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. (Dpl\’(}'sA(;n of Production engineering, Machine design and Automation

+ Noise and Vibration Research Group (MOD,

¢ Research staff
o 5 academic and 1 associated
o 1industrial research manager
o 11 postdoctoral researchers
o 61 PhD incl. 10 industrial PhD res.
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* Areas of research Application domains

o vibro-acoustics - energy and environment
o aero-acoustics - transport and mobility

o multi-body dynamics - health

o smart system dynamics - advanced manufacturing

o structural reliability & uncertainty E
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* Introduction:
o Flow-induced acoustics and vibrations
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Flow-induced acoustics and vibrations

Importance of virtual (acoustic) tools
Modern product design:

o Ever expanding and often conflicting design criteria
o Shortening of the design cycle

o Acoustic performance: growing importance
+ Customer demands
» Legal regulations

\ Numerical prediction techniques (virtual prototyping)
(+) Faster and cheaper than real prototype testing
(+) Sensitivity analyses
(+) Acoustic evaluation at all stages of design

|

This document is provided by JAXA.



20 FHIML 22T TEBR TR B JAXA-SP-15-013

Overview

* Mathematical formulations:
o Flow-induced vibrations

|

Mathematical formulation
Flow-induced vibrations

* Aerodynamic excitation:

Unsteady flow
- Stationary
« Homogeneous
« Fully developed
« Zero mean pressure gradient
 Structural vibrations:

Out-of plane bending

— Weak (one-way) coupling between aerodynamic field and
elastic vibrations in the structure

Mathematical formulation
Flow-induced vibrations

¢ Procedure (weak coupling)

Identification of Turbulent Boundary Layer (TBL) wall pressure from CFD

Structural dynamic calculation using TBL loading function

— Response PSD from TBL wavenumber-frequency PSD
and wave admittance
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Overview

* Mathematical formulations:

o Flow-induced acoustics

Mathematical formulation
Flow-induced acoustics

* Aerodynamic noise generation: unsteady flow features

¢ Acoustic waves: time-harmonic compressibility waves

governed by the same type of equations:
Navier-Stokes equations

Mathematical formulation
Flow-induced acoustics
Compressible Navier-Stokes equations:

* Description of:
« fluid motion
* heat transport
« compressibility effects: a.o0. acoustic wave propagation
« viscous effects

* All flow-acoustic interaction phenomena
- aerodynamic noise generation
- convective noise propagation

* Non-linear acoustic propagation effects
* Visco-thermal effects

|

Direct Noise Computation (DNC)

* Use scale-resolved CFD techniques to solve the
Navier-Stokes equations directly

Navier-Stokes equations

Sound generation and
| propagation

Scale discrepancies in CAA

_ Aerodynamic field Acoustic field

Smallest length scale Turbulent structures: Acoustic wavelength:
L, ~DRey”* (~1pm) A=c/f (~1cm)
Convected with the

mean flow velocity U,
(M = Uy/cy~0,3)

Propagation speed Propagating at the
speed of sound: U, + ¢,

(co~ 340 m/s)

Propagation distance Short (~cm) Long (~km)
Energy level p’: 100-1000 Pa p’: 0.2 Pa (80dB)
v: 1.0m/s

v': 5e mis (80 dB)

I low Mach, high(er) Reynolds

|
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Direct Noise Computation (DNC)

2| DNS/LES ¢

Sound generation
L and propagation )
- Most restrictive requirements of aerodynamic and acoustic
variables:
- Fine grid (turbulent length scales)
- Large grid (acoustic propagation distance)
- Numerical scheme with low dissipation and dispersion error

extremely demanding, not applicable for industrial applications

T

Hybrid methodologies
* Domain decomposition: L
o Source region: noise generation

f/
o Acoustic domain: noise propagation ':l-[_—;]: !

