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The airfoil leading edge noise from a NACA 0012 airfoil at zero degrees angle of attack is nu-
merically modelled using the linearised Euler equations with synthesised turbulence that follows
a von-Kármán energy spectra. The differences in the far-field noise based on an inviscid, and
viscous, mean flow are investigated. A gradient term suppression model is used to avoid the onset
of instabilities generated by the strong shear layer in the viscous mean flows. The mean flow solu-
tions are obtained at free-stream velocities from 20m/s to 120m/s, and the airfoil is subjected to
turbulence with an integral length scale of 0.05 chord lengths, and a turbulent intensity of 1.7%.
The results show that the differences in the far-field sound between a viscous and an inviscid mean
flow, are small for free-stream velocities greater than 90m/s. When the free-stream is at 20m/s
a viscous mean flow solution predicts a 5dB lower sound pressure levels, at a reduced frequency
of 17. At lower free-stream velocities, a thicker boundary layer is formed along the airfoil, which
induces a larger displacement thickness, and reduces the radiated sound levels.

1. Introduction

Airfoil leading edge noise is generated when upstream turbulence impinges on the leading edge of
an airfoil. Leading edge noise can be a significant broadband noise source for aircraft engines [1], and
wind turbines [2, 3]. The leading edge noise generation mechanism has been studied analytically [4,
5], experimentally [6–8], and by high-order computational simulations [9]. Direct numerical studies
can be computationally intensive, and a hybrid computation using linearised governing equations
with a prescribed mean flow, and synthesized turbulence, is often used to overcome this problem.
The synthesized turbulence can be defined by multiple frequency vortical gusts [9, 10], or synthetic
eddies [11–13].

Numerical simulations governed by the linearised Euler equations (LEE) can suffer from Kelvin-
Helmholtz (K-H) instabilities in the presence of a strongly sheared background mean flow. A viscous
mean flow will contain a strong shear layer in the boundary layer region, and this can trigger the
K-H instabilities, and cause an over-prediction in the radiated noise [14]. An inviscid mean flow can
prescribe the mean pressure and density fields accurately, and provide a mean velocity field with a
weak shear layer. Therefore, inviscid mean flows have been used previously to overcome the K-H
instability issues. Differences in the far-field noise by viscous and inviscid mean flows have been
reported [9, 15]. However, it is unclear whether these differences are caused by physical means, or by
numerical instabilities.

The validity of an inviscid mean flow reduces as the thickness of the boundary layer becomes
larger. A thicker boundary layer induces a larger displacement thickness that modifies the effec-
tive airfoil thickness and leading edge radius. Thicker boundary layers can be found on airfoils at
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lower flow speeds (e.g., wind turbines [3]), or on non-stationary airfoils (e.g., pitching [16]). Under
these conditions, a viscous mean flow should be prescribed to the linearised Euler equations, and any
numerical instabilities should be avoided. In this paper the airfoil leading edge noise generated by
upstream turbulence impinging on the leading edge of a static NACA 0012 airfoil at zero degrees
angle of attack is compared between LEE simulations performed at free-stream flow velocities of
u∞ = {20, 40, 60, 90, 120}m/s, and the results obtained by viscous and inviscid mean flows are
compared. The remainder of this paper is arranged as follows. In Section 2 the governing equations
and the synthetic turbulence method are described. In Section 3 the differences between a viscous
and inviscid mean flow, and their effects on the leading edge noise are discussed. Finally, a summary
is given in Section 4.

2. Numerical method

In this work the airfoil leading edge noise for a NACA 0012 airfoil at zero degrees angle of attack,
and a chord length of c = 0.15 m is predicted in two stages. In the first stage, the mean flow fields are
obtained using a commercial computational fluid dynamics (CFD) package. The inviscid mean flows
are predicted using a slip-wall boundary condition, and the viscous mean flows are obtained using
a no-slip boundary condition and the Reynolds-averaged-Navier-Stokes (RANS) equations with the
k − ω SST turbulence model. The airfoil mesh for the viscous calculations are refined near the wall
regions to ensure an adequate boundary layer resolution with y+ < 1.

