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ABSTRACT

A new generation of acoustic barriers is beingoohiiced into the noise control market. These barrier
based on arrays of isolated scatterers, presaresting properties to be used in cities to redee
transmitted transport noise affecting buildings. kg them, both aesthetic and continuity factors of
the urban landscape may be mentioned. This new dffohrrier is technologically advanced and
acoustically competitive with respect to the currenes formed by continuous rigid materials. To
design these barriers whilst taking into accoumirtinherent acoustic complexity, we present an
overlapping numerical model here that enables splibthe real three-dimensional problem into two
two-dimensional ones, allowing both the reductibthe computational cost and the separate analysis
of each one of the noise control mechanisms indolWe analyse different cases, checking the

numerical simulations with accurate experimentsiits.
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1. NTRODUCTION

Noise, defined as an unwanted or unpleasant outdnord generated by human activity,
iIs one of the main environmental problems all otrer world [1]. Noise pollution is
especially important in places where people cantytlzeir activities. The case of the cities
is particularly interesting, where a conflict otarests is presented: on one hand, high
noise levels are created because of the existémeeman activities and, on the other hand,
low noise levels are necessary to enable peopkstoThe composition of urban noise is
complex due to the superposition of a great vamdtgounds which are originated by
different sources and is therefore characterigteaoh particular area. The complete range
of sounds that characterise a city is usually dalldan soundscape and was introduced by
Schafer [2]. In every case, the main contributiorihie urban soundscape is supplied by
noise transport (road traffic, aircraft and railwagise), and the rest of the noise
components (ranging from the ringing of a bellne tonversation of a group of people on
the street) are added to this main noise sourcewBen we are talking about acoustic
comfort in buildings it would be interesting to aiss how to reduce transport noise in

cities.

Generally speaking, noise control can be carrieédnogiach of the three phases into which
noise propagation may be divided: (i) noise germrait the source; (ii) transmission of
noise from source to receiver and (iii) noise réo@p In the case of transport noise, the
best and cheapest solution is to act on the noigees, reducing its levels by means of the
implementation of certain actions such as reduaiovehicles speed or the use of noise-
absorbing pavements. On the other hand, as regarsks reception, we have to consider
sound insulation of buildings. Although it seem#e@a good strategy in the case of new

buildings, noise insulation cost is much higher wie refer to the case of old dwellings.



Moreover, these previously mentioned noise comittbns can only be applied to control
the inside of houses, thus preventing the enjoyraeoutdoor areas such as gardens or

terraces.

The last action framework in noise control is tbiadhe phase of noise transmission from
source to receiver, i.e. from the noise createthaenstreets by transport all the way to the
buildings, including their outdoor recreationalaeThe main existing tool to reduce noise
in this phase is the use of acoustic barriers (ABshined as a continuous rigid material
with a minimum superficial density of 20 kd/ii8]. The acoustic effect of ABs can be
explained as follows: the transmitted noise trawes the source to the receiver in a
straight line. This path is interrupted by the ABes it is placed between the source and
the receiver. A portion of the transmitted acoustiergy is either reflected or scattered
back towards the source, and other portion is tnétesd through the barrier, diffracted
from the barrier's edge or absorbed by the matefigthe barrier (see Fig. 1a). However,
the use of ABs in urban areas is associated witbrgkedrawbacks: on one hand, the
placement of continuous walls in cities presentthatic and communication problems
related to both the breakdown of the cityscapetia@ghysical isolation of the acoustically
protected areas. On the other hand, the stateloidigy in the field of ABs nowadays
does not guarantee a specific protection for eauhdf noise because they are not able to
distinguish the noise to be controlled, as bec#usesame screen can be used to protect
noises as different as a truck noise or an ambeilsinen warning. These drawbacks make

the use of the current ABs inappropriate in urb@asfor noise control in buildings.
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Figura 1.- (a) Acoustic performance of an AB; (lgrPview of a Sonic Crystal with the
main parameters of the array formed; (c) A picafra SCAS made up with rigid cylinders

as scatterers.

