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Abstract: This review paper considers the types of loss of stability
of filtration flows. Characteristic dispersion curves are presented
that correspond to transitions to instability within the Darcy theory
at zero, finite and infinite values of the wave number, as well as
at all wave numbers simultaneously. It is shown that the use of
the generalized Brinkman filtration equation suppresses short-wave
instability corresponding to infinite values of the wave number. As
calculations show, the obtained values of characteristic sizes of the
fastest growing disturbances are more than an order of magnitude
smaller than a millimeter. This value is comparable to or smaller
than the pore size of most natural porous media, for which the
study of the stability of filtration flow is relevant. Therefore, a
conclusion is made about the inapplicability of filtration theory
methods to a wide class of problems leading to the formation of
small-scale instability. It is assumed that such problems should be
studied using micromechanics methods.
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O HEYCTOMYMBHIX BOSMYIIIEHUAX B TEOPUN OUJIBLTPAIIUN A3l

1 Bsegenne

CyrmectByeT 60BITTOE KOJUTIECTBO TPUPOAHBIX M TEXHOTOTHIECKIX TTPO-
[1€CCOB, UCCAEIOBAHNE KOTOPBIX MPUBOMUT K 3a0a49aM 00 yCTOMINBOCTH (DUTb-
TPAIMOHHBIX TEIEHMH. XOPOIO N3BECTHA HEYCTOWIHUBOCTHL (DPOHTA BHITECHE-
HUsT HePTH BOMION B IIPOTIECCe 3aBOTHEHNA HEPTIHOTO MECTOPOXK TEHHST, UTPA-
forrero 60BNy Posib B HedTe00bBaOMIeH TpoMbinuieHHOCTH. /ledopma-
M4l TIJIOCKO TIOBEPXHOCTH pasjiesia MeXK/y 00JIacTsiMU, HACBIIIEHHBIMI BO-
noit u HedTHIO, TPUBOANT K 0OPA30BAHUIO BOISIHBIX MAJIBIIEB, KOTOPHIE MOTYT
JOCTUTATH JOOBIBAOIEl CKBAXKWHBI W MPUBOANTH K 00PA30BAHUIO HEU3BJIE-
KaeMmoit octarounoit HedTr. OCHOBHON (PUBUIECKUIT MEXAHU3M HEYCTONINBO-
cTn (prHTa BbITCCHEHN A O6yC.HOB.HeH HU3KON BA3KOCTHIO BOJbI 110 OTHOIIIE-
HUIO K BsizkocTu Hedru. B kiaccuueckoit pabore Caddmana u Teitiopa [1]
MOJIYU€H TPOCTO# KPUTEpUii BOSHUKHOBEHUST HEYCTOWYMBOCTH MOBEPXHOCTH
paszesia MeXJIy KUJKOCTIME TPHU BBITECHEHUU Dojiee BSI3KOH KUIKOCTHIO
MeHee BS3KOil. DTa HEYCTOWIMBOCTH UrpaeT OOJIBIIYIO0 POJb TIpH 00pa3oBa-
HUU OCTATOYHOU Hen3BieKaeMmoit HedTu. Apmkynmecs GPOHTHI BEITECHEHU S
bOpMUDYIOTCs TaKKe [PU BBHITECHEHUU HeDTU ra30M, YTHIU3AINN YIIEKAC-
JIOTO Ta3a B IIPOHUIAEMbBIX TOPOIAX U T.JI.

WzBnedenne riaybuHHOrO Teria 3eMan Oasupyercss HA MOJEJUPOBAHUU
JIBUXKEHUS BOJIbI, [Iapa U TapOBOJSTHON CMECH B Te0TEPMAJIBHBIX DPE3epBY-
apax |2|. Baxwneiimeit 3aaqeii sipisiercst onncanne yCIOBU BOSHUKHOBEHHS
U IIPOIECCOB MEPEHOCa B TEILIOBOH TPybe, KOrja BO3ZHUKAET KOHBEKTUBHBII
[IOTOK SHEPI'UU W3 HEJIP K IIOBEpXHOCTH. B 3TOM ciiydae nmap, uMeronuil BbIco-
KYIO TEMIIEPATYPY, [IOJIHIMAETCS BBEPX, & MEHEE HAIPETasi BOJIA OIYCKAETCS
BHM3. B KJtaccuveckoil ruJipoiMHaMUKe PACIOJIO0XKEHNE THXKEJION KUJIKOCTH
HaJ JIETKO# Bcerja HeycroiumBo. (QHAKO HATypHbIE HAOJIIOJEHUS U aHA-
JATUYECKNE NCCIIEJOBAHUA TMOKA3aJW, YTO B TNeOTEPMaJIbHBIX pe3epByapax
cJ10it BOJIBI (TsiKesast KUJAKOCTh) MOYKET HAXOAUThCS HaJl cjoeM mapa (Jer-
Kasi JKUJKOCTh) U 9TO cocTostHue ycroitunpo [3]. BosaukHoBenne neycroiian-
BOCTH TPUBOJNAT K KOHBEKIINM W BO3ZHUKHOBEHWIO TEIJIOBOM TPyO®I. Jpyroit
KJIACC 33/[a4 CBA33H C T€YEHHEM B FOPU30HTAJBHBIX IIJIACTAX W OIUCHIBAET
M3BJIEYEHNE TEIJIOHOCUTEIIS NI 3aKAYKY XOJIOIHOMN BOJIBI B BEICOKOTEMIIEPA-
TYPHBIE TOPOALI. B mocieamem ciaydae HEyCTONINBOCTH (DPOHTA TPUBOAUT
K 00Pa30BaHMUIO TAJIBIIEB M MPOPBIBY XOJIOIHON BOJLI K HOOLIBAIONIEN CKBaA-
JKWHE, J1eJ1as TPOTeCC W3BJICUEHUS TerIa Maa0d(MdeK TUBHBIM.

