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AkmyanbHocmb uccnedosaHus 06ycroesieHa He0bXo0UMOCMbI0 ONPedeNeHUs YPOBHS akyCmUYecKol aHepauUU yiibmpassykoso2o U3sy-
YeHusi, NpoxodaLeao Yepes MHO20CTOUHYI0 KOHCMpYKUUI. 3HaHUe YPOBHS akycmuyeckol 3Hepeuu akmyasbHO Onis NPoekmuposaHus
YbMpPaseyKoBbIX YCMaHO80K NO UMEHEHUIO PEOIOaUYECKUX ceolicms yarego00pOdHbIX MONuUe Npu 3KChiyamauyuu SHepaemu4eckux
06BeKmMog 8 ycnosusx Apkmuku U AHMapKMUKU.

Lenb cocmoum e paspabomke mMamemamuyeckoli MoOenU pacnpoCmpaHeHuUs Ybmpa3gyKkogoeo UamyyeHus: 8 MHO2OCTOUHOU cucmeme
¢ onpedesnieHUeM 3HepauU 8 KaxOoM Crioe Npu ydeme KOHCMPYKUUU YilbmpaseyKkogoeo Uiyyamersi Pe30HaHCHO20 muna.

O6bekmbl: yibmpaseykosoll U3Tydamesib PE30HaHCHO20 muna, MHO20COlHas cucmema, (husudeckasi MOOeNb CUCMEMbI «Y/Tbmpassy-
KogoU u3ydamerib — MHO20C/IOUHas cucmemay.

Memodbi: Mamemamu4eckoe ModenuposaHue pacnpoCmMpaHeHUs yibmpaseykoso2o U3/lyYeHuUs 8 MHO20CTOUHOU cucmeme, yyumsbiea-
fowjee 8nusiHUE: KOHCMPYKUUU y/ibmpassykosoeo U3ily4yamesis Pe30HaHCH020 muna, €20 pexuma pabomel, KOUYECMBO Cr10es8 U Mexa-
Hu4ecKue csolicmea Mamepuasnog MHO20COUHOl cucCmeMbl; 3KCnepuMeHmarnbHble uccredosaHusi Ha 0CHose husuyeckoli Modenu cu-
cmemb! «yIbmpa3sykosoll uyyamersb — MHO20C/0UHas cucmemay,; eepucbukayus Mamemamuyeckol Modenu Ha 0CHOBE NOMYYEHHbIX
aKenepuMeHmarsbHbIX OaHHbIX.

Pesynbmamsl. PasgpabomaHHasi MameMamudeckas MoOesb no3eosisem onpedenume SHepaUto U YacmomHble XapakmepucmuKku aky-
CMUYECKO20 U3Iy4eHUs 8 KaOOM Cri0e MHO20C/TOlHOl cucmeMbl. 3HaHUE ypOosHs akycmuyeckol sHepauu npu danbHeliwux ucciedosa-
HUSIX NO3801UM onpedesiumb USMEHEHUS PeoIoauyeckux ceolicme cpedbl, 8 mom yucnie u om Hagpesa. [posedeHsl 3KkchepuMeHmarb-
Hble uccredogaHusi pabomb! yibmpaseykoeo20 U3flydamersi PE30HaHCHO20 muna nNpu Hazpyske 8 eude 00HO20 Cr10si NoUMemusmMe-
makpunama, dsyx Cri0ee nosiuMemunMemakpunama U mpex crioee nonumemunmemakpunama. PacyemHble OaHHble coenacyromces ¢
aKCnepuMeHMamu, No2pewHoCMb He npesbiwaem 15 %.

Bb1600b1. PaspabomarHas MameMamuyeckasi MOO€sb N038OMISIEM Cnpoekmuposams KOHCMPYKUUIO y/ibmpa3sykoso20 Uanyyamens pe-
30HaHCHO20 muna u ho0obpame No MOWHOCMU U Ouana3oHy Yacmom HeobXo0uMbIl UCMOYHUK numaHus 0nsi nabopamopHbIx uccnedo-
8aHuli y2neso00poOHO20 ChIpbS.

Knioyesnbie cnosa:
uany4damerib, 3HEP2US UMyYeHUs], UHMEHCUBHOCMb U3/TYYEHUS], CMOSIYUE 80JTHbI, OMPaXeHHbIE 80MHbI,
UHMePhEPEHYLOHHas KapmuHa, YacmomHble XxapakmepucmuKu, MHO20CIolHas cucmema.

BBeaeHune

VerpoiicTBa, BHIIOJIHEHHBIE HA OCHOBE YJbTPa3BYKO-
BbIX (V3) TEXHONOTHH, MOTYT BIOJHE KOHKYPHUPOBAaTh B
Tepesiaue SHEPrur ¢ APYTHMH HEKOHTAKTHBIMH CIIoco0a-
MU BO3HCﬁCTBHHMH Ha TBEPIBIC TCJIa, TAKUMH KaK 3JICK-
TPOMArHUTHBIE MW BJICKTPOCTATUYCCKUE yCTpOﬁCTBa.
VYerpoiictBa, OCHOBaHHBIE Ha aKyCTHYECKOM mepepade
JHEPruH, MO3BONSIIOT COBEPIIATh ONPEAEICHHYIO paboTy
(cBapky, HoJMMepH3alLHIo, MJIaBJIECHHE, U3MEHEHHE PEo-
JIOTHYECKUX CBOWCTB YTJIEBOAOPOAHBIX CPEI: U3MCHCHUA
BA3KOCTH, TEMIEPATYPhl KUICHUA, TEMIIEPATYpPhl 3aCThI-
BaHUs, UBMCHCHHUS BPEMCHU TI/IKCOTpOHI/II/I) B ONpeacjICH-
HOM (3aMKHYTOM) MIPOCTPAHCTBE Ha PACCTOSHUH OT U3y~
garens [ 1-5].

Hanmuune HamMoneKkynspHOW CTPYKTYpPBI YTIEBOJO-
POZHBIX JKMJKOCTEH BBI3BIBACT PsA IpoOJIEM, BO3HHKA-
IOIUX B Tpolecce A00BIMY, MEPeKaukd U mepepaboTKu
JQHHOTO CBIPbA. JI7IA TepeurcaeHHBIX TEXHOIOTUYECKHX
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HPOLIECCOB 3TO BBIPAXKAETCA B HW3MEHEHHU DPEOJIOTHYe-
CKUX CBOWCTB: BBICOKOH BSI3KOCTH, BBICOKOH (TIOJIOMKH-
TENbHOM) TeMMepaType 3acCTHIBAHHUS U OTIOKEHHAX Ia-
paduna Ha obopymoBanuu u TpybompoBozxe. B Hactos-
ee BpeMs NPUMEHSIOT P METOAOB Ui TOATOTOBKH
BBICOKOBSI3KOM HE(TH K TPAHCIOPTY: TEPMUUCCKHH, XH-
MUYECKHH U MeTOA (pu3nUeckux Bo3aercTBuid. Ha cero-
JHSIIHUN IeHb (QU3HYecKre METO/bl HaXo[aT Bce Oomee
IIMPOKOE MPUMEHEHHe B HE(TAHOH NPOMBILUICHHOCTH
m3-32 UX 3QQPEKTHBHOCTH, IKOHOMHIHOCTH M JOCTYITHO-
cri [1-5]. OnHEM U3 QU3NYECKUX METOJIOB SBJIAETCS Me-
TOJI YJIBTPa3BYKOBOTO BO3ICHCTBUS HA YIJIEBOJOPOTHOE
colpbe. Teme BO3JIEHCTBUS YIbTpa3ByKa Ha YTJIEBOJO-
POIHBIE Cpelibl MOCBANIEHO AOCTATOYHO MHOTO HAy4YHO-
TexHuyeckux padot [1-10]. B atux paborax mokasaHo
BIUSHUE Y3 Ha PEOJIOTUYECKHE CBOWCTBA YTIIEBOAOPO-
HOU cpenbl. DDQEKT BO3NEHCTBUS YIbTpa3ByKa CBA3aH C
YPOBHEM aKyCTHYECKOW JIHEprHH, TEpPElaHHOH B Cpey.
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Jist IpOeKTUPOBaHHST KOHKPETHBIX YCTPOUCTB, MpeaHa-
3HAYCHHBIX U TMOATOTOBKA HE(TH M YTIEBOIOPOIHBIX
TOIUIUB K TPAHCIIOPTY, HOATOTOBKY TOIUIUB K CXKHIAHHIO,
TIOATOTOBKH MAace K 3KCIITyaTal[uy B YCTIOBUAX APKTHKH
U AHTapKTHKH, TpeOyeTcs 3HaTh YPOBHH aKyCTUYECKOH
JHEPIUM BO BCEX BJIEMEHTAX pacCMaTpUBAacMOH KOH-
crpykuu. OOBIYHO BiMsHEE Y3 H3Ty4eHUs Ha He(Th U
HeTempOTyKTHl H3Yy4AlOT M [AIOT PEeKOMCHIAIHMH II0
IPOEKTHPOBAHKIO Y3 YCTPOKUCTB 1O pe3yabTaraM Jado-
patopHbIx uccnenosaHuil. Hccnenyemas HedTh B 1a60-
PATOPHBIX YCIOBUSIX HAXOAUTCS B MHOTOCIONHBIX KIOBe-
Tax U3 OprcTeKia. TU MCCIEeI0BaHUs I Pa3HbIX Yriie-
BOJIOPOJIHBIX CPEJl HOCAT CPaBHUTENbHBIN XapakTep U He
TI03BOJITIOT ONPENEIATh JEHCTBUTENBHYIO HEPTHIO, CO-
obmenHyto cpeze. IloaToMy pacuer akycTUdecKoi sHep-
TUH, COOOLIEHHOI B MHOTOCIIOWHYIO Cpefly, SABISETCS aK-
TyaJbHOH 3a1a4eil.

