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Figure 4a represents the behavior of the absorption coef-
ficentof the mode]with diferent cels.

“The sound absorption peaks ar: located a1 292 Hz,
250z and 227 form = 2.3 and 4 coled spaes,respec.
vy Inaddion, al sound absorpion paks have ampli
e of 099 snd elative bandwidts o 07 of the maximum
absorpeion of 121 Hz, 56 Hz and 60 Ha forn =2, 3and 4,
Rspectively. Consequentl the relaton between the band-
‘width nd the cenir fegueney s 41.4%, 33.2% and 26.4%,
comespondingly.

“To ilustrae the performance of the sound absorpiion
coeficientof e absorber, Fig 4 and < shows e behavior
Of e toalsurface impedance (7, of the sound absorber
ormalized by the ai mpedance, ince i the modeT's ol
impedance matches air impedance th cffecave sound
sbsorption must be schived. The real pats e 113, 1.1
and 108 a peak absorpion 292 Hz, 259 Hy and 227 Hz.
Rspectivel (sc g, 40). Mearwhie, the imaginary patis
2e10forthee frequencies (e Fig. 40).

33 Numericalanalysis by FEM.

A umerica valdaton of the new geometic model s pee
formed using the sofowsse COMSOL. Maltiphysicst obain
Sound absorptioncurves and pressure disibutons consid-
ering the thermoscousic imracton module 27, Figure 5
usirais te geometry of an impecance tube with 3 urit
el ofthe proposed metamateial model e n the simu-
tation of  virual experiment. A limit condiion of plare.
waves adision with pressure smplitude of 1 Pa was e
o smulae sound waves ncdence st oe cnd of the mped-
ance tue. The it el o the M i ol d at opposie.
end. The clement mesh size was chosen wsin the Nyquist:
critera, o tha he viso-thermal disipations,especilly in
e marow reglons,were captuedinhe simulaton. Thecle-
mentype selected wasthe free terabedral and the iniam
clment size was deined s 110 ofthe smllet simulsied
warciength. The gomeirc paramets used in the simuls
tion s those shown n Table |

‘The sound absorption coefficient for analytical
and numerical methods is lusirsied n Fig. 6. A good

.5 M et f e mameris k] of e Mins -
ey

a5 1-7)
= Nomarca -
- Aatyical < n 3|
[ Nomarica + n

= anatyical < o]
E- Nimereal < n- 4

Absorption cocficient

T w0
Fraquency (2)

5.6 Soum o ot e (sl s il
k) e i e s 2.3 s e e

agrement i verified between the aalytical and numeri-
cal methods mainly when the number of coiled spaces
increases. This cohesion i due 1o the greste inluence
of isco-thermal effects i these spaces,sinc the cross-
sectional area of these cofld spaces decreases wih the
increase of n The displacement of the sound absorption
peak 1o lower fequencies, is bserved n both e theorei-
cal and mumerical anaysis. Tis ageement occurs because
the peak i nduced by the severe resonance which s pro-
duced by the strong compression of the i n the micro sl
of the pancl and, conscguenty. th cncrgy i mainly dis-
sipaed by the ffets o ricton loses and viscous damp-
ing both n panetperfoation and inside the ciled spacs.
23], Note tht by increasing  the efictive propagation
lengih Ly incresses (s Table 1). The point of disunction
between the methods ocearsin the bandwidih elative to
0% of the maximum absorption, mainly for cels with

2 corled spaces, where the bandwidth i 47 = 91 He
and 47 = 121Hz for numerical and theoreical method.
respecively, which characierizes a latve ertor of 27

[— iyl )
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With regard to amplitude, the maximum error found was.
5% relative tothe cell with .

coiled spaces is shown n Fig. 7. It i
bserved that the sound pressure at the end of the colled
Spaces i fve times higher thn . the emzsnce (micr- 1),
Furtbermore al the resonance frequency, a much arger
velocity a the nterface o the parel (micro-si) and the
entrance of the frst coiled spaces s observed.

