N < =
<t & N 2 S -1=7F
% S 2O e o /N/);
— B%m. 8 Qs
O s X 5 I
2t = >y C// 3
0 C =9 NI
(@) o
LL m.mM
V O £ ©
c =7
N earuw, S
N ol
\ -

Wind No

get it right®

www.esi-group.com



e‘n The challenge

get it right®

e« Turbulent flow generates convective and acoustic
pressure fluctuations on side glass,

e« This energy can potentially be transfered inside a
vehicle

.esi-group.com X _ : _
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e\n Physical mechanisms

get it right®

e Pressure fluctuation on mirror

= Pressure fluctuations on mirror rear face and Apillar generate
acoustic waves that propagate towards side glass

= Acoustic waves travel with specific heading
= Associated to a dipole source (surface terms)
= \NVaves travel through side glass to driver's ear

t
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e\n ' Physical mechanisms

get it right®

-

@ e Pressure fluctuation on side glass
= Pressure field includes convective and acoustic component
= Acoustic comp. ~30-40 dB smaller than convective
= Both components contribute to SPL at driver's ear
= Pressure field generates acoustic waves away from side glass
= |nterfere with incoming acoustic waves from A-Pillar and mirror
= Has negligeable impact on driver‘s ear SPL
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e\n Physical mechanisms

get it right®

e Acoustic sources within eddies

= Eddies generate acoustic sources associated with quadripole
acoustic sources

= Close proximity to side glass
= At automobile speed, this term is negligeable

www.esi-group.com : : : :
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Effect of cross-correlation function
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~¥ Propagating Wavefield
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N il
T —_ \\/;//’ﬁi“x
\_xﬁ\ T ] ™
L“‘-\ ‘\\.\‘:_.)._’-\
-
-

1000

Frequency (Hz)

Note that the Turbulent Corcos load yield
approximately 30 dB lower SPL than the
DAF, and 10 to 30 dB compared to the

PWF due to the different spatial correlation

characteristics of each load.

www.esi-group.com

Glass panel of 1 m? and thickness
3.5 mm in contact witha 1 m3
acoustic cavity and excited by:

1) TBL (Turbulent Boundary Layer :
Corcos , 40 m/s mean flow)

i) DAF (Diffuse Acoustic Field)

i) PWF (Propagating Wave Field)

Propagating
Wavefield

Diffuse Acoustic Field

Corcos model @vaone
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e‘n : Outline

get it right®
— Overview of available approaches

- /
" Validation of aero-vibro-acoustic (AVA) models A
Sy SN - RN

I )
[ Conclusions
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C/i Outline
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Overview of available approaches
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FlOk Loltzh

Source characterization

=051/ OCESSITY"

- |
IS

Extract Convective
component

CFD
Incompressible

——weeewey——
ol‘l/

Extract Acoustic
component

& |

CFD
Compressible
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Modal Forces

Source characterization
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CFD
Incompressible

CFD
Compressible

Source characterization

ISMA2012

Corcos model of Turbulent Flow

Corcos mode! descrbes a spatially stationary pressure field
Spp depends on distances betwesn points along the fow and cross fow
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cet it r gh|t® Source characterization

ISMA2012

Source characterization o 1D wavenumber transforms

ﬁf%'f— 2 PST T OrEEe - f‘ P(X.t] - P(X,w))-> Rpplax,w) -> Rpplks,w)

PiX.t) == P(X.w) | -=Rpplav.w) -=Rpplky,w)

'_ _1 l | —— 3 A‘:ff [ ; Lrows o
— e - ]
b)) = ! :

. . E B : ;

Extract Convective

alalaalala a
e m-ﬂ'mnmﬁm‘l‘m
T iHi

@ 2D wavenumber transforms
PIX.t) > P(X,w) )= R, [&x Ayw) == R [k, ky,w)

670 Hz ) 2800 Hz

Incompressible uE
fe
BEM
ot | e H @ Computing acoustic component —
® - @ 17
—_— Computed by integrating 2D t |
CFD Modal Forces spatial correlation function | i AR
Comp ble within the acoustic circle il TP
9 'ess v L o - i
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Source characterization

Lok Lortzh - OStF-/OCESSIITY"

CFD
Compressible

Source characterization

BEM wave propagation from

fluctuating surface pressure
Based on Curle formulation of Lighthill equation

Similar ideas In. Schram (2008}, Watrgant et al (2009)

Mot nesded for flow below 0.3Ma

(120,00 =17, 20 ()5 x Y - Hm.n. KV (x)

Equivalent fo volume source ferm -
1 : ¥ HG-G)
ox

n (x)dS(x)

Equivalent o surface source ferm. —= +ff-’.

