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2.0 COMPUTATIONAL AERO-ACOUSTIC

This chapter presents a resumed state-of-the-asinafilation in aero-acoustic domain as presentefB&j.
Aero-Acoustics is the engineering field dealing hwitoise generated generally (but not necessaryygb
turbulent fluid flow interacting with a vibratingracture. This field differs from the pure acoustmmain where
the object is the propagation of acoustic pressaaees, including reflections, diffractions and afpgions, in a
medium at rest. Aero-Acoustic questions arise imyriadustrial design problems and are heavily repnéed in
the noise nuisances related to the transportatidunsiry.

A classification of Aero-Acoustic problems can bade using the following three categories:

« External wind noise transmitted to the inside through a structure: In the automotive industry, a
pillar, side mirror and windshield wipers noise gngical problems of this category.

* Internal flow noise transmitted to the outside through a structure: Examples of this class of
problems are exhaust, HVAC and Intakes noises.

* Rotating machine noise: Axial and centrifugal fans are noisy components tiring with them many
interesting Aero-Acoustic problems.

Most of the Aero-Acoustic R&D works are performegerimentally but this method has some criticalafig.
Although it is relatively simple to setup a micrapte, measure a noise level and derive a spectramyagiven
location in space, the correct analysis of an A%toustic problem involves the use of advanced erpattal
techniques and is complex to use. The Aero Acoustgineering community seeks more and more the dfelp
CAE tools as they become available. Those toolsptement the experimentations and allow a thorough
visualization and understanding of the pressure weldcity fields as well as the structural vibrato
Furthermore, parametric studies can be carriedvihtlittle added cost since a numerical model rfiodiion is
often straightforward and the CPU time is beconthgaper and cheaper.

CFD codes are available since over several yebls,ta predict with a reasonable precision steddie flows

(drag and lift) and slow transient flows like heatiand defrosting. Highly transient flows involviedthe Aero-

Acoustic phenomena have not been treated sincewtbey not in the bulk of the needs and they requivay

too much CPU to be industrially feasible. Acoudtimpagation numerical tools have also been induistri
available since quite a few years. These toolsaipen the frequency domain and are able to prdpaaagiven
boundary condition signal in a fluid at rest, irdihg the noise reflections, diffractions, transnaes and
attenuations thanks to the various geometricalaobes and different materials.

Attempts have been made to combine existing CFD Awcalistic propagation tools to predict Aero-Acoasti
problems. Most methodologies are based on the hiijlgnd Curle method, developed in the mid 50'sl an
Ffowcs Williams and Hawkings contributions madetie late 60’'s [67], [68], [69], and [70]. The ideas
underlying these methods are to decouple the fl@sgure field and the acoustic pressure field. flttie flow
can then be computed by a standard CFD code amibtbe derived from the curvature and turbulergrisities
of the flow. A propagation tool is then used to @ute the noise on a sub grid of the CFD computation
domain loosing therefore quite some local informatand high frequency content. First attempts weagle
with incompressible steady state CFD simulatiorss aare not able to deliver valuable result in maages. A
good example of these limitations is highlightedtbg study of the noise generated by a simple ‘sideor’
shape written by R. Siegert [71]. Recent develogmen this family of techniques require the usdrahsient
simulations and filtering to avoid loosing to muaformation on the coarser acoustic mesh. Reaserslulcess
has been met in specific areas involving low fremies (up to a couple hundred Hz) and conside@bld time

is needed.

An alternative methodology is to incorporate iriregle numerical tool, right from the beginning, tingredients
that are necessary to perform direct Aero-Acoustimerical simulation. They are:
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» Compressible Navier Stokes: To be able to propagate pressure waves and therifike into account
in a single simulation the flow and the noise, uidthg all possible cavity modes.

*  Fluid structure coupling: To be able to treat the problems involving a tightiflow on one side of
the structure and the noise radiation on the ctiuter.