As a sl the incidence wave energy is mainly dis-
Sipaid duc to the large friction between the scaustic
wave and the small perforatons. Therfore, the ow-re-
quency absorption mechanism of the acoustc absorber is
e comersion of scousic energy ino heatenergy at the

“The concept ciled spaceis shown a  simplification of
Fabry-Pérot [25] channe,since a5 both he toal efective.
length of propagation L and the crosssectional ara of
e spaces S, affectthe position of the peak sound absorp-
tion. Figare  illutrates th inflacnce of S, o the behav-
o ofthe shsorber when 5, vares with Lug - 172.5 .
The frequency of the peak absorption ncreass a5 he 5,
decrass, e, asmaller cros sectional area of the ofled
spaces induces an absorpion at greaterfequencies which
shows an opposit cffct compared with e Puramcir Ly
“Therefore, theoperaion requeney the absorber is mainly
etermined by Ly, which can be adjused 1o the necded
frecuency by varying te paramete Lor by incressin the
valie of .

Absarption coefficient
2

T T )
Frequency (Hz)

.8 Sound st bt forvrsionof 5 i e
(et Ea 0,

4 Experimental procedures

“Thesound sheorpion coefcien fte proposed M s was
evalused using an impedance tabe sysem. A sampl con-
aining it cells withn = 2 cofed spaces (see Fig.9) was
ke wing scitive menufscturing (3D printing) echnol-
ogy using fusion and deposition moceling (D) ectmique.
Because o its durability, ABS (acylontrile btadien sty
o) was used o manufacur the aborber The esolution
of manufscture was 0.15 mm. The geometric parameters
consdered i the manufsctur snd snalysis 4 shown
the legend of Fig. 9. Sound pressure messurements were
performed ina ylindrical mpedance tube with a iiernal
diamete of 107 mm, inwhich only planc waves propagae

“The samples of MmAs were installed at the end of the
e and evaluated appying the sandard two microphone:
method [29] A sehemtic of the impedance tube sppartus
s inivestigtion i presented in i 10 Due o e phys.
fcallimitaton o the impedanc tub, the pototype semple
was manafsctued o il the tabe which lmitd the ammber
of nit shcrber el o .

Figure 11 presents the resuls of the sampie sound
absorpion coefficient for the analytca, numerical and
experimental methods. The corrsponding sound absorp-
on peaks wers determined a 342 He, 340 He and 365 Hz,

T
Syl prtor

e it
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rspectively. In addion,the sound absorplion peaks have.
ampiitudes of0.99, 097, 0.95,especively. The discrep-
ancy in requency between the experimental esls and e
other prdicions is assocaid wih nacearacis elted o
e manufactur of the sample [15. 23] L., the roughness
of the inemal wallssnd o the e fec of the couping of the
variousunt 1

“The handwicth elative o S0% of the masimam sbsorp-
tion s 150 H.(from 277 t0 427 Ha). 130 H.(from 280 to
410 H)and 232 e (from 251 0 453 He) for the analyt-
cal,mumeric nd exerimental methods, Rspectvey. Conse-
quenty the elasonsp between the bandwidth and e peak.
centralfrequenscy s 434, 37%, and 60 3%, rspectvey.
T fequency bandvidth of thecxperimertal st s grater
than that ofthe anlytcal nd namerica methods, robably
e 10 the aditonalconsumption of sound ey by the
rough surace from 3D printing [30, 311, which is notcon-
Sidered inthe analyticaland numerial methods.

5 Condlusions,

Ao frequeney absorber metamalerial s proposed based
o coled spae, pancland s ype microperfraton. The-
orticaland umeical pdictions (FEM) demonstrated tat
is change provides sn fiective sound sbsorpton inthe
freguency range betwezn 100 and 600 Ha with increased
mlative bandwidth, The sound energy contol mechanism
was ivestgated experimentally snd found to b in good
sgrement with the theorsical snd numerical predicuons.
It can b estabished tht the sound shorbr i efecive
i the decp-subwavclength scal,sine s tal thicknes s
much les than the waveleagth ofthe operating requency.
{1+ 0031, Finaly, i sound absorption erformance.
and e ability o acjust the design make the sound sbsorber