,

o Coupling technique:
« Equivalent sources (Acoustic analogies)
« Boundary conditions (Kirchhoff, Ffowcs Williams-Hawkings)

B = =g

[T ey o
P
T pe—
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Mathematical formulation
Flow-induced acoustics

Navier-Stokes equations Sound genera_tlon aite| J
propagation
DNS/LES

2| RANS
Sound generation

Hybrid
‘methodologies

Mean flow field J<

- —a

Acoustic propagation
equations

Stochastic
reconstruction

KU Leuven research activities

Navier-Stokes equations J

Acoustic propagation
equations

Sound generation Stochastic
g ) reconstruction

Hybrid
methodologies
Mean flow field I<

fome
L propagation

KU Leuven research activities

Navier-Stokes equations J
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und generation
Hybrid
methodologies
Mean flow field J<

Acoustic propagation
equations

Stochastic
reconstruction

- propagation _

Acoustic propagation equations

Compressible Navier-Stokes equations:
< All flow-acoustic interaction phenomena
- aerodynamic noise generation
. noise p
« non-linear acoustic propagation effects
« visco-thermal effects
L. Sound generation

Navier-Stokes equations

Acoustic propagation
equations

Mean flow field

II

* Often simplifications are possible:

« LNSE, LEE, APE, CWE, AWE, ... \ )

I

Acoustic propagation equations

Linearized Navier-Stokes Equations (LNSE)

Assumptions:
o variable decomposition is possible and mean flow field is known
(from e.g. RANS-simulation)

AT o= @F )% T
WIF o= W (T 0+
T o= T BT,

o non-linear effects can be neglected: linearization of the equations
o the acoustic waves do not influence the mean flow field:
one-way interaction
o viscous effects are considered small enough to assume
isentropic flow

T

Acoustic propagation equations

(isentropic) Linearized Navier-Stokes Equations (LNSE):

o Continuity:
9p' + 9(pott'y + p'uor) —0

at 0x,
o Momentum:

dpou's | dpot'suor  Op' , . Jups 07’5y
ot T ox, tox TP FPU) GG m=0
, v’y ou', 20u’y
For = "(ax, o 3w

o Energy: isentropic flow
', VP
7= Co

ap Po
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Acoustic propagation equations

Linearized Euler Equations (LEE):
additional assumption: viscous effects negligible

o Einstein notation:

o .
=" Ela-i-.ﬂf.-l-f—.-.n
o . LT [ ' arr P
:;_I_u.u.-—:"—I-ull.[_pl—F-"-I"'qul_,"'_r[,.:-'lh—l-fq.-.
L L P . W LR
?1-;.! il + Pl + 1y — 1 Bn g = e

) of oE oF  of :
o Vector notation: i+ 5+t v H =¥

o Matrix notation: 2% +ﬂlﬂ +C=5
[T

C ——

Acoustic propagation equations

avoiding unstable solutions of the LEE (no viscous
damping — vorticity and entropy modes):
* Neglecting terms containing mean flow gradients
= mean flow gradient suppression

* Alternative formulations based on the assumption of an
irrotational and isentropic acoustic field = APE

o
]

I P -4‘5} = o

o v (7)o (L) n T
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Acoustic propagation equations

Convective Wave Equation (CWE):
additional assumption: uniform mean flow

B e 5 T

[P . ,
i v (80 i) e (1 - AG) T m

] ]

where:
| = convective amplification/dissipation
II = shift in wavenumber with factor (7-M,) or (1+M,)

Ea— (e

Acoustic propagation equations

Linear acoustic wave equation:
additional assumption: quiescent medium

Acoustic Wave Equation (AWE):

'-E,%-J = V(T ) =8T.1)
L]
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Acoustic propagation equations

Comparison of propagation equations

Linearized NS | Euler
non-linear effects

viscous effects

| any | any | any | any |unifom | rest |

type of mean flow

convective:
refraction

convective:
amplification

convective:

wavenumber shift
convective:
directivity change

—a

Acoustic propagation equations

Simulation of acoustic propagation:
- equations defined in time-domain:
- natural description of source mechanisms
- convenient interfacing with source information from
unsteady CFD
- efficient formulation for broadband and transient
phenomena

- assuming time-harmonic behaviour: frequency domain
- faster
- only steady-state behaviour

Acoustic propagation equations
time domain vs. frequency domain

o small perturbations
o no viscosity
o homogeneous
(no flow, no (T,v) gradients)

o speed of sound ¢
o fluid density pg
o source distribution g

1%y _ _ 9qrt)
2 ot 0 5

Acoustic Wave Equation

v2p(r,t)- VZp(r)+ k* p(r)=—jpowq(r)

Helmholtz equation:

time domain frequency domain

assuming steady-state response

for time-harmonic excitation: c=rf

p(x,y,2,t) = Re{p(x,y, 2)e/*t} = m

Overview

* Numerical solution strategies (@ KU Leuven):
o for time-domain LEE

|
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Modeling tools for the LEE

Overview spatial discretization:

—
Spacrsl Mathods Conminuous Finiis Elsment Mathads
Psuds-Spactnl Msthods | cisconiruicus Feie Exemen tieos|
Residual Disfribution Methods

T

Modeling tools for the LEE
Finite differences

Basic principle:
domain discretization

e, e ==

- ~N - ~N
Ly LT = X
oL U =5 P _ i Za .

