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Introduction

Aeroacoustics: study of the generation and propagation of sound in moving fluids

Sound generation
Turbulent flows

Aerodynamic forces on surfaces

Sound propagation

Convection and refraction effects due to the

flow
. . Monopole source pulsating at 5 Hz
Also accounting for surface scattering effects
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Introduction

A few orders of magnitude

Sensitivity of human ear Infrasound Human hearing Ultrasound

Audible frequencies: 20 Hz—20 kHz 20He 20kHz frequencies
Increased sensitivity: 1 kHz—4 kHz

Measu ring sound? Common sounds Sound levels (dBA)
Several units: dB, dB(A), ... Jet taking-off at 60 m 130
Human perception

weakest sound [COHB Rock band at 5 m 110
painful sound > 120 dB Jet flying-over at 300 m 100
Regulations
per application: aircraft certification process,
household products, ... Normal speech at 1 m 65
. . . Busy office 60
per region: european, national, regional
legislations
Leaves rustling 30
Speed of sound
. . Breathing 10
Air at 15°C: 340 m/s Threshold of hearing 0

Water at 20°C : 1300 m/s
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Introduction

Sound propagation over long distances

Adapted from Wilson et al., 2015
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|
Objectives of this lecture

Focus on the predictions of sound produced by turbulent ows
How to tackle aeroacoustic problems using numerical methods?

Challenges and practical applications
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Outline

Introduction

Examples of aeroacoustic applications
Wind turbine noise
Aircraft noise

Sound generation and propagation in turbulent ows
Modelling turbulence
Direct Noise Computations: main challenges & methods
Hybrid approaches
Acoustic analogies
Wave extrapolation methods

Conclusions
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Wind turbine noise

Main sources of sound

Mechanical noise: nacelle (gear box)
Aerodynamic noise: blades

www.siemensgamesa.com

Many sound sources can be reduced with a good
blade design

https://en.wikipedia.org/wiki/Strata _SEl.com www.siemens.com
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Wind turbine noise

Multiple aerodynamic sources of sound

Low frequency noise: emitted by the blade when it
encounters a change in wind speed due to the
presence of the tower and wind shear

Turbulent in ow noise : turbulent eddies of the
atmospheric boundary layer interacting with the blade

Blade self-noise: due to the interaction of the airfoil
with the turbulence that develops within its boundary Oerlemans et al. (2007)
layer and wake

Flow conditions producing blade self-noise
Brooks et al. (1989)
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Aircraft noise

Multiple sound sources

Depend on the ight conditions

Source: https://www.rolls-royce.com

Main sound sources for conventional
medium-range commercial aircraft:

At take-o In approach

Bertsch et al. (2015) 9/58



Turbofan engine noise

Multiple noise sources fan - compressor -

combustor - turbine - jet

Dual stream turbofan
Source: ENOVAL project report

Source: Sjoerd W. Rienstra's web page (www.win.tue.nl/ sjoerdr/)

Di erent nature
Tonal noise (periodic phenomena)
Broadband noise (turbulence)
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Lighthill's equation

Exact combination of the compressible Navier-Stokes equation s (Lighthill, 1952)

@ ° 2202 @Ti;
@2 ' @i

I Sound propagation modeled by the standard sound wave equation

I Lighthill stress tensorTi; = uiu+(p° ¢ 9 i

uiuj: Reynolds stresses - non-linear e ects turbulent ows

0 2 0

Ci

p . non-isentropic e ects! unsteady heat source (combustion)

i;j describes viscosity e ects (often negligible)
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Jet noise

Jet
Sheared ow:

Jet diameter D
Flow speedu;
Fluid viscosity
Speed of sound;;

Jet noise/ u?