Onnoit U3 Ba>KHEBIX 33189 SKOJIOTUHU ABJIAEeTCa 00eCIIeueHne MuTHEeBOi BO-
0¥ HacemeHus. B ¢BSI3W € 9TW BO3HUKAIOT 33a9W MPETOTBPAIIEHUS M0TIa-
AaHA B BOOOHOCHBIC TOPU30HTHI 3al'DASHATOIITNX HpI/IMeCQI'?I, KOTODPbIC MOT'yT
ObITh KaK TEXHOIEHHOI'O, TaK M IPUPOAHOIO 1poucxoxenus [4]. B nocues-
HEM CJIy4ae HTO MOKET ObITh MOPCKasi BOJA B HPUOPEXKHBIX palfioHax ujiu
obpazoBaHme PACTBOPOB IMPHU MOMAJAHUE TTPECHON BOJBI B 3aJ€XKHU COMH. B
pe3yabTaTe BOZHUKAET KOHTAKT TSKEJBIX PACTBOPOB M TIPECHOH Hojee jer-
KO Bofbl. Kcaum obsracTh TpyHTa, 3aHATasi pacTBOPA, PACIOIOXKEHA, HAJT T0-
PUBOHTOM TIPECHBIX BOJ, TO BOZHUKAET HEYCTOWUMBOCTH, KOTOPAs ITPUBOIUAT
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K IPOHMKHOBEHUIO BPEJAHBIX IIPUMECEH B BOJOHOCHBIE TOPU30HTHI, 3aCOJICHUTO
LOYB U I'PYHTOB [5].

Kax mpaBunio, aHaIuTUIeCKUMHU METOJAMU MCCIEIOBAHNE YCTONIUBOCTH
yIAeTCs IIPOBECTH TOJLKO I 3309 B IUHEHHON WIN CJIaDOHETNHEINHON T0-
craHoBke. Mccimenopanne JUHEHHON YCTONYMBOCTH TTO3BOISET BBIACIUTH B
OPOCTPAHCTBE TTAPAMETPOB 00JACTH YCTOWINBOCTH U HEYCTOWUUBOCTH Tede-
Hudg. KpoMme TOro, Ha OCHOBe aHaIN3a JUCTEPCHOHHOTO COOTHOINEHNT MOYKHO
OTIPE/IESINTh KPUTUYECKOE BOJIHOBOE YUCJIO, OTBeUaroIiee HanboJsiee HeyCTow-
quBOit MoJie. JIuHeHBI MaciTab 3TOro BO3MYIIEHUST COOTBETCTBYET XapaK-
TepHOMY MaciTady Hanbojiee OHBICTPO PACTYINEr0 BO3MYIIEHHUS, KOTOPOE Ha
HeJIMHEHHOM CTajluy Pa3BUTHA BO3MYIINEHHNH MOXKET KaK BO3pacTrarb, TakK U
3aTyXaTh.

Hacrosmas pabora npeacraBasger coboit KpaTkuii 0030p pe3yabTaToB II0
HCCJIe0BAHUIO JIMHEHHOM ycroitunBocTn dbunprpanuoHHbix Tevenuii. [Ipe-
CTABJICHBl BO3MOXKHBIC THNBI IIEPEXON0B K HEYCTOWNYNBOCTH, COOTBETCTBYIO-
IIIUE MOTEPAM YCTONYUBOCTHU IPU HYJIEBBIX, KOHEYHBIX U OECKOHEYHBIX BOJTHO-
BBIX YMCJIaX, a TaK?Ke OJHOBPEMEHHO MPW BCEX SHAYECHUAX BOJITHOBOTO YHCJIA.

2 CoonTaHHBII IIEPEX0/] K HEYCTOWYINBOCTH

B pa6ore Cadbdmana u Teitgopa |1]| uccaenoanacey uneiiHas ycroidn-
BOCTH (bpouTa BhITecHEHU. [lo/TyUeHHOe TUCTIEPCHOHHOE COOTHOIIIEHNE NMe-
er Bunx X = AK, rje ¥ — CKOPOCTh POCTa UJIW 3aTyXaHWs BO3MYIIeHU, a K
— BOJIHOBOE 4mcJji0. B 3aBucuMocTy oT 3Haka Koadgduimenta A, 3aBucdire-
ro OT MapaMeTpPOB, BOZMYIIEHUT MOTYT JTUO0 BO3PACTATH (HEYCTOWUNBOCTS ),
aubo 3aryxarh (ycroitumsocts). Ha mmockocru (K, X) npejcraBieHsl uc-
MEPCUOHHBIE KPUBBIE, SB/IMONINECST B JTaHHOM CIydae TPAMBIMHU JTHHUSIMH,
npoxofanmMu gepe3 Hadano koopauuar (Puc. 1la). Ecam B mavansaOM Cco-
CcTOSHUM (DPOHT YCTOMYMB, TO AUCTEPCHOHHAS KPUBAsT COOTBETCTBYET JIMHUT
1. Ilpu m3menennn napamerpa A, KOrjaa yCTORYUBOCTH (DUIMIECKOH CHUCTe-
MBI CHU2KAETCH, JUCTIEPCUOHHAST KPUBAS BPAIIAETCA TPOTHB YaCOBOH CTPEIKHI
(monoxenue 2). JTanbheiinee BpaieHne NPpUBOJUT K COCTOSIHUIO 3, KOTOPOE
COOTBETCTBYET HEeNTPaJIbHON yCTOMYMBOCTU, a ILIEPEXO[ K HEyCTONYMBOCTU
peajin3yeTcs Ipu CKOJIb YIOJHO MajoM mw3Menennn napamerpa A. Ilpu srom
CKOPOCTB POCTa, Y. TPUHUMAET TI0JI0KUATEJBHbBIE 3HAUEHUSI OJHOBPEMEHHO [TPU
BCEX BOJIHOBBIX umcjax K, Ho HamboJjee OBICTPO PACTYIIUM BO3MYITIEHUEM
SIBJISETCST BOBMYITIEHIE HECKOHEUHO MAaJjIor0 pa3Mepa, COOTBETCTBYoIIee Hec-
KOHEYHO OOJIBINNM 3HaYeHud BOHOBOTO uncyaa K. Takyro HeycTORIMBOCTD
Ha3bIBAIOT CIIOHTAHHOM.

