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Résumé 

Avec une utilisation du trafic aérien et un réseau de transport en expansion, le bruit émis par les avions civils durant le décollage 

et l'atterrissage est devenu une préoccupation majeure pour les communautés vivant proches des aéroports. L'objectif de ce 

travail est d'étudier la réduction du bruit d'interaction Turbulente en Couche Limite-Bord de Fuite (TCL-BF). Afin de tester le 

concept de réduction du bruit, la configuration expérimentale requise est conçue et créée. La première partie de cette étude 

porte sur le développement d'une section d'essai en soufflerie aéroacoustique à l'Université Carleton. Les murs de la section 

d'essai ont été traités acoustiquement pour simuler un environnement acoustique en champ lointain avec une transmission en 

vol. Les deux côtés de la section d'essai en soufflerie sont équipés de chambres anéchoïques et revêtus d'écrans en tissu tendu 

à transparence acoustique qui agissent comme une interface entre la section d'essai et les chambres anéchoïques. Cela fourni 

une surface d'écoulement lisse tout en éliminant le besoin d'un receveur de jet et permet de réduire les effets d'interférence. La 

capacité à réduire le bruit TCL-BF par des dentelures de bord de fuite est d'abord analysée par une étude d'optimisation numé-

rique, et les bords de fuite sont ensuite testés en soufflerie. Trois géométries de dentelure différentes sont étudiées. Les spectres 

de bruit ont été modélisés à l'aide du modèle semi-empirique de Howe pour une plaque plate semi-infinie, à angles d'attaque 

nuls et à faible nombre de Mach. Le profil aérodynamique NACA 0012 et les bords de fuite plats sont analysés et testés. Les 

résultats des études d'optimisation sont utilisés pour examiner l'influence des paramètres de conception de dentelure. On montre 

que les bords de fuite dentelés en dents de scie produisent des réductions de bruit plus importantes que les bords de fuite fendus 

et sinusoïdaux. Les résultats expérimentaux et d'optimisation sont ensuite comparés. Il est conclu que les résultats numériques 

et expérimentaux sont en accord montrant que les configurations de bord de fuite dentelées optimisées peuvent produire moins 

de bruit TCL-BF par rapport à la configuration de bord de fuite droit traditionnel. 

 

Mots clefs : Bruit d'aéronef, conception de vent d'aéronef, couche limite turbulente, bruit de bord de fuite 

 

Abstract 

With an expanding network of transportation and the use of air traffic, noise radiated from civil aircraft during takeoff and 

landing have become a major concern to communities nearby airports. The objective of this work is to investigate the reduction 

of Turbulent Boundary Layer-Trailing Edge (TBL-TE) interaction noise. In order to test the concept of noise reduction, the 

required experimental setup is designed and created. The first part of this study focuses on developing an aeroacoustic wind 

tunnel test section at Carleton University. The test section walls have been acoustically treated to simulate an acoustically far-

field environment with forwarding flight. The two sides of the wind tunnel test section are fitted with anechoic chambers and 

lined with acoustic transparency tensioned cloth screens which act as an interface between the test section and the anechoic 

chambers to provide a smooth flow surface while eliminating the need for a jet catcher and reducing interference effects. The 

ability of the trailing edge serrations to reduce TBL-TE noise is first analyzed through numerical optimization study, and 

trailing edges are after tested in a wind tunnel. Three different serration geometries are investigated. The noise spectra were 

modelled using Howe semi-empirical model for a semi-infinite flat plate, at zero angles of attack and low Mach number. NACA 

0012 airfoil and flat-plate trailing edges are analyzed and tested. The results of the optimization studies are used to examine 

the influence of serration design parameters. It is shown that the sawtooth serrated trailing edges yield greater noise reductions 

than slitted and sinusoidal serrated trailing edges. Experimental and optimization results are then compared. It is concluded 

that numerical and experimental results are in agreement showing that optimized serrated trailing edge configurations can yield 

less TBL-TE noise compared to the traditional straight-trailing edge configuration. 
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1 Introduction 

The noise produced at and near airports is a major source of 

noise to surrounding communities, airport employees and, 

people that travel frequently. Aircraft noise has always been 

undesirable, and in recent years several studies have been re-

leased that make a significant connection between exposure 

to aircraft noise and an increased risk of cardiovascular dis-

eases [1-3]. The problem of aircraft noise then becomes much 

larger when considering trends in the aerospace industry that 
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include increasing aircraft size and speed as well as major in-

creases in the volume of air traffic [4]. The two segments of 

an aircraft’s flight where the most amount of noise is radiated 

to nearby communities are the take-off and landing phases. 

During the landing phase, while the engine throttle is turned 

down significantly, an important source of noise arises from 

the turbulent boundary layers (TBL) flow-structures con-

vecting downstream across solid surfaces and interacting 

with the trailing edges. This mechanism of noise generation 

is known as the turbulent boundary layer-trailing edge (TBL-

TE) noise, and its frequency spectrum is broadband in nature. 