+ boundary conditions o
- ) - )

Add artificial selective damping to avoid ‘unphysical’ and

‘unstable’ high-frequency oscillations., E

Modeling tools for the LEE
Finite differences

some key properties

+ straightforward implementation
- difficult BCs on large stencils
- difficult to change integration scheme

- low to moderate geometrical complexities

( - stability restrictions on time step

afaix) Za e /Ax)l

- J

Modeling tools for the LEE
Discontinuous Galerkin

Basic principle:
domain discretization

=)

e R e R
ay  Aagh
— = Np
2ty tCU=S UL ()= Zb U0
+ boundary conditions k=

AN J AN J

Y 4
[ ——(M‘A)F Z(M 'B,)F" ]

e

Modeling tools for the LEE
Discontinuous Galerkin

Galerkin approach:
o Multiplying LEE with base function b,
o Integrating over each element Q
o Weighted residual formulation + partial integration

JI‘ b.r‘w Ly &uu }rm-r‘[ B FE 0, 0 m 0, kw1, N

wm *'”’ {J ::-’m urrrzﬁ Bb° sl [r":u’-:

edge

Only communication between elements through inter-
element flux

Modeling tools for the LEE
Discontinuous Galerkin

some key properties

+ easy parallellization

+ straightforward implementation
of B.C.

+ arbitrary order of accuracy

4 N
N(pd)

US(F= Y b (AU ()
k=1

+ grid flexibility

+ efficiency

- storage cost for 5 DOF’s

- quadrature demands CPU-time

AN /

T —

Modeling tools for the LEE
time-integration

Time advancing: p-stage explicit Runge-Kutta scheme

B = e, ]
0¥ = W)+ P
L, + &) = 7

farls .5

Spatial DG discretization: optimized Runge-Kutta integration:
o High-order accuracy
o Low dispersion and dissipation error

Time step imposed by stability considerations

KU LEUVEN

Toulorge, T., Desmet, W. (2012). Optimal Runge-Kutta Schemes for Discontinuous Galerkin Space
Discretizations Applied to Wave Propagation Schemes. Journal of Computational Physics, 231, 2067-2091

KU Leuven innovations

1. optimized Runge Kutta schemes

2. time domain impedance boundary condition based on
recursive convolution

3. source mean flow mapping and filtering
4. Random Particle Mesh (RPM) method

5. modelling tools for the Linearized Navier-Stokes
Equations (LNSE)

e
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KU Leuven research activities

Navier-Stokes equations J

Sound generation reconstruction

> |
I —
Acoustic propagation —
equations > RANS
Stochastic

Hybrid
‘methodologies
Mean flow field
S

L propagation m

Hybrid methods: Coupling techniques

* Hybrid methods: domain decomposition
o Fine CFD grid (source domain)
o Coarser acoustic grid (propagation domain)

* Coupling: mapping of data
from the CFD grid to the
acoustic grid

o Mean flow field
o Source data

Interfacing schemes: Mean flow mapping

[FILTERY
least squanes

EVALLATION > FITTING

Liriada coder o 4 order g S5 p

-ﬂl!rpul:ty'

L Hgwmp

] oo proRsction
' PROPAGATION

ondes p

ER—— e

Interfacing schemes: Mean flow mapping
Tandem cylinders case

Mean flow from RANS I=

(250 414 cells)

Acoustic grids

Reference grid: 196 516 elements, ~ Coarse grids: 63 040 - 92074 elements, ~# 1 & & & W W & =
th order shape functions