B pab6orax [6] — [9] mccienoBanack moTepst yCTOHUMBOCTH ITOBEPXHOCTH
pasiesia map—Bo/ia B reoTepMasibHOM pe3epByape, Koraa 0bJacTh BOJBI Ha-
xojuTed Hagt obacTeio mapa. llepexo)i K HEYCTONYMBOCTH MPOUCXOJIUI [IPU
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yBesimuenun uncsa Pases. B pabore [10] paccmarpusasach 1morepst ycroii-
9UBOCTU ITOBEPXHOCTU YPOBHA I'DYHTOBBIX BO/ DU HAJIMIUU T'DAJUCHTA Ka-
NUJJIAPHOTO JaBiieHust. 11oTepst yCTOHYMBOCTH SIBMSIACH CIEJCTBUEM CHHU-
JKEHWsl JIABJIEHUST B BOJOHOCHOM ropu3oHTe. OCOGEHHOCTh CIIOHTAHHOTO Te-
pexo/ia K HEyCTOWYIMBOCTH, TIOJYIEHHOTO B STUX PAaBOTaX, COCTOUT B TOM,
9TO B YCTOWYHBOM COCTOSIHUH JIUCIIEPCHOHHBIC KPUBBIE TOJTHOCTBIO JIEXKAT B
OTPUIATEEHON MOTyTI0CKOCTH Y. IIpH yMeHBIeHHN yCTORINBOCTH KPUBBIE
BBITIOJIAXKUBAIOTCST, TTPUOIMKASCH K ocH aberuce. B cocrosiany HeifirpasibHOi
YCTORYUBOCTH JTUCIIEPCHOHHBIE KPUBBIE COBIAIAIOT ¢ 0Cbio abcrmee ¥ = 0, a
[P BOBHUKHOBEHUH HEYCTOHYUBOCTH MOJHOCTBIO IEPEXOJIAT B OJOKHATE b
HYIO TOJIYILIOCKOCTh Y Kak 9T0 mokasaHo Ha Puc. 1b ([9]) u Puc. 1c ([10]).
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Puc. 1. JducnepcrnoHHble KPUBBIE IPU CIIOHTAHHOM IIEPEXOIE
K HEeyCTONYHUBOCTU.

B paccMOTpeHHBIX CIydasix MaTeMaTUuIecKue MOJENN AT KPUTEPUH yC-
TORYIUBOCTH, HO HE TO3BOJISIOT ONPEIETUTh pa3Mep Haumbosee HBICTPO pac-
TYIIEro BO3MYyIeHuda. MeTosl Teopunt (pUABTPAIINN TIPUMEHUMBI I UCCJIe-
JIOBAHUS TEUEHUN B MOPUCTHIX CPEIAX, KOTJA MACIITAD N3yJIaEeMOTO SIBJIEHUST
bosiee ueM Ha MOPsiJIOK MPEBBIIIAET pa3Mep TOp mopuctoit cpensl. Obpazo-
BaHue Hanbosiee OBICTPO PACTYINEH MOJIbI IPU OECKOHEYHO OOJIBITIOM BOJTHO-
BOM YHCJIE€ CBUJIETEJIBCTBYET O HEPUMEHUMOCTH MATEMATHIECKOW MOJIETH
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B JIAHHOM [TMAIIa30HE TAPAMETPOB JjId HAXO0XKICHUS XapPaKTEPHOTO pPa3Mepa
HauboJiee HEYCTOMYMBOI'O BO3MYIIEHMSI.

3 Iloreps ycToiiumBOCTH IIpU HYJIE€BOM BOJIHOBOM YHCJIE

Basopoe cranmonaproe perienne, KOTOPOe NCCIIEAYeTCst Ha yCTOHINBOCTS,
MOXKeT ObITh HeeJMHCTBeHHbIM. [Ipy n3MeHeHWM napamerpa, MPUBOIAIIErO
K HeyCTOHYMBOCTH, [IOTEPs] HEYCTONUNBOCTH IIPOMCXOUT IIPU HYJIEBOM BOJI-
HOBOM 4HCJIe, & 6a30Bble CTAIMOHAPHBIE PEIIeHNs CMBAKTCS U B CBEPXKDHU-
Tu9eckoit obactu nepecraor cymecrsoBarh (Puc. 2a). Tlepexon k mHeycToii-
YUBOCTH, B 9TOM CJIydae HPOUCKOASIIUI DU HYJEBOM BOJIHOBOM YHCJIe, CO-
OTBETCTBYET HEeyCTOHYMBOCTH GECKOHEUHO JyIMHHOrO Bo3MmyIeHus [6] — [10].
Jluciepcnontble KPUBbIE B 9TOM CJIydae MMEKT XapaKTepHbIH B, [1Peji-
crasiennstii #a Puc. 2b ([9]) u Puc. 2¢ ([10]).
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Puc. 2. HeenwuHCTBEHHOCTL peIIeHNsT U TOTEPsST YCTOHIHBO-
CTHU TIPW HYJIEBOM BOJIHOBOM UHCJIE.

