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Many of theoretical research of the acoustics fields provides useful information about pressure fields, but none
currently offers a full mapping of the acoustic energy flow (vectorial effects) in front and back of any scattering
systems working in 3D real environmental conditions. Interference, diffraction and scattering of waves made the
real field very complex and difficult to the theoretical modelling. This is one of the reasons why the experimental
investigations of acoustic fields using sound intensity (SI) technique are so effective and serviceable methods. The
visualization of acoustic energy flow in real-life acoustic 3D space fields can explain many particulars energetic
effects (perturbations and vortex flow, effects of scattering in direct and near field, etc.), concerning the areas in
which it is difficult to make numerical modeling and analysis with the CFD-FSI-CAA simulation methods. The
sound intensity image represents a more accurate and efficient information compare to the spatial sound fields
modelled. The article presents the application of SI technique to graphic presentation of spatial distribution the
acoustic energy flow over the barriers of various geometrical shapes structures located in a three-dimensional
space. As the results of research, the graphic analysis of the sound intensity flux in 2D and 3D space is show.
Visualisation of research results is shown in the form of intensity streamlines in space and as a shape of flow wave
or isosurface in three-dimensional space. Numerous examples illustrate the application of the SI measurement for
practical problems at the vibroacoustical diagnostic and noise abatement, as well as to the validation of results
of CFD/CAA numerical modelling. The differences, if appearance, mainly result from the fact that theoretical
forecasting uses far too big simplifications or that it is impossible to obtain proper data on real physical features

of the tested area and structures.

PACS numbers:

1. Introduction

It is widely accepted that the pulsating pressure —
acoustic wave, excites the structure, which then radi-
ates sound power to the surrounding environment, but
the mechanism of noise-generated phenomenon is not
jet completely understood. The structural deformation
causes fluid nodes to move, making it difficult to achieve
a converged solution. Radiated noise is determined from
the surface deformation using vibration-acoustics.

Modeling the wave impingement noise is non-trivial ex-
ercise. It requires a numerical simulation with FSI (Fluid
Structure Interaction) methods. Many times, sufficient
resolution of the local turbulence, complicated by the
varying gas temperature and often complex geometry is
necessary. Modeling this phenomenon requires represen-
tation of both the fluid and structure elements as well as
their interaction. The feasibility of modeling this phe-
nomenon can be done using CFD (Computational Fluid
Dynamics), a commercial code with both FSI and CAA
(Computational Aero-Acoustic). Both fluid and struc-
tural dynamics need to be modeled and are described
by different sets of equations. Once the flow and struc-
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ture interaction was solved, the surface velocity at the
structure can be post processed to calculate the sound
pressure level at any predefined locations.

But we must remember that the numerical modeling
should be validate using experimental investigation on
the properly model or the real structure. In this paper,
suggested validation possibility has been investigated.
Sound intensity measurement results on a few models
located in a semi-anechoic room may be compared with
the prediction results. After investigations, details of the
flow field and the interaction between fluid and struc-
ture will be a graphically visualized with proposed own
methods and software.

The verifying tests using an intensity technique may
show how much a theoretical image of an acoustic field
distribution is differing from the distributions obtained
through the measurements in real conditions. The de-
gree of discrepancy between the predicted numerical re-
sults and the real structure of the field formed over bar-
riers, grows proportionally to the degree to which the
simplified calculated assumptions differ from the condi-
tions encountered in reality. The differences mainly re-
sult from either the fact that theoretical forecasting uses
too sweeping simplifications or that it is impossible to
obtain proper data on real physical features of the tested
area. This is one of the causes why the experimental
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investigation fields using the sound intensity technique
differ according to computer simulating with CFD/CAA
methods.

2. Sound intensity and flow visualizations

The sound intensity measurements has become one of
the most interesting techniques employed in solving vi-
broacoustic problems as well as in acoustic metrology,
which simplifies the technique of measurements thus ef-
fectively replacing classical methods. Flow motion as the
acoustic particle velocity may be measured experimen-
tally using sound intensity probe, which can be used to
collect the data to visualisation all the phenomena oc-
curring in investigated acoustic vector fields, even in the
near field and three dimensional space. The visualization
of acoustic energy flow in real-life acoustic 3D space fields
can be explain many particulars energetic effects (scat-
tering, vortex flow, shielding area, etc.), concerning the
areas in which it is difficult to make numerical modeling
and analysis with the CFD-FSI-CAA methods [1-3].

