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[TokazaHo, 4TO MPOCTPAHCTBEHHOE paclpeesieHue IIOTHOCTH 3PO3UOHHOMN
MOIITHOCTH MHOTOITY3bIPbKOBON KaBUTAIlMM MOXET OBITh OMHCAHO (YHKIHEH
KOOpAUHAT IPOCTPAaHCTBA W MAapaMCTPOB BOJIHBI, KOTOPAsA BBI3BIBACT KAaBUTALHIO.
Jlnst 3TOrO, B KaXJOW TOYKE MPOCTPAHCTBA HEOOXOIUMO BBIYMCIUTH 3HAYCHUE
JByX CHEUUalIbHBIX METpHUK. llepBas M3 3TMX METPHK IO3BOJIUT HAWTU CpeaHee
BpeMsi TIpUXO/Ja B JTy TOYKY BO3MYIICHHS [aBJICHUS OT IIyJbCAIlMi BCEX
My3BIPHKOB, BTOpasi — CpeAHUN KOAPPHUIMEHT 3aTyXaHHs BEIHMYMHBI STHX
Bo3MymieHuid. [lomaras ~ MHOTOIY3BIPPKOBYIO  KaBUTALUIO  JProJUYECKUM
MIPOLIECCOM, HMHTErpajl CYNEPHO3ULMH BCEX BO3MYIUEHUN JABJICHUS CIELYET
anmpPOKCUMHUPOBATh MIEPUOIUIECCKON 0000IIEHHON (PYHKITMEH UMITYJIbCca JTaBJICHUS
Ha MOBEPXHOCTU OJAMHOYHOTO KaBUTALIMOHHOTO My3bIpbKa C MEPUOIOM KOJIeOaHUH
pPaBHBIM IEPHOAY TAPMOHUYECKOH BOJIHBL. DTO JI€TaeT OTHOCHTEIBHO JIETKUM
YUCJICHHOC MOACIUPOBAHHUC IUHAMHUKU MHOFOHy3LIpBKOBOI71 KaBUTallUu MW JacT
BO3MOYKHOCTh KOJIMYECTBEHHO CPaBHUBATh PE3YNIbTaThl €€ (PU3UKO-XHMHUIECKOTO
BO3JICHCTBUSL TIPH WCIONB30BAHUK JJISi OTOTO TEOPUH (PUIUUECKOTO TMOA00US.
Taxke 3TO TO3BOJSET C JOCTATOYHOH CTENEHBIO TOYHOCTH W HAJIC)KHOCTH
BBITIOJIHATH HGO6XO,Z[I/IMI>IC npu HNpPOCKTUPOBAHUHN TCXHOJOTUYCCKUX YCTPOﬁCTB
TEXHUYECKUE PACUCTHI.

KimroueBrie ciosa: MHOT'OITY3BIPbKOBAA AKyCTHYCCKAad KaBUTALIUA, YUCIICHHOC
MOJICIUpOBaHKe, (PU3UIECKOE TI0I00HE.

BBEJEHUE

AKyCTHYecKasi KaBUTalus, OpoKaaeMasi TapMOHUYECKON yIPyrol BOJTHOM B KUIAKOCTH,
MPOSIBISICTCS. B BUJE MyJIbCAIMK MMApOTa30BbIX My3bIPhKOB, KOTOPbhIE KOHLUEHTPUPYIOTCS MO
NEICTBHEM CYIIECTBYIOIIMX B aKyCTHYECKHX TEUEHMsIX cuil (Hampumep, cuibl brepkHeca)
BOJIM3U IMyYHOCTEHW 3BYKOBOTO AaBjeHUS [l], rae ero aMrumryja mpeBbIlIaeT HEKUH MOPOT,
XapaKTepu3yeMblii JaBieHueM P, B TaK Ha3blBaeMble KaBUTAIMOHHblE oOnactu. Hx
MyJIbCAIIUU TOPOXKAAIOT KAaBUTAI[MOHHBIH 1IyM (BTOPUYHBINA 3BYK). OH OT/IMYaeTCs MUKOBBIMU
3HAYEHUSIMH JIaBJICHUS] U KOJeOaTeNIbHOM CKOPOCTH, OOBSICHSIEMBIMU YJApHBIM XapaKTepoM
UCXOMSIIUX OT MYy3bIPbKOB BOJIH, 4YTO OOYCJIOBJIEHO HWHEPLHUOHHOCTHIO IHCCHUIIAaTUBHOM
JUHAMHYECKONM CHCTEMBI «ITy3bIPEK-)KUIKOCTB», KOTOpass TpaHCHOPMUPYET HHEPrHI0
MIEPBUYHOM BOJIHBI B YCIIOBHSIX JICMCTBUS 3aKOHA COXPAHEHUS UMITYJIbCca AaBieHUs [2].
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daxkTop KaBUTAIMH, ONpEAeNsomuil 3PEeKTUBHOCTh IPOZUOHHOTO U COHOXUMUYECKOTO
NEHCTBUSL — TJIaBHBIX €€ (PU3UKO-XUMUYECKUX MPOSBICHHUM, KOTOphIE HUCHOJIB3YIOTCS B
KayecTBE TEXHOJIOTUYECKUX B HaNpaBICHHBIX MPUIOKEHUSX (QeHoMeHa [3], 3TO BelMuMHA
JaBJICHUSI, JOCTUTAEMOTr0 Ha IMOBEPXHOCTH Iy3BIPHKOB, KOTJa OHHM CXKUMAIOTCA 10
MHUHHUMAJIBHOTO TI0 OTHOIIICHHUIO K COCTOSIHUIO MOKOsI 00beMa (kosutarc). [Ipsimoe nu3mepenue
napaMeTpoB KoJUlarca 3aTPyAHEHO HaJudheM OOJbIIMX allapaTHbIX U METOAMYECKUX
MOTPEIIHOCTEN, BO3ZHUKAIOIIUX MPU UCIOIb30BAaHUU CYIIECTBYIOIIMX HA CETOTHSAIIHUMA J1€Hb
IOPUTOHBIX JJIi 3TOTO M3MEPUTEIBbHBIX CPEACTB M METOAOB. OTUM 00yCJIOBIIEHA
HEOJHO3HAYHOCTh MPEACTABICHUI O MEXaHU3MaX CBOMCTBEHHBIX XMMHH BBICOKUX SHEPIUU
KUIKO(DA3HBIX PEeaKIUil CHAPY U KOJIJIATICUPYIOIINUX My3bIPHKOB U Ta30(pa3HBIX BHYTPHU HHX,
a TaKKe O COINPOBOXAAIOIIMX ATH PEAKUMH (PU3NYECKUX SBICHUAX. Tak, B OTHOLIEHUU
UCIIyCKaHMsI KBAaHTOB CBETa, KOTOPOE COIMPOBOXKAAET MPOUCXOAAIIUN MPU CKATUU TUPOIHU3
[apora3oBoil CMeCH B ITy3bIpbKaX M MEpPEXOJ]] €€ B COCTOSHUE IUIa3Mbl, Ha3bIBAEMOI'O
COHOJIIOMUHECIICHIIMEN, CYIIECTBYIOT BECbMa IPOTHUBOPEUMBBIE CYXACHUS, XOTSI HapsIy ¢
BBIXOJIOM MPOAYKTOB IIa3MOXUMHUYECKUX PEAKIIMM U MO HEMY JENAa0T BHIBOJABI O TUHAMUKE
KaBUTALMOHHBIX TPOIieccoB [4]. TermIoBbIM U3ITydeHUEM OOBSICHSIIOT COHOJIIOMUHECIICHITHIO
peke MHOTOIy3bIpbKOBOH [5], yalie — OJHOMY3bIPbKOBOW KaBUTALUU [6, 7], XOTA U y Hee
TOKE HaXOJAT OTINYUS OT CIEKTpa HarpeBaemoro tena [8]. B mpukiiagHbIx UCClIeJOBAaHUSX C
[EbI0 HANpPABICHHOTO TPHMEHEHUsS MPOW3BOJUMBIX KaBUTAIMEH J(PQPEKTOB, TIIABHBIM
0o0pa3oM KaBUTAlMOHHOM HPO3UM TOBEPXHOCTH TBEPABIX TEJI, YACTO MOJb3YIOTCS
Pa3IUYHBIMHM CIOCO0aMU M3MEPEHMS BEJIMYUHBI U aHAJIM3a CIIEKTPOB BTOPUYHOIO 3BYyKa [9—
11], a Takke MPOCTHIM M HAIVISIAHBIM METOJOM OIEHKH KaBUTAIMOHHBIX pa3pylICHUI
METATMYECKIX 00pa3IoB THIIA ATFOMUHUEBOU (hosbru [12].

TakuMm 00pa3oM, ABJIEHUE aKyCTUUYECKON KaBUTAI[MM MOKHO CUMTATh JIOCTATOYHO XOPOILIO
U3YYCHHBIM WM ONHMCAHHBIM TOJIbKO Ha YpPOBHE ()EHOMEHOJIOTHMH W JMITHPU3MA, a METOJbI
UCCJIEIOBaHMSI BO3MOXKHOCTEH €ro NpPaKTHMYECKOro IMPUMEHEHUS] — OCHOBAaHHBIMM Ha
HATYPHBIX HKCIEPUMEHTaX M (PU3MUECKOM MOAEITMPOBAHUU IMPOIECCOB U ammaparoB. Takue
OKCIIEPUMEHTH B CWJIy HEOJAHO3HAYHOCTH TPEACTABICHUH B JTOW 001acTH 3HAHUHN
OTJIMYAIOTCSI HU3KOM MHTEPIPETUPYEMOCTHIO U IOBTOPSIEMOCTBIO PE3YJIbTATOB, a PUINUECKUE
MOJCIA TPYOHO TOAMAIOTCS «MacimtabupoBanuio» [13] mpu co3maHUKd  TTPOEKTOB
MPOMBIIIUICHHBIX aHAJIOTOB.

