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Introduction & Objectives

V.
Context. Noise regulations = research effort into
sound generation / absorption / propagation.

PDE. Linearised Euler equations on Q C R"” with base flow ug
[u] [ Vp ] (uo -V)u+(u-V)ug +p(uo - V)ug
O¢ + +
p V-u uo -Vp+pV- ug

=0

acoustics aero -acoustics
with an impedance boundary condition
p(x,t) = Qu(x,t) - n) x €09,

where @ is an operator that “dissipates” energy.

Objectives

Theory Well-posedness & stability
Numerics Numerical scheme suitable for

e high-order time-domain simulations
o stability studies

What class of operator for Q7 3
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Overview of impedance models

Modelling of locally-reacting sound absorbing material

Q: linear time-invariant operator Perforated plate
pltx) = [zxu n(x)](8)

with kernel z € D', (R)NS'(R).

Key components of z: (Monteghetti, Matignon et al. 2016, JASA)
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Modelling of locally-reacting sound absorbing material

Q: linear time-invariant operator Perforated plate
pltx) = [zxu n(x)](8)

with kernel z € D', (R)NS'(R).

Key components of z: (Monteghetti, Matignon et al. 2016, JASA)
@ Acoustic resonator (Helmholtz then Rayleigh) (Lamb 1910, p.260)

p(t) = k /o u(n)dn+ma(t) = 2(s) = g +ms (R(s) > 0).
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Overview of impedance models

Modelling of locally-reacting sound absorbing material

Q: linear time-invariant operator

with kernel z € D', (R)NS'(R).

plt.x) = lzxu-n(-0l(8) |
i Rigid plate

Key components of z: (Monteghetti, Matignon et al. 2016, JASA)
@ Acoustic resonator (Helmholtz then Rayleigh) (Lamb 1910, p.260)
t

p(t):k/0 u(n)dn+ma(t) = 2(5):§+ms (R(s) > 0).

® Viscous losses: memoryless and long-memory damping
Wave reflection: delay

+al/2/ ﬁ

= 2(s) =+ ag + ap/s + are T

p(t) =---+ aou(t *u(n)dn + a;u(t—7)
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with p=2zxu-n on 09. 1

Motivation: focus on impedance models z (basis for numerical method).
What are we interested in 7



Acoustics: Theory

Objectives & Strategy

Cauchy problem

d[uw] ul| | =Vp l n
-G53 (o
with p=2zxu-n on 09. 1
Motivation: focus on impedance models z (basis for numerical method).

What are we interested in ?
e Well-posedness 3C > 0: Vt > 0, ||x(t)||ln < Cllxolln

e Stability (Luo, Guo and Morgiil 2012, Def. 3.1)

Asymptotic Vxp, ||x(t)]|zx — 0 for t = oo
Exponential 3C,w > 0: Vxp, Vt > 0, ||x(t)|n < Ce™*!

Strategy:
@ Find dynamical system in state-space ® to compute z*xu-n

@® Formulate an extended Cauchy problem
X = AX, with extended state X = (u, p, ¢ ) € L2(Q)" T xL3(T; ®).

© Study energy balance: £ <0, use Liimer-Phillips (Pazy 1983, Thm. 4.3).
O Inspect o(A), if needed for stability. 7
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Well-posedness: memoryless damping

Kernel. Pure resistance z(t) = ag do(t) with ag > 0.
Functional setup. H = (L3(Q))" x L?(Q), V = (H}(Q))" x H}(Q)

Aac [ u } = { __vv.pu ] , D(Ax) = {(U,P) eV|pr= aou~n‘r}.
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Well-posedness: memoryless damping