Energy distribution images in acoustic fields, con-
nected with the graphical presentation of the flow waves
are a new element in acoustic metrology. Introduction
of these possibilities have greatly changed the approach
to examining many acoustic phenomena. This sound in-
tensity measurement technique has been use to various
studies on theoretical and applied acoustics, greatly sim-
plifying the methods of research [4]. This is because it
does not require criteria as strict as in traditional mea-
surements, and the precision of direct measurements in
real-life situations does not vary from laboratory exper-
iments. The measurements can be carried out in a near
field and in the fields with presence of parasite noise,
which is a significant advantage in research. In the pa-
per, experimental studies will be mode on real models
and structures and documented with graphical records
as the effects of wave interference of acoustic fields cre-
ated around the obstacles and barriers placed in the flow
field.

In the paper author have described the visualization
methods in acoustic flow fields and show how these meth-
ods may assist scientists to gain understanding of com-
plex acoustic energy flow in real-life field. A graphical
method will be presented to determine the real acoustic
wave distribution in 3D flow field. Visualizations of re-
search results are shown in the form of intensity stream-
lines in space and as a shape of floating acoustic wave
or as the intensity isosurface in three-dimensional space,
which is unavailable to done by conventional acoustics
metrology. In traditional acoustic metrology, the anal-
ysis of acoustic fields concerns only the distribution of
pressure levels (scalar variable), however in a real acous-
tic field both scalar (acoustic pressure) and vector (the
acoustic particle velocity) effects are closely related. Only
when the acoustic field is described by the energy ef-
fect both potential and kinetic, may we understand the
mechanisms of propagation, diffraction and scattering of

acoustic flow waves. Application of the sound intensity
method, including the presentation of space vector dis-
tribution of acoustic power, may bring new insight into
the nature of acoustic field formation in real conditions of
working sources [5]. This attribute of intensity method
is very important in any industry acoustic investigations.

Based on the research with intensity technique and us-
ing selected visualizations methods, in the publication
are demonstrating few examples of vector space distribu-
tion of the real acoustic field, illustrate the application of
the ST measurement for practical problems at the acous-
tical diagnostic and noise abatement. Analysis of the re-
sults makes it possible to obtain much new information
about energetic and geometric distributions of the acous-
tic fields [6]. The measurement technique described, as
well as the method of graphical presentation of results,
can enrich the knowledge of the mechanism of acoustic
energy flux through the real partitions.

3. Experimental study of the wave fields

In an effort to understand the behavior and validate
the performance of a split hydrodynamic-acoustic com-
putational aeroacoustics approach coupled with a reflect-
ing boundary condition, a series of experimental investi-
gations are presented in this work. Validation case con-
sidered includes the classic aeroacoustic problem of the
turbulent spinning vortex pair in near field, and the pre-
diction of sound generation in a shear layer or in the
far-field region.

3.1. Introduction to acoustic fluid-structure interaction

Acoustic of Fluid-Structure Interactions (FSI) includes
the theory of aerodynamics sound, as well as more con-
ventional areas of acoustics and structural vibration. The
interactions between flow and structure are strong and
flow-induced forces on bodies and structures include vi-
bration. This vibration, in turn, includes additional noise
and may even modify the unsteady fluid flow. In many
cases, the structural surfaces do vibrate, but these vibra-
tions cannot alter the flow motion.

When sound waves, propagating in a uniform medium,
encounter a foreign object, the sound is scattered in all
directions [7]. If the size of the object is about the same
size as the wavelength of the sound, the scattering may be
called strong and its pattern may be complicated. If the
geometry of the object were relatively simple, it would be
possible to calculate the scattered sound field. However,
if there is a second object, located a few wavelengths
away from the first object, then the scattered sound may
reflect back and forth between the objects, undergoing
multiple scattering.