OO6nagaHne ke MaTeMaTUYeCKOM MOJENbl0 KaBUTAlMM M MPUHIMIIAMHU YHCIIEHHOTO
CpaBHEHHsSI MEXAy COOOH KaBHUTAIIMOHHBIX IPOIECCOB TMO3BOJUT TMpH pa3paboTke
NPUKIAJHBIX COHOTEXHOJIOTHH H 000pyAoBaHHsS W30aBUTHCS OT TPYIOEMKHX OTaloB
CO3aHUs JEHCTBYIOIIMX MAaKETOB IPOMBIIUIEHHBIX COHOPEAKTOPOB U JAacT BO3MOXHOCTh
BCELIEJNIO I10JIaraThCsl Ha pe3ysIbTaThl 1a00paTOPHOM ONTUMHU3ALIMK TOTO WJIM MHOTO MpoLiecca.
®opMaNN30BaAHHOE ONMCAHUE SIBIICHUS KaBUTAIMKM CBEAET MPEANPOEKTHbIE MCCIET0BAaHUS K
71a00paTOPHOMY SKCIEPUMEHTY M YHCIEHHOMY KOMIIBIOTEPHOMY MOJEIMPOBAHUIO IO €ro
pe3ynbTataM HHAYCTPUAIbHOW TEXHOJIOTMM U MOTPEOHOro [Uisl €e peaju3aluu ammapata.
XOTsI IpU ATOM COBCEM OTKa3aThCsl OT SKCIIEPUMEHTUPOBAHMSI, BEPOSITHO, HE YJIACTCsI, HO OHO
CTaHeT JIadOpaTOPHBIM IPOLIECCOM, NPU KOTOPOM MOKHO HMETh JEJI0 C HEOONIbLIIUMU
o0bemMamu 00pabaThIBa€MbIX CyOCTaHIMI U ¢ ManoradapuTHON HEIHEPTOEMKOM TEXHUKOM.

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: MmatemMmatmyeckas Mmoaenb u pusnyeckoe nogobue.
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1. MOZAEJIb OAMHOYHOI'O KABUTAIIMOHHOI'O ITY3bIPbKA

TeopeTnuecknue NpeAcTaBIEHUS O KABUTALMU U BBIUYHCIUTEIbHBIE SKCIIEPUMEHTBI B 3TOMN
obmactu 6azupyrorcs Ha nudGepeHIaTbHbIX YPAaBHEHUSAX IBM)KCHUS CTEHKH c(hepuyecKon
[apora3oBoi IOJOCTU IOJ BO3AECUCTBUEM IIEPEMEHHOIO BHEIIHEro aasieHus [14, 15].
AHanu3 BapUaHTOB M3BECTHBIX YPAaBHEHMHM TaKOro pojAa IPOU3BOJIWICS HEOJHOKPATHO
pasHbIMM uccienoBarensimMu. Hanpumep, HaumHas ¢ ypaBHEHUMH, COCTaBJIECHHBIX €IIE
Jlx. B. Ctperrom (Paneem), oH wucuepnbiBaiomie BbimonHeH B MoHorpaduu P. T. Kusmma,
Jok. V. leitmu u @. I'. Xommuta [14]. U3 Hanbosnee MONHO YUMTHIBAIOMIMX (DU3HUYECKHE
aCleKTbl YPaBHEHUI MOXKHO COCTAaBUTh NPUTOAHBIM Ui YHCIEHHOTO KOMIIBIOTEPHOTO
aHamu3a SBJIECHUS BapuUaHT MAaTeMaTUYeCKOM MOJAENM IyJbCUPYIOIEro B OJUHOYKY
KaBUTAIIMOHHOT'O My3bIpbka. HanmpruMep, MrHOBEHHbIE 3HAUEHHs pajlyca CTEHKU My3bIpbka R
U JaBieHus P Ha Hel, eciaM My3bIpeK, 3allOJJHEH CMEChI0 IMapoB >KUJIKOCTH M rasza ¢
nokaszareneM aauabaThl y, MMEeT AUaMeTp MOKos 2R) M MyJbCUpyeT MOA JeHCTBHEM
CHUHYCOUJANIbHO C aMIUTUTYAOH A M 4acTOTOH [ MEHSIOLIErocsl NaBJIE€HUS B CXKMMaeMOU
AKHUJIKOCTH IIJIOTHOCTBIO p C BA3KOCTBIO 4/ U MOBEPXHOCTHBIM HATSDKEHUEM O, MOYKHO HailTu
UHTETPUPYS CUCTEMY YpaBHEHHI:
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JKUJKOCTU y CTEHKH Iy3bIPbKA M DHTAJIBIIMS HAa 3TOW CTeHke; H = -3 ;/PE[n(P + B)] no—

MPOU3BOAHAS OT SHTAJIBIIMKA MO BpeMeHu; P, P, 1 B, n — TUAPOCTaTUYECKOE NIABJIICHUE B
JKUJIKOCTH, MaplMaIbHOE JABJICHUH €€ NapoB M MMApAMETPhl YPAaBHEHUS €€ COCTOSIHUS, ! —
Oe3pa3MepHOe BpeMs B JIOJISIX MEPHOJIa TApMOHUYECKON BOJHBI 7.

1.1. BbIYMCIHTEJbHBINH IKCIIEPHMEHT € MO/IeJIbI0 OAUHOYHOIO MY3bIPbKa

Ha puc. 1 nmoka3ansl NOJXy4eHHbIE YHCICHHBIM MHTErpupoBaHueM (1) Toueunsie rpaduxu
JTUCKPETHBIX MHOXECTB (6-104 3HAYEHHUI) U3MEHEHUS Ha MPOTSHKEHUU TpeX MPOU3BOJIBHO
BBIOPAHHBIX TIEPUOJIOB TAPMOHUYECKON BOJHBI BEJTMYUH:

P
a) norapumoB Oe3pa3MEpHOIO JABJICHHS HA IMOBEPXHOCTH ITy3bIpbKa lg pzlgﬁ, rje

P*— naBneHune B MOMEHT, KOT/Ia MTHOBEHHOE 3HAYEHHUE €T0 TUaMeTpa paBHO JHAMETPY TOKOS
10 MM, TyJIBCUPYIOLLETO MOJT BO3AEHCTBUEM YIIPYTOM rapMOHUYECKON BOJIHBI C aMIUIUTY 101
3BYKOBOIoO AaByieHus 1,25 amm (kpacublil), 2,5 amm (xentviil); 5 amm (3enenviit) u 10 amm

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: Mmatematnyeckas Moaenb n pusnyeckoe nogobue.
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(romy6oit) u yactoroit 20000 /y B XUMHUYECKHA YUCTON BOJIE C TUAPOCTATUYCCKUM JIaBICHHEM
P,=1 amwu;
3r

P p*
6) Ge3pa3sMEpHBIX MMITYJILCOB JaBienus [, = J —*dt, SIBJISIFOIMXCS. MHTErPAIbHBIMU
0

XapaKTePUCTUKAMH, BKIIOYAIOIIMMHU U TaBJICHUE U BpEeMSs €ro nprioxkenus [16];
6) (a30BBIX TPAEKTOPUN M3MEHEHMs MMapaMETPOB MYy3bIpbKa KaK AMHAMHYECKON CHUCTEMBbI
Ha TUIOCKOCTU «UMITYJIbC IaBJICHUS - Jorapudm JaBiIeHUSD.
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Puc. 1. 3akoHOMEpPHOCTH MyJIbCALUNA OJIMHOYHOTO KaBUTAIL[MOHHOTO My3bIpbKa IMaMETPOM
nokost 10 mxm B BoJe NpU pa3IMYHBIX aMIUIUTYIaX 3BYKOBOIO JaBJICHHUS

Ha puc. 2 B ToM xe ¢opmare mokaszaHbl pe3yJbTaThl pacdyera MmapaMeTpoB MyJIbCAllUU B
BOJI€ Iy3bIpbKOB auamerpamu nokos 0,1 mxm (cBerno 3enensiit), 10 mxm (3eneHblid) U
100 mxm (TeMHO 3eneHbIi) npu A = 5 amm.

lgp

25

NN

5 0
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a). ). 8).
Puc. 2. 3akoHOMEPHOCTH MyJIbCALUA OJJMHOYHBIX KABUTAIIMOHHBIX My3bIPHKOB Pa3IMYHbBIX
JUAMETPOB MOKOSI B BOJIE MPU aMIUIUTY /1€ 3ByKOBOTO AaBJICHUS S5 amm

C. [. Wecrakos
MHorony3sblpbkoBasi akyCcTuyeckasi KaButaumsi: MmatemMmatuyeckas Mmoaenb u pusnyeckoe nogobue.
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1.2.  OOcy:kaeHue pe3y1bTATOB BBIYMCIUTEIbHOI0 IKCIIEPUMEHTA

