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RésuméRésuméRésuméRésumé : Ce papier décrit certaines avancées vers la simulation numérique du bruit rayonné par les
dispositifs hypersustentateurs des avions. La simulation numérique complète d'une telle configuration
étant toujours hors de portée des supercalculateurs actuels, des stratégies hybrides ont été
développées pour réduire le coût global de telles simulations.
La première stratégie repose sur l'emploi d'une méthode hybride RANS/LES. Cette méthode permet
de réduire de manière significative le coût d'une prévision numérique précise des sources de bruit
instationnaires en réduisant considérablement l'étendue spatiale de la zone LES. Cette méthode est
décrite et appliquée à la simulation numérique de l'écoulement tridimensionnel instationnaire dans
une cavité de bord d'attaque d'un profil hypersustenté.
La seconde stratégie repose sur le couplage d'une simulation CFD instationnaire avec un solveur de
propagation acoustique basé sur la résolution des équations d'Euler. La méthode numérique d'ordre
élevé requise pour la propagation est détaillée, et une application de cette méthode de couplage à
la prévision numérique du bruit d'un profil NACA0012 bidimensionnel à bord de fuite effilé est
présentée.
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This paper describes some signi�cant steps towards the numerical simulation of the

noise radiated by the high-lift devices of a plane. Since the full numerical simulation of

such con�guration is still out of reach for present supercomputers, some hybrid strategies

have been developped to reduce the overall cost af such simulations. The �rst strategy

relies on the use of a hybrid RANS/LES method. This method allows to reduce sig-

ni�cantly the cost of an accurate numerical prediction of the unsteady noise sources by

reducing considerably the extent of the LES zone. This method is described and applied

to the numerical simulation of the three-dimensional unsteady ow in the slat cove of

a high-lift pro�le. The second strategy relies on the coupling of an unsteady near�eld

CFD simulation with an acoustic propagation solver based on the resolution of the Euler

equations. The high-order numerical method required for the propagation solver is de-

tailed, and an application of this coupling method to the numerical sound prediction of a

two-dimensional NACA0012 airfoil with sharp trailing-edge is presented.

Introduction

T
HE general context of this paper is the numerical

prediction of the aerodynamic noise generated by

the high lift devices - HLD, slats and aps - of large

airliners, an important contributor to the total radi-

ated airframe noise, especially in approach con�gura-

tion. It is commonly admitted that the design of new

low-noise HLD concepts incorporating speci�c noise

reduction devices, although still relying on necessary

experiments, will take growing advantage of the nu-

merical simulation in terms of lower costs and shorter

delays, especially considering the spectacular continu-

ing progress of Computational AeroAcoustics (CAA)

methods. The problem of the numerical simulation

of HLD noise is still beyond the capabilities of com-

plete Direct Numerical Simulation (DNS), so hybrid

methods are used in most practical cases. In previ-

ous studies (see1, 2 for instance), a three-step hybrid

method has been presented and succesfully applied

to the far�eld noise simulation of a NACA0012 air-

foil with blunted trailing edge. The proposed method

was based on the coupling of: i/ a near�eld 3D un-

steady LES to provide an accurate description of the

aerodynamic noise sources ; ii/ a mid�eld sound prop-

agation step on an inhomogeneous ow by the use of a

numerical propagation solver based on the resolution

of the Euler equations under a perturbation form ; iii/
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a far�eld noise prediction step by the use of integral

methods such as Kirchho� integration, where the ow

is homogeneous.

The aim of the present study is to apply a similar

methodology to simulate the aerodynamic noise gen-

erated by a high-lift wing con�guration. The �rst step

of the hybrid method is to get an accurate description

of the unsteady aerodynamic sources by the mean of

a 3D unsteady simulation of the ow near the wing

pro�le. Such a simulation is still away from the nu-

merical capabilities of "usual" supercomputers. We

thus have chosen to perform only some zonal compu-

tations close to the main elements responsible of sound

generation. This study focusses on an accurate simu-

lation of the turbulent ow in the slat cove region of

a high-lift wing. The local 3D unsteady simulation is

performed by the mean of a zonal hybrid RANS/LES

approach developed by Labourasse and Sagaut.3

One possible CFD/CAA hybrid process, based on

the coupling between a DNS/LES solver and an Euler

propagation solver is also presented. A �rst applica-

tion to the full noise prediction of the ow around a

2D NACA0012 airfoil is presented.

