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ABSTRACT 

Passive treatments aiming at reducing turbofan broadband noise have been recently studied in the 
framework of European Project FLOCON. A concept based on a sinusoidal variation of the leading edge of 
a single airfoil expected to decrease interaction noise has been investigated by ONERA. Turbulence-airfoil 
interaction mechanism is achieved using a turbulence grid located upstream of a NACA airfoil tested in 
ISVR anechoic open wind tunnel. High noise reductions are obtained (3-4 dB) for all studied flow speeds. 
Experimental work is supplemented by numerical simulations using RANS/LES and CAA Euler-based 
approaches to predict the acoustic response of the wing. Isentropic turbulence is synthetically injected by 
means of a suited inflow boundary condition. Unsteady simulations are restricted to the baseline case 
(without treatment) and the present paper focuses on direct Euler methodology which provides reliable 
power spectrum density comparing to experiment. Effect of leading edge serrations on aerodynamics and 
noise is emphasized using Amiet thin airfoil theory, RANS solutions and available measurements. 
Keywords: Turbulence interaction, Turbofan Noise, Computational Aeroacoustics. 

1. INTRODUCTION 

Turbulent wakes generated by turbofan blades and interacting with the OGV are known to be 
mainly contributing to broadband noise emission of aero engines at approach conditions. Passive 
treatments aiming at reducing fan broadband noise have been recently studied in the framework of 
European Project FLOCON [1-3]. A concept based on a tri-dimensional sinusoidal modification of 
the LE (leading edge) of a single airfoil has been investigated by ONERA [3]. Turbulence-airfoil 
interaction mechanism is achieved using turbulence grids located upstream of a NACA 651210 
airfoil in the ISVR anechoic open wind tunnel [4]. Three airfoil sets with different values for 
wavelength and wave amplitude have been tested and compared to the reference wing response. A 
circular microphone antenna located at about three spans from the airfoil provides acoustic spectra 
and OASPL (Overall Sound Pressure Level) directivity. High noise reductions are measured (up to 
6 dB) for a wide frequency range, leading to at least 3 dB attenuation of acoustic power. Moreover, 
aerodynamic performances are shown to be slightly increased by the treatment that tends to reduce 
the turbulent wake intensity beyond the TE (trailing edge), the (spanwise averaged) static pressure 
distribution being roughly unchanged. Experimental work is supplemented by CAA (Computational 
Aero-Acoustics) aiming to simulate the aerodynamic and acoustic responses. Present computations 
are devoted to the baseline case (without treatment), since treated case is still underway. First 
predictions based on analytical Amiet formulation [5] were found to be close to the measurements, 
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but extension of the theory to varying edges seems only feasible for basic topologies requiring 
unpractical simplifications [6]. In order to try to take into account true airfoil geometry and realistic 
mean flow, numerical approach is certainly the only issue. Methodologies based on hybrid 
RANS/LES and direct Euler computations have been investigated and presented in [3,7]. In both 
cases, HIT (homogeneous isentropic turbulence) is synthetically injected by means of 
divergence-free velocity disturbance field distributed over Fourier-modes with random phases. LES 
is chained to a FWH integral to get the acoustic far-field.  

In the present paper, more analyzes of the effect of wavy-edge are proposed with the help of thin 
airfoil theory, RANS solutions, and available wind tunnel measurements. Numerical predictions 
(spectra and directivities) are restricted here to the direct Euler approach for which preliminary 2D 
computations have been extended to 3D. Because the 3D simulations are not fully converged at this 
time, only the 2D approach is presented including an efficient correction applied for simulating 
tridimensional effects. Compared to previous shorter paper [3], more details are given about 
aerodynamic behavior, serration effects, and CAA features. Hence, ability of numerical approach in 
view of quantifying the acoustic efficiency of leading-edge serrations is clearly addressed.  

2. WAVY LEADING EDGE CONCEPT DESCRIPTION 

Wavy edge treatment has been recently studied by Hansen et al. [8] for aerodynamic performance 
purpose, following previous investigations on aerodynamic effects of whale flipper leading-edge 
rounded protuberances (so-called tubercles) [9]. It was shown that tubercles act as vortex generators 
which could increase the lift and delay the stall. This concept has been also applied to rotor blades in 
order to try to reduce the tone noise caused by blade vortex interactions [10]. 