Cnenyer 3aMeTWTh, 4YTO BIMAHUE BA3KOCTH JKAIKOCTHM Ha IPOLECC ITyJIbCALUHU
KaBUTALMOHHBIX IIy3bIPbKOB [0 CHX IIOp HE SBISETCS OJHO3HAYHO JI€TEPMHUHUPOBAHHBIM
napaMeTpoM MOJIENIM U Hapsiay C BIMSHHEM Ha JUHAMUKY IyJbCaldii Takux (pakTOpPOB Kak,
HaIrpuMep, BO3MOXKHBIE KOHJEHCAIMsl Mapa B Iy3bIPbKE, TEIUNIOOOMEH €ro COIEPKUMOTo C
JKUJIKOCTBIO M HapyleHue chepuueckoi cummerpur [17—19], MoxeT cHWXaTh aJeKBaTHOCTh
MOJENH. B COOTBETCTBUY € 3aKOHOM COXPaHEHHUS SHEPIMH UMITYJILCHI 1aBJICHUS HA TIOBEPXHOCTU
KaBUTAIIMOHHOTO My3bIpbKa MPH CXKATUM M PA3PEeXKEHUM (Takoke KaK Ha MOBEPXHOCTH (pOHTA
pacnpocTpaHeHHsi Ta3000pa3HBIX MPOJYKTOB MOABOIHOrO B3peiBa [16]) B cpemHeM 3a
0OECKOHEYHO OOJIBIIIOE BPEeMsl JTOJDKHBI OBITh paBHBI MEXKTY COOO0M 10 a0CONIIOTHON BenmdnHe. B
NPOTHUBHOM CJIydae CpelHee 3a Mepuoj] KojeOaHuil 3HaueHue AABIEHUS B JKUAKOCTH OynaeT
HEOrPaHMYEHHO pPacTu JMOO MajaTh. DTO IMPUBENET K CaMONPOU3BOJIBHOMY IPEKPAILIEHHIO
KaBHUTAIMU U3-3a MTOJTHOW JIera3alliy JKHJIKOCTH, Yero B peajbHOCTH He HabmoaaeTcs. Haobopor,
NpaKTHKa TOBOPUT O TOM, YTO aKyCTHUECKasl KaBUTALMS MPU OTBOJIE TEIUIa PACCESIHUS SHEPIUU
BBI3BIBAIOIINX €€ YIIPYTUX KOIeOaHUN Ha TPEHUHM SIBJISETCS CaMOOPraHU3YIOIUMCS POLIECCOM U
CTPEMUTCS] K paBHOBECHIO, CBOMCTBEHHOMY >KHJIKOCTH TPH JIF0OOM aMIUIUTY 1€ TapMOHUYECKOTO
napienus. lloaToMy B sKCIiepUMEHTaX BEMUYMHA P* SBIsIachk MPOU3BOJIBHBIM MAapaMeTpPOM U
OTJIMYaJIach OT JIABJIEHUS ITOKOS B IMMy3bIPbKE B CTATUKE Py Te€M, YTO B JJUHAMHKE B ONKCHIBAIOIIIEE
ero BelpaxkeHue [14, 15] 1omKHO BXOIUTH €IIE U ClIaraéMoe, KOTOPOE YUUTHIBAET MPUBHOCHUMOE
BSI3KOCTBIO COINPOTHUBJICHUE IBIKCHUIO CTEHKH. B gaHHOM ciyyae oHa BbIOMpaiach TaKoH,
4T00BI TpaekTopuu Ha (a3oBoi MmiockocTu (puc. 1, 6; puc. 2, 8) uMenu Obl BHUI MPEIETHHBIX
LUKJIOB. OKCHEPUMEHTHl CTaBWJIMCh NPU 3HAYEHUSIX BXOJHBIX aKyCTHMYECKHUX IapaMeTpoB
IUIOCKOW BOJIHBI B BOJE, BBILIIE KOTOPBIX OHH BPSJ] JIM MOTYT OBbITh MCIIOJB30BaHbl B PEATbHBIX
ycnoBusax. Hanpumep, MakcuManpHas amIUIMTyZa 3BYKOBOTO [JABJICHHS COOTBETCTBOBAlA
MHTEHCHBHOCTH KoneGanuit 70 Bm/cm’. TIpu 5THX ycIOBHAX P*, Kak 1 MAKCHMAJIbHASL CKOPOCTD
CXKaTHS My3bIPbKa, 3aBUCHT OT A M HAXOAUTCS B Tpenenax Py< P*< A.

AnHanu3 rpadukoB IOKa3bIBAaeT, YTO C YBEIMYEHHEM A MaKCHUMalbHOE 3HAUCHUE p IIpH
KOJUTAICe YBEJIMUMBACTCS W, OYEBUIHO, JOCTUraeT Mpejena BOJM3M KoJUlanca ITy3bIpbKa,
NPOUCXOALIETO B KOHLE MOJIYNEPUOAA CKAaThs B TAPMOHMUYECKONW BOJIHE, a NPU JaJIbHEHIIEM
YBEJIMUEHUH, HO MPHU COXPAHEHUHM PABEHCTBA YMCJIAa KOJUIANICOB YMCITy MEPUOJOB BOJHBI k, p
OCTaeTCs paBHBIM ATOMY Tpeneny B cpeaHeM (puc. 1, a, g; puc. 2, 6). JluameTp my3bIpbKka BOJIU3H
paBEHCTBA NEPHOJIOB MyJIbCALMNA My3bIPbKa U MOPOXKIAIOIIEH MX FapMOHUYECKOH BOJHBI €1a00
BIIMSICT HA B (DYHKIMU UMITyJIbCa IaBieHus (puc. 2, 0).

K coxaienuto, ¢ moMonipr0 pacCMOTPEHHON MOJIEIH OJUHOYHOI'O ITy3bIpbKa HENb3s OUCATh
COCTOSILIYK0 M3 MHOXECTBA ITy3bIPbKOB KABUTALMOHHYIO O0JACTh, MOCKOJbKY OHAa HUKAK HE
YUUTBIBAECT HAJTMYME CUIIOBOTO M0JI1 BTOPUYHOTO 3BYKA.

OpHako aHanM3 MOJENM IO3BOJIET CHENaTh BAXKHBIM JUId JAJbHEWIIMX PpacCyKICHUI B
OTHOUIEHUH MOJICIMPOBAHNS MHOTOIY3bIPDHKOBOW KaBUTAaMM BbIBOA. llpenenbHblil IMKI
JMHAMUKHU ITy3bIpbKa OCOOCHHO BOJIM3M CHHIEPUOAMYHOCTH €r0 IyJIbCALUM ¢ rapMOHUYECKON
BOJHOW (puc.2, 6) o00najaer yCTOMYMBOCTBIO, a KaBUTAIMIO aHCaMOJIs, COCTOSIIEro U3
MHOXKECTBA TaKMX IIy3bIPbKOB M YIIPaBISIEMOIO BHELIHMM 3BYKOBBIM JIABIIEHHUEM Kak
JTMHAMHUUYECKYI0 CHUCTEMY MOXKHO CUHUTaTh 3ProOJAMYHONW. ITO, Kak OyJeT IOKa3aHO HUXKE,
NO3BOJIIET ~ pAacCMaTpUBAaThb  PACHPEACICHUE  MIHOBEHHBIX  3HAYECHUM  XapaKTCPUCTUK
KaBUTAIIMOHHOI 00J1aCTH B IPOCTPAHCTBE Yepe3 JUHAMUKY OJJMHOYHOTO ITy3bIpbKa BO BPEMEHU U
OTKpBIBAET IMyTh K IIOCTPOCHUIO  YPABHEHWH, OIMCHIBAIOIIMX  MHOI'OIY3bIPHKOBYIO
KaBUTAIIMOHHYIO 00J1aCTh.

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: MmatemMmatmyeckas Mmoaenb u pusnyeckoe nogobue.
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2. MOJIEJIb MHOTI'OITY3bIPbKOBOI KABUTAIUU

OO00O0UIeHHBI TOAXO K OLEHKE BEIMYMHBI PACCEMBACMONl Ha MHOTOIY3bIPHKOBOM
KaBUTAIlUM HHEPIUU YIPYrod BOJHBI, Oa3UPYIOMIMNACS HAa SMIMPUYECKUX JaHHBIX, ObLI
chopmynupoBaH B paboTax, BBINOJHEHHbIX Moja pykoBoacTtBoM JI. JI. Pozenbepra [15].
[lombiTkM ke (OPMATU30BAHHOTO ONHUCAHUS KAaBUTAIIMOHHOM OOJIACTH IOCPEICTBOM
IPOCTPAHCTBEHHOT'O paclpeseieHuss TpaHC(HOPMUPOBAHHON Ha KaBUTAIMM DHEPTUU CTAIIU
MOSIBIISITHCA COBCEM HeNaBHO [1, 2, 9, 19-22]. OnHo U3 HUX, IOCTPOEHHOE AJI AEUCTBYIOIICH
B CTOSTYEH BOJIHE C €IMHCTBEHHOM IMyYHOCTHIO AABJICHHS KaBUTAIMOHHON 00JIaCTH, IPUBETIO K
CJICAYIOUINM PacCykIE€HHUSIM, KOTOPbIE MTO3BOJIST BHECTU CYIIECTBEHHbIE U3MEHEHUS C LEIIbIO
€ro yCOBEPILIEHCTBOBAHMS.