The paper is organized as follows: �rst, the hybrid

RANS/LES method is detailed. Particular attention

is devoted to the boundary conditions used to per-

form some local simulations. The method is then

successfully applied to the unsteady three-dimensional

simulation of the ow in the slat cove of a high-lift

wing pro�le, revealing the existence of several ow

features responsible of noise generation. The second

part of the paper is devoted to the hybrid CFD/CAA

coupling method. After describing the global numer-
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ical method, the high-order numerical schemes used

to compute the spatial derivatives are detailed. The

application of a full-integrated CFD/CAA hybrid pro-

cess to the NACA0012 con�guration is then presented.

The last part of the paper draws our main conclusions,

and discusses our future orientations.

All the computations presented in this paper have

been carried out using the in-house SABRINA solver

(Solver for Aeroacoustics of BRoadband INteractions

from Aerodynamics).

Hybrid RANS/LES method

For a large overview of this method, the reader is

referred to the works by Labourasse and Sagaut.3

Basic equations

We consider the compressible Navier-Stokes equa-

tions under the following compact form:

@U

@t
+N (U) = 0 (1)

where U =
�
�; �uT ; �E

�T
, u = (u; v; w)T and :

N (U) =

0
@ r:(�u)

r:(�u
 u) +rp�r:�
r: ((�E + p)u)�r: (� : u) +r:Q

1
A
(2)

where p is the pressure, � the density, u the velocity

vector, and �E the total energy. Classical expressions

are used for the viscous stress tensor � and viscous

heat ux vector Q, i.e.:

� = �2�Sd (3)

Q = ��rT (4)

where the exponent d denotes the deviatoric part of a

tensor, T is temperature, and S is the rate-of-strain

tensor:

S =
1

2

�
ru+ (ru)T

�
(5)

The temperature is linked to the pressure by the

perfect gas state-law, and Sutherland's law is used

to compute the viscosity � as a non-linear function

of T . Finally, the thermal conductibility coe�cient

� is linked to viscosity through the use of a Prandtl

number assumption (Pr = 0:7 in this study) as:

� = Cp�=Pr, where Cp is the iso-pressure heat

coe�cient.

Flow decomposition

The method used in this study can be seen as the

generalization to viscous ows of the NLDE (Non-

Linear Disturbance Equations) method proposed by

Morris et al.
4 The principle of the method is to de-

compose the �eld U as a mean part (Reynolds average

in this study) and a uctuating part. The mean part

U0 is then computed using a classical RANS modelisa-

tion on the whole con�guration, while the calculation

of the uctuating part U 0 is achieved locally thanks to

a LES like simulation. This decomposition is a triple

decomposition of the full unsteady �eld U as:

U = U0 + U 0 + USGS = U + USGS (6)

where (:) corresponds to the LES �ltering, and USGS
refers to the (unresolved) subgrid scales in the LES

terminology.

Perturbation equations

Starting from the full Navier-Stokes equations (1),

we obtain Reynolds-averaged and LES-�ltered equa-

tions by applying respectively a Reynolds-averaging

operator denoted by h:i and a low-pass frequency �l-

ter denoted by (:).
The Reynolds-averaged equations are then:

@U0

@t
+N (U0) = TR (7)

and the �ltered equations are:

@U

@t
+N

�
U
�
= TL (8)

where U0 = hUi is the mean part of the full �eld U ,
and TR and TL are respectively the classical Reynolds

and subgrid scale tensors which require a numerical

parametrization.

The evolution equations for the perturbation �eld U 0

are then simply obtained by substrating the Reynolds-

averaged equations (7) from the �ltered equations (8):

@U 0

@t
+N (U 0 + U0)�N (U0) = TL � TR (9)

It was shown in ref.3 that solving the pertubation

equations (9) instead of the full �ltered equations (8)

allows to minimize the sensitivity of the solution to

numerical errors and/or to the use of relatively coarse

discretization grids. More particularily, this allows

to consider some reduced domain sizes, and thus to

perform a local LES coupled with a global RANS sim-

ulation. In such a simulation, the perturbation �eld

U 0 appears less sensitive to the numerical treatment at

the RANS/LES coupling interface than the full �eld U .
However, a particular treatment is needed to prevent

strong reections at the interfaces, for both the un-

steady turbulent structures and some acoustic waves.

