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ABSTRACT

The multi-objective optimization of both aerodynamic and broadband noise characteristics of a high-lift
device is studied. The optimization is based on combining a recently developed parameterized Navier-
Stokes approach as a surrogate model for solution reconstructions to a genetic algorithm for Pareto front
construction. The parameterized Navier-Stokes solver Turb’Opty is a high-order sensitivity method around
a reference Reynolds-Averaged Navier-Stokes (RANS) flow field. The present implementation takes into
account up to the second-order partial derivatives including cross-derivatives of the RANS solver with re-
spect to the optimization parameters. Acoustic predictions are based on Amiet’s airfoil models and their
extensions for turbulence interaction noise and self-noise respectively. The needed temporal data are re-
constructed from wall-resolved RANS simulations or estimate through the surrogate model. The use of
the parameterized Navier-Stokes approach and the self-noise model are validated with both experimen-
tal and detailed simulation data on a NACA0O12 configuration. The whole optimization process is then
applied to the L1T2 high-lift device. The application of these noise models seems to qualitatively cap-
ture the broadband noise generated in gaps between the elements. The study of the Pareto front exhibits
optimal solutions with the expected trends: for instance decreasing the Mach number and the camber

reduces the noise and yields a lift reduction. Details of two optimal solutions are finally provided.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Airfoil noise is a significant part of airframe noise, and is a
dominant contributor with the landing gear for mid- and long-
range aircrafts at approach [1]. For High-Lift Devices (HLD), noise
is mainly generated in the coves between the slat and the main
wing, and if relevant, between the main wing and the flap [2]. This
slat cove noise has both a broadband part and a tonal part. The
broadband noise is caused by the interaction between the turbu-
lent shear layers from slat trailing edges and the main wing lead-
ing edge. The tonal noise is found in the slat cove and can possi-
bly be related to "cavity” noise, boundary layer instability or vor-
tex shedding (see Fig. 1 in Choudhari et al. [3]). Other possible
noise sources are the trailing edges of all elements and the vor-
tex shedding if the trailing edges are blunt. The most efficient way
to numerically study all these noise sources is to perform an un-
steady simulation of the flow around the HLD using Direct Numer-
ical Simulation (DNS) or Large Eddy Simulation (LES) methodology.
Yet, even the latter appears to be currently prohibitive considering
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the required computational resources at the high Reynolds num-
ber based on the chord length of the clean configuration of these
devices (greater than 10°): for instance the wall-resolved LES of
Terracol and Manoha requires 2.6 billion nodes and several mil-
lion CPU hours [4]. To circumvent this, different studies are based
on Unsteady Reynolds-Averaged Navier-Stokes (U-RANS) compu-
tations [5,6], hybrid methodologies combining LES and Linearized
equations [7] or RANS and Linearized Euler Equations (LEE) equa-
tions [8], RANS/LES methodologies [9] or more recently Lattice-
Boltzmann methods [10]. However, all these methods remain ex-
pensive to be applied in an industrial context and cannot be in-
cluded in an optimization loop. A first objective of this study is to
assess the use of Amiet-like models with RANS computations to
predict the noise generated, and a second one is to perform an op-
timization of the configuration to reduce HLD noise based on these
low-order models.

Amiet’s analytical models for leading [11] and trailing
[12] edges noise have been extensively used to predict noise gen-
erated by profiles (airfoil [13-15], fan or propeller [16-21]). Molin
et al. successfully used both Amiet’s [22] and Howe’s [23] analyt-
ical models to predict noise radiated by HLD with experimental
measurements as inputs. Since then, Roger and Moreau [13,24] fur-
ther improved Amiet’s models by accounting for some geometrical
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airfoil parameters as camber and thickness, and by also integrating
the backscattering effect of the leading edge on trailing-edge
noise. Recently, Rozenberg et al. [18] applied these modified
Amiet’s models to compute noise generated by single airfoils using
RANS computations. To achieve this, they tested and extended
different semi-empirical models for recovering Power Spectrum
Density (PSD) of fluctuating velocities describing incoming tur-
bulence, and wall-pressure fluctuations from boundary-layer
statistics obtained through RANS computations. The efficiency of
such models in terms of computational resources is obvious and
makes them interesting candidates for the noise prediction of such
complex configurations as HLD. The present noise models also
go significantly beyond the compact models proposed by Hosder
et al. [25] or Jouhaud et al. [26] for instance.