To determine the sound generation by fluid structure
interactions, it is necessary to know the response of the
boundary to the turbulence stress [8]. These stresses
not only generate sound but also excite structural vibra-
tions that can store a significant amount of flow energy.
Frictional forces ultimately dissipate the vibrations, but
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they can contribute substantially to the radiated noise
because elastic waves are scattered at structural discon-
tinuities, and some of their energy is transformed into
sound. Thus, flow-generated sound reaches the far field
via two paths: directly from the turbulence sources and
indirectly from possible remote locations where the scat-
tering occurs. Typical examples include the turbulent
flow an aircraft and ship hulls, from duct flows, piping
systems, and turbo machines.

A generally used method for the prediction of aerody-
namic sound simulation is the coupling of the near-field
solution of unsteady fluid flows and the far-field solution
of the sound propagation/radiation. Many researchers
for a range of aeroacoustic problems have adopted such
a coupling strategy, and some good predictions have
been obtained. The near field solution must identify the
sources of sound, due to turbulence, the interaction be-
tween vortex structures and embedded solid surface, etc.
Once these sources have been identified and extracted,
an optimized high-order numerical scheme with mini-
mized dissipation and dispersion features may be em-
ployed to calculate the propagation of the sound. Never-
theless, the efficient and accurate evaluation of the near-
-field sound sources still remains an open and challeng-
ing problem. Ever since Lighthill [9] proposed the first
aerodynamic sound theory, most work in the computa-
tion of aeroacoustic problems is based on various acous-
tic analogies. The modeling of acoustic sources adopts
certain basic source types, including monopoles, dipoles
and quadrupoles, or their combinations, of which source
strengths are known a priori, or these sources are directly
calculated using the Lighthill stress tensor. In many situ-
ations the flow of interest is both unsteady and turbulent,
and one needs to solve the full unsteady flow problem in
order to adequately describe the hydrodynamic field and
determine the sources of sound.

8.2. Wave propagation in arrays of scatterers region

The general scope of this research is to extend the
knowledge of CAA to subsonic confined flows and gain
more insight in the aero-acoustic behavior of such sys-
tems. In order to obtain this, the article presents the ap-
plication of sound intensity technique to graphic presen-
tation of spatial distribution of the acoustic vectors field.
As the results of research a two and three-dimensional
flow map of time-averaged active intensity vector in space
will show. Additionally, the presentation of the distribu-
tion of the intensity streamlines around the barriers was
attached.

For the sound intensity measurement the 3D-USP type
miniature intensity probe is applied. It is a very com-
pact and integrated sound intensity transducer combines
three orthogonal positioned particle velocity sensors and
a miniature (0.1 inch) pressure microphone. The ac-
tual 3D sensor configuration without its cap is less than
5mm X 5 mm X 5 mm.

In the first part of investigation, the tests concern the
application of sound intensity technique to graphic pre-
sentation of spatial distribution the acoustic energy flow

around free hanged rectangular plate with dimension of
0.6 m x 03 m and thickness 6 mm, located in a anechoic
chamber and excited by axially travelling incident wave
(stationary broad band pink noise) coming from loud-
speaker on a distance 0.6 m central, before to the plate.
The measurements with using intensity probe are curry
out in one-twelfth octave bands in the frequency range
between 25 Hz and 6300 Hz.

Visualization of the results of measurements are illus-
trated in Fig. 1 as a sound intensity distributions map in
plane of axis symmetry, as intensity streamlines in space
before the plate, as a shape of floating acoustic wave (as
well as the “velocity profile” in the fluid mechanics), and
as a shape of sound intensity isosurface. On the Fig. 1,
the results of sound intensity components measured on
complete 3D space around obstacle, are show here only
in half measured space.

Direct measurement of the acoustic power flow around
plate explain diffraction and scattering phenomena occur
in this region. The four types of imaging methods shown
in Fig. 1 are at the some time our own propositions of
the vectors visualization of flow waves.

1090 Hz 80,6 dB 78,3 dB 71,2dB

L
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Fig. 1. Sound intensity wave distribution around hard
rectangular plate (for some selected frequencies): (a) in-
tensity map with vectors (arrows), (b) intensity stream-
lines in the front of plate, (c) the normal intensity com-
ponent as a shape of wave in a rear side of plate, (d)
intensity isosorface in the rear side space in the of plate.

