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Abstract : The desi gn of a sound absor ber wi t h si mul t aneous br oadband and | ow f r equency

absorptionisstill difficult toachieve. Mbst existing noi sereductiontechniquestar
singl e aspect of the acoustic performance. Thedifficultyliesintheinherent trade-off
conpact si ze, broad bandw dth, and ef fecti ve | ow frequency absorption. To over cone t he
i ssues, this study proposes a nodified soni c bl ack hol e (SBH) to enhance the conventi o
PH structure’s | owfrequency broadband sound absorption capabilities. By introduc
the concept of equivalent length, this study adjusts only the opening area of the

structurew thout i ncreasingits|ength, thereby equatingthe nodified SBHtoanori gi nal
with alonger geonetric length. This equival ent extensi on enhances t he coupl i ng betw
the structure and | owfrequency sound waves, thereby i nproving the | owfrequency sour
absorption performance. Theoretical nodeling and sinul ati on anal ysis denonstrate f
reduci ng the SBHinl et di aneter (or ri ng naxi numi nner di aneter) can effectively i npro
the SBH | ow f requency sound absorption effect. Furthernore, experinental conpari sor
of modi fied SBHs under different inlet dianeters reveal that reduci ng the dianeter fro
fully open (95 mm) to 30 nmreduces the SBHs first natural frequency from615 Hz to

225Hz, denonstrati nganar kedi nprovenent i nl ow f requency sound absor pt i on per f or nance.

license. https://creativecommons. org/ The proposed nodi fi ed SBH concept provides a promisi ng sol ution for | owfrequency and

|'i censes/ by/ 4. 0/

br oadband noi se control .

Keywords: nodified sonic bl ack hol e; | owfrequency; sound absorption; openir
di anet er; resonance frequency shi ft

1. Introduction

As a common source of noiseindailylife, |owfrequency noi se, because of i
longwavel ength, isnoredifficult tointeract wthstructuresandisabsorbedeffe
Furthernore, thedi ssi pationof | owfrequency noi seintheair i s nuchweaker t han
of hi gh-frequency noi se, and conventi onal sound-absorbi hg naterial s al so have
sound absorptionefficiencyfor it. Therefore, howtoeffectivelyreducel owfrec
noi se has been a key breakthrough in noise control for along tine. General
speaki ng, therearethreenai ntypes of traditional sound- absor bi ng net hods. e
isthetraditional porous naterials. They mai nly convert sound energy i nto the
energy through the viscous effé¢t [ Cormon naterial s i ncl ude pol yester fi ber,
pol yur et hane f oamand mineral wool . However, the thi ckness significantly restr
their ability to absorb | owfrequency sound—effective | owfrequency absorpt
requiresaninpracticallylargenaterial thi ckness. Resonant sound- absor bi ngstr
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rel yontheresonance princi pl etogeneratevi brati onandfrictionl ossnear theres
frequency, thereby absorhbing sound efficiently. These incl ude nenbrane reson:
structures and Hel ninol t z resonant st ruct ures, anmong whi ch microperforated pan
(MPPs) arew del y used i npractical buildings. Athoughthesetypes of structure
addr ess noi se at specific frequencies, their sound absorption bandw dthis rel:
narrow Acoustic netanaterial sound-absorbi ng structures mani pul at e sound wav
throughartificiallydesignedspecial structural units, achi evi ngsound-absor bi
that natural naterial s cannot n&, 8h.[

Recently, the sonic black hole (SBH effect for sound reduction, which we
first proposed by Mronov and R sl yakdl, [ has gai ned nore and nore attention.
The characteristics of the SBHare the pl acenent of annul ar baffl es of varying s
i nsi de the duct according to a specific pattern, whi ch enabl es a gradi ent chan
duct adnittance and t her eby achi eves t he att enuat i on of sound waves i nsi de t he d
This designadjuststheinner radii of thethinplates suchthat thecross-sectic
the duct exhibits alinear or quadratic power-lawvariation. As aresult, the
at whi ch sound waves transit through t he duct progressively reduces to zero; so
vaves cannot be refl ect ed because they cannot transit tothe end of the duct wt
afinitetine, thus achieving the goal of absorbing sound waves w thout the ne
for additional sound-absorbing materials. A though SBH can achi eve broadban
hi gh-effi ci ency sound absor ption at t hi cknesses far snal | er t han t he wavel engt h.
al so suffer frompoor |ow frequency absorption perfornance due to linitations
t he nunber of units and nanuf acturing preci sion. The traditional sound absor pt
net hods nenti oned previously, including sound-absorbing naterial s and resone
sound- absor bi ng st ruct ures, can al so opti nize sound absor pti on perfornance t hrc
structural design. However, as the nuniber of conponent resonators i ncreases, t
confi gurationstendt o becone nor e conpl ex.