Lexpio nccnenoBanus ABMILETCS pa3paboTKa MaTeMa-
THYECKOH MOJIENH PaCTPOCTPAHCHUS YIBTPA3BYKOBOTO
U3TYYEHUs] B MHOTOCIONHON cuCTeME ¢ Ompe/eleHHeM
9HEPTUU M3IyYeHHUs B KaXAOM clloe (OpreTexia, yrieBo-
JIOPOJHON CpeIbl, CTaM, Pa3HOOOPa3HBIX MOKPHITHH M
T. 1I.) IPH y4eTe KOHCTPYKIMH Y3 M3ITydaTeNsi pe30HaHC-
HOTO THUIIA.

PacueT sHepruy M3Iy4deHUs], CKOHLEHTPUPOBAHHOH B
CJI0€ YIIEBOJOPOAHON Cpelbl, MO3BONUT B JAajbHEHLIEM
OTIPENENUTECS C TAKUMH (DH3MYCCKHMH IIPOLECCaMH B
cpene, Kak: CKOPOCTh aKyCTHYECKOTO TCUCHHS; aKyCTH-
4ecKkas KaBUTAlUs U HArpeB CPEeAbl ¢ M3MEHEHHEM e
peosoruueckux cBoicts [ 1-5].

Pa3paboTka MaTeMaTM4eCKOi MOZENN PacnpoCTpaHeHUs
YNbTPa3BYKOBOrO U3My4eHUs1 B MHOTOCIIOMHOM cUCTEME

JUist MpOeKTUPOBaHUS YIBTPa3BYKOBBIX CUCTEM HE00-
XOAMMO YYHUTHIBaTh BOJHOBYIO KapTHUHY NpoLecca nepe-
Jlaull 3HEPruu, 3aBUCHMYI0 OT COOTHOLIEHUS [JIUHbI BOJI-
Hbl U TOJILUMHBI CJIOSI CIUIOIIHOM cpelibl, B KOTOpOH pac-
IPOCTpaHseTCs 3ByKoBas SHeprus. Takxe HEoOXOAMMO
YYUTHIBaTh COOTHOLIEHHE AUAMETpa H3IyyaTels U JUIH-
Hbl BOJIHBI IS OIPEAEIeHUs JUarpaMMbl HalpaBlIeHHO-
CTH YCTpoOMCTBA. BaKHBIM MOMEHTOM ABIAETCS IOIJIO-
ILICHUE BHEPIUH B CPEJie, KOTOPOE CYIIECTBEHHO H3MEHS-
eT HHTep(EepeHIMOHHYI0 KapTUHY IpolLecca Mepefadu
sHepruu. [Ipu Omu3KKUX 3HAYEHUSX IJIMHBI BOJHBL U TOJ-
IIMHBI CIIOS MaTepHaja BOJHOBas (MHTep(epeHIIMOHHAS)
KapTuHa ycnoxHsercs [7, 11-14]. Yuer unrepdepeniu-
OHHBIX IPOLECCOB U IIpOLEcca IOMVIOUIEHUS B MHOIO-
CIIONHON CHCTEME BBI3BIBAET CYLECTBEHHBIE TPYAHOCTH
P pacyeTe PeKMMOB MEPEfadn IHEPIUH OT UCTOUHUKA
SHEPTUH B KOHKPETHBIN CIION MHOTOCIONHON CHCTEMBI.

B cBA31 ¢ 3TMM Ul MaTeMaTHYECKOTO MOJEIUPOBa-
HUSI MHOTOCJIONHOM CHCTEMBI TIPUHST PSA TOMYIIEHHH:

e B cootBeTcTBHH C [15] Topew Tonkatens Y3 usayda-
TeNs MOJKET OBbITh MpEeCTaBiIeH B BUIE NPOCTEHIIETO
HOPIIHS M3JIYYeHHs, TO €CTh KOTZa Ha IUIOCKOCTH
KOHTaKTa 3a[jaH0 PAaBHOMEPHOE pacrpe/eleHue 1as-
JICHUS WM CKOPOCTh YacTHUI[ 0e3 ydeTa OTpaXKCHHBIX
BOJIH Ha M3my4aTens. [Ipu 3ToM JomylieHud B3auMo-
JeiictBue Y3 uanyyaTens pe30HaHCHOTO THIA M MHO-
TOCIIOHHOM CHCTeMbl MOKHO paccMaTpUBaTh B OJTHO-
MEpHOM BU/IE;

®  pacmpocTpaHeHHE aKyCTHYECKOW SHEPTUH IIPOHMCXO-
IUT TI0 OCH TONKATedss Y3 H3Mydartens, KpyroBas
(opMa W HaNMYKE JENECTKOB AMArpaMMbI HaIpaB-
JICHHOCTH HE YIUTHIBAIOTCS;

® JCTOYHUK SHECPIUHU ABJIACTCA UCTOYHUKOM OeckoHeu-
HOM MOIIHOCTH;

o (u3uueckas KapTWHA COOTBETCTBYET MpEACTABICHUIO
CI0s. COCPEJOTOUCHHBIMU NapaMeTpamy, IMO3TOMY MO-
TJIOMICHAE ¥ THTEHCHBHOCTD OTHOCATCS KO BCEMY CIIOK0;

¢ IIePEXOJHbIE IPOLECCH] HE PacCMaTPUBAIOTCS;

e BXOJHOW INEKTPUYECKMH CHIHANI MPENCTABIAET CO-
00ii CHHYCOM]TY, ¥ BCE PACUCTHBIC TIEPEMEHHBIE HOCST
CI/IHyCOPII[aJILHLIﬁ XapaKTEp Ha BCEX 4aCTOTaX;

® B pe3yJbTaTe pacueToB MOTYYAIOTCA AMILTUTYIHO-
qacToTHbIE Xapakrepuctuku (AUX) yckopeHus u uH-
TEHCUBHOCTH HM3ITyYCHHUS B CIOSX CHCTEMBI O€3 ydera
BTOPHYHBIX OTPAKEHHBIX BOJH B CIOSX;

®  paccMaTpuBaeTCs CIydail )KEeCTKOrO COCAMHEHHUS I10-
BEPXHOCTHA HM3ITY4aTC]Ii U MOBEPXHOCTH MHOT'OCJIOH-
HOW CHCTEMBI, yJapHbIe B3aUMOAEHCTBHSA JTHUX TIO-
BEPXHOCTEH MCKITIOUCHH,