N3BecTHO 4TO, 3(h(heKT KaBUTALIMIOHHON 3PO3UH YMEHbIIAETCs 00PaTHO MPOMOPIHUOHAIBHO
KBaJpaTy pacCTOSIHUSA OT OOBEKTa 10 KaBUTALMOHHOIO Iy3bIpbKa, TOTJAa Kak 3aTyXaHHe
HOPOX/IAEMbIX ITyJIbCALUSAMM Iy3bIpbKa BO3MYLICHUN AaBICHHS NMPUOIU3UTEIBHO O0OpaTHO
MPOMOPIMOHANIEHO 3TOMY pacctosinuio [14, 15]. To ecTb, BTOpUYHBIM 3ByKOM HaJl 00BEKTOM
coBepIuaercs pabora, MEpoil KOTOPOH CIY>KUT MPONOPLMOHANIbHAS BBIIEICHHOW B KaXKJOH
TOYKE €ro MOBEPXHOCTH pa3pyllaroliell sHepruu. byayun oTHeceHa K MpPOAOJIKHUTEIbHOCTH
ee MPUJIOKEHHUs, OHAa MOXET ObITb Ha3BaHA (. — OOBLEMHOU NIOMHOCMbBIO IPOZUOHHOU
mownocmu  kasumayuu (OIIDMK) B o310l TOuke. 3amaua MOAETUPOBAHUS JUHAMHUKHU
KaBUTAIIMOHHON 00JacTU CBOAUTCS K HAXOXKAECHHUIO PACIpPENENCHUsl ¢ 10 KOOPAUHATHOMY
OPOCTPAHCTBY (X,),Z), C HAYaJIOM KOOPAMHAT, HAlIpPUMeEp, COBMAJAIOIIUM C T€OMETPUUECKUM
LEHTPOM 3aHHMAEeMOI0 B HEM ITyJIbCUPYIOIIUMU My3bIpbKaMu 00beMa v (WU i 00BEMOB XV;).
Kaxxnoii Touke mpocTpaHCTBa KaBUTUPYIOLIEH >KUIKOCTH IPUHAUIEKUT KOHEYHOE YHUCIIO
OTPE3KOB (BEKTOPOB I'), COEIUHSIONIMX €€ cO BceMH N mmy3blpbkamu. Eciu Bce my3bIpbKu
OJIMHAKOBBI, TO BBI3BAHHOE MX ITyJIbCALIUSIMU MIHOBEHHOE 3HAUE€HNE BO3MYIIICHUS JaBICHUS B

110001 TOUKe COAepKAIIETO OHY KaBUTAITMOHHYIO 007acTh 00beMa KUKOCTH HMEET BHI:

jm(P P )RO drdydzdz | 2)
vt )
re: ¥ — MOJAYJb BEKTOpa r; ¢ — cpenHee Oe3pa3MepHOE BpeMs MPUXOJa BO3MYIICHUN
JABJICHHSI OT BCEX My3bIPHKOB KABUTAIIMOHHOW 00J1aCTH B BEIOPAHHYIO TOUKY.

MrHoBeHHOE 3HAYCHWE OTKIOHCHHS JaBicHWS P—P* Ha TOBEPXHOCTH OIHOTO W3 N
My3bIPHKOB KaBUTAIIMOHHON O0JIACTH OT CPEJHET0 M0 OSCKOHEYHOMY BPEMEHH 3HAUCHUS B
(2), cTouT MOJT 3HAKOM JIBYX MHTETPAJIOB, TaK KaK sBIseTCS (QyHKIHMEH (a3bl CyNepro3unu
BO3MYUIEHUI JIaBJIICHUS, B CBOIO OUEPEb 3ABUCAIICH OT JIMHEHMHBIX pa3MepOB KaBUTALMOHHON
obnactu. Ecnu my3pIpbkH MyJIbCUPYIOT CHHIEPUOIUYECKHA C TAPMOHUYECKOM BOJHOM (CM.
puc. 2), u 0e3pa3MEepHBI UMIYJLC JTABJICHHUS Ha MOBEPXHOCTH OJMHOYHOIO ITy3BIpbKa —
dazoBas (GyHKIMSA, TO MOXKHO Oe3pa3MepHyio (asy ero IyibCcaliii paccMaTpuBaTh Kak
CPEIHIOI0 M0 TEOMETPUYECKOMY TIPOCTPAHCTBY a3y CYNEepHO3UIUN IyJIbCAlluid BCEH
KaBUTAIIMOHHOW 00JIaCTH B JaHHOHW Touke. Toraa omycTuB B (2) ciaraemoe R, B 3HaMeHATele
MOJBIHTErPATEHOTO BHIPAXKEHUS 32 MAJIOCTBIO U Pa3JIeIUB MEPEMEHHBIE, MOYKHO 3alUCaTh BUJ]
(GYHKIIUM CpeHEro 3a TMEepUOJ BOJIHBI KBaJApaTa BO3MYIICHHS HABJICHUS OT KaBUTAIUU B
1000 TOYKE MPOCTPAHCTBA KUAKOCTH:

C. [. Wecrakos
MHorony3sblpbkoBasi akycTuyeckasi KaButaums: matemMmatmyeckas Mmoaenb u pusnyeckoe nogobue.
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J._”r’ldxdydz 21

_ oo
AP =| AP* RN mrdxdydz !1;d¢, (3)
)

rac: A— JJINHa npo6era BO3MYLICHUS NABJICHUA OT KaBUTAllUU 3a IICPUOJ FapMOHquCKOﬁ

BOJIHBI; ¢ — Oe3pasmepHast (paza rapMOHUYECCKOW BOJHBL. BBenms crienuaibHbIE METPHKH

MpOCTpaHcTBa m, = v J-”rdxdydz v m, =v( ”I r 'dxdydz)” — cpennee apudmernueckoe u
) )

CpelHee TapMOHHYECKOE DPACCTOSHUS OT JaHHOW TOYKM MPOCTPAHCTBA JI0 BCEX TOYEK

KaBUTAIMOHHOM 00JIaCTH, COOTBETCTBEHHO, 3aIllMCh BbIpaKEHHUsS (3) MOXXHO YMIPOCTHUTH.

[lepBast 3 HUX TpHU JCJICHUU €€ Ha JJTUHY BOJHBI CTAHOBHUTCS CPEIHHM IO KaBHTAIMOHHOW

oOactu O6e3pa3MepHBIM BPEMEHEM MPHUX0/1a BO3MYIIICHUH JAaBICHHUS OT BCEX €€ My3bIPHKOB B

. m
TOUYKY, JUIsl KOTOPOU BBIIIOJIHAETCS PacyeT ¢ = /1“ , & IIPU JCJICHUH PaJnyca IOKOs ITy3bIpbKa

Ha BTOPYIO MOJIy4aeTCsl CPeTHUM 110 KaBUTALMOHHON 00J1acTH KO GUIMEHT 3aTyXaHus B HEH

R,

@ =—" 3TOr0 CyMMapHOIro BO3MYyILIeHHs naBieHus. [[nuHa nmpobera BO3MyIICHUS TaBICHUS
m
h

OT KaBHUTAIMH 32 MIEPUOJ] TAPMOHUYECKON BOJHBI TIOJI0KEeHA B (3) paBHOM JIJTMHE STOM BOJIHBI.
OTO MOXET BbI3bIBATH COMHEHMS B IPAaBUJIBLHOCTU MHTEpIpeTanuu (2) B CBSI3U C U3BECTHOM
runore3oit Kupksyna u bere [14, 15, 22, 23], KOTOpbIe MO3BOJISIET YCTPaHUTh puc. 3. 13 Hero
BUJHO, YTO OTKJIOHEHHE AaOCONIOTHOM CKOPOCTH 3ByKa y IOBEPXHOCTU ITy3bIpbKa OT
HOMMHAJILHOW 3HAKONEPEMEHHO W OYeHb KpaTKoBpeMeHHO. CpenHss e 3a MepHoi
MyJIbCAIlUH, MPEBBIMLAIONIUN 3/IeCh MPOJODKUTEIBHOCTD KoJulanca no4ytu B 50 pa3, CKOpocTh
pacnpocTpaHeHUsi B SKMIKOCTH HUMIIYJbCOB JaBJIEHHS OT KaBUTALIMOHHBIX ITy3bIPHKOB,
CKJIQJIBIBAIOIIASICSI M3 CKOPOCTH 3ByKa M CKOpPOCTU JABIKEHHSI CTEHKH, OCTaeTCs paBHOMN
HOMHUHAJILHON CKOPOCTH 3BYKa B HEH.

CH+R, m/c - R, mrum Puc. 3.

1500 \& ; 7

wn

['padmkn m3MeHeHHsT BO BpEMEHHU THaMeTpa
KaBUTAIIMOHHOTO Iy3bIpbKa R (KpacHbIN) U

1000 — - 50 ckopocth 3Byka C + R B BOJIC Y €TI0 CTCHKH
' (cuHUiA) B yIIpYTOi BOJIHE C aMIUIATY 10
500 I . | 25 3BYKOBOTO JaBJICHUSI 5 amm U 4acTOTOU
: 20000 I'y
o—— Sl

48 48,5 49 49.5 50 mxe

Jns npubmkennss GyHKIMNA UMITyJIbCa AaBJICHUS MIPU CHHIIEPHOIUYECKHUX ITyJIbCALUIX B
pabote [9] npeu10KHO MCIOIb30BaTh KyCOUHO-IUHENHY0 GyHKuuto I, = [t + @] — ¢, rae (u
Janee) KBaapaTHBIMU CKOOKaMu 0003HaueHa 1iefiasg 4yacTh 4ucia. [Ipou3BogHas oT Hee —

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: matemMmatnyeckas Moaenb u pusnyeckoe nogobue.
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nepuoanyeckas 00o0meHHass GyHKIUS JIBYX BEIIECTBEHHBIX O€3pa3MEPHBIX MEPEMEHHBIX,

KOTOPYIO B KaXJIOM k-OM TIEPHOJIE MOKHO BBIPa3uTh Yepe3 o Jupaka:

R i,
) k .