‘an excellent candidate for controlling sound energy in rela-
on o low frequencies, as long as it s manufactred with
an matrial suffcienty rigid, s thatthere are o efecs of
Sructura) vibrstions o is ntensl wals which influcrce
it performance.
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Alow-frequency sound absorber based on micro-slit and colled cavity
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Abstract
“The designof a compactlow-frequeney acoustic absorber whse thicknes s e than the operatin frequency wavelngth s
a ificult challenge. However ecent deelopments in metamarial engincering have cnabled sigifcant advances towards
i gosl. Thi paper presents an imvestigaton o sl frequency aiorber (.. operating betwezn 100 and 600 H) sruc-
{ured arund a ew conceptof a thincavityofcoledspacescoupled with  pancl an micro-siL T ability o this acoustic
metamateria seorhert conrol sound enery with incressed elative hbvidth s exmined anlyically snd numerically
comsidering th viscous thermal losses i both the micro-sit and coled space. A pototype sbsorber was manufacured
singsdvanced sditive manufactaring tchigue and oalusie inan impedanc tub sppratus. The experimentl eslts
Showed th absorber capable of controlling 95% of the sound energy a 365 Hz with a lative bandwith of 60 3%, These
Rsults compare well o hose obaiedfrom the anaytialanalysis and fsite clement method Thas, the propsed acoustic
absorber s shown 1o b capableof peraingin the decp-subwayclengthscae.

Keywords Low-requency absorbe  Coledspaces - Acoustic metamateia - Micr-sit - Visco-thermal efecs
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1 Introduction

“The control of sound energy mlated o low-frequencies
(. operating between 100 snd 600 Hz) has proved b
a hallenge for many enginceringproblems. But, recently.
st in this ara of conrol hs gained notability with
the advent of acoustic metamaterisls snd metssurfuces
MmAs) [1-6].

‘Acoustic metamateialsar periodic sructues thathave
spesii properties snd behaviosfo lars wavclengths (1],
“Thi xceprionsl behavior occursminly when the scoustc
metamalerial has an eficien capacity (o convert sound
cnergy into thermal energy, snd  ot) surfce impedance.
corresponding 10 the medium impedance, thusallowing
the sound wave 1o ener e ficienly inside th structure
avoiding back.reflccted wave [3]. The total correspond-
ingsurface impedance s obained from s sructural and
seometric srangement.

“Two by pothesis are important o design of a efciently
acousic metamatria: fisl, the visco-thermal effcts
[5-10] and, sccondly. the concept ofcoled spaces [ 11161
“This compact cofled space concept has been widely used
inabsorters based on Fabey-Pero (FP) type chamels and
sands out for s abilty o educe the pysical volame of
metamateial for a scale of ecp sub-waselength [17], For
cxampie, Wa et al. [13] proposed a hybrd acoustc meta-
material with decp-subwavclength based on a microper-
foratcd pancl (MPP) with ylinrica boles snd coflec-p
chanels, and, obaned excelent low-frequency dbsorpion
(< 0Hz). Honever, due o the small dimensions of oles
i the panc of the model manufacuring of te strucur s
ill  challengs using sddiive manufscaring technology.

Based on these concepts of cofled spaces 14, 13] and
panels with eylindrical micro-perfoatin [17], his paper
proposes  new geometric coniguration using 8 4 ty7e.
singl microperforation 19] and cvaluates th absorption
coeficient of this srrangement n the freguency range of
100-600 H. The theorstical bais o the model i pre-
Sened i the following section andexplains the incresse
e rlative absorpion bandwidih due o this exchange of
micro perforation cylindrical 1o a micro-si configration.
Additonaly, FEM simulstion snd experimental vlidasion
of e sound absorbe,using an mpedance e, were used
10 verify the ow-requency absorption charsctristics.

2 Theoretical method

A it cel and e frontview of the paioe] ofthe metama-
{erial are llusirated i Fig. 12 and b, espectvely. A cross
Section of th cel with some ofis geometic parameters

@ P

O
Lot E

i1 8 T s of the Misks compries » oy of ol
e oy el o £ i < st v
e i e ot prtes o . icro i € Cr
o i e g ool

s showninFig. le.A plane wave of amplitae, P, focuses
o the panealong the — dirction,considering hat the
el has two coiled spaces and that the wavciengihs are
greate than the width ofthe spaces,the wave propagaies
inthe absence of a cutoffrequency [15, 20] (e Fig. 16).
The eometric parameters considered in the model are
defined inthe otaton.

