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Abstract: In this paper, the numerical computation of sound pressure using quasi empirical model and wall 

pressure spectrummodels based on external pressure gradientswas done for NACA 0012 and NACA 6320 

airfoils.The development of boundary layer thickness and displacement thicknessfor different chord lengths and 

Mach numbers with varying angles of attack, are illustrated for NACA 0012. Thesound pressure levels 

evaluated between 0
0
 to 6

0
angles of attack and at constant chord length of 1.2m using BPM model showed 

change of ~5dB in peak amplitude. The maximum test velocity and chord length used for analysis is 65 m/s and 

1.5m. The relative velocities for airfoils have been computed using the boundary element and panel method. 

Boundary layer properties involving chord Reynolds number, 3.14 x10
6
, 4.6 x10

6
and Reynolds number based on 

wall shear, 7410, 6865 were assessed at 2
0
 AOA for NACA 0012. Results have found higher values for thickness 

at increasing angle of attack but decayed along chord length. Comparison of wall pressure spectrum for 

favorable and adverse pressure gradients were done and validated with existing literature predictions.  
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I. Introduction 

Noise is unwanted sound waves produced due to pressure fluctuations in atmosphere which are 

propagatedand perceived by receiver. The thresholds of hearing and pain for a human are 0dB and 140dB and 

limits for the sound perceived by observer at different frequency bands. Many engineering structures produce 

noise when they interact with atmospheric air during operation and cause annoyance to inhabitants in 

environment.Broadband aerodynamic noise contributes significantly to the overall sound pressure levels as 

result of rotating components such as blades from wind turbine, fan, compressor etc.  Airborne and structural 

borne noise are two different noise sources that depend upon the aerodynamic and structural properties of 

material. One of the contributions to sound radiation is unsteady fluid motion and shear stress within flow that 

act as weak source of sound [16]. Velocity fluctuations within turbulence boundary layer flow induce acoustic 

pressure fluctuations due to its interaction with the rigid flat surfaces andwall pressure fluctuationscontribute to 

noise in applications such as aircraft cabin noise, during transportation [7],[8]It has been observed that 

aerodynamic and aero-acoustic problems posed with such structures require detail design taking account of the 

acoustic source properties. Source characterization is done on the basis of the acoustic pressure fluctuations in 

the atmosphere which are result of the fluid density or velocity component changes. This can be also be 

attributed to the characteristic dimension of the source such as chord length, being greater or lesser with respect 

to the acoustic wavelengthand treated as eithernon compact or compact forms.Traditional acoustic analogy is 

based on compressible Navier Stokes equation rearranged to form wave equation.However, Lighthill(1952) 

hadestablished the first theoretical background of the source characterization in free field by deriving the 

inhomogeneous wave equationand rearranging unsteady compressible viscous Navier –Stokes equations, i.e. by 

taking the difference between time derivative of continuity equation and divergence of momentum equation, 

involving momentum transport containing three source terms[2], [3], [10]. They are fluctuating density and 

pressure term,“Reynolds stress tensor”, and viscous stress tensor. However, the prediction of incident pressure 

field was entirely described by the spatial distribution of non- linear volume quad poles not accounting for the 

reflections from moving or rigid surfaces encountered in flow field. The acoustic pressure field was scaled with 

Mach number, U
8
 of free stream velocity. Later Curle(1955) extended this analogy and made new 

formulationsthat acoustic field is subjected to narrow angle reflections from flat surfaces enclosing all noise 

sources. The source is characterized into surface terms comprising acoustic monopoles and dipoles near the 
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edge. Further, the acoustic field behavior is governed by definition of control surface located inflow field, such 

as in Kirchoff method, which assumes nonlinear sources enclosed within near and mid field and linear sources 

outside the control surface in far field region and obeys linear wave equation.The acoustic pressure field is 

obtained in terms of surface integral of pressure and its normal and time derivatives and including nonlinear 

quad pole noise sources in far field [23]. FW-H (1970) proposed analogy for solid and movingsource involving 

spatial distribution of surface (thickness and loading noise) and volume terms emphasizing relationship between 

the nonlinear aerodynamic near field and linear acoustic far field.  Since calculating volume quad poles involves 

significant computation effort using LES or DNS (Direct Numerical Simulations), it is not suitable for iterative 

engineering design calculations. The acoustic pressure was scaled with Mach number, U
4
 and U

6
 of free stream 

velocitythat included effect of reflections from surfaces. For a given problem, the flow field can be described by 

the viscous incompressiblewhile the acoustic field as assumed inviscid which can be solved separately, however 

they can be coupled to predict sound pressure level with less effort. The integral formulationsfor acoustic field 

as proposed by Kirchoff and its extension by FW-Hfor porous surfaces can be extended usingRANS based 

statistical modeling (Doolan, 2010)  to predict noise from turbulent boundary layer trailing edge source [1] [2], 

[11].  The RANS based approach considers the mean values of velocity, turbulent kinetic energy and dissipation 

terms ignoring time varying properties of turbulence to model the turbulent field with less computational 

effort[24].  