Takoll TpueM aHAJIOTUYEH NpUEMaM, NMPUMEHSEMBIM B KBAaHTOBOW MEXaHHKE, TIE JUIS
OIMCAHMsI CHUCTEM C COCPEJOTOYCHHBIMH MapaMeTpaMH TaKXe HCIIOJIb3YIOTCS 000OIICHHBIC
GyHKIMH, WX TPOM3BOAHBICE W MHTErpanbl. Ecnu auddepenimpoBanue GyHKIUNA UMITYJIbCA
JaBJICHUS JaeT B pe3yibraTte (QYHKIHIO TIEPEMEHHON COCTAaBISAIONICH JaBICHHUS Ha
MOBEPXHOCTU IIy3bIPbKa C KOHEYHBIM CKauKOM B TOUYKE KOJUIANca, TO MPOU3BOJHAS OT I,
MMEET TaM TOYKY paspeiBa 27° poaa. Bpems npeObiBanus My3bIpbka B 00BEME MEHBIIEM
PaBHOBECHOT'O MO0 OTHOIICHHUIO K MEPUOy TAPMOHHYECKOW BOJIHBI OY€HBb Majio (CM. puc. 3).
[TosTOMy, Takoe MpUOIMKEHHE HE MEIIAeT JOCTATOYHO JOCTOBEPHO OMHCHIBATH CyMMAapHBIN
UMITYJIbC JIaBJICHUSI OT KaBUTAI[MOHHOW OOJIaCTM M MHTErPUPOBATh MO (a3e ero Kpauapar, B
pe3yJIbTaTe 4ero MoNy4aeTcs IPOCTOe BhIpaskeHne Buna {¢} — {#}%, rue (i nanee) (uUrypHBIME
CKOOKaMH BhIJIeTICHA APOOHAs 4acTh YUCTIA.

B pesynbrare chaenaHHBIX MpeoOpa3oBaHMA MOXKHO TepenucaTth (3) s KaBUTAIlUU B
IMYYHOCTH JIABJICHUS B OJTHOM CTOSYCH MOJTYBOJIHE KaK:

; ()

rac D— YyCJIOBHasA 00BbeMHas INIOTHOCTD ITY3BIPBKOB B JKUAKOCTHU.

APZ — (P*D)szaz {t} ;2{t}2

Ha mpaktuke yacTto mpUXOAMUTCS UMETh JI€JI0 C KaBUTAlMed B BOJIHE, COAEpKalled n
MyYHOCTEW JaBIICHUSI M, COOTBETCTBEHHO, CTOJIBKO K€ KaBUTAIIMOHHBIX oOnacteid. [Ipu aTtom
B MOJICJIMPOBAHUH BO3SHHUKAIOT JBE MPOOIEMBI.

BapuanT peuieHust oqHON U3 HUX, 3aKIIIOYAIOLIEiics B (hopMaIn3aliui paccestHusl SHEPTUN
aKyCTHUECKUX KOJIeOaHMII Ha KaBUTAIlMM B IUIOCKOM BOJHE, MPEJIOKEHO A pacuera
KaBUTALIMOHHBIX PEaKTOpoB B [24], rae pasmepsl 00beMOB V; Kaxuoil i-oi (i=1,2...n)
o0JyacTu onpeAenstoTcs MIoMaapi0 GPOHTA BOJIHBI U BHICOTAMU /; Ha ee JTy4e. 3aBUCHMOCTh
MOJYJSL PE3YJbTHPYIOMIEH aMIUIUTYbl 3BYKOBOTO [aBJCHHS B JIMHEHHOM MPUOIMKEHUU
BbIpaXkaeTcsi yepe3 KOIPPUIMEeHT paccesHus SHepruu KosebaHuil Ha kaButauuud 7 [15],
KOA(PPUITUEHT OTPAKCHHSI BOJHBI € U aMIUIATY Ty 3BYKOBOTO JIaBJICHUSI HA TIOBEPXHOCTH MPHU
W3ITYYCHUH B TIOTYIPOCTPAHCTBO KUIKOCTH Ap:

22 an2?
b*+b 76,

2£ 2n—2£ !
br+b *

A=A, |sin 27rft| (6)

, b=1-n2

IpY OJHOM U JIBYX OJIMHAKOBBIX MCTOYHHKAX KOTEPEHTHBIX KOJEOaHUH, paclpOCTPpaHSIOUINX
UX HABCTPeUy APYT IpPYyry, COOTBETCTBEHHO.

Koopaunatsl rpanuil 00beMOB V; Ha JIyue BOJHBI B YIJIOBBIX €AMHHUIAX (ha3bl HAXOIATCA
KaK II0JIOKUTENbHBIE KOPHU TPAHCUEHAEHTHOrO ypaBHeHus 4 — P; = 0, a UX BBICOTHI Ha JIy4e
h; OTIpENeNAI0TCs KaKk pa3HOCTh YETHBIX U HEUYETHBIX ero KopHei. B nHeiHble eMHUIbI OHU

TIEPEBOJISITCS MTyTEM JENICHHS Ha BOJIHOBOE YUCIO 277/ A .

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: MmatemMmatmyeckas Mmoaenb u pusnyeckoe nogobue.
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Bropas npo6Giiema coOCTOMT B TOM, KaK YUUTHIBaTh KOHTpa(a3HOCTh MyJIbCALIMH COCEIHUX
Ha JIyuye BOJHBI KaBUTAIMOHHBIX oOjactedl. OHa pelraeTcss BBEACHUEM 3aBUCHILEH OT n
NONpaBKU K f, 4yepe3 MeTpuky m,. [us MydHOCTeH MAaBIEHUs, HalpUMEp, C YETHBIM

. A 1
MOPSIIKOBBIM HOMEPOM TIOTIpaBKa K Hel OyJeT paBHA 5 Ortcrona ¢ + 5 = t*, a peueHue ais

¢er HAXOJIUTCS B BHJIE TIPOTIOPIIUM KOMOMHATOPHOU QyHKumu [25]. Hampumep, ecnm n = 2:

(B - 200(), 2 1 mpn 5>
t2

~ (7)

~f(v +v,)a ’
9 ~f W +7,) 1#2 t*¢ t*t [ {t*} mpu {t*} <{t}

1
2
Torna, BeIpaxas II , d¢ u3 (3) Kak QYHKIMIO apTyMEHTOB 7, 4 U 7 IPU OECKOHEYHO 0OJBIIOM
0

qrclie IEPUOJIOB BOJIHBI HE3aBUCUMO OT (ha3wl Hauana orcuera OIIDMK mist omHOM U TOM Ke
JKUJKOCTH MOXKHO 3aMKcaTh B BUJE CIEAYIOLIEH MPOMOPIUU:

LAl
4 2n| 2 2n| 2
QO v)a :

qer~ vi 2
i=1 2 1 n 1 n
CHr—| = +—| =
n|l 2| 4n |2

Orta (yHKUUSA ¢, TO3BOJIAET U1 KaBUTALUM, JCHCTBYIOLIEH B yHOpPYyrod IapMOHMYECKOM

(8)

BOJIHE C aMIUIUTYJIOM 3BYKOBOI'O JIaBJIE€HHUs, 00ECIEUUBAIOIIEH CUHIEPUOJUUECKUE YCIOBUS
MyJIbCAlMM Iy3bIPbKOB, YHUCJIEHHO MOJIEIUPOBATh IPOCTPAHCTBEHHOE paclpeiesieHue
BEJIMYMHBl TPONOPLUUOHATIBHOW cpeAHeMy 3a mnepuoja BoiHbl 3HaueHuto OIIDMK, He
3aBUCSAIIEMY OT Ha4ajla OTCUETa BPEMEHHU.

2.1. CpaBHHUTe/IbHBIE IKCIIEPUMEHTHI C MO/IeJIbI) MHOTOITY3bIPbKOBOW KaBUTAIIUM

Ha puc. 4, a, 6 nokazansl aBa pacnpenenenuss OIIDMK 3a nepuon nmepBUYHON BOJHBI,
paccuuTaHHbIE B COOTBETCTBUU ¢ (7) IJI1 KOHKPETHBIX HayalbHbIX €€ (a3 u oaHO (puc. 4, 8),
YCPEIHEHHOE 10 OECKOHEUYHO OOJIBIIIOMY BPEMEHH B COOTBETCTBUH C (8).

