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PaccmaTpuBaroTcsi MeXaHU3Mbl aBTOKOJIe0aTeIbHBIX IIPOLIECCOB, BOZHUKAIOIIUX B KaBEpHE C OT-
KPBITHIM TUIIOM T€UECHMSI, M JaeTCs MX 000CHOBaHME, MOJYIeHHOE B pe3yJIbTaTe ACTAIILHOTO N3yde-
HMS B3aMMOAEHCTBUS SIBJACHU THAPOAUHAMUYECKOM, PACXOIHO-BOJHOBOM Y PE30HAHCHOM MPUPO-
nel. TeopeTmyeckyie BEIBOAI ITOAKPEIUISIIOTCS aHAJIM30M JAHHBIX BEIYUCIUTEIBHBIX 9KCIIEPUMEH-
TOB, IPOBENEHHBIX PA3IMYHBIMU aBTOPAMM.

Karoueswie crosa: oTKpbITast KaBepHa, aBTOKOJIeOaTeIbHEIN ITPOoliecC, BOTHOBOE BO3MYIIIEHUE, BUX~
peBasi CTpyKTypa, 30Ha OTPbIBa, CIIEKTPaIbHbIA COCTaB, BUXpepa3pellaloliee MOASIMPOBAHUE, TU-
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HccnenoBaHne MeXxaHM3MOB aBTOKOJIEOATEILHBIX ITPOLECCOB, BOSHUKAIOIINX B KABEPHE C OTKPbI-
TBIM TUIIOM TE€YEHMsI, KOIlIa IOTOK, OTOPBABIIMIICS C TIepeAHE KPOMKU KaBEPHBI, IPUCOSINHSIETCS Ha
ee 3aHell CTeHKe, He TepseT CBOeil aKTyalbHOCTH. DTO CBI3aHO C TEM, YTO, HECMOTPSI HA MHOTOYMC-
JIEHHBIE PabOThI, O CUX MOP HE CYIIECTBYET BCEMU IPU3HAHHOTO OMHO3HAYHOTO U MTOJTHOTO IPeaCTaB-
JIEHUSI O CJIOKHBIX B3aMMOACHCTBYIOLIMX SIBJICHUSIX B TAKOI KaBepHE U, B YaCTHOCTHU, JIeTaJIbHOTO 000C-
HOBaHUS CIIEKTPAIbHOTO COCTaBa TeHEPUPYEMBIX MYyIbCALINIA JaBICHUSI.

HaunHast ¢ cepequHbBI IPOILLJIOrO BeKa, N3yYeHUIO aBTOKOJIe0aTelIbHbIX ITPOLIECCOB B KABEPHE C OT-
KPBITBIM TUIIOM TE€UEHUS TTOCBSIIEHO MHOXKECTBO padboT (cM., HarpuMep, [1—7]). B bonsmuHCcTBE 13
HMX TIOHMMaH1Ee O MeXaHU3Me HEeCTallMOHAPHOI'O TeUYeHUSI B KaBEPHE OCHOBELIBAETCS Ha MpeEICTaBIIc-
Huu Poccutepa [1]. Mcrionb3oBaHNe BEIBEACHHON Ha OCHOBE 3TOTO IPEICTABICHUS ITOJTY3IMITUPUYE-
ckoil opmyabl Poccutepa it pacueTa 4acTOTHI KOJIeOaHUI JaBIeHUS B KaBepHE BO MHOTHX CIIyJasiX
IO3BOJISUIO ITOJIYYUTh Pe3yJIbTaT, OJIM3KUI K 9KCIIepUMeHTaIbHBIM JaHHBIM. BMecTe ¢ TeM, Oosiee mo3-
HUE 3KCIIepUMEHTAJIbHBIE U YUCJICHHbIE UCCICIOBAHUS HECTALIMOHAPHBIX TEUSHUIA B Pa3IMIHbBIX Ka-
BEpHax, a TaKxke B KOPMOBOM OTPbIBE 32 TPEXMEPHBIM YCTYIIOM BBISIBUJIN HEKOTOPbIE MTPUHLIUITAAb-
HBIe oIy [8, 9] oT 00LIenIpU3HAHHOM TeopuH. B CBSI3U ¢ 3TUM BO3HMKIIAa HEOOXOAUMOCTh YTOUHUTh
XapakTep 00TeKaHUS YKa3aHHOI KaBepPHHI.

CormnacHo [1—7] HecTallMOHAPHBIN MIPOLIECC B KABEPHE MMEET, IIPEKIE BCETro, TUAPOIMHAMUYECKYIO
npupony (1o tepmuHosoruu . Pokyanna [10]) u mpu TypOyJI€eHTHOM pexkruMe TeUeHUsI CBSI3aH C BO3-
HUKHOBEHMEM HEYCTOMYMBOCTU B CJIO€ CMEIICHUSI OTphIBa, 00pa30BaHUEM B 3TOM CJIO€ KPYITHOMAcC-
MTaOHBIX BUXPE, NX IIepeMelIeHeM BHI3 10 TOTOKY U AeopMalieit mpy B3anMOACHCTBAH C 3aTHE
CTEHKOM. 3aIHssI CTEHKA IIPY 3TOM CTAaHOBUTCS MICTOYHMKOM BOJIHOBBIX BO3MYIIEHMI, KOTOPKIE, pac-
MPOCTPAHSISICh BBEPX 110 IIOTOKY Yepe3 30HY OTPHIBA, IIPUBOIST K POCTY HEYCTOMUYMBOCTH CJIOSI CMEIle-
HMSI B €r0 YyBCTBUTEIBLHOM 30HE (BOJIM3M YIVIOBOM KPOMKU IIepeaHel cTeHKN). BeiiencTBue yctaHOBIE-
HUSI 0OpaTHOI CBSI3U MeXAY KOJIeOaHUSIMU B 00JIaCTU B3aMMOJIEACTBUSI CJIOSI CMEIIEHUSI C TIPETISITCTBU -
€M M OKOJIO MepemHell CTeHKM BO3HUKAaeT YHOpsSOOYeHHAs B CpelHeM aMIUIMTYOHas M 4acTOTHas
MOIyJISIIMS ImyJibcannii B kKaBepHe. ComtacHo [11] cioii cMelieHus urpaeT poJib GuabTpa (Mid pe3oHa-
TOpa), KOTOPbIii OTOMpPAET U3 BHEIIITHETO MOJIsI SHEPTUI0 KoJieOaHWit, onpeaesisieMbIX BOTHOBBIMU BO3-
MYIIEHUSIMU, JIMIIb B MAJIOM MHTEPBaJIe YaCTOT OKOJIO HEKO KPUTUYECKOII YaCTOTHI, 3aBUCSIIEI OT
JUIMHBI CJIOSI CMEIIeHMsI, MaCcChl ra3a B HeM, CKOPOCTH 3ByKa U T.II.
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HMccnenoBanust B3aMMOAEHCTBYIOIIETO CIBUTOBOTO CJIOS TTOKa3ain, YTO HEOOXONUMBIMU YCIOBUSI-
MU JJ1s1 BOBHUKHOBEHUST HEYCTOMUMBOCTH SIBJISIIOTCSI HAXOXIEHUE CJI0SI B HEPpaBHOMEPHOM I10JIe Teue-
HUS U HAJIMYKMeE MOoTepeyHOi BO3MYIIAIOIIEH CUJIbI OTNIpeIeIeHHON BeJIMYUHBI | 12—15].

Omnupasich Ha BBIIICOIIMCAaHHYIO MOJE]Ibh HeCTallMOHAPHOIO Ipoliecca W IPUHSB, YTO ITeHepalus
BUXpPEU 1 BOJH IaBJICHUS TIPOUCXOIUT C OAMHAKOBOM YacToToi, PoccuTep moydnn momyaMImpude-
CcKy1o (popMyiy s pacueta yuciia Ctpyxalisi aBToKoiae0aHuii. B dopmyny BolIM JBe KOHCTAHTHI O 1
k, xapaKTepHu3ylolllre, COOTBETCTBEHHO, (pa30BbIi CIBUT — 3alepXKy Hadajia reHepallii BOJIHOBOIO
BO3MYIIEHUS MOCJIe B3aUMOIEHCTBUS BUXPS C 3adHEI CTEHKON, 1 OTHOIIIEHNE KOHBEKTUBHOI CKOPO-
CTU CMEIICHUST BUXPEil K CKOPOCTHU Haberamlero rmoroka. [IpyHuManoch, 4To CKOPOCTh 3ByKa B 30HE
OTPBIBa COOTBETCTBYET CKOPOCTH 3ByKa B HaberamwlleM ITOTOKe, a 00pa3oBaHKe BUXPSI IPOUCXOAUT He-
MOCPEICTBEHHO Y IepeaHEel CTEHKN KaBEPHBI Cpa3y XKe IocJie B3auMOIeiCTBUS C Hell BOJTHBI TaBJICHMUSI.
BrLo onpenesieHo 3HaUeHUE KOHCTAHTBI OL TTPU Pa3IMYHbBIX BEJTMYMHAX OTHOCUTEJIbHOM JJIMHBI KaBep-
HEI [1].