TBL-TE noise is also a major source of noise in other appli-

cations, such as from wind turbines where exposure to nearby 

communities has been a complaint. With the growing global 

adaptation of alternative, environmentally friendly sources of 

energy, the implementation of wind turbine farms is quickly 

increasing. Consequently, the noise produced by wind tur-

bines has become a significant issue in rural communities 

across the world where the wind farms are most often located 

[5]. 

Airframe noise research suggests that further research 

should be focused on noise generation mechanisms and noise 

reduction techniques. One promising method of reducing 

TBL-TE noise is by the addition of a flat-plate, serrated trail-

ing edge extensions. This method of noise reduction has long 

been considered viable but has received increased attention 

in the last decade. The research has included experimental, 

theoretical and numerical studies [6-9] that have all shown 

the ability of trailing edge serrations to reduce TBL-TE noise. 

The amount of noise reduction and frequency ranges in which 

noise attenuation occurs varies between studies; however, it 

is generally agreed that for at least some part of the frequency 

spectrum, trailing edge serrations can produce TBL-TE noise 

reductions of a significant level [10]. 

Optimization studies have previously been conducted to 

reduce TBL-TE noise [11, 12]; however, they have mainly 

focused on altering the airfoil profile at and near the trailing 

edge. These studies were able to show that new, lower-noise 

designs could be generated through numerical optimization 

processes by using a semi-empirical model of noise predic-

tion. General trends have been inferred from research involv-

ing the prediction of TBL-TE noise from serrated trailing 

edges. 

The flow phenomena around aircraft components are 

complex [13-15], thus the noise generation mechanisms are 

difficult to be understood. Although the CFD combined with 

the acoustic analogy method has been widely applied in air-

frame noise prediction [16, 17], this method is costly and still 

lack of enough accuracy due to the limit of grid size, espe-

cially at high-frequency range. However, wind tunnel exper-

iments can lead us to a better understanding of the noise 

mechanisms, and the results can also be used as benchmarks 

for the validation of numerical methods. Aeroacoustic exper-

iments cannot be conducted at general wind tunnels due to 

the high background noise in the test section. A good acoustic 

facility must ensure a low background noise level to meet the 

essential requirement for aeroacoustic measurements, i.e., the 

background noise should be at least 10 dB lower than the 

noise radiated from models over a wide frequency range. The 

objective of this work is thus to study the predicted relative 

performance possibilities of trailing edge serration designs 

through numerical optimization, and design, manufacture, 

and test the optimized serration TE to confirm optimization 

results. 

 

2 Wind tunnel characterization 

The experiments were conducted in the medium-speed, sub-

sonic, closed-loop wind tunnel at Carleton University (as 

shown in Figure. 1). The airflow is powered by a 37.3 kW (50 

HP) variable-speed DC motor driving a 1.2 m axial propeller 

at speeds as high as 900 RPM. A variable frequency drive 

(VFD) modulates the rotational frequency of the fan at a res-

olution of 1.0Hz, and a pitot-static probe, located just down-

stream of the inlet, was used to calibrate the linear relation-

ship between motor frequency and wind tunnel velocity. 

From the calibration, it was determined that the VFD could 

control the flow speed in increments of 0.9 m/s, up to a max-

imum speed of approximately 40 m/s. Nowadays, due to 

safety and component long-range issues, this velocity is lim-

ited, in this study, to 35 m/s. A series of turbulence grids pre-

cede a 9:1 contraction, which reduces the turbulence intensity 

levels in the center of the test section to less than 0.27%, as 

measured for speeds up to 15 m/s. The tunnel has a remova-

ble, rectangular test section measuring 1.83 m in length and 

0.78 m x 0.51 m at the inlet in width and height, respectively. 

 

  

Figure 1 : Wind tunnel at Carleton University 

3 New aeroacoustic test section 

A new test section (shown in Figures 2 and 3) along with the 

surrounding anechoic chambers was completed to be used for 

aeroacoustic testing. This test section is a 0.78 m x 0.51 m 

rectangular section, 1.83 m long. The upper and lower walls 

of the test section are each composed of two aluminum sheet 

panels and contain hardware (circle aluminum material) for 

the vertical mounting of a two-dimensional airfoil (shown in 

Figure 3) midway between the acoustic windows (i.e. test 

section side walls), and 0.45 m from the upstream end of the 

test section. The two sides of the walls of the test section are 

made of stretched, thin-weave cloth covering a streamwise 

length of 1.83 m, which provides a smooth flow surface, sim-

ilar to that of a hard-walled test section, and also a significant 

reduction in the lift interference effects when compared to 

that of an open-jet test section. The cloth window allows 

sound to pass through the walls into the anechoic chambers 

with very little attenuation. 

 

* basim.altlua@carleton.ca 
† Joana.Rocha@carleton.ca 
‡  
 

8 - Vol. 48 No. 4 (2020) Canadian Acoustics / Acoustique canadienne



 

  

Figure 2 : Aeroacoustic test section 

 

 
Figure 3 : Right: a cross-section through the aeroacoustics test sec-

tion and anechoic as seen from above. Left: photograph was taken 

from downstream showing the test section interior 

4 Anechoic system 

4.1 Design considerations 

The design of an anechoic system in the wind tunnel aims to 

achieve low noise radiation and low residual turbulence in the 

freestream. Besides acoustic and aerodynamic requirements 

to design anechoic system, there are also budgetary limits, as 

well as limits for available facility space that must be consid-

ered. The acoustical performance target is decided upon by 

the background noise to be at least 10 dB lower than the air-

foil/flat-plate trailing edge self noise at a freestream velocity. 