An extension of the characteristic theory to the pertur-

bations has been retained as boundary condition. The

derivation of such a boundary condition is described

in the next section.
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Boundary conditions : characteristic theory

applied to the perturbation equations

Because of the reduction of the domain size, atten-

tion has to be payed to the de�nition of the boundary

conditions and more particularily to the inow ones.

To deal with a short domain size, a non-reecting time

dependent boundary condition for the uctuations is

derived according to the characteristic theory (see5 for

a review of this theory).

In the non-conservative form, the Navier-Stokes

equations can be written :

@V

@t
+A

@V

@x
+B

@V

@y
+ C

@V

@z
= V IS (10)

where V = (�; u; v; w; p)T is the primitive variable vec-

tor, V IS accounts for the viscosity and subgrid scales

terms and A, B and C are the classical convection ma-

trices.

V can be divided into three parts according to the

NLDE decomposition:

V = V 0 + V 0 + V SGS (11)

The �rst part, V 0 = (�0; u0; v0; w0; p0)
T
, deals

with the statistically mean �eld, while the second

part is connected with the uctuating �eld V 0 =

(�0; u0; v0; w0; p0)
T
.

As in all the other works dealing with the subject,

the contribution of the subgrid scale term V SGS will

be neglected in the following characteristic analysis.

This leads to the following equation for the uctu-

ating �eld:

@V 0

@t
+A

@V 0

@x
+B

@V 0

@y
+ C

@V 0

@z
= V IS0 �

�
@V 0

@t
+A

@V 0

@x
+B

@V 0

@y
+ C

@V 0

@z
� V IS0

�
(12)

where V IS0 and V IS0 account respectively for the

uctuating and mean part of the viscosity terms. By

analogy with the extension of the characteristic the-

ory to the viscous ows (see6 for instance), only the

convection terms of the uctuations are now consid-

ered, which leads to neglect the right hand side of the

equation (12).

The resulting equation is the following one:

@V 0

@t
+A

@V 0

@x
+B

@V 0

@y
+ C

@V 0

@z
= 0 (13)

Classically, the matrix E = Anx+Bny+Cnz (where
n = (nx; ny; nz)

T is the vector normal to the consid-

ered boundary) has now to be diagonalized in order

to set conditions on the characteristic variables of the

equation. We can then write:

� = LEL�1 = diag(�1; �2; �3; �4; �5)

= diag(un; un; un; un + c; un � c) (14)

where un is the projection of the velocity vector on the
normal to the boundary, c is the sound velocity, and

L is the matrix of the left eigenvectors.

Then, the temporal evolutions of the primitive vari-

ables (�V 0) and those of the characteristic variables

are linked by:

�W 0 = L�V 0 or �V 0 = L�1�W 0 (15)

where W 0 is the characteristic variables vector.

We can now derive a non-reecting boundary con-

dition for the uctuating �eld following Thomson:7

@W 1;2

@t
� �W 1;2 =

8<
:

0 if �i � 0
W 1;2 n+1 �W 1;2 n

�t
if �i > 0

(16)

Numerical schemes

A second order accurate scheme has been retained

for space discretization. Such a low-order scheme ap-

pears su�cient here, since the unsteady computation

is local, and remains a near-body simulation. Thus,

the mesh resolution appears su�cient to accurately de-

scribe the near�eld sound propagation. However, for

mid�eld and far�eld sound propagation, some higher-

order schemes would be required. The possible cou-

pling of the unsteady aerodynamic simulation with a

high-order propagation solver, and the possible use of

high-order schemes to compute the aerodynamic �eld

are discussed in the last section of this paper.

The spatial scheme retained in this study is the

modi�ed AUSM+P scheme developped by Mary et

al.
8 This scheme takes advantage of a wiggle detec-

tor that allows to limit the numerical dissipation of

the scheme to the zones where odd-even numerical

wiggles are detected. Elsewhere, the scheme acts as

a centered non-dissipative scheme well-suited for LES

applications.

For time integration, both explicit and implicit

schemes have been used:

� Explicit computations are carried out by the

use of a third-order accurate low-storage Runge-

Kutta scheme. Such simulations provide an

accurate description of the high-frequency phe-

nomenons, but are limited to rather short physical

integration times because of the small time steps

used. They thus cannot provide a full description

of the low-frequency phenomenons occuring in the

ow.
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� Implicit computations are carried out with a

second-order accurate scheme, based on an ap-

proximate Newton solver. The implicit temporal

scheme accts as a low-pass frequency �lter due

to the large time steps used, but allows to per-

form longer simulation, and thus describe the low-

frequency phenomenons present in the ow.

