N

N

Design and optimization of acoustic liners with a shear
grazing flow: OPAL software platform description
Frank Simon, Rémi Roncen, Pierre Vuillemin, Patricia Klotz, Eric Savin,
Fabien Méry, Estelle Piot

» To cite this version:

Frank Simon, Rémi Roncen, Pierre Vuillemin, Patricia Klotz, Eric Savin, et al.. Design and opti-
mization of acoustic liners with a shear grazing flow: OPAL software platform description. InterNoise
2021, Aug 2021, Washington, DC (Virtual event), United States. pp.IN21_1496. hal-03329066

HAL Id: hal-03329066
https://hal.science/hal-03329066
Submitted on 30 Aug 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03329066
https://hal.archives-ouvertes.fr

Design and optimization of acoustic liners with a shear grazing flow:
OPAL software platform description

Frank Simofh, Rémi Ronceh Pierre Vuillemis, Patricia KlotZ, Eric Savid, Fabien Méry, Estelle
Piott

1 DMPE,? DTIS - ONERA - Université de Toulouse
F-31055, Toulouse, France

3 DTIS - ONERA - Université Paris Saclay
F-91123 Palaiseau, France

ABSTRACT
In the context of aircraft noise reduction in varied applications where a cold or hot shear grazing
flowispresent (i.e., engine nacelle, combustion chamber, jet pump, landing gear), improved acoustic
liner solutions are being sought. Thisis particularly true in the low-frequency regime, where space
constraints limit the efficiency of conventional liner technology. Therefore, liner designs must take
into account the dimensional and phenomenological characteristics of constituent materials, assem-
bly specifications and industrial requirements involving multiphysical phenomena.
To perform the single/multi-objective optimization of complex meta-surface liner candidates, a soft-
ware platform coined OPAL (OPtimization of Acoustic Liners) was developed. Its first goal is to
allow the user to assemble a large panel of parallel/serial e ementary acoustic layers along a given
duct. Then, the physical propertiesof thisliner can be optimized for a given flow and frequency range,
relatively to weighted objectives. impedance target, maximum absor ption coefficient or transmission
loss with a total sample size and weight, etc.
The presentation focuses on the different elementary bricks and assembly of an optimization problem
(from OD analytical coarse designsin order to reduce the parameter space, up to 2D plan or axisym-
metric high-order discontinuous Galerkin simulations of the linearized Euler equations (LEE)).

1. INTRODUCTION

In the context of aircraft noise reduction in varied applications where a cold or hot shear grazing flow
is present (i.e., engine nacelle, combustion chamber, jet pump, landing gear), improved acoustic liner
solutions are being sought.

These coatings are also subject to operational requirements in terms of aerodynamic impact, mass,
thickness, temperature, static and vibration behavior, fire resistance, drainage... (see e.g., [1,2,3]).
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In practice, the liner design implies an optimization process with acoustic single/multi-objective func-
tions, such as impedance or transmission loss (TL), while taking into account the dimensional and
phenomenological characteristics of materials (porous layer, resonator...), manufacturing, assembly
specifications and industrial constraints.

However, most designs led by laboratories are based on classical architectures with reference models
applied under conditions of use. Besides, locally reacting liners, such as those used in aeronautical
engine nacelles, are generally “sandwich” resonators with a perforated plate linked to a honeycomb
material above a rigid plate (called SDOF for Single Degree Of Freedom). Their absorption behavior
can be described approximately with the Helmholtz resonator principle. To absorb in several fre-
guency bands with one design, different types of liners with one degree of freedom can be piled up
to constitute 2DOF [4,5,6] or 3DOF liners [7]. Thus, in a 2DOF liner, a septum sheet [5] (mid sheet)
is used instead of the original acoustically rigid bottom plate, revealing a second cavity tuned to a
dissimilar frequency. The lower cavity becomes a second degree-of-freedom, hence the name of
2DOF. The range of effective suppression can be designed to cover up to two octaves, in contrast
with the characteristic single-octave coverage of typical SDOF linefEh{8] of course, implies a

more complicated manufacturing process and an increased installation volume.

Nevertheless, to absorb over a wide frequency range or in a low frequency regime, it may be neces-
sary to design non-conventional liners as, for example, variable-depth Bhersliners based on
perforated plates connected to tubes of variable lengths that fill cavities [10]. In this case, it appears
necessary to implement numerical and experimentation tools with an optimization process in order
to propose configurations, such as meta-surface liners, able to satisfy required constraints.

To perform the single/multi-objective optimization of complex meta-surface liner candidates based
on conventional and non-conventional architectures, a software platform coined OPAL (OPtimization
of Acoustic Liners) was developed by the authors.

This paper focuses on the different elementary bricks and assembly of a problem from the acoustic
liner modelling, the wave attenuatienthin an infinite or a finite ductadved in1D or 2D and the
optimization process.