In the second stage, a high-order finite difference computational aeroacoustics (CAA) solver is
used. This solver has been previously applied to duct noise radiation problems [17] and to study the
leading edge noise of airfoils [9, 12]. The CAA solver utilises fourth-order spatial schemes [18] and a
4-6 stage Range-Kutta temporal scheme [19]. Non-reflective boundary conditions [20] are applied at
the outer edges of the computation domain, and a compact filter [21] is used at the end of each time
step to remove spurious oscillations. During the simulations, the Courant-Friedrichs-Lewy (CFL)
number is set to be smaller than 0.75. The mean flow is interpolated onto a CAA grid to prescribe the
mean flow quantities, and the mean flow gradients that are used in the linearised Euler equations. A
modified digital filter [12] is used to synthesize a turbulent flow injected 1.6 chord lengths upstream of
the airfoil leading edge. The noise radiated by the turbulence-airfoil interaction is fully resolved up to
a reduced frequency of k = fc/u∞ = 23, where f is the frequency, c is the airfoil chord length, and
u∞ is the free-stream velocity. The far-field sound pressure level is calculated by an integral solution
of Ffowcs Williams and Hawkings (FW-H) equation [22, 23]. An illustration of this method is shown
in Figure 1 .

Figure 1: Airfoil leading edge noise simulation schematic.
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2.1 Governing equations

The linearised Euler equations are derived by decomposing the flow variables in the Euler equa-
tions into its mean and perturbed quantities. By assuming that the perturbed flow quantities are
several orders of magnitude smaller than the mean values, the non-linear terms can be neglected, and
the Euler equations (in vector notation) becomes:

∂ρ′

∂t
+ ρ′∇ · u0 + ρ0∇ · u′ + u0 · ∇ρ′ + u′ · ∇ρ0 = 0,

∂u′

∂t
+ (u0 · ∇)u′ + (u′ · ∇)u0 +

∇p′

ρ0
− ρ′

ρ20
∇p0 = 0, (1)

∂p′

∂t
+ u0 · ∇p′ + u′ · ∇p0 + γ (p′∇ · u0 + p0∇ · u′) = 0,

where t is the time, ρ is the density, p is the pressure, u is the velocity vector, γ = 1.4 is the ratio of
specific heats, and (·)0 and (·)′ represent the mean and perturbed quantity, respectively.

The governing equations resolve both acoustic and vortical disturbances. However, the numerical
solutions may suffer from K-H instabilities when the mean flow contains a strongly sheared velocity
field. By assuming that the mean flow gradients have a negligible effect on the acoustic field, the
gradient term suppression (GTS) method [24, 25] can be applied to resolve this numerical issue. The
modified momentum equation in GTS is:

∂u′

∂t
+ (u0 · ∇)u′ +

∇p′

ρ0
− ρ′

ρ20
∇p0 = 0. (2)

2.2 Synthetic turbulence

The modified digital filter method [12] is used to synthesize quiescent turbulence along an in-
jection region according to a von-Kármán energy spectrum. In the injection region the fluctuating
velocity is defined by:
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(3)

where the subscript Ne is the number of superimposed eddies, urms is the root-mean-square of the
velocity fluctuation, r is the distance taken from the eddy centre (xe, ye) to the flow field point (x, y),
∆ is the distance between neighbouring eddies, and ε randomly takes the value of ±1. In this work
the turbulence was injected 1.6 chord lengths upstream of the airfoil leading edge, and synthesized to
have an intensity of Tu = 1.7% and an integral length of Λ = 0.008m.

3. Airfoil Leading Edge Noise

3.1 Differences in the airfoil mean flow

Figure 2 shows the pressure profiles measured along the airfoil surface from an inviscid and vis-
cous solver, operating at u∞ = 20 m/s and u∞ = 120 m/s. Figure 2 shows that both solvers provide
similar pressure and density fields. However, significant differences between the viscous and inviscid
velocity profiles are shown in Figure 3. An inviscid solver does not resolve the strong shear layer
that is naturally observed in a realistic boundary layer. The remainder of this paper will focus on the
effects of the differences in the mean flow, on the leading edge noise characteristics.
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Figure 2: The surface pressure distribution on a NACA 0012 airfoil calculated by an inviscid (sym-
bols) and a viscous (solid line) solver.

Figure 3: The boundary layer velocity profiles taken at the trailing edge of a NACA 0012 airfoil by
an inviscid (symbols) and a viscous (solid line) solver operating at various free-stream velocities.

