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HCCIIEJOBAHHE 3BYKOHNOITIOIAIOIINX CpOfICTB
AKYCTHYECKHUX METAMATEPHAJIOB C JIBONMHOU CIIMPAJIBIO

B mannO# paboTe pazpaboTaHa cyOBOIHOBAs 3BYKOIOIJIOIIAIONMIAS CTPYKTYpa C JBOHHOM CHMpaIbHOW 3a1HEH mo-
JIOCTBIO Ha OCHOBE CIJIOKEHHOI NMPOCTPAaHCTBEHHOW reomeTpuu. Llenpio sSBIsSETCS yBEIHMUEHHE IOMOJHUTENbHBIX
MUKOB MOIJIONIEHHS 3ByKa MpPU OAHOBPEMEHHOM COKpAIlEHHH 00beMa CTPYKTYPHI U YCHJICHMH HHU3KOYaCTOTHOTO
3BYKOMOIJIONICHUs. UNCIEeHHBIE UCCIIEIOBAaHNS BIMSHUS JUAMETPa OTBEPCTHSI, IJIMHBI U BBICOTHI CIIUPAIBHBIX TPY-
0OK ITOKa3aiu, YTO NMPU MaKCHUMaJILHOHM TonuiuHe 45 MM pabovas yacrora cocrtaBisieT 134 I'li, 4TO COOTBETCTBYET
1/57 mnuHB! 3ByKOBOH BONHBI. B HU3KOUacTOTHOM amamna3oHe oT 134 mo 180 I'm mocturaercs perynmupyemoe 3¢-
(heKTHBHOE TOTJIOMIEHNE C KOI(PPHUIHUEHTOM HOTIOIEHHs, OMM3kuM K 1. OnTuMu3anus 3TUX MapaMeTpoB 3HAYH-
TEJILHO YJIy4IIaeT 3BYKOINOIJIOMEHHE. DTOT MeTaMaTeprai 00J1alaeT TAKUMH PEUMYIIECTBAMH, KaK BHICOKHH KO-
3G PUIMEHT HU3KOYaCTOTHOTO MOTJIOMIEHHS, KOMIAKTHOCTb, JIETKOCTh, IIPOCTOTa B U3TOTOBJICHUH, YTO JETAET €r0
MIPUTOJHBIM I MPUMEHEHHs B MHXKEHEPHBIX 3ajjadaX, TaKUX KaK KOHTPOJIb IIyMa, C OTPOMHBIM IOTEHIHAJIOM

B OTPaHUYEHHBIX [0 MPOCTPAHCTBY Cpeax.

Kniouegvie cnosa: akycTudeckne MeTaMaTeprasl, IBOHHAs CIIMpPaIbHast OJOCTh, ITOTJIONICHUE 3ByKa, 3aKPyUEHHOE
MIPOCTPAHCTBO, HU3KNE YaCTOTHI, CyOBOJIHOBAs CTPYKTYpa

BBEJEHUE

B nocnennee Bpemsi mpolbiiemMa  IIyMOBOTO
3arpsi3HEHHsI CTAHOBHWTCA Oosee ocTpoil. MHorme
yUEHBIC TIPOBEJIM  YIIIyOJCHHBIC  WCCIICOBAHUS
pasnu4HBIX NpolieM IIymMa IyTeM IPOSKTHPOBAHUS
Pa3sHOOOPa3HBIX  3BYKOINOIJIOIIAIOIIUX  CTPYKTYP.
PasBuTHE HCKYCCTBEHHBIX aKyCTUYECKUX CTPYKTYp
(MeTaMaTepraoB) CIENal0 BO3MOXHBIM YIIPaBICHUE
HU3KOYACTOTHBIMH  3BYKOBBIMH  BOJHamu  [1-7].
AKyCTHUYECKHE MeTaMmaTepuanbl He TOIbKo 3(hdek-
THBHBI B 0o0yactu 3ByKousojsiuu [8-9], HO u Je-
MOHCTPUPYIOT ~ TNIPEBOCXOJIHBIE  XapaKTEPHUCTUKHU
3BYKOTIOTJIOICHHUSI.

3BYKOMOTJIOMIAIONINE CBOMCTBA  JTAOMPUHTHBIX
U HM30THYTO-CBEPHYTBIX  CTPYKTYp  IPHUBJIEKIH
IMUPOKOC BHUMAHUC I/ICCHCI[OB&TCHCI‘/'I n CcTaJli OAHUM
W3 BaXHbIX HampaBleHMH B 00IacTH HHU3KO-
YaCTOTHOI'O0 3BYKOIIOIJIOMICHHA W IOYMOIIOJABJICHUSA.
Takue CTPYKTYypsl MOrYT OBITh OKBHUBAJICHTHO
Mpe/ICTaBlIeHbl Kak pe3oHaTopsl ['enmbmromnbia [10—
12]. 3a cuer cBepTHIBAaHUS aKyCTHYECKOTO TIpO-
CTpaHCTBA YBEJIMYUBACTCA IyTh PacCHpPOCTPAHEHUS
3BYKa, 4YTO MO3BOJJACT CYICCTBEHHO YMCHBLIIHWTDH
akyctndecku 3()(peKTHBHBIE pa3Mepbl KOHCTPYKIIUU
W JenaeT BO3MOXKHBIM PEajM3alyi0  3BYKOIOTJIO-
MeHns B HU3Ko4YacToTHOW obmactu. [losTomy pas-
paboTtka 3¢ (HEKTUBHOTO 3BYKOMOTJIOTUTENSI CYOBOJI-
HOBOI TOJIIUHBI SBJIAETCA aKTyaJbHOM 3ajaueil Kak
IUIS. MHXKEHEPHBIX NPUIOKEHUH, TaK U JUIsl HAYYHBIX
HCCIIEA0OBAHUMN.
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s pemieHust 3Tol 3agauu aBTopamu [13] Obul
MpeJIoKEeH CyOBOIHOBOM COBEPIIEHHBIH MOTJIOTH-
Telb HAa OCHOBE AaKyCTHUECKHMX METaMaTepHajoB,
TOJIIIMHA KOTOPOTO 3HAYMTENHbHO MEHBIIE JJINHBI
3BYKOBOH BOJIHBI. DKCIIEPUMEHTAJIbHBIE PE3YJIbTAaThI
MoKa3alld, 4TO JaHHBI Marepuanl oOecleunBaeT
MPAaKTUYECKNU II0JIHOE TIOTJIOIIEHUE Ha 3aJaHHOM
HU3KOM wactore. OnHAKO OAWHOYHAS 3BYKOIOTJIO-
LIaoIasi CTPYKTypa CO CBEPHYTHIM IPOCTPAHCTBOM,
KaKk TMpaBWIO, HMEET TOJBKO OJUH MaKCHUMYyM
ko3¢ guiueHTa 3ByKomnorionienus. s pacimpenus
monockl  mormomeHust [14] paspaboraHa HIMPOKO-
MOJIOCHAs YNbTPaTOHKas aKyCTHYEecKas MOTJIOMIAl0-
mas TaHellb CO CBEPHYTOM CTPYKTYypoH, oOectme-
YuBaolasi  IIMPOKOIIOJOCHOE  HU3KOYaCTOTHOE
3BYKOIIOTJIOIIECHHE.

