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Abstract: Three di�erent methods based on steady Reynolds-averaged Navier-Stokes (RANS)
solutions are used to calculate the noise emitted from airfoils. Their results are compared to the
ones obtained from experiments, a semi-empirical airfoil self-noise prediction code called NAFNoise
developed by NREL, and large eddy simulations (LES). The three methods considered are a noise
metric developed by Hosder et al. which can only predict overall sound pressure levels (OASPL)
but no frequency spectra and two di�erent statistical models developed by Doolan et al. and
Remmler et al. The method by Doolan et al. employs a Green's function solution for airfoil
trailing-edge far-�eld noise whereas the method by Remmler et al. predicts the pressure spectrum
on the airfoil surface which is then used to compute the far-�eld sound by means of a hybrid noise
prediction. All noise predictions were made at low speed and moderate Reynolds number similar
to the environment of a small unmanned aerial system and involved di�erent NACA airfoils as well
as the SD 7003 airfoil.
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1 Introduction and Motivation

Airframe-generated noise is an important component of the total noise radiated from aircraft, especially
during aircraft approach and landing, when engines operate at reduced thrust, and airframe components
(such as high-lift devices) are in the deployed state. At these low Mach number and moderate Reynolds
number conditions airfoil self noise is dominated by trailing edge (TE) noise [1] which has therefore been
one of the main research areas of aeroacoustics for decades [2]. TE noise is generated by turbulent pressure
�uctuations in the boundary layer, which when convected past the trailing edge encounter an impedance
discontinuity and are scattered to the far-�eld as sound waves [3]. The TE noise of a conventional wing
at high lift can be thought of as a lower bound value of the airframe noise on approach [4] and its value
can also be used as a measure of merit in noise-reduction studies. There are many di�erent approaches
for the calculation of TE noise. Computational aeroacoustic (CAA) techniques can be used to directly
calculate trailing edge noise by means of direct numerical simulations (DNS), large eddy simulations (LES),
or possibly even unsteady Reynolds-averaged Navier-Stokes (URANS) computations. However, due to the
high computational cost of any of these methods they are not very practical for airfoil design and it is
much more common to solve just the steady RANS equations for aerodynamic calculations. Thus, it is
highly desirable to couple noise prediction methods with steady RANS solutions. Unfortunately, noise is
an inherently time-dependent phenomena and therefore a model of the acoustic source terms based on the
Reynolds-averaged �ow data needs to be employed [1].

Most theories on TE noise use Lighthill's acoustic analogy [5] and show that the noise intensity varies
approximately with the �fth power of the freestream velocity and is also proportional to the TE length along
the span and a characteristic length scale for turbulence [2, 6]. Based on these observations, Hosder et al.
[7] proposed a noise metric (NM) as a relative indicator of the clean-wing airframe noise which does not
necessarily provide the magnitude of the actual noise signature but is suitable for design trade-o� studies.
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Noise predictions which only compute the trends of the overall sound pressure levels (OASPL) but do not
accurately capture the magnitude or frequency of peak noise run the risk of driving a vehicle design in the
wrong direction. Nonetheless, OASPL may be adequate when comparing one component design to another,
or if the noise spectrum is broadband without dominating narrow-band peaks.

If frequency spectra are desired mainly two di�erent approaches based on statistical data provided by
RANS have been developed; namely stochastic noise generation and radiation (SNGR) and statistical mod-
eling of the turbulent sources. The SNGR approach generates a synthetic turbulent source �eld in the time
domain based on RANS prescribed statistical information of the �ow [8, 9] but the computational storage
and time requirements can be pretty large. The statistical modeling of the turbulent sources approach,
on the other hand, is used to model only the surface pressure spectrum which in conjunction with a wave
propagation program such as the Ffowcs Williams and Hawkings (FWH) approach [10] can be employed to
estimate the far-�eld noise. Kraichnan [11] was the �rst to derive an expression for the pressure �uctuations
on the wall as a function of the mean velocity pro�le and a two-point correlation of the velocity �uctuation
components perpendicular to the wall. His work was extended by Lilley and Hodgson [12] and Lilley [13]
to also be valid for boundary layers with a pressure gradient in the streamwise direction. Early application
examples by Panton and Linebarger [14] used empirically determined analytical expressions for velocity �uc-
tuations and turbulence length scale as inputs, however, with the readily available RANS data nowadays
Lee et al. [15] showed that Kraichnan's approach can also be applied to more complex nonequilibrium-type
boundary layers, such as the reattachment after a backward-facing step. For example, Rozenberg et al. [16]
combined RANS simulations with semi-empirical wall-pressure spectra to compute the noise radiated by an
automotive cooling fan and by an aircraft engine fan and Remmler et al. [17] applied a similar method to a
Valeo controlled-di�usion airfoil.