@ Compute incompressible CFD

Sl —g),
oy

Vip =-

@ Apply hydrodynamic (CFD) loads to BEM model

E:‘LE; ﬁ}n[ﬂd‘s{x}
o
@ Recover pressure at any field point
oG ; G -G) :
Yi=[p —n(x}dS{x)+[p ——=n (x)dS{x
P.Y) =[P, 2 on XIS + [p, ==, (1048 (x)
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-

Source characterization

Tk dieh LOSUTOCESSTIT

CFD
Incompressible

CFD
Compressible

Source characterization
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e‘n Methods used
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Source characterization Vibro-Acoustic model

oW At =05/ OCESSIITY" SONICE" 5/dSS eror
| ol I
| V. \5 —
| R i_': <4<
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component

SEA SEA

f {
| .
° - §L
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i 1
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» Al LE .
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B Convective component [l Acoustic component [l Both components
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e‘n : Outline
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— Overview of available approaches

- /
" Validation of aero-vibro-acoustic (AVA) models A
Sy SN - RN

I )
[ Conclusions
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e\n Description of structure

get it right®

90mm
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CJi
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VA One model

Interior cavity is
represented with BEM

Side Glass is represented as a
FE Structural Subsystem

www.esi-group.com : : : .
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[1245]
[1245]

[1245]

e Quad mesh
e Elementsizeis 10 mm

FE glass model
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e Mixed boundary condition applied on every 9" node on edge of Side Glasses
 Damping Loss Factor estimated from modal damping
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v righlt® Model for obtaining interior damping

o

—

“Noise Control Treatment on interior SEA walls used to predict interior damping.

PU FOAM* Heavy Layer**

Side Glass Density (kg/m?) 90 Density (kg/m?) 2000
Tensile Modulus (Pa) 10000 Tensile Modulus (Pa) 40000000
Shear Modulus (Pa) 3703.7 Shear Modulus (Pa) 13790000
Flow Resistivity (MKS Rayls/m) 68300 Poisson’s Ratio 0.4503
Poisson’s Ratio 0.35
Loss Factor 0.98 *From HSM_Property_Info(from 2013 BMT).ppt
** From HSM_BEM_110KPH_yaw0.val
Porosity 0.879
. Tortuosity 3.31
Noise Control Treatment
Thermal Length (um) 0.00012174
Viscous Length (um) 0.0009483
Lap«ip oos Contrad Trestresti w
E e AEVRCT
PU 20T HEAVY LAYER 2T x 2LAYERS gl S | s | femois B L b ”T:'
=Total 4T R A A | |
3 Gy T - L (] 4 4 P et
e i o — Tt — e
:m“m-_q BT R S - I S ::IT
PU 20T x 2LAYERS '
=Total 40T ﬁ‘
Fogstn —
g el o i |
AL 12T _ o
| I sl :I = - Al )
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BEM cavity model
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 TRIA mesh for interior surface mesh of cavity
 Elementsizeis 10.4 mm
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eﬁ -4 Validation of the model
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Location of the sensors and excitation points
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Comparison of FRF on the side glass
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Comparison of FRF on the side glass
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Comparison of FRF on the side glass
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Comparison of FRF on the side glass
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FRF from glass to microphones
(1/3'9 octave band)
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FRF from glass to microphones
(1/3'9 octave band)
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FRF from glass to microphones
(1/3'9 octave band)
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FRF from glass to microphones
(1/3'9 octave band)
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(" Validation of aero-vibro-acoustic (AVA) models
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e\n Steps for CFD simulation

get it right®

= Meshing (shappyHexMesh)
= Few design iterations are required to ensure flow will be captured in
all relevant areas.
e Steady state incompressible simulation (simpleFoam), to
have meaningful flow conditions at the start of the transient,
and reduce the ramp-up effects.

= Transient incompressible simulation (pimpleFoam, IDDES):

= Max courant number of around 1.5 .

= |nitially, the wall pressure data is not saved as the turbulent flow
needs stabilising.

= After some time, wall pressure data on side window and Apillar is
saved and exported to VAOne.