  The earliest empirical models for predicting sound spectrum were based upon the wind tunnel 

experimentation conducted by Paterson (1982), Brookes (1989), Blake (1986) who used NACA 0012 and 

NACA 0018 airfoils for measuring the surface pressure fluctuations, boundary layer properties, and far field 

noise spectra for low to moderate Reynolds numberusingchord lengths up to 1.2m. The measured data enabled 

to understand the mechanism responsible for broadband and tonal noise caused due to pressure fluctuations 

within the turbulent boundary layer and external pressure gradients that induced vortex shedding near the 

trailing edge of airfoil [1],[9]. It was concluded that flow separation on airfoil trailing edgedue to adverse 

pressure gradient contributes to the acoustic field and found varying with angles of attack.Experiment studies 

Paterson (1982) provided necessary background to derive the curve fitting expressions for boundary layer 

thickness, displacement thickness and momentum thickness as function of tunnel wall corrected angles of attack 

and chord Reynolds number in the BPM model (Brookes, Pope and Marcolini) (1989).The turbulence 

phenomenon observed in canonical flows such as in pipes, duct or closed conduit and on airfoils is due to 

existence of external pressure gradient within the boundary layer.In this paper, the effect of empirical pressure 

gradient models on acoustic emissions from the airfoil is computed numerically using the wall pressure 

spectrum and BPM model. The results obtained are compared withpredictions fromTian, Kotte 

(2016),Rozenberg (2012), Hu (2017) and experimental data from Keith et al (2005).It was found experimentally 

in the past that adverse pressure gradient in the boundary layer interacts with surfaces like airfoil trailing edge as 

found blades of wind turbinecontribute to noise for incompressible flows [1],[2] [6]. The results of the wall 

pressure spectrum are shown for the external pressure gradient models proposed initially by Chase (1980), 

Howe (1998) and Amiet(1976) and modified by Goody who included the Reynolds number effect. A brief 

review of Rosenbergmodel for the adverse pressure gradient flowsis presented.Further, the airfoil self-noise 

predictions from the BPMmodel for symmetric and cambered airfoils, NACA 0012, NACA 6320, 12 % and 20 

% thickare illustrated at different airfoil chord length and Mach numbers.  

 

II. WPS Models 
Modeling the wall pressure fluctuationsis based oninteraction of convective velocity that varies 

linearlywithin viscous sub-layer, with its mean value and nonlinear turbulent –turbulent velocity component 

fluctuations within outer boundary layer.The velocityprofile within the boundary layer variesdue to effects of 

pressure, temperature at wall or boundary. These effectscan cause external pressure gradients within the 

boundary layer leading to flow separationssuch as suction side ofairfoil[1], [2] [14].Scaling laws available to 

describe the velocity fluctuations within the turbulent boundary layer are insufficient to predict the behavior of 

turbulent eddies which convect past the wall at different timescales [9],[10]. Hence, the determination of wall 

pressure spectrum often involves analyzing spectral variables or through numerical simulations involving the 

wave number or angular frequency representedby pressure and length scales.Broadband noise from turbulent 

boundary layeris due to turbulent energy present in form of eddies which are defined by length and time scales 

observed at low and high frequencies regions of spectrum.Accurate predictions are possible using DNS or LES 

which is able to resolve such large energy containing scales of turbulence in flow but computationally intensive 

compared to empirical models. 

 

a) Amiet model 
Turbulent boundary layer can be characterized using integral length scales, and time scales.Trailing edge 

represents one of the dominant acoustic sources in the form of cusped surface or bump where the strong adverse 
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pressure gradient exists. The wall pressure fluctuations near the trailing edge of a surface can be correlated with 

the turbulent boundary layer length scalesto determine the pressure amplitude. Close to wall, there exists a 

laminar sub-layer in which velocity profile varies linear or parabolic [22]. The pressure spectra properties in 

high or low frequency regions depend upon the wall shear stress, τwrepresented by“pressure scale” andϑ/u
2
 for 

“timescale” [8]. For the pressure spectra, boundary layer scaling is related to the inner and outer layers which 

can be correlated withroot mean square velocity fluctuations and wall shear stress. Experimental studies from 

