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PaccmarpuBaeTcs 3agaya 06 oTO0peE KUIKOCTU U3 IJIACTa B CKBAXKUHY MJIM 3aKauKe XUIKOCTU U3
CKBaXXWHBI B IUIACT MPpU HAIM4YUU TpeluHbl [ PI1, neprieHauKyasipHOM CTBOTY CKBaXKUHBI, B PEXKU-
Me€ ITOCTOSIHHOTO pacxoa. I1ojlydeHbl aHATUTUYECKUE PellleHNs], OITMChIBAIOLIIE SBOIIOLUIO AaBJIe-
HUS B TPEIMHE NPU ITIOCTOSIHHOM pacxoze ¢iionaa U3 riacta B CKBaxXuHy. [TocTpoeHbl mpubIv-
JKEHHBIE PEIIeHUS C UCITOJIb30BaHMEM METO/A IOCIeI0BATEIbHONM CMEHBI CTallMOHAPHBIX COCTOSI -
Huii (ITCCC). CpaBHeHME 4YMCICHHBIX pPe3yJbTaTOB TOYHOTO M IPUOJMKEHHOIO pelleHU
MOKA3bIBAET, YTO OHU MPAKTUUECKU coBNaaalor. [IpoaHaau3upOBaHO BIMSHUE KOJIEKTOPCKUX Xa-
PaKTEepUCTHUK TIACTa U TPELIMHBI HA SBOJIIOLIIO NaBJIECHUS B TPEIIMHE U B CKBaXKHE.

Karoueswie crosa: tpeuimHa ruapopaspeiBa miacta (I'PIT), moctostHHBI pacxod, pachpeneaeHue
naBJjeHusi, uHTerpoaruddepeHIMaIbHOe YpaBHEHNE, aHAJIMTUYECKOE pellieHre

DOI: 10.31857/S0568528122600692, EDN: NTEWPR

B HacTosiee BpeMs B CBSI3U C TeM, YTO 3HAUYUTEIbHAsl YaCTh 3al1acOB HE(DTU SIBJISIETCSI TPYAHOU3-
BJIEKaeMOIi B CUJIy HU3KOM MPOHUIIAEMOCTHU TJIACTOB WJIU BBICOKOM BSI3KOCTHU caMoii HeTu, MpencTaB-
JISIIOT 00JIbIIION MHTEPEC 3aauu, ONUChIBatoIue huiabTpaiuio dironaa B Ipu3adoitHolt 30He, MoaBep-
>KeHHO pa3InYHbIM (PU3UKO-XUMUYECKUM U MEXaHUYECKUM Bo3aeicTBUsIM. CylllecTBeHHas YacTh pa-
0ot [1—5] mocBsieHa 3aga4aM (UIbTPALMA BOKPYT CKBAXKWHBI IPU HAJTMYUU TPEIIUH, TTOTYYEHHBIX
myteM runpopaspsaiBa rwiacta (I'PIT).

B pa6Gortax [6—9] nmpuBeneHa Momellb, ONMCHIBaIas GwibTpalnio ¢uionna B TpemmHe ['PIT u B
OKpyXKalollleM TpelluHy ruiacte. B [6] mpuBoguTcsl pellleHrne, ONMMChIBampllee U3MESHEHYE TaBICHUS
KUJIKOCTU Ha CKBaXKMHE IPpU TOAAepKaHUM ITOCTOsIHHOTO aeduTa. B ctaThsx [7—9] onuckiBaeTcs pac-
npenenenue gapneHus B TpeinuHe I'PIT npu pexume monaep:kaHUs ITOCTOSSHHOIO TaBJICHUS Ha CKBa-
XKWHE U IIPU IToAAep>KaHNM ITOCTOSIHHOTO Pacxoaa XUIKOCTH. Bo Bcex yITOMSIHYTHIX BBIIIIE paboTax pac-
cMaTpUBaIMCh HauOoOJIee pacIipOCTPaHEHHbIE B HACTOSIIEE BPEMsI BEPTUKAJIbHBIE CKBAaXKUHBI C BEPTU-
KanbHOM TpemuHoii I'PI1, cuMMeTpHUYHOIT OTHOCUTEILHO OCU CKBaXKUHHBI.