Research on SBrs reveal s that there are two prinary nethods to effecti vel
enhance their sound absorption performance. optinizing the SBHs geonetri ¢
structure is one strategy. For instance, Su5t dilscoyered that whil e addi ng
nore internal enbedded | oops wthin the SBH enhances md-to-hi gh frequenci es
sound absor pti on perfornance but i ncreases | owfrequency reflections. Qoti ni:
the structural designtoincrease fl owvel ocity gradients and pressure differer
| owfrequenci es i nproves the SBH s abil ity to suppress | ow frequency sound wave
Penget al .6] conbi nedmul ti pl e SBHs of varyingl engt hsthroughspatial partitioni
l everaging their distinct resonance frequencies to | ower the cut-off frequenc
enhance t he sound absorption coefficient. Bednarik and Cer¥ert@enduct ed
researchonthe theoretical nodel and anal ytical sol uti on of SBHw th a rect ang
cross-section, providing an accurate theoretical tool for optimzing the gec
struct ure desi gnof SBH Y et a@]. droposed atruncat ed rect angul ar SBHst ruct ure.
Wsing the effecti ve nedi umtheory and experi nents, they respectively studi ed
effects of various truncationradii onthe sound absorption capabilities of tra
SBHstructures, truncat ed SBHstructures, andthosefilledw thporousnaterial s.
et al . 9] proposed apl ug-i n SBH As an i ndependent | y nanuf act ur ed axi synmetri c
insert, it requires nonodificationtothe duct geonetry, acconmodat es ducts of
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naterial or shape, and shows a |l ower reflection coefficient across a w de rang
frequencies. Li et all0] [denonstrated that coupling hexagonal SBHunits wth
di fferent power-I|awexponents through resonance coupl i ng effects can signifi c
br oaden t he | ow f requency absor pti on bandw dth. Anot her approach i s conbi ni n
SBHwi th ot her sound-absorbi ng naterial s or structures to achi eve enhanced sou
absorption performance. Zhang et dl] {ntegrated a synergistic conposite sonic
bl ack hol e structure (C3BH by conbi ning the SBH gradi ent MPPs, and por ous
naterials. Resultsindicatethat thisstructureattainsal nost the best sound ab
begi nni ng at 307 Hz. Peng and MoJ2] conbi ned t he Hel nhol t z Resonat or (HR

and t he SBHneck. Through theoretical and experinental anal ysis, they were abl
to effectively absorb sound in a w de frequency range that did not include |
resonance frequencies. Liang et &B,14] suggested a better SBHstructure t hat
enbeds a mcroperforated plateintoalabyrinthunit wth multipleresonant cav
The sound absorption effect of this structure can be eval uated by anal yzi ng
al l ocation of sound pressure and vel ocity. Jinl&] groppsed a | abyrinth-1ike
structure that conbi nedthe i deas of Herschel - Qui ncke (HQ tubes and acousti ¢ bl
hol es (ABH, enabl i ng effi ci ent noi se reducti onwhile naintai ni ngventilation.
et al.1p] proposed a conposite sound-absorbi ng st ructure conbi ning ABHs with
MPPs. By partitioningthe structureintomultiple Hel nihol t z resonat ors usi ng M
and integrating t he sound-focusi ng effect of ABHs with the i npedance- nodul ati r
function of MPPs, they achi eved broadband sound absorption. Chen etl@dl. |
conbi ned a | abyrinth netasurface wth the end of a rectangul ar SBH enbedded i n
porous naterial, utilizingnetasurfaceresonancetofurther enhancethel owfreq
sound absor pti on nechani sm Petrover and Ba3,[19] enpl oyed a functional |y
graded perforated ring (F@PR within the ABH utilizing the flow through tt
perforations to generate intrinsic energy dissipation, thereby accel eratingt
vel ocitytozero. S multaneously, anacousti c absorptionlayer canbeinserted be
therings to further enhance br oadband sound absor pti on capabilities.2@) et al .
studi ed the effect of perforated acoustic boundaries on SBH proposed an SBH
structure, and anal yzed t he perforat ed boundary (PB) wtharear cavity by usi ng
transfer natri x net hod (TMY. Quand Zha@[l] opti mizedthe SBHbyintegratingit