Wavy-edge concept is illustrated in Fig. 1, showing a 3D CAD view with two main adjustment 
parameters (wavelength, λ and amplitude, A) and a picture of one of the manufactured ONERA 
wings. The present study is devoted to acoustic performance with respect to turbulence-airfoil 
interaction (broadband) noise reduction, assuming that acoustic sources are located in the leading 
edge region. Sinusoidal variations of the chord length and lean angle are expected to introduce some 
spanwise correlation loss and to modify the response to the impinging gusts (turning parallel cut-on 
modes to oblique cut-off modes). These effects will be more discussed in section 4. 

Three sets of wings have been manufactured and tested : 
- λ = 6 mm and A = 10 mm (referred as 1S) 
- λ = 10 mm and A = 10 mm (referred as 2S) 
- λ = 10 mm and A = 15 mm (referred as 3S) 

      

Figure 1. FLOCON wing design: CAD drawing (left) and manufactured wing (right) 

3. TEST SET-UP, NOISE REDUCTION AND AERODYNAMIC PERFORMANCES 

ONERA wings have been tested in the ISVR anechoic wind tunnel [2,4] and compared to the 
baseline case at several flow speeds (U0 = 20, 40, 60 m/s) and for different angles of attack (α  = 0°, 
5°, 10°, 15°). Experimental set-up is presented in Fig. 2, showing the circular antenna (located at 1.2 
m from the airfoil) used to get the far-field PSD (Power Spectral Density) and directivities. When 
possible, in order to trigger a turbulent boundary layer a tripping band made of rough sand paper is 
attached on surface of the airfoil at 10% of the chord. A square-rods turbulence grid located inside 
the nozzle near the outlet provides selected HIT characteristics (validated by comparison to usual 
Von-Karman spectrum) upstream of the airfoil, with a turbulence intensity, TI = 2.5 %, and an 
integral length scale, Λ = 6 mm. Hence, interaction noise (measured with the grid) is found to be 
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largely dominant compared to the airfoil self-noise, as shown in Fig. 3 for two flow speeds. PSD 
measured at 90° for the three treatments are compared to the baseline in Fig. 4 (α = 0°), showing 
high noise reduction for a wide frequency range, more particularly at low speed. Best performance is 
obtained with treatment 3S. Fig. 5 summarizes the noise level reductions obtained with treatment 3S, 
by integrating the spectra in the range [300 Hz -20 kHz]. It shows that good performance is reached 
for all angles of attack values up to α = 15°. Fig. 6 (left) compares PSD between wing 3S and 
baseline (0S), highlighting large noise reductions in the mid-frequency range (about 6 dB at 3 kHz). 
OASPL directivity related to microphone antenna and calculated by integrating the spectra from 
1 kHz is shown in Fig. 6 (right). Acoustic performance appear to be slightly reduced in the front arc 
(gain of 3 dB) compared to the rear one (gain of 5 dB).  

 

  
 

Figure 2. Experimental set-up in ISVR rig Figure 3. Interaction (black) and self (red) noise spectra 

   
Figure 4. Baseline and ONERA wing spectra (90°)     Figure 5. PWL reductions (dB) using 3S wing 

 

Figure 6. Baseline-3S comparisons of PWL (left) and OASPL directivities (right) at higher speed (60 m/s) 
 
Aerodynamic behavior has been also investigated in order to check the effect of leading edge 

serrations on aerodynamic performances. RANS computations using ONERA code elsA have been 
performed by Cerfacs using different strategies [7]. Figure 7 displays Cp distributions issued from 
RANS and measurements at mean exit flow U0 = 60 m/s and for two angle of attack (α = 0° and 
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α = 10°). As shown by Moreau et al. [11], the nozzle exit flow has to be fully included in the RANS 
simulation to match open jet wind tunnel conditions. As discussed in [7], URANS time-averaged 
computations have to be performed then to ensure the convergence of the solution. As shown in 
Fig. 7, a very nice agreement between predictions and tripped airfoil measurements is obtained when 
jet flow is taken into account. 

