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NPEAHUCHNOBUE

Mexannka, apeBHefimuii pasaes (DH3MKH, Ho cefi AeHb OCTaercd
OCHOBOH IIpOrpecca COBPEMEHHOH TeXHHMKH, 4TO OCOOEHHO SICHO BHAHO
Ha npumepe HedTSHON K Ta30BOH NMPOMBILLIEHHOCTH. [louTn Bce TE€XHO-
JIOTHYeCKHe NPOolecchl 3THX OTpacjieli HapOAHOro X03fiicTBa, HaYyHHAs C
6ypeHHs] CKBAXHH H KOHYasi TPAHCIOPTHPOBaHHEM NOOGHITON NPOAYK-
IHM N0 MarucTpaibpHbLIM HedTe- M rasonpoBOfiaM, SBJASIOTCS MeXaHH-
YeCKHMH MO cBoel mpupoje. lleHTpaJbHOe MeCTO B TEXHOJOTHUECKOM
LHKJIe 3aHHMAIOT Npolecch pa3paboTKH He(TAHHIX MeCTOPOXKJICHHEH.

Hcnonb3oBande HaydyHBIX METOJOB JJISl COBEpIIEHCTBOBAHHS TeX-
HOJIOTHH — JaBHsAS TpaiHLusi HedTAHOH H Ta30BOH NPOMBILIJIEHHOCTH.
OCHOBOMOMIOXKHHKAMH YILJyO/J€HHOrO NPHIOXKEHHS MeXaHUKH K Hed-
TAHOMY Aesy B Hawe# crpade 6wmin B. I'. Ulyxos u JI. C. JlefiGeHsoH,
TPYAbl KOTOPHIX COCTABJAKIOT NpeJMeT CNpaBelJHBOH COPAOCTH OTeve-
CTBEHHOH TeXHHYeCKOH MBICJH.

B name BpeMs CyIIECTBEHHO YVBeJHUHJHCh Maclitabbl AOGHIUH
He(TH U rasa H BBOAATCH B Pa3pabOTKy MeCTOPOXJEHHS €O CJIOXHBI-
MM (DH3UKO-re0JIOTHUeCKHMH yCJOBHAMH, pellaeTcsl BaxKHeliwas npo6-
JeMa YBEJHYCHHA INOJHOTH H3BJeYeHHs HedTH H3 HeJp. B cBaA3u
C 3THM 3HaUHTEJbHO IOBLICHJICS YPOBEHb TPeOOBAHHH K NOHHUMAHMIO
TOro, Kak ABHXKYTCH B IJIaCTax HACHINAIOMME HX XKHIKOCTH — HeTh,
ras 4 BOJA.

Teopuu [ABHKEHHS KHAKOCTEH H rasoB B INPHPOJHBIX HOPHCTHIX
cpegax (mOA3eMHOH TMIAPOJAMHAMHKE) NOCBsLleHO MHoro kHur. Ilpex-
JaraeMasl KHAra HX He NOBTOPSieT — CO BpeMeHeM He TOJIbKO Hakam-
JIMBAIOTCS HOBHi€ Pe3yJbTAaTH M MOSIBJASIOTCS HOBBle HANlpaBJAEHHS, HO
M CMeUlaloTcs aKIeHThl Aa)ke B KJIaCCHYCCKHX pasfienax. ABTOpPH
CTPEMHJIHCh TI0KA3aTh B KHHre eCTeCTBEHHYIO CBfA3b KJACCHYECKHX
H COBpeMEHHBLIX pa3/ie/ioB OA3eMHON I'HAPOAUHAMUKH.

Kuura ajgpecoBaHa Tem He(hTIHHKaM M cleLUaJHCTaM Ta3oBOH
NpPOMBIUIIEHHOCTH, KOTOpHle BeIyT HCC/eJ0BaTeNbCKYl0 PaboTy HIH
TOTOBAATCS K HeH M MCHOBITHIBAIOT INIPH 3TOM HeOo6XOJHMOCThL 6oJiee
HIHPOKO HCIOJb30BATh MOJAEIH H METOABl COBPEMEHHOH MeXaHHKH
CIUIOWIHEIX Ccpel. BMecte ¢ TeM, YyuYHTHIBasg BCe BO3PAaCTAIOIIHH
uHTepec K HedTsHOH M Ta3oBof NpobJieMaTHKe €O CTOPOHB MaTrema-
THKOB, MEXaHHKOB H (PHM3HKOB, aBTOPH CTPEMHJHCH clejaTb KHHUTY
NOJIE3HOH M 1Jis HHX.

PemeHre NpakTHYeCKHX 3afay COBPeMeHHOH HedTSHOH H rasoBoi
TEXHOJIOTHH TpebyeT MCNOJb30BaHHSI M pa3paboTKH CaMBIX COBpPeMeH-
HBIX TeopeTHueCKHX nocTpoeHHi. I103TOMy OCHOBHOE BHHMaHHe B KHH-
Te yjAeJeHO IOCTAHOBKE MNPUHIHMIHAJBHEIX 3afay NOA3eMHOH TrHJpo-
JHHAMHKH, ee uJeAM H MeTofaM. ABTOPH HajeloTCs, 4TO OTOOp MaTe-
pHasa no 3THM NpUHIMNAM 6ygeTr NOJE€3eH ClelHaJHCTaM H NOMOXer
HaYHHAIOIUM HCCJIEOBATENsAIM OHICTPEE NPHCTYNHTb K CaMOCTOSATEb-
HOl paboTe B 3TOH yBJeKkaTelbHOH OOJIACTH, B KOTOPOH NpaKTHYecKast
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NOJIE3HOCTh HEePa3PBLIBHO COYETAeTcs C NOLJHHHOA Hay4yHOH KpacoToil.
OueHb 1OYyYHTENBHO H TO OGCTOSITENBLCTBO, UTO HMEHHO B NIOA3EMHOM
FHAPOJHHaMHKe Haubojiee OTYET/HMBO IPOC/IEXKHUBAIOTCH M JOBOASATCS
00 OGO3PDHMEIX KOHEUHBIX pe3yJbTaTOB MHOrHe (yHIaMeHTajJbHble
HIEeH U METOJbl MEeXaHUKH CIIOIIHEIX Cpell.

Astopu ray6oko Gaarogapun A.lO. Mumnckomy u C. A. XpucTH-
aHOBHYY 34 [OCTOSHHOE BHUMAaHHE K HMX HCCJIELOBaHHAM, HamleXUINM
oTpaxeHMe B npepjaraemoil kuure, OHH ¢ §JarofapHOCTbIO BCIOMHU-
HAIOT CBOM MHOrOYHCJeHHble Gecefibl ¢ y4eHbIMH-He(hTAHHKaMH, BIep-
Byto ouepenp A. Il. KpeioBeiM, M, A. Uapueim, A. X. Mupsagxan-
3ane, 10. B. )KenroBhiM, 0KasaBHiMe BIHSHHE Ha IPeIMET WX HHTepe-
ca B MOA3EMHON TFHApOAMHaMHKe. ABTOpHl GiarofapHbel BCEM, KTO
CBOHMH COBETaMHM M KPHTHKOH CIIOCOGCTBOBAJ YJYYLIEHHIO KHHIH,
1 ocobenno lO. I1. JKeatopy u A. ®. 3a30BCcKOMY, cIeJaBIIHM LEH-
able 3aMedaHHa no pykonucH. M. A. Bukroposy u JI. I'. ®azgeeBy
apTopbl Osaronapsit 3a NOMolib B OGOpPMJEHHH PYKONHCH H INOArO-
TOBKe ee K [eyaTH.

[To orpanuyeHHsiM TEXHHUECKOrO XapakTepa aBTOPHl CMOIJIH IIPO-
[IUTHPOBATh JHIIb MaJyl J[AOJNI0 HCCAeLOBaHHH, Oe3ycsOBHO 3aciy-
JKHMBAKOLIAX YINOMHHAHHSA. ABTOPH CO3HAIOT HEIOJHOTY KHHTH B 3TOM
OTHOILEHHH H NPHHOCAT YHTATENAM CBOH H3BHHEHHS.

ABTopHl O6yAyT NPU3HATENbHB UHTATENSIM 32 3aMeYaHHsl MO KHHre,
Or3biBbl  OpOCHM HANpaBaaTe nmo ajapecy: 103633, MockBa, K-12,
TperbsikoBckuii mpoess, 1/19, usparenscreo «Hezapa»,



rNTABA OCHOBHBIE MNOHSATHUSA
MOA3EMHOM
1 T'HAPOTA30JUHAMUKHU

§ 1. OcoGeHHOCTH TeOPHMN ABHIKEHHS XKMIAKOCTM M rasa
B MPHPOAHBIX MJIACTAX

MecTopoXieHHs: HE(DTH H MPHPOAHOIO rasa uyaille BCEro NpPHYpO-
YeHbl K MOAHATHAM WJH CKJIaAKaM IJacTOB TeppHreHHbIX H Kapbo-
HATHBIX OCaJOYHBLIX NOpPOJ (IeCYaHUKOB, H3BECTHSIKOB, aJIeBPOJIHTOB,
TVIHH) , IPEACTABASIONIHX cOOOH CKONJIEHHS 3epeH MHHepaJioB, CB3aH-
HBIX IIEMEHTHDYIOIIHM MaTePHAaJoM H NpeoGpa3oBaHHHX B pe3yJbTa-
T€ TeOJIOrHUECKHX MPOLECCOB.

ITopoBoe npocTpaHCTBO TEPPHIEHHBIX TOPOX — CJIOXKHAs Hepery-
JsipHasi CHcTeMa coOOILarolHXCs (HHOrAa — H30JHPOBAHHREIX) MeX-
3ePeHHBIX NyCTOT C pa3MepPaMu NOp, COCTABSIOLIHMH €JHHHIBI HJIH
JEeCSITKM MHKPOMETPoB (puc. 1).

B kap6onaTHeix nopoJax (M3BeCTHSKaX, AOJOMHTAX) CHCTeMa TNOp
6osiee HEONHOpPOAHAZ, Kpome TOro, ropasjgo GoJsiee pa3BHTa CHCTEMa
BTOPHYHBIX ITYCTOT, BO3HHKUIHX mocje 00pa3oBaHHA caMoil TODOXEL
Crona OTHOCATCS TPELIMHbl, BbI3BAHHBIE TEKTOHHYECKHMH HalpsKe-
HHSIMM, 4 TaKXe KaHaJBl H KaBePHH, BO3HHKIIHe 6Jarogaps pacTBo-
PeHHIO CKeJieTa IOPOABI BOJOH (HHOrZa CONPOBOXAAKIOIIEMYCH XHMII-
geckofi peakuueii). IlpoTsKeHHOCTp TpeUmIMH H pasMepsl KaBepH
MOT'YT HAMHOT'0 NPEBOCXOJHThL pa3Mephl MEPBHUHEIX MOP.

JKuznxHe Hia¥ rasoo0pasHbie yrjieBOJOPOJH, ILTOTHOCT KOTOPBIX
MeHbllle MJOTHOCTH BOJABI, CKalJIHBAlOTCA B HOAHATHAX («JIOBYLIKaX»)
NopoJ, BHITECHASA paHee HaxXoauBumiyiocs TaMm Boay. Yrtobm Mecro-
poxKieHHe HeTH HJH rasa MOTJO COXPAHHTHCS, NMIACTHI-KOJIJIEKTOPHI
JIOJKHBL OBITh H30JHPOBAHEl OT BHINE- W HHXeJeXallux MpOHHlae-
MBIX HJIACTOB KPOBJIeH H MOJOUIBOH: CJOSMH HENPOHHNAeMEBIX NODPOX,
yale BCero rJHH WU coau (pHc. 2).

CrpoeHue He(hTAHBIX H Ta30BLIX 3aJeXel OCJOXKHseTcs 3HauH-
TeJlbHOM HEONHOPOAHOCTHIO H Ipexje BCero MHOTOCJIOHHOCTLIO
caarawmux ux nopoi. HedTe- M raszoHocHble IJIAacTH 4acTo Iepe-
CexapTCs KPYIHBIMH TEKTOHHYECKMMH HapyLIeHHSIMH — pa3phBIBaMH
CHoWHOCTH nopoAd. Jobriua HepTH M ra3a, passelka MecTOPOXIeHHH
U HCClelOBaHHe IJIACTOB BEAYTCS Hepe3 OTJe/bHBlE CKBaXKHHHL JHa-
Merpom 10—20 c¢m, oTCTOsIliME APYr OT ApPyra Ha COTHH METpPOB.

Mub HanomMuuan 3TH o6iensBecTHble (aKTh, uUTOOH NMOAYEPKHYTh
BHITEKAIOIIHe M3 HHX OCOOEHHOCTH TEOPHH (PUAbTPALM¥ HedTH H rasa
B NpupoAHblx mnacraXx. OoHa M3 HHX 3akJioyaercsd B HeOOXOAHMOCTH
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OIHOBPEMEHHO pacCMaTPHBATh MpOIecCH B O6JAacTAX, Xapakrep-
Hele pasMeDbl KOTOPHIX pAa3/IMYalOTCs HAa MOPAAKH: pasMep [Op
(exuHUILI H JecsiTKH MHKPOMETPOB), JHaMeTpP CKBaXKHMH ([AeCSTKH
CaHTHMETPOB), TOJUIHHE NJacTOB (eJWHHIB H JECATKH MeTPOB),
PaCCTOSHHSI MeXJAy CKBaXXMHaMM (COTHH METpPOB), TpPOTAXKEHHOCTh
MEeCTOpPOXKIeHHH (10 NecATKOB M JaxKe coTeH KuHJoMeTpoB). Kpowme
TOTO0, HEONHOPOAHOCTh MJIACTOB (IO TOJIIMHE M IUVIOWIaAH) HMeeT
XapaKTepHBle pasMephbl NpaKTHUYecKH Joboro Macmratba.

CeeleHHs 0 IJIacTe NIPH BCeM HX PasHOOGpasHH Bcerpa orpaHuyge-
Hel. OHU CKJNajAbIBAlOTCS H3 TEOJIOTHYECKOH M reodusnyeckoil HHOp-
MallH{: AAHHBIX MCCJedOBaHHA 0o0pa3loB NOPOAb H THAPOAHHAMHYE-
CKHX HCC/ellOBAHHH CKBAaXKHWH, Pe3y/JbTAaTOB aHajM3a OTOOpAHHBIX H3
CKBAaXXHH Npo6 He(TH, ra3a H IJIACTOBOH BOAH; H, HAKOHEL, H3 HC-
TODHH Pa3paboTKH, T. €. COBOKYNHOCTH JAHHHIX IO AHHAMUKe H3MeHe-
HHS JaBJeHHH, oT60pa MJIH 3aKaykl HedTH H BOJABI IO OTHAE/NbHBIM
CKBaXXMHAaM H B LeJoM 10 o0bekTy. Ilaxke ecim HMeercs Bech Iepe-
YHCJEHHBIH 06beM HHGODMALHH, YTO ObIBaeT JajeKo He BCerga, ee
HeJOCTAaTOUHO M/ OAHO3HAYHOTO MOCTPOEHHS MOJeNH IJjacra. JTo fic-
HO XOTA OBl H3 TOrO, 4TOJI06asi MOJeNb CTPOHTCA Ha HHTEPNOJALHH MO
IJIaCTy AAHHBIX, NOJYYEHHBIX Ha OCHOBe €JHHHYHHIX CKBaXKHHHBIX
H3MepeHHUH, U OOBYHO HeT BECKHX OCHOBAHMI CUMTATh 3TO aJACKBATHHIM
npejcTaBJeHHeM TOro, YTo Ha CaMoOM JeJje NPOHCXOAMT B ILIacTe,
B 3THX YCJOBHSIX OCHOBHAf 3aJaya HCCJIEJOBAHHUS 3aK/II0YaeTcs B yCTa-
HOBJICHHH KayeCTBEHHBIX 3aKOHOMEDHOCTeH, YCTOHUMBLIX TEHJAEHIHH,
a TakxkKe KOJHUYECTBEHHHIX COOTHOLIEHMH, YCTOHUHBHX K BapHalMH HC-
XOAHHX AaHHHIX. lleJaplo pacuera okasbiBaeTcsi He CTOJBKO TOUYHOE
onpejesieHle BCeX XapaKTePHCTHK IIpolecca, CKOJbKO pacluHpeHHe
TOH COBOKYIHOCTH CBeIEHHI, KOTOPHE yUHTHIBAlOTCA IPH BeI6OpE, Ha-
NpHMeEpP, CHCTeMbl pa3pabOTKH MeCTOPOXKJeHHs HJH MeTOAa BO3feH-
eTBUs Ha miact. [Tocsenymollee nosejleHHe MJacTa MO3BOJISIET BHECTH

KOpPPeKTHBEL H YTOUHUTb IPH-
PHUC. 1. Mnud nedprsiHoro necuaHuka HSATYIO MOJEJb.

Bce 3T0 c6auxkaer mnon-
3eMHYIO THAPOJIHHAMHKY C Te-
opeTHUecKOH ¢H3HKOH. Pe-
UIAOIIYIO POJib HTpaeT MOCTa-
HOBKa 3ajauyd M  TaKoH
aHajiu3 pe3yJbTAaTOB ee pe-
IIeHMs], KOTOpHI# TO3BOJAET
cHenaTh HeKOTOpHe oOfllHe,
CKopee, KaueCTBEHHHE, 3a-
kaouenns. Hanporus, yBeau-
YyeHHe TOYHOCTH KayecTBEHHO
SICHBIX Pe3yJIbTaTOB OKa3hiBa-
eTcs 3a4acTyl0o HEeHYXXHEIM,

TaKoe IOJIOXKeHHE Jes Cy-
IlecTBOBaJO BCcerja, H To-
siBJileHHe H HIHPOKOe pacmpo-
CTpaHeHHe BBIYHCJHTEJbHBIX




PHC. 2. Cxema 3a- CkakuHl
JeXH HebTH M rasa:
1 — rauHsl; 2 — Foaue
HRCThE NeCYaHHKH; J—
JIOTHHE MPOCJOH; § —
NecKH, MeCYaHHKH

)

Fny6una, u

1550

1650

1750

1850
1900 ? [[ﬂ]]m; Foide [yv]s [0 0]

MallHH JHWb Ycyry6uao ero. C MOMOMBIO MAMIHHHON MaTeMaTHKH
MHOTHE TeXHHUYECKHE TPYAHOCTH GBLIM NPeCjOoJeHbl, B Pe3yJbTaTe 4ero
BO3MOXHOCTH THADOJHHAMHUYECKHX pPacueToB HEH3MEPHMO BbIPOCIH.
Onnako no3HaBaTesNbHAasi LEHHOCTb H3BJEKAeMHX pe3yJbTaTOB elle
6oJiee 4eM B HOMALIHHHYIO 3Py ONpefensieTcss ajfeKBATHOCTbIO MOJEJIH,
YeTKOCTbIO NOCTAHOBKH 3ajJauyd pacuera U riay6HHOA NpeaBapuUTEsb-
HOTO aHaJIi3a HMEIOU[HXCS JaHHBIX.

§ 2. Ilopucteie cpeabl

JIBHXKeHHe XHAKOCTEH, ra30B M HX CMecell B MOPHCThIX cCpelax
cocTaBJisileT IpPeIMeT H3yuyeHHs ocoGOro pasjena THAPOJUHAMMKH —
NOA3eMHOH THAPOIMHAMHUKA (TeopHH GUJIBTpPaLHH).

CyoxHHHA H HeperyJspHHIl XapakTep CTPYKTYPH NOPOBOro IpPOCT-
paHCTBa He IO3BOJIAET M3yuaTh NABHXKEHHe XKHAJKOCTH M Ia30B B HEM
OGBIYHEIMH METOZAMH THADOJMHAMHUKH, T. €. NyTeM DpellleHHMS ypaBHe-
HUMH JABHXXEHHS BA3KOH XHIKOCTH AJs 00JacTH, INpeldcTaBJsioleH
co0oif COBOKYNHOCTb Rcex mop. JleHcTBHTeLbHO, NPOCTasi OlLEHKa
[OKa3blBaeT, YTO €CJH Obl MBI XOTeJH NOCTPOHTb TaKOe DelieHHe, TO
0Ka3aJ0ch Obl HEBO3MOXKHBIM 3allHCaTbh TPaHHUHBIEC YCJIOBHs Aaxe s
He6GoabIoro MecTopoxkaeHus. OJHAKO B TAKOH 3aIHCH H TAKOM pelueHHH
HeT HeoOXOAMMOCTH: ¢ yBeJHUeHHeM HHCJIA OTAEJbHBIX MHKDOABHIKE-
HHH, COCTaBJAIOMHX MAaKPOCKONHMYecKoe (QHIbTPAILMOHHOE IBHXEHHe,
HAYMHAIOT NPOSIBAATBCA CyMMapHBle CTATHCTHYeCKHE 3aKOHOMEPHOCTH,
XapaKkTepHbie A/ [JBHXEHHS B LIeJOM H HeCnpaBelJHBHe JJIS OJHOIO
HJIH HeCKOJIbKHX IODOBBIX KaHaJoB. DTO XapaKTePHO JJs CHCTEM
¢ GOJILUINM YHCJIOM OAHOPOAHBIX 3J€MEHTOB, €260 CBSA3aHHBIX MEXKAY
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cobofi. Takne cHcTeMBl MOrYT GBITh ONMCAHE KaK HEKOTOpHE CIJIOMI-
Hble cpeibl, CBOMCTBA KOTOPHX He BRIPAXalOTCs HENOCPeACTBEHHO 4Ye-
pe3 CBONCTBAa COCTABJSIOIIMX 3JEMEHTOB, a SIBJSAIOTCS OCPeLHEHHBIMH
XapakTEepPUCTHKAMH AOCTATOYHO 6OJBINHX OGBEMOB CPelHl.

Tak, B rHApOJHHAMHKe He H3yYaercsl IBHKEHHe OTHE/bHBIX MoJe-
KyJI, @ BBOASITCS HEKOTOphie OCpPellHeHHble JHHAMHYECKHe XapaKTepHC-
THKM JXKHJIKOCTH KaK CIJIOIIHOH cpeibl H pPacCMaTPHBAIOTCA TOJBKO
06beMbl KHJKOCTH, Pa3Meprl KOTOPHIX JAOCTAaTOYHO BEJIHKH IO CDaBHe-
HHIO C MEXMOJIEKYJSIPHEIMH PacCTOSIHUSIMH, yTOOB BJIIOGOM 3J€MeHTe
COZepKaJIoCh JOCTATOYHO GOJIbILIOE YHCJO MOJEKyad H Oblio Obl BO3-
MOXHO HCMOJIb30BaHHE OCPeJHEHHHIX XapaKTEPUCTHK L.

AHaJIOTHUHO 3TOMY TeOpHsl GUIBTPALMHM CTPOMTCHA Ha IpeacTaBJje-
HHHM O TOM, YTO NMOPHCTadA cpefa W 3aloJHALIIAs ee XKHAKOCTb 06pa-
3YIOT CIJIOLIHYI0 cpegy. DTO 03HayaeT, YTO 3JEMEHTH CHCTeMBb
XKUAKOCTb — IIOPHCTasi cpeia, KOTOpHe cuHTaloTcd (usnuyeckH 6Gecko-
HEYHO MaJbIMH, BCe Xe JOCTAaTOYHO BEJHKH 110 CPaBHEHHIO ¢ pa3Me-
paMy NOp H 3epeH NOPHCTOH Cpeibl; TOJMBKO AJsl 0o6beMa, B KOTOPOM
3aKJ04eHo 60JIbLIOe YUCJIO TIOP H 3epeH, JOCTAaTOYHO NPeACTaBUTebHbI
BBOAHMBbIe OCPellHeHHHE XaPaKTEDHCTHKH. B NPHMEHEHHH K MEHBUIHM
ofbeMaM BLIBOAH TEOPHUH (PHALTPALKHU TEPSAIOT CHAY.

C TOuKH 3peHHS TeopHH (HJIbTPALHMH 3HaYeHHe TBePAOro cKeJeTa
HOPHCTOH CpelBl NIpeX/Je BCero reoMeTPHYecKOe, OH OrpaHHuUHBaeT Ty
06J1aCTh NIPOCTPAHCTBA, B KOTOPOH ABHXKETCS JKHIKOCTh. JIulb B 6O-
Jee CHEIHAJbHBIX CJyYasX, O KOTOPHIX OydeT CKa3aHO HHXKe, HPHXO-
IHTCA paccMaTpHBaTb CHJIOBOE B3aHMOJelCTBHE MeXJy CKeJleTOM
M NPHJIEKAIIHMH K HEMY CJIOSMH kHAKocTH. [losTOMYy cBOMicTBa NOpH-
CTOH cpe/lhl B TeOPHH (HJbTPAIlHH ONHCHLIBAIOTCS HEKOTOPHIM HabopoMm
reoMeTPHYCCKHX CPEJHHX XaPaKTEePHCTHK.

BaxcHelilllan XapaKTepHUCTHKA 3JileMEHTA NMOPHCTOH cpefbl — ee [OPHC-
TOCTb /71, DaBHasl OTHOLIEHHIO o6beMa V,, 3aHATOrO B BBIJIEJEHHOM 3Je-
MeHTe nopamu, K obuieMy oObeMmy 3jeMeHTa V:

m="V,/V. (I.1)

CootHowennem (I.1) omnpenensiercss cpeqHsis NOPHCTOCTh JAHHOTO
sAemeHTa. BeIOpaB HEKOTODPYI0 TOUKY HOPHCTOH Cpelnl, OKpy¥Kas ee
3JIeMEHTaMH BCe MeHblIero ofbeMa, MOXKHO HAaNTH JOKAJbHYIO TQpHC-
TOGTh KaK NpelesbHOe 3HaYeHHe NPH CcTArHBaHHH ob6bvema. Cymect-
BEHHO, YTO 3TO — <«NPOMEXYTOUYHBIH» HpefesJbHBEIH NEepexoj: NPH «CTA-
TMBaHHH» pa3MepPH 3JIeMeHTa JOJIKHBL OCTaBaTbCAd OOJBIIMMH MO
CpaBHEHHIO C MHKpOMaAacluTaboM IMOPHCTOI cpedH (pa3MepoM HOp HJH
sepen). Curyauus 3jiech BNOJIHE aHaJOTHYHA TMOJNOXKEHHIO B APYrHx
pasaeiax MeXaHHKH CIVIOIIHOH cPelH; Tak, IPH ONpelesNeHHH JIOKaJb-
HOH IJIOTHOCTH ra3a pasMep o0beMa Bcerna BoiOHpaercss O66JbIIHM
10 CpaBHEHHIO ¢ JJIMHON cBOGOAHOrO npobera.

! Kak H3BECTHO H3 TEOPHH BEpOSTHOCTEH, ueMm GoJbllle YHCNIO OJAHHAKOBO paciipe-
Jle/IeHHHX CHyYafiHhX BeJIHYHH, 06Da3yoldX HEKOTOPYIO COBOKYIHOCTb, T€M MeHblle
BePOATHOCTb OTKJIOHEHHS CPeJHEro IO COBOKYMHOCTH 3HaYeHHs NapaMeTpa AJA JaHHOH
peanusauuy oT HauGojee BEPOATHOrO 3HaueHHA, TeM caMBIM YyKa3aHHHeE HHXe Tpe-
GOBAHHs JeNaloT HHTerpasibHEe XapaKTePHCTHKH ABHKEHHS AOCTATOYHO YCTOHYHBHIMH.
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OG6buHO Pa3AMYAOT NMOJHYIO MOPHCTOCTH, KOTAa YUHTHIBAIOTCA BCE
NOpH, H aKTHBHYIO, KOrjla YYHTHIBAIOTCSA JIHHIb T€, KOTOPHEe BXOXSAT
B eIlMHYIO CHCTEMY COEIMHEHHBIX Mexny cofofi nop H MOryT OBIThb3a-
MIOJIHEHH KHAKOCTbIO H3BHe. [lisg HamMX peseff cyleCTBEHHA, eCTecT-
BEeHHO, JIHIIb AKTHBHAS NOPHCTOCTh, MO3TOMY B JajbHefilleM mojx mno-
PHCTOCTHIO INMOHHMaeTcs HMeHHO oHa. Hapsay c¢ mnopucrocteio m
HHOTJa BBOJAUTCH TIOHSITHE MPOCBETHOCTH £ — OTHOIICHHS TJIOILAAH
AKTHBHHIX [OP B JIOOOM CEUeHHH, NPOXOASIieM uepe3 AAHHYIO TOUKY,
KO Bcell miomajau ceueHus. Jlerko y6enauTbes, 4To B CAeJaHHBIX Tpen-
TOJIOJKEHHUSIX MPOCBETHOCTb B AaHHOI TOUYKe He 3aBHCHT OT BHI6GOpa Ha-
NpaBJleHHs CeYeHHsI H PaBHA NOPHCTOCTH M.

ITopucTocTs ONMHAKOBA AJS reoMeTpHHecKH mojoO6HHBIX cpex H He
xapakTepusyeT pasmepoB mop. IlosToMy AJs OMHCAHHS TOPHMCTOMN
cpenbl HeOOXOQMMO TaK¥Ke yKa3aTh HEKOTOPHH XapaKTepHblii pasmep
nopoBoro npocrpaHcrBa d. KMmeercs MHOro no cyulectsy paBHOILEH-
HBIX crnoco6oB onpefeseHHs 3Toro pasmepa. EcrecTBeHHO, HampHMep,
3a XapakTepHBIN pasMep d TPHHMMAaTh HEKOTOpPOe CpeJHee 3HAUEHHe
pajuyca MOpOBOro KaHasna | uIM OTAENbHOro 3epHA HOPHCTOrO CKe-
Jera (MOHHMaeMble KaK cpelHHe 3HaYeHHS COOTBETCTBYIOIIHX cJayvai-
HBIX BENHYHH).

Kpusble pacrnpenesneHusi pa3MepoB NOP MJH 3€PEeH COAEpPIKAT 3HA-
YUTeJBbHO 60Jiblle HHPOpMALHK O MHUKPOCTPYKTYpe NODHCTOR CpelHl,
yeM OPOCTO cpelHHe 3HadeHHs. [ToaTomy NpeRNpHHHMAJHCL MHOrO-
YHCJEHHbIE MONBITKH OIpeje/ieHus BCeX TIeOMeTpPHYECKHX H THJIpPO-
JHHAMHYECKHX XaPAKTEPHCTHK INOPHCTOH cpelbl Ha OCHOBe KPHUBHIX
pacnpefenenus. OxHaKO 3aBHCHMOCTH THAPOAHHAMHYECKHX XapakrTe-
PHCTHK NOPHCTOH cpedH OT [apaMeTpPOB KDHBLIX pacnpefesieHHst He
MOTYT 6LITh YHHBEPCAJbHBIMH — OJHHAKOBbLIMH AJIS Pa3HbIX nopox. Meit-
CTBUTE/JLHO, BBOIS, HANpUMep, TOHKHe HENDOHHIAaeMble MEePEeropoiky,
MOXHO KOPEHHHM 06pa3OM H3MeHHTh THIPOAHHAMHYEeCKHe XapakxTe-
DHCTHKH cpejbl, He M3MeHHB JHO60 c1ab0 HM3MeHHB BHJ KPHBHIX pac-
npepesneHus. B To e BpeMs AAs pa3JMYHBEIX TPOLECCOB CYIeCTBeH-
Hbl pasHbBle CTATHCTHYECKHE XaPaKTEPHCTHKH pa3MepoB IOp H 3epeH.
Taxk, nnsg npoueccoB nepeHOca B NOPUCTOH cpefle CyLIeCTBeHHa CTe-
NeHb HEOJHOPOAHOCTH COCTABJSAIOIIMX NOPHCTOM Cpelbl — TIOP M 8epeH.
B 3ToM ciiyyae HapsAy cO CpPeZHHM 3HaueHHeM pasMmepa CyLleCTBeHHA
H ero fHMcnepcHs, xapakTepH3ylouiass cTeleHb OTKJIOHEHHS OT CpelHero
3HayeHHus,

§ 3. 3akou dapch,
npejedbl ero NPHMEHUMOCTH H YTOUHEHHS

OcHoBHasl XxapaKTePHCTHKAa (HJIbTPALHOHHOrO JBHAKEHHSI — BEKTOp
CKOpOCTH (pH/IBTPALUH ¥ — Onpenensiercsl cjepyiomuM obpasoM. Bhibe-
peM Touky M mopucTofi Cpexbl H npoBeieM Uepe3 Hee MNPOH3BOJILHYIO
3JIeMeHTapHyio niomaiky AS ¢ HopMmanbio nm. Uepes Bhile/eHHYIO 11710~
IWAJAKY B elMHHIly BpeMeHH NpoTeKaeT Macca ujpkoctH AQ. Toraa npo-
€KIHsl BeKTOpa & Ha HOPMaJb R K BHIZEN€HHOH IIOLaJIKe paBHa Npe-
Jeny oTHoweHHst AQ/pAS npu AS — 0. 3zech p — IJIOTHOCTD XKHIKOCTH
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ITonuepkHeM, uTO npejes TNOHHMAaeTcs B YKa3aHHOM BHIE «NpO-
MEeXYTOYHOM» CMBIC/IE H YTO Macca XKHMIKOCTH JeJHTCS Ha IOJNHYI0 HJo-
magb AS, a He Ha ee uacTb, 3aHATYIO TIOPAMH.

OcCHOBHOe COOTHOLIEHHe TeOpHH (HJABTpAllUH — 3aKOH (uAbLTPA-
IIMH — YCTAHABJIHBAET CBA3b MeXJy BEKTODOM CKOPOCTH (PUJIBTpalHH
M TeM II0JieM AaBJIeHHs,, KOTOPOe BBI3biBaeT (HJAbBTPALHOHHOE JBHKE-
HHe. 37ecb H JaJjiee, €CIH He OrOBapHBAaeTCsi CIeLMaJbHO INPOTHB-
HOe, IIOJ [aBjeHHeM TNOHHMAETCH Pa3HOCTb MEeXAY INOJHBIM JaBJeHH-
€M H I'HIPOCTATHYECKHM; B OTCYTCTBHE JBHKEHUS HaBJIeHHe XKHIKOCTH
B Nopax paclpeleJeHO 0 THAPOCTATHYeCKOMy 3akKoHy. Kak Tosbko
HayWHaeTCs [BHXKeHHe, H36HTOUHOE (Hajx THAPOCTATHYECKHM) jaBje-
HHEe CTAHOBHTCS NEePeMEeHHEBIM no NPOCTPaHCTBY. JIBHKeHHe XHIAKOCTH
B IIOPHCTOH cpeje OT/IHYaeTCd OT [ABHXKEHHH, pacCMaTPHBAaeMBHIX B
oOHIYHOH T'MApPOJHHAMHKe, TeM, YTO B JI060M MaKpooGbeMe HMeeTcs
HeMOJABHXHasi TBepjas ¢as3a, HarPaHHUe C KOTOPOH XKHAKOCTh TaKXe
HenojBwkHA. IloaToMy cHcTeMa NOPOBHIX KaHAaJIOB 3JeMEHTapHOrO
MaKpooObeMa THADOJHHAMHUECKH SKBHBAJEHTHA CHCTEMe CJIOXHEIM
o6paszoM cBA3aHHBIX TPy6. CKOPOCTb (HIBLTPALMH - XapaKTepH3yeT
pacxon uepe3 31y cHcremy. C npyroil cTOPOHH, Pacxof ONpejessercs
[aBJeHHSMH Ha BXO0JaX H BHIXOXAX IOPOBHIX KaHaJoB. [locKoabky
pacxonx mpeAacrasJssieT cob0f CyMMapHylo 110 MHOTMM HOPOBHIM KaHa-
JlaM BeJIHYHHY, OH ONpejesisieTcsl IepenaioM, T.e. rpajHeHTOM Oocpel-
HEHHOT'O AAaBJIEHHS XHUAKOCTH.

HiMeHHO [O3TOMY, B OTJIHUHE OT yPaBHeHHH OOGLIYHONH THApPOJHHA-
MHKH, B TeOPHH GHJbTPAlMH CYIIECTBYeT JOKaJbHas 3aBHCHMOCTb
MeX]y TpPajiHEHTOM JaBJIeHHs H BEKTOPOM CKOPOCTH (HAbTPALHH.

HekoTophie cefenns: o ¢opMe 3akoHa (QHUIBTPAUMH, CBSA3BIBalOlle-
TO CKOpOCTb (HABTPAUMH H TpPafHeHT JaBJeHHs, MOXKHO NOJYUHTh,
HCXOAst M3 caMbix oOumiux npexacrapiaeHuil. Ilopucras cpena onHchBa-
eTcsi TeOMeTPHYeCKHMH HapaMeTpaMH — XapaKTepHHM pa3MepoMm d
M HEKOTOpbIMH 6e3pa3MepHLIMH BeJHYHHAMH: HOPHCTOCTBIO M, Hapa-
MeTpaMH KpHBOH pacnpefeleHHs H AP. 3aKOH (HJIbTPALHH HOJIKEH
cJe0BaTh M3 YPaBHEHHI IBHIKEHHs >KHIKOCTH B NOPOBOM HPOCTPaH-
CTBe, NIO3TOMY CHCTEMa ONpeAeNsIONIMX BeJHYHH BKJAOYAEeT TaKXKe Te
XapaKTePHCTHKH XHAKOCTH, KOTODble BXOAAT B 3TH ypaBHEHHH: IJIOT-
HOCTb p M BS3KOCTh p. TakuM o0pa3oM, MH HiIeM (GopMy 3aBHCHMO-
CTH rpajHeHTa JaBicHHUA grad p OT BeKTOpa CKOPOCTH (HIBTpaLuU
u, reOMeTPHYECKHX XapaKTePHCTHK IOpHCTOH cpeabl m, d u T. I,
H XapaKTepHCTHK XHAKOCTH p H p. Cpenu BeJHUMH, OT KOTOpPHX 3a-
BUCHT grad p, TOJBKO CKOpPOCTb OHABTPALMH X SBJIAETCH BEKTOPOM,
B cuay usotponHu cpeabl BeKTOp grad p JosKeH GuiTh HamnpapbJeH
no ojHO# npsiMofl ¢ BekTOpOM #. B camom jene, nycTh BekTOp grad p
COCTaBJISIET OTVIHYHBIA OT HYJsl YroJl ¢ HanpaBseHHeM Bekropa#. Ecau
OOBEpHYTh BEIGPAHHYI0 NPOH3BOJIBHYIO CHCTEMY KOOPAMHAT BOKpPYT
BEKTOPA # Ha HEKOTODHIH yroJs, TO HH STOT BEKTOD, HH KakKOH-JHO0
JApyro#i M3 OIpeJe/sIONIMX HMapaMeTPoOB He H3MeHATcs. CaeloBaTesb-
HO, He JOJXKeH H3MEHMTbCcs H BeKTOp grad p, 3aBHCALIHH TOJNBKO OT
stux napamerpoB. Ho ecau grad p cocraBiasder OTJIHYHBIA OT Hyas
Yroa ¢ HalpaBJeHHeM BeKTopa #, TO LIPH NOBOPOTE ero HalpaBJjeHHe
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OTHOCHTEJLHO KOODAHHATHHIX ocell 06s3aTe/IbHO AOJMIKHO H3MEHHThLCS,
Orciona BhHITEKaeT, YTO HanpaBjeHHA BeKTOPOB X M grad p ROJNXHH
coBnajarb, TakK 4TO

gradp = —cu, (1.2)

rje ¢— HeKOoTOpas CKaJsipHas BeJHYHHA, 3aBHCAINasd OT MOAYJA BeK-
TOpa CKOPOCTH 4, a TaKXKe BeJHYHH d, m, p, p.

PaccMoTpuM  QUIBTPAHHOHHBIE JBHXKEHHS, KOTJAa HECYHIECTBEHHH
cuabl HHepuuH. K uHcly nono6HbiX Ge3bIHEPUHOHHBLIX IBHXKEHHH NpH-
HaJJIeKHT GOJBIIMHCTBO (UIBTPAIMOHHBIX TEYEHHH, BCTpevalomuxcs Ha
NpaKTHKe, MOCKOJbKY OHH NPOHCXORAT MefjeHHO. ITpH 3TOM NJIOTHOCTB
p, XapakTepH3YIOWasd WHEDUHOHHBIE CBONCTBA KHJIKOCTH, HeCYLIEeCTBEHHA
W HCKJIOYaeTcs M3 YHCJa ONpefensiOlMX napaMmeTpoB. Takum o6pasoMm,
npH Ge3blHEPUHOHHBIX [BHXKEHHSX BeJIHYHHA C 3aBHCHT TOJNBKO OT U,
d, m u p. BououiieM pasMepHOCTH HHTEPECYIOUMX HAC BeJIHYHH:

[ml=1; [el=ML=3T—}; [u] = LT-Y; [d]=L; [pl= ML='T-1. (L3)

M3 wueThipex onpenensiomiux napameTpoB TpH (4, d U p) HMEIOT
HesaBHCHUMEIE pasMepHOcTH. Torpa, corsacHo aHaln3y pasMepHocTefl,
GespasMepHasd KOMOMHalHs cd?/y. MOMET 3aBHCETb TOJBKO OT €JMHCT-
BeHHOH Ge3pasMepHOM BeJHYHHBI CPEIH ONpeneNAWHX NapaMeTpoB —
HNOPHCTOCTH .

ed¥p = f(m); ¢ =d=2uf (m). (1.4)
IMocne sroro ypasHenHe (I.2) MOXHO nNpencTaBHTb B BHJE
gradp = —pd—%f (m) u; w= —(k/p)gradp; k=d¥f. (1.5)

CootHowenne (I.5) onuchiBaer 3akoH ¢uabrpanuu Japcu (110 UMEHN
¢paHuysckoro HHxkeHepa A. Jlapcu, YCTaHOBHBLIETO €0 3KCIEpHMEH-
TajibHO B 1856 r.). BesnunHa k£ HaspiBaeTcE NPOHH I AeMOCTb 0 (HMeeT
PasMepHOCTb IIOIAZH, He 3ABHCHT OT CBONCTB XKHIKOCTH H SIBJIsETCH
YHCTO IeOMETPUYECKOH XapaKTepPHCTHKOH MOPHCTON Cpejpl).

Ecnn BMecTO p paccMaTpHBaTh HCTHHHOE JaBJEHHe B JKHJIKOCTH
P = p—pgz, rne g— yckopenue cBOGOJHOrO MNajeHHs, 2 — BHICOTA
paccMaTpuBaeMOi TOYKH Hal HEKOTOPHIM pacyeTHhIM ypoBHeM, To (1.5)
MOXCHO 3alHCaTb B BHJE

u = — (k/p) grad (P + pg2). (1.6)

B ruaporexnuyeckux pacuyerax OoGBIYHO HcHoab3yercss Hanop H =
= p/pg, TOTAa uUMeeM

= —CgradH, C = kpg/p, 1.7)

rre C — xospduunesT QUIbTpanNHH, HMEET PasMEPHOCTb CKOPOCTH.
Kak BHAHO H3 NpHBeleHHOro BHIBOAA, 3aKOH JlapcH — clleacTBHe
NpeAnoJioxKeHns: 0 Oe3blHeDHHOHHOCTH ABHIKEHHSA MKHUIAKOCTH, DHABT-
panuoHHoe TeueHHe, NMOAUYHHSAIOLIeeCs 3aKOHy JlapcH,— 4acTHHHA cay-
4aji NoJ3yllero TeYeHHA, I/l KOTOPOTO XapaKTepHo npeobsaizanHe
BA3KHX CHJl HaJ HHePHHOHHHLIMH (T, e. yHcaa PefiHoibaca oueHp Ma-
anl — Re 1). ITostoMy nonbiTKH BbiBoga 3akoHa Jlapcw mnyTem
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OCpeJiHEHHSI YpaBHeHHH THADPOAMHAMHMKH CBOAATCA K  BHIUHCJIEHHIO
NpPOHHIIAEMOCTH IO 33AaBaeMOji 'eOMETPUUYECKOH CTPYKType MOPHCTOH
cpenbl.

Yamte Bcero H3 (opMyJa 3TOro THNA KHCNOJb3yeTCs YpaBHeHHe
Kozenn — KapmaHa, MOJiyJeHHOe Ha OCHOBE aHAJOTHH MeXAy IOpH-
crofi cpemoil M cucTeMOHR MapaJjiieJbHBIX TPyOOK, BhIpakalollee INpo-
HHILAeMOCTh uepe3 YACJbHYIO NOBEPXHOCTb X H NOPHCTOCThL mMi:

k= Km3£—2, (1.8)

ITocrossnnas K ompejensieTcss mo OUBITHBIM JaHHBIM H OKa3bIBaeT-
cfl pasHofl 17151 MOPHCTHIX cpel pasiuuHOiN cTpyKTyphi. Popmyay (1.8)
UCHOJIb3YIOT TJIaBHBIM 00pasoM B pacuerax (HIbTPAIHOHHBIX CONpPO-
THBJIEHHH HCKYCCTBEHHBIX TIODHCTHIX Cpef, NpPHMEHseMHX B XHMHUe-
CKUX alnapaTax, a TaKxXe NpH ONpeleJeHHH YAEJAbHOH IOBEpXHOCTH
HNOPOMIKOB.

Jlo cux mop mpejnoJarajioch, YTo MOpPHCTas cpeiaa H3oTponHa. s
NPHPOAHBIX II1aCTOB YACTO XapaKTepHAa AHHU3OTPONHS, CBSi3aHHAs JHGO
C €CTeCTBEHHOM CJIOMCTOCTBIO (mJIs1 OCANOYHBIX IOpOJ), JHG0 ¢ pasBu-
THEM CHCTeM NapasjeJbHbIX MHKPOTpELVH, BBI3BAHHBIX HANpSKEeHUAMH
B nopozte. Ecam mopucTas cpega He H30TpONHA, TO B INPOU3BOJBHOM
OpPTOTOHANBHOH JEKApTOBOM CHCTEMe KOODIMHAT X1, Xp M X3 KOMITOHEHTEL
BeKkTOpa grad p BHIpAXKalOTCs Yepe3 KOMIOHEHTHl u; BEKTOpA B CJeny-
IOlIHM 06pa3oM:

0plOx; = —Cialla, (1.9
rfle C;j— HEKOTOpHIH TeH30p (Npexpnojaraercsi CYMMHDOBaHHE IO BCeM
3HAUEHUAM IIOBTODPSIOUWIUXCS TpeYeCKHX MHIAEKCOB, TaK YTO Cill, O3HA-
yaeT Cnid1 -+ Cigls + C13u3). B ciyuae Ge3biHEpIIHOHHBLIX IBHXKEHHH KOM-
HOHEHTHI TEH30pa C;; MOT'YT 3aBHCETh TOJBKO OT BSI3KOCTH XKHIKOCTH
H TeX HJIM HHBIX TeOMETPHUECKMX XapAKTepHCTHK IIODHCTOH Cpefbl.

AnanornuHo BHBOZY dopmysnl (1.9) MOXKHO MOKasaTb, UTO Cyj = pryj,
The rij— TeH30p YHEJbHEIX (UAbTPAUMOHHHIX CONPOTHBJIEHHH, KOTOPHIY
3aBHCHT TOJIBKO OT TeOMETPHYECKHX XapaKTEPUCTHK MOPHCTON CpEXHl.
KOMIOHEHTH ero HMeloT PasMepHOCThb, OGPATHYIO Pa3MEPHOCTH MJIOWANH .
Bripaxkasi KOMIOHEHTbI BEKTOpPa CKOPOCTH Yepe3 KOMIIOHEHTHl BEKTOpa
rpajgueHTa AaBJeHHs, MOJydYaeM

Uy =— (kza/p.) ap/axa, (IIO)
rae K — TeH30p MPOHHLAEMOCTH, OGDaTHLI TEH30Py [y, 3aBHCHT
TOJHKO OT reOMETPHUECKHX XaPaKTePHCTHK HOPUCTOR CPedbl M HMMeeT
pa3MepHocts miaomaau. 3aBucumocts (1.10) onucwiBaer sakon Hapcu
JIIS1 aHH30TPOMHOH NMOPHCTOH CpebL.

Tensopbl compoTuBieHHH r;; M YPOHULAEMOCTH R ;  cuM-
METPHYHHE!, _

Ecnu anmsoTponHust MOPHCTOR cpeABbl CBSI3aHa C €CTeCTBEHHOH CJlou-
CTOCTBIO, NPOHHILAEMOCTh BJOJbL CJIOEB HMeerT OAHO 3HaueHHe, a B
TNepneHHKy/IsIPHOM HanpaBJeHHH — Jpyroe, OOBIYHO 3HAUUTENHHO

1 Dro cellyer us Toro, uto KBajpaTHuHas Popma Tgaligly, TPONOPUHOHAbHAS

Ypeabto#t paGote cun B3aMMONEHCTBHS KUXKOCTH C NOPHCTOH cpeflofl, He Ho/DKHA
3aBACET» QT BHIGOPA CHCTEMbl KOOPAHHAT.
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meHblee. [To3ToMy oAHa M3 IVIaBHBIX OCeHl TeH30Da NPOHHIAEMOCTH —
X3 NepHeHJHKYJNsipHa MJOCKOCTH HAaNJacTOBaHHsA, a ABe IPYrHe — x,
H X3 MOXHO BhIOpAaTh HPOHU3BOJBHO B IJIOCKOCTH HamracroBaHusi. Cu-
cteMa Xi, Xz, X3 Oyler rJaBHOH B KaxX[OH TOUKE IMOPHUCTOH CpenwHl;
NpH 3TOM HMeEeM

kil = ko =Fk; k33 = ky, k,'/=0 (l%]) (I.ll)

3akor Jlapcu B BHIOpaHHOH CHcTeMe KOODIMHAT 3alIMCBIBAETCS B CHJY
cootHomenuH (I.11) cienyromumM o6pasom:

uy = — (klp) Op/ox1; us = —(k/n)Op/Oxs; usz = — (ko/w) Op/0xs.

IIpn 3HAUHTENBHBIX CKOPOCTSX, KOTJA YXKe He/lb3si He YUHTHIBATh
HHEPUHOHHOH COCTaBJ/IAIIOIEH CONPOTHBJIEHHS IBHXKEHHIO JKHAKOCTH,
NpeANOChIIKH, 3aJ0:KeHHble NpH BHIBOJe 3akoHa Jlapcu, nepecrawor
ObiTh cHpaBelNHBBIMH. K uHcay onpenesnsiiollHX NapaMeTpoB chaelyer
K06aBHTb IUIOTHOCTb p ¢ pasMmepHocTbio ML-3. Torma ko3d¢uUHEHT
¢ B (1.2) Oyner 3aBHCeTh yKe OT MNATH BEJUUHH, H3 KOTOPHIX MOXHO
o6pa3oBaTh ABe Oespa3MepHble KOMOHHAUHUH, YTO AAET

grad p = —(u/k) ug (upd/p., m). (1.12)

Kom6unauusi wupd/p. = Re npexpcrapisier coGoél uucao PeifiHosbaca
s GHIbTPAUHOHHOIO MHKpOABHKeHHs. [Ilpennosaras, uro ¢yHKUMA
g (Re) pasjaraercs B cTeneHHOH psjl, H OrpaHUYHBASCH NEPBEIMU ABYMS
uJleHaMH, IIOJIyYHM YypaBHeHHe JBYUYJEHHOro 3aKOHAa QHJAbLT-
pauuu:

— (k/p) grad p = u + Bk'2p—loun. (1.13)

3pmech B KayecTBe XapaKTepHOro pasmepa d NpHHSITA BeJHuyuHA k!/2
H yureHo, uTO npH u— 0 jgo/mkeH ObITb cnpasennuB 3akoH Jlapcu.
JByuseHHnlt 3aKOH (uJbTpauun Brepssle Obi1 npemnoxed Popxreit-
mepoM. Popmyna (I.13) xopomo onuckiBaerT faHHble HaGuioeHuH naxe
I BecbMa GOJBINHX 3HayeHHH uucen PefiHoabica. Tak, a8  Hecue-
MEHTHPOBAHHBEIX (HACHIIHBIX) IOPHCTHIX CpeA 5TOT 3aKOH CHpaBel/IuB
BIJIOTH 10 uyncen Pefinonbaca nopsaka 10—100, toraa Kak OTKJIOHEHHs
OT JHHEHHOro 3aKOHa HauuHatorcs npu Re ~0,1—-1,0. HeoxnokpartHo
Jlelalich NONBITKM BhIOpAThb XapaKTepHEIX pasMep d TakuM 06pasoM,
4yToGh! fpouecc (QUAbTPAIIHH B NMOPUCTHIX Cpelax pazJHYHON CTPYKTYpPHI
onucath eiHHol dopMyaol. Okasanoch ycNelHBIM BBefeHHE B KayecTBe
XapakTepHOro pasmepa besuyuHbl (k/m)!/2, npennoxeHroe M. 1. Musr-
JIMOHINMKOBBIM, Torfa uuciao Re okasbiBaercs paBHBIM puk!/2m3/2/p.

Ilpu sToM yJhaeTcs enuHOCGPa3HO ONHCATh 3aKOH (HILTpPAlHUM BO
MHOTHX Cpeiax pasJHYHOH NpOHHLaeMOCTH. [lJsi HecLeMeHTHPOBAHHBIX
fIODHCTBIX cpex Kos(puLueHTH IBYUYJE€HHOrO 3akoHa ¢uiabrpauuu (I1.13)
MOXKHO 3aNHCaTb B BHIE

a=A(1—m*m=3/D, B=B(—m)ym=3D,

3necs D — cpenHuii pasmep 3epeH nopoasl, A u B — sHaueHHs1 Kosgp-
(QuUHEHTOB, GNH3KHE K MOCTOSIHHBIM [JIf OTAEJbHBIX TPYyNN HecueMmeH-
THPOBaHHEIX Ccpel, HO OHH 3aBHCAT, Hanpumep, OT (OPMBI 3epeH.
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ITosTomMy M Takas ¢opMa 3amHCH ABYUJIEHHOrO 3aKOHA HE SIBJSIETCS YHH-
BEpCAJILHOH.

[TosiBsieHHe KBaApaTHYHOrO YieHAa B ypaBHEHHH 3aKOHAa (PUJIbTpPA-
LIHH 10 CHX NOp HHOrjga oOBACHSIIOT TypOynusauueit TeueHus. OpHAKO
NODPSNOK KPHUTHUeCKHX uHcen PefiHoapAca B Teopun QUILTPALHH
(0,1—10), paccuMTaHHBIX 1O AMAMETPY 3€PE€H WJH NOPUCTOH CPeIH,
yKa3blBaeTr Ha HeNPaBHJABHOCTh TaKOro yrBepxaeHHs. OrTcyTCTBHE
TypOyJeHTHOCTH (T. e. QJYKTyauu#l cKOPOCTH BO BPEMEHH) [0Ka3aHO
H NPSAMBIMH 3KCIIePHMEHTAMH. DTOT HEeNPaBHJbLHBIA B3rsspy 06yc/oB-
JIeH TeM, YTO B THAPABJHKe KDYIJBIX LHJAHHAPHYECKHX Tpy6 OTKJO-
HeHHe 0T JHUHEHHOH 3aBHCHMOCTH 00s3aTeJbHO CBSI3aHO ¢ TypOyJH-
3auMedl TMOTOKa, HO 3T0 He TaK Jaxe JJi JaMHHAPHOIO TeYeHHsA
B KDPHMBOJTHHEHHHIX TpyDax.

B 3ajavax reopun ¢GHiabTpauuy HedTH M ra3a B NPHPOAHHIX ILJIa-
cTax IpHMeHeHHe JBYYJEHHOro 3aKOHa OrpaHH4YeHO JBHXKeHHEeM B IpPH-
CKBAaXHHHOH 30He BLICOKOJZeOHMTHHIX CKBa’XKMH W (QuUAbTpauueil B Tpe-
IIHHOBAaTHIX cpelax. KpoMme HapylleHHH 3akoHa Jlapcu, cBSA3aHHBEIX
C MposiBJIeHHEeM HHEDUHMOHHBIX CHJI, JHHEHHHMH 3aKOH (HJAbBTPALHH
MOXKCT HaApyLIaThCsl NMPH OUeHb MaJbIX CKOPOCTAX, KOrjga IpOsiBISIOT-
¢ 2HOMaJbHbBle peOoJIOTHUeCKHe CBOHCTBA ABHXKYLIHXCS JKHIKOCTEH.
Aty Bonpocw 6yAyT paccMorpens! B ra. II1.

§ 4. YpasHeHue Hepa3pPbLIBHOCTH
H OCHOBHBbIE YPaBHEeHHUSI TEOPUU QUIAbTPALUH

CucreMa ypaBHeHHH oOlleil THAPDOAMHAMHKH COCTOMT W3 ypaBHe-
HHH COXpaHeHHs Macchl, HMIIyJbca H 3HEPTHH M YpaBHEHHH cOCTOA-
Hus. IIpu nBHXKeHHH XXHAKOCTEeH HrasoB B HOPHUCTOH cpelle YpaBHeHHe
COXpaHeHHSI MMIyJbca CBOJHTCA K (OpMyJe 3aKOHA (HJAbTPaLHH.
YpaBHeHHe 3HepPrHH CyILeCTBEHHO JHIIb B TE€X CJAy4YasiX, KOrja Hejb3s
npeHeGperaTh U3MeHeHHeM TeMImepaTyphl. B mnocaepymoomeM, Kpome
CIMELHaNbHO OrOBOPEHHHIX CJydaeB, NMPHHHMAETCs YCJAOBHE TMOCTOSH-
cTBa TeMnepatypu T=const ¢ yueToM HE3HAYHTEJbHOCTH CKOpoOcTei
IBHXXEHHS M BBICOKOH TeMJOEMKOCTH IOPOJ, OKDPYyXKaloLlHX NPOHHIA-
eMble IacThl. B ¢BSI3HM ¢ 3THM ypaBHeHHs COCTOSIHHS CBOASITCS K BBHI-
paxKeHHAM, CBf3BIBAIOIIUM [pH 3aAaHHOH TeMmnepaType IJIOTHOCThL
JKHIKOCTH H NMOPHCTOCTh CPefibl ¢ HampsXKeHHAMH B 3TOH cpele H AaB-
JIeHHeM XXHIKOCTH B Nopax. 3anuiieM Telneph ypaBHeHHe HepPa3phiB-
HOCTH, BHIDa’Kalolllee YCJIOBHe COXPAaHEHHMs MacChl KHIAKOCTH IpH
¢uapTpanuy.

Paccmorpum 6GasaHc Macchl KMAKOCTH B HPOH3BOJBHOM 3JIeMEHTe
o6beMa MNOPHCTON cpeabl V, OrpaHHYEHHOM MOBEPXHOCThIO S, Npel-
noJsarasl, 4YTO CKOPOCTbIO UaCTHI[ TBEPJAOTO CKeJeTa MOXKHO IMpeHel-
peyb.

[pupaBHHBasi NpHpAlleHHe MacChl JKHIKOCTH B 3JemeHTe V 3a
Bpems dt

[;7 Svmpdv]dt (1.14)
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MPHTOKY MAacChl JKHIKOCTH 4Yepe3 MOBEPXHOCTb 3JMEMEHTa 33 TO Ke
BpeMst

—dtsf pundS (1.15)

H npeo6pa3ys NOBEPXHOCTHBHIH HHTerpaj B OObeMHHIH, mMoJydyaeM HH-
TerpajbHOEe COOTHOIUEHHe

X (22 1 aiv (pu))dv —o,
14

OTKyZa B CHJY NPOH3BOJBHOCTH 3JieMeHTa V W HempephIBHOCTH Bcex
nojedl BhiTekaeT JH(pdepeHUHanbHOe YyPaBHeHHe Hepa3phIBHOCTH

(mp), ¢+ div (pu) = 0. (1.16)

OkouvaTenpHass ¢GOpMyJHPOBKA OOJNBIIHHCTBA 3aJay  TEOPHH
GuIbTPAllNE 3aKJII04AETCAd B COCTaBJEHHH Ha OCHOBE YPaBHEHHs He-
Pa3pHIBHOCTH H 3aKOHa ¢HJAbTpaumuu AH(QepeHIHaJbHHIX YpaBHEHHH
IJs pacnpejesieHdsi JaBJIeHHS B B YCTAHOBJCHHH COOTBETCTBYIOLIMX
HadaJbHBIX HrpaHHUYHKX ycjaoBuil. IIpH cocraBieHMH 3THX ypaBHeHHMH
u QOpMYJNUPOBKEe 3a1a4y HeoOXOQHMO 3HATh 3aBHCHMOCThL OT NaBJIEeHHS
XapaKTePHCTHK NOPHCTOH CPelEl H HachIAoIed ee XKHUAKOCTH.

PaccMOoTpuM npexie Bcero BJHSHHUE NaBJEeHHS Ha CBOHCTBA JKHA-
KOCTH — ILJIOTHOCTb P M BA3KOCTb W.

s OXHOPOAHBIX KaMeJbHBIX HKHIKOCTell — BOALI M He(TH — H3-
MeHeHHs] IJIOTHOCTH B IJIACTOBBIX YCJIOBHSIX OOLIYHO HEBEJNHKH: BCTpe-
vapIHuecs B (PUIbTPAHOHHBIX [BHKEHHSIX Nepenajsl AaBjeHus (eIu-
uuiel MITa) BecbMa masbl 10 cpaBHEHMIO C MOAYJSIMH OGBEMHOro
cxatua K, kanenapHux Kuakocted (5-102— 2-103 MIIa). [Tostomy
O6BLIYHO JOCTATOYHO OrPaHHUYUTHLCS JHHEAHOH 3aBHCHMOCTBIO

p(P) = poll — (p — po)/ Kl (1.17)
XoTs CXHMMAaeMOCTh KameJbHEIX XKHIKOCTeli Maja, OHAa HIPaer 3Ha-
YATEJBHYIO POJIb B TeX CJAyuYasix, KOria BO3MYLUeHHs JAaBJCHHS 3aXBa-
THIBAIOT OGIIHpHBIE 06JacTH (3mech CYIIeCTBEHHO TO, YTO He(dTsAHbIe
3a/eXu OGBIYHO IPaHHYaT ¢ MJAacTOBOH BOXOH, CyMMapHHI 00beM KO-
Topofi 3HauuteAbHO Gosblue ofbemMa HeTH B 3ajleXH; B pe3yjabTaTe
3TOrQ 32 CueT PAacUIHpeHHs BOJABI CO CHHXKeHHEeM J[aBJieHHd MOXKeT I0J-
HOCTBIO KOMIMEHCHPOBATbCH H3BJNeKaeMbli o0beM HedTH). 3aBuHCH-
MOCTbIO BA3KOCTH KaleJbHBIX XHAKOCTeH OT JaBjeHHs IPH H3MeHEeHHH
IaBJIEHHS B TEX Xe€ Ipelesax MOXKHO OObYHO npeHeGpeus!l.
QunpTpanHoHHBIe [BHXKEHHMA Ta3a XaPaKTePH3yIoTCs TeM, UYTO
BBHIY OGOMbIIHX abCONIOTHHIX 3HAYeHHH naBJeHHs W lepenajoB ras
YacTO Helb3s CUMTATL HAEaJbHBIM. YpaBHeHHe COCTOAHHS raza oOHd-
HO 3alHCHIBaeTCH B BHJE:

p=plz(p, T)RT. (1.18)

3pece R = 8,314 Jx/(Moab-K) — yHuBepcaspHasg rasopas IIOCTO-
A HHasl,

! Ckasannoe He OTHOCHTCH K He(TH, HaxXOAsAN(efics B KOHTAaKTe C NPHPOLHHIM ra-
80M. B 3ToM cayuae npu noBHILEHHH AAaBJeHHS YBEJHUUBAETCH KOJHYECTBO DACTRO-
PEHHOrO B He(TH rasa, u ee BA3KOCTb 3aMeTHO Najaet.
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[IpenmymecTBa Takofl 3aNMHCH CBSI3aHBLI C T€M, YTO Mg KO3bdH-
LHeHTa cBepXxcKHMaeMocTH 2 (p, T) cocraBieHn TabauuM u rpadu-
KM, OXBAaThIBAOIIHE Psf NPAKTHUECKH BaXXHbIX CJAY4YaeB, H HMEIOTCS
npocTeie cnoco6nl NPHONHMKEHHOro BHIYHUCJIEHHS €ro JJas Ta30BhiX
cMmeceit. OTkJoOHeHHe 2 OT €IHHHUH (OT/IMYHME ra3a OT HIeaJbHOro)
3HauHTeNbHee AJs Gojlee TAXKeNHX YrIeBOAOPOAHEIX Ta30B,

CorjlacHo KHHETHYeCKOH TEODHH rasoB, BS3KOCTb HX He JOJKHa
3aBHCeTh OT JaBJEeHHA. IJTO YTBEPXK/IEHHE TaKXe HENPHMEHHMO K
YCJIOBHSIM, XapaKTepHHM JAJsa rasosoro msacra. IIpH ¢HKcupoBanHOMH
TeMIepaType BA3KOCTb ra3a MOXKeT H3MEHSTbCS Ha JECATKH HpOleH-
TOB IIPH H3MeHEHHH AaBJeHHs Ha eauHuub MIla.

UTto6pl NpPOaHANH3HPOBATh 3aBHCHMOCTh OT MJABJIEHHS CBOWCTB
NOPHCTOH cPelibl — IIOPHCTOCTH H NPOHHII2EMOCTH, PACCMOTPHM NOBe-
JleHHE HACBHIIIEHHOrO0 XKHIKOCTbI0 o0pasla NPH OXHOOCHOM Harpyxe-
wuu. IlpexmosioxuM, uro Harpyska F Ha UHJAHHApPHYeCKHH o6paser
IJIOIIAAbIO TONEPeUHOro cedeHHsl S, 3akJIOUEHHBIH B HEIPOHULAEMYIO
060JI04KY, co3naeTcsi HempoHHuaeMuM nopurHeM., CHHM3y Ha NpoHHUA-
eMoe OCHOBaHMe JeHCTByeT NaBJieHHe p, paBHOe JaBJEHUIO B XKHAKO-
cru (pHc. 3). Toraa u3 ycsaoBuii paBHOBecHs1 o6pasia B npeHe6peixe-
HHH CHJI&MH TPeHHs] 0 GOKOBHIE CTEHKH CJeJyer '

F =pS +F\. (1.19)

3necy Fy—cuna, meficTByiomas Ha NpoHHUAaeMoe ocHoBaHue. Oue-
BHAHO, F =S, rge o — nojHoe HanpsixkeHHe B HachILIEHHOM 06pas3le;
F, =4S, rpe of — HanpsixkeHue, BOCIPHHUMAEMOE TBEPILIM CKEJETOM
(B pacuere Ha Bcio maowazns S). U3 (1.19) noayuaem

of = 6—p, (1.20)

PHC. 3. Cxema Hach- rpe of — sipekTuBHOE HampsikeHHe. H3MeHeHue
gf;}:)%rocpeﬁgai%; hO MOPHCTOCTH B YCJIOBHAX OJHOOCHONO HArpyXeHus
Tpy3koii IIPOUCXOJHT IOX }leﬂCTBI:leM 3TOrO HANpsXKeHHs,
BBHI3HIBAIOLIIEr0 1IEPECTPOMKY CKeJeTa MOpPHCTOH
cpenpl. MameHeHHe NMOPHCTOCTH B 3aBHCHMOCTH OT
JaBleHusl npu ¢(HUKCHpPOBaHHOM Harpyske, obyc-
JIOBJIEHHOE CXKMMaeMOCTBIO 3epeH, MaJIo 110 cpaBHe-
HHIO CO CXKMMAeMOCTbI0 NOPHCTOH Cpelbl B eJIOM,
00YCJIOBJICHHOH IIepeyNaKoBKOH 3€peH: XKeCTKOCTh
Marepuasa 3epeH NJd TaKHX cpef, KaK MecyaHw-
KH H T. 0., OUEHb BeJIHKA.

AHasoruunble coofpaKeHHsI NPHMEHHMH H
B Gosiee o6mux caydasx. ONbITHHE AaHHBE, NO-
JYYeHHBIE B YCJOBHSIX NPOH3BOJIBHOIO Harpyxe-
Hus nopHcToro o6pasna, NO3BOJSIOT ONPEAeIUTD
3aBHCHMOCTh TIOPHCTOCTH He OT TeH30pa MCTHH-
HBIX HanNpsiKeHHH, NefiCTBYIOUHX B CKeJeTe Io-
pHCcTO cpenbl, a OoT TeH30pa 3QPeKTHBHEIX Ha-
npsixkenu#. Tak Kak NpH AeACTBHH Ha NOPHCTYIO
=== —_"—4 cpely TOJbKO TDHJOXEHHOrO BHYTDH Hee THAPO-
) a CTATHYECKOro AaBJeHHs KacaTe/lbHble HampsiKe-

F
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HHUS He BO3HHKAIOT, KacaTeJbHhle KOMMIOHEHTH TEH30pa HCTHHHHX Ha-
TpsKEHHE H TeH3opa 3()(PEeKTHBHBIX HANPSKCHHH COBNANAlT, a HOp-
MaJbHble KOMIOHEHTH OTJHYalTcsd Ha BeduuuHy p. [loaTomy nmeem

Olf'j = Gjj — p‘d,-,, (121)

rae of,-, 6;j — COOTBETCTBEHHO KCMIOHEHTH TeH30pa 3(¢deKTHBHBIX Ha-
npAXeHUH H TeH30pa HCTHHHBIX HanpspkeHuil (3;=1 npu i=j; §;=
=0 npu i j).
- THopucrocTs H NPOHHIAEMOCTbL KaK CKaJsPHble BEJIHYHHBI MOTYT
3aBHCETb TOJbKO OT HHBADHAHTOB TeH30pa 3((eKTHBHBIX HalpsxKe-
HHH.

B nunefinoM npHOJMIKEHHH 3aBHCHMOCTBIO OT BTOPOTO H TPEThero
MHBapHaHTOB OOGHIYHO npeHebperaioT, Tak yTo

m=m(@®, p); k=Fk(8, p); 6= (1/3)cl.. (1.22)

MoxHO ycTaHOBHTH CBS3b MeXAY CPeIHHM HOpPMaJabHBIM 3(d eXTHB-
HBEIM HanpsixkeHHeM § M jgaBieHHeM, €CJIH pacCMOTPeTb HanpsiKeHHOe
cocrosiie B miacre. Ilycte H — ray6uHa 3ageraHusi niacta, kb —ero
TOJIHIMHA, & pp— CPEAHSAS NJOTHOCTh FOPHHIX nopop. OGBYHO TOJMLHHA
HeTSAHBIX NJAaCTOB MHOrO MeHbllie IyGHHBI WX 3ajeranusi, T.e. h<(H.
Bec ropseix nopop, Jexamyx Hajg NJacTCM, YPaBHOBELIMBAETCS CHCTe-
MOH Hanpsi)KeHU#l B NMOPHCTOH cpele H IHIPOAMHAMHYECKHM JaBJICHHEM
xkupkocTH. CHCTEMY JKHIKOCTb — ITOPHCTas cpela MOXHO [IPeJCTaBHTb
cebe Kak HeKoTopylo jedhopMHpyeEMYIO CIVIOIIHYIO Cpely, B KOTOpOR
K HOpMalbHbIM HaNpsKeHHsAM, AeHCTBYIOIUM B NMODHCTOH cpene, pobas-
JSAI0TCS HOpPMaJIbHble HaNpsiKeHud, BOCIIPHHHMaeMble XHIKOCTbIO. KoM~
COHEHTHl CYMMAapHOro HanpsiKeHHS o;; BBIPAXKAIOTCA C IOMOILBIO COOT-
HomeHnus (1.21)

oy = ol 4 pby, (1.23)

rae 8; — eXMHHYHBIH TEeH30p.
3anuweM ypaBHEHHe DPABHOBECHSI CHCTEMbI 2KHAKOCTb — IIOpHCTast
Cpejia C YueTOM CHJbl TSXKEeCTH B BHIE:

000/ Oxo + 0g; = Ol dxq + OplIx; 4 pgi = 0, (1.24)

rie p — CyMMapHasi IJIOTHOCTb CHCTEMbl XHIKOCTb — IIOPHCTas cpe-
Ja. Y4uTHIBafg, 4TO MJIOTHOCTH CJ1ab0CKHMaeMblX FOPHLIX MOPOJ H XKH I~
KOCTH H3MEHSIIOTCH He3HAauHTeNbHO, a 3HAYeHWe ee IJs ra3a [0 cpaBHe-
HHIO C TBEp/bIM CKeJeToM MaJo, B ypaBHerud (1.24) MoxHO moJO-
XKUTb p=const, T. e. 3T0O ypaBHeHHe, He coOjepxKallee SIBHO BpeMms.
CyMmMmapHHe HanpsiXKeHHss Ha KpoBje M [oJoLiBe MJjacra (T. e. Ha
BepXHefi H HHXHefi OrpaHHUYHBAIOWeH IJIACT IIOBEPXHOCTAX) Takxke
MOXHO CYMTaTb He 3aBHCAUIMMH OT BpeMeHu. ®PH3nuueckH obocHOBa-
HHe TocjefHell TMNOTe3bl CBOAMTCA K cJienywooulemy. Ecau ynpyrue
NIOCTOSIHHKIE NOPOA MJIacTa H KPOBJH HPHMEPHO OJHHAKOBHI, CMEILEeHHE
KpOBJAH, 06yc/OBJHBaeMOe H3MeHEHHeM MAaBJeHHs XHAKOCTH, Hachl-
nmawled nopoly nJjacra U NPONOPUHOHANbLHOE, OUEBHAHO, €ro TOJIH-
He, pachpegeJssiercs Ha BCIO OrpOMHYIO TOJILY  Bhlllesaexallero
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MacCHBa TopHbIX nopoi. ITo3TOMy cOOTBeTCTBYIOLHE OTHOCHTEJLHbIE
IlecbOPMaU;HH B 3TOM MacCCHBe MaJibl H, CJenoBaTeJbHO, MaJbl BO3HH-
Kapnmue B HeM JIOINOJHHUTE/IbHBIE HaNpAXKEHHUA (B YaCTHOCTH,
HanpsiXeHHs Ha KpoBJe M NojouwBe miacra). OxHako koraa Bellle-
Jiexauasg ToJua B OTJHUHE OT nopoa IMJjacTa CJa0XKeHa H3 OUYeHb
JKECTKHX MOPOJ, NPH JIOKAJIbHOM INOHHXKEHHH [NaBJieHHs Moryt obpa-
30BaThCA CBOJLI, H IPH M3MEHEHHH HABJIEHHSl XKHIKOCTH HAIpAXKeHHS
Ha KpOBJie H MojoIBe nyaacta OYAyT MeHsThCS.

ITocKoJbKY ypaBHEHHs DAaBHOBECHS CHCTEMbI XKHAKOCTb — MOPHCTAS
cpena H HampsKEHHs Ha KpoBJje H MOJOLIBE IIACTA He 3aBHCAT OT
BpeMeHH, CYMMapHoO€ HanpsA2kKE€HHOE COCTOSIHHE B CHCTEME KHIKOCTb -—
nopucTass cpena (o;) TaKxke OKasbiBaeTcsl He 3aBHCSILUM OT BpEMEHH.

[Tosromy

3 (of; + pd)lot =0. (1.25)
ITonaras i = j=1, 2, 3, umeem
0 (ofy + ofs + o5 -+ 3p)/ 0t =0,
OTKYyJa BHITCKA€T BaXXHO€ COOTHOLIECHHE
0-+p),:=0,0,=—p . (1.26)

Ecnn nmepBoHayanbHOe HampsiXKeHHOE COCTOSIHHE, KaK 3TO OGHIYHO
MOXHO IpPEeAnosaraTh AJs He(PTAHBIX H Ta30BBIX NJACTOB, H HAaYaJjb-
HOe JaBJieHHe NOCTOSSHHE o nyacry, To u3 (1.26) caenayer

8 + p =const. (1.27)

3aBHCHMOCTh MOPHCTOCTH H NPOHHINAEMOCTH IODPOJA-KOJJIEKTOPOB
OT CpeJHero HOPMAaJbHOTO HaNpsiKEeHHs OOBIUHO OINpeaensieTcst Ha
npubopax OJHOOCHOTO HJM ABYXOCHOro cxartusi. B muddepenuunans-
Hoit dbopMe 3TH 3aBHCHUMOCTH MOXHO BbIPa3HTh YPABHEHHSAMH

my'm o= —¢1 (8), ko 'k o = —vs (0). (1.28)

Takum o6pa3oMm, B YCJAOBHSIX, KOTJa CIpPaBelJHBO COOTHOIIEHHE
(1.27), nmpupalueHusi HOPHCTOCTH H NPOHHIIAEMOCTH BHIPAXKAKOTCA Ue-
pe3 npupamieHus xAasieHus. ([Ipu sTom yuHTHIBaeTcsl M HemocpencT-
BeHHas 3aBHCHMOCTb NOPHCTOCTH OT [AaBJIeHHs, BHI3bIBA€Masi CkKHMae-
MOCTBIO 3epeH TBePJAOro CKeJieTa.)

PaccmorpuM cayuai QuAbTpPaUHH caaboCKHMAEMOH XHIKOCTH B
yupyroaegopMHpyeMOH OZHOPOAHOH NOPHCTOH Cpele, KOTfa OTHOCH-
TeJbHBIE HM3MeHeHHsl NapaMeTpPOB 3TOH cpeibi M KHAKOCTeH MaJibl.
B 3THX ycaoBHAX MOXKHO CYHTATh IIPOM3BOJHBIE HX IO JABJEHHIO
NOCTOSIHHBIMH

doldp = K; "00; dmldp = K3 mo; (1.29)

apuueM (p — po)/ Km < 15 (p — po)/K, € 1 Bo BceM AHamasoHe H3MeHe-
uus naBjeHus. 3HaueHusi K, umeior mopsigok 10* MIla, K, v Kp—
or 10% po 10* MIla, a Ap (B 3agayax HecTauuOHapHOH (HJILTpaLHH) —
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or 0 no 20 MITa. Torza u3 (1.16), npeneGperass ManbIMH BeJMUMHAMH,
HaxoJlUM

mo (g + &) Bt Si; |45 + (% + 5+ x;) Erad p| = 0. (1.30)

Ecnn 8p — xapakTepHoe H3MeHeHHe JaBJeHHs, a L — xapakrepHas
JJIMHA, TO NEPBBIH wieH B CKOOKaX HMeeT, OYEBHAHO, MopAnok dp/L2,
a Bropo#t (3p)%L2K. TlockoJbKy 3HaueHue &p/K Mano, ciaenyer, 4to
B NPHHATOM NpHOJMKEHMH BTOPbIM UJIEHOM B KBajpaTHbiX CKofKax
Takxe ciegyer npeHeGpeus. OKoHUATeNbHO JIHHEADH30BaHHOE YypaBHe-
HHe /IS JaBJieHHsl (YpaBHEHHe YNPYTOro PexuMa WIH, IO Ipeiioxe-
nuio B, H. Illenkauera, ypaBHeHHe Nbe30NDPOBOJHOCTH) HMEET BHI

p. = xAp, x = (ko/mono) (/Km + 1/Kp)~1, (L.31)

roie A — cuMmBos oneparopa Jlammaca; x— Ko3dduuUeHT nbe3o-
IPOBOAHOCTH. 3aMeTHM, 4TO B Qopmyny ans kospduuHeHTa IMbe3o-
NPOBOJHOCTH H B ypaBHeHHe (1.31) He BXOXHT IPOHM3BORHas dk/dp,
XOTsl NIPOHHLIAEMOCTh MOXKeT B 0OoJblliell CTeeHH 3aBHCETb OT [aBJe-
HHS, yeM IOPHCTOCTb. TaKoe Kaxylleecs HECOOTBETCTBHe OOBACHSET-
Csi TEM, uTO NPOHHIAEMOCTh BXOJAHT B yDaBHEHHe MHOXKHTEJEM TNpH
YyjeHax IepBOro nopsiika MaJoCTH, a H3MEHEeHHsl IODHCTOCTH — ¢
MHOXHTeJleM NOPSiAKa eAUHHIB. 3aBHCHMOCTh NPOHHIAEMOCTH OT AaB-
JIEHHUsI MOXKeT OBITh CYUIECTBEHHOH MAJS NpPOLIECCOB, NMPOHCXONSALIHX B
npH3aboHHON 30He, rie BEJHKH niepenajbl AaBJEHHS, WJIH JJsl BeCbMa
JUINTENbHBIX TTPOLECCOB,



KJIACCHYECKME

TJIABA MOJEJIH TEOPHH
2 SUJILTPALLMY
O HOPOJIHOH )XMIKOCTH

§ 1. IIpocrefiive yCTAHOBHBUIHECS HANOPHbIE TEUECHHS

YCTaHOBHBIUHECS TeueHHs] HECKHMaeMol IKHAKOCTH, [OJYHHSA-
oluecs 3akoHy Jlapcu,— nmpocTeHIUHi Kiace ABHXKEHHST B HOPHCTOH
cpele. B To ke BpeMsl MCCaeJOBaHHE 3TOTO KJacca JBHIKEHHH 4Ype3Bhl-
YafiHO BAXHO KaK JJIF TEOPHH, TaK H JJf NPaKTHKH.

Paznuuaior HanopHoe u 6e3HanopHoOe TeueHus. B nepsBom
cjyuyae JAaBJieHHe BO BCex TOYKAaX BhiLle aTMOC(epHOro, mjaact mnoJ-
HOCTBIO HACHIIEH JKUAKOCTBIO H IIOTOK B HEM OTpaHHYeH DPacloJiOXKeH-
HBIMH CBEPXy H CHH3y HeNPOHHIAeMBIMH IOBEPXHOCTAMH — KpOBJei
4 mopouiBoll. B cayyae 6e3HamopHOTO TeueHHs BepXHefl rpaHHileil no-
TOKAa HJIH ee YacTblo siBisieTcsl CBOGOAHAST MOBEPXHOCTh, JaBJIEHHE Ha
KOTOPO# NOCTOSIHHO H paBHO aTMoc(pepHOMY.

YcraHoBHBLIaacsd GUIbTPAUUsl Hec:KHMaeMo#l (p = const) kmuakocrtu
B OLHOPOAHOH NMOPHUCTOH Cpeje OMHChbIBAETCS CHCTEMOH ypaBHEHHH 3aKOHa
Hapcu u HepaszpuieHoctd (1.5) u (1.16), Koropble B JaHHOM cJayyae
HMEIT BHJ

u = — (k/v) grad (p + pg2), (I1.1)
dive = 0. (11.2)

Ecnu BBecTH moTeHUHas notoka ¢ = (k/p) (p -+ pg2), cucrema (II.1)—
(11.2) cBomuTcst K ypaBHeHHIO Jlaniaca A ¢ ¥ CBSISH MEXAY # H ¢:

v% =0, u=—grade. (11.3)

KpaTko paccMOTpHM BONDOC O TPaHHYHHIX YCJAOBHAX [IJAS YpaB-
Heuus (I1.3). B 3amavax ¢mapTpaumu KUIKOCTH B NPHPOAHBIX NJac-
Tax BCTPEYAIOTCS TPH OCHOBHBIX THIZ 3THX YCJOBHIL.

l. YcioBHe Ha HempoHHIAEeMBbIX IPaHHLAX — JJs BCeX Touek M
tpaHuue [’

Un=0 wumu 0¢/0n =0. (11.9)

3nech 0y/On — npousBofHas 1o HupManu K rpanume I

HenpoHunaeMbIMH TrpaHHIAaMH SIBJSIOTCS KPOBJAS M MOAOIIBA,
T. €. NOBEPXHOCTH, OTHeJ]SIOUHe MPOHHIaemMble IJIACTH OT BMema-
IOIUX HX HeNPOHHIAEMBIX Nopo4 (BOLOYNOPOB), yallle BCETO IVIHH HJIH
KaMeHHOH cosd. CYLIECTBYIOT TaKxke ¥ HeNpPOHHLaeMble TPaHHIIb,
CeKyllHe NJAacT BepTHKAJbHO HJIH HAKJOHHO: H3OJHPYIOIIHE TEKTOHH-
YecKHe HapyleHHs WJIH NOBEPXHOCTH BHIKJIMHHBAHHS MJacTOB,
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2. YcioBue 3axaHHOTO mocTosiHHoro Hamopa. [Ipumep ero — ye-
JIOBHSl Ha CTeHKe CKBaXXHHBl (IIOCKOJIBbKY INpPEANoJiaraeTrcsi, 4To CKsa-
JKHHa INOJHOCTBIO 3al0JIHEHA KHIKOCTHIO)

¢ = gc = const; r=re. (11.5)

B pane cnyyaeB oxasmiBaeTcs Gojiee yaoOHBHIM 3a/aBaTh Ha CKBa-
XKHHe 3HayeHHe pacxofa, 4To (BBHUAY MaJOCTH pajHyca CKBAaXXHHHI I¢)
3KBHBAJIGHTHO 3aJaHHI0 MOCTOSHHOH MO MNepPHMEeTPY CKBaXKHHBI
HOpPMaJIbHOH COCTaBJSIIOILEH CKOPOCTH (HJBTPALHH XKHAKOCTH Yepes
CTEHKY CKBaXXHHHI.

PeaspHble cKBaXKHHL He IPeACTaBAAT cO00H HAeaJbHOH LHJIHHI-
PHUYECKOH INOBEPXHOCTH, MepeceKalolllefi MJIacT [0 BCedl €ro TONIHHE.
YacTo BCKpHIBaeTcsl JHIUL 4YaCTh TOJUIMHBI Iiacta (B 3TOM cJayuae
CKBaXKHHBH Ha3blBAIOTC HeCOBEPIIEeHHBIMH NO CTelNeHH
BCKpuTHSA). IIpn 3TOM rpaHH4Hble YCJNOBHS cjefyer 3ajlaBaTh Ha
HEKOTOPOM (MKTHBHOM KOHType, PpajgHyc KOTOpOro (IpHBELEHHBIHA
panuyc) MoXeT OHThb 3HAUHTEJbHO MeEHbIle HCTHHHOrO pajHyca
CKBaXXHHHI.

Ecan ckBaxkuHa ofcaxkeHa cTaJdbHOM HJAH IJIacTMaccoBOd Tpy6oH,
OTKPBLITOH JJf MOTOKa JHUIL B psAjAe NepdOpanHOHHBIX OTBEPCTHH,
TO OHa Ha3bHBaeTcs HeCOBepHIeHHOH Mo XapakTepy
BCKpBITHSA. [na 3agaHus TPaHHYHBIX YCJOBHH Ha KOHType TaKOH
CKBa)XXHHBI TaKXe INPUXOJHTCA DPACCMAaTPHBATHL YCJAOBHYIO CKBAaXKHHY
C TNpHBEJECHHHIM pajHycoM, MeHbIDHM HcTHHHoro, Haobopot, ecau
BCKDHIBAETCA NJacT, NOABEPriUHiCH THAPABJHYECKOMYy pasphiBy, TO
npHBeJeHHbIi pajuyC CTaHOBHTCA 6OJBIIHM HCTHHHOTO,

HHorpa yciaoBHe IIOCTOSIHHOTO Hanopa 3ajaercsi Ha TaK HasbiBa-
€MBIX JIpEHAXHHIX Tajiepesix, T. €. NIOBEPXHOCTAX, NMepHeHIHKYASAPHBIX
K HalpaBJIeHHIO HaNJacTOBAaHHSA, yepe3 KOTOPhHie XKHAKOCTh OTOHpaeT-
Cs M3 IJlacTa HJH 3aKauuBaercs B Hero. IloHsTHe ApeHaXKHoi raJje-
ped 3aMMCTBOBaHO M3 THADOTEXHHYECKHX 3anau ¢unbTpauuu. Ilpu-
MEHHUTEJIbHO K HAIIOPHOMY TE€UeHHIO BOAH, He(dTH W rasza B NPHPORHBIX
TJacTax JpeHa)KHas raJjepes SIBJAseTCS YCJIOBHOH cXeMaTH3alHeH
pana (UemoykKH) CKBaXKHH, OGBIYHO PAacCHONOXKEeHHHX Ha OAHHAKOBOM
PacCTOSIHHH JpYT OT APyra IO OPSIMOMY, KDYrOBOMY HJIH HHOMY KOH-
Typy. Hekoropsle coobpax<eHHS OTHOCHTEJIBHO BO3MOXKHOCTH TaKOH
cxemaTHsaluH OynyT npuBeldeHb HHXe. KpoMe apeHaXKHBIX rajepei
NOBEPXHOCTAMH MOCTOSHHOrO0 Hamopa MOJEJIHPYIOTCA B 3ajadax
$HIbTPALMK TPEUMHbI, 3aN0JHEHHBIE KHAKOCTHIO.

panHuyHble yCJIOBHS TNOCTOSIHCTBA Hamopa CTaBSITCS M Ha KOH-
Typax nHrauug. [lol KOHTypoM NMHTaHHS OGHYHO NOHHMaercs
BHeIIHAA rpaHuna ob6aacTd (UABTPALMH, Yepe3 KOTOPYIO MPOHHKaeT
XKHAKOCTb. Ha 3TOM KOHType JaBJeHHe MOXKHO CHHTaTb HeH3MeH-
HeiM. C M3BeCTHHIM NpUO/H:KeHHeM MOHSATHE KOHTYpa NHTaHHs IpH-
MEHHMO K cJ1y4alo, KOrja IIacT HMeeT BBIXOJ B KaKoH-1HO0 BOJOEM —
BOJOXpaHHJ/HILE, peKy, Mope. [las HepTeHOCHHIX IJIACTOB B KauecTBe
KOHTYpa NMHTAaHHS YacTO TPUHHMAETCH TpaHHIla BHEIIHeH BOJOHOCHOH
30HH ¢ He(TeHOCHOH — BOJAOHe(TAHOH KOHTakT. Takas cxemaTuaa-
uHsg O6OCHOBaHa B cjyuyae, ec/iH IIPOBOJAMMOCTb BOJOHOCHOH 30HBI
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MHOro Gospure, yem HedrsHOH. B KauecTBe KOHTYpa HHTaHHS B CTa-
IIHOHAPDHOM TeYeHHH MOXeT TaKXKe OBITb NPHHSITAa INPOH3BOJIbHAS
3KBHIIOTEHNHANbHAsL TOBepXHOCTb. OOHUYHO IOJIOXKEHHe KOHTypa IH-
TaHHS N0 TeOJOrHYecKHM JaHHBIM H3BeCTHO JHLIbL rpy0o NpHOIHIKEH-
Ho. OaHako M3 panbHeliniero 6yjxer BHAHO, uTo jas obJjacTH co
CKBaXKHHAMH JaXe 3HAUHTEJbHble OIMIHOKH B ONpPeNeJIeHUH MOJOXKe-
HHS KOHTYpa IHTAHHUS HeCYlIeCTBEHHO BJHSIOT HA BEJIHYHHY MPHUTOKA.

Yciosue TpeThero pola — CBA3b JaBJeHHs Ha TrpaHHLIe ¢ HOp-
MaJbpHOH cocTaBasiionlei rpajgueHTa nasnenust. Ilycers, Hanpumep,
JIBa BLICOKONDOHHLIAEMEBIX TIJACTa pa3fieJeHbl ¢JoeM OueHb HU3KOU NMpo-
HHIAeMOCTH, M IyCTb IIPH 3TOM mnepelajbl AaBJeHHA B NPOHHLAEMBIX
njacrax no obe CTOPOHBI TPaHHIE H BAOJb IJIacTa OJHOrO MOpsAKa.
Torma, Kak HeTpPyAHO yb6eQHTbCd, COCTABJASIOMIAs CKOPOCTH TeUeHHs
B IpOHHLaeMbIX IJacTax BAOJbp HanJacTOBaHHA MHOro OoJgblie Io-
nepevyHol cocTaBJsiollell. B ManonponHnaemom cioe, Hao6OpOT, CKO-
pocth GyleT HalpaBjieHa NPAaKTHYECKH MO HOPMAJM K IPaHHUE, TakK
KaK MpPOJOJbHAs COCTaBJAKUIAS TPAJHEHTa JaBJEHHS MHOIO MeHblIe
nonepeunoit. Ecan paBieHuss B niactax no ofe CTOPOHH TpaHHIH
PaBHH p; U P2, TO CKOPOCTb TepeTOKA JKMJAKOCTH H3 NEpPBOro NJacra
BO BTOPOH NPHOIHXKEHHO COCTABHT

w = (&*/p3) (p1 — po), (11.6)

rae k* —- NIpOHHIIAEMOCTb NpocJosi; & — ero toJuuHa. ITocKOMBKY 3Ha-
YeHHEe W PAaBHO HOPMAJNbHOH COCTAaBJSAIOUIEH CKOPOCTH (HJbTpaUHH BO
BTOPOM IJIacTe, TO MOXHO 3aIHCaThb

Ecnx gaBieHHe B NePBOM IIacTe MeEHAETCS MaJo, TO BO BTOPOM
Ha MaJONPOHHLAEMON TpaHHUEe NOJYyYaeM YCJOBHE TPETbero pojaa:

aps + bopo/on =c¢, a®>+b%2>0, bla>0, (11.8)

rie a, b u ¢ — MOCTOAHHLIE.

IIpocTedilunM H3 (GHILTPAUMOHHBIX TeYEHMH SBJAAETCS NJIOCKO-
napaJjJeNpHBH NPSIMOJHHEHHBIH NOTOK MEXAYy [ByMS TajepeiMH ¢
NOCTOSSHHBIM Hanmopom Ha kKaxpaoit u3 HHX. IlycTh Teuenue nampabie-
HO BJIOJIb OCH X, COCTAaBJSAIOLIel YroJ ¢ K TOPH3OHTY.

B 3TOM c/yuyae moTeHIMaa ¢ M JABJCHHE PacrnpefesieHBl IO MJaCTy
JAuHe#HO; npH x =0 (BepxHss rajepes) p=p, 0pH x= L (HuxkHas
rajepesi) p = ps. Torza Jerko noJyduThb

(pr — p)(pr — p2) = x/L; ¢ = (klp) [p1 — (p1 — p2) (x/L) + pgsin a],
(11.9)

— —doldx = (klp) [(p1 — po)/ L — pgsina]. (11.10)

Coornomenne (I1.10) — uHTerpasbHast ¢opma 3anHCH 3aKoHa
HDapcu. OHO ucmosb3yercs B GOJbIUMHCTBE METOJOB Ja60pPaTOPHOro
H3MepeHHS MPOHHLAeMOCTH.

Cpenn ONHOMEepHBIX (HALTPALHOHHBIX JBHXKEHHH >XHIKOCTH Ipen-
CTaBJIsSIeT MHTEpEC TeYeHHe, NPOMCXOAfllee B BEPTHKAJBHOM Hampas-
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JieHuH noj neficTBHeM OfHOM JIMIIL CHJBI TSXKECTH, OHO ONHCHIBAaeTCS
T

caepytomum u3 (11.10) cooTHoeHunem (,m = pa, a=——2—)

u= —kogly. dI1.11)

3aMeTHM, YTO B 3TOM CJydyae [aBjeHHE NOCTOSIHHO BO BCeX TOYKAxX
TIOTOKA.

Jlnsi mwHpokoro Kpyra 3ajaad (GMAbTPAUHHM B BOJOHOCHHIX H Hedre-
HOCHBIX IIJIACTAaX MOXHO HCHOJB30BaTh JABYMepHOe IpHOJHKeHHe.
Ilycts KpOBJisi M MOAOLUBA IJTACTa TOPH3OHTAJbBHEI, 3 CKBAXXHHH H KOH-
TypHl IHTAHHS MOXKHO CUUTaTh BEPTHKAJbHBIMH IMOBEPXHOCTSAMH IO-
CTOSIHHOrO Hanopa. Toriaa, oueBHIHO, HANOP BO BceX TOYKAaxX IJacra
He Oyger 3aBHCeTb OT BePTHKAJbHOH KOOPAMHATH, a HallpaBjeHHe
IOTOKa Gy/AeT TOpH3OHTAJNbHBIM, DTH YCJIOBHS COXPAHSIOTCA U AJS
TIJIacTa, COCTOSINIEro K3 psifja TOPH3OHTAJBHBIX CJI0EB PA3HOH INPOHH-
LaeMOCTH (HO He 3aBHCAUEH OT KOOPAHMHAT B TOPH3OHTaJbBHOH mJoOC-
kKoctH). IlpH 3ToM Hamop BO BCeX CJOSIX BJOJb BEPTHKAJbHOH KO-
OpAHMHaTH OyJeT ORHMHAKOBBIM H, XOTfi TODH3OHTaJbHble COCTaBJIs-
IOLIHe CKOPOCTH Pas3JHMYHLl TIO CJOSIM, BePTHKaJbHblE PAaBHH HYJI0.
B 3rom ciyuae nBuxKeHHe ¢ OCpelHEHHOH 1O TOJIHHE CKOPOCTBHIO MO-
TOKAa TOYHO ONHCHIBA€TCA [ABYMEDHBIMH YpaBHeHHSAMH (bHJbTPAlHHU.
Kak pnByMepHOe MOXeT paccMaTpPHBATbCA H TedeHHe B HAKJOHHHIX
nJiacTax MaJoH TOJIIHHBL

B njockoM cranMOHAapHOM TOTOKE KOMMOHEHTH CKOPOCTH H @

YAOBJETBOPAIOT CHCTEMe YypaBHeHH# 3aKoHa JlapcH H HepasphiB-
HOCTH:

U= —0¢/0x, v=—0¢/dy, Ouldx -+ Ov/dy = 0. (11.12)

M3 nocsienHero ypaBHeHHs CJAelyeT, 4YTO CYLeCcTBYeT GYHKIHS TOKa
¢ (x, y), Takas, 9ro

u=09/dy, v=—0/ox. (I1.13)
QYHKUHH ¢ H ¢ YAOBJETBOPSIOT cooTHoweHusM Ko — Pumana
—0¢/0x = 3¢/0y, 04/0y = dY/0x. (I1.14)

310 03HayaeT, YTO KOMIVIEKCHBIH noteHuuan W = ¢ +-i¢ ssasercs
aHaMuTHYecKOH (yHKUHeH KoMmJieKCHOH nepeMenHOH z = x - fy. Ilpo-
nssogHas dW/dz (KoMmiekcHash CKOPOCTB)

dW/dz = u — iv. (11.15)

BBeneHHe KOMIJIEKCHOTO MOTEHIIHAjia IO3BOJIsIET pelllaTh G0Jblioe
YHC/JO MJOCKHX 3aay TeopHH (UIbTPAUHH MeTONaMH, OCHOBAaHHBIMH
Ha TeopHH (DYHKIHMH KOMIJIEKCHOro mnepeMeHHoro. llerannHoe H3J0XKe-
HUE COOTBETCTBYIOLIHX MeETOAOB MOXHO HafiTH B KHHrax [33, 34].
HanomuuM mnpocrefiline mnpuMepsl, HJMIOCTPUPYIOIUIHE XapaKTepHblE
YepThl MJIOCKHX YCTAHOBHMBUINXCH (HJIbTPALHOHHBLIX TeUeHHH B MJjac-
TaX. Hekoroprie 6osee ofuine cBOHCTBa GHUIbTPALHOHHBIX TEYEHHH
OyAyT paccMOTpeHH B ciiefyiollemM naparpadce.

KoMmiekcHbI/i TNOTEHIHAJ TJIOCKONAapaJeibHOr0 IpsSiMOMHHEHHO-
ro TEYEHHsi ¢ TOCTOSIHHOH CKODOCTbIO ONHChbIBaeTcs  (opMyJoi
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W =az+ b, rne a u b — nocrosnusle. [lag apyroro BapuaHTa OJHO-
MEpPHOrO TeueHHS — pajHaAbHOTO TIPHTOKA K HCTOYHHKY B Hauaje
KOODJHHAT BHIpa)KeHHe [Jis KOMIUIEKCHOro IOTeHUHana HMeeT BHJ

W) =Alnz+B. (11.16)

PagnanwHast CKOPCCTb Uy = —3%, , = Ar—!. IIpH 5TOM NOJHHIH pacxon
gyepe3 CKBAXKHHY Ha €JMHHUY TOJUWHEL HEe 3aBHCHT OT 7 H paBeH
ur-2nr = g. Torna

A=—qg@2x)-!, W=—2r)'glnz+ B. (11.17)

Tlpu pannajJbEOM IOTCKE OT KPYTOBOLO KOHTYpPa NHTaHHA (r = Ry)
C TNOTEHIMAJOM ¢x K KOHUEHTPHYHON C HHM CKBaXXHHe pajuyca r c no-
TeHUHATIOM ¢. (opMmyJia AJs EblYHCJEeHHs Je6HTa (PacXoma) CKBaXKHHBI
(bopmyna iomon) uMeer BHA

Q = gh = 2h (9 — ¢/ In (Rulre) = 2nkh (s — po)lw In (Refre). (11.18)

Paanyc ckBaKHHB Bcerja HaMHOTO MeHblle pajHyca KOHTypa IH-
TaHHA H DacCTOSHHsL MeXAy cKBaxkHHaMH, ITosToMy mnpu pacnpene-
JIeHHH JaBJeHHd 10 JorapiMHYEeCKOMy 3aKOHY OCHOBHasi d4acTb
mepenaza JaBJeHUs MeX]y KOHTYPOM NHTAHHS H CKBaXHHOH pacxo-
gyeTcsl B y3KOH 30He BOJAW3H cKBaxHHBl. Hampumep, npu Rx=100 M,
re=0,1 M onHa TpeTh mepenaga pacxonyercs B 30He pajuycoM 1 M
M noJjioBMHa — B 30He pajauycoM 3 m. Otclona caenyer ocoboe 3Haue-
HHe [pPOBOAHUMOCTH TNPH3a0OAHOH 30HBI AN MNPHTOKA KHJIKOCTH
K CKBaXKHHe.

PaccMoTpuM B CBA3H ¢ 3THM NIPHTOK XK CKBaXKHHE, BOKPYr KOTO-
poit uMeeTcs KOJblleBas 30HAa pajauyca ro C INPOHHIAEMOCTbIO ko,
OTJIHYHOH OT NPOHHIIAeMOCTH BHEIUHeH 30HBI IJjacTa k;. B Kaxknof u3
30H IOTOK pajHaJibHblil. B 3ToM ciyuae cnpaBelJHBO BhIpaXKeHHe AJs
norednuana (I1.16). Mcnoas3ys ycioBHe paBeHCTBA PacXojoB H [aB-
JIEHHH Ha TPaHHUEe 30H Da3HOH IPOHHILAEMOCTH, HETPYAHO NOJYUHTH
caenyioline GopMyJbl 4Js1 TPUTOKA K CKBaXKHHe:

g = 2zky (p — po)/p [In (Rulro) + (ki/ko) I (ro/rc)] =
= 2zky (P — pe)lv In (Ry/re). (11.19)
3xechb r; — [PHUBELEHHBIH pajiuyC CKBaXH HHI,
e ="re (rc/ro)’_l, 1= kilko.

B npouecce 6ypeHus M 3KCIJIyaTallMd CKBaXXHHE B DesyJbTaTe
IpHCYTCTBH B OypOBOM pacTBOpe pa3JHUHBIX B3BeLIEHHHX WYACTHIL
WM TBEPAHX KOMIIOHEHTOB He(TH TPOHHIIAEMOCTb INPHCKBAXHHHOH
30HBl TJIaCTa 4acTO OKasbiBaeTcsi noHukeHHoi. [losaToMy, Kak BHAHO
u3 ¢opmyan (I1.19), npuBeneHHHI paaMyc cKBaXKHHHI MOXET OKa-
3aThCA Ha HECKOJBKO MOPSAKOB HHXe HCTHHHOro. JleGHT CKBaXHHH
NpH OXHOM H TOM XKe Nepenaje CYLIECTBEHHO CHHXKAaeTCs BCJEACTBHE
3arpg3HeHHs1 Npu3aGoifHoil 30HB. Hanpumep, npH JeCATHKPaTHOM
CHHXXEHUH INPOHHIIAEMOCTH B 30He paauycom 0,5 M H pajHyce CKBar
xkuubl 0,1 M ne6ur cuuxaerca B 3 pasa, a B 30He paanHycom 0,2 M
(T. e. TonuiuHOM Beero B 0,1 M) — Ha 40 %/,.
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Otciofia BHITEKAaIOT [Ba BaXKHBIX NMPaKTHYECKHX CJIeACTBHS. Bo-mep-
BBIX, HEQOXOAHMO TINATEJbHO OYHINATH NPH3ABOHHYIO 30HY ¢ HEJbIO
COXPaHeHHs eCTECTBEHHOr0 JAe0HTa CKBaXKHHH. BO-BTOpHIX, OJBL3YACH
tdopmydoit Hiomon s pacuera OeOHTOB CKBaXKHH H JJIsl OINpefesne-
HHS TapaMeTpPOoB IIAacTa I10 3aBHCHMOCTH AeOHT — nepenaj jpaB/eHHs,
Heo6XOJHMMO TNOMHHTH 06 YCJOBHOCTH HCIIOJb3yeMoro B Heft pajaHyca
CKBaXKMHB. B To 3xe Bpems BCJieAcTBHe GLICTPOro maleHHs rpajiHeH-
Ta JaBJeHHs npu |2|— oo ngaxe 3aMeTHas omubKa B omnpe/eseHHH
paaHyca KOHTypa NHTaHHS BelleT K HE OuYeHb 3HAUMTe/bHOH OlIHOKe
B 3HaYeHHHU nebHTAa.

Onnn mn3 Haubojiee pacnpoCTpPaHEHHBIX CnocoGoB ©00pa3oBaHHSA
TPelIHH B NPUCKBaXXVHHOH 30He, NpUMeHsAeMbH A yBeJIHYeHHA [po-
JYKTHBHOCTH CKBa>XHH,— TFHApAaBJHYeCKHH pa3pblB naacta. Paccmor-
PHM 3a/layy O NIPHTOKe XXHAKOCTH K CKBAaXKHHe ¢ BEPTHKa/JbHOH Tpe-
munoii. IlpexnmonoxuM, 4YTO paauyc TpellHMHH @ HaMHOro 6oJblile
panuyca CKBAaXKHHBI U YTO DPAacKphITHe TPCLIHHBI AOCTATOYHO BEJHKO,
yTOOBl faBJeHHe B Hell MOXKHO ObLIJIO CUHTATh PABHOMEpPHO pacnpeleseH-
HbiM, MCKOMBI# KOMIIJIEKCHBIH NOTEHIHAa  MOXKHO ONpejaeNHTh, oTobpa-
3Kasi BHEIUHOCTb OTpe3Ka ocH X [—a, -+a] Ha BHEIHOCTb eJHHHYHOTO
Kpyra Ha TJIOCKOCTH {. DTo oToOpakende jnaercss ¢pyskuuel JKykos-
CKOTO

2=2"la (L4 1/2); C=a"'(z+V2F—d%). (11.20)
Torpa

W@ =—@2r)'glnl=—2r)"'glnla-!(z +VZ—a?]. (11.2])
ITpu |z| > a cnpaBenHBO aCHMITOTHYECKOE MNpECTaBJIEHHE
W~ —(2x)"'q[In(22/a) —a?/42® 4~ .. ]. (11.22)

TakuM 00pa3oM, C XOpOWINM MNpPHOJHKEHHEM OKpYKHOCTH pajuyca
R > a MOXHO CYHTATh SKBHNOTEHUHAJSIMH H PACCMATPHBAaTh KaK yCJOB-
HBle KOHTYpDHl NMUTaHHs (TOUHOE pelleHHe 3ajayd O NpPHTOKE K BEpTH-
KaJ/IbHOfl TpeLlUHE C KPYLOBBIM KOHTYPOM IHTAaHHA T'POMO3LKO H Mpaxk-
THyecKH He HyxHO). M3 dopmyn (11.21) u (I1.22) moxuo mnonyuurn
chepyolliee BbIpaXKeHHe AJisd NpPHTOKA:

g = 2=k (px — pc)/» In(2R/a), (11.23)

T. €. B 3TOM CJy4ae NPHBeJeHHbIH pajuyC CKBaXKHHbl PaBeH UYETBEPTH
IJIHABL TPEIIHH, DTO YKa3bIBaeT HA BHICOKYIO 3G (EKTUBHOCTD THAPABJIH-
YeCKOr'o paspbiBa IJacTa KaK cpeicTBa HHTEHCHOHKAUMH NPHTOKA K
CKBaXxHHe,

JIuHeHAHOCTL ypaBHEHHil QHABTPAUHH NO3BOJSET LIHPOKO NDPHMEHATH
npu WX pellleHnd NPHHUMN cyneprosuuud. Ilockoabky paguyc r. Man
N0 CPaBHEHHIO C PACCTOAHHEM MEX1y CKBaKHHAMH, KOMILJIEKCHBIH IO-
TeHIMaA CHCTEMbI N CKBAXKHH C LIEHTpPaMH B TOUKaxX z; ¢ aeburaMd g
BHIpAXKaercs CyMMOH IIOTEHIIHAJNOB OTAEJNbHBIX CKBa)KHH, paccMaTpH-
BaeMbIX KaK H30JHPOBAHHbIE HCTOYHHKH:

W= —(2n)-! i; g:1n(z — z). (11.24)

25



ITpu sTOM HA KOHTYpe KaKJOH CKBAaXKHHBI CyMMa IIOTEHIHAJOB OC-
TaJIbHBIX CKBaXKHH TPAKTHYECKH NOCTOSIHHA, TaK Kak r. K |z;— ;.

IpuHuHN cynepnosHIHH NO3BOJAET peIHTh GOJBIIOE YHCAO 3a1ad
¢HIbTpAHH B MJACTaX ¢ cHcTeMolt ckpaxuH. Hanpumep, uerpynHo
N0Ka3aTh, YTO KOMILIEKCHBIH NOTEHIHAJ] CHCTEMB ABYX PaBHOAEOMTHBIX
CKBaXKHH, PacioOJIOXKEeHHBIX B TOYKax x= +1, y=0,

W (2) = —(@2x)—'¢In (22— 1) (11.25)

ONHCHIBAET TAKXKE MPHTOK K OJHHOYHOH CKBAXKMHE, PACIOJONKEHHOH B
TOYKe C KOOpAHHATAMH X = 1, y = 0 BOMH3H HENPOHHIAEMON TpPAHULLI
(x =0). TouHo TaK e KOMIJIEKCHBIH MOTEHUHAJ

V(@)=—@2r)"lglnfz—1)/(z + 1)] (11.26)

COOTBETCTBYeT HE TOJIbLKO TeUeHHI0 MeXAy HarHeTaTe/bHOH U J0GbIBa-
Jolllel CKBa)KHHAaM{ paBHOro jJe6HTa BTeX e TOYKAX, HOH HPHTOKY
K CKBaxKHHe B TOUKe C KOOpAuMHaTaMH x=1, y=0 oT npsiMoJHHeHHOro
KOHTypa IMTARUSI Ha TmpsaMol npu x = 0.

