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Abstract

The control of noise effects in machines and texdirdevices is one of the basic tasks in the
construction of modern industrial products. A duyakriteria for modern products is the
largest possible reduction in vibroacoustic agtivénd it is assessed by the examination of
the acoustic field surrounding the source.

Energy distribution images in acoustic fields, aeected with the graphical presentation of
the flow waves are a new element in acoustic magsol Introduction of these possibilities
have greatly changed the approach to examining raeoystic phenomena.

In the paper authors have described the soundsitye{Sl) and laser anemometry (PIV
and LDA) measurement methods used for the visuadizaf vector effects in acoustics flow
fields and show how these methods may assist &tend gain understanding of complex
acoustic energy flow in real-life field. Sound ins#ty measurement technique has been
successfully used in various studies on theoretiodl applied acoustics. We have extensive
experience in applying this method, but we cantkae this method has some weaknesses:
measurements can not be carried very close todhee (eg. at a distance of roughly <1
mm). Just in this region, so callégdrodynamic acoustics near fielde sound is born and
radiated to the environment. Since Sl is the sizeeator (,=p V), to describe the stream
intensity, we need to know the value pdrticle acoustic velocity. Measurements of this
magnitude can be made using PIV and LDV techniqeesmes as aAcousticParticle
Image Velocimetry (A-PIV) and asAcousticLaser Doppler Velocimetry (A-LDV).
Experimental research conducted with the use @rleechniques, that is in a non-invasive
way, will be an essential extension of the acoadiiaw analysis conducted thus far in our
team.

The measurement technique described, as well andtieod of graphical presentation of
results, can enrich the knowledge of the mecharo$nacoustic energy flux in the real
coditions.
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INTRODUCTION

Aeroacoustics is the scientific discipline betwefuid mechanics and acoustics. It
considers sound generated by aerodynamics forcemotions originating from turbulent
flows. Initially, experimental investigations weused to derive some empirical relations in
order to estimate the noise emission of new teehmioducts. However, owing to strongly
increased computer performance, the numerical sitionl of acoustic fields generated by
fluid flow, computational aeroacoustics (CAA) hascbme very attractiveFfowcs Williams
1996).

The aim of proposed study was to obtain experinheéntarmation on low Mach number
flows around obstacles, inside a ducts and cawvitg#sg sound intensity (Sl), and particle
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imadge velocimetry (PIV}echniques in order to improve physical understagf these
flows and to provide well documented test casesaidate computational aero-acoustic
models (CFD/FSI/CAA methods). On the basis of gdanumber of time-resolved or phase-
resolved instantaneous velocity vector fields, #weind intensity and laser anemometry
research techniques enables the possibility of peddent determination of several main
quantities of aeroacoustic parameters as: veldtittuations (1", v'), probability density
functions and space-time-correlations of the v&jodiluctuations, vorticity, acoustic
streaming, average velocity profiles and the somtehsity stream. An additional benefit of
experimental studies is the opportunity to improlve theoretical calculation methods used
for numerical modeling of noise in turbulent flowssnumber of relevant aspects of this topic
are not covered with reasonable accuracy by theuatation models existing today, although
the noise contribution from each of the componesftsthe acoustic flow needs to be
accurately predicted. Furthermore the results gfeaments with Sl and PIV techniques
provide valuable data for the validation of humakicodes.

In general, sound measurements have a shortcorogethier with an advantage in
comparison with classical fluid mechanic measurdmehhe shortcoming comes from the
fact that acoustic velocities and displacementsgareerally quite small and vary rapidly in
time. For instance at 1000 Hz, for an acousticlle?dd00 dB SPL the velocity amplitude is
about 5 mm/s and the displacement amplitude ab®tii

The sound wave propagating into a homogeneous gadium creates small local
disturbances in density, pressure and velocity. vidtecity fluctuations can be interpreted as
theacoustic particle velocitycalled alscacoustic velocity It is the perturbation velocity of a
particle moving back and forth in the directiontbé sound wave propagation. Here we'll
force the mind that it is not the velocity of thawe propagation itself, which is called speed
of sound or celerity.