Kernel. Pure resistance z(t) = ag do(t) with ag > 0.
Functional setup. H = (L3(Q))" x L?(Q), V = (H}(Q))" x H}(Q)
u —-Vp
Aac|: p :| = |: -V-u :| ) D(Aac): {(U7p)€ V| P|r:30U'"\r}-
Application of Liimer-Phillips. (Luo, Guo and Morgiil 2012, 2.29)
o “A,. is dissipative”

g(t) = (AaCX7X)7-£ - _/PU -ndo = — do Hu . nHiz(r) S 0.
r

e "I\ >0: Al — A, surjective” (see (Haddar and Matignon 2008, INRIA))
m Weak formulation: find p € H*(2) such that V8 € H'(Q)

A
(Vp,VO)20) + a*O(P, 0)i2(ry + X (P, ) 12(2) = (1,0 1r(q)-

m Then Jlu € HY(div; Q).
m Regularity: u-n=r/ay in H7/3(T') = u-ne H/3(I) =
u € HY(Q), assuming Q Lipschitz (Costabel 1990, MMAS).
= A, generates a Cy-semigroup of contractions on H. O
This proof should not break down provided that z is “dissipative” . 3
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Well-posedness: memoryless & long-memory

1(0,00) (1)
Vt

Parabolic realisation. Z(s) irrational = co-dimensional realisation.
(Curtain and Zwart 1995)

\/i?t = /Ooo e " du(¢)

Kernel. z(t) = ap do(t) + ay, with ao, a1, > 0.



Acoustics: Theory
0®00

Well-posedness: memoryless & long-memor

K B Liooo)(t)
ernel. z(t) = ap do(t) + arp T with ap, a1/, > 0.
™

Parabolic realisation. Z(s) irrational = co-dimensional realisation.

(Curtain and Zwart 1995)
O p(t,§) = —C(t,€) +u(t)-n

i — ooe—étd 00
Jrt /0 e = p(t) = au(t)-n +31/2/0 o(t, &) du(€)

e State variable ¢(t,) € ® := L?(0, 00;dp) with dp = ﬁdﬁ.
(Hélie and Matignon 2006a, M3AS) (Matignon 2013)
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0®00

Well-posedness: memoryless & long-memor

1(0,00) (1)
Vt

Parabolic realisation. Z(s) irrational = co-dimensional realisation.

(Curtain and Zwart 1995)
O p(t,§) = —C(t,€) +u(t)-n

i — ooe—ftd 00
Jrt /0 e = p(t) = au(t)-n +31/2/0 o(t, &) du(€)

Kernel. z(t) = ap do(t) + ay, with ao, a1, > 0.

e State variable ¢(t,-) € ® := L?(0, 00;du) with duu =
(Hélie and Matignon 2006a, M3AS) (Matignon 2013)

1
Naaad

Energy balance.

. internal power memoryless and long-memory dissipation
supplied power

1
pu-n(n) =228 dtusouw a0 u-nf? + ay, |VE I3
31/2
> 22 lelly

Hence, the proof should extend to this case! 9
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Well-posedness: memoryless & long-memor
(Partial) Functional setup. H = (L2(Q2))" x (L?(Q)) x L3(T; ®).

u —-Vp
A p = -V -u .
@ —{p+u-n

(Partial) Application of Liimer-Phillips.
@ "‘Ais dissipative"

s [”( PIB+ [ ayallolf da(x)] — (AX, X

(AX, X)y = —/r [P - a1/2/0 ® du(f)] u-ndo— |, /31/2§g0||%2(r;¢)

<0.

= generates a Cp-semigroup of contractions on .
10
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Well-posedness: memoryless damping & delay

Kernel. z(t) = ag do(t) + a- 0_(t) with ag,a,,7 > 0.

Hyperbolic realisation. Z(s) irrational = oco-dimensional realisation.

¢(f7 )

11



Acoustics: Theory
oooe

Well-posedness: memoryless damping & delz

Kernel. z(t) = ag do(t) + a- 0_(t) with ag,a,,7 > 0.