Hcnonp3ys NpHHIMI CyNeploO3HLHH, MOXKHO DELINTh 334a4y O INpH-
TOKE K CKBaXKHHe, SKCIEHTPHUHO PpAacCIOJIOXKEHHOH I[I0 OTHOIISHHIO K
KPYrOBOMY KOHTYPYy mnHTaHusi. IlycTb paccTOAHHE OT LIEHTpa KPyroBOTo
KOHTypa IO CKBa)KHHBI PABHO Xj, pajHyc KOHTypa HHTaHHus Ry, panu-
yC CKBaXHHBI re. Torga

W — — =)' ln [z — x1)/ (e — RYx)). (11.27)

Otpensisi AeACTBUTENbHYIO YacTb, MNOJMYYHM Ha KOHType NHUTaHHSA M
HA CKBaXHHE

¢x = — (2r)~'g In (x1/Ry) + C,

9c =—(2m) g In[ron/(Ri— )]+ C, (11.28)
OTKYAa HETPYJHO INOJYYHTb aHajor ¢opmyJnel omon
g = 2k (p — p)lp. In [R, (1 — xi/RY) /r.). (11.29)

310 BHIpaxeHHe oOnpejesseT NPATOK K CKBarKHHE, pPacloNOXKeHHOH
B LIEHTPE KPYroBOro KOHTypa ITHTaHHsI C NPHBeJEeHHRIM pPaguyCOM, PaB-
HbIM Ry .(l—xf/Rf)'. MoxHo y6eauthes, 4TO SKCLEHTPHYHOE pAaciofo-
JKeHHEe CKBaXKHHBl MaJio OTpaKaeTcsd Ha JeOHTe Jaxke MNOPH 3HAYHTE/b-
HoM skcuenrpucutere. Hanpumep, npu Re==100 M, %, =50 M ur.=
=0,1 M ge6HT yMeHbilaeTcss Bcero Juiib Ha 4,1 %. Dro osmauaer, uro
Jiaxe 3HayuTeJbHbIe OLIMOKH B ONpe/e/ieHHH NOJIOKEHUS KOHTY pa MHTaHuA
He OYeHb CYIIECTBEHHO BJIHSIOT Ha OLEHKY jefura CKBaxXMH. M xorza
caMO IpejCTaBjJeHHe O KOHType IHTAaHHS] JIMIIb CXEMATHYECKH OIIH-
CHIBAET peasibHble YCJAOBHUS B ILJjacre, 33ajaHHe TPAHHYHHIX YCJIOBHH
Ha KOHType [Js pacuera [JeOGHTOB ONpPaBAaHO.

Ilpn paspaborke He(TAHBIX MECTOPOK/JSHHH CKBAXKHHH IO IJIOLIA-
JIH 3aJIeXXU YacTO pPacnoJaraloTcst paaaMH NPSAMOJHHEHHOH HJIH Kpy-
roBoii popmul. [Ipu 3TOM B6/iM3M CKBaXXHH HallpaBJleHHe TeyeHHs 6/u3-
KO K paJHKaJbHOMY, a Ha PACCTOSHHAX OT HHUX NOPsAKA pacCTOSHHI
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MeXJy CKBaXHHaMH SKBHIOTEHIHAJH MNMOYTH Napas/ie]bHH pAgaM
CKBaxXHuH, DTO MNO3BOJsSieT 3HAYHUTEJIBHO YHPOCTHTH pacuer Ae6HTOB
CKBaXKHH IO 3aJlaHHLIM llepenanaM AaBjeHHH. s HIIIOCTPAaLHH Or-
paHHYHAMCH OJHHM NPHMEPOM IPSAMOJHHEHHOH 1EeNOYKH PaBHOAEOHT-
HBIX CKBaXKHMH, PAcMOJIOXEeHHBIX BIoJAb och Ox Ha paccrosHuu [ Apyr
oT Apyra. B cuay cummeTpHu 00J1aCcThb TeUeHHs MOXKHO pa3buTh Ha
3JIEMeHTH, MMeoUIHe BHJ II0JOCH, NMapaJJeJbHOR OCH Y CO CKBaXKH-
HOH B HayaJe KOOpPAHHAT. DTH 3JeMEHTH Pa3je/fAlTCi JHHHSAMH TO-
Ka ¥ [03TOMY H3OJIHPOBAaHBI APYT OT JApyra.
KoMnyieKCcHBIH NMOTEHIHAN LEMOYKH HUCTOYHHKOB HMEeT BHJ

W (2) = — (2=)—'q Insin (z2/1). (11.30)
Orgensis meficrBuTeNbHYIO yacTb Bhipaxkenus (I1.30), nmomyqum
¢ = — (4n)~1g In [ch? (ry/l) — cos?zx/l)] + C, (11.31)

rge C — npou3BOJIbHAS INIOCTOSIHHAS.
Tpu r =V 22 + y2 K | (86/1M3U CKBAXKHHKI), UCIIONb3YS PASJIOKEHHS
¢yHKUUE ch? W cosf B cTeneHHple psAabl, NOJyYHM
¢ ~—(2r)"'g In(xr/l) + O (r?/1?) + C. (I11.32)

Takum 06pa3oM, 5KBUNOTEHUHAJH, KAK H IJS H30JHPOBAHHOrO HC-
TOYHHKA, SBJSIOTCS OKPYXKHOCTAMH C ILIEHTPOM Ha OCH CKBaxuHbI. IIpH
y=1! u Gosee BTOpOH uJeH B KBajpaTHHX cKoOKax B topmy.se (I1.31)
OpH JIOGHIX X MHOTO MeHbIlle MepBOro, YTO INO3BOJIAET IOJIOXKHTb

o~ —qy/2l + (2=)~'gIn2 + C. (11.33)

Ilycts KoHTyp nutaHusa cosnagaer ¢ npsamoit y =L >1[. C yuerom
(I1.33) mMoxHO cCuMTaTh, 4YTO YCJIOBHe ¢ = const Ha HeM BHIIOMHsETCS
JIOCTATOYHO TOYHO M pelueHHe omucwiBaercss Gopmymo (I1.31). Torgpa
Ha CKBa)XHHE H Ha KOHTYype IHTAHHSI HMeeM COOTBETCTBEHHO

0c = — (20)~lgIn(mrell) + C; ¢x = —qL/2l + (2r)~1 gIn2 + C, (11.34)
OTKyJa moJyyuM ¢opMysy Aas neGura
q =2kl (p — pe)ln [L + (U=) In (U2xr)]. (11.35)

Buipaxenue (11.35) MoxHO wuHTeprnpeTHpOBaTb KakK (OPMyJay AJIs
JBYCTODOHHETr0 IIPHTOKA K y4acTKy ranepeu wupuno#t l. Ecan pac-
cmatpuBath (11.35) Kak yc/a0BHe MpONOPUHOHANBHOCTH PacXoaa M nepe-
najga japnenus, 1o, no 0. I1. BopucoBy, kKospduuyueHT

wL/k - (ullkx) In (1/27re) (11.36)

MOXHO Ha3BaTbh NOJHBIM (PHJIbTPALMOHHBIM CONPOTHBICHHEM, COCTOSILILHM
H3 «BHELIHEro» CONpOTHBJEHHS pL/k, oNlpenelsollero NPHTOK K raie-
l
pee, ¥ «BHYTPEHHEro» COINPOTHBJEHHS :—nln 5. AOGABJIEHHOro 3a Cuer
c

HCKDHBJIEHHA JIHHHH TOKa BOVIH3H CKBAMKHHBI.
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§ 2. KayecTBeHHbie METOABLI TEOPHH HATMIOPHBIX TEYEHHH

SddexkTHBHBE pelleHHs, NOAOOHBE TPHUBEJEHHBIM B NpeablAyIieM
naparpade, MOXKHO MOJYYHTb JIHIIbL JJsi (QHIBTPALHOHHBIX TedeHHH
B CPaBHHTEJbHO NMPOCTHIX 06/1acTAX. B Apyrux cayuyadx pacder nonei
TeYeHHs CBS3aH C OGOJbIIHMH TPYAHOCTAMH. 3aMeTHM, OJHAKO, 4TO
B INpPHKJA3JHHIX 3ajayax RpPeACTaBJSIOT HHTEpPeC He CTOJLKO CaMH
NoJisl, CKOJbKO HEKOTOpPble MX HHTEeTrpaJ/ibHble XapaKTEPHCTHKH, dalle
Bcero AeOHTH IPH 3aJaHHBIX Ilepenajax jAaBJjeHus. B reopuu Hanop-
HOH (HJABTPAllHH MOXKHO YCTAHOBHTb HECKOJbKO OCHOBHBIX TNPHHIH-
OB, KOTOpBle TMO3BOJISIIOT NOJYYaTh OLEHKH A AeOHTOB B obaacTax
cJIOXKHOH ¢opMbl Oe3 BHUHCAeHHH. M3m0:KHUM HeKOTOpHIE H3 3THX
IPHHUMIIOB H MPOAEMOHCTPHPYyEM Ha IpuMepax, Kak HMH MOXKHO
IPaKTHYECKH TI0Jb30BAThCH.

OcHOBHAs 33aJaya TeOpHH IPOCTPAHCTBEHHBIX HAMOPHBIX CTALHO-
HAPHLIX TEYEHUH COCTOMT B OTHICKAHHM IOJst naBJleHuit p(x) B HEKO-
TOPOH MNpOCTPaHCTBeHHOH o6aacth [, BHYTPH KOTOpOI 3ajaHo HOJe
npouuuaemoct k(x), a Ha rpaHuue C obsacti D 3agaHo auGo nas-
JeHue p, Ju60 HOpPMalbHAs COCTAaBJAOWIAas CKODOCTH GHILTPALUUH Up
(notok xunkoctH). ByneM cunTath, 4To Ha yactM rpaHuusl C, 3anaHo
naBaeHune, a Ha C, — IOTOK:

plc, = P (%), ualC = —k(0p/on)/C, = q (x). (11.37)
3pech P (%), ¢(x)— 3anannble QyHKuud. Buyrpu obaacrs D nas-

JieHHe K CKOPOCTb (PUIbTpALMH YIOBJETBOPSIIOT, KaK GbIIO [OKA3aHO
Bhillle, CHCTeME€ YDAaBHeHWi !:

ve =0, u=—(k/p)vp, (11.38)
OTKyaa MOXKHO NOJIYUYHTb YpaBHEHHE XJA NaBJEHHS
v (kyp) = 0. (11.39)

BapuwanuoHHbe NPpHHLUHNOL. PaccMOTpHUM HHTerpaia Imo o6-
aactH D

A= b((vw)dv, (11.40)

TIe ¢ U ¢ — NPOM3BOJIbHLIE BEKTODHOE H CKaJsipHOe noJjs, o6saja-
IOllMe JOCTATOYHOH rAajKkocTElo. Ecin BekTopHOe mojie © cOMEHO-
MWiajabHOe, T.e. YIOBJETBOpsieT Yyciaoshio yo =0, T0o, HCHOIB3Ys
¢dopmyay Ocrporpaackoro — I'aycca, nosyuum

A = [ (v29)dS — [oyodV = {v,9dS. (11.41)
C D C

B YACTHOCTH, NOACTABJsASA p BMECTO ¢ U ¥ BMECTO v, NOJAYUYHM
A = {(uyp)dV = { pu.ds. (11.42)
D C

1 B sroM naparpade As COKpalleHHS 3aMHCH HCNOMb3YeTCH ONEPATOpP BEKTOPs
voro Auddeperunpobanns Habaa: ye = grad ¢, yu = div a.
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3nech { pu.dS — pabora, coeplaeMasi B eJUHHIY BPEMEHH BHells
C

HHMH CHJIaMH JiaBJleRusi, Ha BJaBJUBaHHE XKUIKCCTH BHYTPb BHIJIEJICH-
Horo o6nema.

[ToxbiHTerpanbpHOe BHIpaXKeHHe B JieBOH wacTH ypaBHeHus (11.42)
XapakTepH3yeT 3HEpruio, 3aTpayuBaemMyld Ha paboTy XKHUAKOCTH
B enuHHLle o6bema cpelbl Ha NPEONOJEHHE CHJ TPEHHS, H NOTOMY
npexcrasasier cobOH NJIOTHOCTb OHCCHNAUMH 3HEPTHH — KOJHYECTBO
SHepruu, nepexojsiiiee B TEIJIO B eJuHuNe o6beMa MOPHCTOH Cpenbi.
B unenom coortnomenue ([1.42) Bolpaxaer co60ffi TOXIeCcTBO
NOJHOMN AMCCHTANHUU: Bcag paboTa BHEIIHHX CHA HAJ KU~
KOCTbIO B 3JIEMEHTE MOPHCTOH CPeAbl NMEPEXONHT B TEINO. DTO TOXK-
JECTBO BepHO A NPOH3BOJBLHOTO (QUABTPALHOHHOIO TeYEHHSI HeCKH-
MaeMOHM KMIKOCTH H /Sl CTallHOHAPHBIX TEYEHHH CKUMaeMOi XHIKO-

CTH.
OHpC}_‘[BJIHM AJIsT BEKTOPDHOIr'O IO # H CKaJsIpHOro mnoass p IMoJo-

XKuTesbHble QYHKIHOHAML X 1 Y
X = Spk—twav; v =4 [Ra='{yp?aV. (11.43)
D 2D
MOXHO YCTAaHOBHTH CJEAYIOUIHE YTBEPXKAECHHS.

1. M3 Bcex CONeHOMIANbHBIX BEKTODHBIX IOJEH ©, YAOBAETBOpS-
IOIKX B TOYKax yactu rpaHuulel C, ycJoBHIO

Unlc, = ¢, (11.44)

pelueHue # (<HCTHHHOE MOJe CKOpocTeH (HIbTPAalHH») BELAEJISETCS TeM,
YTO MHHHMH3HPYET (yHKIHOHA

X* 9] = X[v] + { pv.dS, (11.45)
C
P
HasLIBaeMbl i TMOJIHBIM TIOTEHIIHAJOM JAHCCHIIAIIHH.
2. U3 Bcex CKaJsipHBIX NoJeli ¢, YAOBJIETBOPSIOUIHX YCJIOBHIO Ha C)p

¢lc, =P, (11.46)
peiiedne p (<HCTHHHOe INOJe JaBJeHHH») BBIAENSAETCS TeM, YTO MHHHU-
MH3UpyeT (QYHKLHOHAJ

Y* (o] =Y [¢] +CS ¢gdS, (11.47)
q

Ha3LIBAeMBbIH MOJHBIM JOMOJ.HUTEJNbHBIM IIOTEHI[HAJIOM QHCCHMNALHH.

Jokaxem mepBoe uH3 3THX YyTBepxjeHuil. IlycTb u — pemenue, a
U — 11p OH3BOJIbHOE I0JIe, Y/IOBNETBOPSAICIEe TPaHHYHOMY ycoBHIO (11.44)
H YCJIOBHIO coseHOnjasbHocTH. Toraa

X* [v]—X*[u]=—l,r(p/k)(02— 2)dV—Sp(v,,—un)dS=
'f(p/k)(v—u)(‘v w)dV — Sp(v—-u)nds

((p/k) (v—n)ndV — jp v—u)ndS_
=—-f(v—u)vpdV Sp(v—u)nds (11.48)
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Hcnonbsys toxpectso (11.42), nonyunm u3 (I11.48):
X* [o] — X* [u] >Cfp (v — ) ndS —

—{p(o—uwyndS = {p(v—u)ndS =0. (11.49)
Cp Cyq

TeM caMbiM MBI NOKa3aJH, YTO HCTHHHOE IIOJie CKOPOCTEH # MHHH-
MHU3HDYeT NOJHBIA NoTeHUHan auccunauuun X* [p]. Touno Tak ke Jo-
KasblBAeTCsl, YTO HCTHHHOE MOJ€ JaBJeHHH p MHHHMH3HDYeT IOJHBIH
JOMNOJNHHTENbHEIH NOTEHUHAaA JHccHnanmud Y* [¢].

CanelncTBHA M3 BapPHAUHOHHHB X npuHnumnoe, Codop-
MYJHPOBaHHEIE BapHAllHOHHKWE NPHHIHIB MOXKHO HCIOJb30BaTh MJA
HOCTPOCHHSl pelleHHH NPAMBIMH BapHAIMOHHBIMH MeTOJaMH. 3J]ech
JKe paccMOTpeHo NpHMeHeHHe 3THX NPHHUMIOOB JAJIS KauecTBEHHOro
HCCIeIOBaHUS H NOCTPOEHHS OL€HOK pellleHHH.

IIpexje Bcero MOMKHO YCTAHOBHTb €JHHCTBEHHOCTb pellleHHA 3a-
Jiaud: JONYCTHB CylLeCTBOBaHHe IBYX Pa3J/IMYHBIX pEIIeHHH CHCTEMBI
(11.38) mpu ycnosusix (I1.37), moayuynM nOpoTHBOpeYHBHIE HEpaBeH-
CTBa

X*tu) > X* [ng), X*[w] < X [ua), (11.50)

otkyna cneayer, uto X* [mi] = X [w2]. Ho B cuny paccyxnenuii, no-
nobus x (11.48),

X (] — X [ata] = 5 § (w/8) (1 — m)?dV. (IL51)

TakuM 006pasoM @ = @i — DEIUEHHs COBIANAIOT.
llanee pAns AaBJEHHS CIpaBejiHB NIPDHHUHN MaKCHMYMa: [aB-
JieHHe [PHHEMaeT CBOM HanOo/blIee H HAaMMEHbIee 3HAYeHHS Ha rpa-
Hue obaactd. [eHcTBHTENbHO, NOMYCTHM, 4TO B objacTH D MakKcHMyMm
naBnesns P* Gosplie, ueM Ha rpanuie P+. CnepoBaTenbHO, MakcCH-
MaJbHOE JaBJEHHe [OCTHTraercsli BO BHYTPeHHeH Touke obaactu M*,
Toraa maiigercss BHYTpeHHsis mopobaacte D, obnacth D, coaepxamas
Touky M*, Ha rpaHuue KoTopoil p = P* —e. PaccMaTpHBas pelieHHe
ypasuenus (11.39) B nogo6aactu D. ¥ yuHThIBas €ro €IHHCTBEHHOCTb,
HaiigeM, uTo jaBjeHHe P 1OcTOsiHHO Mo Bcel nopobnaactu D, p =
= P* —¢ < P*. 910 NpOTHBOPEYHT YCJAOBHIO, 4T0 p (M) = P*. [loay-
YeHHOe NPOTHBOPEYHE M JO0KAa3bIBAET NPHHIMI MAKCHMYyMa.
W3 Hanlero paccyXeHHsl cjefyeT ellle OJHO BaXKHOe yTBepxKje-
HHe: TOBEPXHOCTH TOCTOSIHHOTO JAaBJeHHA (u300aph) B CTalHOHAp-
HOM (HJIbTPAaLlHOHHOM HOTOKe
PHC. 4. Yxpynuennas TpybKa ToKa JH00 3aKAHUHBAIOTCA H HAYUHA-
JOTCS B TOYKAX I'DAHHIH, JHOO —
€CJIM OHH 3aMKHYTH — COAepIKar
«Z "\ BHYTDH YYacTOK I'DaHHIH 0G.a-
/) cTH (TaKoe MOXeT GHTb TOJbKO

f B TOM cJayuae, ecjaM 06JI1acTh JABH-
1 2KeHHSI MHOTOCBSI3HA).

' 2 OrpaHHYHMCs B JlajbHefilleM
~ J HanOoJsiee CYLIECTBEHHBIM  AJs




NPaKTHKH cJyyaeM, Korga obsnacte QUIABTPALMM NpeNCTaBJAeT co6oit
YKPYTHEHHYI0 TpyOKy ToKa (pHC. 4), T.e. OrpaHHueHa HeNpPOHHIAeMOM
60okoBOfi noBepxHocThio C4, HA KOTOPOH Un,=0, W ABYMs IOBEpPXHOC-
TSIMH TOCTOstHHOro jaBJjeHuss C; m Cp (BXOA W BEIXOA), Ha KOTOPHX
IaBJeHHe NpuHHMaer 3HaueHHss P, u P;, P>P; COOTBEeTCTBEHHO.
BonpminHCTBO 3ajad, CBS3aHHBIX € pacyeToM [Ie6HTOB CKBAXHH H
cyMMapHbX 006beMOB OTGOpa IO MECTOPOXKJEHHSM, NDHHAIJIEKHT
UMEHHO K 3TOMYy Kjaccy. Passocts P=P;—P, 6yaeM Ha3biBaTb Iie-
penajoM JAaBJeHHS HA AAHHOH TPyOKe TOKa, a MOJHBIH TIOTOK KHA-
KOCTH Yepe3 MPOH3BOJBHOE cedeHHe TPYOKH TOKa — pPacXomoMm:

Q=— [undS = {undS. (11.52)
Cy Cy

Uame Bcero Hac HHTEpeCyeT HMEHHO pacxofHasd XapaKTepHCTHKa
(HBTPALLHOHHOTO NOTOKA — 3aBHCHMOCTb Q (P) — uJsH, NOCKOJBKY OHa,
OYEBHJHO, JHHEeHHa — KO3(P(HIHEHT pacxoja

A = Q/P = const. (11.53)

HonyctuM, 4TO HaHAeHO pelueHHe 3ajayH TeopHH GUJIbTpALMH, T. €.
nojisi # u p pisi TpyOku TokKa. Torma uMmeeM COOTHOILEHHS

Y* lpl = 5 § (/) (vp)?dV = [y x pdV =
= —3 Sunpdv = L (P1—Py@; (I1.54)

A= P”"’DS (k/u) | vp[?dV. (I1.55)
Hanee, nockoabky QyHKUHH #, p— PEIlleHHe 3aJaui TeOPHH (HIALT-
palHH, HUMeeM

X* (4] = 5 [ (u/k) w2V + { pundS = — L { (wyp)dV —
b Cp 25

—(Pi—P)Q=—1(P1—P)Q= 5 QYA = —3 L (k) waV,
(11.56)
TaK 4TO A=— %- Q% X* [u]. (11.57)

Coornowenust (I1.55) u (11.57) MOXKHO MHOTHMH CmOCOGaMH HCIIOJb-
30BaTh JJIs1 IIOJYYeHHS OUEHOK KoatdHiueHTa pacxona, NpOAYKTHBHOCTH
A u [oKasaTenbcTBAa OOUIMX YTBEpPXKIAEHHH OTHOCHTEJNBHO 3aBHCHMOCTH
JADYTHX BEJHYHH OT FeOMeTpHYecKdX W (PM3HYeCKHX NapaMeTpoB MJacTa.

JeicTBATENLHO, BO3bMEM INPOU3BOJBHOE CKaJsipHOe MOJE ¢, YJIOB-
JeTBOpSIOLIee YCIOBUAM ¢ |c, = 1, ¢|c, =0, M mpOH3BOJbHOE COJNEHO-
Hla/1bHOe BEKTOPHOE NoJie ©. Torza B CHJAY HOKa3aHHBIX BapHAaLlHOH~
HBEIX NIPHHIHIIOB

A= (uP")“gkl vp [[dV = p! lbfk ly (p/P) [ aV =
= p—! miugk lye |2V < p."lDSk\ch 2aV. (11.58)
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Takum obpasom, u3 (11.55) cmenyer nepasenctBo (I1.58) — onenka
cBepXy A1 KoapdHuHenta npoaykTuBHocTH. C ApPYro#l CTOPOHBI, U3
BEIBOZa NPHHLMIA MHHHMyMa MOTEHIHaJa JHCCHMauun X* cuexyer,
YTO, €CJIM PacCMaTpPHBATb He BCE TMOJS CKOPOITH, 4 TOJAbKO MNOJSI, OT-
peuaioluye (HKCHPOBAHHOMY pacxogy @, TO Ha HHX peLIEHHE TaKKe
MHHHMH3HPYET (PyHKIHOHAA X* H, c/lenoBaTesbHO,

X*lu] =5 e {p-12dV — QP < Lo [k=tvay —qp,  (IL59)
1 _ ! —1241/- —
5 Sy < L lk'0aVs QL) = Qivl.
PaccMOTpHUM «HOPMHDOBAHHOE» TOJe

wo = u/Q. (11.60)

OueBufHO, 3TOMY MNOJIO OYAET COOTBETCTBOBAThL EJHHHUHBLIH pPacXof,
Qluol=1, U B cuIy JMHEHHOCTH 3aJaYH OHO OYJ€T MHHHUMH3HPOBATh
HHTErpaJ

%[g kE—'v5dV (11.61)

Ha BCeX COJEHOHAAJDbHBIX BEKTOPHBIX MOJAX Uo C €JHHUYHBIM pacxo-
noM. Temepp umeeM:

A = — QY X* [a) = p=1Q2 [e=twraV = w ™Mk tuday >
> [p- §k—lv§dv]“‘. (11.62)
D

Hepagencrea (I1.58) u (11.62) mosBonsiior moayyuTh cTporue ABY-
CTODOHHHE OLEHKH M KO3(D(PHLHEHTOB MNPONYKTHBHOCTH Ge3 ¢akTH-
yeckoro petnenus 3agaud (11.37) — (11.38). UrtoGrl caenaTh 3TO, HYKHO
B3ATb NPOH3BOJbHKIE NPOOHEIE NOMA ¢9 U Vg, YAOBJETBOPSAIOLINE YCJO-
BusM A¢g =1, Q[vo]l = 1, divewo= 0, u BEIYHCJAHTD I/ HHX HHTErpaJIH
Jy[90] u I3]vo]. Torna

L [v0] < A < I [#}. (1.63)

Hacronbko ynoBneTBOpUTeIbHOH OyjeT Takas OLEeHKa, 3aBHCHT OT
TOro, KaK yJayHo BHIOpAHbl NPOGHHIE (PYHKUMH ¢9 H To. Hizke H[pu-
BeJleM INpUMepHEl HCIOIb30BaHHA STOrO IOAXOAA JAJS OLUEHKH jHeGHTOB
CKBaXKHH.

Bonpoc 06 ouenxkax Ko3dp¢HUHEHTOB NPOAYKTHBHOCTH MOXHO IO-
CTaBHTh H mo-apyromy. Ecan obaacte D umeer ciaoxHylo ¢opMy H
(nam) pacnpegneseHHe NpPOHHIaeMOCTell B Hefl ABJseTCH AOCTATOYHO
CJIOXKHBIM, €CTECTBEHHO CTaBHTh BOIPOC O TOM, 4TS Oyner ¢ AeGHUTOM
(n11 Ko3OGHUUHEHTOM TNPOAYKTHBHOCTH), €CiIM H3MEHHTb ¢GopMy 06-
JactH ¥ (uau) pacnpepejeHde NpoHduaemoctd. Ha srom nyrtu yaa-
eTCsl NOJYYUTh NPOCTHE H BMecCTe C TeM BaXKHhle BaDHALIMOHHHE OlleH-
Ku. JlokaxeM, mpexje Bcero, @H3HYECKH SCHOe YTBepXJAeHHe, UTO ec-
gy npu QUKCUpOBaHHOH (opMe TPYOKH TOKa M TPAHHYHBIX YCJIOBHAX
HM3MEHHM TI0Jie TIpoHBLaeMocTell & Takum 06pa3soM, 4TO B KaXAOH TOU-
Ke OHa He yMmeHpliuTca (T. €. JHOO YyBeJaHYHTCS, JuGO ocraHercs
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npexHe#l), TO NPH TOM XKe Nepenajie (GHALTPALHOHHBIA pacxoa He
yMeHblIHTCS. POPMasNbHO 3TO CBOAUTCA K TOMY, UTO paccMaTpUBaeTCH
KO3 (PHIHEHT NPOIYKTHBHOCTH A  KakK (QyHKIHOHAJA OT GOpMH 06-
gactu D H or pacnpejeneHds B Hell NPOHUIaeMOCTH H IOKa3HBaeTcs,
4YTO STOT HYHKLHOHAJ SIBJISIETCS] MOHOTOHHLIM 11O A!

A=AD, b, Ay = A[D, ki), (11.64)

A > Ay, ecan B(M) > by (M), nas Bcex M€ D. efictButensHo, nyctb
{p, u)— pelueHne, oTBevawllee paclpefieNIeHUI0 NpPOHHIAeMOCTEN &,
a {p1, @1} — pelleHHe, OTBeYalollee paclpeaeseHHio k. FMeem:

Ay = 20— 1P=2Y* [py, k] < 2u—"P—2Y*[p, ky] =
= p='P=2 (ki | yp|PdV < p—'P=2 (k| yp |V =
D D

= 2u—1P—2y* [p, k] = A. (11.65)

Ilpu stom nepsoe u3 HepaserctB (11.65) cienyer us Ttoro, uto p
MHHHMH3HpYeT OYHKUMOHaN Y*[¢, kj], a BTOpOE — NPOCTO H3 TOrO,
gTo R > k1.

B uacTHOCTH, NpH BBeAeHWH B 06J1aCTb TEUEHHS HENPOHHIAEMBIX
1eperopofoKk Kos¢gpHUHEeHT NPOAYKTHBHOCTH OyHeT yMeHbUiaTbes, a
IpH BBeJeHHH objacrell 6ecCKOHEYHOH TIPOHHIIAEMOCTH — YBEJHUH-
BaThCH.

PasobbeM NOTOK TOHKHMH HENPOHHIAEMBIMH IIOBEPXHOCTSIMH Ha
MHOXEeCTBO TOHKHX TPyOOK TOKa, TaKHX, YTO TeueHHe B KaXJOH H3
HMX MOXHO CYHTaTb OJHOMEPHHIM. (DTO 3KBHBAJICHTHO 3afaHHI0 Ha-
npaBJieHHs JIMHHA TOKa B KaXJao#M Touke miaacra.) Toraa no goKasaH-
HOMY TNOJACYHTAHHBLIH TaKHM 06pa3oM KO3(Q(HIHEHT NPOAYKTHBHOCTH
OKa)XeTcsl MeHblile JeHCTBHTEJIHHOTO,

Hanpotus, ecan 3ajanuM (popMy HNOBEPXHOCTEH NOCTOSIHHOTO AaB-
genust (u306ap) (YTO IKBHBAJIEHTHO BBEJEHHIO B HNOTOK MHOXECTBa
6eCKOHEYHO TOHKHX NOBEepXHOCTeH 6ecKOHeyHOH INPOHHWLAEMOCTH), TO
paccyuTaHHBIH TakuM 00pas3oM Ko3(pHIHEHT IPOAYKTHBHOCTH OKa-
JKETCSl 3aBHIIEHHBIM 10 CPaBHEHHIO C JIeHCTBHUTEJbHBIM (CM. IIpH-
Mep 3).

Eme ofHO BaXHOe YTBepXKIeHHe NOJAYYUM cleaymoumium obpasom.
BriGepeM BO/AH3H Henponulaemod (60KOBOH) rpaHHIEl 06JIaCTH Te-
YeHHs NPHMBIKAWINYI K Hell mopobaacts D, u 6yleM yMeHbIATb
[IPOHHIaeMOCTb B Hell 10 Hyas. B npepese 6ygeM HMeTb HOBYW 06-
JacTb TeyeHHS ¢ Bhipe3aHHO#l nogob6nacteio D. (c BRaBJeHHOH rpa-
Huueil). Ilo nokasanHOMy paHee KO3(PQHUHEHT HNPOAYKTHBHOCTH
YMEHbUIHTCS.

C npyroil cTopoHH, ecau o6aacte D, npuMblKaeT K OXHOH H3
n3o06ap — BxogHoH C; uJaH BHIXOJHOH Cp; — W IPOHHLAEMOCTb B Hedl
cTpemutcs K 6ECKOHEYHOCTH, TO B Npejede NnoaydyuM o6JacTs co BAAB-
JIEHHOH BHYTPb BXOZHOH HJH BhIXoAHOH rpanuueil. Ilo pokasaHHoMYy
paHee KO3 (HIUEHT NPOAYKTHBHOCTH [IPH 3TOM YBeJHYHTCH.

Takum oO6pasoM, HMeeM TaK HasplBaeMbli NPHHILHI BJaB-
auBanus llpu «praBauBanHuu» B 06JiacTb (PUABTPALHH HENPOHH-
HaeMblX TrpaHull Ko3(pdHUMeHT pacxoga yMeHbllaeTcs, IIpH
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BA2BJAHBAHHH» BXOLHOH M BLIXOAHOH H300ap KO3((pHLHEHT pacxona
yseanunBaercs. OTCI0ONa yXKe HENOCPEACTBEHHO NOJyYaeM NP H H I H I
cpaBHeHHs o6JuacTe fi: ecnH BXoAHas H306apa C, (KOHTYp NH-
TaHHA) Anas obgactH D wmoxeT OBITh 3aKJOUeHa MeXKIy BXOIHBIMH
uzobapaMu Jjisa obnacreit D* u D,, D, cD<D*, 1o Kosbduuuenr
NPOAYKTUBHOCTH JAsd ofJjacty D NpHHMMaer NPOMEXRYTOYHOE 3Haye-
HMe MeXAY KoahduiueHTaMy TNPOAYKTHBHOCTH aasa obaacreit D,
u D*:

A* <A CA, (11.66)

Has oxHoponueix obnacreit (k= const) psiji OLEHOK MOXHO HOJIY-
YHTb, HCMOJB3Ys TaK HasblBaeMble TEOpPeMbl O cHMMeTpu3auuu. M3pectHo
[32], uto ecan obnacts D mojpBepraercsi CHMMETPH3ALHH (OTHOCHTENBHO
NJIOCKOCTH, NPAMOH, TOYKH) WJIH [OCHAEJNOBATENLHOCTH OTPAXKEHUH, TO
ymenbliaetcst uHTerpan {|ye|?dV. Orciona caenyer, 4To CHMMETDH-

D

sanusi o0JacTH JBHXKeHHs INIPHBOAMT K YMeHblLIeHHIO Ko3(hdulimenrta
NPOLYKTHBHOCTH (CM. NpHMep 4).

MoxHo paccMoTperh u GoJee OGIIH{; BONPOC O NMpefesax H3MeHe-
HHSl KO3 (HIHeHTa NPOLYKTHBHOCTH 06J/acTH, eclH 06beM ee (PHKCH-
posaH. [lockoabky siciHo, uto, cO6JiHKas BXOAHYIO H BHIXOAHYIO H300a-
pPH, MOJKHO, He yMeHbIasi o6beMa 00/1acTH, MOJYYHTb CKOJIb YTOIZHO
60JbLIOH pacxof, OYEBHAHO, YTO BepXHeH CpaHUUB MJjs KO3(PhHIH-
eHTa NPOAYKTHBHOCTH He cyulectByer. Opnako CyllecTByeT HHXKHSASA
rpanuna. OnHa H3 BO3MOXHBIX NPH 5TOM HOCTAZHOBOK 3aJayH COCTO-
uT B cjenyiouieM. Paccmorpum 6eckoHeunyio TpyOky C, u nepecexa-
0yl ee noepxHocTs Co. ITocTaBuM 3amauy 06 onpeneneHHH TaKof
noBepxHoctH C), orcekamwleil BMecTe ¢ noBepxHOcTAMH Cp u Cq 06-
aacte D 3aganHoro o6bema V, 4T06b KO3 PHIHEHT NPOLYKTHBHOCTH
aroll obaacry (mpu Bxoje C,, BHXoAe C, u HeNpPOHHIaeMOH TIpaHHIE
C,) Obli MHHHMaJIeH.

OkaswiBaercs [17], uro Ha uckomoit rpauune C; JOKHO BHINOJ-
HATBCS JONOJHHUTENbHOE YCJIOBHE IOCTOSIHCTBA IIOTOKAa: Kn,=const.
Ilng OZHOPOAHOro Mjacra 3TO NO3BOJASET B SBHOM Buie chopmyiu-
poBaTh H peLIHTb 3a4adyy OTHICKAHHS 00J1aCTH MHHHMaJbHOTO pac-
Xoza.

[MTpumep 1. [lycTb 3aian ropH3oHTANIbHBIH IJIACT HOCTORHHOH MOLIHOCTH C KOH
TypoM nHTaHHs C, HA KOTOpOM NMOJJiep:KHBAETCA NOCTOSIHHOe JlaBieHue Py, H c n 3Ke-

Ty aTallHOHHEIMH CKBAXKHHAMA DaJHYCOB 7y, MOMELIEHHEIMH B TOUKAX 2, (X, y,). [lo Tex-
HOJIOTHYECKHM COOOparKeHH SIM IJisl KaXKIOH CKBAXKHHB YCTAHABJIHBAETCS HEKOTOpOE MyHH-
MaJlbHO€ IOIyCTHMOe 3HaueHHe 3a60iiHoro AaBaenust P, Tpebyerca Tak BhGpath 3a6oii-
Hoe HasjeHde P, U3 ROIYCTHMOro 1ManasoHa AN KaxAod CKBaXKHHHI

P <P, <Py,

9To0Bl CyMMapHbIfi ReOUT ckBamuH Q OblI MAKCHMAabHEIM.

IlpsiMoe pewenune 3Toit 3alaun Tpe6yeT HROCTaTOYHO CJIOMHBIX pacyeToB. Bnaqane
cnefloBaio Obl, pelilas 3afady HamoOpHOH (])HJIpraLlHH st 00/1acTH Co  CKBaXKHHAMH,
HaliTH 3aBlcHMocTb KeOUTOB OT 3abolHBIX JaBJieHuii:

Q=Y 4;(Po— Py,

=l
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rae Ai]'_ MaTtpHua KOSWHL{HGHTOB BJAHAHUA, a4 3aTeM MAKCHUMU3HPOBATL CyMMy

n
Ele: Ay (Po— Py
e i

rbs

=1

¢ yuerom orpannuenus (11.67).

Ha camom mesne Bo BCeM 3TOM HeT Heo6xoRuMocth. OCHOBBIBASICH Ha TNpHHIHIE
MaKCHMyMa, MOXHO TOK43aTh, YTO MAKCHMaJbHBHIA CyMMapHbift JeGuT NocTHraeTcs npu
MHHHMaJbHbIX JONYCTHMHLIX 3aGOHHBIX HNaBJICHHAX.

[eficTBHT @IbHO, NYCTb D¢ (X, y) — peleHHe 3alayd HanopHoH (PUALTP2UHH, OTBe-

yalouiee I'PaHHYHBIM YCJIOBHAM pO\CK =P, a p(x, y) — pemenne 13 APYroro Ha-
Gopa 3HaueHul JaBieHull Ha CKBaXKHHax P, ylloieTBopswowero yciaosuam (I1.67).

CocTaBUM pasHOCTh p (X, y) = p — Po. 14K Kak 3ajaua HanopHoil QHIbTpaAllHH JHHel-

Ha, p— pelieHye, KoTopoe Ha KoHType muTanusi C, ofpawaercs B Hy/Jb, a Ha KOH-
Typax ckpaXuH C, NMPHHAMAET TNONOKHTENbHble 3HadYeHus. [lo nmpunimny MakcHMyMa

BO Bcefl ofractu QuabTpauu

P 9) >0=minp[Co Cps -oer Cor -+ s Cp)e

K?

Orciofla ¥ M3 yCJIOBMS Ha KOHType NHTaHHA po=0 HaXoZuM, 4YTO Ha KOHType

MMTaHAA a;/av > 0, rae v — HanpaBieHue BHyTpeHHeli HopMamu. CiefoBaTesibHO,
u, — uy, = — (k/p) (9p/0v — dpy/ov) < 0,
Q = § u,dS < Qy= § u,,dS.
4 C

3To H JOKasblBaeT CAENaHHOE YTBEpKIECHHE.

IIpuMep 2. PaccMOTpHM CKBamKHHY pajfiiyca p, LEHTPaJbHO paCMONOXKEHHYIO
B Kpyrosom njacre paimyca R. [JomycTuM, 4YTO 3Ta CKBa)XHHa OKPyXeHa 30HO# ¢
npoHxnaeMoctblo k* < k. [lonmpiTaeMcs oLleHATb, KaK 3TO MOBJHAET Ha Je¢OUT CKBAMKHHbBL.

OBosHauuM Yepes r__ H r 4+ MaKcHMa/lbHO® H MHHMMalbHOE DACCTOSIHHS OT UEHTpa

CKBXXHHH [0 IPaHRUb 30HH yXyHUIeHHOH NpOHHIAeMOCTH. [le6HT CKBAXKHMHBI OKa3bi-
BAETCs 3aHHMKEHHBIM, €CJIH CYHTAThb 30HY H3MEHCHHOW MpPOHMUAEMOCTH KpyroM palayca
74+ M 3EBBILUEHHBIM, €CM NPHHATb paluyc 3oHb paBHbIM r_. Takum obpasom,

Qp <Q<Q_; Q. =2=kh (P —P)p~" (InRir_ +k/k_Inr /o). (1167

DaKTHYeCKH, ecaM pa3Mep 3aTpPA3HEHHON 30HBI COCTAaBJISIET HECKONLKO MeTpOB, a
T_ W r, OWIHY3IOTCS B HECKOJAbKO pa3, npasble H JeBne uactd Hepasehcrsa (I11.67)

6au3kn Mexny cofofi. B pesysibTaTe OKa3bIBAeTCS H3MHIIHUM A€TAIbHOE HCCIEAOBAHHE
BIHAHHA (POpMbI 30HH Ha BEJHUHHY AeGHTA.

[Tpumep 3. PaccvotpuM niact, umaoumit GopMy pasHoGeIpeHHOTO TpeyroJb-
Huka ABC, B Bepumne A KOTOpPOTO € yrioM a paclojoXeHa CKBaXKHHa palHycom .
Honyctum Takxe, uto croponst AB  AC HenpoHuuaemsl, a ocHoBauue BC sBaserca
u300apoii («KoHTypoM muTauusi»). Ilns oueHku AeGMTa CKBaXKMHBI MpHMeM CHauasa,
YTO IIacT pa3bHT NpAMOJUHEHHHIMH TpaHHLAMH HAa Y3KHe CeKTOpHa/bHBE TpyOKH
Toka. CyMMHpyst HX NeGHTHI, MOJYYHM

o a 1
e=0q_= | @’[ln R ]—ld?zwg[ln-{i—lncosv] do.  (11.68)
R pcosy by ?

3arem, pa3buBas MIacT HAa TOHKHE CJIOH KOHUEHTPHYHbLIMH CO CKBaxHHOH H3006a-
PaMH, noayunm

dr 2khalp

R
=Q,; Ap = bk 9, =20 r 11.69
Q=0 4 Q+§ %hr 1 St T an(Rlp) (1169
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Mo morasawHoMy, Ana ucTuHHOro Rebuta Q umeem Q_ < Q < Q+

In cos ay—1 In cos ¢71—1 #Q R
[ ]n(R/p] r S [ —nRJp ? < Shhatpn Ty < 1. (LTO)

HlocraToyHas LS TeXHHYECKHX pacyeToB 10 %-Han TouHOCTb 3aBelloMo cGecneuH-
Baercst npu R/p = 100 Banore go a = 0,9 = 51°

IMpumep 4. HonycrtuM, 4TO HMeeTcst INOCKKH MutacT njowanbio S C KOHTYPOM
nutania C H ¢ Kpyrosoft rajepeefi pajHycoM p < R = (8/=)112,

BuinonnAs CHMMETpH3ALHIO OTHOCHTeNIbHO OCH rajeped, NoJyuum 3aflasy o Teue-
HHH MeXJAy HBYMSl KDYTOBEIMH rajepesmMH paluycoB p M R. [lo ckazanHoMy Bbllue,
Ins NeGHTa HCXONLHOM 3ajayd HMeeM

2rkhAp
<Q (IL.71)
wInR/p

§ 3. YcraHoBuBLIMecs Ge3HANOPHbIE TEYEHHUS

BesnanopHuM HasbiBaeTcss (HJBTPAllHOHHOE TeueHHe, NPH KOTO-
pOM NOJHBIH HAaNOp HeNOCTATO4YeH AJSA TOrO, 4TOGH KHMAKOCTb HOX-
HAJach O KPOBJIH ILIacTa, B pe3ysbTaTe 4ero (QHUJIbTPAUHOHHBIA MO-
TOK OrPaHHYMBAeTCs CBepXy CBOOOZHOH IOBEPXHOCThIO — MOBEPX-
HOCTBIO pa3fiesia MeXJAy IPYHTOBbHIMH BOJAMH H BO3AYXOM HJH MeXIy
HedTbI0 M rasoM. AHaJIOTHYHOE TeYyeHHe HMeeM B Tex CJydYasix, Koria
HOJ CJIOEM [BHKyILEHCH HedTH pacCNo/araercs HEIOJBHXHAs MOOLI-
BeHHas BoAa. B TepMHHe «CBOGOAHas MOBEPXHOCTb» npeHebperaercs
TeM OOGCTOSITENbCTBOM, YTO NepexojHas 006/acTb MeX/y XHJKOCTbIO
H Tas’oM HJIH MeXAy JABYMS XHAKOCTAMH B IODHCTOH cpele He SBJS-
eTcsl pe3Kofi rpaHulell THIIa TpaHHLL BOJA — BO3AYX B CTaKahe,
a 00s3aTesqbHO pa3MbiTa H3-3a JAEHCTBHSA KaNHMAApHBIX cui. Tonwn-
Ha KanWJIsIpHOrO IepPeXOJHOro CJIos H3MepsieTcst JeCsiTKaMH CaHTH-
meTpoB H MerpaMH, IloaToMy KpaTkKo paccMaTpuBaeMasi B 3TOM
naparpade TeopHs oOKasnBaeTca TeM OoJee TOYHOH, ueM OoJblie
XapaKTepHble pasMephl MOTOKa.

Bynem paccmartpuBarh, TakuM 006pasoM, cBOGOJHYIO TPaHHUy Kak
MATEMaTHYECKYI0 MOBEPXHOCTb, OTAESIOYI0 (QUIbTPALHOHHBIA I10-
TOK OT oOsacTy, 3aHATOH HeNMOABHXKHOH XuikocTblo. Ha 3Toii rpanu-
e JO/DKHB BBHINOJHATHCA ABa (GuU3Hueckux ycjoBuss. C ofHOH cropo-
Hbl, Takas NOBEPXHOCTb NPEACTaBJACT cOOOH NOBEPXHOCTH TOKA, HA
KOTOPO#i HOPMaJibHas KOMIIOHEHTa CKODOCTH ofpaumiaercss B HYJb:

Unlr =0, (11.72)

a ¢ JApyrofi CTOpOHL — JAaBJieHHe Ha CBOOOJNHON TrpaHHLe omnpenens-
eTcsi THAPOCTaTHYECKUM JaBJEHHEM [MOrPAHHYHOH ¢ (UIBTPALHOH-
HbIM [OTOKOM HENOABHKHON XXHAKOCTH, H 1I0TOMY

Plr = po—o'ge, (11.73)
rae p’ — NJAOTHOCTD «coceaﬂen» JKHAKOCTH; po— JaBJIEHHEe B 3TOH KHJK-
KOCTH Ha COpPM30HTA/AbHON moBepxHocTd (z = 0). B uacrHocTH, ecau
HJIbTPALHMOHHBIH MOTOK FPAHHYHT C YACTbiO MJIacTa, 3aNOJHEHHOH BO3-
JAYXOM HJH [a30M [peHeSpexUMO Majod MmIoTHOCTH, To u3 (I11.73)
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NOJYYaeM YCJOBHE MOCTOSHCTBA JABJIEHHS Ha CBOGOAHON NOBEPXHOCTH
6e3HANMOPHOro MOTOKA pr = pg. VFIMEHHO BHINONHEHHE 3TOr0 YCJAOBHS
XapakiepHo ajsi Ge3sHamOpHBIX TeEYeHHH.

CBo6osHasi rpaHHIa OTJIHYAeTCs OT 3aJaHHHX 3apaHee TeM, uTO
Ha He#l cTaBATCA ABa TPaHHYHMX YCJOBHSI BMeCTO OAHoro. JluuHee
KpaeBoe YCJOBHe CJAYXHT JJid OTHCKaHUSl HeW3BeCTHOH 3apaHee CBO-
60MHOH IrpaHHUILL.

Be3nanopubie QHIBTPAaLHOHHBE TEYEHH HIPalOT OCHOBHYIO POJb
B TEODHH [BHXeHHs TPYHTOBHIX BOA. B Hacrosilliee Bpems cCO3J4aH
AHAJMTHYECKHH aNmapar, MO3BOJIAIOIIUN NOJYYHTb TOUHHE pelleHHS
psAa BaXHHX 3aAay. ITH 3aJaYH H HX pelleHHS PacCMOTpeHH Je-
TaJbpHO B Kaaccuueckoii MoHorpaduu I1. 5. Kouunoi [33], a Takxe
B [34]. B mocaeaywouieM H3J0XEHHH HCNOAb3YeTCs JHIIb NpuOIH-
JXEHHAsi THAPABJMYECKAH TEOPH TaK Ha3biBaeMHIX NoJorux OGesHa-
MOPHHIX JABHKeHHH.

ITox mosoruM ¢HABTPALUMOHHHM [BHXKEHHEM I[IOHHMaercd JABHXKe-
HHe, TTPOHCXOAsillee B IJlacTaXx ¢ KOHeuHo#l rayOuHONl Bomoynopa, B
KOTOPOM BepTHKAJbHasi KOMIOHEHTa CKOPOCTH (QH/IbTpal¥H U, MaJja
[0 CPAaBHEHHIO ¢ TOPH3OHTaJbHOH KOMNOHeHTOH. Tak kak xapakrep-
HOH CKOpOCTBbIO NPH Ge3HAaMmOpHOM (PHJABTPALHOHHOM JBHXKEHHH SB-
asietcd Ko3pduuuedt ¢uaprpauun C — cm. popmyay (I. 7), to ro-
PH30HTaJbHasi KOMIIOHEHTa CKOPOCTH MoXeT ObiTb JaH60 mopsika C,
au6o MaJjia no cpaBHeHHo ¢ C, T. e.

U, & C = koglp. (11.74)
D10 HepaBEHCTBO MOXHO MEpelHcaTh ellle Tak:
pilk &L pg. (11.75)

Ho pu,/k npepcraBisier co6oii Ty HacTb BepTHKAaJNbHOH KOMIIOHEHTHE
rpajiveHTa JaBJeHHs, KOoTopas oOycJoBjeHa IBHXeHueM. M3 Hepa-
BeHctBa (I1.75) cienpyer, 4To BepTHKaJbHAsh KOMIIOHEHTa (HUAbTPALH-
OHHOTO rpajMeHTa MAaBJeHHS NPH NOJOrHX O6e3HANOpPHBIX ABHIKEHHAX
MaJjia IO CpaBHEHHIO ¢ THApocTaTuyeckoit. [lostoMy pacmpepenenne
NaBJEHHss 1O BePTHKAJIM MOXKHO IIPH IIOJOTHX JBHXKEHHSIX CUHTATb
ruapocTaTHYeckHM. BbiBegeM oaHO BaXKHOe 1151 JaJbHEeHIIHX paccyx-
JeHuit cootHolieHHe, PaccMorpum 06bem V, orpaHuuyeHHmIH CBOOO-
HOH MOBEPXHOCTBIO XKHJKOCTH H HEKOTOPOH LHJIHHADHYECKOH NOBepx-
HOCTBIO C BepTHKa/JbHBIMH oOpasywpomumu. O603HayHM uepe3 /i pacs
CTOsIHHE OT CBOGOJHOH MOBEPXHOCTH KHAKOCTH A0 BOAOYNOpPA, a uepe3
Z) paccTosiHMe OT BOJOyNOpa A0 TOPH3OHTaJbHOH NJaockoctH z2=0,
O6beM XHAKOCTH, 3aKJIIOUeHHOH B obaactH V W npHpauleHHe 3TOro
o6bema 3a BpeMsi df paBHBI COOTBETCTBEHHO

S mhds, Sm%’;ds dt, (11.76)
5 5
rae S —mpoekuuss o6beMa V Ha TOPH3OHTaNBLHYIO IJIOCKOCTb.

BMecTe ¢ Tem ykasaHHOe npHpauieHHe OGBEM3a DABHO OGBLEMY KHJ -
KOCTH, npuTexarouleli B obJjacTb V u3BHe 3a Bpems di:

37



h+tz, 2+
—dt(dl { undz = —dt { qudl, q = | ndz, (IL.77)
r 2y r 2g
rge I' — 3aMKHYTHIH KOHTYp, OrPAaHHYHBAIOWMH [JIOWAIKY S; Up—
HOpMaJibHasT KOMIIOHEHTa CKODOCTH #; ¢,— HOPMaJbHasi KOMIIOHEHTa
BekTOopa MoToKa ¢ Ha T'.

TpupasuuBas (11.76) u (11.77), no ¢opmyne mnpeobpasoBanuss KOH-
TYpHOro HHTerpana B HHTErpaj MO IVIOWIAAH M C YYETOM TOro, 4ro
nJomagka S MoxeT ObITb BEIOpaHa IIPOH3BOJIBHO, NOJY4aeM YpaBHEHHe

mh ¢+ diveq = 0. (11.78)
3ameruMm, uto ypaBHenue (II. 78) — ToyHoe, crpaBelJiHBOE He3a-
BHCHMO OT KaKHX-1u60 fgonyuleHui.

JJisi yCTaHOBJEHHSI CBA3M MeXAY ¢ M A BOCNOJb3yeMcsi NpeAIo-
JIOXKEHHEM O TOJIOTOCTH JIBHIKEHHS.

ITo npembigymeMy, naBjieHHe B 3TOM cJydae paclpenessercs IO
BEPTHKAMH C TOYHOCTBIO [0 MAaJbIX BEJHYHH 110 FHIPOCTATHUECKOMY 3a-
KOHy, Tak uro BeiuyuHa H =2z p/og BHONb Kax[0H BepTUKAIH
6yner NoCTOsIHHA M paBHa A - zp:

H="h-+42)+ 0 (u/C); u=—Cgrads(h -+ z0) + O (u,).

Takum ob6pa3oM, npeHeOperass MaJbIMH BeJHYHHAMM, CKOPOCTb U«
MOKHO BBIHECTH H3-TI0Ji 3HAKA HHTErPUPOBAHHS MO BEPTHKAJH B CO-
ornowennn (II. 77), onpeaensioueM Bektop g. [loayuaem

q = — Chgrad; (h + 2). (11.79)
TNoxcrasass (11.79) B (11.78), nmeem
h, ¢ = (C/m) div (h grad (h 4 2p)). (11.80)

B uacTtHOCTH, €cJH ITOBEpXHOCTh BOAOYNOpa IpeacTaB/sieT coboi
TOpPU30HTaNbHYIO IOCKOCTh (29 = 0), ypaenenue (11.80) npunumaer Bug;
h = aAh?, a= C/2m = 2~ 'kpg (pm)~1. (11.81)
Ypasuenus (11.80) u (I1.81) Gboiin BepBhle monyueHl BycchHHecKOM.
Ilna cTauvoHapHbiX JBHKEHHH ypaBHeH:e DyccHHecKa NMpHBOZHTCS

K ypaBHenuto Jlanjaca ajs kBajpaTHyHOH (YHKIIHH Hamopa:
Ay =0, y=2-1(h% + 2hz,). (11.82)

Teopust nojorux Ge3HANOPHBIX JBHXKEeHHji npubauxkensas. He-
CMOTPsl Ha 3TO, IPH QHAbLTPaUHH B 06/1aCTH, OrpaHMYEHHOH IHJIHHA-
pHYECKOH MOBEPXHOCTBIO € BEPTHKAJbHEIMH 06pa3ylOUIMMH H TOpH-
30HTAJbHBIM BOJOYNOPOM, Ha OCHOBe TAaKOH TEOpPHH [OJY4aloTCs
TOUHBIE 3HAYeHHS NeOHTOB W TOUHBLIE paclpefiesieHHsi M0 IJOCKOCTH
BeKTOPa HHTErpajbHOro notoka ¢ [34].

§ 4. HecrauuoHapHoe aBHIKeHHE
ONlHOPOJHOM CXKUMaeMo# KUAKOCTH. JIuHeiiHas Teopus'

I[ToctranoBka oCHOBHB X 3amay. [Ipocrefiuii 1 Haubojee
H3yueHHHH cayyaid HecTAlHOHapHOH (QHILTPauUH — ABHXKEHHE OFHO-
! Cm. taxxe [47, 6, 12, 44].
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poaxof cnabockHMaeMoii XKHAKOCTH B ynpyro nedpopmupyeMmom mja-
cre. dto ABHXKeHHe (cM. § I.4) onHchHIBaeTcss ypaBHEHHEM HbLE30MNpO-
BOJHOCTH [IJ151 AaBJIEHHS P

0p/ ot = x (9°p/0x? 4 0°p/0y? + 3%p/32?) = «Ap, (I1.83)

no ¢opmMe cOBNAZAIOUIUM ¢ KJACCHYECKUM ypaBHEHHEM TeilJIONpOBOI-
HOCTH.

O6aacTe, B KOTOPOil HILETCS pacnpejesieHue JaBNEHHS B JKHAKO-
CTH, Ta e, YTO PAaCCMATPHBAJACh AJfA CTALMOHApPHHIX TeYeHHH: mo-
PHCTHII 1JaCT, uYacTb TIpaHHL KOTOPOrO HempoHHWIaema, a Jpyras
4acTp coobllaeTcsi ¢ BCKPLIBAIOIMUMH MJIACT CKBAXKHHAMH H COCELHH-
MH TIJIACTaMH.

I'pannyHble yCIOBUA B 3ajayax JuHeHHOH HeCTaUHOHAPHOH (HUJBT-
pauuM 3ajalOTCA Ha IPaHHLAX TOTO e THNA, YTO H B 3ajayax Ha-
NOpHOH CTAllHOHADHOH (UJIbTPAllHH: HeNPOHUIlaeMBIX TpaHHHAX, CKBa-
JKHHaX, ranepesx, Kourypax nutaHus. OJHako Teneph JaBJieHHe,
Halop WM pacxof, 3ajaBaeMbie Ha CKBaXXHHax HJH rajaepesx, sBjs-
10TCs1, BooOlle roBopsi, QyHKUHAMH BpeMeHH. UacTo B MOJeJbHBHIX 3a-
Jadyax 3ajaeTcsi MTHOBEHHOe H3MEHEHHe JaBJIeHHs HJH pacxofa Ha
CKBa)XKHHE HJIH raJjepee OT HAYAJbHOI'O IO HEKOTOPOro KOHEUYHOro, YTO
COOTBETCTBYeT (PH3HYECKH OLICTPOMY UYCKY HJIH 3aKPHITHIO CKBaXKHHHI
HJIH TajiepeH.

Bce npunsTthie OObIYHO BapHaHTH TPAHHYHBIX YCJOBHH YKJaalAbl-
BawTCcA B o6y dopmy

(ap + b0plony =f(x, y, 2, t), a®>+ b2+ 0; bla>0. (11.84)

U3 obmell Teopuu vpaBHEHHA TeMJIONPOBOJHOCTH H3BECTHO, YTO
ecju Ha rpaHuue o6iactu 3apaHo ycnoBue (I1.84), a B HauasbHBIH
MOMeHT BpeMeHH =0 yc/oBue

P 4 2 O)=¢( 4 2), (I1.85)

TO CYLIECTBYeT €JUHCTBEHHOe pacnpejeeHde aaBjaeHus p(x, y, z, i),
ynoBJerBopsoulee ypasHeHuto (I11.83) u ycnosusm (11.84), (I11.85), me-
NpepriBHOE B 3aMKHYTOl ofsactd D, BKJIoyash rpaHHly, Ha JoGoMm
KOHEYHOM HHTepBaJie BpeMeHu 0 <t < T.

Xopoulo paspaboTaHHast TeXHHKA pellleHHs ypaBHEHHS TeIJolpo-
BOXHOCTH (cM., Haupumep, [40]) npuMeHHMa M K 3ajayam TeOpHH
ynpyroro pexuma ¢uabtpanuu, OnHako crenugHuka 3THX 3ajaad, cBa-
3aHHas C HaJHYHeM HEeKOTOPbIX MaJjblX HapaMeTpoB (Hanpumep,OTHO-
LieHHe pajuyca CKBAaXKHHbl K PAaCCTOSIHHIO MEXAY CKBaxHHAMH, pac-
CTOSIHHEe MeXJy CKBa)KHHAMH K PACCTOSHHIO JO KOHTypa NHTaHHA)
B Dsijie cJy4yaeB CylLleCTBeHHO yNpollaeTr pelleHue.

B THNHYHEIX YCIOBHAX HedTAHOTO HJH ra3oBOTO MECTOPOXKAEHHS
HJIM BOJOHOCHOTO IJlacTa TOJIMHA IJacTa MHOTO MeHbllie ero ropu-
30HTAJIbHOH NPOTSXKEHHOCTH, YTO TO3BOJISIET pAcCMaTPHBATL TeYcHHE
KaK IJocKonapasnejapHoe, PaccMOTPHM HECKOJbKO XapakTepHHX
clyyaes.
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IInockonmapannenbHoe OJLHOMepHOe JHABHXKEHHeE.
TlycTb cKOpOCTb TeYeHHs NapajiesbHa OCH x HE 3aBHCUT OT KOOPAM-
HaTt y ¥ 2. JlaBjieHde NMpH TOM YAOBJETBOPseT YPaBHEHHIO

Oplot = »0%piox? 0 < x < L. (11.83)

Han6osee HHTEpeCHB! CJAy4aH, AJs KOTOPHX B HaYaJbHBIE MOMEHT
BpeMeHH JBHXKEeHHe B NjacTe craluuHoHapHo. IlockoJbpKy crauHoHap-
HOe pacnpellejleHHe JdaBJeHHs] TaKxKe YJ/IOBJETBOPSeT YPaBHEHHIO
(11.86), ynoOHO OTCUHTHIBATL JAaBJeHHe B KaXJOH TOYKe OT CTalHO-
HapHoro 3HaueHHs P o(x). Takum o6pasoM, pasHocTs P=p— P
yaoBJjeTBopsier ypaBHeHHI0 (I1.84) c HysaeBbhiM HAaYaJbHBIM YC/IOBHEM
P (x,0) = 0.

ITyctb mpu x==L (Ha KOHType NnHTaHHs) IaBJEHHE COXpaHseT IOC-
TOSIHHOE 3HaueHHe, paBHOE HauyaJbHOMY, a uepe3 ceyeHue x=0 or0Ou-
paeTcsl XKHAKOCTb, H JAaBJEHHE B HEM MEHsieTcsi No 3aKoHy p==f(f).
UTo6H NOJYYHTh pellieHHe NPH YKAa3aHHBIX HayaJbHBIX H KpaeBHX yc-
JIOBHAX, IpHMeHHM npeobGpasoBanue Jlamiaca, T. €. BBeleM (QYHKIHIO

L{P(x, t)) = P (x, o) = [ e—"P (x, })dL. (11.87)
0

Has P nonyunM 3ajauy
PO)=L{f(®)) =F() (11.88)

2P 2__ 2P0 _
d?Pldx v2P O, P(L)=0; V2=G/X,

HMelOHJ.YlO pelieHue
P =F (o) sh[(L — x) v]/sh (Lv). (11.89)

Urobbl NepeiiTH oT u3006paxeHuss K o¢yHruuu P (x, f), npexnoJo-
JKHM BHayaje, 4To B cedeHHH x = ( JaB/JeHue MIHOBEHHO NpHHHMAaeT
¢uxcuposantoe snauenne P = p®=£0. Toraa F (o) = p%s.

P = (p%s) sh[(L — x) v)/sh (Lv). (11.90)

PaccMOTpUM acHMNTOTHXKY pelleHHH INpM MajblX BPeMeHax, 4:My,
COTJIACHO TeOpHH npeofGpasoBaHus Jlanjaca, COOTBETCTBYIOT OGoJibiline
3HayeHHs |o|. Beipasum B (I1.90) rumepGosmuecku: ¢yHKLIHH uepe3

[+}
noxasareJibHble H, cyurtas 2L V; > 1, pasfoKHM 3TO BHIPaXEHHE B

psix no cremensm exp (—2L Valx), T.e.
P (x, o) = (p%){ Y exp (— v (x +2Ln) — 3" exp (—v @L (n +
n=0 n=0
+1)—x)) } (11.91)

ITpoussoxa nouse HHoe oOpawenue psga (I11.91), ¢ nomompio dop-
MyJ ofpaulleHusi, BbiBeAEHHBIX, Hanpumep, B [25], umeeM

P(x, {)=PO Y |eric[@Ln + x)/2V ] — erfc 2L (n 4 1) —
n=0
— x)/2 V'xt]}. (11.92)
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Pan (I1.92) cxonutcs npu Beex £ ¥ x. PacCMOTPHM EHauaje acHMI-
TOTHKY npu ycaosud L2%/xt>> 1. Torza B Bbipaxenuu pas P(x, )
MOXKHO Bce 3HaueHMst eric 3aMeHHTb MX npeleJbHBIMH erfc (c0) =0,

X
— . Mmeem

2V xt
P(x, t) = perfc [x/2V xt]. (11.93)

ITonyuenuce pemenre (I1.€3) mmeer pecsxnit cmblea. C opHoH cic-
POEBI, CHO CNV(HLIEZET paclpelencHKe [apJeHHS B NJacTe KOHEYH( i
JauEbl L npu Maswix epevenax vt <« L2, C ppyrolf CTOpOHBI, OHO ji €T
pacnpejiesienne JaBreHusl B IJyacte GecKGHeYHCH INpOTsiKeHHOCTH L —
— co. Jlio6oe KOHEUHOEe H3MEHeHHe JaBJEHHA paclpocTpaHsiercs 3a
3aJaHHCe BpeMsl JKIIb Ha KOHEYHCEe pacCTOSTHHE M, €CJIM paccMaTpH-
BAIOTCSl Masble BPEMeHa, MCKHO CYMTATh mjacT GeCKOHEUHBIM. PellieHne
(I11.93) aBTOMOAEJLHO: He3aBHCHMBIE IlepeMeHBble X M [ BXOZAT B Hero
numb B KoMGuBznuH X/ xf.

B cuny auneiinoctH ypaeHenusi (11.86) pelnenne ans cayuass npo-
u3BoJbHOTO BHIa QyHkuuu P (0, {) = f ({) MOXKHO NMOJYYHTb C NOMOILIO
NPHHUHNA CYNEPNO3HIHH C MCNOJb30BaHHeM uHTerpana [Hroamens

P(x, ) = f(df(r)/dr) Pi(x, t—7)dx, (11.94)
0

3a MCKJIOUEHHeM uJjieHa psaja erfc

rae Pi(x, t)— pewernue (11.92) uau (11.93) nns cayvad ckaukooGpas-
HOTrO W3MeHeHHs naBJeHuHsd npu x = 0.

PaccMoTpyM  Tenmepb  NPOTHBOMOJIOXKHYIO aCHMOTOTHKY ¢ L?/x,
B 3tom cayuae eoipaxeHde (I11.92) Heyno6HO TeM, 4To NpHXOAHTCS
CYMMHpPOBaTb MHOro 4ieHOB psaga. Urto6bl MONYYHTHL pemieHue B Gogee
VIOGHOM BHJI€, MOXKHO BOCIOJH30BAThCSE TaK HAa3blBAeMOH BTODOH Teo-
peMoii pasnoxeHHss 1as npeoGpazosanusi Jlanaaca [25), corsacHo
KOTOpOoH peryasipHas QyHKuHs F (s), cTpeMsimiascd K HyJiO NpH |s|—
-> oo, fABJIsercss NpeoGpasoBanueM Jlamjaca GyHKUHH

® (f) = kx Res [F (c) e°], (11.95)
°k

rje cymma BbiYeTOB OepeTcsi Mo BceM OCOGHIM ToUKaM o GyHKIuu F (o)

B nopsiike HeyObiBaHHA HX MoxyJe#t. Torma ana F (), BelpaxaeMmoro

dopmynoit (11.90), monyuum passoxenne

Pi(x, )=p"(1 —x/L) —2p%=—"sin[x (1 — x/L)}exp (— =2xt/L?) +
+ Ofexp (— (4 — ) n2xt/L?)]. (11.96)

N3 dpopmyant (II. 96) BuaHO, uTO MpHOJHKEHHE K CTAllHOHAPHOMY
JUHEHHOMY paclpefe/eHHI0 AaBJeHHs] NMPOHCXOAHT 3SKCIOHEHUHAJBHO,
NpHYeM XapaKTepHoe BPeMs BBHIXOJZA Ha CTAUHOHAPHHIHA pexuM HMeeT
TOpPSIZOK

T L2~ 1n—2, (11.97)

s THOHYHBIX yCJOBHE (QHABTPALHH MajOBsA3KOH HedTH HJIM BO-
Abl B KOJNIEKTOpPAxX C BBICOKOH IIDOHHLAEMOCTBIO * HMEET MOPRAOK
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10* cm?/c. Torpa us (I1.97) cnemyer, uTo xapakTepHoe BpeMs mepe-
XOAHBIX TPOLECCOB B MafbX G6JOKaXx MNopoAb MpPOTSAXKEHHOCTHIO
1 Mm1t=0,1c npu L =300 M (nopsigka pacCTOSHHS MeXIy CKBaXH-
HamMu) t=~3 u, L =10 kKM (TmOpsika pa3MepoB MeCTOPOXIEHHS)
=100 cyr u npu L=100 kM (mopsiika pasMepoB KpYyTHO{l BOJO-
HanopHoi#t cuctembl) T = 10° ¢ = 30 ser. B xoJsJjeKkTopax ¢ BEICOKO-
BSI3KOH HedThi0 H HU3KOH NPOHHIAEMOCTbIO 3HAYEHHE X MOXeT OKa-
3aThCSl HAa OIHH-IBa INopsAaka MeHblie. Torga cOOTBETCTBEHHO HA
ONMH-IBa MOPAZKA YBEJIHYHBAIOTCH 3HAUEHHS XapaKTePHBIx BpeMeH.

B npakTHYeckHX 3ajadax 4acTo NPHXOZHTCH pPacCMaTpHBATL He-
CTAUMOHADHBbIE NPOLECCH B CJOXKHBIX CHCTEMaX, B KOTOPble BXOAAT
3JIeMEeHTHl C Pa3/JHYHBIMH coGcTBeHHBIMH BpeMenaMH. OuenuBasi spe-
Msl YCTaHOBJIEHHS CTalHOHAPHOFO TeYeHHs JJis1 KaXAOro 3JIEMEeHTa,
MBI YNPOCTHM 3a7ayy, OTAEAHB Te 3JEMEHTH, JABHKeHHe B KOTOPbIX
MOXHO CUHTATh CTAllHOHAPHBEIM, H Te, B KOTOPHIX HeCTalHOHApPHBIA
NpOoIlecC HAXOAHTCS B HAYAJNLHOH CTAHH.

[InockopaaualbHOe ABHXeHHe PaccMOoTpuM oJHOMep-
HOe oOcecHMMeTpHYHOe (MJOCKOpaJaHaJbHOe) HecTallHOHapHOe Teye-
HHe, COOTBETCTBYIOIllee HeCTALlHOHADHOMY NPHTOKY K OJMHOYHOH CKBa-
JKHHe B KPYroBOM IlacTe. PaclipejesneHve p#aBJeHHs OIpeaensercs
KaK pellleHHe YPaBHEHHs [Ibe30NPOBOJAHOCTH C pajHajbpHOH CHM-
MeTpHel

0plot = (xIr) 01rdp/dr)/or 0 < p <r < R < o, (11.98)
VJIOBJIETBOPSIOIIEE HAYAIBLHOMY YCJIOBUIO
p(r, 0)=F() (11.99)

U TPAaHHYHBIM YCJOBHSM NPH r=p H r= R.

Kak u Bbllme, B cuay auHefiHocTH ypaBHenus (I1.98) Mmoxuo noz-
pasyMeBaTb NOX p TOJbKO OTKJOHEHHS OT CTALHOHAPHOro pacnpegelie-
uusi nasaenuss p= CyInr 4 Cs, T.e. cunTaTh HayaJbHOE pachpesee-
uue f(r)=0.

[Tepexoass B ypaBHenunu (I11.98) k wusobpaxkenusam mno Jlanaacy,
nonygaem

r=\d [rdp (r, o) dr)ldr = v?P (r, d), ¥2 = olx, (I11.100)
06u1ee pewieHe KOTOoporo HMeeT BHuJ
P (r, o) = Cily(rv) + CoKo (rv). (11.101)

rae lo m Ko— moaudunupoBanusie ¢yHRuuu DBeccens or MuuMoro
apryMeHTa HYJIEBOTO MOpAIKa.

ByneM HckaTh pellleHHs AJs cjydas, KOLJla Ha CKBaXKHHe 3afa-
eTcsi MocTOsHHbIM ne6ut npu Bcex { > 0. Pemenne 3TOH 3apmaum He-
moJb3yercs B HauGoJiee pacnpocTpaHeHHBIX crocobax onpeneeHus
napaMeTpos mjacrta No HabJjoneHHsM HecTaHHOHAPHOTO TNPHUTOKA
K ckBaxune. ITosoxum

(2rklw) (rdp!0r) = — g = const uau
Oplor)r=, = — qu/2x=kp = p*lp; p(R, t)=0. (I11.102)
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YnoBneTBopsisi rpaHHYHBIM ycaoBuAM, noaydum u3 (11.101) u (I1.102)
P (rs) = (p"lpva )[Ko (RY) To (rv) — Ko (r¥) Lo (RV)) :
{1 (pv) Ko (Rv) + To (Rv) Ky (pv)]. (1I1.103)
Panuyc ckBaxuubl p o6biuHo paBed 10 cM uan meHee. Ecam pac-
CTOSIHHE MeXAy cKBaxuHaMM R > 300 M, TO p/fi THUNHUYHBIX YCJOBMik
HCCJIEIOBAHHS CKBaXKHHBI HA HECTAlHOHAPHBLIH NPHTOK MOXHO IIpH-
MEHHUTb «NIPOMEXYTOUYHYIO ACHMITOTHKY», T. €. IOJOXHTb
o/ V2t K1 K RIV 44,
yTO NO3BOJAET yNpocTHTb BhlpaxeHue (I1.103), nonaras me<< 1L

< RV?/;. ITpu 3TOM MOXKHO MCIIOJIB30BaTh ACHMITOTHYECKHE (OPMYJbI
ana Ko(2), Ki(2), Io(2) u I1(2) npu Goabwix u MajblX 3HAYCHHAX
apryMeHra

[o(2) ~ ez (2n2)— 12, Ko (2) =~e 2 (n/22)}/? z— oo

(I1.104)
Ko(@) =~ —In(12/2) 1 =€ 20,
rae C= 0,7772 — nocrosiHHasg Jisepa.
Toraa ns (11.103) noayunm
P(r, o) = — pa—1Ko(rv). (I11.105)
B yacrHocTH, AM1A naB/ieHHS B CKBaXKHHe
P (p, o) = ps=' In (ypv). (I1.106)

Ormernm Baxnoe obcrosTenbcTBo: cooTHomenue (I1.105) He comep-
KT PaaMyc CKBaKHMHbI p. IJTO O3HAayaeT, 4TO B 0OGJAaCTH HPHMEHH-
MOCcTH ycaoBusi p?/xf < 1 pacnpenesieHHe [aBJeHUS He 3aBHCHT OT pa-
auyca ckBaxuHBL. HMcroab3ys Tabiauuel npeoGpasoBanuit Jlamnaca o
cBA3b MeXAy npeobpaszopanueM ¢yHkuuu Jlanjaca v ee NpoU3BORHOM,
HOJT yYHM

p(r, )= 2-1p* Ei (— r4xf). (11.107)

Il paBneHuss Ha CKBaXKHHE C NOMOILIBI0 ACHMITOTHYECKOTO BHIpa-
xkeHus1 Ei(—x) = Inyx npu x> oo umeeM

p (o, 1) = — qu (4=k)="! In (yp% 4xt) = Qu (4xkh)—'In (2,25x2/p?), (11.108)

rae Q — nosiHbl# Ae6UT CKBaXKHHBL (¢ — HeGHT Ha €TUHHIY TOJILIHHBI
mwiacra). @opmyaw (I1.107) u (I11.108) uwacTo HcHOAB3YIOTCSH AJS
olpejesieHHss I[apaMeTPOB IJIacTa MO JaHHBIM O HeCTallHOHAPHOM
IIDUTOKE.

OnpegeneHne mapameTrpoB naacta. O6uwuis npHHIHD
HCCJE0BaHHs IJIACTOB NPH HECTAUHOHADHOM TEUYEHHH 3aKJI0YaeTcs
B TOM, YTO NyTeM H3MEHeHHs DeXHMa S5KCIJyaTallid CKBAaXHH B ILJa-
CTe HCKYCCTBEHHO CO3[2€TCs HECTALHOHAPHBIH PeXHM (HJAbBTPALHH
U H3MepsieTcs AaBJieHHe B 3aBUCHMOCTH OT BPEeMEHH B OJHOH HJIH He-
CKOJIbKHX CKBaxkHHaXx. Ha ocHoBe paHHBIX 00 H3MeHeHHH HAe6HTOB
H [aBJIeHHS, UCNOJNb3Ysl PElleHHs 3ajay HeCTaUHOHAaDHOH (PHIBLTpALHY,
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MOXHO OHEHHTb NapaMeTphl MJaCTa — NPOHHLAEMOCTb, Mbe3ONPOBOA-
HOCTb, PAcCCTOSIHHA O TPAHMI H T. 1.

CaMbiM mpocThiM ¥ Haubosiee ynoTpeGHTENbHEIM CHOCO60OM CO37a-
HHS HECTAallHOHApHOro TedyeHHs SBJsSETCS BpPeMeHHas OCTAHOBKa O/i-
HOM M3 CKBaXXHH. YC/IOBHe ee OCTaHOBKH C MOMEHTa [, MOXHO pac-
CMaTpPHBAaTL KaK 3aJaHHe HA CKBaXKHHe NPH !>{;, NOCTOSHHOTO Je-
6urta — Q. Torma paBseHue Ha 3a60e OCTAHOBJEHHOH CKBaXKHHBI
onucewiBaerca ¢opmysoi (11.108), onpenensiromefi npsMyo B KOOpAH-
Hatax p, Int. TIpu mocTpoeHHH KpHBOH BOCCTAHOBJIEHHS JHaBJeHHS
B OCT2HOBJIEHHOH CKBaXXKHHe ACHMIITOTHUECKH NPSIMOJHHEHHBIH y4acTOK
YaCTO YyCTaHAaBJHBAeTCA uYepe3 HENPOAOJIKHUTENbHOE BpeMs, OGBLIUYHO
B NepBBE Yacel (pHc. 5).

Ilycte ypaBHenue acuMnToTHl ectb p = A Int-|- B. CpaBneHue ¢
¢opmyaoit (11.108) nokasmBaer, uro A = Qu/4nkn, B = A In (4x/71p?).
ITockoabKy 3HaueHHe ( H3BECTHO, TO IOC/IE ONpejesieHHsl Mo rpaduky
napamerpoB A M B MOXHO HaHTH THIPONpPOBOAHOCTH IJlacTa kh/p w
oTHoweHKe /p?.

Crenyer yyuThlBaTh, TO PajHyC CKBaXXMHH B ¢opmysae aas npH-
TOKa OOBIYHO He PaBeH HCTHHHOMY BCJEJICTBHE TOrO, UYTO CKBaXKHHA
BCKpBbIBAaeT IJ1aCT HE Ha BCIO TOJILHHY H He BCS NMOBEPXHOCTh ee OT-
KpHITa A (UABTPALHH YKHIKOCTH (HECOBEPUIEHCTBO CKBAXKHMHBHI IO
cTeleHH H XapaKrTepy BCKpHITHs). Kpome Toro, kak G6BLIO IOKa3aHo
B § | naHHOM ry1aBBl, Ha KaXYIIHACS PaJMyC CKBAXKHHBI CYIIECTBEHHO
BJIHSIET 3arpsi3HEHHOCTb NPH3aOOAHON 30HBI, rie NPOHHUAEMOCThL MO-
JKeT OblTb CyIIeCTBEHHO yMeHbLIEHHOH, WJHM Hajuuue B Hell TPelluH.
[Toatomy, 3Hasi BeJIMUMHY %/p?, HEJNb3A MO OTAENLHOCTH ONpEIENHTbL %
u p?. Jlas onpejeseHHsl Nbe3ONPOBOJHOCTH IIacTa yaoGHee HCIOMb30-
BaTb METOJ THAPOMNPOCJAYIUHBAHHS, T. €. HCCJIEN0BAThb H3MEHEHHE [1aB-
JIEHHs1 B pearupyloulefi ckpaHHe, He paboraBliefi K MOMEHTY H3Me-
HeHUsl JebMTa BO3MyIHamllell cKBaxKMHH. B 3TOM ciyyae xapakrep-
HbHIM DasMepoM SIBJSIETCA He PafHyC CKBAXHH, a PAacCCTOSHHE MEXAY
CKBaX{HHaMH, KOTOPO€ U3BECTHO JOCTATOUHO TOUHO.

Jns onpeneneHus Nbe30NPOBOLHOCTH IJIACTa METOAOM THAPONPO-
CJYLIHBAHHS, €ClH JeOHT BO3Myllalollell CKBAXKHHBl H3MEHsIeTCA CKad-
KOM, MOXHO HClOJb30BaTh popmyay (I1.107), 3amucas ee B BHIE

PHUC. 5. Kpupas BoccTaHOBJGHHS JABJEHHSA Ap=p(r,t)—p(r,0)=

’, = — Qu (4zkh)—! Ei (— r?¥/4xi),
MiTa (11.109)
20 e smsme=t T (€ Ap—HBI.\’/IEHeHPIe JlaBJIEHUS B
_________—q—-—""" pearupyolleil ckBaxkuHe;  — H3-
J° MeHeHHe ne6uTa; r — pacCcTosiHHe
‘ pearupyioliel CKBaXHHBEI OT BO3-
15 myuiatomeii. O6paGoTKa KpHBEIX
H3MeHeHHs JaBJIEHHS B pearupy-
IOIEN CKBaXHHE 3aKJIUaercsi B
0 TOM, 4TO Ha KPUBOH QuKcupyercH

BpeMsl INOSIBJEHHA KaKHX-THO0
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xapakTepHuX Touek. Hanpumep, yao6HO ¢GuKCHpYeTCs TOUKA KacaHHS
kpHBofi Ap (f) ¢ npsMol, NpoBeneHHOH H3 Havaja KoopawHat. B sroh
Touke (¢ = #), Kak csaepyer u3 dopmyant (I1.109), r?/4xt; = 0,44, or-
kyaa x = 0,57r%4.

IMpuBenennble npuMepsl pewleHust o6paTHHIX 3a4ay AJs ONpexnese-
HHUsSi TIapaMeTPOB MJIAcTa OTPaHHYeHbI YCJOBHSIMH, TIPH KOTODLIX CKBa-
HHA MOXeT DPacCMaTPHBATHCA KAK MTHOBEHHO NYLIEHHbIi HCTOYHHK
NOCTOSAHHOA HHTEHCHBHOCTH B OeCKOHeYHOM OJHODOAHOM IljacTe.
D aKTHYeCKH, KOr4a BO3MYilleHHe, BHI3BaHHOe 3aKPHITHEM CKBaXKHHHI,
JOXOJHUT 10 TPaHHI ILIacTa, T. €. yepe3 BpeMs mopsiika 8 =R?/x, kpu-
BaA BOCCTAHOBJIEHHS [aBJeHHs B CKBaXKHHe HayYHHaeT HCKaXKaThbcd,
a 4Yepe3 A0CTaTOYHO 60sbllIOe BpeMsl BBHIXOAHT HAa TOPH3OHTAJbLHYIO
4CHMNTOTY, COOTBETCTBYIOIIYIO CTallHOHapHOMY MJacTOBOMYy JaBJie-
Huo. C 1pyrod CTOPOHEI, NPHTOK H3 IJACTa B CKBaXKHHY, OCTAHOBJIEH-
HYI0 Ha YyCThe, He NpeKpallaeTcsl MCHOBEHHO BCJEICTBHE CXKHIaeMo-
CTH KHIAKOCTEH W rasoB, 3aTlOJHSIOUIAX CKBaxXHHY. BpeMms BHIXoJa Ha
4CHMNTOTY B KoopJaHHaTax Ap, In! He M0JKHO NpeBHINATb BpPEMeEHH
JOHOJHHTENLHOTO MNPHTOKA INocjde ocTaHOBKH. II03TOMYy BO3MOXHW
yCJIOBHS, OcOO€HHO B CKBajXKHHAX, PacroJIOKeHHbIX OJH3KO OT IpaHHIL
TJIacTa, KOTAa NMPAMOJHREHHOrO yyacTka Ha KpHBOH p(lnt) ne cyue-
cTByeT. B cBA3u ¢ 3THM Obly npeisioxeH psil Cnoco6oB 06paboTkH
KPHBBIX BOCCTAHOBJIEHHSI JaBJIEHHs, YUMTHIBAIOWIHX IIPUTOK B CKBa-
JKHHY TOcJie ee OCTaHOBKH.

OnmuH u3 HauGosee o6WIHX MeToLOB 0OpabOTKM KPHBEIX BOCCTA-
HOBJIEHHs1 naBJeHHusi Gbu1 npeaoxen B pabore [31]. B stom Merome
HEINOCPEACTBEHHO HCMOJBb3YIOTC npeobpasoBaHHMsa Jlamjgaca KPHBBIX
BOCCTAaHOBJIEHHS] JaBJEHHs, BCJI€ACTBUE Yero OH NPHTOAEH TMpH Npo-
H3BOJbHOM H3MeHeHHH Je6HTa CKBaXKMH. Takol MeTOX MO3BOJISET
TaKXke B PAJNie CJY4YaeB ONpeaessTh 110 KDHBLIM BOCCTAHOBJIEHHS 1aB-
JIEHHSI HEKOTOpble XapaKTepHCTHKH HeOAHOPOAHOCTH IJIacTa.

PaccMOTpHM nyiacT HpPOM3BOJIBHOH KOHQHIYPAlHH, B KOTODOM NpH
{ =0 HayMHaeT SKCNJYaTHPOBATbCS CKBAaXKHHA I[IDH HECTAllHOHADHOM
pexume. IlycTb B pesysbrate HamepeHH# H3BeCTHH 3aBHCHMOCTH p (p, f)

H 2—%@;) g—f = g ({). Hasnenue B nuacre p(x, y, 2, t) yRoBJaeTBOpsET
r=p

ypaBuennio (I1.83), a ero mnpeo6pasoBanwe mno Jlaniacy P(x, y, 2
o) — ypaBHEHHIO

V2P = oP/x. (11.110)

Ha nenponHuaembiX yyacTKaX TpaHullBl CHPaBeiHBO  yCJIOBHE
0P/on =0, Ha KOHTYpaX MNHTaHHS P =0, Ha cksaxuHe P|—, = P;(o).

[Monoxum U= P(x, y, 2z, o)/Py(s). ®ymkuus U ynoeiersopsier
ypaBHeHuo (I1.110) ¥ OZHOPOZHEIM YCJOBHSM Ha BHEITHHX TIpaHHIax
nnacra (Ha ckeaxuHe U = 1). Dra ¢QyHKUHA HE 3aBKCHT OT DEXHMa
pabotsi ckBaxuuel. [ npeoGpasoBanust mo Jlamnacy pnebuTta cKsa-

KuHH Q (o) = ch (f) e—*'dt umeem
[
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Q(9) = 25 (khiy) p | e (3p/or),—dt =
0

= 2z (kh/p) pPy (o) QU/Cr),—,. (11.111)
H3 dopmyanr (I1.111) caenyer, uTo OTHOLIEHHE
b (9) = Py (a)/Q (o) (11.112)

3aBHCHT TOJMIBKO OT Bua ¢yHkuun U, HO He OT peXHMa 3KCITyaTalliH
CKBaXHHBEl. Buj QyHKUUH ¢ (0) MOMHOCTBIO ONIpeleNsieTcsi NapaMeTpamu
njacra. Korza ¢yHkuuu pi(f) U g(f) u3BeCTHH, HETPYIHO YHCJAEHHO
MOJNYYHTh 3aBHCHMOCTH Py (o) H Q (o), a oTciona — ¢ (o). I'lo BHny ¢yHK-
UM ¢ () MOXKHO ONPENEeNHTh HEKOTOphle Mapamerpbl MNacTta. Paccmor-
puM IpocTeHIIMH NpHMep — CKBaXXHHY B OJHOPOJHOM O€CKOHEUHOM
naacre. Pynkuus U, kak Jgerko nonyuurs H3 ¢opmyas (I1.105),
HMeET BHJ

U = K (rv)/Ko (pv), v =V olx, (I1.113)
OTKyJa
$ (o) = (2rkhpoU/dr)—1p = (2rkhp)—'uKo (pv)/ K (o). (I1.114)

ITpn npakrnyeckoM nocTpoeHuw npeoGpasoBaHuii Jlansaca oT (yHK-
uufi pi(f) u ¢ (f) ymo6Ho mepeiiTu K mnepeMeHHOH t = l/s, nonaras

P (x) =°§p (t)e—*dt. 3HaueHnus t He ciepyveT 6parb MeHblie 1—2 MuH.
0

[TosToMy, y4HTHIBas NMOPSNOK % M p, BHAMM, uTO 3HauyeHHs o} ofx =
= p/}/ %t 1OCTaTOYHO MaJbl, YTOOGH MOXHO OBIO HMCHONB3OBATL Mpeji-
craBienue ¢yHkiud Ko u K; a7 Manaeix 3nauennit aprymenrta. Torzaa
NOJTyYHM

W () = ¥ (o) = — p (2ckh)="In (1p/2 ) %) =
= p (4=kh)=t In < + u (4mkh)—! In (4x/y%p2). (I1.115)

[Mapamerpbl nJacra — Kos¢guuuerTel B ¢opmyae (11.115) — ompe-
peasiiotess mo rpaduky W(In#) TouHO TaK ke, Kak H 1O Tpaduky
p(Inf) npu MrHOBeHHOH OCTAHOBKE CKB&XHHBI. TO, 4TO 3aBHCHMOCTD
¥ (In<) npaMoJuHeliHa, NO3BOJSET OIPAHHYHTLCS BLHIYHCJIEHHEM HHTe-
rpajioB IIpH TpeX — YeThipeX 3HAYEHHSIX <.

OnucanHublll OoOMHE NOAXOA MNO3BOJSET NOAYY4aTb METOJOM BOCCTA-
HOBJIEHHS] JlaBJIeHHsl HEKOTOphEle NapaMeTpbl HEOJHODOJHOro IJiacTa.

PaccmoTpum npumep. [lycTs CKBa)kKHHAa pajHycoM p pacnoJioxKeHa
B LIeHTpe KpYyrosoH 30HBI papuyca R B GeckoHeyHom nJjacre. IIpoHu-
11aeMOCTb 30HBl £1 H [be3ONPOBOJHOCTb %y OTJHYAIOTCA OT NPOHHIAe-
MOCTszHI‘[bESOHpOBOﬂHOCTH x2 BO BHellHeH 30He nJacra. PyHKIIHA
¥ (1) ans 3TOro ciayuass MoxeT OBITb [OJyYyeHa C HCIOJb30BAHHEM
pewenust Buga (I1.101) u acumntoruueckux ¢opmyn (11.104). Tlpm
atoM aas p%v & v € R¥w ¢yukuus W (1) acCHMINTOTHYECKH BhipaXa-
erca ¢opmynoit (I1.115) npu k=4rk x==x, a 133 <> R%x; uMeeM

W (1) = p(4nkoh)—'In © 4 p (4nkoh)—! In (412/729‘2), (I1.116)
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I'1e 3KBHBAJEHTHBIH DajHyC CKBAXKHHBI 0* TOT K€, UTO M JJIS CTallHO-
HapHoro mpurtoka (cM. I1.19):

p' = R (p/R)" = p (p/ R, = kolk\. (11.117)

CpasuuBast ¢opmyan (I1.115) n (II.116), BuauM, uro ¢opmyaa
(II.117) onuceiBaer npeo6pa3oBaHHYI0 KPHBYI BOCCTaHOBJIGHHsSt J1aB-
JieHHst B CKBaX<HHe pajuyca p* B OJHOPOJHOM nJjacTe C llapaMerpaMH
BHellHe! 30HB. TOUHO TaK XKe MOXKHO NOKAa3aTh, YTO 3KBHBAJIEHTHHIH
pajHyc CKBaXKMHBI, Omnpeje/nseMblii N0 JAHHBIM O HecTallMOHapHOM
NPHTOKe HPH TOPH30HTAJNBHEIX HJH BEPTHKAJbHHIX TPEHIMHAX, TAKOB
e, KaK H oOoNpele/sieMB JJISi CTALUHOHAPHOTO TEYEHHS IIPH Tex XKe
ycaoBusix. M3 3Toro mpuMepa BHIHO, YTO HCCJeJOBaHHe CKBaXKHH Me-
TOJLOM BOCCTAHOBJIEHHS JaBJIeHHf MO3BOJAET ONpeAeNHTb CTeleHb 3a-
rpsisgeHAst NpH3a6oiHON 30HBI H OLEHHTb 3¢ (eKTHBHOCTHL paboT Mo
HHTeHCH(HKALHH NPHTOKA.

Onucanubift Meton 06pabOTKH KPHBBIX BOCCTAHOBJECHHH [aBJEHHA
MOXHO HCIIOJIb30BaTh H [J1f1 ONipejleJieHHsl JPYrHX NapaMeTpPoB HeoA-
HODOJHOCTH IJIacTa: PAacCTOSHHS [0 HeNPOHHWIAeMOro HJH HPOBOAS-
1iero 3KpaHa, paiuyca TPellMH H T. [.

Mertopx MHTerpasJbpHBX COOTHOWmMeHHH Xopolo paspa-
6ortanHass TeOpHMs ypaBHEHHH MaTeMaTHYeCKOil (H3HKH MO3BOJAET
NOJyYyHTh B IPHHIHINIe TOUHBIE pellleHusl INHPOKOro KJjacca 3afay He-
cTauxoHapHofl unbrpaund. OqHaKo 3TH pelleHHs He BCerja yaoBJeT-
BOPAIT Tpe6OBaHHAM INIPOCTOTHL H OGO3PHMOCTH. YUHThIBasi HeJ0CTa-
TOYHYIO TOYHOCTb MCXOJIHBIX AAHHHIX B 3ajauax GuWJAbTPAIMH, CBSI3aH-
HBIX C [JBHXKeHHEM XXHAKOCTejf H ras3oB B NPHPOAHBIX IJAacTax, 4acTo
MOXXHO YIOBJIETBOPHTBHCS NPOCTHIMH NPHOJHXKEHHBIMH, JieTKo 0603pH-
MBIMH DelIEHHSMH.

B03MOKHOCT YCNEUIHOrO NpHMEHeHHs NpPUOJIMKEHHBIX METOLOB
B TeOpHH HECTALMOHAPHOH (UAbTPALMH CBf3aHA CO CJENYIOIIHMH
0cO6eHHOCTSIMH ' DaCCMaTpHBAaeMbiX 3aAady. Bo-mepBrX, GOJBLIMHCTBO
3a1a4y HeCTAlHOHAPHOH QUJIbTPALMH OAHOPOJHOH KHIUKOCTH CBOJIHTCH
K pelueHHIO ypaBHeHH#i mapabosuyecKoro THna, AJis KOTOPHIX Xapak-
TEPHO CrJaXKHBAaHHe HaYaJbHbIX BO3MYLIEHHH HCKOMBIX BEJHUHH CO
BpeMeHeM H IO Mepe IPOABHIKEHHsS BHYTPb O0O6JIACTH OT HCTOUHHKA
BO3MylLleHHi. BO-BTOpHIX, B psime 3ajnadu, NpeCcTaB/sIONIMX NPaKTHYe-
CKHil HHTepec, HCKOMOe pellleHHe HMeeT B HEeKOTOPBIX TOYkKax o06-
JacTH (CKBaXKUHH, rajeped) uspecTHole ocoGennoctH. I[Ipm sTOoM B
OCHOBHOH 4acTH O6JACTH COCTOSIHHe CHCTeMBl 6JIH3KO K HEeBO3MYIIEH-
Homy. Hakonel, B GOJIBIIMHCTBE CJyuYaeB CYLIeCTBEHHH JIHIIL HHTEr-
paJibHbIe XaPaKTePHCTHKH pellleHHus .

B psige npuHOAHXKEHHLIX METOLOB HCMOJIb3yeTcsl NMOHATHE 006JacTH
BJAMSIHHST HWJAH 0ONacTH BO3MYILEHHS, BHE KOTODOH TeueHHe MOIKHO
CYHTAaTb HEBO3MYIIEHHBIM, T. €. COXpPaHSIIOTCS HayalbHbie 3Have-
HHS1 p uian u. BoaMOXHOCTL BBeleHHS TaKOH 06jacTH CJaefyeT K3 aHa-
JIH3a TOYHBIX pelleHHil, NPHBeleHHBIX B HacTosiueM naparpade. Ha-
npumep, u3 popmyawst (11.93) caemyer, 4To OTKJOHEHHE OT HavyaJbHO-
ro ybniBaer ¢ pocroM x Kak exp(—x?/4xt). OpHuMm u3 Haubosee
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o0lnx nNpHONHIKEHHBIX MeTOAOB B TEODHH (HALTPAUUH sABJSAETCHA
METOJl HHTerpaJpHbIX COOTHOWeHHH [3].

CywmHoCTh €ro 3akJaI0¥aeTcss B TOM, uTO HcxoaHoe auddepeHuu-
ansHoe ypaBHeHue (11.86) wan (I1.98) B obnacTu BO3MylIEHHS CKBa-
JKUHBI 3aMeHsIeTCs] CHCTEMOH HHTerpaJibHbiX COOTHOIIEHHH BHIa

Ly(t) Ly(t)
§ Oplotfi(x, fydx =x [ 0%plox*fi(x, H)dx, i=0, 1, ..., n, (IL118)
L) Ly(t)
roe fi(x, ), i=0, 1, ..., n 0o6pa3yioT NOJHYIO CHCTEMY KaK (YHKLUHH

or x Ha otpe3ke [Ly(f), Ly (¥)]. Ecam p(x, f), npeacTasuth B BHAE
pasioxkeHHst B psaj no ¢yHRuuaM f;(x, £), to u3 (I1.118) nonyuum
CHCTeMY ypaBHeHuil s Ko3(h(pUUHEHTOB 3TOro psija.

PaccMoTpHM 3a4ady o BO3MYILEHHH MEPBOHAYAJNBHOIO CTALLHOHAP-
HOro ABHXKEHHA B InacTe. Bosbmem mpocrefimyio cucreMy QyHKUHA —
NOCJ€0BaTe bHble CTENEHH NMPOCTPAHCTBEHHOH MepeMeHHON

1, x, x2, ..., x", ...

Ilycte B MomeHT (=0 npOHCXOAUT OTOOP KHAKOCTH H3 IJaCTa
¢ pacxoaoM — kb/wHG. JlaBneHne B 3TOM cJyuae pacHpefesieHo IO JH-
HE{HOMY 3daKOHY

p(x, 0)= P -+Gx. (I1.119)

Bynem HckaTh Npub/aHKEHHOE pellleHHe 33a1a4H B BHJE MHOrOUJeHa
px, H=Po() + PL(t)x/l 4, ..., + Pa()x™/I* 0O <x <),

plx, H)y=p(x, 0) (x=1). (T1.120)

B TakoMm BHue 3apaua umeer n -+ 2 Hewssectunlx: P;(f) u [({). aa
HX ONpejesleHHs MOXHO COCTAaBHTb CHCTEMY YpaBHEeHHH, COCTOALLYIO
H3 HEKOTOPOro YMCJa HHTerpasbHBIX COOTHOILEHHH, FPaHUYHOrO YCJIO-
Busg npu x =0 u ycnoBus nou x =1 Ilpn x = pO/KHBI BBINOIHATH-
cs ycJoBHA HempepsisHocTH jasienus p (I, t) = P+ Gl u Hekotopoi
CTEMEeHH IJafKOoCTH QYHKUHH p (X, ?):

ap(l, Hidx=0%p(l, Hloxz= ... =dtp(l, t)/ox* —0.

BuGop Hauayuurero NpuO/aMKEHHOro meToza pacuera p (x, ) cBsi-
3aH ¢ TeM, HacKOJbKO YNAaYHO MOAOOGPAHO YHCJAO HCHOJB3YEMHBX HH-
TerpajibHbiX COOTHOLIEHHH M VCJIOBHH IM1afiKOCTH.

B paccmartpHBaeMOM cayuae

p©, H=pi1, p(r, 0)=po=0. (11.121)

Hcnonb3yst MHTErPUPOBaHHE MO YacTAM H TeopeMy O Auddepenuu-
POBAHHH ONpeJeNeHHOro HHTerpasa, npuseaeM cuctemy (I1.118) k Bupy

d ! ap
@ = —x (5;)x=0, (11.122)
1l
2 {pxdx = xp 0, 1), (11.123)
4 0 it
£ 0§ pxtdx = xk (k— 1) | px*=2dx, k> 2. (11.124)
1] 0
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P/py 2 ¢

0 N
E=x/2yxt
PUC. 6. K 3axaue o HecTauuoHapHOM NMPHTOKe

K Tanepee:

0 — uynepoe npuGaHmenue; [ — nepsoe npubamnxe-
HHe; 2 — TouHOe TpelleHue

PHUC. 7. 3asucumocts Ge3pasMepHOro jaasJje-
HUA OT Ge3pasMepHCH KOOPAMHATHI QJIst OCECHM-
METPUYHOI'O TEHEHHA,

Peinennn: ! — npubarxkendoe; 2 — TOYHOe

Ipu n=1 u3 (I1.122) cnepyer

1=2Vxt, u@, t)=—Fk(0p/dx)u = k(pi —po)/2u V'xt. (11.125)

HanomuuM, 4to npu ToyHoM peluernu no gopmyae (11.93) nonyuum
uo (0, 1) = k(p1— po)/u. V wxt. (I11.126)

3aMeTHM, YTO pelleHHe A n == 1 COBIajaer c TeM, KOTOpPOE Mo-
JyvyaeTcss IO M3BECTHOMY METOAY IOCJ/e0BATeNbHO! CMEHHl CTalHOHAp-
HHIX cocTosiHMi [44].

Has sroporo npHOaHXKeHHsT (n = 2) HCHOOJb3yeM CHOBa COOTHO-
wenne (11.122) u yciosue

(0p/0%)x=1—0 = 0, (11.127)
YTO AaeT
P 1) =p (1 —xl)2, 2= 12 (11.128)
Haa ckopoctn duabTpaund npu x = 0 noJayuum
u (0, #) =k (p1 — po)/V 3, (11.129)

yto 6au3ko K TouHoMmy pemtenmio (I1.126). Ecau Bo BTOpOM mnpu6iu-
keHnu EMecto (I1.127) ucnosb3oBaTh HHTErpajbHOE COOTHOLIEHHE
(I1.122), To Bui pelieHHA He H3MEHHTCH.

Ecnn nnsi Tpertero npuGauxKeHHs (n = 3) HCIOJb30BaTb COOTHOILE-
uusa (11.122), (I1.123) u (11.127), To TpeTrbe npuONUIKEHHE COBIAJAET
€O BTOpHIM. LEcsn ke HCIOJNb30BaTh MNepBBle TPH WHTErpajbHBIX COOT-
Howenust €es ycaosua (11.127), 10 noayuum (onyckas NpOMeXyTOYHELIE
BBIKJIaIKH)

p(x, {) = p; (1 — 0,583, + 0,107%2 4 0,0061¢3), ¢ = x/V x¢. (11.130)

Ha puc. 6 npuBeneHo comocraBieHHe MOJY4YeHHBIX TNPHOJIHMKEH-
HBIX peleHH# ¢ ToyHHMH. IIpH nocrpoenuu npubiaHXKenuii Gosee BH-
COKOro MOpsiika BO3HHKAIOT TPYAHOCTH, OOyCJOBJIeHHBle TeM, UTO
OTCYTCTBYIOT CKOJIbKO-HUOYIb OOOCHOBaHHBIe TIpaBuJaa  BbiGopa
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HAWITYYIIero H3 HEeCKOJBbKHX IOTNOJHHTENbHHX ycaoBHE. Kpome Toro,
Npy 3TOM MPUXOAUTCH CTPOHTb NMPUOIHIKEHUss (QYHKUHE C MOMOLLBIO
MHOTOYJIEHOB BHICOKOI'O NOpsAAKa. Bnpouyem, ocHOBHAA Liesib MOCTPOEHHS
NpUGIHIKEHHBIX peIUeHHH — MOJIyyeHHe MPOCThIX aHaJHTHYECKHX 3a-
BHCHMOCTEH — JOCTHTaeTcss yXKe NpHOJHIKEHUSIMH BTOPOro NOpsAKa.

Paccmorpum 6e3 moppoOGHBIX BHIKJIaJ0K OCECHMMETPHUHYK 3adady
O NyCKe CKBaXKHMH C 3aJlaHHBIM Je6HTOM ¢ B OecKOHeuHOM IJacTe.
Pewenune ypaBHenus (11.98) umercs B BuAe

plr, ) =qlIn(r/l) 4+ Po+ Py (r/l) 4, ..., + Pa(r/l)*, (11.131)
rge !(f) — nepemeHnbl#i panuyc 3oHH Bo3MmyiieHus. ChHcreMa uuTerpalb-
HBLIX COOTHOUIEHHH HMeeT BHJ

H6))
T _grp (r, H)ydr= —1xgq, (I11.132)

RG] )
7 {rHp(r, Hydr =k (p(r, yr*—2dr (k>1).  (ILI133)
0 0

B nynesoM npubmmxkedun (Pg = P;y= ... =0) uMeeM enuHCTBEH-
Hylo HensBecTHylo ¢yHKuHio [(f), KoTopasi oflpejejsieTcsi H3 ypaBHe-
aus (11.132):

1=2V'xt, po(r, {)=qln(r/2V «l). (11.134)

C ucnoab3oBannem ypaBHenuii (I11.132), (I1.133) u ycnoBuii Henpe-
PHIBHOCTH p H Op/Or (T.e. p=0 u 9dp/or =0) npu r = [(f) nonyuum
nepBoe NpHO/IMMNKEHHE B BHJIE

I=V12x, p=qin{r/V12x) —q+ gr/V 12«¢. (11.135)

[Ipn conocTaBieHHH TNpPUOAMIKEHHBIX pemleHH#t [ ¢ TOuHBIM 2
(puc. 7) MMeeM, UTO fa)Ke pe3yJabTaThl pacuera no dopmysae (11.134)
u teMm Gosee mo ¢opmyne (11.135) noBosbHO XOpOIIO COTJIACYIOTCH
C TOYHBIM DelleHHeM.

MeTon HHTerpasbpHEIX COOTHOLUEHHH [O3BOJISIET C YIOBJETBOPH-
TeJIbHOH TOYHOCTHIO HOJYYHTH NPOCTHe NPHOGIHIKEHHBle PeLIeHHs 3a-
Jlay O NPHTOKe K CKBaXKHHAM B OrpaHHYeHHoM nuacte. COOTBETCTBY-
IOllHe TOUHblEe pellleHHsl NOJYYaloTcs B BHAE NJIOXO CXOASLINXCS PSAOB
$ypbe — beccenss u TpynHO 0603puMbl. OrpaHHYMMCS 3[eChb OJHHM
IpHMEPOM.

PaccMoTpuM KpyroBod mJacT paguvca R, Ha KOHType KOTOpGro
noajepXHBaeTCs INOCTOSIHHOE JHaBJeHHe, paBHOE HAyYa/JbHOMY (ITPHHH-
MaeMOMY 3a Hyab). B HayaJbHEII MOMEHT NpOHM3BOJHTCS IYCK CKBa-
KHHH TpeHeOpeXHMO MaJioro pajuyca, pacloNoXKeHHOH B LeHTpe
naacra. Torma BmJoTh 10 MOMeHTa ¢ = f; = R?/12xf B nepsom npu6Jn-
XKeHHH crnpaseaauBo npexacrasienue (I1.135). Ilpw £ > ¢, HeoGxomumo
VYHTBIBATb YCJOBHE Ha KOHTYpeE

p(R, t)=0. (11.136)

Hcnons3ays cuoBa nepBoe npuGaukeHue pasnoxenus (I1.131) u
nonaras [ (f) = R, noayuum c yuerom (I11.136)

p(ry y=gln(r/R) 4 Po(t)(1 —r/R). (I1.137)
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Torna u3 nepBoro uHTerpajpHoro coorHomwenus (I11.132) nonyuum

dR 1 dP,
rTANAL t)rdr=§R2-a~=__xp0, (I1.138)
0
Ypasuenue (I1.138) cnepyer pewiuts NpH YCJIOBHH HENPEepLIBHOCTH
JaBJAeHHA INpH t=t;, Pyl = — q. PellleHHe HMeeT BHI
Py (t) = — gexp [— 6x (t — £1)/R?]. (11.139)

Takum obpasoM, GyjaeM HMeTb NpuOJHIKeHHOe BbIpaXKeHHe AJS pac-
npeesieHdst JIaBaeHHs

p(r, h=¢qgln(r/R)y—q (1 —r/R)exp[— 6x (t —t1)/R?]. (I1.140)

Kak BuaHO, pacnpeje/ieHHe NaBJieHHs 3KCNOHEHLHAaJbHO CTPEMHTCS
K CTallHOHAPHOMY.

§ 5. HecraunoHapHoe ppHXKeHMe OJHOPOJIHBIX MXKHIKOCTEH.
Henaunneiinble addexTbl

PaccMoTpuM HecTauHoOHapHBE H30TepPMHYECKHEe JBHXKEHHS rasa B
NOPHCTON cpelle H 3KBHBaJieHTHHe WM OeaHanopHuie nBHxKeHHus. [lpu
X HCCJeJ0BAHUH BHISBASIOTCS HeJHHeHHBle 3(Q@(EeKTh, XapaKTepHBIE
IJIs MHOTHX 3aJay NOJ3eMHOH ruipoauHaMuku. Ha npumepe 3Tux
TeUueHHH TakxkKe XOpOINO HJJIOCTPHDYIOTCS METOJbl pellleHHs] HEJH-
HeHHBIX 3ajad.

OcHOBHHe ypaBHeHHs GuAbTpauHu rasa. [lpu Hcene-
JNOBaHUH GHJABTPAUMH ra3a OCHOBHOe 3HauUeHHe HMeeT TOT (akT, 4TO
CXKHUMAaeMOCTb ra3a oO6bIYHO Ha HECKOJMbKO NOPAAKOB MPEBBLILAET CXKH-
MaeMOCThb NOpHcTOM cpenbl. [loaToMy MOXKHO mnpeHeGpeusr H3MEHEHH-
€M TIOPHCTOCTH M B YPaBHEHHWH HEPa3PHIBHOCTH

(mp), ¢+ div pzz = 0, (11.141)
KOTOpOe MPHBOAHTCS K BHILY
m% 4 divon = 0. (11.142)

YTo6hl NONYYHTh 3aMKHYTYIO CHCTEMY YPaBHEHHH, HYKHO HCIOJb-
30BaTh CBS3b NMJIOTHOCTH Tasa C €ro JaBjeHHeMm p u TemnepaTtypoi T
o=p(p, T), o 3TOfl NpHYHHe B 3ajaye MOSBJsETCS HOBAs MepeMeH-
nasg T. Jlns 3aMBIKAHHS CHCTEMBl yparHweHHH HeoOXOZHMO RoOaBHTb
elle ONHO ypaBHEHu€ -— ypaBHeHHe 3Heprud. OfHAKO, eclIH B cpele
OTCYTCTBYIOT HCTOUHHMKH BblieJIeHHS HJM HOIVIOIIEHHS 3HEPrHH, TO
H3MeHeHHA TeMIlepaTypbl B npolecce ABHXKEHHsS [a3a HAaCTOJbKO Ma-
Jil, YTO NPH pacyeTe MNOJsl [AaBJeHHs rasa HMH MOXHO NpeHe6peub.
D10 06CTOATENBCTBO JETKO IMOHATH, €CJAH yYecTb, BO-NEPBBIX, Me/JeH-
HOCTb (PUJIBTPAHHOHHHIX JBHXKEHHH M, BO-BTODHIX, HAaJHUYHe TEIJOBO--
ro Gajsacra — cKesera NOPHCTOH cpefbl, 3pdeKTHBHO MOLABISIOMETO
U3MeHeHHs TeMmmepatyphl. Bygem cuurats, uTo

p=p(p, To)=0p(p), (I1.143)
rae To —nocrostHHas Temneparypa.
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Ypasuennsi (11.142) u (I1.143) u ypaBHenue 3axkonwa (UALTPALHH
n=—(k/nygradp (11.144)

obpasyioT 3aMKHYTyl0 cuctemy. Hckmouas CcKOpocTh (GHIBTpalUH,
uMeeM

0 .
ma-‘;zkdlv(g—gradp). (11.145)

Ol‘paHI/I'{HMCH HpOCTeﬁm}‘lM cJiydaeM, KOrjga ras cuyyraercs TepMo-
JAHHAMHYECKH HZAEaJbHBIM C BS3KOCTbLIO, He 3aBHCSled OT JaBJIeHHSA.

p = ppo/po; p = const. (11.146)
ITpu stom ypaBuenue (11.145) npeoGpasyercst K BHAY
or° & ) k
ot = ﬂTi‘. V2p2 HJIH *apt = mv2p2' (11147)

ODTH ypaBHeHHH — ypDaBHEHHS H30TePMHYECKOH (UAbTPALHH ra3a—
6nnn BrepBole noayyenH JI. C. Jlefi6ensonmom [26]. On xKe ykaszaa
Ha MX aHaJOTHI C ypaBHeHHMAMH DyccuHecka HeCTalHOHAPHOLO IO-
jororo 6e3HalOpHOrG HABHMKEHHs; 3Ta aHAJIOTHS MO3BOJSAET paccMmart-
puBaTh HCCJACJ0BaHHMe ABYX YNOMSHYTBIX KJAacCoB IBHMKEHHH Kak
e[HHYI0 3ajady. HeszaBHCHMO HecKOJIbKO NO3XKe aHaJIOrHYHOE Ypas-
HeHHe 6blIO MoJy4eHo MackeToM.

