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Resumo: Neste artigo, ma estratégia MFS no dominio da frequéncia é ajdiqsare
avaliar o campo sonoro gerado por uma fonte lineapresenca de barreiras finas
forma de T. A formulacacproposta é desenvolvida utilizando funcdes de G
definidas através do método das imagens, permitindeusto computacional reduzi
do modelo numérico. Tanto o solo quanto o edifgdo simulados como superfic
planas rigidas infinitas, e a barrc acustica € tratada como sendo absorvent
tratamento de superficie das barreiras € caraatkripor um material absorver
poroso. O modelo déwikker e Kosten é aqui usado para calcular asrpd@des di
material poroso. Para validar a implementanumérica do método proposto,
resultados sdo comparados com solugbes da formoulBe@-BEM. Simulacgoe:
numericas sao realizadas a fim de demonstrar @mrfia da formulacdo proposta ¢
desempenho acustico das barreiras finas em forniaede cenaric tipicos de ruido d
trafego. Os resultados mostrardo que o MFS podénsaiferramenta muito interessa
para prever o desempenho acustico de barreiras fioan formas complexas
condi¢cbes de contorno complicac

Palavras chaves: Brmulacdao MFS; formulacdo Dual-BEM; fungcbes de Greer
barreiras finas em forma de Tmodelo de Zwikker e Kosten; aterial absorvente
pOroso.

Abstract: In this papera frequencydomain MFS strategy is applied evaluate the
sound field generated by a linear source in tlesence of Tshaped thin barrie. The
proposed formulation is developed by making usérmefen’s functions defined by usi
the imagesource technique, allowing a reduced computatienat of the numeric:
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model. Both the ground and the building are sated as infinite rigid plane surfac
and the acoustic barrier is assumed to be abserpliie surface treatment of {
barriers is characterized by a porous absorbergriahtThe Zwikker and Kosten moc
is here used for predicting the properties he porous material. To validate 1
numerical implementation of the proposed metho@, tbsults are compared w
solutions of the DuaBEM formulation. Numerical simulations are carrieat in ordel
to demonstratéhe efficiency of the proposed formuon, and the acoustic performar
of the Tshaped thin barriers in typical scenarios of tcaffoise. The results will sho
that the MFS could be a very interesting tool foedacting the acoustic performance
thin barriers with complex shapes and ccicated boundary conditior

Keywords: MFS formulation; Dua-BEM formulation; Green’s functions; TFshaped
thin barriers; Zwikker and Kosten modeporous absorbent material.

1 INTRODUCTION

Severalempirical and numerical methods have bwidely used to simiate and
analyseacoustic wave propagation around the acoustic drarriAmong these, tt
Boundary Element Method (BEM) allows an efficiemabysis of acoustic barriers
complex shapes and complicated boundary conditidhe. BEM has a number
advantags over other methods (Brebbia, 1984). However, ibandary integre
equation formulation presents some difficulties domlysis of very thin bodies, in t
form of nearsingularities and ne-degeneracy of the final system of equati

Filippi and Dumey (1969 and Cassot (1975)eveloped an efficient bounde
integral equation technique analysethe scattering of waves by thin rigid screen:
infinite domain. Later, Kawai and Terai (199combinedthe standard and hyj-
singular integal equations t¢predict theoutdoor sound propagation and its attenue
by thin absorbing barriers over a rigid ground andided discretization of the infini
plane by making usef g Green’s function obtained by meanstb&é imag-source
technique. his formulation, which combines the use of standamd hype-singular
integral equations overthin body, would later be called tDual-BEM formulation

More recently meshless methods have attracted great interestiehtists an
researchers for acstics engineeringproblems The Method of Fundamental Soluti
(MFS) is one of these methods and its mathemafiicedulation isquite simple. It is
also based on the prior knowledge of fundamentaltisos, but not requiring th
numerical and analyticahtegrations that need to be performed in the BEMddition,
it is also very well suited to the problems of mifié and sen-infinite domains since
automatically satisfies the Sommerfeld radiationditon. However, one disadvanta
of the MFS is lhe determination of the position of the pse-boundary on which th
singularities are placed. Therefore, Karageorgli809) has proposed a sim
algorithm for estimating an optimal pserboundary for certain boundary val
problems. Costat al. (2011 2012), Godinho et al. (2012) and Costal. (2016, 2018)
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have shown that, despite its simplicity, the MF% igery interesting tool to efficient
predict sound wave propagation in the frequencyain!