¢ IBIyYaTenb COBEPIIACT IepeMEINCHHS, PaBHBIE ENIH-
HHUIIAaM HAHOMETPOB, MOSTOMY B MOJENH HPHHATO JO-
NYLIIEHUE, YTO MaTCpUaJibl KOHTAKTUPYIOIIUX 3JIEMCH-
TOB JepOpMUPYIOTCS B 30HE YNPYTOCTH U M3MEHEHHE
HaIpsDKEHHO-1e()OPMHUPOBAHHOTO COCTOSIHUS B 30HE
KOHTAKTA M3ITy4aTelsl X TONKATEIS HE yIUTHIBACTCS.
[Ipencrapienne aKyCTUYECKOTO M3NIYUCHHS B OIHO-

MepHOH (opMe B BHJIC IUIOCKOH BOJHBI B IPOCTPAHCTBE

IpU MEePEUYUCIICHHBIX JOMYIIEHUAX MO3BOJSET MpeJcTa-

BUTh Y3 U3JTy4aTesib U MHOTOCIONHYIO «HArpy3Ky» B BH-

Jie 0000IIEHHOW OJHOMEPHOW KONeOATeTbHOH CHCTEMBI

[6, 11-14, 16, 17].

B sToM ciydyae mns aHamm3a akyCTHYECKOH SHEPTHH
OPUMEHHUMbI OCHOBHBIC MPUHIIUATIBL pa60T1>1 SHEPreTuie-
CKHUX CUCTEM:
®  BCE JNEMEHTHI aKyCTHIECKOH CHCTEMBI TIPEACTABIISIOT

co00I eMHYI0 CHCTEMY M OXBAUCHBI CIMHBIM PEKHU-

MOM pabOTHI, PACCMOTPEHHE CHUCTEMBI MO YaCTIM

BHOCUT B PCHICHUC CYIIECCTBCHHBIC IMOIPCHIHOCTU B

BBIYUCIICHUAX,
® CTpOroe coOMIO/ICHHE IHEPTeTHIECKOro Oananca (Bbl-

paboTaHHas dHEPTHs paBHA CyMMe paboTHl B Hame-

YeHHON TOYKE MPOCTPAHCTBA IUTIOC BCE TOTEPU MPH

nepeaue 1 Npeodpa3oBaHUH SHEPTHH).

Ha puc. 1 npexcrasnen Y3 uznydatens pe30HAHCHOTO
THIA Ha OCHOBE MHOTOCIOMHOIO IbE30aKTI0ATOpa
AIIM 2-7. Y3 uznyyatenb pe30HAHCHOTO THIIA COCTOMT
m3: Kopiyca Y3 msmydartend — 1; BuHTa — 2 1 Taiiku — 3
NpeIBAPUTENBHOTO TIO/KATHS; IeHTpatopoB — 4, 9;
CTaJIbHOW IIEKH — 5; MHOTOCIIOMHOTO MbE30aKTIoaTopa —
6; CMOTPOBBIX OKOH — 7 B Kopiyce Y3 M3Iydares; nat-
ypka cuibl — 8; Toskarens — 10; ynpyroctu — 11.

PaspaboranHas ogHOMepHAs MaTeMaTHYecKast MOZENb
TMO3BOJISET CMOZICTHPOBATh Tepefady —aKyCTHIECKOH
SHEPrUM OT YJIbTPa3BYKOBOTO M3MIydaTeNsl PE30HAHCHOTO
THIA B MHOTOCIIOHHYIO CUCTEMY.

JlaHHas MaTeMaTHYecKas MOJENb ONHCHIBACT Y3 M3-
JTydaTedb Pe30HAHCHOTO THNA B paboTe HA MHOTOCION-
HYIO CHCTEMY.
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Mogenb m03BOJSET YYUTHIBATH CIEAYHOIME Koneda-

TENbHBIC TIPOIIECCHL:

e KONeOaHws MOACUCTEMBI «TONKATEIb—yIPYTOCTEY;

e KonmeOaHws TOJCHCTEMBI «KOPIIYC — YIPYTOCTh KOp-
mycay;

e KoneOaHus IOJICHCTEMBI MHOTOCIIONHOTO ThE30aKTIO-
aTopa;

®  PacIpOCTPaHEHUE YIbTPa3ByKa B CIOSX C YIETOM HH-

TepdepeHIIMOHHON KaPTUHEI U TIOTJIOMEHNUS B CIOSX.

Amrmmatyna xonebaHuid ToNKatens Y3 H3MyvaTens
OTIpeeNsAeTcss CyMMApHBEIM HMIICIAHCOM YCTPOICTBA C
y4eTOM Harpy3ku B TOUKe KOHTakTa. Jlanee sHeprus pac-
HPOCTPAHSETCSI BOJTHOBBIM TIPOLECCOM HEPe3 3NEMEHThI
KOHCTPYKIHH C YYeTOM ILIOTHOCTH H CKOPOCTH 3BYKa
KOHKPETHOTO CJIOSL, ATHHBI BOJHBI F TONIIMHBI CIIOSL.

Tonkaresnb, ynpyrocts U ynpyroe mHoiaympoCcTpaHCTBO
Harpy3ku o0pasyioT KoneOaTelbHYyI0 MOACUCTEMY «TOJ-
KaTenb—yImpPyrocTh.

B Mozemi HeoOX0IMMO yIHUTHIBATH KONEOAHHS MOCH-
CTEMBI «KOPITyC — YIPYTOCTh KOPITyCa», MOTOMY YTO aM-
IUIATY/a KoNeOaHNH TONKaTeNs comsMepuma ¢ nedopma-
el kopryca Y3 u3iydarens, CleJoBaTeNbHO, KoNeOaH s
YaCcTU MacChl KOPITyca Ha KECTKOCTU KOHCTPYKIIUH KOPITY-
ca HeoOXOIMMO YUHTHIBATh B KONEOATEIEHOM HpoIecce.

[Ipe30aK10aTOp COCTOUT W3 HECKONBKHX MBE303IIe-
MeHTOB. KakIIblil IIbE30371€MEHT UMEET Maccy M YIpy-
TOCTb, U MOITOMY IBE30AKTIOATOP C TOUKH 3PEHUS TEO-
pUH KoNeOaHUH ABIAETCS CI0XKHBIM 3JIEMEHTOM.

C yuetoM 3THX ocobeHHOCTeH Y3 u3iIydarens co3jia-
€T KoJIebaTeNbHbII Mpolecc, KOTOPBIKA BBIPaXKaeTcs B BU-
IIe aMIUTHTYABI KONeOaHuH M aMILTHTY/BI YCKOPEHUH KO-
nebanuii Tonkarens. Jlanee koneOarenbHas SHEPTHS B
MHOTOCJIOHHOM YIpYroM IOMyHpOCTPAHCTBE (MHOTO-

clloiHas CI/ICTCMa) TIPEACTABIACTCA KaK IOTOK MOIITHOCTH.