In the next several experiments, a flat plate palisade of
obstacles is acoustically excited by broadband noise com-
ing from linear acoustic source (in line situated 5 loud-
speakers) will be investigate. This research is an intro-
duction to understanding the sound propagation mecha-
nism in periodic arrays of scatterers. Investigated mod-
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els with palisades should represent very simplified rotat-
ing machines with a development of the wheel and noise
propagation in arrays of scatterers region.

The approach taken here is to use direct measurement
sound intensity describing the flow field around two or
three-dimensional solid obstacles and illustrate the flow
around them as an intensity streamlines. The study was
conducted to analyze and to improve the comprehension
of the mechanism of energy transfer between a turbulent
flow and acoustic fields. Aerodynamic results are needed
to formulate equivalent source terms while the acoustic
results are needed when a coupling procedure based on
acoustic boundary conditions is used. It can be expected
that through the development of the proper connectivity
boundary conditions between the different zones a feed-
back of acoustic waves from the propagation region to
the source region can be incorporated.

During the tests inside-semi anechoic chamber, barriers
are fixed to a hard substrate dimension 2.0 m x 1.2 m.
The line acoustic source is about 0.5 m before the first
barrier. All the barriers are 100 mm high and 1.0 m
long, and thickness respectively: thin barriers — 2 mm,
and thick beams — 50 mm. Cavity between barriers
are 250 mm long (dimension of cavity: L = 250 mm,
D =100 mm, L/D = 2.5).

578 Hz 578 Hz

Fig. 2. Shapes of intensity streamlines describing the
reaction of acoustic flow wave strike the single (left
columns) end double thin barriers (right columns).

Shapes of intensity streamlines describing the reaction
of acoustic flow wave strike the thin single (left columns)
end double thin barriers (right columns) shown in Fig. 2.
This is a comparative test what sort of reaction can we
observe while a running acoustic wave hit an single ob-

stacle or a series of obstacles arranged in palisades. We
can show in this picture and in the rest one (Figs. 3, 4),
that for the frequency band less than about 600 Hz we
can not see a big perturbation inside the acoustic flow
field, but in highness frequency region there are signifi-
cant distortions of the sound intensity field in the form
of vortex rotation.

Fig. 3. The reaction of flow acoustics wave on the hard
thick obstacles.

On the barrier as a broad beam (Figs. 3, 5), the
trailing-edge noise mechanism is associated with the
acoustic scattering of the beam turbulent boundary layer
convected at the trailing edge (please remember, that top
of beam is 50 mm long). In this processes, the quadrupo-
lar (acoustically inefficient) nature of the convected ed-
dies transformed into dipolar sources, which are much
more acoustically efficient.

The intensity streamlines shown in Fig. 5 contains
broadband components, introduced by the turbulence be-
tween palisade obstacles (four beams with cavity 250 mm
long). The latter can be induced by two mechanisms: a
wake mode mechanism, due to a periodical vortex shed-
ding at the cavity leading edge, and a shear-layer mode
mechanism, due to a feedback coupling between the flow
field and the acoustic field. The complexity of many tur-
bulent external flows in engineering equipment is consid-
erably increased by the presence of solid walls. The key
problem is that the influential turbulent eddies become
progressively smaller and closer to the wall, yet these do
not comply with the universality implied by Kolmogorov
theory [8], because of strong shear and other in homo-
geneities.
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Fig. 4. The impact of flow acoustic wave on the pal-
isades consisting of four obstacles — distribution of
sound intensity streamlines vortices in the cavities
(Rossiter mode).

i
.

Fig. 5. The distributions sound intensity map and in-
tensity vectors around thick obstacles.

Rossiter [10] was one of the first researchers who de-
scribed the feedback mechanism based on shadow graphic
observations on a number of different rectangular cavities
(called “Rossiter mode”). In our research, the dominant
Rossiter mode for cavity L/D = 2.5 are excellent visible
as a vortices between scaterrers (see also Figs. 2, 3). The
Rossister modes are clear visible starting from frequency
about 1000 Hz and higher. This sort of events recorded
in real-live acoustics field and graphically described is a
significant achievement in acoustic metrology.