MHorue uccieoBaTeNy TaKKe BBIMOJHHUIA 3HAa-
YUTETBHBIH 00beM paboT, TOCBAIIEHHBIX Mayiorada-
PUTHBIM M I€pECTPauBaEeMbIM CBEPHYTBIM 3BYKO-
MOTJIOUIAIOIUM CTpyKTypam [15-19], npennoxeHs!
nepecTpanuBaeMble  JIAOMPUHTHBIE  aKyCTHYECKHE
MeTaMaTepualbl, B KOTOPHIX YacTOTa MHKa IOrJo-
LICHUS] MOXKET JUHAMHUYECKH PETyJIMPOBATHCS MyTEM
W3MEHEHHUS! TEOMETPUUECKUX MapaMeTpoB JIAOMPHUHT-
HBIX KaHaJIoB. CTPYKTYpBI CO CBEPHYTHIM HPOCTPaH-
CTBOM TAaKK€ MOTYT IPUMEHAThCI B 00JIACTH
aKycTU4yeckoro MackupoBauus [20-21] u akycrtu-
yeckoil okycupoBku [22-26]. Hanpumep, mnpen-

JIOXKUITA 9KCHEPUMEHTAIBHYIO aKyCTHUYECKYIO
Ha3eMHYI0 MAaCKHPOBOYHYIO CTPYKTYPY B BO3IYIIHOMN
cpeae, B  KOTOpOH  naOWUpUHTHas  TE€OMETPHs
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UCTIONIB3YyeTCs  AJs  HamnpaBieHUS  TUPpPaKIUH
3BYKOBBIX BOJIH BOKPYI OOBEKTa. JTO TIO3BOJSET
UCKIIIOYUTh BIMSHUE OObEKTa Ha 3BYKOBOE IIOJIE
B IIeJIeBOM 00JacTH U MPOJAEMOHCTPUPOBATH dPPEKT
aKyCTHYECKOW HEBUUMOCTH.

B apXuTexkTypHON aKyCTUKE CTPYKTYphI CO CBEp-
HYTBIM TIPOCTPAaHCTBOM IIO3BOJIIIOT OJHOBPEMEHHO
YAOBJICTBOPATH TpC6OBaHI/IHM BCHTWIALIMM W 3BY-
kornorsomieHuss [27-30]. OmHako Takue CBEpHYTHIS
3BYKOIOTJIOMIAIONINE CTPYKTYPbl OOBIYHO HMEIOT
TOJIBKO OJHWH TIMK 3BYKOIIOIJIONICHWA Ha OAWH
JJIEMEHT, a OCHOBHAs KOHCTPYKLHS, KaK IIPaBUIIO,
COCTOUT M3 HECKOJIBKHX MapaulelIbHO COEJUHEHHBIX
3JIEMEHTOB. DTO TPHBOIUT K YBEIWYSHHIO OOIIETO
o0bema KOHCTPYKIIMHM U OrpaHUYHBACT €€ IMPUMCHE-
HHE B yCIOBUAX AeduIuTa MpocTpaHcTBa. B cBs3m
C 3THM pa3paldOoTKa ManoradapuTHOW CTPYKTYpHI,
o0ecreynBaionieli MHOTOMHMKOBOE HHU3KOYACTOTHOE
3BYKOIIOTJIOIIEHHUE, IPEACTaBIIET OCOOYI0 BaKHOCTb.

B npencraBiieHHON CTaThe NpENIaraercs CTPyK-
Typa CyOBOJHOBOTO TIOTJIOTUTENS C JBOWHOM
CIHpanbl0 U pa3paboTaHa pacyeTHas MOJENb.
Pesynprathl MOZENMpOBaHMS — MOKA3bIBAIOT, 4YTO
CTpyKTypa o00JlagaeT BBICOKOH 3((EeKTHBHOCTHIO
HOIJIOIIEHUsT 3ByKa. MccienoBaHust BIMSHUS pa3Mme-
POB OTBEPCTHH W UIMHBL, M BBICOTHI CIUPATBHBIX
KaMep MOKa3alld, 4YTO NMPH MaKCHUMAaJIbHOW TOJIIUHE
45 mm pabouas wactora cocrtaBmser 134 I'm, 4to
COOTBETCTBYET 1/57 IMHBI 3ByKOBOH BOJIHBI, a B JHa-
nazoHe yactor 110-180 I'm mocturaercs perynu-
pyemoe »d¢deKkTuBHOE TOMIONIeHHe ¢ Ko3d¢u-
LIMEHTOM HOorJomeHus, onu3kuM K 1. Onrumuszanus
JUIMHBl CIHAPANbHOW KaMmepbl, JHAMETpa OTBEPCTHU
U BBICOTHl TPYOOK 3HAYMTENBHO YIIydlIaeT IOrJIo-
menne 3Byka. CTpykTypa oOmamgaer Xoporren

a

& =1mm

Puc. 1. Cxema peryaupyeMoil mnorijomaroumei
a — IIIOCKast cXeMa, b — mpocTpaHCTBEHHAS
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HACTPaMBaEMOCTbHIO, MAIBIM 00BEMOM, JIETKUM BECOM,
MPOCTOTON B M3TOTOBIIEHUM M BBICOKUM KO PUIIH-
€HTOM TIOIJIOIIEHUS Ha HU3KHUX 4acTOTaX, 4TO JENaeT
€€ TEepCHEeKTUBHOW Uil NpPHUMEHEHHUS B YCJIOBHUAX
OTPaHUYEHHOT 0 IPOCTPAHCTBA.

Snpo naHHOW CTPYKTYpBl COCTOMT W3 JIBOMHOH
CIIUpANbHOW KaMepbl, MepeaHell KpbIIKA C OT-
BEPCTUSMH M KECTKOM 3aJHEH KpPBILIKHA, KOTOPbIE
00pa3yloT pe30HAaHCHYI0 Kamepy. J[Ba pe3oHaHCHBIX
TeJda 3TOM CTPYKTYpbl HMEIOT pa3Hble PE30HAHCHI.
AmMrIutya kKoneOaHuil BO3IYIITHOW KOJIOHKU B Top-
JIOBMHE MAaKCHMaJlbHa, a COOTBETCTBEHHO MAaKCH-
MaJbHO paccessHHe aKyCTHUeCKOH »JHepruu, 4YTo
MPUBOJUT K BO3HMKHOBEHHIO JBYX PpPE30HAaHCHBIX
MOTJIOTUTENBHBIX MUKOB. C TOMOIIBIO HAJIOXKEHHUS
JIByX IHKOB MOYXHO pAaCHIMPUTh AHMANA30H IIOTJIO-
meHus. PerynupoBkoll mapaMeTpoB KOHCTPYKLHU
W pPE30HAHCHOTO JMalra3oHa 4YacTOT aKyCTHYeCKHe
XapaKTEPUCTUKU 3TOH NTBOMHOM CIHpanbHOU CTPYK-
Typbl 3HAYUTENBHO YIYUYIIAlOTCSI IO CPaBHEHHIO
C OJTHOPE30HAHCHBIMH CTPYKTypaMH.