ITockosbKY B pPaIbHOCTH HE CYNIECTBYET (PU3UUECKUX CUCTEM OecKOHed-
HOIl TPOTAXKEHHOCTH, TO B 3TOM CJIyYae pedb MOXKET UJATH O JJIMHHBIX BO3-
MYIIEHUSX, PA3MEDP KOTOPBIX COM3MEPHUM C Pa3MepoM (DU3UUECKON CHCTEMBI.
Ecan B xaxoii-ro obstactu napameTpoB 6a30Boe pEIIEHUE HE CYIIECTBYET, TO
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nepexo B 3Ty 00JIaCTh MapaMeTPOB CONPOBOKIACTCS OBICTPBIM POCTOM BO3-
MYILIEHU 1 pactiajoM 1nosepxHocru pasjena [11]. B obuacru cymecrsosa-
HEUS CTAIMOHAPHOTO PEIIeHNs B IUATA30HE HEYCTONIUBOCTH, GBLIO TOJIyde-
HO peIlleHne B cJaaboHeJuHeidHoM npubamxkennn. IoKa3aHo, YTO pa3BUTHE
CTabOHETMHENHBIX BO3MYIIEHNI ONMMCHLIBACTCA ypaBHeHHeM Koamoroposa—
ITerposckoro—Iluckynosa [12].

4 Ilepexoa Kk HEYCTOMYMBOCTHU ITPW KOHEYHOM BOJITHOBOM
qgmcJe B paMkax 3akoHa /lapcu

Bosnukmosenre rpaBuTAIMOHHON HEYCTONIMBOCTH B PaMKax KJacCHYe-
ckoro 3akona duiabTparnuu Jlapcu ncciieoBajoch B reoTepMaJIbHbIX CHCTe-
Max, Korja Tskesasd daza pacrosaraiach Haj jerkoit. Ilepexon k nHeycroii-
YUBOCTHY IIPU KOHEYHOM BOJIHOBOM YHCJIE, COOTBETCTBYIOEM KOHEYHOMY pas-
Mepy HamboJiee HEeyCTOWYIMBOTO BO3MYIIEHWS, OB MpeaCTaBjeH B paboTax
[3], [13]. B nepsoii pabore ucciaenoBaiuch ycaoBus yCTORUUBOIO MOJTOKEHNST
BOJIBI HAJT TAPOM, & BO BTOPOil — BOMIBI HAJ TAPOBOISIHOM CMechio. Boit cieman
BBIBOJI, YTO XapaKTEPHOE MOBEACHUE NUCIIEPCUOHHBIX KPUBBIX IIPU IHEPEXOe
K HEYCTONYMBOCTH, HANIEHHOE B 3TUX PAOOTAX, UMEET BUJ, IPEICTABICHHBIN
ua Puc. 3a ([13]).

AHaJIOruuHOE TOBEIEHNE JIEMOHCTPUPYIOT JUCIEPCUOHHBIE KPUBBIE B 3a-
Jade 0 33KAUKe KUAKOCTH B IOPUCTYIO CPpefy, COIPOBOXKIAIOMENCA ee mC-
napenuem [14]. B s1oit pabore Takzke ObLIN LPEICTABIEHBl PE3Y/IBTATHl IKC-
NEPUMEHTE 110 BOZHUKHOBEHUIO HEYCTONUYMBOCTU (PPOHTE MHIKEKITUU YKHUJIKO-
ro adupa B CI0# HATPETOrO TECKa, C MOCJEIYIONUM 00pPA30BAHUEM ITajIb-
1ieB kumkoit daswl. [loyueno KauecTBEHHOE COTIACHE SKCITEPUMEHTATBHBIX
JIAHHBIX C pe3yabraTaMu pacuetoB. CiieiyeT OTMETHUTD, UTO JIJisi HEOOIbIUX
3HAYCHUH BOJIHOBOIO YHUCJA, PACHOJIOXKEHHOI'O B OKPECTHOCTH HYJId, QUCIED-
CHOHHBIE KPUBBLIE JIEYKAT B HUXKHEH MOTYIIOCKOCTH X, 9TO COOTBETCTBYET
YCTOWYHUBOCTH JIJIMHHOBOJTHOBBIX BO3MYIIEHUI. DBOJIFONNS TUCIIEPCHOHHBIX
KPUBBIX IIpeJIcTaBjieHa B pabore [15], rie nceaemopasack 3a1ada 0 TpaBUTa-
[UOHHOM HEYyCTOMYUBOCTH CJIOA BOABI, KOHTAKTUPYIOIIEr'o ¢ YIVIEKUCJIOTO!, B
KOTOPOM IIPOUCXOAUT PACTBOPEHHE YIVIEKUCJIOrO ras3a, NpPOUIIIOCTPUPOBAHA
ua Puc. 3b.