Hyperbolic realisation. Z(s) irrational = oco-dimensional realisation.
. 1
w(t7 ) at w(t7<) = 7;8C 'l/)(ta C) ) with 1/’(1“70) =u-n
=

¢ p(t) = ao u(t)- n + a; (t,1)
0 1
e State variable 1(t,-) € V= [3(0,1;C).
(Curtain and Zwart 1995, § 2.4) (Engel and Nagel 2000, § V1.6)

11
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Well-posedness: memoryless damping & del

Kernel. z(t) = ag do(t) + a- 0_(t) with ag,a,,7 > 0.

Hyperbolic realisation. Z(s) irrational = oco-dimensional realisation.
. 1
w(t7 ) at w(t7<) = 7;8C 'l/)(ta C) ) with 1/’(1“70) =u-n
=

¢ p(t) = ao u(t)- n + a; (t,1)
0 1
e State variable ¢(t,-) € W := [?(0,1;C).
(Curtain and Zwart 1995, § 2.4) (Engel and Nagel 2000, § V1.6)

Energy balance. No dissipation. There is no “pu - n(t)".

internal power .
input output

Td 2 1 2 2
Il = 5 [lu()n? =t - )-nP).

(Partial) Functional setup. H = (L%(Q))" x (L3(Q)) x L3(I; ¥)
(Partial) Liimer-Phillips. Applies provided that
(Monteghetti, Haine and Matignon 2017, IFAC WC)

Rao] > |ar| . .



Acoustics: Theory

Asymptotic stability

Summary. W.P. for 2(s) = ag + a1, I/vs + a, €°7 using realisations.

Parabolic realisation (ODE) Hyperbolic realisation (PDE)

£ € (0,00) ¢ €(0,1)

12



Acoustics: Theory

Asymptotic stability

Summary. W.P. for 2(s) = ag + a1, I/vs + a, €°7 using realisations.

Parabolic realisation (ODE) Hyperbolic realisation (PDE)

£ € (0,00) ¢ €(0,1)

Stability. If 2(s) rational = energy method is enough. (LaSalle’s I.P.).
If 2(s) irrational = D(A) C H may not compact = inspect o(A).

Asymptotic stability theorem (Arendt and Batty 1988) (Lyubich and Vii 1988)

Let et be a uniformly bounded Co-semigroup on #. If
e os(A)NIR C o (A)
e o.(A) countable

tA

= ™ is asymptotically stable.

12



Acoustics: Theory

Asymptotic stability

Summary. W.P. for 2(s) = ag + a1, I/vs + a, €°7 using realisations.

Parabolic realisation (ODE) Hyperbolic realisation (PDE)

£ € (0,00) ¢ €(0,1)

Stability. If 2(s) rational = energy method is enough. (LaSalle’s I.P.).
If 2(s) irrational = D(A) C H may not compact = inspect o(A).

Asymptotic stability theorem (Arendt and Batty 1988) (Lyubich and Vii 1988)

Let et be a uniformly bounded Co-semigroup on #. If
e os(A)NIR C o (A)
e o.(A) countable

tA

= ™ is asymptotically stable.

Application for long-memory and delay.
Show that /R* C p(A) (see (Matignon and Prieur 2014, MCRF)).
A is closed, so (Curtain and Zwart 1995, Def. A .4.4)

p(A) = {A € CIN(A)) = {0} and R(Ax) = H}.

e Fredholm alternative on weak formulation, using embedding
HY(Q) cC HY?(Q) (Lions and Magenes 1972, Thm. 16.1).

o 0¢ ap(A). o .,



Aeroacoustics: Numerical method

Outline

© Aeroacoustical case: Numerical method
@ Discontinuous Galerkin formulation
@ Numerical illustrations

13



Aeroacoustics: Numerical method
©00000

Discontinuous Galerkin method (DG)

Linearised Euler equations on Q C R" with base flow ug

5 [u]+ (- V)u+Vp (u-V)uo+p(uo-Viuo|
“Lp V-u+ug-Vp pV - ug
Weak formulation. q .= [u,p] € V, 8 = (6",0P) CC’O(Q)”Jrl
n f, 6]
0)a — (Ai-q,0:0)0 + (B-q,0 - P71y
(0:9.6)0 — (A 4,00)0 + (B 4,6)a /. oo |