Although acoustics consists in the propagation wfoacillatory disturbance of local
pressure, particle velocity, density and tempeeatsound measurement is often assimilated
to pressure measurement. This is because for decawly pressure fluctuations were
accessible and because their relation with ther atballatory quantities is well known under
linear acoustic approximation and in simple confégwns. But in numerous situations,
knowledge of acoustic particle velocity is impoitdar the description of the phenomena
involved. This is the case for instance in the gtatlnear source acoustic fields, of minor
losses in acoustic wave guides, or of oscillatimgcaus boundary layers which we are
concerned with our study. The investigation of ¥betex shedding and the interaction of the
wake with the wall were the main scopes of the stigations performed so far. The basic
objective of this research project is the developmef measurement and evaluation
techniques and tools for the visualization of cagmphcoustic wave flows. Mainly in these
areas we are going to conduct our research usiagi@ametric laser techniques. We want to
adapt to the acoustic-flow studies commonly appiliedfiuid mechanics PIV and LDV
research technique and provide guidance to indighteh of the measurement techniques are
best for specific acoustic applications. If suctdsshe results of this study may be used for
scientific purposes and to improve the effectivenet abatement of noise generated by
hydrodynamic and aeroacoustic sources. They cam @ige rise to provide a basis for
standardization of scientific research methods witghuse of acoustic laser anemometry.

SOUND INTENSITY TECHNIQUE IN THE ACOUSTICSFLOW FIELD

In most cases, investigations of acoustic fields achieved by the measurement of the
acoustic pressure using microphones but when adsousve is propagating into a
homogeneous gas medium it creates small localrdetees in density, pressure and velocity.
The fluctuations depending on spatial location ame are considered to be small compared
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to the mean values (see Table 1). The velocitydatons can be interpreted as #deoustic
particle velocity v (called alsacousticvelocity). It is the perturbation velocity of a pale
moving back and forth in the direction of the sounalve propagation. Between the sound
velocity of acoustic waves ¢ propagate in antielasedium and the local acoustic particle
velocity v is a fundamental difference — c>>v .

Such a correct description of the origins of sobad long been known from the theory of
sound, but there is a bad habit of acousticiangst the descriptions of sound as acoustic
pressure only. Meanwhile, a sound wave is a formnafrgy transport in the field and has the
vectors features.

Acoustic intensity is a very useful energetic gitgrdince it gives information about the
propagation paths and the amount of energy radi&exn an experimental point of view
time-averaged acoustic intensity (rms values), efdled active intensity and written helg,
is often more interesting than instantaneous vdlify. Sound intensity as a vector variable
inseparably couples the acoustic particle velocity and acougtiessure I{=p v) and
represents a stream of acoustic energy flowindgpénfield. This vector parameter of acoustic
wave can be measurean®) with special sound intensity probe and can bdyeslsown in a
graphical form.

The acoustic particle velocity and mean pressung satisfy the time-averaged equations
of continuity and momentum. For linear acoustias,tihe absence of an external flow
<pv>=<p'v>/c? =14 ¢ , wherep’ is the acoustic pressure perturbation &nthe acoustic
intensity. Sound intensity can be directly measwuard recorded as an acoustics flow field
divided on normalized octave band frequencies (atim@d acoustic filters 1/1, 1/3, 1/12,
1/24 octave band). In traditional acoustic metrglodpe analysis of acoustic fields mainly
concerns on the distribution of pressure levelal@scvariable), however in a real acoustic
field both scalar (acoustic pressure) and vectoe @coustic particle velocity) effectare
closely with phase and amplitude related. The aeotield may be described as a spatial
distribution of pressure and particle velocity,ittenplitude p and v being proportional for
plane traveling wavep€p ¢ v), where p is the density andy is the sound speed. terms
of human perception of sound relationships betwkenacoustic wave parameters: particle
velocity, pressure, particle displacement and sontghsity are presented in Table 1.

Table1l. Relationships between the acoustic planar wavanpeters

v p Lo d [m] | L,
m/s Pa dB 20 Hz 20 kHz W/m? dB
5108 210° 0 41010 410713 1012 0
0,5 200 140 41073 410° 100 140

The application of the sound intensity techniqugetber with numerical methods has
improved the quality of acoustic diagnostics and h@ade it possible to visualize energy
wave phenomena (vector distribution) in a vibratatigicture, or in an acoustic field around
the structure. The visualization of acoustic endigwy in real-life acoustic 3D space fields
can explain many particulars energetic effectst{seag, vortex flow, shielding area, etc.),
concerning the areas in which it is difficult to keanumerical modeling and analysis with the
CFD-FSI-CAA methods.