Konebanus Tonkarens Y3 uznydarens pe30HaHCHOTO
TUINA ONPENEIAIOTCS BA3KOYIPYTHMH CBOHCTBAMHU KoJle-
OarenbHOM CHCTEMBI H3TYYaTeNs ¢ y4eTOM Harpysku. 30-
Ha KOHTaKTa ToNKaTes s Y3 U3JIydartess ¢ yIpyruM mony-
TPOCTPAHCTBOM OIICHIBACTCS MApaMeTPaMu: YIPYTOCTh
MaTtepHaja MoTyIpOCTPAHCTBA Cy, IPUCOCAMHEHHAS Mac-

ca m,, kooddurment auccunarmy r, [1-5, 8, 11, 14, 18].
30Ha KOHTaKTa 0003HaYeHa KPAaCHEIM IIBETOM Ha puc. 1.
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Puc. 1. Cxema e3aumooeticmsusn Y3 usnyuamenss u mMHoeo-
CIOUH020 YNpy2020 NOIYNPOCMPAHCIEA

Fig. 1. Scheme of interaction between an ultrasonic emitter
and a multilayer elastic half-space

KonebGanust Tonkarens Y3 uanydatens CO3IAOT BOI-
HOBOH ()poHT B MHOrocnoiiHoil cpene. Ilpu ycnosuu
CTPOr0 HAMpaBIEHHOIO H3Iy4YeHHA MO OCHOBHOH OCH
IUarpaMMbl HAIIPAaBICHHOCTH 3TOT (POHT MOXKHO Ipen-
CTaBUTh IIOCKO# BosHOM [1-5, 9-14, 16-19]. OmHomep-
HBI€ BOJIHBI — 3TO BOJIHBI, B KOTOPBIX BCC XapAKTCPUCTH-
KU 3aBHCAT OT BPEMEHHU U 0JHOU koopauHaThl. OT Y3 u3-
Jydartens >HEprus paclpoCTpaHsAercs B BHIE YIPYTHX
BOJIH B MHOTOCJIOIHOM cucteme. [Ipn monymenun mano-
CTH OTP2)XEHHBIX BOJH B MEPBOM clioe Y3 H3Nydarenb
MOXHO MpPEICTaBUTh KaK OFHOMEPHYIO KOJIEOATENbHYIO
CUCTEMY B BHJIC 3HeKTpI/I‘l€CKOI71 CXEMbI 3aMCIICHHUA
(puc. 2) [1-7, 19-22]. Ha puc. 2 npuBeleHa deKTpUUe-
CKasi cxeMa 3aMeIIEeHUs aKyCTHUYECKOH CHCTeMBbl Y3 W3-
JTydaTeNs Pe30HAHCHOTO TUIIA C YUYETOM MbE30aKTI0aTopa
AIIM-2-7, ympyroctu, ynpyrod aedopmanuy Kopmyca
V3 usnyuarens, akyCTUYECKOM Harpy3kd M U3IydeHUs B
MHorocnoinyto cucremy [1-5, 13]. Tlogobnas, Ho Oec-
KOHTAKTHas CHCTeMa IpecTaBieHa B padote [1].

BJTCKTPH‘ICCKBJ[ cXeMma 3aMelieHus Y3 H3JTyJaTeins
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Puc. 2. Sﬂekmpuqecmﬂ cxema 3ameujeHus v3 usnyuameiisi pe3OHaHCHO20 muna
Fig. 2. Electrical scheme for ultrasonic resonant emitter substitution

B Gerymeil mmockoil BoIHE MOMYNb BEKTOpPAa MIHO-

BEHHOTO 3HaUYCHHUs OTOKa MomtHocTH Wi paBeH [5-7]:
Wi =PV :iPZ :ILX:VZ :pC&')zAz, BT/MZ, (1)
o

rae P — nasnenue (I1a); V — ckopocts cpenst (M/c); p —
TIOTHOCTD CPEIBI (KI‘/MS); ¢ — (hazoBasi CKOPOCTH BOJHEI
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(m/c); ® —yrnoBas yactota (1/c); Aj — MrHOBeHHas am-
wmtyaa konebanuit cpeasl (M). dnsg ynoOcTBa pacuera
SHEPTUH B CIOSX KOJNCOAHUS TONKATENSA Y3 H3MydaTens ¢
KOHEYHOH IUIOMAABI0 YCIOBHO IEPEHOCSTCS HAa YCIOB-
HBII MeTp KBaapatHslid. Mcxons u3 dopmyis (1), MOXHO
TIOJTYYUTH OMHCAHUE OETyIeil BOIHBL.
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DpoHTBI TAPMOHMYECKUX OETYIMX BOJH — 3TO MOBEPX-
HOCTH PaBHBIX ()a3, KOTOPBIC OMHACHIBAIOTCS (PYHKIACH:

W, = p,, cos(wt— &) Xm cos(wt—e-p) =

@)

= % P X,y [COS @+ COS(20t — 26— )]

[lepBoe cmaraemoe B (2) JaeT TOCTOSIHHBIA MOTOK
MOIITHOCTH, MPOM3BOJIAIINNA HAKATUTMBAIONIYIOCS C Tede-
HHEM BpeMeHH paboTy, BTOpOe ciaraeMoe JaéT B Cpej-
HEM 3a TepHoj MO BpeMeHH HyJb. JlaHHOE TOoNoXeHHe
BIIOJIHE COTJIacyercs ¢ paboroid [§].

Tpomssenenne 1/2p,X; 0OBIYHO HA3BIBAIOT MOTHOM
MOIITHOCTBIO CUCTEMBI. B 3TOM cityyae ymo0HO MPUHATH,
YTO MOJHAS MOMIHOCTh COCTOUT M3 JIByX COCTaBIISHO-
[IUX — AKTUBHOM U PEAKTHUBHOM MOLIHOCTEH:
®  aKTUBHAs MOLIHOCTb IpoLecca

a

l .
W, ==p, X, Cose,
2
® pCaKTUBHAA MOIIHOCTH
W, :% P Xm cos(2mt —2&— ).

Jnst onpeienieHyst IIOTHOCTH TIOTOKA SHEPTUU BOJIHBI
UCTIONB3YeTCsl BEKTOp YMoBa P, HalpaBIeHHBIH B CTOPO-
Hy pacmpoCTpaHEHHS BOJNHBHI (T. €. TEPHEHIUKYIIPHO
BOJIHOBOW TIOBEPXHOCTH), BEIMYMHA KOTOPOTO paBHA
IPOU3BEICHNIO 00BEMHOMN TIOTHOCTH 3Hepruu W ¥ cKo-
POCTH PactpoCTpaHEHHs BOJHBI C.

CpenHss MHTEHCUBHOCTD BONHBI [1-5, 8] paBHa cpen-
HeMy 3HAYeHHIO MO BEKTOpa YMOBA H ONPEeNsIeTCs
13 BeIpaxkeHns (3):

T=(P)=(W,)xc, )

rae (P) — cpemHee 3Ha4YeHHE MOJIYJsS BEKTOpa YMOBA;
(Wi) — cpenHee 3HaUeHHE MTHOBEHHOM MOIHOH 3ByKOBOM
MOIIHOCTH; C — (ha30Bast CKOPOCTb.

CpemHsas MHTCHCHBHOCTD IS TUIOCKOH BOJIHBI PaBHA
[1,6, 7]

1= %prz A? Br/m2. (4)

CpenHsisi MHTEHCHBHOCTD 3BYKOBOH BOJNHBI 10 (op-
MyIe (4) onpenensercs Kak CPeIHHH MOTOK SHEPruu ge-
pe3 eAMHHUIYY IUIOM[AaAH BOJHOBOIO (PPOHTA B EHHHUILY
BpeMeHH. Ecny B3STh CAMHUYHYIO ILIOAAb BOJHOBOTO
¢poHTa, KOTOpas MOJHOCTHIO MOriomana Obl 3BYK, U
PAcHoNIOKUTh €€ MEePNeHIUKYJISIPHO HAMpaBIECHUIO pac-
IPOCTPAHEHHs] BOJHBI, TO MHTCHCHBHOCTb 3BYKa PaBHA
aKyCTUYECKOH 3HEpruy, MOTTIOMAEMOil 32 OfHY CEKyHIY
[1, 6, 7, 11]. Pa3mepHOCTh MHTEHCHBHOCTH COBMAJAET C
Pa3MEpPHOCTBIO MOTOKA MOLIHOCTU. VIHTEHCUBHOCTD 3BY-
Ka TIPEACTAaBIACT COOOH aKTHBHYIO COCTABIIOLIYIO
yJIENBbHON MOIHOCTH 3BYKOBBIX KoJieOaHuid. PeakTiBHas
COCTABJIAIIONIAS MOIIHOCTH KOJeOaHHIl HENpephIBHO KO-
nebnercst B 3ByKOBOM IIOJIE TO B CTOPOHY PAacHpOCTpaHe-
HUS BOJIHBL, TO B 00paTHYIO CTOpOHY. 3a mepuoy Koneda-
HUH peakTUBHAs MOLIHOCTH paBHa (0. DTa 4acTh MOIIHO-
CTH TIpEZCTABIAET COOOIT 3amac SHEPrur B 3ByKOBOM TIO-
Jie, aHAJIOTHYHBIN 3aracy 3HEPTHH B SIEKTPUYECKOM U
MAaTrHUTHOM TOJISIX NEKTPUYEcKoro Toka [1].