IMo3nHee mist 60Jee IMOJHOTO OIMCAaHUsI TEUEHUS B KaBEpHE IIPeaiarajJoch YYUThIBATh U 3aIePXKKY
cXomma BUXpeu ¢ KpOMKHM miepenHeil cteHKu [4, 16]. B [7] mepuon KoyiebaHuit maBIeHUS £y HA 9acTOTE
MepBOM MOJBI [IJIST CITy4dasi OMHOTO MCTOYHWKA OIPENessICs CyMMOI BpeMeH 3aepXKKHU CXona BUXpPS 7,
CHOCAa €ro BHU3 I10 MOTOKY 10 B3aUMOAEHCTBUSI C 3aHEil CTCHKOM #, U TIepeMelleHsI BOJTHBI 1aBICHUS
BHYTPH KaBEPHBI OT 3aIHEell CTEHKU K TepeqHeii #; (C HEKOTOPBIM YYeTOM BpeMEHU OTPaKeHUS OT CTe-
HOK). [TonydyeHHOE OTHOIIEHNE 0Ka3aJI0Ch UIEHTUYHBIM (popmyiie Poccutepa. OgHako KOHCTaHTa O,
orpenessieMasi Kak Ol = ¢, /fy, B JaHHOM CJIydae XapaKTepr30Bajia 3aJepXKKy MeXIY IMMOCTYIJIEHEM K ITe-
peIHeli cTeHKe KaBepHbl BOJTHOBOTO BO3MYIIEHUST ¥ HAYAJIOM TIepeHOCa BUXPS. AHAJTOTUYHBII TTOAXOM
HCIIOJIb30BaJjics U B padote [17].

B pa6Gorax [6, 15, 18] moKa3aHO, YTO BTOpasi ¥ TPEThsI MOALI KoieGaHUil, 00yCIOBIEHHBIE TTOTepeil
YCTOMUMBOCTHU CABUTOBOTO CJIOS, SIBJISIIOTCS TIPE00IagalolIMMU TOHAMM B CIIEKTpax MyJIbcalluii 1aBjie-
HUSL.

B [3] npu u3yyeHUM OCOOEHHOCTH CBEPX3BYKOBOTO OOTEKaHMsSI KaBepHbl YCTAHOBJIEHO, YTO HE-
YCTOMYMBOCTH CABUTOBOIO CJIOSI IPUBOMUT K IIEPUOINYECKOMY MOABOAY B KaBepHY M OTBOOY U3 Hee
Macchl Ta3a U, Kak CJISACTBUE 3TOT0, K KoJieOaHUIO JaBJeHUs Ha 3aaHell cTeHke. [Tpy oTBoJe Macchl ra-
3a M pOCTe JaBJCHUS HA YKa3aHHOM CTEHKE TeHEPUPYIOTCS BOJTHbBI CXKaTUS, KOTOPbIE PACIIPOCTPAHSIIOT-
CsI BBEPX I10 IIOTOKY CO CBEPX3BYKOBOIT a0COJIIOTHOM CKOPOCThIO. BHYTpY 30HBI OTphIBa BOJIHA SIBJISIETCS
TIPSIMOIA, a B 00JIaCTH HEBSI3KOTO TeUSHMSI HAKJIOHHOM. B mipo1iecce B3auMoneiicTBUs ¢ TiepeaHeil CTeH-
KOl oTpakaeTcsl JIMIIb BHYTPEHHSIsI, TIpsiMasi, YacThb 3TOil BOMHBI. [1pu ee cMellleHu BHU3 MO MOTOKY
IIPOMCXOAUT BHIIMyYMBaHUE CABUTOBOrO ciiosi. Korma BojiHa mocTUraeT 3agHei CTeHKHM, Macca rasza, Ha-
XOJSIIIASICS B HAPYKHOI 4YaCTU OTPBIBHOTO TEUEHMSsI, BBITECHSIETCSI U3 KaBepHHI. [lajiee mpoliecc MoBTO-
psietcst. TakuM oOpa3om, ObUIO KOHCTaTUPOBAHO CYIIECTBOBaHHWE MOMHUMO HECTAallMOHApPHOTO Ipoliecca
TUAPOIMHAMUYECKOM ITPUPONBI €IIe W PacXOMHO-BOJHOBOI (“akycThdeckoil” mo ompedeneHuio [3]).
ITo3nHee OBLIO MTOKA3aHO, YTO K 00pa30BaHUIO KPYITHOMACIITAOHBIX BUXPE B pACCMOTPEHHOM CJIy4yae
MIPUBOJIAT, IIPEX/E BCETO, BOJIHLI, OTpaXKeHHBIE OT MepeaHeii creHku [5, 19].

B ¢cBs131 ¢ BOBHUKHOBEHUEM IIPU CBEPX3BYKOBOI CKOPOCTH HAOETraoIlero NoToKa BOJIJHOBOM CUCTE-
MBEI B [6] IpeMIOXEeHO ONpPEeAesaTh YACTOTY BBIIICOMMCAHHOTO “aKyCTUUEeCKOTO” aBTOKOJIE0aTEIbHOTO
Mpoliecca U3 yCI0oBUsI, OTPaKarllero YMCTO BOJHOBOI Tpoiiecc. [1pu 3ToM CKOPOCTh nepeMelieHusI
OTpa*k€eHHOM BOJIHBI IIPUHMMAJIACh PABHOM KOHBEKTMBHOM CKOPOCTH CHOCA BHUXPS BHU3 ITO MOTOKY.
DTUMH 3Ke aBTOpaMU OBIJI0 0OpallleHO BHUMAaHWE Ha BO3MOXHOCTh BOSBHUKHOBEHHUSI B KaBEpHE pe30-
HAHCHOTO IIpollecca P YCIOBUU paBEHCTBA YaCTOT IPSIMOi 1 0OpaTHOM OeryImx BoJH [6].

HanbHeiilee TOHUMaHUE TTPUPOABLI HECTALIMOHAPHOTO TeUEHUSI B KaBepHE ObLIO JOCTUTHYTO TIPU
MPOBEAEHUU KOMITJIEKCHBIX SKCMIEPUMEHTAILHO-TEOPETUUECKUX UCCIEI0BAHMI, KOTIa 1JIs1 YMCIIEHHO-
o MOJIEIMPOBaHUS TYpOYJEHTHOTO TeUEeHMSI CTAJIM UCIIOJb30BaThCS BUXpepa3pelialoine MeTobl |8,
9, 20—24], a npu 00paboOTKe MOTYUEHHBIX YMCICHHBIX TaHHBIX — CIEKTPaJbHO-KOPPEJISIIIMOHHBIN aHa-
JIu3 noJjei myabcauuii napieHus [22]. [pexae Bcero ciaeayeT OoCTaHOBUTHLCS Ha pe3yJibTaTax U3ydeHUs
0COOEHHOCTEI TeYEHUSI B MPOTSLKEHHON (ITepeXOmHOM 0 TepMUHOJIOTHHY [25]) KaBepHe, KOraa OTO-
pBaBIIMIiCS TTOTOK MpUcoenuHsics Ha nHo. MccnenoBanus [8] mpoBoauauck ripu M, = 0.9 u oTHOCH -
TeJIbHOM IJnMHe KaBepHbl L/H = 7 (H — miyOrHa KaBepHbI). BbL10 TToKazaHo, 4TO BHavalle, Mo, BJIUsI-
HUEM BOJIHOBBIX BO3MYILEHUI, MepeMellIaloIuXcs BHYTPU OTPbIBA, MPOMCXOAUT MOBBILLIEHUE TaBJe-
HUS B TIepeaHel yacTu KaBepHbl. CJeNCTBUEM BTOTO SIBJISIETCS BbIIYYMBAHUE TPAHULIbI CABUTOBOTO
CJ10s1 y mepeaHeld CTeHKM C MOCSAYIOIINM MaJeHUEeM JaBIeHUsI BHYTPU OTPbIBA. DTO, B CBOIO OUepellb,
MPUBOJUT K Pa3BOPOTY MOTOKA BIIYyOb KaBepHbI. [IpM 3TOM HECKOJIbKO HMXE IO TeUeHMIO TpaHMIIa
KOPMOBOTO OTpbiBa Ha HAYaJIbHOI CTaIuK pa3BOpPOTa OCTAETCS €llle BBIMYKJIO. 3a obpa3oBaBIIeiics
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TOYKOM Mepernda cliosh CMEIIeHWs K BO3HUKIIE BOJTHE HEYCTOMYMBOCTH C O00OJIACTHIO MOHMKEHHOTO
JaBJIEHMSI HAUMHAIOT IepeTeKaTh MacChl ra3a u3 IpuJIeralolInx YacTeil OTPBIBHOIO TEYEHMUSI, YTO B CO-
BOKYITHOCTH C 9XKEKIIMEH BHEIITHMM IIOTOKOM IIPUBOAUT BHAYaJIe K 3apOXACHUIO, a 3aTeM U (GOpMUPO-
BaHUIO KPYITHOMACIITaAOHOro BUXpsl. TakuM 00pa3oM, YCTAHOBIIEHO, UTO KPYITHOMACIITAOHbIE BUXPE-
BbI€ CTPYKTYpPHhI, ONIpEIesIonie aBToOKoJe0aTeIbHbINA MpoLecC TUAPOIMHAMUYECKON TTPUPOAbI, BO3-
HUKAIOT HE Ha IepeaHell yIiIoBoi KpOMKe, Kak Itonaraji Poccutep [1], a HIKe 110 TEYEHUIO — B IIEPBOIA
(110 TIOTOKY) BBIITYKJIOCTH (TpeOHE) BOJIH HEYCTOMYMBOCTU. PacipocTpaHeHNE BOIHBI TaBJIEHUS BBEPX
I10 TIOTOKY OT 3aJiHei CTEHKH IIPOUCXOIUT BHAYaJIe Yepe3 001acTh JO3BYKOBOTO TEUCHMSI, pacrojarao-
IIYIOCs B 3aJIHEIT YaCTU KaBEepHEIL. 3aTeM BOJIHA OrM0aeT BUXPh, KOTOPHIM BHIACISIETCS M3 KOPMOBOTO OT-
pBIBA M IBUTAETCS K 3aIHEI CTEHKE BOIM3M THA KaBepHBI. [1ociie 3TOro 4acTh BOJIHBI PACIIPOCTPAHSIETCS
BHYTpHU, a Apyras €e 4aCcTb CHapy>Ku OTpbIBa.