W t h a basi ¢ sound- absor bi ng uni t conpri si ng mcroperforatedpl ates, fol ded cav
and slits, achievi ng br oadband sound absor pti on t hrough t he generati on of addi ti
resonance peaks. W et al 22] enpl oyed a nenbr ane-t ype acousti c netamat eri al as

t he back cavi ty of t he SBH si gni fi cant|y enhanci ngits| ow f requency sound absor p
per f or mance t hrough t he coupl i ng of ener gy- harvesti ng nechani sns with | ocal i z
resonance eff ect s.

Additionally, scholars have al so i nvestigated the perfornance of SBHin ot
appl i cations. Zhanget aB] [nvestigatedthemufflingcharacteristicsandnechani sr
of SBHs. Wien connected as a si de branch to the nai n duct, alinear SBHexhibited
mul ti-peak, broadband muffling properties. Mury et24l .corfpared Qpened
PBH (OB, dosed BH(CGCSBY, and MP-SBH denonstrating that G SBH
(particul arly MPP-SBH can function si mul taneousl y as bot h a muf f1 er and an acoust
sensor, anpl i fying weak si gnal s whil e control |ing noi se. Zhadbgt pabpofed a
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net hodol ogy f or i nprovi ng cont act | ess sensi ng by usi ngt he SBHnet anat eri al struct u
enabl i ng weak signal anplification and fault diagnosis in rotating nachi nery.
et al. [26] andMwandPeng[ 27] verifiedthecapabil ity of the SBHf or anacousti ¢ ene
harvester (AR . Wien t he SBHi s conti ned wi t h an el ect r odynam c | oudspeaker or a
circul ar piezoel ectric conposite sheet, this ABHcan convert captured acoustic e
intoel ectrical energy.

Offerent fromprevious studies, we plan to inprove SBH s | owfrequency
sound absor pti on capabi litieswthout increasingits conpl exity (e.g., by addi n
sound- absor bi ng st r uct ur es such as HRor MP) . Thi s paper pr oposed a nodi fi ed SBH
by reducing its open area to reduce the effective sound absorpti on frequency b
W t hout i ncreasi ngthegeonetri cl engt hof the SBH Umovaet al . [ 28] i ndi cat et hat
front ringpl ate’ s resonance f requency est abl i shes t he hi gh- f r equency sound absor
range. As theinner dianeter of the entrance ring increases, the sound absorp
perfornance for hi gh frequenci es becones nore significant. The nodified SB-
structure proposedinthis paper isequivalent tothelatter hal f obtai ned by trt
theorigi nal SBHat acertai nnmddl eposition. Thus, for thesanel ength, thesnal | e
cross-sectional areaof theopenend, thebetter thei nprovenent i nl ow frequency s
absor ptionperfornance. Incontrast, theomssionof thefront annul ar pl at es i ne\
resultsinthel oss of part of the hi gh-frequency sound absor pti oncapacity. The pe
structuredasfol l ows: inSection?2, theacoustici npedance nodel for thenodified:
i s established by usi ngthe TMM and deri ved an expr essi on f or t he sound absor pti |
coefficient; in Section 3, theoretical anal ysis and nunerical simlation are |
exani net he proposed nodi fi ed SBH s sound absor pt i on per f or nance and nechani sm
inSectiond4, experinents are perfornedtoverify the proposed nodi fied SBH and
confi rnedt hat whent he di anet er decreasedfromt heful | yopenstateto30mm thefi
frequency of the structure dropped from615 Hz to 225 Hz. 1ts | ow frequency soun
absor pti on perfornance si gni ficantly i nproved; the prinary concl usi ons of this
arefinallypresentedin Sectionb.