PaspaGoranHas cTpyktypa u3zo0OpaxeHa Ha puc. 1,
obpaszer; umeer GopMy AWCKa, MapaMeTPbl KOHCTPYK-
LUU CIEAYIOIIHE: BHEIIHUM pajuyc CTPYKTypbl R =
=50 MM, TUaMeTp OTBEPCTUS B NEPEIHEN KPBILIKE 7 =
=2.5 MM, mHpUHA KaHaNa CIHAPATBLHOW TPYOBI W =
=5 MM, TOJIIWHA CTEHKH TPYOBl k = 1 MM, JynHA
TpyOsr L1 = 550 MM, L2 = 500 mm, BbIcOTa CITUpaib-
HOU TpyOBl D = 40 MM, TOJNIIMHA NepeaHEeil KPBIIIKH
t =3 MM. 3ByKOBbIE BOJIHBI IIPOXOAST Y€pe3 KPYIiioe
OTBEPCTHUE B LICHTPE JKECTKOU NEPEIHEN KPBIIIKY, 3a-
TE€M JBUTAIOTCS 1O CIHPAIBHOW KamMepe Mexnay Ie-
penHel U 3aHel KPBIILIKAMU B JBYX Pa3HbIX HaIlpaB-
JICHUSIX, IOCTUTAsl PAcCesHUSI SHEPTUH U TOTJIOLICHUS
3ByKa 3a CYET TPEHUS U PE30HAHCA.

D =45mm

cyOBOJTHOBOTO

CTPYKTYpBI JIana3oHa.
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Puc. 2. CeyeHne CTpyKTYpHOH CETKH

HNCCIIEJOBAHUE MEXAHU3MA
3BYKOIIOI'JIOIIIEHU A

Ananuz mMemooom KOHEeUHbIX 31eMeHIM08

Bun ceTtku KOHCTPYKLIMM B CEYEHMM IIOKa3aH
Ha puc. 2. [Insg uccnegoBaHusl aKyCTHYECKHX Xapak-
TEPUCTUK HAacTpauBacMoOM abcopOupyroleil MeTaro-
BEPXHOCTH B paboTe BBHIIOJIHEHO YHCJIEHHOE MOJIEIIH-
poBanue B makere COMSOL Multiphysics. Moaenu-
poBaHuE CTPYKTYphl MPOBOJAUIOCH BO BCTPOEHHOM
¢usznueckom nHTEpdeiice "Pressure Acoustics", a mis
BHYTPEHHHX Y3KHX KaHAJIOB MCIIOIB30BaH HHTEp(eEic
"Narrow Region Acoustics". ®oHOBOE 3ByKOBOE J1aB-
neHue 3a1ano paBHbM 1 [la miis uMuTanum 3ByKOBOTO
nonst. Ha BepxHell rpaHuile Ha3HayeH UACAIBHO CO-
TJIacOBaHHbBIM mornomarommii cioii (PML) ans mo-
JABJIEHUS MMapa3uTHbIX oTpaxkeHuil. Jns PML npume-
HEHa IOCIIOiHAs (Swept) pasMeTKa CeTKH, TOT/Ia Kak

(=)

JIBOIHAA CrMpajibHas CTPYKTYpa
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Puc. 3. Cxema npunHmmna 3Bykonoriomenus. Koadowuwent
3BYKOIIOTJIOICHHS

C. JIAHb, JI.T. CTAHEHKO

00J71aCcTh TIOJIOCTH TUCKPETH3UPOBaHA CBOOOIHOM TET-
pa’ApUYECKOM CETKOI.

Mexarnusm 38ykonoznowserus

s Gonee rayOOKOro M3ydeHHWs IPUHIIMIIA 3BYKOIIO-
IJIOMICHHS] CTPYKTYPBl B JIAHHOW CTaThbe TIPOBEIEH JIe-
TaJIbHBIN aHAJIU3 3aBUCUMOCTEH Kod((HUIIMeHTa 3ByKOIIO-
TJIOIIEHHS W pactipenenenust umnenanca (puc. 3-6). Co-
TJ1ACHO TEOPHH HIEKTPOAKYCTHIECKUX aHAIOT Ui, MHAMAsT
COCTaBIISIFOIIAS. HOPMHPOBAHHOTO MMIIEIaHCa (3BYKOBOTO
PEaKTHBHOTO COTMPOTHUBIICHUS) XapaKTepU3yeT CII0Co0-
HOCTb CUCTEMBI K aKKyMYJIMPOBAaHUIO SHEPIUH, TOTA KaK
BEIICCTBEHHAs COCTABJIIONIAS (3ByKOBOE aKTHBHOE CO-
MPOTUBIICHKE) OTPAKAET JUCCUMIATUBHBIE CBOWCTBA CHC-
TeMbl. PeakTnBHas KOMIIOHEHTa KOPpPEIHpYeT C pe3o-
HAHCHBIMU COCTOSIHHSIMU TIOTJIOTHTEIIS, IPHYEM €€ HyJIe-
BOE 3HAYEHHE COOTBETCTBYET PE30HAHCHOM YacTOTE CHC-
TEMBI M YaCTOTE MaKCUMyMa 3BYKOIIOIJIOIICHHS. AKTUB-
HOE COMPOTHBIICHUE CBSI3aHO C COINIACOBAHUEM MMIICaH-
COB MOMIOUIAIOLIEH CTPYKTYpbl M BO3AYLIHOW CpEdbIL.
WneansHoe 3BYKOIOINONIEHHE TPeOyeT COOTBETCTBUS
MMIIe/laHca TIOBEPXHOCTH CTPYKTYpPBI MMIIEIAHCY BO3ILY-
Xa.

®opmyia

4Re(z,)
o=
[1+Re(z,)]" +[Im(z,)]
MIpeNICTaBIsIeT COOOM BBIpaKeHHE I KoddduiineHTa
3BYKOIIOTJIONICHUS, TJIe ¢ — KO3 (HUIIUEHT 3BYKOIIO-

riomenus, Re(z,) — nelcTBUTEIbHAS YacTh HWMITE-
nanca, a Im(z,) — ero MHUMas 4acThb.

Real (Zn)
——Imag (Zn)
e

L ~ 110

Imag (Zn)

Real (Zn)

-10
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Puc. 4. Cxema npuHUMIIA 3BYKOINOIVIOIIECHMS.
Pacnipenenenme nmrieianca
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Puc. 5. Cxema npuHIMIIa 3ByKONOMVIOIIEHHSI.
Pacnipenenenne konebaTebHON CKOPOCTH YacTHI

JInms py OJHOBPEMEHHOM BBITIOIHEHUH YCIIOBUI
Re(z,)=1 u Im(z,) =0 g1 HOPMHPOBAHHOTO TIO-
BEPXHOCTHOTO MMIIE/IaHCa CTPYKTypa ClocoOHa o0ec-
NeYnBaTh WACAIBHOE IOIJIOUIEHUE NPU HOPMajIbHOM
najeHuu. B 3Tom cilydae moTepu SHEPruu U €€ yTed-
KM HaxoJITCsl B PaBHOBECHH, a CHCTEMa HaXOAMTCS
B PEXUME KpuTHYEeCKOH cBsi3u. Kak nmokazano Ha puc. 4,
MHHUMas 4acTh UMeeT HyseBoe 3HaueHue npu 134 I'n,
a JIeMCTBUTEIbHAs 4YacTh OJIM3Ka K 1; MMIegaHc Io-
TJIOTUTENS COTJIACOBaH C MMIIEJJaHCOM BO3/yXa, YTO
o0ecrieunBaeT UeaabHble HU3KOUYACTOTHBIE 3BYKOIIO-
TJIOIIAIOIIUE XapaKTEPUCTHKH.