Slat Cove Computation

This part deals with the unsteady numerical simu-

lation of the slat cove from a high-lift wing. A three-

element high-lift wing with deployed slat and ap is

considered.

Con�guration description

The physical parameters of this con�guration are

the following: the wing chord (in cruise con�guration)

is equal to 0.61 meters. The upstream velocity is 65.5

m=s, leading to a chord Reynolds number equal to 2.5
millions.

A steady, 2D RANS computation is �rst carried out

over the full high-lift con�guration using the Spalart-

Allmaras model on a 411664 points grid.

Then, the instantaneous 3D turbulent uctuating

�eld is computed using the hybrid method in a small

region that encompass the slat cove (see �gure 1). It

is worth noting that the LES subdomain is computa-

tionally decomposed into several grid blocks.

Fig. 1 Location of the LES subdomain

The hybrid RANS/LES simulations are carried out

on three dimensional meshes. The grid distribution

is the same as for the RANS simulation in the (x,z)

plane (with �110,000 points/plane). Several simula-

tions have been performed, corresponding to di�erent

spanwise extents (2.7% and 27% of the slat chord)

and/or spanwise mesh sizes (32 or 52 points). The uc-

tuating �eld is assumed to be periodic in the spanwise

direction. As mentionned previously, both explicit

and implicit simulations have been performed, to get

a broadband description of the ow physics. In the

present paper, only the results with the 27% chord

extent with 52 meshpoints in the spanwise direction

are presented. Indeed, simulations with the "reduced"

spanwise extent of 2.7% chord have been found to re-

main quasi-bidimensional and thus appear not large

enough to represent the transverse unstable modes.

Results analysis

First of all, it is striking that the hybrid RANS/LES

computation allows to correct the mean �eld in com-

parison with the RANS approach, as it can be seen on

�gure 2 presenting some mean ow streamlines inside

the slat cove. Two additive separation zones are in-

deed present in the RANS/LES result, a �rst one just

behind the slat's trailing edge, and a more important

one at the leading edge of the main wing body. This

highlights the di�culties of simulating accurately this

type of ow by RANS calculations. Indeed, Khorrami

et al.9 have found necessary to switch o� the model ef-

fects in the leading edge region to restore this second

separation zone in their URANS computations.

An instantaneous Schlieren-like view of the �eld in

a (x,z) plane is shown in �gure 3, while the dilata-

tion �eld � = r:u is displayed in �gure 4. This last

quantity is proportional to the acoustic pressure time

derivative, and thus allows to �lter very low frequency

oscillations. These two �gures make it possible to in-

vestigate the ow structure and to observe acoustic

waves propagation. Looking at them, several basic

ow features are detected, which are all associated to

noise emission and to speci�c frequencies in the pres-

sure spectrum:

� A mixing layer develops in the shear region which

bounds the main recirculating bubble on the suc-

tion side of the slat (S2). Due to strong streamline

curvature e�ects, eddies of opposite spanwise vor-

ticity sign are not symmetric. Pairing is also

observed to occur. As seen on �gure 5 present-

ing the acoustic spectrum obtained just behind

the slat's trailing edge, the associated main fre-

quency is 1.5 kHz, with subharmonics (due to

vortex pairing), and higher-order harmonics.

� A secondary recirculation bubble is seen on the

slat suction side (S1), which interacts with co-

herent vortices swept along the slat surface by

the main recirculation. The main associated fre-

quencies observed at this location (see �g. 6) are

similar to those obtained in the mixing layer S2,
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Fig. 2 Mean ow streamlines. Top : RANS

computation, Bottom : Hybrid RANS/LES com-

putation.

indicating a strong interaction between the two

ow features S1 and S2.

� An important secondary turbulent recirculation

bubble is observed in the fence, on the main body

surface (S3). Two di�erent phenomena occur

here: a mixing layer subjected to the Kelvin-

Helmholtz instability develops, with a main vor-

tex shedding frequency about 10 kHz. An erratic,
lower frequency vortex shedding is also detected,

which could be explained by the interaction of

the classical "breathing mode" of the recircula-

tion bubble with the chaotic advection of coherent

vortices coming from the mixing layer through the

fence. Figure 7 presents the sound pressure spec-

trum obtained in the center of the recirculation

bubble, which appears to be a full spectrum due

to the high level of turbulence observed in the

fence.