2. OPAL ARCHITECTURE

The first goal of OPAL is to allow the user to assemble a large panel of parallel/serial elementary
acoustic layers along a given duct. Then, the physical properties of this liner can be optimized for a
given flow and frequency range, relatively to weighted objectives: impedance target, maximum ab-
sorption coefficient or transmission loss with a total sample size and weight...

The design and optimization processes can be described as follows (Figure 1) with, in input, the duct
geometry, the flow characteristics and the types of parameter as constraints and targets, and, in output,
the optimized liner characteristics with associated acoustical properties, a sensitivity analysis and
uncertainties:

Inputs OPAL Outputs
( * Duct \ /ﬁ
geometry ( . \
Multilayer Duct acoustics
~Shear flow « Configuration
« Acoustic Acoustic liner /N Infinite duct 1D b
modes and  $—> modelling Finite duct 2D * Parameters
* Sensitivity
frequency analysis
range Optim. Loop on Transmission Loss / .
* Types of reference impedance matching * Uncertainties
\ parameter \ /

Figure 1: Design and optimization processes.



The modelling of an acoustic liner is composed of several elemantsnvironment (i.e., air) in
which a liner is placed, different acoustical unit materiats wihich to form the liner, a multilayer
(ML) class to assemble sandwich materials (serial combmjedind a liner class to assemble metasur-
faces (parallel combinations) (Figure 2).

- env:
flow > duct + flow
T - i StudyCase:
ma N
mat #1 I I E liner + env
mat #j+1 e
liner: |
multilayers ;
L MultiLayer #2

mat #] MultiLayer #i

MultiLayer #1

Figure 2: OPAL architecture.

2.1. Acoustic Liner Modelling
The multilayer classes can be made up of microperforated paRE!)( wiremesh sheet, air or porous
medium and LEONARL(ong Elastic Open Neck Acoustic Resonator [{6jpure 3):

(@) (b) (© (d) (e)
MC-LEONAR MPP-porous ML (MPP-air)  MC (ML-LEONAR) (MPP-porous) -
(MC-LEONAR)

(MC: multiple-cell / ML: multiple-layer / MPP: microperforated panel / LEONAR: Long Elastic Open Neck Acoustic Resonator)

Figure 3: Examples of multilayer classes.

The environment deals with the physical fluid sunding the acoustical material of interest, the
different phenomena of interest for liner studipge¢ence of a flow) and the acoustic content (fre-
guencies, sound pressure level (SPL)).

Four such elementary acoustic materials can berdded to create an acoustic liner:

* A porous material is a solid matrix filled with ifl. A hypothesis on the rigidity of the solid
matrix allows one to consider porous materialscasvalent fluids. Depending on the semi phe-
nomenological model used to represent the pordseahaterial, viscous and thermal effects can
be estimated with a finite set of intrinsic paraengt(porosity, tortuosity, etc.).

* A microperforated plate (MPP) is, as the name g, a plate with micro perforations. The
main difference with a classical porous materiahis presence of “end effects”, caused by the
thinness of the plate and its low porosity. FollogviAtalla & Sgard 11], a perforated plate is
modelled as an equivalent fluid, with additionahte used to account for the media in contact
with the perforations. Moreover, we state the mioagkype of high sound pressure level (SPL)
nonlinearities with Melling’s modellp).



* Honeycomb structures are often employed in aeraraatpplications, for their lightweight and
structural properties. In terms of modelling, a éy@womb can be seen as a porous material with
very high porosity and cylindrical straight poréslmost circular cross-shapes. In the limit where
the pore radius tends to +1 (or, a bit more raadily, to 1m), the honeycomb behaves like the
open ambient fluid.

« A LEONAR [10,13] consists in the combination of tubes and a caMity15]. The tubes are
modeled similarly to a perforated plate of increbgeckness, while the cavity is taken as a hon-
eycomb layer of adequate radius. As such, a LEON&Rs quite different in its implementation,
when compared with the above unit materials: ielfifg LEONAR cell is already a combination
of unit elements. An approximation is made, comgjsin assuming that the volume occupied by
the tubes inside the cavity is negligible. Thisiie to ensure that the classical Transfer Matrix
formalism can be applied directly to LEONAR cell§]. In practice, the upper cavity (containing
the tube(s)) has an acoustic response that deperttie presence of tubes. This can be taken into
account, as done id7].

Now that we have created some materials and lime¥s;an evaluate their acoustical properties, as
(Figure 4:

— The normalized impedance Zs

— The absorption coefficient at normal incidence.
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Figure 4: Normalized impedance (resistance andaree) and absorption coefficient
for a porous material and two liners at 160 dB.