Jns 6ornee TiyOOKOTO M3yYeHHS MEXaHU3Ma 3BY-
KOIOTJIOIIEHUS CTPYKTYpPBL, Ha pUC. 5 U 6 MOKa3aHbI
CKOpPOCTH KOJIeOaHUI YacTHIl M TUIOTHOCTH DHEPTHUH,
NOJIy4Y€HHbIC YUCICHHBIM MOJETUpOBaHuEM. Pe3yib-
TaThl MOKA3BIBAIOT, YTO CKOPOCTh KOJEOAHMH YacTHI]
Ha BXOJI€ B KaHaJ MakCHMaJIbHA, YTO CBUIETEIbCTBY-
€T O CWJIBHOM PE30HAHCe MEXIY 3BYKOBBIMH BOJIHAMU
Y TIOTJIOIIAOIIEH CTPYKTYpoil. 3ByK B TpoIiecce Tpe-
HUsSL O 1B BXOJHBIX OTBEPCTHS, NPEBPAIIAET 3BYKO-
BYIO SHEPTHUIO B TEIUIOTY, KOTOpas 3aT€M paccerBaeT-
csl, ¥ Ko3pUIMEHT TOTIIOMEeH!sT pruommKaercs K 1.
I[H3aﬁH CIIUPAJIBHOI'0 KaHajla 3HAYUTCJIbHO YIJIMHACT
NyTh PacHpOCTPaHEHMS 3ByKa B IIpelesiaX OrpaHu-
YEHHOW TOJIILMHBI CTPYKTYpbI, YBEJIWYUBAas SKBUBA-
JICHTHYIO JJMHY W OSKBHUBAJCHTHBIH aKyCTUYECKUI
00bEM, YTO CMeEIIaeT MUK IOTJIOMEHHS B CTOPOHY
HU3KUX 4acTOT. MakcuManibHasi TOJIIUHA CTPYKTYpbI
cocraBisgeT Bcero 45 MM, 4yTto cocrtasiser 1/57
oT anuHbl BoaHbl npu 134 I'm. Ctpykrypa obnamaer
XapaKTepUCTUKaMH CYOBOJHOBOTO pa3Mepa W Oiaro-
Jlapsi Au3aiiHy JBOMHOTO CIUPAJIBHOIO KaHAJIA pac-
HIMPSIET MOJIOCY MOTJIOLIEHUS. JTa CTPYKTypa MMEeT
OFpOMHI:Iﬁ NMoTeHUHMAJI IJid NPUMCEHCHUSA B YCIOBUAX
OTpaHMYEHHOI'0 IIPOCTPAHCTRA.

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3

0.01

e 3KCTP€M.Y.\1 TIJTOTHOCTIT

-0.01

-0.02

Puc. 6. Cxema npuHIMIIa 3ByKOTOMJIOIIEHHSI.
Pacnipenenenye II0THOCTH MOTEPh SHEPIUH

BJIMAHUE CTPYKTYPHBIX TAPAMETPOB
HA 3BYKOIIOI'JIOINAIOIIME XAPAKTEPUCTUKHA

Ilapamempuoi

B crpykrype nuzaiiHa nmapameTpsl OKa3bIBalOT OIl-
peneneHHOE BIUSHUE HAa aKyCTHYECKHE XapaKTepH-
CTUKHU CIHMPAIBHOW MOTJIOWIAIIENR CTPYKTYphl. Pac-
CMaTpUBAEMBbIEC CTPYKTYpHBIE NapaMeTpsl BKIIFOYAIOT:
paguyc OTBEPCTHs INMEPEAHEW KPBIIIKU CIUPAIbHOU
MOTJIONIAIOIIEH KaMephl 7; BEICOTY CIMPAIbHOM TPYOBI
D; nmunay TpyOs! L. Jns uccneaoBaHus 3aKOHOMEPHO-
CTeM BIMSHUS HM3MEHEHMs pa3jMuYHBIX MapaMeTpoB
Ha MOTJIOUIAIOIINE XAPAKTEPUCTUKUA CTPYKTYpBI Ha-
YaJlbHble 3HAaYEHHUS T€OMETPUUECKHX IapamMeTpoB MO-
JIENH COCTABIIAIOT: ¥ = 2.5 MM, R =50 MM, w =5 MM,
k=1 MM L1 = 550 mm, L2 = 500 mm, D =
=40 MM, ¢t = 3 MM, TUIOTHOCTH Bo3ayxa 1.25 kr/m?,
CKOpOCTh 3BykKa 343 Mm/c, OUHaMHYecKas BS3KOCTh
17.9 ulla-c.

Brusnue pa()uyca omeepcmus Ha noziowarowue
xapakmepucmuxku

Hccnenyercs BiusHUE pagudyca OTBEPCTUS IEpel-
HEHl KpBILKM Ha IOMVIOMAOIINE XapPAKTEPUCTHKH
CTPYKTYpBl IIDM HEU3MEHHBIX CBOMCTBAX MaTepuaja
U Ipyrux napaMmerpax KOHCTpyKuuu. [{ns orBepcTuid
HEepPEAHEN KPBILIKK AKyCTUUYECKOW CTPYKTYpPbl IIPUHHU-
MalTCs CHEOYIOLME 3HaueHus pazauyca: 2.5 MM,
2 MM, 1.5 mM. HnciieHHOE MOJETUPOBAHUE JAET TPU
KpHUBBIE 3aBUCHMOCTH KO3((HUIMEHTA MOTIOIEHHS OT
YacTOTHI, KaK [TI0Ka3aHo Ha pHuc. 7.