Comparisons of Cp distributions measured at ISVR on baseline 0S (no serrations, no trip) and 2S 
ONERA wing (using sensors located on the top of the waves) are shown in Fig. 8 for the same angles 
of attack. No trip was used is that case, because it was unpractical to attach the tripping band along 
the waves. Noticeable differences are visible at the leading edge region. Away, distributions are 
almost similar. Consequently, integration of the Cp for serrated edge case lead to an important 
increase of the lift. Similar trends have been obtained for other configurations. However, this 
positive effect in terms of aerodynamic performance should be pondered as sensors are located on 
top wave, and as bottom wave measurements would probably not display the same behavior. 

To check this point RANS computations have been performed on 2S wing assuming a uniform 
mean flow (jet flow discarded), which is reasonable for estimating the relative effect of serrations. A 
close-up view of CFD wavy-edge skin mesh is shown in Fig. 9, left, and computed Cp at three 
spanwise positions (top, mid, and bottom) are plotted in Fig. 9, right. Away from leading edge region, 
Cp distributions are found to be almost identical, according to the measurements. Moreover, the 
bottom wave solution is quite similar to the baseline (uniform flow) shown in Fig. 7 (left), and the 
relative deviation highlighted in Fig. 9 right between bottom wave and top wave distributions are in a 
fairly good agreement with experimental trends observed in Fig. 8 left between baseline and 2S (top 
wave). These are convincible results with respect to wavy-edge aerodynamic performances. Finally, 
these investigations are completed by iso-velocity contour map analyzes issued from 2D RANS 
(baseline case) and 3D RANS (wavy-edge case) computations presented in Fig. 10 (same scales for 
all plots). The baseline solution roughly matches the wavy-edge solution averaged over the span. 

 

   
Figure 7. Cp distributions issued from RANS and measurements at α = 0° (left) and α =10° (right) 

 

 
Figure 8. Cp distributions for baseline and ONERA 2S wing measured at α = 0° (left) and α =10° (right) 
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Figure 9. 3D RANS wavy-edge mesh (left) and computed Cp distributions (U0 = 60 m/s, α = 0°) 

 

   
Figure 10. Spanwise cuts of RANS mean flow velocity field around 2S and baseline wings: 

2S top wave (left), baseline (middle), and 2S bottom wave (right) 
 

4. ACOUSTIC PREDICTIONS FROM ANALYTICAL AND NUMERICAL METHODS 

4.1 Integral formulations and Amiet-based predictions 

Following Amiet theory [5], the problem of turbulence-airfoil interaction can be modelized as a 
summation of harmonic gusts impinging a flat plate as sketched in Figure 11. The gusts are time and 
space Fourier-modes in the chordwise and spanwise directions. Kζ  and Kη  are the aerodynamic 

wave numbers in the local coordinate system ζ ,η,ξ( ) . 
 

 

Figure 11. Sketch of gust-airfoil problem 
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The aerodynamic response of the airfoil, g ζ ,Kς ,Kη( ) , is calculated by solving a convected 

wave equation written for the potential of a velocity perturbation (satisfying this equation). The 
wall-pressure jump, ∆p, then writes: 

  

Δp ζ ,η,t( ) = 2πρ0Uc ˆ̂uξ−∞

+∞

∫ Kς ,Kη( )
−∞

+∞

∫ g ζ ,Kς ,Kη( )ei KζUς t−Kηη( )dKζdKη   (1) 

 
ˆ̂uξ  denotes the double space-Fourier transformation of incoming velocity fluctuation normal to 

the plate, and Uζ  is the chordwise velocity (taken equal to the convection velocity Uc ) related to 

the convection wave number using Taylor assumption (frozen turbulence): Kς = Kc =
ω
Uc

. The 

radiated acoustic field is obtained by using Curle’s formulation: 
 

 

p̂

X,ω( ) = p̂


Y ,ω( )