The overall layout of the close wind tunnel with respect to the 

anechoic chamber, as well as some of the design details for 

each wind tunnel components, will be presented in the next 

sections. 

 

4.2 Physical layout 

The wind tunnel has an anechoic system that consists, pri-

marily, of an aeroacoustic test section and two anechoic 

chambers (shown in Figure 3). The two anechoic chambers 

are positioned on either side of the aeroacoustic test section 

to capture the sound emitted through the acoustic windows 

and reduce sound reflections inside the section. The chambers 

are joined together with bolts and clamps to maintain a pres-

sure seal. Both chambers have the same streamwise length of 

1.83 m and different depths of 0.8 m right-side, and 1.2 m 

left-side. The chambers are lined with 0.015 m carpet bed 

and, 0.05 m acoustic wedged foam designed to reduce acous-

tic reflections. 

Each chamber is sealed to the test section so that there is 

no airflow through either acoustic window. The regions 

around each of the acoustic windows are covered with a car-

pet-bed and acoustic foam transitions to cover up all of the 

hard surfaces within the chamber. The chambers are equipped 

with a door for access to the inside of the chamber, and for 

installation of data acquisition equipment. The entire system 

is removable so that the wind tunnel can be switched from a 

hard-walled configuration to an anechoic, and back again. 

 

4.3 Acoustic transparency of the cloth windows 

As with the characterization of the anechoic chambers, the 

acoustic transparency of the cloth windows used for the cur-

rent study is discussed in detail in Remillieux et al. [18]. To 

investigate the acoustic transparency of the cloth sheet win-

dows, the loudspeaker as a white noise source placed perpen-

dicular to the window in the suction side of the anechoic 

chamber at a distance of 0.05 m from the window and a single 

calibrated microphone (Bruel & Kjaer (B&K) 4944-A, ¼ 

inch) was used on the other side of the window to record the 

sound pressure of the source as shown in Figure 4. 

 

 
Figure 4 : Acoustic transparency of the cloth window 

The sound levels, white noise, generated by the source 

were measured and were compared to the measured levels 

that the microphone would have been exposed to in the ab-

sence of the window. Sound pressure level (SPL) was used to 

compare the noise levels measured in the anechoic enclosure 

to those measured in the presence of the cloth window. The 

measurement is presented in Figure 5. 

 

 
Figure 5: Attenuation of sound passing through the acoustic cloth 

window as a function of frequency. 

Figure 5 shows that there is minimal loss through the 

window (~<3dB) for frequencies less than 10kHz. For all 

measurements presented in this paper, the frequency range of 
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interest is significantly less than 10 kHz and thus the acoustic 

loss through the sheet windows can be neglected. 

 

5 Airfoil model 

For some of the tests, a NACA 0012 airfoil model was used 

as a benchmark test. The chord of the airfoil is 0.3 m, and the 

span is 0.51m. The 2D airfoil is manufactured as two halves, 

each one composed of three pieces with eight screws (see 

Figure 6). Eight holes were drilled on each side of the chord 

length of the airfoil, so this can be fixed on the circle rotating 

mechanism. The trailing edge is 0.08 m wide. The NACA 

0012 airfoil wing is mounted vertically in the test section with 

its leading-edge (at zero angles of attack) 0.45 m downstream 

of the test section entrance. Angles relative to zero were set 

by using a calliper and scribe lines on the steel floor plate 

immediately beneath the model. 

 

  

Figure 6:  2-D airfoil schematic. 

6 Noise source model 

In this section, the mathematical models for the prediction of 

noise used in this paper are presented. The underlying deri-

vation for the noise models was originally given by Howe for 

sinusoidal serrations [6], and then soon after for sawtooth ser-

rations [7]. In recent years, the model for slitted trailing edge 

serrations was presented by Gruber et al [19]. The modelling 

is based on Howe’s derivation of the problem [7] which pres-

sure fluctuations in the TBL are scattered into radiated noise 

by the discontinuity in the acoustic impedance that occurs at 

the trailing edge and includes the following assumptions: 

 The flow is of low Mach number. 

 The model has infinite span. 

 Frozen turbulence convected past the trailing edge 

of a semi-infinite flat plate. 

 The Kutta condition is satisfied. 

 No other extraneous noise sources are present. 

Figure 7 shows a sketch of the the four geometries con-

sidered in this study. The expressions defining the sawtooth, 

slitted and sinusoidal geometry are given in Eqs. 1, 2 and 3, 

respectively. 