Jis npaBUIIbHOTO MOHMMAHUS MOJTHOW KapTHHBI 3BY-
KOBOTO TOJNS M y4eTa COOTHOIICHHS JIMHBI BOJHBI U
TOJIIMHBI CJOSI HEOOXOIUMO YYHTHIBATH BCE COCTaBIIS-
tfomue ypapHenus (1). Bextop YMoBa B quccumnaTtHBHOM
KoneOaTenbHOM cUCTEME MOXHO MpPENCTaBUTh B BHJE,
KOTOpBINA OyJeT 3aBUCeTb OT JBOMHON (hasbl KoneOaHuil.
[punumas Bo BHEMaHHUE (4), MOMyYaeTCs:

P=1, giled—k0) gilotocre) B2 (5)

rie P; — MrHOBEHHOE 3HAYCHHE BEKTOpa YMOBA B CIIOC;
le=X?PoCo — ammmmTy1a BekTOpa YMOBA W3MyyaTens; k —
BOJIHOBOE YHCJIO; X — TOJIIHHA CIIOS.

PaccmotpeHna 3ajaua pacrpocTpaHeH!s! INIOCKUX BOJH
B CIIOHCTOH cpefie, 00pa30BaHHOI MapainenbHbIMI JPYT
IPYTy CIOSMH BEIIECTBA, MMEIOMAs BAXKHOE 3HAUYCHHE
I TIOHUMAHWMSI IPOOJTeMbl POXOsKaeHHS 3ByKa [1]. 3a-
Jlada, B COOTBETCTBHH C (5), pemiaercs ¢ y4eToM oTpa-
JKEHHBIX BOJIH B CNOSX, HO 0e3 ydeTa MOIHOI uHTEpde-
PCHIMOHHOH KAPTHHBI M TOTJIOMCHIS 3BYKOBOW YHEPTHI
B CJIOMCTOH cpeze. MMeercs maTHCIORHAs aKycTHIecKast
KOHCTPYKIHSA (pHC. 2), B KOTOPOH Cj P — BOJHOBOE CO-
TPOTHBIICHHE CIOST; Aj — aMIUTUTY/a KoJeOaHHi Mmajaro-
mMX BONH, Bj — ammmmiryna koneOaHWH OTPaKEHHBIX
BOJIH; Kj — BoTHOBOE uncio ciost; 0 — TONIIKHA CIOs.

[TapameTpsI MaTepHaIOB CIOEB MIPH MATEMATHIECKOM
MOJICITPOBAHUH H TIPOBEICHHWH OSKCIEPHMEHTOB IIpen-
CTaBJICHEI B TA0JIHIIE.

Pemenue exuHoil akycTHueckoii cucteMs Y3 n3yya-
TeNs py padoTe Ha MHOTOCIONWHYIO KOHCTPYKIHIO IPO-
BOJWJIOCH YHCICHHBIM METOJIOM B IAKeTe MPHKIIATHBIX
nporpamm Mathcad.

CpeHsAs MHTEHCMBHOCTb M3IydeHHs [, Waymas or
ToJKatens Y3 u3nydarens, OyAeT 3aBUCETh OT aMILTHTY-
16l KoneOanuil Tonkatens (Xpo;) U OT BOJTHOBBIX CBOKCTB
paboueii cpenst [1, 3-5, 11, 14]:

_ .C - X2 .@?
I :M, B (6)
2
Tabnuya. [lapamempur mamepuanos cioes
Table. Layer material options
Urzexe Marepua HHOTI_JOCTL CKopocTb 3ByKa B
Index Material Der133|ty p,3 Matepuae c, Mm/c
kr/m /kg/m® | Acoustic speed ¢, m/s
1 Honnmemn'MeTaKpmnaT 12:10° 2.71-10°
Plexiglass
2 Boszayx/Air 1,205 330
3 Honnmemn_MeTaKpmnaT 12:1 0° 2711 0°
Plexiglass
4 Bosznyx/Air 1,205 330
HOJ’II/IMCTI/IJ'IMCTaKpI/IHaT 103 103
5 Plexiglass 1,210 2,71-10

PaccuntsiBas BekTop YMOBa 10 CHCTEME YpaBHEHUM
pacnupoCcTpaH€HUA BOJHBI B CJIOAX, MOXHO ONPEIACIUTH
CMEIICHUE U YCKOPEHHUE CPEebl B KAXAOM CIIOE CHCTEMBI
[1]. Cmemmenue cpenbl B KOHKPETHOM ciioe 1o (opmyre
(6) onpenensiercs mo Gopmyie:

2 II (le) , (7)

X(w. )=
|( |+1) 0)i2+1'pi'c

189




/13Bectus Tomckoro NoNUTeXHUYeCKoro yHuBepcuteTa. MHxuHupuHr reopecypcos. 2023. T. 334. Ne 3. 186-196
Asun A.B., borgaHos E.IM., PukkoreH C.B. MogenupoBaHue nepegayn akyCTUYECKO SHEPTUN Yepe3 MHOMOCTIONHYH0 CUCTEMY ATIS ...

e [i(@i+1) — CpeNHss HHTEHCUBHOCTD H3Iy4YEHHs BOJHBI
B croe.
VcKopeHHe MOBEPXHOCTH | CIOS OMpEAENseTcs Mo

dbopwmyie:

X-i(i+1) = Xi(®,,,) a)i2+1' 8)

Omneparmu 110 hopmynam (6)—(8) MOKHO TIPOBOJHTH
TOJIBKO CHUMBOJIMYECKUM METOAOM, KOrJa CUCTEMaA SBJIA-
eTCsl JIMHEHHOM, CUTHANBI YCKOPEHHS, CKOPOCTH H CMe-
MIEHIST HOCAT CHHYCOMIANbHBIA Xapakrep. VMenHO Ha
OCHOBHOM pE30HAHCE 3aMeuaeTcsi MaKCUMAIbHOE IIpH-
ONMIKEHHe THX CHTHANOB K CHHYCOHE, TIOITOMY TOJBKO
Ha OCHOBHOM pe30HaHce Takas 00padoTKa CHTHAIIOB TIpa-
BOMEpHa.

o,

::z:z:;:: 9
7

d1 dmdl
elc

Bepudmkauus matematuyeckoi mogenu

B pasnene npencraBieHbl pe3ysibTaThl MOAEIUPOBA-
Hud B Bujie AUX ycKkopeHus U cpeJHEN MHTEHCUBHOCTHU B
CIOSIX aKyCTUUYECKOH CHCTEMBI B CPABHEHHHU C JKCIEPH-
MEHTAJbHBIMI JaHHBIMU [T Pa3HBIX KOHCTPYKLMH aKy-
CTHYECKHX cHCTeM: pabora Y3 mznmydarens 6e3 Harpy3Ku
(pexxum K3, mannbie w3 [3]), Harpy3ka B BHIE OIHOTO
cios momuMernMerakpunata (IIMMA), Harpyska B BH-
ne nByx cinoes IIMMA, Harpys3ka B BHJE TpexX CJIOEB
[IMMA (puc. 3). Tommuna ciios IIMMA d; cocrasisina
1 MM, TOJIIUHA BO3MYIIHON MPOCTOMKH Uy, COCTABISIA
0,1 mm.
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Puc. 3. Buowl akxycmuueckux cucmem: a) pexcum K3; 6) naepysxa 6 euoe oonoeo croa IIMMA; 8) nazpysxa 6 6ude 08yx cio-

es [IMMA; 2) naepysxa 6 ude mpex croes [IMMA

Fig. 3. Types of acoustic systems: a) short circuit mode; b) one layer; c) two layers; d) three layers

Jnst BepuduKamy MpeioKeHHOH MaTeMaTHYecKor
MOJIENIM TIPOBE/ICHbI HCCIE0BAHUS Ha IKCIIEPUMEHTaNb-
HOM cTeHzie. Kommiekraius cTena 1 HopsaioK mposese-
HUS SKCIIEPUMEHTA TOAPOOHO OTHCAHEHI B [5].

