment near the trailing edge must not be inhibited by strong adverse pressure

gradient.
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Fig. 3. Noise spectra generated on the airfoil surface [21]
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Fig. 4. Distinct whistle-like tonal noise generated from the airfoil [23]

Several researchers focused on detail understanding of the noise generation of an airfoil. The first
empirical model to predict average frequency of the discrete tone is presented by Eq. (1) [20]. This
was based on vortex shedding noise. The scaling law presented was modeled after measurement
were obtained from NACA0012 and NACA0018.

f =0.011U5 /+/cv (1)

where U is the freestream velocity, c is the chord length and v is kinematic viscosity of the fluid. On
the other hand, discrete frequency as shown in Eq. (2) is presented considering the tone group n to
describe the phase condition. This was proposed because vortex shedding is not enough to explain
the noise phenomena. A feedback mechanism was suggested to explain the phase condition instead
[24].

f = 6.85nU°8 (2)

In addition, it was observed that noise is composed of broadband noise around the centered
frequency (f;) and discrete components (f,,) which are equidistant from each other. Experimentally,
the centered frequency of the broadband noise (f;) on NACA0012 at a range of freestream velocities
at @ = 0°is as shown in Eq. (3) [19]. Displacement thickness at the trailing edge and freestream
velocity is denoted as & 1z and U respectively. Strouhal number (st;) was determined as 0.048.

fs = stsU/Srg (3)

Following another experimental study on NACA0012, a model to calculate the spectral peak was
investigated at angles of attack ranging from 0° to 25.2°, as shown by Eq. (4) [12].

fs =st'U/Sp (4)
Effective angle of attack as well as the Reynolds number is associated with Strouhal number st’

and boundary layer height on the pressure side 8. The empirical model can predict well the primary
noise from a wall-mounted finite airfoil [25].
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Past research shows that laminar separation bubble affects airfoil aerodynamic performance and
contributes to airfoil tonal noise. Its formation, size, and location are affected by both angles of attack
and Reynolds number. It is necessary to conduct a flow visualization experiment to study the physical
flow characteristic to investigate the airfoil tonal noise mechanism. Existing empirical models have
limitations in predicting airfoil-self noise generated at different angles of attack at low Reynolds
number [2]. Flow measurement and visualization of the flow structure around the airfoil is necessary.
Without these, the generation of the airfoil whistle noise may not be understood and may inhibit an
in-depth explanation of the measured results. Alternatively, analysis of dynamic cases such as
oscillations of the trailing edge has gained interest recently [25]. It has also been proven that it has
significant effects on the noise generated [26,27].

2. Noise Generation Mechanism
2.1 Noise Generation

Distinct airfoil tonal noise is said to be generated by the amplification of naturally developed
laminar boundary layer instability by the laminar separation bubble near the airfoil trailing edge.
However, this condition may not be entirely necessary for airfoil tonal emission. The airfoil tonal
noise begins with significantly small instabilities known as Tollmien-Schlichting waves (TS-waves) that
naturally occur inside the laminar boundary layer on the airfoil pressure side. The TS-waves
instabilities undergo massive amplification by the laminar separation bubble near the trailing edge
[28]. Consequently, noise is generated as the amplified instabilities pass the airfoil trailing edge. This
phenomenon is commonly found at low-to-moderate Reynolds numbers [2]. Yet in another study,
flow structure, laminar boundary layer initially but unsteady disturbances (T-S Wave) appear that
initiate transition to turbulence, then boundary layer may also separate depending on flow condition
causing the oscillation of the shear layer. Finally, the unsteady flows on both sides of the airfoil
interact at the trailing edge forming a complex wake [29].

Airfoil noises are due to vortex shedding located at a short distance downstream from the trailing
edge [20]. Similarly, vortex shedding due to laminar boundary layer instabilities and blunt trailing
edges are the dominant sources of airfoil self-noise [11]. Moreover, the interaction of wake and
boundary layers was also associated with the airfoil tonal noise [30]. The discrete tones at the trailing
edge are linked to the laminar boundary layer located on the pressure surface [31].