In the last decade, the discovery of new matehats enabled the development of new
devices devoted to noise control. One of these rralt@s a composite generally called
Sonic Crystal (SC), formed by periodic arrays obumtic scatterers separated by a
predetermined lattice constant and embedded imnalfig.1b we show a plan view of an

SC with the main parameters of the array formece BC adds a new noise control
mechanism based on the structuring of the scattevhich is different from what was

previously known. Due to this new mechanism, tla@eeranges of frequencies where the
wave propagation through SC is forbidden, callatbbgaps (BG), and their existence can
be explained using a Bragg scattering process|[8dih the size and the position of the
BG in the frequencies domain basically dependshergeometrical characteristics of the
array, the lattice constapt and the radius of the cylindersAs a consequence of the
existence of SC, a new generation of ABs has apgemith high technological procedures

and with aesthetic conditions that allow their aseABs in noise control of buildings in



urban areas. The ABs based on SC are usually catbec Crystals Acoustic Screens
(SCAS) and nowadays their use is at an intermegiaiteg between the basic research of
its physical properties and its widespread useagserncontrol devices. An example of
SCAS can be seen in Fig.1(c). Among the propedighese devices in terms of noise
control the following may be mentioned, (i) SCAS aliscontinuous materials derived
from a sculpture and, consequently, the aesthspeds are improved, at the same time
giving visual continuity to the urban landscape [@) from the technological point of
view, SCAS allow the inclusion in their acousticsige of different noise control
mechanisms as absorption or resonance togethetheitBG, intrinsic of these materials,
such that all the mechanisms involved in the desig®CAS work constructively and
separately. This fact is usually called tunabflityand, as a consequence, the designer can
choose the frequency range in which each of theenoontrol mechanisms must act,
allowing the design of customized SCAS for eacle typnoise. These facts have led to the
homologation of various SCAS that are acousticinpetitive with respect to the current
ABs [8]. One example in the use of SCAS can be seé¢he Eindhoven A2 ring road,
where Van Campen Industries have placed 22,0600fMSCAS with high acoustic
performance, formed by rock wool cylinders wrappath aluminium perforated sheets.
Some images of this SCAS can be seen at [9]. indlesign and construction, two noise
control mechanisms are involved: BG and absorption.

Several theoretical approaches have been madeatactérise the acoustic behaviour of
SCAS, such as the Multiple Scattering Theory (MED)}12], the Plane Wave Expansion
(PWE) [13], the Finite Difference Time Domain (FDJD14] , the Finite Elements
Method (FEM) [15] or the Method of Fundamental Sohs (MFS) [16]. However, the
SCAS design is not easy due to the complex acopbaomenology involved, and the

current theoretical models named above are naldeibecause they have been developed



for research purposes only. Thus, some restricsoieh as the consideration of infinite
arrays or the assumption of scatterers with irditehgth are taken into account in these
models, allowing the simplification of the probldoy means of transforming a three-
dimensional (3D) case into a two-dimensional (2B8,overy distant from real situations.
Admittedly, the numerical models developed enateanalysis of 3D cases, but usually
at a high computational cost. Therefore, the dgrmetnt of design models reflecting the
real working conditions of SCAS at a low computaéibcost seems necessary in order to
meet the possible demand that installing this nawl kf AB produces in the world of
acoustic engineering. These models should conaltitre acoustic phenomena related to
the particular SCAS that is being designed, whigdams that the supposition of the real
3D case should be taken into account. In this semseverlapping model [17] developed
using the Finite Elements Method (FEM) to designl 8CAS has recently been presented.
This model responds to the above requirements giraya designing tool to analyse real

cases, which are easy to use and are at a low ¢atopal cost.

In this paper we present the implementation ofotrerlapping model mentioned above to
the case of a new design of SCAS that are more nghawtban the Eindhoven barrier
named previously. In such SCAS we have considéreg ihoise control mechanisms: BG,
absorption and resonances besides consideringatiffin at the upper edge of the screen.
Several cases have been analyzed, adding diffiecgse control mechanisms one by one
to the scatterers, following the idea of tunahilitye have named scatterers that are formed
in this way ‘multi-phenomena scatterers’. We alsespnt a practical application of the
model, where the diffraction at the upper edge he#f tevice is reduced using the
destructive interference mechanism in a predeteunrange of frequencies. We provide

numerical predictions obtained with the overlappmmgdel, which is validated in the most



complex case with experimental results. As an e¥amye have considered here a SCAS
formed by an array of cylindrical multi-phenomenatterers arranged in a square array.
These systems are widely used in research duaévaseeasons such as their simplicity,

their size or the high amount of symmetry of thinclers [8, 17].