* Small timestep: To be able to deal accurately with frequenciesguoip to several thousand Hertz.

e Transent turbulence modeling: Unlike the Reynolds Averaged Navier Stokes (RAN®}thods that
makes the assumption that the flow is a combinatfoa steady state and turbulent fluctuations. Aero
Acoustic noise is directly linked to the small galrbulence fluctuations and strongly time depehda

» Acoustic boundaries with prescribed impedance: This is a critical point of a good Aero-Acoustic
simulation. Boundaries need to be able to perf@shkd such as giving a free field impedance to ke in
with fixed velocity, prescribing a specific imped&nat the outlet of a duct to make sure long
wavelength stay trapped inside, treat exterioimpedance effect on a vibrating structure and sl us
to model absorbing materials (carpet, foams ...) @h@tused to coat many components.

These ingredients have been implemented in a singteerical code. The outcome is RADIOSS solver tvisc
different from the existing CFD codes in its cafiibs and particularly well suited to short timeansient
analysis.

2.1 Mathematical For mulation

The objective of the development described in ddagument is underlined by the search for fully esit
numerical technologies in order to model all phgsishenomena involved in noise source generatidis T
criterion will be used to perform all the major nemcal choices described below without any tradetight to
other applications.

2.1.1 Compressible Navier Stokes

Correct prediction of Aero-Acoustic phenomena maistiously include a solution of the 3D Navier Steke
equations since noise sources lie in a turbulestouis fluid flow. The equations have been writtdéth whe
Arbitrary Lagrange Euler (ALE) formulation [8]. Thimeans that an arbitrarily moving frame is usedrder to

be able to have a fluid grid that can undergo daeé&tion. The deformation can range from small vibrat (an
exhaust pipe) to large deformations (a door slarginifhe conservation equations are written for mass
momentum and energy:

Mass %—f +((u-w)O)p+p0u=0 EQ.2.1.1.1
Momentum ,og—l:+,0((u —W).D)u -Or+0p=0 EQ.2.1.1.2
Energy aa%e +((u-w)O)pe+(ce+ p)du=0 EQ.2.1.13

Whereu is the fluid velocityw the grid velocity, 0 the densityp the pressures the energy and” the stress

tensor.

Note: In case ofv=u, the system degenerates into the Lagrangian fotioolameanwhilen=0 describes the
classical Eulerian formulation. Lagrangian formidatwill be used for the structures when needed. An

ALE fluid mesh is attached to the structure mehlkrdfore able to undergo deformations tight to the
structural vibrations.
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Acoustic phenomena are driven by pressure wavegsmpgeting in the materials. Those waves velocity,sbund
speed velocitg can be expressed by the following equations:

oP
c= |—
op EQ.2.1.1.4

Another useful relation definingas a function of the material characteristics is:

c= EQ.2.1.1.5

K
Yo
whereK is the bulk modulus of the material.

In the usual engineering fields, the sound speathasit 340 m/s for air and 1500 nfiés water.
Most of the CAA research in the industry is aimeflav motions of relatively small Mach numbers.

Therefore, CFD codes have widely used the incorsfiritisy hypothesis which allows a fair simplifi¢ah of
the Navier Stokes equations. Artompressible flow is a flow for in which:

ou
<<p &

If this condition is fulfilled the mass conservatiequation can be rewritten.
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J EQ.2.1.1.6

Ou=0 EQ.2.1.1.7

It has to be noted that an incompressible flow dugisnecessarily implies thgd remains constant throughout
the flow but thatp remains constant along a streamline since onesohstitute EQ. 2.1.1.6 in EQ. 2.1.1.1.

Practically, this condition can be reasonably assifor Mach numbers lower than 0.3 and in the aHse
transient flows, if the time rate of velocity chanig long compared to the time for a sound waveaeerse the
flow field. Thus, the incompressibility hypothesiglds an instantaneous transmission of pressuxesvin the
fluid domain. Incompressible approach will not b#eato simulate the propagation of acoustic wavasthe
cavity modes tight to composition of reflected wawm a given geometry. It then becomes necessapply
one of the following techniques:

» Solve the compressible Navier Stokes equationgtuce correctly the propagative nature of theenois
waves.

» Use additional equations to derive the noise sauircen the flow field.

Accordingly to the base criteria of always to thestisolution for CAA, it has been decided to folltive first
path that requires no specific assumptions andhisipally and mathematically much better groundeg.
solving the fully compressible Navier Stokes ecuadi it becomes possible to compute isirgle ssimulation
the flow and the sound pressure wave’'s propagatamce there is a large gap between the flow pressu
variations (in the order of hundreds of Pa in noastes) and the acoustic pressure variations (iorther of 1 Pa
~94 dB), it has become critical to use 64-bits deuyirecision arithmetic. Using 32-bits would yidldwed
results because the acoustic pressure levels wotilde handled properly in many cases.