AUX HOpMalbHBIX aKyCTUYECKHX BOJIH XapaKTepu-
3yIOTCS HAlM4MeM HEKOTOPOTrO KOJIMYecTBa MOJ, KOTO-
pbl€ OIPEAENAIOTCS COOTHOLIEHHEM TONIIMHBI CIOS K
JuvHe BoJHEI [ 1, 10, 20-22]. BaxHoii nHpopManuer st
aHajM3a CTPYKTYpsl Y3 M3NMydartens pe30HaHCHOTO TUIIA
apasercss monyuenne AUX yckopenus Y3 mzmyuatens
PE30HAHCHOTO THUMA NpU paboTe B PEXHUME KOPOTKOIrO
sampikanms (K3) (6e3 MHOrOCIOMHO#M crcTeMbl). B aTom
ClIy4ae aKkCeJlepoOMETp YCTaHABIMBACTCS HA TOPLE TOJKa-
tensd, a AUX cHMMaeTcs B 4acTOTHOM JHaIla3oHE C SB-
HBIM TIPOSIBJICHHEM PE30HAHCHBIX SBICHUN — MAKCUMAJIb-
Hasg aMIUIMTyJa CUTHaja YCKOpeHHd, (opma cHUrHana
yckopenusi Oim3ka k cunycoune [3]. Ha puc. 4 npen-
CTaBJICHBl PE3YJIbTAThl YMCIEHHOIO pacyera IO Hpeio-
KEHHOW MaTeMaTH4ecKOW MOJENH B CPAaBHEHUH C TIOMY-
YEHHBIMH 9KCIIEPUMEHTANBHBIME JaHHBIME. Ha puc. 4, a
TpUBEJICHBI PE3yIbTaThl MOJICTHUPOBAHUS KONeOaTeIbHOI
cucteMbl Y3 HM3MyyaTeNs pe30HAHCHOTO THIA C y4eTOM
30HBI KOHTaKTa TOJIKATEIs C HOBEPXHOCTBIO B CPABHEHUH
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C 9KCTEPUMEHTAIBHBIMU JAaHHBIMU IpU padoTe Y3 u3ny-
yarens pe3oHaHCHOro tuma B pexume K3 u3 ucrounuka
[3]. Pe3ynbTaThl MOAENHMpPOBAHMS COTIACYIOTCS C TOINY-
YCHHBIMH OKCHECPUMCHTAJIbHBIMA TAHHBIMH, TMOT'PEII-
HOCTh cocTapisieT He Oonee 15 %. PesoHaHc cuctemsl
3aukcupoBad Ha 25,5 k[ 'm.

Ha skcnepumeHTanbHOM XapakTepuCTHKE, B Ciydae
Harpy3ku B Buje Tpex cioeB [IMMA, mosBisercs yBe-
JMYeHHWEe CUTHana yckopeHus Ha dyactore 13 k['m. 3to
MOKHO OTHECTH K oIInOKaM o0pabOTKH CHTHala, TaK Kak
Ha JTOM vacToTe (opMa CHTHANA HE CHHYCOHMAAIbHAS
(moHOE Tpeobpa3oBaHue HeBo3MOXkHO). Ha wactoTe oc-
HOBHOTO pe3oHaHca 25,5 k['1[ curHai yckopeHus OJM30K
K CMHYCOMJAJIbHOMY BHIY, U B 3TOM ClIy4ya€ MOXHO I'0-
BOPUTD O TIOJTHOM TIPe00pa30BaHUN SHEPTUM.

Anamu3 pesynbratoB MojenupoBanus AUX uHTEH-
CHBHOCTH M3Ty4YEHHUS Ha TpaHuIle Kaxaoro cios [IMMA,
KOTOpBIE IIPUBEIEHBI Ha puc. 5, MOKa3all, YTo B paccMar-
pUBAEMBIX CHCTEMAaX HPUCYTCTBYIOT BBICOKOYACTOTHBIE
MOJbI, KOTOPBIC MO SHEPICTUKE MOTYT CYIICCTBEHHO IIPE-
BBILIATH TEPBbIE MO YAaCTOTE Pe30HaHChL. To ecTh s
CYIIECTBEHHOTO YBEMMUCHUS KOd(ppuImeHTa mpeodbpaso-
BAHHMS DJHEPIUM HEOOXOMMMO HCIIONB30BATh COOTBET-
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CTBYIOLINE UCTOYHHMKM NUTAHUA U IIbE30AKTIOATOPHI VI aKyCTHYECKOH yacTeil KoaebaTeNbHON CUCTEMBI.
COTJIACOBAHMUS JNEKTPODHUIMUCCKOH, MEXaHHMUECCKOH U

m/c’| X
r = DKCIEPHMEHT
200h = Moens
600r
400t
200
- . ; - 1 L L 1 f
0 3100 6100 9:10° 1.2-10° 1,5-10" 1,8-10" 2,1-10" 2,4-10° 2,7-10° 3-10' 1
a/a
m/c’| X
L — DKCHepUMeHT
400 — Mozueinb
300
200r
100r
I . S
0 5.10° 110" 1,5:10° 2.0 2,510° 310°  3,5:10° 4.10'I'
o/h
m/c| X
- — DKCIEPHMEHT
— Mojens
150F
100r
50r
. . . -/
0 5-10° 1-10"  1,5-10°" 2-100 2,510 3100 3,5:10° 4-10' T
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751 R
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25r °
'—‘_._,f‘ L e e * : . ) f
0 510° 1-10° 1,5-10* 2-10* 2,510 3-10° 3,5:10° 410'T
Y|

Puc. 4. AYX yckopenus Y3 usnyuamensi pe3oHaHCHO20 Mund, CpagHeHue OAHHLIX PACHema U SKCHepUMeHma Osl CAyuas.
a) xonebamenvhas cucmema Y3 uznyuamens ¢ y4emom 30Hbl KOHMAKma moaxamens Y3 uziyuamens ¢ nogepxmuo-
cmbvio cnos; 0) 00uH coll; 8) 08a ClOs; 2) MpuU C1os
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Fig. 4. Amplitude-frequency characteristics of acceleration of ultrasonic resonant emitter, comparison of simulation and ex-
periment data: a) one layer, zone of contact between the ultrasonic emitter pusher and the layer surface; b) one layer;
c) two layers; d) three layers
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40r
30+
20
101
— . ‘ , . L .
0 1-10°  2:10°  3.10° 410" 5100 610" 7:10° 810" 910" 1-10° y
a/a
Br/m' | 1,
20
15f
10F
5_ -
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Puc. 5. AYX unmencusnocmu usnyuenus Y3 uznyuamens pe3oHaHcHO20 MUnA ONs CAYYAA: d) 30HA KOHMMAKMA MOAKAmens
V3 uznyuamens ¢ nosepxnocmvio cnost; 6) 00un cioi; 8) 08a cosi; 2) mpu Ciost

Fig. 5. Amplitude-frequency characteristics of radiation intensity of ultrasonic emitter: a) zone of contact between the ultra-
sonic emitter pusher and the layer surface; b) one layer; c) two layers; d) three layers
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3aBHCHMOCTh YMEHBIIICHHS! WHTCHCHBHOCTH H3ITyde-

HHS OT YBENMYEHHS KONMYECTBA CJIOEB HA PE30OHAHCE

f=25,5 k' mpuBe/ieHa Ha puc. 6.