Willmarth and Roos, provided data which led to development ofempiricalmodel byAmiet[1],for the wall 

pressure fluctuations inside the turbulent boundary layer region, [4] [6], [11] [13].By knowing the wall pressure 

spectrum near the proximity of the trailing edge of airfoil surface, it is possible topredict whether the flow 

remains attached or separated from boundary depending on when pressure gradient is negative or strong 

positive. Thesoundconvected past the trailing edge of an airfoil can therefore be predicted using the empirical 

model formulated by Amietfor wall pressure spectrum, φpp (ω), whichcan be expressed by Eq (1) and Eq (2) 

 
ᶲpp (ω)Ue

𝜌0
2Ue

3δ∗ =  2. 10−5 F(𝜔 )

 2
       (1) 

 F(𝜔)    =
1

(1+𝜔 +0.217𝜔 2+0.00562 𝜔 4)
       (2) 

Where 𝜔   - ωδ*/Ue and lie within the range 1 to20. Ue is the convective velocity, m/s, δ* is the boundary layer 

displacement thickness.  

 

b) Chase-Howe model 

Chase (1980) derived generalized empirical wall spectrum combining the effect of mean shear and turbulent 

shear for turbulent flows based on the experiments conducted by Ffwocs Williams, (1982) Kraichnan, (1956) 

and compared them with the predictions from Corcos (1964) model. Howe (1998) further determined the 

spectral characteristics of wall pressure fluctuations considering the mixed variables which use the boundary 

layer thickness in outer and inner layers. In the experimental studies, the data from Keith (1992) used different 

combinations of scaling variables at low frequencies in which pressure spectra collapsed for convective domain 

[21]. The Chase- Howe spectrum is observed to vary with  𝜔2
 at low frequencies.  The wall pressure spectra are 

found to be upward sloping near low frequencies, while negative in the transition region and steeply low in high 

frequency regions. [2]. 

 
ᶲpp (ω)Ue

τw
2 δ∗ =  

2ω 2

 ω 2+0.0144  3/2       (3) 

Where δ* is the boundary layer displacement thickness, Ue is the convective velocity, m/s. τwis the wall shear 

stress within the boundary layer. Chase (1987) further developed the model by considering sub convective 

region contribution from viscous sub layer and far field radiation domains in the acoustic spectrum applicable 

for rigid flat surfaces [21]. 

 

c) Goody ZPG model  

In this model, the wall pressure fluctuations are expressed in terms of wave number –frequency domain similar 

to Chase –Howe (1980) model to predict the external pressure gradients.  However, experimental studies from 

Schloemer et al, have confirmed that this model does not predict APG flows accurately since it underestimates 

the pressure amplitudes at low frequency regions of spectrum. According to Goody, Reynolds number 

dependent on outer layer variable convective velocity, Ue and inner layer variable wall shear, τw influencesthe 

acoustic pressure fluctuations andwall spectrum amplitudes, as result of turbulent velocity fluctuations within 

the boundary layer. It can be expressed using Eq (4)  

ᶲpp (ω)Ue

τw
2 δ∗ =  

C2(
ωδ

U
)2

 (
ωδ

U
)0.75 + C1 

3.7
+ C3

ωδ

U
 
7   (4) 

 

Where C1, C2 and C3 are empirical constants with values 0.5, 0.3 and 1.1RT
−0.57  and RT is the Reynolds number 

dependence on wall shear stress, τw or outer to inner boundary layer time scale, 
ωδ

U
. 

 

d) Rosenberg APG model 

In this model, modified form of Goody model which accounts for adverse pressure gradient effects, 

within the boundary layer is formulated. Correction factors are obtained by taking boundary layer history which 

adequately characterizes the mean adverse pressure gradient. It also uses local pressure gradient, βc known as 

Clauser parameter that expresses the pressure forces within turbulent boundary layer involving wall shear stress, 

τw, momentum thickness, θ, wake strength parameter, П, as postulated by Coles (1956) to describe the size of 

eddies in outer layer of turbulent boundary layer [2].Δ, is the ratio of thickness to displacement thickness and 
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use as measure of mean velocity defect, according to Zagarola-Smits law within the outer boundary layer as 

well as to predict the mean pressure gradient [2].  However, from many experimental studies conducted by Na 

and Moin, Schloemer, the wake strength parameter, П was also significant variable which affects the mean 

pressure gradient. The velocity defects within the turbulent boundary layer take account of boundary layer 

thickness, δ and displacement thickness, δ*. The final model developed by Rozenberg et al, using combined 

parameters for mean adverse pressure gradient flow is given by Eq (5) 

ᶲpp (ω)Ue

τmax
2 δ∗ =  

 2.82∆2(6.13∆−0.75 +𝐹1)𝐴1  4.2
П

∆
+1 𝜔2

 4.76ω0.75+ 𝐹1 A 1+ 𝐶3𝜔 A 2   (5) 

.Where F1 is expressed in terms of boundary layer thickness ratio and Clauser parameter,βc The effects of 

changing Δ and β on the wall pressure spectrum can be found in figure 16 (a) and figure 16(b) [2]. A1, A2give 

the empirical relationship between the Clauser parameter, βc, and ratio of outer to inner boundary layer time 

scales.  