UnBapHaHTHHE 3ajJauyud HecTallHOHaDHOH OQHJIALT-
pauHH HeluHeAHOCTb 3224 HeCTaUHOHAPHOR (GUABTpALHH rasa H
Ge3nanopHoil ¢GHJbTPalliM He MNO3BOJSET HCNOJb30BaTh pas3paboTaH-
HBIH anmmapaT JWHeMHBIX ypaBHeHHH MaTemaTHueckKo# GHU3HKH, AJA
KOTOPHIX CNpaBelJIHB NPHHUMN Ccynepnos3uuun pewenuil, [Tostomy B
TeopuH (uAbTPamHMH (Kak H BO MHOTHX JPYrHX pasfejax (PU3HKH
BOOOIle H MEXaHHKH CIVIOIIHBIX CpPel, B YACTHOCTH) y3Ke AaBHO HC-
TI0/1b3YI0TCA CcBOeoOpa3Hble YacTHble pellleHHS, KOTOPble BhLIPAXKAIOT-
csl 4yepe3 (PyHKUHH OOHOF mepemMeHHOH. BHauasne cuHTaNOChH, YTO HX
3Ha4YeHHe ONpejeasiercss TeM, YTO OHH ONHCBHIBAIOTCS OOBIKHOBEHHBLIMH
JubdepeHHANbHEIMY yPaBHEHUSIMHA, pellaTh KOTOpHle MpOLIe, YeEM
ypapHeHHs B YacTHBHIX NPOH3BOAHHIX. Jlis pa3nuyHbIX NPHOJHKEH-
HbIX METOLOB TaKHe pEeLUEHHS YacTo HCNOJb30BAaJUCh KaK 3TAJIOHHI,
NO3BOJISIOIHE OIleHHTb TOYHOCTH METOAa.

OnHako riaBHAasi X LEHHOCTh Oblja oco3HaHa mo3fHee. Oxa3sa-
JIOCh, YTO TaKHM NyTeM acCHMNTOTHYECKH OMHCHIBAIOTCH GHIbTPaiH-
OHHHle TEeYeHHs [/ BeCcbMa HIMPOKHMX KJaccoB 3ajnad, KOTJa JeTaju
TPaHMYHBIX H HAYaJbHBIX YCJA0sHH NMepecTaloT OBITh CYlECTBEHHHIMH.
Hmenno stH  obaactu vacro ObiBaloT Haunbosee HHTEpeCHBLIMH
(HanpHMep, cNycTA He3HayuTeJNbHOe BpPeMs Ilocjle Hayajsa OT6Opa H3
CKBaXHHBI, IOKA BOPOHKa JeNPecCHH He JOCTHria 06JacTH BJHSAHHA
coceaHeR CKBaXXHHB M T. A.). 3Has TaKue pelleHUs, (aKTHUECKH
MOXKHO CYAHMTH, O KpalHell Mmepe, KauecTBeHHO, 006 OueHb LIHPOKOM
Kaacce GUABTPALHOHHBIX ABHXKeuui (nmoxpobGuee cM. [4]).

BaXXHbhM CBOACTBOM pacCMaTpUBAeMbIX HHKe pelIeHHH SBJAeTCH
WX HHBADHMAHTHOCTb: IJI1 OJHHX «aBTOMOJHEJbHBLIX» — IIPOCTPAHCTBEH-
HHle pacnpefesieHHsl NAaBJIeHHH, HaNoOpOB, IVIOTHOCTEH M T. 1. OKashl-
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BAIOTCSl BO BCE MOMEHTH BPEMEHH reome-
TpUUEeCKH NOAOOGHBLIMH, HJsi JPYIHX —
KpHBHE H3MEHEHHS STHX IapaMeTpoB
nepeMelialnTcs, He MeHsAs GOpPMHL, ¢ To-
CTOSIHHOH CKOPOCTBIC M T. A. JTO CBOH-
CTBO CBSI32HO C OCOOLIM XapaKTepoM 3a-
Jady, B KOTOPBIX TIIoCJie BBINOJHEHHSA PHUC. 8. Kppma;] pacnpeneNeHH s
OlpeAeJeHHBX npeo6pa3oBaHUil 3aBHCH-  Haropa B TOpPU3OHTalbHOM IIacTe
MbIX H HE3aBHCHMBIX TlepEMEHHBIX ypas-

HeHHsl, TPAHHYHble H HayaJbHble YCJOBHS 3alauH OCTAIOTCS HEH3MEH-
HeiMu. Kak roBopsit B MateMaTuKe, 3TH 3a[aYd HHBADHAHTHBI OTHOCH-
TEJILHO HEKOTOPOH TIpPYNNBl HeNpephBHHX npeo6pasoBanuii. Takue
3aJlayl PacCMaTPHBAKOTCA HHXKe.

ABTOoMOIeJbHBe NOJOrHe Ge3HANOPpHB e ABHKEHHS]
NPpH HyJeBOM HavYaJlbHOM ypoBHe XHAKOCTH. Huxe
PAcCMOTPHM TOYHBIE PelIeHHs] HEKOTODHIX HeJHHEHHBIX 3aja4 HecTa-
nnHoHapHo! (QUIBTPAUMH, XAPAKTEPHIYIOIIHXCHA HYJeBHIM Ha4YaJbHBIM
ycaoBueM, HcecnenoBanwe 3Toro Kiaacca JBHXEHHH TPeACTaBfAeT
NPHHLHMNHAMBHBIA HHTEpeC, MOCKOJBKY B NMOJAOOHBIX 3ajlayax nauGoJnee
CHJbHO MNPOSIBJSIETCH CYIIECTBEHHO HeJMHEHHDbIHi XapakTep paccMar-
puBaemoii npoGieMbl u OOGHapyXHBAlOTCS HEKOTOpble CBOWCTBA
HEeJUHEHHBIX JIBHXKEHHH, pe3ko OTJHuYalolHe HX OT COOTBeTCT-
BYIOIUKMX JIMHEHHBIX 3ajau M Heu3bekHO yTpauHBaeMple IpH
JIHHeapH3alluA.

Ins onpeneneHHOCTH NpH HCCAeJOBAHHH 3afiad C HYyJeBbIM Ha-
YaJIbHBIM YCJOBHEM pPaccMOTPUM Oe3HalOPHBIe I10/10THe (HJIbTPAILH-
OHHBle JBHXXKEHHS TPYHTOBHIX BOJ B TE€PBOHAYAJbHO CYXOM TpYHTe.
Corsacno ob6Hapyxeuno#l JI. C. Jleiit6eH30HOM aHaJIOTHH, Bce INOJY-
yaeMble PE3YJbTAaTH MOXHO HENOCPECTBEHHO HCIOJAb30BATL U 3a-
fau H30TepMHYecKo# ¢uibTpaunun rasa. Manaraemble nHuxe penieHus
GblH TosyueHsl B paborax [1, 2, 6].

PaccMOTpHM moay6GeCKOHEUHBIH NJIACT, HMEIOMHH CHH3Y IJOCKYIO
TOPH3OHTAJbHYI0 HENPOHHIIAEMYyI0 TPaHHIY — BOLOYIOP, a €O CTOPO-
Hbl KaHaJa — IUIOCKYI0 BePTHKa/lbHyl0 TPaHHUY (puc. 8), NmepmeHjH-
KYJISIPHYIO K OCH X H IPOXOJsILy10 yepe3 TOUKy x=0.

Ilycre HauaabHBIA HAaOmoOp KHAKOCTH B IJacTe PaBeH HYJIO, a Hanop
Ha BepTHKAJbHOH IpaHMie IJacTa H3MeHsIeTcs MO CTeNeHHOMY 3aKOHY,
HaygHass C HCXOJHOTO MOMeHTa [ = {;:

hix, to) =0, (0, f)=a(l— lo), (11.148)

rre o > 0; a — HeKOTOpasl KOHCTaHTa, BuibHpaemasi B npejpenax — 1/2<
< a < 0. B yacTHOCTH, KOHCTAaHTa o MOXE€T paBHSITbCS HYJ/IO; B 3TOM
cJyyae HallOp HA rpaHulle MTHOBEHHO NPUHHUMaeT HEKOTOPOE 3HaueHHe
o M ocraerTcsl NMOCTOSIHHBIM. B ciyuae ¢munbTpanuu rasa chopmyaupo-
BaHHasl 3ajiaya COOTBETCTBYET €ro 3akauke OpPH HYJEBOM HayaJbHOM
JAaBNEHHH B OJHOPOAHBIH NJACT NOCTOSTHHOH MOILHOCTH IIPH WU3MEHEHHH
NaBJeHHuss B HayaJbHOM CEYEHHH IIJlacTa IO CTeleHHOMY 3aKOHY.
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JluHuAMH paBHBIX HanopoB GYAYT JHHMM x == const, napasJenbHb 2
rpanuue naacra. Takum o6pasom, Hamop h (x, {)— pelueHue ypaBHEHHs
oh ah?.

Oh __ R L, € _ keg
Gy a— = (11.149)

apH ycaosun (11.148).

Hanop B HekoTopoil Touke njacta f 3aBHCHT OT KOOPAMHATH X,
BpeMeHH OT HayaJja mnpouecca f—Ify, KO3(pPHIUHEHTOB @ H ¢ H KOH-
crantol a. Tak xak ypaBnenne (I11.149) omnHOpOAHO NO BpeMeHH, Ha-
nop OyjerT 3aBHCETh TOJMBLKO OT PAa3HOCTH [—fp, a He OT 3HAYCHHH
t H {; B oTAenbHOCTH. BBona 1ns yno6cTBa He3aBHCHMYIO pasMep-
HOCTb Hamopa (3TO BO3MOXHO, TaK KakK JJig pacCMarpHBaeMod 3a-
JlauH HecyIlecTBEHHO, YTO Pa3MEpPHOCTH AJHHB ¥ Hamopa OAHMHAKO-
BH) !, MOJYYHM Da3MepHOCTH 3THX apPryMeHTOB B CJeIYIOHIeM BHje!

l[a] = [AL2T—Y, [t —to) =T, (x] =L, [s]=[A T~ (II.150)

rae [#], L u T — COOTBeTCTBEHHO pésmepaocm Hamopa, AJHHBl H Bpe-
MeHH; a — 0e3pasmepHasi KOHCTaHTa. K3 apryMeHToB, OT KOTOphIX
3aBHCHT HAMOp XHAKOCTH, MOXHO COCTaBHTb TOJBKO JHBE HE3aBHCHMbIE
6e3pa3MepHEle  KOMOHHAUMH

E N
B_xl/ad(t—to)a-kl , @. (11151)

Hcronp3ys anaiu3 pasMepHOCTeH, BbIpasKeHHE AJIS1 HalOpa MOXKHO
NpPEACTABHTh B BHJE NpOU3BeleHHs KOMOWHAUUH ONpeAessIomHX Tna-
paMeTpoB, HMeIoIlelt pa3MepHOCTb Hamopa (B KauecTBe Hee MOXHO
B3ATh o (f — £p)*), Ha Ge3pasMepHYIO ¢YHKUHIO OT Ge3pa3MepHBIX KOM-
6unauuit (11.151). Mmeem, Takum o6pasom,

ho=o(t— 1o (¢ W); h=a/(l + a), (11.152)

rae f— 6espasmepHast ¢yukuns. ITapaMerp A BBeleH BMecTO mapaMet-
pa a aaa ypo6cTBa nocaenymoouero HanoxkeHHsi. OueBHAHO, 4TO a
JeKUT B MHTepBaje — 1 < A < 1. HMmeem nanee

P @bt — 1= ) —o(t —toyx(a+ 1)

) ll/ a1 df, *n’ _ P —t)* @+ )

2 g (t—t)*TH & o T et —to)" dz?

2

Moncrasasa 3Tk cooTHoleHusi B ypaBHenue (I1.149) u ycnoBus
(11.148) u ynpowas, nojyuaeM Ansi ¢yHKuHH [ OGHIKHOBEHHOE
nuddepeHIHaNbHOE ypaBHEHHE

P L df e
-‘i&—2+722§—~f. =0 (11.153)
€ YCJOBHSIMH f, 1)=1, f(o, }) =0. (11.154)

1 JleficTBHTENLHO, B JAHHOM CJlydae MOXHO OnJjo Obl BMeCTO Hanopa h BBecTH
NpONOpPUHOHAJbHOE €MY HaBJieHHe Y NOAOMIBH mJacTa hpg, 4TO He OTPasHIOCH Obi
Ha OCTaJbHHX BHKJAAKaX.
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Hanop n o6beMHblit MOTOK (pacxon) TPYHTOBBHIX BOJ JAOJIKHBEI GBITh
HenpepelBHBIMH GyHKuUAME x u f. Hcnonesys sakon Hapcu, umeem
IJIst pacXojia, NPHXOASILErocs Ha eJHHHIY IHDHHB! IJ1acTa, BhIpaXKeHHe

oh 1 ~dn® Ca%? ot —— df? 11.155
Takum o6pasoM, u3 TpeGOBaHHS HENPEPHIBHOCTH PacXofa cJjeayer
HenpephiBHOCTL (pyHKuuH df?/dE.
Ilpu nenpepwBHOH f(§) u [+ O TpeGoBaHHe HenmpepsIBHOCTH (yHK-
uun df?/dt = 2fdf/dt cosnapaer c TpeGOBaHHeM HeNpPEPLIBHOCTH NPOM3-
sopHO# f'(£). Onnako npu f= 0 u3 HenpepuBHOcTH df?/dt HempepsiB-
nocthb [’ (£) ne Bhitekaer. Hamporus, kak 6yner BHAHO jaJjiee, HCKOMast
¢ynkuns f(&, ) uMeer B Touke, rie [ obpalliaeTcs B HYJb, Pa3phiB
nepBOii POH3BOAHOM.
Bropoe ycioBue (I1.154) ynoGHee npuBecTH K IPYroMy BHAy. YM-
HOXHM o6Ge yacTH ocHoBHoro ypapHeHus (I1.149) Ha x w npounterpu-
pyeM Ho x OT HYJS 1o GeckOHeuHocTH. B pesysabraTe nonyuyum
T o 4t ¢ %
gx %= gxh (x, HHdx=a xa—x;dx =
0 0 0
Lo N 2 2 2
=alxz-] . 4+ al[h? (0, f) —h?(co, t)=ah?(0, ¥.
(OueBuzHo, uto 0h2/0x CTPEMHTCH K HYJIO NMpPH X — oo OBICTpee, yeM
x—!, B NpOTHBHOM cayuae [ He CTPeMHJOCh Obl X HYJIO NpH & — o).
Unterpupyst B npenenax Of {=1=1y J0 ¢ NpH TPaHHYHOM YCJIOBHH
(11.148), npexncraBu pemrenne B dopme (I1.152), nmeem
oo 2 f—¢ 2a+41 oo .
[k (r, fdx=2CZ— Fope, syde=
0 9

ad® (£ —t;)** !

20+ 1
(HamOMHHM, 4TO @ CYMTAETCH YJOBJETBOPSIOLIMM HepaBeHCTBY —1/2 <
< a < o), OTKyAa IOJy4aeM HCKOMoe YycJloBHe B dopme

(56 Nz = o= (11.156)
0

¢
=a (h2(0, fydt=
b

1% 1+1

B uunTepecymwoell Hac o6nacTH M H3MEHEHHS o W A IpaBas 4acTb
(I1.156) KoHeuHa U TMOJOXKHTEJbHA.

Hrax, paccMaTpHBaeMas 3ajaua CBeJlachb K OTBHICK@HHIO pelleHHS
o6biKHOBeHHOro auddepeHHaibHOrO ypaBHeHHST BTOPOTO TMOpsiAKa
(I1.153) npu ycnoBusax (I1.154) u (I1.156), HempepbIBHOTO H HMe-
I0Llero HelpepHBHYIO NMPOH3BOIHYIO OT KBajapara. ¥pasHeHHe (I1.153)
HHBAPHAHTHO OTHOCHTEJBHO Tpymnmsl npeobpa3oBaHui

® (5 p) = p2 (0, M), (11.157)

T.e. ecnu f(¢, 1) ymosnerBopsier ypasHenuto (11.153), To u @ (%, p)
YIOBJIETBOPSIET STOMY ypPaBHEHHIO NPH IIPOH3BOJILHOM IOJIOKHTENbHOM
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s % £, £

PHC. 9. K ncesrenosa- PUC. 10. MurerpsibHble KpHBHE ypas-
£H10 ypaBuenns (11.159) renus (11.153)

¢, YTO JIAeT BO3MOXHOCTh NOHHM3HTh €ro nopajok. Ilonaras no obwemy
IpaBUIy
[ X)) =28% (g, 2); n=1Int, ¢ =de/dy (I1.158)

H NPHHUMAA ¢ 33 HE3aBHCHMYIO NEPEMEHHYIO, MONyYHM LIS (YHKUHH
¢ ypaBHEHHE MEPBOro MopsiaKa:
diidy = — (697 + Toyp + 92 4+ 21 (1 —X) 9 + 4=19]pv.  (I1.159)

Hccnenopanue storo ypaBhenus nokasmpaer [1, 6], uto ero wmre-
rpanbubie KpuBee pasbusaworcs Ha [ u II wkmaccer (puc. 9). Hu onua
M3 TAKHX HHTerpaJbHBIX KPHBBIX He IepeceKaeT OCb ¢ B KOHEYHOH
Touke. Kpusble I knacca B6/M3H HaYana KOOPAMHAT CTPEMSTCH K COB-
MAaZeHUIo C MOpAMOA JHHHeR ¢ = mop = — 29 (o + 1)~!; Ha KpHBBHIX
Il knacca npu ¢ >0 ¢ — co. Jlumb pasgensomas 3TH ABA KJacca
HHTeTpafibHash KpHBas cenapaTpHca nepeceKaer OCb § B KOHEYHOH TOYKe.
CoOTBETCTBEHHO 3TOMY HHTETDA/TbHHE KPHBHE YDaBHEHHS (I1.153),
ynosnersopsitomue  ycaosuio f(0) = 1, pacnonaraiorcs, Kak MoK:3aHo
Ha puc. 10. Kpupele [ kjaacca npd t— co H3MEHAOTCH M0 3¢KOny
[ =Dt (D = O — KOHCTaHTa, pa3nTHYHAS aAs Pa3HYHHX KDHBHIX),
Npu4YeM HU ONHA H3 HHX HH B ORHOA TOYKE He IepeceKaeT OcH abc-
IuCC H, OYEBHAHO, HE HABJSeTCd HCKOMOH. HCKJIOUCHHEM ABASETCS
ciydai, korga o =0 (paccmMaTpuBaeMblii HuXE), AJIR KOTOpOro Bce
KpuBble | K/acca HMEIOT TOpH3OHTanbHBIE acHMNTOTH. Ha puc. 10
MPHUBEJCHB 3aBHCHMOCTH [ OT & npu a > 0. OcTaibHble HHTErpalbHble
kpusbie (kpusble Il Kksacca) mepecekaloT och aGCHHCC B KOHEUHEIX
TOYKax, MNpHYeM MNOA NPAMBHIM YIJOM. Paspensioliast 5TH IBa KJacca
HHTerpajibHas KpHBafA MDHOMMKAETCH K OCH abCUHCC B TOuKe & = &,
nox OCTphiM yriaoM v, 0 < v < /2.

ITockosbKy Hamop XHAKOCTH no hHU3HUECKHM CcOOGpaxkeHHsM He
MOKeT GbiTb OTPHUATENbHBIM !, 5ICHO, 4TO HCKOMas (YHKUHA f (& x)
ROJIXHA KaKHM-TO 00pPa3oM KOMOHHHDOBATbCS H3 HHTErpaJbHbIX KpH-
Bolx ypaBHeHHs (IL.153) we mpuramnexauwwx k 1 Kaaccy, B Tofi ux
4acTH, TIe 3TH KDPHBBle DaclloJaralTcs Hajf Ocblo abeHuce, W H3 ca-
Moii ocH abeunce. OfHaKo, ecan cocTaBuTh dyHKuUMio [ (E, A) Takum

! MaTeMaTHYeCKH 3TO sBJsieTCH CIEACTBHEM TOrO, YTO AJs ypaBHeHus (11.147)

CnpaBeJIMB NPHHUHI MaKCHMyMa, B COOTBETCTBHH ¢ KOTOPDHIM peilleHHe He MOJKeT.
OKa3aTbCAd OTPHUATENbHBIM NPH IOJOXKUTEAbHBIX HAYaJbHOM H TPaHHYHOM YCJIOBHSAX.
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o6pa3oM, yToObl OHa NpPEJCTaBAAJIACH OTPE3KOM HEKOTOPOH KpPHBOMH
Il xnacca BIUIOTH 0 TOYKH E¢ ImepeceueHHss 3TOH KPHBOH € OCBIO
abcuucc H jganee camol ocblo abcuuce, TO NoJydeHHas QYHKIHA B
TOYKe E=Ec OyldeT HMeTb pa3phLIB NPOH3BOJHOH OT KBajpaTa.

Pa3spbis Npou3BofHOil Ha rpaduke f?° or § COOTBETCTBYET Hapylie-
HHIO HENPEepBIBHOCTH NOTOKA 2KHAKOCTH, YTO NPOTHBOPEYHT NOCTAHOBKE
sagaun. ITosToMy HH onua u3 ¢yHKUHE f(§, ), COCTaBJeHHOH H3 HH-
terpanbuoit Kpusoit Il knaacca (npu C =+ 0), mpoposxaeMoit Ha ocu
abcuuce, He MOXeT ObiTb PpEleHHEM.

HICKOMBIM peleHHeM, HelpephiBHBIM H 00JafaollHM HelpepbIBHOK
IIPOM3BOAHON OT KBaapaTa, OyAeT QYHKUMsA, NpeACTaBJeHHas KpPHBOH,
cocTosillell U3 OTpe3Ka HHTErpaibHOR KPHBOM, paslensiomell KpHBbE
I u Il Knaccos, BOJIOTH JIO TiepeceyeHHs] ee C OCblo aGCLUCC B HEKO-
TOpoM TOuKe £ = &g, M coBnajawmied ¢ ocbw abcuucc NpH § > .

Cama ¢(yHKUMSI HellpephIBHA NO IOCTPOEHHIO; MPOBEPHM HelpephlB-
HOCTb INPOM3BOJHONH OT KBajpaTa B TOuKe DepeceyeHus &= §y (B Oc-
TalbHBIX TOUKaX 3Ta HelPepbIBHOCTh He BLI3LIBAET COMHEHHH, IIOCKOJBKY
HHTerpalJibHas KpHBas COCTOMT H3 IBYX YYacTKOB TJafKHX KpHUBHIX).
Ilpu nomxome K Touke & = &) crmpaBa, TJe HHTerpajpHas KpHBas COB-
najpaer ¢ ocblo abeuuce, npemen (df?/dt):—t,+0 paBed mymo. Ilpu noa-
Xoje K Touke t = §p cJieBa Inpejeln

(df?/d$):=¢,—0 = (2fdf/d%):=¢,—o,

€ y4yeTOM CKAa3aHHOrO BbII2 TaKxkKe paBeH Hymo. Takum obpasom,
s nocTpoeHHOM (YHKUMM npousBojHas df?/dté HenmpephiBHA.

[lokaxkem Temepb, uYTO MOCTPOeHHash (YHKIHS YHAOBJETBOPSET yc-
sosuio (I11.156). Ymuoxum obe vactn ypasnenus (I11.153) wa & u npo-
uHHTErpHpyeM B mOpexesax oT §=0 10 §= co (HIH, YTO TO Xe, 1O
§=¢&, Tak Kak OpH £ > & f(&, A)=0). INoayuum

EO ED Eo
» . 1 df . d2f2 ;
—xSO e 0d g (e gt [ead=0. (LI
0 0

Ho BcnexcrBue HempepoiBHocTH [ u df?/d: uveem

o df 2 o i : ¢
(R pde =8| —2 (6 [, Ndi=—2(8¢ Y
0 0 0 0

o £o 1
¥ ., df? df?
Vemdi=tg | —(Ea=r0on=1,
0

0

otkypa ¥ u3 (I1.160) nonyuaem
& oo
§eF G Ndi= (&f ¢ Nade =1+, (11.161)
0 b

9T0 H Tpe6oBaNOCh AOKA3aTh.
Takum o6pasom, ¢yskuusa f(§, \) oTnu4aeTcs OT HyASl JHIUb NpH
§<%, a mpu £> %) OHa TOXJECTBEHHO paBHa HyJwO. Pasymeercs,
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BeNWUMHA £ 3aBHCHT OT NapameTpa A. B rTouke t =&, dynkuus f(t;
\) HMeeT pas3pHB NepBOH HPOH3BONHOMH.

W3 TpeboBaHHs HeNnpepelBHOCTH (QYHKUHH [ W df?/dt u Teopemsl
€JHHCTBEHHOCTH pelleHHsa Jup(epeHIHaJbHOTO YpaBHEHHS CJIEAYeT,
yTo npu cocTaBAeHHH oyHKuuM f(E, A\) CKJeHBAaHHe DA3JHYHBIX HH-
TerpanbHHX KpuBbiX ypaBHenus (I1.153) MOXKHO NpPOH3BOAMTH TONBKO
B TOUKAX, The f=0, OTKyla HeNOCPEACTBEHHO BHITEKAeT eJHHCTBEH-
HOCTb IIOCTPOEHHOH HaMH (DYHKILHH, T. €. €JHHCTBEHHOCTb ABTOMOJEJb-
HOFO DeIleHHS .

Has sddektuBHoro BbluHcaeHus ¢ynkuuu f (5, A) ymnoGHO nOCTy-
OHTb caeayiuM obpasom. IlonydnM (Hanpumep, 4YHCJEHHO) pelLlIEHHE
®@ (5, ) ypaBHeHus Broporo nopsajka (11.153), o6pamatomeecs npu & =1
B HYyJb ¥ HMelOIlee B 3TOM TOYKE KOHEYHYIO MepBVIO HPOH3BOAHYIO,
T. €. COOTBETCTBYIOLIe€ Dasiefsiiolledl MHTErpaJpHOH KpHBOH, MPOXO-
jJsell uepes TOuky £ = 1. MOXHO mnOKasaTb, 4TO 3Ta NPOU3BOJHAs
paBga — 1/4. ®yukuusa W (&, 1), paBHas @ (§, )) npu £ <1 u TOXKIe-
CTBEHHO paBHad HyJo npu £ > 1, HenpepniBHa H HMeeT HeNpephIBHYIO
NpPOH3BOJHYIO OT KBajpara, yAoBJIeTBopsieT ypasHenuio (I1.153) u
YCJOBHIO IIpH £ — oo, HO yc/IOBHIO NIpH &= 0 He yaoBJeTBOpSET.

Jasi nonyuyeHdss HCKOMOrO peINeHHSI BCIIOMHMM, 4TO (DYHKLHS

FGE, 2) =p=2W (ug, }) (11.162)

Takxe yaoBieTBopsier ypaBHeHuio (I1.153) npu npoussoabHOM p >0
u objanaeT HYXHBIMH CBOHCTBAMH HeNpepblBHOCTH. BriGepeM Tenepn
p = p TaKHM ob6pasoM, utobbl yHKuus f(§, A) yaoBIeTBOpAJA TaKxke
u ycaoeuwo f(0, }) = 1, Torga nonyuennas ¢pynkuus f (5, 1) 6yzer yuaoB-
JIETBOPAATb BCEM YCJOBHSIM, HajaraeMblM Ha HCKOMoe pelleHue. Mmeem

FO, ) =1=ug0(0, })=pa "N (),
OTKyAa nojayvyaem

po = N2 (). (11.163)
3nauenne &), HayHHad c Kotoporo f(f, A) =0, OueBHIHO, PaBHO
Eo=po ' = N—12(0). (11.164)

Pesyabrater Beluncienuft f(§, A) nas pAjga 3HayeHH# A NpPHBEJECHB
Ha puc. ll; Ha puc. 12 npencraBneHsl ¢yHkuuu £o(\) w M (Z) =
= —df?(0, A)/dt. BumuMm, uro kpuBbe [(f, 1), COOTBETCTBYOLIHE
A >1/2, obpauieHbl BOTHYTOCTHIO BBEPX; KpHBAasg, COOTBETCTBYIOMIAN
A=1/2, dABndercs JIOMaHOH, COCTaBJIEHHOH W3 JBYX INpSMBIX; HOpH
A < 1/2 kpusble f(§, A) ofpalieHsl BOIHYTOCTbIO BHH3, NpHYEM BILIOTH

0 QYHKUHH, COOTBeTcTByouwed A= —1/2, npoussogmas f' (0, A) or-
pHLaresnbHa., 3HayeHHIo A = — 1/2 cooTBETCTBYeT (QYHKIHS
fE —12)=1—8%8 0<Ee<V8 [, —1/2)=0, >V,
(11.165)

umeromas ' (0, —1/2) = 0. Ilpun A < —% 3HaveHus f' (0, ) moJoxu-
TeJIbHBL.
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M(x) Eq(n)

J&, )
! A= 4.0
— 1435 M) )—]
N , 30;
05 \ &o(1) V'
|/?>< \ \,< 25
\

) \ 2.0
0 1 2 3 0 B
PHC. 11. Dyukuua [ (&, A) PHC. 12. ®yskurd & (A), M@O)

DyHkuus §o(h) MOHOTOHHO BO3pacTaeT ¢ YGbIBaHHEM X, CTpeMsch
K GecKOHeYHOCTH NpH A, cTpemslieMcss K —1 (pellieHne, COOTBETCTBYIO-
mee A= —1, 6yler pacCMOTPEHO HHIKE).

[Mepexoas or ¢yskumu f(§, A) K Hamopy XHAKOCTH /i, mosyyaeM,
4TO OH OTJHYaeTcss OT HyJsf B KaXJIblf MOMEHT BpeMeHH JIHUIp B
HEKOTOPOH KOHEYHOH dYacTH paccMaTpHBaeMoii 06JacTd IOPHCTOM
cpennl, mpHueM pasMep 3ToH 006J1acTH CO BpeMeHeM YBEJHYHBAETCH.
KoHeuHOCTh CKOpOCTH paClpOCTPaHeHHs MepelHell TPaHHIB BO3MY-
IleHHO# 06J1aCTH XapaKTepHa JJsi pacCMaTPHBaeMOro Kpyra 3azad,
OTBeYAIOUHX HY/JeBOMy HayaJbHOMY YCJOBHIO; OHA CyIUECTBEHHO OT-
JiM4aeT TNOCTAHOBKY 3aJayH O NOJOrHX OGe3HANOPHHEIX ABHXKEHHAX OT
3ana4, CBSA3aHHBIX C KJAaCCHYECKHMH JHHEHHBIMH ypaBHeHHAMHU mapa-
60JIHYeCKOTO THINA, JJIs KOTOPHIX, KAaK H3BECTHO, OeCKOHEYHa CKO-
pocTb pacipocTpaHeHHA nepeAHero ¢GpoHTa BO3MYIUEHHOH obJjacTH.

Ota  ocobeHHOCTh Obl1a BHepBole oOHapyxeHa B paborax
SI. B. 3enbnosnua u A. C. Komnareiiua (1950) u I'. M. Bapen6aar-
ta (1952) nyTreM HccleJOBaHMs pAa3iMYHBIX ABTOMOXEJILHBIX peLue-
uuii. I'. M. bapenbaarrom u M. M. Buunkom (1956) O6biio zaHo
JOKa3aTeJbCTBO KOHEYHOCTH CKOPOCTH paclpocTPaHeHus HepedHeH
TPaHHIB BO3MYLIEHHOH oO6JacTd 1A 3afad NOJorux Oe3HAMmOPHBIX
JBHXKeHHH (a Takxke HIMPOKOTo kJjacca Oosiee oOHX 3ajau), COOT-
BETCTBYIOUIHX HAYaJbHbiM paclpefe/eHHAM Hamopa XHAKOCTH, TOX-
JecTBEHHO DaBHHLIM HYJIO BHe HEKOTOPOH KOHe4YHo# oGJacTy.

KoopanHara aBHXyllerocsi mnepeaHero ¢GPOHTAa KUIKOCTH AJS
paccMaTpHBaeMblX aBTOMOJENbHBIX NBHXKEHHH BblpaxkaeTcss ¢GopMmy-

JIOH :
X0 (f) = folas (t — to)*+/(a + 1)]'/2 (11.166)

(mockoabKy mnepepHuit (pOHT COOTBETCTBYET £ = fq); HANOMHHM, YTO
fapamMeTpsl @ M A CBSI3aHBl MEXLy CO50H cOOTHOmeHHeM : = a/(a -+ 1).

CKOpOCTb pacnpoCTpaHCHHUA [IepejHero (prHTa U NpeACTaBJAAETCS CO-
OTHOUWIEHHEM

ve = 2= 1o as (t — f)*—" (a + 1)]'72,
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B YacTHOCTHM, KOTJa Hanop Ha TrpaHulle NJ1acTa MOCTOSTHEH, T. €.
a=10, 10

xo (t) = 2,286 Vas (f—to); vo= 1,143V ac/(t —ty). (11.167)

Ilanee, A CyMMapHOro OGBEMHOIO KOJIHYECTBA XKHAKOCTH B [JacTe
M noayuaercs ciepyloliee BbipaX<eHHe:

M= {mh(x, Hdx = Ef(s N dt, (I1.168)
D

a JJ1si TIOTOKA XHAKOCTH Npu x=0, T. e. A/ CKOPOCTH NPUTOKA XKHI-

KocTH B maact, B cuny (II. 155) — Bupax(emle

o C dfs

~2C(ax) _—-—2—‘1—53/2(t——t0) = Va.—}—l ( )E=°_ (11.169)

Hnrerpupyss obe wacth ypasHeHus (I1.1563) nmo ¢ or §¢=0 po

= oo MJH, 49TO BCe paBHO, 10 & = fp, NOCKOMbKY f(§, A)=0 npu
§ > Lo, mosyyaem

Eo 2 df2
fE, NdE=——5—| . (I1.170)
! e
B pesyabrate ¢opmyna (I1.168) npusomutcs x Buuy:
14-3a
2 —_—
M=—i—% 7 ma'/26%2 (1 + a)l/2 (¢ —1o) 2 . (I1.171)

Taxum o0pasoM, NpeabiAyllHe COOTHOLUEHHs MOKa3bIBAlOT, YTO pelle-
Hus, coorpercrByoine 0 < a << oo, T.e. 0<<A< 1, orBeyawT BO3-
pacTaHHI0 HANopa KKAKOCTH Ha TpaHuLEe M OOero KOoJHYecTBa KHI-
KOCTH B IJjacTe; 1Js pelIeHus, = k=0, Hanop
KHAKOCTH Ha TPaHHLEe NOCTOAHEH B XOJe BCEro Inpolecca, KOJHYECTBO
ee B hjacte Bospacraer. [Ipy —1/3<a< 0, T.e. —1/2< A <0,
HAanop Ha TpaHHUE B HayaJbHBIH MOMeHT OecKOHeueH H YOBIBAaeT ¢
TeYeHHeM BpEeMeHH JO0 HyJd; KOJHYECTBO MKHIKOCTY, MePBOHAYAILHO
paBHOE, KaK H BO BceX MNpeIbAyIIHX cayyasX, HyJio, €O BpeMeHeM
yeennuupaercs. Ilpy a = —1/3, T. e. A= —1/2, Hanop Ha rpanuue
B HauaJbHBIA MOMEHT OeCKOHEYEH H C TeyeHHeM BpeMeHH yOblBaer J0
HyJs1; ofllee KOJHYeCTBO XUAKOCTH B ILIACTe I[OCTOSHHO B TedyeHHe
BCero npouecca — XHAKOCTb 4Yepe3 rpaduuy x =0 B MJaeT He NMoCTy-
maer. Bo Bcex yxasaHHLBIX cay4asXx Ha rpaHdue Mnacra x=10 BO
BCIKMH MOMEHT BpEMeHH JOCTHTAeTcsl MAaKCHMadbHOE MJsi 3TOTO MO-
MeHTa 3HaueHue Hamopa. Ilpy —12<a<—1/3, T. e. — 1 <A K
< —1/2, Hanop XHUAKOCTH HA TpaHulle B HAYaJbHBIA MOMEHT Gecko-
HeyeH M C TeueHHeM BpeMeHH yO6biBaeT a0 Hydas. OOliee KOJH4eCTBO
JKHIKOCTH B HadaJbHBIH MOMEHT OECKOHEUHO. BEJHKO M C TEUeHHEM
BpeMeHH YObIBaer, CTpeMsiCb K HYJIO, TaK 4YTO Ha TIpaHHIUE IJ1acTa
XKHIKOCTb YyXe He BTEeKaeT B HEro, Kak B IpejBylleM caydae, a
BoiTeKaeT. Torja Ha rpaHuue IJiacTa Hamop XHAKOCTH Yyxke He Oyuer
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MaKCHMaJ1bHbIM; MAKCHMaIbHOE €ro 3HayeHHe NOCTHraeTcsl B HEKOTOpOR
BHYTpeHHeil TOYKe NJ/1acTa, Pa3jIMYHOH [J/is1 Pa3HBIX MOMEHTOB BpeMEHH.

PaccMOTpHM 4acTHBIA cayyaH, COOTBETCTBYIOIHI JIHHEAHOMY BO3-
pacTaHHiO Hamopa XHAKOCTH Ha TpaHHLe [jlacrta, T. €. KOrAa a ==
Ilpn sToMm

RO, &) =o(t—td), &=2xV2as(t—t)~", (11.172)
a ypasuenne (I1.153) npunumaer Buz:
d’r 1 . df 1,
TE;%—?Ed—E—?f—O (I1.173)

Kak HeTpynHO NpOBepHTb, GYHKLHSA
FE D=1—-%2, 0<i<t=2, f(§ 1)=0, to<t (I1.174)

yaosnerBopsier ypaBHeHHto (I1.173) u BceM ycnoBusM 3amaun, oTkyaa
noayyaercs

h(x, t) = o (t — to) — x (2a/s)—172,
0 < x < (2a9)\/2 (¢ — fo); (11.175y
hx, 1) =0, (2a0)'2 (¢t — tg) < x < co.

Koopannata mnepenHero GpOHTAa JKHAKOCTH Xo(f) M TOCTOsAHHast

CKOpPOCTb PaCIpOCTPaHeHHs IepejHero (poHTa BHIPAXKAWOTCA CJefylo-
IHM 06pa3soM:

Xo (1) = (2a0)\2(t — to), vo = (2as)!/2. (11.176)

Taxum o6pasoMm, rpaduk pacnpeleseHHs Hamopa XHAKOCTH B
nJacte NPEACTABJAETCA OTCEKAEMbIM OCAMH KOOPAMHAT OTPe3KOM
NpsAMOH JHHHH, MepeMellalollelcs mapajienbHo camoil cefe ¢ mocto-
SHHOH CKOPOCTBIO.

[Ilpeneabube aBTOMOJeNbHble JOBHXeHHsd. Pacemor-
pPUM [JS TOrO Xe N0oJy6eCKOHEeUHOTO NJ1acTa HECKOJbKO HHYIO 3a1a-
yy. ByaeMm HccienoBaTb JBHMKeHHe Ha IOJyGecKOHEYHOM HHTepBalje
BpeMeHH (— oo, !), MO3TOMY HauvaJbHOe pacnpejiesieHHe Hamopa IO
IJ1aCTy HeCYWEeCTBEHHO.

IlpeanosnioxkuM, 4To Ha OOJBIIMX PACCTOSHHAX OT TPaHMIBI IJIZCTA,
T. e, IPH X —> co, HANOp XHJAKOCTH DaBe€H HYJIO, CJEN0BaTeNbHO:

h(co, ) =0. (I1.177)

HyCTb, haJjiee, Hanop XKHIAKOCTH Ha rpaHulie I1J1actTa BO3pAcCTaer Cco
BpeMeHeM II0 3KCIIOHEHLUHAJNbHOMY 34aKOHY

h (0, t) = hee*, (11.178)
a BHyTpH naacra h (x, {) no-npexHeMy YIOBJIETBOPSET ypaBHEHHIO

on a%h%, C

5;-:(1";2—, a=27n—. (11179)

CocTaBHM NOJIHBI CIHCOK apryMEHTOB, OT KOTOPHIX 3aBHCHT 3TO
pewenne. IlomMumo koopiuHATHL X M BpeMeHu f, B CIIHCOK BOHAYT
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TakXe BeJMuMHBl fg, x M a. Toraa pasMEepHUCTH BCEX OMpeiessioUlHX
f1apaMeTpPoB pelLIeHHsi IPeACTaBJSIOTCS B BHJE:

(x1=L, ({1=T, la] = [A]7'L?T—1, [ho] = [A], [x] = T—1, (11.180)
TAe mo-mpexHemy cumBoasl L, T wu [A] o03HaualOT, COOTBETCTBEHHO,
pa3MepHOCTH IJIMHbBI, BpemenH M Hanopa. M3 naru aprymenton (I1.180)
C TpeMs HEe3aBHCHMBIMH DAa3MepPHOCTSMH MOXHO COCTaBHTb JBE He3a-
BHCHMble Oe3pa3MepHble KOMOMHALMH, KOTOphle YIOOHO B3fTb B BHIE
x (x/ahg) /%, xf. OTclona W W3 aHaau3a pa3MepHOCTeH ToJyyaercs, 4TO
pelueHHe paccMaTpHBaeMOH 3ajayM MNpeACTaB/sercss B BUAe

h = hoo [x (aho/x)—12, xt], (11.181)

rae ¢ — 6espasmepHas QYHKUHSA.

[MonoxuM ¢ =1 -+ 1, rEe t— NPOH3BOMbHAS KOHCTaHTa. IIpH 3TOM
yciosue (11.177) w ypasmenne (I1.179), kak HeTpyaHO NpOBEpHT,
3aNKMCHLIBAIOTCA Yepe3 HOBYIO MNepeMeHHYIO {', Tak e, Kak H yepes
npexHiolo nepeMennyto, a ycaosue (I1.178) npunumaer Bua:

h(0, t') = hoext; hy= hger. (11.182)

TakuM o06pasoM, CABHI BO BPEMEHH BJHSET JHIIb HA HEKOTOpOe
npeobpaszoBaHue BeJHUYUHB Ag, M NOCTAHOBKZ 3ajaud OKA3bIBAeTCsS MH-
BAPUAHTHOU MO OTHOIUEHHIO K Tpynme Mpeo6pa3oBaHHH INepeHoca IO
BpEMEHH; [JIs OlpefeneHus h B TNiepeMeHHIX X, f, a, %, A mosyua-
eTcsl Ta Xe 3ajaya, uto H AJs onpexetenust A B nepemerunix (I1.180).
Crano GuTb, Ha ocHoBe cooTHoweHull (11.181) u (I1.182) umeem

h= hap (v, xt) = hip (xv, «') =
= e*hop (xv, xf —ut); v = (x/ahg)!/?.
Otclofa caenyeT, 4ro NpH JMoOOM t CIpPaBejJIMBO TOMXAECTBO
@ (xv, xt) = e o (xve /2 xf—x1),
ITosoKuM ©=1{ H TONYyUHM
9 (v, %) = el (xve=lBt | 0) = exf (xve=12x).  (IL.183)

Hrak, ¢yHkuus A, 3aBucsmas or natd aprymentos (I11.180), npea-
cTaBjsiercs yepe3 QYHKLUHIO OJHOIO apryMeHra:

h = hoexf (£); &= xvexp (— 1/2xf). (11.184)

[Moncraass (I1.184) B ocnoBHoe ypasuenue (I1.179), mosnyuaem
aas ¢ynkuuu f(8) obmikHoBeHHOe pubPepeiuanvHoe ypaBHeHue

1 d
Y ) (11.185)

r
&

Iloncrarass 3areM Buiparkenue (11.184) B (I1.177) u (11.178), umeem
rpaHHuHble ycJOBHS AJad (pyHKuuH f(5):

FO)=1, f(w)=0. (11.186)

BeaencTBHe HenmpephIBHOCTH HAmopa M NOTOKA XKHAKOCTH (PYHKILHS
f() mo-npexHeMy A0O/KHA ObITb HENpPEPLIBHON H HMETb HempephiBHYIO
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npousBoAHYI0 OT KBaapara df’/di. Takum o6pasoM, AJs onpejeneHus
¢yuguuH f(¢) TONyYyHJH FpaHHYHYIO 3ajady TOrO XKe THIIA, 4TO H
rpaHHYHBe 3aJaYH JJs1 aBTOMOJE/bHBIX pellleHHH, pacCMOTPEHHBIX B
HpeAbIAyIEM NYHKTe, H COOTBETCTBYIOLLYIO 3HAYeHHIO IMapaMeTpa a,
pPaBHOMY GeCKOHEYHOCTH, T.e. A== 1. O(peKTHBHOE BBIYHC/IEHHE (YHK-
uuyd f(£) BBINIONHAETCA CIMOCOG0M, YKAa3aHHBIM BHIE, PpEe3YJbTAThl BHI-
yucaeHuil ObIM NpuBeseHbl Ha puc. 11. ®Pyukuus f(&) = f (¢, 1) Tox-
JIeCTBEHHO paBHa Hy/mo npH £ > §p= 1,810; koopauHara M CKOpOCTH
nepeMellleHUs] nepejHero (GpoHTa COCTaBAT

xo(f) = 1,810y ex2, g (£) = 0,905xv ex!/2;
v = (aho/x) 2. (11.187)

[MonyueHHOe penIeHHE B HEKOTOPOM CMbIC/Ie NpejesbHOe AN aBTO-
MOJAEJbHBIX pelleHHH, PAcCMOTPEHHBIX B NpebiAyiieM NYHKTe. B camom
nene, nonoxuM B ¢opmyse (I1.152) o = hg (ax)=*, rue ho — Hexkoropas
KOHCTAaHTa, HMeIollasi pasMepHOCTb HaNopa; T — KOHCTaHTa, HMeloiulast
pa3MepHocTb BpeMeHH. IIpu 3TOM, OUEBHIHO, 3TH KOHCTaHTHl BhHIGH-
paroTcss ¢ TOYHOCTBIO 1O HEKOTOPOro MOCTOSTHHOrO MHOXHTeNs. Peie-
nue (11.152) npunnmaer BHJ

a--1
_ t—1t, @ Tt \ o el La
h_ho( Ny x(t___to) ]/“fz—hf—) ] (11.188)

ByneM HeOorpaHHYeHHO YBENIMYHBATb a MPH CTPEMJIEHHH HauyajJbHOrO
MOMEHTa fp K MHHYC GECKOHEUHOCTH IO 3aKOHY

ty — — a. (11.189)
PackpbiBasi HEONpPEeAENeHHOCTb, MOJNYYaeM, YTO NPH a — co
t—1ty\® ¢ a—* [t—itg\e+! ¢
( o )—>€XPT, m(—;—) —>expT, = (H.IQO)

Ypasuenne (11.153) B npegene npH a— co mepexoaut B (I11.185),
a ycaosus (11.154) cosmapaior c (I1.186); f(&, 2) —f(, 1)=[(5).

O6o3Hauasi v uyepe3 l/x, mnoJsyuyaeM, YTO NPH «—>00 BHIPANKEHHE
(11. 188) crpemurcs k (II. 184). ITostomy pewenne (II. 184) 6blio
Ha3BaHO MpeAeJbHHBM aBTOMOJeJdbHBM pelieHuem [2].
[lpenenbHble aBTOMOJe/bHbBIE pelleHHs MNPeACTaBJASIOT ¥ NPHHLHIIH-
aNbHBIH HHTepec B TOM OTHOIUEHHH, YTO [/ JOKa3aTeJbCTBa HX aB-
TOMOJIEJILHOCTH YK€ HEeINOCTATOYHO coo0paKeHHil aHanH3a pasMep-
HOCTH, T. €. HEeJOCTaTOYHO HHBaPHAHTHOCTH NOCTAHOBKH 3aJauH OTHO-
CHTEJNbHO Tpynnsl npeoGpa3oBaHusi NMOJOOUSA BeJNHUYHH ¢ HE3aBHCHMBI-
MH pa3MepHOCTSIMH, Kak 3To OBblJIO B paHee DPacCMOTPEHHBIX aBTO-
MOJEJIbHBIX 3ajadyax, a Tpebyercsi HONOJHHTENbHO BOCIOJb30BAThCA
HHBADHAHTHOCTBI) IIOCTAHOBKH 3aJa4YH OTHOCHTEJNBHO elle OJHOH
TPYHNBI — rpynnsl 1peobpa3oBaHHi mepeHoca MO BPEMEHH.

[lpuBenenHble IPH PacCMOTPEHHH NpejesbHOH aBTOMOAEJbHOH 3a-
Jaul paccyk/JeHHs HOcAT oOLMil xapakTep ¥ MOryT IIDHMEHAThCA BO
MHOTHX ApPYyrHx 3amavax. [IpenenbHble aBTOMOJE/bHBIE ABHIKEHHS CYy-
HIECTBYIOT BCerja, ecJH CHCTeMa OCHOBHBIX ypaBHeHHH paccMaTpHBae-
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MOH 3ajayH HMeeT aBTOMOJEJbHble pelleHHsT OOBIYHOro CTeNeHHOro
THIA C NPOH3BOJBbHB M TOKa3aTeJeM CTENEHH, KOTOpPbIl MOXKeT
NPHHUMATb CKOJIb YrOoAHO 6OJblUHe 3HAYeHHs, W WHBApHAaHTHA OTHO-
c[HTemiHo npeobpa3oBaHHsl MepeHOCa COOTBETCTBYIOUIEH KOOPJIHHATHI
4, 38].

3anmaua. Ha rpanume x =90 noaybeckoHeyHOrO mnJjacra ¢ HenPOHHUAEMBIM
rOpPH3OHTANEHHIM BONOYMOPOM 3ajiaeTcss NOTOK (Pacxofl) MHAKOCTH KaK CTeneHHas
G yHKUHA BpPeMeHH

i
— 3 C(OR%ox),_g == (t—tg)’» B>—1, = > 0. (11.191)

HayanpHblll Hanop Bo BceM MJacTe paBeH HYJIO.
Pellenne 3afayd NpeicTaBaseTcs B BHJE:

6az® (1 — £+ V2 M) B+ 2 13
" [C"M"’ weta) ! {" 9a%c (1 — 1)t | l}’ (11.192)
rae M(X) = —df2(0, \)/di (cm. puc. 13); KoopaunaTta nepenero QGpoHTa KHAKOCTH
Xo(f) nMeer BHA:
) g [ |
xg () =85 (V) M N G+ 22

OcecuMMeTpHYHbBe aBTOMOJAeNbHbe aBUXenusn Ilpu
OCECHMMETPHYHBIX NOJOTHX Ge3HANOPHHIX JBHXKEHHSX HAmop KHUAKO-
CTH YAOBJIETBOPSET YPaBHEHHIO

(11.193)

ok 1 0 on?\ C  kpg
'at—“Ta;(’ o ) 0= 50 = o’ (I1.194)
rage r — pacCTOsHHE paCCManHBaEMOﬁ TOYKH IJjaCTa OT OCH CHM-

METDHH.

Ilycts B OeCKOHEYHBIH NJacT, OFpaHHYEHHBIH CHH3Yy TOPH30HTAalb-
HBIM BOJOYIIOPOM, Yepe3 CKBaXKHMHY, pafHyc KOTOpOH IpeHeOpexHMO
MaJ, HauYHHaeTcs 3akKauyka XHAKOCTH. [lpeanosoxdm uto HavasbHBIHA
€e Hanop B IalTe paBeH HyJ/0, TaK YTO HayajlbHOe YCJOBHe HMeer

BHI:
h(r, to)=0. (11.195)

Hpelmonome Aaliee, UTO pacxon 3aKayuBaeMoO# XHIKOCTH HM3Me-
HAETCA CO BpPEMEHEM 10 CTEleHHOMY 3aKOHY. Bbxpaxexme A ITOJI-
HOro pacxona XHAKOCTH, 3aKayuBaeMoH yepe3 CKBaXHHY pagnyCcoM

R, uMeer BHA!
on on®
g () =2=R (— Ch E}’=R= —=C (ra; )'=R . (11.196)

ITo npexnosoXeHulo, pajuyc CKBaXK¥Hbl npeHeOpeXHMo Man (HH-
JKe OCT2HOBHMCHA Ha NPHYHHAX, IT0 KOTODHIM 3TO JONYINEHHe MOXXHO
nenaTbh AJsi GOJIBIIHHCTBA peajlbHbIX JBHXKEHHH), I03TOMy MOXHO
npuHATh R=0. Tak kax pacxom XHIKOCTH, 3aKayHBaeMoii B CKBa-
JKHHY, MEHSIeTCA [0 CTelleHHOMY 3aKOHYy, TPaHHYHOe YCJOBHe Ha CKBa-
JKHHe NPHHHMAaeT BHA:

— nC (roh?/0r),—o = t (t — to)®, (11.197)
rae ©>0 u B> —1. B uvacraoctu, cayuaii B =0 coorBercTByer 3a-
Kayke XKHAKOCTH B ILIACT C TNOCTOSHHBIM pacxofoM. TakuM o6pasoM,
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pelleHue 3ajgaud  yposaerBopsier ypaBHeHuio (11.194) u  ycnoBusim
(I1.195) u (I1.197). Ilo-npexHeMy, HCHOJb3Yysl aHA/IH3 Pa3MepHOCTH,
MOXKHO TOKa3aTb, YTO 3TO pelleHHe aBTOMOJeNbHOe H NpeACTaB/siercs
B BHJIE:

T 172 4a’ t—t )ﬂ+2 1/4' 8
h=[n—c(t—to)ﬂ] fi (5, W), E:r(W;%)T“) : )\:§+2'
(11.198)

Kak u mnpexne, HckoMas (YHKLIHA [0/DKHA OBITh HelpepbiBHOH H
HMeTb HeNmpephelBHYI0 IIPOM3BOAHYIO OT KBajapara. IloacraBasisi Beipa-
xkeuue (I1.198) B ypasuenne (I1.194) u ycaosus (I1.195) wu (11.197),
HaxoguM, 4to ¢yukuus fi (§, A) — pelueHHe TpaHMYHON 3axauH

f} df, d;
§

1 df, dh 1

HccnenoBanne 3TOH TPAHHYHOH 3ajayd NPOBOJHTCS aHa/OrHYHO
npeapiAylleMy, Takxe €IHHCTBeHHbIM 006pa3oM CTPOMTCA  (yHKIHS
fi (¢, X), oTymMyalowasics OT HyJs Jauwb npH 0 <& <& ()), re & (\)—
HekoTopas (yHKUHA A, a NpH & > & () TOXIeCTBEHHO paBHasg HY.JIO.
Oynxkuus fi (5, }), Kak HeTpyaHO BHjeTb H3 nepsoro ycjobus (I11.199),
npu £ — 0 umeeT oco6eHHOCTb BHIA

A, V=V —1Int &—-0. (11.200)

Bropoe ycnoBue (11.199) moxer GbITb NpHBeeHO K ApYro# ¢opme:
ymHoxasi ypaBHenue (II1.199) Ha & u unTerpupys ot £ =0 10 &= o,
a TakKe MCIOMb3Ys JOMOJHHUTENBHO JIeTKO ycTaHaBiauBaemble u3 (11.199)
yenosusi (Edfi/dE):—oo = 0, [£f1 (5, M)]:=o0 = 0, MoNy4YaeM cieaylomee HH-
TerpanbHOe COOTHOILLEHHE:

= —1, f(w, ) =0. (I1.199)

*® : €M)
{80 Nde= [ Eh ¢ V= (11.201)
0 0

SpdekTHBHOE BhIuHCAeHHe (GyHKUMM fi (5, A) YAOOHO NpPOBOAHTDH
caegyromuM obpasoM. Crpoutes pelueHue 3agayd Kowmn @y (8, )) nas
ypasuenus (11.199) ofpatatomeecst 8 Hyab npu § = 1 u uMmeioillee B 3TOH
TOYKe KOHEUHYI0 MepByio npoussopguylo. (MccnenoBanue mokasbiBaer,
4TO 3Ta MPOW3BOJAHAas paBHa —1/4.)

Hanee uuc/ieHHO onpenensieTcss BeMMUMHA

lim (:d®}/dt) = — N (0).
£—~0

Bennuuna N (\) okasblBaeTcst He pPaBHOH enHHHLE, MMOITOMY (YHK-
uust, pasHast @i (5, A\) npu £<1 ¥ TOXKIECTBEHHO paBHAas HyJIO NpH
§>1, ynosierBopsier BceM ycioBuaM rpiiugnoli 3sagaun (I1.199),
Kpome ycnoBHSE B HyJe. BocrnosnbayeMcs Teneps TeM, 4TO, KaK HETPYIHO
nokasartb, ypasHenue (I11.199) w BTOpoe rpanuyHOe YCJOBHE HHBApH-
aHTHBI OTHOCHTEJNBHO TPYNNH Mpeo6pa3oBaHHil

Dy (5, N) = p—2 (81, M), (11.202)
NO3TOMY [MpH MPOM3BOJLHOM MOJOXKHTENbHOM p  yHKuMs Do (§, )
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) -1.0 s\
A=0
oK
\_x-c \.o.s\
X N -0,50 A—P
N N\
N o -0.25
; 1 y 0 1.0 t
PUC. 13. Dynkuun f;(, M) u
e,\ — tdf?/ds
2,00 \
1,90 \\
1,80 \
1,70 \\
\,
1,60 \
1,50

0 025 050 075 A PHUC. 14. Pyuxuuu & ()

yaosnersopsier ypaBHeHuto (I1.199) H BTOpPOMY TI'DPaHHYHOMY YCJOBHIO
(11.199). Ho

(dD3/dE)emo = p—* (EdD} (5, W)/d2)imo = — u—N (1).
Bei6paB p =p, = [N ()14, noayuuM, 49r0 OyHKINS
I 2 =[N @)I7V20 GIN ()15 0 (0 <E<E (),
fig, =0, 4N =N <t< ™ (11.203)
VAOBJIETBOPSIET BceM YCJAOBHAM rpaHuyHOd 3apmaud (I1.199).

Ha puc. 13 u 14 mnokasaust rpaduxu fi (5, ) mpuw » =0, 0,5;
1,0, a rakxke rpapuk o¢yHkuuu £ (A), uepes KOTOpYIO KOOpAHHATA
I >pefHero ()pOHTA BEIpaXKaeTcss MO (opMyJe

da?c (t — P2 V4 Cr (t — tg)P+2
=t | /¢ (6 + 22 T lwm?2 (3 422N ()

B npunoxenus x 0co60 BHIAEASIOTCA ABHMKEHHS C NOCTOSHHBIM pac-
xozoM 3akaykd B = 0. [Ipu 3romM nonyyaercs

h:(;%fmf,[(“gfz)m e o] (11.205)

1/4
} . (I11.204)
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ro(f) = 1,537 (a%/C)A VT — 1y = 1,087(Cx/m*)V4 VT —1,.

3ajgaya o 3aKadYKe uay orbope rasza yepes CKBa-
JKHHY. PaccMOTpHM TrOpH3OHTaNbHBI mnJaacT MOIIHOCTH H, BCKpHI-
THIl COBEPLIEHHOH CKBAXXHHOH H CONEpXKallMi B HayaJbHbI MOMEHT
ra3 noj nasjenem P=const. [lonycTuM, 4TO yepe3 CKBaXKHHY, paju-
yC KOTOPO# r,, HaYHHaAeTCs 3aKauka WJH OTOOp rasa ¢ MOCTOSAHHBIM
MaccoBbM ae6uTOM ¢, mpuuem >0 oTBedaer 3aKauke, a ¢<0-—oT-
6opy raza. Torza umeem

6p2_ kp i 8 [ ap%\ . nkHpg 6p2) o
7~E§75(r-67, piry =P, —=22(rT) =g  (11.206)

Bynem cuurath pagMyc CKBaX<HHBI IpeHEGPEXKHMO MasbM (HHXKe
npuBefeM OLEHKH, ONpaBibliBalolllHe 3TO jonyllexue). Torpa ycjaosue
(I1.206) nepenuuercs B BHJE:

apz) _wpg .
(r or =0 nkp o =—4q- (11-207)

Htak, nckoMoe pacnpene/ieHue JaBJeHHS B IJacTe, YAOBJETBOPSIO-
wee ypasHenuto (11.147) u ycaoBusm (I1.206), saBucur oT ompepensio-
HIWX MapaMerpoB r, ¢, a%, ¢°, P.

MoxHo yGepuTbCs B aBTOMOJEJBLHOCTH pPacCMaTpHBAeMOrO IBHKe-
HHfl, TaK YTO paclpejiesieHHe JaBJeHHs IIPeJCTaBJseTcss B BHIE:

p=PF (5 1)), t =r(@PH—172, = q"/P? (I11.208)

rae oynkuus Fy (¢, )) — pelueHne rpaHuuHON 3ajauu
G B B R P P N, Fi(e,2) =1. (I1.209
wTratza=0 g =—hhC =1 (1209

KayecTBeHHasd KapTHHA pacloJIOXKEHHS HHTErpajbHBIX KPHBBHIX
ypasuenus (II. 209) muccaeayercs anaJjorHyHo TOMY, KakK OIHMCAHO
B I 3

UccnenoBanue MOKA3bplBAe€T, 4YTO HHTerpasbHble KpPHBLIE, YAOBJET-
Bopsitomue BropoMy yejosuio (I11.209), pacnaparoTcs Ha jBa KJjacca,
pasjesieHHble MeXAy coOoH uHTerpasipHOH KpuBo# Fi(81A) =1, coor-
BeTCTByIOUleH, Kak Jerko BuaeTb, A =0 (puc. 15). Kpusre nep-
BOro KJjacca, pacnonaraiouinecst Hax kpusofi Fi(§, 0)=1, c¢ yMmeHb-
uwleHHeM £ 10 HYJSI MOAXOAAT K OCH OpAMHAT, AaCHMNTOTHYECKH YXOAA
B GeCKOHEYHOCTb, TaK uTO Npu & — O ¢yHKuM s Fy (5, A) MenseHHO BO3-
pacraer no 3aKOHY

Fig, ) = (—)Ine)2 -+ 0(1). (11.210)

Kaxjoli M3 HHTErpajbHbIX KPHBBIX NEPBOTO KJacca COOTBETCTBYET
CBOEe 3HayeHHe MapaMeTpa A, MOHOTOHHO Bo3pacTawouiee OT HYJS 10
6eCKOHEYHOCTH IO Mepe YyiaaseHus oT kpuodl Fi(§, 0) = 1.

Ilpu & — co OpAHHATHL KDHUBBIX OGOHX KJAcCOB OBICTPO CTPEMSATCS
K eLHHHLE MO 3aKOHY

Fi(i, 1) =1+ 0" exp(—8-'82). (11.211)
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KpuBble BTOpOro KJjacca, pacnojarawolhecs I0J HHTerpajbHOH
KpuBo#t Fy (5, 0) =1, He fOXONAT ZO OCH OpAMHAT, a 3aKaHUUBAIOTCH,
HOAXOAS MOJA MNpsAMBIM YrJaoM K ocH abcuuce — ocoboii JIMHHH ypaB-
Henua (11.209), nockoabky Ha Heit obpalljaeTcst B HyJb KO3I(DGHIHEHT
Npu cTaplieil TPOH3BOJAHON B 3TOM ypaBHeHHH. B Takom ciyuyae Bmec-
TO [EPBOTO YCJOBHA, KOTOPOMY YAOBJETBOPAIOT BCe HHTErpaJbHbIE
KpUBble NepBOro KJacca, COOTBeTcTBylomue A>>0, 3TH KpHBHE YyIOB-
JIETBOPSAIOT YCJOBHIO

(EdFiIdE)e=ipy = — ), (11.212)

rae £()\) — KOOpAMHATa TOYKH IepeceyeHHs pacCMaTpHUBAeMOH KpHBOH
¢ ocplo abcumcc. Kaxnolh KpHBO# COOTBETCTBYeT ONpENEJICHHOE 3Ha-
yeHHe A, MOHOTOHHO yOBbIBamllilee OT HYJS [0 — oo IO Mepe yjaseHus
KPHUBBIX OT HHTerpanpHoH kpueoli Fy(§, 0)=1.

HnrerpasbHble KpHBble BTOPOTO KJjacca OMMCHIBAIOT aBTOMOAENb-
HEIE JIBHXKEHHS, B Npolecce KOTOPbIX NMPOHCXOLHT He HarHeTaHHe Ta-
3a B IIaCT, KaK B CJydyae JABHXKEHHH, OTBEYAIOUIHX HHTErpaJibHbIM
KPHUBHIM nepBoro kJjacca (A>0), a orbop raza u3z mjaacra ¢ pacxo-
IOM, OMpeje/sieMbiM COOTBETCTBYIOLLEH 3TOH KPHBOH BEeJHUHHOH A:

g = MekHpoP%upo (11.213)

(B aTOfl OpMyJle MaccCOBBI pacxol ¢ CUHTAETCs OTPHUATENBHBLIM),

CllenyeT OTMETHTb, 4TO, CO34aBas JOCTATOYHBIH mepemnaj nasJe-
HHSI, MOXHO, B MPHHLUHUNE, 3aKagHBaTh ras B IVIACT ¢ JIOObIM 60Jib-
IIAM DacXOIOM Yepe3 CKBaKHHY CKOJb Yroauo MaJjoro paauyca. On-
HaKo OTOHpPaThb ero H3 MJacTa MOXHO JIHIIL NPH PAacXoAax, He Npe-
BHIIIAKIMHUX TOFTO pacXxofa, KOTODBH COOTBETCTBYET
YCTAHOBJEHHIO Yy CTEHKH CKBaXHHB HYJeBOTO HaBJe-
Hu . JladbHedee yBesnueHHe pacxofa OTGHPAEMOro rasa BO3MOMKHO
TOJIBKO MPH YCJOBHH pacliMpPeHHs CKBaxHHB., Takum obpa3om, B OT-
JMYHMe OT cJyyas 3aKaykd rasa HeJib3si CTaBUTb 3aAaduy o6 orbope
€ro uepes CKBaXHHY npeHeOpeXHMO MaJjioro paauyca. Kpusble
Fi(§, &) npn A<O (KpuBBHe BTOPOro KJjacca) COOTBETCTBYIOT aBTO-
MOJEJNbHHIM ABHXKEHHSAM, KOraa oT6op rasa ¢ NOCTOSHHBIM DPacxo/oM,
onpeaenseMbim ¢opmyioit (II. 213), npoucxoaur depes paclHpsio-
LWYIOCH CKBAXKHHY ¢ PAJHYCOM, YBEJHYHBAIOLIUMCS 110 3aKOHY

R =E()) (a2PH)'12 (11.214)

(npuueM Ha cTeHKe 3TOH pacWIHPSIOILECS CKBaXKHHB AaBjeHHe MO-
CTOAIHHO H PaBHO HyJ0). 3ameTHM, 4To pacliMpeHHe oTGHpaouied
CKBaXHHH HH B KOeHl Mepe He NpensiTCTByeT NPHMEHEHHIO paccMart-
PHBaeMHIX pellleHHH K NpPakTHYECKHM 3alayaM, NOCKOJbKY [Js 3Ha-
YeHHH napameTpa A, MPeACTaBASIOIIMX NPaKTHYECKHH HHTepec, 3Ta
(GUKTHBHAS CKBaXXWHa, KaK MOKa3bBAlOT NPOBEAEHHble pacueTn (CM.
HUXKe), Bceria GyleT HaXONMTbCs BHYTPH HAacTOsIIeH CKBaXKHHBI.
s pajbHeiitiero H3JIOXKEHHS MOMAE3HO BLIACHHTb, KaKOH nopsiIoK
BeJMUHHBI A BCTpedyaeTcss B MNpPAaKTHYeCKHX 3anadax. BosbMeM B Ka-
uecTBe NpHMEpa cayuyad, AJA KOTOpOro BeJuuHHa A Oyger BecbMa
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BBICOKOH, 3THM CaMBIM OMpEAeJUTCs MOPSIXOK BEepXHEro npejesna 3Ha-
yeHu#t A. Ilycrp yepes ckBaxuny or6rpaercs 1000000 M3 rasa B cyTku
(umeercss B BHAY OGBEM IpH HOPMaJbHBIX YCJOBHSX); TakoH pacxof
noctatoyHo Belcokuil. IlycTs, nasee, BA3kocThb rasa p paena 0,01 mIla-c,
NPOHULAEMOCTb TNOpUCTOH cpexst k= 1012 M2, MomHoCcTs mJacTa
H =106 M, HauanbHOe nyacToBoe jgaBaeHHe P = 3 MIla (oTHOCHTeJbHO
HeGoJIbLIOE [aBJIEHHE ]S CTOJIb BBICOKOIO OTGOpa rasa); CUMTaeM, 4TO
IJIOTHOCTD po cooTBeTcTBYeT po = 0,1 MITa. Takum ofpasoM, ¢/pp— ecTb
3ajaHHbI  OoOBEMHBIN pacxop rasa, OTOHpaemMoro uepe3 CKBaKHHY.
ITepexonst K OAMHAKOBBIM eJHHHLAM H3MepeHHs M MNOACTaBJAs MpH-
BeJIeHHbIE MapaMeTpHl B BbIpaKeHue Aad A, noayuuMm k= 0,04. Crajno
6biTb, B peasbHBIX caydasix mapamerp A pased 0,01—0,02 u Menee.

Ha puc. 16 uso6paxenst kpusble Fy (%, )), OTBEYAIOUlHE HECKOJb-
KHM 3HaueHHsM MapaMeTpa A, KakK IOJOXHTENIbHbIM, TaK M OTpHUA-
TeNbHBIM, a TaKXkKe COOTBETCTBYIOU[HE KpHBbxe—Ede/dE. M3 3THX KpH-
BbIX BHJHO, YTO B JOBOJBHO 3HAUHTEJbHOH ofjacTd BGJIH3H TOUKH

£ =0 (COOTBETCTBEHHO BOJH3H £ = E(A) AN KPHBbIX, OTBEHAOWHX A <
< 0) ¢ynxuna — idFi/dé 6an3ka K cBoeMy 3Hauenuio npu £=0 (co-
OTBeTCTBEHHO IpH & =&()), T. e. K A. [Ipn 3TOM OCHOBHOe H3MeHeHHE

¢yaknuu Fy (8, A), T. e. OCHOBHOe H3MeHEHHe JaBJeHHS ras3a, COCPexo-
TOYMBAETCS HMEHHO B 3TOH ob6jacTH. Ilpu Tex ke 3HaueHHsAX &, AIA

KOTOpPBIX quHKuuﬂ—Ede/dE yXKe CYLEeCTBEHHO OTKJOHSIeTCA OT M
¢yukuus  Fy (¢, A) oOKasbiBaeTcs JIOCTAaTOYHO GJIH3KOH K eAMHHLE-
B npaktnueckn Haubosee HHTepeCHOH o00JacTH 3Ha4eHHH mapameTpa
A, PaBHHIX Mo aGCOMIOTHOH BeJMYMHE OJXHON COTOH M MeHee, 3TO CBOH-

CTBO MocTosiHcTBA (YHKUHH — EdFi/dE B obnactu, rae Fy(§, \) cyme-
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CTBEHHO OT/IMYaeTcsl OT eNHHHILBI, BbIpaxKeHo eile Gosee pesko. OGo-

3HQuMM Yepe3 £ 3HaueHHe apryMmeHTa §, obJajaioliee TeM CBOMCTBOM,
2

yro npu ¢ <&, 3Hauenns —EdFi/dé orauvaloTcs OT L MeHblle, YeM

Ha 0,01%. Crano 6biTb, npu § < §, C 3TOH Ke CTeNeHbIO TOYHOCTH

BHITIOJTHSIETCS COOTHOILIEHHE

tdFYd: = —); FiG, W—Fi(., W= —xlngs,.  (11.215)

TpoBelieHHEIEe YHC/EHHbIe pacyeThl MOKas3plBalOT, YTo npu || <0,01
BeauunHa Fi (5, ) oTiHuaeTrcsi oT eaHHHUL MeHee uem Ha 0,03, Tak
yto npu &> &, cnpasexmuBo Hepapenctso 0,97 < Fy (5, ) < 1.

Orcioga chenyer, 4TO0 C NpPaKTHYECKH BIIOJHE KOCTaTOYHOH TOY-
HOCTbIO B 3TOH o6nactH ypasHenue (I11.209) ana cymkuum Fy (5, L)

o 2
MOKHO 3aMEHHTb JIHHEHHBIM OTHOCHTeJbHO Fi (5, \) ypaBHeHHeM

1 d(,dF\ | 1, 4F
L di) L LZr (11.216)
Ed&( dE) T

B nocneaHem ciaaraeMoM jao6GaBiaeH Muoxuteab Fp(§, L), cornacho
npeibAYyIEMy, Malo OTauYalowuiicad OT eauHuubl. JluneliHoe ypabue-
nue (I1.216) merko uHTerpupyercsi, B pe3ysabTaTe INOJyYUM

£dFi/dz = Cexp (— £%/8), (11.217)
rae C— KOHCTaHTa HHTerpupoBaHus. OnpejeJuM 3Ty KOHCTaHTy H3
yesIoBHSI, UTO NpH £ = &, Beamunna idFi/di = — k. Hmeewm

C= —exp (—t8).

Tax Kak Jsis paccMaTpuBaeMoHl HpPaKTHYeCKH HHTepecHOH obuacTH
|A] < 0,01, snauenne &* Becbma Mano (< 0,01) u exp(— 1.8:) or-
JIMYaeTCsl OT eJHHHMUBl He Gojiee 4YeM B LIECTOM JAECSTHYHOM 3HAaKe, TO
MOXKHO nojarath C = — k.

Hnrerpupys ypasuenue (11.217), nmonyyaem mnpu § > §,

Fi(E, }) =D —){tlexp (— £%/8) di. (11.218)

Haxonss KOHCTaHTY HHTerpHpOBaHHS W3 ycloBua Fy (o)== 1,
TIOJIyYuM

Fi=1—1/20Ei(— 1/8:2). (11.219)
Haxoaa u3 (11.219) Fi(¢,, \) u noacraBnas B (I1.215), monyuum
Fi=1—1/20Ei(— 1/85%) —\In (8/%,). (11.220)

-

an MaJIbIX ¢ HMEEM aCHMITOTHYECKOE BbIpaXKeHHe
Ei(— 1/8:2) = In (15%/8),
TaK 4TO
In (t/%,) = 1/2[Ei (—%%8) — Ei (—£2/8)].
Iloncrasasaa ato BuipaxeHue B (11.220), naxomum:
Fi=1—1/20Ei(—£28) (t <%.). (I11.221)

CpaBuuBas oipaxenus (11.219) u (I1.221), BuauMm, uTO OHH COB-
nanaoT. OTcloga cneiyeT BecbMa CYHIECTBEHHbIH BBIBOJ O TOM, 4TO B
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NPaKTHYECKH Haubosiee WHTEPECHOM HHTepBaje 3HaueHHH IN:paMerpa A\
|2 < 0,01 ¢yukuus F,(§, )) npeacraBasercs B Buie (I1.219) npu
BceX 3HaueHusx §.

[Nepexonst ot ¢ynkuuu Fi (5, ) K AaBaeHuio p no ¢opmyJe (11.208),
noJiyyaeM, 4TO pacnpejieleHHe IaBJeHHs C BecbMa BBICOKOH CTENeHblo
TOYHOCTH NPEACTABJAETCS JHJsi BceX 3HAueHUd r u [ B BHIE:

2
pr=P2|1—1Ei|——"__)|; —0,0l <= —22_ 0,01 (I1.222)
8a°Pt nkHop P
HMeBHO TaKHM nOJIydyHJoch OBl DellleHHe 3a7a4H, eCiu Obl MBI
3ameHuau B ypasuenud (II. 206) MHoxHTesb p B npaBoOél uyacTH Ha
3HayeHHe p=P 3TOro MHOXHTEJA NPH r=00, T. €, €CJH Obl NIPH TEX XKe
rPaHHYHBIX M HayajbHBIX YCJOBHfAX Mepelll# K JHHeHHOMY OTHOCH-

TEJbHO p? YpaBHEHHIO

ot ~ " r or\ ‘or,

Tako#t cnoco6 nuHeapusanuu ypaBHenus (II. 206) Guin BnepBhie
npennoxen JI. C. Jleii6ensonom [26]. IlpuBeneHHble pacueThl IOKa-
3bIBAJOT NMPAaKTHYeCKH TOYHOE COBMNAajeHHe pellleHHs pacMaTpHBaeMoH
HeJIHHeHHOH OCeCHMMETDHYHOH 3ajJaud ¢ pelleHHeM JHHeapH30BaH-
HOH 3ajayH. Ychmex JIMHeapH3alMu oO0BACHAETCA B JaHHOM CcJydae
TEM, 4TO B CJy4Yae OCEeCHMMeTPHUHBIX ABHXKEHHH ob6jacTh pa3buBa-
ercq Ha jBe yactH: 1) o6/JacTh KBAa3HCTALLHOHAPHOTr O LBH-
XKeHHd, COOTBeTCTByOIas MaJbiM 3HayeHHdAM §, B KOTOpPOH cocpe-
JIOTOYHBAETCS OCHOBHAd 4acTb BCero nepenajla AadBJeHHS, HO MOTOK
rasa MOYTH MOCTOsIHEH, H 2) o6JaacThr MaJbXx Aenpeccuit (me-
penajfioB JAaBJeHHA), B KOTOPOH NOTOK rasa CPaBHHTEJNbHO MeAJIEHHO
yMeHbIIaeTcs, a nepenajibl AaBJeHHH MaJkl.

B o6sacTH KBa3suCTaUHOHApHOIO [IBMXKEHHS HE TOJNBKO pa3sHOCTh
BeJIMYHH rop?/0t W 2a’p0 (rdp?/Or)/Or paBHA HYMO, KaK 3TO CJeayer
n3 ypasHenus (I1.206), HO m Kaxpmast M3 HuX cama IO cefe HCyesatwolLe
Majla (CpaBHHTEJIBHO CO 3HAYEHHSIMH 3TUX BeJIMYMH B TE€X TOUKax,
rje OHH MakcuManibHbel). [lostomy B 3TO# o6JacTd NOTOK rasa, pas-
HbIH — mkpoH (ppo)—'r0p%/Or, NOYTH NOCTOSIHEH, a 3HAYEHHE MHC-
JHUTeJAss TNpd BTOpPOM uJieHe ypaBHeHHsl (11.206) HecyliecTBeHHO, H
¢ GOJIBLIOH CTeMeHbi0 TOYHOCTH MOXKHO 3aMEHHTb B 3TOM MHOXKHTEJE
p(r, f) Ha P. B obnactu e MajblXx jernpeccuil, B ONpejeieHHOM
4acTH KoTopoH o0a usnena ypasuenus (I11.206) cymectsenHo otJH-
YaloTcAd OT HYJd, BO3MOXKHOCTh TaKOH 3aMeHbl OGYCJOBJIHBAeTcs Ma-
JIOCTBIO pasHocTH p (r, f)— P,

OGHapyXeHHasl IONYCTHMOCTb JHHeapH3alHH ypaBHeHHH npu ONH-
CaHHH HeJHHeHHBIX OCEeCHMMETPHUYHBIX JIBHXKEHUH BHe 3aBHCHMOCTH
OT BO3HHKAWOLIEro nepenajga AaBJEHHS I[103BOJsSeT CAENaTh BaXKHble
BHIBOJABl NPHMEHHTeJbHO K OoJiee OOLIMM KjaaccaM [BHXKEHHH. IDTH
BBIBO/JbI CB3aHbl C MAaJOCTbio Ge3pa3MepHoro napamerpa A — Ges-
paaMepHoro pacxoga—H MOryT ObiTb B OOlIeM BHAE YCTAHOBJICHBI
HNpHMEHeHHeM IIHPOKO H3BEeCTHON TeXHHKH CpaliHBaeMbIX acHMITO-
THYECKHX Da3J/IoKeHHH.

2 2 2
”—mpa(”y (I1.223)
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3ameTHM Temepb, YTO B peasbHBIX 3aJauax 3ajaeTcs MOTOK rasa
yepe3 CKBaXXHHy, XOT H Majloro, HO KOHEYHOrO ()HKCHPOBAHHOTrO
pagdyca, Tak 4TO TPaHHYHOe YCJOBHe Ha CKBa)HHe HMEEeT BHJ
(I1. 206).

[MokaxkeM, 4TO MOCTPOEHHOE BbILIE aBTOMOJENbHOE pellleHHe YAO0B-
JeTBOpsieT ¢ GOJbINOH CTENEHbI0 TOYHOCTH 3TOMY YCJOBHIO yXKe CIy-
CTS HECKOJbKO CEKYHJ IocJje Hauasla mpouecca.

B camoMm pene, Ha ocHoBauuu (II. 208) umeem

% dF?
(’ aT),=R— P2(5 E iy i (11.224)

OnHaKo M3 CKa3saHHOro BhIE cJjegyeT, 4TO [(pPH MaJblX A 3Haue.
uue Gynxumn idFi/d: 6ausko K —\ Mpd BceX ¢, He NPeBOCXOAALIUX
HECKOJIbKHX JIeCSIThX.

Ilpu pammyce ckBaxkuHbl R =10 cM, nponuuaemoctd k& = 10—12 m?,
nopuctocti m=0,2, Bsa3koctH p ==0,01 wml[la-c Benmnuyuna a?P =
= kP/2my. umeer nopsinok 103 — 104 cm?/c, u Torpa yxe npu t=3 ¢

¢ = R(a’P)~12<0,2.

HOSTOMY MOXKHO C BeCbMa BHICOKOH CTeNeHbl0 TOYHOCTH I10J1araTh
npu £ >3 ¢
2, e\
(EdF[/d;)E=R(azp H—1/2 = — A.

Ucnosnssya ato obcrositesbcTBo, B cooTHoweHHu (II. 224) mnoay-
YaeM, YTO CIyCTs HECKOJbKO CEKYHJ Iocje Hauaja ABHXKEHHS aBTo-
MoJefbHOEe pelleHHe ¢ GOJbLIOH CTeNeHbI0 TOYHOCTH YJOBJETBOPSET
rparnunoMy ycaosuio (II. 207).

Kak 6bi10 moKasaHo, BcTpedamlllHecss Ha NpPaKTHKe 3Ha4YeHHs na-
pameTpa A NO MOAYJIO 3HAUHTEJbHO MEHbIIE, Ye€M pPaccMOTPEHHOe
TOJMBKO 4TO, npuMepHo paBHoe — 0,08. ITosToMy A/t MeHbWHX A 3TO
ycaoBHe Oyaer yIOBJIeTBOPATbCs elle OHICTpee.

Bhimie GblI0 OTMEUEHO, YTO AaBTOMOJEJbHblE pelleHHsT IpH A < 0
COOTBETCTBYIOT OT6OpPY rasa M3 MjacTa uepe3 pacUIHPSIOUYIOCST CO
BpeMeHeM CKBaxuHy. IlokaxeM Ttemepb, uyro 3TO HeeCTeCTBEHHOE, Ha
nepBBIA B3rJAJ, CBOACTBO peuIeHHH He NpensiTCTBYeT MPHMEHEHHI0 HX
K peanbHBIM 3ajayaM, I[OCKOJAbKY A/ MNpeAcTaBJsOLEero HpakTHye-
CKHH MHTepec BpeMeHH pacuupswoomasncs (QUKTHBHAS) CKBaXKHHA Bcerja
ocTaeTcs BHYTPH HacTosilledl ckBaXuHBl. [lns 3sToro ompepenum nops-
PANOK BEMMYHHBl § (M) — KOOpAMHATHI TOYeK NOAXona KpHBO# Fi (&, ))
npuy A <0 Kk ocH abcuucc. Kak Ob1o0 oTmeueHo, npH & <E, T.e., B
yacTHOCTH, OpH & =§(X), ¢yHkuus Fi(§, A) ¢ BBICOKOH CTeNeHblo
TOYHOCTH Y/JOBJIETBOPSIeT COOTHOIUEHHIO

Fi(, ) —F3(¢,, }) = —\In(&/8).
Honarast § =£(X), Fi (5, A) =0, nonyuaem
Fi, D =Mn(@EE); E0)=¢exp M-1F ¢, 1)
[pn [A[< 0,08, Fi(5,, ») =072, <0 snavenue § = 0,0050,
orkyna §() =0,005e—6%=0,75 - 10~%., Kak nokassiBaer ¢opmyna
22



(11.214), npomexyTok BpeMenu T, 3a KOTOPHIA pacCIIHPSIOUWIAsACH BHYT-
PeHHsAS CKBaXKWHA JOCTHraeT pasMepa HAcTosillled CKoaKHHbI, COCTaBJSeT
T = R*(d®2P)~".

C yueTOM npeibiAyIHX OHEHOK AAs &, a’P W R moayyuM IpHMEpHO
T=~2-108 c—okono mecrn aer. OT™eTuM, yTO0 3HaueHue | \|= 0,08
OYeHb BEJHKO CPaBHUTENbHO €O 3HAYeHHSIMH, BCTpEUaloLIHMHCA Ha
npaktuke. Ilpu ymenbeHun |)| BennunHa T pe3Ko Bo3pacTaeT: Tak,
npu A= 0,0 7 =107 ner. Takum cOpasoM, IJsi peaNbHbIX 3ajay
pacimupsiomascss (GUKTHBHAsl) CKBaXkKMHA BCErja OCTaeTC BHYTPH
HacTosIIEe .

[lpuBeneHHble OlEHKx NOKa3bIBAIOT, YTO paccMaTpHBaeMoe aBTO-
MOJleJIbHOE pellleHHe BIOJIHe NPHIOAHO AJsI PeanbHBEIX 3alay.

ABTOMOZENBHOCTL pacMaTpHUBaeMoOH 3ajauM  6bljla  OTMedeHa
JI. C. Jleit6ensonom u I1. . [ToayGapunosoi-Kounno#. Manoxennoe
pelleHue 3ToH 3anauu aaHo I'. M. BapenbaarTom.

3axaua l. [lyeth mpoHnmaeMccTb M IOPHCTOCTL NOPHCTON CcpeXbl, MJIOTHOCTH H
BSI3KOCTb Ta3a — QyHKHHHM JaBicHnsi. Bsons Qyskuuio

k
Pp, = X—Edp, (11.225)
HasbiBaeMylo Gynkuueil JlefiGenaona, NpPHBECTH ypaBHEHHe JBUIKEHHsS! ra3a K BHIY
OP/dt = » (P) y2P. (11.226)

IMokasarte, yTO Dpu OCLMHBLIX 3HAYEHHAX NEGHTOB IHHAMHKY H3MEHEHHs JaBJEHHS
B ra3oBod CKBaXKMHE MOXKHO ONHCaTh, 3aMEHAS NepeMeHHbH Koa(GHIHEHT B npaBoi
YiCTH ypaBHEHHS x (P) NOCTOSHHBIM %y = % (Pg), OTBEYAIOIMM HayaJlbHOMY 3HAUEHHIO
naBnenus (nuHeapusauus no JI. C. Jlefi6ecnzony).
3anaua 2. B ConblnHCTBE CJy4YaeB 3aBHCHMCCTH NapaMeTpoB MOPHCTOH cpeln
M rasa (HAKOCTH) OT JARJIEHKS C JCCTAT10MHOH TOYHCCTBIO MOryT GbiTb NpHO/INKEHbI
SKCTIQHEHLUHANLHEIME GYHKUHSME (& = ko e®*P m = mge*mP) n 1. 1. Tlokasath, uTO
ypaBHeHHe /ISl NaBJCHHsI B 3TOM (Jviae IKBHBAJEHTHO YPABHEHUIO NOJHTPONHYECKOH
¢uabTpauuu rasa
aplot = a’yptl. (11.227)

3anaua 3. Mcnonbays Mertons!, nanoxeHune B §§ 4 w 5 pannoii raaBbl, HalTH
CrocO6bl ONMpefesieHHss NApaMeTpoB IJIacTa TO KPHBBIM H3MeHEHHsl AaBJEeHusi B raso-
BBIX CKBa)KHHaX.

Sagaua 4. PaccMorpum ypapnenne (11.227) nns  paguanbHo-cHMMETPHUHOTO
neuKennsi. JIOMycTHM, 4TO HavalbHoe JaBJEHHE B IL1aCTe NpeHeGPEKHMO Majo, a B
HayajibHLI MOMEHT B CKB@XHHY OBICTDO 3aKayHBAeTCH KOHEYHOE KONHYECTBO KH[-
KOoCTH M (¢MFHOBaHHBIH HMCTOUHHK»), TaK 4YTO HCKOMOE pellieHHe yIOBJETBOpSeT yc-
JIOBH SIM

oo

p(r, 0)=0, {pr, t)rdr = M, (11,228

0

IMokasaTtb, YTO JBHXKEHHE ABTOMOIEJbHO K COOTHETCTByIOLEE €My pacnpenencHue
A aBJICHUA AaeTcd COOTHOIIEHHEM

, MO 1/2
p—~pf1(E);E=W;P:<2m?t ) ’
fr=(2—tD)12 0<t<i=8 f;=0,>L (11.229)

Harb ofofumenue 31ofi NMOCT2HOBKM M pe3ysbTata HAa NP SMOMHHERHO-apasienb-
HOe H chepHyeCKH-CHMMETPpHYHOe IBHIKEHH S,



ITTABA HEKJIACCUYECKHE
MOIEJIU ABU)XEHHUSA

3 OOHOPOAHBIX
XU KOCTERA

§ 1. Teopus GpHABTPAIHH HEHLIOTOHOBCKHX XHIKOCTEH.
3aKoH PHABTPALUH

HeHbIOTOHOBCKHEe XHUAKOCTH., AHOMAJbHBIMH HJH HEHbIO-
TOHOBCKHMH HAa3blBAIOTCA JKHAKOCTH, He CJeAYIOUlHe KJIaCCHUYECKOH
mozesu Bsi3koii xuakoctd [35]. HanGosee nmpocThle W3 HHUX HeJNHHER-
HO-BH3KHE XHIKOCTH, AJi KOTOPBIX JeBHATOp TeH30pa HaNpsIKeHHH
OZHO3HAYHO ONpejessieTcs JeBHATOPOM TeH30pa CKopocTeil Aepopma-
Iu#, OHH COOCHBI, HO 3aBHCHMOCTb MeXJy HHMU HeJquHe#iHa. [Ipu mpo-
CTOM CJBHre 3TO NPOSIBJAAETCS B HEJHHEHHOCTH KPHBOH TeUYeHHH,
CBSI3bIBAIOLIEH KacaTesbHOe HaNpsiKeHHe T U CKOPOCTb CABHra 7
(puc. 17):

t=F(); 1=T(z). (111.1)

Hac 6ynyT npexpe Bcero HHTepecoBaThb CTPYKTYDHPYIOLIHECS He-
JINHE HHO-BSI3KHe JXHJAKOCTH, CNOCOGHble 00pa3oBbIBaTh TBEpAOOOpasHbIE
CTPYKTYpHI, pa3pyuialoniiecs IpH YBeJUYEHHH HHTEHCHBHOCTH Aedop-
MAluH. Takue KUIKOCTH ABAAITCA NCE€BAONJJACTUHYECKHUMH:
Kpupag 7=1TI(1) ana HuX Bemykaa K ocH t: I"(t)> 0. Kpaiinee
NpOABJIEHHE 1ICEBAONJIACTHYHOCTH  OINIICHIBaeTCAa H3BECTHOH MOJeJbIO
PHUC. 17. Kpusule TeueHus HbIOTOHOBCKOH (a), BASKO-TITACTHUECKOM  2KMAKOC

ncesfonaactTHyeckoit (6), AuiataHtHoil (8) M TH, OIpPENe/IAeMOU COOTHOLI{e'
6unraMoBcKoi (2) KuakocTed Husamy bunrama — IilsegoBa:

T ':[:.7,1_1 (T - T(‘)y T > T0,

1=0, 0 <<
(ITL.2)

3nech 19 — HNpeAesbHOe
HanpsAXeHHe CABUra; 1 —
CTPYKTYPHasl BA3KOCTbD.

Jlns onHcaHWA 3KCnepu-
MEHTAJbHBIX JAaHHBIX, 0COGEH-
HO B HeGOJBILIOM AHANa3oHe
HW3MEHEHUS NepeMeHHBbIX, yac-
TO HCNOJb3YeTCst H CTEeNEHHad
3aBHUCHMOCTb BHIA

t= K"  (lIL3)
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Jns pAna aHOMaJ/bHBIX CHCTEM MOJe/b HeJHHEHHO-BA3KOH XKHJ-
KOCTH OKa3biBaeTcsi HenpHrogHo#i. Ecanm HanpskeHHs 3aBHCAT He
TOJIbKO OT TEKYUlero 3HauYeHHs TeH30pa cKopocreil aedopMalnuu, Ho
H OT NpPeAbICTOPHH JedhOpPMHPOBAHHS [NAHHOrO XKHIKOFO 3JEMeHTa,
BIIOJIHE €I0 ONpeJensiich, TO TaKasl JKH/IKOCTb Ha3blBaeTcs N PO CTOH.
YacrHbifl cay4alt nmpocThiX MKHAKOCTEH — YNPYro-Bsi3KHe  KHAKOCTH,
HanpHMep, npocTefillias JIHHeHHas XHUAKOcTb MakcseaJia, AJsi KOTO-
poll CBSI3b MEXAY T M § NpPH NpPOCTOM CABHre ompeiensercs AHpde-
peHLIHaJbHbIM YpPaBHEHHEM

py =t + 0. (111.4)

rle NOCTOSHHas BeJiHYHHa 0 Ha3blBaeTcs BpPeMeHeM peJgakca-
uHH. OueBHAHO, NIPH MEAJEHHOM H3MeHeHHH HaNpskKeHHH TeJo
Makcpesnia noao6HO HbIOTOHOBCKOH JKHIAKOCTH C BSI3BKOCTBIO i, a NPH
6biCTpOM — YNpYroMy Teqy ¢ MopyJsem cisura G=p/0. Ilpu aBuxKe-
HHH YOPYrHx MKHAKOCTEH MOryT HakKamjauBaTbcs OoJsbuine YNpyrde
JepopMannd. B pesysnbraTe peosiorHuecKHe aHOMaJdHH YOPYro-BSI3KHX
KHAKOCTEH MNPOABNSIOTCS MO-Pa3HOMY NPH CABHrOBOM TedeHHH (Ha-
npuMep, B 3a30pe BHCKO3UMeTpa), Koraa 3¢«¢deKTHBHAs BA3KOCTb
yMEHbLIAeTCSI C POCTOM CKODOCTH CABHTA, H HPH OAHOOCHOM pacTs-
XeHHH. B nocnenHeM caysae npH R0CTaTOYHO OOJBLIMX CKOPOCTSIX
nedopMallll «NPOJOJbHAS -BA3KOCTb» JKHAKOCTH, ompejenaseMas Mo
OTHOLUEHHIO AEHCTBYIOILErO B CeUeHUH HaNPSXKeHHS K CKOPOCTH yIJIH-
HeHHsl, Pe3KO BO3pacTaer.

3ameTHM, 9TO BCe CKa3aHHOe BHIIEe OTHOCHJOCh K HECXKHMaeMbIM
WIp KanejbHO-CXKUMAaEMBIM XKHAKOCTAM, H, CKaxeM, yIOPYyrocTb XKHJ
KOCTH -— 3TO CABHIOBas yNpyrocrb, KOTOpas MOXET He HMeTb HHYero
obliero ¢ 06beMHON ynpyroctblo (C:KHMaeMocTblo) xkuakocTH, Oco-
6eHHO BaXHO, UYTO XapaKTepHble 3HayeHHss MOJyJieH CHABHra
G MoryT 6HITb Ha MHOrO NOPSAKOB MeEHbLIe MOAYJAs OGBEMHOrO
ckarus Kv. Tak, misi Hcnosb3yeMBIX B Npolleccax IOBLIILEHHS He-
({hTeoTnauM TOJHMEPHBIX pacTBOpPOB 3HaueHHss G u Ky uMelOT NOpsa-
KH, coorBeTcTBeHHO, 1—100 I1a n 10° ITa = 103 MIla. 910 nospoJssfer
paccMaTpHBaTb DPeoJoTHIO O0beMHBIX H CABHTOBBIX jaedOpMallMil He-
3aBHCHMO.

HaxkoHell, yKaxkeM, 4TO B HEKOTOPBIX CJy4adaX HaM I[PHXOLHTCH
CTAJNIKUBATHCA C CHCTEMAMH U SBJEHHAMHM, HE YKIAZBIBAIOMIUMHCH H
B IOHSITHE «NPOCTOH XKHAKOCTH». MBI HMeeM 3Iech B BHIAy B [EpPBYIO
oyepelb CHCTEMBI, HMeEIOIIHe XapaKTep KOJJIOHAHBIX PacTBOPOB,
BHYTDEHHSIs CTPYKTypa KOTOPBHIX MOXKeT INepecTpaHBaTbCcs MON jefi-
CTBHeM .OOMEHHBIX H (PH3NKO-XHMHUeCKHX npoueccoB. K Takum cH-
cTeMaM OTHOCATCA BOJO-TJIHHHCTBIE DacTBOPH, DPsii PacTBOPOB IIOJIH-
MepOB H, NO-BHAHMOMY, HekKoTophle HedTH. K coxkajenHio, B 60Jb-
UIHHCTBE CJYYaeB He CYLIECTBYeT MOKa aJeKBAaTHOrO OMHCAHHS TaKHX
CHCTEM.

3aKOH GHAbBTPALUHH HEHbLIOTOHOBCKON XHAKOCTH,
HenunnefiHO-BsA3KHe cHCcTeMb. Uro6nl HccleqoBaTh NpOSIBJe-
HHSI HEHBIOTOHOBCKHX 3(¢eKTOB IIPH IBHKEHHH B [OPHCTOH cpene,
HeoGX0AUMO Npexjle BCEro YCTAHOBHTb BHJ 3aKOHA (DHJbTPAUUH AJ5
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HEHbIOTOHOBCKOH »KHAKOCTH., M3-3a  Goablioro pasHoo0pasus aHO-
MaJbHBIX KHAKOCTeH €JHHOro OTBeTa Ha 3TOT BONPOC He CYLIECTBYET.

HauGonee npocto OOCTOMT Ae/IO A/l HeJHHEHHO-BA3KHX XKHILKO-
crefl. JlJas HHUX CBA3b MeXJY XapaKTePHCTHKAMH TeUYeHHA B MOPUCTOH
cpelle M CTaHAAPTHOM DEOJIOTHEH XHAKOCTH YAaeTCsi ¢ YAOBJETBODH-
TeJbHOM TOYHOCTHIO NMOJYYHTb, MOAENHPYS HOPHCTYIO CPeldy CHCTEMOH
KalWJJIspoB, NOACYHTHIBAS CPEJHIOI0 CKOPOCTb CABHra M HanpskeHHe
Ha CTEeHKe KanWwjjsipa M CUYHTasl, YTO 3TH JBEe BeJHUYHHB CBS3aHBI
Mexay coboll KpuBOH TEUeHHs AJiS NAHHOro MaTepHaJa.

O603nauuM yepes t, HaNpsKeHHe HA CTeHKe KamwLIsgpa paiuyca
R, uepes 7, = U/R = 4Q/nR® — xapakrepHyto ckopocTb casura. Torga
IS TeYeHHs B KaNuaAIsIpe HMeeMm

. Tw
Tm = ¢ (tw) = 415° ( 2T (x) dr, (I11.5)
0
rae I'(z) — 3aBHCHMOCTb CKODOCTH CJABHra OT KacaTeJbHOrO Hampsike-
Hufl, onpejensieMass KpuBoii TeueHusi. Has onucanus nBuKeHus aHo-
MaJIbHBIX KHMAKOCTEH 4YacTo MOJb3YyIOTC MOHATHEM 3(deKTHBHOH Bf3-
KOCTH 754

Moo = Twl/1* = Twl/¢ (Tw)s (I11.6)
3aBHCsILIEH OT CKOPOCTH CABHIra HJIH KacaTeJIbHOTO HalPAXKeHHUs.

Jlnsi nOpHCTOM cpelbl CPENHIOI CKOPOCTb CIBHIA Ym H CpelHee Kaca-
TeJIbHOE HaNpsiKeHHe T MOXKHO OIpenessaTh Mo-pasHoMy. M3 cooGpa-
XKEHHI Pa3MepHOCTH OYEBHIHO, YTO

7 =y (m)u/d, <* = (m)d|dp/dx], (111.7)

rle u— MOAYJb CKOPOCTH (pHJAbTPauUMH; dp/dx —rpajnHeHT naBJEHHS;
d —BHYTpeHHHH MacwiTab NOPHCTOH cpeAnl; y H [ — Oe3pa3mepHble
(QYHKUHH IOPUCTOCTH, OOBIYHO oOfipejaenasieMble Ha OCHOBe MNpHOGJIHU-
JKEHHOTO MOLEJMDOBAHHA NOPOBOTO NPOCTPAHCTBA NYYKOM KaNHJJIfA-
poB. Tak, ans cjos cdepHuecKHx 4YacTHil auamerpom D  mosaraior
00BIYHO

d=D, y=12(01 -~ m)m?, L= m/[15(1 —m)).

OTH COOTHOUIEHHSI MepPeHOCSATCs ¢ nomoubio popMyabl Kosenu —
Kapmana (1.8) na npousBonbHYIO MOPHCTYIO Cpely MNPOHHUAEMOCTH &

d= (kl/m)l/2’ X= O,Q/m, L= 0,9

Takum cnoco6oM ang psna CHCTEM MNOJAYYAIOTCH BIOJHE PHEM-
Jnemble pesyjbTaThl. Tak, Ha puc. 18 npuBeneHs JaHHBIE IJ1s1 PACTBO-
pa noauBHHHJOBOro cnupra [39]. Ilpyrue npuMepnl MOXKHO HaHTH
B 0630pe [39], UNTHPOBAHHBIX TaM CTAaTbsiX H MOCJAEAYIOUIHX NyBJHKa-
NHUAX.

K uHcny HeJMHEHHO-BA3KHX CHCTeM, HCC/AEIOBAHHBIX NOAPOOHO
B NOC/I€HHE TFOJAH, OTHOCATCS He(TH psna mecTopoxaeHu#i COBETCKO-
ro Cowosa. MHTepec k HX HccaefoBaHHI0 BbI3BaH TeM, YTO OBLIO OG-
HapyXeHO, 4TO OHHM MPH OnpejeseHHBIX YCJAOBHAX BeAyT cebs Kak
NCeBAOMIACTHUECKHe CHCTeMbl. KpHBble TedeHHs 3THX Hedreidl B On-
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HHM B KalWJJISPHOM BHCKO3HMETpE H B 110-
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PHUC. 19. 3apucuMocTb cKOpOCTH (DMIBTpAalHH OT IPAfHEHTa JaBJeHHs (3aKOH

¢$uabTpaluu):

a — ABHXeHHe BOAL B FiHHe: H — TeyeHHe BA3IKOMNNACTHHECKON HedTH uepes Oﬁp'dSeu

NOPHCTOH cpenbl
pedejieHHOM [Mana3oHe CKOpOCTeﬁ cABHra Moryrt 6bITL  ONMHCAHBI
ypaBHenuamMu bunrama — lleenosa (1I1. 2).

IIOCTaTO'-IHO OYEBHAHO, 4YTO XKHJIKOCTH, obJjajgalouiie OTJIHUHBIM OT
HyJa MNpeneJIbHBIM HAalNpAXKEHHeM CABHra vy, MOIYyT HadaTb [ABHIaTb-
Csa B HOpHCTOﬁ cpelde JauiIb TOriaa, Koraa rpajveHTt AaBJACHHY MOPEB-
soiloer HEKOTOpO€ MOpOoroBoe 3HAa4YCHHE G, Ha3blBa€MO€ HaydaJibHbIM
HJIH NMpeAeJbHbIM IFDaiUeHTOM JaBJEHHUS.

M3 coobpaxkeHu!l paamepHOCTH

G = Crok—'72, (111.8)
rae C — mocTosiHHAA.

B coorBercTBHH ¢ runoTe3ofi o mMofo6HH TeueHWS B MOPHCTOH
cpeie M B Kanuaaspe OCOOEHHOCTH ABHXKEHHS BA3KO-IJIACTHYECKUX
JKUJIKOCTeH B MOPHCTON cpefle MOXKHO ONHCAThb COOTHOLIEHHSIMH 3aKOHA
(OUJABTPALUY C NpPeleJbHbIM I'PaJHEHTOM AaBJeHHS

w=—2(vp—Gvp/vpl), |vp|>G, (I11.9)

w=0, |vp|<G.

Cootnowenusa (III. 8) u (IIl. 9) nns onucanus ¢GuAbTpaUun BA3-
KO-TIJIaCTHYECKNX XKHUAKOCTeH Oblid npeatoxeno A. X. Mupsamxas-
3afe [28], npuuem moctosnHas C umeer nopsigok ~10—2, Popmyaa,
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anagoruunas (III. 9), ucnonbsoBanacs Kak 3MIHpHYECKoe ypaBHEHHe
3aKOHa (QHAbTPAalHH BOAH B riuHax (puc. 19).

CxojiHast «IceBAOIVIaCTHYeCKas» KapTHHa Habjlogaercs NpH GpUIbT-
pauun psaxa HedTeH BOALI B IJIMHHU3HPOBAHHHIX MOPOJAX, a TaKXKe
NpH JBUXEHHH OOBIYHBLIX HBIOTOHOBCKHX XHAKOCTEl M rasa B TJIHHH-
3UPOBAHHBEIX NMOPOJAX, COAepKallHX OCTATOUHYIO BOLY.

Bsskoynpyrue sd dexrts. Hacro npu NonbiTKe Npeacka-
3aTb PAaCXOAHYI0O XapaKTeDHCTHKY obpa3lla NOPHCTOH cpeibl HO KPH-
BOH TeYeHHsS KHIKOCTH Ha OCHOBe KaNHJ/JISIPHOH MOJEJH MOJYy4aioTCs
pesyabTaThl, He COrJacyollHecs ¢ ONBITOM JaXe KayecTBeHHO. Becbma
XapaKTepHbl B 3TOM OTHOIUIEHHH MHOrOYHCJeHHHEe AaHHBle 1O PacTBO-
paMm noauokcHsTHJIeHa. Ha puc. 20 nmokasanpl 3aBHCHMOCTH K03ddH-
uveHTa conpotHBteHus [=64(Ap/l)k/Dpw? or uucna Pefinonpaca
Re=wDp/p ana pactsopa nonuokcustuiaena WSR-301 ¢ wmonekysasp-
HoM Maccoit 3- 108 psna KoHUeHTpaUHii, onpelesnsieMble W3 ONBITA IO
JBHXEHHIO B NMOPHCTOH cpene, cOCTOsIIell H3 IUaPHKOB pas3HOro JAHa-
merpa D.

3ameTuM, YTO NPH TedeHHH B Kanuaasipe 3d¢eKTHBHas BA3KOCTBb
HCCJIEIOBAHHBIX DacTBOPOB OCTAeTC NPaKTHUECKH TOCTOSIHHOM, Tak
4TO TeopeTHYeCKas 3aBHCHMOCTb HMeeT BUI [~ Re~l

[lpn aBHXKEHHH B NMOPHCTOH cpele «BS3KOCTby», HAauMHAasg C HEKOTO-
pofi CKOPOCTH CJBHra, CHJbHO PacTeT H BO MHOTO pa3 MNPEBOCXOAHT
HavaJbHYIO BSI3KOCTb pactBopa. IlomoGHble Ke AaHHBIe NOJYYEHHl H

PHUC. 20. 3apucumocts f(Re) nas pactopa nosuoxcusiuiena WSR-301. Kounmen-
TpPauHs MOJHMepa:

1—10.10—6 2_20.10—6;, 2 40.10—6; 4—80.10—6; 5 — 160 - 10—6. Iuamerp wapn-
«0B B MM: a — 0,11; ¢ — 0,22; ¢= 0,45

~

T TTTTTT]

10

}

10

v T TTIFTg

L gl capaul

1 10

10 Ll Lot gl i

1 10 50 Re
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MJIf ClieMeHTHPOBAHHOH MOPHCTON CpPeAbl, a TaKike B ONMTAaX Mo JABH-
JKEHHIO NOJIMMEDHBIX PAaCTBOPOB yepe3 TPYOKH NepeMeHHOTO pajauyca,
MOJeJIHpYIOlliHe TOCJeA0BaTe/bHOCTh CYXEHHH M pacIUHPeHH{i mnopo-
BHX KaHaJoB. EcTecTBeHHO, Bce 3TH pe3yJbTaTH HeJb3s OOGBICHHTb
¢ TNOMOIIBIO KaNHJAJSAPHOH MOJenu NOpHCTOH -cpexnl. I'opasno mpotie
HX TIOHSITb, €CJIH Yy4ecThb, YTO 3JIeMeHT XXHJAKOCTH B NIOPOBOM [POCTPaH-
CTBe MPOXOAHT 4Yepe3 MOCJeAOBATEJBHOCTb CYXEHHH W pacHIHPeHHH,
W NO3TOMY BBIHYXKJAEH H3MeHATb CBOW GopMmy c¢ uwactotol ~w/mD.
Ecan 3Ta uyacrtora CTaHOBHTCH [OCTaToyHo OGosbluoil (w@®/mD~1),
TO CYHUIECTBEHHBIMH CTaHOBATCA YNpyrue 3(@eKTh, CONPOTHBJIEHHE
nedhopMallHH Bo3pacTaeT, u 3To OObsACHseT HabmalopaeMoe NpHpalle.
HHe CONPOTHBJEeHHUs B 00JACTH AOCTAaTOYHO GOJBUIMX CKOpOCTeil (PHJIb-
Tpanud. Takum o6pa3oM, HHTYHTHBHO JeTKO cBsi3aTh HaO/MofaeMblit
poct 3¢deKTHBHOH BA3KOCTH ¢ YNPYrocteio XHAKoCcTH. HmMmelotcd
DONBLITKH KOJHYEeCTBEHHHOrO pacyera 3T10r0 3ddekra. OHM OCHOBAHH
Ha pacCMOTPEHHH [BHXKEHHS B CYIKEHHSX KAaK aHaJlora pacTsKeHHs
W YKa3biBalOT HAa H3BECTHOE BO3pacTaHHEe BA3KOCTH NPH GOJBIIAX CKO-
pPOCTSIX DacCTSAKEeHHS KaK Ha NPUUHHY INOBHIUEHHOrO CONPOTHBJSHHSA
JBHMXEHHIO YIPYIHX XKHJAKOCTEH B MOPHCTOH Cpene.