This paper analyses the t-dimensional sound field aroundshaped thin acoust
barriers in the frequeneyomain by means of the MFS3Here, the configuratior
analysednake use of the s-region techniqueand the Green’s functions are emplo
for limiting the number of discretized surfaces reducng the computational cost
the proposednodel. In this model, both the ground and thekailding are modeled ¢
infinite rigid plane surfaces, and the thin bas areassumed to be absorptive. 1
surface treatment is characterized by a porousrbent material. The properties of tl
material are computed by using the Zwikker and &oshodel. The proposed mode
verified by the comparison of numerical resultshwat reference model based on
dualBEM formulation. The advantages of the projd model such as its stability a
accuracy are also illustrated by performing congmas with a reference model. T
insertion loss is presented fT-shapedthin barriers with and without absorbe
treatment, allowing evaluating the effect of the@bt treatment of the barriers in t
sound reduction near to the facade of a buils

2 MATHEMATICAL FORMULA TION

2.1 Problem definition

Consider the problem of acoustic wave propagatiora iregion Q of infinite
extent along the-direcion in the presence of a-shaped thin noise barriover an
infinite plane ground, as shown in Fig

y

Barrier

Receiver
Source n

Q

Ground
"///////////////7//// I I I T S SIS TS X -

Figure 1. Geometry of the problem.

The propagation of an acoustic wave in the homagendinear fluid medium ¢
rest is governed in the frequency ddin by the Helmholtz equation, which can
written as:

O%p(x) +k*p(x) =0, (1)

where p(x) is the acoustic pressure, ak = 277 f /c is thewave numbe, with f
being the frequency and the speed of sound in the acoustic medium.
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Assuming an infinite domain excited by a harmonmnp pressure source
positionX,, the incident pressure field at any pcx is given by:

Pl (6,%) = H3 ), o

wherer =|x - x| = Jx=x)2+(y-y,)? and Hg(...) is the Hankel function of the fir
kind of order zero.

2.2 Green'’s functions

In analyses of acoustic wave propagation, the poesef totally reflecting plan
surfaces can be takanto account bymeans of the imagesurce technique. Tht
considering an image source in relation to theZomial axisx, as displayed in Fig
2(a), the corresponding Green'’s function can béevrias

G(X,X,) =iZ[H0(kr1)+ Ho(kr,) ], 3)

with 1, ={(X=%)% +(y = Yo)? and, =y (x—%)2 +(y+Yo)® .

This approach can be further extended to incorpomabre reflecting surface
Thus, considering a quar-space defined by two axes, onexaand other aty, as
displayed in Fig. 2(b), the corresponding G''s function can be expressed

G(X,X,) = —iZ[Ho(krl)+ Ho(kr,)+H o(kr)+H o(kr ) |, (4)

with 1y = (X+3)2 +(Y = Yo)? andr, =y (x+%)° +(y+Y)°

7
(xy) (xy)
r, * =

(X()!yo')/' o/%/ / g% Yo)
Real source Real source

r, I

77 ] 777727777, % | 7 X

Image source Image source i Image sourc

a) b)

Figure 2. The image«source technique: a) Half-space and b) Quartespace.
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The above described Green’s funns are only valid if the planes are totally ric
However, it may be possible to account for pagt-reflecting planes, multiplying th
effect of the virtual sources by a generic refl@ctcoefficientR. In this case, the Eq
(3) and (4) become,

G(x,xg) = =2 Ho (k) + R ofkr) . (5)

G(x,%0) = =L Ho (ki) + RH o(kr) + RH (k) +RRH fkr )]. (6)
4

The reflection coefficient is related to the impeda using the local reacti
approximation (Salomons, 2001) given

_Zcosf-1 (7)
Zcosf+1
whereR is the reflection angl

In this study,the Zwikker and Kosten model is used for predictihg acousti
properties of the porous material and is define

=S4 2 (8)
NpcC

2

where A is the porosity, s is the tortuosity (or structure factor), ac is the flow
resistivity.