The sound intensity measurement technique was inteam used for many years to
examine the of acoustic energy flows in real agosidtelds. Our many years experiments
confirm that flow acoustic imaginations in realdiconditions are very complex, even for
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extremely simple models facility. Various measurataevith sound intensity technique were
made to get a full picture of the dynamics of aticuBow. These investigations allowed
physical understanding of acoustic wave flow phemoanin real condition showing both
gualitative and quantitative effects of the waveveroent.

325 Hz 687 Hz 817 Hz 1631 Hz

1631 Hz 2440 Hz

Fig. 1. The shape dfe sound intensity fielthside thewvaveguidefor various frequencies in
the region close to obstacles: a) - 300 x127 mm, b) - bafflavith a hole127 mm

In figures 1 and 2 we show one of examples of @search made inside a model of
acoustic wavegade with sound intensity measurenTdm.intensity distribution inside duct
produced by the action of the axial and radial nsodeextremely complicated because this
propagating modes influence on each other. Theenohghe dipolar and quadrupolar sound
generated by a flow inside a duct was obtainedguairSl three-dimensional Microflown
probe and a graphical possibility of our “SIWin'fiseare.

2)

Fig. 2. Examples of sound intensity visualization iregudimensional space close to the obstacle
(conical baffle with a hole 127 mm, 817 Hz) showrihie form as ahape of floating acoustic
wave(a), intensity streamlinegb) and as &tensity isosurfacéc)

The 6 m long duct are excited with acoustic pinlsepso, the sound power along a duct is
send without mean flow. The first part of measunet®evas done inside the pipe with
circular diameter of 474 mm. The space around type tof obstacles (slit with dimensions
300 x 127 mm and the conical baffle with a hole i#%) was scanning with intensity probe
measured the, y and z components of sound intensity vectors. Measure naaele in
frequency band 50-5000 Hz and analyze in 1/3 ad@ bttave band frequency. On the
Figure 1 we show examples (2D) of this investigaiofor some 1/12 octave band
frequencies. Examples of sound intensity visudbrein three-dimensional space close to the
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conical baffle shown on the figure 2 in the formaashape of floating acoustic wave (3l
component), intensity streamlines, and as a intemsdsurface. Direct measurement of the
acoustic power flow around outlet of obstacles eaplain a diffraction and scattering
phenomena occur in this region.

ACOUSTICSWAVE FLOW RESEARCH WITH LASER ANEMOMETRY

Although nowadays the method of computational fldyshamics (CFD) has been found to
be of wide application in evaluating complex floasd improving the flow processes, its
general reliability and applicability still need be enhanced, especially through experimental
validations (Castrejon-Pitat al., 2006). Moreover, the CFD method is unable tdawp
measurement experiments which should be takeragtount, aiming to investigate the flow
and thus to optimize the related flow (Willatzer02n

Experimental flow measurements, as the indispeasaklsure to investigate and improve
engineering and flow processes, have been gredwlynaed, as the laser methods have found
applications in this area. Contrary to the tradidilbmethods of using the probes, the laser
method obviously provides the most effective andueste tools for non-intrusive flow
measurements. Nowadays, the laser method for flosasorements has become very
atractive, mainly because of a lot of fashionalgpliaations of laser techniques everywhere
(Lin 2006, Hain 2008, Haigermaser 2009, Zhang 20@@)tical methods of measuring
velocity have many advantages over intrusive method

The most widely applied laser methods for flow nueasients are doubtlessly the Particle Image
Velocimetry (PIV) and the Laser Doppler AnemomefbypA) also known as the Laser Doppler
Velocimetry (LDV),. Both of these techniques haweeb used in the measurement of sound fields
(Valiere 2009), but so far the main problem is ity are restricted to the measurement of simple
fields such as a monotonic sound field, possibigai mean flow. These two techniques can be seen
as complementary because coupling LDA and PIV makgsossible to profit from the space
advantages of the PIV together with temporal reswiwf the LDA. While the PIV method is suitable
to quantitatively present the flow distribution,eth DA method is mostly applied to accurately
diagnose and quantify all types of flows. Thushbot these measurement techniques are well suited
for capturing complex flow in the investigation of:

o turbulence research,

o 3D-flow structure visualization,
o full 3D-vortex analysis,

o flow-structure-interaction.