TlonumepHble pacTBOpH, Hapaay ¢ 3(pdeKkraMu BS3KOYHPYTOCTH,
NPOSIBJAIOT NPH [BHXKEHHH B [OPHCTOH cpele H aHOMAJHH, 00YyCJOB-
JIeHHble MX MHKPOreTepOTeHHOCTBI) M CHOCOOHOCTBIO COpOHpPOBATHCA
B CKeJieTe NOPHCTOH cpelbl, H3MeHssl ee THJPaBjHYeCKOoe CONPOTHBJE-
HHe. DTO NPHBOAHT K PSAY MeAJIeHHBIX HeCTAalHOHAPHHIX SIBJeHHH,
MHTEHCHBHO HCCJleflyeMblx B HacTtosiiee Bpems [29, 30, 20]. B nam-
HOHl KHHMTe MBI OrPaHHYMMCS H3yuyeHHeM (UIBTPAUHOHHBIX AHOMAJIHH,
CBA3aHHBIX C HEJIMHEHHOCTHIO 3aKOHA (PHJABTPALHH,

§ 2. CrauuoHapHblie 3a1a4yy GUALTPALMH
HEHbIOTOHOBCKHMX XHIKOCTEH

W3 ckasanHoro B § 1 paHHOH raaBH cJaefyeT, 4TO OCHOBHAas OCO-
GEHHOCTb NBHXKEHHS HEHbIOTOHOBCKMX XKUJAKOCTEH B MOPUCTOH cpele —
HEeJIHHEeHHOCTh 3aKOHa (HJIbTPAUHH. [IJisi CTPYKTYPHUPYIOLUIHXCH CHCTEM
3TO THNHYHAA MCeBAOIJACTHYECKAas HeJMMHeHHOCTb, IPU KOTOPO#A HOJ-
BHKHOCTb YBE/IWUHBACTCH C VYBEJIHYEHHEM CKOPOCTH (QHJIBTpaLHH;
KayecTBeHHas MOJeJb M KpaiiHee BblpaXkeHHe ee COOTBETCTBYIOT 3a-
KoHy ¢uabTpaluu c mpefeabHuiM rpapnentom (III. 9). Tloatomy
moj3eMHasi THAPOAMHAMHKA HeHbIOTOHOBCKHX JKMIKOCTEH 3TO Ipexje
BCEro TeOpHS JBHIXKEHHH, He CJeAYIOUHX 3aKOHy JlapcH.

B atom naparpacde KpaTKoO H3JI0XKEHHl NOAXOAH H Pe3yJbTaTH Te-
OpHH CTalHOHAPHOH (UJbTDPALHH HEHBIOTOHOBCKMX XKHIKOCTEi; B cle-
OyoleM CcHesaHo TO ke NPHMeHUTEJNbHO K HeyCTaHOBUBIUMMCS JBH-
KEHUSAM.

OcHOoOBHbEe ypaBHeHHS H ob6mue YTBepXKAECHHS.
YpaBnenue HenMHeAHOTO 3aKOHa (HJILTPAUHH HECKHMAEMOH XHIKOC-
TH B H30TPONHOH MOPUCTOH cpele MOXHO NpeACTaBHTL B BHae [43]

VH=—0@w) ww; ®0)=1>0, ®w) >0, 0 <w< . (II1.10)
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Ecau X >0, To uMeeTcsi npejenbHbIl T'palHEHT JaBJeHHA H NOX-
pasymeBaeTcsi, uyTo npu |V H|< X }BHXeHHe OTCyTcTBYeT (w = 0);
ecan A =0, nBH>XKeHHe NPOHUCXOAUT NpH JOGOM Iepenajpe Hamopa.

YpaBHenne (I11.10) Bmectre ¢ ypaBHeHHeM HepaspLIBHOCTH

Vw=0 (I11.11)

ofpasyer CHCTeMY ypaBHEHHH (HAbTPAlMH HEHbIOTOHOBCKHX KHJKOC-
Tel. ['paHuuHBle YCJIOBHS AJf 3TOH cHCTeMbl (OPMYJHPYIOTCS Tak Xe,
Kak B OOGbIYHBIX 3agayax CTaUHOHaPHOH duUIbTPaLKH, Clelylouled 3a-
kony Hapcu (cMm. § 1, ra. II).

[Tockoabky cuctema (III. 10) — (III. 11) HenuHeidna u yHKHS
@ MoXeT HMeTh Pa3JHYHBIA BHA [LJA Pa3jUYHBIX CHCTEM XKHAKOCTb —
NOpHCTasi CPela, OCHOBHAS LeJb HCCJAENOBaHHs 3aKJ/YaeTcs B OThIC-
KaHHY JOCTAaTOYHO OOLIHX HoAX0A0B M (akroB. JIas GHAbTPAUUOHHBIX
TEUEeHHH HEHBIOTOHOBCKHX KHIKOCTEH COXpPaHSIOT CHJY OCHOBHbIE Ka-
YecTBEeHHble CBOHCTBA HAMOPHBIX (HABTPAUMOHHBLIX TedeHHH, cPopMmy-
auposaHusie B § 2 ra. I

PaccMoTpuM TeueHHe B HEOJZHODOAHOH cpepe M 6OyaeM mnoJarars,
4TO HEOJHOPOJHOCThL CPeABbl MOJHOCTBIO XapaKTepPH3YeTCsl 3aBHCHMOCTBIO
OT KOOpAHHAT napamerpa p=p (X, y, 2), HasblBaeMOro Jalee mapa-
METPOM CONpPOTHBJAEHHA. 3TOT MNapaMeTp — NONOJHHTENbHBIH apryMmeHT
B YpaBHEHHH 3aKOHAa (uJbTpallhH.

O603HaYuM
h=vVH, k=|h|, h=D(w, p), =T, p), ?,,>0, ¥ ,<0
(I111.12)
W BBeJEM (YHKIHH
w h
D@) = (®(, p)dw, R(k) = (¥ (h, p)dh, (111.13)
0 0

HasplBaeMble gajiee MOTEHLHAJOM IUCCHNAUHH H AONOJHHTEJNBHBIM MO-

TeHuuasoM auccunauwd. Ha puc. 21 HM COOTBEeTCTBYIOT 3aILTPHXO-
BaHHble MNJOWladd TOJA KpHBOH

PHC. 21. K onpenenennio norennnara (w) u caesa or nee. Ecau BBe-

ﬁ:;;:”i‘:l';gu:a:P‘I)H“O”"“Te"b“om OTEH- cTW noJiHBle MOTEHUHMAMB A 06-
JactTH V COOTHOLUEeHHAMH

O(whh
D'[w) = {D (@, ¢)dV,
R(h) R'[h =R, ppdV, (111.14)
h \\ v
- TO AJAs HHX OYAYT COpaBel HBbl
- D(w) BCe YTBEPXKJEHHS, TpHBELEHHbIE
4+ B § 2yra1. 11. Mcmoab3ys 31o oberosi-

TeJbCTBO, ylaeTcsl MOKa3aTb eAHH-
CTBEHHOCTb NOJSI CKOPOCTeH u (npH
OTCYTCTBHM MNPEAETbHOTO TpapHeH-
Ta AaBJieHHS) NOJA HaNoOpOB B 3a-
w w.¥(h) nayax ¢ OOBIYHBLIMH KpaeBbIMH
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YCJIOBHSIMH M [OKa3aTh MPHHIHI MAaKCHMYMa B HECKOJbKO H3MeHeHHOMH
dopMe: Hanop NpPHHHMAaeT CBOH MaKCHMaJlbHOE K MH-
HHMa/JAbHO® 3HaUYeHHS Ha rpaHHUe 06NAacCTH TEYEHHS.
3aecb nox obsacTblo TeYeHHs OHEMaeTcsl Ta YacTb V. paccMaTpHBa-
eMo#l obJaactd V, B Kotopo#t w>>0, BKAlOyasa rpaHHLly (T. €. 3aMblKa-
e Vi obnactn V). Ecau npelesbHBil rpajiHeHT AaBJjeHHs] OTCYTCT-
Byer, o0 V.=V, u ato coorBercTByeT OOBIUHOH (HOPMYJIHPOBKE IpHH-
1lMa MaKCHMyMa, npH npelelbHOM TpaJHeHTe, He PAaBHOM HYJIO,
pasnnuHe GOpPMYJIHPOBOK CYLIECTBEHHO (CM. npumep, c. 148).

Haubosibiuni uuTepec, Kax U B JNuHeHHOM clydae, NPEACTABAAIOT
OUEHKH AJs pacxoja (QHJIBTPALHOHHOTO NMOTOKAa 4Yepe3 000OMIEHHYIO
Tpy6ky Toka. Ilycth Ho — 3ajanubil nepemasn Hamopa Ha Tpybke TO-
Ka, Q — oTBevarounl eif pacxon. PyHKuuH

Q=S (Hy, Hi=2(Q) (I11.15)
Ha30BeM DACXOJHBIMH XapaKTepHCTHKaMHM Tpy6ku Toka. Ha pewenusx
3ajaun  (QyHKUHOHadsl D* u R’ npeBpamanTcs B (GyHKUHH ORHOIO

aprymMeHTa, B KauecTBe KOTOPOro Mhl 6yaeM 6paTb, COOTBETCTBEHHO, Q
u Ho. HmeeMm crepylomiue OCHOBHblE (DODMYJIHL:

dD* dR*{H
dé‘”‘ = H,, d,,‘o -, (111.16)
D*(Q) + R* (Ho) = QHo. (111.17)
Hasosem
Q=Hy'R"(Ho)j; Ho=Q~'D"(Q) (111.18)

CrJIaXKeHHBIM pacxoJOM H CrJa)KeHHBIM HaloOpPOM COOTBETCTBEHHO.
N3 ckaszaHnoro cjeiyeT, 4To AJs CrJaXXKEHHOTO Hanopa npH (HK-
CHPOBAHHOM pacxoje H /S CrJIaXeHHOTO pacxoja NpH (GbHKCHPOBaH-
HOM Hamope cnpaBeasiuBbl Bce yTBepxiaenus § 2, ra. 11, [das crenen-
HOTO 3aKOHa (GHJbTPAllMH yJaeTcs NOJYYHTb OLEHKH HENOCPENCTBEHHO
AJIS pacxojia M nepenajia AaBJaeHHS.
JelcTBUTENLHO, B 3TOM cay4ae

O (w, p) = pws, ¥ (h, p) = (h/p)'s,
s+1

Dw] = l_j—sws+l’ R[h) = ij l (hrp) * . (111.19)

Torna, ecan w u H — pewenne, To ¢ yuerom (I11.16) nmeem
sD(w) =R (h); D'[w] = s—'R"[Hl = (1 -+ s)='QHo, (111.20)
OTKY /4
Q= (s+1)s"'Q; Ho=(s+ 1) H,. (111.21)

Taxkum 06pasoM, NOCKOJIbKY NPH CTENEHHOM 3aKOHe (HJIbTpaUUH
pacxox u Hanop NPONOPLHOHAJbLHBI COOTBETCTBEHHO CIVIAXKEHHBIM
pacxony wu Hanopy, AJs HHX BepHbl Bce yTBepxAeHus § 2, ra. 1L

Jna npou3BOJBLHOTO 3aKOHAa (HJbTPAUHM CIPABEJHUBBL CJAELY-
omye ytBepxaedns [17].
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A. llpuauun BAaBaAMBaHHSN [Ipy BRABAHBaHMH BHYTPb
obnacTH (QuUABTpAlLMK BXOAHOH NOBEPXHOCTH Pacxol H CKOPOCTH
¢uabTpaUyu BO BceX TOUKAX BLIXOLHOH NMOBEPXHOCTH He YMeEHbIUAIT-
ca (mpH (HKCHPOBAHHOM nepenaje Hamopa).

Oas aByMepHOro cJjyyasi A0Ka3aHO ABOHCTBEHHOE YTBepXK/JeHHe:
NpH BAaBJHBAaHHM BHYTPh 06JaCTH HENPOHHLIAEMBbIX TIpaHHL TPYOKH
TOKa Pacxoj] He yBeJHYHBAETCH.

B. Ecaun ana navHoro 3akoma dmanTpaunn @ (w, p), p(x, ¥, 2)
CrpaBelJHBbl HEpaBEHCTBA

prws = @y < @ (w, p) un P (w, p) < po (111.22)
(si >0, s5;>0—mnocTosiHHbIE), TO JJ5 COOTBETCTBYIOUHX pacXoxoOB

Q>Q> Qe
C. Ec.rm

D (w, p) > E Npawst, A = const, (I11.23)

i=1

TO NPH (GHKCHPOBAHHOM

k
Hy “xHo, (111.24)
(==
3pecy Ho; — nepenajy Hanopa npH TeYeHHH C pacxoaomM Q B 06-
JacTH TOH ke (oOpMBlI INpH CTellEHHOM 3aKOHe (MALTPALMH BHJA
@ (w,p) = paw’l.
D. Ecan

-

Wk, p) < N ol B 1> 0, (111.25)

i=1

TO npu ¢urcupoBanHoM H

R
> Y 1:Q: (I11.26)
i=1

3nech Q;— pacxol (HIBTPALHOHHOrO MNOTOKA uepe3 JaHHylO 00-
JMactTb IpH TOM Ke nepenaje Hanopa Hy ans 3akoHa ¢u/bTpawuy
Buaa @ = pw'.

Huxe npusefeHsl NPUMEPHl MCNOJNb30BaHHS 3THX OOLIMX YTBEPXK-
JeHHH.

ITanockaa 3amauva. PaccMoTpuM NJOCKYI0 3a4auy TeOPHH
¢GuabTPaUHMK NPH HEJHWHEHHOM 3aKOHE CONPOTHUBJAEHHS B OZHOPOILHOM
H H30TpomHOH cpene. Bpemem oO6bluHbIM o6pasom GYHKUMIO TOKa
¥ (%, y), nocne yero cHcrtemMa ypaBHEHHH, ONHCHIBAIOIIHX JBHXEHHe,
MoxkeT OBITb NPeACTaBJeHa B BHJE

H,=—0@uw, ¢ ,=—0,
H,=—0®wuw, ¢ ,=u, (I111.27)
u=uwcosb, v=wsinh.

3xech w — MOAYJNb CKOPOCTH (pHUAbTpaluuyu; 6 — yroa, cocrasJise-
Mbili €10 ¢ NOJIOXKHTeNbHbIM Hanpas/eHHneM ocH x. CucTema ypaBHe-
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gufi naockoit 3apmaun (111.27) npeBpamaercs B sHHeHHYIO ecau 3a
HeH3BeCTHble BEJHUHHBL B3ATb Y U [, a 3a He3aBHCHMbIe MEpeMeHHbIe
w u 0. DTo snuHeapusyllee npeobGpa3oBaHHe rojorpada OblIO c
yCIIeXOM HCNOJNb30BaHO B rasoBofi auHamuke C. A. YanabiruHbiM.
B0O3MOXHOCTb €ro NPHMEHEHHS B TEOPHH QHJAbTPALHUH CJeLyeT H3
ycraHosienHoit C. A. XpucrtnanoBudyem [43] aHajsoruu Mexay ypas-
HEHHSIMH OGUJAbBTpauuM NPH HeTUHEHAHOM 3aKOHe CONPOTHBJEHHA H
rasoBof JMHAMHKH.
TTocne HeCMOXKHLIX BHIKJAALOK TNOJNYYHM

oH 2 oV, OH @ 8y
= T e ow g g b’ (I11.28)
3s B in6
dx = — (SGaH + 5 dy)
(I11.29)

sin 6 cos 0

dy = — - dH + 5= dp.

Cootnowenua (111.29) nosecasiicr, nafing pewenue cucteMul (I111.28),
onpeneauTh X W y kKak ¢QyHkuH w M 6. TeMm campiM YyCTaHOBJieHa
CBSI3b MeXJY KOOpAHHaTaMH X M y U Hamopom H u ¢yHKuMeH Toka ¢,
BBIpaXKeHHas uepe3 napaMeTphl @ u H.

OcnHoBuas cucrema ypaeuenut (111.28) — ognopopnass sunHeiinas
CHCTeMa 3JIMATHYECKOTO THIIA, KOTOPYIO TPH XKeJaHHH MOXHO CBECTH
K OJHOMY YpaBHEHHIO AJIA Hanopa HJAH (YHKUHMH TOKa:

2 2
aﬁ( o @)Jrq’_‘li’:o, (111.30)
w \w®’ (w) ow w? 962

2 ' 2
2(wd) vt 2H_, (I11.31)
w\® ow @2 (w) 062

Db deKTHBHOCTD peLIeHHsT KOHKPETHOM 3ajaYd 3aBHCHT OT TOrO,
KaKasi MMeHHO KpaeBsasd 3ajavya nis ypaBHeuud (I11.30) — (IIL.31)
JoJKHa OBITH pellleHa Ha IVIOCKOCTH rojorpada (w, 0). Xapakrep
3TOH KpaeBOM 3ajauy ONpeJeNaseTcsi, B OCHOBHOM, reoMeTpued otiiacTH
JBHXXeHHs B (H3HYeCKOH mJjaockoctH (X, y). B Tex cayyasx, koraa
06J1acTb JABHXKEHHSI — MHOTOYTOJNbHHK, CTOPOHBI KOTOPOTO JHGO Henpo-
LHIlaeMble TPaHHIB, JHOO JHHHUM MOCTOSHHOrO HAMopa, HAa BCeX HHX
HalnpabJeHHe CKOPOCTH OHJbTpalMH NOCTOSHHO HA KaXX/IOM y4YacTKe
H 3aJaHo 3apaHee (COOTBETCTBEHHO, BJOJb [PAHUUBI WU TEpIEHMIH-
KyJsipHO K Hell), Tak 4TO rpaHuna o6JacTH B INIOCKOCTH rojorpadga
COCTOMT M3 oTpeskoB JuHHH 0 =const. Ecau B o6jacTy gBHXKeHHA
HMelOTCSl HCTOUHHKH MJIH CTOKH, TO B IJIOCKOCTH (w, 0) UM oTBeuaer
6ecKOHeUHO yaajeHHas Touka w—»oo, 0<0<2n. Ilpu oTanyHOM OT
HyJs NpefeJbHOM TPajHeHTe AaBjaeHHs B objacTH (QHUIAbTPAUHH MO-
ryT o6pa3oBaTbCsi 30HBl, B KOTOPHIX CKOPOCTh (PHABTpalluH paBHA
HYJI0 (<«3acToliHble 30HBI») KM 006J1aCTh TEUEHHA OKa3blBaeTcsd 06JACTbIO
¢ Heu3BecTHOH rpanuued (puc. 22), ITockonbKy Ha rpaHHie 3acTOAHON
30HBI CKOPOCTb (puJIbTPalUHH @ obpaliaeTcss B HyJb, 3TOH HEH3BECTHOH
rpaHule B MJIOCKOCTH roforpada cooTBeTCTBYyeT OTPe3OK JHHHH w=0
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(ron yrom § npH 3TOM eCTECTBEHHO MOHHMAThH HallpaB/eHHe He
ofpaulaiouierocss B HyJib BeKTOpa rpajiuenTa Hanopa V H; oHo coBnajgaer
¢ HanmpaBJeHHeM KacaTeJbHOH K rpaHulie 3acTofHOH 30HBI). Takum
oGpasoM, B 3ajlayax QHIbTPAIKH ¢ NPeAeJbHLIM TpagHeHTOM npeobpa-
3oBanHe rogorpada He TOJBKO NO3BOJSeT Npeo6pa3oBaTh HEJHHEN-
HY10 3aauy B JHHelHyl0, HO H 00J1aCTb C HeH3BECTHOH rpaHHLEeH 3a-
CTOIHOH 30HBI NEepeBOJHUT B H3BECTHYIO 00./1aCTh IJIOCKOCTH rogorpacga.

Bo Bcex canyyasix nokasaHHasi Ha puc. 22 o6JacTb B MJOCKOCTH
rogorpada OTBeyaer 3JEMEHTY CHMMETPHH 00JacTH TeUeHHs; COOT-
BEeTCTBHE TOUYEK [OKaszaHo OyKBaMmH, a TDaHHYHBIE YCJIOBHS 3a7auH
B MJOCKOCTH rojorpada ykasaHbl Ha DHCYHKaX. 3aMeTHM, 4TO IpH
aHaJH3e TeYeHHH ¢ NpefeJbHbIM rpafiHeHTOM yAOOHO CYHTaTb, B OT-
JHYHE OT OOLUENpPHHSATOrO, w U O AeKapTOBBIMH (2 He TOJSPHBIMH)
KOOpJAHHATaMH B IJIOCKOCTH rojorpacda. BriaBaHo 3TO TeM, YTO acumi-
TOTHKa pelieHus BOMH3M JHHHH w=( HeTpUBUAJBHBIM 00pas3oM CBf-

PHC. 22. lMpumepts oTOCpaxkenus 06MACTH TeUeHHs! Ha MJO~KOCTb Frolorpada. Paccra-

HOBKd CKBAaXK{lH:
a — psAHAs Uenouka CKBaXHH: 6 — nyolafiHas (31eMeHT NATHTOMEeHYHON CHCTeMb [NIOWARHOro

3aLCOJHeHHA)

AE A2 AY 4 4}
¢-l/4q
E
c ¥=0 D
17}

N

B 0 12n
L
Alw AllD D
6
D
C -E
Bl 9
A B 0 ‘4 x " C
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3aHa €O CTPYKTYPOH TeUeHHsT H ee MOXKHO 3a/llaBaTh HO-pa3HOMY.

[locsie cBepeHHs 3anaun mpH NOMoLIH npeo6pa3oBaHHs rogorpada
K JIMHEHHOH 3JJIHIITHYECKOA 3ajmade B H3BeCTHOH 006/1aCTH peHleHHe
€e OKas3biBaeTCs JeJIOM MaTeMaTH4YecKOoH TeXHHKM, XOTS TNOpoH u
IOCTaTOYHO CJ0xHOH. OTchlias HHTepecylolluxcs 3To#, cefiuac yxe
AOCTAaTOYHO paspaboTaHHOH, CTOPOHOH jJeJa K kHure [9], paccMOTpHM

E€KOTOpPbBIE NIPOCThIE pElIeHHS.
Kak o6bluHO B rRApOAHHAMHKe, [1J5d KaudeCTBEHHOro aHaJHu3a

NPHHUHIHAJbHOe 3HaUYeHHe HMeeT HCCJeNOBaHHE aCHMITOTHKH peule-
HHuS BOJMH3H 0cOGBIX TOUEK MOTOKA. TaKUMH TOYKAMH ABJISIOTCS, Npex-
Jie BCero, OKPecTHOCTM HCTOYHHKOB H CTOKOB (CKBaXXHH), rje CKO-
pocth nmoroka obpawaercsi B 6€CKOHEUHOCTb, OKPECTHOCTb GECKOHEYHO
yAAaJeHHOH TOYKH, B KOTODOil CKOPOCTb CTPEMHTCH K HYJI0, OKpecT-
HOCTb KPHTHUECKOH TOYKH NOTOKAa (mpH (UJbTPAlLMH C [PEAeNbHBLIM
rpa2iMeHTOM AaBJEHHS — 3aCTONHOH 30HBI), TJe CKOPOCTb IOTOKa
obpalaercsi B HYJb, H OKPECTHOCTb YIVIOBBIX TOUeK TPaHHIbl NMOTOKA.

PaccMotpuMm TedeHwe BOIH3M CKBaXHHBl. OKPYXuM ee JuHHed [,
Ha KOTOPOH MOAYJb CKOPOCTH HMEET HEKOTOpOe MOCTOSIHHOE 2HayeHHe
w =Q W KoTopasi LEJHKOM pacnojioXXeHa BHYTpH 0GJIaCTH JBHXKEHHS.
Ha naockoctn rogorpaga ofsactd  BHYTPH 3TOH JIHHHM OTBeyaeT
nonynonoca Ilg:
QCw< o, 06 2r, (111.32)
B KOTOPOH HCKOMOe pellleHHe 3afaud A8 QyHKiHu ToKa ¢ (w, 0) ynos-
Jersopsier ypasneHuio (I11.30) ¢ ycnoBusiMu

$©0)=0, $(2x) =¢q, $(R, O)=Ff®), [(0)=0, f2r)=gq, (1I11.33)

b(c0, 0) <M< oo,

3nech ¢ — HHTEHCHBHOCTb MCTOUHMKA; f(0) — HeonpeneneHHast GyHK-
UHd, XapakTepusyioas paclpenesedue I[10TOKa BAOJAb JHHUH Tle.

ITocnennee ycnoBue osnauaer, yTo (GyHKIHA ToKa BOIH3M 0COGOH TOUKH
orpaHuyeHa H Mbl HMeeM JeJO0 HMEHHO ¢ HCTOYHHKOM (a He C KOMOH-

Hauued HCTOUHHMKA W AMMONSA).
Ecau cuutate ¢yukuuoo [(8) u3BectHoit, peleHue B obuactu Il

JIETKO MOJYYHTb MeTogoM Pypbe, NOCKOJBKY HE3aBHCHMO OT BHAA 3a-
KoHa ¢unsTpauun ypasnenue (I11.31) He conepxur B sBHOM Buze
yraoeoit nepeMeHHo#i 6. HerpyaHo yGenutbcss OOBIYHBIMH MeTOjaMH,

UTO B JAaHHOM CJyuae HMeeM

4@ =2+ ¥ Pup(@siny, w>2, (111.34)
n=1

rae P, (w) — yObiBaloliee Ha 6GECKOHEUHOCTH pellleHHe OGbIKHOBEHHOro
JuHelHoro auddepeHHabHOrO ypaBHEeHHS

2 r
[ ® P,] _p_%p:()’ 1=%n, (111.35)
w

wd’ (w)
Paccmorpum mmpokuft Kiace 3aKoHOB (HABTPALMH €O CTEMEHHOM
aCHMNTOTHKOH B 0OJacTH GOJIBLIMX CKOpOCTeH
O () ~ P’ (W — o), s> 0. (111.36)
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Torra npu w-» oo ypaBHenue (I11.35) acumnToTHuYECKH nepe-
XOIUT B

[s—1wsP’] — 4—nZws—2P =0, (111.37)
JINHEHHO He3aBHCHMBIE pellieHHs] KOTOPOro — CTelNeHHble PYHKUHH
Pio=wt2 r ,=2-1{1 —s+Vsn? +(1—s2]. (I11.38)

OueBHAHO, NOKAa3aTeJNH 7|, o BEUIECTBEHHh H HMEIOT pasjHYHbIe
3Haku. Takum o6pasoM, OJHO M3 JHHEHHO HE3aBHCHMBIX peLIeHHH
ypasHenusn (II1.37) moxHo BeIGpaTh yObIBalouliM Ha OeCKOHEYHOCTH,
npuHueM APyroe OoKa3HWBaeTCsl HeOrpaHHUeHHO Bo3pactarwowuM. M3 cka-
3aHHOrO JIETKO 3aK/MIOYHTL (H 3TO MOXKHO [0Ka3aTb CTPOro), YTO
yCJIOBHEM OT'PAHHYEHHOCTH Ha 6eCKOHEYHOCTH BBIAENSIeTCSs €AHHCTBEH-

HOe ¢ TOYHOCTBIO 0 MHOXHTeJs pewenne ypasuennsa (111.35), xoropoe
npu w—-oo yObIBaeT Kax

we, ro=2"1{({ —s)—[(1 —s)? 4 sn?]\/?}. (111.39)
B wuvactHocTu, npu JunefiHoM Bospactanuu P (w) B obaactu 60ib-
WHX ckopoctet s=1, ro=-—1/2n, a Ppp(w) yCbiBaeT C pocToM W
Kak w~1/2m,
Takum obpa3oMm, OpH W — <O

b, 8) =12 4 0@ (111.40)
Torpa u3 (I11.28) u (I11.29) umeem
H=H(w) = _‘LS —%—dw, X+ iy =re®,
2n,) w

dw

dr=—0-'dH, r=—g\—=;0. (111.41)
OuenpgHo, dopmyan (I11.40) u (II1.41) onucwiBalOT mjaocko-pa-
JHaJlbHOe (UIbTPALlHOHHOE TeueHHe BOJH3HM HCTOYHHKA. TedeHue
obJjiajaer OCeBOil CHMMeTpHeH; pacnpeleseHuss cKopocTel (pHAbTpalHK
M (QYHKUHH TOKA He 3aBHCAT OT BHAA 3aKOHA (HAbTPALHH, JHHHH
TOKa — PajHyChi, HCXOAsLIHMe H3 HCTOYHHKA; CKOpPOCTb yOHIBaer
06paTHO NPONOPUHOHAJbLHO PACCTOAHUIO OT HCTOYHHKA, THHUH NOCTOSH-
HOTO HANopa — KOHLEHTPHYECKHE OKPYXKHOCTH C LEHTPOM B HCTOUHHKE.
Tem caMbiM moOKasaHO, 4TO NIpH JI060OM 3akoHe puiabTpanuud O(w)
1 n1060f reoOMeTpHH IJlacTa TedeHHe B NMPOMEXKYTOUHO-aCHMITOTHUE-
ckol obnacTH pLr<&R, rae p — paauyc CKBaxKHHB; R — BHeLIHHH
Macuitab IJacTOBOH CHCTEMBI (HampuMeD, pacCTOsHHE MeXIy CKBa-
JKHHAMH HJIH PaccTOsiHHe OT CKBaXKHHBI A0 IPaHHIB IJiacra) — nmpoc-
Tefilllee MJOCKO-paiuanbHoe TeueHHe. Mcnosbays (I111.41), serxo
HaxoAuM GOpMYyJy, CBA3LIBAIOLLYI0 Pacxoi (QUIALTPALHOHHOIO MOTOKA
¢ nmepenajom Hamopa H,—H, MexAy IBYMS KOHUEHTPHYECKHMH JIH-

HHSIMU NOCTOSIHHOT'O Hamopa:

Wy

q
H—H = 2t wi, o= 57, (111.42)

w

Wy
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B wacTHocTH, npu GHJbTpaUMH C npe- y
nenbHbiM TpagueHToM O (W) =w + X u cre- \
NeHHOM 3akoHe ¢uabTpauud @ (w) = w* ume-

€M, COOTBETCTBEHHO,

Hi—Hy=J-1n2 4 ;
1= H2=57 na + A(ra—nr1); /
(111.43)

= s | 1— 1—s\
Hy—H,y = (2‘7;) T (=5 —ri7%).
(111.44) PUC. 23. OGrexkanue ¢puabTpa.
LHOHHBLIM IIOTOKOM HENPOHHUA-
Ecau ry & re, nocnefiHiol0 GOPMYJY MOXK-  emoll nonynpamoit
HO YIPOCTHTb, MOJIOXKHB

(. N C He _Ho— (9N T
Hi—Hy= (55 2y, s> 5 Hi—H=(g5) 2, s<1.
(111.45)

Takxum obpa3oM, mpu noacuere AeGHTa INIOCKOTO GHJIbTPaUHOH-
HOTO NOTOKA €O CTeleHHbIM 3aKOHOM (HJABTPAILHH MOXKHO paccMaTpH-
BaTh 3aJayd ¢ KOHTYPOM IHTaHHS, YHECEHHHIM B GECKOHEUHOCThb NPH
$>1 uJIM ¢ HyJeBHIM paAHycOM HCTOYHHKA (nmpu s<1), 4TO HeBO3-
MOXHO B cjydae JIHHeAHOro 3akoHa (puabTpauuu U 3aKoHa ¢QuIbTpa-
WU C NPeNeJbHBIM TPalHeHTOM.

O6patumcs Tenepb K noc/efylolium wieHaMm pasqoxesus (111.34).
Bce oHH ¥MEIOT OXHOTHIHYIO CTPYKTYPy MPOH3BeAeHHS

P, (w)sin 18, (111.46)
y6riBaouiero Ha OeckoHeyHocTH pelleHnsi ypaBHeHust (I11.35) wu rap-
MOHHYECKoH (DyHKUMH yrJa.

EcTecTBeHHO NOCT4BHTb BONPOC O TOM, KaKOMY TEUEHHIO COOTBeT-
cTByeT Takoe mnpouspefenue. Ilockoabky sinlf obpaiaercs B HyJab
npu =0 u 6 ==/l =8, vactb ocu Ox M NpAMOH, cocTapjsiOLIeH C
Helo yroa fp, o6pasyioT enuHylo JIHHHIO ToKa. [103TOMy MOMXKHO OXH-
natb, uto peiuenue (I11.46) ccoTBeTcTByeT BHeluHeMy OOT¢KaHHIO KJIHHA
C yraoM npu BeplinHe op= m — Og. Taxas wuHTepnperanus crpasei-
auBa npu [ > 1. Donee neTanbHBIH aHAaNHM3 MOATBEPKAAET 3TO JOMNylle-
Hue. BOJH3H BepIHHB KJHHa CKOPOCTh (uAbTpanuM ofpamaercsd B
GeckOHEYHOCTh (3TO OOBLIYHBIH (OpManNbHLIE pe3yJabTaT, CBA3AHHBIH C
npeano/oxKeHHeM o GeCKOHEUHOM KpUBH3HE JHHHE TOKa BOJH3H Bep-
WHHH yraa). B wactHoctH, npu l=1 nosydaem pelleHue 3afauud 00
o6TeKaHHH HeNpOHHLaeMoll mnoAynpsMoHi, T. e. OeCKOHeYHo TOHKOro
Kauna (puc., 23). CootBercTByiollee emy ypasHenue (II1.35) npuuu-
MaeT BHA

wd’
Jlerko yGenHTbCs HENOCPeNCTBEHHOH NPOBEPKOH, UTO pelleHHeM

3TOr0 ypaBHEHHS, YAOBJIETBOPSIOLIHM YCJOBHIO YObIBaHHS Ha O6ecKo-
HEYHOCTH, ABJASETCH BHIPaXEHHE

Pt (w) = /0 (w). (111.48)
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Ucnonbays (I111.28) u (II1.29), nafizem, uTo pewenue sanauu 06
o6TeKanuud (UAbTPALHOHHBIM TOTOKOM HENPOHHIAeMOH NOJynpsiMoOH
1aeTcsl BBIPaXKEHHAMH

o= q)‘i o Sin H=—2 coss, (111.49)
. T od o
X+ly=Q S;ﬁ 2q)w (e‘-B l)

Peuwrenne (I11.49) obnanaer psiaoM npHMeuaTesbHBIX OCOGEHHOCTEH.
Ipexxne Bcero 3ameTuM, uto r = (x? 4 y%)!/2 —~ o npu w — 0 u dukcu-
poBaHHOM 0, Tak YTO TeyeHHeM OXBaueHa BCSl IVIOCKOCTb HE3aBHCHMO
OT BHIA 3daKOHA (DUJbTPALHH.

B 1o Xe BpeMs NpPH HaJHMYHH NpeleJbHOrO TpajiHeHTa AaBJeHHA
®(0)=x>0 npu w—0 ¢yukuus Toka ¢ (w, 0) orpaHHyeHa 3Haye-
HHeM Q/h M, cJe0BaTesbHO, pacXof (GHJBTPALHOHHOIO NOTOKA KOHEYeH.
Ecan xe A =1, To, TaKk ke, KaK H B COOTBeTCTBYIOLIEH 3anaye JH-
HelHOM (uJbTpauuM, pacxoj notoka GeckoseueH. [pyras untepecHas
0cOGEHHOCTb HAHIeHHOTO pellleHHs OGHApYXKHBAETCst, €CJH PacCMaTpH-
BaTb IJIOCKOCTb xOy Xak BEPTHKAJAbHYI0 H BHIUHCJAHTb H3MEHEHHUe
BEJUYHHBL 4 BJOAb JuHHH Toka ¢ = const. Corsnacwo (111.29) wu
(111.49) umeem

dy+ S0aH = dy—Q—dH—O

TaK 4YTO BHOJIb JIMHHH TOKa
y—($/Q) H = const. (111.50)

Ecqy B3g9Th Ty JHHHIO TOKa, Ha KOTOPOH V=@, To Ha Heli Oyner
roOCTOsiIHHAa BeiuMuHHa H — y. 3ameTHM Temepb, YTO €C/]H IIOCKOCTD
xQy — BepTHKa/nbHasa ¢ ocblo Oy, HanpaBJeHHOH BBEpX, TO Pa3HOCTb
H — y Gyper npomopuUHOHAaJbHa THAPOCTAaTHYECKOMY naBjeHHto. Cie-
L0BaTeJqbHO, Hal[EHHOe pellleHHe OTBeYaeT TEYEHHI B BEPTHKAJLHOH
[IIOCKOCTH, JJIs1 KOTOPOTO Ha OJHOH H3 JIHHHH TOKAa JaBJeHHE OCTaercs
noctosHHbiM. Torpa, paccMaTpeBasi JHUIb BEPXHIOK MOJYIIOCKOCTD
y>0, MOXKHO B35Tbh 3Ty JIHHHIO TOKAa 32 CBOGOJHYI0 MOBEPXHOCTb H IO-
JYYUTb TOYHOE pelleHHe 3afadyd Oe3HanmopHol (UAbTPAUMH TNPH He-
JIHHEHHOM 3aKOHe CONPOTHBJEHHs. DTO pellleHHe, HaHJeHRoe DHrenyH-
aoM, aBiasercss obobiueHHeM Kiaaccuueckoro pemwenuss H. E. JKykos-
ckoro o 0e3HamOpPHOM NDHTOKe K JAPEHAXKHOH LIeJH, PacloJOXKeHHOH
Ha Bojoynope.

PaccMOTpHM acHMNTOTHKY peilieHHH B 0GacTH MasbIX CKOPOCTCH.
Ecan B o6sacTH QHIbTpPALHH HMeeTCS TOYKA (KpHTHYECKAs TOYKA) WJIH
3acTofHast 30Ha, B KOTOPOH CKOpOCTb (hHabTpauun ofpailaercs B
HYJIb, TO 3Ty KPHTHYECKYIO TOUKY MOXKHO OKDYXKHUTb 3aMKHYTOH JIH-
Huelt Ty, H8 KOTOpOH MOLYJAb CKOPOCTH (UJAbTpauuH NPHHHMaeT Io-
CTOSIHHOE 3HAayeHHe ® H BHYTPH KOTOPOH HeT JPYrHX OCOOBIX TOYeK
noroxa. O6nacte D, Mexny JuHuedn I', H KpHTHUeCKOH TOyKoH (3a-
CTOHHOH 30HOH) Ha IJIOCKOCTH Trojorpaga oTofpamaercs B INOJNGCY
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4,:0 <w< o, npuyem yno6HO cyuTarb ee GecKOHeUHOH MO § t— o<
< % < co, NOCKONIBKY NpH KaxAOM 0OXOfe BOKPYI KPHTHYECKOH TOYKH
yron 6 nonyuaer mpupamerne 2xN. lleroe uucio N HasoBeM Kpart-
HOCTbIO KDHTHYECKOH Touku (3acToiiHoli somsl). Ha rpanuue 3acToiHod
30HBI (B KpDHTHYeCKOH Touke) (YHKIHS TOKa NPHHHMAeT IIOCTOSHHOe
3HayeHHE, KOTOPOe MOXKHO NMPHHATh 3a HyJb. Takum o6pasoM, 3ajaya
CBOAHMTCA K TOMY, uyTo6w B nojoce A, HaHTH pelleHHe YpaBHEHHs
(I11.30), ofpamaiwoweecss B Hyab npu @ =0, W MNepHoAHYECKOe MO b
¢ nepHofoM 2zN. Iro pelieHHe HMEET BHJ

o . o
Y@, 0= Y Pun (w)[A,.smnﬁe 4 B, cos 'lﬁ]. (I11.51)
n=]
3necy Pr(w), ofpamarolieecs B Hyab NpH w=0, — pelueHHe ypaBHe-
Hus (111.35) ¢ [ =~n/N; A, u B, — NOCTOSIHHbBIE.
CoorBetcTBytOLHE (GOPMYJBI U HANOpPa M KOODAHHAT HMEIOT BHA
nf

3 N -1 . . nb
H= 7 27 Pk (@) [A,.cosN B, sin i -+ const,
n=]
dz = e®[— O—dH 4 iw—d}).
U3 Buipaxenuit (I111.52) caenyer, uto Bua npooGpasa JuHHK w = 0,
— o < § < oo Ha (H3MYECKOH NJIOCKOCTH BIOJIHE ONpeleasieTcss acuMI-

TOTHKOH pewenuii P; (w) npu w— 0.
JleficTBuTe/IbHO, Ha rpaHuUe 3acTOHHOM 30HBI HMeeM
i dH - o o)
. . — a2 ,ib —— =
dz=dx+idy=-e o e lim (N),(w) 0w) db

w0

(111.52)

© . [ ®@) 9Py . nb nd
— . elb ngl Lli% (wTY(—w) T) (A,, sin -+ B, cos V)dﬂ. (I11.53)

W3 ananusa pewenuit P; (W) HECHOXHO ycTai0BHTb, UTO npu I>1
CyLecTBYeT KOHEYHBIH Mmpejel

i = lim [ @ dP’_(‘”)] (I11.54)

w0 | WP (@) dw

ans Jyoboro BHAA 3aKoHa puubTpauxu. I[Ipu stoM ;= 0, ecitn @ (0) =0
Hy+0,ecmn ®0)=1+0, a ecin | <1, KOHeuHs i npegen cyle-
CTBYET NpH QUABTPALHH C MpejesbHRIM TPAaJUEHTOM, JJS1 CTeHeHHOro
we (MM ACHMITOTHYECKH CTENEHHOTO0) 3aKOHa (HJbTPALHH yKa3aH-
HbIfi npelen paBeH OeckoHeuHocTH. TakuMm 06pa3oM, MOXHO cresnaTh
BaXKHbIH BBIBOX O TOM, YTO B OTCYTCTBHE NpeleJbHOro rpajgHeHTa AaB-
JIEHHsl B NIOTOKEe MOTYT CyLIeCTBOBAThb JIHIIb H3OJHPOBAHHbIE KPHTHYE-
CKHe TOYKH, HaXOAfAILIHECS B KOHEYHOH YacTH NJIOCKOCTH, ecJd Bce
%=0(! >1), uan B 6GecKOHEUHO yAaJEHHOH TOuKe, eC]H Halizercs
1akoe n, Ajas kotroporo [ =n/N=1. VHbiMH cJ0oBaMH, TomoJornueckas
CTPYKTYypa (uILTPAHOHHOrO MOTOKA MNPH OTCYTCTBHH MpeJesbHOro
rpajieHTa OCTaercs TakKoH ’Ke, KAK H NpH JHHeHHOM 3aKoHe (HJILT-
pauuH,
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H > const

% H = const % %
N o %ﬁ
7 S

| V.

i/ W
_4__¢_< o 1

PHUC. 24. Bo3MmoxHple CTPYKTYPH TeyeHHs C NpeJesIbHBIM TDAXHEHTOM B HeOTpaHHYeH-
HOH o6JjacTi

Ecan Xe umeeT MeCTo GHAbTPALUSA C MNpeleJbHBIM TIpalveHTOM
(®(0) =A>0), To He CYyILeCTByeT H3OJHPOBAHHBIX KPHTHYECKHX TO-
yeK TIOTOKA; BMECTO HHX 006pa3yloTcsi 06/1acTH HeNOJBHKHOH IKHUI-
KocTH (3acToOiHble 30HbBI), OCTAKOILHECH B KOHEYHOH YaCTH IJIOCKOCTH
HJH yXOJsilllHe B 6eCKOHEUHOCTb.

Oco6GeHHO CJIOXHOM OKa3blBaeTCst CTPYKTypa MOTOKAa NpPH (HJBT-
palliy C npeejibHHM TPAafieHTOM B OKPECTHOCTH OECKOHEYHO yAaleH-
HOJl TOYKH. Ec/IH npejesbHOro rpajHeHTa Het, To U3 TpeboBaHUA orpa-
HUYEHHOCTH (YHKIHH TOKa Ha GeCKOHEYHOCTH cJeAyeT, 4To JubO Tam
pacnosioxKeHa KpDHTHYecKass TO4Ka, JHOO CTOK (HCTOYHHK) H JIHHHH
TOKa CTPEMSITCH K PaJHaJbHO pacxoAsimumcs gydam ( 6=const).

Ilpu duabTpamuu ¢ NpeleJbHBIM TPaJAHEHTOM MOXKHO IOJYYHTb
CKOJIbKO YTOJHO peileHHH ¢ OrpaHH4YeHHOH Ha OeCKOHEYHOCTH (PYHK-
UHell TOKa; OHH OTJAHYAIOTCS PacNoJIOXKEeHHeM yXOAsAUHX Ha OecKoHey-
HOCTb 3aCTOHHBIX 30H. Takas HeeAUHCTBEHHOCTb pelleHH# 3ajau
GUABTPAUKK ¢ npejeJbHBIM TPajHeHTOM B HEOrpaHHYEHHBIX 06/acTax
He YyKasblBaeT Ha HX JAedeKTHOCTb, a OTpaxaeT creuudHUecKoe
CBOHCTBO <«JajibHOAEeHACTBHS»: €CJH Mbl BHOCHM B IOTOK IIPENsITCTBHE,
a 3aTeM «YHOCHM» ero B OECKOHEYHOCTb, TO «maMsTb» 06 3TOM mpe-
NSTCTBHHM He Mcue3aeT MOJHOCTbIO, KakK NPH JHHelHHOH QHIBTpPalHUH, a
ocraeTcs B BHIe yXoasuled Ha 6eCKOHEYHOCTb 3acTOHHON 30HHL. Tak,
Ha pHC. 24 mokasaHBl TPH pas3JIHYHbIE CTPYKTYpHl TEYEHHs, CO3AaBae-
MOro yeAHHeHHBIM HCTOYHHKOM B 0ECKOHeUHOH HJIOCKOCTH, NoJydaeMble
npefeJbHbIM NE€PeXOAOM H3 TpPeX pas3JIHYHBIX TedYeHHH — ocecHM-
METPHYHOTO NPHTOKA K ILIEeHTPAJbHOH CKBaXKHHe B KDYTOBOM MJIacTe
(a), NpHTOKa K LEHTPAJbHON CKBa)HHe B IJIacTe, HMeolleM B NJaHe
¢dopmy kBazparta (6), a TakkKe MPHTOKA K CKBaxKHHe BOJIH3H Hempo-
HHUaeMOH npsiMmonuHefiHo# rpanuusl (8). IlpemenbHblli nepexox K
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PHUC. 25. 3aBuCHMOCTb OTHOCHTEJNBHOMH
IVICIAAH 3aCTOMHBIX 30H OT OTHOCHTe/b-
HOM MHTEHCHBHOCTH TOTOKA

Q

25 e/AL

PHC. 26. MuaukaropHble KpHBbHIE CKBaXHH npH (HAbTPAUHH C DPENENbHBIM TpaiH-
€HTOM:

] — BnA 37eMeHTa NATHTOYEYHON CeTKH CKBaXHH ¢ guaroHanwio d; In(d/2p) = 7; 2 — gas cksea-
KHHBl Ha PAcCTOSHHH d OT NPAMONHHERHOro KOHTYpa nutanus, In (d/np) == 6; 3 — ansa CKBaXHHB
B Kpyrosom NJacre paauyca R, InR/p =7, I, — oleHKa cHH3y, [®* — OleHKa cBepXy

TEYeHHI0 B HEOTPAHMYEHHOM IJ1acTe OCYLIeCTBJASETCH YBeJIHYEeHHEM
JHHeHHoro pasMepa L 10 6eCKOHEYHOCTH.

[lpeneabrHoe paBHOBecHe. Oco6eHHOCTb, PHHIHIHAIBHO
oraxuamumas QHALTPALHI C NpeieNbHbBIM TPafAHEHTOM, 3aKJI0YaeTcs
B OTCYTCTBHH JBHXXEHHs XKHAKOCTH IPH HENOCTOSIHCTBE paclpejeeHus
LaBJeHHsl 1O IJaCTy, eClH TOJbKO TPajHEHT AaBJeHHS He IPeBOCXO-
JHT 1O MOAYJIIO npeaenbHoe 3HaueHHe (. B Tom cayyae, Korna B Kax-
noii Touke maacra [Vp|=G, pacnpepeneHHe JAaBjeHHS] Ha3blBaeTcs
npejesibHO paBHOBecHbIM, CJIOBO «NpejesbHbli» O3HAYaeT, YTO jAaxe
MaJjioe H3MeHeHHe MAaBJEHHS MOXEeT NPHBECTH K Hayaly ABHIKEHHS.
Ecau Ha HeKoTOpoH JIHHHME (B NPOCTPAHCTBEHHOM CJydae — MOBEpX-
Hoct) C, orpaHuuuBawieil obaacte D, 3an1aHo JaBjeHHe, To HAHTH
npejesibHO PaBHOBECHOe paclpejesieHue naBjieHus B [) MOXHO, pemiast
ypaBHeHHe

lapl =G, MeD, (111.55)

NPH TpaHUYHBIX YCJIOBHSIX p = f (X, y, 2), M €0D = C. 310 ypaBHeHue
HMeeT MHOTOYHCJEeHHble aHaJord B JAPYrux obaacTsax ¢u3uku. Hampu-
Mep, ypaBHeHHe SHKOHa/la B reoMeTPHYECKOil ONTHKe, HMeEIolee BHJ
(IT1.55), eciu MOBEPXHOCTH NOCTOSIHHOTO JaBMAEHHS] CYHTATb BOJIHOBHI-
MH noBepxHocTAMH. HopManu K 3TUM NOBepXHOCTSM — JIMHHH Hanpas-
JIEHHs! TpPajHeHTa JaBJEeHHs — OKa3blBAOTCS NPHU 5TOM MpPSIMBIMH, a ce-
MEHCTBO NOBEPXHOCTEH NOCTOSAHHOrO JABJIEHHS — CeMeHCTBOM IoBepX-
HOCTelt, HaxONsILIMXCHA APYr OF JApyra Ha (MKCHPOBAaHHOM pacCTOSTHHH
(3KBHIMCTAHTHHIX).

PaccmatpuBaemas 3ajaya B AByMepHOM BapHaHTe HMeeT H APY-
roil BecbMa HarJsiAHbli aHajor. Ecnn dyukuus p (¥, y) — peiuenue
3TOH 3aJayH, TO OHa B HEKOTOPOM MacuiTabe omuchiBaer ¢opMy Io-
BEDXHOCTH chHIIyuYeii cpeAbl («mecka»), ecau Ha KoHType C 3ajaHa
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ToJnmiHHa cJosi necka. HerpyaHo coo6pas3uTh, YTO MPENENbHO PAaBHO-
BeCHble pacnpeleseHusi 1aBJEHHsS MOTYT HE YAOBJETBOPSTH NPUHUHIY
MaKCHMyMa, eCJIi He cesaTh OrOBOpOK (cm. m. 1).

[TycTb Ha NJIOCKOCTH 3aJaHbl SKCUEHTPUYHBIE OKPYKHOCTb painyca
R u pacniofioxkeHHass BHYTPH HE€e OKDYXHOCTb pajuyca p («KOHTYp
NUTaHHA» U «CKBA)KHHA»), HAa KOTOPBIX 3ajaHbl faBjeHuss Py u P, co-
oTBeTCTREHHO. ITOCTpPOMM Ha KaXKAOH M3 HHX KOHHYECKHE NOBEPXHOCTH
«BOPOHKOH» BBEPX H BHH3 C HaKJIOHOM obpaazywouux G

pt =Py + G[R2— (22 + )]'"%,
pi =Py + Gl(x — 8> + ¢ — 01" (I11.56)
H NOJOXHM
Pt (%, y) = max (pf', p7),

p~ (%, y) = min (p7, p3). (11.57)

Herpyano mnousats, uto ¢QyHKUHAM pt M p~ COOTBETCTBYIOT 1Ba
npeiesbHo paBHOBeCHbix pellienns 3agaud  (I11.55) — mepxuee w
HHXKHee,

OTO mMoKasbiBaeT, YTO NpelesbHO PABHOBECHbIE COCTOSIHHS ONpeje-
JeHbl He €AMHCTBeHHBIM 06Pa30M; CyUIeCTBEHHO YMeTb HAXOIHTh
HMMEHHO Te NMpeaesbHO PABHOBECHBE MJH MPOCTO PABHOBECHBIE COCTOSI-
HHS, KOTOpble peasbHO JOCTHXXHMMHB B XOZe HEKOTOpPOTro HecTalHoHap-
HOro Inpouecca.

IlpuBesem HeKOTOpBle pe3yJbTATHl PAaCYeTa OCHOBHBIX 3JEMEHTOB
TE€UYEHHS NPH GHIBTPAIMH C HPeJeJbHBIM IpajHEHTOM,

Ha puc. 25 nokasaHa 3aBHCHMOCTb OTHOCHTEJIbHOH MJIOAfH 3a-
CTOMHBIX 30H, 06pa3yIOIHXCS BHYTPH KOJblleBOH 6aTaped n paBHO-
PHUC. 27. 3asncHmocTs AeOHTHBIX CKBaXXHH, OT OTHOCHTeJbHOH HHTEH-
WHDHHH  TPyOKE TOKA CHBHOCTH MOTOKAa, a Ha pHC. 26 — mHAHKaTOp-
OT HHTEHCHBHOCTH Moto-  HbI€ KDHBBIE CKBaXXHHbI B ILIEHTPe KPYroBOro
ka g/A\L npu ¢uabTpa- KOHTYpa NHTaHHS panuyca R.

;Egﬂgoipenpzzizbm rpa- Bo Bcex caywasgx pacuethl IpOBeAEHH J/isl
Keapamisi ;‘ﬂ :;gﬁj OTHOCHTEJIBHOTO pajuyca CKBaXKuHH p/R = 10—3,
IATHTOYEUHOH  CeTKH BuansHHe npepenbHOro rpafHeHTa JaBJeHHS
B %: CKa3bIBAETCSl HE TOJNILKO B 0Opa30BaHMH 3aCTOH-
1—20; 2 — 80 HBIX 30H, HO U B OOlleM YCHJ€HHH HepaBHOMep-
auL HOCTH MOTOKa, NpPOSIBJAAWOLIEMCH B KOHIIEHTpa-
UHH OCHOBHOI'O MNOTOKA BHYTPH OTHOCHTEJbHO
/\2" y3koli crTpyd. KoauuecTBEHHO 3Ty 0COGEHHOCTH

05 / HJJIIOCTPHPYeT pHC. 27.
OcHOBHBIe  NpOSIBJEHHA  «IICEBAOIMJIACTHYe-
/ CKOH» HeJHHeHHOCTH THIA (HJIBTPAUHH ¢ mpe-
025 AC/bHEIM TP3JHEHTOM [aBJIEHHS — yBeJHUCHUE
NepenajfoB AaBJeHHS H YCHJeHHe NpPHCyLIeH Mmo-
TOKY HepaBHOMEDHOCTH, BIJIOTb R0 06pa3oBaHHfA
3acTONHBIX 30H. D(PGPeKTH 3TH CTAHOBATCS OCO-
0 L0 20 ¢/AL GeHHO 3HAYHUTEJNbHBIMH, KOTJAa MaJjia HMHTEHCHB-
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HocTh notoka (g/AL<1). Kak nokasaHo HHKe, 3TH OCHOBHBIE 3aKO-
HOMEPHOCTH COXPaHSAIOTCA M 1Jsi 6ojiee CJOXKHBIX TeYEHUH, B TOM
yHcJie 4 B 33/1a4aX BHITeCHeHUs HedTH BOJOH.

3anaua 1. HUcronbays coorHowenus (111.23) — (111.24), nokasate, u4To ais
o606wenncit Tpy6ku TOKa a00ofi opmbl nmepenal XaBAeHHs NpH (HAbTpalHH € Ope-
IeNbHHIM TPafHEHTOM VIOBJIETBOpSET HEPABEHCTBY

Ap > Bpp +L G =App + Apg, (I111.58)

rie App — nepenal gamnenusi, paccuntannbit npH G =0; L — muHEMasbHOE pac-
CTOSIHHE MEXLy «BXOJOM» M «BBLIXOJOM» TPyGKH ToKa; Ap, — noporopmiii mepenaj ZXAas-

JeHHS, NpH KOTOPOM HAUHHAETCsl ABHKEHHE.
3anaga 2. [Toctpouth oTOGpaXeHHe Ha TLIOCKOCTh roporpada CKOpocTH GuibT-
pallH¥ 3JEMEeHTa CHMMeTpHH TeueHHs, CO3/aBaeMoro KonbueBoHl Gartapeefl n  pasHo-
IeGHTHLIX CTOKOB MHTEHCHBHOCTH ¢ H HEHTDPANbHOTO HCTOYHHKA HHTEHCHBHOCTH Q = ng,
Kak npu Takoii reomerpus TeuenHs Oyner pacnonaraThCsi 3aCTOHHas 30Ha B Ciyuae
GuAbTpauuu ¢ NpeleNbHbIM TPaJHEHTOM?
3anaua 3. okasatb, uTo 1A ypaBHeHHs 3aKOHa (HIbTpAlHH BHIA
® @) = (@? +29)? (111.59)

bynkuus ¢ (w, 6) Moxer OHTb BLIpa)eHa yepes T2DMOHHYECKYIO BCIOMOTATe/bHYIO
dyukumio. (Aror pesyabrtar Bnepssie noayuen C. B. Ilanbko.)

3anaua 4. INokasaTe, YTo NpH NPOM3BOJbHOM 3aKkoHe OHJbTPALHH YpaBHEHHe
(I11.30) nomyckaetr yacTHoe pellleHHe BHIA

¢ @, 6) = PT (@ sinb, P7 (@) =[® @]~ | v®(v) do. (111.60)
0

¥YKasaTh THAPOJHHAMHUECKHH CMBICJ TMOJYYEHHOTO pellleHHsl; NPOaHaJH3HPOBATh
€ro CTPYKTypy JIfi CTENeHHOTO 3zKCHa (PUAbTpAUMH W LS QMILTpallid C NpelebHBIM

rpajiHEHTOM.
3apnaua 5 JlokasaTs, 4ro npn HenuuefiHoft GeananopHoil GuibTpankn o6pasom
cBoGoNHO MOBEPXHOCTH Ha IVIOCKOCTH rolorpata cayxut Kpusas [43]

—® (@) 4 Csin =0, C= kpg/p. (111.61)

3anaua 6. Hcnonssys dopmyay (111.42), noayuntb cBs3b mexAy AeCGHTOM H

TNepenajoM JaBjeHHd JJIf NPHUTOKA K CKBa)KHHE NMPH ABYWIEHHOM 3aKOHe QHJbTpallHH —
cM. Gopmyay (1.13).

§ 3. HecraunoHapHbie 3aaauu QUAbLTPALHH
HEHbIOTOHOBCKHX XHIKOCTEH

Hecranunonapusie npoueccsl B NJIacTOBOH CHCTEME NPH (HJIbTPa-
LHH HEHbIOTOHOBCKHX XHJKOocTeH 00/1aialoT onpelesieHHbBIMH ocobeH-
HOGCTSIMH, NO3BOJIAIOINMH B HEKOTOPLIX cly4asx o6HapyXHTb HapyLie-
HHSl 3aKOHa JlapcH, OUEHHTb HX KOJHYECTBEHHO M AaThb MPOTHO3 HX
BO3MOXKHOro BJIHSIHHSI Ha MOKasaTesJd Pa3paboTKH He(TAHOTO MeCcTo-
poxnennsi. Ilostomy HabJioaeHHe HeCTAaUHOHAPHBIX IPOLECCOB —
BaXHBIi HCTOYHHK HHQODMAlLHH O CBOACTBaxX IJacTOBOH CHCTEMBI.

OcHoBHble ypaBHeHHsn. [lyets P(x, y, z)— pacnpeneienue
J\aBJIEHHs!, OTBevaiolllee HEKOTOPOMY CTAHOHApPHOMY (HJIBTPALHOBHOMY
JABHXEeHHIO, a p(x, y, 2, [)— paclipenesieHue AaBJeHHs B HecTalHOHap-
HOM fIpouecce, 2aYHHAMOMIEMCHA B MOMEHT f = 0, npuueM

p(x7 Y, 2 0) =P, (11162)
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PasHocTh

p=p—P (111.63)

HA30BeM BO3MYLIEHHEM JaBJeHHS HJIH OTKJIOHEHHEM OT CTallHOHAPHOTO
COCTOSTHHSA.

Kom6HHHDYsl ypaBHeHHs Hepa3pLIBHOCTH cJaGOCKHMAaeMOl XHA-
KOCTH

mK—1p 4+ dive =0 (I11.64)
H 3a4KOHa& (pHJIpra[LHPI, KOTOpoe 3anuilieM B BHUae
gradp = —I® (u/) m/u, w=—:\ (vpl/M)vp/lyp| (I11.65)

(I — xapakTepHOe 3HaYeHHe TpajHeHTa JaBJEHHH; A — XapaKTepHOe
3HaueHHe CKOPOCTH (HJIbTPALHH), TOJYyYaeM CHCTEMY YpaBHeHHH bHIb-
TPaUHH HEHBIOTOHOBCKOH XXHAKOCTH IIpDH YHPYrOM pexume, KOTOPYIO
MOXKHO NPHBECTH K OJHOMY YPaBHEHHIO
ap WK | Vp\ Vp
P = HV{“P (—H )Fv‘p\]' (I11.66)
CrauHoHapHoe pacnpejejeHHe, nAJss Koroporo ps =0, Takxke
ynosierBopsier ypaBHeHuto (I11.66) uau cucreme (I11.64) — (I11.65).

OpHako p, 6yayyd pPasHOCThIO ABYX pelleHHii ypaBHeHus (I111.66),
BooOlle TOBOpA, H3-3a HequHeHHOCTH GyHkuuit ® u W, ue spisercs
peurenreM. TakuM o6pa3oM, NIpH HeJHHEHHON GHUIbTPALHH HE ClIpaBe-
JHB HPHHIHMN CYNepno3ulHH peLIeHHH, ¥ XapaKTep BO3MyIUeHHHd 3a-
BHCHT, BOOGIlle TOBOPA, He TOJMBLKO OT CBOHCTB NJACTOBOH CHCTEMbI H
HHHIHHPYIOWHX BO3MYLIeHHe BHEIUHHX BO3JeHCTBHH (Hanmpumep, Myck
CKBaXKHMHBHl), HO M OT HauyajbHOTO cocTosAHHA. [lalee B Tex cayyasx,
Korga ocobo He OroBOpeHO NHPOTHBHOe, OyleM CUHTaTh HayaJbHOE
COCTOSIHHE OTBEYAIOLIHM TNepBOHAYAJbLHO HEBO3MYIIEHHOMY MJIacTy
(P=Pg=const), npuuem B cuy Toro, 4to B ypaBHeHus (II1.64) —
(II1.66) maBneHne BXOAMT TOJIBKO MOJX 3HAKOM NPOM3BOAHBIX, MOXHO
noJioxuth Py=0, p=p.

Berymasa BoJaHa. Ilpy pacnpoctpaHeHHH BO3MYIlEeHHSI C TOH
HAM HHOH CTeneHblo CTPOTOCTH Bbije/dsieTcsl (PPOHT BO3MYIUEHHH, OT-
OeJSIOIMHI HEeBO3MYUIEHHYI0 06/1aCTh OT 06JacTH BO3MYLIEHHS.

BriGepem B6JH3H (PPOHTA BO3MYILEHHS HEKOTOPYIO MaJjyio 06/1acTh,
IBHXYLIYIOCS €O CKOpocTblo ¢poHTa. B cuay wmanoctn obaactu
pacnpeje/eHHe JaBJleHHss B HeH MOXHO B JI060H MOMEHT CUHTATb
CTALHOHADHBIM 1.

Bynem uckath nosromy petuenne ypasHeunit (II11.64) — (II1.65),
COOTBeTCTBYMOIlee Oeryuleil (paBHOMEPHO pacmpocTpaHsiollelics B Ha-
npasaennu ocd Ox) BosHe:

p=pkx—Vt), u=u@), t=x—VL (111.67)
! Uptarteas, 3HAKOMbIAl ¢ METOAOM CPallHBAeMBIX ACHMITOTHYECKHX Pa3/0XKEeHHI,
Jlerko 3aMeTHT, YTO pe€dYb HAeT, Mo CYUeCTBY, O NOCTPOCHHH BHYTPeHHEro pPeUIeHUs

3ajlayd, OTBevaloulero CTPykType ¢poHTa. HeTpyAHO npoaenaTe COOTBETCTBYIOUIHE
¢$hopMasbHbIE pacCyXKACHHS,
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PHUC. 28. Pacnpenenenne a P
faBjaeHus BOIH3H ¢poHTa
BO3MYIUEHHS] TIPH HeNHheH-
HOR (pUILTPALMH.

Bonun: a —c GeckoHeunoft

CKOPOCTBIO PacnpOCTPAHEHHS,; [PERS
6-—C KOHEYHOH CKOpOCThLIO

pacnpoCcTpaHeHns

[Moxcrasnssi Buipaxenus (I111.67) B cucremy (I11.64) — (111.65),
HONyYHM
d

'@+Z_‘E‘=O, % =_ncp(%), (111.68)

=3,

OTKy/ia
dUdt = —v@ (U), U = u/i, v=mVI)K,

§ = —o(U)v, p=TIUMN + po, o(U)={[®U)]-'dU.  (I11.69)

U3 ouyeBUAHBIX YCHOBHU Ha GecKOHeYHOCTH p=u =0, £— oo no-
ayuaeM p. = 0. JlanbHefilive BbIBOAB CYLIECTBEHHO 3aBHCAT OT Xa-
pakTtepa 3akoHa ¢uaprpauud. Ecaun ® (U) npu U — 0 ocraercs Koneu-
HBIM JIHOO CTPEMHTCSI K HYJIO JOCTAaTOYHO MeJIEHHO (HampHMep, Kak
Us, s< 1), To unrerpan B (I11.69) cxomurcss Ha HHXKHeM mpejgene H,
clel0BaTe/bHO, CYIIeCTBYeT rpaHHua £ = £y, Ha KOTOpOH M IpaBee ee
p=u=0, T.e. BoJHa pacIOpoCTPaHseTCsi C KOHEYHO#l CKOPOCTHIO.
B cuay npoussosia B BblGOpe Hauasa orcueTa § Gynem noJarath & = 0.
B6ausu ¢poHTa BOJHBI £ = § mpousBoxHas di/dU ofpamaercs B Gec-
KoHeuHocTb, eciu @ (0) = 0 (nmpenesibHbIR rpajHeHT JaBJeHHUS OTCYTCT-
ByeT), H KOHeUHa NpH (HJIbTPALHH C IpefeJbHBIM IpagHeHToM. Takum
o6pasoM, Ha nepegHeM (pOHTE BOJHB AABJIEHHE H CKOPOCTb (PHIBLTPaA-
muH oOpalaloTcs B HYJb IJIABHO, €CJIH NpPENeJbHOro TIpajueHTa HeT,
NpH HAJHYHH NPENEJBbHOTO TpajHeHTa Ha (DPOHTE BOJIHEI pacipejeseHue
JABJIEHHS HMeeT YIJIOBYIO TOUKy (puc. 8.

Ycrpemum Tenepb U k GeckoHeuHocTu. ITpu 3ToM, ecnn ¢ (o) = oo,
TO £ — —oo; eclH Xe ¢ () < oo (tak 6yzmer, Hanpumep, npu @ (U) ~
~U* {>1), To paBJeHHe H CKOPOCTb ({HUALTPALUK B pPaBHOMEPHO
IBUXKYyIIeHcs BoJiHe o6pamaloTcsi B GECKOHEUHOCTb B KOHEYHOH TOUKE,
Bri6pas TOuky, COBNAZaioOIlyl0 B HayaJbHBIH MOMEHT C ()POHTOM BOJHEL,
3a BxopHoe cedeHHe (x = 0) nmacta u moJiarass B HOJYYeHHBIX COOTHO-
weHusix &= —V/{, HalineM, N0 KaKOMy 3aKOHY HYXHO MeHfATb BO Bpe-
MEHH JaBJIeHHe B 3TOM CEYEHHH AJs Toro, ytobbl BOJHA B NJIACTE JBH-
ranacb pasHoMepHo. O6paileHue 3TOro JaBJeHHS B OGeCKOHEYHOCTb 3a
KOHeYHOe BpeMsl 03HAYaeT, YTO JOOHTHCS PABHOMEPHOrO JIBHIKEHHS BOJHH
JaBJleHuss B TeyeHue GoJiee JJIMTENLHOrO BpeMEHH HeBO3MOXHO; OHa
JIO/I2KHa HAyaTh 3aMeIJIsiThCA.

B paccMoTpeHHOM pelleHHH HanGosee CyIIECTBEHHBIM MOMEHTOM
SIBJISIETCST XapakTep H3MEHCHHS [aBJEHHS H CKOPOCTH (HJIbTPalHy
BO/MH3K ¢(pouta BosHb. CKOPOCTH pacmnpocTpaHeHHS BO3MYIUEHHUI
KoHeuHa, ecan HHrerpaa (I11.69) cxoautcs Ha HuXHeM npenese (B
YaCTHOCTH, NMPH 3aKOHe (PHIBTPALMH C NpejelbHBIM T'PaJHEHTOM), U
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pacnpejesneHHe IaBJCHHS HMeeT Ha (POHTe YIVIOBYIO TOUKY,

@ (0)=40, npuuem npH NpHGAHXKEHHH K TpaHHue H3 00/1aCcTH ABHIKEHHS
rpajHeHT HaBJEHHS CTPEMHTCS K NpeaelbHOMY. DTH CyLIeCTBEHHO
JJIsl NPaBHJLHOrO NOHHMAaHHS KauyeCcTBeHHBIX OCOOeHHoCTell pelueHHs
H AN ux TPHOAHMIKEHHOro MNOCTPOEHHS BHBOAH MOATBEPXKAAKTCA
aHaJIH30M H3BECTHBIX pellleHHH 6oJiee CIOXHBIX 3azay. B HekoTopbIX
cly4asix TakHe BBHIBOJABl MOXHO CTPOro 060CHOBATh.

Teuenne BOGJNH3M CKBaXMUHB. IIpH HcenegoBaHun naa-
CTOB HAHOGOJBLIMH HHTEDeC NPeACTaBJAAIT TedeHHS BOJH3H BO3MyLHa-
jomei ckBaXHHb. CYHTas HaYajJbHOe COCTOAHHE MJAAcTa HEeBO3MYIUEH-
HEIM, HMe€eM ONHOMEDHOe MNJOCKO-pajHasbHOe TedeHHe, ONpelesseM

COOTHOUIEHHSIMH
o KA1 o 1 dp ) .
o = m T ar {"F(’Ifar ]
p(r, 0)=0; lim [2=erid¥ (II~1p )} = Q(¢) uan p(p, ) = pp (II1.70)
r—0

(npyu ycsoBHSAX 3aJaHHS Ha CKBaXKHHe neGHTa MMM JaBJeHHS COOTBET-
CTBEHHO), YKasaHHas 3ajaya aBTOMOJeJbHA B CJEAYIOIIMX CJydasx.
1) mpu creneHHOM 3aKOHe QUJIbTPAlMH; 2) NpH NPOHIBOJBHOM 38KO
He GHUJAbTpPaLHH, ecau AebuT H3MeHseTcs MO 3akoHy Q=At!1/? (cM.
nanee 3anauy 1). IlockoJbKy 3THM yc/J0BHSAM He yAOBJETBOPSiIO
NPAKTHYECKH BaXXHble 3ajayW, HX MNPHXOAUTCH HCCaeaoBaTth JAHOO
MPUOJNHIKEHHO METOAOM HHTErpatbHBIX CcooTHoweHd#d (cm. ra. II),
aubo 4YHCJEHHO.

Hns oTsickauus npubiauxedHoro pemenns 3agaud (111.70) npumewm
pacmpefiejieHve CKOpocTell QHAbTPALHHN B BHIe

_ Q(t)[ r
ufr, t)=—g— I“I(t) , r<l, (I11.71)
rape [(f) — rpanuua 3oHb Bo3MylleHus. BruiGepem () Takum obpa-
30M, 4TOOGBH B KaXAblii MOMEHT YIOBJIETBOPSJIOCH CJAEAyIOllee H3
(I11.70) nepBoe MHTErpasbHOE COOTHOLIEHHE: COOTHOLIEHHE MaTepHaJb-
Horo 6aJgaarca

{

d 2 h
7 | "1’(’" p(r, tydr = —Q (2). (111.72)

3neck ¢ yuerom ycgaosus p (I, f)=0 BMmecto p(r, {) crexyer noi-
CTaBUTb BHIpaXKeHue
I{(3]
pr, = — | mo (L dl)g, (111.73)

A

rne u(r, t) naercst cootHomenuem (I11.71). Bripaxenuwe (I11.71) paa
CKOpOCTH GUJLTPAUHH NPAaBHJILHO OTpaXkaeT OCOOEHHOCTH pachpejene-
HHSi ee BOJNM3M CKBaXKHHBI H Ha TpaHHUe 30HH BO3MymleHus. [Tostomy

MOXHO NOJMYYHTb IpH TakKoM HpHéJIH}KeHHOM pelIEHHH JOCTaTOYHYIO
TOYHOCTb.

96



B wacrtaocTH, ang 3aKoHa (uABTPAUMHM C NpeaeNbHHIM TIpafHeHTOM
npu Q = const nomyunm (Il = G, : = kG/p, ®(U) = U+1):

2nkhlG
P TR T
2+ 213/1* = 12¢¢, I* = pQ (2rkhG)™!, = kK/mp.,

2nkhiil
Pw=p (p, t)z;:tgh( -+ +1= QJ )1 pLL (II1.74)

Ha paccMmarpuBaeMOoM IpHMepe OTYETJIHBO BHIHA DOJb, KOTOPYIO
HCPaeT JONOJIHUTENbHBIfI pasMepHbIH napaMeTp — NpefeJbHbIi I'pajHeHT
naBJaeHHss G. B kKoMmOuHauuu ¢ neOHTOM Ha €IWHHIY MOUIHOCTH IJiacTa
C TIOMOIIbI0 3TOr0 IapameTpa NONYYAIOTCSl XapaKTepHbIH JMHEHHBIR
pasmep [* u XapakTepHoe Bpems [* = *¥%/x.

Pelnenune 3a7ayd OKa3blBAa€TCSl KAuyecTBEHHO pasjHuHbIM npH /¢, K1
u t/t,>> 1. Tlpn mManeix Bpemenax umeeM [ < I,. IIpeneGperas B (III 75)
yjeHaMu nopsjka [/l,, MOXHO YGeIHTbCs, YTO (pOpMajbHO 3TO 3KBH-
BaJIeHTHO MNpejnoJoxeHuio G =0, T.e. NPH MaJhX BPeMeHax pelleHHe
3afiaud (QUJbTPALMH C NpejesbHbIM I'DAJHEHTOM OKasblBaeTcsl NOROOHBIM
pelleHHIo JIMHEHHOH 3ajauH:

12xt _
Po=— 4:2h1 p:: L= (12x0)'2 < . (111.75)

TIpuyuHa TaKOro CcoOBHafeHHd pelleHHH NHHeHHOH M HeJHHEHHOH
3a7ay COCTOMT B TOM, YTO IPH Ma/bIX BpEMEHaX H3MEHEHHe JaBJeHHS
MIPOHCXOAHT B Y3KOH 30He, TJe TPAJAUEHTHl JaB/JeHHS BeCbMa BEJIHKH;
NpH TakuX OOCTOSITeJbCTBAaX NMONpPAaBKa, BHOCHMAs INpelesbHbIM IpajieH-
TOM, npeneGpexkumo mana. Co BpeMeHeM OGJacTh ABHXKEHHS pacLIHps-
eTcst, U Bce OOJBIIYIO JOJIO €€ cocTaBisieT 06/1acTh MajblX T'PajHeHTOB
(HamOMHHM, YTO CKOPOCTb (HUJBLTPALHH HAa PACCTOSIHHH 7 OT CKBaXKUHHI,
OueBHJHO, He npeBocXoauT Q/(2=rh). ITosToMy Bce GoJsee CYLIECTBEHHBIM
OKa3plBaeTCcAd BHJ 3aKOHa (QHUJAbTpauUMH NPH MambiX cxopocTsax. Ecau

> t*, umeeM
13
| ~ <3xtpLQ) > l*,

khG

3xfuQ rQ 1thp 3eQ
Po = —G (nth) + gopn N 307 T TEn (I11.76)
Takum ob6pa3om, Aasi 3HAYHTEJbHBIX BPEMEH 34KOH H3MEHEeHHS
IaBJieHHs B CKBa)KHHe OKa3blBaeTCsi yXe He JorapudMHUYECKHM, a
creneHHeM. I'padux p,(Inf) nokaszam nHa puc. 29, pacnpenenenue
AaBJieHHs] B (QYHKUHH OT DACCTOSIHHSI OT CKBaxKHHBI HMEET Jorapuog-
MHYECKYI0 ACHMNTOTHKY BOJIH3H CKBAXKWHBl, a Ha IPaHHIle 30HH BO3-
MYILCHHS PPALHCHT AABJICHHS DaBEH NpeAeNbHOMY.
[Toagnee BepHeMca K aHaJH3y HajjeHHOTO pentenns. Bocnoanayemca
TeM Xe NpuOJHKEHHBIM MNOAXOAOM JJis1 TOro, 4roGhl pacCMOTPETh IYCK

o 0
CKBaXHHBI C MOCTOSTHHLIM 3a60HHBIM JiaB/ieHueM p, = Py, < 0. lIpunaB
BHOBb NpHOJHMKEHHOe paclipeieleHde CKOPOCTH (UIbTpalHH B BHAE
(IT1.71), nocne HecNOXKHBIX BBIKJAANOK MOJYYHM
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Q) = —ZH Py +Gi)(in L~ 15 Py >—Glie L
o (@ + S p) — 1240, (111.77)

rae p — PajHyC CKBaXKHHBIL.
[TocneHHe COOTHOIIEHHS NPHBOAATCA K OOLIKHOBeHHOMY aH(depeH:
I(HaMbHOMY ypaBHeHHIo IepBoro nopsizka s . IIpu Mambix BpemeHax,

p & | € —Py/G npepenbHeIl TPajHENT AaBJIEHHS He IPOSIBJIAETCS. [pn
3TOM

~~ (12x1)172, Q= — 2xkhP,/u In(l/p). (111.78)

C apyro# cTopousl, npu | - —P,/G = .. nebur Q — 0, u u3 (I111.77)
JIerKO0 HAaXOAHM, 4YTO C yBejJHueHueM BpeMeHH (f — co) TpPaHHIA 30HHI
BO3MYIUEHHUS] aCHMIITOTHYECKH CTPEMHTCA K l.; pacnpenelieHHe JapJe-
HHSL IIPH 3TOM CTPEMHTCS K MNPelebHOMY

p—(N)=Py+(r—p)G, r<la. (I11.79)

IIpu atom ne6utr Q ¢ Bo3pacTaHHeM ! CTPEMHTCS K HYJIO 3KcHO-
HeHUMAJbHO, H, CJeHOBATeJbHO, CYMMapHBII OTOOpP 2KHIKOCTH H3
cKkBaxHHH V 3a OeckoneyHoe BpeMsi NPH (UKCHPOBAHHOH JeNpPeccHuu
P, KoHeueH, DTOMY COOTBETCTBYIOT KOHEUHOCTb BOPOHKH JeIPEeCcCHH
M obnacTd APEHHPOBAHHSA CKBaXXMHBI NOCJe MPEeKpallleHHsi IPHTOKA.

W3 coobpaxeHuit GajlaHCa HaxXoAUM INpelejbHHIA cyMMapHuH oT6OD
JKHJKOCTH H3 CKBaXXKHHBI

3 . onmhP3
V.= o T w (111.80)
[}

K p_(f)de—BKT.

KoHeyHOCTb 30HBI APCHHPOBAHHA MOXET NPHBOAHTb K 3aMETHOMY
CHHXKEHHIO CTelleHH M3BJIeUeHHsS! XKHMAKOCTH M3 IJjlacTa npu pa3paboTke
Ha ucrowenne. Mwmeercs psp yxkasaHui#t Ha TO, uTO 3TOT 3PPeKT
CyllecTBeH Npu pa3paboTKe Takike M Ta30BbIX MECTOPOXKAEHHH, IpH-
YPOUYEHHBIX K IJIHHH3HPOBAHHBLIM KOJIJIEKTOpaM, Korga jJis rasa obHa-
Py:KHBaeTcsl MNOPOrOBHIA TpaiHeHT jaBleHHs (cM. paJjee 3agady 3).
PUC. 29. HsmeneHne naBJeHus InpH BsaumopneiicTBue BO3-

NycKe CKBaXKHHEL: MYylLleHHH C BHEWHHUM IoO-
1 — nuHelHLIt 32KOH HABTPANHH; 2 — % _
QHALTPAUHSA € NpeRe/bHBM rPAJHEHTOM B OT- TOKOM. BS&HMO}IeHCTBHe 3(1)CbeK

CYTCTBHE BHEIUHero noroka, 3—5 — NpPH Ha- TOB HEJHHEHHOH (DI/IJIpraIlHPI H He-
JIHYHH BHELIHEro ORHOPOAHOrO MNOTOKa pas-

JIHYHOH MHTEHCHRHOCTH OﬂHOpOﬂHOCTH (pHJlean,PIOHHOI‘O
P NOTOKa MOXKET OonpeleJsiiolluM 006-
2 3 1,25 pasoM BJAMATH HA XapakTtep Hecrta-

5075 MHOroo6pasusi BO3HHKAOUIUX 3/eCh
BOIIPOCOB MBI PACCMOTPUM TOJBKO
BJIHSiIHME BHELIHEro NOTOKAa Ha pac-
0.25 IpOCTpaHeHHe  BO3MYIUeHHH  OT
ckpaxxuubl. [lockonbky B maHHOM
cJyyae peuyb HJET, TJIaBHHIM 0o0pa-

// = |10 HUHOHAPHHX mpoleccoB, M3 Bcero
T 5|

el

05

—__’-——‘—

=20 =15 -1.0 =05 In s
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30M, O CJOXHBIX ABYMEPHBIX TEUEHHSX, HHXKe NPUBOJATCS B OCHOBHOM
pe3yJabTaThl YHCJIEHHOTO pelleHHs COOTBETCTBYIOWMX 3ajay. Oanako
HEKOTOpble CylLlecTBeHHBle MOMEHTHI yJaercsi OGHapYXHTb Ha cjaeldy-
jollleM CPaBHHTENbHO MpocTOM npuMepe. JonycTum, 4TO B HauaabHHIH
MOMEHT B ILIACTe CYLIECTBYeT CTAUHOHADHOe TeueHHe 6e3 3aCTOHHBIX
son (u>0), xoTOpoMy oTBeyaeT pacmpejelenne P(x, y, 2) a B MO-
MeHT ?=(0 HauHHaeTcs HeCTaUHOHADHBI}i NpPOLECC, XapaKTepHayeMblil
BO3MyllleHHeM JAaBieHus p (X, y, 2, t). Byaem nosnarate 310 Bo3Myllle-
HHEe MaJiblM, TaK 4TO B JIIOOOH TOUKe Ij1acTa

lve| K| vPl. (111.81)
Tormga anst BO3MYIUEHHil AaBJeHHS p MOXKHO MOJY4YHTb NPHOJHNKEH-
HOe JiMHelfHOe ypaBHeHHe, ecsd noictaButh B (111.66) p=P+p u npo-

BECTH pa3jiOKEHHe [0 CTeleHSAM p, OrPaHHUYKMBIUHCH JHHEHHBIMH uJe-
HaMHd. YuureBasi, 4to P — peluenue ypasHeHus (II1.66), nomyumm,
OYEBHHO,

o _ K[ _u(1vP)\ vo [(1wp] vP\\VP(VPV))
W—F[V‘If( I >IVPI+{W( I >“M(T>} LiyP | J (11182

HanomuuM, uwro P (x, y, 2z) cuuraeTcsl 37ecb H3BECTHBIM, TaK 4TO
(I11.82) npepcraBasier coGofi JuHeHHOe napabonuyecKoe YypaBHEHHe

OTHOCHTEJIbHO BO3MYIleHHS p. B uacTHOCTH, eciiH HeBO3MYIUEHHOE Te-
yeHHe NpejicTaBiseT co60H OJHOPOAHBIA MOTOK C I'pPajHEHTOM JaBJEHHS
Ilo, ypaBHenue (I11.82) mpuHumaer Buz

op K, (02;7 To9% KN,

— —_— i a—— ; 0= -

ot mil; \oy? ' Ty ox? mil,

Ypasuenue (I11.83) — muuneiiHoe ypaBHeHHe TeMJONPOBOAHOCTH B
aHH30TPONHOH cpene ¢ KoO3hdHIHEHTAMH IPOBOAHMOCTH, Ppa3JIHYHBIMH
no ocsiM x H y. KoadpuiHeHTE NPOBOAHMOCTH COCTABJSIOT: %o 10 OCH

y 1 %%o/% no ocu x. HMX OTHOmEHue PaBHO OTHOLIEHHIO YIJIOBBIX
Ko3(pduunentoB kKacareanHol k kpusoit ¥ () B Touke { = /Il u cexy-
eH, NPOBeJeHHOM M3 Hayala KOODAMHAT B Ty e TouKy. [last ncespo-
NJIaCTHYECKOTO XapakTepa 3akoHa ¢uabtpauuu (¥ > 0) 310 OTHOLIEHHE
BCerAa 6osbllie e€IHHHLEL. Boobile roBopsi, OHO 3aBUCHT OT HHTEHCHB-
HOCTH HEeBO3MYIIEHHOrO TeueHHsl M, B YaCTHOCTH, JJIsi 3aKOHA (PHJIbTpa-
uud ¢ npepesabHbiM rpagueHtoM (¥ ({)={—1, II =G) MOHOTOHHO
yObIBaeT OT GECKOHEUHOCTH J0 €IHHHUBI C POCTOM HHTEHCHBHOCTH Te-
yeHHs1 OT Il = G ;0 GeCKOHEUHOCTH,

Herpynso yOenuThbcsi HenmocpencTBeHHO B TOM, YTO JIOKAJIbHO B Kax-
IO#l TOYKe HEOJHOPOAHOrO IMOTOKA CTPYKTYpa YpaBHEHHMS IJs BO3MY-
wenui G6yner 6auska K (I11.83), ecnn nox x u y monumarb ocu, opuex-
THPOBAHHBIE MO HEBO3MYIIEHHOMY MOTOKY H 110 HOPMA/JH K HeMmy.

¥Ypapuenue (I11.83) npeoGpasoBanuem

X =x (W)™ vy = yug'? (111.84)
CBOOHTCA K 06bl'-XHOMy ypasﬂeﬂmo TEILIONIPOBOAHOCTH.

(111.83)
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B yacTHOCTH, €C/IM HayaJbHOe BO3MYIIEHHE CO3JaeTcs B Hauaje
koopauHar (x =y ==0), To B cucreme XOY 3anaua OCeCHMMETpHUYHa:

p=p(R, #); R'=X247Y2 (111.85)
C yueroM (I11.84) 310 0o3Hauaet, yTo B UcXonHOH cHcTeMe xOy JHHHH

YPOBHSI BO3MYILEHHS ;(x, Y, t) — 3/AIMNCH, oNpejefsieMble ypaBHEHHEM
(x/%0)? + (y/'¥o)* = const. (111.86)

CJslegoBaTelbHO, BO3MYIUEHHe JIaBJeHHs pacnpocTpaHsercss 10
OAHOPOJHOMY HadaJbHOMY IOTOKY C Pa3JIMYHOH CKOPOCTBIK) B pasHBIX
HanpaB/ieHUsiX — HecTalHOHADHHA mnpouecc o06/agaeT <«HaBeAeHHOH
anusorponueit», IlpuBeneHHbI aHANIH3 HeNb3sl HENOCPEACTBEHHO HC-
[I0JIb30BaTh JJis HCCJAEJ0BAHHA OCHOBHOH 324yl O BO3MYILEHHH OJHO-
POLHOTO MOTOKa NPH MyCKe CKBAXHHB, IIOCKOJIbKY B 3TOM clydae
BO3MYLIEHUST rpajiieHTa JaB/JeHHs BOJH3H CKBaXKUHBl HE MaJkl,
OpHaKO MOXHO OXHJAATb, YTO XapaKTep H3MEHEeHHUS NAaBJEHHS KayecT-
BeHHo OyJer TaKuHM e, KaKk H B DaCCMOTPEHHOH JiHHeapH30BaHHOM
3ajnaue.

UucieHHble pacueThl ! BO3MYILEHHS, BHOCHMOT'O B OJHOPOIHBIH
(GHUIbTPAUHOHHBIH MOTOK NyLIEeHHOH B paloTy CKBaXKHHOH, B OCHOBHOM
NOoATBEPXKAAOT 3TH NpexnoJyoxeHusd. Ha puc. 30 nokasano pacipocrt-

paHeHHe JIMHHH YPOBHsSI BO3MyLleHus, oTBeyatomeir p=0,06 QG/A npu
pPa3/HYHBIX 3HAYEHHAX HHTEHCHBHOCTH HCXOMHOrO MOTOKA.

[TomuMo npenckasaHHON Hamu 3apaHee aHU3OTPONHH pacnpocTpa-
HEHHsl BO3MYILEHHH (TeM CHJbHee BHIDaXKEHHON, YeM MEeHblle HHTEeH-
CHBHOCTb BHeIIHEro MoToka) Habsrofaercs U cBoeoOpasHBIH WX «CHOCY
BHELIHHM IIOTOKOM. JTOT CYLIECTBEHHO HeJHHeHAHBH 3dderr o6bsac-
HSI€TCS TeM, YTO BHEUIHHH MOTOK H NMOTOK OT CKBaXHHHI C OAHOH CTO-
poHul OoT Hee (cM. pHc. 30, cleBa) HPOTHBONOJIOXKHO HampaBJeHbl, B
pesyabrate 4ero obpasyercs 3acToiiHas 3oHa. [locjaeacTBusi Takoro
JIOK2JIU30BAHHOrO BOJIM3H CKBaXKHHB B3aHMOJEHCTBHSI NPOSIBAAIOTCS
H Ha YJaJleHHH OT Hee, TAe JHHHH YPOBHSl [aBJ/IeHHS OKa3blBalOTCS
CMEILEeHHLIMH HO NMOTOKY.

Anannz JMHAMHMKH H3MeHEeHHsl NaBJIeHHs B CKBaXHHe NPH INycKe
ee B paboTy MOKasblBaeT, 4TO BHELIHHH NOTOK MOXKeT OKa3biBaTb Ha
Hee cyllecTBeHHOe BausiHue. M3 puc. 29 BujHo, npexpe Bcero, 4To
JIOCTATOYHO CPABHHTENBHO ¢J1abOro BHELIHEro MoToKa JJIsf TOro, YTOObE
KPHBasi H3MEHEHHs 1aBJieHHS (T. €. 3aBHCHMOCTH JAABJIEHHS] B CKBAXH-
He OT BpEMeHH) cTaJja CYIIeCTBeHHO OTJIHYHOH OT KpHBOH, paccuuTaH-
HOH A/ OCeCHMMETPHYHOrO IPHTOKAa B HEBO3MYUIEHHOM MJacTe.
C yBesMueHHeM WHTEHCHBHOCTH BHELIHEro moToKa 3TO pasJjiddue pac-
TeT, H KpHBasi H3MEHEHHUs [aBJeHUs NpHOJMXKaeTcs K KPHBOH, OTBeya-
Iolleldl IHHeAAHOMY 3aKOHY UJBTpPaLHU.

AHanus NaHHBIX HccaexoBaHHA CcKBaxuH Kak
yXe TOBODHJOCh, OCHOBHAaf Meab HCCIefOBaHHS HeCTAlHOHAPHBIX

! [Ipusonumule B 3TOM naparpade JaHHHE 4HCJEHHHIX pacueToB noaydenn s MIIM
AH CCCP ¢. . Typeuxoii.
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[IPOLIECOB COCTOHT B  TOM,
yTo0Bl JaTbh METOABl OIlpe- -
IeJleHHs  napaMeTpoB Ijac-
TOB 10 JaHHBIM  HCCJIE10-
BaHHSl CKBaxHMH. B Tex cay-
yasix, Korja peub HJET O Te-
YeHHUsX, He CJAeAyloluX . 3a-
Kony apcu, 3Ta 3ajmaua, He-
npocrasi cama no cebe, cra-
HOBHTCSl OCOOEHHO TPYAHOH.
I'naBHass TpyaHOCTb CO-
CTOHT B TOM, YTO He/Ib3s 3a-  pyc. g9, PacnipocTpanenne JHHHR ypOBHS

paHee ykaszaTb, KakKOTO POJa  posMyuieHHH OT CKBaXHHb NPH HAIHUMH OLHO-
OTKJIOHEHHUdA OT HJA€aJbHOU MO- POAHOrO BHELIHETO [OTOKA

JeqH YIpyroro pexxuma ¢Quib-
TpAUHM NpPUCYLIM HccalexyeMoMy o6DbeKTy. Tak, HCKpHBJIEHHE HHIH-
KATOPHHX JHAarpaMM CKBaXXHH MOXeT OHITb BbI3BAHO He TOJIbKO HEJH-
HEHHOCTBIO 3aKOHAa (DHUJIbLTPANHH, HO M DasTa3HpOBaHHEM HeGTH, HeiH-
HefiHo-ynpyroil jedopmanvell naacra B IeJIOM HJIH PacKpbiTHEM Tpe-
IAH B NPUCKBaXKHHHOH 3oHe u T, 4, Jlajee, ecjin ga)e YCTaHOBJIEHO,
4TO HeJMHeHHOCTb o6ycsoBiaeHa HapylieHHeM 3akoHa [lapcH, ocraercs
npobneMa BbiGopa MeXAy, AONYCTHM, 3aKOHOM (HAbTPALHH € Ipe-
JeJbHEIM TPajJHEHTOM [ABJEHHS H CTEIEeHHbIM 3aKOHOM (HJbTPAIlHH.
B Hacrosillee BpeMmsi HeT 3aKOHYEHHOH METOAHKH aHaJH3a pe3yib-
tTaToB Ha0JI0AeHHH, no3BoJslonlell pemaTh CHOPMYJHPOBAHHYIO Bhille
npobieMy Beibopa. Boaee Toro, yxe sICHO, 4TO Takasi MeTOJHKa He
MOXKeT OBITb YHCTO 'HADOJHHAMHYECKOH, a JOJXKHA HCNOJb30BaTh BCIO
COBOKYINHOCTb CBeJleHHH O mJacTe JJisl yMEHbIUEHHS UHUC/Ia KOHKYPHpY-
IOLIHX THOOTES.

Huxe paccmarpuBaeTcst TONBKO BONpOC O pasanyeHHH 3 (eKToB
HapyllleHus 3aKOHa JlapcH ¥ HeJUHEHHO-YIPYroro pexKuma Nno AaHHBIM
HCCJeA0BaHHA CKBaXxKHH. IJTOT Bompoc OLIT ReTalbHO HCCAEJ0BaH B
nocJjeHee BpeMs UHCJEHHO.

PaccmarpuBaercs nyck B paboTy CKBaXKHHbB B [€PBOHAYaJbHO
HEeBO3MYLIEHHOM INIacTe C MOCTOSHHBIM HayajbHBIM [NaBieHHeM P,
npHYeM NPEANONaraeTcs, YT0 IPOHUIAEMOCTb k H MOPHCTOCTDb /M 3aBH-
CAT OT J[AaBJEeHHS M HCHOJb30BaHA 3KCINOHEHUHA/NbHAsA aMNIPOKCH-
Manus

k(p) = koexp [ar (p — Po)l; m (p) = moexp [am (p — Po)). (111.87)

OnHOBpeMeHHO JODYCKaeTcs, YTO ABHXKEHHe clelyeT 3aKOHY (HJIbT-
pauuyu c npefeabHHM rpaguentom Buaa (II1.9) ¢ nocTosiHHBEIM 3HAaye-
HHeM . Bbiau paccMOTpeHbl pas3/iHYHbIE PEXHMbl H3MeHeHHs nebuTa
CKBaXXHHH BO BPEMEHH M COOTBETCTBYIOLIHE HM peXHMBI H3MeHEeHHS
JaBJleHHs B CKBaXKHHE H Ha yJaJIeHHH OT Hee.

Ha puc. 31 nokasaHbl KpHBBIE OTHOCHTENLHOTO H3ME HEHHsI N3BJIEHHS

Ap/Q NpH NycKe CKBAXHHBI C MOCTOAHHBIM NeGHTOM NPH HeJHHEHHO-
ynpyrom pexume (G = 0) u c1a6o MeHsOmEeNCS MNOPHUCTOCTH (&m = ()
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IAS  PasjJHYHBIX 3HAUEHHIH eJIMHCTBeHHOro Ge3pasMepHOro mapamerpa
sanauu (Q > O orBeuaer 3aKauke, Q < 0 —oT60pY KHAKOCTH)
A= g:—’? , Q= Op.

C pocroM napamerpa A OTHOCHTE/IbHOEC H3MEHEHHE AABJCHHS yMeHb-
waercs. Ecau yuecTb, yTo B LUHPOKOM JaHana3oHe u3MeHeHuss A 3aBH-
cuMocTb Ap/Q ot Int gocTarouno 6aK3Ka K nAuHeHHOR (cM. puc. 31), To npu
M0GOH HHTepIpeTallUH Pe3yJbTaTOB HCC/IEJAOBAHHA C POCTOM HHTEHCHB-
HOCTH 3aKayKM yBeJHYHBaercsl 3(peKTHBHas I'HAPONPOBOAHOCTL IIACTa
(kh/p), ompenenennast MO KPUBHIM M3MeHEHHS JaBJACHHUSA (COOTBETCTBEHHO
YMEHBIUAeTCs! FHAPOIIPOBOAHOCTD C YBeJHYeHHeM HHTEHCHBHOCTH 0T60pa).

Ecin He yuYHTHIBaTb 3aBHCHMOCTH IIPOHHIIA€MOCTH H IOPHCTOCTH
OT fAaBJeHHs,, HO CYUTATh 3aKOH QUALTPAUUH HeAHHeHHBIM IMCeBAO-
MJaCTHYECKHM (POCT OTHOCHTEJbHOH MOABUXKHOCTH C POCTOM CKODOCTH
dunprpanun, ¢”(U)<0), TO aHanNH3 KPHBLIX H3MEHEHHS [aBJEHHSA
NpH NyCKe CKBaXKMHBI MO cTaHAapTHOH Meroauke [11] npuBomur K
BHIBOAY, 4TO 3(){eKTHBHas THADONPOBOJAHOCTH BO3pacTaeT C yBeJHye-
HHeM abCoJIIOTHOro 3HaueHHd Ae6HTa, MPH KOTOPOM IPOBENEHO HCCJe-
HoBaHHe ckBaxuHbl. IlpudeM, ecnu 3akoH GUIABTPaUUH anNPOKCUMH-
pyercsa creneHHoit 3aBucuMoctbio @ (U) =Us, 1o 3aBHCHMOCTD 3(deKT-
HOH I'HADPOIPOBOJHOCTH OT JeOHTa TaKMKe CTENeHHAA:

(ki) ~ | QI C=2(s—1)/(B—9). (I11.88)

Takum o0pa3oM, OCHOBHOe OTJAHYHe MeXAy 3ddeKTaMu HeauHeH-
HO-yIPyroro pexxuMa ¥ HeJuHefHOH GHIbTPAUMH NPH HCCIeJOBAHHH
CKBaXKHH IPOSIBIAETCH B TOM, 4TO

PHC. 31. KpuBble OTHOCHTENBHOTO H3- MEePBHIM COOTBETCTBYET PpOCT 30-
MeHeHH naB“e“"f‘ GeKTHBHOH THAPONPOBOAHOCTH €
Guasenna A~ sl s o 20% 2 %% pocToM nebHTa NpH 3aKauKe H Na-
§—15 930 JeHHe TIpu oT6ope; BTOPLIM — POCT
Bapra THAPONPOBOAHOCTH C POCTOM aeGu-
Ta KaK A/ 3aKauKd, TaK H JJd
or6opa (puc. 32). Jlerko yb6enuTh-

cst, 4To 3TO — O6WHi dakT, He 3a-
BHCAILMH OT NPHUHATHIX aMIpOKCH-
Lob / Manuit, Takoe OTIHYHE CJIYXKHT
CBOEFO POAA  «IMATHOCTHUECKHM

NpPH3HAKOM» IJIs1 Pa3JHYeHHUs ABYX
Iy NPHYUH HEJHHEHHOCTH.

MoXHO NpPeANOIOKHTE METOLHU-
Ky BBHIJENEHHs] KaXAOro H3 3THX
07} 3¢ ¢deKTOB, BBIACJAAST YETHYIO H He-

YeTHY0 no @ 4YacTH 3aBHCHMOCTH
8

Jpyram BaxKHBIM JHACHOCLHPY-
9’____/ IOLIHUM PH3HAKOM MOXeET GblTh Xa-
. . paKTep pacupoCTPaHEeHHS BO3MYLIE-

—38 -30 —232 -4 s yyil Ha GOJBLLIKX PacCTOSHHAX OT




PHUC. 32. Hamenenue sd-

" 8y .rkh/u,, o

ek THBHOH THApOnpoBOA- \

HOCTH TNPH HeJHHeHHO-yI- -

pyrom pexume (/) u He- Te———

JBHeHHO# ¢uabTpaunu (/7) 0 0
-

»° :
005~ \V) \’V/ \ \
2
-o,oso 04 0.8 12 i

PUC. 33. Hsmenenne napnenns npu NEPHOJHYECKOM BO3OYXKICHHH CKBAXKHHBL
I— BRanH OT CKBaXHHM; 2 —B Touke, GIH3KOH K CKBaKHHe

CKBaXHHBl. B 3T0it 06sacTH naBieHHe Mano OTKJOHSETCS OT HEBO3-
MYILIEHHOTO, @ CKOPOCTH QH/IbTpauuH Gnusku K Hymo. [Toatomy oue-
BHJHO, YTO 3JeCh HeNHHeHHO-YNpyrHe 3¢dekTsl csabul, a 3DOEKTH
HeJIHHEHHON (QHAbTPaUUH, B 0COGEHHOCTH THUNA NpenenbHOro rpaguen-
Ta NaBJIEHHS, BbIPaxKeHbl OCOGeHHO cusibHO. Tak, Ha puc. 33 mokaaa-
HO H3MCHCHHE NaBJ€HHs Ha DAa3/NHYHBIX DACCTOSHHSX OT BO3MyILa-
IOllell CKBAXKHHBI NIPH NEPHOAHYECKOM (CO CMEHOH 3HaKa) H3MeHeHHH
nebuta B Hel,

IloMumo  oTHOCHTeNBHO 6HCTPOro  3aTyxaHus BO3MYIIEHHA M
KOHEYHOCTY PacCTOSIHUSA, Ha KOTOPOe OHH PacHpOCTPAHSIOTCS, Cylle-
CTBEHHO, 4TO C PACTOAHHEM TNOC/eJoBaTeJNbHblE MMIYJbCH AaBJEHHS
He CruaxXuBawTcs, a Bce Gosee npubauxkaioTcs no GopMe K npsMmo-
YTOJBHBIM. DTOT KaueCTBEHHHI NPH3HAK MOMKHO HCNOJb30BATb IS

YCTAaHOBJIEHHST HAJNUYHS B MNJAaCTOBHX YCJOBHAX IIpeAeJbHOro rpa-
AHEHTAa AaBJeHUS.

Banmaua 1. [lokasaTh, uTo pelenne 3ajaul o MPHTOKE K CKBaXHHe, nyueHHoH

B paboTy ¢ MOCTOAHHHM AeGuToM Q, aBTOMONENBHO NIPH CTENEHHOM B3aKoHe duabTpa-
wnH. McereNopaTe 3aBHCHMOCTb NaBieHus B TouKe HaGJIOJEHHS OT BpeMeHH. Mosyuntsb
saBucumocte (I111.88).

3anava 2. O6bACHHTL KaueCTBeHHO 3(deKT NepecTpOfiKH HMIYJALCOB B npsMo-
yrosibHble NpH QUIbTPAlHH C NpEfe]bHbIM TpaJHEHTOM.

3anava 3. OnpeleinTb MAKCHMaqbHLII 1BOIMOXHBII 0T6Op rasa B pacuete Ha
ONHY CKBAaXHHY, eCIH HauaJbHOE IUIACTOBOE JAaBJEHHE pg, MHHHMAJbHO HOMYCTHMOE
HaBienHe Ha 3aboe p M JIBHKEHHE Tasa celyeT 3aKoHY OQHIbTDALLHH

" koo 2 2/l 2 2 - 2

P =— g (Vo —avplve ) | Vo> 1, =0, |Vp?|<IL
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§ 4. HepaBHOBECHOCTb NPH PUIBTPALUH
OJIHOPOJHBIX XKHAKOCTEH.

JiBUKeHHe B TPEIWMHOBATO-TIOPHCTBIX

M CJOMCTO-HEOAHOPOAHBIX MuacTax!

BBoas B KayecTBe OCHOBHBIX JIOKAJbHBIX XaPaKTEPUCTHK (HJBT-
PallHOHHOIO JIBHXKEHHS [aBJEHHE p H CKOPOCTb (PUJAbTpAlHH X
{(a B HEKOTOPHIX cJyyYasix H TeMnepaTtypy NOPHCTOH cpeawnl T), MH
HESIBHO JIONIyCKaeM, 4TO B Mpefesax (u3uyeckH OeCKOHEYHO MaJioro
of6beMa NMOPHCTOH Cpelbl 3TH BeJMUYHHBI H3MEHSIOTCH He3HauHTeJbHO.

B cBolo ouepenb, 3TO 03HAYaET, YTO JIOKAJNbHO KAaXABIH 3JeMEHT
cpelbl HAaXOAMTCS B COCTOSHHH TEPMOJHHAMHUYECKOTO pPaBHOBECHS.
Takoe ponyuleHHe cnpaBeiJHMBO, MOKa PacCMATPUBAIOTCS HPOLECCHI
cyllecTBeHHO OoJiee [AJIHTENbHbIE, HEXEJNH [pPOLEeCC YCTaHOBJIEHHSA
TepMOJHHAMHUYECKOr0 pPaBHOBecHS B (H3HUECKH OEeCKOHEYHO MaJjioM
obbeMe mnopuctoif cpexbl. OAHAKO B HEKOTOPHIX CYLIECTBEHHBIX [/
NPHJIOXKEHHH CJydyadx CTpPOeHHe peanbHbIX OOBEeKTOB TAaKOBO, UTO
«3JIeMeHTapHbll 06beM» JOCTATOYHO BeJHK, a NPOLECH YCTAHOBJIEHHS
TEePMOJHHAMHUYECKOIO PaBHOBECHS B HeM HACTOJNbKO 3aMeJJIeHHBI, YTO
HX AJNHTENbHOCTh OKa3blBaeTCsi CONOCTABHMOIN CO BPEMEHEM HePEXOA-
HOrO nporecca B IJjacTe B HeaoM. Torga TH HePaBHOBECHBIE IpoO-
HeccH MOAaeXaT y4YeTy M HX BJHSHHE MOXKeT OKasaTbCid onpepenf-
fomuM. ViMeHHO Tak OGCTOHT Aes0 B HEKOTOPHIX 3afavax AByX(dasHOk
¢uabtpaunu (cM. ra. IV). B stom maparpade paccmaTpuBaTCH
HepaBHOBeCHble MpOLieCcChl, NPOHCXOAsiHe MPH HEYCTAHOBHBIUEMCH
ABHXXEHHH OJHOPOAHOH, HBIOTOHOBCKOH KHAKOCTH B TpPEIIHHOBATO-
NMOPHCTHIX H CJAOHCTHIX NJIACTaxX.

®PuabTpaunHvss OJAHOPOJNHOH XHIKOCTH B TpeLUH-
HOBaTO-NOPHCTOH cpene Pdax kpynHefiInXx MecTOPOXKAECHHH
HedTH NPHYPOYEH K TPEIIMHOBATHIM MOPOAAM, B KOTOPBIX CYyLIECTBYeT
pasBuTas CHCTeMa TpeUlHH, NOJHOCTBIO HJH YacTHYHO, Hapsiay ¢
nopaMu, oGyc/oBJHBaoLas (GUILTPALHOHHble CBOMCTBa cpenarl. Cme-
IH(QHKa TakKo#i cpeanl o6yc/aoOBJIeHa TEM, UTO TPEUIMHA, B OTJIHYHE OT
IOp, HMEIIIHX Bce pasMephl ORHOrO MOPSAKAa, 3TO — y3Kas liedb,
JiBa H3MEPeHHS KOTODOH Ha HeCKOJbKO NMOPSAKOB 060Jblle TPEThEro.
B pesyJbraTe paxe nNpH CamMoM He3HAaUHTENbHOM O0beme TPEIHH B
obueM o6beMe HyCTOT TBEPJAOTO CKejeTa OHH MOTYT OKa3BBaTh
onpejesllee BAUSHEE HA JBHKEHHE KHIKOCTH.

OOCbiuHO pasMHYaAlOT YHCTO TPEIIHHOBATHIE H TPEIHHOBATO-NOPH-
cThe cpenapl. IlepBole M3 HuUX mnpeacTaBasiior co6oit 6J0KH TopHOMH
NOpPOAkl, MeXAYy KOTODHIMH HMEIOTCS TPELIHHb, NpHYeM caMu OJIOKH
HENPOHHI@aeMbl H He OOMEHHBAIOTCH KHUAKOCTbIO ¢ TPeIlHHAMH (Ha-
fIpHMep, TpeIlMHOBaThle TPAHHUTH); B TPEUIHHOBATO-NOPHCTOH cpejle
610K NpeicTaBIAIT co60i KyCKH OOBIUHON MOPHCTOH cpenwl, obJa-

1 OcHoBHBIE TONOXKEHUS TEODHH HeCTAalHOHApHON (HJABTPAUHH B TPEIMHOBATO-
NOPHCTHIX cpefax Oblid  chopMyauposansl B paGorax I. M. bapen6aarra,
0. I1. Xearosa u HU. H. KounHnoii [7], a 3ateM pa3BHTH MHOTMMH HCC/eAOBATeNs-
MH — cM. Gosiee noapoGHoe HaJoxeHue n Gubaworpaduio [6, 21, 34].
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Jawoued MOPHCTOCTbIO H  NPOHHLAEMOCTHIO
(TpemuHOBaTHE H3BecTHSIK). Bo Bcex cayua-
X 00beM TpelIHH npeHeOpeXHMo MaJ [0
CpaBHEHHI0O ¢ oOO6wWHM 06beMOM, 3aHSTHIM
TBEPJAbIM CKeJIETOM H NYCTOTaMH, B GOJBIIHH-
CTBe CJy4YdeB OH MaJ M 10 CPaBHEHHIO C.006-
IIHM O6bEMOM MNYCTOT, CKJIaAblBAIOMIHMCS H3
00beMa INOPOBOrO MpPOCTPAaHCTBA NOPHCTHIX
6y0KoB H o0beMa caMBIX TpPeUMH. JIMip B
TeX CJAydyasix, Korga cOGCTBEHHAs MOPHCTOCThb
6JI0KOB NpaKTHUECKH paBHa HYJIO (HanmpHMep,
y TPEILHHOBATHIX H3BepXKEHHBIX NMOPOJ), NPH-
XOAHTCS NPHHUMaTh B pacuer o6bem CcoO-
CTBEHHO TPeLIHH.