ITokazaHo Tak:Ke, YTO UICTOUHUKOM BOJTHOBBIX BO3MYILIEHU SIBJISIETCSI HE TOJIbKO 3aHSISI CTEHKA Ka-
BEPHBI, HO U 00JIaCTH MOBBILIIEHHOTO JIaBJIEHHWS B CJI0€ CMEILIEHUs, BOZHUKAIOIIKE MePe 1 3a KPYITHO-
MacIITaOHBIMU BUXPSIMU B MOMEHT UX 00pa30BaHUsl, BbIAEIEHUS U B3aMMOIEACTBUS C THOM KaBEPHBI.
BoIsiBieHBI clyyau comlacOBaHUSI MOMEHTOB MOSIBJIEHUST 00JIacTeil MOBBILLIEHHOTO AABJIEHUS B Cloe
CMeEILIeHUS C TIPUXOJ0M BOJIH AABJIEHUS, pACIIPOCTPAHSIIOLIMXCS OT 3aJJHEN CTEHKHU C YaCTOTOM orpee-
JIEHHBIX TapMOHUK KOJIeOaHUM. YCTaHOBJIEHO, YTO YCUJIEHUE KOJIeOaHU T Ha MOJax, OTJMYHBIX OT Mep-
BOIi, 00ycJioBIMBaeTcsl MHTepdepeHMell yKa3aHHbIX BOJIH JaBJA€HUS U BOJHOBBIX BO3MYIIEHUN.
HecrauunoHapHblIii ripoliecc B 9TOM cilydyae MpeACcTaBsiCsl KaK COBOKYITHOCTb CUHXPOHHBIX B3aUMO3a-
BUCHMBIX aBTOKOJIEOAHUI1, XapaKTEepHOE BpeMsi KOTOPBIX OMPEIeIsIOCh MOJ0XKEHUEeM NCTOYHHUKA BOJI-
HOBBIX BO3MYILIEHUH.

ITpoBeneHHbIe OLIEHKHM MO3BOJWIN MOHSTh, KAKUM 00pa30M COCYIIECTBYIOT Pa3InUyHbIe MObI KOJIE-
Oanwuii. [1pu aTOM camMo pacroJiokeHre NCTOYHMKOB BOJHOBBIX BO3MYIIIEHUI 3aBUCHUT, MIPEXIIE BCETO,
OT ra3oIMHAMUYECKUX U (PUBNYECKUX MApAMETPOB CJIOSI CMEIIEHUST B KaBepHe. bbUIO TOATBEPXKAEHO,
YTO B KaBepHeE MPU HEKOTOPBIX peKrMax 00TeKaHUs pea30BbIBAIOTCS OTHOBPEMEHHO HECKOJILKO He-
CTallMOHAPHBIX IPOLECCOB: TUAPOAUHAMUYECKOM, PACXOMHO-BOJHOBOM M PE30HAHCHOUW IPUPOIIBI,
MpUYEM BOJIHA NABJICHUS, TeHEpUpYyeMasl 3aHEN CTEHKOM, y94acTBYET BO BCEX 3TUX MpPOIEccax, HO B
pa3HbIX rapMOHMKax KojebaHuii. HectaumoHapHble npouecchl TMIPOAMHAMUYECKON U PACXOAHO-BOJI-
HOBOIA TIPUPOIbI MOTYT OBITH HE COBCEM PETYISIPHBIMU U CTAaOUJIbHBIMMU, T.€. OHU OJIM3KU K TaK Ha3bl-
BaeMbIM peJaKCAllMOHHBIM aBTOKoJebaHusiM. Hanbosiee yCTOMYMBBIM SIBIISIETCS PE30HAHCHBIN MPO-
ecc. PaccMoTpeHHble aBTOKOJIE0aHWST B3aMMOCBSI3aHbl, TTOAIEPXKMBAIOT IPYT Ipyra, 4TO He JaeT UM
3aTYXHYTb IOl BO3AECHACTBUEM TUCCUTIATUBHBIX ITOTEPb.

ABTOKOJIEOATEIbHBIE TTPOLECCH THAPOIUHAMMNYECKON U PaCXOIHO-BOJTHOBO IIPpUPOAHI OBLIN yCTa-
HOBJICHBI U IPY N3YYEeHUH HECTALIMOHAPHOTO OOTEKAHUS TPEXMEPHOTO YCTYIIa, KOTIA 32 HUM ITPOUCX0-
JI1Jia TpaHC3BYKOBAas MepecTpoiika TeuyeHus. Pe30HaHCHBINM ITpoliecc B 3TOM ciiydae OTCyTCcTBoBaI [9].

HccnenoBanust 00TeKaHUsI KABEPHBI C OTKPBITHIM TUTIOM TeueHust (L/H = 5) npu M., = 0.85 (kaBep-
Ha M219) npoBoauInCh 3KCHEPUMEHTAIBHBIMU U UM CIIEHHBIMU METOJaMU OOJILIIUM KOJIMYECTBOM aB-
TOpOB [21—23, 26—28]. XapakTepUCTUKU TeUYEeHU B Heil MCOIb3YIOTCS IJISI IPOBEPKU pa3pabaThiBae-
MbIX METOJIOB U IporpaMM. YKcaeHHbIe UCCIeIOBaHUS TaAKOM KaBepHBI IIPU TOM Xe yncie Maxa Obuin
MPOBENEeHbI M aBTOPaMU TaHHOM cTaThu [9]. DTU uccienoBaHus oKa3aiu, 4YTo U MpU 0OOTEeKaHWUU Ka-
BEPHBI C OTKPBITHIM TUTIOM TeUEHUS KPYITHOMACIIITAOHBIE BUXPEBBIE CTPYKTYPHI 00pa3yloTCs Ha HEKO-
TOPOM PACCTOSIHUM BHU3 IO MOTOKY OT 3aJHEil CTEHKU — B BBIMYKJOCTSIX BOJH HEYCTOMYMBOCTH.
Hammu cBoe monTBepxXaeHe 1 HEKOTOPhIE IPYriue 0COOEHHOCTU aBTOKOJIeOAaTeTbHOTO TIpoliecca THI-
POIMHAMMYECKOMN MPUPOILI, YCTAHOBJICHHBIE paHee ITPU U3YYeHUN TeYEHUS B IIPOTSIKEHHON KaBepHe.
B cBs13u ¢ 3TUM B 1aHHOM paboTe MPOBOAUTCS OoJiee YIyOJIeHHBIM aHaJIu3 00TeKaHUs TaKO KaBEpHBI
U COITOCTaBJICHME MOJIYIeHHBIX JaHHBIX C pe3yIbTaTaMM IPYTUX paboT C HEeIbIO YCTAHOBJICHUS OOIITHO-
CTH TIPUPOIBI aBTOKOJIEOaHNI, BOSHUKAIOIINX B PA3IMIHBIX KaBEpHaXx.

MEXAHUN3MbI ABTOKOJIEBATEJIBHBIX ITPOLIECCOB B KABEPHE

MaTeMmaThdecKast MOJ€E)b, YUCICHHbIE METOIBI U BLIUMCIIUTENbHAS ITOCTAHOBKA, UCIIOJIb30BaAHHBIE
MpU IIPOBEASHUY aHAJIM3MPYEMOTO B TaHHOI paboTe pacuyeTa TypOyJIEeHTHOIO TeueHMs B KaBepHe M219,
MoJpOOHO MpeacTaBaeHsbI B [9]. 3aech MPUBOAUM UX KpaTKOe ONUCAHUE.

MaTteMmaTrdecKast MOAENb ISt YUCIIEHHOTO PELIeHUs 3aJa4l CTPOUIACh HA OCHOBE ITOJTHBIX YpaBHE -
Huit HaBbe—CTOKCa 17151 uaeaabHOIO CXKMMaeMOoTo raza. TeueHus BO3Jie KaBEpHBI OTHOCSITCSI K KJIaccy
TeYEHUI C SIPKO BBIPaXXKEHHBLIM OTPBLIBOM U IIPUCOeHMHEeHUEM. JIJIsT BOCIIpOM3BEICHUS TaKUX TeUYCHUIA
Hanbonee 3¢hGEKTUBHLIMU TMPU3HAHBI BUXpepa3pelialoniie MOoaXoabl M, B YaCTHOCTU TUOPUIHBIE
RANS-LES metonsl cemeiictBa DES [29]. B [9] ucnonb3oBaiicsi npyuHaajIeXallliii 3TOMY CEMENCTBY
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Q = 5 griterion

T .
.—0.55 —0.15 0.25 0.65

035 005 045 085

Puc. 1. MrHoBeHHbIe 1oJist u3onoBepxHocTeit Q-kputepust (Q = 5); majauTpa COOTBETCTBYET YPOBHSIM OTHOCUTEIbHOM
MPOIOJIbHOM CKOPOCTH MPY Hayajle CIMBA MacChl ra3a U3 KaBepHBbI.