S∫ ni
∂Gω


X,

Y( )

∂yi
dS      (2) 

where ^ denotes the time-Fourier transform,  


X  and  


Y  are the observer and source coordinates, 

respectively, and Gω denotes the free-space time-Fourier transformed Green’s function. The PSD of 

acoustic pressure, 
 
Spp

X,ω( ) , is estimated by injecting Eq. (1) in Eq. (2) and by performing the 

integral of the cross-conjugate product over spatial directions and spanwise wave-number. Far-field 
assumption (KR >>1) allows us to make some mathematical simplifications so that a rather concise 
expression is obtained: 
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∫ L x,Kc ,Kη( )
2
φξξ Kc ,Kη( )dKη  (3) 

 L  is the aeroacoustic transfer function given by Amiet. The wave-number PSD of normal 

velocity fluctuation, φξξ Kc ,Kη( ) , can be estimated by means of a 2D Von-Karman turbulence 

energy spectrum model fitted by experimental input data ( Λ  and TI). In the case of parallel gusts 
(which are known to be mainly responsible of radiated interaction noise), φξξ Kc ,0( ) can be directly 

related to the spanwise correlation lengthscale, 
 
 y , and to the standard frequency spectrum of uξ : 

 

φξξ Kc ,0( ) = Uc

π
 y ω( )φξξ ω( )       (4) 

Predicted PSD at 90° and OASPL directivities are compared to the ISVR measurements in 
Figs. 12 and 13, respectively. A fairly good agreement is obtained, particularly at the lowest speed. 
An under-estimation of the spectrum slope can be noticed at higher speeds. This confirms that Amiet 
model is able to assess THI-airfoil noise, but extension of this theory to account for varying edges 
does not seem feasible without drastic simplifications [6]. This is the reason why a numerical 
approach has been proposed and is presented in section 4.3. However, thin airfoil theory can be used 
to overcome basic understanding and to suggest a raw design of the serrations, as discussed in the 
next paragraph. 
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Figure 12. Predicted and measured PSD at 90°    Figure 13. Predicted and measured OASPL directivities 

4.2 Serration design 

Helping from ISVR turbulence grid characteristics and thin airfoil theory, basic mechanisms that 
might be considered for serration design (A and λ parameters described in section 2) are discussed 
here. Firstly, the wavelength can be adjusted with respect to the spanwise correlation lengthscale 

 
 y involved in Eq. (4). This scale, function of frequency, can be expressed from turbulence 
lengthscale and convection wave number (assuming Von-Karman spectrum model). It is plotted in 
Fig. 14, for two convection speeds. De-correlation effects might be noticeable if chord variation 
between two point-sources is large enough and if these sources are fully correlated (distance between 
them lower than

 
 y ). We can assume that these effects are optimal when λ/2 is roughly equal to the 

maximum size of 
 
 y  (which is mostly equal to Λ = 6 mm). The span being equal to 450 mm, λ is 

rounded to 10 mm (wings 2S and 3S) so that it can be splitted into Nwave motifs (Nwave = 45). The 
wing 1S was designed using the mean value of 

 
 y (about 3 mm) leading to λ = 6 mm (Nwave = 75). 

 
Figure 14. Spanwise correlation lengthscale deduced from ISVR turbulence grid characteristics  

 
Secondly, the amplitude has to be set. It seems reasonable to think that A should be larger as 

possible to expect higher effects with respect to local chord and lean angle value. However, the 
amplitude range has to be limited by aerodynamic constraints, since modifications of the stream flow 
are expected to increase with A, whereas performance and stability have to be preserved. Because 
CFD calculations were expected to be launched after the airfoil treatment design (to be implemented 
and manufactured at the beginning of FLOCON project), it was decided to limit the amplitude value 
to 10% of the chord length (A ≤ 15 mm). The effect of lean angle on acoustic response of the airfoil 
can be assessed from Amiet theory extended to the case of a chord varying in the spanwise direction, 
and by introducing the leading edge equation in the convected wave equation with suited variable 
transformations, as originally proposed by Rozemberg (ONERA non-published work). Simplifying 
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the sinusoidal wave to a triangular wave (as sketched in Fig. 15), the usual dispersion relation valid 
for a straight leading edge can be generalized as: 