Sound source mechanisms (for subsonic Subsonic jet at Rep = 5500.
. Liepmann and Gharib (1992)

ows) related to the dynamics of the
turbulent structures

Coherent structures

Low-frequency noise in the jet direction

Fine-scale turbulence

Broadband noise component
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Jet noise

Jet

Sheared ow:
Jet diameter D
Flow speedu;
Flow viscosity

Subsonic jet at Rep = 5500.
Speed of sound;; Liepmann and Gharib (1992)

Sound source mechanisms (for subsonic
ows) related to the dynamics of the
turbulent structures

Jet noise/ u®

Reynolds number

Rep = uyD _ D?= _  viscous time
D=y; convective time

Turbulence develops forRep 1 Subsonic jets atRep = 2500 (top) and

Rep = 10 (bottom). Dimotakis et al., 1983
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Jet noise
Example of isothermal subsonic jet Broadband sound spectra
simulation
Often 2 to 3 orders of magnitude
between the smallest and the largest
acoustic wavelengths
=20 from jet direction
LES atRep =5:7 10° Typical pressure spectrum in a subsonic jet
Vorticity modulus (color), pressure uctuations (grey), Reproduced from Tam (1998)

from Le Bras (2016)
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Jet noise

Need to account for realistic ow
conditions

Jet nozzle
turbulence levels at the nozzle
exit
geometry details
(chevrons, central core)

Installation e ects Subsonic jet atRep =5:7  10° from LES

. : Instantaneous vorticity eld near jet nozzle
proximity to the wing for di erent turbulent in ow conditions

Source: Le Bras (2016)
Sound eld predictions in the
far- eld region

sound travels over large distances

Source: Williamschen et al. (2017)
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Sound generation & propagation in turbulent ows

Large disparity of scales

Variety of spatial scales:

Di erent turbulent scales
Acoustic wavelengths  characteristic size of turbulent structures

Variety of time scales

Broadband acoustic eld
Low frequency noise: long physical times to be simulated

Variety of magnitude orders:
Acoustic perturbations  hydrodynamic perturbations (4 orders of magnitude!)

16/58



|
Sound generation & propagation in turbulent ows

Large disparity of scales

Variety of spatial scales:

Di erent turbulent scales
Acoustic wavelengths  characteristic size of turbulent structures

Variety of time scales

Broadband acoustic eld
Low frequency noise: long physical times to be simulated

Variety of magnitude orders:
Acoustic perturbations  hydrodynamic perturbations (4 orders of magnitude!)

Resolution cost?

Need to identify characteristic scales!
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Modelling turbulence

Large variety of spatial scales to model

Large turbulent scaled.s

Kolmogorov turbulent scalel (smallest scales)

Balance between production/dissipation:

Ls 3=4 N
| — = 1
! I ReLS I estimation of |

Turbulence energy spectrum

A.N. Kolmogorov (1903-1987)
Source: Chaumont et al. (2007)
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Resolution cost of aerodynamic noise

Scales in turbulent region

Large turbulent scalesLs and smallest onesl
Reynolds numberRe_ = usLs=

Size of the source region s

Flow speedus

Characteristic time Ts = Ls=us

Scales in acoustic region

Frequencyf ! acoustic wavelength 5
Speed of soundc; , ow speed uj
Mach number M = ug =c;
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Resolution cost of aerodynamic noise

Scales in turbulent region

Large turbulent scalesLs and smallest onesl
Reynolds numberRe_ = usLs=

Size of the source region s

Flow speedus

Characteristic time Ts = Ls=us

Scales in acoustic region

Frequencyf ! acoustic wavelength 5
Speed of soundc; , ow speed uj
Mach number M = ug =c;

Ratios between scales
Strouhal number St = f  s=u;
C u 1
LA T B (compact source asM ! 0)
s f u s M St

Acoustic Mach number M5 = us=c1
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Resolution cost of aerodynamic noise

Now that we have de ned the physics, let's look at the numerics!
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Resolution cost of aerodynamic noise

Now that we have de ned the physics, let's look at the numerics!
Size of the domain/ s and a
Mesh size x ' |
Timestep t/ Xx=C

S+ a / I—S+ a
I I
/ L + 1
| Ma St
/I Re* 1+ 2
s Ma
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Resolution cost of aerodynamic noise

Now that we have de ned the physics, let's look at the numerics!
Size of the domain/ s and a
Mesh size x ' |
Timestep t/ Xx=C