Hanporus, B 60JbIIHHCTBE CJyYyaeB THAPAaBJIHYECKass IIPOBOAH-
MOCTb CHCTEMBI TpCIIHH BO MHOro pas GoJsblie I'HJIPaBJIHYECKOH mpo-
BoguMoctu OsokoB. [losTtoMy MOXKHO cKasaTbh, YTO B TPEIHHOBATO-
NOPHCTOH cpelle XKHUAKOCTh «XPaHHTCA» B MOPHCTHIX 6JIOKax, a mepe-
MellaeTcss 0 TpemlMHaM. IIpH CTalHOHADHOM HABHIKEHHH XHIKOCTH
3TO He TPHBOJUT K CYILIECTBEHHBIM OTJHYHAM OT OOLIYHOH HOPHCTOMH
cpenpl. OQHaKo NpH HeCTAlHOHAPHBIX NPOLECCAaX M B IpOLecce BHI-
TE€CHEHHSl OJHON XHUJIKOCTH [PYroil NposiBASeTCs PsSi BaXKHHIX 0CO-
6enHocrell. PUABTPALHsS B YHCTO TPELHHOBATHIX CpefaX NPOHCXOAHT
KaYyeCTBEHHO TaK Xe, KaK B OOBIYHBIX NMOPHUCTHIX, JHUIL ¢ HEOOABIHMHU
KOJIMYeCTBEHHBIMH OTKJIOHEHHsIMH. [lo3TOMy B najibHeHlieM OCHOBHOE
BHHMaHHE yAeJseTCs TPELlHHOBATO-HOPHCTEIM CPEeaaM.

3akorn ¢uAbTpauHH [ JaMHHApHOIO [BHXKEHHS BA3-
KOH KHMJKOCTH B IeJH C NapaJJjieJbHBIMH CTeHKaMH CHpaBelJHRBA
dopmyna byccnnecka

PHC, 34. Cxema Tpewuto-
BATO-MOPHCTOrO MJIacTa

b3 Ap

Q=—1—2(~—’-E' (111.89)

3nech Q — pacxoj XKUIKOCTH; b —IIHpHHA INeJH B CeYeHHH, Iep-

NEHAUKYJASIPHOM K OCH X; A — pacKphiTHe IIEJH; P — BA3KOCTb XKHAKO-
CTH; p — JlaBJICHHE.

CyumecTBOBaHHEe TaKol mnpoctoll (GOpPMyJEBl, enpaBeiJHBOH AJs
JBHXXEHHS B OTJEJbHOM TpellnHe, NOOYAHIO MHOTHX HCCJAegoBaTeJeit
K TOHCKaM BBHIPa)KeHHH, ONHUCHBAIOLIUX TeUeHHe B YIOPAAOYEHHOH
cucrteme TpewuH, OpHako Gosee 3)¢PeKTHBHEIM OKa3ajloch ONMHCaHHE
TeUeHHs B TPELIMHOBATO-MOPHCTOH 1NOpOJe METOAAMH MEXaHHKH
CILJIOLIHOH cpejbl.

JonycTHM, 4TO TPELIKHOBATO-MODHCTAA Cpela COCTOHT H3 CHCTe-
Mbl GJIOKOB, OTHEJNEHHBIX APYr OT Apyra TpellHHaMH, NpHyem dopma
H pacrnosnoxeHde 6JI0KOB HeperyiasipHbl (pHc. 34). BosbMem B Kauye-
CTBe 3JeMeHTapHoro MaxkpooGbemMa (cM. ra. I) obwem, pa3mephn
KOTOPOro BEJHKH NO CPAaBHEHHIO ¢ pa3MepaMu OTAeJbHOro 6joka, a
cJeloBaTebHO, M HHTEPECYIOIHe Hac NpoLeccH MPOHCXOAAT B Mac-
wrabe, 3HauHTeNbHO Gosee KpymHOM, uem pa3mep 6soka. (Pasmepni
6JI0KOB H, cJejoBaTeJbHO, IJHHA TpelmuH [ OLIBAlOT CaMBHIMH pas-
JuYHBIMH. KlanaraeMbifi noaxox OCHOBaH Ha NPEANOJIOKEHHH, UYTO
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d<lgL, T. e, 6JOKH BeJHKH IO CDAaBHEHHIO C pasMepoMm nop d, HO
MaJbl 00 CPaBHEHHIO ¢ pa3mepom miacra L). PaccMorpum BHauaje
HauboJiee CyIIeCTBEHHBIH cayuali, KOria NpOHKLAeMOcTb GJOKOB Masa
HACTOJILKO, YTO NPH ONHCAHHH MaKPOCKOMHYECKOrO [IBHIXKEHHS XKHJ-
KOCTH €10 MOXHo mnpeHeOpeup. CuurTasi [IBHIKEHHe B TpPEUIHHAX MeJ-
JeHHbIM (6e3bIHEPIHOHHBIM), MOXHO 3alHcaTh /s Hero 3akoH [lap-
cH, KOTOPHH BBIBOJHTCS H3 aHajH3a pa3sMEPHOCTH TaK Xke, KakK H
B r1. I. Ilpn 3TOM, yuHTBIBasi BO3MOXHYI0O AHH3OTPOIHIO CHCTEMBI
TPEUWMH H TO, YTO KaXJas H3 HHX XapaKTepH3yercsl AByMs pasMmepa-

MH — JUIHHOX [/ ¥ packpeiTHeM h, QopMyJay 3akoHa OHJALTPaLHHA
yAOOHO NpEeACTaBHTb B BHE:

0P M0 0p
Up=—~ 5r, = Tl kij ox; (111.90)

3p1ech u; — KOMIIOHEHTBl BEKTOpPA CKODOCTH (HJLTPALIMH, OMpesie~
JisieMoro OGBIYHBIM 0Gpa3oM; R;j— TeH30p TPEIUHHHOH ITPOHHIAEMOCTH;
h — cpennee packpbiTHe TpeluH; ! — XxapakrtepHblil pasmep 6.0ka. Kon-
KpeTHBI BHJ 6e3pasMEpHOTO TEH30pa NPOHHIAEMOCTH kY ompefessercs
reoMeTpHeil CHCTeMBbl TPELIHH; AJIS CPeIbl, COCTOSIIEH H3 HENpOHHIlae-
MBIX GJIOKOB H HECKOJbKHX CHCTEM ILIOCKHX PEryJisipHO PacroJIoXKeHHbIX

TPelHH, OH MOXeT ObiTh MNOJyYeH HAa OCHOBaHHH ¢dopMyan Byccu-
Hecka (I1.89).

B ofmem ciayyae TpEHIHHOBATO-NOPHCTOH Cpelbl HOPMyJy 3aKoHa
GUAbTpPaUUH TaKXe MOXHO 3amucath B Buae (111.90).

HepaBHOBeCHOCTbD pacnpejfejeHHs JaBJleHHH,
Kak yxe ynomMHHanOCh, xapakTepHad OCOOEHHOCTH TPEIIMHOBATO-NO-
PHCTOH Cpelbl COCTOHT B TOM, HTO ABHIKEHHE XHAKOCTH B He#l mpo-
HCXOJHT B OCHOBHOM IO TpeLlHHaM, B TO BpeMs Kak o0beM TpeLIHH
MaJ M OCHOBHBIE 3aIlachl XXHJKOCTH 3aKJIOYalOTCSl B IIOPHCTHIX GJIOKax.
IIpennosoxuM, 4TO HA TrpaHHLEe TPEIUIHHOBATO-MOPHCTOrO IJIACTA,
JKHAKOCTh B KOTOPOM NE€PBOHAYAJNbHO HAXOAMJACh NOJ HaBjleHHEM Py,
[IPOHCXOAMT CHHIKEHHe [aBJIeHHS N0 HEeKOTOPOro HHOTO 3HaueHHs P,.
[lpenebperas npoHHLaeMOCTbi0 OJIOKOB, MOXKHO HCIOJBb30BaTh MJjid
OTMMCaHUSl JIBUKEHHA B TPEUIMHAX OOGHUHBHIE COOTHOLIEHHA TEOpPHH
¢uabTpanun B NOPHCTOH cpeie (Hampumep, B ciaydae caabockHmae-
MO# XHAKOCTH M Yynpyro AedopMHPyeMOro nmJacTa — ypaBHeHHs
TEOPHH ynpyroro pexkuma). [Tocje HEKOTOpOro mepexojHOTO Hpolecca
B TpEIIHHAX YCTAaHOBHTCS HOBOe CTalliOHapHOE paclpeje/ieHHe OaB-
JIeHHsl, npHYeM, o KpailiHeli mepe BOJH3H rpaHULBI IJacTa, AaBJEHHE
OKaXKeTCsi 3HAaUHTeJbHO HHIKe mepBoHauyajbHoro. I10CKoOMbKy maBiaeHHe
B 0JOKax B cuJly IPEANOJOXKeHHH HX HEIPOHHIAeMOCTH He MOrJo
H3MEHHTLCA, TO MEXAY XKHAKOCThI0O B 0J10KaXx U XKHAKOCTbIO B TPELUH-
Hax CO34aeTCs 3HAYHTeNbHast PasHOCTb AaBjeHHH — mopsaka Pe—P,,
a cJefoBaTeNbHO, B 6JI0KaX BO3HMKAIOT JIOKAJbHbIE TDAaJMEHTHl [aB-
neHu#t ~ (Pp—P;)/l, 3nauuTesbHO NPeBOCXOAAIIHE CYIIECTBYIOLIHH
B IUlacTe TpajHeHT [aBjieHHss B TpeuuHax ~ (Po—P;)/L.B atux
YCJIOBHSIX B IIacTe JaXe MpH caMoH He3HaYHTeNbHOH I[IPOHH-
1aeMOCTH O6JIOKOB BO3HHKAlOT JIOKalbHble (DHJIBTPAIHOHHLIE INOTOKH,
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o6yc/NOBNHBAIOUIHE NPHTOK JXHUIAKOCTH H3 OJIOKOB B TpEIHUHB H
BLIDaBHHBaHHe MECTHBIX Pa3HOCTeH HaBJeHHH Mexay O6a0KaMu H Tpe-
IHHAMHU.

Tor ¢akr, 4To B TPELIMHOBATO-MOPUCTOH Cpele MOryT B HECTAIHO-
HapHOM MNpollecce BO3HHKAaTh MeCTHble Pa3HOCTH AaBJIEHHH H MeCTHBIe
NepeToKH MeXAy 6JloKaMH K TPeIlHHaMH, JIEXKHT B OCHOBE ONHCAHHA
Cpeabl, COCTOSilefl M3 MaJIONPOHHLAeMBIX NOPHCTBIX GJOKOB H Tpe-
UIHH, IPH MaJoM cymMapHoM o0beMe TpelllHH.

BBexemM BMeCTO OAHOTO JAaBJEHHS MKHAKOCTH B [AaHHOH TOUKe
cpensl ABa — aBJieHMe B TpPeUlHHAaX p; M JaBjeHue B Nopax G6JI0KOB
p.. B npexmonoxenuH, uTo NPOHHLaeMoCTs OJIOKOB ky OYeHb Mala,
MOXHO JJs OnpeieeHdss (UABTPALHOHHOTO MOTOKA B XKHMJAKOCTH
Yyepes HEeKOTOPYIO MJOILAAKY cpeinl HCnoJb3oBaTh yparHeHue (I11.90),
NIOACTaBJAS B HETO 3HAYEHHE [|aBJEHHs B TPEIHHAX Pi.

CocTaBHM ypaBHeHHs OajlaHCa JXHMAKOCTH B TpeIHHAX M OJ0KaXx.
OGosuHauasn uepe3 m; TPEIUHHHYI MNOPHCTOCTb (OTHOIIEHHS O6GBeMa
TPELIHH K NOJHOMY 00bEMYy CPENH), HMeeM

J (mlp)
dt

+ div (pu) — g = 0, (111.91)

TIe ¢ — KOJIHYECTBO JKHUIKOCTH, IepereKaiollee 3a €IWHHIY BpeMeHH
13 6JIOKOB B TPELHHbI B efuHHLe 06 beMa CPeAbl.

Jna 610KOB MOXHO HpeHeGpedb HeNOCPEACTBEHHO (HAbTPALHOH-
HbIM NOTOKOM, TaK YTO ypaBHEHHEe Hepa3pBIBHOCTH HMeeT BHI:

0 (m2p)
ot

+q=0, (111.92)

rie mg— MOPHCTOCTL GJOKOB (B pacyere Ha o6muA ofbeM
cpenst).

Ilns Toro, 9yToGbl 3aMKHYTh NOJYYEHHYIO CHCTEMY ypaBHEHHH, HYX-
HO, TNOMHMO YPaBHEHHsS COCTOSIHHSI XHAKOCTH H YDaBHEHHH, CBS3Hl-
BAaWIUHX HM3MEHEHHs IOPHCTOCTEH m, H M, C JaBJeHHeM, AATb H
BHpaKeHHe AJsg NMOTOKa ¢. ODTO BHIpa)KeHHe MOXKHO NOJYYHTb H3
anajusa pasMepHocTed. 3aMeTHM MpexJIe BCero, 4ro MOCKOJbKY
IBHXEHHe XHAKOCTH B IlacTe CYHTaercsl Ge3blHEPLHOHHBIM, TO 0e3-
BIHEPIUMOHHEIM JOJIKHO OBITh H JIBHKEHHE XKHIKOCTH B Guokax. [aiee,
NOTOK ¢ MOXET 3aBHCeThb OT JaBjeHHH B GJOKax p; H B TpeUIMHaxX pi,
pasmepa [ M NpOHHIaeMOCTH kR, OJIOKOB, BSI3KOCTH XKHIKOCTH W, ee
IJIOTHOCTH @ H JOJIXKeH 06pamathCs B HYJAb NPH PaBEHCTBE [aBJIEHHH
P14 py. IlpeanosnoxuM BHayaje, 4YTO IJIOTHOCTb p H BS3KOCTh
JKHIKOCTH MaJio 3aBHCAT OT JAaBJeHHs M HX MOXHO CYHTaTb NOCTOSiH-
HBIMH, PABHO KaK W NPOHHIaeMoCTb 6JI0KOB Ry. Torga BhipaKeHHe 1Jis
g HoJXHO ObITb KHBAPHAHTHBIM OTHOCHTEJIBHO BhIOOpa Hayajna OTcye-
1a JaBJeHHST M MOXET 3aBHCEThb JHUb OT PAa3HOCTH P—p.. TakuM
06pa3oM, g 3aBHCHT OT Pa3MEPHHIX BeJMYHH Po—1P1, P, U, Ro,

3aMeTuM Tenepb, UTO BCJEACTBHe Ge3bIHEPUHOHHOCTH IBHXKEHHS pas-
MEpHOCTH NpPOHHLAEMOCTH, HABJEHHS H BA3KOCTH MOTYT OHIThb BbIOpaHHI
HE3aBHCHMO, NpH OJHOM JIMIWIb YCJOBHM [Ro] [p][p]—! = L2T—}; mo Toit
JKe NpPHYHHE MOXKHO CYMTaTh, YTO pasMepHOCTh Macchl M He cCBf3aHa
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C pa3MepHOCTbIO JABJIEHHS HJHM BSI3KOCTH.
Orciona caenyer
PRy Py — 1)

g=a?20, (111.93)

rae o — Ge3apasMmepHasl NOCTOSIHHAsl, XapakTepH3yioulas TeoMeTPHIO Cpe-
nbt. Coornotuenye (111.93) nomxkno GeiTh yTOYHEHO B cJy4dae, €C/H IIOT-
HOCTb KHMAKOCTH p M BfI3KOCTb €€ {1 3aBHCAT OT JaBJICHHS.

Hanpumép, npu GHJIbTpaluH TePMOJAMHAMHUECKHM HAEaNbHOrO rasa
ameeM

k
212020 (p2 f), (I11.94)
T/le po — AaBJeHHe, OTBedamllee MJIOTHOCTH pg.

TpemwuHHas MOPHCTOCTb m; OOGBLIYHO Maaa, ¥ e B GOMbIIHHCTBE
cyuaeB MOXHO IpeHe6peyb, €CaH Cpefa TPelUMHOBATO-NopHcTast (HO
He YHCTO TpeumHOBaTaﬂ), a MOPHCTOCTh GJIOKOB Mo CUMTATh (QYHKUHEH
oboux naBAeHHH p; U po. OrpaHHuYMBasCH JHHEHHBIM NPHOIHKEHHEM,

HMeeM COOTHOLICHHe
om, dp =
= mzo(&m B “’) (111.95)

rae BeauyuHbl fo1, Bg2 M M29 MOKHO CUHTATH MOCTOSHHBLIMH.
H3MeneHHe MOPHUCTOCTH m, KaK OGBIYHO, CJENyeT YUYHTHIBATH JIHLIb
B TeX BBHIPaXeHHNX, rae ona aubdepenunpyercs. Kpome roro, no-
CKOJIbKY m BXOAHT B YPaBHEHHS TOJBbKO B IPOH3BEAECHHH C [IOTHOCTHIO
0, H3MEeHEeHHs TIOPHUCTOCTH CYLIECTBEHHBl JIHIIB B CJaydae caabo-
CKHMaeMo# (KanejibHOH) XHAKOCTH; OpH GUAbTPALHH rasa HMH
MOXHO npeHeGpeyb. OrpaHHYMBAsCh C/yYaeM KamleJdbHOH KHAKOCTH,

HMeeM
p=poll =+ B4 (p — po)l, (111.96)

rAe p = pi1, P2— B 3aBHCHMOCTH OT TOTO, paccMaTpHBaeTcsi XKHIAKOCTb
B TpellHHAX WM B OJOKax.

[ToxcraBnas ewipaxkenus (111.90), (I11.95) u (I11.96) B (I11.91) n
(111.92) u noaaras m; =0, umeeM CHCTeMY YpaBHeHHIH

o8 () _arn_

op dp apoky pg—p
Mopo [—3216—,‘+(322+@*)—672]+ ‘1’22 29 L—0. (111.97)

Yame Bcero paccMarpuBaercsi c/ayuyail, KOrja Cpejla OJHOPOAHA H
H30TPONHA, TaK 4YTO [POHHIAEMOCTb BhIpaxkaercs LIapOBEIM TE€H30POM
ki = ki8y. Tlpn stoM cucrema (I11.97) npuHuMaeT mpocToil BHA:
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9py 9p, 2
s —ba —AWp2—p) =0, xpi—A(p2—p1) = 0, (I11.98)
rae
ak kE ﬁ
A= ot = 1 T S
Pl it " i ntt) | Fmth
U3 cucrembr (I11.98) mMokHO MCKJ/IOYHTB ofHO M3 aaBienuil. Omnpe-

ZeJIUB M3 BTOPOTO YpABHEHHS] Pz M MOACTABUB MOJYYEHHOE 3HAYEHHE
B NlepBOe YypaBHEeHHe, HMeeM

apl 0V2p1 o 2. . . x _ kll2
A = l_ﬁv P M= A(—F)  ak, (T—8) - (111.99)

B npemene npu m—0, 4TO COOTBETCTBYeT GecHpeNATCTBEHHOMY
o6MeHy XHAKOCTbIO MeXAy OJOKaMH H TPEUIHHAMH, ypaBHeHHE
(I11.99) nepexonuT B OOBIYHOE ypaBHEHHE YNPYTOro PeXHMa C KO3(-
¢unneHToM nbesonpoBoiHocTH x/(1—f). Herpyano Buuers, uro
5TOT K03(pHLUKEHT Mbe30NPOBOJHOCTH OTBEYAET NPOHHIAEMOCTH CH-
CTEMBI TPELIHH H MOPHCTOCTH H CKHMaeMmoCcTH OJIOKOB.

Oco6eHHOCTH MNOCTAHOBKH 3ajau QHIbTpPAILHH
B TPEUHHOBATO-NOPHCTHX cpepnax. YpaBHenue (II11.99)
u cucrema (II1.98) o6napgalor pspgom ocobeHHOCTell, KOTOphie Ha
NepBbIA B34 KaXKyTCS HeOOLIYHBIMH H NPHYHHA KOTOPHIX JIEXKHT B
BLIPOXKAEHHOM XapakTepe paccMaTpHBaeMOH CHCTeMbl, OTHOcsIUeHcs
K cpelle ¢ npeHe6pexXHUMO MaJbIMH TPELIHHHOH MOPHCTOCTBIO H NPO-
HHL@eMOCTbl0 GJIOKOB. B CBfI3H ¢ 3THM INpeJCTaBJAeT HHTepec HccJe-
JlOBaHHEe CBOHCTB pelleHHH 3TOH CHCTEMBI.

3ameTuM, yTo ypaBHeHHIO Buja (I11.99) ynoeaersopsieT He TOJBKO
LaBJeHHe p;, HO H JaBlEeHHE P2 M, CJeJOBaTeJbHO, Jwbass HX JHHEH-
Hasl KoMmOuHauusi. UTo6bl yGenuTbcsi B 3TOM, JOCTaTOYHO BTOpPOE Ypas-
Henue (II11.99) ymuoxute Ha B/A u npoxutdepeHnHpoBath No ¢, a 3aTeM
npuGaBHTb K HCXONHOMY ypaBHeHuwo. [Tocie sToro us cucremst (111.98)
JIETKO HCKJIOYaeTcss py. DTO NOKasbiBaeT, YTO OOOHM AaBJIEHHSM H JIO-
6o MX KOMGHHALUMH [OPHCYIUIH Te CBOMCTBA, KOTODHIMH JOMKHO OOna-
naTh mo6oe peweHue ypasHeHus1 (111.99). Bmecte ¢ TeM, KaK HETPYAHO
y6enuTbesi, He BCe 3TH JIMHEHHBIE KOMOMHALMH paBHoONpaBHH. Cpenu
HHX €CTb OJIHa, a HMMEHHO p = p,— Bp;, KOTopas JO/KHa ObITh Hemlpe-
PHIBHOH 110 BpeMeHH B 3aMKHYTOH o0JacTH OHpefesIeHHs pelLIeHusd,
BRJIoyast W rpanuuny ! = 0. [leficTBYTesqbHO, NYCTh HajO HAHTH orpa-
HHYEeHHOe pelueHHe cHCTeMb!l ypasHenuit (I111.98) B mpocTpaHCTBEeHHOH
obnacth D npu 0 <¢{<T; s3amaHsl HauajbHble pacnpeieseHus AaB-
Jgennft py u ps. Hurerpupys nepsoe ypasHenne (II1.98) no maio-
My npomexyTky BpeMeHH O <f<e H ycTpemass e K HyJawo, Ha-
XOIHM

lirglp x H=px 0).
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IpexctaBuM Tenepb BTOpoe ypaBHeHWe cucrembl (I11.68) B BHpe:
—Ap+ (1—B) Ap1 +xV?p1 = 0.

Ecau BHIGHpaTh JOCTATOYHO Manble MOMEHTHl BpeMeHH, TO INepBbli
YjieH 3TOTO BHIpaXKeHHs GyjaeT CTPeMHTLCA K CBoeMy HayajJbHOMY 3Ha-
yeguio p (x, 0). CaegoBarejibHO, K TaKOMY XKe 3HaYeHHIO ¢ OOpaTHBIM
3HakoM OyIeT CTPeMHMTbCS M CyMMa JABYX APYrHx useHos. [loaromy
Iasi TOro, 4ro6bl jaBjeHHe p; (¥, ¢) GbIO HenpepblBHBLIM npu ! — 0, He-
06x04HM0, uTOGB HayasjbHOe pacnpejeaeHue pj(x, 0) ynoBJIETBOPANO
ypaBHE HHIO

221+ (1 —=B)Ap: = Ap(x, 0) (111.100)

OpH COOTBETCTBYIOIINX TPAaHHYHBIX YCJAOBHAX. B NpoTHBHOM caydae
JaBjeHue pp(x, {) B TpewuHax npu ¢==0 cKkauykoo6pasHO H3MeHseTCs
B COOTBeTcTBHH ¢ ypaBHeHHeM (II1.98). Ecsm § =+ 0 u nostoMy p #+ pa,
NpPOHCXONHT TaKXe H MrHOBEHHOe lepepacnpejesieHHe JaBjeHHss B IIO-
pax ps NpH HEHU3MEHHOM p. ITO HMeeT NpOCcToH (GU3HIeCKHH CMBIC.
HsmeneHue jaBneHHH p; U pg; BHI3BHIBAET H3MEHEHHE MacChl XKHIKOCTH,
3anoNHSAIIOIeH NMOpHCThle GJIOKH, YTO NMPHBOAHT K HEepeTOKY HEeKOTOPOro
KOJIHUECTBA JKHAKOCTH H3 OJIOKOB B TpPEUIMHB Hiu o6partHo. Ecau u3-
MeHEeHUe MacChl JKHIKOCTH KOHeuHO (He 6eCKOHeuHO MaJjo), OoHO TpebyeT
KOHEYHOrO BpeMeHH, TaK KaK NPOHCXOXMT IIOJ JeHCTBHEM OrpaHHYeH-
HBIX CHJ1 JaBJIEHHSI, KOTOPble He MOTYT BHI3BaThb OECKOHEYHO GOMBLIHX
CKOPOCTeH NepeToKa. DTO NOKa3blBaeT, YTO MTHOBEHHOE H3MEHeHHe Mac-
Cbl, 3aKJIOYEHHOH B O/J0OKaX KHIKOCTH, HEBO3MOXHO, a CJEA0BATENbHO,
HEBO3MOXXHO H MrHOBEHHOe H3MeHEHHe IIPHBEJIEHHOTO JaBJIeHUs p =
= ps— Bp1, OXHO3HAUHO CBSA3AHHOTO C 3TOoH Maccofi. Eciam ke pi H po
OJIHOBPEMEHHO H3MEHSIIOTCSI CKAYKOM TaKHM 00pa3oM, YTO NpPHBEJEHHOE
JaBJleHHEe p He MEeHSIeTCsl, TO MepeMelleHHs! XKH/KOCTH He [POUCXOAHT
H TAaKOE€ COLJIACOBAHHOE MTHOBEHHOE H3MEHEHHe JaBJEHHH BO3MOXKHO.
Ecau ydecTb Takxke cOOCTBEHHBIHi OOTLeM TpEIlHH, TO MOSBHTCH TaKkKe
W Jpyras He3aBHCHMas KOMOMHAUMSl 1aBJeHHH p’, omnpemesiomas H3-
MeHeHHe 3(dekTUBHOrO ofbeMa TpeIlHH; AABJEHHS Py H Py OKAKYTCA
HenpepblBHBIMY NpH { = 0, H HeoOxonuMmo GYJeT 3ajaBaTh HX HaydaJb-
Hble 3HAYEeHHST OTAEJBHO.

Jpyras ocobennoctp cHcreMbl (I11.98) sakniouaercs B Tom, urto
B Hell MCKJIUEH 3a MaJoCTbl0 NOTOK XKHAKOCTH HelOCPeICTBEHHO
no mnopuctbiM GjokaM. [losTomy BhIpaBHHBAaHHE DPa3HOCTH NOPOBBIX
AaBJE€HHH MeXJy IABYMSl COCEJHHMH TOYKAMH Cpelbl MOXKET IIPOHC-
XONHTh JIMIIb MOCPEJCTBOM OOMEHA XKHAKOCTBIO MEXIy OJOKaMH H
TPeUlMHAMH M TMepeMelieHHs ee IO TpellMHam. B pesyabrate B Tpe-
IHHOBATO-MOPUCTOH Cpelle, oOnuchHiBaeMoH ypasHeHusimu (I111.98),
MOTYT CYWIECTBOBATh Pa3pbiBbl HEMPEPHIBHOCTH (CKAYKH) MOPOBOro
NaBJieHHsl, KOTOPble He HCYe3al0T MTHOBEHHO (KaK IPH YNpyroMm pe-
KHMMe), a 3aTyxaloT BO BPEMEHH IO S3KCIOHEHIHANbHOMY 3aKOHY.
Urol6b y6eanThcsi B 3TOM, YCTAHOBHM YCJIOBHSI HA CKauyKax JJIs pelle-
Huit cucremn (I11.98).

PacCMOTpuM H30NIMPOBaHHYIO MOBEPXHOCTh pa3pbiBa L. Ilpu BhiBOZE
N (6:350 H% CKayKaxX ee MOXKHO CYHTaThb NJIOCKOH H NPHHSTHL 33 IIOC-
Kocte x =90.
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IMpounrerpupyem Bropoe ypaBHenue (111.98) no x B mnpemenax or
—e¢ 710 e. B cuwily OTrpaHHYEHHOCTH p2, P1, 0°p1/0y® u 0°py/02® npu
e - 0 umeem

o
ox

A %y %p
:S [T(pQ—-pl)——E?——ay—?' dx-—> O.

—e —E

Takum o6paszoMm, nmpousBopHas Op;/Ox, a BMecTe C Heil H caMO JaB-
JIeHHe B TpelMHaX p; HeNpephiBHBI Ha IOBEPXHOCTH X.

3anumeM Teneps neppoe ypasHeHne cHcrembl (I111.98) pns Touek
BMepeIH NMOBEPXHOCTH pasphiBa (x = +0) H g TOYeK 3a 3TOH MoBepX-

HOCTbIO (x = —0), 0603Hayasi COOTBETCTBYIOLIHE 3HAYE€HHsl 3HAKaMH -
M —, H BbIUTeM II0JyYeHHbE YpaBHeHHS Apyr H3 apyra. Hmeem
d(pf —ry) L 9(F—0ri) ST
) g (ot — ) — (o7 —pD)1 =0,

ITo poxasanHoMmy, [pi1] = pi"—pT = (, TaKk yTO AJad CKadkKa JaBJje-
HHA [p] = p3 — pz HMeeM

0[p2l/ot+ Alp2] = 0. (T111.101)

Takum o6pa3oM, CKAayKH NOPOBOrO JaBJEHHA pz JOMKHBL YHOBJET-
BopsATb ypaBHenuto (I11.101) wnu nmocse unTerpupoBaHHs

[p2] = [p2]o exp (—AD). (111.102)

3pnech uepes [p:]o 0GO3HAYEH HayasbHBI CKayoK B MOMeHT f=10.
Jlonyctum Tenepb, uTO BGJIH3H MOBepXHOCTH L’ (ABAsIOIIEHCS HJIM He
SIBJSIOIEHCS] [IOBEPXHOCTHIO pPa3phiBa JABJEHHS p2) MPOM3BOAHAsA Op1/dx
HenpephiBHa. Torga nepsoe ypasuenue cucrembl (I11.98) moxuo BHe
NOoBEpXHOCTH L’ (IpHHMMaeMOH 3a maIockocTh x = 0) npoauddepeHun-
poBaThb MO X, NOJYYHB NpH 3TOM
d (9ps 9py
67(6—)‘)—{-/167:0. (I11.103)

IIpuMeHsss K 3TOMY ypaBHEHMIO Te Ke pacCyXKIeHHs, YTO H BHILIe,
H HCNOJABb3Ysl HENPephIBHOCTh NPOH3BONHOH Opi/0x Ha IOBEPXHOCTH L',
HOJYHIHM

a [9po dp ap op
Et_[g]JrA[a_j]:o, %] - (22) exp(—an.  (1L104)

OrMmeuennsie ocob6enHoctu pewenuit ypasuenus (I1I11.99) u cucre-
mpt (I11.98) mopoxpalorT cooTBercTByMOLIHE OCOGEHHOCTH B NMOCTaHOB-
Ke FPAHHYHBIX H Ha4YaJbHHX yCJOBHH, KOTOPbLIM AOJXKHH yAOBJETBO-
PATb 3TH pelUeHwus.

ITpexpe Bcero, kak yxke GHIJIO CKA3aHO, Hejb3sl TPEGOBATH, YTOGHI
IIpY cTpeMJeHuu ! K Hymo o6a jaBjeHusi (B Nnopax M Tpel[WHAX) NpH-
HHUMaJIH 3ap aHee 3ajaHHele 3Havenus p (0, x, y, 2); p2(0, x, y, 2).
O6s3atensk0 coGMIOJEHHE YCJIOBHS HelnpepblBHOCTH NPHBEJEHHOTO JaB-
JeHus # = P2— Bp1, TOrJla JaBjleHHe B TPEIIHHAX p) Olpenessercs H3
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ypasdenust (I11.100) u Moxker okasaTkcsi paspeiBHEIM. TakuM o6pasom,
Haya/IbHOE ycaoBHe OyZeT HMeTb BHA:

p©, x, 4, 2)=p20, x, 4, 2)—Bp1 0, x, ¥, 2) = [ (x, y, 2). (II1.105)

B cBop ouepenab, NpPH CTPeMJIEHHH K FpaHHLe 06aacT JHUIL J1aB-
JIeHHe B TPellMHaX p; A0JAKHO OBITb HENPEPHIBHO BMECTE CO CBOHMH
IPOU3BOAHBIMH.

JuHaMHUeCKHe TNpPOLECCH B OKPECTHOCTH CKBa-
K HHB., XOTS ypaBHeHust HeCTalMOHapHOH (UJbTPANHH B TPELIHHO-
BATO-NOPHCTOM IJIaCTe H CJIOXHee YpaBHEHHH Ibe30HPOBOLHOCTH,
Gyayuu JHHEHHBIMH, OHH JONYCKAIOT NMOJHOE HCC/AeIOBAaHHE CTaHJAPT-
HbiMH MeTonaMu. Ilpocienum creuuguKy nepexojHBIX NPOLECCOB B
TPELIHHOBATO-NIOPHCTOH cpelle Ha TPUMepe TeueHHsI BOIH3H CKBaXKUHEL.

PaccMoTpuM ocecHMMeTpHYHyI0 3a1ady, IpeArnosaras, dTo B IJacT,
HaxXOoAsAIHUNCH NPH NMOCTOSTHHOM [AaBJEeHHH Po=0, HaUHHAETCH 3aKauka
JKHIKOCTH ¢ pacxoaom @ uepe3s CKBaxHHy mnpeHe6pexHMO MaJjoro
paauyca.

B uMAMHApHYECKHX KOOPAMHATax paccMaTpuBaemasi 3ajaya CBO-
IUTCSl K PEleHHI0 ypaBHeHHS

Opy a1 9 9n 1 o[ 9n
St - o (r5) (IT1.106)
NpH YCJIOBHAX
0

PON=0 pit, ) =0; 1 %) =—550— 0. qumon

AJra 3ajava chopMyaupoBaHa ANA JAaBJeHHs B TpeUIMHAX pi; MNpH
KeNaHHH ee MOXKHO C(OPMYJNHPOBATb IJS IaBJEHHSI B [OPHCTHIX 6JI0-
Kax ps. Torpa kpaeBoe ycioBue npu r =0 npuMer BHA:

Ops 6p2)
(rﬁ)r o‘*"“@t( o Py

OcranbHble YCJIOBHS M OCHOBHOE ypaBHEHHE OCTaHyTCs 6e3 H3MeHeHHS.
Ilpumensas x coorHowenusM (I11.106) — (I11.107) npeo6pasoBanue
Jlannaca, nonyyaem

1 d [ dp - dp -
T&T(’#)'——ximpl =0, (fd—,l>r=0=—p*, pi (o) =0. (II1.108)

Stum YCJOBHAM YNOBJIETBODSAET peEIIEHHE

- - 1
P =p‘K0 (V-_'i‘;; r), (III.IOg)
rae Ko —dynkuus Maknonaneaa, Tak yto no ¢opmyse obpalueHus
npH p, = const (IycK ¢ IOCTOSIHHBIM 1eGHTOM)
¢+l
=55 | koY mr)ee (I11.110)
piid, Y s N0 % - an )
c—liw
3r1oT MHTErpan MoxeT ObIThb CBeleH K HHTErpaly NoO BellecTBEHHOH
nepemeHHO#. [IpoaHanu3HpyeM JIHLIBL ACHMNTOTHKY [OJYYEHHOIO pelle-
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HHS TIPH MaNBIX, 3HAYEHHAX napamerpa p = 2—'r/}/ xf. TIpencraBum Bbi-
paxeHue (I11.110) B Buge:
i

=gt [ koY )t L1101
pilt, ) =g — Ko\ V )@ (ILL.111)
C—liloo
ITpu y/xf K 1 paccMaTpuBaemoe BhIpaxK€HHE NEPEXOIHT B H3BECTHYIO
dopmyay Teopun ynpyroro pexuma (cM. § 4 ra. I1I). Ecan xe 7/xf > 1,
TO aprymedt ¢yHkuuM MakJoHa/bja paBHOMEDHO MaJ, TaK YTO JJs Hee
MOXXHO BOCIIOJIb30BaThCsl TPUOMIHKEHHBIM TpeCTaBIeHHEM

Ko@) = —(C+1n 5} +o(1).
B pesyabrate noayuaem

o, r)=—p JCH+In @V, rit)y"'2& L, wtig 1. (I111.112)

Cumbicn cootnowennss (II1.112) npoct: oHO o3Hauaer, yro ecau
XapakTepHOe BpeMsl TPeLIHHOBATO-NOPUCTON cpensl 6=mn/% He cauw-
KOM MaJjo, CYIIECTBYeT NPOMEXYTOUYHBI KBa3HCTAUMOHApHBIA pe-
JKHM, KOTJa XXHIKOCTh, MOCTYNAlollasi U3 CKBaXXHUHBl, MNOMVIOLIAETCH
6anxalmnMu K Helt 6Jokamu. JlMwp TOrjia, Koria AaBjeHHe B 0J0-
Kax B OKDECTHOCTH CKBaXKHHbl CpaBHSETCS C [aBJeHHeM B TpellH-
Hax (T. e. IO UCTeYeHUU BpeMeHH ~ U), HauuHaeT cKa3biBaThCA oOMeH
JKHAKOCTBIO € 6oJjiee OTJaJIEHHBIMU VHaCTKaMy M1acra.

Otmerum eme oaHo obcrosarensctBo. CootHolueHne (II1.112)
HOKa3blBa€T, YTO CYILECTBYeT HEKOTOPHIH MNPOMEXKYTOK BpeMeHH
r?/x «t<«8, Ha TPOTAKEHHH KOTOPOro AaBJeHHe B CKBAXKHHE He Me-
usiercs. Ecau BpeMmeneMm r?/x MoOxHO npedebGpeub (0OGBIYHO 3TO COThIE
JnoaHn cekyHAn u MeHee), To H3 (III.112) caeayer, yuto npu cxauko-
o6pa3HOM n3MeHeHHU Ne6GHTa CKBaXKHHBl JaBJeHHe B Helf H3MeHseTcH
CKaYKOM, a 3aTEM COXpaHser NOCTOSHHOe 3HaueHHe Ha MNPOTSKEHHH
BpemeHH ~ 0. DTo nelicTBHTENBHO HalbuiojaeTcss Ha NpaKTHKe H Mo-
KeT OBITb MHCIIOIb30BAHO [JISl OLEHKH XapaKTepHoro BpemeHH 0.
Honyctum Tenepsb, uTO JeOHT CKBaXXKHHBI H3MEHSeTCs MNepPHOJHYECKH
[0 TapMOHHYECKOMY 3aKOHY, TaK UTO

p. = Peit. (11.113)

Torpa B niacte co BpeMeHeM YCTAHOBHTCA IME€pHOAHYECKOe pacmpe-
JeJleHue JaBJeHuH

p(r, £) = P (r) et} (I11.114)

rae P (r) — koMnjekcHast aMOJHTyaa KojeGaHuil naejenusi. Boipaxenue
I/ Hee MOXHO Noayuutb sau6o u3 sapnauu (I111.106) — (I11.107), nu6o
N0 H3BECTHHIM MpPaBHJIaM ONEpalHOHHOTO HCUHCJAEHHS.

B pesyabraTe noJyuum

P() _ i o
?‘;—K"(VW’VT)' (I11.115)
onaﬂanuaupyem 3TO BhIpaXK€HHe INpH MaJelX U OOJBLIHX 3Haue-
ugx r =r (o/x)!/2. Ecau (Hanpumep, Korja H3MepeHHs IIPOH3BOASTCH
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HEeNmoCpeACTBEHHO B CKBaXHHe) r < 1, TO MOXHO BOCNOJNb30BAaThCH W3-
BeCTHOH aCHMIITOTHKOH

Ko(2) = — (C +1nz/2) 40 (2.
[onaras snech z = (i/(1 4 iy)"/?r, moayuum
P(n

r (/)2 i(m o7
Pl =—Ct I +-2—(-2——arctg7). (I11.116)

Ecan
r& (o), o> 1, {rx 1o L8, 2 y),
TO
P(r)/P, = —C + In (2~ 1ry—1/2). (I11.117)

Kone6GaHust JaBJeHHS B OKPECTHOCTH CKBaX{HHBI MPOHCXONAT CHH-
XpOHHO ¢ KosjeGaHMAMHU 1e6uTa, NpuyeM TaKUM o0pa3oM, Kak ecsH Obl
MBI HMeJNH KBa3HCTAUHOHAPHYIO (QHABTPALUIO B IJacTe paiuyca

R = 2eCy1/2 = 3,564/ (I11.118)
Ilpn ¢uKCHPOBAHHOH aMIJIHTyAe KoJeOanuil jne6uTa aMNIHTYAA KO-
NneGaHHiH JaBJeHHS He 3aBHCHT OT yacTOThl. Ecau wb & 1, r £ V %/w, TO

P (r) = —C + In[r (v/x)"%2] + 1/4in (I11.119)
H BO3HHKaeT cIBUr (a3, paBHBIH

2 2 —\ 1/2
# (o) = arctg o T i1 P o)1/ = (G 10 V)"

Takas acHMNTOTHKa COOTBETCTBYeT OOBIUHOMY YIPYTOMY peXHMY;
aMnIuTyAa KoseGaHHH 1aBJeHHs Makaet ¢ POCTOM YacTOTHl. TakuM
o6pa3oM, C POCTOM HaCTOTHl aMILIHTyAa KoJjebGaHWHA maBieHus Hajaer,
a cABur (a3 Bo3pacTaer INpHMepHO 10 w~=x/n=1/0, 3aTeM casur
¢a3 HayHHaeT najaTh, a aMIJHTYyHa KoJeGaHHU HaBJEHHS OCTAETCA
HOCTOSTHHOH. DTO OOCTOSITETbCTBO MOXKeT OBbITh MCNOJB30BAHO IJIS1
OLlEHKH XapaKTepHOTO BpeMeHH 0§ TpEIHHOBATO-NOPHCTOrO IJacTa
o HabJuioAeHHAM KoJieOaHMi AaBJeHHs NDH NEePHOAHYECKOM BO30YXK-
JIEHHH CKBa’KHHBI.

JIBHXeHHe B CJOHCTBIX NJaaCTaX. bauskue no xapaxrepy
3aJlayd BO3HHUKAIOT MNMPH HCCAEJOBAHHH (UABTPAUMH B  CJIOHCTBHIX
nnacrax. Hanpumep, ecnin gBHKeHHe NPOHCXOAHT B ABYX .JeXKal(HX
Apyr Hang Apyrom Ilacrax, OT/eJIeHHBIX ¢Ja0OmpOHHIaeMON Iepe-
MBIYKOH, TO HAaBJeHHE B Ka’K/IOM M3 HHX cJelyeT YpaBHEHHIO YHpyro-
ro pexH™ma, B NpaByI0 4aCTh KOTOPOTO BXOJHT HHTEHCHBHOCTb Ilepe-
TOKa MEXJy IJacTaMH. DTy HHTEHCHBHOCTb B GOJBIUHHCTBE CJydYaes
MOJKHO CYHTaTh IPONOPIHOHAJILHOA Pa3HOCTH AABJEHHH B COOTBETCT-
BEHHBIX TOYKax muacToB. CXOACTBO BO3HHKalOWled 3ajJaud C 3ajauel
¢duIbTPalMK B «ABOAHOA» NOPHCTOH Cpelle OUEBHAHO.

M3 Bcero pazHoo6pa3us 3aad 3TOTO HHKJA MBE pACCMOTPHM 3JeCh
JUllb OJHY — 3ajlauy 00 HCTOMIeHHH MJacTa, rpaHHYALIEro ¢ MJIACTOM
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6osbLIOf  MOIMHOCTH, HO  MaJgofl 7777077777 77777777797777
nponnnaeMoctd. OHa npexpcraBasier
60JIbIIOH HHTEpPEeC B CBA3H C OLEHKOM
3amacoB HEYTH H rasa HEKOTOPBIX
MECTOPOXKAEeHHH. — '

[Tpeanonoxum, yro o6nacts $HapT- e Iy
pauuH HMeeT BHI, NpPUBENEHHBIH Ha =0 et
pHuC. 35. IIOHyCTHM, Hro n'naCTqul H PHC. 35. Cxema CTIOHCTO-HeOA HOpOA™
Il cnoxenbl NOpoNaMu ONHHAKOBOM MO~ yoro naacra.

PHCTOCTH, HO CYIIECTBEHHO DA3VIHYHOH  Cuom: 7 — mwcokonponmuaemmits [1 —
IPDOHULIAEMOCTH, TaK 4YTo kh > kH, manonpornuaemwmit
xotss H > h.

Bynem paccmaTpHBaTh HCTOUEHHE CHCTEMBI, MpeANONarasi, 4To BHa-
Hajse OHa HaxOjAWJach Moj naejenneM Py, a ¢ MoMmeHTa f = 0 Hayu-
HaeTcst oT6Op JKMAKOCTH Yepes HHXHHMI IUIACT B ceueHHH X = (), NpuueM
IaBJieHHe Ha BCeH JIHHMM X = ( OAMHAKOBO, a OT6Op MKHAKOCTH Q co-
Xpansercs NOCTOAHHbIM. CHCTeMa cunTaeTcst 3aMKHYTOH, T.e. IpaHHIbI
AB, BC u CD nenponuuaemer. Ilpu sToM 3ajaua CBOJHTCH K pelueHHIo
COBOKYITHOCTH YpaBHE HHH

dp (0% 9%
a—t———x(p-!—c?) (—h <y <0),

-]

ANNNNNNNNNNY

|
bk, 0

Y

ARVERARRRRRNNT

o

p % , 0%
y_xl(anL@) O<y<H 0<x<L) (ILI121)

IpH yCJI0BHAX

dp Op
Yoy ly=—to0™ (k (_?;)y=_0’ Ply=to=p ly——0 (111.122)
0
ap(0, 4. 1) dp _op 3
T oy =0, k_ghax x=ody_Q’ 5}L=0—0: y>0. (I11.123)

IIpu clenaHHBIX NPEANONOXKEHUSX (TOHKOM HUMKHEM M C1abonpOHH-
UaeMoM BEpXHEM IJIACTaX) NOCTAHOBKY 3a/layd MOXKHO YIPOCTHTb.

3ameTHM, UYTO B CHJY DABEHCTBA IPAaHHYHBIX 3HAYCHMIT JaBJeHus
B 060MX TuiacTax NpH y= 0 NpPOM3BOAHEIE IO X OT JABACHMS B 5THX
f1acTax — OLHOTO NOPSKa, a CJIeN0BATeJbHO, CKOPOCTh (HJIBTPALHH
B HalpaBJeHHH OCH X B BeDXHEM ILISCTE MpeHeGpPeRUMO Mana (Mo ycmo-
BHIO kiH < kh). Bmecte ¢ TeM cKopocTH GUABTpaUHH B HaNpaBJeHHH
OCH y COBNAAalOT NpH y = 0, 4TO MOXKeT GHITH TOJBKO B CJyuae, eciu
H3MEHCHHE [IaBJIEHHSA B HaNlpaRJEHHW 3TOH OCH B BepXHEM ILnacTe mpo-
HCXOAHT ObICTpee, 4eM B HuxueM. Otciona ciegyer, yTo

02p/dy? > 02p/dx?, y>0.
Ioatomy BTOopoe ypasaenme cucremnr (I11.121) MOXHO 3amucaTs B BHJE:
Op/dt = x,0%p/dy2, y > 0. (I11.124)
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IlepBoe ypaBHeHHe, OTHoCsIeecst K HHXKHEMY IJIACTY, MOXKHO OCpen-
HHUTbL IO MOILIHOCTH. MMeem

op 3’ | x (0p a’p | wky (Op
—67‘ - XEXT + h (@)y=—0 - xaxQ + hk (ay)y=+0,
0
P=—§ pdy. (111.125)
=n

Haxkoneil, 3aMeHHM YCJIOBHE ply—t0 =p|y=—0 HA ply=4o= P. Co-
BepliaeMasi Npu 3TOM OWKOKA Maja NpPH MaJoH TOMIIHHE A HHXKHero
njacta. B pesysbpTare BO3HHKaeT caelykllasi yNpCILEHHass 3ajaya:

Op/0t = x10%p/0y* (p=p (x, y, 1), y>0),

oP a?p | xRy (op

oP _ O°P | Ry (dp _p |

or = " 52 T hE (ay)y= +o [P = Px 1) (111.126)
px, 4, 0)=P(x,0)=Po, p(x,0,)=P(x, 1), (IILI127)
ap o kwoPp I
Oy ly=H 0, & Ox =0 Q = const, o ey =V (I11.128)

Pelnexue 3TOH 3aja4u JIerkKO MOJIYYHUTb ONEDPALHOHHBIM METOAOM.
He npuBonist ero nmosHOCTEIO, BhINMILIEM (GOpPMYJY AT M300paXKeHHs OT
naBJieHust Ha ranepee po = P (0, f).

Unmeem

- Py gethLt s K K3 a\1/?
po= L0 gclh ,c=[T+EV;;th(HVX~I)] . (1L129)

Otciofa JIeTKO MOJYYHTh HECKOJBKO IPOCTHIX BHIPaXKeHHi, oTBeda-
IOIHX Pa3JMYHBEIM BpeMeHaM ¢ MOMEHTa IyCKa rasiepe.

[lycth npexne Bcero BpeMst ¢ HaAcTOJNBKO MaJo, YTO BO3MYLIEHHe,
BO3HHKaICIlee Ha rajepee, He ACCTHIJIO HeNPCHMIAEMBIX I'PAHKIL CHCTe-
Mel; f & L% & H¥xy. Tpu stom B (111.129) MoxkHO orpaHnYHTBCS
acHMNTOTHKOH ¢ 3> xL—2>> A2, Jlna Takux 3HaueHuH ¢ rumepGo.u-
yeCKHe TAHTEHC M KOTAHTEHC MOXKHO 3aMeHHTh HX NpeleJbHEIMH 3Ha-
YEHHSIMH NPH ¢ — 0o, DaBHbIMU E€JHHHLE.

YuuTbiBasi, 4TO B JaHHOM cayudae Ryx/kh Vox € 1, nmeem

Py V> kix —\—=l2 p
~_ 0_g¥™ - 3 ~_9__
Po= =" <c+kh l/‘x.l> ™~ q

1y k%
L I ol
i (1 - V°T.+”'>’ (111.130)

CJIe10BATEJIbHO,

-, —
po(t)=Po+2l/%q+£‘/;—lqt+ oo (1IL131)
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Takum o6pasoM, Ha mMepBOil CTaguM ABHXKEHHS BJIHSHHE BepXHEro
C1aGoONpPOHHIAEMOT0 NJacTa CKasblBaeTcsl JHIUL B ROOaBJIEHHH MaJbiX
Y/IeHOB, NOPSAAKA ¢{!/2 N0 CpaBHEHHIO C TJIABHBIMH.

AHasornyHbBIM c6pa3oM sl NPOMEXYTOUHOro JAHana3oHa BpeMeH,
L2y Lt K H2%y w3 (111.129) nosnyuaem

_ PO gx ( klx 'E‘)—I
b

P=5 "1\ ¥V
po(f) = Po—xtq/L ..., (ki(xt)V2kh & 1), (111.132)
9%kh fx, v k2h?
po(t) = Py _z—"[;k—l ] - —W] (k1(x)\2kR > 1). (111.133)

IlepBoe u3 Buipaxkennit (I11.133) oTBeuaeT nBHXKeHHIO B BEICOKOIDO-
HHULAeMOM MJjiacTe B IpeHeOperkeHHH NPHTOKOM H3 MaJsoNpPOHHLIAEMOro;
COrJIaCHO BTODOMY H3MEeHEeHHe JaBJEeHHS ONpeJjessieTcss B OCHOBHOM
IPHTOKOM H3 BepxHero njacra. Hakowew, npu eme 6GoJbluuX BpeMe-
Hax, {>» H?/x;, HaunHaercs BTOpas (pa3a GpUALTpPAILHH B BepXHEM IL1ac-
Te (HCTOLICHHE BepXHEero IJacra).

IIpn srom

el (’"" '"‘H)_l. (111.134)

Po(t)=P0—-L— —K-+—K—l~

Takum oOpasoM, /i JBYCJOHHOTO IJacTa pPacCMaTPHBAEMOro
BH/[a OTYETJIMBO BBLAEJSIOTCS JBAa NepHOAa JIBHXKEHHS NPH IKCIJyaTa-
MY Ha HcTolleHHe, Ha npoTsxkeHHH mnepsBoro nepHona HCTOLIAETCH
MepBHl mJacT, a JABHXKEHHe B MaJIONPOHHIAeMOM BepXHeM NJacTe
He3HAYUTEeJbHO, Ha BTOPO# CTaAHH HMXKHHH NJacT NPAKTHYECKH ITOJ-
HOCTbIO HMCTOIIEH, H TIPOUCXOAHT HCTOLIEHHe BEPXHEro mjiacra.

Ecan N0 JaHHBIM O NajeHHu JaBJeHHS N0 Mepe or6opa Ha nepBoOH
CTajuu MOACYHTATbL 3alachl JKHAKOCTH HJH rasa B IIJIaCTe, TO TOJIYYHM
JUIIb 3anackl B HHXHeM nuacte Vo= mhbL, 4T0 3HAYHTENLHO MEHbILE
UCTHHHBIX 3anacoB V = (mh - mH)bL. 210 06CTOATENBCTBO OKashl-
BaeTCsl CYMIECTBEHHLIM IS psAjia MeCTOPOXICHHH.



IJTABA JABYXPA3HAA

®UJIbTPALLHUA
4 U TEOPUA BbLITECHEHHKSA
HE®THU BOAOH

§ 1. OcHoBHbIE NpeACTaBJeHHs] TeOPUH ABYX(Ga3HOro
TeYeHHUsI B MOPHUCTBIX Cpeaax

Pacnpeaenenue ¢az B HopoBOM INpPOCTPaHCTBeE.
Kanuannsproe naBaeHnue QDopmHpoBaHHE 3ajexell NPOHCXO-
JUT NYTEM OTTECHEHHs H3 IJ1aCTOB-KOJIJIEKTOPOB NE€PBOHAYAJBHO Ha-
XoauBuelica TaM BOABL. IloaToMy BMecTe ¢ He(pTbIO H Ta30M B KOJJIEK-
TOpax BCerja COAEPKHUTCA HEKOTOpoe KoauuecTBO (oGbiuHo 10-—30 %,
udoraa o 70 % mnopoBoro o6bema) Tak Ha3niBaeMo# mnorpebGeHHOM
Bojbl. Kpome TOro, MHOrHe NMPOAYKTHBHbBIE NJIACTH 3aHOJHEHB He(ThbIO
H ra3oM JHLib B BepxHel, KyNOJbHOH 30He, a HHXKeJeXallHe 30HbI
3amoJiHeHb KpaeBoi Bojo#. Cambie BepXHHe uyactH HeTAHBIX 3aie-
Xel cojepxar ras, oOpasyiolHii TaK HasblBaeMble ra3oBble LIANKH.
Takum o6pa3oM, pgaxe B HeHAapylUIeHHOM COCTOSIHHM B TIPUPOLHBLIX
M1aCTAX MOXeT HAXOAUTbCH HEeCKOJbKO OTAeNbHBIX NOABHAKHBIX (as.
JByx- unan tpexdaszHoe TeueHHe BO3HHKAeT IIPAKTHYECKH BO BCeX
cay4yasix pa3paboTKH He(PTAHBIX MECTOPOXKAEHHH, NOCKOJbKY HABHXKY-
mue He@Tb CHJIBLI BO3HHKAIOT BCJAEACTBHe YNPYTOCTH HJH THAPABJH-
4yecKOTo Halopa rasa MJjH BOJBL

B naHHO# KHHre paccMaTpuBaeTcs HauboJee npocToe JByXdasHoe
TeYeHHe, COOTBETCTBYIOIllee BLITECHEHHIO XKHAKOCTH, IliepBOHAYaJbHO
3aNOJHSBIIEA IOpH, JPYyrofi JKHAKOCTbIO, He CMeHIHBalouleics
¢ nepBoll H oGpasyloumeil oraenpHyo ¢asy. I'oBops GoJiee KOHKpPeTHO,
peubr 6yAeT HATH B OCHOBHOM O BHITECHEHHH He(hTH H3 nJjacra BOJOH
HJIH Ta3oM.

BBegeM OCHOBHBIe XapaKTeDHCTHKM MHOro¢a3Horo TeyeHHs —— Ha-
CHILEHHOCTL M CKOpOCTh GHibTpaunud. Jdoas obbema NOp B 3JeMeH-
TapHOM MakpoobbeMe, OXBaThIBaIOLIEM [JaHHYIO IPOH3BOJILHYIO TOUKY,
3aHsATOro i-i ¢asof, Ha3wiBaeTcs HACH I E€HHOCTBHIO IOPOBOTrO
npocrpaHcTBa 3T0fi $as3ofi B HaHHOM Touke M obosHauyaerca s;. Oue-
BHAHO,

n

Zl S = 17 (IVI)

=
rie n—uucao OTHenbHBIX (a3. Takum o6GpasoM, B cucteme n (a3
uMeercss n— 1 He3aBHCHMasi HaCHIIEHHOCTb. B YacTHOCTH, NpH HCCJe-
JOBaHHH QUIbTpallMH IBYX(asHOH XKHAKOCTH JOCTaTOYHO pacCMarpu-
BaTh JIHIUb OJHY HaCHIUIEHHOCTb.

JlBrkeHHe KaxgoH M3 a3 MOXKHO OXapaKTepH30BaTh BEKTOPOM
CKOpOCTH (HIbTpaUHH JaHHOH (asbl #; AHAJOTHYHO CKOPOCTH (HJLT-
pauuu OnHODA3HOH KHIAKOCTH M, ONpefensiercs KaK BEKTOp, NPOEKLHS
KOTOPOTO Ha HEKOTOpOe HanpaBjleHHe pDaBHA OOGBEMHOMY IMOTOKY i-i
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dasbl yepes eAMHUUYHYIO MJOMAAKY, NEPNEHJHKYJAPHYIO K NaHHOMY
Hanpas/eHuio. Caepyer NOMHHTb, YTO 5Ta IJIOILAJKA [EPECEKAET Kak
TBEPAYO (pa3y, Tak M APYyTHe NOABHIKHBIE (Da3Hl.

I'pannna nByx ¢a3 B nopucToil cpefie pasGHBaeTcs Ha MHOMKECTBO
HCKPHBJIEHHBIX YYacTKOB, pajJHyC KPHBH3HB KOTOPLIX CONOCTaBHM
¢ pasMepoM nop. Kaxk H3BecTHO, Ha MeX(a3HOI rpaHHIe BO3HHKAaET

KanuaJSApHBIA CKayoK JAaBjeHHSA, olpelenseMbliii no depmyae Jlan-
Jaca

Pc = a(l/R1 + I/RQ), (IVQ)
rae a — MexdasHoe HarsxKeHHe; Ry M R, —TI/aBHBHE paguychl KpH-.
BU3HEI NIOBEPXHOCTH pasfiena (a3 B 1aHHOH ToYKe, GIH3KHE pa3MepaM
nop.

Kak otMeuanoce B § 2 ra. I, xapakTepHbit pasMep HOpOBHIX Ka-

Ha/JOB HMeeT NOPANOK V k/m, T.e. NpH OGBIYHOH IJISI MECYaHHKOB MpO-
uunaeMoctd (10~1% M?) on cocraBaser 5—10 MM. MexdasHoe Hars-
JK€HHe Ha rpaHHie GOJBIIHHCTBA YIJIEBOJOPOAHBIX MXKHIKOCTeH M Ta3oB
¢ BoZoR Haxomurces B npegpenax 0,03—0,05 H/m. 210 o3Hauaer, urto
KalHJJISIpHOE JaBJeHWe Ha TIpaHulle YIJeBOJOPOIAOB € BOAOH COCTaB-
aser ~10 klla.

BceneacTBHe xaoTHuecKoH HCKPHBJEHHOCTH MeX(asHOH rpaHHIB
B nopax NpH ABYx(a3sHOM TeyeHMH BO3MOXKHO 06pa3oBaHHEe H30JHPO-
BaHHBIX yacTHI Kaxao#l dasel. [Ipencrasum cebe H30JHPOBAHHYIO Kall-
Ji0 OJHOA M3 (a3 pa3MepoM INOpsifKa XapaKTepHOro pasmepa mop,
OKpYXeHHYI0 Apyroi ¢asoif u TBepAbiM cKeseToM. IIpH NpoaBHIKeHHH
3TOH KalJi¥ B NOpaX PajuyC KPHBH3HHI ee NMOBEPXHOCTH JOJIXKeH HU3Me-
HATBCA OT MHHHMAJbHOrO [0 MAaKCHMAaJbHOTO pagHyca mnop, T. €.

npumepHo Ha )/ kfm. Tor xe nopAsok Oyler HMeTb H Pa3HOCTb
pajuycoB KDHBH3HBI NepefHero M 3ajHero (ppoHTa KamjiH IpH JBHKe-
HHH. DTO O3HA4aeT, YTO AJs NPOTAJKHBAHHS KallJH 4Yepe3 HOPUCTYIO
cpely nepenaj AaBJieHHS Ha Hefl AOJKeH COCTaBJAATb BelHUHHY, 6JH3-
KYI0 K KalWIAPHOMY AaBieHHIo. EclH U JJIMHA KalJH HMeeT MOPSI0K
pasMepa mnop r, TO AJA ee NepeMelleHHA NOTpebyeTcsi NMPHJIOXKHUTDH
rpajHeHT JAaBJeHHS pP¢/r, T. e. nopsiaka necaATkoB H coreH MIla/m,
UYTO HAMHOTO INpeBLINAeT CYLIECTBYIOUIHE H BO3MOXHEIE TI'paJHEeHTHl
JaBJieHHsl, BO3HHKAIOllHe B pe3yJbTaTe NPaKTHYECKH BCeX €CTECTBEH-
HEIX M HCKYCCTBEHHHIX npoleccoB. OTclofa c/elyer, YTO NOJBHXKHA
NOYTH BCerjla TOJIbKO CBsI3HAs 4YacTb KaxJ0H H3 (a3, HacCHIIAOLIHX
IOPOBOEe IPOCTPAHCTBO.

TakuM 006pa3oM, KanHJISIPHbIE CHJB CNOCOGHBI CO3AATh B NMOPUC-
TOH Ccpele IpafHeHTbl AaBJeHHsS, HAMHOTO NpPEeBHINAIOUIHE I'PaJHEHTH,
co3JlaBaeMble BHeUIHHMH BosAelcTBHAMH. [lo3ToMy HMeHHO KanuJ-
JiSipHBlE CHJIBI NMOJHOCTBIO ONpelenslOT pachpeieneHHe (a3 B mopax.
Kanunnsapuoe nasienue, coriacHo (IV.2) nponopuuoHanbHoe KpH-
BU3He MexX({a3HOH TIpPaHHUIIBl, 3aBHCHT OT CTPYKTYpHl HOpPOBOro Ipo-
CTPAHCTBa M OT MPeHMYIeCTBeHHOH CMadYHBaeMOCTH CKeJeTa IIOPHCTOH
cpenbl KaxaoH us das.

Has xaxpofi ¢asbl, AMerollell CBA3HYIO 4YacTb, MOXHO BBECTH
¢asoBoe JaBJeHHe B TOUKe p;, NMOHHMaeMOe KaK OCPEJHEHHOe [0
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3JIeMeHTaDHOMY MakpooGbeMy naBieHHe B CBSA3HOA wacTH ¢asul. To,
YTO B OTHEJbLHBIX H301HPOBAHHBIX KaNJAX AaBJIeHHE MOXKET 3HAUYHTEJIbHO
OTJIHYATBCS OT CPeJHero, HUKaK He OyAeT CKasblBaTbCs Ha ABHKEHHH.
Hosio o6bema MOpPOBOro HPOCTPAHCTBA B OKPECTHOCTH AAHHOH TO4-
KM, 3aHATYIO CBA3HON yacTbio (asbl, B fajbHellieM 6yaeM Ha3bBaTh
AKTHBHOH HACH LLeHHOCTbI, A0JI0 HECBA3HOH YacTH — I ac-
CHBHOH HAaCHIUOeHHOCTHIO.

Ha pacnpenenenne ¢as B nopax, KpoMe NOBEPXHOCTHOTO HaTsXxe-
HUS, 3HAUHTeJNbHOe BJIHSHHE OKa3blBalOT MpeHMYILeCTBEHHAasA CMaduBa-
€MOCTb CKeJleTa NOpOoAbl OfHOH M3 (a3 u yros cMauHBaHuA. [laBiaeHne
B MeHee CMauHBawlled cpely (ase Oyjer Bbille HAa 3HAYEHHe KallHJI-
JISIPHOTO JaBJIEHHsI.

KanunassipHoe paBHOBecHe B TNODHCTOH cpefe.
Ilpexpe ueM nepeidTH K BHIBOAY ypaBHeHHi (uAbTpaUuH AByx(da3HOH
JKHJIKOCTH, PACCMOTPUM YCJIOBHSI PaBHOBECHS ABYX HECMEIIHBAIOLIUXCS
XKHIKOCTeH pa3HOH NMJOTHOCTH NOA AeHCTBHeM TPaBHTALMOHHBIX H Ka-
NHJANSAPHBIX cHJ, ['mApocTaTHyeckoe paBHOBeCHe ABYX(ha3HOH CHCTEMBI
B o6pasie NOPHCTOH cpeabl YCTAaHABJHBAETCSI B OCHOBHOM [ABYMs My-
TSAMH: BO-TIIEPBHIX, BCIeACTBHE BNUTHIBaHUA 60Jiee CMauUBAOIIeHd XKHJ-
KOCTH (HampuMep, BOUTHIBAHHE BOABI B CYXOii, T. €. HaCHIIEHHBIH BO3-
IYXOM, BePTHKAaJLHO paclNoJIOKEHHbIH o6pasell HOPHCTOH cpefbl) F,
BO-BTOPBIX, NyTeM JApPEHHPOBaHHsl o6paslla, KOrAa MeHee CMayHBalo-
mas ¢asa BuTecHsier Oosee cMauuBawllyw. IlociegHee NPOHCXOAHT,
HanpHMep, NPH BLITeCHEHHH (OTTECHEHHH) BOABI T'a30M CBepxy H3 Hep-
BOHA4aJbHO BOJOHACHIEHHOro o6pasua.

PaccMoTpuM asieMeHT mOpHCTON cpellbl, B KOTOPOM JiBe XKHJAKOC-
TH HaXOAATCA B COCTOSSHHH PaBHOBeCHs NOJ [efCTBHEM KaNHJJSPHBIX
CHJI M CHJH TsKecTH. B cBA3HO# yYacTH Kaxnoi U3 ¢da3 BBeleM JaB-
JeHHs p; 4 pe (MHAeKc 1 oTHocuTcsi K Oosnee cMauyuBawoumed ¢ase).
YcoBHS paBHOBECHS AJIs 3JeMeHTa JJHHOJ dZ HMeloT BHJ

dpildz = pig; dpe/dz = psg; d(pe—p1)/dz = (p1—p2)g. (IV.3)

PasHocts paBieHuit B (a3sax paBHA KaNWJUISPHOMY JaBJEHHIO B JiaH-
HoM ceueHHH. ITostomy u3 (IV.3) cregyer

dP jdz = (p1 — p) &. (1V.4)

H3MeHeHHe KaMUJJAAPHOTO JaBJeHHsI C BHICOTOH NPOHCXOIMT BCJEA-
CTBHE YMeHbllIeHHsI WJIH yBeJHueHHUs HachllleHHOCTH. Dosiee cMaunBa-
fouiass (aza HMeeT TEHIEHLHIO NPEHMYLIeCTBEHHO 3aMOJNHATH GoJee
MeJIKHe TIOpH, IIO3TOMY C POCTOM ee HACHIIEHHOCTH PajHyC KPHBHS3-
HBl TPaHHLB pasfena (a3 nomxked yBeauuuBartbes. [Ipeanonoxum ass
Onpe/eIeHHOCTH, YTO cMauHBalomias ¢asa obiagaer Oosblied IJOT-
HOCTbIO, KaK 3TO yallle BCero GblBaeT B YCJOBHSX BBITECHEHHS He(TH
Bojoi !. Torga B COCTOAHHH THAPOCTATHYECKOTO PAaBHOBECHS BOJOHa-
CHILIEHHOCTb GYyZeT NOCTENEeHHO YMEHbIUAThCs ¢ BHICOTOH. B cuay Muk-
POHEOJHOPOJHOCTH NMOPHCTOH Cpeibl BOoJa NpH BIHTHLIBAHHH NOJHHMa-

1 OcHOBHHM MuHepadoM GOJbUWHHCTBA NECYaHHX KOJJIEKTOPOB HedTH M rasa
ABJseTC KBapll, KOTOPHIH Jyullls cMayHBaeTcst BOAOH, 4YeM He(dTbio HJAH TasoM,
T. e, ruapoduied. FHapodH/bHE valle BCEro H KapOOHAaTHHE MOPOJAHL.
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eTcs BBbILIE, a MPH APEHHPOBAHHH YAepKHBaerca Fe
Ha OoJee BHICOKOM YpOBHe B CHCTeMaX mnoposmix T
KaHaJlOB MaJoro jHaMmerpa IO CpPaBHEHHIO C KaHa- ,\
JaMH 6oJbllero gHaMerpa. dra TeHACHHHS ocnox- 10
HSETCS NONEepeYHBIMH NepeTOKaMH MeXJAy KaHaJa- l'
[
T
[

MH PpasHOro auamerpa. B mnomepeyHOM (rOPH30H-
TaJbHOM) HanpaB/JeHHH PaBHOBECHOE paclpexese-
HHe a3 I10 CHCTeMaM MOPOBBIX KaHaJOB MOJHOCThIO |
onpenesercs KanuJIspHBIMH CHIaMH. - |
CoorHomenne (IV.4) MoOxer HHTepmperupo- 0% 05 s
BaTbCSl KaK CBA3b KANHMJJISPHOTO [aBJEHHS C Ha-
CHILIEHHOCTI0 B AHGGdepennuanbhoii ¢opme. HMa PHC. 36. KP:Bb::
pacnpefieJieHHs] HACBLIIEHHOCTH C BBICOTOH MOXKeT ﬁf{’;"’(lﬁ:f:g;‘;ﬁ ?ge_
6biTh NOJYYeHa 3aBHCHMOCTh KANHJUIAPHOTO [AB- 13 npoHAUAEMOSTHIO

JICHHA OT HACHIIIEHHOCTH 7 MK/M2):
1 — phitecHenne; 2 —

s=5(2), P.(s) = (o1 — p2) 2. (I\/S) [ponHuTKa

Kpueble P,(s), Ha3splBaeMble KDHBHIMH KalWJISPHOTO JaBJEHHs,
NpenCTaBAgIOT co00f IHPOKO ynoTpeb/IsSeMyl0 MHTerpalbHYIO Xapakre-
DHCTHKY CTPYKTYPHl H MHKDOHEOTHOPOZHOCTH IIOPOBOI'O IPOCTPAHCTBA.
Bup cBasu P, (s) 3aBUCHT OT HalpaBJeHHs H3MEHEHWs! HACHILEHHOCTH,
T.€e. CYILIECTBYeT TAaK Ha3blBaeMblil KalWJJISAPHBIA rucrepesuc. Kpusbie
P, (s), cooTBercTByiOLlHE YBEIHYEHHIO HACHILEHHOCTH O60J€e CMayHBa-
fomel (asoi s, HA3HBAIOTCI KPHBBIMH NPONHTKH, a COOTBETCT-
BYIOIlME YMEHBIIEHHI0O S— KPpHBHIMH JApeHupoBaHus (puc. 36).

KpuBnle kanuiijsipHOrO AaBJeHHs], NTOCTPOEHHEE MO NaHHBIM yCTa-
HOBJIEHHS] THAPOCTATHUECKOTO PaBHOBECHA, HA NPaKTHKe IIOYTH He HC-
nosbp3yior. Yaille Bcero HX NOJYYalOT NPH MejJleHHOM pPaBHOBECHOM
BBITECHEHHH boJiee cMauuBalolell ¢asbl (BOAH HJH YIIEBOJOPOIHOH
JKHIKOCTH) MeHee cMaumBatomleit (rasom). IToppo6Hoe onncaHHe Me-
TOJOB NOJYYeHHS KPHBBIX KaNmHJJSIDHOTO AaBJEeHHs MOXKHO HafTH B
pykoBoAcTBax mo usnke HedTSHOrO miacra.

KpHuBble KanHuIJsSpHOTO AaBJeHHs, OTBeyalollHe APEeHHPOBAaHHIO, HC-
NOJIb3YIOTCA I OLEHKH paclpeleseHHsl HACHIIEHHOCTH B TaK Ha3bl-
BaeMBIX INepeXOAHEBIX 30HAaX Ha rpaHuue HedTh — BOJAA, a3 — BoJa
HJIK ra3 — HepTb B HeTAHBIX M Ta30BbIX MECTOPOXIAEHHAX A0 Hada-
Ja paspaboTKH. DTO paclpejesieHHe HENOCPENCTBEHHO ONHCHIBAETCS
tdopmynoir (IV.5).

KpuBrle KamHAJSADHOrO AaBJEHHS MOXKHO INOCTPOMTH ISl Pa3JiHd-
HBIX Nap XHAKOCTeH H Ta30B, OTJHYAOLIHXCA MexX(pas3HBIM HaTskKe-
HHeM H KpaeBLIMH YIVIaMH CMa4HBaHHUA Ha AaHHO# nopoge. YUtobnl mno-
JNYYHTb QYHKLUHH HACHIIIEHHOCTH, XapaKTePH3YIOlHe TOJBKO CTPYKTY-
Py TOPOBOTO NPOCTPAHCTBA, CJEAyeT IPHBECTH (YHKUHIO Kamnu/isip-
HOro jaBjeHHst K 6e3pa3MepHOMY BHAY:

P, =24V ml(s, 8)/\ k, (1V.6)
rae 8 —kpaeBoit yron cmauuBauusi. $opmyna (IV.6) nonyuena mo

aHAAOTHH C BBHIpAXKEHHEM JJI KaNHJIAPHOIO LABJEHHS B OXHHOYHOM
QHJIHHADHYECKOM KalHJsipe paguyca r: P.=2zcos8/r. B cayuae
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TIOPHCTOR CPefbl BBUAY XAOTHYECKOTO PACNOJOXKEHHS CTEHOK IIOpOBBIX
KaHa/IOB 3aBHCHMOCTb KalHJJISIPHOTO JaBJeHHS OT © He MOXeT OBIThb
BblpaxkeHa enuHON (opmyJol. Tem He MeHee, [0 aHANOTHH C KPYTOBBIM
IHJIHHAPHYECKHM KaNWJIApoM JleBepeTT NpefsoXHJ 3alHCHBaTh 0e3-
pa3MepHOe BHIpaXKEHHe AJIA KaNWIADHOTO JaBJ/leHHS B BHJE

e =al/ mcos8oJ (s)/VE. (IV.7)

Buipaxkenne (IV.7) osHauaer, uTo KpHBEHE KalKJJASPHOrO jaBJe-
HHSl CYHTAIOTCA Te€OMETPHYECKH NOJOOHBIMH NPH HCIOJb30BAHHH pa3-
JINUHBIX NMap XHAKOCTeH B OJHOH H TOH 3Ke MOPUCTOH cpele. Yroa By B
3TOM CJlydyae HIpaeT pOJib HHTerpasbHOH XapaKTEPHCTHKH CMauyHBa-
€MOCTH B €HCTeMe NOPHCTas cpela — XHAKoCcTb, DyHkuHio J(s) mpu-
HATO HashiBaTh GyHkuued JleBeperra. ITH (YHKUHMH I/ Pa3HBIX
THIIOB NOPOJ-KOJJEKTOPOB HedTH H rasa CHCTeMaTH3HPOBAHH, HANpPH-
Mep, B paborax B. A. MBanoBa u ap. [22].

KpHBHIE KaNHAJSPHOrO AaBJeHHs ONpelesieHb He JAJiS BCeX 3Haye-
HHH §, TOCKOJIbKY NDH APEHHPOBAaHMH 00pa3lia MOPUCTOH cpell BHTEC-
HeHHe 6oJiee cMauHBawllell ¢aspl HHKOrAa He GoiBaeT moJsiHbIM. OcTa-
TOYHast yacTb (pa3bl HAXOAMTCH B BHJE M30JHPOBAHHHX IEJHKOB B Ca-
MBIX MeJIKHX NOpax HJH BOJH3H KOHTAaKTOB MeXAy 3epHaMH. HeGoJb-
lIHe H30JHPOBaHHBlE ILGJNHKH, KAalJIH HJIH NY3bpbKH He MOTYT GBITh
BLITeCHEeHHl JAPYrodl (¢asoffi DpH peasbHO CYLIECTBYIOHIMX IpajHeHTax
nassenus. [lostoMy B mpomeccax Kak APEHHPOBaHHS, TaK H OPOIHTKH
CYHIECTBYET HEKOTOpas HaChIEHHOCTh BhiTecHsieMOoH ¢asoit s, (Tax
Ha3biBaeMasl HECHH>KaeMasl HacCHIIEHHOCTb), KOTOpas He yMeHbliaeTcs
€ POCTOM BLITAaJKHBAIOUIETO Nepenaja AaBjeHus. Ecau HacCHIIEeHHOCTh
MeHbllle HeCHHXKaeMOH, KaNWJJsipHOe JaBJeHHe OKa3hlBaerTcsl Heolpe-
JIEeTeHHBIM, INIOCKOJBKY OCTaTOyHas (pa3a COCTOHT M3 OT/JEJbHBIX He
CBSI3aHHBIX MeXay co0oli kaneab. 3aMeTHM TakXKe, YTO ¥ IPH Ha-
CHILIEHHOCTH OoJbllle HeCHHXKaeMOH 4acTb BhITecHAeMOH (a3bl TakKxe
HaXOIUTCS B BHIE H30JHPOBAHHBIX Kalleb.

Korpa HacwimeHHoCTb Gosee cMauuBawoiel dasof npubamKaercs K
HeCHHXKaeMOH, KalW/JIApHOe AaBJeHHe OBLICTPO BO3pACTAaeT H Ha 3KCIe-
PHMEHTANbHBIX KDHUBBIX KalOH/UIAPHOrO AasleHus yacto usobpaxaercs
HeorpaHuueHHLIt poct P, 1pu s— s,. PH3HYeckH GoJiee ONpaBiaHO
nomaraThb, 4TOo NpPH S—> S, KaNWJISpHOEe [aBieHHe H (yHKIHs Jlee-
perTa CTpeMsiTc K KOHEUHBHIM BEJHYMHAM, OINpe/e/sieMbM pajHycoM
KPHUBH2HBl KaleJb, COCTAaBJSIOMIMX MAaCCHBHYIO HACHILEHHOCTb OCTATOY-
HOH cMauuBamoled (asbl.

O6o6mennn#i 3akoH Japcu aaa aAByxdasHOTO
TeyeHHU A, Teopusi puabTpanun IBYX(ha3HOH KHUAKOCTH BO MHOTOM
aHaJIOTHYHA TEOPHH KaMW/JsSPHO-IpaBHTALMOHHOro paBHOBecHs. Kak
H B CJIyuyae KaNWJJISPHO-TPaBHTAILlHOHHOIO paBHOBECHS, CHCTEMB IOD,
3aHMMaeMble NOABHXKHOH 4YacThblo KaxkI0H (hasw, ciaeayeT NpelcTaB-
JasTb cebe B BHAe KaHAJOB, IPOTSKEHHOCTb KOTOPHIX B HaNpaBJeHHH
JIBHXKeHHs] HaMHOro 60Jbllle, YeM HX pa3Mephl JIONepPeK MOTOKa.

IloaToMy B mepBOM MNPUOJHXKEHHH MOXKHO NPHHATb, 4TO KaXKAas
noABHxkHast daza TeueT B 3aHHMaeMOM el0 NMPOCTPAHCTBe NOJA AeHcT-
BHEM «CBOEro» jaBJeHHs, T. €. TaK, Kak ecJH OB OHa Gblia OrpaHHue-
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Ha TOJBKO TBepAHMH cTeHKaMH. ITOCKOJIbKY CONMpOTHBJIEHHE ABHXKe-
HHI0O KaxJno#i ¢asel onpejeisercsd TOJIbKO TIeOMeTpHeH 3aHHMaeMoi
€10 YacTH NOPOBOrO MPOCTPAHCTBA, TO 3aKOH (HJABTPALHH KaXIOH H3
Kujkoctel AByxdasHo#i cucreMbnl no Mackery u JleBepeTTy MOXKHO
3anucath B BHJe

ui = — (kfyu) gradp;, i=1, 2, (IV.8)

rie f;— Ge3pasmepHble BEJIHYHHBI, Ha3blBaeMble OTHOCHTE/bHBIMH (azo-
BbIMH TPOHHLAEMOCTSIMH.

[Tyctb coBMecTHOe TedeHHe ABYX (a3 MelJeHHOe, TaK YTO H3MeHe-
HHUE HAaCHIIEHHOCTH IPOHCXOJHT KBa3HpaBHOBeCHBIM oGpasoM. CHJbl
BSI3KOTO CONPOTHBJIEHHSI MOXHO pacCMaTpHBaTb KakK pacnpejle/ieHHHE
MacCcoBH€ CHJBI, TPONMOPUHOHAJNBHBIE CKOPOCTH (HAbTpauuu. B ogxo-
MepHOM ciaydae u3 ypaBHeHu# (IV.8) MOXHO MNOJyYHTh BhIpaXKeHHe,
anasoruysoe no ¢opme (IV.3):

6(p2 —-pl)/ax = Ul —_— Ug; U[ = piu,-/kf,-. (IV9)

Ilpu BbIBoge BolpaxeHus (IV.4) HedaBHO INpeanonarajsocb, 4TO
P.(S) — xapakrepucTika, 3aBHCsAIlAs OT CTPYKTYpbl [OPOBOrO MHpO-
CTPAHCTBA M MNOBEPXHOCTHBIX CHJI B3aHMOJEHCTBHS XHIKOCTeH MeX-
Ay co60i ¥ C TBepJblM CKeJeTOM, HO He OT IPpaBHTALlHOHHBIX (Macco-
BBIX) CHJ. DTO NpeANoJOXeHHe NMOATBEPK/ aeTCsl ONpeleIeHHIMH KpH-
BBIX KaNWJJIADHOrO [aBJIEHHSI C HCAOJb30BAHHEM Pa3/HUHBIX XKHIKOC-
Teii H nyreM UeHTpudyrupoBanus [23]. Pacyxnas no auanorus,
MOXHO NPUMEHHTb TOT K€ BBIBOJA K pacmpefesieHH0 ¢a3 B nopax HpH
MeJJIeHHOH KBAa3HPABHOBECHOH COBMECTHOH (puabTpauuy, T. €. HPUHATD,
YTO NPH NAHHOH HACHILIEHHOCTH XKHIKOCTH pacHpeleJieHbl TakK XKe, KaK
H B YCJOBHSIX THAPOCTATHYECKOTO pPaBHOBeCHsd. ITO O3HayaeT, BO-Mep-
BBIX, UTO DPa3HOCTb AAaBJEHHH B (asax p,—p; MoxeTr ObiTb NpHHATA
paBHOM KaNHJJISPHOMY JaBieHHI0 P.(s) u 3aBHCsIIEi TONbKO OT
HaCHIIEHHOCTH:

ps— p1=P.(s)=a )V mJ (s))V'k. (IV.10)

Bo-BTOpHIX, KaK yxXKe OTMeuaJoch, KalWJIADHEIE CHJIB B NOPOBHIX
KaHajax CylUleCTBeHHO npeo6/ajaloT Hajl BHELUIHHM INepenajoM [aB-
JIEHHsi H OIIpeleNigioT pacnpenesenHe (a3 B mopax. ITosroMy moxHO
JONYCTHTb, YTO KaXKiasi u3 (a3 ABHIKeTCS [0 «CBOEH» CHCTeMe IOpo-
BHIX KaHaJOB, OTPAaHHUYEHHBIX TBepJBIM CKesneToM U npyro# dasoi. Ta-
KHM 06pa3oM, NPH RaHHOH HACHILIEHHOCTH THAPAaBJIHYECKHE COTMPOTHB-
JIeHHs], a CJeA0BATebHO, H NMPOHHLUAEMOCTb AJst KaxAo# u3 a3 oka-
3BIBAIOTCS] OJHO3HAYHO ONpele/eHHBIMH.

dkcnepuMeHTH nokasanu [27, 48], uto B WIHPOKOM AHaNa3oHe yc-
JIOBH COBMECTHOTO TeYEHHS M BLITeCHEHHs HABYX (a3 B HOPHCTHIX
cpejlaX OTHOCHTENbHbIE NPOHULAEMOCTH He 3aBHCAT OT CKOPOCTH (HJbT-
palyH M OTHOIUEHHS BA3KOCTeH ABHKYIIHXcs (a3. ITo MOKHO 0ObsAC-
HHTb TE€M, YTO NOBEPXHOCTH CONPHKOCHOBEHHS (M CHJIa B3aUMOJEHCT-
BHsI) KaXXJAOH H3 (a3 ¢ TBEPABLIM CKeJleTOM HaMHOro G6oJiblie, YeMm C
apyro#i ¢asofi. B HeKOTODHIX HCKJ/IIOYHTEJBHBIX CJyYasix B3auMojefl-
CTBHE INOABHXHBIX (a3 Bce :xe nposiBasercs. Hanpumep, Huorpa
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MaJIOBA3Kas BHITeCHAeMas (a3a KpaTKOBPEMeHHO o6pasyeT JJf BhHICO-
KOBSI3KOHl BBITECHSIIOLIEH XXHIKOCTH Ha INOBEPXHOCTH CKeJieTa CJIOH
«CMA3KH» ¥ OTHOCHTEJIbHAsi NPOHHUAEeMOCTb AJSl BBITECHSIOWEH ¢a3bl
BO3pacTaer 10 3HaueHHH, 6oabHX eauHHub. Ho Takod cioit cMas-
KH, NIO-BHAMMOMY, HEYCTOHYHB H CYILecTBYeT HeLOJIro.

B nasnbHeflIeM H3J0XKeHHH, eC/IH He OrOBOPEHO NMPOTHBHOE, OTHO-
cuTeJbHble TpOHHIaeMocTH M ¢yukuua JleBepeTra cuuTaloTCs OJAHO-
3HAYHBIMH (QYHKUHSIMH HACHIIEHHOCTH, He 3aBHCSUIMMH OT OTHOUIe-
HHA BSI3KOCTeH.

Tunuueblid BuA QYHKIMH OTHOCHTENbHON NPOHHIAEMOCTH JJisi 6oJee
cMauuBaiowelt ¢asbl [ (S), (S— ee HacHUIEHHOCTb) H JJS MeHee cMauH-
Balollell ¢askl fy(S) mokasaH Ha puc. 37. DTH KpHUBblE MOJIYYEHBl NpH
CTAallMOHADHOM COBMECTHOM TeYEHHH BOABl H He()TH Ha MajbiX ofOpasuax
necyaHHKa.

XapakrepHasi HecHMMeTpHYHAsA (GOPMAa KPHBLIX OTHOCHTENbHOH Npo-
HUILAEMOCTH OGBIACHSIETCH TeM, UTO NPH OJHOH H TOH e HACBHIIEHHOCTH
GoJsiee cMmauHBaom{as (a3a 3aHAMAET MPEHMYINECTBEHHO MEJKHE ITOPHI
¥ OTHOCHTE/JbHasi NPOHHIAEMOCTb AJjs Hee MeHbiie. [Ipu Majbix Hacw-
[IEHHOCTAX YacThb KaxaoH u3 (a3 HAXOAHTCS B HECBASHOM COCTOSIHHH
B BHJE M3OJHPOBAHHBIX MEJKHX Kalelb H/IH LEeMHKOB H He YyyacTByeT
B JBHXKeHHuH. [103TOMy, HauMHas C HEKOTOPOH HaCBIUIEHHOCTH, KaxIas
(asa MOJHOCTBIO MEPEXONHT B HECBI3HOE COCTOSIHHE M €€ OTHOCHTEJb-
Has OPOHHLAEMOCTh CTAHOBHTCA paBHOH Hymo, T.e. fi(s)=0 upn
S< Syy f2(s)=0 npu s >s*=1—0,.

3aMeTHM, YTO XOTS peyb HAET O COBMECTHOH (PHJAbTPAUMH ABYX He-
CMEIIHBAIOUUXCA XKUAKOCTEH, NPUXOJHUTCA PA3NUUATL BBHITECHAIOULYIO

H BBITeCHSIEMYKO (pasbl, T. €. OTHOCH-

PHC. 37. Twnuunwe Kpupple orho- T€/IbHBIC NDOHHIAEMOCTH, KaK M KpH-
CHTEJbHBIX NpOHHIaeMocTeil: BHIC Kanw/uwisAipHOTO JaBJsehus, pas-
;gs()s)‘—‘hg:l(nu%:uo Bakaes ;J{)egepeﬂa; JIHUHBI B 3aBHCHMOCTH OT TOrO, KaKasg
ponspoanai (be=0.5) . y3 thaz (Gosee HJHM MeHee CMauHBa-

Iolllasi) MNepBOHayaJbHO 3amoJHsJa
HODHCTYIO cpeAy, T. e. CYLIeCTBYer
F(s) FHCTEPE3UC OTHOCHTEJIBHBIX TNPOHHIA-
430 emocCTeH, aHAJOTHYHBIH THCTEPE3HCY
KPHBBIX  KaMWJIAPHOIO  NaBJEHHA,

10 25 <«Henoapuxnnie» HacHIUEHHOCTH S,
F(s) H O+« COBIAjaloT C «HeCHHKaeMBIMH»
/2 f1[ ]y HACBHIIIEHHOCTAMH HA KDHBBIX KamlWJ-

JIAPHOTO NaBJIeHHUS.

Hrak, ecau pacnpenenenne ¢as
B [Opax paBHOBECHO, MJs ¢u/bTpa-
IHH ABYX(pa3HOH KHAKOCTH CHpaBen-
V.o AuBH ypaBHeHHss Mackera u Jlese-
peTTa

1% = —(kfi(s)/p)gradp;, i=1, 2,
(IV.11)
s P2 — p1 = P (s). (IV.12)




Yr1o6H NONYYUTH 3aMKHYTYIO CHUCTEMY ypaBHeHHH, HeOOGXOAUMO 3a-
HHCaTh YpaBHEHHS COXPaHeHHs Macchl 1J1s ob6enx (as, KOTOpble BbI-
BOJSITCSl COBEPLIEHHO AHAJOTHYHO TOMY, KaK ypaBHeHHEe HepasphiB-
HocTH Jas1 onHodasnoro redenus (1.16): '

2 (mprs) — div (pram) = O, (IV.13)
2 [mpa (1 — )] — div (ro2) = 0. (IV.14)

ITockoJsbKY p1 M pe— QOYHKIMH JaBJEHHH p; U pg, a8 H3MEHEHHe
MOPHCTOCTH B OJHOPOAHOM IJIACTE€ 3aBHCHT TOJBKO OT H3MEHeHHs cpej-
HEro JaBaeHHust p = p1S + p2 (1 — ), ypasuenus (1V.11) — (IV.14) o6pa-
3VIOT 3aMKHYTYIO CHCTeMY IJs p; H S.

Ecau shiTecHsiemass M BHITeCHsikcllas ¢pasbl — caabccKHMaeMble Ka-
neJbHBIE XKHAKOCTH, BJMSIHHEM CXKUMaeMOCTH Ha pacnpejesNeHHe Hachl-
IIEHHOCTH YacTO MOXHO npeHe6peub. JI€ACTBHTENIBHO, XapaKTepHOE
BpeMsl HeCTallHOHAapPHOTO NepepaclpefesienHsl JIaBJEHHS 3a CUET CXKH-
MaeMOCTH cocTaBaser = L2/x, rae x— KO3GCQHIHEHT Ibe30NnpoBoj-
HocTH; L — xapakTepHBl pasmep. XapakTepHoe BpeMSl BBHITECHEHHA
ty= L/u, rne u— cpeanas cxopocTb ¢uabTpansu. OGLIYHO CKOPOCTH
¢uabTpanuy paHa okono 10—3 cm/c, L He Gonee 10*—105 cm, a
v = 10* cm?/c. TTostomy #/t; = ul/x =~ 102, OTKyna BHAHO, YTO HecCTa-
IMOHADHEE IPOLECCH YIPYIOTro nepepaclpeleseHHsT NaBJAeHHs 3aKaH-
YHBAIOTCS1 B HayaJie BLITECHEHHA.

Ec/H XHJKOCTH M NOPHCTYIO CPely MOXHO CUHTATh HECKHMAeMEIMH,
Bmecto (IV.13) u (IV.14) nosyyaeM COOTHOLIEHHS

mds/0t — diva, = 0; mos/ot 4 divau, = 0. (IV.15)

Ypasuenust (IV.15) 3ambiKaloT CHCTeMy YpaBHeHHH (UALTpaLHH
IByX(as3Holl HecxxumaeMolt xuakoctH (IV.11)— (IV.12).

HHoraa neyno6HO HCNOAB30BAaThb B ypaBHeHHSX (QHJIBTPaUHH py H po,

TaK KaK JaBJieHHe B KaxXJOH M3 (a3 He ompejeseHO B TeX OGJacTAX,

rle cOOTBeTcTBylollass (asa HeNoABHKHA MJH OTCYTCTBYeT. BaegneHue

CpelHero AaBJeHHs B BHIE p = p1s 4 py (1 —s) MoxeT ObTb yH06HO
/i y4eTa CXKHMaeMOCTH CKeJeTa IOpHCTOH cpeibl, HO HPHBOAUT K J0-
BOJIbHO T'POMO3JKHM COOTHOILIEHHAM IpH oOliel GOpMyJNHpOBKe 3anay
BbiTecHeHHsI. JIJIl HECXKHMaeMBIX JKMAKOCTeH OKasblBaeTcs y0GHBIM
onpeie/NuTb CpelHee JaBJeHHe MO (GopMyJe

1
P=piF(s)+ po [l —F ()] —§ Po () F (s)ds, (1V.16)

rre F(s) = [1 ()/1F1 (3) + pof2 (5)], po = pa/pa.
Hs (IV.12) u (IV.16) HerpyaHO nOJyuuThH

1
pr="P+{ Pe()F’ (s)ds— Pe(9)[1 —F ®)],
1
pa="P +§ P.(s)F'(s)ds + P.(s) F (s). (IV.17)
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Orciopa MOXHO TMOJYYHTb IJISI CYMMapHOH CKOPOCTH (HJbTpalHy
obeux a3 u = m, + #, BBIpaXKeHHe

u = — (kg (s)/v1) grad P, (I1V.18)
1e ¢ (s) = fi (s) + wof2 ($).

Bripaxenue (IV.18) moxkeT paccMarpuBaTbhcs KakK 0606lieHHe 3aKOHA
Hapcu ans cymmapHO#t cKopocTH. KoMmOuHMpyst cooTHowehust (IV.17)
C ypaBHeHHSIMH 0O0O0OLIEHHOTO 3aKoHa JlapcH H Hepa3phIBHOCTH, MOXKHG
NOJYYHTb CHCTeMY YpaBHEHHH AByX(pa3HOH (QHJIbTpAUHH, CoxepiKallyio
TOJIbKO HEH3BeCTHBle P U s:

div [¢ (s) grad P] = 0, (1V.19)
ds/0t — div [(kf1 (s)/mu) grad P] — a?A® (s) = 0, (IV.20)
rae

20 = —§ SOROFOds @ =V Em V7

A — oneparop Jlannaca.

OrpandyeHuss B TPUMEHHUMOCTH CHCTEMBI YypaBHEHHH JABYx¢asHoH
¢uabtpanua B ¢opme (IV.11), (IV.12) u (IV.15) cBsizaHbl TIJaBHBIM
o6pa3oM c JeHcTBHEM TpexX (HakTOPOB: HEOJHOPOAHOCTH MOPHCTOH Cpensl,
BNHAHHA THADOJMHAMHYECKHX CHJ Ha pacrnpejeneHde ¢as B nopax
M HEpaBHOBECHOCTH.

CooTHollleHHe THAPOJAHHAMHYECKHX H KaNHJVISPHBIX CHJI B IOpax
MoXeT GBIThb OXapaKTepH30BaHO Oe3pa3MepHbIM MapaMeTpoM [48]

I, = V'kl|grad P|/a V'm, (Iv.21)
rjae | — xapakTepHHH pa3Mep IIOpOBOrO KaHasla, 3aHATOTO ofHOH ¢a-

soit. Ecain B Kauectse ! NmpuHSTH XapakTepHblii pasMep nop V k/m, To
BMecto II; moayuuM mapamerp

I, = k| grad P |/am. (1V.22)
[Tocnexnuii mapaMerp 4acToO 3amHCBIBAeTCS Yepe3 CKOPOCTh (PHIIbT-

pauun u = |(k/p)grad P| u nHOrpa HasbiBaeTcsi KaNHISDHBIM YHC-
JaoM N..

Nc = upl/a. (IV23)

DKC N epUMEHTaJbHble HCCJIENOBaHUs NOKa3blBalOT, YTo Napamerp N,
NpH MANBIX €ro 3HAUEHHAX He BJUsSeT Ha BHJ KDHBBIX OTHOCHTENLHOH
NPOHHIAEMOCTH BILIOTH JIO HEKOTOPOTO KPHTHUECKOro 3Hauenus N°. Co-
rnacHo pesyabtatam . A. D¢poca [48], smauenne N nMeer nopsamok
10—5, T.e. BIUAHHE THAPOJMHAMHUECKHX CHJ CKa3blBaeTCs Ha pachpe-
JeneHHd (a3 B mopax, KOrla OHH Ha HEeCKOJNbKO IOPSIKOB MeHhblle
KanwunspHbix. Tak Kak KpuTHYeckoe 3HaueHHe N, KpaliHe Malo, ecThb
OCHOBBHHSI COMHeBaThCsl B NpaBUJIbHOCTH BbiGopa Mapamerpa N, wiau
II, B Bume (IV. 22) uan (IV. 23). ITo Bceii BEPOATHOCTH, B ONBITAX Ha
ROBOJBHO Kp yMHBIX 06pa3uax, nposegenuuix J1. A. d¢pocom n B. IT. OxHo-
NpUEHKO, XapaKTepHHIA pa3Mep (nuaMeTp) KaHA/OB, 3AHATHIX KaXJOH
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¢asoit I, HaMHOro npeBOCXOAM/ pasMep mnop } k/m. B pesyabrare Kpu-
THYeCKOe 3HayeHHe napameTpa Il, okaspiBaercs HaMHOro 6o/bile, uyeMm
KPHTHUECKOE 3HauYeHue I, wau N, XapaxkTepHulii pasmep ! onpenedns-
eTcsi, MO-BHIHMOMY, HEOMXHOPOAHOCTBIO IOPHCTOH Cpeibl U TeM OOJIblle,
ueM GOJIbIllE pasMep paccMaTpHBaeMol 00JaCTH TeyeHHs MJH ofpasna
nopoanl («MacmtabHblf ¢akrop»). BaHsaHHe HEOXHOPOAHOCTH Ha pac-
npejeneHue a3z Ha MakpOypoBHe B CBA3H C 3THM OyAeT pPacCMOTPEHO
B § 5 naHHOH ryIaBHL

B nocnennee BpeMsl, B CBfI3H C IIHPOKUM NpPHMEHEHHEM NOBepX-
HOCTHO-aKTHBHHIX BelleCTB [Js IOBHIIEHHS HedTeOTAayu IJIacTOB
pPAJIOM aBTOPOB NpOBeJeHBl JETajJbHbEE HCCIeJOBAHHA BO3MOXKHOCTH
YMEHBIIIEHHsA OCTaTOYHOH He(TEHACHILIEHHOCTH NPH BHITECHEHHH NyTeM
CHHXKEHHS IIOBEPXHOCTHOrO HATAXeHHsl Ha rpaHuue HedTb — Boja.
C TOUKM 3peHHs TeOPHH JABYX(}a3HOro TeueHHs B MOPHCTOH cpele 3TH
HCCJIEIOBAHUST CBOAATCA K OLleHKe BJHSHHUS KalWASpHOTO yuciaa N,
Ha <«HENOJBUIKHYIO» HACHIIEHHOCTb, JKCNEePHUMEHTH MPOBOJHJIHCL Ha
Manbix 00paslax ¢ BHICOKOH CTelleHbl0 OJHOPOJHOCTH H Ha MOZEJNbHBIX
HOPUCTHIX Cpefax WJH MOJEJAX 3JEeMEHTAPHBIX IOp. DKCIepHMEHTHI
nokasanau, 4ro npu N.<0,05 ocraroyHasi HaCHIIEHHOCTH ©* (Me-
Hee cMauuBawileld ¢Gaspl) HE 3aBHCHT OT 3TOrO INapaMeTpa, a MpH
N:>0,38 npoucxoaut nosHoe BuiTecHeHHe (o*=0). [Ipu 3Hauenuax
CKOPOCTH (UABTpPALHH, BA3KOCTH H MeX(}a3HOro HaTAXKeHHS, CO-
OTBETCTBYIOIIMX YCJOBHSM BbITeCHeHHs He(pTH Bomoii 6Ge3 mIpHMeHe-
HHSl TIOBEPXHOCTHO-aKTHBHBIX BelllecTB, mnapaMerp N, HaxogHTcs B
npenenax 10-6—10-*, 1. e. BAHsiHMe N, Ha OCTATOYHYIO HedTeHACH-
LIeHHOCTh He AO/XKHO Hab/lolaTbcA. 3aMeTHM, YTO BO BCeX SKCIIEpH-
MeHTax BhiCOKHe 3uaueHus N, (1o 0,1—1,0) nocturasuch nyrem CHH-
KeHusi mexdasHoro HaTtsaKeHust no 10—°5—10-¢ H/m. JlocTUrHYTH BBI-
COKHX 3HaueHuit N, myTeM yBeJIHUeHHS CKOPOCTH He Y/JaeTcsl BCJe[-
CTBHe HapylleHHs 3aKOHa [lapch.

PaccMoTpenHoe BJlHSHHE CKOPOCTH HA OTHOCHTEJIbHBlE IPOHHIA-
€MOCTH CKa3HBaeTcs KakK B CTAallHOHApHHIX, TdK H B HeCTAaLHOHAaPHBIX
YCJOBHSIX TedeHHs. B HecTalHOHApHEIX Ipolieccax, KpoMe TOro, Ipo-
SBJsIeTCS] BJHAHHE HEPaBHOBECHOCTH pacnpegnenenus ¢as (cm. § 4
IaHHOH IJIaBHI).

Tpexdasnag dbuabTpanusda. B npeabaymem uamtoxe-
HHH MBI OrPaHHYUJIHCL TOJBKO ciay4yaeM [AByx$asHo#i QuabTpanuu.
B HeMHOro4HCJeHHBIX IOKa HccJelOBaHHAX TpexdasHofi (uiabTpanuu
3aKOH (HIABTPALHH 3alHCHIBaeTcs B GopMe

u; = _—(kfl (Sl’ sZ)/P'i) grad Py i= 17 27 3’ (IV24)
pi—pi=Pi(s), ), i, j=1, 2, 3. (IV.25)

HccnenoBanus OTHOCHTENbHBIX NPOHHLAEMOCTEHl B CHCTeMe Tpex
¢as nokasaju, B YacCTHOCTH, 4TO B CHCTeMe He()Th — ras — Boja B
THAPOQHIBHBIX cpeJaX OTHOCHTeJNbHAas NMPOHHLAEMOCTb JJsi Haubojee
cMauHBamwuleii ¢aspl (BOAbI) 3aBHCHT TOJBKO OT BOAOHACHILEHHOCTH
H HE 3aBHUCHUT OT COOTHOLUEHHS ABYX ApYrux ¢as.
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YpaBHeHHS] Hepa3pbIBHOCTH B Tpex(ha3HOH CHCTeMe NpPH YCJIOBHH
HeCXKHMaeMOCTH (a3 HMewT BHA, aHadoruunei (IV.15):

m (9s;/0¢) + div a; = 0. (1V.26)

§ 2. CrpyKkrypa aByx(a3Horo TeyeHus
NpH KPYNHOMAcWITAGHOM ONHUCAHHH.
3anaua bakaesi-Jleseperta

Ha BoiTecHeHHH HedTH BOMOA WM Ta30M OCHOBaHa TEXHOJIOTHS ee
H3BJIEUEHHST W3 HeAD NpU pa3paboTKe HedTAHBIX MECTOPOXKAeHHH. DTO
anfo BTOpKeHHe B MJacT KpaeBO# BOABI WM rasa ra3oBofi ILATKH,
OpOJABHraIKHX HedTh K 3260siM HOOHBAIOLINX CKBAXXHH (eCTecTBeH-
HBIH HaNOpPHBIA pexHuM), JHOO 3aKauKa BHITECHsIIOLIEH XXHAKOCTH HJH
rasa yepes CHCTeMY HarHeTaTeJIbHBIX CKBaXHUH [ NOJALEPIKAHHUS NaB-
JIeHHsl B I1acTe H NMPOJABHXKeHHS HedTH K JOOHLIBAWOMIMM CKBaXKHHaM.
Paccmotpum 3apauy o BrhiTecHeHHH HedTH BOJOH uJu rasoMm (6ojee
LIHPOKO — 3a[auy O BHITECHEHHH OJHOH HecMeIUHBaIOUIeHCs] KHUAKOCTH
JpYrofi) Ha ocHOBe ypaBHeHHH ABYX(pasHOH ¢HIAbTpalMH, NOJYyYEeHHBIX
B npexwmayieM naparpade. s pellleHHs CHCTEMB YpaBHeHHH
(IV.11)—(IV.15) 1mHpoKo NpHUMEHsIeTCA aNnnapar 4YHCJIEHHBIX MeETO-
0B, OCHOBBIBasiICb Ha OOIUMX NPHHUMNAX, H3JOXKEHHBIX B IJI, I, orpa-
HUUYUMCS TOJBKO HCCJeJ0BaHHeM OOLIMX CBOHCTB IOJIST HACHILUEHHOCTH,
JUI 9ero NpHMeHHM acUMIITOTHYECKHII NOAXOJ, OCHOBAHHHIH Ha MaJoc-
TH HEKOTOPHIX 6e3pa3MepHBIX NapaMeTPOB, BXOASIIUX B YCJAOBHs 3aja-
UM O BHITECHEHHH HECMEIHBaoUHXCs )uakoctei [5].

YpaBHeHuss bakaes—Jleseperra. O6mas TeopHs.
3anuileM OCHOBHYIO CHCTEMY ypaBHEHHH AJ5 NaBJeHHS M HachleH-
Hoctd B BuAe (IV.19) n (IV.20), ncnonbsysa Oe3pasmepHble mepe-
MEHHbIE

X=x/L, Y=y, Z—=zL, ©=FkAptjmpil —
= ugt/mL, P;= p/Ap, W= P/Ap, ¢ = a%juol =
= acos® Vk/) mAp.

3pecb L — XapakTepHBIi pasMep (HalpHMep, pACCTOSHHE MEXIY
CKBaXXHHaMH HJH TajiepesMH); Ugo-— XapakTepHass CKOPOCTb, CBs3aHHas
C XapaKTepHbIM nepenafoM xabJjeHus Ap. Ilosydnum

div [¢ (s) gradII] = 0, (Iv.27)
0s/0t — div [}y (s) grad 1] — eAD (s) = O, (1V.28)
rae A —oneparop Jlamnaca.

B 3apnauax HeTsHOH moj2eMHOH MMAPOJAMHAMHKH Nepenaj AaBjeHUS
Ha TpaHHUax o6JacTH Te4yeHHs, pa3Mep KOTOPOH JOCTHraeT COTEH MerT-

pOB, COCTaBJsIET HECKOJNIbKO JeCATBIX MJIH €JHHHI Meranackasnef,

CKOpOCTb ¢uabTpauud 10—6—10—% m/c, KanuanspHOe AaBieHHe B Hed-
TAHBIX IilacTaX paBHo 10—4—10—2 MIla, a mnapamerp a2~ 10—%—
— 108 M2/c. Orciona ciegyet, uto napaMeTp ¢ B ypaBHeHun (IV.28)
nopsigka 10—2—10—%, noaroMy B KpymHOMaclUTaGHOM IIPUO/IHXKEHHH
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YJEHOM, CONEpXalllUM &, MOXHO npeHeGpeyb, T.e€. 3aMucaTh BMECTO
(1V.28)
0s/dt — div [f; (s) grad I] = 0. (IvV.29)

Yrobsl HceaeA0BaTh o6uUiHe CBOHCTBA NOJS HACHILEHHOCTH HA OCHOB
ypaBaenud (I1V.27) u (IV.29), nocnepnue ynoGHee mepenucaTb B pas-
MEpHOM BHJe

diva == 0; #=-—(ke (s)/p1)gradp, (IV.30)

mos/0t + F' (s) (wgrads) =0, (IV.31)

rie @ = u; - #y— CyMMapHasi CKOpocTb (HJbTpauud obeux ¢as. Cu-
creMa ypaeuenufi (IV.27) u (IV.29) saunTuuecKoro THIOA OTHOCHTE/b-
HO JaBJIEHHA H THNep6oIMuecKOro — OTHOCHTEBHO HachlleHHOCTH. Ilas
ypaBHeHus1 (IV.31) MOXKHO MHOJYYHTb CEMEHCTBO XapaKTePHUCTHK, Ha
KOTOPOM BLIIOJMHSIOTCS COOTHOLIEHHS

dx/dt = uF' (s)/m, dy/dt = vF’ (s)/m, (1v.32)

dz/dt = wF' (s)/m, ds/dt = 0.

CootHotuenus1 (IV.32) npu 3agaHHOM MTHOBEHHOM IIOJIe CKOpOCTefl
MOXKHO pacCMaTpHBaTb KaK YpaBHEHHs! paclpOCTpaHEHHS TOYeK ¢ Io-
CTOSSHHOH HachILEHHOCTbI0. PaccMoTpum moBepxHOCTb I' ¢ nOCTOAHHBIM
Ha Hell 3HayeHHeM HACHIIEHHOCTH S (TaK Ha3blBaeMYl0 H30CaTy), ypas-
HeHHe KOTOpo# ¢ (X, y, z, £) = 0. Toraa u3 (IV.32) caenyer

Vi = (4/04)(04/0n) = unF’ (s)/m, (1V.33)

rge V,— cKOpoCTh IlepeMellleHHsl H30caThl 0 HOpMalHu K HeH; u,—
[poeKIHsT CyMMapHOH CKOpocTH (HJABTpalHH Ha HOpMalb K H30care.