A limitation of surface pressure models is the assumption of homogeneous turbulence in the spanwise
and streamwise directions, a condition that is unlikely to hold in many TE con�gurations, particularly for
adverse pressure gradients or spanwise modi�cations. A RANS-based statistical noise model (RSNM) has
been proposed by Doolan et al. [1, 18] which does not require the assumption of homogeneous turbulence.
This method uses a semi-in�nite hard-plane Green's function to calculate the acoustic far �eld directly
using a statistical model of the turbulent sources in the boundary layer in the vicinity of the trailing edge.
The method requires a model of the turbulent velocity cross-spectrum, which must accurately represent the
frequency and phase distribution in the boundary layer [19, 20].

The focus of this paper is to compare and validate the performance of three di�erent methods for noise
predictions using only steady RANS data which are the noise metric (NM) developed by Hosder et al. [7]
and two di�erent statistical models developed by Doolan et al. [1] and Remmler et al. [17]. It is very
hard to �nd quality validation data in the literature and Tam and Ju [21] summarized the state of the art
recently as follows �... it is fair to say that, at this time, no two experiments [for aerofoil tones] have the
same result�. The most cited study is the NASA Self noise modeling report by Brooks et al. [22] which
is also going to be used here for validation purposes. More speci�cally, NAFNoise developed by NREL for
the design of wind turbines [23] is used since it incorporates many of the noise models developed in the
report by Brooks, Pope, and Marcolini (BPM) [22] with some additional modeling options for several airfoil
noise generation mechanisms. The BPM modeling approach represents airfoil self noise as the combination
of turbulent boundary layer trailing edge noise, separated �ow noise, trailing edge bluntness noise, tip
vortex formation noise, and laminar boundary layer vortex shedding noise. The code is only based on
experimental measurements of the NACA 0012 section pro�les. While the models generally reproduce the
original experimental data, there is concern about applying the models at �ow conditions outside of the
original tests and to non-NACA 0012 airfoils [23]. The NAFNoise code includes the option to replace critical
scaling parameters (e.g. boundary layer parameters) used in the BPM model with values computationally
calculated using the aerodynamic modeling program XFOIL [24]. An additional turbulent boundary layer
trailing edge noise modeling option (referred to as TNO) is also available in NAFNoise. The TNO model
has been developed by Moriarty et al. [25] and is based on work by Blake [26] which uses the wave-number
spectrum of unsteady surface pressures to estimate far-�eld noise.

The outline of the remainder of this paper is as follows. Sections 2, 3, and 4 give the pertinent details
of the three implemented noise prediction methods. Section 5 shows results for di�erent validation cases as
well as a camber noise study and Section 6 draws some conclusions.
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2 RANS-based Noise Metric (NM)

The following gives a quick derivation of the noise metric proposed by Hosder et al. [7]. The starting point
is the far-�eld noise intensity per unit volume, I, of acoustic TE sources which Goldstein [27] obtained by
rewriting the Ffowcs Williams and Hall equation [28]:

I ≈ %∞
2π2a2

∞H
2
ωsu

4
s (1)

where %∞ is the freestream density, a∞ is the freestream speed of sound, ωs is the characteristic source
frequency, us is the characteristic velocity scale for turbulence, and H is the distance to the far-�eld observer.
Equation (1) does not contain the dependency of the noise intensity on the directivity and the TE sweep
angle, β. These dependencies can be included as follows [2]

I ≈ %∞
2π2a2

∞
ωsu

4
s cos3β

D(θ, ψ)
H2

(2)

with the directivity term given by [28]

D(θ, ψ) = 2 sin2

(
θ

2

)
sinψ (3)

where θ is the polar directivity angle and ψ is the azimuthal directivity angle as de�ned in Figure 1. Note

Figure 1: Directivity angles de�nition (from Hosder et al. [7]). Here, the TE sweep angle β is zero.

that Doppler factors are not included in equation (2), because the focus of the current study is on �ows with
low Mach numbers where the relative velocity between the sources and the observer is small.