DG formulation.Triangulation Q. g4, € Vj,, 0y € V),
n-f; 0y

(atqhvoh)ﬂk - (Ai ) qh’aieh)ﬂk + (B ’ qh70h)Qk = / * P do
oq, | - fo 0, ]

DG formulation features
e V. Lagrange basis, size Np (Hesthaven and Warburton 2008, § 6.1)
° Upwind flux for ug € Cl(Q)n (Hesthaven and Warburton 2008, § 2.4)

= Impedance boundary condition? ”
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Impedance boundary condition

Impedance boundary condition.
p(x,t) = au-n(x,t)+ a; Qi(u(x,t)-n) xeTl

where ag,a; >0 and Q; # | is
e Adelay: Qi(u-n)=u(-—7)-n, or
e An operator with dissipative realisation in state-space ®;.
Examples: “0;" (®; = R) and “8?2” (d; = L2(0, 00; dp)).

15



Aeroacoustics: Numerical method
0®0000

Impedance boundary condition

Impedance boundary condition.
p(x,t) = au-n(x,t)+ a; Qi(u(x,t)-n) xeTl

where ag,a; >0 and Q; # | is
e Adelay: Qj(u-n)=u(-—7)-n, or
e An operator with dissipative realisation in state-space ®;.
Examples: “0;" (®; = R) and “8?2” (d; = L2(0, 00; dp)).
Assumption: ug-n=0on I, so that

fo=q=[u,p].

Numerical flux function: central flux with ghost state

Qy

n
*——>

q(q,

15
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Ghost state expression

Theorem. L2-stability.

The general expression of the ghost state g, is

—al =1 +0‘)"] -q+a; [_310(1_+ a)n] Qi(u-n)

qz:[ao(l—a)nT ! -«
e If a; = 0, then L%-stability is achieved for a € [-1,1].

e If a; # 0, then L2-stability is achieved for a = —1.

16
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00000

Ghost state expression

Theorem. L2-stability.

The general expression of the ghost state g, is

B —al i(l—i—a)n ' —3—10(1+a)n
9= [ao(l —a)nT a qa+a;

e If a; = 0, then [2-stability is achieved for a € [~1,1].
e If a; # 0, then [2-stability is achieved for o = —1.

Noticeable values:
e a=1<4<=p,=p, a=—-1<=u,=u
o a= [y, with By = (ag — 1)/(ap + 1) (reflection coefficient)

~1/ 2n —2np
= ao o . a0 o .
qa, [OT ) ] q+a,[ 5 }Q,(u n)

16
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Ghost state expression

Theorem. [2-stability.

The general expression of the ghost state g, is

1 1
—al ‘90(1+06)n]'q+a,- [—%(l+a)n

qz:[ao(l—a)nT a 1-a ]Q"(“'")

o If a; = 0, then L2-stability is achieved for a € [~1,1].
e If a; # 0, then L2-stability is achieved for a = —1.

Noticeable values:
e a=1<=p,=p, a=-1<=u,=u
o a= [y, with 8o = (ag — 1)/(ap + 1) (reflection coefficient)

e A R T H

2ag nT

16
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Ghost state expression

Theorem. L2-stability.

The general expression of the ghost state g, is

I L P e

ao(l—a)nT a e
e If a; = 0, then L%-stability is achieved for a € [-1,1].

e If a; # 0, then L2-stability is achieved for a = —1.

Noticeable values:
e a=1<—p,=p, a=-1<u,=u
e a=fy, with o = (ag — 1)/(ap + 1) (reflection coefficient)

| Bl @=Bo)n| . (—(L=Bo)n| 5

16
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Ghost state expression

Theorem. L2-stability.