2.2. Simulation

Two very distinct simulation capabilities are agaie. The first one assumes a liner of infiniteglén

and solves a simplified 1D problem of wave atteimmatvithin an infinite duct. The second problem
tackles the more challenging 2D case, where impmaldiscontinuities as well as complex geome-
tries can be taken into account. In both situatibosh plane and axisymmetric cases can be consid-
ered.

Infinite duct 1D case

In the infinite duct 1D case, a mesh is considénetthe transverse direction (perpendicular to the
walls). An eigenproblem is assembled, and solve@&ch frequency of interest from the linearized
Euler equations (LEE) discretized wélspectral collocation method (Tchebychev polynomials) [18].




The output of this eigen problem is a set of mquepagating in the duct, that are being attenuated
due to the presence of the liner. In the case®fliadrical duct(Figure 5) the pressure field of a
given(m,n) mode (azimuthal and radial) writes:

p(x,7,0) = By n(r)e~hmn¥ g=imé (1)

where the complex wavenumbgy, ,, is the solution of a dispersion relation.

Figure 5: Cylindrical coordinates and pressuralfadla mode (3,2) applied to a lined cylindrical
duct.

The shear flow velocity profile and its spatialigdative are an input to the problem. Each matémnial
contact with the flow should be given a flow-noelamnity model 20]. The layers not in contact with
the flow are not considered in the calculationha &dditional flow nonlinear impedance.

Regarding a given cut-on left running maden), and considering an impedance value, the trans-
mission loss coefficient (dB/m) can be directly derived from the imagpantyofk . (Figure 6):
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Figure 6: TL for the plane wave mode

Configuration: 5 cm high duct, 40 cm long linereahflow (flow model [19]) at Mach 0.3, 130 dB,
non-linearity liner model [20].



Finite duct 2D case

In the case where impedance discontinuities nebe taken into account, or when the geometry is
complex, a 2D Discontinuous-Galerkin (DG) solvartfte harmonic linearized Euler equations can
be used.

We first consider a 2D plane configuratidgiigure 3 with the flow profile and an environment spec-
ified in input.

Acoustic
wave

How

[

rigid wall liner rigid wall

Figure 7: 2D plane configuration with a finite Im@n one side and upstream/downstream rigid
walls.

Typical DG orders vary between 2 and 8. Now, orethauild the LEE mass (M) and stiffness (K)
matrices, in order to assemble the harmonic lipeatslem (Note that the stiffness matrix is separate
into a main matrix K and a matrix related to thiéeition coefficient of the liner).

The harmonic problem is then solved to plot différfeelds (u, v, p), such as the sound pressurd lev
(SPL) Figure 8andFigure 9.

95

85

SPL (dB)

80
75
70

0.05

QOQIZQ)SQJ7%

09 55 0.01
X (m) 075, 00 0.00

Figure 8: 3D plot of the SPL.
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Figure 9: 1D plot of the SPL along the center line.



For the case where an axisymmetric configuratiadedo be considered, the main difference is in
the building of the mass and stiffness matrices.

If interested in the wavenumbers of waves propagai a infinite duct having a complex cross
section, a 2D DG LEE for the transverse case nsiskd. It basically consists in building an eigen-
value problem and solving it on arbitrary geometrigith or without flow and/or impedance bound-
ary conditions. The generalized eigen problem igesbwith an Arnoldi’'s method?1].

2.3. Optimization

The optimization layer is aimed at providing thelsoto transform the physical description of the
liner and its environment (as illustratedfigure 2 into a standard (non-linear) optimization problem
that can then directly be fed to an optimizatiolveo(e.g. those in Scipy). The latter can be wemitt
as:

Mminyepn f(x)
s.t. XE€ [xmin'xmax] (3)
Ax < b

wherex is the vector of optimization variablefsis the objective function, A the matrix of linear
constraints and pn, Xma{ the bounds.
The vectorx of optimization variables gathers the physicabpagters associated with each material
(e.g. thickness, porosity, etc.) that are set @s Hariables by the user. The values of the phlysica
parameters are tied to the elements gb that any change is automatically echoed on biois.
Similarly, changing the bounds of the physical pagters directly leads to an updatexah andXmax.
In this first version of OPAL, the constraints timave been identified are linear and can be divided
into two groups:

* internal constraints which links various parameteithin some material. For instance, for a

LEONAR, the length of the tube must be smaller ttinenthickness of the cavity, etc.
» global constraints which are associated with thele/iner. For instance, the overall thick-
ness of the liner is the maximum of the thickndssagh multilayer.

Again, these constraints are automatically updshedld the configuration be modified, e.g. by add-
ing a new material or changing which parameterdrage The automation of the tedious and error-
prone mathematical formulation of the optimizatmoblem enables the user to focus solely on the
design aspect of the problem, i.e. the definitibthe objective function f. Note that additionabfp
tentially non-linear) constraints can easily be lenpented by exploiting the routines linkirgvith
the physical parameters.