Meton IDDES [30]. B kauecTBe MoJieIM 3aMbIKaHUS ITPU 3TOM MpUMeHsIach Moaesb Criagapta—AJi-
Mapaca st Mo (pUIIUPOBAHHON! TYpOYyJIeHTHOH BI3KOCTH. YMClIeHHOE MOAEIMPOBaHE TEUYSHMS IIPO-
BOJIMJIOCH COINIACHO TaK Ha3bIBAEMOMY “IIOJTHOCTBIO TYPOYJISHTHOMY IMOAX0Iy”, TPU KOTOPOM ITPEIIo-
JlaraeTcsi, 4To Mepexo MOrpaHUYHOTO CJIOSl B TYpOYJICHTHBINM peXXUM COBEpPIIACTCS OYEHBb OBICTPO. DTO
00ecrneuYnBajioCh JOCTATOYHO BHICOKMM YPOBHEM TYpOYJIECHTHOCTM HAOeralollero ImoToKa, KOTOPBIM
BO3HMKaJ M3-3a IpUpPaBHUBaHUS TYPOYJIEHTHOM BSI3KOCTU K MOJIEKYJISIDHOI Ha BXOOHOM IpaHUIIE.
Ha nmoBepxHOCTSIX KaBEpHBI U TUIACTUHBI, B KOTOPYIO OHAa BCTpanBaiach, CTABWJIMCH YCJIOBUS TTPUIIUTIA-
Hus 11t ckopoctH (4 = 0) n agunabatudeckoit creHKH (01/0n = 0), TypOyJIeHTHas1 BI3KOCTh Ha CTEHKAaX
noJiarajgach paBHOM HYJIIO.

st mpoBeaeHus pacueToB UCHOIb30Bajics MporpaMMHbIii komruieke NOISEtte, B KoTopom peaiu-
30BaH BBIYMCIUTENBHBIN aJITOPUTM C OTIpeIeSIeHUEM TTIEPEMEHHBIX B y3J1aX HECTPYKTYPUPOBAHHOM CeT-
ku. B ero ocHoBe 1exxuT EBR cxema noBbilieHHO# TouHOCTH [31] 17181 anmpoKcuMaiui KOHBEKTUBHBIX
MOTOKOB. BBUYy TOTO, UTO paccMaTpuBaAJIMCh TPAHC3BYKOBBIE PEXXUMbI OOTEKAHWST KABEPHBI, XapaKTe-
pU3ylolIMecss HAIMYUEM BBICOKMX TPAIMEHTOB PEIIEHUSI U CKAYKOB, JJIsl TTPOBEIEHUSI PACUETOB UC-
nosb3oBasiack WENO moaudukaiust EBR cxembl [32]. MHTerpupoBaHue 110 BpeMeHU ITPOBOAMIIOCH C
MOMOIIIBIO HESIBHOUM CXeMbl BTOPOTO MOPSIAKA TOYHOCTHU € IMHeapu3anueid mo HeloToOHY pa3zHOCTHOI
cuctembl ypaBHeHUl. HeoOxoaMmMo OTMETUTh, YTO TPU TMPOBEIEHUN UYMCIEHHOTO MOIEJIUPOBaHUS
yucio KypaHrta BeIOMpanoch TakuM o6pa3oM, 4TOOBI B 001aCTH BO3MYIIIEHHOTO TypOYJIEHTHOTO B3au-
MoneiicTBUS (B 0071aCTU OTpbIBa BHYTPU KaBEPHBI) €ro JJOKAILHOE 3HaUeHUEe Ha HEKOTOPOM yIaJIeHU!
OT TBEP/IbIX CTEHOK HE MpeBbIIIano enuHuibl. Ha KaxxnoM 11are mo BpeMeHU MPOBOAUIIOCH HECKOJIBKO
utTepauuii mo HeloTOHY 10 CXOAMMOCTU 110 OTHOCUTEIbHOMN HEBSI3KE.

BxonHast rpannIa pacdeTHOM 0071aCTH HaXoAWIach Ha paccTosgHnn 7.75 H ot mepenHeit KpOMKM Ka-
BEPHBI BBEPX IO MOTOKY. BhIXomHas rpaHuIia BHU3 MO MOTOKY HaXoAuJach Ha pacctosiHuu 5.25H ot
3aJHE KpOMKU KaBepHbI. BepXHsIg BhIXoTHAsI rpaHULIa paciiojlarajach Ha paccTogHUM 16 H oT ToBepx-
HOCTM I1acTUHBL. HakoHel, monepeyHble rpaHULIbl C YCJAOBUSIMUA OTPAXEHUSI UMEJIHU KOOPAUHATHI
z/H = t4.5. Ucnoab3yemas cucTeMa KOOpJAWHAT MpeAcTaBieHa Ha puc. 1 u 2.

YucneHHoe MOIeIMPOBaHUE 3aJ1a4M MPOBOINIOCH HA HECTPYKTYPUPOBAHHOM reKcasnipajibHO ceT-
Ke, TOCTPOECHHOU HMCXOs U3 TPEOOBAHUM, MPEIbIBISIEMbIM K CETKaM JJIsI pacyeTOB C TTOMOIIbIO TH-
opugHbeiXx RANS—LES-MeTonoB. B yacTHOCTH, B 30HE OCHOBHOTO TYpOYJIECHTHOT'O B3aUMOAEiICTBUS
B 3a/iHell yacTu KaBepHbI XapaKTepHbIil pa3Mmep sueliku He npeBbiian H/33. Pa3pelieHre morpaHuy-
HOTO CJIOSI Ha MOBEPXHOCTSIX, HA KOTOPBIX CTABUJINCH YCIOBUS MPWINIIAHUS, OBIIIO OTHOCUTEBHO Tpy-
6bIM U cocTasisiio 1073 H, npu 3ToM 6e3pa3MepHOe 3HaYEHME BEJIMYMHBI [IEPBOTO MPUCTEHOYHOTO L11a-
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B | Bl e

dp'/dt: —0.05 0.01 0.06 |: 1.38 3.15 7.23 16.56 37.93

Z

Puc. 2. MrHOBeHHbIe KapTHHBI TEYEHUSI BO3JIe KABEpHBI (CBEPXY BHM3 COOTBETCTBEHHO): @ — YPOBHU MOJYJISI 3aBUX-
PEHHOCTH U TIPOU3BOMHON OT MaBJICHUS IO BpeMeHU; O — pacripenesieHre yncia Maxa ¢ JMHUSAMU TOKa; B — YPOBHU
CIUPATILHOCTH.

ra B leEpeMEHHBIX 3aKoHa cTeHKU Ayt BapbupoBaioch ot 5 10 10. B urore o611iee YMCII0 Y3710B BHIYUC-
JINTEIbHOM ceTKU cocTtaBmio 4048149.

JlaHHBI€ T10 TTOJISIM MTHOBEHHBIX 3HAYCHUI Ta30IMHAMNYECKIUX ITapaMeTPOB TCUCHHUSI, TTOJTyYeHHBIS
B UMCJIEHHBIX CcCllefoBaHUsX [9], mpeacTaBieHbl HA puc. 1 u 2. Mmoctpupyercst xapakTep TeUYeHUS B
KaBepHe Ha CTaAuM Hayaja CJIMBa MacChl ra3da. AHaJIM3 JaHHBIX TTOKa3bIBAET, YTO BHAYAJIe C MepeaHeil
YTJIOBOM KPOMKM KaBEPHBI CPLIBAIOTCS BUXpU [/, UMEIOIIie KBa3UIBYMEPHbII XapakTep (Tak Ha3bIBae-
MBbIe TIONePEeYHO-OPUEHTUPOBAHHBIE BUXPEBBIE CTPYKTYPHI). 3aTeM HIXKE IO TEYECHUIO OHU TEPSIOT
YCTOMYMBOCTh, OTACIbHBIE MX 3BEHbS MPUOOPETAIOT OOJBINYIO CKOPOCTh, BBITITUBAIOTCS, 00pa3yioT
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Puc. 3. CpaBHeHMEe pe3ybTaTOB YMCASHHOTO MOACIMUPOBAHUS C SKCIIEPUMEHTAIbHBIMU JAHHBIMU 10 CIIEKTPaIbHOM
IUTOTHOCTHU MOIIIHOCTH MyJibcallnii faBjieHus B Toukax k25, k26, k27 u k28 (8 nb/Ir).