3 THE METHOD OF FUNDAM ENTAL SOLUTIONS

The MFS model is developed by assuming an acodsti@in divided into six si-
regions, as illustrated in Fig. 3, in which 1 special Green’s functions are usin this
model five circular interfaces are defined by usinguaiber of collocation points (ClI
and a number of virtual sources (VS) positionedsiolet each si-region is also
considered. Thus, within each -region, the MFS allows the acoustic field to
calculated as a linear combination of fundamerahlt®ns, simulating the sound fie
within each subregion by means of a set of virtual sources plam@dide it and at
fixed distance from the circular interes limited by each sub-region.

For each sulbegion, the acoustic pressure at an internal pX, can then be
written as:

VSJ-
p(x,) = Zq"iegi (X, X ) +3,Gol (X, ,X,),  withinQ (=1273) 9)
1=1
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VSJ-
p(x)=>.8" Gy (X X),  withinQ, (j = 4,5,6) (10)
=1

and the normal component of the particllocity as:

ap(xk) z o Glew (Xk,xI ) a5, Glex (;Xk,X )’ withinQ, (j = 1,2,3) (11)
=1 :
ap(xk) z Q, M withinQ, (j = 4,5,6) (12)

= on
where n is the unit normal vector pointing outwards of eamli-region (i.e. with
opposing directions for each «region), a,Q‘ and hg‘ are the unknown amplitudes
be determined for each virtual sourcX, is the collocation point in which tf
continuity condition is enforce(Glf;" (X,,X,) is the incident field regarding the acou:
pressure geerated by the real source when placed in th-region Q;; Glff' (xk,XIQ')

refers to the Green’s function for the -region Q;, whose details were given in t

previous section; is the su-regon in which the real source is positioned ig,, is the
Kronecker delta.

Collocation point
Virtual source

barrier

Source 2 3 LS
# WY

yi ; By Ground
YQ//////i//////zz;/z;z;;z;;dzzz2zzz

Figure 3. Schematic representation of the MFS modi:

By imposing at each collocation poxi, continuity of the acoustic pressure anc
the normal compomé of the particle velocity with respect to theccilar interfaces, th
following 2CPx 2VSsystem of equations can be obtail

Ax=b, (13)

where
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G2 -G% 0 0 0 0
HY -H2 0 0 0 0
G 0 -G © 0 0
H» 0 -H%: O 0 0
Az GZ 0 0 -G 0 o | (14)
HX 0 0 -H% 0 0
G 0 0 0 -G 0
H 0 0 0 -Hg O
G 0 0 0 0 -G
HE 0 0 0 0 -HX
with
G(X, X)) oo G(XpXyg)
Gy = : : , (15)
G(Xch X)) - G(Xep X yg)
[ 9G(x,,X,) 0G(Xy, Xy ) |
on on
HE = : . : (16)

0G(Xcp  Xy) 0G(X cp X vs)
on on

For example, if the real source is located in #igian €, , the unknown vectcx is
given by:

.
x:[alQl Looayy At L.oayd ... oayr ...oag ay ... e\?sz] (17)
and right-handside term is defined ¢

b:[—Gfl _Hizl _ngzl _Hfzzl _G§§1 _H%l _Gfil _Hle _6951 _H951:|T’

(18)

G%:[G(Xl,xs) G(xCPk,xs)], (19)