Brerrie moxozkee moBe/ICHIE TUCIIEPCUOHHBIX KPUBBIX (pHC. 4a) HOJTyIeHO
B pabore |16], B KOTOpOIi HCCIe10BATACH JIUHEHHAS YCTONIMBOCTD TEUCHUS B
TeIuioBo#l Tpybe B reoTepMaJbHOM Pe3epByape, KOrJa UMeeTcsl IPOTUBOTOK
BOJBI U IIapa B 00JIACTH UX COBMECTHOIO cyIiecTBoBaHusd. OJIHAKO MOXKHO
3aMETUTh OHO CYIIECTBEHHOE PA3JIn4YMe B MOBEJCHUM JVUCHEPCAOHHBIX KPU-
BBIX, KOTOPOE 3aKJII0YaeTCd B TOM, 9YTO B TOCJIEHEM CIIyvdae JAUCIEePCUOHHBIC
KPWBBIE B OKPECTHOCTH HAYaJIa KOOPAWHAT JeKaT Ha ocu abcrwmce, T.e. Ha
JINHUW HEeWTPAJbHON MM MaprUHAJIbHON yCTOHYMBOCTHA. DTO O3HAUAET, UTO
JIMHEWHBIN aHAJIN3 He JjaeT oTBeTa 00 ycTolunBocT (PU3NUECKO CHCTEMBI B
caydae JJIMHHOBOJIHOBBIX BO3MYIICHUI.
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Puc. 3. Tlepexon kK HEYCTOWYIHBOCTH TIPW KOHEIHOM BOJIHO-
BOM UHCJIE.

IIpn mcemenoBarmy yCTONIMBOCTH TOBEPXHOCTH XUMHIECKON peakInm
MEXKIY JBYyMsl JKUJIKOCTSMU B mopuctoif cpege ([17]) 6vL10 mMOTyUeHO, 9TO
mepexo] K HeyCTOWIMBOCTH MPOUCKOINT TIPH KOHEIHOM BOJTHOBOM YHCJE, HO
ero HyJjleBoe 3HadeHue TaKzKe BCEerJia COOTBETCTBYeT HedTpalbHOoil ycToi4vu-
BOCTH, KaK 9TO IoKa3aHo Ha Puc. 4b ([17]).

Bamaua 06 yCTOWIHBOCTH CJIOST BOJBI HAJ, CJIOEM TApa, PacCMOTPEHHAs B
[3], Gbuta obobIIeHa Ha caydail Haguuus (HA30BOTO MEPEXOia B HEBO3MY-
[EHHOM cocTOstHUU [6, 7|. DTO MO3BOUIO OOBICHATH YCTOHIUBOCTH PaC-
CMaTpUBaEMOit (GU3MIECKON CHCTEMBI, KOTOpast HAOI0MaIach Ha MPAKTHKE
mpu 6oJtee BBICOKOM TTpoHUIIaeMocTn moposa. Kpome Toro, B 3aBUCHMOCTH OT
W3MEHEeHU mapaMeTpoB, KOTOPbIE MPUBOAAT K MOTEPE YCTONIUBOCTH, OBI-
Ju ODHAPYKEHBI BCE THUIHI MEPEXOI0B K HEYCTONIMBOCTH, B TOM UHUCJIE TIPH
KOHEYHBIX 3HAUEHUAX BOJJHOBOI'O YHUCJIA. Hepexo,:p K HeyCTOﬁqHBOCTH opn
KOHEYIHOM BOJIHOBOM YMCJI€ MO2KET COIIPOBOXKAATHCA TAKUM TTOCJIEAYIOIIUM
pa3BUTHEM HEYCTOWYIMBOCTH, KOTOPOE MPUBOAUT K YMEHLIIEHUIO MACIITada
HaAnboIee HEYCTOWINBOTO BO3MYIIEHH, BILTOThH 10 OECKOHETHO MAJTOTO 3HA-
genus [7], [8] (Puc. 5a u Puc. 5b).

B pabore 18] paccmarpuBanach HHKEKIMS BOJbI C IOCTOSIHHOM CKOPOCTHIO
B Te0TEpPMaThHBIN pe3epByap, HACKHIIEHHBIN meperperbiM mapom. OgHoMEp-
HAs 3371898 WMEET PeIeHne TUMa Oeryieil BOJIHBI, KOTOPOE MCCIeA0BATOCH
Ha, YCTOWYMBOCTH. XAPAKTEPHBIN BUJ AUCIEPCHOHHBIX KPUBBIX M300paKEH
va Puc. 6a. HeycrofiuuBocrs dbpoHTa KUIEHUS] BO3HUKAET C IOBBIIIIEHUEM
HavaJIbHOI TemIlepaTypbl U IIPOHUIIAEMOCTH IIOPO/L, & TAKKe C yBeJINnYeHneM
HAYAJIBLHOTO JABJIEHUST TIEPErPETOTO Mapa.

Ha puc. 6b npeacrasiena 3aBUCHMOCTE 6€3pa3MePHOTO KPUTHIECKOTO BOJT-
HOBOTO uucia K, TIPU KOTOPOM TPOUCKOJUT TTEPEXO]] K HEYCTOWUNBOCTH,
OT TPOHUIAEMOCTH. KpHTUYeCKOMY BOJIHOBOMY YHCIY COOTBETCTBYET JIH-
HelHbIi pasmep HamboJiee OBICTPO PACTYINEro Bo3mymieHust L., (puc. 6c¢).
ITepexom K HEYCTOWYMBOCTH MPOUCXOTUT TMPU KOHETHOM BOJTHOBOM UHCIIE.
KopoTKoBOTHOBBIE U JTHHHOBOJHOBBIE BOZMYIIEHUS 3aTYXAIOT TPH JITOOBIX
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Puc. 5. Ilepexon K HEYCTOMYIUBOCTH TIPM KOHEUYHOM BOJIHO-
BOM THCJIE C TTOCJEIYIONTUM PA3BUTUEM BO3MYIIIEHUN TIpH Oec-
KOHEYHO OOJIBIIIOM BOJTHOBOM YHCJIE.