The general expression of the ghost state g, is

—al L1+a)n —L1+a)n
— ao . . ao . .
q: [ao(l —a)nT « qa+ai 11—« Qi(u-n)
e If a; = 0, then L%-stability is achieved for a € [-1,1].
e If a; # 0, then L2-stability is achieved for a = —1.
Noticeable values:

e a=1<—p,=p, a=-1<u,=u

e a= fy, with By = (ag — 1)/(ap + 1) (reflection coefficient)
Proof. Let us define

_ | aal azxn _ 'yi Cur
a=| o as | 1 otwn)
The proof breaks down into two steps:

@ Compatibility conditions @® Discrete energy balance

16
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Ghost state expression (2/3)

Generic expression of q,
o (5] / Qo2 n ) ’yi ) .
q, = [ asnT o } q+ [ i Qi(u-n). (1)
@ Compatibility conditions.
(a) For g = q,, (1) should give
p=aou-n+ a;Q;(u-n).

(b) Since we use a central flux, (1) should give

p+ pz :aou+uz '"+3,’Q,‘(U'").
2 2
Both these conditions yield
—al L14+a)n ~L(1+a)n
— ap . . ao . .
qz 30(1 _ Oé) nT a q+al 1— a Q,(U n)7

where « is a seemingly free parameter.
17
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Ghost state expression (3/3)

Let us assume that Q; has a dissipative realisation

1d
a;Qi(u-n)u-n,
S5l < @ Qi(ue)
so that the continuous energy balance is —ao|u-n|?

1d .
oQ

@® Discrete energy balance on element k (w/o upwind contrib.)

e o / [Mn aiQ,(uh.,,)} do
dt Pie 2

18
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Ghost state expression (3/3)

Let us assume that Q; has a dissipative realisation

1d
a;Qi(u-n)u-n,
S5l < @ Qi(ue)
so that the continuous energy balance is —ao|u-n|?

1d .
oQ

@® Discrete energy balance on element k (w/o upwind contrib.)

ek o / [Mn aiQ,(uh.,,)} do
dt o9, 2

1 1
<3 [ LS+ (- a)aolunenP do [ 8 Quunn)do
2 aQy, ao

where A; = a;(1 + ) [%ph + uh-n]
Distinguish the cases a; = 0 and a; # 0 to conclude.

(Delay case similar.) O »
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Summary

Summary. For IBC p = agu-n+ a;Q;(u-n), the DG formulation is

standard i(1+a) o°
1s) q ,0n)q, = - - aj |: do h
(9cah: On)a, Gl (1-—a)n-64

Accurate evaluation of Q; = high-order simulation.

] Qi(up-n) do.

19
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Summary

Summary. For IBC p = agu-n+ a;Q;(u-n), the DG formulation is

standard i(1+a) o°
1s) q ,0n)q, = - - aj |: do h
(9cah: On)a, Gl (1-—a)n-64

Accurate evaluation of Q; = high-order simulation.
Example. Qi(s) =1/vz, Qu(s) = e ™

] Qi(up-n) do.

Parabolic realisation (ODE) Hyperbolic realisation (PDE)
¢ €(0,00) ¢€(0,1)
- deon=—Epp+upn || Betoh = —7 0cthn
Quun-n) = i pn(&n) ¥n(0) = un - n
KE[L,Ne] Qa(un - n) =p(C=1)
= Quadrature or optimisation = Monodimensional DG

Global (time-local) formulation:

Xn = Apxn with x4 = (qy,, ©n, ¥n).
Stability study = wo(Ap) (approximation of wg(A)). 19
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[llustration: acoustical cavity

A .
5(5) Q | ©=1(0,1)2, no base flow ug =0 = xp = Ap xp.
@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s
Rigid wall ag = a; = 10%° Soft wall ag=a; =1
20 [ T g T | [ T T T B
8
= ; [ — *
S 10f 5 1 b o0 |
8 o
5[ 2 1 b |
(0): disp. rel.
| N | | | |
90.1 —0.05 0 0.05 0.1 -0.1 —0.05 0 0.05 0.1
R(An) R(An)