The paper is organized as follows: First, the erpamntal set-up used to validate the
numerical results is presented. Afterwards, we amplkhe implementation of the

overlapping model to the case analysed here. Nualegsults as well as the comparison
with the experimental ones are analysed and disdusgthe next section. Finally, the last

section contains the concluding remarks, whereghigts are summarised.

2. EXPERIMENTAL CHARACTERIZATION

To validate the numerical results obtained by mednsur model, a set of experiments
have been performed in an echo-free chamber ofSsiz& x 3 ni, which simulate free
field conditions. A prepolarised free-field 1/2'icnophone Type 4189 B&K located at
0.11 m from the sample and a directional sound ceoGENELEC 8040A emitting
continuous white noise, located 1 m behind the $nmporder to consider the wave
impinging on the sample as a plane wave, have bgset throughout the experiments. A
SCAS made of 16 (4 columns x 4 rows) multi-phencangcatterers arranged in a square
array with lattice constant p=0.33 m is considessdpne can see in fig.2(a). With these
parameters the first BG af thcidence of the wave on the SCAS appears atqadrey

f=515 Hz.

The design of the cylindrical scatterers has beadenfollowing the guidelines proposed

by Romero-Garcia et al. [7], successfully useddadardise an advanced model of SCAS



[8] following the European standards [18-20]. Theatterers are formed by PVC
cylindrical resonant cavities with inner radius@.095 m, thickness of the rigid wall
€,=0.005 m, and a slot along their entire length vagerture d=0.02 m. These rigid
cylinders are wrapped by a layer of rock wool esodient material, with thickness e=0.04
m. As a result, cylindrical multi-phenomena scattemwith external radius r=0.14 m and
with length h =1.20 m are considered in the coottn of the SCAS checked here.

Geometrical details of these scatterers are showheiinset of fig.2(a).

On the other hand, and with the idea of reducirgdiffraction at the upper edge of the
cylinders that form the SCAS, a set of 4 empty Rlihders with radius;~0.05 m and

wall thickness £=0.005 m will be arranged with a separation distdmetween them equal
to the lattice constant of the SCAS, p=0.33 m adtkd at +0.33 m height on the top of
the sample, as can be seen in fig. 2(a). A phgvbged the entire device along with the

position of the microphone can be seen in fig.2(b).

Figure 2.- (a) Scheme of the experimental
set-up used; (b) A picture of the sample
made of multi-phenomena cylindrical

scatterers. A partial view of the cylinders

used to reduce diffraction at the upper edge

of the sample is also shown.




3. NUMERICAL OVERLAPPING DESIGN MODEL

As we have explained previously, the design motedgnted here is based on the idea of
tunability, which means that the different noisentcol mechanisms involved in the
problem can be separately treated. This fact allesvio split the real three dimensional
problem into some two dimensional analyses, which @asier to study without
interferences from the others and at a low comjaunalt cost. Finally, the resulting total
complex acoustic pressure of the three dimensicexs¢ can be calculated by combining
the partial complex pressures obtained at eachobrthe two dimensional cases. A
complete explanation of the model is presentectfiarence [17]. To develop the model
and to obtain the numerical predictions, the consraksoftware COMSOL Multiphysics

has been used throughout the study.