Acoustic disturbances (T-S Waves) originating at the sharp trailing edge propagate downstream
along the airfoil wake. Upon reaching sufficient magnitude, they induce lateral oscillations in the
wake resulting in the emission of acoustic waves. A fraction of the acoustic wave energy is
propagated upstream to the pressure side of the airfoil near the trailing edge, forcing the boundary
layer to oscillate, thereby completing a feedback loop [24]. Likewise, acoustic waves travel upstream
to complete a hydrodynamic and acoustic feedback loop. The end location of the feedback loop is
the point at which the boundary layer instabilities on the airfoil profile originate [32]. However,
another research proposes that hydrodynamic fluctuations propagate upstream to a point where the
hydrodynamic instabilities are formed. This point is at which the flow velocity is the maximum in the
laminar boundary layer. The hydrodynamic fluctuations will be amplified if the frequencies of the
acoustic waves and hydrodynamic fluctuations are in phase. Hence, the hydrodynamics instabilities
propagate downstream to complete the feedback loop [19]. As the unstable boundary layer forms,
T-S waves continue growing and propagating toward the trailing edge before rolling up into a vortex.
Thus, a scattered source oscillating at the same frequency as the T-S wave extends upstream to
approximately half the chord at which the boundary layer becomes unstable, resulting in the narrow-
band acoustic tones. These shows that the feedback mechanism is based on a vortex shedding
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process [33]. Periodic variations of the velocity field in the separating region, followed by upwash
and downwash cause the periodic formation of a vortex. Tonal noise is due to an adverse pressure
gradient sufficiently small to allow instability waves to grow slowly thus, propagating upstream
toward the point of boundary layer instability, initiating a feedback loop [34]. A secondary feedback
loop exists when the laminar boundary layer separates. The T-S Waves interact with trailing edge
forming a dipolar acoustic source. The waves then travel upstream forming a feedback loop. No tonal
noise is generated with a sufficient turbulent boundary layer [35].

2.2 Factors Affecting Airfoil Noise.

Aslight increase in velocity will increase the primary tone frequency by U%8 for symmetrical NACA
airfoil operating at a moderate Reynolds number. Moreover, the primary tone instantly jumps to a
higher frequency at certain velocities, forming a 0.8 power relationship thus, forming a ladder-like
structure. U%8 curves vary for different Reynolds number and angles of attack. The frequency-tone
relationship forms U curve. Therefore, overall frequency of primary tone can be written as Eq. (1)
[20].

Varying the Reynolds number also affects the primary tone amplitude and quantity. The primary
tone decreases if the Reynolds number is increased at zero angles of attack [19]. At low Reynolds
number, high intensity centered frequency (fs) is accompanied by more pronounced secondary
discrete tonal noise of frequency (fs) as freestream velocity increases [2]. Whereas at moderate
Reynolds number, multiple tones superimposed on a broadband hump are generated [30]. Yet
another suggestion was higher Mach number increases the amplitude and the frequency of the tone.

The flow structure is asymmetric for a non-zero angle of attack. Thus, the boundary layer grows
at different rates on both the suction and pressure sides. The suction side initially separate due to
the unsteady behavior of the flow compared to the pressure side, which remains laminar over for
relatively small angle of attack [30]. Airfoil tonal noise gradually decreases as the angle of attack
increases from a = 0° before disappearing beyond a = 5° [2]. This might be explained due to the late
transition on the pressure side and early separation on the suction side. Hence, causing the flow to
be dominated by turbulent flow.

The reverse flow region is not displayed by thinner NACA 0012 airfoils [29]. This shows the
influence of the airfoil thickness on the flow structure. Similarly, increasing airfoil thickness would
increase low-frequency noise on the suction and pressure sides [36]. In addition, camber increases
low-frequency noise on the suction side and decreases the noise on the pressure side [36]. Thicker
blunt trailing edges would have a lower tonal frequency compared to thinner ones at the same
velocity [37]. Thicker airfoils produce higher amplitude, whereas thinner ones emit higher frequency
tones [30]. Experimentally, noise increases as the bevel angle are increased until 8°. However, the
noise reduces gradually at higher angles. Beyond 20°, the noise drops below the baseline of 0° [38].

3. Flow and Noise Control
3.1 Flow Control

Laminar Flow Control (LFC) is one method that forces a certain amount of energy into the flow to
match the flow disturbance [41]. Due to unstable nature of the laminar flow, re-energizing it would
enhance its stability on the surface of the model.

Natural Laminar Flow (NLF) is an alternative way of reducing drag [40]. This method employs a
favorable pressure gradient to delay transition [40] by shaping the flow contour [41]. This is meant
to reduce the momentum-thickness Reynolds number hence altering the transition point. It is
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passively applied compared to active LFC. It is strenuous to employ NLF in real applications due to
the excessive pressure drag associated with it [41].

NFL becomes ineffective, especially when considering a 3D model. Since boundary instability is
known as crossflow vortex, this causes the boundary-layer state near the wing leading edge to be
turbulence. Moreover, it is indicated that the modern NFL system can overcome this issue by
decreasing the leading-edge radius. Thus, decreasing the chordwise extent of the crossflow region
and therefore providing a more rapid acceleration of the flow over the wing. The author has also
suggested that NLF suffers from insect contamination and ice adherence to the system when applied
to actual models [40].