20
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[llustration: acoustical cavity

A .
5(5) Q | ©=1(0,1)2, no base flow ug =0 = xp = Ap xp.
@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s
Rigid wall ag = a; = 10 Soft wall ag=a; =1
x X I T T T
e §
15 (et e u §
5 g o
< 10| 1 o |
& () a=-1 g o °
5 - — - —
(0): disp. rel. 8
| R | | | |
90.1 —0.05 0 0.05 0.1 -0.1 —0.05 0 0.05 0.1
R(An) R(An)

20
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[llustration: acoustical cavity

A .
5(5) Q | ©=1(0,1)2, no base flow ug =0 = xp = Ap xp.
@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s
Rigid wall ag = a; = 10 Soft wall ag=a; =1
X, X X x ol T T T
20 * B . 1 F ]
15 :“*“FX%‘EXXXM ,,,,,,, u § _
= g &
~ XX (©]
S 10f & 1 o0 |
5 () a=-1 g (*): o= Po o
(0): disp. rel. 8
| R | | | |
90.1 —0.05 0 0.05 0.1 -0.1 —0.05 0 0.05 0.1
R(An) R(An)

20
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[llustration: acoustical cavity

A .
5(5) Q | ©=1(0,1)2, no base flow ug =0 = xp = Ap xp.
@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s
Rigid wall ag = a; = 10 Soft wall ag=a; =1
X, X X x T X X | T T
20 x X XX X N - >i{l><< X |
15 :“*“FX%‘EXXXM ,,,,,,, :”}fﬁ,,,,%@ ,,,,,,,,,,,,,,
= g &
~ XX ®
S 10 & 1 b o O |
5 ()pa=-1 g ()a=5H Y
(0): disp. rel. 8
O | é | | % |
-0.1 —0.05 0 0.05 0.1 -0.1 —0.05 0 0.05 0.1
R(An) R(An)

20
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[llustration: acoustical cavity

A _ 2 _ v, —
3(s) 0 | 2=1(0,1)%, no base flow ug = 0 = x, = Ap xp.
@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s
Rigid wall ag = a; = 10 Soft wall ag=a; =1
X, X X x ol X X X | _x T T
20 |- x X X X% n — *:( e Xxx Xx m
15 et X%‘gx il | cutoft | _ ,%gx, L
= g #
= 10k @((XX | - ®<®§<xx |
& 5 (x); a=—1 8 (x) a = [y 8
(0): disp. rel. 8
O | é | | % |
-0.1 —0.05 0 0.05 0.1 -0.1 —0.05 0 0.05
R(An) R(An)

0.1

20
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[llustration: acoustical cavity

A
2(s)

@ Impact of o on growth rate wo(Ap). 2(s) = ap + a1s

Q | ©=1(0,1)2, no base flow ug =0 = xp = Ap xp.

Rigid wall ag = a; = 10 Softwall ag=a; =1

X, X X X
MK

ol X X X | x T T
20 % . I x R x x
x% x| X Xx )X x X
cut-off MM x >§<X :ut»off NG x ¥x x

1LY . e B e R

=<
Z;;lO*
5%

%

(0): disp. rel.
O |

| |
—-0.1 -0.05 0.05 0.1-0.1 —-0.05 0 0.05

R(An) R(An)
= At the other end of the spectrum...

m Value @ = —1 leads to scaling  max |As] = O(ap).
)\hGO'(Ah) do—>00

m Value a = fy € [—1,1] yields O(1).

0.1

20
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum
2(s) = /s Ne =100
T T T

T o |
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0 (0): disp. rel. ‘ | ° |
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum

=
-
&

2(s) = /s Ne =100
T T

T T 0T

10 |oweeft | | &5

51 [Continuous spectrumj 2 B

0 (o): disp. rel. | ® |

—10 -8 —6 —4 -2 0
R(An)
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum
2(s) = /s Ne =100
T T

T T 0T

10 |outoff | 1 1 1 &5

% 51 [Continuous spectrumj 2 Bl

0 (o): disp. rel. | ® |

—10 -8 —6 —4 -2 0
R(An)

© Stability condition with time-delay: ag > |a,|
2(s) =ap+ e 100 N, =5 N, =1

. -2
. 10 L2

10| | sl .
= 6| 1
= sl | 4} 1
2 | .