� The last phenomenon is the slat wake (S4). Re-

membering that the slat has a blunt trailing edge,

Fig. 3 Instantaneous Schlieren-like view

a coherent vortex shedding with a main frequency

of about 30 kHz is detected. A more precise anal-

ysis of this ow feature alone has also been carried

out by mean of a numerical simulation using a

smaller computational domain localized around

the slat's trailing edge. This simulation takes into

account the boundary layer on the upper side of

the slat, while the inuence of the turbulent bub-

ble in the fence is removed. A global view of the

dilatation �eld obtained in this case on the full

computational domain considered is shown on �g.

8. An acoustic wave pattern is clearly emitted at

the trailing edge, with a frequency of about 30

kHz, as mentionned previously. This frequency

is associated to the vortex shedding, and recov-

ered on the acoustic spectrum at the trailing edge

(�g. 9). In the wake, the main frequency be-

comes quickly of about 15 kHz (�g. 10), which is

explained by the vortex pairing in the wake.

Hybrid CFD/CAA coupling method

The problem of the noise prediction of realistic con-

�guration such as high lift devices is still beyond

the �eld of application of Direct Noise Computation

strategies, in which both the aerodynamic and acous-

tic �elds are directly resolved by unsteady methods

such as LES/DNS. Thus, hybrid CFD/CAA meth-
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Fig. 4 Isovalue contours of the dilatation �eld �
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Fig. 5 Acoustic pressure spectrum at location S2

ods have to be used in most practical cases, in which

the near�eld turbulent ow and the far�eld noise are

computed separately, using di�erent solvers. The idea

is to divide the physical space into several domains,

in which speci�c physical mechanisms are simulated

using the most adequate set of equations with the

cheapest discretization strategy.

Principle of the method

Computational Fluid Dynamics techniques are �rst

used to get an accurate prediction of the local unsteady

noise sources, as for example the hybryd RANS/LES

strategy presented in the previous section. This local

ow solution has then to be coupled with an acoustic
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Fig. 6 Acoustic pressure spectrum at location S1
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Fig. 7 Acoustic pressure spectrum in the recircu-

lation bubble S3

numerical technique for the prediction of the mid- and

far�eld noise. The most practical formulations are the

integral methods such as Lighthill's analogy10{12 (in-

cluding the Ffowcs Williams-Hawkings (FW-H) equa-

tion13{16), the Boundary Element Method (BEM)17

and the Kirchho� integral.

Integral methods assume that, beyond a given dis-

tance from the noise sources and body surfaces, the

sound propagates in a medium at rest, or moving

with uniform velocity. This assumption may become

a strong limitation, especially when the radiated noise

results from a surface integration on a control inter-

face which is located near solid walls, where veloc-

ity gradients are still signi�cant. In that case, only

the discretized Euler equations governing the acous-

tic propagation may account for the propagation in

non-homogeneous ows. This is obtained at the price

of a signi�cant computational e�ort since the prop-

agation domain must be meshed with an adequate

resolution with respect to the smallest acoustic wave-

length, and also because �nite di�erence high order
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Fig. 8 Isovalue contours of the dilatation �eld �
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Fig. 9 Acoustic pressure spectrum at the slat's

trailing edge

schemes are needed to ensure numerical accuracy and

low dispersion of the propagation of acoustic waves.18

Moreover, application to realistic geometries including

airfoils need curvilinear grids19{21 on which the use of

high order schemes is not straightforward. However,

the domain in which Euler equations are used can be

strictly limited to regions where velocity gradients are

signi�cant : in most practical airframe noise problems,

an external boundary can be found, beyond which the

ow can be assumed uniform, so that integral meth-

ods can be used for the noise prediction at very long

distance from the airframe.

The present part focusses on the direct coupling be-

tween a CFD solver and a propagation solver based

on the resolution of the Euler equations under a per-

turbation form used to get a prediction of the noise

radiated in the mid�eld. Then, this solver can be sim-

ply relayed by an integral method to get a far�eld noise

prediction.