1+
I Ma Sts
/| RE™ 1+ -
s Ma
Computational cost in 1-D
Number of grid points ny / g / Ref= 1+ &
Ma
1
Number of time stepsn / Ts= ¢/ Re> "
ps nt s= t e,_ Ma

Drastic numerical requirements as Re, % and asM, &
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Numerical requirements for direct noise computations

Direct Noise Computation (DNC)

Acoustic eld directly computed from the uid mechanics equations

Requirements for DNC

Low dissipative and low dispersive numerical schemes

To resolve the small turbulent structures

To propagate sound waves over long distancesuQo i~ 10 “u
Non-re ecting boundary conditions

Smart meshing techniques

Main DNC techniques

Approaches based on the compressible Navier-Stokes equations
DNS, LES, DES, U-RANS, ...

Methods based on the Lattice Bolzmann Method (LBM)
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Direct Noise Computation: from compressible Navier-Stokes equations

Direct Numerical Simulation (DNS) Energy spectrum

All the scales of the turbulence are resolved.
Mesh must be ne up to the Kolmogorov
length scale

1 %

costin 3-D: nd n/ ReS 1+ — —
1D t € M. M.

I with Reynolds numbers of interest typically
in the range of 10° and 107!
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Direct Noise Computation: from compressible Navier-Stokes equations

Direct Numerical Simulation (DNS) Energy spectrum

All the scales of the turbulence are resolved.
Mesh must be ne up to the Kolmogorov
length scale

1 %

costin 3-D: nd n/ ReS 1+ — —
1D t € M. M.

Large Eddy Simulation (LES)

Only the large scales are resolved (spatial
Itering of Navier-Stokes equations)
E ects of the smallest ones are modeled
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Direct Noise Computation: from compressible Navier-Stokes equations

Direct Numerical Simulation (DNS) Energy spectrum

All the scales of the turbulence are resolved.
Mesh must be ne up to the Kolmogorov
length scale

1 %

costin 3-D: nd n/ ReS 1+ — —
1D t € M. M.

Large Eddy Simulation (LES)

Only the large scales are resolved (spatial
Itering of Navier-Stokes equations)
E ects of the smallest ones are modeled

Unsteady Reynolds-Averaged
Navier-Stokes (RANS)
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Direct Noise Computation: DNS

Direct Numerical Simulation (DNS) Energy spectrum

All the scales of the turbulence are resolved.
Mesh must be ne up to the Kolmogorov
length scale

1 %

costin 3-D: nd n/ ReS 1+ — —
1D t € M. M.

Large Eddy Simulation (LES)

Only the large scales are resolved (spatial
Itering of Navier-Stokes equations)
E ects of the smallest ones are modeled

Unsteady Reynolds-Averaged
Navier-Stokes (RANS)

Question: do we always need to perform a DNS?
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Direct Noise Computations

Direct Numerical Simulation of a controlled-di usion airfoil (Deuse and Sandberg, 2020)
M=0.4 and chord-basedRe; = 10°
High-order nite-di erence code
Mesh of 402 10° points

Instantaneous eld of dilatation rate uctuations and entropy contours.

Source: Deuse and Sandberg (2020)
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Towards hybrid methods

The good thing about Direct Noise Computations (DNC)

I Only one simulation needed to compute sound eld at observer position
However, DNC (DNS, LES) mainly used for academic reference solutions

Very di cult to apply for large-scale aeroacoustic problems commonly found in industry
and ows at high-Reynolds numbers

Alternative: hybrid methods
Limit the application of DNC to the source region
Use simpli ed numerical approaches elsewhere
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Towards hybrid methods

Characteristic regions: source region is localized!
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Towards hybrid methods

Characteristic regions
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Towards hybrid methods

Characteristic regions
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Towards hybrid methods

Characteristic regions
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Towards hybrid methods

Characteristic regions
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Sound propagation with ow

Several acoustic operators exist to propagate sound in ow

Question: How to select the appropriate operator?

In many situations, propagation is linear

Linear acoustic operators

Other propagation methods

Euler's equations
High frequency methods: e.g. ray-tracing
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