netiau. Bo3HUKAIOT TpexMepHbIe BUXPU 2, KOTOPbIE BXOIAT B CJIOM CMEIIeHUs] KPYIMTHOMACIITaAOHBIX
BUXPEBBIX CTPYKTYp 3. Ho caMu 3TH CTPYKTYphl BOBHUKAIOT B TIEPBOM I10 ITOTOKY TpeOHEe BOJIH HEYCTOM -
4yuBOCTH 4. MexaH13M ux 00pa3oBaHMsI OKa3aJicsl TAKMM 3Ke, KaK M B IIPOTSKEHHOI KaBepHe [8], BKITIO-
yas ¥ BOBJIEUEHUE B BUXPEBBIE CTPYKTYPhI MACCHI T'a3a M3 OKPYKAKOIIUX 00J1acTeil KOPMOBOTO OTPhIBA.
BunHo, uTO 3aTeKaHMe OCYIIECTBISCTCS M M3 BO3BPATHOTO TedeHUs 5. TakmMm oOpa3oM, TouHee HaIo
TOBOPUTD O TTOTEPE YCTOMYMBOCTH BCETO CABUTOBOTO CJIOSI 30HBI OTPhIBA, a HE TOJILKO €€ CJIOSI CMEILICHUSI.

bnaronapsi Bo3pacTaHUIO 3XEKIIMOHHBIX CBOMCTB BHEUIHErO MOTOKA Ha BBIMYKJIOCTSIX BOJH HE-
YCTOMYMBOCTHU BUXPEBOE TEUCHUE YIOPSIAOUYMBAETCSI, CTAHOBUTCS OoJiee OpraHu3oBaHHbIM. Maciitad
CTPYKTYp MpPU UX CMEIIIEHUU BHU3 MO MOTOKY yBeauuuBaercs. [Ipoliecc u3aMeHeHUs BUXPEBBIX CTPYK-
TYp CXOX ¢ Oudypkaumein TedeHus1 Mpu pa3BUTUU HeycToruuBocTu KenbBuHa—IenbMrosibla ¢ TOM
JIMIIb Pa3HULIEH, YTO OH MPOTEKAET IMPU CUJTBHOM BJIMSIHUY BOJTHOBBIX BO3MYIIEHUN, YCUITUBAIOIIIAXCS
Onarogapsi HAIMUYMIO CTEHOK KaBEepHbI, U BO3BPATHOTO TEYEHHUSI 30HbI OTPhIBA.

IMpu noaxone K 3aiHe CTeHKE MPOUCXOAUT AeopMallisi BUXPEBbIX CTPYKTYP, BUXPU APOOSITCS, Ha-
JIe3aroT APYT Ha Ipyra, HapacTalolias Macca ra3a BhIIaBIMBaeTCs HaApyXKy (061acTb moToka 6). Ha mpu-
BEICHHBIX PUCYHKaX BUIHBI ¥ BOJIHOBbIC BO3MYIIICHUS 7, TeHEpUpPYeMble KPYITHOMACIITAOHBIMU BUX-
PEBBIMU CTPYKTypaMH, U BOJIHA AaBJIeHUs &, BO3HUKAlOIAs MPU B3aMMOJIEICTBUM TOTOKA C 3aaHei
CTEHKOM mocJie ciauBa.

Takum o6pa3om, pe3yabTaTbl UCCIIeTOBAHU OCOOEHHOCTEN OOTEKaHUSI KAaBEPHBI C OTKPBITHIM TH-
IOM T€UYEHUs COMIACYIOTCS MO MHOTUM JIeTalsIM C JaHHBIMU 10 XapaKTepy oOTeKaHUs MPOTSIKEHHOM
KaBepHHI [8]. B onmrcaHHBIX aBTOKOJIE0AaTENbHBIX MMpoleccaX THAPOANHAMUYECKOI U pacXOqHO-BOJHO-
BOI TIPUPOABI MHOTO OOIIEr0 0Ka3ajJoCh U C OCOOEHHOCTSIMU HECTALIMOHAPHOTO O0TEeKaHUsI TpeXMep-
HOTO yCTyIla, KOTaa 3a HUM IIPOMCXOAMJIa TPaHC3BYKOBAs MepeCTpoiika TeueHus [9].

Ha puc. 3 mpoBogutcst cpaBHeHUe (YHKIUI CIIEKTPaATbHOM MIOTHOCTY MyIbCalluii JaBJICHUS, TT0-
JIydeHHBIX B JAHHBIX YMCIIEHHBIX MCCJIEeIOBaHUIX M B akcriepumeHTax [28]. Ilynmbcanmm maBieHUs
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Ta6muna 1. XapakTepHBIe YacTOTHI KOJICOAHW OaBJIeHUSI B KaBEpHE, MOJyYeHHbIE KaK B OKCIIEpPUMEHTAIbHBIX,
TaK 1 YUCJCHHBIX IJIs1 KaBepHbl M219

YacroTsl, 11
OkcnepumMeHT [21] | 139* 231 352*%| 443 | 491 | 534 |591*| 660 811*
OkcnepumeHT [27] | 137%] 200 | 248 | 318 357*| 400 | 446 | 536 |589*| 659 | 714 |786*
OkcnepumeHT [28] | 140* 250 355% 600* 840*| 1170 | 15001900
Pacuer DES [21] 143*| 211 | 234 | 274 | 354 |369*| 389 | 491 | 571 [600*| 657 | 711 | 760

251 | 291 429 743 | 811*
411

Pacuer LES [22] 125*| 200 360%* 450 585*| 650 | 700 [825*

500 750
Pacuer DES [23] 150* | 200 | 246 | 289 | 345 |371*| 418 | 471 | 578 [618*| 661 | 728 | 800

521
Pacuer IDDES [9] |[140*| 209 | 239 | 312 375*%| 408 | 500 595% 700 |835*| 1170 [ 1500 {1900
OlleHka yactotr o | 148* 357* 566* 775%
dopmyne Poccutepa
O11eHKa YaCTOThI 139 278 417 556
aBTOKOJIeOaHMIt (1) 2) 3) “4)
TUApOaUHAMUYE-
CKOM TIPUPOIbI
OlLIeHKa YaCTOTHI 189 378 567 756
aBTOKOJIeOaHUIA @)) 2) 3) “4)
pPacXoqHO-BOJHO-
BOI MPUPOJIBI
O11eHKa 4acTOTHI 462
reHepaluu KpyImHo-
MaclITaOHBIX BUX-
PEBBIX CTPYKTYP
O11eHKa YaCTOThI 342 684 1026|1368 1710
aBTOKOJIeOaHMIt (1) ) COREGORES)
PE30HAaHCHOM MpU-
poIbl

OIpeAesUIMCh Ha JHE KaBEPHBI, B TOUYKAX C OTHOCUTEIbHBIMU MPOAOJIbHBIMU KoOpAuHaTaMu x/ H, paB-
HbIMU 2.75 (k25), 3.25 (k26), 3.75 (x27), 4.25 (x28). OTMeuaeTcs Xopolllee ConTacOBaHUE SKCITIEPUMEH-
TaJTbHBIX M YMCICHHBIX PE3YJIBTATOB.

ITpoBenem aHaM3 YMCIEHHBIX UCCIETOBAHU C IIEJIBIO METATbHOTO U3YYEHUST MEXaHU3Ma HeCTallu -
OHapHOTO Tpoliecca B KaBepHe ¢ OTKPBITbIM TUIIOM TeueHusl. [IpoBepuM, UAEHTUYECH JIM OH MPOLIECCy,
YCTAaHOBJICHHOMY IIPU UCCIETOBAHUIX IMIPOTIKeHHOM KaBepHEI. B Ta6j. 1 mpuBeneHsl JaHHBIE T10
XapaKTepHBIM YacTOTaM KOJIeOaHUWil MaBJIeHUSI B KaBepHE, MOJydYeHHbIe KaK B 9KCIIEPUMEHTATBLHBIX
[26—28], Tak 1 yncaeHHBIX [9, 21—23] MccnenoBaHUSIX TIPU CISAYIOMNX yeiaoBusx [22]: M., = 0.85, V., =
=276.45m/c, T, = 301°K, C, =347 m/c, L =0.508 m (T, C, — TeMIiepatrypa 1 CKOPOCTb 3ByKa B 3aTOP-
MOXEHHOM TTOTOKe). 3IeCh 3Ke TTOMEIIESHBI Pe3yIbTaThl BEIMUCICHUI YaCTOT C UCTIOJIb30BAHUEM MCXO]I -
Hoit popMmyibl Poccutepa [1] mpu o0 = 0.29 u k = 0.5). VI3 aHaiM3a npuBEAEHHBIX MaTepUaIOB CJIEIYET,
YTO IyJIbCAIlUM JaBJICHUS B KaBepHE XapaKTepPU3YIOTCS MEIbIM PSIOM YaCTOT, KOTOPHIE TT0 JaHHBIM
PasIMYHBIX PabOT HETUIOXO COACYIOTCSI IPYT C APYroM. M3 HUX BBIIETSTIOTCST YETHIPE YacTOTHI (IoMe-
YeHbI 3BE3I0YKaMU), HA KOTOPBHIX YPOBHU Y3KOITOJOCHBIX COCTABJSIIOIINX JOCTUTAIOT MOBBIIIEHHBIX
3HadyeHuit. PacueTsl mo opmyite Poccutepa oTpaskaroT MIMEHHO 3TH YaCTOTHI — TaoI. 1.