 

III. Simulation details 
The simulation is based on the incompressible flow over the airfoils NACA 0012 and NACA 6320 

respectively. The program for BPM model for predicting the source region sound pressure spectrum and wall 

pressure spectrum models was developed in MATLAB environment Analytical turbulence models coupled with 

LES or DNS simulations produceturbulence by cross or auto correlation of fluctuating velocities and turbulence 

constants.However, in the present study the assumption for turbulence in boundary layer flows is produced by 

friction velocity dependent on surface roughness at wall and lie in the range 0.01-0.2 m/s. Linear and 

logarithmiclaw approximations are usedfor velocity profiles within boundary layer as well as model parameters 

to represent the pressure gradients. The simulation parameters are outlined as, free stream velocities of 65m/s 

and 40m/s resulted in chord Reynolds number, of3.134 x10
6
, 4.612 x10

6
and free stream Mach number 

corresponding to 0.1912 and 0.1176 respectively. The moderate angle of attack range was chosen to be within -2 

to 6
0
 and chord lengths for 1.2m, 0.5m and 0.8m.  Three different aspect ratios were considered in simulation of 

sound spectrum for NACA 0012 airfoil viz. 1, 3 and 4, with constant chord length of 0.5m.  

 

IV. Results and Discussion 
a) BPM Model  &Effect of AOA, chord & Mach numberon SPL 

 
 

Figure 1Turbulent boundary layer trailing edge, Sound pressure level (dB), 1/3
rd

 octave, for NACA 0012 

airfoil, at different chord lengths, span - 1m, observer distance – 2m and free stream velocity – 65 m/s, 4
0
 

AOA.  (a) Pressure side (b) Suction side (c) Stall separation (d) Total Turbulent Boundary Layer Trailing 

Edge noise, Sound Power Level, dB, for three different receiver positions, 0
0
, 60

0
 and 90

0
from trailing 

edge 
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The BPM model characterizes the acoustic field using the scaling laws which are correlated with 

boundary layer thickness, displacement and momentum thicknesses and function of chord length and angle of 

attack. The scaling law helps to transform data from relatively small model to valuable design information for 

large prototype model [22]. The model considers six noise mechanisms which include the effects of turbulent 

boundary layer interaction with the trailing edge of airfoil and vortex shedding due to trailing edge thickness, 

the tip noise, turbulent inflow noise [19], [20]. The airfoil is modeled as semi-infinite flat plate from which 

incident pressure field undergoes edge scattering at trailing edge to produce noise. The overall amplitude of the 

sound spectrum is governed by amplitude and peak adjustment functions determined using chordReynolds 

number and Strouhal number based on boundary layer thickness on suction and pressure side of airfoils. The 

regions of sound spectrum amplitude where the distinct peaks are observed were attributed to boundary layer 

instabilities or amplification of acoustic pressure fluctuations caused due to diffraction at the trailing edge and 

its propagation downstream.Figure 1shows the amplitude of SPL for turbulent boundary layer trailing edge on 

suction, pressure and stall separation cases for NACA 0012 airfoil for three different chord lengths, 1.2m, 0.8m 

and 0.5m.  It can be noted that the amplitude is found to vary in low and high frequency regions of the spectrum, 

With increasing chord length, the SPL, dB was found to increase between 100-1000 Hz while, decreasing in the 

very high frequency regions, f>10
4
 Hz. The present results showed similar trends to those fromBrooks et al, for 

symmetric airfoils forsubsonic Mach number flows at different angles of attackfor estimating the trailing edge 

noise which were used to validate the BPM model[9], [11]. 
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(c)     (d) 

Figure 2Turbulent boundary layer trailing edge, SPL (dB) 1/3
rd

 Octave, for NACA 0012 airfoil at Mach 

numbers, 0.1912 and 0.1176, for chord length –1.2m, free stream velocity, 65 m/s, 4
0
 AOA. Receiver 

position ~2m from trailing edge (a) Pressure side (b) Suction side (c) Stall separation (d) Total TBL-TE, 

sound pressure level, dB variation with Strouhal number, St (fδs/U), for Ma – 0.1912, and at 2, 4
0
 

AOA.Strouhal number scaled with displacement thickness, δ* of suction and pressure side, and peakat 

St~ 0.07& 0.02 

 
From figure 2, it can noted that the Mach number influence on the SPL, dB, by ~ 10dB in the 500-