 

k2 =
KξM
β 2

⎛

⎝⎜
⎞

⎠⎟

2

− KξM
2 tanγ +

KηM
2

β 2

⎛

⎝⎜
⎞

⎠⎟
    (5) 

The symbol “–” denotes the normalization by the half-chord, and γ  is the lean angle (Fig. 15) 

given by tanγ =
2A
λ

. Eq. (5) turns to Amiet dispersion relation by setting A = 0. Following 

Graham rules, the sign of k2 determinates the nature of the gusts that are cut-on (cut-off) if k2  > 0 
( k2 < 0). A physical interpretation of this result is presented in Fig. 16, visualizing the spectral 
filtering of oblique gusts in the plane (Kξ ,Kη ) . The cut-on modes (supercritical gusts) are 
highlighted by conical surfaces that are deviating from the chordwise direction as the lean angle is 
increasing. The value γ = 71.6° corresponds to the S3 wing with triangular wave assumption. 

Practically, this value is larger since the tangent to the sinus at ξ  = 0 is more inclined than for the 
triangle case (see Fig. 15). Hence, parallel gusts (Kξ ,0)  and neighboring ones (Kη  small) being the 
most energetic modes in terms of acoustic radiation, it is clearly observed that for lean angles getting 
close to 90° (A getting high) these modes tend to be filtered so that noise reduction may be expected.  

 

  
Figure 15. Sketch of triangular wave geometry  Figure 16. Spatial filtering of oblique gusts 

 

4.3 Direct Euler computations 

 In order to simulate the leading edge treatment effects on acoustics, a numerical methodology 
using ONERA code sAbrinA [12,13] has been investigated. The code solves the non-linear Euler 
disturbances in the time domain using a high-order dispersion preserving scheme. First computations 
are focused on the baseline case for which our CAA was restricted to 2D, for simplicity. 3D 
computations are underway (not converged yet) and should confirm the 2D results discussed here 
(without having to apply 2D to 3D corrections used in this section). Of course, 3D will be also 
mandatory for simulating the serrated case. Incoming turbulent flow is generated by means of 
harmonic velocity perturbations (following Amiet formalism) using a synthetic turbulence model 
[14,15], and injected through a suited inflow BC (boundary condition) proposed by Tam [16]. 
Outflow BC are based on Tam radiation condition assuming spherical (or cylindrical) waves with 
point-source located at the center of the airfoil. These BC are required for injecting and convecting 
acoustic and hydrodynamic modes without creating artificial noise. As done in [14], only parallel 
gusts (Kζ  in Fig. 7) are imposed, with amplitudes adjusted using 1D Von-Karman energy spectrum 
(since computations are 2D) as specified in [15]. It is obtained by integrating the 2D spectrum of 
Eq. (4) along spanwise wave numbers.  
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The turbulent transverse velocity fluctuation uy  (ξ  direction in Fig. 11) injected at the inflow 

boundary then writes: 

uy x,t( ) = φξξ kc,n( )Δkc
n=1

Nmax

∑ cos kc,n x −Uct( ) +ϕn⎡⎣ ⎤⎦ , ϕn = random 0,2π{ }  (6) 

Wave number spacing (∆k) is equal to 2π/XL where XL is the axial length (0.4 m) of CAA domain. 
A random phase (ϕn) is used to reproduce a stochastic process. Realistic mean flow (Uc = 60 m/s) 
from nozzle exit is provided by a 2D RANS computation performed with elsA [6]. This flow is then 
interpolated of the CAA grid adapted for acoustics to satisfy 10-points per (smallest) wavelength 
considered here (fmax = 5 kHz) and a local CFL lower than unity. A view of CAA multi-bloc grid (1 
point over 4) is shown in Fig. 17, left. To avoid numerical difficulties when injected velocity 
disturbances are crossing the shear layer of nozzle exit flow, interpolated RANS mean flow is also 
modified to mimic flight conditions with homogeneous uniform mean flow. This “adapted” mean 
flow for which initial RANS solution in the vicinity of the airfoil is fully preserved is plotted in 
Fig. 17 (right). An iso-contour snapshot of turbulent velocity fluctuations impinging the airfoil is 
shown in Fig. 18 (left) and acoustic response in terms of pressure iso-contour snapshot is shown in 
Fig. 18 (right). Expected dipolar behavior is correctly assessed by the 2D simulation. Vortical waves 
convected along the airfoil pressure side and beyond the trailing edge are clearly visible too. 