Ha puc. 5, a npuBeaensl He Bouiemamue B padboty [9] pe3ynbTarbl OLEHKA SPO3UOHHOM
MOIITHOCTH KaBUTauuu MerojoM, onucaHHbiM P. T. Kusnmom OGosnee momyBeka Hazaj, HO
4acTO MCIOJb3YEMBIM U B COBPEMEHHBIX HccienoBaHusax [12]. B nanHoM citydae B peakTop ¢
TpeMsi UCTOYHHKAMHU CTOSYMX IIOJYBOJIH OJMHAKOBOW YacTOTHI, ()a3bl U MHTEHCHUBHOCTH,
YCTaHOBJIEHHBIMU NApAJIJIENIBHO APYT APYTY JIy4aMH, B IUIOCKOCTH IIyYHOCTH HUX 3BYKOBOI'O
JIABJICHUS TIOMEINAIN aTIOMHHUEBYIO (OJIBry, KOTOpas MOJABEPraiach TaM KaBHUTALMOHHOW
3po3uH. A Ha puc.5, 6 mpuBeNeHAa KapTWHA pacrpeneneHus otHocuTenbHoi OIIOMK B
IUIOCKOCTH 3TOU (DOJIBIH, MOTyUYEHHAs B pe3yJIbTaTe €ro KOMIBIOTEPHOI'O MOJCIUPOBAHHS.

Ha puc.6,a mnokazaH pe3ynbTaT CHEUUAIBHO IIOCTABJIEHHOIO JKCIEPUMEHTa 110
paspylIeHUIO aIIOMUHUEBOH (ONIBIU, a Ha pHC. 6,0 — pe3yibTaT KOMIIBIOTEPHOTO
MOJIeTTpOBaHus pacnpenencauss oTHocutenbHOH OIIDMK B aTOoM ciywae. OOpasen ObLT
YCTaHOBJICH, KAaK IIOKa3aHO IIYHKTUPHOW JIMHUEH, CBOCH IOBEPXHOCTBHIO INAPAJUICIBHO JIydy
BOJIHBI B J1a00OpaTOPHOM peakTope, OMHCAaHHOM B [26]. PeakTop cO CHSTHIM IHHIIEM OBLI
NEPEBEPHYT U 3aI0JIHEH BOJOM 10 YpOBHS 68 MM BbIIIE MOBEPXHOCTH M3JIydarTess, TO €CTh
BOJIHA U3JTy4alach CHU3Y U OTPa)Kalach OT IOBEPXHOCTH BOJbBI, TPAaHUYAIIEH C BO3YXOM.

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: matemMmatmyeckas Moaenb n pusnyeckoe nogobue.
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l"u,r[pocra'rl-iqccm_!c JaBJICHHE B KHIKOCTH

MrHoBeHHOE JaBIEHHE B VIIPY

Puc. 4. JIByxmepnoe pacnpeneneane OIIOMK B Bojie B AnaMeTpalbHOM CEUEHUH PEAKTOPa C
YCTaHOBJICHHBIM CBepXy u3iaydarenaem 350 Bm npu dasze cxaTusi IpOUCXOISIICH B:
@) OiKHEHN OT u3mydarens o0nacTu; 6) JabHEW OT U3ydaTenst 00JIacTH.
6) OIIDMK ycpennena mo 6eCKOHEUHO OOJIBIIIOMY BPEMEHH

Puc. 5. Pazpyuienue kaBuTanueit amoMuHIeBOi (Gonbru: a) odpaser Gosbru co cienamu
aposuu; 6) pacnpenenenne orHocutenbHON OIIOMK B mmockoctu donbru. [Hudpamu
ykazaHo otHomeHue OIIOMK k cpenHeMy B Hell 3HAUEHUIO

Puc. 6. Pa3pymenne kaBuTanueil amoMUHIEBON QOIBIU: a) 3po3us o0pasna (oIbIy;
0) pactipeneneane OIIDMK B auameTpaabHOM CEUCHHU peakTopa

C. [. Wecrakos
MHorony3sbipbkoBasi akycTuyeckasi KaButaums: MmatemMmatmyeckas Mmoaenb u pusnyeckoe nogobue.
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2.2.  OO0cyxneHue pe3yJibTaTOB IKCIIEPUMEHTOB

B cpaBHUTENBHBIX 3KCIEpUMEHTaxX (pHC. 5) MCMONMB30BATUCh UCTOYHUKHA KOJIEOAHHMA OT
nponeccopa UIP-250 repmaHCKOoro mnpou3BOJACTBA € COMVIACYIOIIMMM BOJHOBOJAHBIMU
TpaHcpopmaTopamu, 0OECIeUnBAIOIIMMU aMIUIUTYAY 3BYKOBOTO JaBJIEHUS IJIOCKHX BOJH B
Boge 20 amm [9], u Tombko 2 amm [26] (puc.6). Tem He MeHee, BHI SPO3HOHHBIX
paspylieHuil Ha aIIOMUHUEBOW (HOIbre, HAHECCHHBIX KABUTAIIMEH B TPEX KOTEPEHTHBIX
MOJyBOJIHAX M JByMSl KaBUTAIIMOHHBIMHM OOJACTSIMH B OJHOM BOJIHE, CIy>KaT HATrJISIIHBIM
MOJITBEPXKJICHUEM JIOCTATOYHOM a/JIeKBAaTHOCTH MOJIENH, Ja’ke HECMOTPS Ha CTOJIb CHIIbHOE
OTJIMYME PEXUMOB KaBUTALMU OT CUHIEepuoanyeckoro. CpaBHEHHE ATHX pa3pyLIEHUH ¢
¢yuxmusamu pactpenenenuss OIIDMK mokaspiBaeT, yTo MOZENb MPUMEHMMA JaXe IpU
HaJIMYUU B JKMJIKOCTH HECKOJBKUX BOJIH, €CIM KoseOaHusi KorepeHTHbl. llomoxkeHus
(€HOMEHOJIOrMYECKOT0 OMMCAHUS MOJENH, MOTYT TaK)K€ CIIy)KMTb OOBSICHEHHUEM, HalIpUMeEp,
YCTaHOBJICHHOTO B padotax [12, 27] ¢dakra 3aBUCUMOCTH BEJIIMYMHBI JABJICHHUS, JOCTUTAEMOTO
IIPU KOJUIAIICE OTIENIBHO B3ATOTO My3bIpbKa OT pa3Mepa KaBUTALIMOHHOW 00JIacTH.

3. OU3NYECKOE ITOAOBUE KABUTALIMOHHBIX ITPOLIECCOB

[Tapametpst N unu D, Ry u P* ABIsAI0TCA XapaKTepU3YIOIIMMHU KUAKOCTb U €€ MOBECHHE B
pe’KuMe KaBUTAaLUU KOHcTaHTaMu. [losTomy, ecin KakuM-i1nb6o o0Opa3oM CTaau MU3BECTHBI U
UCIIONIb30BaHbl B pacyeTax MX 3HAYEHUs, TO NOJIy4YEHHblE B aOCONIOTHBIX €AMHHUIAX
YHCJICHHbIE PEe3yJIbTaThl MOTYT OTHOCHUTBLCS TOJBKO K KOHKPETHOM *uAKOCTH. Ha mpaktuke
UCCIIEIOBaHUE TOTO WJIM MHOTO MPUKJIAAHOTO NPUMEHEHUs KaBUTALMM OOBIYHO HAUWHAETCs C
NPaKTUYECKON ONTUMM3ALMU Ipoliecca B JabopaTopuu. YToOb! yBEIMYUTh €ro MaciTalbl 10
MaciTaboB HMHIYCTPHAIBHOIO HCHOJIb30BAHUS COHOTEXHOJOIMM TpeOyercs aubo ITtam
co3laHus (U3NYECKOT0 MaKeTa COOTBETCTBYIOLIETO0 000pyAoBaHMs, JuO0 oOnagaHue
JOCTOBEPHBIMHM MPUHIUIAMU MOA0OMS KaBUTALMOHHBIX IPOLIECCOB Pa3HBIX MacCIITabOB U
YHCJICHHOE MOJEIMPOBAHHE MPOMBIIIJICHHON TEXHOJOTMH, Pe3yJbTaThl KOTOPOTO MOKHO
OyZeT UCNOoJIb30BaTh Ul NPOEKTHUPOBAHUS MPOMBIIUIEHHOTO K€ amnmapara, MUHYs CTaJuIo
MaKeTHpOBaHUA. SICHO, YTO BTOPOIl BapuaHT JeNlaeT MPOEKT 3HAYMTENbHO JElIEBIe, a
OINMCaHHAs BBIIIE MOJEIb MO3BOJIIET €ro OCYIIeCTBUTh. II0CKONBKY NMpH Takoil crpareruu
BBIMOJIHEHUSI ~ KOHCTPYKTOPCKO-TEXHOJIOTHYECKOTO  IMpoekTa paloyas  KUAKOCTh B
UCCIIEI0BATEIbCKON JIaOOPaTOPUN M Ha NMPOU3BOACTBE OJHA M Ta e, TO MOXKHO JOBOJIBHO
JIETKO HCIIOJIb30BaTh MOJENb Ul BbIOOpAa ONTHMAIBHBIX AKyCTUYECKUX HapaMeTpoB H
pa3sMepoB COHOpeakTopa TpeOyeMoW MPOMBIIIICHHON MPOU3BOIUTEILHOCTH B aOCOIIOTHBIX
pasMEpHOCTAX, 3Hasg OSTH XapaKTepUCTUKHU Yy amnmapaTa, KOTOpbIH HCHOJIb30BaH IpH
nabopaTopHoil onTtumuzanuu. Hanpumep, npu OoNTUMaIbHOM pe3yJIbTaTe COHOXUMHUYECKOM
00paboTKK B MPHUHITOM 3a 3TAJOH J1a0OpAaTOPHOM peakTope, padoTarolIeM C YacTOTOU fg,
UMEIOILEM 3aJlaHHbIIl JMHEHHBIMU pa3MmepamMu palouuii o0bem Vg, cpeaHee Mo Hemy
3HayeHue OIIDMK u nucnepcuto ee pacnpeneieHus B HEM, JOCTUIHYTa OIpeJesieHHas
IPOM3BOJIUTENBHOCTh Ipolecca. MOXKHO TIojlaratb, YTO B PEAKTOpPE MPOU3BOJBHO
BbIOpaHHOTO 00bEMa, MHBIMU YCIOBUSAMH (DOPMUpPOBAHMS BOJHBI, HO TaKOW ke, Kak Yy
sTanoHa nucnepcuer pacnpeaenenus OIIOMK B Toil ke xuakocTd OyIeT JOCTUTHYTa
IPOU3BOIUTENLHOCTD, OTINYAIOIAsCS B