Laser measurement systems are used to explore apddifierent types of flows. The
ability of the signal processor to extract accusai®city information is crucial to getting the
needed information about the dynamic parametersthef particles flow (LaVision-
FlowMaster, Fig. 1).
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Fig. 3. Example illustration of disturbed flow (A) antetimage of the 2D vector field distribution
obtained with laser methods (B)
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Adapting laser techniquesto acoustic

Laser anemometry is a method which allows the ntnusive instantaneous measurement
of a field of vectors. The non-intrusive properfytiee laser measurements methods represents
the greatest advantage against other methods wssingors for flow measurements. It is
extensively used now in fluid dynamics to measumnynsituations from the motion of
waves. LDA and PIV were first developed for fluideamanics measurements and their
application to acoustic flow is rather scarce coragao stationary flow (see Sl technique).
But the laser methods can be also adapted to mramidinstantaneous flow and acoustic
particle velocity and sound intensity mapping witfe minimum disturbance of the sound
field. Acoustic flow velocity measurements by mearfisPIV/LDA methods are based on
random sampling of velocity events occurring whea seeded particles pass through the
measurement volume. The available velocity sampiitg depends on particle concentration,
particle size, flow velocity and other flow and icpt parameters.

In general, sound measurements have a shortcoroigether with an advantage in
comparison to the classical fluid mechanic measargsn The shortcoming comes from the
fact that acoustic velocities and displacementgarerally quite small (see Table 1) and vary
rapidly in time. The basic objective of our reséaix the development of measurement and
evaluation techniques and tools for the visualmatiof complex acoustic flows. The
PIV/LDA methods thus has fund its wide applicatiamsneasurements of internal acoustic
flows such as the flows in ducts and turbo-machines

For low Mach-number isothermal flow we will see ttla@roacoustic sound production is
entirely due to mean flow velocity fluctuations, ialin may be described in terms of the
underlying vortex dynamics. This leads to the idéaising so calledvortex sound theory.
Vortex sound theory is not only numerically effigidout also allows us to translate the very
efficient vortex-dynamical description of elementdlows directly into sound production
properties of these flows in real-live conditioh®(ve, 2003).

The advanced laser and computer technologies haeatly contributed to the
development of advanced PIV/LDA technology. Cormegbng to the professional
publications of PIV/LDA mostly concern the basiéngiple of the methods and is related to
studies of simple movements. Only few investigatioand developments have been
conducted with regards to acoustic laser anemomasrhas been perceived for a long time,
it clearly lacks a supportive reference for PIV/LD#&coustical user in the practical
applications.

M ethodology of research

The accurate knowledge of the noise generation amesim is a fundamental step for both
theoretical modelling and practical applicationadieg, for instance, to the development of
flow/noise manipulation techniques and noise suggioe devices. Recent developments in
terms of our capacity to both numerically and ekpentally analyse the physics of turbulent
shear flows have opened up new possibilities torawg our knowledge about the noise
generation and propagation mechanism (Marretta)2003

Today, the laser anemometric techniques are apfai@th investigation of the spatial and
temporal development of coherent structures inrlautant flat-plate boundary layer flow in
the vicinity of the edges (Sandberg 2007). Expedtemt known from studies of fluid
mechanics measurement techniques, laser PIV and dtiofld be also successfully adapted
to experimental studies of acoustic flows in thassas.

The objective of our study is determined on thdshaka review of current knowledge on
the acoustic theory of vortex flow and turbuleniseogeneration mechanism (from Lighthill'a
1952 to Howe 2008). Particular emphasis in our isgjdwe will put on specific topics
relevant to the new perception of acoustic vortiekdftheory supported by experimental
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results performed on the physical models usingrlas®emometry techniques PIV/LDA
including the well-known for as Sl technique.