BunHo, 4TO ¢ yBEIMYEHUEM JUAMETpa OTBEPCTUS
nepeaHeil KpblKky ¢ 3 MM 10 5 MM IUIOLIAAb OTBEP-
CTHs YBEJIMYMBAETCA U PE30HAHCHAs YacTOTa 3HAYU-
TEJBbHO U3MEHseTCA. B 3T0 Bpems [1Ba muKa morjone-
HUS YBEIUYMBAIOTCA, KOI(PQHUIIMEHT TMOTJIONICHHUS
yBenunuuBaercs ¢ 0.8 mo 0.9.
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Puc. 7. KoadduiueHT 3ByKOTOTIONICHHUS

VYBenuueHue IUIOm@aan OTBEPCTHs YIydllaeT cTe-
NIEHb COIJIACOBAaHUS aKyCTHYECKOI0 MMIIeaHca CyO-
BOJIHOBOW CTPYKTYPBI C aKyCTUYECKHM HUMIIEAAHCOM
BO3/yXa, YTO HO3BOJIAET OOJIbIIEMY KOJIMYECTBY 3BY-
KOBOW JHEPIUU MPOHUKATh B CTPYKTYPY U IIOCTEIICH-
HO TIOBBITIIaeT Kod(hduimeHT nornomenus. Pesonanc-
Hasl 4acTOTa TaKXe€ CMELIACTCS B CTOPOHY BBICOKHX
HacCToOT: HepBI)II‘/'I UK IIOTJIONICHUA CMEUIACTCA
¢ 119 I'u go 129 I'y, a 3aTtem no 134 I'u; BTopoi nuk
noraomenusd — ¢ 125 T'm go 140 I'm u mocturaer
145 Tn. OOmas moioca TOTJOMICHUS CTPYKTYPHI
TAK¥XE YBCIINYMUBACTCH. HOE)TOMy YBCIMYCHUE JHaA-

a
Qy
//5‘;. —
V8 g -
L2+500mey|
kL2 =500 mm

MeTpa OTBEPCTHSI CIIOCOOCTBYET YIIYyUYIICHHIO IOTJIO-
MIAFOIINAX XapaKTEPUCTHUK CITUPATEHON CTPYKTYPBHI.

Brusanue onunvl cnupanvruou mpyowi
Ha no2uowjaroujue XapaKmepucmuxu

IIpy Hen3MEHHBIX CBOWCTBAX MaTepuaia U JIpyrux
mapaMeTpax KOHCTPYKLIIMM HCCIENyeTCd BIHSIHHC
JUIMHBI CIIUPAJILHON TPyObl Ha TOIJIOIIAOIIUE XapaK-
tepuctuku. Kak mokaszano Ha puc. 8, a, b, ¢, B oruo-
mjaromend CTpyKType JJIMHA OJHOM M3 CHHpalTbHBIX
TpyO OCTaercs TOCTOSIHHOHW, ¢ pazMepoM 550 mwm,
a JUTMHA IPYTroM MOCTENEeHHO yBennuuBaeTcs oT 440 mm
10 500 mMm. YUuciaeHHOe MOIEIUPOBAHHME AAET TPHU
KpUBBIE 3aBHCHMOCTHA KO3((HIMEHTa IOTIOIICHUS
OT YacTOTHI, pe3yJIbTaThl IIOKa3aHbI Ha pHc. 9.

Kak BumHO U3 puc. 9, mockonsky anuHa TpyOoxu L1
HE U3MCHICTCA, €€ HCpBI)II‘/'I MUK IIOIJI0IICHUA U COOT-
BETCTBYIOIAsl PE30HAHCHAs 4acTOTa OCTAIOTCS HEW3-
MeHHbIMH. [Tk BTOpOro moriomieHust s Oonee Ko-
POTKOI TpyOBI TaKXKe OCTaeTCsl HEM3MEHHBIM, HO C YBE-
JMYEHUEM IJIMHBI TPYOBl pPE30HAHCHAs 4acToTa CMe-
jaeTcd B CTOPOHY HU3KMX 4acToT. CrupanbHBIN Ka-
HaJl 3HAYUTEIBHO YJUIMHAET IyThb PaclpOCTPaHEHHS
3ByKa B IIpeJielax OrPaHUYEHHOW TOJIIUHBI CTPYKTY-
PBI, YBEIMUYNBAs €€ SKBUBAJICHTHYIO JUINHY U SKBHBa-
JEHTHBIA aKycTHYecKHid 00beM. OTO MPUBOAUT

K CMCIICHHIO TTHKA IMOTJIOMEHHUS B HHU3KOYACTOTHYIO
o0iacth ¢ 170 ' o 134 I'u. /IBa pe30HAHCHBIX TTHKA
MOTJIONIEHHS TIOCTETIEHHO cOMmKaroTes, a Koadduiu-
CHT IMOTJIOIICHNSI B HU3KOYACTOTHOW OOJIACTH YBEIH-
yuBaercs ¢ 0.28 mo 0.75, 4TO 3HAUUTENHHO YIIyYIlaeT
aKyCTHUYECKUE XapaKTCPUCTUKH.

Puc. 8. Cxemsl cimpanbHbix TpyO L1, L2 paznuyHoil JIHHEL.
a— quHa L1 550 mm, mmaa L2 500 mM; b — mmmaa L1 550 mm, muraa L2 470 My,

¢ — mmHa L1 550 MM, gonHa L2 440 MM

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3



UCCJEIOBAHUE 3BYKOIIOTJIOIIAIOIMX CBOMCTB AKYCTUYECKHUX METAMATEPUAJIOB 57

e 2 =500mm
- e [.2=470 mm
. e e [2=440mm

0.8

0.6

0.4

0.2

K02 GHiHeHT moriomieHus 38yka

0.0 L
100 150 200

Yacrora, I'l

Puc. 9. I'padux 3aBucumoctu koddduimenra mnoromie-
HHS OT JJIMHBI CIIUPATBHBIX TPYO

Korpa nimna BTOpO#t crimpanbHOM TpyObl ToCcTUTa-
er 550 MM, CTpyKTypa CTAaHOBHUTCS CHMMETPUYHOM,
Y J1Ba TIMKa MOTJIOIIEHHS CIUBAaIOTCs. TakuM oOpazom,

Ha BCEM [Wala30He W3MEHEHWs [UIMHBI TPYOBI TpH
L1=550 mm u L2 =500-470 MM ko3 ummeHT mo-
raomieHus pocturaet 0.9, a BIMsSHUE HU3KOYACTOTHO-
ro crmajga MUHUManbHO. CTPYKTypa COXpaHseT BBICO-
KYIO TIOJIOCY TIOTJIOIICHHS] W OTIUYHBIE XapaKTepH-
CTUKH TIOTJIOIIECHUS 3BYKa.

Brusinue evicomul cnupanvHotl mpyoul
Ha noz2nowarouwue xapaKmepucmuxu

[Ipy HensMEeHHBIX CBOWCTBAX MaTepuaia U IPyrux
rnapamMeTpoB KOHCTPYKIIUU UCCIENYETCS BIUSHUE BbI-
COTHI CIUPAIBHOM TPYOB! Ha MOIJIOLIAIONINE XapaKTe-
puctuku. Kak mokazano na puc. 10, a, b, ¢, B moro-
HIafoIe CTPYKTYpe BBICOTA CHHMPAILHON TPyOBI TO-
creneHHo yBenuuuBaerca ¢ 20 mm go 40 mm. Ywce-
JIEHHOE MO/JIEJIMPOBAaHNE JIaeT TPU KpPHBbIE 3aBUCHMO-
CTH K03(pPHUIHEeHTA TOTJIOMEHHUS OT YaCTOTHI, Pe3yIIb-
TaThI MOTJIONICHUS TTOKa3aHbl Ha puc. 10, d.

Kak BHIHO M3 3TOr0 pUCYHKa, C YBEJIMUEHUEM BbI-
COTBHI CHUPAIBHONW TPyOBI NMHUKH IOTJIOLIEHHUS IOCTe-
MEHHO YBEIMYHMBAIOTCS, KOP(PQOUIMEHT TOTIOMICHUS
Bo3pactaeT ¢ 0.6 10 0.9, 4To CBUAETENBCTBYET O BBI-
COKOM YpOBHE COTJIaCOBaHHUsS MMIIEJ]aHCA CTPYKTYpPHI
C UMIIEAHCOM BO31yXa.