Hybrid Laminar Flow Control (HLFC) is a significant advancement made in the development of LFC
technology. LFC is a complex method, which involves suction (ducts, flutes, and pump source) over
the whole-wing chord. HLFC integrates the concepts of NLF with LFC to reduce suction requirements
and reduce system complexity [40].

3.2 Influence on Aerodynamic Performance

One of the usual methods used and researched regarding LFC is suction and blowing. However,
unblown holes usually introduce roughness on the surface. Skin roughness might also be caused by
several factors such as contaminations, manufacturing constraints, and coatings.

LFC provides skin friction reduction of about 75% compared to the solid plate; moreover, this
reduces total skin reduction to about 1-2%, specifically on the engine nacelles [41]. This reduction
translates to less engine power requirement hence reduction in emission as well as the noise
generated.

Another novel concept of porosity is micro-blowing technology (MBT). He has considered the
unblown porous material to be MBT, if the ratio of its skin friction compared to the non-porous one
is less than 1.1, indicating 10% increase in the drag compared to the solid model [42]. This shows that
a porous surface always has more drag compared to the solid model. Even 8% porous which is
considered aerodynamically smooth has a drag coefficient greater than non-porous plate [43]. Three
parameters have been analyzed independent of each other to show the effect of each parameter
individually. The parameters are hole diameter, aspect ratio, and porosity of the material. Based on
the evaluation, the lowest skin friction ratio is acquired at Reynolds number based on the hole
diameter of about 400, an aspect ratio of roughly 6, and porosity percentage within 13 to 23 [42].
Increasing the plenum depth would increase the drag coefficient. Moreover, small and closely parked
holes would also increase drag coefficient because of the interactions and vortices in the holes [43].

Furthermore, it has been stated that blowing reduces aerodynamic efficiency while suction
increases the aerodynamic efficiency on the suction side of the airfoil [44]. The authors also affirmed
that blowing improves the aerodynamic efficiency on the pressure side of the airfoil. Similarly,
passive blowing destabilizes the boundary layer while suction stabilizes it [45].

Roughness noise is generated due to the surface roughness. One of the parameters used to
describe surface roughness is roughness height and roughness density. Roughness height and
roughness density have been proven to affect far-field noise with roughness height having more
effect [45]. On the other hand, an increase in the noise [45,46] and overall sound pressure level [45]
at high frequency is associated with surface roughness noise, which is more significant at this range
of frequency compared to the solid model. Moreover, roughness noise exceeds the trailing edge
noise at sufficiently high frequency [45]. Surface roughness strengthens the acoustic sources at
relatively high frequencies. Thus, the energy in the boundary layer may be scattered to radiate sound
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into the far-field [45]. Therefore, skin roughness should be considered in the analysis and design of
the airfoil noise.

3.3 Noise Control

Some researchers worked on the porous models and presented the effect of the noise generated
by the model. The terms used to define the porous material varies from one author to another. For
example, porosity, permeability, resistivity, porosity constant, non-dimensionless permeability, flow
control severity, and tortuosity. Porosity is the measure of the void space in a material. Permeability
describes the ability of a material to transmit fluid through the void spaces. Resistivity indicates the
ability of a material to oppose the flow through its void spaces. Noise generated at the trailing edge
is mostly associated with the speed of sound, the density of the fluid, dynamic viscosity, chord length,
span, angle of attack, airfoil profile, free-stream velocity, porosity, observer’s distance from the
surface, frequency, flow resistivity, boundary layer thickness and tortuosity [47]. From these
properties, 11 dimensionless quantities were defined, which are normalized mean square sound
pressure, chord-based Reynolds number, chord-based Strouhal number, Mach number, acoustical
Rayleigh number, porosity, tortuosity, length ratios, and angle of attack [47]. In addition, materials
can be described completely based on airflow resistivity, volume porosity, tortuosity, thermal
permeability, characteristic viscous dimension, and thermal characteristic dimension [48]. However,
the author attested that airflow resistivity and volume porosity influence the noise around the airfoil
the most.