The spatial integration of momentum equation iggered with a Finite Element integration usi8geamline
Upwind Petrov Galerkin (SUPG) scheme [72], which was shown accurate entughpture flow instabilities.
Advection of state variables is achieved via a snfijpite volume technique as in Donea's origiragber [8].
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2.1.2 Transient analysis, explicit formulation

Sound pressure waves and acoustic phenomena astetaper fundamental nature. Therefore, a trahsie
solution of the full compressible Navier-Stokes a&tipns has been developed, allowing the propagadfon
pressure waves as well as transient fluid flow &ation.

For time integration, two techniques are availabiglicit and explicit. Implicit methods are uncatiohally
stable; therefore allowing the use of an arbitréagge time step; meanwhile the explicit formulatien
conditionally stable. A Courant Friedrichs Levy ddion [56] has to be verified at each time steptloé
simulation:

. I
dt < Mln( c+||u —w|| J EQ.2.1.1.8

wherel is the characteristic element sizahe sound speed,the flow velocity andv the grid velocity. Typical
values of dt for CAA applications are in 1 to/b’s range.

The choice of one formulation or the other willwdty be dictated by the minimization of the CPW¢i for the
considered application. Shall the goal be to siteule defrosting of a windshield lasting aboutifutes, with
low flow velocities, the several second time stbpvaed by the implicit scheme will be much moreignt. In
the CAA case however, the frequencies of interesigaing up to 5 to 10 kHz and the Nyquist critexa anti
aliasing filtering imposes a sampling for the tiok@main recording of 20 to 40 kHz. Therefore, theximaim
time step that can be used in implicit will be 5840 The explicit time step being in the range of@s, one
has to compare the cost of one implicit time ste@3 explicit time steps. A survey yield a ratioatfout two
orders of magnitude between the CPU cost of batlerses in favor of the explicit and therefore, thplieit
scheme CPU efficiency has been considered sugderi@AA applications.

2.1.3 Large Eddy Simulation Turbulence modeling

Another critical aspect of a correct CAA modelisgo take into account properly the noise inducgtutbulent

structures. Unfortunately, the turbulent structuteg are simultaneously active at any given tiarge from the
full size of the problem to the microscopic Kolmogo size. The ideal solution would be to use DN§&this is

unfortunately out of reach of today computers. @guogntly, a turbulence model has to be used. Th&eeh
among the turbulence models will be performed bgl@ating their interest for the CAA simulation. T&yd

there are two major families of turbulence modbké fare available for implementation in an indastoriented

CFD code.

The Reynolds Average Navier-Stokes (RANS) turbutemmdels family relies on the assumption that tbe f
can be separated between a steady state flow tambdwdent fluctuation. The steady state flow carirtterpreted
as the spatial average of the flow field. Transpmaoblems featuring vortex shedding cannot be dkétis way
and therefore Unsteady Reynolds Average Navier€t¢glRANS) have been developed in which the avegagi
is performed on a considerably smaller time scaldhough RANS and URANS models are easy and cheap t
implement, the basic assumption that there is abamation of a steady state flow and turbulent fhattons is
not very well suited to the CAA analysis where tktey to the noise generation is the transient tunitul
behavior. The Large Eddy Simulation or LES famity based on a fully transient flow simulation. Large
turbulent scales which depend heavily on the bogndanditions are solved directly by the computadilogrid
and the small scales are assumed to be more andesgroblem dependant, are solved by a modeld:allSub
Grid Scale model (SGS). The Navier-Stokes equatie filtered in space and the spatial high fraqueerms
(beyond the filter cutoff frequency) are modeled thg SGS The SGS main role is to model the viscous
dissipation of the energy within the small scaleliesl and absorbs energy from the large scalesigceffect.
The filter used most often is actually the grictitaand the spatial cutoff is about 6 element sizee drawback
that prevents the LES to be used in many caséeg isded for small elements for the base assumiatiba valid
(independence of the modeled scales from the boymdeditions) and the transient assumption whedfuires
the use of a CFL condition on the time step to gotEe a correct simulation of the larger scalesyélds large
CPU time when combined with classical implicit fegion techniques.
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In our case, since it has already been chosenlte $loe transient Navier Stokes equations with gpliet
scheme yielding a very small time step, the CFLdition does not imply any major constraint. Meshesi
criteria have been developed in order to ensureca ¢AA behavior and LES accuracy (also see Modelin
Methodology in the next chapter).