7th order shape functions

Interfacing schemes: Mean flow mapping
Tandem cylinders case

L

'Qll_!
=
Ii

Mean flow from RANS

(250 414 cells) . L
Additional filtering step

,n < nco

(n) {1
a(n) = gia(n ncoy,

p-nco) n > nco

Acoustic grids

Reference grid: 196 516 elements, ~ Coarse grids: 63 040 — 92074 elements,
7th order shape functions 7th order shape functions

E—— (e

Interfacing schemes: Mean flow mapping
Tandem cylinders case

poz! q-um-e'

ingyl *cq—-n,=4 not workin
D b | q. 0 - g
e * different mean flow
LI | approximations of the same
P == order s similar results
B M e _nl o thelower the order of the
" mean flow approximation,
w o= LB w . the more stable the
« Error values associated with simulation

the intermediate mesh . [
+ Different orders used for the error less than 0.1%

fitting mesh and different cut-
off degrees used for the filter

|

KU Leuven research activities

Navier-Stokes equations J

— |
I —
> RANS
Stochastic

Sound generation

Acoustic propagation
equations
reconstruction
Hybrid
‘methodologies
Mean flow field J<

J —

o
( propagation

Source region modelling: Numerical

Noise generation: unsteady flow field
- scale-resolving simulations (DNS, LES)
- computationally demanding
- conservative interfacing scheme (mapping) needed

- steady flow simulations (RANS) + stochastic
reconstruction

- reconstruct unsteady variables from steady RANS
Stochastic Methods
* SNGR (frequency-domain)
* RPM (time-domain)

|
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Source region modelling: RPM Source region modelling: RPM

Random particles convected at U, I EvaLmtrms N
o a1
egmies .-//'

Acoustic sources:
- structured RPM mesh

(Smaller) source zone
+oo

1 S .
e \/%J; [%K)]Z]c()cr)dx . _JO; Glx— x"dx" | Additionlal_fil}e_iri'ng

Gl

=

~

RANS-solution: Uo, k, €

Random particle strength

Filter kernel

N

—_—r
il prow

1 ' ’
] F
#

Energy spectrum and spatial/temporal correlation

Acoustic propagation solver: DG LEE
=uxw +oxu +u X - Unstructured mesh
Acoustic sources

- High-order elements . ' w

Modelling tools for the Helmholtz equation

Overview Finite Element Method
domain discretization
— \ 4
\7 )+ p(r) = 0(r) 3
P = p(r)= L Ni(r).p;
| + boundary conditions J | i=1
* Numerical solution strategi KU L : ) B 5 E
umerical solution strategies (@ euven) Qy V4 : I:;?ilori i
° imple (polynomial)
o for frequency-domain vibro-acoustics [([Ka]+ ja)[Ca]— o [Mu ]) {pi}z {Fa}] N prfoiin’z:gor?s a/
Modelling tools for the Helmholtz equation Modelling tools for the Helmholtz equation
Finite Element Method Finite Element Method

* interpolation and pollution errors
some key properties

geometrical flexibility /‘\ /’\ /‘3\ /’S\ lﬂ\ /’S\
frequency independent

submatrices

banded sparse matrices v v U v V v

low-threshold automation

(very) large matrices
computationally demanding
meshing effort
interpolation/dispersion error,

sufficient number of elements per wavelength ...

... frequency limitation m

Modelling tools for the Helmholtz equation Modelling tools for the Helmholtz equation
Boundary Element Method Boundary Element Method

boundary integral formulation .
boundal
p(r)= ‘ 4

discretization

a(rr,) pe
(r,) AdY(r,)
n[p T " -

+ [ipG(r.r) v, ()X, % )= Nilra o
o J

1 o S N7
7,
[41pi}=[B]vui}

o a priori defined
o
+ boundary conditions

some key properties

+ unbounded domains
+ small matrices
+ only boundary mesh

dense matrices

frequency dependent
computationally demanding
interpolation/dispersion error

simple (polynomial)
L approximations
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. . KU Leuven innovations
KU Leuven innovations Efficient Wave Based Method

Wave Based Method

Modelling tools for vibro-acoustic simulation

p
1
1. efficient Wave Based Method (WBM) for Helmholtz “‘5(

problems

large subdomain

=
o
=

complex wave function

il
m
=

2. efficient inclusion of TBL excitation models

node simple shape function

m small element m

KU Leuven innovations Modeling tools for vibro-acoustics
Efficient Wave Based Method for acoustics Wave Based Method
indirect Trefftz approach:
approximation of the field

variables by expansions of
globally defined, exact solutions:

7y

Zpu (x2)+ D, (%)

) ) cos(k,x)e” i
acoustic wave functions: [0} ( X )
e cos(k,,»)
particular solution (point source): p (x y) p04 4 Hy 2 (kr )
o’ ’
requirement: K.+ kﬁa k=% ('« solutions !)