I,

e

Puc. 6. 3asucumocms ymeHbUICHUS UHMEHCUBHOCMU U3JY-
YeHUsi Om YBenUudeHUs KOIUUecmsa cloes npu pe3o-
nance f=25,5 kl'y

Fig. 6. Dependence of the decrease in radiation intensity on
the increase in the number of layers at resonance
f=25,5 kHz

3aknioueHne

Jlns ompeneneHus ypoBHS aKyCTHYECKOM SHEPIUM B
KaXI0M CJI0€ MHOTOCIOWHOH cucTeMbl B paboTe mpei-
JIO)KeHa MaTeMaTU4eckas MOJENb PaclpOCTPaHeHHS Yilb-
TPa3ByKOBOTO M3JIyYCHHS B MHOTOCIOWHOW CHCTEME,
YUUTBIBAIOIAS KOHCTPYKIHIO YJIBTPa3BYKOBOI'O M3IIy4a-
TeNs PE30HAHCHOTO THIIA, MHTEP(EPESHIMOHHYIO KapTHHY
TIOJISL ¥ TIOTJIOIIEHHE U3TyYEHHUS B CIOSIX.

CMUCOK NUTEPATYPbI

1. Maremaruyeckoe MOJEIMPOBAHKE TIpoLieCcCa yIbTPA3BYKOBOM MOA-
TOTOBKM BBICOKOBSI3KOH HedTH Kk Tpancmopty / A.B. AsuH,
E.IN. Bornauos, C.A. [Tonomapes, H.H. Mapunuit, C.B. PuxkoneH //
U3Bectuss TOMCKOTO MONUTEXHUYECKOTO YHHBEpCHTETa. WHKIHU-
puHr reopecypcoB. — 2021, — T. 332. — Ne 4. - C. 114-122.

2. Jlockyrosa 10.B., FOnuna H.B. Biusaue ycnoBuit HU3K04acToT-
HOTO aKyCTHYECKOTO BO3/IEHCTBUS Ha CTAOMIBHOCTH BOJOHE(TS-
HBIX 3MyJbcuid HedTi VTHSTHHCKOTO MecTopox ieHus // Xumus B
uHTepecax ycroiumsoro passurus. — 2020. — T. 28. — Ne 3. —
C. 266-272. DOI: 10.15372/KhUR2020228.

3. Maremarnyeckoe MOJIEIHPOBAHUE YIBTPa3BYKOBOTO H3ITydaTelns
PE30HAHCHOr0 THIA U TOATOTOBKM BBICOKOBS3KOM HedTH K
tpanciopry / A.B.Asun, E.IL borganos, C.A.Ilonomapes,
H.H. Mapunxui, C.B. Puxkones // U3Bectns Tomckoro momurex-
HUYecKoro yHusepeutera. MmxuHupuHr reopecypcos. — 2021, —
T.332. - Ne 11. - C. 161-169.

4. Intensification of the processes of preparation of drilling and
cement mortars using vibration jet activation methods /
S.V. Rikkonen, M.A. Dmitrieva, V.N. Leitsin, S.V. Ponomarev,
A.V. Azin // IOP Conf. Ser.: Mater. Sci. Eng. — 2020. — V. 911. -
Ne 012001. DOI: 10.1088/1757-899X/911/1/012001.

5. Cnoco® BHOpPOCTPYHHON TMAPOAMHAMUYECKOH TEXHONOTMH CO-
XPaHEHHS TEKYYECTH YIIEBOIOPOIHBIX TOIUIUB M HE(PTENpOLyK-
TOB B yC/OBUsAX HU3KHX Temmepatyp / A.B. Azun, E.I1. borganos,
C.B. ITonomapes, C.B. Puxkonen // W3sectus Tomckoro monu-
TEXHHYECKOr0 YHMBEpPCUTETa. VIHKHMHHPHHT T€OopecypcoB. —
2019. - T. 330. - Ne 4. — C. 158-177.

6. OmpeneneHue MOTOHHBIX — 3NEKTPOTEXHHYECKHX — MapaMeTpoB
nedrenorpyxnoro kabems / A.C. T'maseipun, FO.H. Hcaes,
C.H. Knamues, A.Il. Jleono, M.B. Pakos, C.B. Komecuukos,
C.B. Jlaurpad, A.A. ®ununac, B.A. Komsipun, P.H. Xamuros,

PazpaboTanHas MatemMaTHueckas MOJENb IO3BOJSET
HPOEKTUPOBATh KOHCTPYKLHUIO aKyCTUYECKOH CHCTEMBI:
00IIyI0 KOHCTPYKIHMIO CHCTEMBI, KOHCTPYKIHMIO M3ITyda-
TeJs, Marepuanbl >JIEMEHTOB KOHCTPYKLMH, pa3Mepbl
CIIOEB, YaCTOTY M aMIUIUTYAy BO3JCHCTBHI 3BYKOBOTO
U3My4YEHUs] HA KOHKPETHBIM CJIOM, MOIHOCTh M YacTOT-
HBIN nana3oH Y3 u3mydeHus.

AHanu3 pe3yJbTaToB MOJAENMPOBAHMS IOKa3all, 4YTO
OCHOBHOM XapakTep aMILTUTYJIHO-YaCTOTHBIX XapakTepu-
CTHK PAacCMOTPEHHBIX CIy4aeB COIJIACYETCS C AMILIUTY[-
HO-YaCTOTHBIMH XapaKTePUCTHKAMH YCKOPEHHS YJbTpa-
3BYKOBOTO H3JTyyaTels Pe30HAHCHOTO THIIA IpH paboTe B
pEexKUME KOPOTKOIO 3aMbIKAaHMs. AMIUIUTYIHO-4aCTOTHbIE
XapaKTEPUCTUKN WHTEHCHUBHOCTU M3IYYEHHS MOKa3bIBa-
10T, YTO B CHCTEME MNPHCYTCTBYIOT BBICOKOYACTOTHBIE
MO/IBI, KOTOpBIE 110 SHEPTETHKE MOTYT CYIIECTBEHHO Ipe-
BBIIIATH MEPBBIA MO YACTOTE pe3oHaHC. Mmes cooTBeT-
CTBYIOLIME MCTOYHHMKM IMTAaHUA U IIb€30AKTIOATOPBI,
MOXHO COTJIACOBAaTh OIEKTPOPU3NYECKYI0, MEXaHUYe-
CKyI0 M aKyCTHYECKYI0 4acTH KoleOaTelbHOH CHCTEeMBbI
VTS CYIIECTBEHHOTO YBENHYCHHS KOd(QQUIHEeHTa Ipeod-
Pa30BaHUs SHEPTUH U3ITyYCHUS.

OKCHEepUMEHTaJbHbIE  JJaHHBIE MO  aMIUTUTYJHO-
YACTOTHBIM XapaKTEPUCTUKAM YCKOPEHHUS YJIbTPa3ByKo-
BOTO M3/Ty4aress Pe30HAHCHOIO THUMA KAaueCTBEHHO II0-
JOOHBI, IMEIOT TTIaBHBIA pe30HaHC B paiione 25,5 k'
YMEHBLIEHHE aMIUIMTYIbl YCKOPEHUS C POCTOM 4HCIIa
cinoes [IMMA. Pe3ynbraThl MOJENMpPOBaHHUS COIVIACYIOT-
Csl C OMYYEHHBIMH 3KCTIEPUMEHTAIBHBIMY IaHHBIMU, T10-
TPEIIHOCTb He MpeBbImaetT 15 %.

Paboma evinonnena 6 pamkax 20cyoapcmeeHHo20 3a0anus
Munucmepcemea Hayku u evicuieco oopasoeanus Poccutickoii
Deoepayuu (mema Ne 0721-2020-0036).

B.3. Kosanes, A.B. JlaBpunosud // U3Bectust Tomckoro monmrex-
HHIYECKOr0 yHHBepcurtera. MHKHHUPHHT reopecypcos. — 2021, —
T.332. - Ne 6. - C. 186-197.

7. PesonaHcHble KoneOaHUs ¢ TpeeIbHON aMILIUTYI0H B BUOpaLy-
OHHOM 9JIeKTpoMarHuTHoM aktuBatope / A.H. laBpummm,
E.B. BonosuH, A.C. I'massipun, C.H. Knagues, B.W. [onumyx //
M3Bectns TOMCKOTO MONMTEXHUYECKOr0 YHUBEpCHTeTa. MHKUHU-
puHr reopecypcos. — 2019, —T. 330. — Ne 1. - C. 201-213.