In noise generation zones where most of the tunicelés generated and small vortices are very agdtieemesh
criteria is:

h< OJ(%J EQ.2.1.1.9

Whereh is the element sizey the flow velocity and the highest frequency of interest. The last equagields
the expression of local Reynolds number:

2
Re= "< o.{u—j Q. 2.1.1.10
v fv

Usually, u is in the 20 m/s range, f is 2500 Hz thedair viscosity =1.5x10°m?s. This yields ¢éocal Reynolds
number of 1000. A reinforced mesh criteria apptitase to the walls is to have algwer than 100. Although,
these numbers might be considered as large by emadgandards, it haseen verified for various industrial
applications that the numerical predictions reabbneatch the experimental data [73]. In the SG3lehothe

sub grid scale level energy dissipatigly,4 is proportional to the resolved scales stressote@ and the

modeled small scales stress tengprthrough a turbulent viscosity coefficiebfty; . This turbulent viscosity is

a function of the filter width (mesh size) and of the resolved scales (via tlesstiensor). s known as the
Smagorinsky constant and has been experimentadlipated to be 0.18 (this constant can be tuneddecific
applications and 0.1 is used by default in RADIQSS)

Eone =~ 51 S EQ.2.1.1.11

Vsss = (Csl )2050 EQ.2.1.1.12

It has to be noted that an original pressure dagijaiator has been developed in order to betteritatkeaccount
the absorption of the acoustic waves on the boyndsers.

The elements neighboring the walls have a spet#iatment depending upon the element size. A ltgait
velocity profile is assumed in the first layer ¢érments and the corresponding modified viscositjeisved.

2.1.4 Boundary Conditions

Non-reflective boundary conditions are critical foFD simulations and it is obviously going to besewmore
critical for CAA analysis. Acoustic boundary condlits treatment can be classified in three diffecanégories:

* Non-reflective fluid boundaries in the open fieldnder this class lie the external wind noise
problems. Not only outlet and sides need to betdtedut unless and infinite impedance or
supersonic conditions are assumed, the inlet djelhble to let acoustic waves go out of the
computational domain.

« Boundaries including geometrical details. Exhaadipipe for instance have a cutoff frequency
related to its diameter and shape.

e Exterior air boundaries. In order to correctly trpeoblems like an exhaust noise, the exterior air
impedance has to be applied to the structure ieralget the correct vibrations and noise. It has
to be noted that in the case of a duct surroungeather structures (for example, an exhaust line
under a car), the acoustic impedance of the extaiiois vastly different from the free field
conditions and non trivial to compute.
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The goal of boundary conditions is to replace thftuénce of the exterior of the computational damby a
condition that will let some frequencies go out aaflect others accordingly to the physical projesriof the

surrounding materials. Acoustic impedance, defingdhe ratio of the acoustic pressuﬁe at a given location

over the acoustic velocity,, at the same location is a key notion.
Z= P EQ.2.1.1.13
un

The important point to be reminded here is trﬁntand u, differs from the traditional fluid dynamics pressu

and velocity since they are complex functions, sohs of Helmoltz equation which is describing the
propagation of waves in the frequency doméin

AB(7, )+ K*P(F, ) = F(F, w) EQ.2.1.1.14

With:

[
k=— EQ.2.1.1.15
C
wherec is the sound speed. In the acoustic works, itenaslassically described as a function of the fesmpy.
In particular, impedances describing the boundanditions acoustic behavior. RADIOSS on the othaanchis
based on a time domain description of the phygibehomena, it is therefore not possible to usetijréhose

data and it is required to impose time dependantntary conditions. For the non-reflective boundary
conditions, it has been decided to implement thealiized Euler equation by Bayliss and Turkell {74]

a_'o:pcauwi(p -p) EQ.2.1.1.16
ot ot 2. 7

Wheren is the normal to the boundary surface dnc relaxation factor toward the desired presgyre

Practically, the last equation matches the radiattb a monopole situated at a distancd. Anside the
computational domain.