2. Theoretical nodel of SBH

Aseriesof rigidringswithaspecificinternal radiusvariationpatternise
at fixedintervalswthinacylindrical cavity toforman SBHabsorber. Toinpr
the conventional SBHstructures’ ability to absorb | owfrequency sound, this s
proposes newSBHs withdi fferent i nl et openi ngradi us, henceternedanodi fi ed SB-
F gure lapresentsthethree-di nensi onal schenaticillustrationof thenodifiedS

In the theoretical nodel, the thickness of the rigid rings i s assuned t
sufficiently smal |, suchthat itsinfluence onthe overall acoustic perfornance
negl ected.FH gure 1billustrates t he two-di nensi onal cross-section of the propo
nodi fi ed SBHabsorber. Assune that theinternal radius of therings varies|ine
Theinternal radimysof thesthringsatisfiesthefol l owngrel ation:

_ Rinlet  Tend >n 1

fn=—]—— LseH . di +reng; n=1,2;::5N (1)
SBH =1

wherer, istheyhring s internal radrys;is the radius of the cl osed &g,

4
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(a)

and Lgpy denot e t he SBHst ruct ur e’ s openi ng radi us and axi al lkengdnesent s t he
spaci ng bet weent highand (i+1)¢nwri ngs.

(b)

H gure 1. (a)Thr ee- di nensi onal schenaticillustrationof nodifi )3t di nensi onal
cross-sectional schenati c of SBHabsor ber structure.

Assuning t hat sound waves propagat e t hr ough t he SBHas pl ane waves, andt he
SBH scharacteristicdi nensionsaresignificantlysnaller thantheacousti c wavel
at thefrequenci es of i nterest. The TMMcanbe usedt o preci sel y characteri zet he sc
absor pti on perf or nance of the st ruct ure by det er mini ng t he acousti ¢ i npedance of
S$BH

Based on the nunmber of rings, the SBH structure can be discretized into
serial | y-connectedcylindrical duct segnents, asi | |Hsjurat &di Bach segnent
consi sts of twoparts: theannul ar cavi ty f or ned bet ween adj acent ri ngs andt he ce
truncat ed cone. Throughout t hi s paper, we adopt t he ti ne convétitfiant he wave
field. Thetransfer matri x of;fbegnent can be expressed as fol | o29][:

" # " g #" #" #
Pn1 _ _Scos_(kdn) jgtsin(kdn) 1 0 pn n=12:0N ()
Un 1 iz2sin(kdn)  cos(kdn) Yn 1 up
wherep,—;, u,—; andp,, u, aret heacousti c pressureandparti cl e vel oci t-a);the (
and ninhrings, respecti velyi;s t he spaci ng bet ween t he-()inand ninri ngsS, =
r% istheradial cross-sectional areagfring;Zg = oCoisthecharacteristic
i npedance of air, wherg istheair density, typically val ued at 1321akgem
i s the speed of sound, val ued at 340 d s+ % i s the conpl ex wavenunber w i s
the angul ar frequency and= co(1+j )i s the conpl ex sound speed accounti ng f or
danpi ng, j i s the i magi nary uniti,s t he danpi ng | oss fact or i ntroducedt oaccount for
t he t her novi scous and st ruct ural danpi ng effects inthe SBH Accordingto previc
studi e+, 7, 29-31], the effect of danpi ng on SBHper f or rance has beeni nvest i gat ec
I nnost studi es, the danpi ng val ues wer e assuned based on enpi ri cal data,i snd
t he cavi ty adni t t ance bet weenitf@nd (n—21)¢nri ngs.
AccordingtoQiaschet al29,Yn can be expr essed as:

Yo =iV ©)

whereVS & isthe,cavity' s vol umd/ 2 is cal cul atedasthedifference bet weent he
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vol unes of t hei eyl i nder andt he truncat ed cone,
cav — 2 1 2 2 .
V' = dn R 3 R+ s+t +rhe; o (@]

Fromthe precedi nganal ysi s, it foll owsthat thegl obal transfer natrix of the
struct ure can be deri ved t hr ough t he concat enat i on of i ndi vi dual cylindrical se
nmat ri ces usi ngthe TM yi el di ng:

t# v t# t#
N
P = _, TIn PN = Tegn PN (5)
Uo n=1 Un UN
where po, up and py, uy represent the sound pressure and particle
velocity at the inlet and rigkd tepmnation, respectiVgly. =

cos (kd j sin(kdn) Zo/S 1 0 :

. ( n) 1 ( n) 07=n , TSBH = er\]l:1-|-n is the
J sin(kdn) Sn/Zg cos (kdn) Yn 1
gl obal transfer natrix of the SBH

Inpractical inplenentations wherethe SBHstructuretermnates at arigid\
boundary, the acoustic particle velocity at the termnati on can be sgt £0 zero
0). Substitutingthis conditioninto Equation (5) yields the effective acoust
i npedanceZ;, of the SBHstruct ure as:

po _ TseH(1;1)
Zin=—=—"—"—= 6
" U Tseu(21) ©
vhere Tspr(1, 1) andsgy(2, 1) ar e el enent sBfgy.