Sawtooth edge : 
 

𝑦1 = Γ(𝑦3) 

      = {
(4ℎ/𝜆)(𝑦3 − 𝑛𝜆),     𝑛𝜆 < 𝑦3 < (𝑛 + 0.5)𝜆

−(4ℎ/𝜆)(𝑦3 − 𝑛𝜆),     (𝑛 − 0.5)𝜆 < 𝑦3 < 𝑛𝜆
,     

n = 0, ±1, ±2, ±3, …  

(1) 

 

 

 

Slitted edge 
 

𝑦1 = Γ(𝑦3) 

      = {
−ℎ,    𝑛(𝜆1 + 𝜆2) < 𝑦3 < (𝑛 + 1)𝜆1 + 𝑛𝜆2       

 ℎ, (𝑛 + 1)𝜆1 + 𝑛𝜆2 < 𝑦3 < (𝑛 + 1)(𝜆1 + 𝜆2)
,     

n = 0, ±1, ±2, ±3, …  

(2) 

 

Sinusoidal edge: 
 

𝑦1 = Γ(𝑦3) = ℎ cos (
2𝜋𝑦3

𝜆
)  (3) 

 

 
Figure 7:  2-D schematic drawings of flat plate [a] Straight, [b] Swa-

tooth [c] Slitted and, [d] Sinusoidal TE extensions. 

The scattered pressure produced at the trailing edge is 

defined in terms of the Green’s function and the turbulence 

blocked pressure, Pb, as follows [7]: 
 

𝑃𝑠(𝐱, 𝜔) =
𝑖

2
∫ dy3 ∫ d𝑦1

Γ(𝑦3)

−∞

∞

−∞

× 

∫ γ(𝐾)[G(𝐱, y1, y3; ω)]
∞

−∞

Pb(𝐊 ; ω)ei(K1y1+K3y3)d2𝐊  

(4) 

 

where 𝐊 = (𝐾1, 0, 𝐾3) is the boundary layer turbulent wave-

number vector, and 𝛾(𝐾) = √(𝜅2 − |𝐊|2), for κ > |𝐊| and 

𝛾(𝐾)  =  𝑖√(|𝐊|2 − 𝜅2), for κ < |𝐊|.  
The Green’s function is given by Howe in [6] and is 

based on applying the slender-wing approximation to the 

Green’s function for straight trailing edges. Pb is obtained 

from an empirical model for the turbulent wall pressure 

wave-number-frequency spectrum developed by Chase [20]: 
 

𝑃𝑠(𝐱, 𝜔) =
𝐶𝑚𝜌2𝑢∗

3𝐾1
2𝛿5

[(𝐾1 −
𝜔
𝑈𝑐

)
2

(
𝛿𝑈𝑐

3𝑢∗
) + (𝐊𝛿)2 + 𝜀2]

5
2

 
(5) 

 

in which the friction velocity, 𝑢∗ = 0.03𝑈, the convection 

velocity, Uc = 0.7U, and the empirical constants, Cm = 0.1553 

and ε = 1.33.  

The final, non-dimensional, forms of the trailing edge 

noise spectrum for the straight, sawtooth, slitted and sinusoi-

dal trailing edge geometries are the following: 
 

Ψ0(ω) =
(

ωδ
Uc

)
2

[
ωδ
Uc

+ ε2]
2  (6) 
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ΨSaw (ω) = 8 (
h

δ
)

2

(
ωh

Uc
) × 

∑

[1 − cos (
2ωh
Uc

) cos(nπ)⁄ ] [(
ωh
Uc

)
2

+ (2nπ
h
λ

)
2

]

[(nπ)2 − (
2ωh
Uc

)
2

]

2

[(
ωh
Uc

)
2

+ (2nπ
h
λ

)
2

+ (
εh
δ

)
2

]

2

∞

n=−∞

 

 

(7) 

 

ΨSlit (ω) = ∑ ΘΘ∗

[(
ωδ
Uc

)
2

+ (2nπ
δ

λ1 + λ2
)

2

]

[(
ωδ
Uc

)
2

+ (2nπ
δ

λ1 + λ2
)

2

+ (ε)2]

2

∞

n=−∞

 (8) 

 

Θ(K, λ1, λ2, h) = n−1 [(e
2inπλ1
λ1+λ2 − 1) eiK1h

+ (1 − e
−2inπλ1

λ1+λ2 ) e−iK1h] 

(9) 

 

ΨSin (ω) = 

(
ωh

Uc
) ∑ Jn

2  (
ωh

Uc
)

|(
ωδ
Uc

)
2

+ (2nπ
δ
λ

)
2

|

[(
ωδ
Uc

)
2

+ (2nπ
δ
λ

)
2

+ ε2]

2

∞

n=−∞

 

 

(10) 

 

The boundary layer thickness, δ, at the airfoil trailing is 

an important parameter in determining the noise performance 

of trailing edge serrations. The TBL thickness used in the 

noise prediction is calculated as following [21, 22]: 
 

𝛿 =

0.37c [1 + (
Rec

6.9 × 107)
2

]

1
10

Rec

1
5

 
(11) 

 

The non-dimensional overall sound pressure level 

(OASPLnorm) describes the total amount of noise produced 

across the desired frequency range. The OASPLnorm is used 

both an objective function and for the comparison of various 

trailing edge designs to a straight trailing edge. The 

OASPLnorm is calculated as follows:  
 

OASPLnorm = 10 log10 ( ∫ Ψ(ω)dω

ωmax

ωmin

) (12) 

 

where ωmin and ωmax are the lower and upper bounds on the 

frequency range of interest respectively and, Ψ(ω) can be  

obtained from any of Eqs. 6 to 10 according to the geometry 

of interest. 

