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AGENDA

e Continuous adjoint method for external aerodynamics

e Physical mechanisms of sound propagation to the interior
e OpenFOAM-based process for interior noise prediction

e Computing the adjoint aeroacoustic sensitivity maps

e Conclusions & future steps
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THE CONTINUOUS ADJOINT METHOD

FORMULATION FOR NS-EQUATIONS 4 Flow (primal) Equations \
e Optimization problem: ﬁ(ﬁ p,b) =
minimize the objective function: J = J(v, p, b) i RP=V-v=0
subject to: R(3, p,b) = 0 =0 Gt tTpe T

o at Y

*  Augmented objective function: L = ] + [, qRPdQ + [, U RvdQ

* Variation: 6L = &3, (]+fQ q RP ﬁ-ﬁ”dﬂ)+5b (] + [, qRPAQ+ [ t_i-}_?)”dﬂ)
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4 Adjoint Equations ) (" Sensitivity Derivatives: A
. Ri=V-u=0 oL j ou 613_'_[ ]dS
R(u,qg) =< > ou L o . — = —vVv—"—=—+[...
(@ q) R“=—E+—(v-|7)u—l7u-v—|7-ra+|7q=0 ob  Jg on on
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THE CONTINUOUS ADJOINT METHOD

\

\

4 Adjoint Equations
. RI=V-Uu=0
R ﬁ; — = aﬁ - — - o ~
(& q) R”=—E+—(v-|7)u—|7u-v—|7-‘ta+l7q=O
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a Flow (primal) Equations N\
R(#,p,b) =
i RP=V-v=0
| ﬁvzg—:+(ﬁ-\7)6—\7-r+\7p= 6/
4 Sensitivity Derivatives: )
SL ou ov
5 L —v%-%+ [...]1dS
g J

==y .



VOLKSWAGEN

aaaaaaaaaaaaaaaaaa

PHYSICAL MECHANISMS OF SOUND PROPAGATION TO THE INTERIOR

1. Noise creation Transmitted

2. Sound propagation to window sound waves

3. Structural vibration

4. Noise radiation in the interior

Stochastic noise

O (PO, - O8 -

Turbulence

Sound field
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PROCESS FOR INTERIOR NOISE PREDICTION 33 RE=V-v=0
. — RM=—+ @ V5-V-T+Vp=10
1. Noise creation (time resolved CFD) dt

OpenFOAM 2.1.1 |

IDDES Spalart Allmaras Hvdrod T

SnappyHexMesh for meshing ydrodynamic pressure
p on the mirror

<

2. Noise radiation (Kirchhoff-Integral) l ( 1 1 p
OpenFOAM 2.1.1 ’:j — (7 - +— (G -1)—| dS
Fully parallelised J I P mirror [7‘3 ( P cr? ( ) at]

O '

3. Structure vibration (Bending wavesq ( ) ,
OpenFOAM 1.6-ext Rw:a W+17 2\74w+n a—W+n ﬂivzw_p_:
Using finiteArea solver j L ot? Im' 29 3 Im' ot m'

U —

4. Sound propagation (Wave equation) BC on the window:
OpenFOAM 1.6-ext a 2
Castellated mesh in vehicle interior 4 52pa op —p a_W —

RP" = 52 + Vzpa =0 on dot?
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WIND NOISE PREDICTION

/1. Turbulent Flow \
U

2. Sound Radiation

g

3. Structural Vibration

&

/

SPL, dB

4. Cabin Noise

experiment

/ Time = 0.060000

simulation

with Imm mesh

valid up to 5 kHz

Frequency, Hz
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ADJOINT PROCESS FOR SENSITIVITIES COMPUTATION

/ Primal simulation \

[ 1. Noise creation (time resolved CFD) J _
time

@ O O O O o—>

[ 2. Noise radiation (Kirchhoff-Integral) J

Each time step has an effect on the following time steps

[ 3. Structure vibration (Bending waves)} \ /

@ / Adjoint simulation \

4. Sound propagation (Wave e uationJ _ o ,
[ Propag ( q ) What is the sensitivity of each time step?

@ time
O -O O O O >

. Experiment
| Simulation

Q’he information of this sensitivity has to travel backwards in timy

Fraquency. Hz
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ADJOINT PROCESS FOR SENSITIVITIES COMPUTATION

(" 4. Adjoint Navier-Stokes (1, q) )
OpenFOAM 2.1.1

Adjoint solver provided by ENGYS + in
house modifications

RI=V-u=0
S U 5
R“=—E+—(13-\7)ﬁ—|7ﬁ-17—|7-1'a+|7q= 0
BC on the mirror:
un = —q'
[q’zj f(z(x,t),x)dS
window
. 0%z D 0z Do _, d%q
R 6t2+n1_\7 Z—nza—n?, matv Z—C ’062:0

A

2
pat 974

[ — Ot?
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Checkpointing technique to save primal

\_ fields
@t

3. Adjoint Kirchhoff-Integral (q
OpenFOAM 2.1.1
Fully parallelised

10}

2. Adjoint Bending waves (z)
OpenFOAM 1.6-ext
Using finiteArea solver

I}

1. Adjoint Wave equation (g%)
OpenFOAM 1.6-ext

-
|
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ADJOINT PROCESS FOR SENSITIVITIES COMPUTATION

<o/‘-’ Adjoint aeroacoustic sensitivities on
the vehicle mirror

[ 1. Noise creation (time resolved CFD) J

&

[ 2. Noise radiation (Kirchhoff-Integral) J

-

[ 3. Structure vibration (Bending waves)}

¢

[4. Sound propagation (Wave equation)J

p.

. Experiment
) Simulation

1000
soncy. Hz
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[ 4. Adjoint Navier-Stokes (U, q) J

10}

[ 3. Adjoint Kirchhoff-Integral (q") J

@

[ 2. Adjoint Bending waves (z) J

10}

[ 1. Adjoint Wave equation (q%) J
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ADJOINT AEROACOUSTIC SENSITIVITIES

/

Simulation of the adjoint
aeroacoustic chain

N
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Red: push in to reduce interior noise

Blue: pull out to reduce interior noise

N

N
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ADJOINT AEROACOUSTIC SENSITIVITIES

4 M 4 M
Local Morphing Red: push in to reduce interior noise
- = 8 % reduction Blue: pull out to reduce interior noise
« J " J
- N £ A - N
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CONCLUSIONS & FUTURE STEPS

e Continuous adjoint method for interior noise prediction
developed and implemented in OpenFOAM
—including all steps of noise propagation from the flow
to the interior

* One-step optimisation performed as proof of concept

e Solutions for the bottlenecks of data handling and
computational cost are under consideration

* A complete optimization process will be performed in

the future

This work has been conducted within the |IODA project on
“Industrial Optimal Design using Adjoint CFD”

http://ioda.sems.qmul.ac.uk
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