3HAUYEHUSX TapaMeTpoB, 33 UCKJIIOYEHUEM BO3MYIIEHUS, COOTBETCTBYIOIIEro
HYJIEBOMY BOJIHOBOMY YHCJIY, KOTOPOE HAXOAUTCA B COCTOSHUMN HEHTpaIbHOI
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Puc. 6. Ilepexos kK HEYCTOMYIMBOCTH TIPU KOHEYHOM BOJIHO-
BOM YHCJIE W OIEHKA, XapaKTEPHOTO pasMepa Hanbojiee ObICT-
PO PaCTYIEro HEYCTOMINBOTO BO3MYIICHUSI.

ycroiiunpocTu. B HeycToituuBhIX ciryuasix Hanbosiee HBICTPO paCTYIONINE BO3-
MYIIIEHIS [IPU XapaKTEPHBIX 3HAUEHUSX TapaMeTPOB UMEIOT pa3Mep NOPAIKa
OIHOTO METpa.

5 KopoTkoBosIHOBasg HeyCTONYNBOCTDH

Bo mmormx 3ajavax HaleHBI AUANa30Hbl MAPAMETPOB, KOTIA Mepexo K
HEYCTOHYUBOCTH PEAIUBYETCS DU OECKOHEYHO OOJIBIIOM BOJIHOBOM YHCIIE,
COOTBETCTBYIOLIEM OECKOHEYHO Ma/IbIM pa3Mepam Bo3myuenus [6] — [12]. Ha
Puc. 7a ([7]) u Puc. 7b (|9]) npexcraBrena xapakTepHAast SBOIONNS IACIED-
CHOHHBIX KPUBBIX TIPH TIEPEX0/Ie K HEYCTOHIMBOCTH IPH GECKOHETHO OOJIBINIX
3HAYEHUAX BOIHOBOTO HYHCIIA.

EcrecTBenno mpeanoiokuTh, Kak y2Ke paHee ObLIO CKa3aHO B CIydae CIIOH-
TAHHOI HEYCTONIHBOCTH, ITO MaTEMATHIECKasT MOJIEIb He JTaeT IeKBATHOTO
OIMCAHNUS TIOTepH ycroitanBocTr. Ecim MaciiTabpl siBIeHns MaJibl, TpHOIN-
JKeHHe Teopnu (bUIBTPAINE HEIPUMEHNMO. XapakTepHbI MacIITad 3a1atd,
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Puc. 7. Xapaxrepubie [UCTIEPCHOHHBIE KPUBBIE TIPH TIEPEXO0-
le K HEYCTOMYIUBOCTH TPU OECKOHEIHOM BOJTHOBOM UHCJIE.

KOTODBIM 3JIECH SIBJISIETCsI pa3Mep BO3MYIIEHUS, JOJIKEH ObITh MHOTO 6O0JIb-
e pa3Mepa Iop HOPHUCTOU cpejbl. Kciau 310 He BhIOJHSIETCsE, TO Tpebyer-
csl YTOUHEHWE U MOJMDUKAIINS MATEMATUYECKOH Mojeau. B mpuBeieHHBIX
npuMepax B KadeCTBE OCHOBHOI'O YPaBHEHUs UCIIOJIb30BAJICH KJaCCUYECKUM
3akon dusabTparuu Jlapcu, KOTophlil nMeeT B

V= —§VP
1
r7le V — BEKTOP CKOPOCTH, k — MPOHUITAEMOCTD, 4 — BA3KOCTh, P — maBienne.
Bakon Japcy IpaMeHnM I ONHCAHNAS JOCTATOYHO KPYIHOMACIITAOHLIX
mporeccos. s ommcammsa MeIKOMACIITAaOHBIX MPOIECCOB MOMKHO BOCIIOJL-

30BaThCs 000OIIEHHBIM ypaBHeHueM (uabTpalun bpuakMana

—-VP — %v+ueAv =0

rie fe — 3bdexkTuBHas AUHAMUYECKas BA3KOCTb. Eciiu nosioxuth 3ddek-
TUBHYIO BSI3KOCTH PABHOHN HYJIIO, TO JAHHOE yPaBHEHWE TTEPEXOIUT B 3aKOH

dunbrparuu Hapcn.

6 Ilepexom K HEYyCTOWYMBOCTU T€UYEHUsSI B paMKax
ypaBHeHua BpuHKMaHa

Bajiaua 06 yeTOWIMBOCTY BEPTUKAJIBHOTO TeUEHUST B HEDTAHOM KOJLJIEKTO-
pe ¢ 1a30BOl MmAIKoi, ObL1a uccae0BaHa B paMkax npubsrmkenus Jlapcu B
pabore [19]. Bouto HaiiieHo, 9TO mepexos1 K HeyCTORIMBOCTH BCETIA Peasnsy-
eTcst TpM GECKOHETHO HOMBINMNX BOJHOBBIX YNCIAX. AHATOTHYIHAS 3a1a9a UC-
CIIeTOBAJIACh s CJIydasd, KOTJa TedeHue ONMNCLIBAeTCsl ypaBHeHneM BprHK-
mana [20]. Beuto HaiimeHo, YTo TpH BCEX 3HAUEHWSAX MApPaMETPOB, CKOPOCTH
pOCTa KOPOTKOBOJTHOBBLIX BO3MYITIEHU CTPEMUTCA K HYJIIO IPU HEOTPAHUIEH-
HOM BO3PaCTaHUM BOJTHOBOTO UHCJa. BUa TUCIepCHOHHBIX KPUBBIX MPEICTAB-
Jaen wa Puc. 8a.
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Puc. 8. Tlepexon kK HEYCTOWYIHBOCTH TIPW KOHEIHOM BOJIHO-
BOM YHCJe Jijig OOOIEHHOTO 3aKoHa (puabTpanun bpuarkma-
Ha.