Hflz[ae(xl,xs)  98(xep X) | 20
on on

Once this system of equations is solved, the amopstssure at any domain po
may be obtained by using Egs. (9) and (
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4 MODEL VERIFICATION

In order to validate the numeri implementation of th@roposed formulatic, the
results are comparedith a reference solution based on [-BEM formulation. We
consider a Tshaped thin barrier 5.0tall located over a plane ground at (0.0m, 0.(
The fluid medium is excited by a pc source placed at position1(.0m, 1.0m), a
shown in Fig. 4. In this studa cap 2.0m width was alwagensidered. The acous
medium is assumed to be air at°C and atmospheric pressure of 1 atm, with densi
1.21 kg n® and sound propagation ocity of 343 m &. Here, tw( test cases were
analyzed. In the first test case, responses acellagddfor four frequencies of 125F
250Hz, 500Hz and 1000Hz at one horizontal lineeskivers placed at 1.0 m above
ground, and in the secomése, reponses are computed in the common interfl’)
between the sulegions. A du-BEM model is used as a reference model
comparison of the computed resulThis model was discretized with a very la
number of elements (about 50 elements per wavdigngtensure the accuracy of |
numerical solution. Herghe number of collocation points is defined by nseahthe
relation between the incident wavelength and destdretween collocation points. Tl
relation is defined as. The distance between the virtual sources andfittidous
circularinterface is defined eD,s and the distance of the collocation points is dsf
asDgp. In all results, the number of virtual sourcesagsial to the number of collocati
points.

Cap width

- .~

Q, r,
ola
N s, Circular
~. e .
L.eemedeetlinterfaces -
.......... <
- k=
2
Q, 2IE
Q, r. s Q
K 1.9|16
Source S1 s Q 5
§ 3 o
(-10.0 m,1.0 m) g 1
$++++++++++++++++#++£’++++++++++++ ++++++++++++'~‘++++++++++++++++++++++
3
§

y Ground

X

Figure 4. Schematic representation of the test cas

The results in Figre 5(a-d1), calculated for frequencies b25Hz, 250Hz, 500H
and 1000Hz, allow concluding that the MFS solution provides arw good
approximation to the reference solut To better understand the numeribehaviour
of the MFS model, a global norrrzed error with respect to the reference solutios
calculated as:

dual-BEM _ pMFS‘
|

>

2P

duaI—BEM‘ !
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17 1r
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g 01 0.1 % - -=Dvs=2.5Dcp
2 W + Dvs=3.0Dcp
E. - Dvs=3.5Dcp
< 0.01 r /\ o1y 0 T
0.001 ; : : : ; ! 0.001 ! : : !
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x (m) r
al) az)
1 1r
—Dual-BEM -~+Dvs=1.5Dcp
01 “MFS -+Dvs=2.0Dcp
9 0.1 ™. -=Dvs=2.5Dcp
2 + Dvs=3.0Dcp
E. 0.01 w -+ Dvs=3.5Dcp
< 0.01
0.001
0.0001 1 1 1 1 1 J 0-001 1 1 1 ]
-10.0 0.0 10.0 20.Cc 30.0 40.0 50.0 2.0 4.0 8.C 16.0 32.0
x (m) r
bl) b2)
1 1r
—Dual-BEM -+ Dvs=1.5Dcp
0.1 —MFS -+ Dvs=2.0Dcp
@ 0.1 F -=Dvs=2.5Dcp
E 0.01 " +Dvs=3.0Dcp
g. 0.001 -+ Dvs=3.5Dcp
< 0.01 r
0.0001
0.00001 ' : : ' ' ' 0.001 : ' ' '
-10.0 0.0 10.0 20.C 30.0 40.0 50.0 20 4.0 8.0 16.0 32.0
x (m) r
cl) c2)
1 1r
—Dual-BEM —~Dvs=1.5Dcp
0.1 -~MFS -+ Dvs=2.0Dcp
@ 0.1 = Dvs=2.5Dcp
E 0.01 " +Dvs=3.0Dcp
£ 0001 f AN - Dvs=3.5Dcp
< 0.01 o
0.0001 —
.
0.00001 : L : L ! ! 0.001 : ' : !
-10.0 0.0 10.0 20.C 30.0 40.0 50.0 2.0 4.0 8.C 16.0 32.0
X (m) r
di) d2)