FromEquation (6), the effective i nput i npedgnocan be derived. Thent he

SBH s sound absor pt i on coef f i ciertn be deri ved as:

2
Zin %
=1 ()
Zin + 578

3. Sound absor pt i on per f or nance and nechani smanal ysi s

3. 1. Gonpar i son of sound absor pt i on per f or nance

To verify that the suggested nodified SBH perforns better at absorbin
| owf requency sound, throughout this research, we set the nunmber of built-inr
rings av =30, andthe SBHstructure’ s lengtligg; =90 nm Incontrast tothe
original SBHwthafully open di anet etDof 95 nrm we anal yzed t he nodi fi ed
SBH s sound absor pti on capabilitieswthinl et openi ng di anet er30aim 50
mm 70 nm and 90 mm respecti vel y. The sound absor pti on coeffi ci ents of thesefiv
structures were obt ai ned t hrough theoretical anal ysis, andthe resul ts are prese
Fgure2 It canbe observedthat the nedi umand hi gh frequency i nci dent waves ar ¢
easi |y absorbed by the original SBH However, absorption of | owfrequency soun
waves i s quite poor. Asthe openi ng di aneter of the SBHdecreases, the first natt
f requency of t he SBHgradual | y decr eases, droppi ngfromb98 Hz at ful | openi ngt 0 25
Hz when t he openi ng di aneter i s 30 nm The abi | ity to absorb | ow frequency sound
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waves has been significantly i nproved. Gonpared with the original SBHstructur
the nodi fied SBrs proposed in this paper have better |owfrequency absorpti ¢
per f or nance.

0.9
+ 0.8 1
Q0
)
£ 0.7 .
)
Q
o
- 0.6 4
0
g— 0.5 D=30mm | |
_8 D=50mm
© D=70mm| |
© 0.4 D=90mm
2 D=95mm
2037 .
o
Q
<02 :

0.1 .

0 1 1 1 1 Il Il
200 400 600 800 1000 1200 1400 1600

Fregency (Hz)

F gure 2. Absor pti oncoefficientsfor different SBH.

Next, we investigate howvariations in the inlet opening dianeter optini
| ow f requency sound absor ption perfornmance. For the nodified SBHnodel wth
a fixed geonetric length, nodels with different openi ng di aneters correspond
gradi ent rings of different proportions; extendingtheseringsyieldstheorigir
asillustratefigure3aandtheresultinglengthisreferredtoastheequival ent | er
Leg:

wher e Rggy i S t he naxi numi nner di anet er of t he SBH

Inorder toobtai nthe SBHw th an equi val ent | engt h, Rg;set 25 nm V&
thenusedt heoretical cal cul ati onstoconparethe perfornmance of sound absor pti on
resul tsareshownFgure3b. It isevident that thenodi fi ed SBHW=t50 mmhas
t he sane | ow f requency sound absor pt i on per f or rance as t he SBHat t he sane | engt h,
but its high-frequency performanceis partially reduced because of the truncati
thefront rings. Thi sshowsthat thegoal of i nprovi ngl ow fregquency sound absor pt
per f or mance w t hout addi ng st ruct ural conpl exi ty can be acconpl i shed by naki ngt h
nodi fi ed SBHequi val ent toanorigi nal SBHof different | engt hs by changi ngthei nl
aperturedi aneter.
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F gure 3. (a)Schenaticillustrationof the equival ent-1ength SBHand nodi fi ed SBHnodel ;
(b) Absor ptioncoefficientsfor boththe nodi fi edand equi val ent -1 engbh=S8Han