CooTBercTBeHHO, IpU OOJBIUX BOJHOBBIX YHC/IAX, YEM MEHBIIE Pa3Mep
BO3MYIIEHMI, TeM MeJJjieHHee OHU pacTyT. B 9ToM cMbic/ie MOXKHO CUHTATH,
Y9TO MaTeMaTUIecKasi MOJIE/ b, UCTIOJIb3YIOIIas 06001eHHOe ypaBHeHue HOuib-
Tpaluu BprHKMaHa, KOPPEKTHO OIUCHIBAET MEePEX0J] K HeycToituuBocTu. 13
BHJIa KPUBBIX CJIEIYET, YTO JAHHBIA 1Tepexo/] K HeyCTOHInBoCTH (DOPMAIbHO
MO2KHO OTHECTU K CIIOHTAHHOMY Mepexojy, HO Haubosiee OBICTPO pacTylias
MOJIa, COOTBETCTBYET BO3MYIIEHUIO KOHEYHOI'O Pa3Mepa.

Yuer cuji BHyTPEHHEr0 TPEHUsI, BBIPAKAIOIIUNCS B [TOABJIEHUS OIIEPATOPA
Jlamaca B ypaBHeHUN (PUILTPANNNA, U WX BJIUSHHE HA YCTOWIUBOCTH TaAK-
’Ke PACCMaTPUBAJIOCH B 33j[a4e NCTIAPEHNsT CJI0sT BOJbI, PACITOJI0KEHHOT'O HaJ
noyi3eMHbIM coopy:kennem. Ilpejmosaranoch, 9To CJI0H BOJBI OT/EJIEH OT
CBODOIHOTO TTPOCTPAHCTBA, TTOPOIAMHU, HACHIIIEHHBIMUA BJIAYKHBIM BO3YXOM
[21]. Bbuio nostyueno, 4ro ncnop30BaHue ypaBHeHWsi BpuHKMaHa yCcTpaHs-
€T HeOTPAHWYEHHOCTh CKOPOCTH POCTa BO3ZMYIIEHHWN [J1d NOBEPXHOCTH Pa3-
Jlela Ha Maslblx Maciirabax, 9ro mMeer MecTo B ciaydae 3akoHa lapcu [12].
B npubsnzkennn Bpunkmana B ciydae HeycToH4MBOCTH Hamubosiee HeyCTON-
YHMBasd MOJIA COOTBETCTBYET KOHEUHOMY 3HAYEHHUIO BOJIHOBOI'O YMCJIA, KAK ITO
nokaszano Ha Puc. 8b ([21]).

Breraucienus: nokasasu, 4TO IOBEPXHOCTH pasjiesia CTaHOBUTCS OoJiee yc-
TolumBOil B npubsmkenwn BpuakMana, Kak 3TO MPOMJLIIOCTPUPOBAHO HA
Puc. 9, rje na nockocTy jlaBjeHre B IJIACTE — [IPOHUIAEMOCTD IPECTaBIIe-
HBI MapPIruHa/JIbHBIC KPUBbIC yCTOﬁ‘{I/IBOCTI/I. C.He,ZLyQT HHOAYEPKHYTh, 9TO XOTA
npubimkenne apcu He maeT MOMHOCTBIO KOPPEKTHOTO OMHUCAHUS MEPeXo-
Jla, K HEYCTOMIMBOCTH, HO YCJIOBUSI BOSHUKHOBEHUS HEYCTOWUMBOTO PEKUMA
TeYEHUsT OMMUCHIBACT C YIOBIETBOPUTENBHON TOUYHOCTHIO.

Hns oboux ciaydaeB MCIOIB30BaHUs ypaBHeHus BpuukMmana ObLIH TPO-
BEJIEHBI YUC/EHHBIE OIEHKHU (POPMUPYIOMINXCA HEYCTOWUNBBIX KOPOTKOBOJI-
HOBBLIX Bo3MmyIenn#i. HafimeHo, 9To JUHEHHBIH pa3Mep BO3MYVIIEHUs] B 3a-
BUCUMOCTH OT TAapaMEeTPOB, HAYAJBHBIX M I'PDAHUYHBIX YCJIOBUN HAXOIUTCS



O HEYCTOMYMBHIX BOSMYIIIEHUAX B TEOPUM OUJIBLTPAIIUN A4l

1.254

STABLE

1454 DARCY
er

1,104

1.054

UNSTABLE BRINKMAN

1.00 ; : ; : ; . s
08 12 a 16 20

o

Puc. 9. Maprunaabable KPUBbBIE, COOTBETCTBYIOIIHE TMTPU-
ommxkennam Jlapcr n Bpuokmana.

B nperenax or 0.1 MummmMmerpa 0 HECKOABKUX MUKPOH. Takmm o0Opasom,
MOXKHO CJIeJIaTh BBIBOJM, YTO MPUMEHEHNE ypaBHEHUs DpUHMaHa He UCIpPaB-
JIFeT CUTYAIWIO s OOIBITMHCTBA TPUPOSHBIX MMOPUCTHIX CPE/I.