Figure 5. Responses alonthie horizontal line of receivers for the excitationfrequencies of: a)
125Hz; b) 250Hz; c) 500Hz and d) 1000Hz.
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for different values of the distance between théusl sources and fictitious circul
interfaces and for different relations. The resafttheses computations are presente
Figs. 5(a2-d2)indicating that the MFS response converges todherence solution ¢
therelationr increases. This indicates the d stability of the proposemethod with
respect to the distance between the virtual sowedghe fictitious circular inrfaces.

Due to the variability of the response obtainedti5S based on the distance of
virtual sources and the fictitious interfaces @& giroblem, it becomes difficult to apg
this method for problems when a more general casmmnsidered or whethe exact
solution is not known. For this reason, severataeshers have proposed strategie
solve this problem associated with the positiotheke virtual sources (Barnett, Betc
2008; Karageorghis, 2009). Therefore, a strategpgsed by Tadeet al. (2009) is
here used to assess the quality of the MFS respdmnseeans of an integration alc
the interface of the problem through the differebetwveen the responses compute
each subregion, which can provide important information d¢me quiity of the
continuity conditions between the «regions, and thus can give a measurement c
error associated with the calculation. This strategn be calculated by means o
global normalized integrated error given

Ir‘pgl ~Pa ‘dr
Ir‘pgl dr

where P, refers to the acoustic pressure of the-regionQi, p, (with i=2,...,6)

£= (22)

refers to the acoustic pressure frQ, to Qg and "=+, is the common interfac
between the sub-regis. Thus, a similar calculation is presented flieignt relations
between the incident wavelength and ance between collocation poi and for
different distances between the virtual sourcesthadictitious circular interfaces, fi
the frequencie of 125Hz, 250Hz, 500Hz and 1000Hz, with the afrbeiter describini
the stability and the accuracy of the proposed ot

Figure 6(aldl) illustrates the acoustic pressure calculatetthieatircular interfac
[, (see Fig. 4). Irthe results presented, calculated by using theiaalr=32.0 for all

frequencies, and by assuming the virtual sourcasetplaced at ,s=2.0C;, from the
circular interfaces, there is an excellenatch between the two respor. For the

circular interfacel,, a good agreement between the two results wasfalsa (not
presented).

Figure 6(a2d2) displays an integrated normalized € (€) computed along th
circular interfacel{), which was evaluated using the approach deschieéule Notice
that the error always decreases as the relir increases. Thisonverger behaviour
was foundfor all the distanceanalysed. These results gegt that the evaluation of t
integral calculated at the interfaces continuityn d@e a very efficient strategy f
assessing the quality of the MFS solution for peatd when the analytical solution
not known and/or when a more general case is cered.In addition, this strateg
allows identifying problems in trbehaviourof the proposed MFS mod
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Figure 6. Responses along the circular interfacel ) for the excitation frequencies of:a) 125Hz; b)
250Hz, c¢) 500Hz and d) 1000Hz.
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It is important to note that in all the analysesthbthe normalized and the integre
normalized errors clearly reveal a small error wleerelationr=32.0 is considere
Thus, in the next section, the numerical examplde analysed byising this relatiol
to ensure the accuracy of the proposed me