KO3 (HULHEHT MOIJIOLIeHHs 3ByKa

150 200

Yacrora, I'u !

Puc. 10. 3aBrcumocTb K03 QHIIMEHTA TOTJIOMIEHHS OT BHICOTHI CIIMPAIBHON TPYOBI.
Cxembl criupasibHO# TpyOBI BBICOTOH (a) — 20 MM, (b) — 30 MM, (¢) — 40 mm;

rpaduk ko3¢ punnenra nornomenus (d)
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[Ipu sTOoM 00BEM CTPYKTYpHl yBEITUYHBAETCS
C POCTOM €€ TOJIIIMHEI, YTO TTPUBOINUT K YBETHIECHUIO
aKyCTHUECKOr0 00BbeMa M CHIKCHHUIO PE30HAHCHOW
gacToThl. [lepBast pe3oHaHCHAs YacTOTa yMEHBIIAETCS
¢ 140 I'm no 134 I'u, a BTOpas pe3oHaHCHAsI 4acTOTa
camkaercs ¢ 160 I'ip mo 146 I'i. DTo mokasbIBaeT, 4To
B CYOBOJIHOBOH 00JIaCTH COOTBETCTBYIOIIAS HACTPOK-
Ka BBICOTHI CITUPAIBHOW TPYOBI SBISETCS METOIOM
KOHTPOJIAA 4aCTOTHI IMOIJIOIICHHWA 3BYKaA.

3AKJIFOYEHUE

1. Ha ocHOBe criupaibHON CIOXEHHOU CTPYKTYpBI
B JlaHHOU paboTe pa3paboTaHa CyOBOJIHOBasI CTPYKTY-
pa ¢ JABOIMHOHM crnmpaiiblo W BhICOKOW 3¢ddexkTuBHO-
CTBIO TIOIJIOIIEHHUsS 3ByKa. s pacueTHoro ananmsa
HCTIONB30BAJIOCH porpaMMHOe obecrieueHue
COMSOL. Ilpu tommmHe 45 MM pabouas dacToTa
cocraBiser 134 I'u, uro cootBeTcTBYEeT 1/57 IIMHBI
BOJIHBI; CTPYKTYPa UMEET XapaKTePUCTUKU ITyOOKOi
CyOBOJIHOBOW pa3MEpPHOCTH, OOECIeuuBasi peryJiu-
pyemoe 3((eKTHUBHOE TOTIIOIICHUE B HU3KOYACTOT-
HOoM nuamnazoHe oT 134 I'm mo 180 I'm, mpu xoadpdu-
LHMEHTE TOTJIOIEHNUS, OIM3KOM K 1.

2. OCHOBHBIE NTPUHLMIIBI TIOTJIOMIEHHS 3ByKa ObLIH
WCCIIe/IOBAHbl MyTEM aHaln3a pachpeieicHUs MMIIe-
JaHCa, CKOPOCTH KOJe0aHWH YacTUI] M IUIOTHOCTH
MoTepb JHEpruu. B mpenmenax KOHEYHOro oObeMa
YBEJIMYEHHE 3KBUBAJICHTHOW JUIMHBI M 3KBUBAJICHTHO-
IO aKyCTHYECKOTO 00beMa CTPYKTYPhI SBIISETCS KIIIO-
YOM K JOCTHIKCHHIO HH3KOYAaCTOTHOI'O ITOIJIOLICHHA
3BYKa.

3. BcernencrBue u3MeHEHHMH pa3Mepa OTBEPCTHUH,
JUIMHBI ¥ BBICOTHI CIIUPAJbHBIX TPYOOK pacIinupsercs
HU3KOYACTOTHAsT MEPECTPanBaeMOCTb  CTPYKTYPBHIL.
Br16op moaxosmmx 3HaAYEHUH IUaMeTpa OTBEPCTHA,
JUIMHBI CHMPaJIbHON TPYOBI W BBICOTHI IIO3BOJISIET pe-
r'yJInpoBaTh SKBUBAJICHTHYIO JJIMHY U SKBUBAJICHTHBIN
aKyCTHYECKUI 00beM CTPYKTYpBI, YTO CMEILAET Yac-
TOTY INHKa IOITIOUICHHUA B CTOPOHY HH3KHUX YaCTOT.
Pa3zpaboranHast cTpykTypa o0Oiiamaer yabTPaTOHKOW
TOJIIMHON U MPOCTOM KOHCTPYKLIMEH, YTO AENIAET €€
JIETKO M3TOTaBiMBaeMoi M 3¢ (GEeKTUBHON Iy co3na-
HHUA HU3KOYaCTOTHBIX HOFHOTHTCHCﬁ, a TaKXE I103BO-
JIA€T HUHTErpupoBaTb €€ C AKTUBHBIMU CUCTEMaMH
yIpaBJIeHUs Uil CO3[aHusl CBEPXMAaTEePHaJIOB C aiarl-
TUBHBIM MOTJIOIICHHUEM HECJICBOTO IyMa, 4YTO IIOBLI-
maet 3¢ (EeKTUBHOCTh KOHTPOJIA IIyMa.

Haunas paboma 6vinonnena 6 pamkax 20CyoapcmeeH-
Hoeo 3adanusi Munobpnayxu Poccuu 6 cgepe nayunou
dessmenvHocmu no npoekmy Ne FZNS-2026-0007.
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THE STUDY OF THE SOUND ABSORPTION PROPERTIES
OF DOUBLE-HELIX SUBWAVELENGTH
ACOUSTIC METAMATERIALS

X. Lan, L. G. Statsenko

Far Eastern Federal University, Viadivostok, RF

This paper designs a subwavelength sound absorption structure based on a double-helix back cavity with
folded space. The goal is to increase additional sound absorption peaks while reducing the structure's volume
and enhancing low-frequency sound absorption. Through numerical simulations of parameters such as hole
aperture, spiral tube length, and height, it is shown that with a maximum thickness of 45 mm, the operating fre-
quency is 134 Hz, which corresponds to 1/57 of the sound wave wavelength. The structure achieves adjustable
and efficient absorption in the low-frequency range of 134 Hz to 180 Hz, with a sound absorption coefficient
close to 1. Optimizing these parameters can effectively improve sound absorption performance. The metama-
terial has advantages such as high low-frequency sound absorption coefficient, small volume, light weight,
compact structure, and ease of manufacturing, making it highly suitable for applications in noise control and
other engineering fields, with significant potential in space-constrained environments.

Keywords: acoustic metamaterials, double-helix cavity, sound absorption, curled space, 1ow-frequency, subwavelength
structure
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INTRODUCTION

Noise pollution has become a pressing issue ire-
cently. Many scientists have conducted in-depth stu-
dies of various noise issues through the design of di-
verse sound-absorbing structures. The development of
artificial acoustic structures (metamaterials) has made
it possible to control low-frequency sound waves [1—
7]. Acoustic metamaterials are effective not only in
sound insulation [8-9] but also demonstrate excellent
sound absorption properties.