1200Hz region of spectrum for pressure, suction sides of airfoil. For low Mach number flows, the 

compressibility effect on the magnitude of SPL, dB is ignored, however, found to vary with angle of attack 

negligibly. The dependence on angle of attack on the relative amplitude of SPL, dB for NACA 0012 is shown in 

figure 3. It can be seen that at 0
0
 AOA, the suction and pressure side SPL coincide which indicates that for 

symmetric airfoils the amplitude of SPL, dB remain same over whole spectrum.Further, it can be observed from 

figure 3 (d) the stall separation noise becomes dominant at moderate angles of attack caused due to mean or 
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strong adverse pressure gradient leading to flow separation or backflow on the suction side of airfoil [9]. The 

influence of external pressure gradients (see section d) in the flow over the stationary hard surfaces, indicate the 

velocity profileswithin the boundary layer region affect wall pressure fluctuations and contribute to acoustic 

pressure field.  
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  (c)   (d) 

Figure 3 Turbulent boundary layer trailing edge, SPL(dB),  for NACA 0012 airfoil, for chord length – 

0.2m, free stream velocity, 65 m/s,  Receiver position 2m from source (a) AOA 0
0
 (b) AOA 2

0
 (c) AOA 4

0
 

(d) AOA 6
0 

 

The analytical equations of the model for evaluating the sound pressure level from the contributing pressure, 

suction, separation stall noise and the total TBLTE noise are  

 

SPLp = 10. log10  
δp
∗ M5LDh    

re
2  + A  

St p

St 1
 +  K1 − 3 + ∆K1   (6) 

SPL𝑠 = 10. log10  
δ𝑠
∗M5LDh    

re
2  + A  

St s

St 1
 +  K1 − 3    (7) 

SPLα = 10. log10  
δs
∗M5LDh    

re
2  + B  

St s

St 2
 + K2   (8) 

SPLTotal = 10. log10  10
SPL α

10 + 10
SPL p

10 + 10
SPL s

10     (9) 

The Strouhal number and Reynolds number definitions are given by  

 

St𝑝 =   
fδ𝑝

∗

 U
 ; St𝑠 =   

fδ𝑠
∗

 U
 ;  St1 =   0.02𝑀−0.6 ;  Stavg =   

St 1 +  St 2

2
     (10) 

Re𝑝 =   
δ𝑝
∗ 𝑈

ϑ 
 ; Rec =   

Uc

ϑ
 ;      (11) 

 

The spectral shape functions for the model are denoted by A & B while amplitude correction and 

adjustment functions are given by K1, K2 and dK1 Fink (1979) [9].The scaling laws relate the Strouhal 

numbers, chord Reynolds number and Reynolds number based upon the displacement thickness, δ
*
 obtained 

empirically, L- span length of airfoil,Dh
     is high frequency directivity functionexpressed in terms of directivity 

angles and convective Mach number. Detailed equations for interpolation factorsrequired tomodel sound 

pressure levelsare provided in BPM model. [1][9] [11] [15]. The boundary layer equations expressed in terms of 
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chord length, c, and AOA, are obtained empirically and  combined to form analytical expressions as given by Eq 

(6) – Eq (8) [9]. In practical caseduring microphone measurements for recording acoustic pressure use of A-

weighting filter dampens the pressure amplitudes in overall spectrum and does not truly represent the sound 

pressure levels at receiver. Hence a comparison was therefore not made using A-weighted filter, for sensitivity 

reasons.  

 
Figure 4  BPM Model –Overall turbulent boundary layer trailing edge displacement thickness,δ* (cm) 

thickness, δ (cm)of NACA 0012 airfoil, for angle of attack range [0
0 

- 26
0 

], U = 65 m/s, receiver distance 

2m from source (a) Displacement thickness, δ*, at Ma = 0.1912, Ma = 0.1176  (b)  Thickness, δ, at Ma = 

0.1912, Ma = 0.1176 (c) Displacement thickness ratio (δ*/δ
0 

) at chord length 1.5 and 0.8m (d) Thickness 

ratio (δ/δ
0 

) chord length 1.5m and 0.8m.  Markers ×, ∎ - indicate suction side, ∆  ◊,  - indicate pressure 

side. 