To exani ne t he nodi fi ed SBHst ruct ure’ s sound absor pti on nechani smi n nore
Zo

detail, the reflection coefficient of theI%tFuct—uiLeS—o isanalyzedinthe
S
conpl ex f requency pl ane usi ng conpl ex f requefacy: -+ j f.(,) wher ¢f,. cor r esponds

tothenatural frequency of thestructure, andtheinagi nary part of thg fsequenc
i ntroducedtoreflect theenergy attenuat ilérguaeelshows t he cal cul ati onresults
of 20 l ogy(jRj) for thefi vestructures proposedinthi s paper i nthe conpl ex f requel
pl ane. Thereflection coefficient clearly shows several pairs of zeros and pol es
conpl ex f requency pl ane. By conpari Rggure4 it canbeseent hat t he nodi fi ed SBH
struct ure shows nore zero-pol epairsthanthe original SBHstructurew thinthe s
frequency range. Mreover, as theinl et openi ng di anet er decreases, the resone
nodes exhi bited by t he nodi fi ed SBHstructuretendtoshift toward| ower frequenci
andthe attenuationof | owfrequency sound waves gradual | y i ncr eases.
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F gure 4. Gont our of20 | og,(jRj) i nt he conpl ex frequency pl ane feyD =30mMm (b)D
=50mm (¢)D=70mm (d)D=90mmand (e)D =95nm
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o & A b © N B O o
Im(f) (Hz)

Lo b hbon o oo g
Im(f) (Hz)
D L B

3
N

=

m(f) (Hz)

o & A b © N B O o

3



Sound & Vibration 2026, 60(3), 4017.

3.2.Sound pressureand particlevel ocitydistributioninthenodi fi ed SBH
structure

I nthe precedi ng study, we used TMMt o cal cul at e t he suggest ed nodi fi ed SBH
structure’s sound absorption coefficient. V& now proceed to performnuneric
anal ysi s of thisstructurethroughthefinite el enent net hod (F&V) .

Here, we utilizethe GOMBQL MUl ti physi cs, acommerci al software, to conduct
finiteel enent si mul ati ons ont he proposed sound absor pti onstructure. Uhder they
vave assunpti on, we establ i sh atwo-di nensional (2D finite el enent nodel and tt
geonetric nodel is constructed basedonthe air domain. Gonsideringthat air fl
throughthe nodel inpractical situations, frictionwththeinner surfaces of th
isinevitable, resultinginthernoviscous | osses, we performa milti-physics col
si mul ati on by coni ni ng pressur e acoust i ¢s and t her novi scous acoust i cs.

Inthis nodel, the thernovi scous acousticsisappliedtotheinternal air dc
of thestructure, whilethepressureacousticsis usedfor thebackground acousti
The sound source i s i npl enented via a port boundary wth anincident pl ane wave
anpl i tude of 1Pa. Leveragi ngt hesymmetry of the SBHstructure, onl y hal f of t he SB
nodel is simlatedheretoreduce conputational cost. The nesh di screti zati on of
ai r domai n, as shownif gure 5 adherestothe general acousti c neshi ngrul e where
t he naxi numel enent si zeis|essthan A/ 6 (A bei ng t he wavel ength). Thi s appr oac
ensur es bot h nuneri cal accuracy and conput ati onal effi ci ency.

POININ]

s
O
ek
R

N

~

<
Vi
o

J

KNP

}V

F gure 5.FiniteH enent Met hod (FEN) nesh gener ati on.

Figure 6illustrates the sound pressure distributions of the nodified
structures wthinlet opening di anet & s &0 rm 50 mm 70 nmand 90 nm
aswell astheoriginal SBHstructurewthafully openinl eD enboim at
frequenci es of 256 Hz, 332 Hz, 450 Hz, 558 Hz, and 596 Hz. It is evident that
the inci dent sound waves are nearly entirely reflected at | owfrequencies, an
original SBHstructure has auni formsound pressuredistribution. Astheinlet ope
di anet er of t he nodi fi ed SBHdecr eases, hi gh- pressur e sound zones gradual | y appe
inthe mddl e and rear parts of the structure, where the incident sound energ
accumul at ed and di ssi pat ed, t hereby achi eving the goal of i nprovi ng | owfrequel
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sound absor pt i on per f or mance. Because soundwaves have ashort wavel engt h, al | SB-
st ruct ures per f or mreasonabl y wel | at t he mid- f requency of 596 Hz.

