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B A3PO30JIbHBIX TE€XHOJIOIUAX YacTO TpeGyeTca TIOBBICUTDH TUCTIEPCHOCTD Kall€Jlb, YK€ CYHICCTBYIOIIMX B BO3IYXE.
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JucrnepcHOCTh M KOHIIGHTPALMs YaCTHULL ABJISIOTCA OCHOB-
HBIMH XapaKTePUCTHKaMHU a3po30Jieil, 00YCIIOBIMBAIOIINMA
3((eKTHBHOCTD peaM3ali TEXHOJIOTUYECKHX IIPOLECCOB.
ABpO30JIbHEIC TEXHOJIOTHH HAaXOOAT HpPHMEHEHHE B pas-
JIMYHBIX 00JIACTSIX HAayKH, IIPOMBIIIJICHHOCTH M MEIWIHEL
YacTuipl a3po30J1s1 MOTYT OBITH HCIIOJIb30BAHbI TSI JOCTAB-
KU JIGKApCTBCHHBIX BemiecTB [l], oumcTku Bo3myxa [2], B
CEJIbCKOM XO3s1iiCTBe [3], HAHOTeXHOJIOrHsAX [4] U B APYrux
3agayax. C pasBUTHEM a’pO30JIbHBIX TEXHOJIOTHI Bce Gosree
BOCTPEOOBAHEI a3PO30JIM C BHICOKOHU mucHepcHocThio. [pn
3TOM 4acTo TpeOyeTcs MOBLICUTh JUCHEPCHOCTD YKe CyIle-
CTBYIOIIMX B Bo3ayxe yactuu. Hanpumep, nis sddextuBHO-
ro yoaJieHusl BpeOHBIX COSAMHEHMI U3 aTMoc(epsl 3a cueT
XUMUYECKAX U (POTOXMMUYECKHUX PEaKIUil Ha a3pO30JIbHBIX
YacTUIlaX HEOoOXOOMMO, YTOOBI YacTHIBI a3po30Jisi OCTaBa-
JIICh B BO3[QyXe MaKCHMaJbHO JOJIT0 M MMeJH OOJIbLIyIO
yIEbHYIO IUIOIIA/b MOBEPXHOCTH [5].

H3BecTHO, YTO YJIBTPa3sBYKOBOE BO3NCHUCTBHE MOXKET Kak
CII0OCOOCTBOBATh YKPYNHCHHIO YacTHUIl, TaK M UX APOOIIe-
Huo. Tak, HampuMep, yJIbTPasBYKOBOE APOOJICHHE YacTHI]
B BOJTHOI Cpelie WM3BECTHO W HCIIOJIB3YETCS B TEXHOJO-
TUsIX TOMOI'CHHU3alUU, AUCIEPTUPOBAHUS MOPOIIKOB M T.IL
IIpumenenne e yabTpasByka [UId APOOJICHUS YacTHI] B
BO3MYLIHON cpefie 3aTPyOHEHO TeM, YTO BBICOKH IOTEpU
MOIIHOCTH IpH Iepefade M3 BO3MYIIHOH Cpeibl B Belle-
CTBO YaCTHIIBL, CJIEOBATEIIbHO, HYKHbBI MOIIHbIE UCTOYHUKH
YAbTpa3ByKa M CIEHUaJIbHBIE CIOCOOBI ()OKYCHPOBKH W3-
JIydeHusl [UId peajM3allui MMEHHO IpoOJIeHWs Karenb, a
He MX Koary/simu. Takue mpubopsl yke cosmaioTes [2],
MO3TOMY TSI IIPAKTUYECKOM peali3aliii BaXKHO NOOpoOHee
paccMOTpeTh MEXaHH3MBI YJIBTPa3BYKOBOTO IpOOJICHHsT Ka-
mesb a’posoiisi. B Teopermueckoil paboTe [6] mpemsiokeH
KpUTepuil, OIpEAeIIAIOMUi IPEUMYIIECTBEHHBI MeXaHU3M
BO3MCUCTBHS Y/IbTPa3ByKa Ha KalleJbHBL adpo3oiib (Ipob-
JICHHE WJIH KOAryJISALus ).