To illustrate this methodology, we have modelled gioposed SCAS explained in the
previous section. We will present different scatteronfigurations, progressively adding
new noise control mechanisms, specifically resoesrand absorption. This variation is
easy to implement in our model simply by activatorgdeactivating different domains
contained therein, as we will see in the next sactin our analysis, the complete
geometries of both two dimensional cases, includihghe mechanisms considered, are
shown in fig. 3(a) and fig. 3(b), with the diffetemechanisms involved assigned to each
one of them. On one hand, the mechanisms relatétetcomposition of the scatterers
(BG, absorption and resonances) have been asdigried geometry shown in fig. 3(a).
This assignment can be easily understood takimgaotount that the composition of the
scatterers remains unchanged in the directioneofites of the cylinders (OZ direction in

our model), and the system could be consideredtas a@imensional case (OXY plane).



We have called this first geometry "plan view". &g can see, the geometry is formed by
a section of the SCAS considered, perpendiculdret@xes of the cylindrical scatterers, so
that they are represented by circles includingha&lnoise control mechanisms considered.
In the inset of fig. 3(b) one can observe the caitjpm of the multi-phenomena cylinders,
which are formed by empty rigid cylinders made ¥fPwith wall thickness gand radius

ro. Next, a layer of an absorbent material (rock wadth external radius r and thickness e
is wrapped around the rigid cylinder. To simuldbe sslot along their length in the
numerical model, a rectangle of height d is inskateross the scatterer. The different parts
of this geometry can be activated or deactivatedhan model to simulate different
materials or different compositions of the cylidti scatterers. On the other hand,
diffraction at the upper edge of the cylindricatserers has been included in the geometry
shown in fig. 3(b). We have called this geometmctonal view". In this case the two
dimensional model is formed by a sectional planallgh to the axes of the cylindrical
scatterers (OXZ plane), and they are representeeldigngles with their bases equal to the
diameter of the cylindrical scatterers [17]. Ona cdserve the layers of the absorbent

material in yellow colour.
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Figure 3.- Overlapping design model where thettegale dimensional problem is replaced

by two two dimensional cases; (a) Plan view (OXWp tdimensional case), which
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includes BG, resonances and absorption mechan@nescan see the OXY section of the
multi-phenomena cylindrical scatterers, as webhasreflected lateral lines and the PMLs
that define the boundaries of the domain. In tlsetinone can see the main geometrical
parameters of the multi-physical cylindrical sa&tts; (b) Sectional view (OXZ, two
dimensional case) with the main geometrical parersedf the problem considered. In this
two dimensional model, only diffraction at the uppege of the scatterers is considered,
and one can see the OXZ section of the real threengional problem. The PMLs and the

impedance condition defined at the boundarieslacardicated in the figure.

To develop the second objective of the paper, wisidhe practical use of our model to
design a solution to reduce the diffraction atupper edge of the SCAS using destructive
interferences, a set of empty rigid cylinders @ebtbur in fig. 2(b)) with radius; and wall
thicknesse; is included in the model, located perpendiculamhd on the top of the
cylindrical scatterers. We have called them turadti®on. These cylinders are viewed in
the sectional view as a set of circles, and theyaaianged near the back boundary of each
multi-phenomena scatterer in order to reduce tifiadiion. The distance;lbetween these
cylinders and the cylindrical scatterers has beeosen to decrease diffraction at a

frequency =515 Hz, which is the Bragg's frequeoicthe first band gap.

The geometrical domain in fig.3(a) where the plaewwof the SCAS considered is
represented and confined by two completely reftediees at the upper and lower
boundaries and separated by the lattice constaheddrrayp. This artifice produces the
effect of a semi-infinite array of cylinders, andshbeen successfully used in several
analysis related to SC [7, 21], allowing the deseeaf the computational cost by reducing

the numerical domain. On the other hand, to consuhy diffraction an impedance

11



continuity is considered at the lower boundary belthe array of cylindrical scatterers in
the sectional view represented in fig.3(b) in ortdesimulate free transmission conditions
to avoid reflections on the ground behind the SCABally, the rest of the boundaries of
both sections are surrounded by Perfectly Matchagiels (PML) to simulate the

Sommerfeld radiation conditions in the numericabtetion of scattering problems [22].