B maHHoI1 paboTe paccMaTpuBaeTcs IIpolecc HecTallMOHApHOU (punbTpaluu (aonaa B TpelluHe
I'PI1, nepneHauKyJISIpHOIT OCH CKBaXXWHBI, IPU MOMIEPKAHUM MOCTOSHHOTO pacxoia XXWIKOCTU Ha
ckBaxkuHe. /1151 perieHuss mMoCcTaBJIeHHOM 3aauu MpemioXkeHa MaTeMaTudeckKasi MOJIe/ib B BUIE MHTE-
rpo-auddepeHLnaabHOro ypaBHeHUs. HaliieHbl TOUHOE aHAJMTUYECKOe pellleHUe dyepe3 (PYyHKIUU
Bbeccenst u mpubmmkeHHOE pellieHre, ITOJIyYeHHOE ¢ ITOMOIIbIO METOIa MOCJIe10BaTeIbHOI CMEHEI CTa-
nuoHapHBIX cocTostHr (ITCCC), ynodHoOe 1j1sT MpaKTUYECKOTro IIPUMEHEHUS M XOPOIIIO COIIACYIOIIe-
€Cs1 C TOUHBIM PEIICHUEM.

1. OCHOBHBIE YPABHEHHWA

PaccmaTpuBaeTcs TpelMHa IMMPUHBL dy, 00pa3oBaHHas TMAPOPA3PHIBOM IUIACTA U MPENCTABIISIO-
11ast co60ii 061aCTh ITIOPUCTOM U TIPOHULIAEMOI Cpebl MEXIY AByMSI MapajlieIbHBIMU BEPTUKAJIbHBIMU
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OUIBTPALIUA PITIONJA K CKBAXKHWMHE 91

Puc. 1. Cxema cuctembl “ckBaxxmHa—rtpetiuHa ['PI1”.

IJIOCKOCTSIMH, PACIIOJIOXKEHHAs IIePIICHANKYISIPHO K TOPU30HTAIBHON HMJIMHAPUICCKON CKBaXXUHE
(puc. 1). TeyeHHEe XUIKOCTU B TPEIIMHE — PaIUaIIbHO CUMMETPUYHOE. 3aluilieM ypaBHEHUE Hepas3-
PBIBHOCTHU 1151 (OJIIOMIA B TPEIIMHE

d(m d(rp,v v |
( fpf)+l (pf f)=_2(p17 p) (a<r) (L.1)
ot ror de | _
y=0
Tie m; U p; — IOPUCTOCTh U TJIOTHOCTh (hirouaa (34eCh U B JaJIbHEM1IEM HVMXKHUE UHAEKCHI f U p COOT-
BETCTBYIOT 3HAUYEHUSIM MapaMeTPOB B TPELIMHE M OKPYXalolleil ee OPUCTOI cpene), v; — CKOPOCTh
GUIBTpALMU XXUIKOCTH, @ — pallyCc CKBaXXMHBI. BenunuuHa B ripaBoii yacTtu ypaBHeHUs (1.1) BeIpaxkaeT
OpUTOK (prrona u3 IUiacTa B TpelluHy. I ee onpeneaeHs pelIuM CONPSLKeHHYIO (DMIBTPALIOHHYIO
3a/avy B IJIacTe BHE TPELIMHBI. [{JIsT 2TOro 3amnuiineM ypaBHeHUE HEpa3pbIBHOCTU B IOPUCTOI cpeae

d(m 0
( ppp) + (ppvp) =0 (0<y<o) (1.2)
ot dy

Ocb Oy OTCUUTHIBAETCS OT CTEHKM TPELIMHBI.
Jlia onurcaHus npolecca GUIbTpaluy B TPELIMHE U B TUIACTe IPUMeEM 3aKoH [lapcu

k,oP k,oP
vf=——f—f (a<r<e), v,=—=2L—L (a<r<e, 0<y<oo) (1.3)
W or w dy

rae k; (i =f, p) — KO2GOULIMEHT TPOHULIAEMOCTHU, [I — JUHAMMUYECKasl BA3KOCTb (duounna. Cxumae-
MOCTb XXUJIKOCTU YYUTHIBACTCSI B aKyCTUUYECKOM IIPUOIVKEHU

P-R=C(p;—py) (i=f.p) (1.4)

rae C — CKOpOCTb 3ByKa ISl XKUAKOCTU, MHIeKC (0) BHU3Y ISl JaBJIEHUS U TNIOTHOCTU COOTBETCTBYET
WX HEBO3MYIIIEHHBIM 3HauyeHUsiM. PJoua cuutaeM ciabo CKUMaeMbIM (|P; — p0| <p; =p,). Torna
ypaBHeHus (1.1) u (1.2) c yuetom (1.3) u (1.4) MOXXHO IPUBECTU K BUIY

aﬁzﬂi(,aﬁj”ﬂ&(%] (a<r<o) (15)
ot  r or or mpd;\ 9y )|,
2
aait”zaepaa;” (a<r <o, 0<y<o) (1.6)