Knowing that reducing noise of HLD could sometimes de-
crease the aerodynamic performances, engineers need a way to
find configurations that allow the best compromise between aero-
dynamic performance and noise reduction. Therefore, a multi-
objective multi-disciplinary optimization (MOO-MDO) process is
required. To achieve an efficient automatic optimization process,
it is necessary to have an efficient way to compute the aerody-
namic field around the HLD and then the noise generated. To com-
pute the aerodynamic field for each set of parameters, the re-
cently developed method based on parameterized Navier-Stokes
solver is used [27,28]. It is based on high order Taylor series ex-
pansion in the parameter space. The methodology only needs one
RANS simulation with a set of reference parameters. The RANS
simulation is performed using the finite-volume block-structured
solver Turb’Flow. The derivatives needed in the Taylor series ex-
pansions are precomputed using a differentiated code of the solver
Turb’Flow, named Turb’Opty. This methodology has been success-
fully used to aerodynamically optimize airfoils, blade cascades, cas-
ing treatment in low speed turbomachinery [29], and more re-
cently HLD aerodynamic performances [28]. The present work ex-
tends the latter to aerodynamic and acoustic performances of a
typical 3-element HLD called L1T2 in an optimization methodology
based on the same parameterized approach. To be consistent with
the two-dimensional flow simulations around the L1T2 HLD, only
the 2D noise sources as defined by Molin et al. are considered and
important 3D noise sources as the slat-cove noise or the flap side-
edge noise are discarded here [22,23]. Molin et al. also showed that
these 2D sources were dominant in the mid-frequency range (typ-
ically between 100 Hz and 2 kHz) by successfully comparing with
acoustic flight data on the A320 and A340 aircrafts. The analytical
broadband noise models of these 2D sources are first presented.
The following section describes the optimization process. The val-
idation of the latter on the trailing-edge noise of the NACA0012
airfoil is then shown, before moving to the aeroacoustic optimiza-
tion of the L1T2 HLD. Finally some conclusions are drawn.

2. Noise prediction models
2.1. Leading-edge model: turbulent interaction noise

The noise radiated from an airfoil leading edge is based on the
method proposed by Amiet [11]. It computes the noise radiated
in free-field by a turbulent flow impinging on the leading edge of
an infinitely thin airfoil without incidence at a mean Mach num-
ber My in a fluid of density pg and kinematic viscosity v. As was
shown by Moreau et al. [13], the model could be modified to ac-
count for the airfoil thickness and the camber. Spectra and direc-
tivities that compare very well with measurements in the Ecole
Centrale de Lyon (ECL) anechoic wind tunnels could then be re-
trieved for the NACA0012 airfoil used below. The influence of the
angle of attack on this noise mechanism was also shown to be lim-
ited as also recently verified by Devenport et al. [30]. The PSD of

the acoustic far-field pressure at a position x of the observer and
an angular frequency w is given by:
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where x = (X1, x5, x3) are the coordinates of the observer, x; being
the streamwise direction, x, the spanwise direction, and x3 the di-
rection orthogonal to the two previous directions. L and c are the
span and the chord length of the airfoil respectively. Sy is the cor-
rected distance to account for convection effects (,33 =1- M%). Uy
and Uy are the mean velocity components yielding the Mach num-
bers My and My respectively. Kx and K, are the wavenumber com-
ponents following the streamwise and spanwise directions respec-
tively. k is the acoustic wavenumber. @, is the normal turbulent
velocity spectrum. £ is the aeroacoustic transfer function includ-
ing the main leading-edge term £ and the trailing-edge back-
scattering correction 6{5 defined by Amiet [11]. More details can
be found in Roger and Moreau [31].

For an infinite span (the large aspect-ratio approximation),

Eq. (3) simplifies to:
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If only 2D parallel gusts (without a spanwise component) are con-
sidered, Eq. (3) further reduces to:
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The Von-Karman spectrum is used to reconstruct the turbulent ve-
locity spectrum &y, from statistics obtained through RANS com-
putations as originally proposed by Lysak and Brungart [32].

2.2. Trailing-edge model: self-noise

The noise radiated from an airfoil trailing edge is again based
on a method proposed by Amiet [12]. It computes the noise ra-
diated in free-field by the diffraction of the pressure fluctuations
born in the boundary layer at the trailing edge of an infinitely
thin airfoil without incidence. It has been extended by Roger and
Moreau [24] to account for the airfoil finite chord length. By com-
paring with several anechoic wind tunnel data, they then showed
that the noise spectra and the directivities could be well predicted
on several airfoils including the NACA0012 airfoil used below. The
model gives the following expression for the PSD of the far-field
acoustic pressure at a position x of the observer and an angular
frequency w:
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where @y, is the PSD of the wall-pressure fluctuations and Iy(w)
the spanwise coherence length of these pressure fluctuations near
the trailing edge. ¢o is the fluid speed of sound. £TF = £TE 4 £IF
is the aeroacoustic transfer function where £; is the main trailing-
edge term defined by Amiet [12] and £, is the leading-edge back-
scattering correction obtained by Roger and Moreau [24]|. More
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