Laser techniquesfor acoustic boundary layer measurements

Although acoustics consists in the propagation ofoacillatory disturbance of local
pressure, particle velocity, density and tempeegatsound measurement is often assimilated
to pressure measurement. This is because for decawly pressure fluctuations were
accessible and because their relation with ther atballatory quantities is well known under
linear acoustic approximation and in simple confgwns. But in numerous situations,
knowledge of acoustic velocity is important for ttescription of the phenomena involved.
This is the case, for instance, in the study ofr meairce acoustic fields, of minor losses in
acoustic waveguides, or of oscillating viscous latarg layers which we will be concerned in
our we will focus our future investigations.

Detailed velocity measurements in boundary layex af interest in the study of
momentum and energy transport associated with noénlge problems in fluid mechanics.
Getting an accurate velocity map in this thin lagkrse to a surface demands the use of a
noninvasive measurement technique such as LDAndhevasive nature combined with the
small measuring volume of an LDA system makes #uhriique ideally suited to measure
velocity in the boundary layer. The purpose of tkigeriment was to make velocity
measurements as close to the wall as possible asibgpA system. This was done traversing
the measuring volume by the free stream regiohenfiow to the wall of the boundary. The
ability of the signal processor to extract accurafermation in the boundary layer region is
clearly exhibited.

Acoustic boundary layers are classically associati¢id thermoviscous losses, but are also
linked with other phenomena of practical interasich as acoustic thermoacoustic effect or
Rayleigh acoustics streaming. Also, transition udotilence in waveguides is expected to
strongly depend on the dynamic of flow in the datiihg boundary layer. For the description
of these phenomena, a precise mapping of acousdictitjes in the boundary layers, together
with a good knowledge of their statistics, whickialve a high time resolution, is necessary.
Because the oscillating acoustic pressure is rectad by acoustic boundary layer, it is
necessary to measure particle velocity directlypd®es of acoustic viscous boundary layer
measurements are scarce, because this kind of mesut is difficult to perform as
boundary layer effects induce rapid changes invedecity amplitude and phase over a very
near wall region. Difficulties acoustic surveystbé boundary layer has also determined that
the layer thickness is very smalld{=(2v/w)*? ) and is dependent on the frequency. For
example, the audible range corresponds to osaijldioundary layers from 0.02 mm (at 20
kHz) to 0.5 mm depth (at 20 Hz) and to acoustioeiey amplitudes from 5 & m/s (at 0
dB) to 5 10% m/s (at 120 dB).

The concept and plan of study

Our research program is directed to enrich themakkinowledge about the birth of sound
in turbulent flow conditions of the acoustic waaehetter understanding of the mechanisms of
noise generation and to identify more effective svay its reduction. Aerospace and missile
industries are also intensely involved in the staflpcoustic turbulence sources. In all these
studies aeroacoustics noise sources are examieerktitally and experimentally.

For low Mach-number isothermal flow we will see ttla@racoustic sound production is
entirely due to mean flow velocity fluctuations, ialin may be described in terms of the
underlying vortex dynamics. This leads to the idéaising so calledvortex sound theory.
Vortex sound theory is not only numerically effigidout also allows us to translate the very
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efficient vortex-dynamical description of elementdlows directly into sound production
properties of these flows in real-live conditions.

For applications with complex, inhomogeneous flaamsl flow-induced noise radiation,
the very promising is to adopt a laser anemometky &d LDA technique to applied
acoustics. Most of our research will be conductedhe two- and tree-dimensional cross flow
inside cylinders with a free-end. The circular nglier has proved to be a fruitful area of fluid
dynamics research, due to its combination of a lergpometry and complex, unsteady flow
features. The noise generating mechanisms induefserdl essentially on the radial
components of the velocity fluctuations.

Our conviction as to the validity of the assumpsiart the proposed technique of the
acoustic laser anemometry is based on our experiemoich we acquired through
investigations of flow acoustic method using soumdnsity techniques.

Preliminary results of acoustic flow by PI'V

For applications with complex, inhomogeneous flaamsl flow-induced noise radiation,
want to adopt a laser anemometry PIV and LDA temimito applied acoustics. Laser
anemometry is a method which allows the non-inkusnstantaneous measurement, even in
the physically a very thin acoustic boundary lagpace. The non-intrusive property of the
laser measurements methods represents the gradtesitage against other methods using
sensors for flow measurements because if the swandducer is brought into the flow field,
extra sound is generated by the body of transditsetf. This sound can lead to a
contamination function, and this effect was calfpdobe contamination” (Henningt a.
2008). This effect can be avoided completely byngishonintrusive laser anemometry
techniques.