B 3ajaue o BLITeCHEHMH HECMEUIMBAIOLIMXCS XHAKOCTEH B CHCTe-
Me CKBaXHH HJM rajepefl IDaHHYHBIMH YCJOBHSIMH IJISI YpaBHEHHH
(IV. 30) u (IV. 31) sBaswoTcsi, BO-NEPBHIX, OGLIYHBIE YCJOBHA /s
laBjieHHs], 3ajlaBaeMble Ha CKBaXXHHAX WJH rajepesx NPH ABHXXEHHH
HecxkuMaeMblX Xuakoctedt (cm. ra. 1I), H, Bo-BTODHIX, yCJAOBHA AJs
HACBHILLEHHOCTH Ha HarHeTaTeJbHBIX CKBaXKMHAX WJM ranepesx. Koraa
HarHeTaeTcsl YHCTas BRITecHsloWas (asa, HACHIIIEHHOCTb HA KOHTY-
pax HarHeTaHHs JOJIKHA, OYEBHIHO pAaBHATHCH MAaKCHMaJbHOH  S*.
Kpome Toro, Ass HachblIEHHOCTH [O0JXHO OBITh 3afaHO HavaJbHOe
pacnpenenenue s(x, y, 2, 0) =f(x, y, 2).

Ypasuernus (1V.32) osnawaioT, Y10 NpH 3aJaHHOH CKOPOCTH (UJIbTPA-
IMH CKOPOCTb PAacOpOCTPAaHEHHS HACHILIEHHOCTH S MNPONOpIHOHAJbHA
npousBoaHo#l ¢yHKuuH Baknes — Jleseperra F'(s). Tunuunble KpHBble
OTHOCHTEJBHOH DPOHHIAEMOCTH KaK JJs cMaydBaollel, Tak H LJd He-
cMayuBatolleii ¢a3bl BOTHYTHL K OCH S, BejaeicTBHe yero QyHkuua F(s),
paBHas TOXKJAECTBEHHO HYJIO NMPH § < S, H €NHHHIE IIPH S > s*, uMmeer
TouKy meperun6a, a ¢yHKuus F’(s) — makcumyM (cMm. puc. 37). ITostomy
B COOTBETCTBHH ¢ (opMynamu (IV.32) Génbiine 3HaYEHHS HACBHILIEHHOCTH
BhITecHsIIoER ¢a3oit s (Ha puc. 38 cjeBa) MOFyT «OGTOHATBH» MeHbUIHE
(1a puc. 38, naumnas ¢ T = 0,5), BcaencTBHe yero HOSIBJAIOTCA MOBEPX-
HOCTH paspblBa (CKaUKH), NMpH Nepexoje 4yepes KOTOPhle HACHIMEHHOCTDH
MeHsieTCl Ha KOHEUYHYIO BEeJHUHHY.
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TlosiBieHHe CKAYKOB HACHIIIEHHOCTH CBSI3aHO C INpeHeOpeXeHHeM
4jeHoM co crapliefi npousBonHoli B ypaBHeHun (IV.28). Cxkauxawmmu
HaCHIIIEHHOCTH aNMpOKCUMHPYIOTCA 06JiacTH, BHYTPH KOTODHIX BEJIHK
grad s|, H mMo3TOMY Heab3sa NpeHeOperaTh MOCAELHHUM UJIEHOM YypaB-
Henusi (IV.28). Ilpu touHoM pemweHun (IV.28) BmecTo ckaukoB BO3-
HHKAlOT y3Kde o06JacTH ¢ OblcTPO MeHSIOIEHACs HaCHIeHHOCTHIO.
AcHMNTOTHYECKOMY HCCJENOBAHHIO DacnpenesieHdsl HACHIILEHRHOCTH B
3THX 30HAX MOCBSILIEH cJeAylowiui naparpad.

IMpexpe uem HccienosaTh (HOPMHpPOBaHHME H 3IBOJIOIHIO CKavyKOB
HaCHIIIEHHOCTH, BBIBEJEM COOTHOLIEHHs, BblpaXxkalomue YCJIOBHA CO-
XpaHEHHs MacChl H [aBJeHHA Ha HHX.

IIycTh cKauOK HACHIEHHOCTH NMPOXOAMT Yepe3 LHIHHIPHUECKHH 3Je-
MEHT HOpHCTOH cpeibl 00BEeMOM R, BHIDE3aHHBIH 110 HOPMANH K I[OBEpX-
HOCTH CKauKa H OTpaHHYEHHBIH YUaCTKaMH NoBepXHocTell L, Mapa/ieabHbIX
IIOBEPXHOCTH CKayKa, HAXOAJALIMXCS HA PACCTOSHHH An OT Hee. YcJoBHe
COXpaHeHHs] MacCel nepBoil (aspl B 3/I€MEHTE HMEeT BHJ

d (ngdw) /dt -+ gul,,dc = 0. (IV34)
Hanee
d (§ msdo)idt=mV ,.(s——s+) X+ 0 (8/RY, (1V.35)

rje $—, ST — COOTBETCTBEHHO HACHILIEHHOCTH 3a H 10 cKayka; R — paauyc
KPMBH3HEI MOBEDPXHOCTH CKauka; V. — CKOpOCTb IlepeMellleHHs] CKayka
No HOpMaJu K HeMy. PasHocTb MOTOKOB BBITECHSIOWIEH XKHJKOCTH Yepes

ceueHHs!, MapaJiebHEIE TOBEPXHOCTH CKauka, paBHa (ui — uih) Y, rae,
U1, — OPOEKUHsT CKOPOCTH (usbTpanyu Heppoil a3l Ha HOpMaab K IMO-
BepXHocTH ckauka. IIoTOK, cBsi3aHHBIE C KacaTeJIbHOH cOcTaBJsioUeH,
Hcyesarolle Masa IIpd crpemiieHud An K Hymo. Torjza yciaosue coxpane-
HHS Macchl NepBOH KHJIKOCTH IPH CTATCMBAHUM 3JeMeHTa £ K Y4YacTKy
NOBEPXHOCTH NIPHMET BHJ

Ve = (uin — i) /m (s— — s). (IV.36)

YcnoBue coxpaHeHHSI MacChl BTOPOH KHIAKOCTH ¢ yderom (IV.36)

CBOJHTCS K YCJOBHIO HENPEPHIBHOCTH HOPMAJIBHOH COCTAaBJSIIOILEH CyM-

MapHO# CKOPOCTH (PUIBTPALMH [PH NEPeXoie uepe3 MOBEPXHOCTb Pas-
poiBa:

R
PUC. 38. K QopmupoBaHKio He- Uin 4 Uzn == Un = Un = Un.

OLHO3HAYHOTO pacnpeaeneHns U3 (IV.30) u (IV.17) HeTpyaHO noay-
HACBIHIEHHOCTH K 3ajaue Baknea — YUTH
Jlepeperra

s wm = F(s)u, uo=1—F(@)u. (IV.37)

L0
T7W0 s j Atu popMyJB NOKa3bIBAWT, 4TO MO
>N dusnueckoMy cmuicay yHKuus bak-

70 nea — Jleseperra F(S) Bhipaxaer AOJIO
nepBoii ¢asnl B noroke (npu npenebpe-
KEHUY KanuIsipHbIMU cuaamu). [loa-
n 0.5 * craBasisa ux B (1V.36), umeem




Ve = [F(s™) — F (st)] un/m (s— — sT). (1V.38)

Kpome ycaosuit (IV.36) Ha ckauke HOJIKHO BBEINOJHATBCA YCJOBHE
HENpPepPHBHOCTH JaBJIEHHsS, KOTODOe CBOAMTCS K CJEAyHOUIHM COOTHO-
HIeHHAM:

(Op/Od) = (Op/ody+; i fust =9 (sH) Je(s™),  (IV.39)

rae § — HanpaBieHHe N0 KacaTeJbHOH K MOBEPXHOCTH CKauKa; ug—
NIpOeKIHsl CKOpocTH ¢(uJbTpPALHH Ha 3TO HampasieHHe. Pasnnune kaca-
TeNIbHBIX H COXpaHeHHE HOPMANbHBIX KOMIIOHEHT CKOPOCTH (buJIbTpamuy
NPHBOAHT K H2JIOMYy JMHHH TOKa NpH IepeXoje 4Yepe3 CKauoK.

Paccmorpum nogpo6Hee BO3HHKHOBEHHE H paclpocTpaHeHHe CKay-
Ka B OJIHOMepHOM cJaydae, Korjga BMecto ypaBHeHud (IV. 30) nu
(IV. 31) umeem

m0s/0t + uF’' (s) 0s/0x = 0; u = u(f). (1V.40)

[lycts HauasbHOE pacnpelesieHHe HAaCHILEHHOCTH MOHOTOHHO S0 (x)<O0.
Uz (1V.32) monyuum pewenue ypasuenus (IV.40) B Buge

t
x=xo(s) 4+ UF'(s)/m; U= { u(z)ds. (IV.41)

IMockonbky ¢yHruua F'(S) umeeT MakcHMyM, ¢opMasibHOe pelleHHe
(IV.41) npu poctaTo4yHO GOJBLINX BpeMEHAX CTAHOBHUTCSI HEOJHO3HAYHEIM,
(paKTHYECKH e B MOMEHT [,, KOrjga KacareJbHash K KDHBOH s(x, f,),
onpenensieMol dopmyaoit (IV.41), cTaHOBHTCS BepTHKANBHO!, BO3HHKAET
CKayoK HachblilleHHocTH. Y13 dopmyanl (IV.41), sanucaHHOM 1/ HAChIUIEH-
HOCTH Ha CKauke s— = §,, noayuuM, AubdepeHuupys mno i:

dx/dt = [uF'(s)l/m + [UF"(sc) + xo (s.)] ds./dt. (1V.42)

Hanee, npupasuuBast (IV.42) BhIpaxkeHHIO JJI CKOPOCTH CKauka
(IV.38), nonyunm nuddepeHLnaNbHOe YypaBHeHHe JJis HachILEHHOCTH
Ha cKauke S:

dsc/dt =u [F(Sc) - F(SO) - FI(Sc) (sc — 30)]/ (Sc —_ 50) [UF”(SC) +
+ mxo (so). (IV.43)

UTo6kl OlpesesuTh 3HaueHue Sp = s+, Bxoasilee B ypaeHeHue (I1V.43),
HY>XHO HCIOJb30BATb YCJIOBHE X (S;) = x (So) HJIH

UF'(s;) + mxo (s;) = UF'(so) + mxo (So)- (1V.44)

M3 ypaBnenuss (IV.43) cienyer, 4To ecjM HachLleHHOCTh Ha CKauKe
[pU ero pacnpocTpaHeHUH OCTAeTcsl HeM3MEHHOH, TO oHa AOJIXKHA yJ0B-
JIETBOPATH COOTHOLIEHHIO

F'(se) = [F(sc) — F(s0)] / (s — $o)5 (IV.45)

BrepBble nonyyeHHomy Dakieem u Jleseperrom. OHO O3Ha4aeT, 4TO CKO-
pOCTb paclpoCTpaHEHHs] CTALHOHADHOTO CKauKa DaBHA CKOPOCTH pac-
IpOCTPAaHEHHs] HACHILEHHOCTH Ha cKauke — cM. (1V.33)u (IV.38). Ypas-
HeHue (IV.43) nas s, = s~ noayueno C. H. Bysunosem M. A. YapHbmM.

Yenosue (1V.45) ponyckaeT NpocTyio reoMeTPUUYECKYIO HHTepIlpera-
IHIO Ha IUIOCKOCTH HepeMeHHBIX F, s: 3HaueHue S, HAXOZHTCH KaK TOYKa

131



KacaHus npsmofi AB, npoBeleHHON H3 TOUKH S=S;, K KPHBOH F(s)
(puc. 39). Ilpn 3ToM TaHreHc yrsia HakJoHa npsamod AB K ocH § mpo-
NOpIHOHaJNeH CKOPOCTH CKauka.

Ecnu HawaabHag HacHIIEHHOCTb Sp IIOCTOSIHHA, a BO BXOJAHOM cede-
nun x = 0 Beinosnsercs ycuaosue s(0, f)=s*, To pacmpenenenue Ha-
CHILIIEHHOCTH OMHChIBaeTcA KJIacCHUecKHM perleHHeM Baknes — JleBeperta

x=UF'(s)im, (s* >s>s), x=UF'(s))/m, (s50<5< 5),
= so npu mx/U > F'(s,), (1V.46)
B KOTOPOM HacCHIlle HHOCTh Ha CKAa4Ke MOCTOSTHHA H YAOBJETBOPACT YCJIOBHIO
(IV.45) npu s, = const (puc. 40).

Briie paccMoTpeHR! 3a1a4H O BHITECHEHHH JJ1s1 MJIOCKOIapasienbHOro
ofHoMepHoro TeueHusi. OnHaKO HETPYAHO M0Ka3aTb, YTO pellleHHs
(IV.41) u (IV.46) OnHCHIBAIOT TaKKe NJIOCKO-pafiHal>HOE M CEPHYECKH-
pajnaJbHOe TeyeHHe JHUIb C 3aMeHOH KoopiuHaThl X Ha ri/2 u r¥/3
COOTBETCTBEHHO. 1151 CTAllHOHAPHOTO HHIKHHPHYECKOTO HIH chepHUecKo-
TO CKayka OCTaeTcsl ClpaBelJuBHIM H YycioBHe Daknesi — JleBeperra
(1V.45)

Huns o6wero mnpocTpaHCTBEHHOrO JBHXKeHHA BolpaxeHue (IV.38)
MOXHO MCNOJIb30BATh JiI1 ONHCAHHS 3BOJIOUMH TNOBEDPXHOCTH CKAauyKa
$e (%, Y, 2, t), TOCKOMBKY

V ae = (39./00)/(0:/0n). (IV.47)

ITycTb B HEKOTOpHIH HadaslbHBIH MOMEHT BJOJb NOBEPXHOCTH CKauka
HACBHIIEHHOCTb TNOCTOsIHHA W BbimoAHAeTcs yecJosue (1V.45). Tlycre,
KPOMe TOro, Besjie 3a CKAYKOM (T. €. CO CTOPOHEI KOHTYDOB HarHeTaHus )
s> Se, F'(s) < F'(s;), T.e. HachIEHHOCTH 32 CKAYKOM B €0 OKPECTHOCTH
He «OGrOHAIOT» HACHINEHHOCTb HA CKayKe B COOTBETCTBHH C YCJIOBHIMH
(IV.32) u (IV.33), a nacbuueHHocTs Sp NMocrosHHa. Torma, oueBMiHO,
CKaYOK M M30CaTa s = §, OYAYT pacnpocTPaHsATbCH COBMECTHO, T. €, yCJo-
Bue (IV.45) Gyzer BHINOJNHATBCA B TeYeHHE KOHEYHOTO NPOMEXYTKA
BpeMeHH. B dgacTHocTH, ec/lu Hayua/JbHAd HACHILEHHOCTh HOCTOSIHHA,

PHUC. 39. K rpaduueckomy mo- PHUC. 40. Pacnpenesienne HachIeH-
cTpoeHuio pewenus Bakies — Jle- HOCTH TpH aBTOMOZEJbHOM pellle.
BepeTTa Ha ILlockoctH S, F; HHM 3anaun Baxnes — Jlepeperra;
¢yHruus F(s) Ta xe, gTo Ha pHC. 37. 1 — nna npoHHuUaeMocTelf, TMOKasaH-
R . HBIX Ha pHC. 37; 2 — A5 NPAMONHHeH-
F “ HBIX OTHOCHTEJbHbIX npOHHU,aeMOCTeF[
(po = 0.5)
SN ; L
7
s F(s)
<l ——
0 \
05
|
//”‘—-h
v
7/
Sof— —— - —— - \
A 1 o
] S0 s (] 1.0 20 T
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a HAa HarHeTaTEJbHHIX CKBAaXKHHAX pPaBHA §*, TO B OKPECTHOCTH CKBa-
XHH B Haya/le BHTECHEHHs ocyllecTBjsiercs pelexHe baknes — Jle-
BepeTTa AJs IVIOCKO-pajHajbHOro TeueHHsi. B TakoM ciydyae Ha 06-
pasyoluxcs cKaukax ((ppoHTax BBHITECHEHHs1) HACHILIEHHOCTb OINpe-
ngensiercs no cootHoweHHwo (IV.45) u B masbHeHllleM npd HCKpHBJe-
HHH TOBEDXHOCTH CKauyKa INpPOAOJKAaeT OCTABAaThCS MOCTOSHHOH H
paBHOH S.. BuinmomnuMocte ycnoBus Baknes — Jlepeperta B obuiem
clyyae MmJockoro BmiTecHenuss Omiia ormeueda I. T1. LmOysbckum.

YUacTHh e ¢cayuan PaccMOTPHM HEKOTODHE YacCTHble CJydaH
OZIHOMEpHO} 3a/laui BLITECHEHHs M CJeACTBHs u3 ¢opmyn bakies —
JleseperTa.

O6pasoBaHyue CKAUKOB HACHILIEHHOCTH CBSI3aHO C CYIIECTBOBAHHEM
MHTEPBAJOB H3MEHEeHHS S, Ha KOTOpbIX GyHKIHA F(S) HMeeT BOTHYTYIO
¢opMy. B 3aBHCHMOCTH OT BHAA KpHBBIX OTHOCHTEJbHOH IIPOHMIA-
€MOCTH M OTHOLIEHHs] BSI3KOCTeH BO3MOXHO KaK OTCYTCTBHE TaKHX HH-
TEPBAJIOB H, CJef0BaTeJbHO, CKAYKOB HACHIIEHHOCTH, TaK H 06pa3oBa-
HHe HEeCKOJIbKUX CKaykoB. PaccMoTpuM cayyai, KOrja OTHOCHTeJbHbIe
IDPOHHILAEMOCTH MOTYT CUHTaTbCsi NMPONOPIHOHAJLHBIMH COOTBETCTBYIO-
MM HacolleHHocTaM, T. €. fi=s, fo=1—s. TakuMu OGyHKUHAMH
MOXKHO OIHCATh COBMECTHOE TeueHHe B3aHMHO CMeUIMBAIOHIHXCS
JKHIKOCTel, Korja pacnpenejeHHe (a3 B 10pax IOJHOCTBIO CJy-
9aiHO M He CBH33aHO C KaNWAJAPHBIMH CHJaMH, NpHYEM Kaxjas
H3 ¢a3 coxpaHseT NOABUKHOCTb NpH Ji1060# HacwueHHoctd. Torza

F(s) = s/[po + (1 — po) 8, F'(s) = po/[pro + (1 — po) 8)%
F'(s) = — 2w (1 — o) / [0 + (1 — po) sP. (IV.48;

M3 (IV.48) crenpyer, uto dyuruus F'(s) coxpaHsieT 3HaK OpHU JIOGHIX
s, TIpHyeM, ecsH po < 1, 10 F'(s) < 0, u 06paTHO: ecau po>1, T0 F'(5)>0.
B nepsom u3 3THX cayyaeB no ¢opmy.e (1V.37) nonyyaeMm HenpephIBHYIO
MOHOTOHHO YOBIBAIOLLYIO 3aBHCHMOCTb S (x) npH Jwobom {. Bux pemenus
Bakness — Jleseperra npu ycaoBuH, uto ¢pyukuusi F(s) Bblpaxkaercs ¢op-
myqoii (IV.48) u po=0,5, noxkasan Ha puc.40 BMecTe c pellleHHEM
Baxksies — JleBeperta 111 OGBIYHBIX (PYHKIHMH OTHOC UTEJBHOM IPOHHILA-
emocTH. Ecanm po>0, npomsBogHas F”(S) uurie He OTpHLATeNbHA.
BenencTBue aTOro HempephIBHOE pelleHue, cooTBeTcTBylollee (IV.37),
He cyumecrByeT. PellleHHe cO CKaukOM COOTBETCTBYET IpeJeNbHOMY
C1y4alo «NOpIIHEBOro» BHITECHEHHS:

s=1x<Um);, s=sg(x > Um). (I1V.49)

®u3HyecKH 3TO O03HAuaeT, YTO eC/H BA3KOCTb BHITeCHsIOMmEH (asnl
6oJibliie, YeM BBITECHSIEMOH, I@polecc BHITECHEHHS HMeeT MODIIHeBokH
XapakTep. Ecay ke Gosbllle Bsi3KOCTh BEITeCHSeMOH ¢a3bl, (POHT BhITEC-
HEHHsl «pa3MbIBaeTcf». KauecTBeHHOe pasjiHyHe BHAA pelleHHs IIPH 3Ha-
YeHHAX apaMeTpa po, GOMBIIHX H MEHBUIUX eI HHHIE!, CBA33aHO C BONPOCOM
06 ycTOHUHBOCTH (PpPOHTA BHITECHEHMS, paccMaTpuBaeMbM B § 5 macros-
meil raasel. Pewennss ypaBHenusi (IV.40) ¢ ¢yukunet F(s) Buna (IV.48)
paccmarpuBanuchk A. M. [TupBepasiHOM B CBSI3H ¢ 3afauell O NepeMelleHuH
BOJOHE(TAHOTO KOHTAKTa.
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OnHoO#l M3 NMPAKTHYECKH BaXCHBIX XapaKTePHCTHK BHITECHEHHS HedTH
BOJOH fBAsAeTcs Ko3hpuUHEHT HedTeOTHAYH, T. €. JI0JIs1 BEITECHEHHOH
HeTH OT NepBOHAYAJILHOIO €€ COJepKaHHs B nopucToi cpene. Hs apro-
MOJIeJIbHE X pelueHHit Buaa (IV.46) MOXHO NONYYHTb NPOCTHIE COOTHO-
IHEeHHs1, MO3BOJISIOHE OLUEHHTb 3aBUCHMOCTb Kos(puuHeHTa HedTeOTAAUH
oT 0o6beMa NpPOKaYaHHOH XKHIKOCTH H OTHOIWEHHUS BAskocrel ¢as. [Tycthb
BbITECHEHHE TPOHUCXONUT H3 3/eMEHTAa TPYOKH TOKA MEXKAY CEeYeHHSIMH
x=0u x=L npu s(x, 0) = so = const. [locKOJLKY yCJOBHS B BBIXOJ-
HOM CEUeHUH A == L He BJIHSIOT Ha pelleHue 3afaun baknes — JleeeperTa,
tdopmydst (IV.46) cnpaseanuBel Aas o6pasia KOHEUHOH MJIHHH L, npuyeM
HACHIIEHHOCTb B BBIXOJHOM CceYeHHH HaXOAUTCS No ¢opmynaam (IV.42)
nnn (IV.46) kax s(L, ?).

ITycTb HACHIGHHOCTb B BRIXOgHOM CEWEHHH x = L, S, paBHA HJH
6oJiblile HACKILIEHHOCTH HAa CKayKe S, onpenensieMol gopmymnoi (1V.45),
T. €. PacCMaTpHBAIOTCS MOMEHThI BDEMEHH ITOc/ie TTpOphiBa BEITeCHAOIIEH
JKHIKOCTH 4yepe3 BLHIXOZHOe ceueHue. Jlisl HacbleHHoCTH npu x = L,
§ = S, BBHIOJIHAETCS PaBEHCTBO

F'(s)) = L/Um. (1V.50)
CpenHsis HACHILEHHOCTb B pacCMaTpHBaeMOM ydacTke ¢ yuetoM (IV.46)
paBHa
SL

sdx = (F'(s))=! § sF'(s)ds = sp + (1 — F(s)) [F'(s) —
— s* F' (s¥)/F' (s1). (IV.51)
OG6b1uHO BHA QYHKIHI f1 (S) H 2 (S) TaKOB, 4TO f2 (s*) = O 1 fi (s,) = O,
otkyaa u F'(s*) = 0. Toraa, no YaamKy, cB3b MeX1y S H S, IPUMET BHJ
s=s.+ (1 —F(s))/F'(s). (1v.52)

Orciofia cjieflyeT, 4To IpH 3aZaHHOM S; 3HAYeHHe S MOXHO HAHTH
¢ TIOMOHIbIO MPOCTOTO IMOCTPOCHHS Ha IJIOCKOCTH F, S, yKa3aHHOro Ha
puc. 39. B yacTHOCTH, CPe/HsIsl HACHIEHHOCTH NPH NPOPhIBE BRITECH SIOMeH
¢asbl HAXOAMTCS Ha NepeceyeHHH KacaTeJbHOH K F(S) M3 TOYKH Sp, F(so)
(natommeit 3HayeHue s;) ¢ HpaAMoi F = ). 3Hag s, HeTPYAHO HaHTU KO3p-
¢uiyeHT HedTeoTAayH 7 M 06parTHO:

7= (s— So)/(l —s0); s= (1 —sp)q+ S. (IV.53)

Kpome onpenenenust kosdduuuenta wedbreorsauu, ¢opmyast (IV.51)
n (IV.52) MOXHO uCOAB30BaTb [IJs1 HAaXOMAeHHs BHAA QPyHKuHu F (s)
HO IKCTNEPUMEHTANBHBIM JIaHHBIM, NOJIYYeHHBIM IIpH BHITECHEHHU HedTH
BojoH. Vsmepssi pacxompl HedTH M BOABI ¢ H ¢1 B KaXKIbl MOMEHT
BpEMEHH, MOXKHO HaHTU 1O HHUM Tekyllee 3HayeHHe GyHKUud F, cooTBeT-
CTBYIOLlee HACHIIIEHHOCTH B BBIXOJAHOM cedeHHH Si.: F(st) = ¢\/(q1 + q2).
Hanee, no texyiel He(hTeoTaaue MOKHO HalTH 3HaUEHUe S B OGO MOMEHT
ppemeHH. ITocae sToro 3HaueHHe s;, COOTBETCTBYOLIEE JaHHOMY F, MOXHO
onpexeauts no gopmyse (IV.51) ¢ yuerom (IV.50):

se=s8s—Um (1 —F)/L. (IV.54)

Ha ocHoBe asromopesbHoro pewenus Baknaes— Jlepeperra, . A. ¢-
poc [48] u psx Apyrux HcciepoBatesnefi npeyioKHIY QOPMYJIBI, 1103BO-
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ASIIOLIKE ONPeNeNHTb IO JaHHBIM BLITECHEHHS He(TH BOIOH B JIHHEHHOM
obpasiie He TOJbKO (GYHKOMIO F(S), HO M OTHOCHTEJIbHBIE HPOHHHAEMOCTH .
Jlns inHeHHOTO BBHITECHEHHS N0CJIe IPOPEIBA BhiTeCHSOMEH (askl nepenag
IaBJeHHS Ap MOXKHO BbIpasuTb ¢opmysoll, cienytomeii u3 (IV.41):

SE
Ap = wugUmk="§ F/(s)lf: (s) -+ wofa(s)]~'ds. (1V.55)

3amennB B cooTtHoweHuu (IV.55) nepemennyio s Ha F' = dF/ds,

HOJTYYHM
FL

g (FIf,) dF’ = Ap (t) kFy /uo (t) piL, FL = F'(s;). (IV.56)

ITonaras RApjug (Hyp, L =11

u AubdepeHunpys coorsowenue (IV.56) no U =mL/F;, HaiineM zas
fi (so):
fi(s) = F/[I1— U (d;dU)). (IV.57)

Bce BesnuHMHBI, BXoAsllHe B npaByio uacth (IV.57), MOXHO BHIuHC-
JUTh MO pe3y/bTaTaM H3MepeHHI HHTEerpasbHbIX XapaKTePHUCTHK IpO-
Lecca BHITECHEHHS] M Nepenajia JaBJeHHs.

Cxemoii Bakaess — JleBepeTrTa MOXHO ONHCaTh TaK¥ke OJHOMEp-
HOe JByX(pa3HOe TeueHHEe C YUETOM CHJH TsxeCTH. B kpynHoMmaciuTa6-
HOM NpHOJMIKEHHH, T. e. B 06J1aCTH, Ile MOXKHO NpeHeOpeub BJHSHHEM
KaNWLISIDHBIX CHJI, BhIDaXKeHHe 3aKOHa (GUAbTpauyuH IByX(asHo# Xui-
KOCTH C YYeTOM CHJB TSIKeCTH HMEeeT BHA:

uy = — (kf1 (s)/ #1) 0 (p + pi1gsin a)/0x,
Uy = — (kfa (s) / p2) 0 (p + pag sin a)/0x. (IV.58)

Ilpu sToM ocb x HampaBneHa BBepx, 0 < a<%.

YpaBHeHHS] Hepa3pbIBHOCTH COXPAHSIOT JJISi NPSAMOJHHENHOro Teye-
HHSA BUJI
mos/0t 4 Ouy/0x = 0, w4+ us =u (f). (IV.59)

IIpocTrie mpeo6pa3oBanus NPHBOAAT K OAHOMY YPaBHEHHIO IS S, eCaIu
u () 3ajaso: ’

mas/0t + udF (s)/dx — Wa[fa (s) F (s)] /0x = 0, (IV.60)
rae W = (kgpo) (p1 — po) sina,
u = ulF (s)— Wfs(s)F (s).

Petnenne ypasnenus (IV.60) onpeaensercs HHTErpHPOBAaHHEM CHCTE-
Mbl YpaBHEHHH XapaKTepHCTHK

dx/dt = u () F' (s) — Wdf.F/ds; s= const. (1v.61)

Ecnu xapakTepucTHKH, onpenensiemble ypaBHeHusiMu (IV.61), nepe-
CEeKalTcsl HA NJOCKOCTH X, {, 1Nl OTHICKAHHS pEIUEHHs, HMELIero
(GusuyeckHi CMBICJ, HYXXHO BBOJHTb CKauKH HaCHIIEHHOCTH. Y CJOBHSA
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Ha CKayKax cHOBA Bripaxaiorcsi (opmynamu (IV.36) u (IV.38), rae svecto
F (s) cnenyer nopcraBuTh (yHKUHIO U (S, f) = uF — W, F

OcoGblfi vHTEpec NpeiCTaBIsSeT TeYeHHe Opu ycaosuH u (f) = 0, urto
COOTBETCTBYeT DasfeNeHHIO (a3 Mo JeHCTBHEM CHJBI TSKeCTH (IpaBH-
TALlHOHHAs cerperanus). Ec/H naact HeorpaHu4ed no TOMIHHE, a >KUIKO-
CTH BHayaJle pasjiesieHbl Pe3KO rOpH3OHTANbHOM IpanuLeil, npuyeM GoJtee
TSKeJIasd KUAKOCTb HAXOJMTCS CBepXy, T.e. s=1 npu x >0, s=0
npu x <0, pemwenue ypasHenust (IV.60) npu u = 0 moxer GuiTh 3anu-
CaHO B BHJe

E=xm/Wt= —d (f,F) /ds. (IV.62)

Qyukuus § (s) =f,F, TUNHUHBIL BUL KOTOPOH H306paxkeH Ha puc. 41,
UMeeT JBe TOYKH Meperu6a, 4To BHI3bIBAET BO3HHKHOBEHHE JBYX CKAYKOB,
Ha KOTOPBIX [ ONZKHO BBIIOJNHSITHCA YC/AOBHE

dx./dt = & = [{ (Sc) — § (S0)] / (Se — So). (IV.63)

Jis CTauMOHApHOrO CKauka NOJ/UKHO BBINOJHATLCS YCJAOBHE, aHAJO-
ruunoe (1V.19):

% (Se) = [ (Se) — P (s0)] / (8 — So). (IV.64)

Cor/1acHO 3TOMY YCJIOBHIO, HACHILIEHHOCTH Sei H Sgp HAXOLATCS C MO-
MOIIBIO TPadUYECKOro MOCTPOeHHs HA MJOCKOCTH ¢, S, MOKA3aHHOTO Ha
puc. 41. CooTBeTcTByIOIast KADTHHA PACNpPOCTPAHEHHS CKAYKOB HA ILIOC-
KOCTH 8, £ mokasaHa Ha puc. 42.

[pensiaraem uuTaTesI0 CaMOCTOSITE/ILHO HCCJIENOBATh JBHMKEHHE, BO3-
HHKawwee, Korna npu Bcex x >0 s(0, f) =s = const, s, < 5 < s¥,
rpanuna x = O HeMpoHHIIAaeMa, YTO COOTBETCTBYET CErperaunn PaBHOMep-
HO pacmpejesneHHbIX (a3,

§ 3. CrpyKkTypa TeueHMs MPH MeAKOMACIITAGHOM OMHCAHHM.
Cra6uausnposannas 3ona. Kanuaasipuoie apexro B mopu-
CTbIX Cpeaax.

CrabunusupoBanHas 30HA. [Ipy KpynHomaclTaGHOM ackM-

NTOTHYECKOM OITHCAHHU BBITECHEHHUS HECMemUBAaIOLLH X S ?KH}IKOCTeﬁ BO3-
x/T

¢(5) I‘\‘
[
| | 2,0 3
\
” ] \
0,04 +—t L0 \
| ’ T
[ 5ot \\ ‘
Iy 0 \
[ ] SN 0S[ | s L0)s
002 f i . \\
| | -0 ] 1
I \\ |
| ‘ ~20 X [
\
0 0550 Sy e
~3,0
PUC. 41. K noctpoenuto  pe-
WeHHs1 3a]a4yH O PaBHTAIMOH- PUC. 42. Pacnpenenenne Ha-
HOH cerperauHi Ha IJIOCKOCTH CHILNEHHOCTH 1JISl 2BTOMOJEJ/Ib-
V(s h=sY% fh=(010+4s X HOTO peLIeHHsl 3ajayH o rpa-
X (1 —38)® p=1, 0 BHTaUHOHHOH cerperauuu
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HHKAlOT MOBEPXHOCTH pa3 pblBa — CKAaYKH HachlmeHHOcTH. [Ipu peinennn
nosHo# cucrembl ypaBHerui (1V.19) u (1V.20) uM COOTBETCTBYIOT y3Kue
30HBI ¢ OOJBIUMMH 3HadeHuAMH |grad s|. Jlnst onmucanus pacnpenesieHyst
HachbIlEHHOCTH B NepeXOAHOH 30He, COOTBETCTBYIOLIEH CKauky, BBEJEM
B OKPECTHOCTH HEKOTOpO# ToukKH O HNOBEpXHOCTH Pa3pblBa HACHIIEHHOCTH
JOKaNbHYI0 J€KapTOBY CHCTEMY KOOPAMHAT C LEHTPOM B 3TOH TOUKe.
Ocp x HampaBHM 1O HOpPMaJii K ITOBEDXHOCTH pa3phiBa M BBEJEM BIO/b
3TOH ocu MacluTab [ = el, rpe, Kak u pasee, e = a?/uol (uo = kAp/viL),
T. €. NOJCXKHM GeapasMepHYIO KoopAuHaty X paBHOH x/[, cOXpaHHB
Y =y/L, Z=2/L. Macmuitab BpeMeHH NpPHMEM pPaBHBIM [y = ljug = a?/ud
 TIONIOXKHM t = I/fp = upt/a®. Torna cucrema ypaBHenu# (1V.19), (IV.20)
IpH NpeHeGpexeHHH YJeHAMH TNOPSIKA € U BhIle cBeJeTcs K caepylomedi:

Ol ()0 /3X]/0X =0, ¢(s)0NN/0X =—w(Y, Z, 1), (IV.65)

0s/0t + (w/m) F' (s) 0s/0X — 02 ® (s) /0X? =0, w= u/ug. (IV.66)

Cucrema ypaBHeHHH ABYyX(tasHOH (uJABTpALHH CBeJlach K OXHOMEpEOH
BBHAY TOT0, YTO PaAHyC KPHBHU3HEI NOBEPXHOCTH pa3phiBa, ONpeaesseMbli
YC/JIOBHSIMH BHEILIHETO TEYEHMS, HMeeT NOPSACK L ¥ Bce BTOpHE NPOH3-
BOAHKIE [10 KOODAMHATaM Y ¥ Z BXOJSAT B YpaBHEHHS C Kos(pdHIHeHTaMH,
NpPONOPUHOHAJbHLIMH €, a INPOH3BOAHble N0 X —c Ko3(puuueHTaMH
nopsjfKa eAuHHILLL.

B npexenax mepeXoiHOH 30HH, TJie TeueHHe MOXKHO CUHTATb OJHO-
MEpDHBIM, CyMMapHas CKOpPOCTb o OQHAbTPAlHH o0euX (a3 BLOJIbL OCH
X He 3aBHCHT OT «ObICTPOH» KOOPAHHATH X, a 3aBUCHT TOJIbKO OT «MeJIJIeH-
HBIX» NepeMeHHBIX — BPDEMEHH T H KOOpPJAHHAT Ha IOBEPXHOCTH CKauKa
Y u Z. Vi3meHeHune CKOpPOCTH o TIPOMCXOJAHT 2a BpeMeHa nopsiaka L/ug,
T. e. Oosblude B Maclurtabe BHYTPEHHEro pasJoXKeHHsl. ¥ CTaHOBJIEHHE
pacnpefiefieHds] HachIEHHOCTH BJOJb HEPEXOJAHOH 30HBI [POHCXOJMT
3a BpeMs fy = a2/uj, T.e. MHOTO GObicTpee, YeM H3MEHEHHE CKOPOCTH.
[losTroMy npH acHMITOTHYECKOM HCCJENOBAHHH TeYeHHs] B NEPEXOJHOH
30He (BHyTpPeHHee pa3jioKeHHe) CKOPOCTb @ MOXXHO CUHTAThb [I0CTOSIHHOIH,
a pacrpefeseHHe HACBHIUEHHOCTH — CTAUHOHAPHBIM B KOOpJHHATA X, CBS-
3aHHBIX CO CKayKoM.

¥ pasnenne (IV.66), onuceiBaomee onHoMepHOe BEITeCHEHHe HeCMeLIH -
BaIOIIHXCA AHAKOCTEH C y4yeToM KalWJJISPHBIX CHJ, HasblBaeTcd YpaB-
neHuem Panonopra — Jluca. OcHoBHoe 3HaueHHe HMEET €ro pelleHHe
TUna Geryunedl BOJIHBI

=35((); { =X —VO0; V0= V/u, (IV.67)
the V — cKOpoOCTb pacnpocTpaHeHHs CKauka, olpejensieMasl H3 BHELIHEro
pasnoxenus. IMeHHO 3TO pellieHHe ONMUCHIBAET pacHpejeseHHe HachllleH-
HOCTH II0NepeK CKauyKa, MOCKO/NIbKY BHYTPEHHAS CTPYKTYPa CKayka OueHb
OBICTPO IPHCIOCA6AHBACTCA K H3MEHEHHUIO BHEUIHUX MapamMeTpoB. B cuny
6ospworo pasauyua Macwrabos [ u L (I € L) no/nKHBI BhIMOJHATHC A
rpaHHYHble YCJAOBHUA CpalliMBaHHA:

S(— o) =5 =155 §(+ ) =5t = s0, (IV.68)
rie s~ ==8§, U ST = §) — COOTBETCTBEHHO HACHUIEHHOCTH 3a H Tepex
CKayKOM, OmNpejessieMble H3 BHeLUHero pasgoxenus. B 3ajgaue Bakies —
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JleBeperTta onu cesizaunl coornouieHneM (IV.45). CxopocTb pacnpoctpa-
HeHUst noBepxuocTH paspbiBa V® B pasencrse (IV.67), onpeaensertcs
dopmymoit (1V.38).
Ucnonszys (IV.67), nmonyuum Bmecto (IV.66) ypaBuenue
— mV%s/d L+ oF’ (s)ds/d — md [®' (s)ds/dC}/d.=0.  (IV.69)
Uurerpupys ypasuenue (IV.69) no { ¢ yuerom yciosuii (IV.68)
U paspeliasi OTHOCHTeJbHO d/ds, HMeeM
di/ds = m @’ (s) ] [ (F (s) — F (s0)) — mV?° (s — so)l. (IV.70)
Orciona ¢ yueToM dopmyasr (IV.38) mas ckopoctn ckauka V

m(sc——so)‘g' Q' (s) ds
= FO=F Gol (s — 50— IF Gy — F Goll G—5o)s

(IvV.71)
rae Si(so < st < s) U §y — NpPOH3BOJNIBHO BHIOUpPAEeMOE HauaJo oOTcyera
KOOpAHHAT. Ec/iu cKauoK cTalMOHApHbIA H BhMOMHAETCS yetoue (IV.45),
to BMecto (IV.71) umeem
. _m ®’ (s) ds
i S FO—F (o) —F (5) C—50)° (v.72)

1

St

®opmyna (IV.72) onuceiBaeT pacnpejiesleHHe HACHILEHHOCTH B Nepe-
XOlHOH 30He (puc. 43), Kotopas BBHAY CTallHOHAPHOrO pacrpejeseHHs
B Heil HACHIEHHOCTH TPAJHUUOHHO HAa3bIBaeTCs CTaGH/IM3HPOBAHHOM
3onol. lupuna cTabuNU3UPOBAHHON 30HLL § ONpPENEAseTCs KaK PaccTos-
HHE MeXJy TOYKaMH, HACHIUIEHHOCTH B KOTOPBIX OTJIHYAIOTCS OT mpe-
JENbHBIX S, H Sp Ha HEKOTOPYI0 Malnyio BelHUHHY o, T. e. Kak

S =L (sp 4 oY) — L (s, — Y.

B pa3sMepHbIX nepeMeHHbIX [IHPHHA CTAOHIN3UPOBAHHOMN 30HKI 13 =a28/u,,
T. €. 06paTHO MpONOpIIHOHAJbHA CKOPOCTH (QHAbTPAIHH HJIH CKOPOCTH
cKayka.

3nameHaTesb MOAbIHTerpadbHoro Bhipaxenuss B (IV.71) nopsaka
A(s—sc), a B (IV.72) nopsizka A, (S— sc)?, YHCAHTENb XKe OCTaercs

KOHEYHbIM NpH S — S,. n03TOMy npu

PHC. 43. Pacnpegesende nachmen- ([ — — co HMeeM B [1e€PBOM c/yyae
HOCTH B CTaGWJIH3WPOBAHHOH 30HEe
P s~s,—Cyexp ({/B),

110 G —t=Bln (s, —s), (IV.73)
a BO BTOPOM

. . §=5.+ Cy/ty L= Cyf (s—S8).
— (IV.74)
’ [pu s—sy, T. € §— 4 oo, 3Ha-
\ MEHaTeNb TOJBIHTETPATBLHOrO BHIpa¥e-
oy Hug B (IV.71) n (IV.72) umeer nopsapok

s — so. Tlostomy, ecam F(s) u F'(s)
-0 o5 * KOHEUHbl [pH § =Sy, TO HMEeM
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{— 8 =~Csln(s— so). (1V.75)

Ecmu F (s)) =0, 10 sp < s,. D10 03Hauaer, UTO BbITeCHAIOMas ¢a3a
npu { — -+ co HAaXOJUTCH B HECBA3HOM COCTOSIHHH. PaccMOTpHM BHauaje
cayuai So = S,. Torna, yumthiBasg, uto @' (s)=—fo(s) F(s)J (s) u wuro
npH s, 6AU3KHX K s,, F(s)=~fi(s)=~ (s—s,)¥ rae p>1, xapakrep
¢yaxuun ¢ (s) 6ymer 3aBHCETb OT CXOJAMMCOCTH HHTerpana

St
I(s1)=1§ (s —s,)6=1J" (s)ds. (IV.76)

Sy
Ecau unterpan (IV.76) cxomutesi, T0 S ofpailaercs B S, NpH KO-
HEYHOM 3HayeHHH {, ecJNM e pacxoauTcs, TO Y KpHBOH s({) wumeercs
ropH3oHTa/stHag acumntora. Kak yxe oTMeuasocs B § 1 naHHOH riaBl,
KalMHJNsipHOe jaBjeHHe u (yHKuua JleBeperta J (S) JO/KHBEI GBITh KO-
HEYHbBIMH NPH «HEMOXBHKHOHM» HACHILIEHHOCTH S,, MO3TOMY CXOJMTCH
nnrerpan (J'(s)ds u tem Gonee unrerpan (IV.76). PacxoguMocts n-

terpana (IV.76) moxer ObiTh JHIUb CJlENCTBHEM HEYJAuHCH anmpoKCH-
MaUHH 3MITEPHYECKH X (DYHKUHH OTHCCHTEJNIE HOHi MPOHHIAeMOCTH H (hyHK-
unu Jleseperra. Cx aaumocts unrerpana (IV.76) npu s-— s, osnauaer,
YTO DABEHCTBO S = S, JOCTHraercsi NpH KOHEYHOM 3HaueHHH KOOPAHHATH
{=¢C, ¥ npu Bcex §{ > €, s ocraercs NOCTOSIHHBIM H paBHBIM S, T. €.
C YUIECTBYET BbIPAXKEHHBIH QPOHT BHITECHEHHS.

Ecau xe HachieHHocTh Sp NpH § — ~-co MeHbllle s, TO AMd BcexX
S B HHTepBase So < s< S, (= ccnst, T. e. HachllleHHOCTb OT Sy JO S,
MeHsleTcsl CKaykoM. BC3HWKHOBeHHe CKauka B pellleHHM 3aJa4d O Bhi-
TECHEHHH € YYeTCM KanHJJISPHBIX CHJI CBSI3aHO C JIONyLIEHHEM, YTO NpH
HACHILEHHOCTAX, MEHEWIHX So, BCS BBITeCHsilowiast ¢aza HaxOAMTCH B He-
CBSI3BHOM cccTosiHuM. [lo-BHAMMCMy, Ha camMoM jiene yactb 3TOH ¢ashl
BOJIH3H (ppOHTA CTAHOBHTCS NOKBHMKHOM M NpH HACBHILEHHOCTSIX, MEHb-
LK X, YeM S,, W BOJIM3H CKayKa HM€eTCsl 30Ha, I'le NPOHCXOJIHT OOMEH
MeXJy CBI3HOH W HeCB3HOH uyacTAMM EBITecHsowled ¢asbl.

Kak 6Bl10 cKasaHo, NPOTSXKEHHOCTh CTaGHJH3HPOBAHHON 30HBI 00-
paTHO NponopuHOHaAbHA a%/ug, T. €. NPH HCIOAb3OBAHMH OJHOH H TOH
Xe cpelbl M XuAKccTed cOparHO NMpONOPLHOHAJNBHA CKOPOCTH BhITECHe-
HHsl. ODKCIepHMEHTaJbHAas DpOBepka STOH 3aBHCUMOCTH IIPOBel€Ha
B. H. Maprocom u B. M. PpxukoMm. B 3kcnepumeHTax BO3LyX BbI-
TeCHsJICA BOACH Npu aTMccepHOM JaBJeHHWH Ha FHIXOjie C MOCTOSIHHOH
CKODOCTbIO W3 TODH3CHTaAbHbIX Tpy6 AnanuHoH 170 cM, 3anosiHeHHBIX
KBapLEBbIM IeCKOM ¢ NpoHuuaemocTeio 10 Mkm? u nopucrocthio 0,40.
HauvanbHast (HemoJBHXKHAas) BOAOHacHIleHHOCTb paBHsiaack 0,21. Pacnpe-
JeseHHe BOJOHACHIIEHHCCTH N0 JJiHHe MOJAEJH H3MepsiJoCh MeTOoI0M
ssieKTpoconpoTusieHusi. CKOpocTh BHITECHEHHst Uy MEHSJIAch B Ipelesax
1,1 - 10-5—2 . 10—* M/c. Bo Bcex sKcnepumeHTax u:MeHeHHe BOJOHa-
CHIIIEHHOCTH CO BpeMEHeM B pasJjMUYHBIX TOYKaX INo JJHHE MOZeJsH
NpakTHYECKH MOBTOPSINOCH CO CABHIOM, OGPAaTHO HPONOPLHOHAJIBHBIM
CKOPOCTH BBHITECHEHHS, T. €. c6pasoBbisajach CTaOUIM3NPOBaHHAS 30HA.

IpoTsizkeBHOCTh CTaGHJIN3HPOBAHHON 30HBI d YCJIOBHO ONpeensiaach
KaK pacCTOsTHHe MeXJy TOUKaMH ¢ HacblenHocTsiMH 0,40 n 0,80. U3
puc. 44 BHAHO, YTO mpd Manblx ckopoctsx (V—!>2.10* ¢/m)d npu-
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GIH3UTEJNbHO NPONOpLHOHANbHO V=1, Kak u CJERYET H3 BBILEYKa3aHHOM
Teopud. Onuako npu 3HaveHn V~! okosno 1 - 10% o/m d(V—') umeer
MHHUMYM, 2 NpH MEHbIIMX 3HaueHHsiX V—! cHoBa Habmopaercs poct
CTabHJIH3HPOBAHHOM 30HBL Ilo-BuguMOMY, yBeJaHyeHHe d CBsI3aHO C He-
PaBHOBECHOCTbIO BRITECHEHHS, T. €. C 3aNasiblBaHHEM [epepacinpesese-
Hus (a3 B nopax (cM. § 4 naHHOH r.aBi).

CymecTBoBaHue MHHHMYMa Ha Kpusoii d (V) corsacyercss ¢ ofHa-
pyxeHHbIM paHee B. I'. OraHpkausHueM HaJHuHeM MakcuMyma Ha
KPHBOH 3aBHCHMOCTH He(TeOTNAYH IpH NPOpLIBE BOABI OT CKOPOCTH BHI-
TECHEeHHS.

O6s1acTh NPHMEHHMOCTH ypaBHeHHst Panonopra — Jluca orpanuuu-
BaeTCs B ONHCAHHBIX 3KCIIEPHMEHTAaX CKOPOCTAMH MeHee 5 . 10—5 m/c
WM 3HAYeHHsMH GespasmepHoro mapamerpa N,

N =" <0,7.10-s,

a

Takoe xputuueckoe 3HaueHne N, Ha HECKOJBKO HOPAAKOB HHKe
KDHTHYECKHX 3HaueHHH N, HeOGXOAUMBIX I/ JBHKEHHS B nopax
H30IHPOBAHNLIX Kanelb, pasMep KOTOPHIX CPaBHHM C Pa3MepoM Iop
(cM. § 1 nanHoit rnaBm). Kak U aHasoruyHsii pesyabrar 1. A. I¢-
poca u B. Il. OHonpHeHnko o BIHAHHH mapamerpa N.=II, Ha Hedre-
OTAady, 5TO O3HAYAET, 4TO XapaKTePHbie Pa3Mephbl CHCTEM IOPOBHIX
KaHaJ/IOB, 3aHATHIX KaX[A0H W3 (a3, H HIOJHPOBAHHHEIX CKOIJICHHI
Kaxao#i ¢assl HaMHOro 6oJibllle XapaxkTepHbIX pa3mepoB nop. Coor-
BETCTBEHHO MOrYT ObITb 3HAYHTENbHBIMH H XapaKTepHble BpeMeHa
NepecTpOiKH NOTOKa NOA [eHCTBHeM KanwiispHelX cua. Bosnuka-
IOllHe NPH TAKOH MNEPEecTPofike HepaBHOBECHBlE SBJCHHS B X0i€e BHI-
TECHEHHSA HECMELIMBAIOUINXCS XHUAKOCTeH H3yualotes B § 4 HacToslel
IJ1aBHI,

Fpaunuune ycanosus u KOHUEeBbe 3pdekTH. Pac-
CMOTPHM 3ajady O BLITECHEHHH HECMELIMBAIOMIHXCH KUAKOCTeH u3
o6pasua AauHbl L ¢ y4eToM KanHJIsPHBIX CHJ B OJHOMEpHOH nocra-
HOBKE, T. €. Ha OCHOBe ypasHeHus Pamonopra — Jluca (IV.66), xoto-
poe 3amnuIleM B pasMepHBIX NePEeMEHHBIX:

0s/0t 4 (uoF" (s) /m) 0s/dx — a?02® (s) /dx2 = 0, (1v.77)

PHUC, 44. Skcnepnmentanbnas sapy-
CHMOCTb  JJHHBI CTAGHJIH3HPOBAHHOM
30HBI OT 06paTHOH CKOpPOCTH BhITEC-
HEHHS PHC, 45. dynkuus @ (s)

L.cm

|

:: / ] 0.02——-—_— ——-—/——_—
N %
/ )

(0]

? 160 vl oclem 0.5 !
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rje
at = ol Bl 7, 0 (9) = — § . 5) F () ()05

B Tex ke o6o3HaueHusix M3 ypaBHeHHH o606lieHHOro 3akoHa [lap-
cu (IV.11) u (IV.12) caenyer:

uy = uoF (s) — a®mo®/0x, us = up— uy. (IV.78)

Tunuynbiii Bug ¢yskuuu @ (s), COOTBETCTBYIOUIEH OTHOCHTEJbHBIM
nponunaeMoctaM fi(s) = s, f2(s) = (1 4-s)(1 —s)® n J'(s) = s—'/2, no-
KasaH Ha puc. 45.

Ilycte ofpasen; aauHbl L mnepBoHAYaJbHO 3alOJHEH BHITeCHSEMON
JKHKOCTBIO C HaCHILEHHOCTBIO op(x) =1 — ¢ (x), U uepe3 ceyeHue x =
= (0 HaumHaeTCcs 3aKayKa BHITECHsIOUEH (askl CO CKOPOCTBIO (HJbTpaA-
UHH U = Uy (1).

Ypasuenue (IV.77) — KBasuuHelHHOe ypaBHEHHE B YaCTHBIX NPOH3BOJ-
HEIX BTOpPOro nopsiika napabosauyeckoro THna. B 3ajauye o BhiTecHeHHH
ISl 3TOTO YPaBHEHHs1 AOJIKHEI ObiTb 3aJaBBl I'paHUYHBIE YCJOBHS KakK
BO «BXOJIHOM» cedeHHH npd x =0, TaKk 1 B <«BBIXOZHOM», npu x= L.

@PopMyaHpOBKA I'PAHHYHLIX YCJOBHH 3aBHCHT OT COCTOSIHHS XKHJ-
KOCTeHl ¥ NMOPHCTOH cpeabl BHe paccMaTpHBaemoro o6pasua H OT
NPEeHMYLeCTBEHHOH CMa4YHBAaeMOCTH €r0 CcKeJleTa BBITECHSIOWIEH HJIH
BbITECHsIeMOl1 ¢a30H, T. e. B clyyae BBHITECHCHHS He(pTH BOLOH OT TOTO,
SIBJISIETCSl CPefa MHAPOMUIbHON HIAH THAPOPOOHOH.

3agaHHBIMH Ha BXOZe MOryT ObITb OTHOUIEHHE CKOpOCTeH (HJIbT-
pauud (a3 au60 HaCHILEHHOCTb, JHOO HEKOTOpash HX KOMOHHAaUHS.
PaccMoTpuM HEKOTOpble THNHUYHBlE MNOCTaHOBKH. IlycTs mnopucras
cpefa compHkacaerca npu x<0 co cBOGOAHBIM NPOCTPAHCTBOM, 3a-
MOJHEHHBIM HarHeTaeMmoi BuTecHsoulel ¢asof. IIpy 3ToM BO3MOXKHBI
nBe cHuTyauud. Ecau BreiTecHswomasi ¢asa MeHee cMauuBaloumas, To
TOJILKO OHAa H 6YJAeT ABHUraThbCs B CeUeHHH, NPHMBIKAIOUeM K BXOXHO-
My KOHIY, T. €. OyIerT BBINOJHSATHCS YCJIOBHE PABEHCTBA HYJIO CKO-
pocTu. pHABTPAIMH BHITecHAeMoH ¢asbl npu x=0, uto ¢ yyeroM ¢Qop-
mya (IV.78) naer

Uy =uy (1 —F (1)) + a?md®/dx = 0, x = 0, (1V.79)

rae s = s(0,2).

Ecnau e BHTecHSlomas ¢dasza 6ojee CMauHBaIOlasd, 4eM BhHITEC-
Hgemas (ruapoduibHas cpela), TO NOCAEIHAS MOXKET BHIXOAUTH B
cBo60OAHOE TNPOCTPAHCTBO nyTeM npotuBoToKa. [lostomy ycioBHe
(IV.79) BhlmoNHSIETCS TOJNBLKO B TOM CJydYae, eCJH Ha BXOJHOM KOHLE
o6pasna ycTaHOBAEHA MOJyNpoHHUaeMass MemOpaHa (M3 MaTepHala
NPOTHBONOJIOXKHOH CMay¥BaeMOCTH), He MAONycKawilas NPOTHBOTOY-
HOM ¢HUAbTpauuH BoTecHseMmol ¢aspl. Eciam Ke BO3MOXKEH BBIXOX
HecMauyHBaeMOH BHITECHAEMON KHAKOCTH B CBOOOJHOE NPOCTPAHCTBO,
3aN0JHEHHOe BHITECHAIOLLEH ¢a30H, TO TaKOe HCTEYEHHE IIPOUCXOJHT
B BHJle OTIEJbHBIX Kamesb, PaJHyC KOTOPHIX 7, OJHM30K K painycy
caMBIX KPYNHHX mop. B Takom caysae npu x=0 3azaercsa ycioBue
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pPaBeHCTBa KanWJAJAPDHOTO MNaBJEHHUA B Cpele KANHUNJIADHOMY HaBJjie-
HHIO B Kailjie

P (s1) = 2alry, (IV.80)

OTKyAa onpejensiercs 3HaueHne sy = s(0,?). ITockonbky paamyc r, Be-
JUK 1O CPaBHEHHIO CO CPEJHHM DajHyCOM IOp, S| OKa3blBaeTcsl OJH3-
KHM K S° — MakCHMaJlbHO BO3MOXHOH HAcCBIIEHHOCTH NPH BhITECHEHHH.

Ycnosue (IV.79) B Ge3pasMepHEIX IepeMEHHBIX BHEIUHETro pasJjoxe-
Husd X = x/L, © = uot/L uMeeT BHA

1—F (s1) + €0®/dx],—o = 0, (1V.81)

rae ¢ = a*/upl — manasi senuunna. Ilpy ¢ -0, T. €. B paMKax HyJe-
BOro NPHOJIHXKEHHsS BHeLIHero pasnoxenust, yciaosue (IV.81) cBoautcs
KF(si))=1 uu s, =5s".

DopMyNHPOBKa YCJIOBHSI mpu X = L Takke 3aBHCHT OT COCTOSHHS
Cpelbl BHe paccMaTpHBaeMoro ofpasua M MoxeT O6bITb PasjIHyHOH.
IpeanonoxuM, uro npu x > L HaxOAMTCs TNOpHCTash cpeja, NPOHHLA-
€MOCTb KOTOpOil &, MHOro Gosblue, 4eM NpPOHHIAEMOCTb paccMaTpHBae-
Moro o0pasua, nepBOHAYaJIbHO HACHILEHHOrO BhiTecHSeMo# ¢asol. Ha
rpaHule JBYX cpel INpu JABYX(DasHOM TEeYeHHH JOJKHO BHINOJHATLCS
yc/0oBHe HENMpPEepHIBHOCTH AapseHusl B ofenx ¢asax u, CJea0BaTeNbHO,
HelpepbiBHOCTH KalNWJISIpHOTO jaBjeHHsi. M3 coorHcmenus JleBeperta
(IV.10) cnenyer, 4yTo B BEICOKONPOHHMUAEMON Cpelie KalUJISPHOE aaB-
JeHue O/NIH3KO K HYNIO NPH BCEX HACHIUEHHOCTSX, COOTBETCTBYIOLINX
NoxBHXHBIM ¢aszaM. [losToMy B OCHOBHO# (MaJiolpoHHLLaeMOH) cpene
NpH DaBEHCTBE KaNWJJSIPHEIX JaBJAeHMH HaCBILEHHOCTb JO/XKHA O6bITh
6nu3Kka K S°, ecau BHITeCHsIoOMas (pa3a Gosee cMaunBalomiasi (THAD OpHJIb-
Hast cpela NIPH BeITeCHEHHH He(TH BOLOH), M K S, €C/IH OHa MeHee
cmayuBaomas (ruapopobHas cpena). IlpenenbHelil nepexos k, — oo npH-
BOAMT K CJyvalo, KorAa NpH x > L NpOHCXOZHT HCTeueHue B CBOGOjHOE
IIpOCTPAHCTBO, NpHYeM BHIIOJHAIOTCS TPaHHUYHBIE YCJIOBHS BHIA

s(L,t)y=5s", s(L,t)=s,. (IV.82)

Ans ruapodusbHOi M ruApodoGHOl Cpej COOTBETCTBEHHO (MOA § Moxpa-
3yMeBaeTcss HachlleHHOCTh BbITeCHAIOUIEH (a3ok).

Ycaosusa (IV.82) B ornuuue or (IV.81) He cornacyrwores ¢ ycJoBH-
MM NpH X = L, BHITEKAOWMNMH K3 BHEIIHero pasjioxeHHs (pelueHue
Bakaest — Jlepeperta), B KotopoM S (L, f) = s, — nepemeHHas BeTHuUHHa,
onpeneasieMasi u3 paBeHcTBa L = uoF’ (s.){/m. Hecornacosannoctb rpa-
HHYHBIX YCJIOBHH O3HayaeT, uro BOGJM3M rpaHuubl x = L obpasyercs
y3Kas 30Ha (NOrpaHHYHBIA CJI0H) C NepeMeHHOH HAaCBILEHHOCTBIO, Me-
Hsollelicsi OT S; 1O S, WIH 10 S . PacnpenesieHne HachllleHHOCTH B 3TO#
30HE€ MOXHO HCC/AENOBATb METOJOM CpaillHBaeMblX ACHMOTOTHYECKHX
pa3jioXeHHil, BBOAA, KaK H B CTaOHJM3HPOBAaHHOH MEPEXOAHOH 30HE,
«KaIHJISAPHBEIA» UPOCTPAaHCTBEHHBIH MacwTalb ! = a*uo, coxpaHssl, on-
HakKo, MaciiTa6 BpeMeHH BHEIUHEro pasjoxKeHusi. 3aMeTHM, 4TO IIpH
BbITeCHEHHH He(bTH BOJOH M3 ruapodu/ibHOR cpelbl HayasbHAas HAaChI-
IMEeHHOCTh Sp << §°. 3HaueHHWe S= S INpPH x = L JOCTUraeTcsi rnocje moji-
Xolla BOAB K BHIXOJHOMY CEUeHHIO He MrHOBEHHO, a uepe3 BpeMeHa
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nopsaka fy=a%u?. 3Hauenne {y MHOrO
MeHbllIe XapaKTepPHOI'0 BPEMEHH BBITECHEHHS
L/uy; nepuopx yCTaHOBJEHHMS HaCHILIEHHOCTU
s npu x = L HaMu He paccMaTpuBaetcs. Ile-
pefineM B ypaBHeHuu (IV.77) Kk Gespasmep-
HbIM IlepeMeHHbIM § = ug (L— x) /ma?, =

= upt/m. B pesyabrare nmeeM
e0s/0x — F' (s) 0s/0t — 0@ (s) /082 = 0. s
(1V.83)

B nyneBoM npubiuKeHHH pacnpesesiene

HACHIEHH OCTH  YOBJETBOPAET crauuoHap- PHC. 46. Pacnpenenenne na-
CBIIUEHHOCTH IIpH BLITECHEHHH
HOMY YpaBHEHHIO

He(PTH BOROH ¢ yueToM KOHIle-
OF/0% 4 020/022 = 0. (IV.84) Bux apdekros
Cpepa: ! — rugpodunsuas; 2 —
3ro O3HayaeT, 4YTO EGJIU3H BBIXOJQHOro ce- ruapodobHas

uyeHHS pacnpejlefleHHe HachllleHHOCTH B XOfe

BHITECHEHHS] KBa3HCTaLMOHapHO. I'paHuuYHBle YCJIOBHS N/ yDaBHEHHS
(IV.84) onperensitorcst caenyiciuum c6pazoMm: npu & = 0 BHNoJNHAETCS
yeaoBue (IV.82). Ilpu £ — co HOMKHO BBINOJHSITECS YCJIOBHE ACHMIITO-
THYeCKOTO Cpalll¥BaHMsA C TeM 3HaueHHeM S, KOTOpOe INoJydaercs Ha
rpasnlle x = L Bo BHeilHeM NpUOJHXKEHHH, T. €. B PELIEHHH 3aja4u
bakaes — Jleeperra s(-—oo, ) = s, (f), rne s. onpeneasiercs: u3 (IV.46)
Kak s(L,?). Murerpupys ypaBHenue (IV.84), monyyuMm pacnpeneneHue
HaCBILEHHOCTH BOJMH3H X = L, yROBJETBOPSIOiee TPAHHYHBIM YCJOBHAM
npu § =0 u £ = —co (puc. 46).

I'uapoguabHas cpepa

0 1 x

*

_ T @ (5)ads
b= [ ro=ru (1V.85)

T'unpogobras cpena

Q" (syds
JFO=FG)

*

E:

OTkJIOHeHHe pacnpejeseHHst HACBIUIEHHOCTH BOJIH3H BBIXOAHOTO
CeyeHHs OT pacmnpejeseHHsl, NOJydeHHoro 0e3 yvyeTa KallHJJsPHOCTH
U CIpaBeJJIMBOrO BHe KOHLEBOH 06/acTH, Ha3blBaeTCd KA N U A J 1 p-
HHM KOHUEBHM 3PpderTom.

N3 ¢opmyn (IV.85) caenyer, urto pacnpefeseHHe HaCHIEHHOCTH
nocjie MOJIHOrO BHITECHEHHS He(dTH B rHAPO(GOOHOA M THAPODUIBHON
NOPHCTHIX CPeAax PasjinyHOe, T. €, B 3aBHCHMOCTH OT TOTO, KaKas H3
¢a3 sBaseTcs 6ojiee cMaYUBaOLIEH,

Has ruppodusabH ol cpenbl npy ! — oo, S~ § aMIVIHTYAa H3MeHe-
HHsi HacblileHHOCTH B HHTerpaJse (IV.85) crpemutcs K Hyaio, H B mpe-
nene s=3s" npu BeeX ¥ 0 < x < L, T. e. BO Bcex TOYKaX, JOCTHraercs
npefesbHasg HachlleHHOCTh. Ecan cpena rugpodobHa, TO §¢ — S, a HUXK-
HuM npesesom B (IV.85) saBasercs s,. Ilostomy ¢ pocToM s, MHTerpart
CTPEMHTCA K KOHEUHOMY TIIpejiesly masi BceX S<C S;. ITO O3HavaerT,
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yTO NocJe MOJHOTO BHITECHEHHSIy T. €. NOCJe IPOKAUYKH HeorpaHu4eH-

Horo ofbeMa BoJbl, B THipododi oM oOpa3le oCTaeTCsi KOHEUHBIH 00beM

He()TH C HaCHILEHHOCTbIO Bhlile H €MOJBHMKHOA o= 1—3s".
[Mepenumem uuterpan (IV.85) ans ruapodoGHO# cpelil B pasMepHbIX

nepeMeHHbIX

28

a ® ' (s) ds

L —x=— .
uoy F(s) — F(s,)

(1V.86)

®opmMyaa (IV.86) omuceiBaer craiuoHapHOe paclpejeseHHe oCTa-
TouHoll HedTH B obpasue. M3 Hee cieayer, 4TO NPOTSKEHHOCTb 30HHI
Kouuesoro sgdekra, T. €, 30HB, COAepiKallleji OCTATOUHYIO HedTb,
o6paTHO NPOMNOPLHOHAJBHA CKOPDOCTH BHITecHeHHd. Takum obpasowm,
KoHeyHasi HedreoTnaya THIAPO(POOGHBIX cped BO3pacCTaeT C POCTOM
CKOPOCTH BBITECHEHHSH, a HedTeoT/]aya THAPOPUIbHBIX CPel OT CKO-
pPOCTH He 3aBHCHT. JTOT BBIBOL OB HEOJHOKPATHO NOATBEPMKCH
3KCNEePHMEHTAJbHO.

KanuaassipHas nNponHTKa. B HEOQHOPOAHLIX MJacTax
BO3MOXKHBI CHTyalldd, KOUJila [OPH BLITECHEHHH HeCMeIIHBAIOIIHXCS
JKHJKOCTeH BJHSIHHE KaIlWJAPHBIX CHJA Ha [pollecc BbITECHEHHS
OKasbpiBaeTrcs JAOMHHHPYIOWUM. BaxHeHlyM npoueccoM nogo0HOro
poaa ABJASeTCS KaNUJJASpHAs NMPONHTKA — CaMOINPOH3BOJILHOE BIIUTHI-
BaHUe GoJiee CMauHBalouieH (aspl B NOPHCTYIO CPEAY, HACHLILEHHYIO
apyroil ¢asoll, 6e3 BHEIUHEro BO3AeHCTBHS Ha KaKylo-JHO0 M3 XKHI-
kocrell. Tak o6GCTOMT A€/M0, KOrAa MaJONpOHHUAeMbIi OJ0K MOPOAHL,
HacbllleHHbI HedThiO, OKAa3BIBaeTC OKPYKEHHLIM CO BCEX CTOPOH
BOLOH, MPOJBHralollecs MO BbICOKONPOHHIIaeMbIM YydacTkaM. Toraa
H3BJleueHHe HedTH U3 3TOro 6JIOKA BO3MOXKHO JIHIIb 32 CYET KalHJj-
JSIPHOH MPONHTKH, [lJIs MOJNIydeHHd KAaueCTBEHHLIX OLEHOK PacCMOTPHM
chefylomuil HAeanHsupoBaHHbIH mnpouecc. [lycTs uHJIHHAPHYECKHH
ofpasel NMOPHCTOH CpeAnl NePBOHAYAJbHO 3aNOJHEH MeHee CMayHBa-
jouieiit ¢aszoffl. BokoBrle NMOBEPXHOCTH M OJMH M3 TOPLOB MpeanoJa-
raloTCsi HElPOHHUAeMBIMH, a CBOGOJHBIA TOpel B HayaJbHBIH MOMEHT
IIPUBOJHUTCSl B CONPHKOCHOBEHHE CO CMauyHBaloLleRd XHAKOCTbIO. B pe-
3yJbTaTe HaYHeTCs NPoLecc NMPOTHBOTOYHON KaMUJISPHOH NPOMHTKH,
T. e. cMayuBaiomas ¢asa Oyner BOUTHBATbCS, 4 HeCMauHBaloLlas
BBIXOJUTh 4Y€Pe3 €AMHCTBEHHYIO OTKDHITYI0 TOPLEBYI) I[OBEPXHOCTD.
OueBHHO, BOHTEIBaAHHe OyleT NPOHCXOAHTb MNPEHMYILECTBEHHO MO
MEJKHM [IOpaM, a BBLIXOA HecMauuBawolleH ¢asbl — MO KPYNHBIM.

Kak NOKa3HBalOT 3IKCNEPHMEHTH MO NPOTHBOTOYHOH IPOMHTKE,
npoBeJeHHBEe Ha NPO3pauHbix obpasuax, duabrpauus obeux ¢as Bo
BCTPEYHBIX HANpAaBJEHHAX MNPOHCXOIUT PaBHOMEDHO MO BCEMY cede-
HHIO, H KaxJas u3 (a3 ABHXKeTCS Mo CBOeHl cucTeMe NMOPOBHIX KaHa-
J0B, IIpOTHBOTOUHYIO NMPONHTKY NOITOMY MOMKHO DacCMaTpHBaTh B
paMKax MOpeACTaBJeHHH, NDHUHSATHX AJs OOHYHOH OZHOMEpHOH ABYX-
¢asHoit ¢uabTpanun. OTHOCHTENbHBIE NMPOHHIIAEMOCTH MJISI NPOTHBO-
TOYHOIO TEYEHHS MOTLYT OTJHYATbCA OT COOTBETCTBYIOMIMX ¢(YHKUHH
NpH OAHOHAaNpaBJeHHOM TedeHHH o6eux ¢da3. OnHako B mnocaeny-
I0lleM KaYeCTBEHHOM HCCJEeAOBAaHHH 3TO pasjHuYHe He YYHTHIBAETCH.
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VYpaBHenue 3akoHa ¢uabTpauuH Oyaem 3anuceiBaTh B Bude (IV.10)
H HCNO0Jb30BaTh ypaBHenne Pamomopra — Jluca (IV.77) npu ycaoBuu
L7151 TPOTHBOTOYHOI'O TEUYEHHS:

o= U + us = 0. (1v.87)
4yTO naeT
0s/0t — a?02® (s)/0x* = 0. (IV.88)
Hs (IV.78)
a0d , ds
Uy = —a?ma~x = a?mf, (s) F (s) J’ (s) A (IV.89)

B sajaue 0 nNpoTHBOTOYHOH KanHNIAPHCH HPOMNHUTKE TI'PAHHYHBIM
VYCJIOBHEM BO BXOAHOM CEUEHHH JOJIKHO OBITb PaBEHCTBO HYJIO KaluJ-
JSPHOTO jaBJeHHst, Tak Kak P,= 0 B cBOGOAHON XHIKOCTH. HHBIMU
caoBamu, S (0, #)==5s", rae s’ — npejeibHasl HachILEHHOCTD, IpH KOTO-
poii BHITecHAeMasi HecMauuBawomias ¢dasa NepeXONUT B HECBA3HOE CO-
CTOSTHHE M KaNWwIsADHOe 1aBjeHHe obOpalllaeTcsd B HYJAb. IIOCKOMBKY
f2 (s =0, To aas TOro, yTo6Ll NpH S — S Uy M Uy OCTABaJHCh KOHEY-

0 -
HBIMH, HeoGXoauMo, uToGhl npenen fo (s)J' (s) a—j npu x— 0, s— 5" OBl

OTJIMYEH OT HYJS.

B 3akpbITOM ceueHHH NpH x = L BHINONHSETCS yC/IOBHE Uy = Uy= 0,
T.e. qub6o s< s, JauG0 0Js/0x =0. IlycTh HavanbHas HACBILEHHOCTb
NOCTOSIHHA H paBHa So. PacCcMOTpUM TedeHHe NpH BpeMeHax f, YIOB-

JIETBOPSIIOIHX HepaBeHCTBY
kRia?& t & L a2, (IV.90)

T. €. TaKHX, KOTJa pacnpefeleHHe HACHILEHHOCTH B M0OPax B TOHKOH
30He BOJHM3H BXOJHOTO CeUeHWs (TOMUMHOH Nopsiaka pasMmepa mop)
yXKe YCTaHOBHJOCb, HO BO3MYLICHHe He JOLULIO A0 CeYeHHst x =L,
Torpa s nomxHO OuiTb ¢YHKUHEH TOJNBKO TpeX pa3MepHLIX WepeMeH-
HBIX X, ! H @, M3 KOTOPHX MOXeT OBITb COCTaBJEHA €JHHCTBEHHas
GeapasMepHasi KOMOuHAUus & = x/a}/f, T. e. 3ajaua sIBAsSeTcS aBTC-
monenbHoll. YpaBunenue (IV.89) nepexoauT B 0GbIKHOBeHHOE mudbe-
peHLHANbHOEe ypaBHEHHE

tds/dt + 2d°®/ds2 = 0 (Iv.91)

C TPAaHHYHBIMH YCJIOBHSIMH
s(0) =5s", s(o0) =s. (1V.92)

dns s, 6mu3kHX K s°, @ (S) MOXKHO NpUOTHKEHHO NPEACTABHTb B
Buge ()=~ ®,— A(s" —s)". Torna pewenue ypasrenust (IV.91) npu
yeqoBur §(0) = 8" umeeT gag Maaeix £ BHA st — s = CE%n—1. Mensin
C, MOXHO MNOMY4HTb CEMEHCTBO DeLICHHH, Ka)JIOMy H3 KOTODHIX CO-
OTBETCTBYET CBOe 3HaueHHe $(co)==s5. Ecam s(0) < s*, 70 Takoe xe
ceMeHCTBO pEIleHHH MOXHO NONy4HTb, MeHss s’ (0) (puc. 47). Mckomoe
pelzeHue IJ8 3aJAHHOTO Sp > S, MOXHO IIOAYUHTb NOAGOPOM TaKOro
3HayeHHs CBOGOJHOro MNapamerpa, NpH KOTOPOM BHIMOJHSETCS BTOpOe
KpaeBoe YCJOBHe.
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O6pamascy x cayuaio So <'S,, OTMeTHM, 4To ypaBHenue (IV.91)
npu s, GAM3KMX K S,, HMEeT BHJ

2A\d%"/d&? + ido/ds =0, (IV.93)

The s =5—5,; ®(s)= A (s—s,)" ecmm s—s,. Ins peex peanbHbIX
KDHBBIX OTHOCHTe/IHOH NPOHHUAEMOCTH H KalHJUISIDHOTO NABJEHHS
n > 1. Kak 6pi10 mokasano B § 5 ra. 11, pelueHHe ypaBHeHHS BHIa
(IV.93) noctaraer rpaHuuHOro sHaueHHs o= 0 NpH KOHEYHOM 3HaYeHHH
¢=¢. B nannoM ciywae 510 osmauaer, wyro CYLIECTBYeT «ppOHT Npo-
NIUTKH>.

B6au3n Touku t=¢, o= 0 pewenne ypasHenus (IV.93) acumnro-
THYECKH NPEJACTaBISETCS B BHJE

c—% =241 [ ¥ (2, 4 c)~ldx. (IV .94)
0

Ecau so<s,, 10 Ha ¢poute nponuTKM, Kak H BBIIE, B Cayyae
CTaGH/IH3HPOBAHHOH 30HBI, BOSHHKAET CKAYOK HACHILEHHGCTH OT So 10
S, B TOuKe &= c. DHINYECKHNH CMBIC] 3TOrO CKAauKa TOT Xe, 4YTo H
CKayka BNepeiH CTalHIM3HPOBAHHOH 30HBI. Ha CKauke NOKHO BhL-
nonnsiTbess yenoBue (IV.36). Ha dopmyn (1V.89) u (IV.94) noayuum
ana u) (§ = ¢) BeipakeHHe

uy = (am®’ (s)/V'f ) ds/ds = ame,/ V. (IV.95)
U3 ycnoust Ha ckauke V = u;/m (s, — s0) = ac/2 V't, otkyza
2c) = ¢ (s, — sp). (IV.96)
Torna us (1V.94) umeem
¢—&=2c1 (s —5)"/(s, — So), (Iv.97)
c—%== m%n”c- (s—s5)""1 (so=35). (1V.98)

Cootnomenus (IV.97) u (IV.98) nossoastior BeLZeNHTH U3 ceMelicT-
Ba HMHTErpajbHBIX KPHBBIX, YAOBJIETBOPAIOWHX YCJIOBHIO npu £=0,
T€, KOTOpbl€ COOTBETCTBYIOT 3aJaHHOMY 3HAYEHHIO Sq < s,

PHC. 47. Pacnpenenenme Hachimennoctn NpH  DpOTHBOTOYHON Ka-
NHJISIPHOH  DIponHTKe

s

PHC. 48. 3asucumocrs cpex-
5 Hell HachllleHHOCTH OT Ge3pas-
MEPHOTO BpeMenH NpH MPOTHBO-
TOYHOH KaNMUJIAAPHONR 1POMTHTKE

= e e — —

v sl

- — /

(=]

146



3amMeTHM, uTO NpH So =S, BOAH3U & =C u; =~ amcs/2 V1, T. e. «uc-
THHHafg» CKOPOCTb BNHMThIBaKCIledcss ¢asel u,/ms npu o— 0 ocraercs
KOHEYHOH.

B samauax aByx¢asHoH (PHALTpAUMH B TPELIHHOBATO-NOPHCTHIX Cpe-
aax (cM. HHXKe) Hcnosb3yerTcsi (YHKLHA, BbIpaXxaroluias 3aBHCHMOCTD
cpefHell HACHLUEHHOCTH MpPOMHTHIBAIOUIEr0 6,10Ka HOPHCTOH Cpejb! OT
BpeMeHH. UTOGHL NMOJNYYHTb 3TY 3aBHCHMOCTb, CJEAyeT DeliuTh 3ajady
0 nponuTKe 06pa3ila KOHeUHOH NJHHbI. Ec/ium HavyajbHasi HachILEHHOCTD
S0 < S,, CKOPOCTb «(ppOHTa MPOIHTKH» X, KOHEYHa, TO 10 MOAXOfA €ro
K HENpOHHIeMoil rpaHylne X = L MOXKHO HCNOJNb30BaTh ABTOMOJIE/LHOE
pewesne s(§). Ilpy 3TOM CpenHsis HacChILIEHHOCTDb

s=1 (sdr=s0+KV7 (z <), (IV.99)
0

rae
K (s% so) = { (s — so)dE. (1V.100)
0
Uto6bl MOMYYNTL NPHOIUKEHHOE pELIEHHE I MOMEHTOB BpeMeHH

¢t > f,, BOCIOJIb3yeMCSI METOAOM HHTerpajbHBIX cooTHomeHu#. Ilpoun-
terpuposas ypasHenne (IV.91) no x or 0 mo L, noayunm

a?®’ (s°) (ds/dx)o = Lds/dt. (IV.101)

ByneM wuckath pacnpejeienue S B BHAE (C YYeTOM YCJOBHsI IpH
x=L):

s=s0— 2x (2L — x) (s* — s)/3L2 (1V.102)
Torga u3 (IV.101) nonyunm
dsjdt = 3a2®’(se) (s° — s)/L2. (1V.103)

Unrerpupya ypabHenue (IV.103) npu ycioBuu, uto ¢={, u peue-
aue cosnagaetr ¢ (IV.99), nonyunMm oxkoHYaTesbHO

5= 89— (s0— 5o — K/c) exp [—3D' (s0) (x — <)) (1V.104)

npu T >, =c¢"? rge t=a?/L2 3aBHCHUMOCTb S(t), COOTBETCTBYIO-
mwast ¢gopmyaam (IV.99) u (IV.104), npuBeseHa Ha puc. 48.

Mopgenp BHTeCHEHHS B CpellaXx ¢ ABOHHONW NOpPHCTOC-
T b 10. [ToJyyeHHEIE paHee COOTHOLUCHHS, XaPAKTEePH3YIOUIHe KAnH/IAPHYIO
OPONMHUTKY, HCIOJBb3YIOTCA IS TOCTPOEHHS MOJIEJH BBITECHEHHst He(TH
BOJOH B cpenax ¢ ABOHHOH NOPHCTOCTBIO, T. €. COCTOSIUX H3 o6iaacTeit
¢ NpPOHHIAEMOCTBIO Ky, B KOTOPBIX HMEIOTCS BKJIOUEHUS C IPOHHWUae-
MoCThIO Ry < ky. TlpH JIBHXKeHHMH BHITECHSIOIleH BOABI II0 BOAOIpPOHH-
aeMBIM 30HAM MaJIONpOHHUaeMble OJOKH OKAa3biBAIOTCA OKDYXEHHBIMH
BOJOH, H He}Th M3 HUX H3BJIEKaeTCs NyTeM NPOTHBOTOYHOH KaluJJsp-
HOM MPONHUTKH.

OrpannuyuMcss 34ech TOJIbKO CJy4aeM TPEIHHOBATO-MOPHCTHIX
cpex, obllas xapaKTepHCTHKa KOTOphX mpuBeneHa B § 4 ra. III, wu
BOCMOJIb3YEeMCs THNOTE3aMH MOAEJNH (GHUIAbTPAUHMH B TPEIHHOBATO-NO-
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pucThHiX cpepax (cm. puc. 34). MHaue rosops, NpeanosioXKHM, UYTO
€MKOCTb TpeIHH HaMHOTO MeHbHIe MOPHCTOCTH OJIOKOB, a NMpoHHIlae-
MOCTb OJIOKOB, HaNpoOTHB, NpeHeOpeXHMO Maja [0 CPABHEHHID C
NPOHUIIAEMOCTbIO CHUCTEMBbl TpellHH. Bona aBHXKeTcs no cucTeMe
1pelIMH, BOMTHIBA€TCs B MOPUCThle OJIOKH, BEITeCHS S HedTh. [locryna-
jolas H3 6J0KOB HedTb ABHAKETCH Jajee MO CHCTEME TPEIIHH.

[Ipene6perasi HemOCpeACTBEHHBIM MEPEHOCOM XKHIAKOCTH N0 6/10KaM
M €MKOCTBIO TPElllHH, YPaBHEHHS Hepa3pbIBHOCTH B KaXJ0H H3 CH-
CTEM JIBOHHOH Cpeibl MOXHO MOJYYHTh B BHIE

dive, +g=0, mds/dt— g =0, (IV.105)

rje #; — CKOPOCTb (UAbTPAllHH BbITECHsIONIEH hasbl; S — HachIUIEH-
HOCTh B OJIOKAX; ¢ — HHTEHCHBHOCTb OGMeHa MHAKOCTBIO MeXIY Tpe-
muHaMu M OJIOKaMH, onpejenseMasl CKOPOCTbIO KaMHJISIPHOH OpOMHTKH.
B npuHATOH MOZeJH C MOMEHTa HOxXoja EOABl K GJIOKYy Ha €ro
rpanuile MTHOBEHHO YCTaHAB/MBAETCH MaKCHMAJbHO® 3HAYEHHE HaChl-
1{eHHOCTH §°, cooTBeTcTBYylomee P,= 0. Torga HHTEHCHBHOCTb MNpoO-
INMTKH 4 O6MeHa XKHAKOCTbIO MEXAY (asaMM 3aBHCHT TOJBKO OT Bpe-
MeHH HaXOXJAEHHS NAHHOTO 3JeMeHTa WM 0JoKa B OOGBONHEHHOH 30HE.
B opuomepHoM ciaydae cucrema (IV.1050) npumer Bup

O0u,/0x 4+ g =10, mos/ot — g = 0. (IV.106)

Beepem, caepys IO, I1. XKenrosy, B. JI. HaummoBy u A. A. Bok-
cepMaHy, HEH3BECTHYIO (GyHKUHIO fp(X) — BpeMs] MIPOXOXKAEHHS (PPOHTA
BOAB B TPEIIHHAX 4Yepes TOouky ¢ KoopauHatoil x. Torza HHTEHCHB-
HOCTh NepeTokoB ¢ B ypaBHeHuax (IV.108) 6yner ¢dyHkuued BpeMeHH
HaxoxJeHust G6aoka B 30He 3a ¢poHTOM ! — fo(X) = . Bun QyHrUHH
g (t) MoxeT OBITb YCTaHOBJIEH, HalpHMep, HCXOAA M3 BLIpaXKeHUs s
NponuTKH opHoro 31eMenta (IV.104). ¢ () A0o/KHO ObITb IPONOPUHO-

HajieHO ds/dt, T. e.
g=N ()", 1<
g = (Nya?/L?) exp (— Atft), © > T

roe Ny, Ny v A — nocTosiHHbIE.

Boipaxenne (IV.107) nonyueno u3 npubanxk:Huol dopmyasl (IV.104).
Bone: ynobno mcnonb3oBaTe i ¢ (t) €QHHYIO aNNPOKCHMALHKIO IS
BCceX T, HanpuMep, npennoxenuyo . B. CkBopuoBbIM, ¢opmysy

(](T) — Ae—br/V.;_ (IVIOS)

IMocrosinnele A u b noabupatorcss Tak, uyTOGHI G/IMXKE COOTBETCTBO-
BaTh ¢opmysaMm (IV.107) uax skcnepHMeHTaNbHBIM JaHHEIM.

PaccMOTpHM ONHOMEpHYIO 3ajauy BeITeCHEHHS HedTH BOAOH H3
TPEeLIHHOBATO-NIOPUCTON CpeAbl I MOJeNqH, ONHChHIBaeMOH CHCTeMOH
(IV.106). Ilpounrterpupyem mepeoe u3 3THX ypaBHeHHE oT x =0 g0
thpoHTa BOABl X = Xo (!) == [ ({).

(IV.107)

i () =x°(§)q [t —T (x)]dx = 5 gt —T)f (T)dT. (IV.109)
0

0
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Ecnn 3agaHa ckopocTb BblTecHeHusi npu x =0 u; (£), To, pewas
uHTerpasnibHoe ypasHenue (IV.109), MOXKHO HaHTH CKOPOCTb HpOABH-
XKeHus (QpoHTa [ (f) u ofpaTHyl0 GYHKUHIO fp(X).

Torma u3 BTOporo ypaBHeHus cucrembl (1V.106) Haiinetcs pac-
npejie/iEHHE HACHIUEHHOCTH B 6JIOKaX

1 t—T(x)
§—So = -~ { g(x)d. (IV.110)

0

IpaBas wacte ypaBHexHss (IV.109) umeer BuA cBepTKH, H OHO
MOXeT GbITh pelieHo MeToAOM NpeoGpa3oBanus Jlamnaca. ITycrs U (3),
Q (A) u ¥ (\) — npeoGpa3oBanus Jlanmaca ¢yuxkuuit u, (f), ¢ (¢) u [ ()
cooTsercTBeHHO. Toraa u3 (IV.109) noayuum, mnoan3ysice TeopeMoil
o ceepTke H ycsaosueM f(0) =0,

w) = U W)AQ (V). (IV.111)

[Tycte g (f) rbipexaetcs ¢opmynoii (IV.IC8) u u = uo= const
Torna

T(\)=u VL4 b/AV ™ (IV.112)
B pesysabrate no tabGauuam npeoGpasosanus Jlansgaca MOXKHO HaliTH

F(t) = (uo/AV7) (1 + 2bt) erf (VbE) + (Qud AV =) (1 + ety
(IV.113)

Fr(ty=Quo VblAV =) erf (Vbi). (IV.114)

U3 ¢opmyasr (IV.114) cnemyer, uTto npu {-—> co CKOPOCTb Iepe-
MellleHHs (poHTa

V=2uolh AV =. (IV.115)

Ecau ['(f) =V = const, ToB coorserctBun ¢ dopmynoit (IV.110)
Oy 4HM

s= 8o+ (s — sp) erf (Vb (¢t — x/V)). (IV.116)

Takum ob6pasom, s ecTb ¢yHruMg x— Vi, T.e. npu {— oo pac-
npefeseHHe HACHIUIEHHOCTH IN1pHoOperaeT BUJA Oeryiiell BOJIHBIL

Bce u3MeHeHHe HaCBILEHHOCTH OT So 10 s NMpPOHCXOAHT B 30HE,
e peMellaKcieResi ¢ MOCTOSSHHOR CKOPOCTBIO, NPOTSIKEHHOCTH KOTOPO#
uMeeT TOPANOK wol?/a®. BTa 30Ha NO aHAJNOTHH ¢ PAcCMOTPEHHOH Bbille
30HO# BOIM3M CKauKa NpH OCKIYHOM BHITECHEHMH MOJMYYHJIA Ha3BaHHe
cTa6unu3up oBaHHO#. OnHako B OTVINYHE OT 30HH!, ONHCHIBAEMOH
ypaBHenusmu (IV.71) wau (1V.72), npoTsikeHHOCTH CTaGMJIH3HPOBaH-
HOHl 30HBI NPONOPLUHOHAJBHA Up, a He wuy'. Jaa TpemuHOBaTO-IIO-
PHCTOH cpefpl KanuJspHbIE CHNBl OKa3BIBAIOT CTAGHIH3MPYVIOLEE BJIHS-
HHe HAa Mpouecc BhITeCHeHHS. B ciyuae ofHOpoaHOH cpejasl Kanuij-
JIIPHBIE CHJIBI BBISHIBAIOT JHCCHNAUHIO («pasMasbiBaHHe») (QpOHTa BbITEC-
HeHus (CM. § 4 maHHOf rJaBhl).
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§ 4. HepasHoBecHble 3t dekThl
npu AByX¢a3HoH PUIALTPALUHU

HepaBunoBecHOcThr pacnpegeneHus ¢asz B TNOpH-
cToi cpepne Kak yxe roBopuioch, B OCHOBE K/J1aCCHUECKOH TCOPHH
AByx(a3HOH PHAbLTpALMH JIEeXKHT NpeJCTaBJeHHE O TOM, YTO pacnpeie-
JeHHe (a3 B 3JeMeHTApPHOM Makpoobbeme IODOBOTO TPOCTPAHCTBA
(2 noToMy M THADOJHHAMHYECKHEe XapaKTepHCTHKH — KalHJJIsgpHOe
JlaBjeHse H (a30BEle NPOHHLAEMOCTH) IIOJHOCTbIO ONpeJeJeHo, eCaH
H3BECTHO JIOKaJbHOEe 3HAayeHHe HACHIEeHHOCTH §. PH3HUECKHH CMBICH
3TOr0 3aKJI0YyaeTcsl B TOM, YTO H3 BCEX BO3MOXKHBIX pacnpefeseHui
¢a3 peasusyercs TepMOJHHAMHMUYeCKH HauboJjiee BHITOAHOe (T. e. pas-
HOBECHOE). YCTaHOBJIeHHe PaBHOBECHOro pacmpefencHus ¢as, 01HaKO,
TpeGyeT onpejeNeHHOr0 BpeMeHH. DTO BPeMsl 3aBHCHT OT TOTO, 4TO pe-
aJbHO TIOHHMAaeTCsl NOJ <«3JeMEHTapHBIM Makpoob6beMOM» — TOH Ipe-
JeNbHOH CTeNleHbl0 MUCKPETH3aUUH, KOTopas JONYyCKaeTcs B TEOpHH
¢unprpanun. OrpaHuYUMcsa B paccyKAEHHSX JHIIL Han6oJiee MPOCThIM
cjyuaeMm, KOrjia pedb HWAeT 0 ABYX(asHOH (UJIbTPAHH HECMeIIHBalo-
UXCcA XKHIKOCTel — BOAbI H HedTH, a TepMOAMHAMHUECKOe DaBHOBe-
cHe, TIO CYIeCTBY, PABHOBECHE KaNWJJSiPHOE; TOr/Ja HA OCHOBE Pe3yJb-
tTaToB § 3 AaHHOH ryaBHl HMeeM OUEHKY JJis BPEMEHH YCTaHOBJIEHHS

© = pl2/kAp, = Cul2k—2/q, (IV.117)

rie k— MpOHMUAEMOCTb 3JeMeHTa HEeOAHOPOAHOCTH cpeipl; [ — ero
JHHeAHbIA pa3Mmep; Ap,— NeHCTByMOIlas pasHOCTb KaNW/IADHBIX AaBJe-
HUH. 3anaBas MaciuTab ocpeJHeHHs A NPH ONHCAaHWH JBYXdasHOro
TeUeHHs!, MBI TeM CaMbIM HESIBHO YCTaHaBJHBaeM H XapaKTepHBHIH Mac-
wmral BpeMeHH, OTAeJSIOILUHH <«MelJeHHbie» Npouecchl ABYX(}a3HOro
TeUYEHHUS, K KOTOPHIM NPHMEHHMa KJaccHyeckasl TeOpHs BblTeCHeHHS, OT
«BBICTPBIX», HA KOTOpble MOTYT CYINECTBEHHO BJIMATH HEpPaBHOBECHbIE
npoueccH. [lpakTuyeckast 3HaYHMOCTb HepaBHOBeCHHIX 3((eKTOB oOm-
penensieTcss TeM O6CTOSTENILCTBOM, UTO peasbHBIH MaciuTab ocpelHEHUs
B 3aja4ax pa3paboTKu HeTSAHBIX MeCTOPOXKAEHHH CONOCTaBHM C pac-
CTOSIHMEeM MeXJAy CKBa*KMHaMH H COCTaBJseT, N0 KpaliHeH Mepe, je-
cATKH MeTpoB. COOTBETCTBYIOIHE BpeMeHa YCTAHOBJEHHS PaBHOBeCHH
T H3MepsAwTca rogamu. [lostomy HepaBHOMepHOCTh (GHALTPAUHU OYy-
JeT CYUIeCTBEHHO BJHATb Ha HOKa3aTelH pa3pabOTKH, H BaXKHO 3H&Tb
BO3MOJXHbIe NOCJEICTBUS TAKOTO BJIHSIHHS.

Ecty papyrasi — uncto Teoperuueckas — HeOOXOIMMOCTh aHaJjH3a
HepaBHOBeCHHIX 3(dekToB. [leficTBHTE/NBHO, COracHO KJaccHuecKof
TEOpHH, B MOTOKe HMeEIOTCs 06J1acTH Pe3KOro H3MeHeHHsl HachllleHHOC-
TH — (pOHTH BhTecHeHUs. TonimuHa ¢pouToB (cM.§ 3 maHHOMH ry1aBhi)
YMEHbUIAETCS ¢ POCTOM CKOPOCTH BHITeCHEHHS, H NPH 3TOM yBeJHYHBA-
€TCA CKOpPOCTb H3MeHEHHS BO BpeMEeHH HACHIIIEHHOCTH BHYTpPH GPOHTOB.
DTo 03HAYaeT, 4TO C yBeJHYEHHEeM CKODOCTH BEITECHeHHs] 06si3aTenb-
HO HaCTyNHMT MOMEHT, KOTJAa XapakKTepHOe BpeMsl H3MEHEHHS Hachl-
LIEHHOCTH CTAaHeT CONOCTABHMHEIM C BpeMeHeM YCTAaHOBJIEHHS «BHYTpeH-
Hero» Kamu/JApHOro paBHOBecHA. IIpH 60OJBLIIHX CKOPOCTAX KJacCCH-
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yeckasd TeOPHSA CTAaHOBHUTCS HENPHMEHHMOH, H clelyeT Y4YHTHIBATb
3 deKTE HepaBHOBECHOCTH.

Monanenpr HepaBHOBecHOW JaAByxdasHol duAbTDPA-
o K u. OcHOBHBe 3(deKTH HEePaBHOBECHOCTH SICHO OOHAPYXKHBAaIOTCH
npu aHannse nmpocrefiwel Mogenu [5]. PacemoTpum nporuecc BHITECHE-
HHSl HECMAUHBAIOUlef KHUIKOCTH CMauWBalolliefi M3 I'HAPODHUIBHOH IO-
pUCTOH cpeabt. B cranunonapHOM NOTOKE KaHaJjbl, N0 KOTOPHIM Iepe-
MellaloTess dasel, pasanuHble: Mo 6oJiee y3KHM TlepemeliaeTcsi cMa-
yuBawinas (asa, no Gosee IWHPOKUM — HecMauuBawowas. [lo mepe
BO3DaCTaHHUs HACBHIIEHHOCTH CMauuBalouleli $Ha3of el MpeACTOUT BhI-
TECHHTb HECMauUUBAIOUIYI0 H3 YacTH 3aHATHIX €10 KaHanoB (HauboJee
Y3KHX). DTO NIIPOUCXOAHT He MTHOBEHHO, H Ha NPOMEXYTOYHOM 3Tale
yacTh BHITECHAeMO# ¢ha3bl 3aAepKHBaeTcsl B y3KMX KaHaJiax, a yacTth
BBITECHSIIOLIEHl BpeMeHHO IBHXKeTcst Mo OoJiee MIKUPOKUM, YeM B CTAlHO-
HapHOM [OTOKe, kKaHanaM, I[lostomy ¢daszoBas NpOHHIaeMOCTb AJ
BhITeCHsIIOUIEl ¢a3pl BPeMEHHO BHIILE, a [J51 BBITECHeMOH — BpeMeH-
HO HHXKe, YeM B CTAllHOHADHOM IMOTOKe IPH TOH Ke HAaCHIIeHHOCTH.
(Ins mpocTOTHl OrpaHHUYHUMCST KPymHOMAaclWITaOHbIM aHanausoMm 0e3
yueTa KaIlHJJSIPHOTO JaBJEHHH).

CylecTBEHHO, YTO (paKTHYECKH peub HieT He 06fA3aTeJbHO O KaHa-
Jax B Macwmtabax oTaeJpHBIX MOp, & O KaHanaaX, o6pasylouHxcss B
peaJbHOH MODHCTOH cpeje C NMPHCylled el HEeOJHOPOAHOCTbIO pa3HHIX
Maciurabos.

M3 BHia KpUBBIX OTHOCHTEJbHBIX NpOHuI@eMmocTed (cM. puc., 37)
SICHO, UTO yBesHuYeHHe ($a30BOH NMPOHMUAEMOCTH BBITECHSAKOLIEH XKHAKO-
CTH B HeCTAallUOHAPDHOM INOTOKe 3KBHBaJEHTHO KaK Obl MIHOBEHHOMY
YCTaHOBJIEHHIO CTAaLlHOHAPHOH ()a30BOH NpPOHHLAEMOCTH, OTBedamolle
HEKOTOPOH yBeJHMYEHHOH MO CpPaBHEHHIO ¢ AeHCTBUTENbHOH HACHILICH-
HOCTH.

AHa/IOTHYHO yMeHblleHHEe B HECTallHOHADHOM NoTOKe (ha30Boil npo-
HHIIAeMOCTH AJs PBBITeCHSeMOH MKHIKOCTH 3KBHMBAJIEHTHO Kak OBl
MTHOBEHHOMY yCTaHOBJIEHHIO CTALMOHAPHOIO 3HAUYeHHs, COOTBETCTBYIO-
LIET0 YBEJHYEHHOMY 3HAUEHHIO HACBIUIEHHOCTH BHITECHSIOUIEHR XHIKO-
cThio. Ilpenebperasi BO3MOXKHBIM pa3iHuHeM MeXAYy <«3(hQeKTHBHBIM
yBeJHUEHHEM HACHILIeHHOCTH» 1is1 obeux (a3, mpuMeM CJAELYIOUIYIO
THIIOTE3Y.

Ilpn HecTauuoHapHOi GUJABTPALMH HECMELIMBAIOIIHUXCH KHAKOC-
Te#l HepaBHOBecHble ()a30Bble NPOHHUIAEMOCTH IpPU HACHILEHHOCTH S
paBHBl ()a30BHIM NPOHHI@EMOCTSM NpPH HeKOTOpoil sddexTuBHON Ha-

CBIIIEHHOCTH §.
[unoresoii 34ecb, KOHEUHO, SIBJASETCS JHIIb TO, YTO 3PdeKTHBHAA

HaCbIUICHHOCTL § OJAHHAKOBaA AJ4 obenx (baSOBbe HpOHHHaEMOCTEf/'I.
C Y4€TOM CKa3aHHOro OCHOBHEIE YpaBHEHHd IBHIXKEHHSI 3aNHChbI-
BaloTCH B BURE s 4 Guy =0, —ms ,+ Ve =0, (IV.118)

wi = — (klwa) [ (5) 7 pu. (IV.119)
UTo6H 3aMKHYTh 3Ty CHCTeMy, HeoOXORHMO CB3aTh 3(hpeKTHBHYIO

HaCbIUEHHOCTb § C HCTHHHOH HacCbIUIEHHOCTBIO  S. EcrecTBeHHO npeano-
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JIOXKHTh, YTO OTJHYHE S OT S ONpejeNsieTcss JIOKaJbHOH CKOPOCTHIO
H3MeHEHHs] HACBHILIEHHOCTH S ¢ H XapaKTEPHBIM IJs1 AaHHOH CpeXbl Bpe-
MeHeM YCTaHOBJIEHHS paBHOBecHst t. Torja, WCIOAL3YS COOGPaKEHUst
PasMepHOCTH, HONYYHM:

s—s =0 (xs.), (IV.120)

rge @ — HeoTpHUaTeNbHasl NMPH TMOJNCKHTEIbHEIX 3HAUEHHAX apryMeHTa
¢yuxuust, npuyeM, ouerpaHo, @ (0)= 0. OrpasHuuBasicb JHHEHHLIM
pasjoxenueM QYHKUuMH @ u nejarag Ko3pGULKEHT pasJoKeHHS pas-
HBIM eIHHHIE (5TO S5KBHBAJEHTHO INEPEONpeic/ieHHI0 BPeMeHH t, oIlpe-
Je€HHOT0 JIMIIb € TOYHOCTBIO A0 MOPAJKA), NOJOXKHM OKOHUATENBHO

§—§ =18 4. (Iv.121)

B paccMaTpuBaemMoil  ynpouieHHOR Mozxenu OyaeM CUuTaThb Tt IMO-
CTOSHHOH BEeJHUYHHOH.

CootHoweHua (IV.118), (1V.119) u (IV.121) MoxHO, KaK H B KJac-
CHUeCKOH TEOpHHM, INPHBECTH K CHCTeMe JBYX YpaBHeHMH JJS Hack-
UIEHHOCTH S H NOJHOH cKopoctH OHAbTpaunu U:

msy + VI[UF(s+1s:)]=0; vU=0., (IV.122)

CyuiecTBeHHo, 4TO MepBoe ypaBHeHue cucreMbl (IV.122) yxe me
paspellieHO OTHOCHTEJAbHO IMPOH3BOLHOH IO BpPEMEHH.

CrabuausupoBaHHaa 3oHAa. lIpousBeaeM acHMNOTOTHYECKHI
aHanu3 pelweHufi cucremsl (IV.122) no ananormu ¢ aHanmsoMm, jaH-
HbM B § 3 Hacrosimiel ryaBul. B pesysabTaTe MoAyuHM pellleHHE, ONUCHI-
Baiollee CTaGHNH3MPOBAHHYIO 30HY, HO HMHOH (DH3HYECKOH MPHPOALL.
IlepefineM k Ge3pasMepHBIM NepeMEHHBIM

8—_“t/th E=X/L7 S, V: U/U17
tl = p-1L2/kAp, U] = kAp/y.lL,

€ClM 3alaHO JlaBJIeHHe Ha rpaHule o0jacTH jBuxeHnus; ¢ = L/U,,
Uy=Uy, ecin 3ajana HOpMajabHas KOMIIOHEHTa NOJHOH CKOPOCTH
¢uIbTpalliK Ha TpaHHHe. 31echb Ap — XapakTepHHfi nepenajl AaBJIeHHS
Ha rpauuie; Uo— XapakTepHas CKOpOCTh Ha rpauuue; L — xapakTep-
HBIH pa3mep obnactH. ¥Ypasuenus (IV.122) npunumaor Bux

ms, vy 4 VI[VF(s+es,)] =0, vV =0, ¢, =1/f;. (IV.124)

[TpoBepeM acuMnTOTHUECKHH aHaau3 cucreMbl (IV.124) B npexano-
JIOXXEHUH, UTO mapaMerp e¢; Maja. [lpu 3ToM nns BHewHero peuleHust
nojyyaeM Ty e 3alady, uTo W B § 2 JaHHOH TIJ1aBH, onpelesiOliyi0
NpexHUH BHJ peIIeHH ¢ TNOBEPXHOCTSIMH pa3spbiBa HACHILEHHOCTH.
HepaBroBecHoCTb CKaxeTcsl TOBKO Ha BHyTpeHHeM pewieHnd. O6sacTh
OLICTPOrO H3MEHEHHSI HaCHIIEHHOCTH IpejcTaBiseT co60H TOHKHE Mo-
TPaHHYHBIA CJOH BOJIH3H IIOBEPXHOCTH pasphlBa HACHILEHHOCTH BHELI-
Hero peiueHusi. BHOBb BBeleM JIOKAJbHYIO IEKapTOBY CHCTEMY KOOp-
AHHAT C HayajloM B MPOM3BOJBLHOH TOYKe MOBEPXHOCTH paspbiBa I
BHEIUHETO pEleHHsA M OChbio {, HaNpaBJeHHOH NHO HOpMaJH X L. Bae-

(IV.123)
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AeM HOBYIO €IHHMUY MJuHB ¢ L 1mo 1r
ocn {, ocTaBuB Maciura6 no Apyrum !
ocsiM paBHeM L, u «BeicTpoe» Bpems
6 =3%/e;. Torma npoussoiHse MO §
6YyAyT UMETb NOPSAJAOK eNHHHIbL, 8 1po-
U3BOLHBIE MO OCT&/bHBIM [IPOCTPAHCT-

BEHHbIM MepeMeHHbIM — €. —
B HyneBoM npuO/HXKeHHH DO &) ]
nonyyaem u3 (IV.124) ypaBHeHHs B :
‘ 1/C
0 0s |
st g{vee(s + ] =0 ]

v, «SEE :

Ve o (IV.125) 6 P, T

a
PUC. 49. K ucciefoBaHuIo  ypapHe-
Has Hax0XJeHHA B HYyJIeBOM npy- mua (I1V.129)

6/MHKEHHH CTPYKTYpH (GpOHTa HuleM
sHOBb petiedne cucteMn (IV.125) B upe Gerymefi BosMHBI

s=s(8), Vo=V (8), £= Lt —ab. (1V.126)

U3 proporo ypaBHerus (IV.125) noayunm V.= const =V, npuuem
V onpepensiercs 3 BHewHero pemennsa. Ilogcrasass (IV.126) s
(IV.125) u MHTerpupys, HaXOLHM

— mcs + VF (s — cs)= const. (1v.127)

[paHHYHBE YCJIOBHS HMEWT BHA S(— ©) =8y, §(cc)=s,, Tue s,
s, GepyTcsi M3 HYJACBOTO NpPUOMMIKEHHsi BHEWHEro pelleHus, T. €. B
OIHOMEPHOM CJyyae — H3 peIleHus Bakaea — Jleeeperra. Ilpu (=
1+ o §=0, rak uto u3 (IV.127) caenyer
Vv F(sy) =F (s1)

const = —mesy+ VF (sg); ¢ = - s

(Iv.128)

IToxcTapasis 3To Bhipaxenue B ypasaenue (IV.127), moayuyum:

F(sy) =F(sy)
Sy —$) ‘

F(s—cs) =F (s2) + (s—52) (v.129)

10 ypaBHEHHE JErKO MCCIELyeTcsi rpaduuecku (puc. 49). Otpesok
AB cooTBeTCTBYeT NpaBoi 4aCTH ypaBHEHH: (IV.129); otcropa cieanyer,
uto orpesok BC coorsercTByeT — cds/dt. Tarkum oOpa3om, NpH H3Me-
HEHHH s OT Sy /IO S, BeanyuHa — cds/dé Bce BpeMsl OCTAaeTCHd I10JOXKH-
Te/bHOM; OHA ofpailaeTcss B HYJb N0 KpasM HHTepBala H MMEET OIHH
MaKCHMYM.

[epenuuem ypaBHerne (IV.129) B Buue

ds F (52) —F (s

¢B sy [F(s) — ) (sQ—s)}, (IV.130)

(3 —
ds S9— 51

rie y — byukuus, obpatHas F, od4eBuaHO, OHA ONpEJeNeHa H MOHO-
TOHHO Bo3pacraeT Ha orpeske [0, 1], mpaBasi yacTh ypaBHEHHUA (IV.130)
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obpamiaeTtcs B HYJb 1O KOHIAM HHTepBana [S;, Sp] H MOJOXKHTENb-
Ha BHyTpu Hero. Wnterpupya ypasnenus (IV.130), nosyynum

F —F ~
E = t?v (82)_5 (s1) 5‘ ds\ i F =F(s9) —
2 s—X|F ()]

_ Fe)—F ) (s —
52'—31

s1). (IV.131)

U3 3T0r0 COOTHOIIEHHS, KaK H B § 3 pmaHHOW rJsaBbl, mosydaeM IJist

5(heKTHBHOH TOMLHKHE (POHTA BLITECHEHHS —pACCTOAHHUSA, HA KOTOPOM
HACHILEHHOCTh HM3MEHsieTC OT §; 48 R0 S2-— 9,

=0

A VTG =F ) SS ds

mooRTA s—1F (o)

(1V.132)

S

Takum ob6pasom, B OTJHYHE OT CTPYKTYPhI, HENOCPeACTBEHHO 06Y-
CJIOBJIEHHOH BJHMSIHHEM KalHJJSPHOrO AaBJjeHHs (CTaOUIH3UpOBaHHON
30HBl), TOJIIMHA (POHTA BLITECHEHHS IPH IIPEHMYLIECTBEHHOM BJIHS-
HHH HEeDPaBHOBECHOCTH NMPSAMO NMPONOPLHOHAJbHA CKOPOCTH BBITECHEHHS.