= This is the most time consuming part as requires a few days to run.
e Simulation done in Rescale (www.rescale.com), with 128
CPUs.

www.esi-group.com : :
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All the boundary conditions were set far away
from the car, so that they did not conditioned
the results in the areas of interest.

Model definition
Windtunnel

www.esi-group.com
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e\/i Model definition

get it right® Mesh

e Only the -Y (LH) portion of the model was simulated In
the CFD process.

= Plane at Y=0 m defined as symmetry Plane for all cases.

= \esh size around A-Pillar, side window is 2 mm.
= Refinements restricted to areas of interest.

= 7 prism layers to improve the flow prediction in the boundary
layer.

= [inal cell count 58 Million cells, mostly hexaedral.

= Meshed using blockMesh+snappyHexMesh approach.

= Maximum non-orthogonality below 65 deg.

www.esi-group.com =
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Model definition
Mesh

www.esi-group.com
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e\/i Model definition

get it right® simpleFoam

e Steady state incompressible simulation done with
simpleFoam In 2 steps:

= [irst few hundred iterations done in first oder, for better
numerical stability (20% of the simulation length).

= Switch to second order in all equations to complete the
remaining 80% of simulation length.

88888

L] a88 1686 1586 20688 25688

= OpenFOAM v2.3.0 was used.
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e\/i Model definition

get it right® pimpleFoam

e« Transient incompressible simulation done with
pimpleFoam:
= Simulation done in Rescale (www.rescale.com), with 128 CPUSs.
= Turbulence model Spalart-Allmaras IDDES.

= Timestep in the range of 1e-5 s, producing a maximum CFL
(Courant) number of around 1.5.

= A|l variables calculated as second order.

= [irst few hundreths of second were ignored for wall pressure
result, to allow the eddies to generate and travel downstream

= Once the flow conditions stabilised (approx 0.1s), wall pressure
data was recorded.

= OpenFOAM v2.3.0 was used.
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Results
Pressure on side window

: 8.9
1 o.8 8
1 8.7 -560
1 9.6 -1060
1 8.5

-1500

1 8.4
1 @8.3

! 8.2
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GJ] - Results

get it right? pimpleFoam, flow at time 0.2 s

o

—
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GJ] - Results

get it right® pimpleFoam, velocity at Y=-0.30 m
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» Surface pressure from CFD simulation is mapped to the FE mesh with element size
2.11 mm.

* Mean pressure removed to keep only fluctuating surface pressure

 Hann window is applied for FFT
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Source characterization
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@ﬁ ) CFD Surface pressure

get it right® Imported on Apillar

o

,..--1“"'4‘ ' = Overall Level

Pressure M?nitudc RMS
B
ref=2¢-5 Pa

136.3
1301
1258
120.6 @
153 .
101 .
1048
9954
94 28
£9.03
83.77
78.51
7325

68
62.74

57.48
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Acoustic pressure

Overall Level
Pressure Magnitude RMS
ref= g«ES Pa
103.1
101.3
99.46

97.65

9583

9401

92.19
90.38
88.56
86.74
84.93
83.11
81.29
79.47
77.66

75.84
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Acoustic pressure
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Acoustic and convective components

get it right® on the side glaSS
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S:{:! SEA Model for acoustic contribution

I
e

The average pressure on side glass obtained
from exterior BEM is used in DAF

o SIF (Semi-Infinite Fluid) is located at LH mic

o Side Glass is represented with SEA
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GJ] - Interior SPL

get it right® Convective and acoustic contribution
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- AVA Methodologies
get it right®
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e\n Notes on results

get it right®

e \/ery preliminary results
e CFD

= Computation should be ran for a longer period, idealy 0.5
seconds to ensure convergence

= Final results should be lower for both convective and acoustic
component

o \/A
= Model should be fully computed with BEM for best accuracy

= SEA could be used to represent interior cavity in combination
with FE glass
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e‘n : Outline

get it right®
— Overview of available approaches

- /
" Validation of aero-vibro-acoustic (AVA) models A
Sy SN - RN

I )
[ Conclusions
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Conclusions
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e‘n Conclusion

get it right®

e The BMT4 benchmark baseline has been studied

= Due to computer ressources and engineering time
availability, a CFD compressible simulation was
performed instead of the planned compressible run

= A vibro-acoustic model has been coarsely validated
and a combination of BEM, FEM and SEA were used
to generate results in time for this conference

= |nitial results show typical trend but are overestimated

= On-going activity should yield highly accurate results
In the near futur based on other project success
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Thank you
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