Laser methods can be also adapted to provide &gntaseous flow and acoustic particle
velocity with the minimum disturbance of the sodigdd. The noninvasive nature combined
with the small measuring volume of the PIV and LBystems makes the techniques ideally
suited to measure the acoustic particle velocitheboundary layer and wave interactions on
the obstacles placed in the sound field.
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Fig. 4. Experimental setup — acoustic square waveguidiehinvestigated with PIV technique

For the development of adaptation methods for Pid BDA techniques for acoustics
testing we have adequate testing concept and tdlyipped laboratories and a modern
measuring equipment. The research will be condurtenur newly opened Laboratory of
Acoustic Laser Anemometry equipped with 2D the ra@wemographic 3D PIV system
(Tomo-PIV) made by LaVision Gmbh and LDA system mdxy ARTIUM Technologies
Inc., an American company.
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Proposed adaptation of the noninvasive laser metfardacoustical purposes (A-PIV and
A-LDV) gives us the opportunity to explain many ralcoustical phenomena and allows to
complete missing knowledge about disturbed acoflsii¢s in real systems. We shall attempt
to complete elementary knowledge about acousticewkws and reactions at the obstacles
generating nonlinear effects of refraction, diffrac and diffusion of the wave in viscous-
resilient environment. We will also try to enridietknowledge of acoustic vortex-flow theory
with emphasis on acoustic flow research in pipabsa@urcts, in so called acoustic waveguide.
In the general outline acoustical research usisgrlanemometry are going to be conducted at
the border region of the medium (in hydrodynammabustics boundary layer), therefore in
regions very scarcely known or described througiearentation. Furthermore the results of
experiment with PIV/LDA techniques provide valuablata for the validation of numerical
CFDI/CAA codes.

Scope of research is very broad, because it perteonissues of fluid mechanics,
aerodynamics as well as vibroacoustics. In thisepaye present only our startups research.
These are the results of our preliminary study, sehpurpose is to know the capabilities of
our new instruments. Figure 4 shows the experinhesgetup — acoustic square waveguide
model investigated with PIV technique and a parineasurement results are shown on the
Figure 5.
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Fig. 5. The shape of the sound intensity field insideghmpty square waveguide and
distribution of acoustic particle velocity aroundiecular plate with a hole

CONCLUSION

In conclusion, we can set that by the direct meament of acoustic power flow and
graphically description of the results, we can akph diffraction and scattering phenomena
occur on the real acoustics flow field. The analysi acoustic field with floating wave in
space show that the sound intensity technique ng useful to the visualization of vector
acoustic phenomena. The application of the sourtdngity technique together with
CFD/CAA methods has improved the quality of acaudiagnostics and has made it possible
to visualize energy wave phenomena (vector digioby in a vibrating structure, or in an
acoustic field around the structure.

If the laser methods for assessing the dynamidbeofaero-acoustic fields turn out to be
justified, we gain an effective tool for non-intius research of acoustic flows in broad range
of acoustic particle velocity. The big advantagetld research is also true, that all the
changes in dynamics of flow structure can be rembrahd visualized as a function of time.
Evaluation of space-time correlation of fluctuatimglocity and vorticity fields explain the
mechanism of formation of turbulence and in the evakgion of flow. Studying the
interaction of vortices with the structure of tlesttmay be advisable to modify the model.
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Application of laser techniques used in acoustgs0t a new issue in the subject of
research in the world. We can find some work in literature on this subject (Ffowcs
Williams 1996, Hann 1999), but it is still incompeknowledge of flow acoustics. The final
result of our study will be an assessment of th@iegbility and optimization of the various
modern measurement techniques (Sl, A-PIV and A-LBAproperty solve flow acoustics
problems. It is expected that the conclusions efrésearch will enrich the current level of
knowledge about the acoustic flows and improve thuenerical modeling of acoustic
phenomena generated in a turbulent boundary layedijcts and pipes, indoor cavities and
structural niches around uneven surfaces.
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