2
rae e&; :M([’ :f,P)-
m;lL

OrmeruM, 9T0 P, — DYHKIUS IEPEMEHHBIX 7 ¥ 7, & P, — GYHKIUSA IEPEMEHHBIX, 7, r U y. B pe3yib-
tate cucteMa (1.5) 1 (1.6) MokeT OBITh CBeicHa K OQHOMY MHTETPO-auddepeHIUATEHOMY YPaBHEHUIO
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92 AHOCOBA u np.

nns P JleiicTBUTENbHO, BEMMUYMHA JaBleHUs P, HAa TIOBEPXHOCTU CTEHKHU TpelMHbI (y = 0) I0/mKHA
ObITh paBHA P;. DTO yCI0BUE 3AMUILETCA KaK

P,=P (a<r<e, y=0)
ByneM cuuTaTh, 4TO B MOPUCTOI Cpeie BOAIM OT TPEIMHEI JaBJIeHIE ONHOPOIHOE U PaBHO Py, T.c.
P,=PR (a<r<eo, y=co)

CormnacHo ypaBHeHUIO (1.6) TMHMY TOKA IS GMIBTPALIMOHHOTO TeYSHUS B TIACTE T10JIATaloTCs MPsi-
MBIMU, HaIlpaBJICHHBIMU MEPIEeHAUKYIISIpHO K rpaHuie TpemuH ['PII. DTo nomylieHrne ocCHOBaHO Ha
TOM, UTO, BO-IIEPBBIX, 3a00MHBII yJaCTOK CKBAXXWHBI oOcaxkeH (TOCTyIUieHre (IIIoNaa B CKBAXKUHY
IPOMCXOAUT TOJIBKO M3 TPELUMHBI). BO-BTOPBIX, MPOHMLAEMOCTD IIACTA K, HA HECKOJIBKO TOPSIKOB

HIKE, 9eM ITpOoHUIIaeMOoCTh B TpernmHe I'PIT kf(kp < kf). BcnencrBue aToro cocrasisironiasi CKOpOCTU
GbuIbTpaLnu v ) B IUTaCTe BOIMU3Y TPCIIMHBI BIOJIb HEE 3HAYUTEIbHO MEHbLLIE, YeM CKOPOCTb (Duiib-

TpALUK v, B TPEIIUHE (|vp(,) < |v f|) Huke, B 11. 3 OymeT rpencrasiieH 0oJiee AeTalbHbIil aHaIN3 111 JUa -
IMa30Ha PacCTOSIHUS ¥ M BPEMEHHM ¢, KOTIa JIMHUM TOKa B 1jiacTe BOJIM3U TpelunHbl I PIT mouTtu npsimble.
OTMETHUM TaKXKe, 4YTO 3TO JOMYIICHNE O NPIMOIMHEMHOCTH JIMHUI TOKA CUJIBHO YIPOIIAeT pelleHue
3a1a4u.
CornacHo nipuHumity Jdioamens [10] pemenue ypaBHeHuUs (1.6), yooBIeTBOpsOlIee HAaYaIbHOMY U
TPaHUYHOMY YCIIOBUSIM
P,=PR (t<t, 0<y<o), P =P (t>1, y=0) (1.7)

p

MOXKET OBITh 3alIMCAHO KaK

t

p-pR=]

)

ou(y,t—1)

> (Pr(v,r) = R)dt (1.8)

VIS

+oo

u(%t—ryzy—¢0¢a4mpo—r»)=j% ! e da
v/, (=)

IMocie HecltoXHBIX ITpeoOpa3oBaHuii ¢ yaeToM ycanoBuii (1.7) peureHue (1.8) MOXHO IIPUBECTHU
K BUILY

t

p-h=]

)

(P (tr)—R)

u(y,t—1)dt (1.9)
ot

MMoncranss (1.9) B ypaBHeHue (1.5) u nonaras £, = —eo, MOJYYUM CIIAYIOIICE IMHEHHOE UHTETPO-
nuddepeHIManbHOE ypaBHEHUE 1St P, Kak

f¥2:§2§{}iﬂ]_2ﬁi_gjaU?“”)‘%) dt (1.10)
ot r dr\_ or mpd; J ot Jre, (1 —1)

JleBast yacTh 3TOTO ypaBHEHMS CBsI3aHa C YIIPYTOeMKOCTHIO TpelnHEBL. Kak mokasaHo B [7], mist pac-
CcMaTpUBaeMBIX 3a1ad 3TO cjlaraeMoe He CYIIeCTBEeHHOe, U B MaJTbHEHIIIeM UM IIpeHeOperaeM.