Using the Strouhal relation for turbulent �ow [29], ωslsus
≈ const., where ls is a characteristic length scale

for the turbulence, one can rewrite equation (2):

I ≈ %∞
2π2a2

∞
u5
sl
−1
s cos3β

D(θ, ψ)
H2

(4)

Accounting for the spanwise variation of the characteristic velocity and length scales, the TE sweep as well as
the directivity angles and assuming a correlation volume per unit span at the TE of dV = l2sdy, equation (4)
can be integrated over the span b to obtain

INM =
%∞

2π2a2
∞

∫ b

0

u5
sls cos3β

D(θ, ψ)
H2

dy (5)

where INM is a noise-intensity indicator that can be evaluated on the upper or lower surface of the wing.
Note that INM is not the exact value of the noise intensity; however, it is expected to be an accurate relative
noise measure [7]. Scaling with the reference noise intensity of 10−12W/m2 leads to a noise metric for the
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TE noise (in decibels) on the upper or lower surface [7]

NMupper,lower = 120 + 10 log(INMupper,lower
) (6)

To obtain the total noise metric, NM , for a wing these can be added to yield

NM = 10 log(10
NMupper

10 + 10
NMlower

10 ) (7)

Hosder et al. [7] chose the characteristic turbulent velocity at a spanwise location of the wing TE, y, as the
maximum value of the turbulent kinetic energy, k, along a direction normal to the wing surface, zn,

us(y) = max
zn

(
√
k(zn)) =

√
k(zmax) (8)

They also proposed that the characteristic turbulence length scale can be expressed as

ls(y) =
maxzn(

√
k(zn))

ωt(zmax)
=

us(y)
ωt(zmax)

(9)

where ωt(zmax) is the speci�c dissipation rate observed at the maximum turbulent kinetic energy location.
They viewed this choice as more physics-based than other suggestions in the literature such as the various
boundary-layer thicknesses. The turbulent kinetic energy and speci�c dissipation rate can be easily obtained
from standard turbulence model equations used in RANS solvers.

3 RANS-based statistical noise model (RSNM)

Doolan et al. [1, 18] developed a noise prediction model which is based on a statistical model of the turbulent
velocity cross-spectrum between two points in the boundary layer. They use this information as an input
to a Green's function solution for airfoil TE far-�eld noise originally developed by Ffowcs Williams and
Hall [28]. RANS results are used to calculate the mean velocity, turbulent kinetic energy and dissipation in
the vicinity of the TE needed to estimate the turbulence cross spectrum.

The power spectral density at an observer position, x, in the far-�eld can be written in terms of the the
contributions of individual eddies in the turbulent boundary layer as [1, 18],

S(x, ω) =
∫
V (y1)

∫
V (y2)

2%2
∞ω sinφ cos2 θ

2

πa∞r0(y1)3/2r0(y2)3/2R(y1)R(y2)
Φ(y1,y2, ω)F (y1)F (y2)dV (y2)dV (y1) (10)

where (r, θ, z) and (r0, θ0, z0) are the cylindrical coordinates of the observer location, x, and source point
locations, y, respectively, as shown in Figure 2, dV (y) = r0dr0dθ0dz0, R is the distance between the source
and the observer and sinφ = r√

r2+(z−z0)2
.