C. [. Wecrakos
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/[[[ aP*dxdydz
__
Cray = awe ™ ©)
V)

[Mockonpky Bxomsmme B (9) ONMHAKOBBIC KOHCTAHTHI M Pa3sMEPHOCTH BCEX OCTAIBHBIX
BEJIMYMH B YUCIUTENE W 3HAMEHATEelIe B3aMMHO COKPAIIAIOTCS, TO OHO OMHCHIBAET YaCTHBIN
(3TamoH BBIOPaH TPOU3BOJIIBHO) HETPUBHANBHBIA Oe3pa3MepHBI KpUTEpUH MOAOOHS
KaBUTAI[IOHHBIX IPOLIECCOB B OJJHOM U TOM ke )KUIAKOCTH.

3.1. DJkcnepuMeHTaJbHasi IPOBEePKa KpUTepHus Moaoous

[IpakTudeckass mpoBepKa S3TOTO YACTHOTO KpUTEpHUs MOA0OHs Obla OCyIIecTBIEHA
MOCPEACTBOM H3BecTHOro ¢ dekra AucneprupoBaHus kKaBuUTanuen ¢dasz BOAHBIX 30yed. B
KayeCTBE DKCIEPUMEHTAIBHON YCTaHOBKHU (puUC. 7) UCHOIB30BANCS KAaBUTALIMOHHBIA PEAKTOP
¢ KoprrycoM | W3 cTaHIapTHON OeCIIOBHOM HeprkaBeromlel TpyOsl J48%4 mm co mTynepamu
2 nuig mpoToKa 30751. B TOpIIkl KOpmyca mocpeCTBOM YIUIOTHUTEIBHBIX KOJIEN 3, MIMmIeK 4 1
(1aHIIeB 5 BMOHTHPOBAHBI TIOHIKAIONINE aMILTUTYTy B 2,5 pa3a aKkyCTHUECKHAE BOJIHOBOIHEIC
Tparcopmaropsl 6. PaccTosHue Mex Iy UX 0OpameHHBIMU B 30J1b IOBEPXHOCTSIMH B TICPBOM
Bapuante (puc. 7, a) pasao 0,54, a Bo Bropom (puc. 7, 6) 1,54 konebGanwmii. B Bapuanre a,
(oTamoH) wuCTOYHMK 7 KonebaHwii wyactoToil 22 k[y TPUCOEIWHEH K OJHOMY W3
TpaHcopMaTopoB, a BTOpOM wurpan poib pediextopa. B Bapuante 6 K Kaxaomy u3
TpaHcGopMaTOpOB MPUCOETUHEHO MO UCTOYHUKY. M3mydyaemble UMH KOJeOaHUs KOTepEHTHBI.

|

™ o
R re-s - pa—— . — |

Puc. 7. KoHCTpyKIIHs SKCIEPUMEHTATBHOTO PEAKTOpa ¢ paclpeieieHHeM OTHOCHTEIbHOM
OIIDMK B ero nuameTpaabHOM CEYCHHH: @) U O) — BapUaHTHI

B oOpabaTpiBaeMOil )KUIKOCTH (30J1€ MOJMCTHPOIBHOTO JIATEKCA) KaBUTALMOHHAS 3PO3HS
COBEpIIAET paboTy TMPOTUB MPOYHOCTH YACTHILl (a3bl, KOTOPOH MPONOPIHOHAIBHO
NoJy4aeMoe B MTOT€ M3MEHEHHE IUCIEPCHOCTH 30ii. B skcrepumMeHTe mo msath o0pasioB
JaTekca, MOJyYEHHOIO METOJOM 3MYJIbCHOHHOW MOJIMMEpH3allMUd CTHPOJa, CO CPEeIHHM
pasmepom uvactur 300 wu B mepecuyere Ha aUaMeTp cdepbl U OJUHAKOBBIMH HCXOTHBIMHU

C. [. Wecrakos
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ONTUYECKUMHU IUIOTHOCTSMM TMPOIYCKadd Yepe3 peakTop €O CKOPOCTbIO 2 ma/c TIpU
OJIMHAKOBOM HAYaJIbHOW TeMIiepaType. 3aTeM METOJOM MOHOXPOMHOW TypOMIMMETPUU B
nuana3zone 1iauH BOJIH 400...600 wv ¢ quckpeTHOCThIO 20 HM ONPENEessian UX ONTUYECKHUE
KOA(P(UIIUEHTHl TMPOMYCKAaHUA. 3HAUEHHUS IIOJYUYEHHBIX CPEIHUX IMOMEpPEUYHbIX pPa3MEpPOB
YaCTUL[ BBIYMCISUIM 1O YIJIaM HaKJIOHA AallpOKCHUMHUPOBAHHBIX MPSIMBIMH JIMHUSAMU
3aBHCUMOCTEH jorapu(MoB ONTUYECKUX IJIOTHOCTEH OT jorapu(mMoB AJTUH BOJH, IoJiaras
dbopMy yacTull cheprudecKkoil U MOIb3YSACh U3BECTHBIM SMITMPUUECKUM ypaBHeHHEM [ emiepa.

[Ipu pacuere kpuTepus MoA0OUS peaKkToOpa BapuaHTa O ATANOHY P, 3a1aH paBHBIM 2 amm,
TaK Kak 3TO MPHUOJU3UTEIIBHO COOTBETCTBYET AABJICHHUSM, JIOCTUTAEMBIM Ha TMOBEPXHOCTH
KaBUTAIMOHHBIX IMy3bIPHKOB, KOTOpBHIC PaBHBI BEJIWYUHE PA3PYLIAIOMUX MEXaHUYECKUX
HaMpSOKEHUW TpU  PACTSHKCHUHU-COKATUM  JUISl TOJUCTHpPOia. TOo €CThb BKJIaA Iy3bIPHKOB,
MyJIbCUPYIOIUX OT MEHBIIUX aOCONIOTHBIX 3HAYCHUM MEPEMEHHOTO NAaBJCHUS B CTOSYCH
BOJIHE, HE yuuThiBajics. [Ipu 3tom mucnepcuun pacnpenenenus OIIOMK y toro u apyroro
BapHAHTOB PEAKTOPA OKA3AJIMCh PABHBI MEXTy co00i U nmenu 3HaducHue 0,4.

3.2.  Pe3yabTaT 3KCHEPHMMEHTA M UX 00CYyK/IeHHE

Tabnuma 1. XapakrepucTUKU BapUaHTOB pEakToOpa U pe3yiabTaThl IUCIEPTUPOBAHNUS JaTeKca

E 3HAUYEHUE
[TAPAMETP Hsi. Bapuant a BapuanTt 6
(2TasIoN)

AKycTHYeCcKasi MOIIIHOCTh TAPMOHHYECKUX KoJleOaHut | Bm 350 700
O06nem pabodero mpocTpaHCTBa peakTopa V' M 41,4 124,2
CymMapHBIil 00beM KaBUTAIIMOHHBIX O0yacTeit Xv; M 19.9 82,3
KoaddurmenT paccessHus SJHEPTUH HA KaBUTAIUH 7] 0,15 0,15
KoaddummenT orpaxkenus BoaHbl & —0,88 —
[Tomy4eHHBbI cpeAHUN AUaMeTp YacTull laTekca™ HM 23616 14317
Kputepuii Crcay, paccuntanssiii o (6), (8) u (9) 1 2,46
OTHOCHUTEIHHOE YBEINYCHUE AUCTICPCHOCTH JaTeKCa % 2142 5212

*C rpaHUIIaMH JJOBEPUTEIBHBIX HHTEPBaIOB 1pH 90%5-HOM YpOBHE 3HAUNMOCTH.

TeopeTnueckn KpUTEpUN MOKA3bIBAET, YTO IHPH OTJIMYAIOIIMXCSA BABOE AKyCTHUECKHUX
MOIIHOCTSIX, OTIMYAIOIIUXCA BTpoe paboynmx oO0beMax M OAMHAKOBBIX JUCIEPCHIX
pacnpenenenust no ooremy OIIDOMK, mpou3BoarMMbIE BapuaHTaMU PEAKTOpa 3PO3HOHHBIC
3¢ dexTsl oTanyaioTcs B 2,46 pasza, a SKCIEPUMEHT MOATBEPKIAET, UTO C BepoATHOCTHIO 90%
3TO OTIMYUE NPAKTUUYECKH HaxoaurTcs B mpenenax 2,17...2,84. To ectb ans BHIOpaHHOTO
KOJINYECTBEHHOT'O METOJla TECTUPOBAHUS YACTHOTO KPHUTEpUs MOAOOMS pe3ysbTaT OKa3aycs

BIIOJIHC YAOBJICTBOPHUTCIIBHBIM.