2. PUIbTPALIUA DIIONUIA B CKBAXKMHY YEPE3 TPEILLIMHY
B PEXMME ITOCTOAHHOI'O PACXOJA

Ha ocHoBe ypaBHeHus (1.10), mpeHeOperas addekToM yIpyroeMKocTH (Jjionaa B TpelrHe (moJia-
rasi paBHOM HYJIIO JIEBYIO 4acTb 3TOTO ypaBHEHWUS), PACCMOTPUM paaMabHbIi pexXuM (UIbTpalun
B TpELIUHE.

ITycTb B icxonHOM cocTossHUU (¢ < () XKMAKOCTb B TPEIIMHE U B TIJ1aCTe HAXOAUTCS B TOKOE, U, Clie-
JIOBaTeJIbHO, NaBJIEHWE OMHOPOAHO. B MoOMeHT BpeMeHU ¢ = ) HAYMHAETCS C IMOCTOSIHHBIM PacXo0IoM
oto6op (g > 0) unu HarHeTaHue (¢ < 0) XKUIKOCTU U3 CKBaXXWHBI B TpEIIUMHY. TpebyeTcs onpeneauTb
nosie AapjieHusi Py B TPELIMHE U 3aKOH U3MEHEHMs IaBleHus Py, B CKBaXuHe. PaccMoTpuMm ciyvai,
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OUIBTPALIUA PITIONJA K CKBAXKHWMHE 93

Korna g > 0. B pamkax ormMeueHHbIX nonyiieHuil ypaBHeHue (1.10) u ero cucreMa HayajabHbIX U T'pa-
HUYHBIX YCIIOBUI 3aMUIIIYTCS KaK
m, &
2 —”] 2.1y

t
l@(raAPsz fJ'aAP/' dt

(a<r<e) [Xf_

ror\_ or X o 0T Jm(t—1) dym; z;

AP, =0 (AP, =P, -P) (t<0, r>a) (2.2)

2rad k. ( OAP
_M(a_fj = const (2.3)

0 o ),
N3 ycnoBus (2.3) cnenyet
IAR | agn (2.4)
o |,., 2madk,

Hanee OymeM ncrioib30BaTh npeodpazoBanue Jlamaaca [11]

-5 A
AP, = [e™ APt
0

M3 ypaBHeHus (2.1) ¢ yueTom (2.2) moaydyaem st AFf cienymoliee 0ObIKHOBEHHOE AU depeHII-
aJbHOE ypaBHEHUE

AF _
li(,_d fj = 4 AP, (2.5)
rdr dr

Pemenue ypaBHeHus (2.5) numeeT Bua

AEO\&") =G Io(\ij\/X") +C, Ko(\/Xf\/Xr) (2.6)

rne /,(z) u K, (z) — MmomubunumposanHsle pyHKu beccenst 1-ro u 2-1o poza HyJIeBOTO TOPSIIKa CO-
OTBETCTBEHHO [12]. YuuThiBast orpaHM4eHHOCTh AP, Ha GeckoHeuyHOCTH, MMeeM C; = 0. Crenosa-
TeJILHO,

APf (M) =G, Ko(~/Xf 7\.r) 2.7
IMponuddepeHiipyeM o6e yacTu ypaBHeHUs (2.7) 10 MEPEMEHHOI r , Toraa
%(AE(M»)) = KW N WA (2.8)

YuureiBast, uyto npousBonHas K;(z) = —K,(z), (K| (z) — monndunuposanHas ¢pyHkuust beccesns
BTOpOTO poja nepsBoro nopsaka [10, 12]) u3 (2.8) opu r = a 1iorydum

C, = - (2.9)
2nad k Ay K (N ha)

Torna penterue (2.6) ¢ yaeroM BeipaxkeHus st C, u3 (2.9) Oynet UMeTh BUIT
— Ko N
AP, (A r) = — WK VW) (a<r<e

5
2mad k A\ Ko (N Aa)

Haiinem npon3BonHyIO aa (AP; (1;r)) dyskuuu AP, (t;r), ncnone3ys dopmyny Meusa (bopmyity

obpaTHoro nmpeodpa3oBanus Jlamiaca)

Yoo

(AP, (1)) = - j AP (N r)e d

ot
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Yy +ic

\/

y—ic
—

A A

Puc. 2. KoHTyp UHTErpupoBaHus.

Torma

Yico
g(APf (tr)) = au K"(“Xf ) eMan (2.10)

4n zadfkf\/_Y ’mK4K (m)

e Y — MOJIOKUTEIbHOE BEHIECTBEHHOE YUCIIO.