Figure 2: Cylindrical coordinate system used for RSNM calculations (from Albarracin et al. [1]).
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The function F is a mean �ow function

F (y) = (<ur> −fa <uθ>) cos
θ0
2
− (<ur> +fa <uθ>) sin

θ0
2

(11)

where the velocity ui is Reynolds decomposed with ui(y, t) =<ui> (y) + u′i(y, t) with <.> symbolizing a
time average and the primes a deviation thereof. fa is an anisotropy factor such that u′r = fau

′
θ with fa = 1

for isotropic �ow. Lastly, a model for the turbulent velocity cross-spectrum Φ(y1,y2, ω) is required. Doolan
et al. [1, 18] used a Gaussian formulation of the two-point space-time correlation function

Φ(y1,y2, ω) =
A
√
π

ωs
u2
s exp

(
−||y2 − y1||2

l2s

)
exp

(
− ω2

4ω2
s

)
(12)

where us, ls, and ωs are again characteristic velocity, length, and frequency, respectively, which can be
calculated from RANS turbulence data (e.g. turbulent kinetic energy, k, turbulent dissipation, εt, and
speci�c dissipation rate, ωt) as follows

us =
√

2k/3 ωs =
2πεt
cτk

ls = clk
3/2/εt εt = cµkωt (13)

The various constants are taken as [1]

A =
1

126
cµ = 0.09 cl = 0.11 cτ = 0.012U∞ + 0.73 (14)

with U∞ the freestream velocity. The four-dimensional integral give by equation (10) is solved using Monte-
Carlo integration with importance sampling and the integration volume, V , is taken as a half circle around
the TE with a radius equal to two times the displacement thickness, δ, at the TE as predicted by RANS.

4 RANS-based wall-pressure spectrum (WPS)

In the approach by Remmler et al. [17] RANS is used to compute the mean �ow �eld and turbulence
quantities, which are then used as input for a statistical model to compute the unsteady pressure �uctuations
at the wall. Their starting point is to rewrite the incompressible Navier-Stokes equations in the form of a
Poisson equation for the pressure by assuming high Reynolds number �ows and neglecting viscous terms:

1
%∞

∂2p

∂y2
i

= −2
∂ <ui>

∂yj

∂u′j
∂yi︸ ︷︷ ︸

MT

− ∂2

∂yi∂yj
(u′iu

′
j− <u′iu′j>)︸ ︷︷ ︸
TT

(15)

Remmler et al. only considered the mean shear-turbulence interaction term (MT), while they neglected
the turbulence-turbulence interaction term (TT). According to Kraichnan [11], Lilley and Hodgson [12],
and Panton and Linebarger [14], the TT term is only responsible for approximately 5% of the pressure
�uctuations at mid and high frequencies but is of higher importance at low frequencies.

For the slowly growing boundary layer in the applications of interest here, the mean velocity and its
�uctuations are approximately constant within the turbulence length scale and thus the �ow can be assumed
to be statistically stationary and homogeneous in streamwise and spanwise directions. The Poisson equation
can then be solved by means of the Green's function technique (see Lilley and Hodgson [12]), yielding an
explicit expression for the unsteady pressure at the wall where y2 (wall-normal direction) is taken to be zero:

p(y, t)|y2=0 =
%∞
π

∫
ŷ2>0

1
|y − ŷ|

∂ <u1> (ŷ)
∂y2

∂u′2(ŷ)
∂y1

dŷ (16)

which includes an integration over the complete upper half-space of ŷ, so the wall pressure at each arbitrary
position y depends on velocity information in the whole �ow �eld. The pressure covariance on the wall for
zero time delay can be Fourier-transformed and integrated over the spanwise wave number component k3
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leading to the �nal expression for the streamwise wall-pressure wave number spectrum [12]:

φ(k1) = 8%2
∞

∫ ∫ ∫ ∞
0

k2
1

k2
exp(−k[y2 + ŷ2])S22(y2, ŷ2, k1)

∂ <u1>

∂y2

∂ <u1>

∂ŷ2
dy2dŷ2dk3 (17)

where k =
√
k2
1 + k2

3 and

<p′2> (y) =
1
π

∫ ∞
0

φ(y, ω)dω (18)

To obtain the frequency spectrum of the wall-pressure φ(y, ω), equation (17) has to be evaluated and trans-
formed using ω = k1Uc(k1). Here, Uc is the convection velocity for which an empirical expression derived
from measurements of Wills [30] is used, namely Uc = 0.92U∞ − U∞

8 ln(k1δ) with 0.55U∞ ≤ Uc ≤ 0.9U∞.
S22 is the energy spectrum of the vertical velocity �uctuations given by