4. Some remarks about numerical aeroacoustic
modeling

Computational fluid dynamics is one of the branches
of fluid mechanics that uses numerical methods and algo-
rithms to solve and analyze problems that involve fluid
flows. Computers are used to perform the millions of
calculations required to simulate the interaction of fluids
and gases with the complex surfaces used in engineer-
ing. However, even with simplified equations and high-
-speed supercomputers, only approximate solutions can
be achieved in many cases.

CFD techniques are used to simulate the near-field
flow, which contains the aerodynamic and nonlinear dis-
turbance equations. Available techniques include steady
RANS computations, in conjunction with stochastic
models of the wave-number-frequency spectrum of the
turbulence. This local flow solution has to be coupled to
an acoustic numerical technique (CAA) for the predic-
tion of far-field noise. The most practical formulations
are the integral methods such as the Fflowcs-Williams-
-Hawkings equation [11], the boundary element method
(BEM), and the Kirchhoff integral.

The CFD techniques are widely used by engineers de-
signing or analysing devices that interact with fluid, such
as vehicles, pumps, chemical apparatus or ventilation sys-
tems. The major problem faced by the CFD industry to-
day is a shortage of skilled human resource. CFD devel-
opment requires a blend of technologist and programmer.
Likewise CFD analysis needs good insight in the physics
of the problem, understanding of numerical methods used
along with expertise in commercial CFD software pack-
ages. There are numerous commercial software packages
to solve the Navier-Stokes equations. Examples of such
commercial packages include the following: Ansys CFX,
Fluent, Comsol, Star-CD, Abaqus, Flow-3D, and so on

CAA synergistically complement CFD by providing
the user with an extended set of analytical and numeri-
cal methods to simulate the generation and transmission
of sound waves through fluids. CAA prediction of nar-
rowband and broadband noise is closely related to tur-
bulence modelling which is central to the correct predic-
tion of aeroacoustic sources. The sound generated by
vorticity in an unbounded fluid is called aerodynamic
sound. There are two principal source types in free vorti-
cal flows: a quadrupole, whose strength is determined by
the unsteady Reynolds stress, and a dipole, which is im-
portant when mean mass density variations occur within
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the source region. Equivalent sources, namely dipoles
(associated with aerodynamic surface pressure forcing),
and quadrupoles (associated with fluctuating velocities
in the flow volume), may be directly captured through
transient CFD calculations [12].

The theory of aerodynamic sound was developed by
Lighthill’s acoustic analogy [9], which reformulated the
Navier-Stokes equation into an exact, inhomogeneous
wave equation whose source terms are important only
within the turbulent (vortical) region. The simultaneous
obtainment of the aerodynamic and acoustic field from
the compressible Navier-Stokes equations in made possi-
ble by the use of very accurate algorithms and of quiet
boundary conditions [3]. This can provide further in-
sights into the noise-generation mechanism.

Lighthill was a strong advocate of the use vortex meth-
ods in fluid mechanics. It was Powell [14], however,
who pioneered the interpretation of varsity as a source
of sound. It is now recognized that a knowledge of the
vorticity distribution in a complex flow-structure inter-
actions not only essential for a proper understanding of
mechanics of the motion, especially at low Mach num-
bers, but leads to the most effective means of calculating
the acoustic noise produced by such flows.