 

   
Figure 17. 2D CAA multi-bloc grid around airfoil (left) and RANS interpolated mean flow (right) 
 

   

Figure 18. Synthetic turbulent velocity field (left) and direct acoustic pressure radiation (right) 

Computed PSD at 90° for an observer at 0.35 m from the centre of the airfoil is presented in 
Fig. 19 (left, blue curve) and compared to the same simulation assuming a fully uniform flow (green 
curve with dots), and to the analytical solution issued from Amiet theory (dotted line). The 
agreement between CAA (uniform flow) and Amiet predictions is quite good, whereas a higher 
attenuation slope can be noticed for the CAA solution with a RANS mean flow. This could explain 
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the slope deviation observed in Fig. 12 and discussed in Section 4.1. Similar comparisons on OASPL 
directivities are proposed in Fig. 19 (right), showing that the three predictions are almost identical in 
the front arc and that differences with Amiet solution are more marked in the upside rear arc. 
Upside/downside dissymmetry due to the fact that the airfoil is not symmetrical (whereas it is 
assumed to be in Amiet theory) is clearly highlighted by the CAA. 

In order to compare the 2D simulations with the ISVR measurements, a simple correction 
proposed by Ewert et al. [17] is applied to the PSD. It writes: 

 

Spp
3D ω( ) = Spp2D ω( ) × k y ω( )L

2πRobs
      (7) 

 
 y  is the spanwise correlation length (scaled from L and Von-Karman model), and L is the 

airfoil span. This correction was found to be very accurate when applied to Amiet 2D and 3D direct 
solutions. PSD so obtained at 1.2 m (90°) microphone is compared to the measurements in Fig. 20. 
Smoothed CAA curve (pink curve) is found to be very close to the experiment (red curve) in the 
range [500 Hz – 5 kHz], making our CAA methodology rather promising. 

 

Figure 19. Predicted 2D spectra (dB/Hz) and OASPL (dB) directivities 

 

Figure 20. Predicted and measured 3D spectra (dB/Hz) 

 

5. CONCLUSIONS 

A wavy leading edge treatment consisting in tridimensional sinusoidal serrations devoted to 
turbulence-airfoil interaction noise reduction has been applied to an isolated NACA airfoil impacted 
by a turbulent flow. Experimental data issued from wind tunnel tests have shown significant 
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broadband noise reductions for a wide frequency range, and for almost all configurations. 
Aerodynamic performance suggested by recent studies has been partly confirmed too. This makes 
this concept very attractive for quieter turbofans as it could be easily implemented on the stator 
vanes. Different methodologies aiming at simulating the acoustic efficiency of the treatment have 
been proposed. First predictions are performed on the baseline case (no treatment). Analytical 
calculations based on Amiet theory were found to be reasonably confident for estimating the 
interaction noise emitted by a standard airfoil, and were used to give some basic understanding of the 
wavy edge effects. Since full extension of Amiet theory to varying edges is not feasible, numerical 
strategies have been investigated. A hybrid approach based on affordable LES was presented in [7]. 
Present paper only focused on direct Euler computations (neglecting viscosity effects), in which a 
synthetic (incoming) turbulence was assessed by means of prescribed velocity perturbations injected 
through a suited inflow boundary condition (as done in [7]). This CAA method applied in 2D was 
found to be very promising, providing PSD in a quite good agreement with the measurements.  

Next step will be to extend these CAA simulations to 3D in order to numerically estimate the 
efficiency of the serrations and to compare with the acoustic performance measured during the tests. 
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