3.3. IIporHocTryeckasi QyHKIUSA KPUTEPHUs MOa00us

[TycTs U1 pacCMOTPEHHOM BBIE TEXHOJOTMH JUCIEPTUPOBAHUS MOHAIOOMICS ammapar
HanOoOJbIIel BO3MOXKHON MPOU3BOAUTENLHOCTH. Ha OTeuecTBEHHOM pBIHKE K TMPOJaxXe
npeasaraeTcst yiabTpa3BykoBod renepatop Y3I'M-10-22, o KOTOPOTO MOXHO 3alUTaTh JBa
m3nydarens [IMC-5-18 (I'K «POJITEK», r. ExarepunOypr). ymaercst ceiiuac 3To caMblid

MouHbIE B Poccum cepuilHO BBIMyCKaeMblil KOMILJIEKT HCTOYHHKOB Y 3-KojeOaHHMH ¢

C. [. Wecrakos
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MarHUTOCTPUKIIMOHHBIM THUIIOM MPeoOpa30BaHUs PHEPIHMM M OJIOKA MUTAHUS ISl HUX, €CIIU
U3Ty4yaTh MMM YJIbTPa3ByK B OJIMH peakTop KorepeHTHo. CyMMmapHas aKycTHYecKas
MOIITHOCTb COCTaBIsAeT npu 3ToM 4,4 kBm [28]. Ha puc. 8 nmoka3anbl BEIYHCICHHBIE 3HAYCHHS
KpuTepueB moaobus, aucnepcuii pacrpeaenenus OIIDMK B oObeMax u nuaMmerpaibHbIC
ceueHHUs O0O0BEMOB BO3MOXKHBIX BapHAaHTOB KpPYIJIOTO B IUIaHE PEAKTOpa C CaMUMHU STUMHU
JIBYXMEpHbIMH pacnpeneneHusamu. Jluamerp pektopa 100 .mm, TO e€cTb MaKCUMalbHO
BO3MOXKHBII M3 pacueTa paBEHCTBAa MHTEHCHUBHOCTHU W3IY4YEHHS 3TaJOHYy IO BCeW IMIIOIIaau
€ro IMOIMEePEYHOr0 CEUYCHHMs, a BRICOTA B MM yKa3aHa MacIITaOHOM JIMHEWKOHN Ha pucyHKe. [Tpu
BBICOTE PaBHOW HEYETHOMY YHCITY IOJIYBOJIH M3JIydarelu paboTaroT B ¢a3e, YSTHOMY — B
npoTuBOda3e, 9T0 MOKHO CAENATh C TIOMOIIbIO (ha30MHBEPTOPA, YCTAHABINBAEMOTO HA OJWH
U3 JIByX BBIXO/IOB 33JJaIOLIET0 F'€HEPATOPA YACTOTHI.

C td\ 8 8
§°=0.30

0,327 m/u
280 1
2604

5 M

Cl‘m 455 0,325 am/u 2401
=0,16 2204

Cr\,\ 45.1 2004
S =0,11 1804
C‘rm 88.6 160 7

=105 1407

Cr Feay =162 1207

=115 1009

807

604

407

204

0-

Puc. 8. JlnamerpasibHbIe ceueHUs pabouyux 00bEMOB BAPUAHTOB KABUTAIMOHHOTO PEaKTOpa ¢
neyms nanmydatesnsimu tana [IMC-5-18 u pynknuu pacnpenenenus B aux OIIOMK

Ha 1-om, 5-oM 1 6-0M ceueHHUsSX ClieBa OTYETIMBO BHUJHO, YTO (YHKIUS PACIpeaeTICHUS
Jla’ke TI0 OJIHY CTOPOHY OT IUIOCKOCTU CUMMETPHH PEaKTOpa HEMOHOTOHHA. DTO O0BACHACTCS
TEM, YTO PE3yJbTHPYIOIIasl ympyras BOJIHA B HEM, XOTS U MEPEHOCUT PACCEUBAECMYIO Ha
KaBUTALMW DHEPTHIO, HO IO MOJOXKEHHUIO B MPOCTPAHCTBE UMEET XapaKkTep CTOsiued. 3HAYHT,
CYIIECTBYIOT CTaOWJIbHBIE B MPOCTPAHCTBE 30HBI, TAC MPEUMYIIECTBEHHO MPOUCXOIUT
CIIO)KCHHE BO3MYUICHHWI [aBJICHHS C OJMHAKOBHIMU WJIM IMPOTHUBOIOJOKHBIMH 3HAKaMHU.
Hucnepcust pacnpenenenus OIIOMK Ha 1-om — 4-0M ceueHUSIX MEHbBIIE YEeM Yy HTaJOHa,
CJIEZIOBATENIbHO, B COOTBETCTBYIOLINX UM BapHaHTaX peakTopa OyneT oOecrneueHa He Xy/Ias
YeM y HEro paBHOMEpPHOCTH 00paboTKu. M3 HUX HAWBBICHIME 3HAYCHHS] KPUTEpUs Yy 3-TO U
4-ro BapuaHTOB. [IpOM3BOIUTENLHOCTH 3TUX PEAKTOPOB MpU 0O0pabOTKe JaTeKca, TaK Kak
COOTBETCTBYIOIIAs] POM3BOIUTEIBLHOCTh 3TAJOHA paBHA 7,2 /4, yKa3aHbl Ha pucyHke. Jlis
cpaBHeHHMsT uWHAyCTpuanbHbd mporeccop UIP-4000 dupmbl Hielscher, Onwxaimmii «
PAaCCMOTPEHHBIM M0 aKyCTHYECKOH MOIHOCTH, HO C HECKOJIbKO HWHOW KOHCTPYKIIHEH
peakTopa, UMEET IpH JTUCTIEPTUPOBAHUN MPOU3BOAUTEIBHOCTS 110 0,4 M4 [29].

C. 4. WecTakoB
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DNeKTPOHHbIV XypHan «TexHuyeckas akycTuka» 2010, 14 15 (16)

3AKIIIOYEHUE

PaccmoTpenHas Maremathueckas MOJENb  SBISETCS  JIMIIb  JE€TEPMHUHUPOBAHHOMU
COCTaBISIONIEH (OPMATM30BAHHOTO OIMKMCAHUS KAaBUTAIIMOHHOTO TMpoIlecca, TaK Kak [
o0ecrevyeHns CHHIIEPHOUIECKIX YCIOBUH TpeOyeTcs HaTudue B KUIAKOCTH MU MHXKEKIIHS B
Hee abCONFOTHO OJIMHAKOBBIX IMY3BIPHKOB, YTO B PEATBHOCTH HEIOCTHIKUMO, TaK Kak BCeraa
OyIeT CyIIecTBOBaTh BEPOSTHOCTHOE pACHpeleieHHe UX [0 JuaMeTpaM TOKOS, 4YTO
noTpedyeT BBENIEHUS CTOXACTUYECKOrO0 KOMIIOHEHTa Mojaenu. basupyemas Ha HEl OICHKA
OCTaeTCsl OTHOCUTEIHHON M, BEPOSTHO, OCTAHETCS] TAKOBOM, TIOKa HE OyIyT CO3AaHBI METOJIbI
U CpEeICTBa, CIOCOOHBIE TOYHO OMpEAeNsATh aOCONIOTHBIE 3HAYCHUS IMapaMeTpoB MOJEIH,
KOTOpbIe OBLTM HUCKIIOYEHBI B KPUTEPHUH TOJO0MS MyTeM OTHOLIEHUS, TOCKOJIbKY
MPUHAJIEKAT OJTHOU U TOM K€ KUIKOCTH.

W Bce ke 3Ta MOJenb MMeEET peajbHOe MpUKIaAHOE 3HaueHue. PaspaboraHHbI Ha ee
OCHOBE KpUTEpHI Mo00Us KaBUTAIMOHHBIX MPOIIECCOB Jae€T BO3MOXHOCTh MPOEKTHUPOBATH
peakTopel MO pe3ylbTaTaM JabopaTOpHON omTHMM3AIMK COHOTexHonoruil. Kpome Toro,
KPUTEPUN UMEET MPOTHOCTUYECKYIO (PYHKIUIO, 3aKITIOYAIOIIYIOCS B JOBOJIHHO HECIOXHOU U
OBICTPOH OIIEHKE C ero MOMOIIbI0 d()(PEKTUBHOCTH peanbHO CYIIECTBYIOUICH aKyCTHUECKON
TEXHUKU TPU pPEIICHUH TOW WIM HMHOM WM3BECTHOW 3aJauyu B 00JACTH KaBUTAIIMOHHBIX
TEXHOJOTHUH.

ABTOp BbIpaXxaeT UCKpeHHIo OnarogapHocTs qupekropy OOO HIII «YnabTpaTexHuka —
CW» IlaBny AnHartosbeBu4y ['OpOJIUIEHCKOMY 3a MPEAOCTABICHHYIO B €0 paclopsKeHHe
aKyCTUYECKYI0 TEXHHUKY M OKa3aHHYI0 IIOMOIIb B IPOBEAECHUU OHKCIEPUMEHTOB C €€
HOMOIIBIO.
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