40

IMporecchl yabTpa3sByKOBOI KOarymsMH XOPOIIO H3ydYe-
HBl KaK TEOPETUYECKU, TaK U IKCIEpUMEHTalbHO. Taroke
XOPOIIIO HCCIICAOBAHEI IIPOLIECCH YIIBTPA3BYKOBOI'O AUCIEP-
TUPOBAaHUSA KUIKOCTH (IIpeBpalleHNe CIUIOMIHON JKHIKON
cpefibl B a3po3oiib). Ho BropudHOe 1pobiienue Kareis aspo-
30714, yXe CYIIECTBYIOIIECro B BO3yXE, B YIbTPa3ByKOBOM
HoJie IOKa HCCIIEfoBaHO HepgocTaTodHo. llesp HacTosmei
paboTH — TEOPETUYECKH PAcCMOTPETh MEXaHHU3MEI Jpo0-
JICHUS B3BCIICHHBIX B BO3/yXe KalleJb adpO30JIs B MOITHBIX
YIbTPa3BYKOBBIX MOJISIX.

PaccMoTpuM karumo pamnyca Ry, comepalryio mysbIpek
rasa (3apopblll KaBuTalmu) paauyca Rp. Mopens konebaHns
my3blpbka B Karule Obuta mosydena OOperkoBsiMu fp. [7]
Monudunupyst 3TOT MOAXOR IS CiIydas YJIbTPa3BYKOBOI'O
BO3/ICHCTBHSA, OJTY4YlM ypaBHECHUE My/IbCAlUH KaBUTALHOH-
HOTO Iy3bIpbKa B BHJIE

d?R 3 4\ /dRy\ >
Ro(1 — a) dt2b + (5 a4+ %) (d—tb)

1 . 20 4ndRy
= |Pa— Ps — Psin(wt) + =2 4 21270
+p|:a s ( )+Rb+Rbdt
20\ (Ro\”
S o) = — =0. 1
(&) (R) ®
[Tysslpek W Kawisi  CYMTAOTCS  CHEPHYCCKHIMH,
a = Rp(t)/Ry(t), Rq4(t) = Rg(0) + Rp(t) — Ry(0), Ps —
[aBJICHUE HACHILICHHBIX I[1APOB, O — [OBEPXHOCTHOE
HATSDKEHHE, 1) — [MHAMHYECKas BSI3KOCTb IKMIKOCTH,
p — ee IUIOTHOCTh, P — amIumrysa 3ByKOBOTO
JaBleHUs, @ — YIJIOBas ~ 4acTOTa  YJbTpasByKa
(w=2nf, f — wuacrora, [Hz]), Ry — HavyanbHbIA

pamuyc mysbippka. Ilpm o =0 ypaBuenme (1) cBomurcs
K KJIACCHYECKOMY YPAaBHCHHMIO [MHAMUKH ITy3bIpbKa B
CIUIONIHO# cpefie(,,Kamm™ GeCKOHETHOro pa3mMepa).
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Puc. 1. 3aBucumocTtb pafmyca KaBHUTALMOHHOrO IMy3bIPbKa OT BPEMEHH B PAsJIMYHBIX CLEHAPUSX: d — KoJeOaHHs 0e3 CXJIONbIBaHMS,
panuyc xarwm 0.1 mm; b — cxJIonbIBaHKe IMy3bIpbKa (pagmyc Kamwm 1 mm).

Vpapuenne (1) pemasoch 4YMCIICHHO METOmOM Jiliepa
(kom Ha sisbike Python). Pesysnbrarsl penieHusi mokasauid,
YTO B IIOBEICHUM My3BIPbKa B 3aBUCUMOCTH OT YCJIOBHIA IIPO-
CMaTpPUBAIOTCSA CJICAYIOIUE CLICHApHUU: KoJleOaHus My3bIpbKa
OKOJIO PaBHOBECHOTO ITOJIOKEHWS], CXJIONBIBAHHE ITy3bIPbKa
(puc. 1, pacwer mus Bomel, f = 22kHz, ypoBenp 3Byka
190 dB). Bo Bcex CLieHapHsiX BO3MOXKHO paspyLICHHE KaIlIu.
B mepBoM cLeHapuH MOXHO PAaCCMOTPETh HAKOIUICHHE
SHEPruy YJIbTpPa3ByKa ra3oM B ITy3bIpbKe 3a BpeMsd, IIOKa
MOXHO TIpeHeOpedb IHCCUIMAaTHBHBIMHU MpoleccaMd. IDTO
XapaKkTepHOe BpeMs B3aUMOICUCTBHUS KaIlI ¢ OKPYXKalomen

Ccpenou,
Pd
o= Rbf

e pg U Pg — TJIOTHOCTD KAaIUTH W BO3yXa COOTBETCTBEH-
Ho. Eciit 3a 3T0 Bpems Iaphl B My3bIPbKe HAKONAT SHEPIUIO,
IIPEBHIIAIONIYI0 TOBEPXHOCTHYIO SHEPTHIO KAIUTH, OHA pa3-
PYIIUTCA. YCJIOBHS Ul OLEHKM MMHUMAJIBHOTO JaBJICHUS
3ByKa P, cHOCOOHOTO BHI3BATh pa3pylIeHUE KaILIM, B 3TOM
CJly4yae BBITJIAJAT TakK:

P%razto _ ( 2)

rae Cg — CKOPOCTb 3BYKa B BO3OYyXe€. 3to BBIPpAXKCHHUE

IOJTy4YCHO W3 YCJIOBUA pPaBCHCTBa JSHCPIruM YJIbTPa3ByKa,
t

0
TMOTJIOIICHHOM Ty3BIPHKOM, Ey = % Ik 7Ry (1)%dt u
0

SHEPrUH MoBepXHOCTH Karu E, = 4o7R3.

Bropoit mopor 3BYKOBOrO maBJICHHS, COOTBETCTBYIOIIHMI
MEXaHU3MY Pa3pyIICHUs IPA CXJIONBIBAHUY ITy3bIpbKa, Haii-
oeM u3 cienyionmx coortHouieHuid. Ilorsomenune ymnpTpa-
3BYKOBOM 3HEPrHM MapoM, COMAEPXAIMMCH B KaBUTAIUOH-
HOM ITy3BIPbKE, BO3MOXKHO ITyTEM H3MEHEHHUSl €ro BHYT-
pEHHER SHepruu, Mepol KOTOPOH sBJIsIeTCHd TeMIleparypa:
dE = vCydT, tne E — BHyTpeHHsIsI SHeprus mapa, v —
KOJIMYEeCTBO MoJjiel, T — abcommoTHas Temneparypa, C, —
TEIUIOEMKOCTDb NIPH IOCTOSIHHOM oObeMe. B mpubimmxeHnn
WIeabHOTO Ta3a i TpexatomHoro rasa C, = 5/2R, rme

R — yHmBepcanpHas rasosast noctosiHHasA. B n3osHTpONmit-
HOM Iporiecce (y4IUThIBasi BBICOKHE CKOPOCTH) TeMIIepaTypa
cBsizaHa ¢ 00beMOM rasa V COOTHOLICHHEM (y — MOKa3sa-
Tesb anuabathl): T - VY = const. YpaBuenue (1) ompenensier
B Ka)K[IbIlf MOMEHT BpeMEHH { pamuyc My3bpbKa U COOTBET-
cTBeHHO ero obbeM. Torna B kaxmplii MOMEHT BPEMEHU MBI
MOKEM OIPENESIUTh TEMIEPaTypy rasa U €ro BHYTPECHHIO
sHepruo. Eciii B HEKOTOPBINt MOMEHT BPEMEHH 3Ta SHEPTHs
IPEBLICUT TOBEPXHOCTHYIO SHEPIUIO KaIUM, MPOU3OHACT
paspyleHne Karui. PacdeTsl MoKa3pIBaIOT, YTO MPH HEOOIb-
IIOM TIOBBIIICHAHN JaBJICHUS CBEPX KPUTHYECKOrO HACTyMaeT
PEKUM CXJIONBIBAHUSA My3bIPbKA, HJIM UMITYJIbCHOTO HapacTa-
HUS TeMIepaTypsl (BHYTpPEHHEil SHepruu Iapa), IpH 3TOM
SHEPTUM OKAXKETCS IOCTaTOYHO IS paspylICHHS KalUIM.
C naypHEHIIMM ITIOBBINICHUEM JIABJICHHUS MOXET HACTYIIHTb
U CTPEMHTEJSIBHOE PACIIMPEHHUE ITy3BIPhKA CO B3PBHIBHBIM
paspyIIeHIeM KaIuTiL.

JInsl aHaJIMTWYECKOH OLECHKW IOpOora paspymleHHs II0
MEXAHI3MY CXJIONBIBAHUS BOCIIOJIB3YyeMCSl ypaBHCHIEM
MemnneneeBa—Kimaneitpona, cunTasi faBjicHHE B Iy3BIPBKE
B MOMEHT CXJIONBIBAHMSI MPOMOPLHUOHATIBHBIM aMILTUTY/IE
3BYKOBOH BOJHBI Ppyax ~ 8P : aPy Ve = VRT, rie a —
ko3 uruenT nponopiuoHaabHocTH. CyIecTByeT SMIMPU-
4ecKoe BBIPaKCHUC MJIS [aBJICHUS B Iy3bIpbKE B MOMEHT
CXJIOMBIBAHUS, XapaKTEPU3YIOIIEHCs Ta30CoNepKaHueM @
Pmax ~ Pa/(81a®). Torma ko3d@uIMEHT MpONOpIMOHAIb-
HOCTH & B 3ajade O CXJIONBIBAHMH ITy3bIpbKa B KaIlle
MOHO OLIEHMTb Kak & ~ P,/(81a?). Crenymomas cucrema
ypaBHEHUi onpefesseT KPUTUUECKOe IaBJICHHE 3BYKa M
paspylIeHHs KallJId 0 BTOPOMY CLICHapHIO:

Edrop = VCV( or — TO)
Pa = vRTe/aVe,
Tcr~VC7;:T0-Vg. (3)

Ha puc. 2 mpuBeeHbl 3HaueHHs1 aquabaTHYeCKOro Bpe-
MeHH (pHC. 2,a) 1 3HAYCHUS] KPUTHIECKOTO YPOBHS 3BYKO-
Boit aueprun (puc. 2,b). Yem Gosbure @ (OTHOCHTEIIBHBIN
pasMep IIy3BPBPKOB MO OTHOWICHWIO K pasMepy KaIld),
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Puc. 2. Kpurideckue ycioBusi paspylleHusl KA. ¢ — aanabaTHiecKkoe BpeMs; b — KPUTHYECKHIl yPOBEHb 3BYKOBOI'O NABJICHUS —
paspyleHHe KaIuld 3a 5TO BPeMs B PeKUME HAKOIUICHUA M B PEKHMME CXJIONBIBAHUS.

TE€M MEHbIle TpeOyeMblil YPOBEHb BHEIIHETO NABJICHUS IS
paspynIeHus KaruTi.

Kak noxaseBatotT pacdeTsl o ypasHeHuio (1), ¢ ydeTom
W3MEHEHHs] BO BPEMEHHM TEMIIEPaTyphl M SHEPrud mnapa
MOTYT peaJin30BaThCs M ,,HAKOIMHUTEIBHBIN, U ,,KaTacTpopu-
YecKuit“, IMIYJIbCHBIA ClieHapuy paspynieHus Karwm. [Ipm
9TOM IOpPOTOBBIC 3HAUCHHSI JABJICHHS 3BYKa IS paspylile-
HUS Kaluld 3aBHCSIT OT pa3Mepa Kaluld U OT HEKOTOPBIX
OpPYyruxX OapaMeTpoB, Bxomsammx B ypasuenme (1). s
OTHOCHTEJIBHO KPYITHBIX KalleJb 1 OTHOCHTEIBHO OOJIBIINX
MY3bIPbKOB PEaJIU3yeTCs, CKOpee, PEXKUM CXJIOIIBIBAHUS, YeM
HAKOILICHHs SHEPruH (YPOBEHb KPUTHICCKOTO IABJICHHS HYI-
JKe IUIST peKuMa cxJtonbiBanms). st 6oj1ee MeJIKUX Kareib
W/WIA OTHOCHUTEIBHO MaJICHBKHX ITy3BIPBKOB KPUTHYECKHUN
PeXIM OyZieT OnperesisiTbcs HAKOTICHHEM SHEPIHU.

Takum oOpas3oM, BHEpBbIC MPEMJIOKEHa U HCCJIEOBaHA
MaTeMaTHYecKast MOJIE/b YIbTPa3ByKOBOIO KaBUTAIIMOHHOTO
apoOJIeHNs Kamesb a’po30is. PacueTsl MoKasweBaloT cyliie-
CTBOBAHUS [IBYX CLICHAPUEB pa3pyIICHUS KallJIdi — HaKOII-
JIGHHsl SHEpruM B Ipolecce KoJjiebaHWil KaBUTAIMOHHOTO
Iy3bIpbKa WM CXJIOTbIBaHKE. Peasn3anust KOHKpETHOTO cIie-
Hapwsi 3aBACUT OT (DPM3MKO-XMMHYCCKUX CBOWCTB Karleb,
UX pa3MepoB, ra30COoNEp:KaHUs JKUIKOCTH, UHTEHCUBHOCTU
yJIpTpa3BykoBoro noss. HaiineHs!l kpuTudeckue ycjioBus Ka-
BHTAIMOHHOTO Pa3pyIICHUS B COOTBETCTBHUHU C Pa3IMYHBIMHU
CIICHAPHSIMIL

®uHaHcupoBaHue paboThbl
I/ICCJICIIOBEIHI/IC BBIIIOJIHCHO 3a CYET I'paHTa Poccuiickoro

HayuHoro ¢onma Ne 23-19-00875, https:/rscfru/project/23-
19-00875/

KoHdpnukr nHtepecos

ABTOpH 3adABJIAIOT, YTO Yy HUX HET KOHq)JII/IKTa HMHTEPECOB.
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