8. Tyces B.A., Pynenxo O.B. Ilons paguanioHHBIX CHI M aKyCTH-
YEeCKHE TEUCHHUS B XKMJIKOM CII0€ Ha TBEPOM IOIYIPOCTPAHCTBE //
Axycrugecknit sxypHan — 2019. — T. 65. - Ne 2. — C. 166-181.

9. Guz A.N., Bagno A.M. Effect of prestresses on the dispersion of
Lamb waves in a system consisting of a viscous liquid layer and a
compressible elastic layer // International applied mechanics. —
2018. - V. 54 (3). — P. 249-258.

10. Huang L., Liang J., Wu C. A three-dimensional indirect boundary integral
equation method for modeling elastic wave scattering in a layered half-
space // Int. J. Solids Structures. — 2019. - V. 169. - P. 81-94.

11. Jlsenecan ., Pyaite JI. Yupyrue BonHbI B TBepabX Tenmax. [Ipu-
MeHeHue s 00pabotku curnanos / Ilep. ¢ dpanu. Ilox pen.
B.B.JlemanoBa. — M.: Hayka. ['maBHas pepmakuus ¢usnko-
MaTeMaTH4ecKoi mmrepaTypsl, 1982. — 424 c.

12. Cozpanue STaOHHON IUIOCKOH BOJIHBI yJIBTPa3BYKOBOH BOJHBI B
KMJKOCTH C TIOMOLIBIO IIOCKOTO MBE303/IEKTPHUECKOro Mpeodpa-
30Batenst  0ONBHIOTO  BONMHOBOTO  pasmepa / A.A. Kpoxmas,
J.A. Huxonaes, C.A. Llpicaps, O. A. CanoxuukoB // Axyctude-
ckuit xkypHai. — 2020. — T. 66. — Ne 5. — C. 475-488.

13. Hecaes AE., AiiBazs F0.M., [Tomkapros A.M. ITpoGnems! Hecnenosa-
HUSI aKYCTHYECKHX CBOICTB MATEpHATIOB METOaMi OMMKHEro mosist //
Anbmanax coBpemenHoi Metpornorud. — 2020. — Ne 1. — C. 163-196.

14. 3aiines B.B., Ky3neuosa 1.E. AkycTiueckue BOIHbI B TOHKHX ITbe-
303NIEKTPUYECKUX MIacTiHax. — M.: Pannorexanka, 2018. — 240 c.

15. HcakoBuu M.A. Obmas akycruka. — M.: Hayxka, 1973. — 489 c.

193



M3BecTns TomMckoro nonuTeXHUYeckoro yHueepeuteta. HxuHupuHr reopecypcos. 2023. T. 334. Ne 3. 186-196
Asun A.B., borgaHos E.IM., PukkoreH C.B. MogenupoBaHue nepegayn akyCTUYECKO SHEPTUN Yepe3 MHOMOCTIONHYH0 CUCTEMY ATIS ...

16.

17.

18.

19.

Thin film flexible/bendable acoustic wave devices: evolution, hybridization
and decoupling of multiple acoustic wave modes / R. Tao, W.B. Wang,
J.T. Luo, SA. Hasan, H. Torun, P. Canyelles-Pericas, J. Zhou, W.P. Xuan,
M.D. Cooke, D. Gibson, Q. Wu, W.P.Ng, JK. Luo, Y.Q. Fu // Surface &
Coatings Technology. —2019. - V. 357.—P. 587-594.

Guiding and splitting Lamb waves in coupled-resonator elastic
waveguides / Y.-F. Wang, T.-T. Wang, J.-P. Liu, Y.-S. Wang,
V. Laude // Composite Structures. — 2018. -V. 206. — P. 588-593.
Anncuvkun B, Boporosa H.B. OcobeHHocTH reHeparmi HopMaTbHbIX
AKYCTUYCCKUX BOJIH BBICIIMX TOPSAKOB B TOHKUX IHE30ICKTPUICCKUX
mnacTuHax // Axycrideckui xyprai. — 2020, — T. 66.— Ne 1. - C. 3-7.
Research on the transmission characteristics of air-coupled
ultrasound in double-layered bonded structures / X.-G. Wang,
W.-L. Wu, Z.-C. Huang, J.-J. Chang, N.-X. Wu // Materials. —
2018. - V. 11. - Ne 310. DOI: 10.3390/ma11020310.

WHdopmaums 06 aBTopax

20.

21.

22.

Falleta S., Monegato G., Scuderi L. On the discretization and
application of two space-time boundary integral equations for 3D
wave propagation problems in unbounded domains // Applied
Numerical Mathematics. — 2018. - V. 124. — P. 22-43.

Gong Jing. Study on deacidification process of waste internal
combustion engine oil under the action of ultrasound // 10P Conf.
Ser.: Earth Environ. — 2020. — V. 467. — Ne 012046. — 7 p. DOI:
10.1088/1755-1315/467/1/012046.

Xu Y., Langbauer C., Hofstaetter H. The application of ultrasonic
technology for cleaning oil contaminated sand // SPE Asia Pacific
Health, Safety, Security, Environment and Social Responsibility
Conference. — Kuala Lumpur, 2017. — 12 p.

IHocmynuna: 21.11.2022 ..
Tpowna peyenzuposanue: 15.02.2023 2.

A3un A.B., xauaunat QuU3HKO-MaTeMaTHYECKUX HAYK, CTApIIMH Hay4YHBIH COTpyIHHK HaydHO-MCClenoBaTelIbCKoro
MHCTUTYTA NPUKIATHON MaTeMAaTUKH U MEXaHUKH TOMCKOTO TOCYAapCTBEHHOTO YHUBEPCHUTETA.

Kbozoanoe E .I1., kannuaaT TeXHUUECKUX HayK, TOLEHT MHXKeHepHOH HIKOJIBI 3HepreTHkH HalmoHansHOTo HccieoBa-
TeIbCKOro TOMCKOro MOMUTEXHUYIECKOTO YHUBEPCHUTETA.
Pukxonen C.B., KaHIUAT TEXHUYECKHX HAYK, JOLEHT, HH)XKEHEp-HCCIeN0BaTeNb HayyHO-nCCnen0BaTebeKoro HH-
CTUTYTa NPUKIAJHON MaTEMAaTUKU U MEXaHUKU TOMCKOIo roCyAapCTBEHHOTO YHUBEPCHUTETA.

194



Azin AV. et al. / Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2023. V. 334. 3. 186-196

UDC 534.22
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Relevance of the research is caused by the need to determine the acoustic energy level of ultrasonic exposure propagation in a multilayer
system. This is required to develop the engineering project of ultrasonic devices which would modify the hydrocarbon fuel rheological
properties. This, in its turn, could further their application in energy complex facilities in the Arctic and Antarctic environments.

Aim: to develop a mathematical model for ultrasonic radiation propagation in a multilayer system with the determination of the energy at
each resonance. Such a model would take into account the design-type of the ultrasound resonant emitter.

Object: design-type of the ultrasound resonant emitter, multilayer system and physical model system: «ultrasonic emitter — multilayer system».

Methods: mathematical modeling of ultrasonic radiation propagation within a multilayer system, considering the following impact factors:
design-type of the ultrasound resonant emitter, operating mode, number of layers and material mechanical properties of the multilayer sys-
tem. Experiments were based on the physical model system: «ultrasonic emitter — multilayer system». Experimental data verification
proved the effectiveness of the mathematical model.

Results. This mathematical model enables to determine and calculate the energy and frequency characteristics of acoustic radiation in
each layer within the multilayer system itself. Ultrasonic resonant emitter operating experiments under one plexiglass-layer, two plexiglass-
layer and three-plexiglass layer loads have been carried out. Estimated data are in good agreement with experiments, whereas, discrep-
ancy does not exceed 15 %.

Conclusion. Proposed and developed mathematical model enables the ultrasound resonant emitter-type to be designed, according to re-
quired power source capacity and frequency range. In this case, it could be applied for hydrocarbon fuel laboratory research.

Key words:

emitter, radiation energy, radiation intensity, standing waves, reflected waves,
interference pattern, frequency characteristics, multilayer system.
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