 

7 Numerical optimization methods 

This study examines three different optimization problems, 

which are given below in proper form in Eqs. (13) to (15). 

These equations correspond to the single-size optimization of 

sawtooth (see Figure 6b), slitted (see Figure 6c) and sinusoi-

dal (see Figure 6d) TE geometries, respectively. In each case, 

the optimum design is the single-size of serration that pro-

duces the least amount of total noise overall frequencies be-

tween 0.1 Hz and 10 kHz. 
 

minimize

h, λ
              Z = OASPLnorm_saw(h, λ),     

subject to              
   0 ≤ h ≤ hmax

λmin ≤ λ ≤ λmax

 

(13) 

 

 
minimize

h, λ
             Z = OASPLnorm_slit(h, λ1, λ2),   

subject to              

0 ≤ h ≤ hmax

(λ1)min ≤ λ1 ≤ (λ1)max

(λ2)min ≤ λ2 ≤ (λ2)max

   

(14) 

 

 
minimize

h, λ
              Z = OASPLnorm_sinu(h, λ),         

subject to              
0 ≤ h ≤ hmax

  λmin ≤ λ ≤ λmax

         

(15) 

 

where Z is the objective function value; hmax is the largest 

feasible serration amplitude corresponding to the sawtooth, 

slitted and sinusoidal geometries accordingly; (λmin) and 

(λmax) are the smallest and largest feasible sawtooth and si-

nusoidal widths, respectively; (λ1)min and (λ1)max are the small-

est and largest feasible slit widths, respectively; and (λ2)min 

and (λ2)max are the smallest and largest feasible gap widths, 

respectively.  A summary of the optimization studies con-

ducted for this work is presented in Table 1. 

 

8 Results and discussion 

8.1 Background noise levels 

The background noise of the wind tunnel is measured in the 

anechoic chamber with a single calibrated B&K microphone. 

Figure 8 shows empty test-section background sound pres-

sure levels (SPL) in the starboard-side anechoic chamber as 

a function of flow speed, 0 m/s to 24 m/s. These measure-

ments were made 1.4 m from the test-section center. 

 

 
Figure 8: SPL in the starboard-side anechoic chamber (1.4 m from 

the test-section center) as a function of flow speed in the empty test 

section. 

The highest spectral level can be seen at low frequencies 

(100-500 Hz). Background noise levels at frequencies less 

than 500 Hz are mostly tones generated by the wind tunnel  
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Table1: Optimization trials and associated design variable bounds for U = 24m/s. 

Study No Geometry 
Lower Design Variables Bound (mm) Upper Design Variables Bound (mm) 

λ1min λ2min hmin λ1max λ2max hmax 

SS-Saw-1 Sawtooth 10 - 0 30 - 35 

SS-Saw-2 Sawtooth 15 - 0 35 - 40 

SS-Saw-3 Sawtooth 20 - 0 40 - 30 

SS-Saw-4 Sawtooth 25 - 0 35 - 37.5 

SS-Slit-1 Slitted 10 10 0 40 30 35 

SS-Slit-2 Slitted 15 20 0 35 40 40 

SS-Slit-3 Slitted 10 25 0 30 35 37.5 

SS-Slit-4 Slitted 20 20 0 30 40 40 

SS-Sinu-1 Sinusoidal 15 - 0 40 - 35 

SS -Sinu-2 Sinusoidal 10 - 0 35 - 30 

SS -Sinu-3 Sinusoidal 20 - 0 45 - 40 

SS -Sinu-4 Sinusoidal 25 - 2 30 - 37.5 

 

fan and levels at frequencies greater than 500 Hz are primar-

ily broadband and believed to be due to a combination of oise 

sources including the fan, turning vanes, and scrubbing noise 

from flow surfaces in and around the test section. The peaks 

showed in 3 kHz, 4.5 kHz and 6 kHz are mostly associated 

with motor tones. 

The Overall Sound Pressure Level, OASPL, is obtained 

by integrating the noise spectrum from 0.1 kHz to 10 kHz. 

Figure 9 shows the dependence of OASPL on free-stream ve-

locity; the 5th power law is satisfied, which is similar to other 

closed-circuit type wind tunnels. 

 

 
Figure 9 : The overall sound pressure level of background noise as 

a function of free-stream velocity. 

To estimate the acoustic performance, the A-weighted 

overall sound pressure level, OASPL, is compared to other 

acoustic facilities around the world. Since the nozzle dimen-

sions and microphone positions are different from each other, 

the measured results must be transformed before comparing 

with each other [7]: 
 

OASPLcorrected = OASPLmeasured −10 log10(𝑆/𝑅2) (16) 

 

where R and S are the distance from the microphone to the 

wind tunnel center-line and nozzle exit area, respectively. 

The background noise of Carleton University wind tun-

nel is scaled using Eq. 16, and the results are shown in Figure 

10. The background noise of other acoustic facilities with 

data obtained from the literature [23-26] is also plotted in Fig-

ure 10 for comparison. The results indicate that the back-

ground noise of the Carleton University wind tunnel is com-

parable with other aeroacoustic wind tunnels. 