3.2 Results

The LEE simulations with a viscous mean flow are more prone to K-H instabilities. Figure 4
shows that these instabilities induce spurious strong velocity fluctuations that can interact with the
airfoil trailing edge, and cause an over-prediction in the sound power level (PWL) across a wide
range of reduced frequencies (Figure 5). By using GTS, the effects of a viscous mean flow can be
investigated without the influence of K-H instabilities.

When K-H instabilities are suppressed, the differences in PWL distribution along reduced frequen-
cies between result from a viscous and inviscid mean flow are much less for free-stream velocities
of u∞ > 90 m/s, as shown in Figure 5.(b) and (c). In this flow regime the assumption of an invis-
cid mean flow is valid [26]. However, at a free-stream speed of u∞ = 60 m/s, a larger deviation is
observed at higher reduced frequencies k > 17, as shown in Figure 5.(a). This observation is also
consistent with [26].

As the free-stream velocity is reduced to u∞ < 40 m/s, larger deviations can be observed between
results from inviscid mean flows and stabilised viscous mean flows. In Figure 6, the far-field sound
pressure field (SPL) directivity plots are given at reduced frequencies of k = 10 and k = 17, and at
free-stream velocities of u∞ = 20 m/s and u∞ = 40 m/s. It is shown that over-predicted results are
obtained by applying the inviscid mean flow, and the differences are larger at θ > 90◦. Additionally,
a significant increase in the SPL prediction can be observed if an LEE solution with a realistic mean

4 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

Figure 4: Instantaneous pressure and velocity perturbation contours at 120 m/s obtained by using (a)
LEE and (b) GTS.

Figure 5: PWL spectra at free-stream velocities of (a) 60 m/s, (b) 90 m/s, and (c) 120 m/s.

flow is attempted without the necessary treatment to remove any K-H numerical instabilities.
The difference of sound energy (∆E) is determined by measuring the following:

∆E =

∫ (
p′2visc − p′2inv

)
dθ, (4)

where the subscript (·)visc and (·)inv refers to a quantity obtained from a stabilised simulation using a
viscous mean flow, and a simulation using an inviscid mean flow, respectively. The velocity scaling
of the ∆E is plotted in Figure 7 for three reduced frequencies with the mean flow velocities ranging
from 20 m/s to 120 m/s. It suggests that the boundary layer may have an influence on the dipole
noise source, and the effect increases with the decrease of free-stream velocity.

4. Conclusions

In turbulence-airfoil interaction noise studies, the hybrid method using linearised governing equa-
tions and synthesized turbulence is often applied for its efficiency, and an inviscid background mean
flow is often assumed to avoid the numerical instabilities triggered by the presence of a strongly
sheared boundary layer. It is shown that the inviscid mean flow assumption is valid at high free-
stream velocities. However, at low free-stream velocities, a viscous mean flow needs to be considered
instead since airfoils encounter thicker boundary layers.
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Figure 6: Far-field directivities at 20 m/s (top) and 40 m/s (bottom).

Figure 7: Mach number scaling of ∆E for k = 10, 13, and 17.

High-order CAA leading edge noise simulations were conducted for a NACA 0012 airfoil at zero
angle of attack. Far-field noise are calculated with inviscid and viscous mean flows at free-stream
velocities ranging from 20 m/s to 120 m/s. The comparison of inviscid and viscous mean flows
shows that viscous mean flows contain stronger shear layers. This strongly sheared boundary layer,
coupled with acoustic waves, triggers the numerical K-H instabilities in the CAA simulation, the
magnitude of which are to the synthesized turbulence. An additional noise source is generated as the
instabilities passing over the trailing edge, and eventually the solution can be contaminated. In this
work, the GTS method is applied to overcome this issue with a minor side effect.

After removing the spurious noise source, the effect of using a realistic viscous mean flow was
investigated. It is shown that the differences in the noise predictions between viscous and inviscid
mean flows are greater at lower free-stream velocities. At u∞ = 20 m/s, the simulation with a viscous
mean flow predict a noticeable lower far-field sound pressure level at k > 10, and the difference is
up to 5 dB at k = 17. The over-prediction of the inviscid mean flow calculations scales with the sixth
power of the free-stream speed. This suggests that a realistic mean flow is important to the leading
edge noise at these high reduced frequencies. A reduced frequency of k > 10 may be beyond the area
of interest for small bladed problems, but it becomes more significant to engineering applications that
focus on larger chord lengths, such as large scale wind turbines.
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