A lot of a hybrid approach is usually considered for pre-
dicting aerodynamic noise [15]. The approach separates
the field into aerodynamic source and acoustic propaga-
tion regions. The conventional CFD solvers are typically
used to evaluate the flow-field solution in the near field to
provide the aerodynamic sound source. Once the sound
source is predicted, the linearized Euler Equations (LEE)
or the integral methods based on Lighthill’s analogy1l are
used for the prediction of the acoustic wave propagation.
The LEE methods assume the flow field to be a time-
-averaged mean flow and a time-dependent small distur-
bance. The extension of the near field CFD solution to
the mid-field acoustic radiation can be achieved using the
LEE methods [10]. However, the evaluation of the far-
-field radiation is prohibited due to the computer stor-
age. The integral methods (i.e. Kirchhoff method and
permeable surface Ffowces Williams-Hawkings (FW-H)
equation method), instead, predict the far-field radiat-
ing sound using the flow field quantities on a closed con-
trol surface (that encloses the entire aerodynamic source
region) if the wave equation is assumed outside. The
surface integration, however, has to be carried out for
each far-field location. This would be still computation-
ally intensive for a practical three-dimensional problem
even though the intensity in terms of the CPU time has
been much decreased compared to that required by the
LEE methods. For an accurate far-field prediction, the
other difficulty of using these integral methods for some
aeroacoustic problems is that the control surface must
completely enclose the aerodynamic source region. This
may be infeasible or impossible to accomplish for some
practical cases.

Most unsteady flows of technological interest are of
high Reynolds number and turbulent, and the acoustic

radiation is a very small by-product of the motion. The
turbulence is usually product by fluid motion relative to
solid boundaries or by the instability of free shear layers
separating a high-speed flow (such as jet) from a sta-
tionary environment. The aerodynamic sound convert
kinetic energy of rotational motions into acoustic waves
involving longitudinal vibrations of fluid particles.

The complexity of CFD/CAA applications in many in-
dustrial problems, involving complex geometry and com-
plex physics, requires the co-operation of scientists and
specialists from various multi-disciplinary fields. It is ex-
pected that the activities of this working group will lead
to a better overview of the capabilities and limitations
of theoretical and experimental problems and developed
the simulation and validation procedures.

They require the use of software with multiple capabili-
ties and extremely high scientific knowledge inside, plus a
closely connected collaboration experts: mathematicians,
mechanicals and acousticians working together with one
investigation group (e.g. cooperation’s in a big grants).

5. Conclusions

In conclusion, we may set that by the direct measure-
ment of acoustic power flow and graphically description
of the results, we can explain diffraction and scatter-
ing phenomena occur on the real acoustical barriers and
solved in practical way a lot of scientific and engineer-
ing problems. For instance, the flow of acoustic energy
presented by the intensity streamlines shows the way of
energy flow in acoustic field. Showing the paths along
which the acoustic energy is transmitted may be very
useful when the necessity arises to visualize the “shape of
noise” radiated by vibrating mechanical structures (ma-
chines, vibrating heterogeneous plates, equipment’s, etc.)
and can show their acoustical activity also in limited 3D
spaces. This is a form of qualitative analysis for station-
ary acoustic fields, which consists in a complex evaluation
of the paths along which the acoustic energy of a radiat-
ing source is transported.

The application of the sound intensity technique to-
gether with CFD/CAA methods has improved the qual-
ity of acoustic diagnostics and has made it possible to
visualize energy wave phenomena (vector distribution) in
a vibrating structure, or in an acoustic field around the
structure. Direct energy analysis of acoustic fields was
not possible earlier because the classical studies used a
converter (microphone) measuring pressure changes, but
pressure is a scalar element of acoustic waves. Only when
direct measurements of sound intensity (e.g. as stream-
lines of acoustic energy — a product of acoustic pressure
and acoustic particle velocity) became possible, could the
wave distribution be analyzed in the form of wave acous-
tic energy transport.

Our experiments confirm that flow acoustic imagina-
tions in real-live conditions are very complex, even for ex-
tremely simple models facility used in this study. These
investigations may be physical understanding of acous-
tic wave flow phenomena in real condition measurement
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showing both qualitative and quantitative flow diagnos-
tics. The presentation of the vector distributions of real-
-live acoustic fields in the areas for which it is diffi-
cult to make a theoretical analysis (direct field and near
field), can explain many particulars concerning the ra-
diation character of surface sources, and scattering of
wave around obstacles. Further research can focus on
the importance of these interaction phenomena for more
realistic engineering applications.

Experiments in our facilities can then be designed and
conducted to produce validation and verification of com-
putational results made with common now CFD/CAA
programs [8]. This combination of theoretical and exper-
imental testing has been used to achieve the advanced
results of numerical simulations and made simulations
closer to the reality.
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