 

 
Figure 10: Comparison of A-weight sound pressure level of Car-

leton University wind tunnel to other acoustic facilities worldwide. 

8.2 Far-field trailing edge noise measurements 

Measurements of the airfoil TE noise 

NACA0012 airfoil with straight and sawtooth trailing edge 

(see Figure 11) was submerged within the potential core of 

the jet to assess the trailing edge self-noise in relation to the 

wind tunnel background noise. The airfoil was held at zero 

angles of attack by side plates extended from the nozzle side-

walls. The radiated noise was measured at 1.4 m from the 

center of the trailing edge in the starboard-side, which corre-

sponds to a 900 of polar angle θ. 

At first, the background noise of the wind tunnel was 

measured under a freestream velocity of 14 m/s and 24 m/s. 

The airfoil with straight TE as a reference and the same airfoil 

with sawtooth TE were then attached to the sidewalls, and the 

same freestream velocities were repeated. The result of the 

TE self-noise spectra of these cases is plotted in Figure 11. 

The Figure shows that the serration geometry is effective in 

reducing the trailing edge noise component. The TE self-

noise measurement is seen to be from ~5 to ~15 dB above the 

background wind tunnel noise within the frequency range 

from 0.1kHz to ~ 3kHz, which guarantees the validity of the 

results. 
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Figure 11: Measured SPL spectra for NACA0012 airfoil and the 

same airfoil with sawtooth TE at free-stream velocities of (Left) 14 

m/s and (Right) 24 m/s at Carleton University anechoic wind tunnel. 

The background noise spectra are also shown in this figure for com-

paraison. 

Measurements of the flat-plate TE noise 

A 3 mm thickness flat-plate, 0.30 m in a chord and 0.51 m in 

span, was submerged within the potential core of the jet to 

assess the trailing edge self-noise in relation to the wind tun-

nel background noise. The flat-plate was held at zero angles 

of attack by side plates extended from the nozzle sidewalls. 

The radiated noise was measured at 1.4 m from the center of 

the trailing edge in the starboard-side, which corresponds to 

a 900 of polar angle θ. 

Similarly, to the airfoil, the background noise of the wind 

tunnel was measured first under a freestream velocity of 14 

m/s and 24 m/s. The flat-plate with straight TE as a reference 

and the same flat-plate with slitted TE were then attached to 

the sidewalls, and the same freestream velocities were re-

peated. The result of the TE self-noise spectra of these cases 

is plotted in Figure 12. The figure indicates that the serration 

geometry is effective in reducing the trailing edge self-noise 

component and the TE self-noise measurement is seen to be 

from ~ 4 to ~16 dB above the background wind tunnel noise, 

within the frequency range from 0.1kHz to ~ 3kHz, which 

guarantees the validity of the results. 

 

8.3 Optimization results 

This section presents the optimization results from the anal-

yses that used the sawtooth, slitted and sinusoidal geometry. 

The serrations' designs are optimized to find the single size 

of each tooth geometry that produces the least noise over the 

entire frequency spectrum of interest (0.1kHz to 10 kHz) for  

 

  
Figure 12 : Far-field acoustic spectra for the reference flat-plate and 

the flat-plate with trailing edge serrations, slitted TE, at freestream 

velocities of (Left) 14 m/s and (Right) 24 m/s. The background noise 

spectra are also shown in this figure for comparison. 

each set of constraints examined. A summary of the opti-

mized designs from each study, and their respective 

OASPLnorm, is shown in Table 2. 

 

Verification of the noise model 

Noise models previously defined in Eqns. 6 to 10 were coded 

in Matlab to be used. In order to verify the Matlab code, the 

function outputs were compared to results published by 

Howe et al. [7] (for Eq. 7), by Azarpeyvand et al. [27] (for 

Eq. 8) and by Howe et al. [7] (for Eq. 10). Based on the thor-

ough comparison in this analysis, it was concluded that the 

Matlab functions used produce identical results to the analyt-

ical equivalents, as shown in Figures 13, 14 and 15. 

 

 
Figure 13: Normalized spectrum of noise produced by a low Mach 

number flow over a sawtooth TE: (a) from [7] Eqn. (17) ;(b) 

Matlab code.

Canadian Acoustics / Acoustique canadienne Vol. 48 No. 4 (2020) - 13



 

Table2: Optimized designs from each study and noise produced by each trailing edge 

Study No 
Optimal Geometry (mm) OASPLnorm 

[dB] 
∫ (𝚿𝐢)