E I +] Fl +] Gl +] H I +]

et

Pa

05 1 15 - 25 3 3.5 4 4.5 5
H gure 6. The sound pressure di stributionof the nodifi ed SBHand ori gi nal (i at
256 Hz; (b)f =332 Hz; (c)f =450Hz; (d)f =558 Hz and (e)f =596 Hz.

Snmlarly, inorder tolearnnore about the nodi fied SB s | owfrequency soul
absor pti on nechani snfH gure 7 presents the particle velocity diagrans of thes
five nodel s at different peak frequencies, with the vector directions indical
arrows. Hgure 7ashows that at a frequency of 256 Hz, where the | ow f requency
sound waves have | onger wavel engths, the nodified SBHstructure with a snal | er
inl et opening di aneter exhibits a higher internal sound velocity. Thisis att
tothesignificant changesintheinternal structure, whichleadtodrasticvari
i npedance. Low frequency soundwaves arestrongly refl ectedw thi nthe structure
aresult of these nodifications, forcingtheenergytobetrappedinsi de and even
di ssipated gradual | y. Therefore, for | owfrequency sound waves, the nodified S
structurew thasnal | er di anet er exhi bits superior sound absor pti on per f or nance
can be seen fronfi gure 7c—¢ the SBHstructure i nherently possesses an adapti ve
advant age f or non- | ow f r equency soundwaves, astheenergyiseasilydi ssi pat edw |
thestructure, resul tingingenerally highsound absor ptioncoefficients.

In conclusion, the synergistic interaction between structural paraneter
acousti cwavepropertiesisthesourceof thenodifi edSBHst ruct ure’ s soundabsor p
nechani sm The first resonance frequency i s positively correl ated w th the ope
di anet er of theincident end. Reduci ngtheinlet openi ng di aneter | owers t he nat
frequency of the structure, making it nore suitabl e for | owfrequency sound way
The drastic changes in inpedance of the snall-dianeter structures induce str
reflections, causing sound energy to accumul ate in the niddl e and rear part:
f or mhi gh- pressure zones. The i ncreased sound parti cl e vel ocity prol ongs t he en
retentiontine, whichisthendissipatedthroughvi scous | osses and structural da
The conpl ex frequency di agramshows that it has nore zero-pol e pairs, and as th
di anet er decreases, the resonance nodes shift toward | ower frequenci es, enhanc
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the attenuati on of | owfrequency sound waves. At nedi umand hi gh frequenci es
wher e t he sound wave wavel engt hs are short, all SBHstructures easily trap ener
duetotheir i nherent characteristics, exhibitingauniversa soundabsorptionad
In summary, the nodified SBHoptimzes resonance and energy di ssipation in the
| ow frequency range by adj ustingits structural di nensions, thereby enhanci ng s
absor ption performanceinthat range.
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i
i
Wi
i

Fgure 7. Theparticlevel ocitydistributionof thenodifiedSBHand ori gi nék)gBH at
256 Hz; (b)f =332 Hz; (c)f =450 Hz; (d)f =558 Hz and (e)f =596 Hz.
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4. Experinental setupandresults

In accordance wth the international standard |1SO 10534-2, experinent
neasur enent s of the proposed nodi fi ed SBH st ruct ures were conduct ed usi ng t he
transfer function nethod. The nai n experinental equi prent i ncl udes: AM8551(T)
type standard i npedance t ube, AX6290B type mul ti-channel signal anal yzer, and
ANXE871 t ype power anplifier. Inaddition, asoundcalibrator, nicrophones, sigr
anal ysi s sof twar e and si gnal gener ati on sof t war e wer e al so confi gured. Among t he
the sound calibrator isfirst usedtocalibratethe sensitivity of the m crophc
el i m nat e syst emer r dfisgur e 8depi ct st he experi nent al set up and t he SBHsanpl es,
respectively.