CoracHo [8] 60JbIlI0€ KOTUYECTBO HAGII0JaEMbIX XapaKTePHbBIX YACTOT MOKET ObITH O0YCITOBJIEHO
BO3HMKHOBEHMEM B KaBepHE aBTOKOJIeOATEIbHBIX ITPOLIECCOB Pa3IMYHON MPUPOIbI, KOTOPHIE TPOTEKA-
IOT OTHOBPEMEHHO. A UMEHHO: TUAPOINHAMUYECKOM IPUPOABI, PACXOAHO-BOJIHOBOI U pE30HAHCHOIA.
BrIsicHUM, BO3MOXHO JIU CYIIECTBOBAHUE TAKOTO CJIO0XHOTO HECTALMOHAPHOTIO TEUEHUSI B pacCMaTpU-
BaeMoit KaBepHe. [IpoBeneM omeHKy 9acToT. B 3TOM ciydae mpu aHainmn3e HeoOXOAMMO OyAeT yIeasiTh
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BHUMAaHHME BCEM XapaKTEePHBIM YacTOTaM, a He TOJIbKO TeM, Ha KOTOPBIX PEaIM3YIOTCSI MAKCUMAaJIbHbBIE
YPOBHU Y3KOITOJIOCHBIX COCTaBJIAIOIINX. Hpn HaJIMYNU KOPPEITALUMOHHbBIX XapaKTCPUCTUK BO3MOXKHO
TOYHOE oIpeneiacHUe (Pa30BOil CKOPOCTH paCHpOCTPAHEHUSI BOJTHOBBIX BO3MYIIECHUIA, SIBIISIOLINXCS
COCTaBHBIMU 3JIEMEHTAMU YKa3aHHBIX MpoleccoB. OmHaKO WIS MOJIyYeHUs TaKUX JaHHBIX TpeOyeTcs
BpeMeHHas1 BBIOOpKA JaHHBIX 00abIIoi auHbBI. [Ipy HEOOABIINX IO BpEMEHM peain3alusax IJIs Ha-
XOXIIeHUS (Da30BBIX CKOPOCTEM IIPOBOASITCS OLleHKU. [TprMeHM MeTOnuKY [8], corTacHO KOTOPOi A1t
OIpeAeeHUS XapaKTepPHbBIX BpeMEH MCIOIL3YIOTCS TTOJIsI Ta30IMHAMUYECKUX ITapaMeTPOB. 3a OCHOBY
IpUMeEM TOJISI TEYSHUSI, COOTBETCTBYIONINE HadYaly ciiuBa (puc. 2).

PaccMmoTpuM, Kakye 4acTOThI JOJDKHEI OTHOCHUTBCSI K aBTOKOJIe0aTeIbHOMY MpPOLECCY T'MAPOIMHA-
MU4YecKoit mpupoapl. ComacHoO ITOJIyYeHHBIM JaHHBIM, YaCTOTa KOJICOaHWI IIEPBOI MOIbI OIIpEaeIs-
eTCsI CyMMOI BpeMeH (OpMUPOBAHUS KPYITHOMACIITAOHON BUXPEBOM CTPYKTYPHI BOJM3M TepeaHei
CTEHKH! (HO Ha HEKOTOPOM PACCTOSIHUU OT Hee) — #;, CHOCAa €€ BHU3 MO MOTOKY A0 B3aUMOJIEICTBUS
C 3aJHell CTEHKOI — ¢, ¥ mepeMellleHUs BOJIHbBI JaBJIeHUs OT 3aJHel CTEHKU K nepenHei — #;. OmHako
reHepalysi HOBOI BOJIHBI IaBJICHUS HACTYyIAET II0C/e CJIMBa HAKOMUBIIIECSI MacChl ra3a, KOrjaa Ha me-
pudepun 3aaHe CTEHKU NOCTUIraeTcsi MakCuMyM nasieHus. ClenoBaTe/bHO, HAlO0 YYECTb U BpeMms
ciuBa t,. Torga yactoTel KojaebaHuii OynyT onpenensatecs: popmynoii: f= n/(t, + t, + 1;+ t,), toe n — ya-
CTOTHBIN HOMep Mokl (n =1, 2, 3, ...).

Kak yxe orMeuanoch, bopMupoBaHMEe KPYITHOMACIITAOHON BUXPEBOit CTPYKTYPHI CBSI3aHO C BBIITY-
YMBaHWEM IpaHULIbl CIBUTOBOTO CJIOSI MOC/Ie MPUXoa K MepeaHeil CTeHKe BOJHBI TaBJIeHUsI U Havalia
TMOBHITIIEHUS 30ech maBieHus. ClenoBaTeIbHO, BpeMs ¢, OyIeT 3aBUCETh OT IUTMHBI CJI0ST CMEIIEHMST 30-
HBI OTPHIBa B KaBepHE M CKOPOCTH HabeTraIlero rmoroka. [IpmHMMaeM 3a OCHOBY BpeMsI #;, paBHOE
0.0022 ¢, KoTopoe OBLIIO OIPEAEICHO IPY YMCIECHHBIX UCCIECTOBAHUSX TEUEHHS B MPOTSKEHHOM KaBep-
He [8]. Bpewms ¢, mi1s1 paccMaTpruBaeMOTro CiTydast 0OTeKaHUSI KaBEPHBI C OTKPBITHIM TUTIOM TeUCHHMST Hai-

JIEM U3 YCIIOBUSI PABEHCTBA XapaKTEPU3YIOLIErO €r0 OTHOCUTEILHOTO BpeMeHHu 4, (1, = (¢, X V..)/I) 06-
patHOMY uuciy CTpyxaJisi U COOTBETCTBYIOIIETO BPEMEHMU, OIPEIeJIEHHOTO TIPU YUCIEHHBIX UCCIEN0-
BaHUSX TEYEHUS B MPOTskeHHOU KaBepHe [8]. [IpuHuMaeM 3a ocHOBY Bpewms f;, paBHoe 0.0022 ¢ [8].
BHocuM nomnpaBKy, YYUTHIBAIOIIYIO PAa3IMUME B CKOPOCTSIX HAOEraroIIero rnotoka V., v JuimHe XxapakTepHbIX
YY4aCTKOB CJIOSI CMellleHUsI [, KOTOpbIe Pealn30BLIBAINCH B MPOTsKeHHOM KaBepHe (V,, = 274.4 m/c, | =
=0.369 M, L = 0.9 M) 1 KaBepHe C OTKPBITbIM THUIIOM TeueHus (V,, = 276.45 m/c, [ = 0.366m, L =
= (0.508 m). B nepBoM ciiy4ae JUIMHA CJI0SI CMelleHus / onpeeisiach 40 00JacTU IIPUCOEIUHEHUS KOp-
MOBOTO OTPBIBA KO JHY KaBEPHBI, 2 BO BTOPOM YUYUThIBAJIACH JIIIIb MPOTSIKEHHOCTD CJIOSI CMEIIEHUS 10
Havajia objgactu AeopMallii B MOMEHT Hayajla ciMBa Macchl ra3a U3 KaBepHbl. CorlacHO JaHHBIM
puc. 2 1 paboThl [23], B OTKPBITOM KaBepHE ITPU pacCMaTpUBAaEMBbIX YCIOBUSIX BEJIMUMHA YKa3aHHO ya-
cTH cost cMeteHust coctasisiet //L = 0.72, T.e. 0.366 M. B utore Bpewmst #, okazastoch paBHbM (0.00217 c.
N3 [8] ciaenyert, uTo 0OpaTHAsI BeIU4YMHA 3TOro BpeMeHu (461 Iir) qomkHa ObITh OJIM3KOM K 4aCTOTE Te-
Hepaluu KpymHOMAaCIITaOHbIX BUXPEBBIX CTPYKTYD.

ITpoBenem olieHKY BpeMeHHU CHOCa KPYyITHOMACIITaAOHO# BUXPEBOI CTPYKTYPhl BHU3 T10 TTIOTOKY /10
B3aMMOAENCTBUS C 3alHEN CTEHKOU — #,. CoracHO pe3yiabTaTaM MCCIeN0oBaHUI TeYeHUS B MPOTSXKEH-
HOIM KaBepHe [8] MecTo 00pa3oBaHUs KPYITHOMACIITAOHOKW BUXPEBOU CTPYKTYPbl HAXOAUTCS HA OTHO-
CHUTEJIBHOM (B JOJSIX L) pacCTOSTHUM OT MepenHei cteHku, paBHoM 0.16. I1o qaHHBIM HACTOSIIUX pac-
4yeTOoB U paboThl [23] COOTBETCTBYIOLIEE PACCTOSIHUE 7151 KABEPHBI C OTKPBHITHIM TUITOM TeUeHUsI PaBHO
0.19 (ompenensuioch Mo IIOJIOXEHUIO IIEPBOTO TPeOHS BOJIHBI HEyCTOMIMBOCTH). CliemoBaTeIbHO, IYTh,
MPONIEHHBIN BUXPEBOM CTPYKTYpOM OT MecTa oOpa3oBaHHUSI A0 3adHei cTeHKM, coctaBUT 0.41 M
(0.81L). 3HaueHuEe CKOPOCTU CMEIIECHUSI KpYTTHOMACIITAaOHO# BUXPEBOU CTPYKTYPbl BHU3 IO MOTOKY
OIpeAesrMM MO YMCIEHHBIM JaHHBIM [8], COrTacHO KOTOPBIM CPellHSIsSI OTHOCUTEJIbHASI CKOPOCTh KOH-
BEKILIMU BUXPEBOI CTPYKTYPHI B ciioe cMmeleHus V/V,, ipu paccMaTpUBaeMbIX YCJIIOBUSIX COOTBETCTBYET
0.49—0.55 (mpumem paBHoii 0.5). DTo cornacyetcs ¢ pe3yjbTaTaMu UcclieqoBaHui [22], coriacHO Ko-
TOPBIM yKa3aHHasi CKOPOCTb B cjioe cMmelieHust coctaiseT 0.57. Torna V= 138.23 m/c u Bpems ¢, cocta-
But 0.00297 c.