2.1.5 Fluid Structure Coupling

Fluid Structure Interaction (FSI) is an issue innmémportant sub domains of the CAA. Important égdions
include and are of course not limited to:

« Duct noise: The noise radiated by a structuralesystf ducts whose vibrating walls are excited
by a turbulent flow inside. Among the many exampkshausts and Heat Ventilation and Air
Conditioning (HVAC).

» Passenger perception of exterior wind noise trattedby a side glass or plane cabin.

One might suggest that rather than using a comp&ixsolution, a decoupled approach could be uskdt B
performing a CFD (or pure fluid CAA) simulation ame hand and then apply to a structural model as a
boundary condition the computed pressure field.ddelythe mere inconvenience tight to the externaptiog

of two numerical programs (flow and structure),stlsipproach, which is reasonably grounded steady aer
elasticity phenomena and for low frequencies appbos is not well suited to broad band CAA apglass. It

is not practical to apply the transient pressueddfivith a sampling of 20 kHz on a fine mesh andremnore
important, there is a dependency of the structibetions to the surrounding fluid impedances. Tihipedance
can be eventually modeled on the side where tlgen® iflow but is extremely complex on the side esqubto

the turbulent airflow. Consequently, in most casedecoupled modeling will be flawed from the begig.
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Accordingly to our goal of modeling all physicalgfomena important for CAA, a full FSI has been tgwved
between the well-established structural module ADROSS and the CFD/CAA module. Some specific opgion
have been developed in order to make this intenfaaetical among which:

1. ALE Subcycling. In most applications, there are 9% elements and 5% or less structural elements.
Unfortunately the sound speed is often one ordenadnitude higher in the structure yielding a time
step decreased by the same factor. The 5% struetemeent will impose to the 95% a time step 10
times smaller, which is obviously not desirablespecific subcycling has been developed in order to
compute the fluid elements with a decoupled tine@ $tom the structures.

2. Fluid — Structure interfaces have been develope&dse the mesh development. Those interfaces can be
used to stitch arbitrary meshes together and carsée in either fixed or sliding mode (fluid-fluiicked
and sliding interfaces have also been developéakocare primarily of fan problems).

2.2 M odeling M ethodology

The process of defining a numerical model for &giCAA application unfolds in four consecutive EesThe
quality of the results is directly tight to the ¢jtiaof the numerical model developed in the poihtand 2 below.
It is therefore critical to define precisely theegtions the model is supposed to answer to befaréng any
development:

1. Mesh definition: Targeting specific answers to eegiring questions and constrained by the available
computer resources.

Numerical model construction, including materiadubdary conditions and desired output.
Run monitoring.

4. Post-processing of the time domain data. Inclu@bgvisualization, time history and frequency conten
analysis.

2.2.1 M esh definition

The mesh building process is the art of buildingleis able to solve the CFD and the CAA problemafgiven
set of boundary conditions and range of frequenaieiée keeping the model as small as possible tamize
the compute time. To do so, a set of practicalsrtiave been developed. These rules should be gsaitial
guidelines to get started on a given problem.

However each class of problems has its own reqanesnand subtleties and a good knowledge of thielgaro
physics through experimental data and/or numesgiallations will be necessary to refine these raled get
the best possible results.

2.2.2 Post-processing

Post-processing of the numerical simulation is varygilar to the post-processing of a detailed eixpental
study of the same problem. The analysis will beiedrout by using:

* FFT's of recorded time domain signal to accesditbguency domain content at any given location of
the computational domain.

» Visualization and analysis of intensities on threcures

» Propagation in the far field (if and when needefd)he pressure signal. Typically, this is requifed
simulations where the measurement locations ardonated in the computational domain. In most of
the internal flow problems for instance the limittlee domain is the structure and a boundary elésnen
layer to represent the outside air impedance (esth&lVAC ...). The noise is often measured at a
given distance outside the ducts in still air whtsere is no reason to have an expensive CAA swluti
This propagation can be performed by a simple mola@pproximation that gives satisfactory results
in the free conditions or by more sophisticated¢soch as BEM methods.
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