S22(y2, ŷ2, k1) =
ū′2(y2)ū′2(ŷ2)

π2

∫ ∫ ∞
0

R22 cos(fak1r1) cos(fak3r3)dr1dr3 (19)

where the root mean square of the wall-normal velocity �uctuations is abbreviated as ū′2 :=
√
<u′2u

′
2> and

R22 and fa correspond to the velocity correlation coe�cient and scale anisotropy, respectively, both of which
have to be modeled. The scale anisotropy was set by Remmler et al. [17] as follows:

fa =

 3 k1δ < 1
3.5− 0.5k1δ 1 ≤ k1δ ≤ 5

1 k1δ > 5
(20)

Panton and Linebarger [14] as well as Remmler et al. used

R22 =
[
1− r2

2Λ
√
r2 + ∆2

]
exp

(
−
√
r2 + ∆2

Λ

)
, r2 = r21 + r23, ∆ = y2 − ŷ2 (21)

which implies that R22 is only spatially invariant in coordinates scaled with the velocity correlation length
scale, Λ, and that the turbulence is locally homogeneous. Panton and Linebarger [14] also concluded from
experimental data that Λ is approximately 1.5 times the Prandtl mixing length, lm, so

Λ = 1.5lm = 1.5

√
− <u′1u′2>

|∂ <u1> /∂y2| · ∂ <u1> /∂y2
(22)

Usually, RANS solutions do not provide ū′2 or <u′1u
′
2> unless Reynolds stress turbulence models are

used. However, quantities which are usually provided by turbulence models such as turbulent kinetic energy,
k, turbulent dissipation, εt, and speci�c dissipation rate, ωt, can be used to estimate the Prandtl mixing
length via [17]

lm = CmCµ
k3/2

εt
= Cm

k1/2

ωt
Cµ = 0.09 εt = Cµkωt (23)

where Cm is a turbulence model constant set to 0.65 for the k−ω model. The root mean square of the wall-
normal velocity �uctuations, ū′2, is part of the de�nition of turbulent kinetic energy since k = 1

2 (ū′1 + ū′2 + ū′3)
but, unfortunately, this expression also includes the streamwise and spanwise �uctuation components. Ex-
periments by Klebano� [31] indicate that if one de�nes an anisotropy factor as βi = ū′i/2k that these βi(y2)
are not universal for any kind of boundary layer. However, Remmler et al. assumed, as a �rst approxima-
tion, that the values from a zero pressure gradient boundary layer are also applicable to other equilibrium
boundary layers. Thus, they calculated the �at plate boundary layer using a Reynolds stress turbulence
model and graphed the resulting βi(y2). Here, a simple linear approximation of their result is used for the
anisotropy factor of interest, β2 = ū′2/2k = 0.09 log10 y

+ + 0.03, where y+ = uτy2
ν as usual. Lastly, the

�ve-dimensional integral for the streamwise wall-pressure wave number spectrum given by equation (17) is
solved using Monte-Carlo integration with importance sampling and the integration is performed from the
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wall to the displacement thickness height, δ.
As a �rst quick validation, the resulting wall-pressure spectrum of an M = 0.2 and Re = 4.4 · 106 �ow

over a �at plate at y1 = 0.97m (y1 = 0m corresponds to the leading edge) is compared with experimental
results from Schewe [32] in Figure 3 showing a decent agreement.
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Figure 3: Wall-pressure spectrum in a �at plate boundary layer. Experimental data from Schewe [32].