 
  (a)                                                                                    (b) 

Figure 5   Turbulent Boundary layer - thickness, δ, displacement thickness, δ*,  momentum thickness, θ,  

computed for NACA 0012 for  (a) Ma - 0.1176 (b) Ma - 0.1912,  between angle of attack, [0-20
0
] on suction 

and pressure side of airfoil at x/c – 15, 50,75 and 90 % chord length.  
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b) Comparison of SPL, dB, forNACA 0012 & NACA 6320 

 
(a) (b) 

Figure 7(a) Comparison of total turbulent boundary layer trailing edge, (TBLTE) sound power level (dB) 

for NACA 6320 and NACA 0012 airfoil, chord length of 1.2m and span 2m.at Ma = 0.1912 and 0.1176 at 

AOA = 4
0
 (b) Illustration of Sound Power Level (SPL)dB for NACA 0012 airfoil at three different aspect 

ratios, AR – 1, 3, 4 at 4
0
 AOA and Free stream velocity, U – 65 m/s.  

 
From figure 4 (a) and 4(b)numerical resultsobtained using BPM model for NACA 0012 airfoil revealed 

that the thicknesses and displacement thickness on pressure side is decreasing steadily with AOA while on 

suction side it increases steadily upto 10
0
 AOA and large step increase was found after 10

0
. Similar trends were 

observed for ratios of δ and δ* and found in figure 4(c) and 4(d). This is attributed to influence of external 

pressure gradient, at which the onset of stall or flow separation begins to occur. Likewise, from figure 5 (a) and 

5(b), figure 6(a) and 6(b) same trends are observed for δ and δ*, as well as momentum thickness, θ has been 

computed, for NACA 0012 and NACA 63212 airfoil for two Mach numbers, Ma- 0.1912, 0.1176 and shown for 

locations close to leading edge, mid span and trailing edge of airfoil, i.e. 15, 50, 75 and 90% of chord length. 

Thethickness, δ, was observed to be ~1.1cm very near leading edge on suction side while for pressure side it is 

8mm between 12- 14
0
 AOA.Further, it can also be noted that with increase in Reynolds number, the boundary 

layer thickness, δ, and δ*are found to decrease at lower AOA however, increases steadily with increasing AOA 

at given, Re.δ0 is the boundary layer thickness at zero AOA. The velocity field for both airfoils has been 

Figure 6Turbulent Boundary layer – thickness, δ, displacement thickness, δ*, momentum thickness, θ,  

computed for NACA 63212for (a) Ma - 0.1176 (b) Ma - 0.1912 between angle of attack, [0-20
0
] on suction 

and pressure side of airfoil at x/c-15, 50,  75, 80 and 90 % chord length  
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computed using panel method which is described in next section [17] [18].  From figure 7 (a) the SPL, dB are 

compared for NACA 0012 and NACA 63212 for two different Mach numbers. It was found that a difference of 

2dB between symmetric and cambered profiles in the low frequency part of spectrum, 100- 1000Hz however, 

between 10
3
 and  10

4
 Hz, the spectral amplitude changed very negligibly. Figure 7(b) illustrates the effect of 

aspect ratio on the SPL, dB, or noise emission from airfoil trailing edge at free stream velocity of 65m/s and at 

4
0
 AOA.  With increase in aspect ratio (AR) of airfoil, from AR-1 to AR-3 for constant chord length of 0.5m, 

the amplitude of SPL was found to increase by ~ 7dB for entire frequency spectrum; however, any further 

change caused negligible amplitude fluctuation. This can be attributed to increased effective span length of 

airfoil causing the turbulent boundary layer at trailing edge to radiate higher noise [1]. Further numerical studies 

conducted fromHowe et al confirmed that reducing the effective span length using trailing edge serrations 

reduced pressure amplitudes by 10dB or more which when determined experimentally was found to be lower 

reduction in amplitudes.  In this work, no attempt was made to investigate the influence of serration structures 

on the airfoils or controlling the boundary layer transitions by introducing grit, tripping, suction or blowing 

methods for noise reduction.  

 

c) Pressure distribution, Lift and Drag coefficients for NACA 0012 using Panel method  

 
 

(a) (b) 
Figure 8(a) Comparison of pressure distribution for NACA 0012 airfoil, at different angles of attack, Re-3 

million.  (b)  Lift and Drag coefficients for NACA0012 airfoil between AOA [0 -20
0
] ×, ∎ Markers 

indicate the experiments [5] 

 

Knowing pressure distribution on airfoil helps in structural design since it influences the boundary 

layer flow on airfoil. Therefore, the geometry of airfoil is essential to determine the airfoil characteristics. Figure 

9(a) shows the comparison of two NACA profiles used in study, figure 9(b) shows thickness distribution. Panel 

methods are more suitable for modeling potential flows on thin airfoils. It involves the superposition of a 

doublet, vortex strengths on a surfacepresent in a uniform flow to predict the pressure coefficient and 

aerodynamic characteristics such as lift and drag coefficients[17][18]19].Simple 2D lifting flows [18] can be 

described using the velocity potential and stream line functions as Eq. (13) & Eq. (12) 

 

ψ = U(ycosα − xsinα)            (12) 