𝝎𝒎𝒂𝒙

𝝎𝒎𝒊𝒏

= 𝟏𝟎
𝑶𝑨𝑺𝑷𝑳_𝒏𝒐𝒓𝒎

𝟏𝟎  
ΔOASPLnorm = 

𝟏𝟎 𝐥𝐨𝐠𝟏𝟎 (∫ 𝚿𝟎

𝝎𝒎𝒂𝒙

𝝎𝒎𝒊𝒏

/ ∫ 𝚿𝒊)
𝝎𝒎𝒂𝒙

𝝎𝒎𝒊𝒏

) 
λ1opt λ2opt hopt 

Straight TE - - - 30.1 1023.3 - 

SS-Saw-1 10 - 35 16.7 46.7 13.3 

SS-Saw-2 15 - 40 18.2 66.1 11.9 

SS-Saw-3 20 - 30 21.5 141.2 8.6 

SS-Saw-4 25 - 37.5 21.6 181.9 7.5 

SS-Slit-1 10 10 6.4 27.9 616.6 2.2 

SS-Slit-2 15 20 5.8 28.5 707.9 1.6 

SS-Slit-3 10 25 6.0 28.5 707.9 1.6 

SS-Slit-4 20 20 5.6 28.6 724.4 1.5 

SS-Sinu-1 15 - 35 21.1 128.8 9 

SS-Sinu-2 10 - 30 20.0 100 10.1 

SS-Sinu-3 20 - 40 21.9 151.9 8.2 

SS-Sinu-4 25 - 37.5 23.1 204.2 7 

 

 
Figure 14: Normalized spectrum of noise produced by a low Mach 

number flow over a slitted TE: (a) from [27] Eqn. (10); (b) Matlab 

Code 

 

 
Figure 15. Normalized spectrum of noise produced by a low Mach 

number flow over a sinusoidal TE: (a) from [7] Eqn. (5.6); (b) 

Matlab Code. 

Optimization of single-size sawtooth serrations 

The noise spectrums for both a straight TE and each of the 

optimized, single-size, sawtooth TE designs are given in Fig-

ure 16. The optimized single-size sawtooth design, which 

produced the least noise, was obtained in the study of SS-

Saw-1. 

 

 
Figure 16. Normalized spectrum plotted as a function of frequency 

between 0.1kHz and 10kHz for OASPLnorm optimized sawtooth 

trailing edge profiles. 

This study applied the largest upper limit, and the small-

est lower limit on h and λ respectively compared to the other 

studies in the SS-Saw group. The OASPLnorm produced by 

SS-Saw-1 was 16.7 dB, corresponding to a 30.1 dB of a 

straight trailing edge and the reduction in ΔOASPLnorm is 13.1 

dB compared to a straight trailing edge (see the Table 2 for 

more details). 

 

Optimization of single-size slitted serrations 

The noise spectrums for both a straight TE and each of the 

optimized, single-size, slitted TE designs are given in Figure 

17. Of the single-size slit optimization studies, the design that 

produced the least noise was SS-Slit-1, which produced an 

OASPLnorm of 27.9 dB corresponding to a 30.1 dB of a 

straight trailing edge and the reduction in ΔOASPLnorm is 2.2 

dB compared to a straight trailing edge (see the Table 2 for 

more details). Similar to the single-size sawtooth optimiza-

tion, SS-Slit-1 also applied the smallest lower limits on 

widths, λ1 and λ2 and the upper limit on the slit amplitude, h, 

is 6.4 dB. The optimum widths are seen to always be equal to 

their lower limits of (λ1)min and (λ2)min. 
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Figure 17: Normalized spectrum plotted as a function of frequency 

between 0.1KHz and 10kHz for OASPLnorm optimized slitted trail-

ing edge profiles 

Optimization of single-size sinusoidal serrations 

The noise spectrums for both a straight TE and each of the 

optimized, single-size, sinusoidal TE designs are given in 

Figure 18. The optimized single-size sinusoidal design, 

which produced the least noise, was obtained in the study of 

SS-Sinu-2. 

 

 
Figure 18. Normalized spectrum plotted as a function of frequency 

between 0.1kHz and 10kHz for OASPLnorm optimized sinusoidal 

trailing edge profiles. 

Similar to the single-size sawtooth optimization, this 

study applied the largest upper limit, and the smallest lower 

limit on h, and λ respectively compared to the other studies 

in the SS-Sinu group. The OASPLnorm produced by SS-Sinu-

2 was 20.0 dB, corresponding to a 30.1 dB of a straight trail-

ing edge and the reduction in ΔOASPLnorm is 10.1 dB com-

pared to a straight trailing edge (see the Table 2 for more de-

tails). 

Each of the optimum designs in all studies, (see Figure 

19), sawtooth, slitted and sinusoidal TE produces a lower 

OASPLnorm than the straight TE ; however, significant varia-

tions are seen in the amount of reduction achieved between 

the three, TE designs. This observation suggests that the op-

timization process can produce TE serration designs that pro-

duce less noise than designs that have previously been stud-

ied, and whose dimensions were chosen manually. Further-

more, based on our analysis, the sawtooth serration, SS-Saw-

1, provides the greatest noise reduction, ΔOASPLnorm, over a 

wide range of frequencies as shown in Figure 19. 

 

 
Figure 19: The compression between the optimum serrations. 

8.4 Experimental results and comparison with nu-

merical results 

A comparison of the far-field noise SPL spectrum, measured 

at 90o overhead of the airfoil and flat-plate, trailing edge, be-

tween the best optimum serrated (SS-Saw-1, SS-Slit-1 and 

SS-Sinu-2) and the straight trailing edge, as defined in Table 

2, is shown in Figure 20. Below ~250 Hz, an airfoil TE noise 

reduction relative to the straight trailing edge of between ~1 

to ~ 6 dB can be seen for all trailing edge treatments.  