The sound-absorbing properties of labyrinth-
shaped and curved-and-rolled structures have attracted
widespread attention from researchers and have be-
come an important area of research in the field of low-
frequency sound absorption and noise reduction. Such
structures can be equivalently represented as Helm-
holtz resonators [10-12]. By rolling the acoustic
space, the sound propagation path is increased, which
allows for a significant reduction in the acoustically
effective dimensions of the structure and enables
sound absorption in the low-frequency range. There-
fore, the development of an effective sound absorber
with subwavelength thickness is a pressing issue for
both engineering applications and scientific research.

To address this issue, the authors of [13] proposed
a subwavelength perfect absorber based on acoustic
metamaterials, the thickness of which is significantly
smaller than the wavelength of sound. Experimental
results showed that this material provides virtually
complete absorption at a given low frequency. How-
ever, a single sound-absorbing structure with a rolled
space typically has only a single maximum sound ab-
sorption coefficient. To expand the absorption band,
a broadband ultra-thin acoustic absorbing panel with
a rolled structure was developed [14], providing
broadband low-frequency sound absorption.

Many researchers have also conducted a significant
amount of work devoted to small-sized and tunable
rolled sound-absorbing structures [15-19], and tuna-
ble labyrinth acoustic metamaterials have been pro-
posed in which the peak absorption frequency can be
dynamically adjusted by changing the geometric pa-
rameters of the labyrinth channels. Rolled-space struc-
tures can also be applied in the fields of acoustic
cloaking [20-21] and acoustic focusing [22-26]. For
example, an experimental acoustic ground-based
cloaking structure in an air environment was pro-
posed; in this structure, a labyrinth geometry is used
to direct the diffraction of sound waves around an ob-
ject. This makes it possible to eliminate the influence
of the object on the sound field in the target area and
demonstrate the effect of acoustic invisibility.

In architectural acoustics, rolled-space structures
make it possible to simultaneously meet ventilation
and sound absorption requirements [27-30]. However,
such rolled sound-absorbing structures typically have

only a single absorption peak per element, and the
main structure typically consists of several elements
connected in parallel. This increases the overall vo-
lume of the structure and limits its use in space-
constrained environments. Therefore, developing
a compact structure that provides multi-peak low-
frequency sound absorption is particularly important.

This article proposes a double-helix subwavelength
absorber structure and develops a computational mod-
el. Simulation results demonstrate that the structure
exhibits high sound absorption efficiency. Studies of
the influence of aperture size and the length and
height of the spiral chambers revealed that, at a max-
imum thickness of 45 mm, the operating frequency is
134 Hz, corresponding to 1/57 of the sound wave-
length. In the frequency range of 110-180 Hz, adjust-
able effective absorption is achieved with an absorp-
tion coefficient close to 1. Optimization of the spiral
chamber length, aperture diameter, and tube height
significantly improves sound absorption. The structure
exhibits good tunability, small volume, light weight,
ease of manufacture, and a high absorption coefficient
at low frequencies, making it promising for use in
confined spaces.

The core of this structure consists of a double heli-
cal chamber, a perforated front cover, and a rigid rear
cover, they form a resonant chamber. The two reso-
nant bodies of this structure have different resonances.
The air column's vibration amplitude in the throat is
maximum, and, accordingly, the acoustic energy dis-
sipation is maximized, resulting in two resonant ab-
sorption peaks. By superimposing the two peaks, the
absorption range can be expanded. By adjusting the
structure parameters and the resonant frequency
range, the acoustic performance of this double helical
structure is significantly improved compared to sin-
gle-resonant structures.

The developed structure is shown in Fig. 1. The
sample is disk-shaped. The design parameters are as
follows: outer radius of the structure R = 50 mm, di-
ameter of the opening in the front cover » = 2.5 mm,
width of the spiral tube channel w = 5 mm, tube wall
thickness £ = 1 mm, tube length L1 = 550 mm, L2 =
=500 mm, spiral tube height D = 40 mm, front cover
thickness ¢ = 3 mm. Sound waves pass through a cir-
cular opening in the center of the rigid front cover and
then travel along the spiral chamber between the front
and rear covers in two different directions, achieving
energy dissipation and sound absorption due to fric-
tion and resonance.

Fig. 1. Schematic diagram of an adjustable subwave-
length absorbing structure.
a — plane diagram, b — spatial diagram




STUDY OF THE SOUND
ABSORPTION MECHANISM

Finite element analysis

The cross-sectional view of the structure mesh is
shown in Fig. 2. To study the acoustic characteristics
of the tunable absorbing metasurface, numerical simu-
lations were performed in the COMSOL Multiphysics
package. The structure was modeled using the built-in
"Pressure Acoustics" physical interface, and the "Nar-
row Region Acoustics" interface was used for the in-
ternal narrow channels. The background sound pres-
sure was set to 1 Pa to simulate the sound field. A per-
fectly matched absorbing layer (PML) was assigned to
the upper boundary to suppress spurious reflections.
A swept mesh markup was used for the PML, while
the cavity region was discretized using a free tetrahe-
dral mesh.

Fig. 2. Cross-section of the structural mesh

Sound absorption mechanism

To further explore the principle of sound absorp-
tion in a structure, this article provides a detailed
analysis of the relationships between the sound ab-
sorption coefficient and impedance distribution
(Figs. 3-6). According to the theory of electroacoustic
analogies, the imaginary component of the normalized
impedance (acoustic reactance) characterizes the sys-
tem's ability to accumulate energy, while the real
component (sound active resistance) reflects the sys-
tem's dissipative properties. The reactive component
correlates with the resonant states of the absorber,
with its zero value corresponding to the resonant fre-
quency of the system and the frequency of maximum
sound absorption. Active resistance is associated with
the matching of the impedances of the absorbing
structure and the air environment. Ideal sound absorp-
tion requires that the impedance of the structure's sur-
face match the impedance of the air.

Fig. 3. Schematic diagram of the sound absorption
principle. Sound absorption coefficient

The formula

o 4Re(z,)
" [1+Re(z,)I’ +[Im(z,)]

is an expression for the sound absorption coefficient,
where a is the sound absorption coefficient, Re(z,) is
the real part of the impedance, and Im(z,) is its imagi-
nary part.

Only when the conditions Re(z,) = 1 and Im(z,) = 0
for the normalized surface impedance are simulta-
neously satisfied the structure can provide perfect ab-
sorption at normal incidence. In this case, energy
losses and leakages are in equilibrium, and the system
is in the critical coupling regime. As shown in Fig. 4,
the imaginary part is zero at 134 Hz, while the real
part is close to 1; the absorber impedance is matched
to the air impedance, ensuring ideal low-frequency
sound absorption characteristics.

Fig. 4. Schematic diagram of the sound absorption
principle. Impedance distribution

To further explore the structure's sound absorption
mechanism, Figs. 5 and 6 show the particle oscillation
velocities and energy densities obtained by numerical
simulation. The results indicate that the particle oscil-
lation velocity is highest at the channel entrance, indi-
cating strong resonance between the sound waves and
the absorbing structure.