O | | | | 0 | |
°10 -8 -6 -4 —2 o0 0 0.05 0.1

R(An) R(An)
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum
2(s) = /s Ne =100
T T

T T 0T
10 |outoff | 1 1 1 &5
% 51 [Continuous spectrumj 2 Bl
0 (o): disp. rel. | ® |
—10 -8 —6 —4 -2 0

R(An)
© Stability condition with time-delay: ag > |a,|
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum
2(s) = /s Ne =100
T T

T T 0T

10 |outoff | 1 1 1 &5

% 51 [Continuous spectrumj 2 Bl
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© Stability condition with time-delay: ag > |a,|
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lllustration: acoustical cavity (cont.)

(2] 8;/2 = Essential spectrum
2(s) = /s Ne =100
T T

T T 0T

10 |outoff | 1 1 1 &5

% 51 [Continuous spectrumj 2 Bl

—10 -8 —6 —4 -2 0
R(An)

© Stability condition with time-delay: ag > |a,|
2(s) =ap+ e 100 N, =5 N, =1

. -2
t-off ‘ o] x o 10 1*0>< \
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R(An) R(An)

21



Aeroacoustics: Numerical method
ooe

[[lustration: time-domain simulation

Computational case Infinite 2D duct.
DG: N = 4. Mesh: Ny = 688.
Time-integration: CFL = 0.5. (LSERK (8,4) (Toulorge and Desmet 2012))

_ 2(s,x) = oo (Rigid Wall)

Acoustic pressure p

0.3

0.2

0.1
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[[lustration: time-domain simulation

Computational case Infinite 2D duct.
DG: N = 4. Mesh: Ny = 688.
Time-integration: CFL = 0.5. (LSERK (8,4) (Toulorge and Desmet 2012))

Acoustic pressure
0.3 \ P T d T

0.1} |
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[[lustration: time-domain simulation

Computational case Infinite 2D duct.
DG: N = 4. Mesh: Ny = 688.
Time-integration: CFL = 0.5. (LSERK (8,4) (Toulorge and Desmet 2012))

Acoustic pressure
0.3 \ P T d T

0.1} |
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[[lustration: time-domain simulation

Computational case Infinite 2D duct.
DG: N = 4. Mesh: Ny = 688.
Time-integration: CFL = 0.5. (LSERK (8,4) (Toulorge and Desmet 2012))

: 2(s,x) = -\/E (Soft Wall)

Acoustic pressure p
03 T T T T T T T T T
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[[lustration: time-domain simulation

Computational case Infinite 2D duct.
DG: N = 4. Mesh: Ny = 688.
Time-integration: CFL = 0.5. (LSERK (8,4) (Toulorge and Desmet 2012))

: 2(s,x) = 0 (Soft-Hard transition)

Acoustic pressure
0.3 \ P T d T

0.1} |
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Conclusion

e Time-local formulation (parabolic ¢ / hyperbolic ) of

realistic impedance model 2(s) = 1/\s + e °"
o W.P. & stability (coupled formulation (p,u, ¢, ¥))

e Stable DG formulation (ghost state g,) with dissipative
boundary operator Q

= High-order time-domain simulation (CAA)
= Eigenvalue approach to stability

e Proof extensions e Advanced applications
e Electromagnetics (CEM)

e Control problems
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Conclusion

© Introduction

© Acoustical case: Theory

© Aeroacoustical case: Numerical method
@ Conclusion

» Appendix

Thanks for your attention. Any questions?

(Contact: florian.monteghetti@onera.fr)
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