 

 

 
Figure 20: Measured far-field noise spectrum showing a compari-

son between straight and the sawtooth, slitted and sinusoidal TE 

with airfoil and flat-plate at 00 AoA and U= 24 m/s. 

Canadian Acoustics / Acoustique canadienne Vol. 48 No. 4 (2020) - 15



 

A comparison of the noise reduction, ∆SPL, between the 

predicted/optimized and experimental data for various opti-

mum serrated trailing edges is shown in Figure 21. The level 

of predicted noise reduction is approximately ~29 to 52 dB 

higher than the measured reduction for SS-Saw-1 and SS-

Sinu-2 and approximately ~1 to 3 dB for SS-Slit-1. This is in 

trend agreement with the previous results shown in [28] for 

sawtooth serrations. The predicted noise reduction tends to 

increase with frequency, while the measured one decreases 

with frequency. 

 

 

 
Figure 21 : Broadband noise reduction predicted by Howe 

(Dashed) and measured experimentally (Solid) for serration pro-

files SS-Saw-1, SS-Slit-1 and SS-Sinu-2 - Experimental data with 

airfoil and flat-plate at 00 AoA and U= 24 m/s. 

The strong oscillations observed in the predicted noise 

reduction in Figure 21 are due to interference between the 

root and the tip of the serrations, which are not observed in 

the experimental data. Note that the oscillations observed in 

the experimental spectra are characteristics of trailing edge 

noise and are not related to the serrated edges as described by 

Amiet [29]. The predicted oscillations from the optimization 

are a direct consequence of Howe’s model simplifying as-

sumption; i.e., that the scattering process is the predominant 

source of TE noise with no extraneous sources present. How-

ever, experimental results suggest that extraneous noise 

sources may be present due to unsteadiness close to the ser-

rations. While the noise reduction amounts from predictions 

and experimental data differ, Howe’s model is still very use-

ful for the optimization work to determine the best TE con-

figurations which reduced the noise radiated 

The discrepancies observed in Figure 21 between the op-

timization and measured noise reductions for serrated trailing 

edges speculates on the possible reasons: 

 Assumption that the surface pressure in the boundary 

layer at the trailing edge is not affected by the serra-

tions, but it is locally affected by the serration. How-

ever, this effect is likely to be small [28]. 

 The quadrupole sources in the boundary layer of the 

airfoil, upstream of the trailing are not accounted for 

in the theoretical far-field radiation. 

 Numerically shown by Jones and Sandberg [30], the 

unsteadiness close to the serration due to horse-shoe 

vortices can be a source of extraneous noise 

 

9 Conclusion 

An aeroacoustic wind tunnel test section has been built at 

Carleton University. The tunnel has a rectangular test section 

with dimensions of 0.78 m in width, 0.51 m in height and 1.83 

m long. Its aeroacoustic performance is measured. Results 

show that the background noise can be comparable with other 

aeroacoustic wind tunnels worldwide. A simplified airfoil 

and flat-plate TE noise are tested as a benchmark test. Results 

show that the serration geometry is effective in reducing 

noise and, the noise radiated from the TE is at least 10 dB 

higher than the background noise, satisfying the requirements 

for aeroacoustic measurements. 

     Three different geometrical profiles of trailing edge serra-

tions have been optimized for the reduction of TBL-TE noise. 

The optimum width for the three, sawtooth, slitted and sinus-

oidal serrations, are the smallest allowable one in the overall 

spectrum frequencies. The optimum single-size sawtooth and 

sinusoidal always has the largest allowable amplitude 

whereas the optimum single-size slit has a specific amplitude 

value to optimize the balance. 

     Noise radiation from optimized trailing edges with 

different serrations, sawtooth, slitted and sinusoidal, has been 

investigated. It has been shown that the TE serration design 

can have a significant effect on the level of noise reduction. 

It has been shown that numerical and experimental results are 

in agreement showing that optimized serrated trailing edge 

configurations can yield less TBL-TE noise compared to the 

traditional straight trailing-edge configuration. Moreover, 

based on the optimization and experimental analyses, the 

sawtooth serration provides the greatest noise reduction over 

a wider range of frequencies when compared to slitted and 

sinusoidal TE serrations. 
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Nomenclature 

f frequency                                                                       

G(x,y;ω) Green’s function 

h serration amplitude 

i imaginary number 

K wavenumber vector 

K1 streamwise wavenumber 

K3 spanwise wavenumber 

Pb blocked pressure  

Ps scattered pressure  

𝐑𝐞𝐜 Reynolds number  

U mean flow speed  

Uc convection velocity (Uc=0.7U) 

ω angular frequency 

1, 2, 3 Cartesian coordinate system  

Z objective function value  

Γ(y3) serration profile  

λ sawtooth and sinusoidal serration width 

λ1, λ2 slitted serration width and gap width 

δ turbulent boundary layer thickness  

κ acoustic wavenumber (κ= ω/c) 

ψ non-dimensional trailing edge noise spectrum 
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