4.1 Hybrid Noise Predictions using Two-dimensional FWH Approach

The RANS-based wall-pressure spectrum (WPS) approach described above does not provide pressure �uc-
tuations at an arbitrary far-�eld observer location. However, the pressure �uctuations at the wall, p(y, ω),
can be used as input to a wave propagation program based on principles of geometrical acoustics and/or
nonlinear wave propagation. Several prediction methodologies for far-�eld signals based on near-�eld �ow
inputs are currently available and this approach is known as hybrid noise prediction method. The most pop-
ular prediction methodologies are the Kirchho� approach [33, 34] and the Ffowcs Williams and Hawkings
(FWH) approach [10] which is based on the Lighthill acoustic analogy [35]. The FWH equation is analyt-
ically superior to the Kirchho� approach for aeroacoustics because it is based upon the conservation laws
of �uid mechanics rather than the wave equation [36] which means that the FWH equation is still valid if
the near-�eld surface is located in the nonlinear �ow region. The Kirchho� approach can lead to substantial
errors if the near-�eld surface is not positioned in the linear region [36, 37]. The main di�culty in solving the
FWH equation in two dimensions is the semi-in�nite time integral that arises when using the appropriate
two-dimensional Green function in the time-domain [38]. This �tail e�ect� requires an in�nitely long time
to account for all contributions of the sources and is thus infeasible. However, the FWH equation can be
transformed into the frequency-domain to avoid this problem [38, 39].

The far-�eld pressure �uctuations in the frequency-domain at an observer position, x, for a Mach number
less than one can be calculated from [38, 40, 41]:

p′(x, ω) =−
∮
f=0

iωQ(y, ω)G(x,y, ω)dl

−
∮
f=0

Fj(y, ω)
∂G(x,y, ω)

∂yj
dl

−
∫
f>0

Tjk(y, ω)
∂2G(x,y, ω)
∂yj∂yk

dy (24)
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with the two-dimensional free-space Green function given by

G(x,y, ω) =
i

4β
exp(iMkr1/β

2)·H(2)
0

(
k

β2

√
r21 + β2r22

)
(25)

where

r1 = (x1 − y1) cosα+ (x2 − y2) sinα (26)

r2 = −(x1 − y1) sinα+ (x2 − y2) cosα (27)

Here, α is the angle of attack, H(2)
0 is the Hankel function of the second kind of order zero, k = ω/a∞ is

the wavenumber, M is the free-stream Mach number, and β =
√

1−M2 is the Prandtl-Glauert factor. The
quadrupole term or Lighthill stress tensor, Tij , is neglected due to its small contributions relative to the other
terms for the type of �ows investigated in this paper. The monopole term Q and dipole term Fi simplify if
the near-�eld surface points y (given by f(y) = 0 such that ∂f

∂yi
= ni is the unit normal vector that points

into the �uid) coincide with a solid wall (as is the case here) to

Q(y, ω) = 0
Fj(y, ω) = p(y, ω)nj(y), (28)

(29)

which simpli�es equation (24) to

p′(x, ω) = −
∮
f=0

p(y, ω)nj
∂G(x,y, ω)

∂yj
dl (30)

This line integral is computed using the trapezoidal rule.

5 Results

NASA's OVERFLOW [42] solver is used to produce RANS results for all the test cases shown in this section.
This code uses structured overset grid systems and algebraic, one-equation, and two-equation turbulence
models as well as low speed preconditioners are available. It also allows the user to discretize inviscid �uxes
with up to sixth order accurate schemes which helps to keep the arti�cial dissipation error low. All of the
computational grids used had a high resolution near the walls to ensure grid-independent solutions, so that
the viscous sublayer was properly resolved and no additional turbulence wall modeling had to be applied.

5.1 Comparison with LES results

The test cases presented in this subsection involve the Mach 0.1 �ow around a NACA 0012 and SD 7003
airfoil with a Reynolds number of half a million, angle of attack of four degrees, and a chord of c = 0.229m.
Both airfoils are shown in Figure 4 for comparison purposes. It can be inferred that the top surface of the

Figure 4: NACA 0012 (red) in comparison with SD 7003 (black) airfoil.

SD 7003 airfoil is very similar to the NACA 0012, but overall the SD 7003 airfoil is thinner, asymmetric, and
cambered. Pressure contours around the NACA 0012 airfoil from an LES simulation with natural transition
(untripped) using FDL3DI [43] on a mesh of about 71 million nodes are displayed in Figure 5. It is shown
by Visbal [44] that the level of resolution on this mesh is of LES-quality. FDL3DI utilizes an implicit LES
(ILES) procedure in which a high-order low-pass �lter operator is applied to the dependent variables during
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Figure 5: Pressure contours for �ow around NACA 0012 airfoil.

the solution process [45]. It employs a sixth-order compact-di�erencing scheme [46] and implicit sub-iterative
time marching algorithms [43].