The neasur ed sound absor pti on coefficient resultsfor thefiveconfiguratior
presentediA gure 9 Interns of thegeneral trend, the experinental andtheoreti
results areingood agreenent. Theresultsindicatethat the SBHs internal gre
structuregivesit anatural advant agei ncapt uri nghi gh-frequency soundwaves. A
reduci ng t he openi ng di anet er of t he SBHcauses thefirst resonance frequencytot
toward the | ower frequency. For exanpl e, when the openingis ful | YDopedb(

mm), thefirst resonance frequency i s 615 Hz. Wien t he openi ng di anet er decr ease
to90 Mm 70 nm 50 mmand 30 nm respectively, the correspondi ng first resonant
frequency decreases t 0 610 Hz, 454 Hz, 293 Hz and 225 Hz, respecti vel y. Gonpar ed
wththe original SB(=95mm), the effective absorption frequency is reduced
by 63%when D =30 mm Inother words, SBHstructures with smal | er openi ng
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areas are better suited for | owfrequency sound waves; this effectively enhance
sound absor pt i onperfornmanceof theorigi nal SBHstructureinthel owfrequencyrat
t her eby provi di nga practi cal nethodfor i nprovi ngthe sound absor pti on perf or nar
of SBHstructuresinthisfrequency band.

signal analyzer

power amplifier

sonic black hole sample

(b)
H gure 8. (a)Experi nental set up arfdh) SBHsanpl e.
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H gur e 9. The neasur ed sound absor pti on coeffi cients for di fferent SBHsanpl es.

However, it isworthnotingthat theresul tsof theexperinent andtheresul tsc
theoreti cal anal ysi s cannot be conpl et el y mat ched i nterns of sound absor pti onval
There aretwo mai nreasons why t he experi nental resul ts exhi bit noreresonance peal
thanthe theoretical results: (1) Dueto nmanufacturing defects inthe SBHduri n
3Dprinting process, thespacingandradiusof theinternal rigidringsdeviateds
fromthetheoretical val ues, resultinginnewl ocal resonance nodes. And, thered
openingareaat theinlet increasesthedifficulty of printinginternal structu
nmanuf act uri ng t ol erances are magni fied. (2) The boundary friction betweenthe S
sanpl e and t he i npedance t ube test section generat es addi ti onal acousti c reson:
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whi chis not consideredinthetheoretical and simil ati on nodel s. The above f act
| eadt odi screpanci es betweenthetworesul ts. Theexperi nental resul tsshowaddi t
r esonance peaks conparedtothetheoretical results. Theresultingerrorsw | bef
optinizedinfutureresearch.

Furthernore, it can al so be observed fHigure 9t hat al t hough reduci ng t he
di aneter of the incident end caninprove the SBHstructure's | owfrequency sour
absorption effect, wien= 30 nrm the hi gh-frequency sound absorption of the
nodi fi ed SBH structure decreases significantly. This is al so consistent wt
theoretical analysis results. |In order to enhance | owfrequency sound absor
per f or nance w t hout i ncreasi ng t he conpl exi ty or geonetric | ength of the SBH w
reduced the openi ng area at the i ncident end to extend t he equi val ent | ength of
proposed nodi fi ed SBH Thi s enhances t he coupl i ng ef f ect bet ween t he struct ure a
I ow f r equency sound waves, shiftstheresonance f requency downward, and ul ti nat e
opti m zes sound absor pti on perfornance at | owfrequenci es. However wgh
mm the absence of thefront ringsinthe SBHresults inaslight decreasein so
absor pti on per f or nance i nt he hi gh-f r equency r ange.

5. @ncl usi on

Thi s paper presents a nodified SBH desi gned to enhance sound absor ption
performanceinthel owfrequency range. The acoustic characteristics of thisnod
SBHwer e anal yzed usi ng bot h t heoretical and experi nental net hods. Atheoreti c
nodel of t he nodi fi ed SBHi s est abl i shedbasedont he TMM The concept of equi val ent
| engt hwasi nt roduced, notingthat reduci ngt heinl et di anet er i sequi val ent toi nci
t he equi val ent acousti cl engt h, whi ch canenhancel ow f requency coupl i ngbut resul
sone | oss of hi gh-frequency performance. I naddition, adetail edstudy was conduc
onthe ef fect of openi ng di anet ers on sound absor pti on characteristics, andther
have been experinental |y verified. Theresults indicate that areductionin op
di anet er | eads t 0 a decrease i nt he resonance f requency. Wen t he openi ng di anet
vas reduced fromi t s maxi numval ue (95 mm) to 30 nm t he resonance f r equency of
t he SBHdecr eased f r om615 Hz t 0 225 Hr.
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supervi sionand witing—+eviewand editing, QM Al authors have read and agr eec
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