Fig. 5. Schematic diagram of the sound absorption
principle. Particle vibration velocity distribution

Fig. 6. Schematic diagram of the sound absorption
principle. Energy loss density distribution

Sound, when rubbing against two inlet openings,
converts the sound energy into heat, which is then
dissipated, and the absorption coefficient approaches
1. The spiral channel design significantly lengthens
the sound propagation path within the limited thick-
ness of the structure, increases the equivalent length
and equivalent acoustic volume, shifts the absorption
peak toward lower frequencies. The maximum struc-
ture thickness is only 45 mm, which is 1/57 of the wa-
velength at 134 Hz. The structure exhibits subwave-
length characteristics and, thanks to the double spiral
channel design, expands the absorption band. This
structure has enormous potential for use in confined
spaces.



INFLUENCE OF STRUCTURAL PARAMETERS
ON SOUND ABSORPTION CHARACTERISTICS

Parameters

In the design structure, the parameters have a defi-
nite influence on the acoustic characteristics of the
helix absorbing structure. The structural parameters
under consideration include: the radius of the front
cover opening of the spiral absorbing chamber 7; the
height of the spiral tube D; and the length of the tube
L. To study the influence of changes in various para-
meters on the absorption characteristics of the struc-
ture, the initial values of the geometric parameters of
the model are: ¥ =2.5 mm, R =50 mm, w= 5 mm, k=
=1mm, L1 =550 mm, L2 =500 mm, D =40 mm, ¢ =
=3 mm, air density 1.25 kg/m?, sound speed 343 m/s,
dynamic viscosity 17.9 pPas.

The effect of aperture radius
on absorption characteristics

The effect of front cover aperture radius on the ab-
sorption characteristics of a structure is investigated,
while the material properties and other design parame-
ters remain constant. The following radii are adopted
for the front cover apertures of the acoustic structure:
2.5 mm, 2 mm, and 1.5 mm. Numerical simulation
yields three absorption coefficient curves as a function
of frequency, as shown in Fig. 7.

Fig. 7. Sound absorption coefficient

It can be seen that as the front cover aperture di-
ameter increases from 3 mm to 5 mm, the aperture
area increases and the resonant frequency changes
significantly. The two absorption peaks increase, and
the absorption coefficient increases from 0.8 to 0.9.

Increasing the aperture area improves the matching
of the acoustic impedance of the subwavelength struc-
ture with the acoustic impedance of air, allowing more
sound energy to penetrate the structure and gradually
increasing the absorption coefficient. The resonant
frequency also shifts toward higher frequencies: the
first absorption peak shifts from 119 Hz to 129 Hz,
and then to 134 Hz; the second absorption peak shifts
from 125 Hz to 140 Hz and reaches 145 Hz. The
overall absorption band of the structure also increases.
Therefore, increasing the aperture diameter improves
the absorption characteristics of the spiral structure.

The effect of spiral tube length
on absorption characteristics

With the material properties and other design pa-
rameters unchanged, the effect of spiral tube length on

absorption characteristics is studied. As shown in
Fig. 8, a, b, c, in the absorbing structure, the length of
one of the spiral tubes remains constant at 550 mm,
while the length of the other gradually increases from
440 mm to 500 mm.

Fig. 8. Schematics of spiral tubes L1 and L2

of various lengths.

a — length L1 550 mm, length L2 500 mm;
b — length L1 550 mm, length L2 470 mm;
¢ — length L1 550 mm, length L2 440 mm

Numerical simulation yields three curves for the
absorption coefficient versus frequency; the results are
shown in Fig. 9.

Fig. 9. Graph of the dependence of the absorption
coefficient on the length of spiral tubes

As can be seen from Fig. 9, since the length of tube
L1 remains constant, its first absorption peak and cor-
responding resonant frequency remain unchanged.
The second absorption peak for the shorter tube also
remains unchanged, but as the tube length increases,
the resonant frequency shifts toward lower frequen-
cies. The spiral channel significantly lengthens the
sound propagation path within the limited thickness of
the structure, increasing its equivalent length and
equivalent acoustic volume. This leads to a shift of the
absorption peak toward lower frequencies from
170 Hz to 134 Hz. The two resonant absorption peaks
gradually converge, and the absorption coefficient in
the low-frequency region increases from 0.28 to 0.75,
significantly improving the acoustic performance.

When the length of the second spiral tube reaches
550 mm, the structure becomes symmetrical, and the
two absorption peaks merge. Thus, over the entire
range of tube length at L1 = 550 mm and L2 = 500—
470 mm, the absorption coefficient reaches 0.9, and
the influence of low-frequency roll-off is minimal.
The structure maintains a high absorption band and
excellent sound absorption characteristics.

The effect of spiral tube height
on absorption characteristics

With the material properties and other design pa-
rameters unchanged, the effect of spiral tube height on
the absorption characteristics is studied. As shown in
Fig. 10, a, b, and c, the height of the spiral tube in the
absorber structure gradually increases from 20 mm to
40 mm. Numerical simulation yields three curves for
the absorption coefficient versus frequency, with the
absorption results shown in Figure 10, d.



Fig. 10. Absorption coefficient versus spiral tube
height.

Schematic diagrams of spiral tubes with heights (a) —
20 mm, (b) — 30 mm, (c) — 40 mm;

absorption coefficient graph (d)

As can be seen from this figure, increasing spiral
tube height enables the increase of the absorption
peaks gradually and the increase of the absorption
coefficient from 0.6 to 0.9, indicating a high grade of
matching between the structure impedance and the air
impedance.

The volume of the structure increases with increas-
ing thickness, leading to an increase in acoustic vo-
lume and a decrease in resonant frequency. The first
resonant frequency decreases from 140 Hz to 134 Hz,
and the second resonant frequency decreases from
160 Hz to 146 Hz. This demonstrates that, in the sub-
wavelength region, appropriate adjustment of the spir-
al tube height is a method for controlling the sound
absorption frequency.

CONCLUSION

1. Based on a folded spiral structure, a subwave-
length structure with a double helix and high sound

absorption efficiency is developed in this study.
COMSOL software was used for the computational
analysis. With a thickness of 45 mm, the operating
frequency is 134 Hz, which corresponds to 1/57 of the
wavelength; The structure exhibits deep subwave-
length dimensionality, providing adjustable effective
absorption in the low-frequency range from 134 Hz to
180 Hz, with an absorption coefficient close to 1.

2. The fundamental principles of sound absorption
were investigated by analyzing the impedance distri-
bution, particle oscillation velocity, and energy loss
density. Within a finite volume, increasing the equiva-
lent length and equivalent acoustic volume of the
structure is key to achieving low-frequency sound ab-
sorption.

3. By varying the hole size and the length and
height of the spiral tubes, the low-frequency tunability
of the structure is expanded. Selection of appropriate
values for the hole diameter, spiral tube length, and
height allows for adjustment of the equivalent length
and equivalent acoustic volume of the structure to
shift the absorption peak frequency toward lower fre-
quencies. The developed structure is ultra-thin and
simple in design, this makes it easy to fabricate and
effective for creating low-frequency absorbers. It also
enables integration with active control systems to
create supermaterials with adaptive absorption of tar-
geted noise, thereby increasing the efficiency of noise
control.