Pores facilitate the formation of crossflow and vortex shedding; the magnitude depends on the
features related to the hole parameters. Eventually, this will affect the turbulence structures [49].
The noise generated can be minimized if a smaller pore size with sub-millimeter diameter, medium
to large porosity, and/or small porous coverage is utilized. With those parameters, the flow oozes
through the porous channel and surface. Hence, interfering with the boundary layer and lowers the
radiated noise near the trailing edge [50]. The dominant noise source is close to the trailing edge.
Therefore, smaller-sized pores can suppress vortex shedding noise and turbulent noise near the
trailing edges [50]. Moreover, high-frequency noise near the trailing edges can significantly reduce
with sub-millimetre pores [50]. In addition, porous materials generate noise when air flows over the
transition of solid and porous parts. This source increases with the increased permeability [49].
Another reason for the additional noise is surface roughness, low porosity, and vibration of the
trailing edge [51]. On top of all that, many porous models such as metal foams produced less noise
compared to the baseline [51].

The thickness of the porous skin must be greater than the diameter of the holes; this gives an
aspect ratio greater than one [52]. Moreover, they also reasoned that the hole diameter must be less
than the boundary layer thickness [51,52], sharp and broadened noise is produced whenever the
depthis at least twice the average boundary layer thickness [50]. The noise generated over the airfoil
is directly proportional to the volume of the turbulence through the trailing edge [53]. Consequently,
this will enhance the efficiency of the porous portion. In addition, sharp tones are dominant if the
ratio of distance connecting the holes and the pore diameter is less than or equal to 1.5. On the
contrary, broadened tones are dominant whenever the ratio is more than 1.5 [50]. Airfoil trailing
edge is categorized as sharp when the ratio of hole diameter to the boundary layer displacement
thickness is less than 0.3, and blunt trailing edge when it is more than 0.3 [54].

Moderate permeability provides the highest noise reduction [50,55]. Higher permeability has
negligible resistance, thus regarded as a shortened chord. Whereas lower permeability behaves like
a solid surface, thus giving almost the same results as the solid model.
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Moreover, noise reduction is observed by increasing the material's resistivity within low to
medium frequencies; the same observation was made at high frequency for solid material [55,56].
On the other hand, an increase in the noise at high frequency is associated with surface roughness
noise, which is more significant than the solid model [57].

For a partially porous airfoil study, increasing resistivity while reducing the extent of the porous
region would increase lift coefficient and decrease drag coefficient [51,58]. Increasing the extent of
the porous region from the trailing edge towards the leading edge will increase both boundary layer
thickness and turbulence intensity, resulting in more wake deficit after the trailing edge [59]. Also,
increasing extent of the porous region will reduce the lift coefficient over the airfoil surface [60]. A
study suggested that a small extend of the porous region showed a reduction in noise over the airfoil
[61] of a considerable 3.7% coverage [50]. Slightly increasing the extent of the porous coverage will
reduce noise radiation. However, sub-millimetre pores have more effect on the reduction of noise
[50]. Additionally, material selection is an important criterion to achieve significant noise reduction
[51]. It was also mentioned that a porous surface reduces the peak pressure fluctuation resulting in
the reduction of noise intensity by weakening the strength of the Strouhal-shedding frequency.
Moreover, correct placement of the porous region on the airfoil's surface can suppress the vortex
roll-up, which will reduce pressure fluctuation and peak swirl velocity; consequently, reducing the
generated noise [62]. Furthermore, smooth porosity distribution eliminates sudden changes in the
acoustic impedance, which is known to be the dominant cause of the trailing edge noise [9].

Increasing flow control severity would increase the viscous region while decreasing the
logarithmic region. The logarithmic region disappears when flow control severity is greater than 6
[63]. The highest noise reduction of about 5dB is achieved at a flow control severity of 6 and the
suction angle of 70°.

At considerably low Reynolds number (5 x 10%), blowing reduces far-field noise above the
trailing edge, and the reduction rate depends on the blowing velocity [30]. On the other hand, suction
increases the far-field noise, and this trend is independent of the free stream velocity. Moreover,
blowing at the trailing edge reduces the pressure fluctuation, suppressing the acoustic scattering
near the trailing edge region [30]. This reduces airfoil noise directly since acoustic scattering is one
of the sources of airfoil noise.

In addition, at relatively low Reynolds number (105) and zero angles of attack, suction reduces
the spectrum related to secondary tones but increases the primary tonal peak [30]. They also claimed
that blowing increases both the primary and secondary tones with only a slight increase in the former.
Moreover, a slight increase in speed or at a constant Reynolds number, suction, and blowing reduces
the frequencies and amplitude of the primary peak. However, the disturbance created by suction and
blowing causes higher secondary peaks, especially suction amplifies the broadband noise.
Furthermore, increasing the angle of attack from zero to three showed that blowing increases the
primary tonal peaks and reduces the amplitudes of the secondary tones. In contrast, suction reduces
the amplitude of the primary peak and increases the secondary tones.