The global idea of this CFD/CAA coupling is to di-

rectly inject the aerodynamic uctuations computed

F(Hz)
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b
)
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70
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Fig. 10 Acoustic pressure spectrum in the slat's

wake

in the CFD zone as an entry data for an Euler propa-

gation zone. In this last zone, the Euler equations are

solved under a perturbation form, i.e.:

@U 0

@t
+ C (U0 + U 0)� C(U0) = 0 (17)

where C is the convective (Euler) term of the Navier-

Stokes equations:

C(U) =

0
@ r:(�u)

r:(�u
 u) +rp
r: ((�E + p)u)

1
A (18)

The resolution of this set of equations for an acous-

tic purpose requires the use of higher order numerical

schemes than the ones generally used in the CFD con-

text. In this study, centered �nite-di�erence schemes

have been used. These schemes are easily extensible

to any order, but require a particular numerical treat-

ment to handle curvilinear grids. The next section is

devoted to the description of these schemes.

High-Order Finite-Di�erencing Scheme

The spatial scheme used to discretize space derivatives

is based on a �nite-di�erence centered explicit scheme.

From a discrete point of view, the �rst order deriva-

tive of any quantity � at point i (see �g. 11) is then

simply evaluated as a weighted average of � at the

neighbouring points:

@�

@x

����
i

'
��

�x

����
i

=
1

�x

NX
k=�N

ak �i+k (19)

In this expression, the term 1=�x is the metric term,

only valuable in the case of uniform cartesian meshes.

The real metric terms used in this study to apply

formula (19) on three-dimensional curvilinear meshes,

forgotten here for a sake of clarity, are evaluated fol-

lowing the works Visbal and Gaitonde.22 Such a nu-

merical treatment allows to handle some curvilinear
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complex geometries, while preserving the numerical

accuracy of the scheme. For the centered schemes

x∆
x

i+1 i+2 i+3ii-1i-3 i-2

Fig. 11 Numerical discretization stencil

retained here, a0 = 0, and a�k = ak. A sixth-

order accurate scheme is reached by the use of three

discrete points on each side of the central point i
(N = 3), leading to a 7-point stencil. In this case,

the values of the ak retained in the following are:

a1 = 45=60; a2 = �9=60; a3 = 1=60. Some modi�-

cation of these coe�cients can also be found in litter-

ature, which allow for instance to preserve dispersion

relation18 (DRP-schemes). Some compact schemes are

also commonly used in litterature,23 which allow to

reduce signi�cantly the scheme stencil in each space

direction. However, these last schemes are generally

much more expensive than explicit schemes because

they imply the resolution of a tridiagonal system at

each space point. From our point of view, explicit

schemes o�er a better compromise between numerical

cost and memory storage, and have thus been retained

in this study.

To suppress high-frequency numerical instabilities

due to the use of a non-dissipative centered scheme,

a numerical �lter has to be added to the simulation.

This �ltering operator F is applied to the solution vec-

tor V at each time step to damp the highest wavenum-

bers. At point i, the �ltered quantity F (�) of any

variable � is computed as:

F (�)i =

NX
k=�N

fk �i+k (20)

where f�k = fk. For multidimensional con�gurations,
the one-dimensional formula (20) is simply applied se-

quentially in each space direction. Various orders of

�ltering, depending on the stencil width (N) can be

obtained. In the present case, a tenth-order accurate

�lter has been retained, with N = 5 leading to an

11-point discretization stencil. In this case, the val-

ues of the fk are: f0 = 772=1024 ; f1 = 210=1024;
f2 = �120=1024; f3 = 45=1024; f4 = �10=1024;
f5 = 1=1024.

Simple application: 2D NACA0012 airfoil noise

simulation

This section presents some early results dealing with

the application of a full integrated strategy, combining

CFD and aeroacoustic calculations simultaneously in

a unique run. The case of the tone noise radiated by

a NACA0012 airfoil with a sharp trailing edge at low

incidence and low Reynolds number has been retained

for this purpose.

The airfoil chord is set to C = 0.3 m. The inow

velocity corresponds to a Mach number of 0.1. The

Reynolds number, based on the chord and the inow

velocity is Re = 200,000. This low Reynolds number

allows to carry out a Direct Numerical Simulation of

the ow, which can be restricted to the 2D case since

the ow remains laminar. The computation has thus

been carried out in 2D only.

The airfoil is placed at an incidence of 4 degrees in

the ow. Following Lowson et al.[31], this should lead

to a tone noise emission at the trailing edge.