Regarding the modelling of the different elemehts form the proposed SCAS, we have
considered the PVC cylinders as acoustically rigitj therefore the Neumann boundary
conditions (zero sound velocity) are applied tarteerfaces. On the other hand, we have
modelled the rock wool as a porous material udieghelany-Bazley model implemented

in COMSOL, where the flow resistance takes theevaliR=23,000 Pa-s‘m

With these conditions, we have numerically cal@dahe total complex acoustic pressure

for each two dimensional model, which can be expressed as

Pt = Pyt Ps 1)

where p, is the complex acoustic pressure of the incideavengiven by the starting
conditions of the problem, and is the scattered complex pressure given by thitesed
wave produced inside the domain due to the interadietween the incident wave and
both the geometry and the physical properties efsiimple. The characteristics of the
mesh and the number of degrees of freedom will rbjoe the case considered, and will
be explained in each of the problems solved. Takitwgaccount that both the SCAS used
in the numerical calculations and in the experimemive the the same geometrical

characteristics, it is possible to compare thewatwate the numerical model developed.
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However, some discrepancies can appear in the caopalue to the finite size of the

experimental sample.

To acoustically contrast the different devices pemal, we have calculated the acoustic
attenuation at a point located with coordinate$1(00, -0.30) m from the back edge of the
last cylinder that form the 2DSC (see fig.3(b))eTiteason for deciding that this point
should be so close to the SCAS is for checkingetifect of the diffracted wave. The
acoustic attenuation is given by the Insertion LigiSsparameter, defined as the difference
between the sound level at a point recorded withveithout the sample. Considering the
overlapping model proposed and following referefid®, the IL for the general case can

be written as

IL = 20|0910 Puirect

2p

interfered

=2010910% Po | )

+ +
o pS(BRAGG+ RES+ABS) ps( DIF)

wherep, is the complex incident pressure used at eacloioiie two dimensional models,
Ps(BrAGG+ABSHRES) IS the complex scattered pressure obtained ipldreview model, due to
the BG (BRAGG), resonances (RES) and absorptiorSjAtbise control mechanisms in
the most complex case, apghir) is the complex scattered pressure due to diftracind
provided by the sectional view model. On the othand, fo+pseracc+rRes+ass)) and
(Pot+ PsoiF)) are the complex interfered pressures in bothdiw@nsional models. Note that
the adaptation of equation (2) to our case has beste taking into account the specific
characteristics of the software used. Thus, thédayl@omplex incident pressure that
impinges on the SCAS ig, (pgrect IN €quation (2)), the complex interfered pressures,

Pinerfered; Which are defined for both the Sectional and Plen views, are obtained by

13



adding the incident complex pressure po to the ¢®xngcattered pressure obtained in
each casep{eracc+res+ass) for the Plan view 2D model, amgpir, for the Sectional view
2D model).

Note that to obtain both IL (with and without theéd solution for diffraction proposed) it
is enough to recalculate only the complex presstithe sectional view where the tuned
solution is implemented because the plan view améschange. This fact enables us to
reduce even more both the complexity of the proldechthe computational cost, because
it is possible to work only with the two dimensiboase where the acoustic phenomenon
is being treated. Finally, we present the IL resuharrow band to check the position and

the attenuation provided by each of the noise obntechanisms considered.

4. RESULTSAND DISCUSSION

Using the overlapping model, in this section weehawnalysed the IL of the different
SCAS formed, including the different noise contr@chanisms selected in each case. We
present three cases, in which we assume the fentgth of the cylindrical scatterers in
order to consider real three dimensional conditign)sSCAS formed by rigid (PVC)
cylinders as scatterers. In this case, there arertechanisms involved: BG and diffraction
at the upper edge of the cylinders; (i) SCAS fainy rigid (PVC) cylinders with a
longitudinal slot. Here there are three mechanismglicated: BG, resonances and
diffraction; (iif) SCAS formed by a rigid (PVC) awylder slotted and wrapped in a layer of
porous material (rock wool). There are four acaustechanisms acting in this case: BG,
resonances, absorption and diffraction. In all sage have also implemented the tuned
solution to reduce the diffraction at the upperesdf) the SCAS using the destructive

interference mechanism. In the latter case, whdngtanumber of acoustic mechanisms

14



are involved, we have checked the numerical sinougtwith experimental results stated