3aMeTuM, YTO OTHOLIEHWe MaJblX IapaMeTpoB, OTBEYAIIIMX ABYM
YKa3aHHbIM (QH3MYeCKUM 3tekTaM, paBHO

1/2
efe) = UMb (1V.133)
w1ty

[TostoMy KJaccuyeckass Mojenb, NpuBefeHHass B § 3 AaHHOH IJIaBHl
W OTBevawollas e/e; > 1, clipaBensuBa NpPH MajblX CKOPOCTSX BHITECHE-
HUsS, & paccMOTpeHHass B JaHHOM mnaparpade Mojeab, Korjga e/e; & 1
{npeuMylIleCTBEHHOE BJIHSIHHE HEPABHOMEDHOCTH), COOTBETCTBYET GObILIUM
CKOPOCTSIM. YUMTBIBasl pe3ysabTaThl § 3 HaHHOH TIJIaBBl, NPHUXOAHM K
BBIBOJLY, YTO 3aBHCHMOCTb TOJHILHHBI ()POHTA BBITECHEHHS OT CKOPOCTH
HMeeT BHJ HEMOHOTOHHOH KpHBOH, HEOrpaHHYEHHO BO3pacTaiollell Kak
HpU MaJjblX, TaK H IIpH GOJBIIMX CKOPOCTSIX. JTOT BBIBOA COIJIAcyercs
¢ JaGopaTOpHBIM 3KCHEpHUMEHTOM (cM. pHc. 44).

Hna ycnoBuit BbiTecHeHHs] HedTH BOOoH B HE(TSHOM mJacTe a ==
~ 0,01 HMm, m=0,l; £=10—1% M2, p;=10-3% ITa-c. Torma e/e; ~
~ (108 —107)/z, roe t-— xapakTepHOoe BpeMsl YCTaHOBJEHMSI paBHOBe-
cusl B CeKyHAaX. Ecian yuyecTh, 4YTO 3TO BpeMs, KaK IIOKa3bBAKOT
OIleHKH, MOXxeT OBbITb BechMa BeJHKO — 10 roga 4 0OoJsee, To B OOBIU-
HbIX YCJOBHMSX OCHOBHYIO pOJb HIpPaloT 3¢ @deKTh HepaBHOBECHOCTH.
ITosaToMy B NPOMBICJIOBHIX YCJOBHSIX TOJNIMHA ()POHTA [OJKHA PacTH
C POCTOM CKOPOCTH BBITECHEHHS, H B KOHLE KOHLOB MOXET CTaTb CO-
NIOCTaBHMOH 110 pa3MepaM ¢ pasMepaMH ILjlacra.

STH BBIBOAHI, NOJYYEHHBlE 31eCh HA NpocTeiillefl MOAeaH HepaBHO-
BeCHOCTH, HMeT 001Ul Xapakrep. M3 HHX CJeAyeT CYLIeCTBEHHOCTb
HepaBHOBECHLIX TNPOLECCOB NpH pa3paboTKe HedTAHLIX MeCTOpOXKIe-
HUH ¥ HeoOXOAMMOCTb HX H3yYeHHS H YyyeTa IPH NPOEKTHPOBAaHHH
pa3pabOTKH.
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§ 5. YcToHuHBOCTh BHITECHEHHUS
HEeCMEIINBAIOWINXCSA KUAKOCTEH

Jasi Toro, 4To6H peasbHO OCYLLIECTBJISJIHCL JBHIKEHHS, OMHCHIBA-
eMble NIDHBENEHHLIMH BEIIE DElIeHHSIMH ypaBHeHH# nByx(da3Ho# (PHJIb-
TpaluyH, OHH JOJIXKHH ObITh YCTOHYHBLI, IO KpaiHe#l Mepe, K MaJjbiM
BO3MYLIeHHSIM. Bo3aMylenss, cBsi3aHHBle C HEOJAHOPOZHOCTHIO CDEJBI
H HENOCTOSIHCTBOM CKOPOCTH (HJBTPalHH, BCerla BO3HHKAIOT IPH
TeueHHH XKHIKOCTell B peasbHBIX NOPHCTHIX cpefax. OHH MmoryT GHITh
HeMaJIbIMH, TOTJla YCTOHYHABOCTb K MaJbiM BO3MYILEHHSIM ecTb He00XO-
IUMoOe, HO He JocTaTouHoe TpeGoBaHHe.

1. ITpu uccrenoBanuu yCTOHUHBOCTH pelneHus Baxkuesi — JleBepert-
Ta B KpynHOMaciiTaGHOM NPHOJHKEHHH HYXKHO OIPaHHYMBATBCS BO3-
MYILEeHHAMH, MJIHHA BOJHB KOTOPHX (KpPHBH3Ha (poHTA CKauka) Be-
JIHKa IO CPaBHEHHIO C TOJILHHOH CTaGHIH3HPOBAHHOH INepexoaHOR
30HH. PaccMOTpPHM YCTOHYHBOCTD NJIOCKONAPAJJIEIbHOIO BEPTHKAJb-
HOTO BBITECHEHMS] HECMEIIMBAIOUIUXCS MKHAKOCTEH C YYETOM CHJIH TH-
KecTH. YpaBHeHHsl AByX(asHO#l ¢uiabTpalHu B KpyMHOMAcCWITaGHOM
npubIHXKEeHHH 3amuilieM B BHJE

uj= — (kf; (s)/p;) grad (p + pjgx), i =1, 2, (1V.134)
mos/0i + divay = 0; dive=0; u=u, + u,. (1V.135)

KOMIIOHEHTBl BEKTOPOB # MO CCsIM X, y, 2 OGO3HAYHUM uj, v;, W;.
Ocp x HampaBJjieHa BepTHKANbHO BBEpX.

TeyeHneM, YCTOHYHBOCTb KOTOPOTrO HCCJAERYETCH, SBJAETCSH IJIOCKO-
napajienbHOe JBHKEHHE BJIOJb OCH X C NMOCTOSHHOH CKOPOCTBIO (PHJIbT-
pauuu uo = ujo - uge. Ilo3aqu M Bmepelu ckadka, JABHXKYLIErocs co
CKOpOCTbi0  V, HACHIEHHOCTb IOCTOSIHHA M pAaBHA COOTBETCTBEHHO
§™ =35, st =1sp. [Ipu 3TOM BEIIONHAOTCA COOTHOWIEHHS (cM. § 2 pmaH-
HOH IJ1aBhI):

V = uo (b — $o)/m (s — So), (IV.136)
uy :ul_0= uo‘Pu {<o,
+ (IV.137)

Uy == uyo =uebe, £ >0,
rae Ye=9(s); bo=19(s0); $(8)=F ()1 —Wfa(s)/uo); W = kApg/us;
Dp=1p) —py, C=x—VL

Pacnpenenenne naB/eHHs ONHCHIBAETCS COOTHOWIEHHSIMH, BHITEKAlO-
wumu K3 ypaBHeHu# (IV.134) u HemnpepblBHOCTH JaB/IeHHs Ha CKauke

po_ = — (p.]/k) (UO/(‘PC“F WFc) € + P?g: + P03 (C < 0)7
pd = — (n1/R) (to/90 + WFo) L + pog? + Po, (£ >0),

rae ¢. = ¢ (Sc); ¢o= ¢ (s0); Fec=7F(s); Fo=F (s0); Po= const; ¢ (s)=
=1 (8) + pof2(s), o= pi/pa.

(IV.138)
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PaccmotpuMm pewenue ypassenuit (IV.134) u (IV.135), orauuaro-
meecss OT onuchiBaeMoro cooTHoweHusmu (IV.136)—(IV.138) manaeiMu
BO3MYILEHHUSIMH BCeX IepeMEeHHbIX, KpOMe HAChIUIEHHOCTH, T. €. MOJOXKHM

wi=mp-cu;, p=potep,j=1,2 (1V.139)

3fech ©— Malas BeJWYMHA; BEKTOP 4, HMEET KOMIIOHEHTH U],
vj, w;. YpaBHeHHe BO3MYLLEHHOTO (pPOHTa CKauKa NpDHUMEM B BHIE
le=x—Vi=1cex"(y, 2, 1). (IV.140)

[MoacraBnsis Bbipaxenus (IV.139) B ypasnenus (IV.134) u (IV.135),

HOJIYYHM, YTO B MepBOM INPHONIKEHHH [0 & BO3MYINEHHS (BEJMUMHBI,
o603HaueHHbIE 3BE3JOUKOH) YAOBJETBOPSIIOT CHCTEME YypaBHEHHH

uj = — (kfj (s:)/uj) grad p", £ <0, j=1, 2 (IV.141)
u; = — (kf; (so)/pj) grad p*, ¢ >0, dive"=0.  (IV.142)

IMockoNbKY HCKaxXeHHs1 (pPOHTa MaJjibl, YCJIOBHSI HA CKayKe MOXHO
cHecTH Ha IVocKocTb (. Torza ¢ TOYHOCTBIO JO MaJblX BEJIHYHH MO-
pAiKa & TMOJNYYHM YCJIOBHS AJst BO3MYILeHHH npu § = 0:

Uy —u, T =m (sc — o) Ox’/0t, (IV.143)
W Huy =w T wT =, (IV.144)
p— —pt=w/k[l/o.— o) uo+ W (2—Fo—F,)]x*. (IV.145)
Kpome Toro, BO3MYIIeHHS [OJ/DKHBL OGpamiaTthcss B HyJAb NpH § —

— 4 co.
IIpon3BosibHOE BO3MYIEHHE (POHTA CKAUKa MOKET ObIThb Pa3jOXKeHO
B unterpan Qypee no y u 2. IlosToMy Js HCCJIEIOBAaHHS YCTOHYH-

BOCTH JOCTaTOYHO DACCMOTPeTh pPa3BUTHE CHHYCOMAAJBLHOIO BO3MYILUE-
HHsI, KOTOpOE BhIpa3HM B KOMILJIEKCHOH (opme

x* = X () exp (iB1y - iBg2). (IV.146)
Toraa HeTpyZHO NOKa3aTb, YTO BO3MYLIEHHe JaBJeHHA p°, yAOBJe-

tBopstoumee ypaBHeHuaM (IV.141) u (IV.142) u crpemsimieecss K Hy/moO
npu { — 4 oo, DONXKHO BBIPaXKaThCs B BUAE

p'® =P 7 (1) exp (ifry + iz + BO). (IV.147)

roe B = Vp%+p§. BoamyineHusi ckopoctefi ¢uAbTpaUHH NOAYYAIOTCS
u3 (IV.147) u ypaenenus (IV.141).

Hcnonbsys ycaoBus (1V.143)—(1V.145) u wuckmoyas P+ (f), mno-
JYYHM YypaBHEHHE, ONHCHIBalollee H3MEHEHHe AaMIIHTYAbl [POH3BOJIb-
HOrO CHHYCOMJAJBHOIO BO3MYIUEHHS:

dXldt = —NBX/m (s; — so0) (9o '+ <0 '), (IV.148)
rae
N = (1/p.— 1/¢g) o + W (2 — Fo— F).

Peuenne ypasHenus (IV.148) npu ycaosuu X (0) = X,

X = Xoexp[— NBt/m (s — so) (1/9c + 1/90)]. (IV.149)
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TaxuM obpasoM, ecau
N = (lig,— /o) uo + W(2 — Fo—F,) >0, (IV.150)

TO HavajbHble MaJible BO3MYIIEHHA CO BpPEeMeHeM 3aTyXaloT, B NpPOTHUB-
HOM 3Ke cjyyae Bospacraior. Ilockoabky B yciosue (IV.150) He BXo-
JHUT BOJIHOBOE YHCJO [, TO OHO CHpaBeIJHBO JJf MaJbX HayaJbHBIX
BO3MYIIlEHHH NpPOHU3BOJBHOH (OpMHL.

YcnoBue ycroftuusoctu (IV.150) nosayueHo Ge3 yuera BO3MYLIEHHH
HaCHIEHHOCTH. MOXHO NOKa3aTh, 4TO Majble BO3MYUIEHHS HACBHILEH-
HOCTH paclpoCTPaHSIOTCA, He 3aTyXash M He pa3pacrasich, H MO3TOMY
He MEeHSIOT BHJA YCJOBHS YCTOHYHBOCTH.

Besnunny ko (s)/w; NPUHATO HA3bIBATh MOABHIXKHOCThHIO QHIBT-
pymwoueics AByX(hasHoH XHAKOCTH, QyHKUHMIO ¢ () = fi (s) + pof2 () —
OTHOCHTEJbHOH MOABHXKHOCTbIO. YcaoBue (IV.150) osHauaer,
yto npu W=0 (623 BAHAHHS CHJK TSXKeCTH) QPOHT BHITeCHEHUs YC-
TOHYHB, €CJAH TMOJABHXHOCTh BHITECHSIOUIEH XKHAKOCTH 33 (PPOHTOM ¢
MeHbIlle, YeM IIOABHXKHOCTb BbITecHseMo#i (asel Brepean Hero. Ecuu
W >0, T. e. NJOTHOCTh BBHITECHSIIONIEH XKHAKOCTH GOJIblle, YeM BHITEC-
HSIeMOH, a BHITeCHEHHe MPOHCXOAHT CHH3y BBEpX, TO JeHCTBHE CHJbI
TSJKECTH CNOCOGCTBYeT cTa6MIM3alMM  (GPOHTA, H HAoGOpOT. ¥ CIOBHE
(IV.150) Onito monyyeno Bnepsbie M. A. UapHbIM HeCKONbKO HHBIM
nyTeM.

OtHollleRHe NOJABMKHOCTEH Ha cKauke M' = ¢@o/p, 3aBHCHT OT BHJA
KDHBLIX OTHOCHTEJBHOM IIPOHHMIAEMOCTH H OTHOLIEHHSI BfisKocTel (a3
M = py/py = 1/pg. C pocrom M oTHomeHHe mnopsmxkHOCTeil M® TakXe
pacreT, HO KpuTuueckoe 3Hayenue M™ =1 gocruraercss npu M = My,
06bI9HO MPEBLIIAIIEM E€IHHHIY.

Hanpumep, eciu oTHOcHTeJbHBIE NPOHHIAEMOCTH HMEIOT BHA:

fr(s) = (s—s)? /(1 —5,)% [a(s) = (s" — 5)%s"2,
(fi=0 nmpu s<s,, fo=0 npu s>5s’),
a sp=s,, 10 43 dopmysel (IV.45) HeTpyaHO NOJyYHTDH
sc=15,+ (" —s) (M + )=V M =2[1 — (M, + 1)~12],
M, = Ms™2/(1 —s )2

3ameTuM, uto eca " =1 —s, 70 M, =M. OTHOolleHHe MOABHXK-
Hocreit M® paBHO exmHHue npu M, = 3. TakuM o6pasoM, A1 KBajgpa-
THYHBIX OTHOCHTEJIbHBIX MPOHHIAEMOCTeH BBHITECHEHHE YCTOMYHBO MpH
M, < 3 u HeycrofiuuBo npu M, > 3.

EcaH OTHOCHTEeNbHble NPOHHLAEMOCTH BHIpAXKalTcs B BHAe KyOu-
yecKUX (QYHKUHA COOTBETCTBYIOILHX HACHIUEHHOCTEH, TO KPHTHUYECKOe
3HayeHHe OTHOIIEHHS BSI3KOCTH COCTaBJsieT oKoJo 9,8, a eciu B BH-
Jle 4eTBEPTHIX CcTemeHedH — TO okoJio 18,3.

2. YcnoBue ycrofiunBoctH (IV. 150) 6biio moaydyeno Ge3 ydyera
KanuJJApHbIX cHi. KanmuansipHble CHIBL, 06aaaalouine AHCCHIIATHBHBIM
nelicTBUEM Ha pacmpeeieHHe HAcChIeHHOCTH, clnocobCcTByOT crabu-
Jusauuy ¢GpoHra BhiTecHeHHSl. TOUHOe HccneZOBaHHe MX BJIHSIHHA Ha
YCTOAYHBOCTb aHAJHTHYECKHM [YTEeM IPOBeCTH He Yyaaercs. 3[ech

(1V.151)
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HaHBl pe3yJbTaThl ACHMNTOTHYECKOrO HCCJIEAOBAHHA INIpH NPHHSTOM
BhlllIe YCJIOBHH, 4TO [JHHA BOJHB BO3MYILEHHS BeJHKa 0O CpaBHe-
HHIO C TpPOTSXKEHHOCTBIO MNepexogHON (CTaGHIM3HPOBAHHOH) 3OHHI.

HeficTBHe KaNHJAJNSAPHBIX CHJ B TAaKOM NPHUOJHKEHHUH YUYUTHIBAeTCS
B TPaHHYHBIX YCJOBUSIX Ha CKauke.

Uro6n n3bexaTb 'POMO3JKHX BBHIKJa[0K, PACCMOTPUM TeueHHe Oe3
yueTa CHJI TPaBHTAllMM, ONHCHIBaeMOe cHcTeMaMH ypaBHeHHH (IV.19)
u (IV.20). Bropoe u3 3THX ypaBHeHHUIi 3anHllleM B BHJE

mas/ot 4 F' (s) (i grads) — a?mA® (s) = 0. (1V.152)

ITycTe HeBO3MYIICHHOE JBHXKEHHE HANpaBJeHO BAOJAb OCH X H OIM
coiBaetcs (I1V.136)—(1V.138).

Ilpu stom nmosnoxum W =0, otkyaa ¢ (s) = F (s). Onpemenum Bo3-
MylleHusl ckopocTefi u JnaBaeHust ¢opmynamu (1V.139). B auneiiHOM
NPHOMUAKEHHH OTHOCHTENBHO € BO3MYIUEHHS Mo of6e CTOpPOHBI (ppoHTa
yaosaerBopsilor ypaBHenusim (IV.141) u (IV.142). Uto6b mnoay4YuThb
JUIS HHX TpaHHYHBE YCJOBHS, NPOHHTerpupyem ypaBHenus (IV.19)
n (IV.152) nmo x BoOJb mepexoAHOH 30HBI, CUHTAsi, YTO TPaHHLA pas-
nena caabo uckpubiaena. Ilpu stom npeHebperaem ujeHamd NOpSLKa
WHPHHL 30HH M KBajJpaTaMH NPOH3BOAHBIX No y HU z. Ilepexoas B
NOJIYYEHHBIX BBHIPAXKEHHSIX K BO3MYILIEHHSM, CHOBAIOJYYUM YCJIOBHS
(IV.144) u (IV.145). Oaunako Bmecto (IV.143) u3 ypaBuenus (IV.152)
ciaenyer

0x*/0t — u'V/ug — a2 [(©, — Do)/(sc — $0)) (0%x*/0y? 4~ 32x*/022) = O
(B, = D (s), Pp= D (s0)). (IV.153)

x" v p°” no-npexHemy BbipaxawoTcs Qopmyaamu (1V.146) u (IV.147).
Ycnosus (1V.144), (IV.145) npy W =0 u (IV.153) npusomsaT K cije-
Idywoimemy ypaBHenuto mas X (f):

dXjdt +BX [V (1 —M")/(1 + M) + a8 (®, — @)/(s* — so)] = 0.
(IV.154)
U3 ypaeHenus (IV.154) crepyer yciaoBHe yCTOHUHBOCTH
V(1 —M(1 4+ M)+ a8 (D, — ®)/(s:— s9) >0. (IV.155)

Ycnosue (IV.1565) cosmagaer ¢ (IV.150), ecnnm OTCYTCTBYIOT Kalui-
JsipHBIe W TpaBHTaLLMOHHble CcHJbl. Ilpu M* > 1, korma Ges Bosgedcr-
BHUA KalMWIIAPHBIX CHJ (ODOHT CKayKa HeyCTOHYMB, OHH 06eclneudBaioT
YCTOHYHBOCTb BO3MYIIEHUH, AJUHA BOJHBI KOTOPHIX MEHbLIe KpHTHYE-
CKOrO 3HAYEHHSS X, OIpeJeNsieMOro, B COOTBETCTBHH C YCJOBHEM
(IV.155), dopmyoi

he = 2r/Bc = [25a2 (D, — D)V (5. — so)] (M* 4= 1)/(M" —1).  (IV.156)

Bruison ycnoust (IV.155) u dopmyawr (1V.156) 6bin cpesan B mpeg-
NOJIOKEHHH, YTO IIHDHHA MePeXOJHOH 30HBI MHOTO MeHbIe JJIHHBI
BOJIHBL BO3MylteHusi. CorylacHo pe3yJbTaTaM, H3JI0XKeHHBIM B § 3 Ha-
CTOSUIEH IJIaBbl, NPOTAXKEHHOCTb CTaOMJIM3UPOBAHHON NEPEXOAHOH 30HBI
o/, mponopudonanbHa a?V. ITosToMy mnpeanoJioeHue A, > 3/ BHIIOJ-
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HsieTcs TO/IbKO npu M®, GiuM3KOM K ejuHHLE, T. €. JHIIb BGJH3H rpa-
HHMUBl YCTOHYMBOCTH Mo INapamerpy M*. B ofwiem Xe ciayyae KpUTH-
yeckas IJIMHA BOJHBI BO3MYIIEHHS A, pasjensiolnas o6JACTH YCTOHYH-
BOTO M HeyCTOHYMBOrO BHITECHEHHs, sBasieTcs (yHKUHeHd MNapaMerpos
a2, V u M= po/n;. U3 coobpakeHUHl pPasMEPHOCTH CJeAyeT

he = a2 (M)/V. (IV.157)

Bun ¢ynkuun ¢ (M) MoxeT OHTb MOJYYEeH B De3yJbTare YHCJIEH-
HOro HccaemoBanus [l14].

Ha ycrofiunBocTh QpOHTa BHITECHEHHS BJHAIOT H HepaBHOBECHBble
s¢deKTh onucaHHsie B npeanayumem naparpade. OHH OKasbiBAIOT
cTaGHMN3Hpylolee BJHsSHHE HAa MeJKOoMacliTabHble (KOPOTKOBOJHO-
Bble) BO3MYIUIEHHsI B reTepPOTeHHHIX cpeiax.

Henunelinaaga cTaAHWsd Pa3BUTHSA HEYCTOHUYHBOCTH.
IlpuBeneHHbIi HeJHHEHHBIH aHAJH3 YCTOHUUBOCTH YKa3blBaeT Ha BO3-
MOXHOCTb BO3HHKHOBEHHSI 3KCIOHEHIHaJBbHO Pa3pacTalollxxcsi IIpU
MaJIbIX BpeMeHax MCKaXKeHH# ¢poHTa BbiTeCHeHMs (CKauKa) mipu Hapy-
wenud yeaosus (IV.150) wam (IV.155). JlanpHefillee pasBHTHE BO3-
MYyILIeHH# (POHTA MOKeT OBIThb HCCJIENOBAHO MeTOAaMH (PH3HYECKOFO
HJIM YUCJEHHOTO MOJENHPOBaHs.

DKclieprMeHTa/NbHble HCCJAEJOBaHHWsA, TpoBereHHbe B 1950—
1960 rr. Caddmanom u Teinmopom, UyokoM H ApYTHMH, I0KasajH,
4TO pa3BHTHE BOSMYILEHHji MJIOCKOro (ppOHTA BHITECHEHHS B IOPUCTOH
cpelle OpH HapylIeHMH YCTOHYMBOCTH NPOHCXOJHT B BHAE HeOTpaHu-
YeHHO pa3pacTaloIlUXCsl <«S3BIKOB OOBOJAHEHHA».  DKCIEpHMEHTHI
B. E. KucuieHko Ha HACHITHBEIX MOPHCTHIX cpefax MoKasasH, YyTo Ha-
pylieHHe YCTOHYHBOCTH NPOHCXOJMT IPH OTHOLIEHHH BA3KOCTH HedpTH
H BOZbI, IpeBbINAWOIIEM KPHTHUeCKOe 3HaueHHe Myp, HaXoAsuleecss B
npenenax 10—15. B To xe BpeMs mpu MaJibIX CKOPOCTSIX BhITECHEHHUS
BO3MYILEHUs] 3aTyXaloT fAa)Ke NPHU OTHOUIEHHAX BA3KOCTeH GOJbLUIMX
KPUTHYECKOro, 4To coryacyercs ¢ ycaosuem (1V.155).

Hckaxenne (poHTa BhITeCHeHHss HedTH BOAOH NPHBONUT K CHH-
JXeHHI0 HedTeOTAAYH H POCTYy OOBOAHEHHOCTH, 4YTO OOYCJIOBJIHBaEeT
NPaKTHYeCKYI0 BaXKHOCTb H3YYeHHs HeyCTOHYMBOCTH BbITECHEHUS.

E/NvHCTBEHHBIM METOAOM TEOPETHUECKOrO HCCJEefOBaHHs HeJjHHeH-
HOTO PAa3BHTHSI BO3MYIUEHHH NPH HapyIIEHUH YCTOHYHBOCTH OCTAETCS
YHCJICHHOE MOJEJNHpOBaHHe, HauaTtoe B paborax Paudopaa u nosxe
M. U. lliBunnepa, P. M. Kaue, I1. B. Unnensmana. .

[Muuseaem HEKOTOPHE pPe3yNbTAThl YHCJEHHBIX PACUETOB HEYCTOUYH-
BOr0 BHITecHeHHs, BhiMonHeHbix B, M. EHToBHIM M B. b. Tapanuykowm,

MopempoBanoch BbITeCHEHHe 6e3 yyeTa KaNHJUIAPHBIX H IpaBuTa-
HUOHHBIX CHJI B IJIOCKOH NPSIMOJIHHEHHOH o6JacTH MeXAy IBYMs rasne-
pesiMH ¢ 3aJaHHbLIM DacXOAOM ¢o Ha BXoJAHOU ranepee x = 0. OTHocu-
TeJbHbIE MpOHHIaeMocTH 3afiaBaiuck B Buge (IV.151) npu s,=0, s'= 1,
HeMy COOTBETCTBYET KPHTHYECKOE OTHOMIeHHe BA3KocTeH My, = 3.

Ha Bxoze dopmupoBanoch Majoe CHHYCOHZANbHOE BOSMYILEH He
(poHTA C aMIJIUTYJ0H Xo U JJIMHOH BOJHBI L, a 3aTeM NPOCJAEXKHBANACh
ero ssoiolusi. BbIO YCTAaHOBJNEHO, 4YTO CIPaBeJJIMBO YCJIOBHE YCTOM-
yuoctH (IV.150), 1. e. mpu M <3 amnauTyna BO3MYylleHuHt (ponta
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cO BpeMeHeM 3aryxaeT, npu M >3 pacreT, 1py M = 0 — co BpeMeHeM
He MeHsieTcs.

Ha ocHoBe wunc/leHHOro MojenupoBaHus OGbLMa MNOJYYEHA S3aBHCH-
MOCTb OTHOCHTENBHOM aMIIUTYyAbl ¢GpoHTa ckKauka X/L (L — pnuHa
BOJIHBI BO3MYILEHHA) OT 0G€3pasMepHOTO BpeMeHH <t = Ip k/mp L%, rne
p, — AdBJeHHe BO BXOJAHOH rajnepee. Pacxox ¢o BbIfHpaJjcs TakuM,
yto qopL/kp, = 0,3. CoorBercTBylouue 3aBHcuMocTH Z = In (X/L) ot
© IPH pa3JHYHBIX 3HAYCHMAX NapaMeTpoB MNpHBeIeHH Ha puc. 50.

Hnsa kpusblx I ¥ 2 HayanbHBe aMnautyal Xo = 0,05L (npu < = 2),
ansi KpuBeix 3 u 4 Xo¢=0, 1L.

Ha puc. 50 BHEHO, uTO Ha HauyaldbHOM Y4YacCTKe 3aBHcHUMOCTE Z (t)
npsAMoJIMHeHHa, yTo coriacyercs ¢ ¢opmyaoi (IV.150). Yraoso# kosd-
¢uunenT npsamoii Z(x) cornacuo ¢opmyne (IV.150) mpu M =10 co-
crasaster 0,357, npu M =7 — 0,244, a npu yHcJIEHHOM MOJENHPOBAHUU
coorBercTBeHHO 0,345 u 0,249. [llpeackasbiBaembiff JuHEHHOH TeopHel
IKCIGHEHIMAMbHEIY 3aKOH pPOCTa BO3SMYIIEHMi OKas3bIBAaeTcsl CIpaBej-
JIMBBIM Jaxke JJif BO3MYIIEHHH, aMIIHTYAa KOTOPHEIX CONOCTaBHMAa C
JAJuHOHA BoJHBL. OJHAKO NPH JOCTAaTOYHO OOJBIIMX BOSMYIIEHHSIX 3KC-
NOHEHIHaNbHEI 3aKOH pOcTa HapyllaeTcs.

B Tex cayuasix, KOTAa aMILIATyla BO3MYIUEHHS CpPaBHHMa C JJIH-
HOU BOJHBI MM GoJsblie Hee (KpuBble 3 ¥ 4 Ha puc. 50), 3aMeTHO IO-
CTeneHHOEe CHHXKEHHE yCKOPeHHs pOoCTa BO3MYIIEHHI H Nepexo/] K pexH-
MY HX PaBHOMEDHOTO pocTa. DTOT PeXHM COOTBETCTBYET H3yYeHHOMY
Cadopmanom u TellopoM CTaLHOHAPHOMY JABHIKEHHIO SI3BIKOB 00Jib-
IIOA NPOTSKEHHOCTH OTHOCHTENBHO OKPYIKAIOHIeH HX BBITECHAEMOH
3KHKOCTH.

Ilpomecc BLITeCHEHHs MoOcJe MOTEPH YCTOHYHBOCTH, MO KpafiHel
Mepe, IPH OJHOMepHOH (UAbLTPAlMH, NPOHCXOAHT B BHAE XAOTHUECKH
PacloJIOXKeHHBIX I3BIKOB. [1/151 yIPOILUEHHOrO ONHCAHHSA TaKOro NpOLEC-
ca clejaeM CJeAylOLIHe NpPelIOJOXKeHHs: BO-T€PBLIX, NPOTIXKEHHOCTD

f3bIKOB B HaNpaB/jeHUH NoToKa Oylem CuH-
PUC. 50. 3apucumocts TATh HaMHOro OoJbllieil WX IIKPHEBEL (pac-
MPOTAXEHHOCTH  «SI3BIKOBY cMaTrpuBaeTrcss CTraausg Ppas3BHTOroO 13BIK000-
oT Ge3pa3MEpHOro BpEMEHH:  Pa30BaHMUs); BO-BTOPHIX, TeYeHHe B CPeLHeM
pyri-M=10 Zu 4—  Gynem CUMTATb OJHOMEDHHIM, TMO3TOMY CKO-
pocth GUJAbBTPANHKM KaXKAOH H3 XHAKOCTEH,

z g OCpefHEHHAd 110 HEKOTOPOMY IpeNCTaBHTEJb-
08 : HOMY CedYeHHIO, HanpapJeHa BJOJb OCH X;

/ B-TPETBbUX, HACHIIEHHOCTb BHYTPH KaXJAOro
«sI3bIKA» NPHHHMAETCH MOCTOSIHHOM,

/ IIpu TakuX NpeANoJOKEHHSIX I OCpei-
2 10 ' HEHHOTO TeYEeHHS NoJyYuM OObIYHBIE YpaBHEHHSA
1 /? JBYX(a3Ho# (PHABTPALHH, HO C OTHOCHTEJbHBI-
MH TIPOHHIAEMOCTAMH, JHHEHHO 3aBHCSIHMH
OT COOTBETCTBYIOIUX HacHIIEHHOCTeR. Pelenne
—0.8Yf Bakses — Jleseperra A8 JIHHEHHRIX 3aBHCH-
MocTelt f; OoT s npuBeJeHo B § 2 naHHOH riashl,
cm. (IV.155). Hanomuum, uto npu srom aas
M <1 BbITeCHEHHE OKas3blBAJIOCh NOPLIHEBBLIM

-5
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anm M>1 NPOTAXKEHHOCTb 30HBI HGPEMEHHOﬁ HACHIIEHHOCTH (30HBI
ﬂ3bIKOB) NponopuHoHa/JibHa BEJUYHHE

X = (M2 —1)t/M. (IV.158)

JluneHHBIH pOCT $I3BIKOB CO BpeMeHeM cCorJlacyeTcsl C INIpHBeJeH-
HBIMH pe3yJbTaTaMH YHCJEHHOTO MOJEJTHPOBAHHS.

HanpHeAmnm 06061ieHeM OCpeAHEHHOI'0 ONHCaHHUS HeyCTOHYHBO-
IO BEITECHEHHS Ha CJy4ad HeOJHOPOJAHEIX MJIAcTOB SBJISETCH MO/eNb
Xspua, A. K. Kyp6aHoBa Tak Ha3biBaeMblX (PHKTHBHEIX OTHOCHTEJIb-
HBIX nponuimaeMmocteli. CorJacHo 3ToH MOJeJH, NOpucTas cpeja npel-
cTaBJsieTcss B Buje Habopa CJ0eB pa3/JHYHOH NPOHHILAEMOCTH, CBO-
601HO coobmaloiuxcs Mexay coboH, T. e. B OJHOMepHOM MOTOKe B
KaXX/IOM Ce4YeHHH JAaBJjeHHe (THAPOAMHAMHYECKHH NOTeHIHaJ) IIpei-
[noJiaraeTcst nNOCTOsiIHHBIM, KpoMe TOro, mpeanosaraercs, 4TO BHITECHS-
jomas ¢a3a B NepBYIO Ouepelb 3aHHMaeT BLICOKONPOHHIlaeMble HpO-
ciaon. Ha ocHOBe clieslaHHBIX NPeANOJIOXKEHHH, OUEBHIHO, MOXHO IIPH
3aJaHHO# cpelHed NO CeYEeHHIO HACHIIEHHOCTH BHITECHAIOIIEH ¢aszoi
Ha#iTH CpeJHIO NPOHUUAEMOCTb s KaxXjofi $asbl, T.e€. ONpeaeJHThb
OCpe/HEHHBIE OTHOCHTEJ/IbHbIE NPOHUI@EMOCTH B 3aBHCHMOCTH OT Cpej-
Hell HacbllleHHOCTH, Bua ¢yHKUUH OTHOCHTEJBHBIX NPOHHLIAeMOCTell
TOT[la INOJIHOCTBIO ONpefenseTcsi CTAaTHCTHYeCKOH (yHKUHeH paclpe-
JeJieHHst IPOHHIaeMOCTH IO ceueHHio. Hanpumep, ecin (yHKuus pac-
npepeneHuss npounuuaemoctn @ (k/ky), nuHefina B unrepBane k=0—
'—k=k0, T. €.

D=0 (k<0); ®="kki(0<k<hk); ®=1(k>kp), (IV.159)
TO ocpeJHeHHbIe ((DHKTHBHBIE) OTHOCHTE/IbHBIC IPOHHLAEMOCTH HMEIOT BHJL
fi=1—(0—=8)% fo=(1—38)2% S =(s—s,)/(s"—s,). (IV.160)

Jlerko ybemutbesi, HCMoAB3yst GopMyJel § 2 HaHHOW TJaBEl, YTO
NpH TaKOM BHAE OTHOCHTeJbHBIX NMpoHHLaeMocteii npu M > 0,25 F’(s)
Be3lle MeHbIle HyJ/JIs M CKAUOK HACHIlEHHOCTH HE BO3HHKAeT; TaKas
CHTyaluHsl COOTBETCTBYeT 0GPAa30BaHHIO Pa3BHUTOH CHCTeMbl S3BIKOB. Ilpu
M < 0,25 ofpasyeTcsl CKauOK HAaCHIIIEHHOCTH, MHTEHCHBHOCTbL KOTOPOTO
pacrer ¢ yMeHbilenneM M, a npu M — 0 xapakrep BHITeCHEHHS INpH-
6./1H2KaeTcsl K NOPIUHEBOMY.

§ 6. Teopua BbiTECHEHHI HEHbLIOTOHOBCKHMX XUIKOCTEH.
BausiHne BA3KOMJIaCTHYECKUX CBOHCTB HedTH HaA
HedTeoTAAYY !

Ouenka BJAHSHHS PEOJIOTHYECKHX AHOMAJHH Ha IMpPOLECCH pa3pa-
60TKH mJjjacta B YaCTHOCTH, BEITeCHeHHS HepTH BOJNOH,— OJHH H3 IIeH-
Tpa/JbHBIX BOIIPOCOB, KOTODHIH IpUXOJAHTCS pellaTb B TOM cJayyae,
ecad He(®Th 006/1aa€T HEHBIOTOHOBCKHMH DeOJIOIMYECKHMH CBOHCTBa-
M (cMm. ria. IIT). OueBugHo, uTo ecnu HedTh oBGJiaflaeT NpelesbHBIM
HanpsiKeHHeM cIBHra (HJU BOOOlle NCEeBJOIJACTHYHA), B IJjacTe 06-
pPasyloTcs 3acTOHHBIE 30HBI, KOTOpble 6ynyT OOXOAHTBLCS MOTOKOM BHI-
TECHsIOIIeH XXHIKOCTH, NpeBpalllasch B TaK Ha3biBAEMbIe LEJHKH OCTa-

! Cu. takxe [9, 19, 41].
161



Tounoit HedtH. Lenukn 6ynyT paspacTaThcs C POCTOM INpefeJbHOTO
HanpsiKeHHs CABUra H C YMEHbUIEHHeM HHTEeHCHBHOCTH ABHxeHus. [lo-
5TOMY CYIIeCTBEHHO 3apaHee OLEeHHTb BO3MOXKHble BPEAHEIE TOCJENCT-
BHSI 3TOrO SIBJIEHHSI U NDHHATH MepPbl K HX TNpeLOTBPALIeHHIO NyTeM
pallHOHAJBHOrO BeI6Opa pexuMa pas3paboTKH.

JdByxdpasHoe TeueHHe HEHbITOHOBCKHX XHJIKOC-
Te fi. [Ipexnae Bcero 06061IMM TeOpHIO ABYX(a3HOTO TEUEHUS HA CJy-
uajj, korna obe a3l WIH ONHA M3 HUX 00/1aJ3I0T HEHbIOTOHOBCKHMH
cBoiictBaMu. Bynem cunTaTh B KauecTBe OCHOBHOIO IOMNYIUEHHS, YTO,
KaK H NpH «OObuHOM» ABYX(pa3HOH (HIBTPALHH, HA MHKPOYPOBHe IIO-
pHCTOH cpeanl KaNM/JsIPHBE CHJIB 3HAYUTEJBHO NPEBOCXOAAT THAPO-
IMHAMHUecKHe (BKJIOYas clOfa, BO3MOMKHO, H CHJBl IIJIACTHYECKOro
conporusiennsa). HMHBIMH cioBamMu, 6ynem MO-IpeXKHEMY I0Jararh,
4yTO pacnpejeneHHe a3 B 3JeMeHTE IOPHUCTO) CPEeAbl NPOHCXOAUT IOL,
JeHcTBHEM KaNHJJIAPHHEX cujl. CoXpaHHM H BTOpPOe OCHOBHOE NOJIO-
JKeHHe TEeOpDHH ABYX(da3HOIo TEUEHHS, a UMEHHO, NMPHMEM, UTO Kaxk-
las H3 ¢a3 ABHKETCA B «CBOEH» 4aCTH MOPOBOTO NPOCTPAHCTBA TaK,
Kak ecqu Obl BTOpasi (pasa orBepaeia. Hakonel, mosioxKuM JomoJi-
HUTeJNBHO, UTO 175 KaXzao# u3 a3 npH (GUKCHPOBAHHOM - 3HAYEHHH
HACBHIIIEHHOCTH (T. €. MPH (PHKCHPOBAHHOM pachnpeieseHHu KHIKOC-
Te#l MO MOPOBOMY MNPOCTPAHCTBY) CcIpaBe[JJHB INPHHIHN peoJOrHyec-
koro nono6us (cMm. § 1 ra. I1I). M3 nmepBuix ABYX NOMyINEHWH HMeeM
obumyio cucremy

Vpr=—Q(uw, s) u/uy,
Vp2=— Dy (ug, 5)us/tts, po— p1 = Pe(s). (IV.161)

Ms-3a Haauyus JABYX SMOHPHUYECKHX (YHKUHH ABYX mNepeMeHHEIX
®; u ®,, onUCHIBAKIUX 3aKOHH (UIBTpAUUH (a3, 5TO CHCTeMa Majlo
comepXKaTeJbHa, XOTS M Ha €e OCHOBE MOXHO Da3BHTb TEODHIO BhITeC-
HeHHs 1Mo aHajoruu ¢ Teopueli Baknes — Jleseperra. Topasmo Gosee
KOHCTPYKTHBHBIM TaKOH [ONXON OKa3sblBaeTcsl A BSI3KOMJIACTHYHBIX
KHIKOCTEH W HeJUHEHHO BSISKUX XKHUIKOCTEH, CJAEAYIOIHX CTEeleHHOMY
peoJIOrH4ecKOMyY 3aKOHY. JleficTBuTeNbHO, NpH NONYIIEHHH O DeOJOrH-
YeCKOM MOAOOHH TOJIyuaeM AJIS 3THX IBYX CJAy4aeB, COOTBETCTBEHHO:

= —f () pi 'k [Vpi —Gi(s) Ipid|wpill | Vp2| >Gi
=0, |vp:| <G, (1V.162)
= —o;(s) (-1 vV p: )7 7 pif| Vpil- (IV.163)
B coorHolleHwn mas cTemenHoli xuikoctH (IV.163) nokasarenu
n; Te Xe, UTO M B pPEOJIOTHYECKHX COOTHOWIEHHAX, W HE MEHSIOTCA C
M3MEHEHHEM HachlleHHOCTH, BejuuynHa [l — Macmrab rpajgueHTa jasJje-
HUS — [0 CYIIEeCTBY, ONpelessieTcss U3 COO6paKeHHH HOPMHPOBKH.
3nech fi(S) u ¢;(s) — dyHruuM, aHanorHyHble (asoBHIM IIPOHHIAE-
MOCTIM OOBIYHOH TeopHH IBYX(a3HOH (PUAbTpalUHH; OHH HODMHPOBAHBL
TdK, YTO MPH MOJHOM HACBHIEHUH 33aKOH (UIbTPALHH CBOAMTCI K 3a-
KOHY (HJbTPALlHA OTHOPOJAHOH HEHBIOTOHOBCKOH HAKOCTH. [losromy
L0 =6 0)=0 fi(l)=e0)=0 Ad)=eal)=1
[20)=¢20) = 1.
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Bosee Toro, mocienoBatenbHoe @%/r107?
NpHMeHeHHe TNpPHHUHMOA npeobaa-
JaHusl KaNMJJISAPHBIX CHJ Haj THI-
POAMHAMHYECKAMH TPHBOLHT K BHI-
BOAY, UTO NpU (puAbTPALMH C Tpe-
JeJIbHBIM  TPaJHeHTOM  (QYHKIHUH ¢
f:(s) moyXHH cosnagath ¢ OObIU-
HBIMH (QYHKIHSMH OTHOCHTEJbHRIX
¢asoBbLIX npoHHLaemocTell (OTCIO-
Aa H obo3zHavenuce). COOTHOIIEHHE
(IV. 162) nokaamBacr, 4ino npu I
awo6oM pacnpepedcHid (az no no- '
pam kaxjaas $aza JABUMKETCR B
COOTBETCTBHH CO CBOHM 3aKOHOM
¢uUAbTPAlHM C MpefiesibHBIM TIpa-
auertoM.  IlepemenHoctTs  mpe-
A€JbHOTO rPaﬂHeHTa yHHUTbIBA- PHC. 51. 3aBHCHMOCTB CKODOCTH (DHJID-
€T TEepPECTPOHKY CTPYKTYPBl HOPO-  rpauun BsskoniacTHuHOll KHIKOCTH OT
BOro  NpOCTpaHCTBA AJAsl  KaX- rpaiu~HTa pgaejeHus npH xByxdasHoil
JOH u3 (a3 ¢ H3MEHEHHeM Hachl- $HIBTPAUMH Mo pesyJibTataM MOJENHpO-
LLIEHHOCTH. HPH ITOM, HOCKOJTbe BAaHHA HA CeTOYHOH KaNHJIAPHOH MOJEIH
NepBoil (hasoif MBI CUMTAEM GOJEE  mavwmennoern s 0 006) 0,055, 0,053, 0,987
CMaYHBaOWLYIO, CPeaHuit pasmep U464 # 0.58
nop d;, 3aHATHIX i-# ¢da3ol, BO3-
pactaeT ¢ POCTOM HACHIIEHHOCTH S, M MOTOMY, YYMTHIBAs OLEHKY

Gi (S) ~ To,'/d,' (S) (IV164)

(to: — npenenbHOEe HanpsiKeHHe caBura i-# (asel), Mbl BNpaBe OKHUAATb
nageHuss $a3soBOro npenesibHOro rpagueHta G; ¢ poOCTOM HaCHIEHHOCTH
(Gi(s) < 0).

Hanee Mbl 6yleM TOBOPHTb HCKJIOUHMTEJbHO O ABYyX(ha3Hoil ¢uibT-
pauyH BS3KOIJIACTHUHBIX XKHAKOCTEH.

DdkcnepuMeHTaabHb e AaHHBe [locaeaylomue paccyx-
JleHUsT LeJIUKOM ONHPaKTCs Ha NOCTYJHPOBAHHLIE BHIIIE COOTHOLUEHHS
(IV. 164). EcrecTBeHHO, X0Tesoch Obl HUMETb BO3MOXKHOCTh CONOCTA-
BHTb HX C 3KCNepUMeHTOM. HeMHOrouuc/leHHble 3KCNepHMEHTaJjbHbie
JMlaHsble 1o AByX(da3Hoi (UJIbTpPAUHK CHCTEMBI BA3KOMJAacTHUHAA XKH[-
KOCTb — BOJla, B OCHOBHOM, COIJIACyIOTCS C TEOPETHUECKOH CXeMOHi, BO
BCAKOM cJyuvae, AJs1 He CAHUIKOM MaJblX CKOpocTed ¢uabTpauuu ¢as.
CxonHylo XapTHHY JaeT H HMHTAILMOHHOE MOJleNHpOBaHHe AByX(as-
HOrO TeueHHs HA CTOX4CTHUECKOH ceTKe KaNWJJsIpOB, Pe3yJbTaThl KO-
TOPOTO MOKAa3aHBl Ha puc. 51. DTOT YHUCTO MaTeMATHUYECKHH «3KCHe-
pHMEHT» NoKa3aTejeH B TOM OTHOLUEHMH, YTO NOATBEPXK/1aeT CIpaBel-
JIHBOCTb JJISL KaXKJOTO pacnpejefeHHs (a3 NpUHLUHINA DPeOJOTHUECKO-
ro noao6Hust, KOTOPBIH NPHXOAHTCS IMOCTYJHPOBaTb IIPH BbIBOJE COOT-
Homenu#r (IV. 169).

OpoHTaJbHOE BRITEeCHeHHe PaccMOTpHM B KpymHOMAac-
wTabHOM TNpHOJHIKEHHH OQHOMepHoe BLITeCHeHHe, cuHTasi ob6e (asbl
BSI3KOIIACTHUHBLIMH HEC)KHMAEMBIMH JKHAKOCTAMH. 3anuchiBas ypas-

0 30 ap/r
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HEeHHMsl HepaspuiBHOCTH (a3 u Hcnoabdys coornomenus (IV.162),
HMeeM

% 2y = U;
mesr+5-=0, w+u="U;

k
Uy = f:L(S) (g_fc‘%‘ Gl>r %;< —Gi, =0, —G <dp/ox<0. (IV.165)
1
Kyl %4 G PGy Uy =0, —Gy< dpjix <O
Uy =— 4~ (ax 2)' xS B M2 =0 YRS OPIOES B

s(x, )=s0, w10, )=U, 100, =0, 0<x< oo, 0t o0,
[poBeneM OGLIYHYIO NpOLEAYPY HCKModeHHs u3 cucreMbl (IV.165)
JaBaeHHst M (a30BbIX CKOpOCTell (orpaHuyuBasicb cayuaeM Gy > Gi):

) U oF* (s, U
b P LA oy —UFs b U),

F*(s, Uy =F (s) [1 + kf2(s) (Go— G1)/p2U), U > kfi (5) (G2 — Gr)/was
Fx(s, U)y=1, U <kfi(s) (G2 —G)/p1, (IV.166)

s, ) =s0, F*(s, U)lxmo=1. F(s)=[1(5)[}1 (8) + wafa (s)/p2] ™!

Taxkum o6pasoM, MO CYIIECTBY, Mbl HMeeM JeTa/jlbHO H3yUYEHHYIO
BHILE 33jauy Daknes — Jlegeperra ¢ TeM JHIIb OTJIHYHEM, YTO (PYyHK-
LM paclpene’eHusl NOTOKOB F* 3aBHCHT OT CyMMapHOH CKODOCTH Bbl-
TecHenusi U. Jlerko yGenutecsi, yto npu Gp > G, 3TO H3MEHEHHE CBO-
JHUTC K yMeHblleHHo ¢yHKuuu F* c yBesnnueHneM U IpH cOXpaHEHHH
ee o6biyHOrO BHAA (puc. 52):

OF/0U <0, OF/ds>0, F*(s, o) = F(s). (IV.167)

[TosToMy TexHOJOrMYeCcKHe T0Ka3aTe/iy BbITECHEHHS] 3AKOHOMEDHBIM
06pa3oM 3aBHCAT OT CKOPOCTH BbITECHEHHs, YJ/y4llasiCb C POCTOM ee.
[Ipu U—co paccMoTpeHHas 3ajaua NepexOAHT B 3ajzauyy Daknes—
JleBeperra., TaxkuM o06pa3oM, HajuuMe Yy BBITECHeMOH KHIKOCTH

PHUC. 52. 3asucuMocTb QyHK- PHUC. 53. 3asucuMocTs (GpoHTOBOMH
UHH pacfipefeieHHs MOTOXOB HACBILLEHHOCTH Sy, KO3(duuenTa

* .
F* 0T CKOPOCTH BBITECHeHHA! BhTecHeHHsl K OT CKOPOCTH BbITEC-
T—u=us 2—u=u > HeHUA AJA BA3KOIACTHUHON HedTH

F u=0 |

<up/<ug Kg.s¢ . e ——
"
=04 _ -~ e
F(S) // —
1 [2 -
U - 00 (4“_/‘_’____—-—-
0.5 l‘-0'{2_,.——/_’-—-——-—'_
——— K,
$

Q

0 ' 0.5 o
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IJIAaCTHYECKHX CBOHCTB BCeTJa NIPUBOJAHT K CHHUIKEHHIO NOKazaresed
BHITECHEHHSI TIO CPABHEHMIO C BbiTeCHEHHeM OOBIYHOH HedTH ¢ Bs3KO-
CTbIO, PABHO} TIACTHUECKOH BSI3KOCTH HEHBIOTOHOBCKOH HedTH, mpu-
yeM 3TO CHHXKeHHe TeMm 6oJjiee BEIp2XX€HO, UeM MeHbIEe TeMII BHITeC-
HeHusa (puc. 53). C npakTHUeCKON TOUKH 3peHHsS HanboJjee BaKHLIM
SIBJAETCS BONPOC O TOM, KaKHUM JOJKeH TNOINEPIKHBATbCS TEMH BhI-
TeCHeHHs, YTOOLl yKa3aHHBle JOMOJHHTeNbHbEe NOTepH HedTH He ObLIH
3HAauHTeJbHHIMH. K3 puc. 53 M JaHHBIX aHAJOrHYHBIX pPacuyeToB CJe-
AyeT, 4TO [Js1 NpeROTBPAaLIeHHs 3HAYHTEJIBHOTO CHHXKeHHs1 K03bdu-
I HeHTa Oe3BojHOH HedpTeoTgaun M INperenbHoro kosbduumenrta ned-
TCOTAAYH IIPH BBEITECHEHHMH Bf3KO-NJIACTHYHON He®TH BOXOH HHTEH-
CHBHOCTh BHITECHEHHs, XapaKTepHayemass 6e3pasMepHBIM mapaMeTpoM

[ == Up/kG,, (IV.1€8)

IoMKHA OBITh He MeHblie [,~~ 1. (3ameTuMm, uYTO C YBeJHUYEHHEM
HHTEHCHBHOCTH BBITECHEHHSI MOFYT BO3PACTH OTpHIIaTesbHbe 3D(eKTH
HepaBHOBeCHOCTH H HeYCTOHYHBOCTH BBHITECHEHHs, TaK UTO Ha3HAYEHHE
ONTHMAaJbHOrO pexHma TpebyeT yduera Bcefl COBOKYIMHOCTH CYINECT-
BEHHBIX ($aKTOPOB.)

[Ipenenvnass nedpreornava. lleasnku ocraTouyHOH
Hed Tu. Kak yxKe TOBOpHIOCH, NpeleJbHOe HAUpSKEHHE CABHIra
y HedTH (NmpeleNbHBIH IpajneHT AaBJeHHS NpU GHABTPAUHMA HedTH)
TIPHBOJHAT He TOJBKO K CHHIKEHHIO JOKAJbHOrO K0o3dbdHIIHEHTa BHITEC-
HeHH#, HO M K 00pa3oBaHui0 obsacrefi HEBBITECHEHHOH He(MTH — LeIH-
KoB. OUeHUTb CBA3aHHBIE ¢ 3THM NOTEPH HEMTH AOCTATOLHO CJOKHO;
3HAYHUTEJbHOTO YIPOUIEHHS MOMXKHO [MOOHTBCS, paccMaTpHBas JHIIb
npeJiesibHOe COCTOSIHHE — Te HauOOJIbIIHX Pa3MepoB IlleNHKH (Tak Ha-
3biBaeMble TpedesbHO-PABHOBECHbIE LEJHKH), OCTATOYHO# HedTH, KO-
TOpble MOTYT CYLIECTBOBATb B OMBIBAIOUIEM HX (HILTPAIHOHHOM IOTO-
Ke BOAbl CKOJIb YrOZHO AOJATO, HO PaBHOBECHE HAPYLIMTCS, €CJH J0-
NyCTHTb CYLIECTBOBaHHE IleJHKa GOJLUINX Pa3MepPOB.

Takum o6Gpaszom, mojsyuaeM cielyOIYI0 TEOpeTHIeCKY0 cXeMy: Ha
NMO3/HeH CTaJHH BBHITECHEHHS PAacCMaTpPHBAeTCs CTAlMOHAapHOE COCTO-
sIHHe, TIpY KOTOPOM BeCh IacT (mpocTpaHcTBeHHas obuaacte D) pas-
6uBaetrcs Ha aBe obmactu D u D, Onxna u3 Hux (D;) 3aHATa Hemox-
BUXHO#l HedTblo; B Apyroit (D;) nBHuXKercsa Boja, MpudeM B 3TOH 06-
JIACTH He()TeHACHIIIEHHOCTh CHHXKEHa [0 NpeleJbHO JOCTHXKHMOFO 3Ha-
yeHust. [IBHKeHHe BOAW cienyer 3akoHy Ilapcu. HeusBectnas rpans-
na C mexnay obaactamu D, u D; aBasercs 4is moTtoka BOAb MOBepX-
HOCTBIO TOKa. KpoMe TOro — u 3T0 TNpHHUMNHAAbHO — OydeM moJa-
ratb, 4r0 Ha C BHIIOJHfETCA YCJAOBHEe NMpeneJbHOTO paB-
HOBECH s, COCTOsilee B TOM, 4TO B KaXJ0# Touke moBepxHoctH C
rpajiHeHT NaBJeHHs (HAaNpaBJeHHBIH, oYeBHAHO, BAOb C) paBeH no
aBCoMIOTHON BeJMYHHE TPEeJbHOMY TpajHeHTy [aBJeHHs L HedTH
B JaHHO# TOuKe Iacta. MHBIMH coBaMH, MBI mosaraeM, 4to HedTwb
HaXOJHUTCS Ha CpaHH HadaJa JABHMIXKEHHs B KaxJOfl TOUKe IOBEPXHOC-
tH C. Curyauus 3fech THIHYHA AJS NpejeJbHOrO paBHOBECHS IJIaCTH-
YeCKHX TesJ ¥ BO MHOTOM aHaJIOTHYHA PABHOBECHIO TeJa Ha HAKJOII-
HOM TIOBEPXHOCTH, COCTABJfAIOIlell ¢ TOPH30HTOM YroJ, PaBHHE yIay
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TpeHus. IIpu aToM cuuraercs, yTo B Kaxao# touke obnactu D 3anann
B KayecTBe CBOHCTB ILJIACTa NMPOHHUAEMOCTb R; MpeAeJbHBIH rpajHeHT
s Hedtn G npefenbHas BOAOHACHILUEHHOCTB sU; OTBeyawolWas Mak-
CHMAaJIbHO BO3MOXKHOMY BBITECHEHHIO He(pTH, H COOTBETCTBYIOIlee 3Ha-
yeHue (asoBOil NPOHHLAEMOCTH AJS BOAb B NPOMBITOH 30He fi(s?).
Hanee s° u [i(s°) mosaraloTcsi NOCTOSIHHBIMH, XOTf He cocTaBJseT
60JBUIOTO TPY/A2 YUYeCTh HX 3aBHCHMOCTb OT NPOHHILAEMOCTH MOPHCTOH
Cpelbl H JIOCTHTHYTOrO I'pajdeHTa jAaBjieHHsi. B paccMaTpHBaeMoM cay-
yae BO BCe COOTHOIIEHHS BOHJAET TOJBKO MPOHHUAEMOCTb [/ BOMLBI
B NpoMbITOj 30He k*=Fkf (s°), KoTOpas cuuraerca 3afaHHOH B Kax-
JOH TOYKe I7acTa M CBSI3aHHOH C JIOKAJbHBIM NPEAEeNbHBIM TpPajHeH-
ToM cooTHomeHHeMm (cMm. § 1 ra. III):

E'G* = koGj = const. (IV.169)

B KayecTBe OCHOBHOTO MOEJIBHOTO OOGBEKTAa PacCMOTPHM  CJIOHCTO-
HEOJHOPOAHBIA IJIACT ¢ [IPOHHIAEMOCTBIO K* (2), BO3pacTailedl OT
KpPOBJMH K nojoliBe mjacra, k'(2) <0, 0<z< H. CpofictBa mnjacra
6yleM CYHTaTb HEH3MEHHEIMH B IJIaHe, IIACT — BCKPBITHIM Ha BCHO
MOIIHOCTL CEeTKOH HarHeTaTeNbHBIX W JOCBLIBAIOMIMX CKBaXKHH. O6/4cTh
IBUXKEHUSI B INaHe o0osHauuM uvepe3 A, OueBHAHO, YTO I[PH TAKHX
YCJOBHSIX NIPOMBITast 30Ha GyJeT pacrmojaraThcsl B HHXKHEH uyacrtu mJjac-
Ta, a LeJUK OCTATOYHOH He(TH — B BepXHeH; OHH PasleNsoTcs HeH3-
BeCTHOH rpaHuued z = h(x, y), onpefensieMoil B XOAe pelUEHHs 3anauH.
B Toit yactu (A;) obsacTe A, rpe NJacT IPOMBIT MOJHOCTBIO, A (x, y) =
= H; TtaM, rie LeJHK 3aHHMaeT BCIO MOIIHOCTH MyacTa, obaacte Az)h =
= 0. Hakonel, B ocrasmefics gactu A, obaactd A uMmeeM 0 < h < H.
Ilaxke B paccMaTpuBaeMOM YacTHOM cjydae cOpMYJHDOBaHHasi 3ajava
ellle yepecyyp CJAO0XKHA, H MOJYUUTb €e pelleHHe CJOKHO faxKe YHCJIeHHO.
Y4uuTeiBas SIBHYIO aHAJOTHIO ee ¢ 3aiayaMu Oe3HamopHOH duabTpaunuu
(cm. § 3 ra. 1I), OGymem wuckarh ee NpUOMHIKEHHOE DeLI€HHe, IIpeHe-
Operast pasiuyueM IJIOTHOCTeH He(TH M BOABI M CUHTasi pacnpejeseHHe
JlaBJeHHA [0 MOLIHOCTH MJacTa THAPOCTAaTHUECKHM (aHajor npuGiaunxe-
nust Byccunecka). Torpa pacnpesenenne naBneHHS MOXHO BIOJHE Xa-
pakTepu3oBars, 3a/laB ero Ha nojowBe mnacta p(x, y). T'panuent us-
GLITOYHOrO Haf MM 1POCTATHUECKHM JIaBAEHUS] NOCTOSIHEH BJOJb BEPTHKAJH
B KaXJOH TOuke NnjacTa M paBeH ygp. ITocKo/MbKY B mpepenax o6/aacTH
Ay on nomkeH ObiThb paBeH MNpeNeNbHOMY TpajHeHTY Ha [OBEpPXHOCTH
uenuka G(h), nojayuaeM BO3MOXKHOCTb HENOCPEACTBEHHO BBIPA3HTh MOLI-
HOCTb MPOMEBITOTO CJIOS1 Yepe3 yp H3 ypaBHeHHs !

Glh(x, )l =1vp (5, §)]- (1V.170)

Tenepb MOXXHO nepeﬂm K HHTErpajJbHOMY OIHCAHHIO [BUXCHHUSA
BOJbI Kak (bI/IJIpraLIHOHHOFO TEUECHHA B CJI0e HepeMEHHOI?I TOJILLHHBI.

! HetpyaHO NOHATB, YTO NOCKOJbKY HA MOBEPXHOCTH LEJAHKAa TDAjHeHT AaBJe-
HHS JoJuKeH ObiTb HanpaBjeH BIOJML Hee, cootHowenue (IV. 170) BepHo ¢ TOU-
HOCTBIO Jl0 uaexoB nopsiaxa (Vhay p)?/|ypl% Tlostomy coBepliaeMas ownGKka TeM
MeHblue, yem GoJiee 10J0rofl sBJseTCS HCKOMas MOBEPXHOCTD.
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Hurerpupya ypaBHeHHe IBHIKCHHS IO MOLIHOCTH [JIaCTa, MPHXOAHUM K
CHCTEME ypaBHEHUH

divw =0, w=—(K/p) vp;
h(lvpl 1 h(lvoD
w=7 | w@y d, K(Vp)=5 [ k@dz. (IV.171)
1] 0

(3nech onepatophl div M V INOHUMAIOTCA Kak JByMepHbe). Benuuunnt
w u K(yp!) 6ynem Ha3biBaTh 3(deKTHBHOH CKOPOCTBIO H IIPOHHIae-
MOCTBIO; MOMIHOCTL NPOMBITOR Yactd naacta f(] Vp|) onpenensiercs us
ypaBsenus (1V.170).

Ypabuenuss (I1V.171) 5KBHBANEHTHH YpaBHEHHAM HeJNHHeHHOH hHJIb-
TpaUHH HeCkKHMaernoH 2KHIKOCTH

vw =0, Vp=—0 (v) w/w, (IV.172)

KOTOpBle Npeobpa3zoBaHueM rojorpacda NepeBOAATCS B JHHEHHYIO CHCTe-
My (M. § 1 ra. 3).

KonkpeTHoe BhipaxkeHHe 3¢dheKTHBHOIO 3aKkOoHa (uAbTpauun @ (w)
onpejessercss BHAOM paciipeieneHuii k(z) u G(2) M3 COOTHOLIEHMH
(IV.170) — (IV.171).

Paccmotpum mpumepot. [lpumem c yuerom Koppeasunn (I1V.169), uto saBHcumocTn
k(2) u G (2) uMeloT BHL

k(2) = ko (1 + z/z2p)—2, G(2) = G, (1 + z/2p). (IV.173)

3necb 2zy— HeKotopbiii  napametp: Gy = G(0). Hs coornowenuit (IV.171) —
(IV.172) nonyuum caenywooliee Boipaxkenne s>pPekTHBHOTO 32KoHA $MAbLTpalHu:
o p(w+ 7\) kgzGy ko2,
(@) = —-1(_0_; A= P’H » Ro="p
T. €. LIS pacnpefeleHds NPOHHLAEMOCTH M NpeldelbHOro rpaidenta B Bufle (IV.174)
3ajlaya OTBICKAHHSI U&JHKA B OCpedHeHHO# MOCTAHOBKE MpPUBOAMTCS K H3BECTHOH 3alaue
GWIbTpaLuK € TNpejeibHbIM TPaIHEHTOM Ads ORHOpOAHOM xuukocTH (§ 3 raabm I).
AnanoruurbiM 06pa3oM MOXKHO y0elnTbCsi B CNpaBeAaUBOCTH CJAGLYIOUIMX  COOT-
BETCTBHH:

’ (Iv.174)

k
= ch? (2/2) ’

Boobiiie, ecny 3aBHCMMOCTb R (2) AonycKaeT NapaMeTpHuyecKoe NpelCTaB/ieHHe

(IV.175)

p (@’ 2012
k (2) —[(0— .

(@)= Gych =, @) =
0

dz kea[ n  p\*! kg h
- — ——|sh —ch— k= —————: G(h) = Gych® —, IV.176
ah m ( Z, [« ZO) ch2® (h/zn) h) oC 2, ( )

TO eil COOTBETCTBYET BhIpakeHHe 3PPEKTHBHOTO 3akona (uJIbTpalHH BHAA
O (w) = pKy " (w¥* +2¥*)2, (IV.177)

Yerpemnss napamerp @ K HyJO, UTO COOTBETCTBYeT OAHOPOAHOMY ILIacTy ¢ npo-
HH1[aeMOCTbIO Rg, MOJNYYHM

QW) =Gy w<h O (w) =pw/Ky w>h (IV.178)

Bo Bcex npumepax IMpHBeJE€HHbIE COOTHOILIEHHS CIPABENJHBBL AJIs
CKopocTelt, MeHbUIUX iy = KyG (H)/u; npu stom O (w) < G(H). Has
GOJIbIINX CKOPOCTeH NJ/AaCT MOJHOCTbiO HpOMbIBaeTc BOAOH, H  agek-
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THBHas NPOHUIAEMOCTb MepecTaeT H3MEHATHCA C H3MEeHeHHeM HHTEeH-
CHBHOCTH [JBHXKEHHSI, a COOTBETCTBYIOLIMH 3aKOH (UJILTPALUH I/ Ocpe-
HEHHOTO JIBHXKEHHSI OKAasbiBaeTCs B 00/1aCTH GOJBIIHX CKOPOCTEH JIH-
HEeHHBbIM

H
@ (v) = pw/Ka, KH=H—1§ k()dz, | Vp|> G(H). (IV.179)

B Tex cayuasx, Korja ofllasi HHTEHCHBHOCTb JABHXKEHHS HeEBeJHKa,
TIOJIHOCTBIO TIPOMBITHIE 30HBL JIOKaJM3YIOTCs BOGJH3H CKBaXKMHBI. Ecnau
HX BJHSHHEM Ha npolecc QOPMHPOBAHHS LEJHKOB MOXHO IpeHeOpeub,
TO OCpeJHEHHOe IBHKEHUEe BO BCEM IIJIACTE ONUCBHIBACTCS yPaBHEHHSIMH
HeJIHHeHHOro 3akoHa ¢unabTpauuu Buja (I1V.174) — (1V.178). ®opmanbHo
3TO COOTBETCTBYET acUMNTOTHKe H — oco. Ilpu 3TOM 1714 OLEHKH pa3Me-
pOB LEJHKOB MOXKHO MHCIOMb30BATh MHOTOUHCJMEHHBIE pelleHuss 3anad
HeJHHEeHHOR (pUIbTpALUH, NOJydYeHHBIE paHee.

IHlenuku B ONHOPOLHOM NaacTe. PaccMoTpuM caydadl 0qHO-
poaHoro mnacrta, k= const. Jas Ttakoro maacra G(0)=G(H) = G,
a MOHIHOCTb IIPOMBIBAEMOHM BOJOH yacTu Njacta A u sddekTuBHas npo-
HHU2eMocTh K CTaHOBSITCH KYCOYHO-NOCTOSIHHBIMH (PYHKUHSIMH TpajHeHTa
JaBJeHUs:

h(vph=0, K(vp)=0,|yr|<G,
h(vp))=H, K(vp))=k, |vp|>G. (1V.180)

M3 3THX COOTHOLIEHHIl paHee JenaJicst BBIBOJ O TOM, UTO TIpH JOCTH-
KCHUH TPAJHeHTOM JaBJieHHs 3HaueHHs1 G, paBHOro IIpenesbHOMY, Ha
HEKOTOPOH JIHHMH (PM3HUECKOH TIJIOCKOCTH MOIIHOCTb NPOMBITOTO CJIOS
CKAaUKOM H3MeHseTcsl OT HyJs JO0 MOJHON MOUHOCTH IjacTa. 210 CO-
OTBETCTBYET 3(P(eKTHBHOMY pa3spblBHOMY 3aKOHY OHJLTDAUHM, OIHCHI-
BaeMOMY BHIpaXKeHHSIMH (BlepBbie npepoxeHHeiMH M. I'. AnninaeBbiM
C COaBTOPaMH)

OnHako nmpH npejesbHOM ITIepexoje OT OMHCAHHOH CXeMBbl TeyeHHs
B I1acTaX C HeNpephlBHO H3MEHSIOMEHCS IIPOHHIAEMOCTBIO K TeYeHHSM
B ONHODOIHBIX MLTacTaX OKasbBaeTcs, 4YTO B oflleM cJayyae YCJAOBHe
paBeHCTBa MOAYJSi TPAajHEHTA JNABJEeHHS NpejlesbHOMY BBUIOJHSIETCS He
Ha JIMHHM B IJIOCKOCTH (X, Y), OTBeyamollell BepTHKaJbHOH FpaHuile
ueaHKa, a B o6nactd (4;), B KOTOPOH MOIMHOCTb TNPOMBITOTO  CJIOS
h(x, y) aBAAeTcs HenpeprIBHOH QyHKuHeH NMoToka Boabl. C H3MeHeHueM
3QheKTHBHON CKOPOCTH (PHJIBTPALUH OT HYJS 10 A MOLLHOCTh IIPOMBITOrO
cnosi usMmensercs of Hyasa jo M. CoorsercrByromuil 3(heKTHBHBII
33KOH QHJbTPALHH OlpeleNseTcss ypaBHEHHSIMH

Pw)=G0G, O<w<k O =ypwk, >,
0<Ow) <G, w=0. (IV.182)

B orsvyne OT paspbiBHOTO, 3TOT 3aKCH (HJAbTPAUMH INO3BOASET
paccMaTpHBaTh TedeHHS M B OOJACTH CKODOCTEH W, MEHbUIMX \.
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Takum c6pasoM, NpH (GOPMHPOBAaHHH LEJHKOB CCTAaTOUHOH He(TH
H B OJHOPOIHBLIX IJacTaX BcA cO6JjacTe TeyeHHs Ha (H3UYECKOH mJoc-
KOCTH B ofueM cJaydae pachafaercsl Ha TpH nopcObaactd: Ay — mos-
HOCTBIO NPOMBITCTO M71acTa; A, — YaCTHYHO MPOMEBIBAEMOTO IJacTa, B KO-
TOPOH MOAy/b TPaJMEHTAa JARJEHHS TOCTOSHEH H paBeH IIpelesibHOMY;
A3 — mono6aacTh, B KOTOPOH LEJAMK 3aHMMaeT BCIO MOLIHOCTh INJ/1acTa
H JBHUXEeHHEe BOJBl OTCYTCTBYeT.

Jas cooTBeTcTBYIOWINX 06/1aCTeli UMeeM

VQP()C, y)=0, h(x’ y)ZHv (X, y)EAh
lvp (x, )1 =G, v(*h(x, y) yp/G) =0, (x, y) €4y,
w(x,y) =0, h(x, y) =0, (x, y)€As. (IV.183)

Ha rpanunuax c6aacTeil pellleHHsl YHOBJETBODSIOT YCJOBHSIM Hempe-
PBIBHOCTH [1aBJIEHHsS, TOTOKA H MOIHOCTH A (x, y).

IIpn mepexoxe Ha IJICCKOCTb rogorpada (w, %) obaacts A, oroGpa-
KaeTcsl B o61acTh 21, JIeXKaMyI0 B NOJYIIOCKOCTH W > X; Ay -— B 06/1aCTh:
Qy, Jexamylo B nojsoce 0 << w<), a A3—B OTpPe3oK JuHUH © = 0.
YpaBuenusi (1V.183) B cooTBeTCTBYIKCIHX O6/IACTAX IJIOCKOCTH TOHO-
rpada IMpHHHMAIOT BHJ

ay kdp dp w0
o= " pwer dw = o (@ DE

1 0V 1 9 1 od
E;Zaﬁﬁzg%,@mmm (IV.184)

OTKYAa ansl o6aacTH A; NOCTOSHHOrO TPajHEHTa JaBJCHHS HMEeM pe-
LIeHHe

b=F0), pw 8)=—GCo~'f"(6)+ ¢ (),
2= x4 iy =29 (A, 0) + % (0) ' —2171), (1V.185)

rae f(6) n ¢ (0) — HeusBecTHHIE (YHKIHH.

Hs (IV.185) caenyer, uro npu f’ (8) = 0 obaactu R, Ha dusuue-
CKOH IIOCKOCTH COOTBETCTBYET 06J1aCTb, B KOTOPOH JIMHHH TOKa SIBJA-
I0TCA NPSIMBIMH, JaBJ€HHMe BIOJb HHX H3MeHsleTcs JUHEHHO, a 3¢dek-
THBHASl CKOPOCTb @ M MOIIHOCTb NpOMBITON uyacTu maacta A onpeze-
JISJOTCST BbIpAXKEHHSMH

w= D"tz (@, ) —z 0, OF O, k=Hop. (IV.185)

Ecau xe f' () =0, To cooTBeTcTByMowWas yacTb ofnacTH Ha (H3M-
yecKOH IJIOCKOCTH OToOpaKaeTcsl B JIMHHIO, SBJSIOWIYIOCH OTPE3KOM
JUHUH Toka. [IoTOK KMAKOCTH B 3THX TOYKaX HaNpaBJeH MO Kaca-
TeJbHOH K JuHMH | Vp|= G, NpH nepexoje 4epe3 KOTOPYI MOINHOCTD
NPOMBITOH ¥acTH nuiacta A (x, y) H3MeHseTcsl CKaykoM OT Hyas jo H.

MHbiMH c0BaMHM, MOCTAHOBKA 3ajauyd CO CKaYKOOOPa3HLIM H3Me-
HEHHEM MIPOMBITON MOILHOCTH OKa3bIBAeTCs WACTHHIM ClydaeM, KOTia
HeH3BeCTHasl IpaHuila SIBJSETCS JHHHEH TOKa OCPeAHEHHOTO IJIOCKOTO
TedeHH,

3azayy YKa3aHHOTO KJacca CBOASTCS K OTHICKAHHIO DEIIeHHS ypas -
neHus1 Jlannaca B miocko# 06/1acTH, 4acTb TPaHHUBl KOTOPOH 3apanee
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HEH3BECTHA M OTHICKHBAETCsl M3 TOTO YCJOBHsS, YTO OHA sIBJAETCA OLAHO-
BpPEMEHHO JIMHHeHl TOKa W JIMHWeH NOCTOSHCTBA MOLYJA rpajiHeHTa JiaB-
Jlegusi (MJH, YTO 3KBHBAJIEHTHO, CKOPOCTH duapTpanun). J1a sanaya,
copmysHpoBaHHasl BNEpBHE B {34], >hheKTUBHO peillaeTcs MeToaaMH
Teopun cTpyit [9, 24]. XapakTepHbie pesyabTaThl NPUBEACH Ha puc. 54.
JleTanu pacyeTOB MOXHO HA{HTH B KHHMIaX (9, 24]. Topasno cioxHee
pelaloTcst 3ajaun, B KOTOPbIX 06/MacTb NOCTOSHHOTO MOLYJIA rpajueHTa
nasaednss 0 < h< H,|vp|=G (c6nacTb A;) He BBIPOKAAETCH B JH-
HMIO. B HacTosilee BpeMs OHM SIBJSIOTCS [IPEAMETOM HHTEHCHBHOTO
M3y4eHHs, PasBHTBl NOAXOABI K HX PELIEHHIO, B. H. TlankoBrM u
C.” B. ITanbKo rnoayueH psii TOUHBIX M IpHONHIKEHHBIX pewennii. Ha
puc. 55 NOKasaHsl BO3MOMKHbE KAYeCTBEHHO pasjinuHbie BapHatThl pac-
TIONIOXKEHNS] LEJHKOB NpH pa3paGoTKe KPYroBoro mJjacta SKCUEHTPHYHO
PACMONIOKEHHOH CKBAXKUHOM.

To 06CTOATENBCTBO, UTO 3a/a4ya OTBICKAHHs Mpe1eJbHO-paBHOBEC-
HBIX LEJHKOB B OCPeJHEeHHO! NOCTAaHOBKe MPHBOJAUTCS K 3ajaye He-
JIMHEeHHOH (HILTPAUMA C 3aKOHOM (UAbTpAlUHH CleNnajpHoro BHAZ,
1103BOJISIeT NMPHUMEHHTb K ee pEUIeHHIO BeCb XOpOILIO paspaboTaHHbI#
K HAacTOsIIeMYy BpEMEHH annapar TeOpHH HeJMHeHHO#H PuabTpalui (CM.
§ 3 rsaBb I n UMTHPOBAHHYIO TaM auteparypy). Takum nyrem noc-
TATOUYHO JIETKO MOXeT OblTb OlleHeHO BJHsHHE DPasJHYHBIX Mapamer-
pOB Ha pa3mepbl U (GOPMY LEJTHKOB. Tak, na puc. 56 noxaszaso pacrno-
JIOXKeHHe LeJHKOB JJS1 CHCTeMbl HCTOUHHMK ~ CTOK HHTEHCHBHOCTH Q,
pACIOOXKEeHHbX Ha pacCTOSIHHUH 2a Apyr OT IPyra B JABYXCJIOHHOM
njacre.

Pelteniie MOCTPOEHO UHCAEHHO B Ge3pasMEpHBIX IepEMEHHbIX. Mac-
wTabaMH IJMHBl ¥ CKOPOCTH BbiOpaHbl BEJAMUMHBL @ U Q/a, npu 3TOM

(] PUC. 54. PacnonoxeHue LEJIHKOB H 33BHCH-

L ) MocTh Ko3dduienTa oxBarta ansa NATHTOURYHOK

/ / cXeMbl NJIOULaJHQrO 3aBOJHEHHs1 OT HHTEHCHB-
HOCTH TOTOKA

e

HepTd npu paspaGoTKe Kpyrosoro mJiacra

%

7 5
/ AL 3 PUC. 55. PacrnonoxeHne HeAMKOB OCTaTOUHOH
g/ SKCLEHTPHYHO PACMOJOKEHHOH CKBaXHHOH INO

) i pesynbraram pacuetos B. H. [lankosa u
Q . C. B. IlaHbko:
Y 0,5 ) I a— &— BO3MOXHHE KOHPHTYPAaLHH UETHKOB
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pelleHHe 3aBHCHT OT JBYX 0e3pas- /s
MEpHBIX [apaMeTpoB 20

e = rak,G/uQ,
3= (1 4 koHy/kyH)).

Pesyabrathl pacuetos, npuBeseH-
Hble Ha puc. 56, orseyaior = = 0,4,
3 =35,

B sak/ouenne storo naparpa-
$a HeoOXOAMMO CHENATh HECKOb-
KO 3aMedyaHu#i o6 HCHOJb30BAHHK Y
TEODUH TMpeleJbHO PpaBHOBECHBIX 0 YREYY
LIEJTHKOB NIDH OLEHKe npeaesibHOM
HebTeOTAAYH NJACTOB, COZEpkKa-
LIHX BA3KONJIACTHUHBIE HedhTH. On- |
pelenuB NpeleNbHO paBHOBeCHBle | |4,
LeJIMKH, MBI HMeeM OCHOBaHHe yT- |
BepXJAaTb, 4TO UEJIHKH OOJbUIHX L
pasMepoB He MOTYT OCTaBaThCs He-
NOJABHMXHBIMH B OMBIBAIOIlEM HX
noroke Boabl. OIHAKO B CHAY HE- PHC, 56. Pacnonoxenue LEJIHKOB 1151
€IHHCTBEHHOCTH DABHOBECHOFO CO-  CHCTEMbl HCTOYHKK — CTOK B A BYyXCJOM-
CTOAHHA [JACTHYECKOH MKHIKOCTH  HOM miacre
MBl He BIpaBe€ YTBEPXKAaTh, UTO B
peaJbHOM Ilpolecce BbITECHEHHS CHOPMUDPYIOTCS B KOHile KOHIOB IIpe-
AEJbHO PAaBHOBECHbIe LEJHKH, a He UENHKH MEHbIUHX pasMepoB (Ha
TpaHdlle KOTOPHIX BHIIOJIHSIETCS HepaBeHCTBO |Vp|< G, HO He BClo-
Ay OHO MepeXOAHT B paBeHCTBO). Takum 06pas3om, MOXHO MONAaraTh,
UTO OUEHKa NnoTepb HedPTH 10 006beMy npelesbHO pPaBHOBECHHIX Le-
JIHKOB — 3TO OlleHKa ¢Bepxy. UTOOB ONpenesIiTL CTeleHb 6JH30CTH
3TOH OLEHKH K TOMYy, YTO peajiHsyeTcs (aKTHYECKH, s HEKOTOPBHIX
CXeM TeueHus OBLIO NPOBEACHO MOJEJHPOBAHHE BLITECHEHHS BS3KO-
IJIACTHYHOH JXUAKOCTH BSI3KOH Ha LieNeBOM JIOTKe. PesyabTaThl Moze-
JIHPOBaHHA (TOYKH Ha pHC. 54) HOCTATOYHO XOPOIIO COrJACYIOTCS
C pacueTaMH IO NPeAeNbHOH cXeMe.




[JABA ®U3UKO-XUMHYECKAS
MOJ3EMHAS

5 rHIPOTHHAMUKA
HE®TSHOIO TJACTA

3aBoaHeHue, NOAPOGHO PAacCMOTPEHHOE B TNpeABIAYlleH TJaBe, HA
CeroJHsl sIBJsIETCSI OCHOBHBIM TeXHOJOIHYeCKHM IpOLleccoM H3BJeye-
Hust Hedti. OHAKO OHO, KaK yiKe TOBOPHJIOCh, CONPSXKeHO ¢ 6OoJabLIH-
MH noTepsiMu HedTu B macre. ITosTomy celiuac Bce 6oJbliue obpatia-
IOTCSI K Npoleccy BHITECHEeHHsSI He(TH U3 msacTa Harpeto#l BOAOH WJIH
BOJOH ¢ pas3sinyHoOro pojaa po6aBkaMu. CBoHcTBa BOJB, He(TH HJIH IO-
pPUCTOl cpelbl U3MEHSIOTCH IIPH 3TOM TakK, YTO YCJOBHS BHITECHEHHS
NOJ BJUSIHHEM BO3HHKAWOWUX QU3HKO-XHMHYECKHX MPOIECCOB CTAHOBSIT-
cs Gosee GyaronpHUATHLIMH. Mbl 6y/leM Ha3bIBaThb TAKOH TEXHOJOTHYec-
Kuii npouecc U3HKO-XUMHUYECKHM 3aBOJAHeHHEM,

Boablioe pasHooOpasne BO3MOXKHBIX areHTOB BO3AEHCTBHA H pe-
JKHMOB HX BBCAeHHs], OOJblIasi CTOMMOCTb Tpoiecca (PU3HKO-XHMHYeC-
KOTO 3aBOJHEHHS B CPaBHEHUH C OOLIYHBIM 3aBOJHEHHEM H, UTO BeCbh-
Ma CYLIeCTBEHHO, 3aBHCUMOCTb pe3YJbTAaTOB Ipollecca OT PeXHMa H
GoJiblIEr0 YHMCJa NapaMeTpoB IJIACTOBOH CHCTEMBI HPEXbBSBJAIOT MO-
BHIIIEHHble TpeGOBAaHHS K NpeABapHTEIbHOMY aHAMH3y H pacuery ¢u-
3MKO-XHMHYEeCKOro 3aBOJHeHHs. Tako# aHa/M3 M pacyeTrhl OCHOBAHHI
Ha TEOPHHM THAPOAHHAMHYECKHX IPOLECCOB, CONPOBOXKAAEMBIX XHMH-
YeCKHMH INpeBpallleHHsIMH, a TaKKe TEMJIO- H MacCONepeHOCOM. DTOT
pasziesn HOA3€MHON THAPOAHHAMHUKH 10 aHAJOrHH C COOTBETCTBYIOLIHM
pasnesoM oflledl THAPOAMHAMHKY eCTeCTBEHHO Ha3BaThb (PU3HKO-XHMII-
qeckolf Mox3eMHOH ruapoanHaMukod, Oco6o Hac 6yayT HHTepecoBaTH
C yYeTOM CKa3aHHOTO BHILE TAKHe NMPOIECCHl, B KOTOPHIX (PHU3HKO-XH-
MHuecKHe (PAKTOpPbl CaMH OKAa3hiBAalOT BJHAHHE Ha ABHXKeHHE JXHIKOC-
Tefl. PH3MUECKH)] HJAH XMMHUECKHH areHT, [EePEHOCHMBIH NOTOKOM H
HEMOCPEACTBEHHO BJIHSIOIIMA Ha THAPOAHMHAMHKY, Mbl OyleM Hasbi-
BaTh AHHAMHYECKH AKTHBHOUX mpumecsnlo. llpexne uem
NepexoJHTb K H3JOXKEHHI0 COOTBETCTBYWOUIeH TEOpHH, lesaecoobpasio
pPaccMOTpeTh OCHOBHBbie 3aKOHOMEPHOCTH IpPOLEeCCOB NepeHoca B MOPH-
cTOH cpejie Ha Bosiee MPOCTOM NpHMepe OAHO(A3HOTO TEUCHHA HECIKH-
MaeMOH JKHAKOCTH.

§ 1. Hpouecco Tenao-
M MacconepeHoca B MOPHCTOH cpeae

PaccMOTpuM TOPUCTYIO Cpelly, HACHIHIEHHYI0 OLHOMA3HOH MXHIKO-
ctbio, ByJem cYnHTaTbh, 4TO XKHAKOCTb COJMEPIKUT PACTBOpPEHHOE Belile-
CTBO (NMpHMeECh), MACCOBYIO KOHUEHTPALHI KOTOPOTo Mbl 00603HAUHM
gepe3 ¢. B TO Ke BpeMsl JONMyCTHM YTO 4acTb NPHMECH 4 B pacyeTe Ha

172



e[IMHHIY o0beMa cpelbl MOXKeT COAepXKaTbCAd B CKeJleTe NOPHCTOM
cpenbl. [lorolllenne ckeneToM npuMmecn OyAeMm HasbiBaTh copbuuei;
MOHMMas MOJ 3THM ajcopOuHIo (DH3NYECKYI0O H XHMHYECKYIO) MPHMECH
Ha IIOBEPXHOCTH cKejeTa, pacTBopeHHe (abcopOLHIO) MPHMECH B MarTe-
pHajie 3epeH CKeseTa, a HHOTJA JaXxe MeXaHHYecKoe yJep:KaHHe IIpH-
MeCH B CyXKeHHSX NMOPOBBIX KaHaJOB (3TO CYLIeCTBEHHO AJS NOJIHMeEp-
HBIX pacTBOpoOB). IlJOTHOCTb pacTBOpa B COOTBETCTBHH ¢ OOILMMH
TePMOJAHHAMHYECKHMH IMOJOXEHHAMH OIpelensercs KOHUEeHTpalued,
TEMIEPATYpPOH U JlaBJCHHEM:

p=pl T, p). (V.1

INostoMy B eauHuue c6beMa IMOPHCTOH cpelbl COAEPIKHTCS NPHMECH
H pacTBOpHTeJs, COOTBETCTBEHHO,

mc+a, m(p-—c). V.2)

QOUAbTPAHOHHBIH MOTOK CO CKOPOCTbX (PHABTPALHH W NEPEHOCHT
KaK pacTBOpPHTeNb, TaK U NpHMech, Jlerko y6eIuThbCS, UTO AJisi CMe-
ct ¢QopMa ypaBHEHHS HEePa3pLIBHOCTH OCTAeTCsl HeM3MeHHOH. UToObl
cocTaBuTh 0aJlaHC pAacTBOPEHHOTO BellleCcTBa, HeOOXOAMMO pPaccMoT-
peTb CTPYKTYpPY IOTOKa LPHMECH Yepe3 TPaHHLY BBLIEJEHHOIo 06beMa,
DTOT MOTOK COCTOMT M3 HECKOJIbKHX Pa3JIHYHBIX IO CBOEH NPHpPOAE CO-
crapasomux. OgHa H3 HHX COOTBETCTBYeT INEPEHOCY pacTBOPEHHOro
BelllecTBa OOIIMM MOTOKOM, XapaKTepH3yeMOMY IJIOTHOCTHIO IOTOKA
MacCHl:

g =Ccw. (V.3)

STOT MOTOK CYLIeCTBYET fAaxke IPH DaBHOMEPHOM MO 06beMy MOPHC-
TOH cpelbl pacnpeje/ieHuM NPHMECH, eCJH KHUIKOCThb IBHKercs. Ecau
IIpUMech pacnpejeseHa HepaBHOMEPHO, TO JaxKe B OTCYTCTBHE OGIIEro
noroka {(w=0) 6yneT IPOHCXOAUTb NepepaclpejeneHde ee, 06ycJa0B-
JeHHoe auddpysneit. Kax naBectHOo, a1 dy3usl BLI3BIBAETCH XaOTHUEC-
KHM [BHXEHHEM Ha MOJIEKYJsIPHOM YypOBHe; uTOOB NOAYEPKHYTH 3TO,
OyAeM Ha3biBaTh e€e MoJekyaspHoil xuddysueit. CornacHo ocHOBHOMY
3akony aud¢ysuu (3akony ®Puka), ATA H30TPONHOH cpelnbl AupGy-
3HOHHBIH MOTOK NPONMOPUHOHAJeH H IPOTHBONO/IOXKEH IO HampasJe-
HMIO TpajHeHTy KOHIEHTpaluH:

B nopwucroit cpene npHMech MOXeT, BooOle roBops, auddyHaupo-
BaTb M B TBepPJAbIX 3€pHAX, H IO MOBEDXHOCTH KOHTaKTa CKeJjera
¢ MOPOBOHM XHJKOCThIO (MOBepxHOCTHas Auddy3us), Tak 4YTO 3aKOH
®duka HyxAaeTcss B yTOUHeHHH, DTH 3(®eKTh HeCyllecTBEHHBI AJis
HalHx ueneit. [TosToMy B nanbHefilueM HCIONb3YeTCs BBIpAXKEHHE 1J1
nuddysnonHoro noroka B ¢gopme (V.4) ¢ koabdunuentom auddysun
D, nocrosiHHplM M GJIH3KHM K KO3(QHIHEHTY MOJNeKyJApHOH Zuddy-
3HH B XHJKOCTH.

CyuiecTBeHHO, 4TO B NODHCTOH cpeie OpH HAJIHYHH (GHABTPALHH
JIOJIZKEH CyLLeCTBOBATh, HAPAAY C yXKe pacCMOTPEHHBIMH KOHBEKTHBHBLIM
NEepeHOCOM H MOJeKYJsipHOH AH(pPy3Hel, HEKOTOPHH MeXaHH3M Iepe-
Hoca, OOBIYHO HasblBaeMbll jAHcHepcHel, 0OyCJOBJEHHBH IIPOCTPAHCT-
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BEHHHIMH (DJYKTYaLHsIMH I0JA CKOPOCTel QHABTPAHOHHOrO JBHKEHHUS
(T. e. OTK/JOHeHHeM JIOKAJbHBIX 3HAUYEHHH HCTHHHOH CKOPOCTH OT
cpensero 3uavenus w) [12].

st nosicHeHusl 3aKOHOMepPHOCTEH 3TOr0 MexaHH3Ma HalOMHHM, 4TO
Ko3dduuneHT nupdysnH B rase paBeH M0 MOPSAKY BEJIHYHHBI [POM3-
BEeJEHHIO TyJbCallHH CKOPOCTH (MMelollledl MNOpsSAOK CKOPOCTH 3BYKa
ca~ 10% M/c) HA anuHy cBcGomHoro npobera (A~ 10—9-—10—10 ),
Dy ~ coh. Tlogo6Ho 3TOMY NpOCTPAHCTBEHHbIE GUIYKTYalHH MOJst (GHIIb-
TPAUHOHHBIX CKOPOCTeH BBISBIBAT KaK Obl IH((DY3HOHHOE HepeMely-
BaHHe, Ha3biBaeMoe KOHBEKTHBHOH nuddysueis !, kosdpduuuent auddysuu
AJIsl KOTOPOTO MO MOPSIAKY BEeNHYHHBI JOJKEeH ObITh paBeH IpOH3Beje-
HHIO (GIYKTyaluH CKOPOCTH (HMelollell NOPS 10K CKOPOCTH (GHIbTPALHH W)
Ha Macwrtab ¢aykryaund [. Ecau 2TOT MacliTaG cYHTaTh PaBHBIM BHYT-
peHHeMy MaclTaby MOpPHCTOH cpeasl d, TO

D' ~ wd. (V.5)

ITpu O6BIYHBIX CKODPOCTAX (UJALTPALMH 3TO NPOH3BeJeHHE HEBEJH-
kKo (~10-19 m?/c) u nosToMy HMeeT NOPSAAOK Ko3ddpuuHeHTa MOJEKY-
aapHoft Anddysun aas xuakocrel. OfHAKO Te ke cOOBpaXeHHs MPH-
MeHHMHB K IepeMellNBaHHIO, OOYCJIOBJIEHHOMY (DAYKTYallHsIMH CKO-
poctH awboro macumraba BmiaoTe A0 1—10 M. Boobiie rosops, KoOH-
BeKTHBHAsA Jubdy3usi NpouUCXOAUT TeM OBICTpee, YeM CHJbHee Bhipa-
’KeHa HEeOJHOPOAHOCThb IJIacTa U YeM LIMpe CIeKTP pa3MepOB HeOJHO-
ponHocTell. ITO BaxKHOEe OGCTOATENbCTBO HEOGXONMMO YUYHTHIBATBL NPH
BCeX OLlEHKax pOJH KOHBeKTHBHON AH(pdysun, B rtex ciayuasx, xoraa
OIIEHOK HeJOCTATOUHO M HYXKHBI 60/iee TOUHHIE KOJHYECTBEHHBIE pac-
4eThl, MPUXOAUTCS MpHOEraTh K 3IKCNEPHMEHTAJbHOMY ONpe/IeseHHIOo
K03(h(PHUIHEHTOB KOHBEKTHBHO} AHDPY3HUH.

IIpocTpaHcTBeHHble (BPAYKTyalHH NOJAS CKOpOCTEH NPHBOAST K JO-
NOJHUTENbHON AUCNEePCHH He TOJbKO B HAaNpaBJeHHH IBHXKEHHS, HO
H B TOMepeyHOM HanpaBjeHHH. Her ocHOBaHHH oXKHAaTh, AaxKe IJsI
H30TPONMHOH CpPeAbl, YTO <«IOMepeyHad» Aucnepcus OyAeT NPOHUCXOIUTL
C TOU Xe CKOPOCTBIO, UTO H «npojosbHasi». [losToMy Heo6X0qHMO BBO-
JUTb NPOAOJBbHLIA U TONepedyHbldl KO3POdHUUEHTH AUCIepCHH

D | = lnlﬂ', D_L = llw. (VG)

W3 u310xKeHHOTO cJaelyeT BBIBOJ, NOATBepxKaaeMbiii 6GoJee aeTafb-
HBIM anajn3oM. VIMEeHHO B peasibHBIX NMOPHCTHIX NsacTax mpolecc AHC-
nepcuu AoMHHHpylowui. Jlas Hero cnpaBedsiup 3akon Puka, onHako

9TOT NpollecC aHU30TPONEH, H Ko3ddHUHeHT Auddy3un pacrer ¢ poc-
TOM CKODPOCTH; BbIDaXKeHHe AJs1 MMOTOKA HMEET BHJ

g; = —D;;0c/0x;. (V.7)
TeHsop Ko3(ppHUHEHTOB AMCIEpPCHH (KOHBEKTHBHOH pauGdysuu) Dy
HUMeeT B H30TPONHOH Cpeje B KaueCTBe OAHOTO M3 IJIaBHBIX HalpaB-

! Hau6osnee OAM3KHH aHaJOr KOHBeKTHBHOH AH(pOY3HMH — TaK Ha3biBaeMast
TeHJIOPOBCKAS JAHCMEPCHA — NMEpPeMEUIHBAHHE TNPHMECH B HEOAHOPOJHOM IO CEYEHHIO

IIOTOKeE.
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JIeHHH HalpaBJeHHe CKOPOCTH (HJIBTPALHH U B COOTBETCTBYIOUIMX I1aB-
HBIX OCSiIX NPHHHMAeT AHAroHaJbHBIH BH:

Diy=1w, Dy=Dy—=1,w, Dig=Dy=D3=0. (V.8)

Koapduuuertsl [, u [l,, HMewliHe pasMepHOCThb MJIHHLI, ONpexe-
JISIIOTCSL  CTPOEHHEM HOPHMCTOH Cpeibl H JIO/DKHBI ONPEeNessiThCs  AJs
KaXJI0ro oOBEKTa MM Kjaacca 00BeKTOB. HakomneHHbH K HacTosiieMy
BpEMEHH MaTepHaJsi, B OCHOBHOM, MOATBepXJAaeT NpHBeleHHble Co0Gpa-
JKeHHs, XOTS 3KCIePHUMEHTANbHAs] 3aBUCHMOCTH KOS(BQDHIUHEHTa KOHBEK-
TuBHOH 1M(dY3HH OT cKopocTH OJIHKe OTBeyaeT CTENEHHOMY 3aKOHY

D' ~w, x=1,1-1.2. (V.9)
MoxXHO yGeIHTbCS, UTO CTeNeHHOH XapakTep 3aBHCHMOCTH SIBJAETCS

CJeICTBHEM HAJMHUYHUA Y CpEABbI CIIEKTpa Macirtabos HEO/IHOPOJHOCTH.
3anuuieM OKOHYaTeJbHO BbIpaxKeHHe [AJid NOTOKa NpHMECH:

q=cw—Dvc; (V.10)

g; = CW; — D,-,-()(:,lax,-; Dfi = DMaii -+ D:l (Vl 1)

Torna ypaBHeHHe 6aJjiaHca NMPUMECH MocJe OGBIYHBIX NpeoGpa3osa-
HHH TIPUBOAHTCH K BHAY.

0 (mc + a)/0t + divg =0 (V.12)
HJIM Noc/e NOJACTAHOBKH BHIDAXEHWs IS ¢
(mc--a),: + V (we) = V(Do) (V.13)

Jlaxke ecau TMOJI€ CKOPOCTEH W H3BeCTHO H H3BECTHA 3aBHCHMOGCTDH
TeH30pa KOHBEKTHBHOH nuddysun D or ckopocTH, u3 ypaBHenus (V.13)
HeJMb3s HaHTH MojMe KOHIeHTpauud. J[eso B TOM, uTo ellle He 3axaHO
pacrpejiesieHHe IpHUMecH MeXAY XKHIKOH W TBeprol ¢dasamu. HawuGosee
ofiee jonylleHHe, KoTopoe OyAeT HCNOJb30BAThCH, COCTOMT B TOM, YTO
CKOpOCTb MeX(a3HOro o6MeHa NPHMECBI0 3aBHCHT OT KOJIMYECTBAa COp-
GHpOBaHHOH NPHUMECH B eIHHHUE Cpeibl 4, KOHUEHTpaluH IpPHMECH
B pacTBOpe ¢ M CKOPOCTH (HJILTPAUHH W:

a:=v¢( a w. (V.14)

Ecau copbuus ofpaTuma, TO CYUIECTBYeT DaBHOBECHOE 3HayeHHe
cofepx)aHusi COPOHPOBAHHOH NpPHMeCH:

a=ual, w), ¢(c, a(, w), w)y=0. (V.15)

Ecnu OTK/IOHeHHe OT paBHOBECHS HEBEJIHKO, TO MOXHO 3allHCaTh
npocreiilnee ypaBHeHHe KHHETHKH COPOLHH B BHIE

ar=—""a—a(,w), t=—1/pa(c a w)>0. (V.16)

DTUM ypaBHEHHeM H OrpPaHHYUMCH, XOTS B HOCAERYIOIIEM MOMKET
0Ka3aTbCsl HeOOXOAMMBIM paccMoTpeHue Gosiee CJIOKHBIX KHHETHUECKHX
cxeM. Bxopsiiupe B ypaBHeHHe (V.16) ¢yHKUuMH a(c, w) cuHTaloTCH
sagauHbiMu. Onpepenenyde HX — 3KCIIEpUMEHTANbHOE, HJAH H3 OGosee
JIeTaJIbHOA TeOpHH — ocobasi 3ajaya, KoTopas JO/KHA COCTaBHTb Ipen-
MeT CIIelHaJbHOrO PacCMOTPEHHS,
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B rTex cayuasx, KOrja npHMmech MOXeT OOPa30BBIBATbCSH HJH YHH-
YTOKaThCs, B NpaBo¥ dacTH ypaBHenu#i (V.13) u (V.14) nonaxubl
ObITh ONHCAHBEl YJEHBI, paBHble HHTEHCHBHOCTH I'eHepauuH IpHMECH,
T. €. KOJHYEeCTBY IpHMecH, o06pasylolleMyCs B €AHHHIY BPEMEHH
B eluHHUe oObeMa IODHCTOH Cpelbl, COOTBETCTBEHHO, B XKHIKOCTH
H B MaTepHajie CKeJeTa.

[IyreM aHaJOTHYHBIX DaCCyXKJEHHH# MOXHO 3alHCaTb ypaBHeHUe
GanaMca Temsa nJs nopuctoi cpeasl. IIpu sToM, mockoJibKY, Kak YkKe
HU3BECTHO, BpeMsi YCTAaHOBJIEHHS TENJOBOTO DABHOBECHSI MeXAYy XKHJI-
KOCTBIO M TNOPHCTBIM CKEJIETOM Majlo, TEMIEPAaTyPbl HX MOXHO CYH-
TaTb PaBHBIMH.

TIpu 3TOM mOJAyUHM:

CT + mpi), 1+ v (pin) = vV AV T) + Q. (V.17)

3pecy T — abcomoTrHas TeMneparypa; i(p, T)— ynenbHasi 3HTalb-
nusi xuakoctH; C — TEeMIOEMKOCTb CKeJleTa B pacyeTe Ha €JNHHUIY
ofpeMa cpefbl. TeH30p TEIIONPOBOAHOCTH A YUYHUTHIBAET H OOBIYHYIO
(MOJIEKY/IIPHYIO) H KOHBEKTHBHYIO TeILJIONPOBOJAHOCTb, OOYCJOBJEHHYIO,
110406HO KOHBEKTUBHOH AH(DYY3HH, MHKDOHEOJHOPOJHOCTLIO INOJAS CKO-
pocreli. OJHAKO TMOCKOJIBKY TeMIepaTypONPOBOAHOCTb JKHAKOCTH Ha
HECKOJNIbKO MOPSAKOB Bhile KO3D(HIHEHTa MOJeKyJaspHOH audpdysuu,
OTHOCHTeJIbHAS POJb KOHBEKTHBHOH TeMNJIONPOBOJHOCTH OOBIYHO HEB2JIHK &,
¥ €e MOXHO HE Y4YHTHIBaTb. B 3TOM ciyuae A lpeBpaimaercs B OObIUHBIH
K03 PULHMEHT TEIIONPOBOAHOCTH HACHIMEHHOH IMODHCTOH Cpeisl.

HHTeHCHBHOCTb TENJIOSBLIASNEHHST ) YYHTHIBaeT TeIJIOBBIASJIEHHE 3a
CYeT MeXaHHYECKOH INUCCHIIAUMH, TeraoBOH 3DP2KT XHMUYECKHX peak-
nu#, temnoBof 3dKT ancopbuuu M ApYrHME HUCTOYHHKHM Tella. B 3a-
JayaX, paccMaTpHBaeMBIX HYKE, CYUISCTBEHHOt TellJIOBEIeJeHHe HpPOMC-
XOZHUT JIMIIb NpPH BHYTPHIJIACTOBOM TODEHHH; B NPOYHX CJAYYaAsiX UM
MOXKHO NpeHebpedb.

Ecnn He mpouCXOAUT (asoBbiX Nepexonos, 1o di = CdT, rae Cp—
TEIJIOEMKOCTh KHAKOCTH NpH IOCTOSHHOM JIABJEHHH MOMXHO CUYHTATHb
nocrostHHO#. Torna, cYHTas TEMJIOBBLAEJCHHE DAaBHREIM HYJIO, MHOJYYHM
u3 (V.17) ypaBHeHHE KOHBEKTHBHOH TEIJIONPOBOJHOCTH

3 (mpC,T -+ CT)/dt + v (oC,Tw) = v v T). (V.18)

Wcnone3yss ypaBHEHHE Hepa3phIBHOCTH H cuuTtasi A U C HOCTOAH-
HbIMH, npeobpasyem (V.18) kK Bupy

oCp,
C+mC, X~ C¥mc,

Ypasuenue (V.19) ¢ ¢opManpHOH TOUKH 3pEHHs HPEACTABJSET COGOM
yNpOLIeHHbIH BapHaHT ypaBHeHHH neperoca npuMecH (V.13) — (V.14)
U [OTOMY MOXKeT ObITb HCCJIEJOBAHO B paMKax oOlleH C HHMH Teopuu.
Ho Tex mop, noka mnoJe ckOpocTedl ¢GUJIbTPALUH CUHUTAETCS H3BECTHEIM,
a TeruioBbie H AM(PY3HOHHBIE MPOLECCH He CBSI3aHHBIMH MeXAY CoBGOH,
MOXKHO paccMaTpHUBaTb T'HAPOAHMHAMHYECKYIO KapTHHY, MaccOlepeHoc
H TenjionepeHoC NOCJAEN0BAaTeNbHO H HE3aBHCHMO ApPYT OT apyra. BoJee
TOrO, HHYEr0 HE H3MEHHTCS, €CJH pPacCMaTPHBAaThb IPOH3BOJIHOE YHCJIO

T o yuvT = Ty = (V.19)
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NEPEHOCHMBEIX MOTOKOM IpHMecell pasmuyHolt npupoabl. opasno Gosee
CNIOXXHAasA KapTHHa BO3HHKAeT, €CJIH CYLICCTBEHHO BJIHSIHME TpHMecei
APYr Ha Jpyra H Ha THADOAHHAMHKY. PaccMOTpHM NOKa OCHOBHBIe
OCOGEHHOCTH 3aJayH O MepeHoce (HABTPALMOHHBLIM TOTOKOM JHHAMH-
YecKH HeHTpasbHOH (T.e. He OKasmlBawell o6paTHoro BJMSHHS Ha no-
TOK) NpHMECH.

Bynem cunrath, uto 3amaHbl XapakTepHBIH JIHHEHHBIH pa3Mep MOTOKa
L u xapakrtepnas ckopoctb U. Torpa, BBoAst Ge3apa3MepHble KOOpAHHA-
Tl §; W Bpems T,

g, =xi/L, v=1tUJL, (V.20)
noayuuM u3 (V.13) (V.14):

0(mec+a d D & da_ L
(T) +wiég—i= Uz-@, e T/—-cp(a, c, u); w; = u/U. (VQI)

Ilo caenaHHBIM OLEHKAM IIPH HAJHYHH MAaKPOCKONHYECKOro (HJb-
Tpauuonnoro noroka D ~ Ul, Tak uro D/UL ~ /L. Jta oueHka noka-
3bIBAET, YTO JJIs1 NepeHoca NpHMeCH B MopHcToi cpefie yucyao [MImunra
(dacTo HashiBaeMoe Takxke nH(py3HOHHBIM uHcaoM Ilekse Pep) Sh ==
= UL/D, xapakTepusymoliee OTHOCHTEJbHYIO DPOJNb KOHBEKUHH H IH(-
¢y3un, uMeeT nOpsAOK OTHOWleHWst L/l suHeHHOrO pasmepa mnoToka
K BHYTpeHHeMY MaciuTaGy HOPHCTOH cpelbl [ H NOTOMY OOGBIYHO MHOTO

6oJIbIlle eIMHHIIbI.
PaccMotpum ot ypaBHeHus (V.21) BHelllHee mpuG/IHIKeHHe, OTBe-

yaolee no mpeabinymemy (cM. ra. IV) ncenenosanmio mpouecca B Mac-
mra6ax BCero mJjacra, T.e. nepefizeM B cucteme (V.21) d¢opmansao
K npeneny L - co. Torza noaydum

(mc+a), «+ wice; =0, ¢(@, ¢, W) =0, a=a(c w). (V.22)

Coornourenne (V.22) npeacraBnsier co60H ypaBHeHHe NepeHOCa Hel-
TpaJbHOH NpPUMECH B KpYNHOMACIITaGHOM NpPHOAHKeHHH. PusnueckH
OHO COOTBETCTBYeT npeHeGpexkeHHIo nupdy3Hel W NPeANIONOKEHHIO O
PaBHOBECHOM paclpejieJieHHH INpHUMECH MeXJy TBeplIoH H XKHIKOH (a-
3amu. [Iuddepennuanvuble ypaBHeHHs (V.22) Jerko HHTer pHpYHOTCs
B OflieM BHAEe AJs JIOGOr0 CTAaIHOHAPHOTO NoTOKa. JleACTBHTENBHO,
paccMOTPHM TIPOM3BOJIBHYIO JIHHHIO TOKA (HJBTPAllMOHHOTO [OTOKA,
OnpeseaseMylo apaMeTpHYECKH YCJIOBHAMH

ds/dt = m~'w, dx;=m"w, x(to) = x{. (V.23)

3nech X — KOOPAMHATH KHAKOH YaCTHILI B MOMEHT { = lp — Xapak-
Tepu3yIOT BHIOpaHHYI0 HHAMBHAyaNbHYIO JHHHIO Toka. CorsacHo ypas-
Henusiv (V.22), CKOpOCTb ABHIKEHHSI BIOJb JIHHHHM TOKA « MOXKHO CYH-
TaTh M3BECTHOH OQyHKUMel IJMHHBI AyTH S, u = u(s). [lyctb B MoMeHT
t =1° B Touke M° {x?} KOHIlEHTpalKsl IpPHMECH paBHa ¢’. PaccmorpuM
Touky M, mBUXYymyloca Mo JuHHH ToKa [0, mpoxoxsiued yepea MO co
CKOpDOCTb IO

vis)=u(s)[m+a, ]t (V.24)
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Ilpu stoM B Touke M HMeeMm:

dc (M) _ oc d  dc u;(s) 9e _
af T o TVigr, T ot +m+a . 0x; 0.

Takum o6pasom, Kaxkjoe 3HaueHHe KOHLEHTpallUH INpUMecH Hepe-
HOCHTCSl 110 NIJIaCTy BJOJb JIHHHH TOKa CO CKOPOCTbIO, PABHOH CKOPOCTH
JKHAKOH YacTHUBI u/m, YMHOXKEHHOH Ha IOCTOSIHHRIA MHOXuTeab (1 +
+ a, /m)~!, MEHbIUMI eIHHHUIEL

BecbMa BaxkHO, YTO Ha MepeHOC BJOJb JAaHHOH JIMHHH TOKa COBep-
LIEHHO He BJHSIeT XapakTep paclpeleseHHs NpUMEeCH B MONEePEeYyHOM
HanpasieHWH. TakuM of6pa3oM, B BHeIllHeM (KpymHoMacwtaGHOM) NpH-

GHXEH HH npouecc nepeHoca INpHMECH ONHCBIBACTCA OAHOMEDHBIM ypaB-
HEHHEM

—at— [mec+ a(c, u(s))]+ u%z =0. (V.25)

Kak Owbl10 ynomsinyto (cM. § 2, ra. IV), ofuiee pewenue 3Toro
YPaBHEHHs] MMeeT BHJ

t=1t(c, §)=to+ (1 + A’ () S Loa=2, (V.26)

<) u(s) m
310 BHIpaXKEeHHe oONpejiesisieT BpeMsi INPHXOAa IpPHUMECH 3aJaHHOK
KOHIIEHTPAlHH ¢ B TOYKY € KOOPAMHATOH S BJAOJbL JHHHH TOKa. EMy
MOXHO JaTb HHYIO, GoJjlee scHylo (H3HUECKYIO HHTepnpeTauuio. Pac-
CMOTPUM Y3KYI0 TPpYOKY TOKa, OKPY’KaloOllylo AaHHYIO JIHHHIO TOKa. M3

YCJIOBHSI HEPA3pPHIBHOCTH JIJi1 €e HOPMAJbHOTO Ce4YeHHsl o (S) JIerko Io-
JYUHM

o (8) 1 (8) = wottp = const.