Comparisons of the various noise prediction methods for an observer location of 1.22m directly above the
TE are shown in Figures 6 and 7 for the NACA 0012 and SD 7003 airfoil, respectively (ie. both directivity
angles θ and ψ are 90 degrees). This location was chosen since a microphone was located in that exact
location in the experiments of Brooks et al. [22] which involved NACA 0012 airfoils with di�erent spans
as well as tripped and untripped boundary layers in a variety of �ow conditions. Tripping for the LES
simulation is accomplished by a high frequency blowing and suction on the lower surface near the leading
edge. Arti�cial boundary layer tripping in TNO was simulated by specifying trip locations near the leading
edge on both surfaces of the airfoil.
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Figure 6: Noise spectra in one-third octave bands for the NACA 0012 airfoil calculated by di�erent methods.

A few observations can be made. Firstly, the experiment/TNO and hybrid LES + FWH predictions
show a vastly di�erent behavior; according to experiment/TNO tripping the boundary layer should remove
the �hump� at the peak frequency of about 2000Hz for the NACA 0012 and reduce the overall sound
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Figure 7: Noise spectra in one-third octave bands for the SD 7003 airfoil calculated by di�erent methods.

pressure levels considerably whereas slimming and cambering the airfoil will shift the peak frequency but not
signi�cantly in�uence the overall SPL. The hybrid LES + FWH, on the other hand, predict that tripping the
boundary layer has only a small in�uence on the peak frequency and overall SPL whereas the SD 7003 airfoil
will essentially remove the �hump� around the peak frequency [47]. Interestingly, RSNM and WPS + FWH
seem to fall into the middle of these two extremes.

Table 1 shows the OASPL predictions using the various noise prediction methods. Again, a few obser-

Table 1: OASPL [dB] results using di�erent noise prediction methods.

Case LES + FWH Experiment TNO NM RSNM WPS + FWH
NACA 0012 tripped 79.56 63.89 56.97 37.77 74.54 76.63
NACA 0012 untripped 85.37 82.81 81.57

SD 7003 tripped 56.33 36.81 78.15 74.27
SD 7003 untripped 81.25 78.47

vations can be made. First of all, TNO and experiment disagree for the tripped NACA 0012 case. This can
probably be explained by the fact that XFOIL is used to calculate boundary layer parameters for TNO and
that TNO is just a combination of experimental curve �ts and some modeling. LES + FWH, experiment
and TNO show the same tendency that the untripped NACA 0012 is louder than the tripped one though
the actual predicted di�erence is very di�erent. Similarly, LES + FWH and TNO both predict that the
untripped NACA 0012 is louder than the slimmer and more cambered SD 7003. Since the RANS simulations
were run only fully turbulent the remainder of the observations can only be made for the tripped NACA
0012 vs SD 7003 cases. TNO, NM, and WPS + FWH all predict a quieter SD 7003 though again the actual
predicted di�erences are quite di�erent. RSNM is the only method which predicts that the tripped SD 7003
airfoil will be louder than the tripped NACA 0012 airfoil.

Lastly, the pressure spectra from untripped LES results and WPS predictions in di�erent locations around
the NACA 0012 and SD 7003 airfoils are shown in Figures 8 and 9, respectively. One can see a decent
agreement in the fully developed regions of the boundary layer, but WPS is o� for the higher frequencies,
mainly because it does not account for laminar to turbulent transition on the upper surface and it fails to
predict a recirculation bubble on the lower surface close to the TE. The agreement is also very poor close to
the leading edges and in the transition regions.
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Figure 8: NACA 0012 airfoil pressure spectra in di�erent locations predicted by LES and WPS compared.

  

Figure 9: SD 7003 airfoil pressure spectra in di�erent locations predicted by LES and WPS compared.
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5.2 NACA 0012 Airfoil at Di�erent Flow Conditions

Following Hosder et al. [7] a validation for the three methods is performed using seven test cases which cover
a range of speeds at di�erent angles of attack (see Table 2). They selected these test cases from experimental
results obtained by Brooks et al. [22] for which the one-third octave sound pressure level (SPL) spectrum
was measured at a point H = 1.22m away from the mid-span TE. The main noise mechanism of all these
cases is the TE noise generated by the scattering of turbulent pressure �uctuations over the TE. Thus, BPM
(which is purely based on experimental curve �ts) was used to extract only the contributions from the TE
and separation noise for comparisons. Similarly, for TNO only the TE and separation noise contributions
were considered as well.