“The total srfae acousic impedance of the mode, Z, s
given by the eressssciationofthe front panel impedance
wih the cofled spaces impedance, i2.,7, =7, +Z, The
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o s) T ®
b e et e s £, wih
o= 121 kg .y = L§134Pas, and 4P being the sound
o i iy
e T e &3
e U e e
ey

Jop,

@

sistive term,due 10 ficonofthe i flow in e viscous

boundaryayer that produces an adionl viscous et and.
‘areactve erm, orginaing from the i radiaiona oth s
ofthe aperure. Terefoe, the final corecions ae obiaied
byi22.23]

7, o0
R ®
e 0 =1 - Lt 03386+ 006796 — . i

Fok function orecton de o the inersction of rdistion of
e i [24],¢ = /L., an.F, denos the complee cliptcal
ntegral i which an appropisely shaped llipse approaches
e st 191, is obained by

@

where 5, = i i te area i the x plane of an indvidaal
v the cros-scctional area o te space, with
(= 1,1/ The cictive ngth
i oo o TR T
ackristic mpedance and the consant of fceive
o of the cole spaes ar,respeciely, 72 = 3/ Cy
g = oy, Considering narrow spaces. g and
g e the comple densityand comprssibilty efctve
funcrons, which ar obtaned hrough v co-herml cous-
e heory [25], both functions are cxpresed spectinly by

=255 a2 | o

e O )
®

wher oy = -+ 1/2)8/a and f, = (n-+1/20 o ar con-
stanis, 25 wel s’ = &/p,C, Considering analysis a -
qencies below 1100 Hr,te higher-order erms i he sum
of the seies n Egs. 7 and 8 ar negligile, the infiis sum
of cach series can be reduced t0 4 fnte number cnough
erms to obtain an sccarse slution (26] that i, £ < 200
andn <20

From Es. 5 and 6 the total surface impedance of the
MmAs is determined
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.~ Z,)/(Z, + Z.)is the reflection cocflicient.
47, = . e harcterite s mpedene.

3 Simulations, results and discussion

Firstly, we examine the behavio o the absorber consider
ing  circula hole aperare an then compare his 1 the
proposed geomeire sl modkl

31 Theoreticalanalysis between models

“The theoretical aalysis of the behavior of the sound
absorber considered a comparison between the behavior
f the model with s rculr hoe microperfortion of e
(G = 314 ) [17]and micr-siype microperfor-
omwith arca (agy = 34 ), Th vales of the geometric
parameters wed i the comparison ar specifed i the kg
end of Fig. 2. The value of he ellipicalinegrl F, = 457

(st the it e 10 approacthe clisc s e
proportion of the lrget t smlistparmeer) s the cor.
et due o e inersction of i diaton n e el it
(€)= 1 sine the panepresents anly one perforaton, and
ersfor, thers i no neraction between perforstons. The

‘comparison will oceur for cells with n = 2, 3 and 4 coiled
Spaces with L being 121.5 mm, 1809 o and 2406 .
“The comparison of the sound sbiorption coefficent
between circala hole and micro-<it mocels is llustsied
imFig. 3. For bt modelsthe sound shrorption peaks e
locaied at 332 Hz, 280 Hz and 234 Ha for =2, 3 and 4
cofld spaces, espectvely. The pak ofsound absorption
moves 1 lower frequencies s the vale of ninreases,ic..
whenthere is a ncrease i the Lo Furher, e absorption
peaks hae an amplitade of0.99, 098 and0.97 fothe mockl
with ciratar bl micoperforaion, nd 099,099 and 0.95
for the model withsit microperfoaton, i both cases for
#=2,3an44, repectivel.

T elative bandwicth st 0% o the maximam sbsorp-
on is 77 Hz, 48 He and 31 Hz for circula mode and
110 Hz, 68 Hz. and 42 Hz for micro-sit mods, in both
cases form = 2,3 and 4 cofled spaes. I s observed hat he
Changin the perforaton from  cicular e o 2t with
approximatlythe sam arca docsnot caus any significant
change n the positon and ampitudeof the eaks. However,
there s  predominantly positve nflucnce on the rlative
bandwidth,that s, an ncrease of 0%, 29.4% and 26.2% 0
1=2,3 and 4, rspectivel. This greaer bandwideh in the
with micr st model i due 0 e fact it grster amount.
of energy i dissipaed mainly by viscous fiction nsde this
perforston 23],

32 Proposed model
“The geometric parameters used o raly e the confgaration

of the mode] with the proposed micr-si-ype prioration
e shown in Table |

Absorption coeficient

| T
Frecuency (12)

i3 Comparicn of st st o e skl
il bk s micperrsion (i by 10)