∅ = U(xcosα + ysinα)            (13) 

 

Basic airfoil geometry is discretized into finite number of panels representing the surface. The panels 

are shown by series of straight line segments to construct 2D airfoil surface [18].  Numbering of end points or 

nodes of the panels is done from 1 to N. The center point of each panel is chosen as collocation points.The 

periodic boundary condition of zero flow orthogonal to surface also known as impermeability condition is 

applied to every panel. Panels are defined with unit normal and tangential vectors with source and sink 

representing the nodes of each panel, and midpoint as control point. Velocity field over the entire surface is 

predicted by calculating the tangential velocity on each panel obtained by solving the unknown source and 

vortex strengths distributed on every panel relative to the flow field.  By using matrix inversion procedure the 

algebraic system of equations are solved involvingthe tangential and normal influence coefficients vector [19]. 

This method also utilizes the trailing edge condition known as “Kutta condition” and uses circulation strength to 
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determine the position of stagnation point near the trailing edge. The pressure acting at any collocation point i 

on panel surface can be expressed in non-dimensional form as in Eq. (14) 

 

 

 

Cpi
= 1 −   

vti ,

U
 

2

=   
 P − P∞

1

2
ρU2

            (14) 

 

Where vt,i the tangential velocity vector is determined using the influence coefficients, obtained using known 

values of source and circulation strengths, U is the free stream velocity in m/s over the airfoil. The 

impermeability boundary condition is given by Eq. (15) and applied on every panel of airfoil surface. 




 
N

1j

i1Ni,ijj 0n̂UγNNσ


   (15) 

The pressure distribution of NACA 0012 and NACA 63212 computed using 2D panel method are 

shown for different AOA in figure 8(a) andfigure 9 (c), whilethe lift and drag coefficient characteristics of 

NACA 0012 are compared with experimental data in figure 8 (b). Since the acoustic field can be suitably 

described using invsicid flow assumption this method was chosen to determine the velocity field necessary for 

the boundary layer parameters that influence wall pressure fluctuations. The turbulent boundary layer is 

approximated using the boundary layer thickness along the chord length of airfoil and chord Reynolds number. 

Von Karman (1921) momentum integral equations for laminar flow over flat plate are applicable for airfoil 

analysis atlow Reynolds number [22]. Similarly Blasius (1908) solution for dimensionless velocity profile 

representing the laminar flow over the flat plate is also relevant in boundary layer analysis.Prandtl (1904)also 

suggested an approximation for turbulent velocity profiles, using 1/7
th

 power law and valid for wide range of 

Reynolds number [18], [22].  In the present study, the thickness for turbulent boundary layer for NACA 0012 is 

approximated usingEq (16).  Figure 12 (b) shows the comparison of laminar and turbulent boundary thickness 

for NACA 0012 at Re- 2.19 x 10
6
 and its shape along the chord length of airfoil. The displacement thickness, δ* 

and momentum thickness, θ are approximated to give results close to those obtained from representative 

turbulent flow over flat plate. 

u

U
=   

y

δ
 

1/7

or  
δ

x
=   

0.16

Re 1/7,δ∗ =   
δ

8
;  θ =   

7δ

72
;    (16) 

 

For laminar flow over the NACA 0012 airfoil, the boundary layer thickness, displacement thickness  are 

approximated using Von Karman integral momentum theory [18], [22] and given by Eq (17)  

 
δ

x
=   

5.48

 Re x
, 
𝛿∗

x
=   

1.83

 Re x
  (17) 

 

 

 

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

Figure 9(a ) Airfoil profiles of NACA 0012 and NACA 63212 of same thickness, 12 % t/c (b) Thickness 

distribution (c) Pressure coefficient of NACA 63212 and(d)  surface velocity, m/s along chord, for NACA 

0012 airfoil at U = 65 m/s between AOA [-2
0
 to 12

0
] 

 

(a) (b) 

Figure 10 (a) Illustration of classical velocity defect law, for outer boundary layer of NACA 0012at Ma – 

0.1912, 0.1176 on suction and pressure sides at AOA 4
0
 and 12

0
and for u* - 0.2m/s (b) and NACA 63212 

profile. 
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d) Wall pressure spectrum models 

 
(a) (b) 

Figure 11(a) Wall pressure spectrumsby Amiet compared with data from Keith et al [12], comparison of 

normalized APG wall spectrum model with its present calculation for NACA 0012 and Wave number 

spectrum proposed from Chase-Howe (1980) (b) Comparison of classical and Sagarola –Smits mean 

velocity defect law (Urel – U)/[Urel(δ*/δ)] for NACA 0012 and NACA 63212 profiles for Mach number, 

0.1912 and 0.1176 and at 4
0
 AOAwhere Urel is relative velocity on the airfoil.  