OLieHMM BpeMs paciipoCTpaHEeHUsT BOJHBI JaBJICHUS OT 3aJHEil CTEHKM K MepenHei — ;. TIpumMem,
YTO MepeMellleHe BOJHbBI JaBICHUST OT 3aHeil CTEHKH K MepeaHeil TPOUCXOIUT Yyepe3 06JacTh 30HbBI
OTPBIBA, PACIIOJIATAIOIIYIOCST BOJIM3H JHA KaBEPHBI, TIe CKOPOCTh IMOTOKA OJin3Ka K HyT0. B aToM city-
yae nojyyum #, = L/C, = 0.00146 c.

OnpenenuM Bpems ciuBa #,. B o61actu TeueHusI, e MPOUCXOAUT CIUB MAacCChl ra3a, MPOTSIKEHHO-
CTBIO (€CJIM OTCUUTHIBATh OT 3aaHel crenku) 0.71 H (0.0707 M), ocpeqHeHHOE 3HAYSHNUE MECTHOI'O YHC-
J1a Maxa cHocsiero moroka paBHo 0.35, 4To COOTBETCTBYET cKopocTu motoka 121.45 m/c (cMm. puc. 2).
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[MpuHSB, YTO OCpemHEHHAsI CKOPOCTD CITMBA 6J113Ka K CKOPOCTH MECTHOTO CHOCSIIIETO TTIOTOKA, HalieM,
yto 74 paBHO 0.000582 c. B utore cymmapHoe Bpewms (¢, + ¢, + #; + 1,) coctasisier 0.00718 ¢, a yactoTa
MEPBOM TapMOHUKY aBTOKOJICOAHU I TMAPOAUHAMWYECKOM TTpupoasl — 139 T,

IIpoBeprM BO3MOXHOCTH BO3HUKHOBEHHMSI B pacCMaTPUBAEMBIX YCJIOBUSX PAaCXOOHO-BOJIHOBOIO
npoiiecca. OLeHUM YacTOTY MePBOil rapMOHUKHU 3THX aBTOKoIe6aHnil. Kak yKa3bIBanoch BEILIE, BpEeMsI
npoliecca 6yIeT onpeaesIsiThbCs CyMMOI BpeMeHHU PacIipOCTPAHEHUST BOJIHBI TaBJICHUS OT 3aIHEI CTEH-
KU K MepeHe, T.e. BpEMEHEM 5, U BpeMEHEM TepeMellleHUs OTPakKeHHO OT NepeaHeit CTeHKU BOJTHbI
BHU3 110 TTOTOKY. [IprHMMAaNOCh, 4TO OTpakeHHasl BOJIHA CMEIAeTCsI BHU3 MO MOTOKY CO CKOPOCThIO
KOHBEKIIMM KPYITHOMACIITAOHBIX BUXPEBBIX CTPYKTYp, T.€. BMecTe ¢ HUMU. OgHAKO 10 MEePBOii CTPYK-
TYpBI OTpakeHHasl BOJIHA TaBJICHUS JOJDKHA CMEIaThCs BHU3 I10 TIOTOKY CO CKOPOCTBIO 3BYKa, T.€. B Ha-

IIIEM CITydae co CKOpocThio 347 m/c. Onipenenum 310 Bpemst: £, = 0.19L/C, = 0.000278 c. BpeMmst cMeiiie-
HUS BOJIHBI BHU3 M0 MOTOKY CO CKOPOCTBhIO KOHBEKLIMU KPYIMTHOMACIITAOHBIX BUXPEBBIX CTPYKTYP OBLIO
ornpezaesaeHo paHblie, , = 0.00297 c. OnaTe yuteM Bpemsi ciuba t,: ¢, = 0.000582 c. PaHbliie ObL1O Hali-
IIeHO 1 BpeMsI t;: t; = 0.00146 c. B mTore 9acTOTHI TOHATBHBIX KOJIEOAHWIT TP BO3SHUKHOBEHUHY B KaBep-
HEe HEeCTallMOHAPHOrOo ITpoliecca pacXOAHO-BOJHOBOU IPUPOABI OyAYyT OIpencisiThbcs (hopMyaoii:
f=n/(t +t,+t,+ t;). 31ech n — 9acTOTHBII HOMEp Mozbl (n = 1, 2, 3, ...). Torma yacToTa nepBoii rap-
MOHUKMU KOJIeOaHUI pacXoIHO-BOJIHOBOI Mpupoabl coctaBuT 189 I,

B 3akitoueHue TmpoBeneM OLIEHKY YacTOT aBTOKOJieOaHUil pe30HaHCHOI Tmpupoabl. PaccMorpum
BO3MOXHOCTb BOSHUKHOBEHMS B KaBEpHE TIPOIOIHLHOTO JIMHEITHOTO pe30HaHCHOTO mpoliecca. M3BecT-
HO, 9TO 3TH aBTOKOJIeOaHUsI TTOPOXKIAIOTCS YUCTO BOTHOBBIM ITPOIIECCOM 1 BO3HUKAIOT B ClTydae B3au-
MOJIECTBUS IBYX 3BYKOBBIX BOJIH, pACIIPOCTPAHSIIOLIMXCS HA OTIpeleJIeHHOM YacTOTe HaBCTpedy APYT K
npyry. CiaemoBaTeIbHO, B pacCMaTpUBacMOM CiIydae ITepeIBUKeHNe OTPakKeHHOMN BOJHEI, Y4aCTBYIO-
et B pe30HaHCHOM TIpollecce, He MOXET OBITh OTpaHMYECHO TIepeMeIIeHNEM BUXPEBOM CTPYKTYPHI B
cnoe cMmenreHus. CliemoBaTe/IbHO, YaCTh BOJHBI AABJICHUS, OTPasKeHHO OT NnepeaHeil CTeHKU, oTudaeT
MEPBYIO MO MOTOKY KPYITHOMACIITaOHYIO BUXPEBYIO CTPYKTYPY (PHC. 2) ¥ paclipOCTpaHsIeTCs K 3aIHEe
CTEeHKe Yepe3 00J1acTh TeUCHMS BOIM3U THA KABEPHBI, IIPUIEM CO CKOPOCTHIO, COOTBETCTBYIOIIEH MeCT-
HO1 cKOpOCTHU 3ByKa. B aTOM ciiydyae ycioBUsI IJisl BO30OYXXIEHUsI B KABEpHE CTOSTYCH 3ByKOBOI BOJIHBI
OyIyT CyIIeCTBOBATh: HAJIMYME NCTOYHMKA BOJTHOBBIX BO3MYIIIEHUH (IIPEXIe BCETO, BUXPEBOE TEUCHNE
y nepudepun 3agHeit CTeHKN), OTPaKaroIINX MTOBEPXHOCTEH (TIepemHsIsT M 3aIHSST CTCHKW KaBEPHBI) 1
00J1acTH JO3BYKOBOIO TeUeHUsI (BHYTPCHHSISI 4acTh 30HBI OTpbIBa). [IpH XEeCTKMX CTEHKaX KaBEepHBI
BIOJIb Hee Ha YacTOTe TepBOif TapMOHUKHM KOJIeOGaHW OyIeT pa3MellaThbCs ITOJIOBUHA JUTUHBI CTOSTICI
3BYKOBOM BOJIHBI C ITYYHOCTSIMH, PACTIONATAIOIITUMUCS Ha 3THX CTEHKAX.

IMpumeM, Kak 1 TIpeXae, CKOPOCTb PacIIpOCTpaHEeHMs 3BYKOBOI BOJIHBI BHYTPY 30HBI OTPHIBA paB-
HO¥1 CKOPOCTH 3ByKa 3aTOPMOXKEHHOTO ITOTOKa. Torma 4acToThl pe30HAHCHBIX KOJIeOaHUIi B paccMaTpu-
BaeMOM cllyyae OyayT omnpenesiTees popmynoil: f, = n X Cy/(2L), a yactora repBoit rapMOHUKU KOJIe-
0aHMi1 pe30HAHCHOM pUpoabl cocTaBUT 342 I1I.