Since the laminar flow is maintained using this technique along the transition and turbulence
region of the flow, the boundary layer is measured using different methods such as hot-wire
measurement immediately after suction and blower are applied. This technique will aid in visualizing
the trend and behavior of the flow after applying blowing or suction.
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4. Parametric Designs
4.1 Design Based on Skin Friction

Three parameters were analyzed independently of each other to show the effect of each
parameter individually. The parameters are hole diameter, aspect ratio, and porosity of the material.
Aspect ratio is the ratio of the skin thickness to the hole diameter. Porosity is defined as the measure
of the void space relative to the area covered by the apertures. Another term used in this study was
Reynolds number based on the hole diameter. This study involves the diameter of the hole as the
characteristic length exposed to the flow.

Based on the evaluation, the lowest skin friction ratio acquired at Reynolds number based on the
hole diameter of about 400 shows the skin friction increases drastically above this value, whereas a
slight increase in skin friction below this value. The aspect ratio of 6 gave the lowest skin friction ratio,
where the skin friction ratio increases below and above this value. Porosity within 13% to 23%
provides a minimum value of skin friction ratio, whereas an increase in skin friction ratio is observed
for porosity above 25%. Figures 5, 6, and 7 illustrate the above statements.
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The three parameters, hole sizes, and the distribution can be designed to reduce the effect of
skin friction. Additionally, skin roughness contributes to the noise at high frequency [57]. However,
it is difficult to fulfill all conditions during the designing process because of many factors such as
manufacturing constraints, restrictions based on the objectives of the study, etc. Therefore, we can
optimize the parameters based on the aims of the study and the constraints. Finally, the parameters
can be the prime component in the design of porous dimensions and arrangement.
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Fig. 7. Skin friction ratio with respect to porosity [42]

4.2 Design Based on Aperture Parameters

Based on Howe’s theory [64], several assumptions were made. Among others, no consideration
on the viscous effects, flow independent on the porosity, low Mach number, and the size of the
eddies larger than the hole diameter, non-dimensional aperture parameter is related to the radiated
trailing edge noise as follows

1 =8/m%c I/R (5)

where A is the non-dimensional aperture parameter, € is the porosity evaluated based on aperture
area over the total porous area, / is the extend of the porous area measured from the trailing edge,
and R is the radius of the aperture.

Howe focused on two cases whereby one has uniform aperture distribution throughout its porous
surface while the aperture of the second case increases linearly towards the trailing edge. Based on
his analysis, he has recommended 0.89 and 1.25 as the optimum values of the non-dimensional
aperture parameter for case 1 and case 2 respectively. These values provide significant noise
reduction with a series of peaks in noise reduction at high frequency for case 1, whereas uniform
noise reduction is observed for case 2. However, experiments must be performed carefully when
boundary layer turbulence is affected; the boundary layer might generate different noise sources.
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4.3 Design Based on Flow Characteristics

An equation at the boundary condition for the generation of a disturbance by suction and blower
through a hole is defined in Eq. (6) [40].

V = f(x)exp (—iwt) (6)

where w the frequency of the disturbance, f(x) is the shape of the suction and blowing distribution,
and Vis the resulting wall-normal velocity component at the wall.

The suction and blowing are regulated via suction and blower speed, and the size and inclination
of the hole. It is laborious to solve some of the applications at hand. However, the problem can be
solved by relating the normal velocity and aperture shape if it is separated into simple algebraic
equations.

5. Concluding Remarks

The study of self-noise is bio-inspired, especially by owl wings and feathers, which have unique
properties responsible for its silent flight. For instance, several features such as fringes and downy
wing surfaces have shown significant noise reduction within audible range of their prey and
themselves. However, detail physical analysis is needed for better understanding. Nonetheless,
appropriate analysis is needed since the owl combines various features and behaviors during flight.
The study may interconnect the puzzle of silent flight in the future.

Overall, noise on the airfoil surface is linked to vortex shedding, instabilities on the surface, and
a feedback mechanism. In addition, acoustic scattering is minimized by reducing the extent of the
porous region from the trailing edge while increasing resistivity. Moreover, blowing might also be
another means of reducing noise near the trailing edges. Some of the parameters that affect the
noise generated are freestream velocity, Reynolds number, angle of attack, and the airfoil profile.

The causes and the most optimum techniques to mitigate the airfoil noises are not well covered
despite extensive research. Moreover, the flow topology needs to be understood clearly to explain
the noise characteristics and interpret the performance rationally. In other words, the sources and
noise mechanism may be explained and elaborated well when the features are presented
accordingly. Subsequently, analysis of dynamic cases such as oscillations of the trailing edge has
gained interest recently. It has also been proven that it has significant effects on the noise generated.
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