in order to verify the proper operation of the mode

The adaptation of the proposed model to the SCASdd by rigid cylinders can be seen
in fig.4(a). One can observe the different domaictsvated (red colour): on one hand, the
rigid wall and the porous materiad (ande thickness respectively) are working as rigid
materials to simulate the BG mechanism, taking asiwount that the thickness of the wall
in rigid materials is not important in the Braggtering phenomenon. These activated
layers can be seen in both two dimensional analydas and sectional views). Note that
the position of the BG peak in the frequencies doman be changed by simply varying
the geometrical characteristics of the array oftecars. On the other hand, to check the
validity of the solution proposed to reduce diffrac, we have activated the red circles
that constitute the tuned solution. The plan viesechas been solved considering 1.02- 10
degrees of freedom and 8.40" Hlements and in the sectional case, 1.63d&@rees of
freedom and 1.20-1@lements have been necessary to solve it. Hexesaimputational

time to obtain IL solutions is 4500 s.

With these settings applied to the generalisedlameing comprehensive model, we have

numerically calculated the IL spectra with and with the tuned solution adopted to

reduce diffraction by means of the generalisedesgion (2) adapted to this case:

pd irect

=2OIoglo| Po | 3)

IL =20log
v ‘ 2p0 + pS(BRAGG) + pS(DIF)

interfered
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The IL results can be seen in fig.4(b). One caras in both spectra, the existence of the
first BG centred at f=515 Hz. The results with (rédtted line) and without (black
continuous line) the tuned solution are comparad,ane can observe the increase of the
IL for the case of the tuned solution around thadgfs frequency (f=515 Hz), which

means that the design proposed to reduce diffraatarks suitably.

Next we have applied the proposed model to the chseSCAS formed by rigid and
slotted cylindrical scatterers. In this case, weehadded the existence of resonant cavities
at each one of the multi-phenomena scatterersadaptation of the overlapping model to
this case has been easy: the rectangle of heitjiatt creates the slot of the rigid cylinders
shown in the plan view (fig3) has been activateeating a resonator. This approach can
be seen in fig.4(c). Again, we have calculatedlthspectra with and without the tuned

solution. In this case, the general expressiogdA)be written as:

pdirect

IL =20log,,

= 20|oglo% e Po | 4)

interfered (o] 4 pS(BRAGG+RES} + ps(DlF)

The IL spectra are represented in fig.4(d) wheeehigh quality of the results is shown. In
both cases it is possible to see the resonancetipgadppears around f=200 Hz due to the
geometrical characteristics of the resonator preghoand the existence of the BG around
f=515 Hz, showing the good performance of both raa@ms according to the tunability
idea. Note that the position of the resonance paakbe moved in the frequencies range
by changing the geometrical characteristics ofréisenator created. Moreover, in fig.4(d)
one can see the increase of the IL when the tuoletios is activated (red dotted line)

compared with the case where the tuned solutideastivated (black continuous line).

16
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Figure 4.- Overlapping model applied to two diffaréSCAS cases (plan and sectional

views). (a) and (c) show the overlapping model fioe design of SCAS formed,
respectively, by rigid cylinders or rigid slottegdinders as scatterers; (b) and (d) represent
the corresponding IL spectra for both cases inmdhge of frequencies analysed with (red
dotted line) and without (black continuous lineg tained solution proposed to reduce the
diffraction at the upper edge. The squares formethé black dotted line in both spectra

define the limits of performance of the proposetktusolution.

To numerically solve this problem, 1.5°Hements with 6,51- $@egrees of freedom for
the plan view case, and 5.12Hlements with 3.02- 2@egrees of freedom in the sectional

view case have been used. In this case, the cotigmatiecost is 6000 s.