Figure 12 describes the di�erent computational sub-

domains that have been used for this study. The

numerical schemes retained for the computation (both

DNS and Euler) are: (i) a sixth-order centered space

scheme combined with a 10th order �lter; (ii) a third

order explicit compact Runge-Kutta scheme for time

integration.

Fig. 12 Full computational domain, indicating the

di�erent solvers used during the integrated simu-

lation

The computational domain is composed of three

structured sub-domains: (i) a central one around the

airfoil (2200 � 180 meshpoints), where a DNS is car-

ried out to get an accurate description of the noise

sources; (ii) an Euler sub-domain surrounding the cen-

tral DNS zone (2200 � 64 meshpoints), which is used

for mid�eld sound propagation computation; and (iii)

a second DNS domain (30 � 488 meshpoints) placed

downstream of the airfoil, which is used for both

far�eld sound propagation calculation and as an out-

ow zone for the airfoil's wake. This leads to a global

mesh of 551,440 meshpoints. The wall-normal resolu-

tion of the main DNS grid has been set to ensure that

approximately 40 points are located in the boundary

layer. The highest frequency that can be handled by

the mesh, in regard of the sixth-order space scheme is

of the order of 2000 Hz in the far �eld. The global
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computational domain used for this study extends to

approximately 10 chords away from the pro�le.

A no-slip boundary condition is applied at the air-

foil surface, and non-reecting characteristic boundary

are used for the far �eld. These boundary conditions

have been generalized to �ve rows of ghostcells to be

compatible with the 11-point space scheme.

To ensure the validity of the CFL stability con-

straint, the physical time step of the simulation has

been set to 0.66 �s. For the acoustic post-processing, a
data-sampling has been performed every 25 time steps,

meaning a storage sampling of 60 kHz, with a useful

frequency band of 30 kHz.

Aerodynamic results show the establishment of a

vortex shedding at the trailing edge, as it can be seen

on �gure 13 presenting isovalue contours of vorticity.

Fig. 13 Wake visualisation by isovalue contours of

vorticity at the trailing edge

Noise emission and propagation is then investigated

by the use of isovalue contours of the dilatation �eld

�. Figure 14 shows an acoustic concentric wave pat-

tern generated at the trailing edge, with an apparent

wavelength of about 1.5 airfoil chord. It is clearly ob-

served that the DNS solver is very well relayed by the

Euler propagation solver, since no discontinuity of the

acoustic waves is observed at the DNS/Euler coupling

interface. This �gure also indicates the dipolar nature

of the noise source, which can thus be attributed to the

scattering of the acoustic waves emitted by the vortex

shedding on the trailing edge.

Finally, �gure 15 displays the sound spectrum ob-

tained at 30% chord above the trailing edge of the

airfoil. It highlights the existence of a main dominant

frequency of about 800Hz, together with its harmonic
and sub-harmonic. This frequency is consistent with

the apparent wavelength of the waves observed on �g-

ure 14.

Conclusions and Future Works

Some �rst accurate simulations of the turbulent 3D

unsteady ow inside a slat cove of a high-lift wing

have been performed by the use of a zonal hybrid

RANS/LES approach. The results highlight the pres-

ence of several ow features, which are associated to

aerodynamic noise emission. Such a complex simula-

tion has been possible thanks to the use of a zonal

Fig. 14 Isovalue contours of the dilatation �eld �

(range � 0.3 m:s
�2 black/white)

Fig. 15 Sound Pressure Level spectrum at 30%

chord above the trailing edge of the airfoil

hybrid RANS/LES method, allowing to limit the cost

of the simulation by reducing the extent of the LES

zone.

In the second part of the paper, a full-integrated

hybrid CFD/CAA process has been proposed and as-

sessed on a simple NACA0012 con�guration. This

process is based on the coupling of an unsteady CFD

zone, where the Navier-Stokes equations are solved,

with a CAA propagation zone, where sound propaga-

tion through an inhomogeneous meanow is simulated

by resolving the Euler equations in a perturbation

form.

In the future, a more precise analysis of the ow�eld

in the slat cove will be carried out, in order to get a
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better understanding of the ow physics in such condi-

tions. This appears to be a crucial point to be able to

control and reduce the resulting noise emission. The

local noise sources simulation will also be used as the

�rst step of a hybrid CAA process, as the one proposed

in the present paper, to compute the mid- and far�eld

noise generated by the high-lift device.
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