5 NUMERICAL EXAMPLES

In order to show the applicability of the MFS foriaion, the problem illustrated
Fig. 7 is analyseth this section using-shaped thin barriers in different scenarThe
simulations are analysdar four 1/3% octave frequency bands of 125 250Hz, 500Hz
and 1000Hz. These frequency bands are commonly usddaffic noise. In this
analysis, arexcitation source S1 is located at positi-10.0m, 0.7m) while anoth
source S2 is located at positic-5.0m, 0.7m), and the $haped thin barriers are loca
at position (0.0m, 0.0m). Once again, the acoustdium is assumed to be air at°C
and atmospheric pressure of 1 atm, with density of Bg2d7® and sound propagatic

velocity of 343m §. The Insertion Los (IL = -20Log,, (| pl/|py|) with Py being the

acoustic pressure generated by a point source wtithe presere of the barrier) is use
to show the influence of the-shaped thin noise barrier above an infinite rigidugmd.
Here, the virtual sources are placedD=2.0D¢, from the circular interfaces and
relationr=32.0 was always us¢ In this example, the_lvalues are computeat a set of
receivers located along a vertical line 0.5m awaynfthe facade of a building, for 1

four 1/3% octavefrequency banc. Both the ground and the tall building are treate
infinite rigid plane surface The upper sudce of the cap is covered with a por
absorbent materialThe properties of the porous material a=3.0, A=0.3 and
0=10kPa s rf. Here,a barrier 5.0m tall wittcap 1.0m widtHs used. Thi barrier is
placed 20.0m from the buildir In all the analysg the responses provided by -

shaped rigid barrier are displayed and used afeeeree solutiol

Cap width| 1.0 m |
\ i

Building

o
. _ (&
Line of receivers|g

AN I NN

Source S1 Source S1

glo.o m,0.7 m) é-s.o m,0.7 m 20.0m

Barrier height

/244 ﬁ/// ///////////////////////////////////////////////////////////////d
y Groun

X

Figure 7. Geometry of the example.

Figure 8illustrates the acoustic performance of -shaped thin barrier in tt
vicinity of tall buildingsfor the wources S1 and S2. In this anatysa cap 1.0m width
assumed.
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Figure 8. IL values at a set of receivers located along a&stical line 0.5 m away from the building,
considering a cap 1.0m width, for the 1/ octave frequency bands of: a) 125Hz; b) 250Hz;
500Hz and d) 1000Hz.
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Analyses of the results reveal increased IL valoedhe receivers placed near to
ground. These values are even more pronounced, Wigeisource is at position
probably due to incre& of the shadow zonThe barriers with absorbent treatm
provide better results than the rigid barriers. Ppeeformance of the absorptive bari
improves aseceivers are placed closer from the ground. Howeareexception of thi
behaviour can bebserved for the frequency band of 250Hz at y=4(€me Fig. 8(b1)
After reaching the maximum performance, all basribecome less efficient as f
distance to the ground increases and thus neghtivalues may ao be registered.
These negative values are more pronounced fi lower frequency band of 250Hz
y=16.0m and at y=14.0m (see Fi@8(bl) and (b2), respectively), and for the hig
frequency band of 1000Hz at y=12.0m (see. 8(d1)), leading to the elancement of
the sound pressure level next to the facade dbaildings

6 CONCLUSIONS

In this paper, a twaimensional numerical model based on Method of Barehtal
Solutions was used to simulate acoustic pressele roduced by a point source in-
presence of a Thaped thin barrier. In the numerical mocoth the ground and tt
facade of a building wereeate( as infinite rigid plane surfaces, atite barriers wer
assumed to be absorptive.is model made use of Green’s functions defined by
imagesource technique, limiting the number of discretiseirfaces and reducing t
computational cost of the proposed model. This rma@e verified by comparing tf
results with a reference model based on the-BEM formulation. The resullanalysed
in this work further revealed convergence of theppsed method to the referer
solution when the number of collocation points a&irtbal sources was increased, ¢
the good stability of the solution with respectthe distance between virtual sour
and the fictitious circular interface between -regions.The acoustic insertion loss w
presented for barriers with and without absorbesdtiment, showing the effect of t
absorbent treatment of the barriers in the souddateon next to the facadef tall
buildings. Thisanalysis makes it clear that the MFS is a veryrasieng tool for
problems of thin acoustic barriers with complex e and complicated bound:
conditions.
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