Finally, we have analysed the case of a SCAS fotogethid cylindrical slotted scatterers
with absorbent material. To do that, we have addéayer of absorbent materials (rock

wool) in the cylindrical scatterers so that fouoastic mechanisms are involved. In this

17



instance, the adaptation of the overlapping maeftdats the changing of the properties of
the external ring of the cylindrical scatterershvitiickness e: from the supposition of rigid
material adopted in the previous cases to the ggsumof porous material with the

properties explained above, as is shown in fig.5fa) example of the real pressure
solution in the complete domain of both plan ardiseal views for the Bragg's frequency

(f=515 Hz) are shown in fig.5(b).

a)
[x  IPW—— ©O0O08_ p I " ‘ —
0 \ ) C) —Rigid cylinders+resonators+rockwool. FEM
40 --+--Rigid cylinders+resonators+rockwool tuned. FEM [
Bl Enabled layers G e S § Action Aiea
" oy
Incident B 20
-
plane r, P ; 10 : -
wave (IPW) ¢ ¢
7 ™300 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
X
0]
| May:1.82 60 d) —F;igid cylinders+;escnators*rockwool (expenménlal)
15 | T 7 |eeee Rigid cylinders+resonators+rockwool tuned (experimental)
1 :----------: Action Area
0.5 !
1
0 1
-0.5 :
-1
.1‘5 |
: 100 200 300 400 500 600 700 800 900 1000
Min: -1.777 Frequency (Hz)

Figure 5.- Overlapping model applied to the casereltd noise control mechanisms are
considered (BG, resonances, absorption and diffraat the upper edge of the SCAS). (a)
Scheme of the two dimensional cases (plan andosettviews) in which the real three
dimensional problem has been split. The domainwadet are represented in the red
colour; (b) Simulated real values of the total poes of the complete domain at (f=515
Hz), Re(pot ps), are mapped for both the plan and sectional vi¢gysand (d) Numerical
and experimental IL spectra respectively at théetepoint with (red dotted line) and
without (black continuous line) the tuned solutipmposed to reduce diffraction at the

upper edge of the considered SCAS.
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Again, we have obtained numerical outcomes of thegectra using the overlapping
model with and without the tuned solution for difftion by means of the expression (2).
The results can be seen in fig.5(c). Once morecanabserve the increase of the IL in the
range of frequencies chosen when the tuned solidiactivated. However, in this case
one can see a decreasing of the IL around 1000Hiz. réduction can be explained in
terms of the constructive interferences producetiiatfrequency due to the geometry of
the tuned solution adopted, which is designeddaae diffraction only at f=515Hz. Note
that the acoustic effect of the rock wool couldchanged by varying the geometrical or
absorbing properties of the material. These rebatte been experimentally verified and
the results can be seen in fig.5(d), where onechaok the numerically obtained results.
Note that in the experimental set up we have usdickational sound source, but a plane
wave has been considered in the overlapping modefeldped. This apparent
contradiction can be explained in terms of the sizéhe anechoic chamber, where the
assumption of plane wave cannot be considered @notitaining of the experimental
results. Moreover, this experimental set up havenhesed successfully throughout last
years, providing experimental results in good agesd with the numerical or analytical
predictions obtained using either plane wave orcfuah source [5]. These last results
enable us to experimentally validate the genemliz@del proposed. Because of the
difficulties to obtain the experimental results do¢he measuring point is very near of the
sample where the output wavefront is not compldtetyed, and also due to the finite size
of the sample, this validation is not based theuate reproduction of the shape of the
experimental IL spectrum using our overlapping nhotat in the check that (i) both
numerical and experimental spectra have the atienuzands due to the different acoustic

phenomena involved (BG, absorption and resonamntéis¢ same position in the range of
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frequencies, (ii) the IL level for numerical andpermental cases in dB, and (iii) the IL
increases in both cases when the tuned solutienabled. In this case, 4.37°Hements
with 7.89-18 degrees of freedom for the plan view case, andl€.lelements with
3.02-10 degrees of freedom for the sectional view casee Hmen used to solve the

complete problem. The computational time employere s 6100 s.

Finally, to get an idea about the reduction ofdbeputational time in our model, we have
obtained some IL spectra with different FEM modstrolling the time cost. In the case
of a real 3D model formed by a SCAS formed by 2&lj4nulti-phenomena scatterers, the
computational cost has been around 20 days. Ifseethe 3D reduced numerical model
(developed with FEM) proposed by us in referen€, [the computational cost is around
5 hours. Finally, for our overlapping model thistis around 1.5 hours. Note that this last
computational time can be reduced because it isnaoessary to recalculate both 2D
models in all cases: if, for example, we want t@lgse some solutions to reduce
diffraction at the upper edge, we only have to Icedate the 2D sectional view, because
the 2D plan view not change. Thus, it is possibleeduce much more the computational

time in our overlapping model.