PesynbTaThl IIpOBEAeHHBIX OLIECHOK YaCTOT aBTOKOJIEOAHMI TMIPOAMHAMMNYECKOM, PacXOTHO-BOJI-
HOBOM M pe30HAHCHOM MMPUPOILI, C JOOABISHNEM YaCTOT TapMOHMUK, IIPEICTaBIIEHEI B Ta0a. 1. BumHo,
YTO TIPUBEACHHbIC JaHHBIE HAXOMSITCSI B XOPOIIIEM COTIaCUU C pe3yJbTaTaMU 3KCIIEpUMEHTAIbHBIX U
YMCJIEHHBIX UccieqoBanmuii. TakuMm oOpa3oM, IIpOBeAeHHbBIE OLIEHKM MO3BOJIMIN IIPOBECTHU CEIEKIINIO
4acTOT U I10Ka3aTh, YTO B KABEPHE OTKPHITOTO TUIIA TEYSHMS IIPU HEKOTOPBIX pPeXXMaX 00TeKaHUs pe-
aJIN30BBIBAIOTCSI OMHOBPEMEHHO HECKOJILKO HEeCTallMOHAPHBIX MPOILIECCOB: THAPOIAMHAMMNYECKOM, pac-
XOITHO-BOJIHOBOI1 X pe30HAHCHOI mpupoabl. OOpaliiaeT Ha ce0s1 BHUMaHUE OJIM30CTh YaCTOThI IEPBOit
TapMOHMKM aBTOKOJIEO0aHWI pe30HAHCHOM ITPUPOILI K YaCTOTaM BTOPOIT U TpeTheil rapMOHUK KoJieba-
HUI COOTBETCTBEHHO PACXOIHO-BOJIHOBOH Y TMAPOAMHAMUYECKON MPUPOIBI, YTO CBUAECTEILCTBYET O
B3aMMO3aBUCUMOCTH BBISIBJIEHHBIX IIPOLeCcCOB. I1onydeHHBII BBIBOM COIJIACYETCS C pe3yIbTaTaMM pPaH-
HUX UccenoBaHui [3] m 06TekaHus mepeXomHoM KaBepHHI [8]. OTMeTnM, 94TO MOJTydYeHHbBIE JTaHHBIC TT0
XapaKTEepHBbIM YaCTOTaM aBTOKOJICOAHUI pa3IMUHON Mpupoabl (CM. Taba. 1) MOryT He3HAaUYUTEIbHO (B
npenenax 1—5%) BapbupOBAThCS B CIy4ae HECYIIECTBEHHBIX U3BMEHEHMI B OLIEHKE XapaKTePHBIX CKO-
pocTeit 1 IInH, uX onpeaesomnux. OMHaKo 3TO He BIMSIET Ha IPAaBOMEPHOCTD YTBEPXKACHUS U BHIBO-
JIOB HACTOSIIIIEH pabOTHI.

YucieHHbIe UCCIIeOBaHUS MOKA3aJi, YTO B MECTaX TeHepalluy BOJIHBI JaBJICHMS 1 BOJTHOBBIX BO3-
MYIIIEHU OTMEYaloTCs MOBBIIIIEHHBIE YPOBHU TTyJibcalluii faBieHus (cM. puc. 4). Kak yxke oTMeuasioch,
MOJI0XEHUE TPeOHS BOJHBI HEYCTOMYMBOCTY B MOMEHT BO3HMKHOBEHUS MECTHOI 00JIACTH MOBBIIIICH-
HOTO JaBJICHUS M HaYajla reHepalii BOJIJHOBOTO BO3MYILIEHUS OIIpeAcisieT TapMOHUKY KOJIeOaH A TU/I -
poIrHaMU4eCcKo Mpuposl [8]. I3 paccMoTpeHus TToJiei cpeqHeKBaaApaTUYHbIX 3HAUEHU MyTbCalliii
JIaBJACHUS U Ta30IJMHAMWYECKHUX ITapaMeTPOB, MOJIYUYCHHBIX B JAHHBIX UCCIISIOBAaHUIX 1 B padore [23],
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Puc. 4. [lose cpenHeKBaApaTUYHBIX 3HAYCHUI TyJIbCAlIVii TaBJICHUSI Ha 4YaCTOTEe BTOPOIl MOIbI aBTOKOJIE0ATEIbHOTO
npoiiecca riaApoAMHAMUYECKON TPUPOIHI.

CJIEIyeT, UTO aBTOKOJIEOATEIbHBIN MPOIIECC TUAPOAMHAMUYECKOM MTPUPOIBI B PACCMOTPEHHOM Cllyyae
HEe MOXET UMETh KOJTMIECTBO TAPMOHHUK OOJIBIIIE YeTHIPEX.

W3 naHHBIX, NPpUBEIEHHBIX B Ta0J. 1, cleayeT, 4To pacdyeThl YacTOT MO SMIUPpHUYECKOil (popMmyie
Poccurepa 1o3BoJISIIOT OLIEHUTh YaCTOThI, HA KOTOPHIX YPOBHU Y3KOIIOJIOCHBIX COCTABJISIIOIINX JOCTH-
raloT CyIIeCTBEHHBIX 3HaYeHUT. OTHAaKO ISt MOUCKA MyTell CHUKEHUST HECTALMOHAPHBIX HATPY30K Ha-
JIO 3HATb IIPUPOAY Y MEXaHU3MBI aBTOKOJIEOATEILHBIX TIPOLIECCOB, UX MMOPOXKIAIOIINX.

3AK/IIOYEHHE

Ha ocHOBe npoBeIeHHbIX YUCASHHBIX UCCASIOBAHUMN 1 UX JEeTaJIbHOIO aHAJIM3a YCTAHOBJIEHBI OCO-
OGEHHOCTH HECTALIMOHAPHOIO TPAaHC3BYKOBOTO OOTEKAaHMSI KaBEPHBI C OTKPBITBIM TUIIOM TEUYCHUSI.
CpaBHeHUe TTOJTYYeHHBIX JAHHBIX C pe3yJIbTaTaAMU UCCIIeI0OBaHMUII 00TEKAHUS KaBEPH Pa3IMYHO OTHO-
CUTEJILHOM JJIMHBI, B TOM 4MCJie U 00jiee NPOTSKEHHOI, TTO3BOJIMIIO OATBEPAUTH TEOPETUYECKUE BhI-
BOZbI aBTOPOB O MEXaHM3MaX aBTOKOJIe0aTeIbHbIX IMPOLIECCOB, IPOTEKAIOIIMX B KABEPHE, U BHISIBUTh UX
WICHTUYHOCTb.

IMToka3aHo, YTO BO3HUKAIOIINE aBTOKOJIEOaHUSI UMEIOT Pa3INYHYIO (DU3NYECKYIO TPUPOAY: TUAPO-
JIUHAMUYECKYIO, pACXOIHO-BOJTHOBYIO, PE30HAHCHYIO, M B3AMMOCBSI3aHBI IPYT C APYTOM. YUeT B3aMO-
JIeCTBUSI B KaBepHE MPOILIECCOB TPeX TUIIOB IO3BOJISIET 00jiee KOPPEKTHO OOOCHOBATH OTCYTCTBUE
KPaTHOCTHU MOJI B CITEKTPAIbHOM COCTaBE PE3YIbTUPYIOLIMX ITyJIbCALIAI JABIEHUSI, a TAKXKE PAa3HYIO aM-
TUTUTYIY Y3KOMOJIOCHBIX COCTaBIsONMX. OTMEUYEeHO, UTO pacueThl o (popMye PoccuTepa mo3Boisior
OIPEAEINTb JIMIIb T€ YACTOThI, HA KOTOPBIX YPOBHU Y3KOTOJOCHBIX COCTABJISIIOLINX JOCTUTAIOT CYIlIe-
CTBEHHBIX 3HAYEHU I HE3aBUCUMO OT MPUPOILI MOPOXKAAIOIIUX UX PU3NIECKUX MPOLIECCOB.

ABTOKOJIEOaTeIbHBIE MPOLIECCHl B KABEPHAX ONPEAS/ISIIOTCS ra30AIUMHAMUYECKUMU U (DU3NIECKUMU
rmapaMeTpaMu CJI0sT CMEIIeHUST ¥ BOJTHAaMU naBiieHus. [1onTBepXXaeHo, 9TO U ITpU 00TeKaHNK KaBEPHbI
C OTKPBITHIM THUTIOM T€YSHMST UICTOYHUKOM BOJTHOBBIX BO3MYIIICHHI SIBJISIETCS HE TOJIBKO 3aTHSISI CTEHKA
KaBepHbI, HO U TpeOHU BOJH HEYCTOMYMBOCTU. BO3ZHUKHOBEHHE KPYITHOMACIITAOHBIX BUXPEBBIX
CTPYKTYp TIPOMCXOIUT HAa HEKOTOPOM PACCTOSTHUM OT ITepeaHeil CTeHKH, B TIepBOM T'peOHe BOJTH He-
YCTOMYMBOCTH, TIPM OIIPEIeICHHOM TIOIIEPEYHOM TIepernane MaBIeHMsI, BOSHUKAIOIIUM IT0 BO3ICHi-
CTBUEM BOJIH JIaBjieHUs. [IpouCXoauT BOBJIEUEHUE B 3TY CTPYKTYPY MAcCCHI ra3a He TOJbKO MEIKOMAC-
IITaOHBIX BUXpeit, 00pa3yroIInXcst Ha HaYaTbHOM YIaCTKe CII0ST CMEIIeHUST, HO M TYPOYJICHTHBIX CTPYK-
TYp U3 00JIACTH BO3BPATHOTO TEUCHUS OTPHIBHOM 30HHI.
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