(a) (b) 

Figure 12(a) Comparison of inner sub layer and logarithmic overlap layer laws relating to velocity 

profiles for NACA 0012, NACA 63-212 and Flat plate along the chord length,  Friction velocity, u* - 0.19, 

0.34 and 0.49 m/s (b)  Illustration of laminar and turbulent boundary layer thickness, δ,along chord 

length of  NACA 63212 airfoil at U = 40 m/s, Ma – 0.1176 at 4
0
 AOA.  

 
In figure 11, Numerical computation of APG models, analytical prediction model from Amiet (1981), 

wave number spectrum from Chase-Howe, was done and compared with experimental data from Keith [9].  It 

showed better agreement for low frequencieshowever, it collapses in the high frequency region. This was due to 

outer layer scaling variables, convective velocity, Ue within the boundary layer, thickness, δ, and δ* in the low 

frequency and inner layer scaling parameters, wall shear stress, τw and friction velocity, u*, for high frequency 

region [2]. From figure 10 (a) and 10 (b) compares the velocity defect law for turbulent shear as given by Eq 

(6.27) [22] is used  for NACA 0012  and NACA 63212 at two different Mach numbers, 0.1912 and 0.1176 

considering the friction velocity, u* - 0.2 m/s . It can be observed that velocity defect continues to grow with 

increasing angle of attack, at constant surface roughness, and the defect in the velocity profile within the 

boundary layer is decreasing on suction and pressure side for both profiles. Figure 12 (a) compares the pattern of 
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velocity profile within logarithmic overlap boundary layer, for three profiles, NACA 0012, NACA 63212 and 

flat plate for different friction velocities and expressed in wall units, y+ and u+. Figure 12 (b) compares the 

boundary layer thickness for laminar and turbulent boundary layers evaluated at 4
0
 AOA for NACA 0012 

profile.  It can be noted that reduction of laminar boundary layer thickness along chord length, varies 

logarithmically, while steady increase in turbulent boundary layer thickness towards trailing edge. The 

maximum thickness, δ was found to be ~10 cm at x/c <10 %.  Table 1 shows the results of laminar and turbulent 

boundary layer parameters, evaluated for NACA 0012 at 2
0
 AOA in MATLAB,which includes Reynolds 

number based on chord and wall shear,uτ& shape factor, H.  

 

Table 1 Boundary layer parametersfor NACA 0012 at 2
0
 AOA 

Ma „δ (mm) „δ*(mm) „θ (mm) H
Ϯ
 (δ*/θ) Rex Reτ 

0.1176 34.8& 20.2 11.6& 2.5 4.7& 2 1.285
ɛ
, 2.5

×
 3.134 x 10

6
 7410 

0.1912 26.1& 19.3 8.7& 2.34 3.5& 1.8 1.28
ɛ
, 2.51

×
 4.612 x 10

6
 6869 

Ϯ Shape factor for laminar and turbulent boundary layer flow indicates pressure gradient,ɛ- turbulent, × - 

laminar 

 
Figure 13Comparison of results for APG, ZPG wall spectrum models from (Tian, Cotte -2016) for NACA 

0012 airfoil for local pressure gradient parameter, β =0.  RT – 24.7 with present results for 2, 4 and 6
0
 

AOA.Receiver position is 1.224m, from the trailing edge, chord length 1.2m. Mach number, Ma - 0.1912.  

Reynolds number, Re –4.8 x 10
6
 

 

V. Conclusions 
The BPM model for predicting the sound pressure level, from trailing edge of NACA 0012 and NACA 

6320 showed that for increase in chord length of airfoil the change in the magnitude of SPL for constant span 

increased by 10dB on the pressure side, ~ 8dB on the suction side and ~2dB for flow separation noise in low 

frequency region of spectrum. Increase in Mach number also resulted in increase in SPL by ~10dB for both 

pressure and suction side of airfoils. A difference of ~2 -5dB in SPL was found between the NACA 6320 and 

NACA 0012 airfoils for increasing Mach number and in low frequency (100<f<400Hz) , region of spectrum, 

however the peak amplitude of spectrum varied negligibly with angle of attack. Flow separation caused due to 

mean APG influences acoustic pressurespectrumby 2-3dB in low frequency region. The results of APG models 

were found in close agreement between current and previous predictions. For incompressible flows empirical 

wall pressure spectrum models are more suitable to predict the acoustic pressure fluctuations due to its low 

computational requirement.External pressure gradient modelsrely on turbulent boundary layer thickness history, 

displacement thickness and wall shear. They are found to vary with angular frequency or wave number in 

different regions of wall pressure spectrum.  
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