5. CONCLUSIONS

An application of an overlapping model to design ASCformed by cylindrical
scatterers embedded in air, taking into accountctimaplex acoustic phenomenology
that appears in the real use of this new kind ofiéra is presented in this paper. SCAS
can be used in noise control in buildings to redheemost important type of noise that
appears in cities, i.e. the transport noise, fethaic and technological reasons due to

the fact that these barriers come from a sculpanéd are versatile enough to be
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designed for specific noises. SCAS are technoldlgicadvanced and acoustically
competitive with respect to classical AB, and tifeme the versatile overlapping model
presented is necessary to design this new generati8B that have already appeared
on the noise control market. The model is basethendea of tunability and allows the
analysis of each one of the noise control mechanisrolved independently and, at the
same time, can be used to find the best solutioredeh case without increasing the
computational cost, selecting the range of freqiesnio which the designer wants each
noise control mechanism to work. The numerical $athans presented, supported by
accurate experimental results allow us to validae model. Moreover, the model
enables the inclusion of any new noise control raeEm desired, with the only
requiring caution when introducing it into the appmate two dimensional model in

which the complete three dimensional model has bpbin
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FIGURES CAPTIONS
Figura 1.- (a) Acoustic performance of an AB; (lgrPview of a Sonic Crystal with the
main parameters of the array formed; (c) A picafra SCAS made up with rigid cylinders

as scatterers.

Figure 2.- (a) Scheme of the experimental set-egd;u®) A picture of the sample made of
multi-phenomena cylindrical scatterers. A partisw of the cylinders used to reduce

diffraction at the upper edge of the sample is shsmwn.

Figure 3.- Overlapping design model where thettegale dimensional problem is replaced
by two two dimensional cases; (a) Plan view (OXW¥p tdimensional case), which
includes BG, resonances and absorption mechan@nescan see the OXY section of the
multi-phenomena cylindrical scatterers, as webhasreflected lateral lines and the PMLs
that define the boundaries of the domain. In tlsetinone can see the main geometrical
parameters of the multi-physical cylindrical sa&tts; (b) Sectional view (OXZ, two
dimensional case) with the main geometrical parersedf the problem considered. In this
two dimensional model, only diffraction at the uppége of the scatterers is considered,
and one can see the OXZ section of the real thneengional problem. The PMLs and the

impedance condition defined at the boundarieslacardicated in the figure.

Figure 4.- Overlapping model applied to two differésCAS cases (plan and sectional
views). (a) and (c) show the overlapping model fioe design of SCAS formed,
respectively, by rigid cylinders or rigid slottegdinders as scatterers; (b) and (d) represent

the corresponding IL spectra for both cases inrdhge of frequencies analysed with (red
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dotted line) and without (black continuous lineg tined solution proposed to reduce the
diffraction at the upper edge. The squares formethé black dotted line in both spectra

define the limits of performance of the proposetktusolution.

Figure 5.- Overlapping model applied to the casereld noise control mechanisms are
considered (BG, resonances, absorption and diffraat the upper edge of the SCAS). (a)
Scheme of the two dimensional cases (plan andosettviews) in which the real three
dimensional problem has been split. The domainsadet are represented in the red
colour; (b) Simulated real values of the total pues of the complete domain at (f=515
Hz), Re(pot+ps), are mapped for both the plan and sectional viégysand (d) Numerical
and experimental IL spectra respectively at théetepoint with (red dotted line) and
without (black continuous line) the tuned solutiproposed to reduce diffraction at the

upper edge of the considered SCAS.
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Highlights:
Technologically advanced Sonic Crystal Acoustic Screens are proposed.
An overlapping model to design these real three-dimensional screensis present.

The model presented enables the inclusion of any new mechanism of noise control.