IlosToMy uHTerpan B (V.26) nponopuHoHasteH o6beMy S (s) TpyOkH
TOKa MeX1y CeYeHHSIMH, OTBEUAIOIIMMH 3HAYEHUSIM KOOPAMHATHI Sy H S.
dror 06beM MOHOTOHHO 3aBHCHT OT S, H ero yioGHO HCHOJB30BaTh B
KayecTBe YHHBEPCaJbHOTO MapaMeTpa BHOJNb JHHHH TOKa, TaK Kak

ypaBHEHHe IlepeHoca U ero obulee pelleHHe PH 3TOM NPHHHMAIOT 0CO60
NpOCTOH BHA:

6(c+A)+ .Bai =0, S(c)=3S0(©) +ut —to)im(1+4 A’ (). (V.27

HHbIMH clloBaMH, B INIOCKOCTH f, S Kaxpoe 3HaueHHe KOHIEHTpALHH
¢ TIepeHOCHTCs C NMOCTOSHHOH CKOPOCTBIO, OTHOLUEHHe KOTOPOH K CKO-
POCTH TOTOKA Uo/m 3aBHCHT TOJIHKO OT C.

JanbHeiimee Hccse/loBaHHE NMPOU3BOAMUTCSA BIIOJHE aHAJOTHYHO aHa-
JIH3y BEITecHeHHS B 3ajade DBaxJses — JleBeperra. HauanbueiMu H rpa-
HHYHBIMH YCJIOBHSIMH ONpejessieTcss Ha IVIOCKOCTH f, S JHHHUS, BAOJb
KOTODOH 3allaHbl 3HaueHHS KOHLEHTpaUHH. DTH 3HAYEHUs INepeHOCATCs
no NpoBENEHHbLIM 4Yepe3 TpaHUYHbIE TOUKH MpPSIMOJIMHEHHBIM XapaxTe-
puctHkam (V.27). Ecan xapakTepucTHKH He MepeceKaloTes Mexay co6oH,
TO pellieHHe 3ajlayd OKasbiBaeTcsl (BO BCSIKOM CJydae, MNpH TIJIAfKHX
HaYaNbHHIX YCJOBHAX) rafkuM. Eciii e XapakTepHCTHKH Ilepecek a-

178



fOTCS, TO JaXKe NMpH TIaJKOM HayaJbHOM paclpejeleHHH peLleHHe OKa-
3biBaeTcd pa3phiBHBIM. [lockoabKy, Kak Bujauo M3 (V.27), Hak/oH Xa-
PaKTepuCTHK B MJocKocTH (£, S) mponopuuonanen (1 + A, )~!, xapak-
Tep pelueHHs BIOJHE ONpefensercs HayaJbHEIMH W KPAeBLIMH YCJIOBHSIMH
H BUAOM HM30TepMbl copbunH a(c). Ecau HavanbHoe BoamyllleHHe KOH-
USHTPAUHH HMEET BHJ «CTYIEHbK H»

c(s, 0)=co, ¢(0, ) =, (V.28)

TO BO3HHKAWINAs BOJHA XOHUEHTPAIlHH pacrnpoCTpaHAeTCA KakK CTy"
fleHbKa C IOCTOSHHOH CKODOCTBIO HpH

(€®—co) A" () <0, ce(co, )

4 B BHJEe HEN[EePHBHOH BCJEB, €CIH EEPHO 0O6GpaTHOE HepaBEeHCTEO.
Ecni Ha oTpe3ke (Co, € ) 3HAK KPHBH3HBI L30TeLMbl COpPOLHH H3Me-
HAeTCsA, TO NPW HNoMCIM cooTHciienusi (V.26) ncayuaeM KoMmOuHanuio
CK4aYKOB M HENpepbIBHLIX BOJH.

[Tpn sToM Ha cKayukax KOHIEHTPALUHH BBIMOJHACTCH COOTHOLUEHHE
Gananca npumecH (cMm. ria. 1V)

] +{Al=V[], {l=C+r—(~. (V.29)

Pe3ysibTaT HCCl€N0BaHHSA 3ajaud O PACIpOCTPAHEHIIH M0 MJacTy 3a-
JaHHoro Ha BXofie (x = () HayaJbHOTO CKayKa KOHLEHTpPAaIHH — ycJIo-
Bus (V.28) — yno6Ho copMynupoBaTh B CJAeYIOLIEM BHJE.

Iyetb co < ¢°. OnpenenuM npH ¢o < ¢ < ¢® GyHKIUHIO

A(c
A, (0= min (4@, A@)+ (j)_c ©) e — c,)} (V.30)
c, €A

KOTOpYIO Ha30BeM BOrHyToH 060Ji04KO# ¢yHKUHMH A (c). Ecau npeacra-
BUTb ceGe rpaduk A (c) BHIPE3aHHBIM H3 XECTKOTO MaTepdana wa6mo-
HOM, To rpaduk A, (c) 6yneT cooTBeTCTBOBaTb ()OpME HHUTH, HATAHYTOH
MEX]y TOUKaMH Cp, A(co); ¢ A (c®) cHusy Ha stor mabaon. Toraa
ycToHuKHBOe pellleHHe 3aflayH O paclpoCTPaHeHHH CKayka jaercs CooT-
HOIlIeHHeM

S(c t) = ut/m (1 + A (¢)), (V.31)

npuueM, kak BumHo u3 (V.31), npsamonuHeliHbM yyactkam A, (c) ore-
4aloT cKaykH ¢(S, ), a BOTHYTBIM JyraM — Y4acCTKH HeNpepbIBHOrO H3-
MEHEHHs KOHLEHTPALHH. YTJOBEIM TOuKaM A, (¢) COOTBETCTBYIOT YYaCTKH
nocTofHCTBa ¢ npu u3MeHeRudn S. Ha puc. 57 nokasaHsl BO3MOXKHBIE
THIB pelleHHi, OTBeyalollHe Ppas3NHYHBIM opMaM H30TepMBE COPOIHH
a (c).

Ananoruy Mexny 3ajayamH nepeHoca cOpOHpYyIOLLEHCS INpHMECH H
3ajauyaMH JByX(asHo#l (QHILTPALHH He OrpaHHYHBAIOTCS ONHCAHHEM
mpouecca B KpynHoMacliTaGHOM npuGiauxeHHu. B obaacTH ckaukoB
rpajHeHT KOHILEHTpauud M [POH3BOAHAS ee MO BPEMEHH, OTBeyaloliue
KpynHoMacmTaGHOMY NpHOIHXKEHHIO, GeCKOHEYHO BEJNHKH, H, KaKHMH
Obl MaJbIMH He ObLIH AU(pYy3Hs M BpeMs peJakcallMd, [peHe6peraTb
UMHU HeJIb3sl.
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ByneM neficTBOBaTb N0 aHAJIOTHH C HCCJEAOBAHMEM pelleHus BOJAH3H
CKaYKOB HachlllleHHOCTH (cM. ra1. IV). Ilycth I — noBepxXHocTh pasphiBa
KOHUEHTpAlUH, OTBEYalollas KpynHoMaciutabHoMy npubmkenuio. Byaem
CYMTATb ee TIJIAJKOH H BBEJEM B OKDECTHOCTH 5TOH IOBEPXHOCTH JIO-
KalbHYIO TOABHXHYIO CHCTEMY KOOpAMHAT £y, &, &3, rOe o M §3—
KPHBOJIMHEHHAsl OPTOrOHaJIbHAsA CeTKa KOOPAMHAT Ha HOBEPXHOCTH I
§1 — KoopauHaTa, HampaBJeHHAs IO HOpMalH K Hefi.

3anuiueM ypaBHEHHE JIHHMA TOKa GHJbTPALHOHHOTO TEYEHHS:

r=R (M, t), R/Ot=u(r).

3necb Mo — nonoxeHHe OTMEYEHHOR TOUKH Ha NOBEPXHOCTH Pa3pHBA
npu ¢ = 0. JlanbHeiimee ABHMEHHe MOBEPXHOCTH pa3phiBa B CHAY CO-
OTHOUIEHHH Ha CKauKaX OIHCHIBAeTCS YpaBHEHHeM

r=R, (Mo, 1), OR:/0t = n(r)/m[l 4+ A’ (c (M)l = V.

B JIoKaNbHON CHCTeMe KOODIMHAT ypaBHEHHs NEPEHOCA NpPHMECH
NPUMYT BHA:

Ut (Vo) (me +0) + (V) c = Ve (DT oy

L _(vya=v. (V.32)

B koopauHaTax &; nmepemeHHBle ¢ M Q INIafIKO H3MEHSIOTCS IO Ha-
npaBJieHHsIM & M §3 U pesko mo HanpasJeHuio §;. IlpouseezeM pacrs-
XKEeHHE NepeMeHHH X, IOJIOXHB

L=D, t©=D-Y. (V.33)

Ynpowas nonyyeHHHe ypaBHeHHs (ONYCKas MaJjble YjeHW 10 aHa-
Aoruu ¢ ry1. IV), noayyHM BHYTpPEeHHIOI 3ajauy:

Uy de d(mc-}-a)_d% =10,

Vel T & o
PHC. 57. Xapaxrtepuuii BHE pe-
IIeHHS B 3a]1a4aX NepeHoca copGH-

pywoumenc 1 npHMecH.

HsorepMu copbuku: I — Bunykaas :
2 — cMella HHasi; 3 — BOTHYTas

PHC. 58, K anaausy ypashenns
(V.39)

$<0 Ty
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2
V—N‘—if=(p, c(F+®)=rct, a(+oxo)=at. (V.34)
3nech uy U Vy— HopMaJibHble K £ KOMIIOHEHTH CKOPOCTH QHJIBT -
palHH M CKOPOCTH CKauka.
KpaeBbie yc/0Busi cayKaT 1/l COTJIaCOBaHHMS BHYTPEHHEro pelle-
HUS ¢ BHelWHuUM. HHTerpupys nepBoe ypaBHenue (V.34), NOJAYYHM C
y4eTOM YCJAOBHH Ha GeCKOHEYHOCTH

unc — Vy (mc -+ @) — Vadc/d(, = const = uyct — Vi (met +a*). (V.35)

M3 Broporo ypaBHeHus (V.34) H ycinoBuil Ha GeCKOHEYHOCTH IO-
JIyyaeMm

a*t = a(ct). (V.36)

3atem u3 (V.35) c yyeToM YC/IO0BHH Ha GECKOHEUHOCTH HaXOOuM
Heo6X0oJQHMOe YCJNOBHEe CYLIeCTBOBAHMHSA CTaLHOHAp-
HOTO BHYTpDEHHEro peLIeHHS, COBHNAJAlOlee C MNOJYYEHHBIM
paHblle BbIpaXXeHHeM IJIS CKOPOCTH CKayKa:

Vv=un/m(l+ [A)c]); A= a/m. (V.37)

3T0 COOTHOLIeHHe BHIBEJeHO B NPENMNOJOMEHHH, YTO HCKOMOE BHYT-
peHHee pelleHHe cyulecTByeT. HToObl JoKa3aTb ero CyllecTBOBaHVe,
paccMotpuM ypasHeHHe (V.35) coBMecTHO co BTOpLIM ypaBHeHHeM (V.34)
H JIOKaxeM, YTO OHH MMEIOT pellleHHe ¢ TpeOyeMOH aCHMITOTHKOH Ipu
{ - =+ co. IlepenniueM 3Ty cHCTEMY B BHule

VNZ—E= uy(cc—o)+Vylmic—c)+a—a]=

"N - _va_—at] da_ D
= l+[A]/[CJ)_m[a_a +(—c );r_?], 375—7‘%,?(0, o). (V.38)

Cucrema (V.38) He copepHT $IBHO He3aBHCHMOH Tle peMeHHON {,
u ee yJo6HO NpeACTaBHTb Ha (a30BOM IJIOCKOCTH NepeMeHHBIX a, C,
Hmeem

da _ D ¢ (a, ¢ ;A {Q) =0t —C (V.39)

de % a—a~ —(c—c¢7) Aa/Ac

Hsoknunnl Hyas Ty: daj/dc =0 u Geckonzymocty [.da/dc = co —
ypaBHeHus (V.39) 3azaHel, COOTBETCTBEHHO KDHBOH a ==a () ¥ NPAMOMH
a=a" + (c—c~)Ag/Ac. 3t H30KAUHBI 00A3aTeTLHO MepPeCceKaloTCs
B Toukax (puc. 58) M—(c—, a~) 1 M+ (ct+, at) nu pasbusalOT mpex-
CTaBNAOLWIMA (H3HYECKHHI HHTepec NepBHH KBalpaHT IIOCKOCTH (¢, a)
Ha paAn obJacrefi, 3HaKH NPOH3BOAHOH da/dc B KOTOpPBIX ONPEENSAIOTCS
caeayomuM obpa3om. IIpH GosbluuX 3HAYeHHSX @ H MajlblX ¢, Oue-
BUJHO, da/dc < 0; nanee KaXAbIAi TE€PeX0on yepe3 H3OKIAMHY HYJA HaH
6ECKOHEYHOCTH TNPHBOAMUT K CMeHe 3Haka. IlosToMy ANS TOKa3aHHOro
Ha pHc. 58 pacnoJioxkeHHsT H3OKJIHH Touka M- sBJSETCS CEeANIOM, TOUKa
M~ —y3noM, H HMeeTcsl €IHHCTBEHHasi WHTerpajbHas KpHBas Yypas-
HeHns (V.39) — cenapatpuca cepna M, coefuHsiomas ofe ocobble
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toukd. OrtBeuaiomee €f pemeHHe o6GosHauum uepe3 a®(c). Ecamn oHo
HalijeHo, To M3 ypaBHeHHAA (V.38) nmeem

(= S (m + [a)/c]) de
() —a" +l—c) (@™ —at)/ct—c)

Ilpu sTOM, KaK M JAOJKHO ObLIO GbITb IO YCJIOBHIO 3aJa4M, HHTEr Pa
pacxofHTcs mpH ¢ — c*. XapakTep pacXOZMMOCTH 3aBHCHT OT NOpSAKA
kacanusn Jjuuuit To u I'w B cooTBercTBylomux Toukax (cm. . IV).
Ecny 3TH JIMHHH [I€PECEKalOTCHA MOJ KOHEUHBIM YIJIOM, TO MOABIHTE-
rpaibHoe Boipaxcenue B (V.40) HMeeT HyJIb NePBOro MOPSAKa W § ~—
—In|c—c*|, TaKk uTO

c~c*t 4+ Ctexp(—y%), v+ >0, 1—<O. (V.41

Ecnu gonycrutb, uTo JuuuMd I u I'. KacawoTcs apyr apyra, To
nojpHTerpaisHoe Bhipaxkende (V.40) uMeeT Hyab Goslee BBICOKOrO MO-
psiKa, H CTpeMJ/IeHHe KOHIEHTPAaUHH K €€ COOTBETCTBYIOLIEMY INpeleb-
HOMY 3Ha4YeHHIO OKa3blBAETCS CTeNEHHBIM:

c—ct=0(¢]™%), vt >0. (V.42)

3ameTuM, YTO /11 BO3MOXKHOCTH NOCTPOEHH S CTPYKTYpPHl CKauka, T.e.
BHYTpeHHero pellleHnst 3ajauH, o6Jajaiolero TpeGyeMBIMH acuMIITO-
THKaMH, NPUHLHIHAJbHOE 3HAYCHHEe HMMeCT BBIIONHEHHE YCJIOBHH

a(c)>alcT) 4 (Aa/Ac) (¢ —¢), ct<e< ™,
a(c) < alcT) + (Aa/Ae)(c—c7), ¢t >c>c . (V.43)

HeficTBUTENIBHO, €CJIH 9TO YCJIOBHE HAPYIIAETCS, HE YAAeTCs NOCTPOHUTh
HHTErpajJbHYI0 KPHBYIO, COeIUuHsIOMYIO Touku M+ u M—, Baoab KoTopoi
{ wu3MeHusMochb Obl MOHOTOHHO. TakuM 06pa3oM, Mbl BHAMM, YTO YCJOBHS
(V.43) HeoOXoauMBlI M JOCTATOYHbI /11 CYIIECTBOBAHHS BHYTpPEHHEro
pellieHus. B BHAE PaBHOMEPHO JBHXYILeHcs BOJHBI KOHUeHTpauuu. ITo-
3TOMY, €CJil OrPaHHYHTbCS MOCTPOEHHEM BHEIUHErO pElleHHs, W3 BCe-
BO3MOXHBIX BapHAaHTOB pa3pbiBHLIX pelleHHi, YAOBJETBOPSIOHX YpaB-
HeHHsIM OanaHca, HY2KHO BBIOpaTb Takue, A/ KOTOPBIX Ha KaxKJOM
pa3peiBe BLIMOJHEHB! YCJIOBHS CYLIECTBOBaHHSI BHYTDEHHEH CTPYKTYpH
(V.43). Ilpu stom moJydaeM npoueaypy HOCTPOEHHS, ONHCAHHYIO BBILIZ.
Takue ke coofpameHUs] OKaXyTCS OCHOBHHIMH H B GoJiee CJAOXKHBIX 3a-
JlayaX, paccMaTpHBaeMblX B [OcJelyloWwuX naparpadax.

(V.40)

§ 2. BbiTecHeHne He(PTH pacTBOPpaMu
AKTHBHbIX NPUMecei

[loHaTHe akTHBHOd npUMecH OCHOBHBle ypaBHE-
HHu A, PaccmMorpum aByxdasHoe ¢uIbTpanHOHHOE TeueHHe HedTH H
BOJBI, Npeanosarasi, 470 BoAa (a BO3MOXXHO, H He(dTb) CONEPKHT He-
KOTOpYIO 106aBKy, ciocOOHYIO BIAHATb Ha FHAPOAHHAMHKY noroka, Ta-
Kyl0 100aBKy He3aBHCHMO OT ee NMPUpPO/ibl Ha30BeM a KTHBHO | I1 p H-
Mecb1o. KoHuentpauuio npumecu 6yaeM CUMTATh MaJjiofi H He MeHA-
foulefl yaeabubix 06beM0B da3. K akTHBHLIM NMPHMeECSM MOXHO OTHec-
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TH NPAKTHYECKH BCe XHMHYeCKHe peareHTHl, NPUMEHSIEMBle AJSI YBEeJH-
yenusi HepreoTAauu. IIpu Bcem pasHoOGpasHu MeXaHH3MOB HX AEHCT-
BHSI TMAPOJHHAMHYECKOe ONMCAHHE POJH TaKHX NpHMeceldl OKasbiBaer-
Cs B CIeJaHHOM IPEANOJOXKEHHH eIHHBIM. [lelfCTBHTENBHO, MOCKOJb-
Ky B CHJy He3aBHCHMOCTH IIOTHOCTH (a3 oT comepkaHHS NPHMecH
ypaBHeHHs 6anaHca BOABI U HepTH He H3MEHSIOTCS, Jiio6oe rHApoJHHA-
MHYeCKOe nefCTBHe aKTHBHOM MpHMeCH MOXKeT CBOAMTHLCS JIHIIb K H3Me-
HEHUI0 TIPOHHIaeMOCTH k, (a30BHIX NpPOHHULAeMocTell f;, BI3KocTeld wq
H KanwuisipHoro nxasieHuss P.. B cBowo ouepenb, 3T0 CBOAZHUTCSH, B
CHAY CKa3aHHOTO B IJ. IV, K BJIHSIHHIO aKTHBHOH NpHMeCH Ha NpPOHH-
1aeMOCTh k£ (UTO CyLIecTBEHHO JHIIb NpPH ONHCAHHH HeOLHOMEpHBIX
npoueccoB), Ha (YHKUHIO pacnpeieeHusi motokoB F u Ha ¢yHKUHIO
P, (410, B CBOIO Ouepenb, CYIIECTBEHHO B TeX YCJIOBHSX, KOrga Ka-
MUJIJISIPHBIM CKaYKOM JaBJIEHHsI HeJb3sl npeHebpeurp). Takum o6pasoM,
TIPH ONHCAHUHM OJHOMEPHBIX KPyMNHOMAaclITaGHHX NPOIECCOB AOCTATOYU-
HO 3HaTh JIHIUb BJIMSIHHE aKTHBHOH NpUMeECH Ha (QYHKIHI0 paclpesene-
HHs noTOKOB F. OTHeNbHEIM BaXKHHIM BONPOCOM CTAHOBHTCS BJIHsHHE
IpUMecH Ha HEPaBHOBeCHble IPOLECCH. IJTOT BONPOC MAOJXKEH CTaTh
IpeJMeTOM CIIeLHaJbHOrO pacCMOTPEHHs; B HacToslllee BpeMs MO HeMy
HMeWTCA JHIUb NepBOHAYaJbHbEIE NpeACTaBJIEHHUS.

IIpuMech MOXKeT HaXOAMTHCH B TPEX COCTOSIHHSIX — PaCTBOPEHHOM
B Boje, PaCTBODEHHOM B HedTH H COPOGHPOBAHHOM NOPUCTOH Cpejoi.
ITostoMy NOJIHOE KOJHYECTBO ee B eJlHHHLE 00beMa cpelbl paBHO (msc;—+
+m(l —s)ca+a), a norok cymy -+ colt2+ q, rhAe ¢;— KOHUEHTpa-
LHa OpHMecH B {-H (ase; a-— KOJHYECTBO NpUMecH, COpOHpOBaHHOE

MOPHUCTBIM CKeJleToM; g — Audpy3HoHHBIA NOTOK. YpaBHeHHe OanaHca
ApUMECH HMeeT BHJ

[msc; +m (1 —s)cy +al, ¢+ div(cia, + oy +q)=r, (V.44)

rje r — CKOpPOCTb IeHepallHH HpHMeCH B eJuHuIe o6beMa cpeidl. Pac-
cMaTpuBasg KpynHOMacwmiTaGHEle MeJJIeHHBe IpPOHECcHl, CJeAyeT Ipe-
HeGpeub AHGPY3HOHHBIMH NoTOKaMH (cM. § 1 paHHoii raaBml), a pac-
npejeneHne NPHMECH MeXJy (asaMH CYHTATb TEPMOAHMHAMHUYECKH DaBHO-

BecHbIM. OrpaHuHuHMcs B IOCJIERYIOIIEM pacCMOTpPeHHEM OJHOMEDHBIX
aeuxenuit. Torza (upu r = 0) umeem

a=¢ c=¢(), a=al,s), F=F(s o), (V.45)
msc+m(l—s)o(c) +a(c, 9l ¢+ UlF+¢()(1—F).=0. (V.46)

Takum of6pasoM, 3ajaya 0 (pOHTANbLHOM BhITeCHEHHH HedTH pac-
TBOPOM AKTHBHOH NpHMecH B KpynHoMaciitabHOM (BHEIUHEM) IpHOJIH-
JKEHUH OITHCBIBaeTcst cucreMoll ypasuenuit (IV.33) u (V.46), conepxamei
Tpu byHKUHH F (S, ), 9(c), a(c, S), KOTOpble CYHTAIOTCH 3aJaHHBIMH.
VleauBHAYaJbHOCTD NpoLlecca NpOSABJSETCS JIMIIb B KOHKPETHOM BHIE
3THX (PYHKIHIL.

10T BBIBOX NpH BCell €ro MpOCTOTe HMeeT IPHHIHNHAAbHOE 3Haue-
Hue. OH onpegenasieT TOT MHHHAMAJbHO HeOOXONUMBIH OGBEM 3SMIHpPHU-
yecKOH HHQODMAlMH, KOTOPHIH JAO/MKeH ONpeAeJsiThC A0 IDOBeJeH Hs
pacuetoB. [loJyyeHHass cucreMa ypaBHeHHH NO3BOJISIET OMNHCATh TaKHe
OCHOBHbIE IIPOLIECCH NOBBIUIEHHS HEe(PTeOTAAYH, KaK BLITECHEHHE He(TH
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pacTBOpPaMH BOJIOPACTBOPHMEIX [OBe pXHOCTHO-aKTHBHMIX BelleCTB, BOJO-
pacTBOpuMbIMH TIOJMMepaMH M KapOoHH3HpOBaHHOH Bofoi. Hanee ananus
IIPOBOJIMTCS B CaMBIX OOIMX IPEANOJNOKEHHAX O BHIE BXOJHBIX (yHK-
uuit F (s, ¢), ¢(c), a(c, s). Ero pe3yspTaThl OKa3EIBaIOTCS HEOXHIAHHO
NPOCTHIMH; OHH MO3BOJISIIOT JONOJHHTENbHO OrpaHHYHTh TpelyeMblit

ob6beM HcXonHOH HHbOpMALUH.
®poHTanbHOEe BHITECHEHHE HE(PTH paCTBOPDOM aKTHB-

HOW NMpHMeCH.

AptoMonennvHne pemeHust. CTPYKTypa 30HH BBITeC-
HeHusA. PaccMoTpuM OfHOMepHOe (poHTaJbHOE BbITeCHEeHHE HedTH
H3 nosyGecKOHEYHOro ILIacTa pacTBOPOM aKTHBHOH mnpumecH. Ilpu che-
JIZHHEIX TPeANOJOXEHHAX 3anaya CBOJMTCH K pelleHHI0 CHUCTeMbl YpaB-
HeHHUIi:

ms :+U[F(, 0 .=0,
[mes+me (@ (1 —s)+a] «+UleF+(1—F)g ()]« =0, (V.47)
0<I< o0, 0<x< o, U0
[OpU HayaJbHRIX H TPAHHYHBIX YCJIOBHAX
s(x, 0)y=1s0, ¢(x, 0) =co, 8(0, £) =% ¢ (0, t)=cP (V.48)

Bosuukiiass cHryanus G6au3ka K TOH, KOTOpasi XOpOIIO H3yyeHa B
rasoBofi JHHaMHKe. DTa aHaJIorHs CYIECTBEHHO ofJjieryaeT Hcce0Banye,
Ananuz pa3MepHocTeH MoKashIBaeT, YTO pellleHHe 3TOH 3a]a4M aBTo-

MOJie/IbHO H HMeeT BHA
s=s(); c=c(¢); t=mxUt, (V.49)
rae s(£), ¢ (k) ymoBaeTBOpSIIOT cucTeMe OOBLIKHOBEHHHIX AudepeHUHab-

HBEIX YpaBHEHH#H
ds dF (s, ¢

‘= —F (V.50)
ad[cs+(l-—;)&v(0)+a/ml= d[cF+<9§?(l—F)]
IpH KPaeBhIX YCJOBHSX
s(0)=15% ¢(0)=c" s(©)=s0, c(0)=cp. (V.51)

Ilpwm sTOM, Kak W B ra3soBoi JHHaMHKe, HH HCXoAHas 3agaua (V.47) —
(V.48) naa ypasHeHHH B yacTHHIX IPOM3BOJHEIX, HM 3ajaada (V.50) —
(V.51) nna cucreMbl OGbIKHOBEHHBIX AH(DDepeHUHaNbHBIX ypaBHEHHH
He HMeloT, BOOOIIE rOBOPH, KJAACCHUECKOTO DelieHUA, M HeoGXOAUMO
JONYCTUTb CyLIecTBOBaHHe pelleHH# co ckaukamu. Ha ckaukax go/pkHs
BHITONHATbCA COOTHOLIEHHH GasnaHca Macchl ¢a3 M npuMecH, CBOAfA-
IWHecss K yCJOBHAM

mV [st —s—|=U|[F (st, ¢t)—F (s—, ¢c)], (V.52)
) —o () +la(cH)—alc)Vm | _
FT e 4 ¢ (7)) —p(ch) ]—

— el —¢ (D)
=v [F+ t A e O @) ] (V.53)

mV[s‘-“ + i
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3pech V — ckopocth ckayka; s—, ¢—, st, ¢t — COOTBETCTBEHHO 3HA-
yeHus 3a ckaukoM u g0 Hero. Ckauku MoryT ObIThb J1OO CKAaYKaMH Ha-
CHIEHHOCTH NpY HEH3MEHHOH KOHLUEHTPaUuuH — TOT/a CYUIECTBEHHO JIHIIb
ycnosue (V.52), a (V.53) BBINOJIHAETCSA TOXAECTBEHHO, JHGO CONPSiKeH-
HBIMH CKA4KaM H KOHLEHTPAalUHH H HaCHIIEHHOCTH.

CoOTBETCTBEHHO 3TOMY MOIYT CYLIECTBOBATh CKAaukH H B aBTOMO-
JeJ5HOM PELIeHWM, H YCJIOBHSI Ha HHX NOJYYaloTCs U3 OOWnX YCJIOBHH
samenoit mV/U Ha &;, rue £ — 3HaueHMe aBTOMOJENbHOH TepPEeMEHHOH,
COOTBETCTBYIOIEE CKAYKYy.

[Ipu sTOM OKasbIBAETCS, YTO MOMHO TNOCTPOHTb GECKOHEYHO MHOro
pelleHH, YIOBJAETBOPSIOUIMX YPaBHEHHAM, Haya/jbHBIM YCJIOBHAM H
ycnoBusM Ha cKaukaX. DH3MYECKM OCMBICJIEHHOE DpelleHHe JOJAKHO
VIOBJIETEOPATh NOMOJHHUTEJNBHOMY YCJOBHIO YCTOMUHBOCTH CKaYKOB.
Kaxauiit M3 HEX Xap akTepH3yeTcsl NATHIO BeJHYHHAMH — 3HAYECHHSIMH
CKOPOCTH cKauka V M 3HAaUeHHSIMH MCKOMBIX BeJqMUMH nepep (st, ct)
H 33 CKaukoM (S, ¢~). DTH NATb BE&JMYHH CBSI3aHbI ABYMS YCJIOBHSIMH:
(w3 aByx ycnoBu#t (V.53) omHo ABJsieTcs CJEACTBHEM APYTOTrO H YCJoO-
sus (V.52)). Has Toro, uro6bl yCTpaHHTb HEONpEJeNeHHOCTb, T. €.
o6ecneyuTh YCTORUHBOCTH CKauKa, HEOOXOLHMMBI elle TPH AOTIOJHUTEb-
HBLIX COOTHOIIEHHS, KOTOpbie NPSMO HJH KOCBEHHO OTPaXaloT BiMfAHHE
HayaJbHBIX H TPAHHYHBIX YCJIOBHH 3ajaud. DTO BJHSIHHE Ilepeiaercs
BJIOJIb XapPaKTEPHCTHK WCXOAHOM cHcTeMbl Au(pdepeHIHANbHBIX ypaBHe-
HYH; Kaxaas UOpHXOAsLlas B JaHHYIO TOYKY XapaKTepHCTHKA jaeT
0JIHO COOTHOIIEHUHE MEXIY NepeMeHHbIMH (ans1 cucTeMmbl (V.47) xapakre-
PICTHKH U COOTHOLIEHHS] HA HHUX BBITHCAHBI HHXKe). B naHHOM ciyvae st
yCTOHYMBOCTH CKauka HeoGXOAMMO, u4TOOBl HA HErO NPHXOAMWJIH TPH Xa-
pakTepHCTHKH. B cClleM cyyae CHCTeMBbl n ypaBHEHHH COXPaHEHHsl THIA
(V.47) ansi nepeMeHHBIX € 1 COCTHCIUEHHSAMH Ha CKAUKax JJIsl YCTOHYHBOCTH
ckauka Hec6X0JHMO, 4TCCHI Ha Hero NpHUXoAHaa (n + 1) XxapakrepucTuka.
DTO yCJOPHe YCTOHUMEOCTH CKauKa HCIOJIb3yeTcsl B psjle 3ajad TeOpHH
yAapHEX EOJIH; CTPOrce €ro ACKa3aTeJbCTBO H3BECTHO AJiSl ONHONO ypas-
HeHHs THna nepBoro (V.47) ¥ CHCTEMBl KBa3HJIMHeHHBIX THNep6OaHYe-
CKUX YPaBHEHMH, CJHAKO NpH YCJOBHSX, KOTODBIM CHCTEMBI paccMmart-
PHBAEMOTO HaMH THNA He YACRJeTBOpsloT. ITostomMy B najbhedilueM 310
yCJIOBHE HCNOJB3YeTCs KaK 3BpHCTHUecKoe. HekoTophM 060CHOBaHHEM
3THX YCJOBHH CJOYXKHT aHaJu3 TOHKOM CTPYKTYpHl cKaukoB (cM. § 3
ria. V). IIpuXoasm MK Ha CKauCK M3 30HBI 32 CKaykoM OyIyT NpH
9TOM CYHTATBCS XapaKTEPHCTHKH, CKOPOCTb KOTOPBIX He MEHbIUE CKO-
POCTH CKayKa; K3 30HBl INepeJ CKayKoM -—— XapaKTepPHCTHKH, CKOPOCTb
KOTOpHIX He GoJblle CKOPOCTH CKayka. VIHBIMH cJoBaMH, JoGas xa-
PAKTEPUCTHKA, HMEKIIass PaBHYl CO CKAaYKOM CKOPOCTb, CUHMTAeTCs
npuxojsied Ha CKayok [36]; XapakTepHCTHKH, He YJOBJIETBOpSIOLIME
9TOMV YCJOBMIO, CUHTAIOTCH V X O]l i LU M H.

Hnsi cuctemnr (V.47), Kak Jerko y6eiuTbcs, XapaKTePHCTHKH ompe-
L ENSI0TCH COOTHOLIEHHSIMHA

dx; U 9F (s ¢), d_S[ Fi¢ (1 —F)
@ wmos ar T SEu ey @t arm +
de g P2 _ U F+¢©QU—F _  de
+F.0d1 07 a T m s__*_(l__s)?/(c)_*_a'(c)/m 4 a?::O‘ (V.54)
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HonycruM, uto 3apaua pemena. Torma, sHas dyuxumu s(£) uc(f),
MOXHO JJIA KaXAOro & BeUHCAUTL F (s, €), a 3aTeM, HCKJOYas M3
YKa3aHHbIX 3aBHCHUMOCTEN & M C, MOJNYUYHTDb CBA3b MeXAy F H §, M03TOMY
KaXJoMy £ oTBeuaeT HEKOTOpasi TOYKa Ha IIOCKOCTH s, F B KBajgpaTte
0,1) x (0,1), a BceMmy pelueHHI0 — KpHBasi, KOTOPYIO B JajibHeillem
Mbl GyJeM HaselBaTbh 1Y TeM. [TocKOMbKY B CHJIY NepBOr0 YypaBHEHHs
(V.50) &€ =dF/ds, rne npousBognasi Gepercsa Bpoab nytu (s, F), aBro-
MOZe/bHOE pelleHHe OAHO3HAYHO BOCCTAHABIHBAETCH, €CJIH OH 3ajaH.
Ilpu 3TOM cKa4KaMm pellleHHS COOTBETCTBYIOT IPAMOTHHEHHBIE YYaCTKH
HOYTH, @ YIVIOBBIM TOYKaM — YUYACTKH NOCTOSHCTBA HACHILEHHOCTH, KOH-
LHeHTPaUHs ¢ Ha HENPephIBHBIX YYacTKaX pelleHHs] HesiBHO 3ajJaHa co-
otHoileHHeM F = F (s, ¢).

Pemaroiyio posib urpaet To 06CTOSTENbCTBO, YTO NyTb Ha (S, F) —
JarpaMme yaaeTcsi NOCTPOMTh, MNpPHYEM 3a4acCTyI0 BIOJHE 3j1eMEHTap-
HBIMH CpeICTBaMH, [0 pellleHus 3ajgaud. OcoGeHHO NMPOCTO OCYIecT-
BJseTc NOCTPOEHHE B cJAydae, €CJH CKauyOK KOHIEHTPaUHH pacipo-
crpaHserca 683 pasMasblBaHHs, T. €. CYIIECTBYET MoJJIexallee OTHICKaHHIo
3HayeHHe £, TaKoe, 4YTO

c=c0,0\<5<5m ¢ = (o, §c<E<OO (V.55)

(mocTaToyHbIe YCJOBHSL PACNPOCTPAHEHUS CKAYKOB KOHUEHTpauuu Ge3
pa3MasbiBaHUsi YKasaHbl HHXKe).

Hcnonbaya ypasuenusi (V.50), ycmoBus (V.52) u (V.53), u ycaoBue
YCTOHYMBOCTH CKAYKOB, MOXKHO JaTh 3JIeMEHTapHYi0 rpaduuecKyio Tex-
HUKY TOCTPO2HUA NyTH (s, F) H, cregoBarenbHo, pelleHus, o6obuiawo-
Y10 M3BECTHHIN crmocol peiueHus 3anauyu Daknest —— Jleseperra, m3Jo-
KeHypiii B ra. IV. B nocrpoeHuu MCHIo/ab3yloTcs JHLIb KPHUBLIE GYHKIHU
F (s, ¢) npu ABYX 3Ha4yeHHMAX: ¢ — HauyaJbHOM M KOHEYHOM — ¥ 3HAYeHHd
GyHKUMH ¢ M @, OTBeHaloUMe 3TUM JABYM 3HayeHUsM KOHIEHTDAIHH
aKTHBHOH NpuMecH. 3To O0GCTOATEJNBCTBO BecbMa BaXKHO, ITOCKOJBKY
JONONHHTEJIbHO Pe3KO orpaHuyuBaeT TpeOyeMbli 06BEM 3KCIIeDHMEHTOB
JJsl MOJYYeHUS] HCXOAHBIX JaHHBIX K pacueTam. QOueBHAHO, peLIeHHe
COCTOMT H3 (NmpHMBIKawoulero Ko Bxoay miacta, 0 < §<§;) yuacrka
¢ ¢=¢% ynajseHHoro yyactka & >£;, B KOTODOM KOHIEHTpaUus MpH-
MecH COXpaHseT NepBOHAua/jbHOEe 3HAYeHHe, ¢ = Cg, H CKauyka IpH § =
= §;, Ha KOTOPOM H3MEeHSIIOTCSI H KOHUEHTpalHs, M HaCBHIIEHHOCTD.
[TepBoMy yuacTky Ha (s, F)— guarpaMme OTBe4aeT OTPe30K KPHBOH
F (s, ¢®), BTOpOMYy — oTpe3ok KpuBoH F (s, co). W3 ycnosuii (V.52)
CJAeNyeT, UTO OTHOCHTeNbHAs CKOpOcTb cKauka & = mV/U paBHa yrio-
BoMy Ko3hduUHeHTY oTpeska, coeauHsiomero Touku st, F+ u s—, F-,
OTBEYAKOLUIHE 3HAYEHHSM MNepPeMeHHBIX Mo 002 CTOPOHHI cKauka (T.e.
TOYHO TaK XKe, KaK H B 0ObluyHOH Teopuu Baknes — JleBeperta, TONBKO
COOTBETCTBYIOI[HE TOYKH He 06s3aTesIbHO pacliofaraloTcsi Ha KDHBOH
F (s, ¢), orBeqalomeli ¢puKcUpOBAHHOMY 3HAYEHHIO KOHUEHTpAllUM NpH-
mecn). M3 ycaoBust (V.53) cienyer, 4ro /15 cKayka, MNPOHCXOASLIETO
C M3MEHeHHEeM KOHIEHTpALHH, OTHOCHTEJNbHAsl CKOPOCTb PaBHA YIJIOBOMY
K03hUUHEHTY NpsIMOH, coeauHsiomei Toukd s+, F+ uau s—, F~ ¢ «no-

“mocoM» —Spy —Fp,
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PHC. 59. K pemennio 3aayd O BbITeCHEHHH He(TH pacTBOPOM [0JIE3HOH aKTHBHOM
N pHMecH

)

__Ap-+AA Fp

= A —dg’ Ac

Takum obpasoM, Toukn st, F+, s—, F— u —s,, —F, nexar Ha
OJHOH NpsIMOH, H Jyd, OTBEYAlOIUH CKAYKY, NPHHALJIEKHT NYyUKY, Ipo-
XonsleMy gepe3 mnomoc (—sp, —Fp). UToOu BHIOpaTh H3 3TOrO IydYKa
€JIHHCTBEHHBIH «HYXKHBIH» Jy4, 3aMeTHM, YTO HM He MOXeT OhITh JYY,
nepecekatouii kpusyio F (s, ®) «cBepxy» (puc. 59, 8), Tak Kak Ipu
3TOM BOGJIH3H TOYKM NepecedyeHHs] 3HaueHHe aBTOMOJENBLHOH NepeMeHHOH
3a CKaykoM OoJjbllie, YeM Ha CaMOM CKauke:

= = (dF (s, CO)/ds)— > ;= (F— — FH)i(s— —s¥), (V.57

H «pellleHHe» I[I0Ny4aeTcst HEOAHO3HAaUHKM. ECJH MBI JONYCTHM, uTO
JIyY, COOTBETCTBYIOIHH CKauyKy, nepecekaer KpuByio F (s, c?) «cHH3Y»
(cM. puc. 59, 8), TO B TOUKE CONPSIKEHHS

§— = (dF/ds)~ < &, (V.58)

ITpy 3TOM YHCIO XapaKTePHCTHK, NPHXONAIHX HA PaspeiB, paBHO
JHWb JBYM, H HapyllaeTcsi ycJioBHe YCTOAYHBOCTH CKayka (CcM. Io-
Apob6uee Huxke). Takum o6pasoM, NyTb Ha IJIOCKOCTH (S, F), orBeya-
IOWHE aBTOMOJENBLHOMY pELIEHHIO, 0053aTeIbHO COIEPXHT CKAYOK 10
Jayuy, NpoXojslieMy 4epesd nomoc (—sSp, —Fp) H KacalolleMycsl KpUBOH
F (s, % B Touke (s—, ¢—) (cM. puc. 59). (3zech cuHTaeTcst, YTo, Kak
9T0 OOBIYHO GbIBaeT, TaKas TOYKA KacaHus eIMHCTBeHHa. MoxHo noka-
3aTh, YTO M3 HECKOJbKHX TOYEK KacaHHsl IpPH NOCTPOEHHH pelueHHs
HYXHO BbIOpaTh BepxHioi0.) Ilocse onpepeseHHsT NOJNIOXKEHHSA CONpPSIkKEH-
HOTO CKaYKa KOHUIEHTPALMH H HACHIIEHHOCTH (¢c-TEPEeXol»), AajbHef-
1iee JOCTPaHBaHHe pelleHHH B o6aacTax JABYX(}asHOTO MOTOKA € MO-
CTOSAHHOH KOHUEHTpAUHeHd NPHMECH NPOH3BOAHMTCSH OYEBHAHBIM 06pazoM

_ A_?A?; (AX = X+ —X-); A=a/m. (V.56)
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PHUC. 60. K anasnay mpollecca [JOBHITECHEHHsI He)TH pACTBOPOM aKTHBHOH IpHMeCH

no aHamoruu c teopueil Bakses — JleBeperTa; nBa pasMYHLIX BapHaH-
Ta BO3MOXKHBIX NyTelt B (S, F) NJIOCKOCTH MOKa3aHbl Ha puc. 59.

Ha puc. 59 nokasaHbl COOTBETCTBYWOLIME paclpeliesleHHs HachlILeH-
HOCTe#i B OJHH MOMEHT BPEMeHH I/ BhiTeCHEHHsi BOJOH (IYHKTHD) H
pacTBOPDOM aKTHEBHOfi NpHMecH NpH Majoil (@) H 3HauHTeNbHOH (6)
copbuusx. Bo Bcex cayuasx ¢(poHTy npumecd NpexallecTBYyeT (pOHT
BbITeCHEHHsI He(TH BOJOH; ecJaH copOlus 3HaYHTENLHA, OH JBHXKeTCA
C TOH e CKOPOCTbIO, YTO H IPH BHITECHEHHH YHCTOH BojoH. DTo O3Ha-
YyaeT, YTO CHJBHO copOupymoliascs NpHMech He H3MeHSIeT MOMeHTa o6-
BOJHEHHSA M HayalbHOH CTajAuH BOZHOTO INepHoJa pa3paboTKH; PpoOJb
OpHMECH [OPH 3TOM CBOIMTCS K HEKOTOPOMY 3aMeJJIeHHI0 pocTa o6Boj-
HEHHOCTH NPOLYKIHH Ha IIPOMEXKYTOYHOH CTAJMHH M YBEJHUEHHIO IMOJ-
HOTHl BhITeCHeHHs: HedTH Ha 3ak/oUHTeNbHON cragun. Eciu npumecs
copbupyetca cnabo (@), TO HEeCKOJbKO 3aTAruBaercs 6e3BOAHLIA IepHon
SKCIVIYATAllMH H CHHXKaeTcss OOBOJHEHHOCTb NMPOAYKUHH Ha HayajJbHOH
cTaauH oOBOJHEHHS.

CxozHOe NOCTpPOEHHe IO3BOJSIET NMPOAaHAJH3HPOBAaTh H IIpHMEHEHHe
aKTHBHOM HpUMeCH /s JOBLITeCHeHHS HedTH H3 3a/1eXH, MepBOHaA-
4aJbHO pa3paGoTAHHOHW IIpH 3aBOAHEHHH (T.e€. B KaYeCTBE «TPETHYHOTO»
Mmeropa). IJocTpoenue coorBercTByIOWIEro (s, F) NyTH NOKasaHO Ha
puc. 60, 6, a xapakTepHHle pacnpejeNeHds] HACHIIEHHOCTeH MO -IJIHHE
nnacra—Ha puc. 60, a, 6. [IpuHUMIHANBHO BO3MOXKHO 00pa3oBaHHE
IBYX THMOB pemenud. OgHH W3 HHX XapakTepH3yeTcsl OTCTAaBaHHEM
¢ponra npumecH oOT GpOHTa BBITeCHEHUST H 00pa3oBAHHEM OTYETIHBO
BBIpAXKEHHOTO HedrAHOro Banma. [ast pewenuss BTOpOro T#ma xapak-
TepHO oOpasoBaHue He(TSHOrO NJIaTO ¢ MeNJEHHHIM CHHIXXeHHeM Hedre-
HACHILEHHOCTH ‘Ha 3aJHeM ero ¢ppoHTe; NepeqHui GPOHT 1JaTO COBNANAET
¢ (poHTOM NPOJBHKEHHS! AKTHBHOH mpuMecu (cM. puc. 60, 6). Kakoi
HMEHHO H3 DEeXHMOB OCYIIeCTBJISETCS, MOXKHO OINpefeauTh Ha (s, F)-
nuarpamme. Eciu BepXHfAS ToyKka nepeceueHHsi KacaTeqabHOH K F (s, %)
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PHC. 61. K pewennio 3ajaud O BHTECHeHHH He(TH pacTBOpOM BpefHOR axTUBHOA
npHMecH

U3 TOYKH (—Sp, —Fp) ¢ F (s, o) JIeXHT Ha yyacTke s >y, TO obpa-
3yercs1 HeTAHOH BaJ, B NPOTHBHOM cCJyuae — HedTAAHOE MJATO.

Jo cux nop peyp U2 O NpHMECH, CHHXAIOWEH JOMIO BOAbl B BO-
JOHe(bTAHOM TIOTOKe, T.e. CHHXKaIoUleH OTHOCHTEJbHYIO IONBHKHOCTD
BOJIBl MJIH YBeJHYHBAKOUIEH OTHOCHTEJBHYIO NMOABHIKHOCTD Hedru. ScHo,
YTO NoJIe3Hble aKTHBHbBE NpHMecH NpHHAJJIEeXaT HMEHHO K 3TOMY KJiac-
cy. MoxHO, OnHAKO, MNOCTaBHTb BOIPOC O DOJIH MpPHMeCeH, YyBeJIUYH-
BaIOUIMX OTHOCHTEJNBHYIO MOABHKHOCTb BOAbI. COOTBETCTBYyIOILAA 3afaya
BbITECHEHHS JIETKO pelllaeTcsl nocTpoeHweM puc. 61, 6 W npuBOAMT K
pacnpelleleHHIO HACHIIEHHOCTH, NOKa3aHHoMY Ha puc. 61, a, Hannuue
NpHMecH He BJHMSIET HAa CTPYKTYpPY NepelHeH YacTH 30HBI BBITECHEHHS ;
npoxoxjaeHue (GpoHTa MPHMECH, OTCTAIOUEro or ¢poHTAa 3aKauHBaeMoH
BOJIbI, COIPOBOXKAAETCS HEKOTODHIM YBeJHYEHHeM BOJAOHACHIEHHOCTH
W JOJH BOJbl B IMOTOKE, KOTOpDHIE 3aTeM JJIHTeNbHO COXPAaHSIOTCS Ha
MOCTOSIHHOM YPOBHe.

PaccMOTpHM INOCTPOEHHE aBTOMOJEJNbHOTO pellieHHS B oflieM cJ/yuae,
KOrja He TIpeanoJaraeTcs, HYTO CYIIeCTBYeT MNOJHBIA CKAaYOK KOHIIEH-
TpalH¥ TPHMECH, XOTA M CUHTaeTcsl IO-NPExHeMy UTO COZEepKaHHe
npumecH B He(pTH U B IOPHCTOM CKEJETe 3aBHCHT TOJbKO OT KOHIEH-
Tpauuu ee B Boje (¢ = ¢(c), a =a(c)). B aHanuse nyxnaercs ToJabKO
Ta yacTb pellleHHs (HJH COOTBETCTBYIOLIErO NyTH HA §, F-auarpamme),
Ha KOTOpOH H3MeHsieTc KOHUEHTpauus. l3aMeHeHHe KOHUEHTpalHH
MOXKET NPOHCXOAHTb B C-CKa4YKaX HJIH C-BOJMHAaX (y4acTKax He-
npepbiBHOrO B3MmeHeHHs ¢ (8)). DyaeM XxapakrepusoBaTb C-CKauKH 3Ha-
YeHHSAMH KOHIEHTpPAUHH No ofe CTOpOHBLI ckauka [c—, ¢t], npuueM
ct =c(E, + 0); JJIst ONpelle/IeHHOCTH JaJiee mnoJiaraercs c® > co.

Torza BO3MOXHBI CKAUKH HYeThIpeX OCHOBHBLIX THIIOB:

1) [ col; 2)[% c*]; co < ¢* < % 3) [c*, ¢l
Co< Cy <C* <% 4) [cy, ol Co < Cy < 0.
189



3anuiueM COOTHOLIEHHS Ha CKaykKax B BHJe

— __ ft+ + _ —1

Fm—F% F* + (8¢ /Ac) (1 — Ag/Ac) __ (V.59
s——st s+ (Ap/Ac + AA/Ac) (1 — Ag/Ac)

3necy F* = F(st, c%*); Kaxnoe u3 ypaBHeHuil (V.59) sasaserca

+
cleiCTBHEM ABYX ocTanbHbiX. OGo3HaumM uepe3 &f, Oe3pasMepHble Xa-
PaKTEepHCTHKH CKOPOCTH MO 06e CTOPOHBI CKauKa:

§ =F s (s%, c),
+ _ ij +'P'i/(1 '—'P'i) V.60
e ey s (V.60
U3 ycnoBHst yCTOHYHBOCTH CKauka Ju6O
min £, < § < min 1, & < max £, (V.61)

£ =

Jaubo

max £, < §; < max i, £ < min £ (V.62)

3aMeTHM, YTO, €CJIM K CKayKy NpPHMBIKAIOT YYacTKH HelnpephIBHOTO
H3MEHeHUS] TIepeMeHHBIX (S- HJIM C-BOJIHBI), TO H3 YCJIOBHS OJHO3Hay-
HOCTH pelleHHs] NpeleJbHble 3HAYEHHS ABTOMOJENbHOH IepeMEeHHOH
B HHX VIAOBJIETBOPSIIOT HEPaBEHCTBY

<< B (V.63)
YuHuTBIBasA, YTO HA C- H S-BOJHAX 3HaYeHHE aBTOMOJENbHOMH nepe-

MEHHOH COBNajaeT ¢ XapaKTePHCTHYECKOH ckopocTbio, 3 (V.62) u (V.63)
HAXOJUM, YTO PeasH3yeTcs OJHO M3 CJEAVIOUIHX COOTHOIIeHH:

fF =max iy > = mink, = &
£ =mint;, = §{ =min By = ¢,
£ = max t], = max EI’fz =ttt = £, (V.64)

T =mint, < &7 = max £, = £ < max §,.

AHanu3Hpys pacrnosioxeHHe XapaKTePHCTHK OCOMX ceMelcTB, He
TPYAHO TNPHATH K 3aKJ/IOUEHMIO, YTO IJS THIIHYHOTO pAacloJIOKEHUS
KpuBbiX F (s, ¢), nokaszauHoro Ha puc. 59, (c®—co) F, . < 0, npu o6bu-
HBIX 3HAYEHHSX Sy M S° pellleHHe MOXKET COJEPXKAaTh JHLIb CKaukH, A
KOTOpPHX BepHBI HepBhle ABa cooTHolleHHs (V.64). PaccMoTpuM BHauage
ckayok THna [c®, c*]. Ilng Hero, oyeBHAHO, BepHO BTOpoe ycJosue (V.64).
Torpa B nononnenue k ypaBHeHusiM (V.59) nmeem:

+ 4 7y
st (o + A3)/(1—93)

N3 (V.65) u (V.59) HaxoauM cucTeMy ypaBHEHHH AJS ONpejeeHus
ct=c*, s+, s7, §. OrpaHuunHMcs noKa BapHaHTaMH, KOT1a 3Ta CHCTeMa
ypaBHEHHH pellaeTcst 3JeMeHTapHBIMH cpencTBamu. IlycTb

¢ (C) = ¢oc, ¢’ (c) = A¢/Ac = g9 = const. (V.66)
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PHC. 62. K onpefencHnio CTPYKTYpsl pelueHAs N0 BHAY H30TepMH COpOUMH

Torpa u3 (V.65) v (V.59) uMeem nas ¢t ypaBHeHHS
Ft + go/(1—#0) . FF 4 90/(1 —%0) _
st (g + 24180 (1 —gg) ¥+ [90+ 47 (¢F)]/ (1 —v0)’

oTKYyaa

a' (ct) = [at —a())/(ct — ), (V.67)
a ¢t onpejensieTcs Kak Touka KacaHHMsl KDHBOH a (c) KacaTelbHOH, Npo-
BenenHON M3 Touku (c?, a(c®) (puc. 62). Ilocne nmaxoxpaenums ¢t ¢ no-
motpio caenyromero u3 (V.59) u (V.65) ypaBHenus

F™ 49 (1 —9g) ™"

0} =
F,s(s—, )= s—_*_(%_i_AA/Ac)(l—?o)_l

(V.68)

191



onpenensieTcss s— Kak abcuucca ofiiel TOUKH Kpusoi F (s, %) m Kaca-
TesqbHOH, NpPOBeJleHHOH K Hell H3 TOUKH (—sS,, —Fp),
e Fp(e?) = 22 (V.69)
1 —¢g I —9
(cm. puc. 59). ITo yrnioBoMy Ko3¢(ULHEHTY 3TOH KacaTeslbHOH onpefe-
asiercs £j, a 1O TOUKe ee NepeceueHHsl ¢ KpHBoH F (s, c¢*)— 3HaueHHe
s+. Hakonen, B obsacTi § > &; uMeeM YY4aCTOK HENPEpLIBHOTO H3MeHe-
HHUS KOHLEHTpalHH (C-BOJHY).

[TycTb pelieHHE CONEPXKHUT CKAyoK TpeTbero Tuna [c*, c,]. Hs3 co-
ortnowenu#t (V.59) u ycaosuit (V.64) nonyuaem

Sp(c*) =

g FEblpile—ty) .
T SE et A f(de—ag
S (] o )1
F + 9 (1 N4 ) (V70)

TG A (=g
Ecmu ¢ = ¢oc, no coornowenuaM (V.70) monyuaem
a(ct)y=2a'(c)=[a(ct)—alc)}/(ct —c). V.71
ct u ¢~ — abcuuccs ToueK KpUBOH a(€), HMewomux ofimlylo KacaTelb-
Hyi0 (cM. pHc. 62); &; onpenensieTcss KaK XapaKTepHCTHYECKass CKOPOCTh
B C-BOJIHE, Npuxoasmell B Touky M— (s—, F (s—, ¢—); 3nauenue st omnpe-
Jegsierca Kak a6cuucca Touku Mt nepeceueHust mpsiMOH, MPOBEHACHHOH
yepe3 Touky M— ¢ yrjoBbiM Koahduuuentom &;; ¢ KpuBoit F (st, ct).
IMocnenytomasi ¢-sonna crpoutcss U3 Toukn M B cooTBeTCTBHH C ypas-
HeHHeM
F . I 1 _ 1 _l
R L sl (v.72)
ds s (" + AN —¢)
Hekonen, 1719 ckauka YerBeproro THIA HMeeM ¢t = cf;
FE 4+ Ag (Ac — Ag)~! _ Fm 4o _[(1—9")

FfBe+AA) (de—ag) 1 0T s (i + AL /(1—¢l)
(V.73)

B 4acTHOCTH, Npu JUHEHHOH (QYHKUHH ¢ (C) 3HAYEHHE ¢~ HAXOJHTCA
KaK ofilljass ToYKa KPHBOH @ (€) ¢ KacaTeJbHOH, NMPOBeNeHHON K Hell u3
TOYKH Co, @(co) (cM. pHc. 62). TakuMm o6pasom, B paccMaTpHBaeMoOM
caydae BCAl CTPYKTypa C-mepexoja onpefessiercss BHAOM H30TepMBI cop6-
unn a(c). PaceMotpumobynkuuio a (c) Ha orpeske A [co, ¢®] M nocTpoum
Ha HeM BHINYKJYIO H BOTHYTYIO 050M0YKH a (c): a* (¢) u a, (¢) — MHHH-
MaJIbHYI0 HEBOTHYTYI0 GYHKUHIO, 3HAYEHHS KOTOPOH He MeHblue a (c),
¥4 MaKCHMaJbHYIO HEBBINYKAYIO (GYHKUHIO, 3Ha4eHHe KOTOPOH He GOJib-
m2 a(c):

E[:

a* (¢) — max [a (@) + ”—(C‘);”@(c~cl>],

1, €A G—=6
a, (¢) = min |a(c) + lﬂzﬂ c—c)]. V.74)
o, C.EA cl C2
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PHC. 63. K onpenenesuo cTpykTypH pemenns no BHRY H30TCPMBl ¢ (¢).

I'papux dynruun a, (c) cOCTONT M3 BHINYKJBX Ayr, o6MHX c rpa-
¢uKOM a(c), ¥ NPAMOJNMHEHHBIX YyYacTKOB. IIpsIMOMHHEHHEIE YuYacTKH
OTBEYaloT C-CKaukKaM; NYrd — c-BoJjiHaM. IlocTpoeHne pelueHus cBopuTes
K MOC/IeJIOBAaTe/IbHOMY (HAaYHHAst C MaJblX £) OCTPOEHHIO NYTH Ha (s, F)
AHarpamMe; IpH 3TOM C-CKaYKH HAXOAATCH NPH MOMOLUIM 3J€MEHTapHOro
I'paHYeCKOr0 NOCTPORHHS, & C-BOJHBI — YHC/IECHHEIM HHTETPHDPOBAHHEM.

AHajoruunasi mpoueiypa IOCTPOEHHS peleHHS MPOXOHT npu
® < co, F,.>0; cTpyKTYypa c-nepexosia NPH ITOM GHPEREIAETCS. BHAOM
¢ysxkuuu a* (c).

Cronp e NPOCTO ycTaHABIMBAETCs 3apaHee CTPYKTYpa c-Nepexoa
MpH NpoH3BOJAbHOH GYHKUMH ¢ (c), ecan a(c) =0. [Ipu atoM Heobxo-
J HMO, YTOOBI

Ag/dc = o' (). (V.75

3aece 3HaK + GepeTcss MJisi CKAauyKOB BTOPOTO THNA, 3HAK — IS
CKaykoB UETBEPTOrO THNA; I/ CKaYKOB TPETLETo THNA Gepyrcs ypas-
HeHHsl ¢ ofouMH 3Hakamu. TakuM ofpasom, npu a(c) =0 CTPYKTypa
PCIICHHA ONpEeLeNseTCss BUIOM BCTIOMOraTe/bHbIX QYHKUUHA ¢* () H o, (c)
(puc. 63) mpu co>c® u ¢® > ¢y COOTBETCTBEHHO, IIPH 3TOM npeamnoJa-
raercsl, 4to QYHKUUH F (S, €) UMEIOT OOBLIYHBIH BHJI

max [F (s, ¢) —s] >0 > min[F (s, ¢) —s].

Ecmu F (c®—co) > 0, TO NPOXOAHMT aHAMOTHYHAS TeXHHKA HAXOMIEHHS
ABTOMOJEJIbHBIX pelleHHH (cM. puc. 59), ¢ Toll Juuwb pasHuueH, uyTO
B 3TOM cJ/y4ae NOCTPOEHHE CJENYeT HAYHHATb C GOJAbIIMX 3HAYEeHHH &
H TI0JIb30BaThCS COOTHoLIeHHsIMH (V.64).

Hanoxennas npolenypa rapaHTHpyeT NOCTPOEHHE OAHONO ABTOMO-
ACJLHOrO pEIIeHHs] ¢ YCTOHYHBHIMH CKauKaMH, HO He TapaHTHPYeT OT-
CYTCTBHE JIDYTrHX YCTOHYHBHIX pelleHHH.

PaccMOTpHM KpaTKO BO3MOMKHOCTH TNOCTPOEHHSt aBTOMOAEJBHOTO
pewenns B oblieM cilyyae, Koria ¢ (¢) — Npou3BoJbHAS BO3pACTAIOLIAS
$YHKURSA, @ KOMHYECTBO COPGHPOBAHHOIO BELIECTBA 3ABHCHT HE TOJABKO
OT KOHUEHTPAUHH ¢, HO H OT HACHILEHHOCTH, a = a (C, ). OrpaHnunMcs
OCHOBHEIM cayyaeM F, . (c®— co) < 0. ITpsmoe o6o6lieHHe H3NOKEHHOR
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TIpoLeypHl 3aKJouaeTcsl B TOM, U4TO pelleHHe CTPOUT S «cJeBa Halpa-
BO», T.€. OT MaJbIX 3HadeHuil .

[lycrs pelnenne «IOCTPOEHO» 10 ToukM (s~, ¢, F), £ = min &,
ByneM HCKaTh €ro NpoJOJIKEHHE KaK «CKAadoK» (MoOXkKeT ObITh, OeCKo-
HEYHO MaJblt cKayoK), 06ecneysBalOUMi MHHHMaJibHOE 3HAYeHHe CKO-

pocTH &;.
U3 ycnosuit Ha HeM
Ft—F— FE 4+ Ag (Ac — ag) ! _ v
- = = .76
i st —s— st 4 (ap 4 44) (Ac — ag) ! : ( )

ToJyyaeM JBa HE3aBHCHMBIX yDaBHeHHS AJS onpeleneHHs ct+ u st.
Ecnu ennHCTBEeHHOEe pellleHHe 3THX ypaBHeHHH ecTb ¢t =c¢—, st =s—,
JaHHBIH YyacTOK pellleHHS IIDEACTAaBJSETCS S- WJIH C-BOJHOH H  CJefly-
0IHA War JomKkeH ObTh OECKOHEYHO MaJbIM (IPAaKTHYECKH paBHBIM
1ary 4HCJAEHHOrO HHTETPHPOBaHHSI) B COOTBETCTBHH C YpaBHeHHEM

dF/ds = t—. (V.77)

Ecan ke cucrema (V.76) uMeeT HeTpHBHAJbHOE pellieHHe o < ¢+
< ¢—, st, To NpoM3BORMTCSA CKauok B Touky s+, F(st, ct), mnocie
Yyero MOCTPOeHHE pelleHHs! MPOAOJIKAETCA 110 TOMY JKe aJroOpHTMY BILIOTDH
JIO NOCTHXKEHUS KOHUeHTpauuH co. Ecan F . (c®—co) >0, To anano-
THYHOE MOCTPOEHHEe NPOBOAHUTCS CNpaBa HajeBo (0T OOJBUIHX 3HAaueHUH
§ XK MeHbIIMM) C BBIGOPOM Ha KaxKJoM miare £+ = ; = max (§§,).

®poHTanbHoe BHTecHeHHe. HeaBToMogenbHHE pe-
meHHs1. BoiTecHeHHe OTOpDpOYKOH aKTHBHOH NpHUMeECH.
3anasabBatouee BodgedcTBHe. AHalM3 aBTOMOAENbHHIX JDH-
2KeHHH He McuyepNbIBaeT THAPOJAHHAMHYECKOTO HCCJAEJOBAHHS [1POIECcCOB
BHITeCHEHHs1 He(dTH DAcTBOpDAMH AKTHBHHIX NpHMeced. M3 uucaa HeapTO-
MOJIeNbHBIX JABHKeHXH, KOTOpble TaKXKe YAaeTcd H3yYHTh B paMKax
H3JI0KeHHOro o6wiero noaxojna, HaHOOMbUIHA NPAKTHYECKHE HHTepec
TIpeJCTaBJAIOT BLITeCHEHHe He(TH OTOPOYKOH pacTBOpa AKTUBHOH IIpH-
MeCcH M 3aKauKa aKTHBHOTO areHTa C 3anasiblBAHHEM BO3HEHCTBUSI Ha
naact. B HacTosituee BpeMsi 3TH 3aJay¥ HHTEHCHBHO Hccaexyiorcs. Pac-
CMOTDHM METOJMKY pelleHNs] M ee BO3MOXHOCTH.

OTopouKO il OGLIYHO HA3LIBAIOT MMEIOLYI0 KOHEUHBIl 06beM Mop-
{IMI0 pacTBOpa AaKTHBHOTO areHTa, KOTOPBLIH 3aKauuBaeTcd Ha HayaJbHOH
CTaJliH BbITECHEHUsS, & 3aTeM IIPOTAJKHBaeTCsl 1o 1aacty BojoH. OcHOB-
HOH CMBIC/I HCIOJIb30BAHHS OTOpPOYEK COCTOHT B 3KOHOMHH JOPOTOCTO-
SIIHX XHMHYECKHX pPeareHTOB NpH COXPaHEHHM INOBHILIEHHOH He(TeoT-
Jayd ¢ NPDHMEHEHHeM XHMHYECKHMX peareHTOB INpH 3aBojHeHHH. Pop-
MaJbHO 3ajava 0 (POHTATbHOM BBITeCHEHHHM He()TH OTODOYKOH AKTHB-
HOH NpPHMECH B KPVIIHOMAcCIITAGHOM HPHOMUKEHHH CBOJMTCS K PeIleHHIO
cHcTeMbl ypaBHeHHH (V.47) npu HayadbHBIX H IPAaHUYHBIX YCJIOBHSX.

s(x, 0) =s0, c(x, 0)=0;
F$,0)x=0=0, c0, t)=¢c 0<IL<T, ¢(0,8)=0,¢t>T. (V.78)

OueBHIHO, yTO 10 MoMeHTa f =T pelleHue chopMy/HpOBaHHOH 3a-
JayH COBNAJaeT C PaccCMOTPEHHHIM ABTOMOJE/BHEIM pellieHHeM. B MOMEHT
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PHC. 64. K 3anaue o Bbl
TecHeHHH HedTH OTOpPOYKOWH
aKTHBHOW npuHMecH

Xot0)

> X

= I

oleZ
t =T Ha rpanune x = 0 nosiBisiercss CKa4oK KoHUeHTpauun, [lpu t > T
pacnpocTpaHsiolieecsi OT Hero BO3MYIeHHe B3aHMOJEHCTBYET ¢  UEHT-
pHpPOBaHHOH BOJHOH, TNpPHMBIKAKIIEH B aBTOMOJAEJNBHOM peELUeHHH KO
BXoAy naacta. OrpaHnuuMcsi NPOCTEHIIHM EapHAHTOM 3ajayH, Korja
H30TepMbl copbuuM a(c) U pacnpeleseHHs NpHMecH ¢ () JHHeHHBL:
a=mle, ¢ = 9. (V.79y

B stoM ciyyae, kak Jerko yCTaHOBHTh, HNPSAMOH M oGpaTHHIi cKay-
KH KOHLEHTPAlHH pacHpocTpaHAloTc 06e3 HCKaXKeHHs; MrHOBeHHas.
CKODOCTb CKaiKa B KaxKJblii MOMEHT

Vo UFt—F U Ff4el(l—s)
=— = — . (V.80)
most—s™  mos* 4 (go+ D)L — o)

Takum obpasom, Ha (s, F)-AuarpaMme KaxKIOMY COIIPSIXKEHHOMY S, ¢
CKauKy COOTBETCTBYeT, KaK H B aBTOMOJEJbHOM peILCHHH, Nepexon
1o JIyuy, TNPOXOASAILEMY depe3 noatoc (—sSp, —Fp), ¢ ORHOH H3 KPHBHIX
F (s, 0), F (s, ¢®) Ha ppyryio.

IlpoBeneM Ha NJIOCKOCTH (X, ) TpaeKTOPHH cKaukoB: X (f) — nepen-
Hero ckayka HachileHHocTH; X, (f) u X, ({)— nepeiHero u 3ajHero
COMPAXEHHbIX CKAYKOB HACHILEHHOCTH H KOHIeHTpauuu (pHc. 64). Pac-
CMOTPHM TPAaeKTODHIO 3aJHETO CKayKa, PaclpocTpaHsiiollerocs IO LEHT-
PHDOBAaHHOH BOJHe OTBeyalolllefi aBTOMOJENbHOMY peLIeHHIO Tak, 4To

Xo=(U/m)F s(st, c9¢, (V.81)
rie st — HachllleHHOCTb nepefl cKaukoM. C Apyroft CTOpOHH, H3 ycJo-
Buit (V.80)

dX, y F{st, ) +F, g9
T m T g, (V-82)
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Tloacrasasia (V.82) B (V.81), nonyuum
o+

=T : Fols, o) ds . (V.83
exp X F' (s ¢®) —[F (s» co)—i—Fp]/(s—sp) ( )

CoorHoitenne (V.83) ycraHaBiHBaeT 3aBHCHMOCTH OT BPEMEHHM Ha-
CBIIIEHHOCTH st mepell BTOPHIM CONPSIXKEHHHIM CKauyKoM. KoopiauHaThi
H CKOPOCTb CKayka OIpeReSIOTCS COOTHOLHEH HAMH

X, = (Uim)F' (s+, O, V = UIm)[F (s¥) 4 Fpl (s* +s,)~1. (V.84)

Uz (V.83) u (V.84) BulAHO, uro no Mepe pacOpoCTpaHEHHS BTOPOro
CKayKa ero CKOPOCTb IIOCTEeNEeHHO YBeJHUHBAeTcd H CTPEMHTCI K CKO-
pOCTH NEpBOrO CONPSIXKEHHOro cKayka F'(sy); HACBUUEHHOCTb MNepes
(pOHTOM TMOCTENEHHO YOBIBaeT M CTPEMHTCS K Sa NPH ! — co; OHa B
KaxJofl TOYKe MeHblle CKOPOCTH COOTBETCTBYIOLIEH XapaKTePUCTHKH
F’ (st). Orciona crefyer, YTo BTOPOH CKa4OK He BJHAET Ha YCJIOBHSA
pacpoCTpaHeHHsI MePBOrO CONPSIKEHHOrO CKAaYKa M Ha pelleHHe MpH
x> X ().

PaccTosHHE MeX]Y CKauyKaMH DaBHO

Lty =X\ () — Xz (t) = (UIm) L [F' (s —F' (sH)].  (V.85)

Hcnonbsyst (V.83), Jierko mokasath, YTO CYUIECTBYET KOHEUHBIH Npe-
nea L (o) =L,. TakuMm o6pa3oM, acCHMOTOTHYECKH NpPH ! — co (OPMH-
pyeTca CTalHOHApHAas OTOPOYKA, ABHXKYINAACHA CO CKOPOCTBIO, PaBHOH
CKOpOCTH IIepBOro compsikeHHoro ckauka Vy = (U/m)F' (ss)). UYrobpi
MOCTPOHTh pellleHHe B OG/IaCTH 32 BTOPbIM CKaYKOM, 3aMeTHM, YTO H3
nocjensero ycaopusi (V.80) MoxkHO HaliTH BeqHuuHY s~ (f) — mpolle
Bcero 3To cAeath rpadudecku (cM. puc. 64). Jlerko Buupeth u3 puc. 64,
yro 3a cKaukoM (x = X»—0) ofia ceMeiicTBa XapaKTePHCTHK YXOIAT
co ckayka. ITostoMy pelileHne B objacth x < X, (f) ompeaensiercs mou-
HOCTBIO HAaYaJbHEIMH JAHHBIMH Ha JUHMH X = X, (f) ¥ ondceiBaercs

YpaBHEHHEM
x(t, ) = Xz (ta, $) + F' (s, 0) (Ulm) (t — £ (s)). (V.86)

3iech B KauecTBe napameTpa Ha JHHHH X = X, (f) B3fATa HachIIEH-
HOCTb HEIOCPEJCTBEHHO 33 CKaukoM, S = s—; Xy H f3 — COOTBETCTBY-
IOlfHe 3HAYeHHS] KOOPAHMHATHI CKAYyKa M BPEMEHH.

EcTecTBEHHO mMOCTaB HTb Bompoc 00 acCHMNTOTHKE pelleHHd MpH
Gospluux BpeMeHax. Ee MOXHO mOJAyuYHTh, paccMaTpuBasi mpefes Io-
JIy4eHHOTO BhHIlle pellleHHS. MoXHO, OJJHaKO, paccyXlaTb H NO-APYyromy.
Kak 6bl10 moOKasaHO, CO BpPeMeHeM OTOPOuYKa CTaOHIH3UpYeTcs H HauM-
HaeT JBHTaTbCcd C MOCTOSIHHOH cKopocThio. I[losToMy 6ynemM HCKaTh
B NMOJABHIKHOH CcHCTEMe KOOPJHHAT, CBSI3aHHOH ¢ OTOPOYKOM, CTaluo-
HapHoe pellleHHe BHAA

s=8(), ¢=C), y=x—Vi4,
C)=0, |q|>1L C)=c, |7|<L (V.87)

s*
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IMoncrasnsisi Buipaxenns (V.87) B ocHOBHyw cuctemy (V.47), no-
AYUHM:

asS dF
__mV‘E +U Fri 0, —UF 4+ mVS = const,,

__Vd[mcs+m‘(11n—s)<p+a] +U d[CF‘i—;Pq(l—F)] -0,

—[mes +my (1 —s) + alV + U [cF + ¢ (L. — F)] = const,.

(V.88)

Kak nerpyauo Buzerb, ycaoBus (V.88) NMokaselBaioT, 4TO 3HaueHHS
HacChlEHHOCTEH Tmepel OTOPOYKOH ST H 3a Helt s~ CBA3AHBl MeEXAY
coboil ¥ co ckopocTbio V YC/I0BHEM Ha CKauyke:

mV/U = (F+ — F-)/(s+ — s-). (V.89)

Tlpu 5TOM 3HaUeHHe S BHYTPH OTOPOYKH ONpPefeNsieTcss NepeceyeHHeM
npsiMoii, coepuHsrome#t Toukn M+ (st, F+) u M—(s—, F~) ¢ kpusoi
F=F(s, cY.

Bropoe ypasnenune (V.88) mokasbiBaer, uto mpamas MM~ npo-
XOIMT Yepe3 mnouoc (-—sSp, —F,). Hakonell, yuuThiBasg ycjoBHS yCTOH-
YHBOCTH NePeJHero H 3afHero (PPOHTOB OTOPOYKH, JIEFKO YOeAuTbCs,

yTO mpsiMas MTM™ jonxua 6bTb KacaTenbHOR K kpuBoi F (s, ¢),
yeM MOJIOXKEHHE 3TOH NPSIMOKH H BCEX 3JEMEHTOB pellleHHS Onpefesercs
ofHO3HauHO. [locTpoeHHOe HHBapHAHTHOE pellleHHe THNA pPaBHOMEPHO
pacnpocTpaHsiomeics BOMHBI C TOYKH 3DEHHsl 3aJayd B LEJIOM TNpej-
cTaBJisieT COBOH BHYTPEHHIOK ACHMITOTHKY pelleHHs!, OTBeYamllyio Ma-
J0CTH 06beMa OTOPOYKH HJIH — YTO 3KBHBAJEHTHO — GOJIBUIMM BpeMEHaM
Ha6moeHnsi. BHeluHHM pelueHHeM 3aJayH MPH 3TOM, KaK JIETKO BHLETb,
GyaeT- pelueHue 3ajaud JABYX(a3HOH GUIbTPALlHH B OTCYTCTBHE aKTHB-
Ho#i npumech (¢ = 0) ¢ JHOMOJNHHTENbHHIM CKAYKOM HACBILEHHOCTH, o6y-
C/IOBJICHHBIM Ha/IUUHeM TOHKOH oropouku. IlosoxeHue 3TOro cKauka
onpenessieTcs BeJMUYHHAMH st H §—, ONpPeAe]sieMbIMH H3 BHYTPEHHETO
pewenusa. Ha (s, F)-gruarpamme emy coorsercrsyer nyts ABGDE. [loay-
YyeHHBIl Ppe3yJbTAaT 3acayXHBaeT ocoboro KoMmeHnrapus. [ero. B Tom,
YTO aBTOMOJEJBHOE pellleHHe 3aJayd BbITeCHEHHs HeTH BOIOMH, COOT-
percTBylotee nyrd ABGDE, cyumecTBYeT H B OTCYTCTBHe aKTHBHOH IpH-
MeCH; OJHAaKO oHO HeycToiiuuBo. TakuM 06pasoM, poJib TOHKOH OTOPOUYKH
aKTUBHOH npumecH (OpPMabHO CBOJHTCH K CTabHAH3alUHH HeyCTOHYH-
BOTO pellleHHsi, orBeyaioutero puc. 59, e..IIpu sToM, oueBHIHO, LIHPHHA
OTOPOYKH HMeeT BTOPOCTeNeHHOe 3HaueHHe, a IJIaBHYIO POJb HrpaeT Ta
MaKCHMaJsbHasl CTe€NeHb CHHXKEHHS NOJBHIXKHOCTH BOAbI, KOTOpasi AOCTH-
raercsi B OoTopouke. Ec/M aKTHBHAash NpPHMech «mojesHas», 70 F . <0,
H nocJjiefiHee yTBEpKJEHHE O3HAYAeT, UTO [eJecoo6pasHO HCHO/b30BATH
MaKCHMaJbHble 3Ha4YeHHS KOHLUEHTPalHH [PHMeCH B OTOPOYKeE.

Ta xe TexHuka n03BOJISET IPOAHAMU3HPOBATH BJAMSHHE 3aNasibiBa-
HHS 3aKayKH aKTHBHOI'O areHTa Ha IoKa3aTesH pa3paboTKd. 3amasjbl-
BaHHe JOCTATOYHO YacTO MPOHUCXOAUT IO TeXHHYeCKHM IpHYHMHaM. Bynem
CYHMTaTh, YTO MJIACT, NEPBOHAYa/JbHO OJHOPOAHO HAChIUlEHHBIH HedTbIO,
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¢ MoMmeHTa ! = (0 paspabaThiBaeTcsi 3aBOIHeHHeM, a npu ! =T Hauu-
HaeTcs 3aKayka aKTUBHOH MpuMecH. ITHM YCJOBHSIM OTBevYaeT 3ajada

s(x, 0) =so, ¢(x, 0)=1co, s(0, £) = s[c (0, B)];
c(0,)=0, 0<t<T, ¢c(0,)=c T <t< (V.90)

ans ypasHenuit (V.47).
Bnjoth a0 {=T umeeM oOblyHOe peumlenHe bakaes — Jlepeperra
B BHJe LEHTPHPOBAHHOH BOJHH, 3aKaHYHBaiomeHACs CKayKoM:

s=s(), t=xm/Ut, 0<E<E, s=so £>k.  (V.9])

Ilpu t=T or rpaHHUM NJacTa BHYTPb HEro HAUHHAET mepeme-
IaThCsl MOBEPXHOCTh Pa3pbiBa KOHUEHTPALHH H HACHIEHHOCTH, NP HUeM
Mbl GyAEeM NOJAaraTb BHIMOJHEHHBIMHM YCJIOBHS DacNpPOCTPAHEHHs CKayKa
6e3 pa3MbIBaHHs, TaK 4TO

c=co=0, x> X () c=0c x< X.(0). (V.92)

U3 coorHowennit na conpsizxkeHHoM ckauke (V.52) — (V.53) caenyer,
yro Ha (s, F)-gHarpamme CKayOK COOTBEeTCTBYET IIepeXoly ¢ KpPHBOM
F (s, 0) Ha kpuBylo F (s, c%) no c-nyuy, OpOXOLSIUEMY uepe3 MOJIOC
(—sp, —Fp) (pHc. 65). TlocnegoBaTesbHBIM INOJIOXKEHHAM CKAYKOB OTBe-
yaeT nepexoj No NydYKy c-Jydedl ClpaBa HaJleBO, HAyHHas OT MOJOXKe-
HHs1 B, oTBeuawouiero o6pa30BaHHIO CKAaYKa, M BILIOTh A0 TMPEAEIbHOTO
noioxenns GC'D’. Tlpu 3Tom M3 pHc. 65 BUAHO, YTO CKOPOCTh CKaukKa
BCe BpeMs BhIlle XapakTePHCTHUECKHX CcKopocTeli nepen HuM. Ckauok
B3aUMOJeICTBYeT ¢ LEHTPHPOBAHHOH BOJHOMN, a pacnpelienieHHe HacChl-
IIEeHHOCTH 33 HHM OIpefessiercs YXOISIIHMH ¢ HEero XapakTep HCTHKAaMH.
Y4uTEIBasi 3T0 OOCTOSAITENLCTBO H YCJOBHS Ha CKauyke, HMEEM:

dX./dt = (U/m)[F (st, 0) + Fpl/(sT + sp),
Xe=({U/m)F' (st, 0)t, X . (T)=0. (V.93)
Orciofia noay4yaem

s*

F" (s, 0)ds
t=T — , . |
exp 5; [F (s, o) +F,] (s +sp)—1 _F \(s, 0) (V.94)

§

[Tpu 3TOM 3HayeHHWe HACHHIEHHOCTH 33 CKAYKOM S~ ONpefessieTcst
H3 ypaBHEHHS

s () + s,
sty +s,

Peutenne (V.94) — (V.95) coxpaHsieT cMbic/ 10 TeX MOp, MOKa C-Ay4

He COBNANET C KacaTeJbHOH K KpuBoil F (s, co) st = st (cm. pHuc. 65).
[Tocsie 3T0ro cKOpOCTb c-CKauyka NepecTaeT MeHATbCS, H Nepell HHM
dopMupyercs IOMOJHHTENBHBIE «OOPATHBIHA» S-CKAYOK, B3aHMOJEHCTBY-
WM KA C NepBOHaYasJbHOH IEHTpHpoBaHHOH BoaHOM. Ha (s, F)-guarpamMme
€My OTBEYaeT nepexoll H3 GHKCHPOBaHHOH TOuYKM D' B IiepeMeHHYIO

F(s=(t), ¢ = (F(s+ (1), 0)+F)) (V.95)
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Xe(1)

X0

2 N
= x
PHUC. 65. K pacuery 3aKauKH aKTHBHol NpUMeCH ¢ 3ana3fHBaHHeM BO3EHCTBHA

Ha mjacTt

Touky H, COOTBETCTBYIOUYIO 3HAYEHHSIM apAMETPOB B LIEHTPUPOBAHHO ii
BosHe. ITosTomy nBHXKEHHe 3TOrO CKauka ONpenesieTcss ypaBHeHHSMH

dXldt =(U/m)[F (st) — F (sa)]//(st —sa); F(s)=F (s, 0),
X, = (Uim)F' (st, X(t)=X.(t), st(t)=ss.  (V.96)
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Orciona uMeeM
sa
F" (s)ds
——S [F (S) —F (SA)] (s — sA)_l _ F' (S) . (V.g7)

t=1Isexp
s+

OrpanuyuMcs 3[eChb TOJBKO CJy4YaeM, KOTAa HaChILIEHHOCTD §3 60Jblue
(&pOHTaNbHOM B epBUYHOH LEHTPHPOBAHHOM BOJIHE, OTBEYAIOLleH pelieHHIo
bBakaesi—Jleseperra. Ilpn 3tom peuenne (V.97) coxpansieT CMBIC]
BIJIOTh A0 = oco; aMIUIHTYJa OOPaTHOrO CKauKa aCHMITOTHYECKH CTpe-
MHTC K HYJIO, a pelieHHe acCHMNTOTHYECKH CTPEMHTCS K aBTOMOAE/b-
HOMY pelleHuio, orBeuawomeMy T = (. DBOMIOLUHUS MIHOBEHHBIX HpOQH-
Jiel HAaCHIIEHHOCTH BO BPEMEHH IIOKa3aHa cXeMaTHYeCKH Ha pHc. 65, 6.

H3noxeHHEIT B 3TOM NYHKTE MaTepHasJ, B OCHOBHOM, COJEpKHTCH
B [18]; moAXoX K MCCJAEJOBAaHHIO HEaBTOMOJENbHEIX 3afad GepeT Hayaslo
ot paborn Il. I'. Benpukopenkoro no BbITeCHEHHIO He(TH OTOpPOUKAMHU
aKTUBHBIX NpuMmeceil [8]; 3ajaya 3aNasnbIBAIOILErO BbITECHEHMS HCCJe-
nosaa O. M. Agmwaesoit u A. ®. 3asoBckuM.

§ 3. ddpdexTni nuddy3un 1 HEPAaBHOBECHOCTH
B 3ala4aX BbITECHEHHs1 He(pTH
PacTBOPOM aKTHBHOHW NMpHUMecH

Tak e, Kak ¥ B «OObIUHOH» TeopHH ABYxda3HO# (HIAbTPALUM (CM.
ra. 1V), kpynsomaciitabHoe npubJukKeHHe OKazhiBaeTCsl HeJOCTATOYHLIM
TaM, TJe BO3HHKAIOT 06sacTy OOJMbIIMX JIOKaJbHBIX TPAJIHEHTOB OCHOB-
HBIX NepeMeHHHIX, T.e. BOJH3H CKaYKOB HAaCHILEHHOCTH W KOHLEHTpa-
IIHK, a TakXe B TeTEPOT€HHBIX (TPELlHHOBATO-MOPHUCTHX M CJOHCTO-
HEOZHODOXHBIX) IIacTaX. AHaju3 BO3HHKAWOWMX IPH 3TOM CHTyauHi
C YYeToM JHCCHNATHBHBIX-KANMJISPHBIX H Iu(phYy3HOHHBIX 3(deKToB
SIBJSIeTCS]  KJIOYEBHIM JIJsI HOHWMAaHHS MeXaHH3MOB, (HOPMMPYIOLIHX
He(TeoTHAuy B peasbHBIX MJjacTtax. B xaHHoM naparpade KpaTko pac-
CMOTPEHbl HEKOTOpBEIE H3 HUX.

Tonkas cTpykTypa conpsiKeHHOro CKauka KOH-
UeHTpAalHH AaKTUBHOH OpDHUMECH W HacbhIeHHOCTH. Bm-
IHIIEM CHCTEMY YpaBHEHHI OJHOMEPHOI'0 BEITeCHeHHs He(TH pacTBOpPOM
aKTHBHOH IIpHMecH B NpeHeGpeeHHM ee BAMSHHEM Ha IJIOTHOCTH (as,
HO ¢ y4YeToM NHCCHNATHBHBIX 3(geKToB; Nnpumech GyneM CYHTATb BOAO-
pacTBOpUMOH:

Js oF %)

a 7] ‘ d
5t—(msc+a)+U5;(cF)+s£(c¢>9)= v%‘(Da—i)

F=[1f +wifolpel=l; Q=P s,+P  ; ®=Ffolpy. (V.98)

HapaMeTpm € H v XapaKTepPHU3YIOT OTHOLUeHHsI KalWJIIpHOro JHaB-
JIEHHA K DNOJHOMY THADOAHHAMHYECKOMY nepenagy HAaBJ€HUS B IJacTte
H OTHOUWIEHHE BpPEMEHH I[IepeHOoca YaCTHUH q.')PlJ]praU.HOHHbIM ITOTOKOM
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KO BpeMeHH IH(PDYsuH BROJML MaacTa M OOBIYHO Majbl (eM. ra. IV y
ra. V). Ecan nonoxuts ¢ =v =0, To npujgeMm K pacCMOTPEHHOH Bhiule
3aja4e KpymnHomaciura6uoro npubmuxkeHusi. IlpeHe6Gpexenue MannMu
napaMeTpaMH He3aKOHHO BOJM3H CKAauKOB BHELIHEro (Kp ymHoOMaciita6-
Horo) npuGmuxeHHs. IIpH ManbiX ¢ W v aHaNU3 PELUCHHS B OKpeCT-
HOCTH CKayKOB CBOAHTCS K NOCTPORHHIO (MO0 aHAJIOTHH C TeM, KakK Mul
3TO JeJlajli ye He pa3) BHyTDeHHero pelieHusl 3afaud. Ilpu srtom
HOBbIe 3JIeMeHThI NOSIBJSAIOTCS JHUIbL NMPH PACCMOTPEHHH TOHKOH CTPyK-
Typbl CONPSKEHHHIX (S, ) CKAuyKOB, 4YeM Mbl H OTFDaHUYHMCS 37ech.
[Mepeitnem B ypaBHeHHsaX (V.98) K cHcTeMe KOODJMHAT, ABHXK ylleHcsl
BMECTE €O CKayKOM, BBEASI «OLICTpHIE» NepeMeHHbIe
= (x —Vi)le, tv=ll, (V.99)
H GyleM HCKaTb HETPHBHAJbHOE CTalHOHAPHOE pelleHHe, YIOBJeTBO-
psiiolliee YCJOBHAM CpallABaHHUS C BHEIUHHM pelleHHeM: §(4 o) = st,
c(+ ) =c*. Ilpn 3TOM NpeAmonaraeTcs, 4TO BEJAHYHHBI V, s*, ¢+
onpejie/ieHbl NPH NOCTPOEHHH MVIOGANBHOTO BHELIHETO pelleHns (cM. ri1. V)
H, B YaCTHOCTH, YNOBAETBOPSIOT YC/IOBHAM Ha ckauke (V.51), (V.52),
(V.53).
Ilnsa uckomoro cramHoHapHoro pemwedus s(7), ¢(q) H3 (V.98) ¢ yue-
ToM ycaoBuit (V.51) — (V.52) nMeem cucreMy
dsidn=—H()[B(s, )Y (s, ¢) + (c—cT) Z (c))/G (s, ¢),
de/dyg = H (¢) (c—c) Z (¢),
Z=F-—{¥s+ (@—a)m(c—c); &=mV/U, (V.100)
Y =F—F —¢tj(s—s); H=¢VD; G=P, P B=v D/:DP,.
Cucreme (V.100) na ¢asopoit maockocTH (s, €) COOTBETCTBYET ypas-
HeHHe
de G(s,0)(c—c)Z (o)
& TIG= 20+ B 9V G ol (v.10n
T b
Oco6biMH TOYKAMH 3TOrO YpaBHEHHs sABASIOTCA ToukH M+ (s+, ct)
H M—(s™, ¢~); HCKOMOMY peUIeHHIO BHYTPEHHEH 3ajaulr oTBeyaer
TpPaeKTOPHUs, COEAMHAIONAS 3TH OCOOBIE TOUKH. ¥ CJO0B Hsl CYILECTBOBAH Hsl
BHYTDEHHErO pelleHHs] TeCHO CBA3aHbl C YCJAOBHAMH YCTOHYHBOCTH
CK4ayKa BO BHEUIHEM pellleHHH, XOTS W He cBOAATCH K HuM. [Tokaxem
3TO Ha OJHOM MpHMepe (OCTaJbHbIe CJAy4YaM JONYCKAIOT aHAJOTHYHOE
paccmorpenue). ByneM paccMatpuBaTh CTPYKTYpy €Kauka «IoOJIe3HOMH»
AKTHBHOH NpHMeCH, KOrjJa B CKauKe BO3pAaCTalOT KOHUEHTPalus MNpH-
MecH H HacbllleHHocTLb. DyjeM nomarate Takike, YTO NpPHMECh yMeHb-
liaeT Mex(dasHoe HaTsKeHWe M KanuaaspHoe AasiaeHue. Torza B co-
OTBETCTBHH C MOCTPOeHHsAMH pHC. 66 umeem aaa Todyek M—(s—, ¢~) u
M+ (s‘l‘, C'f‘)

_ OF (s—, ¢™) _ F(s—, ¢7) < F(s—, ¢)

¢ 3s St adse S s+ A,
+ + ot
B <y = B D) A= Xt —X-. (V.102)

S+-[-A't.
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Ha nnockocru (s, ¢) aunusm F=F (s, ¢t) u F=F (s, c—) coor-
BETCTBYIOT FODH3OHTaJbHbie NpsMBle ¢ = ¢*, a npsmoi M—M+ — Kpu-
Bass Y = 0, gacalomascs npsModl ¢=c¢— B Touke M—.

Bennunna Y nonoxurenbha nop xpueoit M+M—M* u orpuua-
TeJbHa Hax HeHl. Bpoap M+M—M* umeem us (V.101):

dc/ds = —G (s, ¢) = —P /P, . <0.

®dyukuHa Z (c) obpamaercs B HyJb (pHc. 67) mpu ¢ = ct; ouna no-
JIOXXHTeJbHAa 1Js1 TeX ¢, AJAA KOTOpHIX
fac)—a()c—c )y ' >alct)—al(e)(ct—c)~1. (V.103)
B nanphefilieM OymeM npejinojaratbh, 4to ycjaosue (V.103) Beimoa-
usiercss npu ¢t < ¢ < ¢—. Ha posnb, KOTOpyio 3TO ycJOBHE Hrpaer NpH
NOCTPOEHHH TOHKOH CTPYKTYpH cKayka, Yykasan A. @. 3asosckwuil.
C yueToM NpHHATHX Jonyiienunit B < 0, H 3HaMenaTe/Nb B IPaBOH YacTH
ypasnenust (V.101) obpamaercs B Hyap npu Z >0, ¥ >0, T.e. wuso-
KJIHHA GeCKOHeYHOCTH dc/ds == co, JeXHT BHe KPHBONHHEHHOrO Tpe-
yroibHuka M+M—M* (cM. puc. 66). B srom cayuae nosne Hanpasae-
Huil B ¢asoBoit miockocTH ypaBHeHHs (V.101) npunumaer Buj, noka-
3aHHBI Ha puc. 66, M cyliecTByeT eIMHCTBeHHasi TpaeKTopus M+M—,
coenunsiomast ocofue Toukw M+ u M—. Donee neranbhblii aHasu3
TNIOKa3biBaeT, 4To Tpaekropus M+M— spasercs cenaparpucoit cenda
M+, npuHagsexauelf NyuKy TPaeKTOPHH, BXOLSIIHX B cepto-y3ea M—.
AcuMnToTHKa pellieHnst BOJH3H OCOOHIX TOYEK YCTaHABJMBAaeTcs MpPH

IOMOILM H3BECTHOH TEXHUKH, NNpHYe€M OKa3sbIBaeTcst, UTO BOJIM3H TOYEK
M+ u M_, COOTBETCTBEHHO

c—ct =k(s—st), k>0,
c—c ~—ctexp [RI(s—s)](s—s~)2 s<s,
R=2G"{F —t;(s 4+ A7)}/B"F73% >0. (V.104)

PUC. 66. K nccrenosaHuio cTpykTy-
PHl CONPAXKEHHOTO CKauKa HacbllleH-
HOCTH H KOHLEHTpallHH aKTHBHO# NpH-
MecH PHC. 67. K onpenenennio 3xaka Z (c)

Z>0 fz<o

Z>0

L2

oepbbk——————————

ad




Unrerpupys ypasHerusi (V.100) H HCOABb3ys aCHMNTOTHYECKHe CO-
otHowenus (V.104), HaxoaHM

§—s ~2G7 /B H F g, ¢—c ~consty 2exp(—X7y), 7> —oo,
s — st ~ const exp (—y 1), ¢— ct ~ const exp (—xty), 5 - oo,

=gl AN = e (V)
Iocnentde BbipaXeHns NOKas3hIBAIOT, YTO LIMPHHA MEPEXOAHOH 30Hb

(~]/Xi) 06paTHO NponopilHOHAaJNIbHA CKOPOCTH CKa4yKa H TeM MeHbllle,

yeM Gouibllie pasHulla MEXJY XapaKTEDPHCTHYECKHMH CKOPOCTSIMH £; BTO-
pOro ceMeHCTBAa XapaKTEPUCTHK H CKOPOCTBIO CKAayKa.

CyluecTBeHHO TaKXe, 4YTO 3a CKayKOM H3MeHeHWe KOHUEHTpalHH
NPOMCXOAHT IKCMOHEHIHAJIbHLIM 06pa3oM, & HAaCBIeHHOCTH — CTeleH-
HbIM, T.e. 3HAYHTeJbHO MelseHHee. EC/IM MOMHTAThCA NOCTPOMTH BHYT-
peHHee pellleHHe THNA DAaBHOMEPHO DPAaCNpOCTPAHSIOWENCS BOJIHBI HpH
a .= const (Tax Ha3sbiBaeMb¥! KOHTaKTHBLIA pa3sphiB, Koraa CKODPOCTh
CKayKa paBHa XapaKTeDPHCTHYECKOH CKOPOCTH BO BCEM JHana3oHe H3Me-
HeHHS KOHLEHTPALM INPHMeCH B CKauke), TO OKaXKeTcsi, YTO TaKOro
petenns Her. ITocTpoeHne BHYTDEHHErO peElUEHHSI B TAKOM cJjyyae Tpe-
6yer Gosiee TOHKHX paccCyxJAeHHH. PellleHHe 3TO HMeeT BHI pacIuHps-
Iolelcs TPONOPLHOHANbHO £1/2 mepeXoAHON 30HHI (HAaLOZOGHe TEMJIOBOL
BOJIHHI}.

3aMeTHM, YTO NOCTPOEHHE BHYTPEHHEIO PEIUeHHS CYIHECTBEHHO HC-
nonb3yet ycaosue (V.103), B cuay KOTOporo B nojoce ¢t < ¢ < ¢— Her
occOeix Touek ypabHenus (V.101). Ilo-Bupumomy, 3710 yc/ioBue caenyer
paccMaTpuBaTh Kak JONOJHHTEJbHOE HEOOXOMMMOe YCJ/AOBHE YCTOHYH-
BOCTH CKayKa.

HepasnoBecHbe 9bGexTs BCTPYKTYpPe CONpsxKeH-
HOro cKayka. B 3ajauax BHITeCHeHH He(TH pacTBOPOM aRTHBHOH
[IPHMECH BO3HHKA€T HOBBIH BaXKHBIl HCTOYHHK HepaBHOBECHOCTH — Ha-
pylieHHe paBHOBeCHsI B paclpele/leHHH aKTHBHOK IMpUMECH Mexay
BOJIOH, HedTBIO H MODHUCTHIM CKEJETOM, a TakKe MeXAYy OTIeJbHBIMH
KOMIIOHEHTaMH TeTePOreHHO# NopHCToi cpensl. CBsisaHHbIE ¢ 3THM 3ddeK-
Thl 'POAHAJNH3HDYEM BHOBb Ha MNpOCTeHlllel CHTYallMH — 3afade BEITEC-
HeHHs1 BOJOPACTBOPHMON INOJIE3i0H NPHMECH B NpeHeOpeEeHHH KallHJ-
JADHBIMH 3pdexkTaMH H AH(dysnedl B HanpaBJIeHHH NOTOKa.

Hmeem 3anauy

oms OF (s, ¢) __ d (msc + a) UdcF
"a_t + U ox = Ov ot + o == 01
da/ot = t=lo (¢, a) ¢ (¢, a*(c) =0, (V.106)

s(x, 0) =so, c(x, 0)=1co, s(¢ 0)=s% c(¢ 0)=c% a(x,0)=a*(c).

OTHOlleHHe BpeMEHH YCTaHOBJEHHS! PABHOBECHOTO paclpefeleHHs
NMpHMECH K BpeMeHM JIBHXKEHHS XHWJIKOCTH B MJacTe HrpaeT B [ocJe-
JYIOLIeM PAcCMOTPEHHH pOJb Majioro napameTpa 3ajauH. Buellnee pe-
LueHHe 3aJladyH ocTaeTcsl NMpeXHuM. UTo6bl MOCTPOMTL BHYTPEHHee pe-
lueHHe, NepeifieM K NOABHKHOH CHcTeMe KOOPAMHAT: v = (x — Vi)/<V;
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t' =1/t, n OyneM HCKaTb CTallHOHApHOe pacnpejejeHne s=5(7), €=
= ¢ (). Ilpu 3ToM uMeeM

F—ts=Ft+t-—tist =F —§is~ = const,
cF —¢tj(cs + A) = ¢*F* — & (c*ts= + A<) = const,
da/dq = —¢ (a, ¢) (A = a/m). (V.107)

Bruipaxast u3 nepshx ABYX coortnomeHuii (V.107)a uepes ¢, HMeeM
JIMHEHHYIO CBSI3b MEXJY 3THMH BEeJHYHHAMH:

a=at 4+t 'mc—ct) (FF —¢st), (V.108)
c=ct + E,' (a —_— a+) (F+ _—_ E,‘S’*’)_l/m.
IIprn 3TOM cBSI3b MeXAY 7 H a Onpezensiercs HHTErPUPOBAHHEM

ypaBuenus (V.107)
da
n__fﬂmQM' (V.109

Jns uHTEpnpeTanMH STCrO pesyibTaTa YAOGHO BOCIOJIbL30BATHCA
(¢, a)-nmarpammoit (cM. pHc. 58).

HetpyaHo Buaerb, YyTO paBHOBecHas H30TepMa copbunu a = a* (c)
pasbuBaeT NepBblfi KBaJpaHT MJOCKOCTH (C, @) Ha ABE 4acTH; Haj STOH
KpuBoll ¢ < 0, mox He# ¢ > 0. Hurerpuposaune (V.109) npoucxozur
no npsMofi, coeruHsomedl Touku (ct, at) ¥ (¢c—, a~), Tak 4yr0 MNpH
OUEBHIHBIX AONYINEHHSX ¢ MOJOXKHTENLHO BLONb NYTH HHTErPHPOBAHHS
¥ ofpaiiaeTcs B HyJb B KpafiHux Toukax. [1pu stom v u3MeHseTcs
or —oo o oo. CrauHoHapHOe pacnpefeseHHe KOHLEHTpPAUMH, ONpeje-
asiemoe BhipaxkenueM (V.109), B ¢H3nuecKHX KOOpAHHATaX HMeeT 3bbex-
THBHYIO TO/IIHHY, MNpONOPUHOHANBHYI0 tV, H, TakuM o6pas3oM, pac-
MUpsAeTSs € YBeJHYeHHEM CKopoctu BoiTecHeHusi. CoOTBeTCTBYIOUIHHK
Npo(HIb HACHIIEHHOCTH OJHO3HAYHO ONpeJleJIsieTCss H3 NEePBHX COOTHO-
menuit (V.107). [TonyuenHoe pelueHHe oOnpefessieT TJABHHH wieH Mo-
NpaBKH K KDYNHOMaclITaGHOMY pellleHHI0, BHOCHMOH HepaBHOBECHOCTBIO
copbuuu. CoriacHo eMy HepaBHOBECHOCTb COPGIMHM CcKasbiBaercd Ha
JuHaMHKe He(TeoT]auH, HO He Ha ee KOHEYHOM 3Ha4ueHHH. IbeKTH,
CBA32HHBIE C KOHeYHOH He(reorgayeil, TpeGylT aHa/IM3a CJAeLYIOUIHX
YJIEHOB pAa3J/IOXKEHHS.

Kanunngpurasa nponurtka. Kak yxe rosopunocb B ra. IV,
OJHUM M3 BaXHeHUIMX LpPOLeccoB, (GOPMUPYIOULHX HepreoTAauy rerepo-
TeHHBIX I1J1aCTOB, SBJAETCH KaMWJIsIpHAs NMPOIUTKA — BOHTHIBAHHE BOJLI
B MaJIONpPOHHIIaeMBle MPOMJIACTKH U GJOKH IOpOoAbl, MNePBOHAYaJBHO
3anoJyiHenHsle Hedrpio. IlO3TOMY BaXXHO 3HATh, KakK BJAUSET Ha 3TH
npolecchl HajJHyHe B BOLe 2KTHBHOH NMPHMeCH, BJHSMIOHIEH Ha (ha3oBHle
NMPOHMIIAEMOCTH M KaNUJJISIpPHOE jaBjeHue. PacCMOTpDHM 3Jech JIHIIb
OCHOBHOH Mpoliecc OAHOMEPHOH IIPOTHBOTOUHOH KAlUJUISIPHOH NPONHTKH,
XapakTepH3ylollefic]l pPaBeHCTBOM HYJII0 CyMMapHOro noroka ¢as. Onu-
caHMe 3TOrO nmnpouecca paercs cucreMod (V.98), B koropo#t caenyer
nonoxuth U = 0. MMeem 3anauy:

ds a [Ff, ds dc
™ 5t +55;[§(”-55;+P-v5;ﬂ=0’
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dlmse + a (0] ar Fh ds
ot +€0x [C ™ (P"6x+ es
oc a dc 7 [-¢
+P,05}—)]_ va=D 5o, (V.110)
s(x, 0) = so, ¢(x, 0) = ¢q,
s(0, #) = s% ¢ (0, {) = c". X 1
ChopmyanpoBanHasi 3afaya, Kak s 2 ‘N.
JIETKO BHAETb H3 coo0pakeHHH pasMep-
HOCTH, HMeeT, NoJo6HO 3afaye OOLIYHON
KaNHJIJASAPHOR TNPONUTKH, aBTOMOJEJIb- ¢

HOe pelleHHe BHIA

PHC. 68. Pacnpegenenne KOHILIeHTpe-
s=8(t), c=C(t), t=x(et)~'72, MK ¢ axmnﬂo%i npHMECH H_ Hachl-
(V_]l]) IIEHHOCTH § TIpH KanuaispHol mpo-
NHTKeE:
rie ¢yngund S(§) u C(§) — pewieHHe ;—p,  4+0; 2— P, =0
3aja4yH

d ds dey | & ds __Fly _Eh
d—E[X(s, AE+Y (s c)d—e]+m—€=o, X= PP, ¥ =2P,

d ds dc d /D dc ¢ d(mes + a)

XapaKkrtep 3TOrO pelleHHsl ONpejessIo UM 06pa3oM 3aBHCHT OT CO-
OTHOLLUEHHs! KanuisipHoro H Auddy3uoHHOro kKo3Q@HIHeHTOB NepeHoca.
OrpaHnuyuMmcs 3pech ciayyaeM, Korja Auddy3HOHHBIH IepeHOC MaJ, 4YTO
oTBeyaeT OOBYHOMY COOTHOlIeHHIO mnapaMeTpoB. Ilpu 3TOM, mNosaras
B (V.112) D=0 u BHuuTas 43 BTOPOro ypaBHEHUs NEPBOE, YMHOMEH-
HOe Ha ¢, MONYYHM

0 0 dey 0
(ms+a,c)§+e(X£+Y5£)5%=0. (V.113)

Taxum o6pasoM, nepeHOC KOHUEHTPALHH TNPHMECH ONHCHIBAETCH
ypaBHeHHeM IIepBoro IopsAjKa, KOTOpoe JHONYCKaeT pa3phIBHHIE pelle-
HHsl (B YacTHOCTH, KOHLEHTPALHsi NPHMECH MOXET [IEPeHOCHTLCS B BHJE
«CTyneHbKu»). Ilpm 3TOM, NOCKONIBKY B CHJY INepBOrO ypaBHEHuUs
(V.110) xanunasipoe gaBleHHe Ha CKAauKe HeNpepuiBHO, CKAaYOK KOH-
LCHTPALUH CONPOBOXKAAETCS CKAYKOM HACBHILEHHOCTH H3 YCJIOBHS

P(st, ct)=P (s, ¢). (V.114)

Ycnopue GasaHca HACHILEHHOCTH, CJEAYIOWee H3 T2pBOTO  ypaBHe-
uus (V.110), onpenensier cBSIsb MeXAy CKOPOCTBIO CKauKa, BeJHYHHOK
CKayKa HAacCBINEHHOCTH H CKaYKaMH NPOHM3BOAHHIX S, H C, x.

Tunuynas kaprTuHa pelenust nokasasa ma puc. 68. XapakTepHo
OTcTaBaHHe (pOHTa InpuMeCH OT ¢POHTA BOABL. IDTO CBOHCTBO HMeeT
BaXKHhie nocsencTBHA. ITocKoubKy Benyuuil MexaHM3M — KanuJuisipHast
NPONHTKAa YHCTOH BOJOH, Ha/lHuMe AaKTHBHOH NpHUMecH cJabo BJIHSIET Ha
CKOPOCTh TNPONHMTKH. B 3THX ycJI0BHSAX OCHOBHOH >(xpeKT aKTHBHOMH
TNpHMECH MOXeT ObiTh CBfI3aH JIMIIL C €€ BJHSHHEM Ha HECHHKaeMyio
He(pTeHachieHHOCTb (1 — s%). SIcHo, yro Ha 3ToT moKasaTesb H ciefyeT
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ofpalaTh BHHMaHHE NDH NMOACOpE areHTa BO3AEHCTBHS NMPH 3aBOAHEHUH
rETEPOreHHBbIX MJACTOB C THIPODHABHBIMH GJI0KaMH.

Muas kaprtuHa nosydaercs, ecsu 6JIOKH MepBOHAYAIbHO THAPOGOOHL!
H NPONUTKA HX BOJAOH HeBO3MOXHa. B 3ToM c/lyyae NpHHIHIHAABHOTO
yJayvllleHHss NoKasaTeJiefl IIpolecca MOXKHO HOCTHYb, JOGaBHB K BOJe
ruapodunusyomuit pearentr (ITAB), nesatomiuii noBepXHOCTh MOPOJABL
rHapoduALHOH. MOMHO MOKa3aTh, YTO B TAKOM CJyyae CKOPOCTb IIpo-
tiecca onpefensiercs onepexarwoilel n1updy3Heii xuMpearenta, KOTOPBIH
BefieT 32 coGol MponHTKY. OTOT BHIBOA TaKKe CYHUIECTBEH ANS Iipa-

BHJIbHOTO BHIGOpa T'HIAPODHIH3HPYIOUWMX DEeareHToB.
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KOCTel, Bansnue BA3KO-NJIaCTHUECKHX
ceolicts HepTH Ha HedreoTAayy !

§1 Hpoueccu Temao- H Macconepenoca B IIO-

pHcTOHl  cpede .
§ 2. BuitecHeHne HedTH pac*rsopaml aKTHBHle
npHMecei
§ 3. OddekTn p.ﬂcpq)ysml u HepaBHOBeCHocm B

3afayax BbiTeCHeHHs He(TH pacTBOPOM aK-
THBHOH MpHMeECH e e e e e
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