Depending on the considered application, the adedugective function can be quite different and
several variations are possible. A few interestiages have been identified:

» optimization of the transmission loss: in the 1Bea;ahe transmission I0SEL() is one of the
indicator of interest to qualify the efficiency dme acoustic liner.
In the context of liner design, several criteriayntfaus be derived out of it.

Indeed, assum@ is the set of frequencieB..(x,a) the transmission loss aflkd) some (user-
defined) weighting function,

fri1(x) = = Xpew B(w)TL(x, w) (4)

to increase the frequency-weighted mean valueeofrimsmission loss;
friz(x) = max,ew — B(0)TL(x, w) (5)

to increase the frequency-weighted minimal valutheftransmission loss.



Using the maximum instead of the sum prevents esguency to be favored (Wil &)
= 1, the optimal solution is a straight.) but the overall problem is harder due to the
additional non-smooth function added.

» reference impedance matching: to identify the ptalparameters associated with some liner
described by a reference impedance.
AssumeZ(x,«) denotes the impedance and that(«) is the reference impedance, then

2
f21(0) = Zvew |B (@) (205, 0) = Zyep (@) (6)

is the frequency-weighted mean square error wiglréfierence impedance.

fr2(2) = max e |B(@) (Z(x, @) = Zrep () )| (7

is the frequency-weighted worst matching error i reference impedance.
Similarly, using a maximum is aimed at avoidingawor some specific frequency but leads
to an harder problem.

OPAL provides a complete offer of global optimization tools for mono and multi-algdormula-
tions with consideration of uncertainties when necessary. Exaprgissnted are coming from evo-
lutionary algorithms. For costly simulations, Bayesian optinorais a more adapted parsimonious
technique that requires fewer simulations. Although widely expensiliast optimization provide
solutions with a performance guaranty whatever the uncertaiMesn-Variance optimization is
widely used to find solutions that make an optimal trade-off betwrpected performance and var-
iability. In this approach, Chaos polynomials are associated to Bayesian afitmiz

An example of robust solution on average for stochastic optimizatibnuncertainties on Sound
Pressure Level environmental parameter is illustrated in & The optimal robust solution is in
average more relevant.
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Figure 10: Comparison of robust and determinisiBt. $r uncertainty on environmental SPL.

A sensitivity analysis result on a LEONAR liner with twoéag, performed with a Monte Carlo on

a Gaussian model is illustratedFigure 11. The total order indices inform on how the transmission
loss is affected by uncertainties on the liner parametetsoddh some indices of first order are
negligible, the total order indices which integrate all intépastwith others parameters are all sig-
nificant.
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Figure 11: Sensitivity analysis on LEONAR with ¥éas.

An example of multi-objective framework couplingismission loss and its variance is shown in
Figure 12and Figure 13 (c))One can note that the multi-objective processdeadomogenize the
transmission loss and the associated normalizeddanre according to the frequency (compared to
a mono-objective process applied to the transmmdsiss Figure 12and Figure 13 (a))

It is worth noticing that the dependencyxim the equation above is handled by OPAL itsetf &n
transparent for the user. For instance, to implertenobjective (6), the user simply needs (i)sk a
the object that represents the liner to give itsent impedance and (ii) to compute and return the
mismatch with the reference impedance. See foamust the snippet of codekingure 14where the
variablediner, env andZ ref are previously declared and represent a linerigor#tion, its environ-
ment and the reference impedance, respectively.
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Figure 12: Plot of TL optimized vs. frequency w{#), maximization of TL, (b), minimization of
variance, (c) combined criteria.
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Figure 13: Plot of normalized impedance (resistand#ue, reactance in red) optimized vs. fre-
quency with (a), maximization of TL, (b), minimiza of variance, (c) combined criteria.

def match Z{x, liner, env, Z ref):
liner.x = x

return numpy.linalg.nerm{liner.Zs{env) - Z ref)#**2

Figure 14: Possible implementation of the objectirgction for impedance matching without
weight.

3. CONCLUSIONS

This paper describes a numerical approach associating aeti@coodes and absorbing material
models in order to provide optimized liners satisfying a set of triduspecifications, as a maximum
thickness and length and a target of impedance or transmissidorlaggven set of acoustic modes.
In [22], a numerical example is shown where an acoustic lingstisnized for a given application
and experiments are conducted in ONERA’s B2A aeroacoustic béicvifh an optimized com-
plex meta-surface assembly.

To perform realistic liners, it is necessary to introduce natufing or modeling uncertainties to
estimate the robustness of the obtained TL.

In this case, uncertainty quantification can be deduced from a giyamnalysis used to extract
important parameters with Sobol’s indices and a Bayesian calibration appliedd@#rameters.
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