2

C
Jonckheere, S. luymers, B.,

Vandepitte, D., Desmet, W. (2014). The Wave Bai sthod: an overview of 15 years of research. Wave Motion, 51, 550-565

EULEUVEN

Modeling tools for vibro-acoustics KU Leuven innovations
Wave Based Method Efficient Wave Based Method

} FEM and WBM:

some key properties

Same computational efforts
(40 sec/frequency) small models
computationally efficient
no/reduced dispersion

easy refinement

moderate geometries
frequency dependent

dense and complex matrices
ill-conditioning

Bl E‘A\ -_%}\,.ngm_ ”‘MIMM fll,iﬂk‘ke

measurement i
FEM -

H
--""""H""""'"'lv

KU Leuven innovations KU Leuven innovations
Efficient Wave Based Method for thin plate bending Efficient inclusion of TBL excitation

KU LEUVEN

Deckers, E., Atak, O., Coox, L., D'Amico, R., Devriendt, H., Jonckheere, S., Ku, K., Pluymers, B.,
Vandepitte, D., Desmet, W. (2014). The Wave Based Method: an overview of 15 years of research. Wave Motion, 51, 550-565

- ) _ F .
«werty, Kirchhoff equation: T i, v — kjwy v, 3] = e ) Response PSD from TBL PSD and wave admittance

1o e _
n, mJ'r Jr Sppl ke biih [Hy s [ iy by,
oo o
Out-of-plane bending w,(x) = Z cpWp (%) + Wr(x) 1
b=1 B ] .@ @L Ky r Ny -
N &

W, (5,50 = cos{ky, x) expl =jky, ,¥)

Bending wave functions: {

Wi (x, v) = expl =jkp, x) cos{ke ) Improvement 1: Improvement 2:
Faster calculation using WBM Generalised Corcos
« Complex wave functions ¢ Tunable
Particular solution (point force): we(x) = Bk n ] « High efficiency *  Low wavenumber decay
« Multiple RHS « Complex residue integration

. hw? i
Requirement: kb’x4 + kb,y4: ky* = % (e solutions 1) — Faster response prediction

KU LEUVEN KU LEUVEN
Deckers, E., Atak, O., Coox, L., D'Amico, R., Devriendt, H., Jonckheere, S., Ku, K., Pluymers, B.,

Jonckheere, S., Vandepitte, D., Desmet, W. (2015). A Wave Based approach for the dynamic bending
Vandepitte, D., Desmet, W. (2014). The Wave Based Method: an overview of 15 years of research. Wave Motion, 51, 550-565

analysis of Kirchhoff plates under distributed deterministic and random excitation. Computers & Structures, 156, 42-57
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KU Leuven innovations
Efficient inclusion of TBL excitation

Response PSD from TBL PSD and wave admittance

1= g .
|Tjj[ f Spplke. by ) |[Ho (5. by by, )| kg,

| -

2mm clamped aluminium plate under Corcos TBL

Jonckheere, S., Vandepitte, D., Desmet, W. (2015). A Wave Based approach for the dynamic bending
analysis of Kirchhoff plates under distributed deterministic and random excitation. Computers & Structures, 156, 42-57

Overview

* Conclusions

PR—— e

Conclusions
¢ Aerodynamic versus vibro-acoustics phenomena:
Large disparity in energy/length/time scales
¢ Numerical schemes:
Balance between accuracy — stability - efficiency
¢ Hybrid approaches:
noise/vibration generation — noise/vibration propagation
¢ KU Leuven approaches:
o DG methods for LEE
o mapping techniques (for mean flow and sources)
o RPM for stochastic source reconstruction
o Wave Based Method for (TBL excited) vibro-acoustics

 ——

Thank you

Wim Desmet

Celestijnenlaan 300B — box 2420
3001 Leuven, Belgium

+3216 32 25 27
wim.desmet@kuleuven.be

www.mech.kuleuven.be/mod
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