7 3akawoueHne

PaccMoTpeHnbl puMephl MEPEXOJIOB K HEYCTONYINBOCTU (DUIBTPAITUOHHBIX
TedeHU! B paMKaxX JnuHeiHoit Teopuu. llosydennble AucmepCcHoHHBIE COOT-
HOIIIEHUs TTOKA3BIBAIOT, uTO B npubsmxkenunn lapcu nambosiee Heycroiiyu-
Bbl€ BOBMYIIEHUA MOTYT BO3HUKATH TIPU HYJIEBHIX, KOHCIHBIX U 68CKOH€‘{HO
OOJIBIINX BOJTHOBBIX Yncaax. st OMHOro u TOTO Ke NUCIEPCUOHHOTO yPaB-
HEHWA TUII TIEPEeX0Ja 3aBUCUT OT TTapaMeTpa, USMEHEHNEe KOTOPOTO IMPUBOJINUT
K HeycrofiumBocTu. Hampumep, B reorepMasibHON CHCTEME TIPU W3MEHEHUN
MTPOHUIIAEMOCTH HEYCTOWINBOCThH Panes—Tettnopa Bo3unkaeT npu HECKOHEH-
HO 6OJ'[I)H_H/IX BOJIHOBBIX YMCJIaX, a4 IIPU U3MEHCHNU JAaBJIECHUA — IIPDU KOHEIHBIX.

BO3HI/IKHOB€HI/I€ HeycTOﬁqHBOCTH TOBEPXHOCTHU pa3JeJ/ia PN HYJIEBBIX BOJI-
HOBBIX YMCJAX COOTBETCTBYET BO3MYIIEHHIO DECKOHEYHO DOJIBIIOTO MACIIITa-
6a, ITO ABISIETCS CIEJCTBAEM HMTCATHBANNN MATEMATHICCKON (POPMYIHPOB-
ku pusngeckoro gpenus. B peasbHOCTH (pU3MYECKAd CUCTEMa OTPAHUICHA,
COOTBETCTBEHHO HEYCTOWYMNBOE BO3MYITIEHME OyJeT KOHETHOTO pa3mepa, HO
KPYIHOMACIHITAOHBIM.

Hepexo,: K HeyCTOﬁqHBOCTH opr KOHEYHBIX BOJIHOBBIX YHCJ/IaX COOTBET-
CTBYE€T BO3HUKHOBEHWIO HaI/I6OJ'[ee HeycTOfIqI/IBbIX BO3MyH_[eHI/H71 KOHEYHOI'O
pasMepa. Pacuerni, mpoBegeHHBIE B PACCMOTPEHHBIX TTPUMEpax, MOKA3ATH
XapaKTepHbI MacmTab Hanbojee OBICTPO PACTYIIUX BO3MYITEHUH, KOTOPDIi
U3MEHSIETCsI, B OCHOBHOM, B TIp€J/iejiaX OT HECKOJbKUX CAHTHUMETDOB JIO Jie-
CATKOB MeTpoB. Taxue BO3MYIEHUS XOPOIIO OMUCHIBAIOTCS KJIACCHUECKUMU
YPaBHEHUSIMU TEOPUU (PUIIBTPAIINAH.

OcobbIM cityuaeM sBjIsgeTcs BOSHUKHOBEHIE KOPOTKOBOJIHOBOW HEYCTONIH-
BOCTH, Korja Haubojee OBICTPO PACTYINAsi MOJa COOTBETCTBYET GECKOHEUHO
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60JIBIITOMY BOJTHOBOMY duCy. QOUeBUIHO, 9TO TAKON MEPEXOJL HE OITUCHIBACTCSI
[PEJICTABACHHON MaTeMaTnIecKoit Moaenbio. Teopust buabrpanuu IpuMenn-
Ma K 3aJlauaM IBWKEHUS B MOPUCTBHIX Cpelax, KOoTma Macirab pusniecko-
ro SIBJEHUS Ha MOPAIOK U Oojiee TPEBOCXOAUT paszMmeps! mop. Ucmoas3oBa-
HUE BMECTO KJIACCHIEeCKOT0 3aKoHa Japcu 0600IeHHOT0 3aK0Ha (DUIBTPAIIHI
Bpunkmana, yaureiBatoiiero MeakoMacimrabubie 3@ eKkThl, MoKa3aao, ITo
00J1acTh YCTONYMBOCTH B TMPOCTPAHCTBE ITapaMeTpoB yBejauuupaercs. Kpo-
Me TOT0, TIOJABJSETCs TEPEX0JT K HEYCTONIUBOCTHU MIpU ODECKOHETHO HOTBIITNX
BOJIHOBBIX YMCJIaX, BO3HUKAIONINI ITPU UCHOJb30BaHWM ypaBHenusi lapcu.
OunnHako B 3TOM ciyuae npubinkenne BpUHKMaHA JaeT BCe PABHO OYEHb
MaJiblit xapakTepHbIil MacmiTab Haubosiee HBICTPO PACTYINEr0 BO3MYIIEHUS,
COCTABJISIFOIIUI JOJIM MULJINMETPA U MeEHee.

B pesyipraTe MmaTemaruiyeckas Mojie/ib BpuHKMaHa CTAHOBUTCS KOPPEKT-
HO¥ TOJBKO JIJIsi MEJIKOJIUCIIEPCHBIX CPE/l, HAIIPUMED IJVIMH, HO HE PEIaeTCs
BOIIPOC J7ist DOJIBIIMHCTBA TPUPOJHBIX MOPHUCTHIX CPEM, ITOCKOIBKY pa3Mep
HEYCTONYUBOIO BO3MYIIEHUsI COU3MEPUM WJIK JIaKe MEHbIIIEe Pa3Mepa op II0-
pucToit cpegbl. MOXKHO TPEINOJIOKUTH, ITO WCCAEJOBAHNE JaHHOTO KJIACCa,
339 O HEYCTOWYMBOCTH TEYEHUIT B ITOPUCTBIX CPEJaX BO3MOXKHO TOJIBKO
C IIpuMeHeHneM MeTOA0B MHUKPOMEXaHUKW Ha MaC]_HTa6aX, COBIIAJAIOIMINX C
pa3sMepaMm op MOPUCTON CPEJIHI.
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