Table 2: Experimental NACA 0012 airfoil test cases for validation.
Case α (deg) c (m) Mach Re (Million)
1 0.0 0.3048 0.208 1.497
2 0.0 0.3048 0.092 0.665
3 2.0 0.2286 0.092 0.499
4 1.5 0.3048 0.116 0.831
5 0.0 0.3048 0.162 1.164
6 2.0 0.2286 0.208 1.122
7 1.5 0.3048 0.208 1.497

The overall sound pressure levels (OASPLi) were calculated for all seven cases using all noise prediction
methods discussed in this paper. Since some of the methods are not expected to give the exact values for
the overall sound pressure levels, Hosder et al. [7] proposed to use a scaling for each case with the value
obtained for case 1 as baseline using the following equation

OASPLsi = 10[0.1(OASPLi−OASPL1)] (31)

Figure 10 shows the comparisons of OASPLsi for each of the seven cases.

Figure 10: Comparison of OASPLsi values using di�erent methods.
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It can be inferred that the agreement in trends between the di�erent methods is quite good (with the
exception of WPS + FWH) which implies that most of these methods are capable of capturing the variations
in the TE noise as a relative noise measure when considering di�erent �ow conditions and parameters. For
a more in depth comparison the noise spectra in one-third octave bands at the observer location are shown
in Figure 11. The overall trends are captured reasonably well though the peak frequencies and amplitudes
di�er sometimes signi�cantly.
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Figure 11: Noise spectra in one-third octave bands for the NACA 0012 airfoil at di�erent �ow conditions
calculated by di�erent methods (cases 1-7 from top left to bottom).

5.3 NACA xx10 Camber Study

Lastly, the e�ect of airfoil camber on noise is studied. The series of airfoils used in this study is shown in
Figure 12. Parameters were chosen as follows [48]: c = b = 1m, M = 0.1, Re = 2.4 · 106, and α varied from
−2◦ to 8◦. Figure 13 shows the velocity vectors and turbulent kinetic energy contours in the vicinity of the
TE of the NACA 4410 airfoil with four degrees angle of attack.

Figure 14 shows the comparison of scaled OASPLsi for each case (The NACA 0010 airfoil with α = −2◦

was used as baseline). The observer is located 10m above the TE of each airfoil. Once again, since the main
noise mechanism is the TE noise generated by the scattering of turbulent pressure �uctuations only the TE
and separation noise were considered for the TNO model.
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Figure 12: Airfoil series pro�les used in study (from Marks et al. [48]).

Figure 13: Velocity vectors and turbulent kinetic energy contours for NACA 4410 airfoil with α = 4◦.

There is relatively little di�erence in the OASPL as a function of angle of attack between each cambered
pro�le with the exception of the highest cambered airfoil considered. The NACA 8410 had the highest
OASPL at low angles of attack, with all four pro�les producing nearly the same noise at higher angles of
attack at least according to the TNO results. Out of all the RANS-based noise prediction methods, NM
follows the trends of TNO the closest though they all predict signi�cantly less noise at the higher angles of
attack. Since no experimental results are available for validation it is unclear at this point which method is
the most accurate.

6 Conclusion and Future Work

Three di�erent methods based on steady RANS solutions are used to calculate the noise emitted from airfoils.
The methods considered are a noise metric developed by Hosder et al. which can only predict overall sound
pressure levels (OASPL) but no frequency spectra and two di�erent statistical models developed by Doolan
et al. and Remmler et al. Validation studies using the NACA 0012 and SD 7003 airfoil at low speeds and
moderate Reynolds numbers showed decent agreement between the considered methods and results from
experiments, a semi-empirical airfoil self-noise prediction code and LES. A study of the e�ect of airfoil
camber on noise led to vastly di�erent predictions and is thus inconclusive. Since there is a huge in�uence
of a number of parameters on �nal noise predictions for all three methods future work will try to determine
whether a better set of parameter values than the current default can be determined.
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