IMonpiaTerpanbHas GyHKUM B (2.10) aHATMTUYHA ITPU BCEX KOMITIEKCHBIX 3HAYEHMSIX IIEPEMEHHOM A
3a UICKJIIIOYECHUEM HYJIA. Hﬂﬂ BbIYMCJIICHUSA 9TOTI0O MHTETPaia BOCITIOJIbB3YEMCAd KOHTYPOM, 1/1306pa)KCHHbIM
Ha puc. 2. CornacHo TeopeMe Kot nmeem

Y+ic

Joel el o] +]+]

Y—ic AC CD DE EF FB

WNurerpansl Booib ayr AC, FB ipu R — oo cTpemsTcst K Hyo. MuTerpan no ayre DE nipu § — 0
TOXe CTpeMUTCS K HyJto. MHTerpait nmo otpe3ky CD paBeH

K| o, o |t
Rl 1 [V e
¢ 7\,4](1(\le Va) € [\/7 ue[_ajelZ

HMuterpan o orpesky EF paBeH

Kol X ueizrjeu4t4u2du
[ Kotz Kot iy i °£Ff
EF 7»4K1(X f\/_7\,a) ¢ K [J;fuelzaj et

Crie1oBaTeIbHO, BBIPaXKeHMe LISl IPOU3BOIHOI a@(APf (#;r)) MOXeM 3amucaTh B BUIE
t
it i
| Kol X ue *r Ko | \x sue*r
r zad k i J I Y
MEALA (,/ ue a]e 4 KI[JX/.ue“a et
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OUIBTPALIUA PITIONJA K CKBAXKHWMHE 95

HWuTterpupys BelpaxkeHNUE ST IPOU3BOMHOI (2.11) 110 mepeMeHHOI ¢, HaXOOUM MCKOMYIO (DYHKITIIO
AP, (r;t)
f ]

T

o K, [fouel“r] K, Lwleuelzr]

c) — qu 1 —u't

AP (t:r) = 1 - (1 _e )a’u 2.12)
Y 2. / 2 ik _iT it T

miadskp\Xs o K,( X sue 4a}e 4 Kl[ X sue 4aJe 4

W3 pemenus (2.12), momnaras r = a, HOIyYUM 3aKOH U3MEHEHMS JAaBICHUS B CKBaXKITHE KaK
Prowy = B + APy

oo K, (\/X»fueiEaJ K, (\/X»fueifaj
1

APy (1) = — I8 - (1 - e*“"’)du

2. J. 2 .TC T T T
d.k —i= —i= i~ i~
nrady f\/X»f oY K, [\/Xifue 4aje 4K, (J)T,-ue 4aje4

OTm™eTnM, YTO TIOJIYYEHHBIE PEIICHMUST IPU TPAHUYHBIX YCIOBUsAX P, = Fyipu y — oo u P, = R, ipu
F —> oo COOTBETCTBYIOT Ha4yaJbHOMY 3Tany (DYHKIIMOHUPOBAHMSI CKBaAXKMHBI, KOTAA BIUSIHIE TPaHUIIbI
IUIacTa, BIUSIHUE (DUIIBbTPALIMOHHBIX TOJIEll COCETHUX TPEellUH (B CIy4Yae CUCTEMBI paauajbHBIX Tpe-
IIIAH), a TAKXKE paauaibHOM IpaHULILI TPEIMHEBI c1a0kIe.

(2.13)

3. MPUBJIIMXKEHHOE PELIHEHUE METOAOM I1CCC 3AJAYU O ®UJIIbTPALINN
K CKBAXHWHE YEPE3 TPEILLIMHY B PEXKMME ITOCTOAHHOI'O PACXOIA

OngHuM 13 HanboJiee MUPOKO MCITOIb3YIONIMXCS TTPUOIMKEHHBIX METOIOB PEIIeHUS 3a1ad TEOPUH
YIIPYroro pexxuma uiibTpalvu sIBJISIETCS METO/, TTOC/IeI0BaTEIbHOM CMEHBI CTallMOHAPHBIX COCTOSTHUIA
(ITCCC). OH ocHOBaH Ha IIPEAIIOJIOXEHNH, YTO JaBJICHUE B IJIACTE MEHSIETCSI BO BDEMEHU 3HAYNTE b~
HO MeIJIeHHee, YeM Mo KoopauHaTtaw [ 13].

PaccMoTpuM yHKIIMOHUpPOBaHUE CKBaXXUHbI B peXXrMe MOCTOSIHHOTO pacxoaa (g = const, £ > 0),
WCXOMHBIE COCTOSIHUS B TUIACTE U B TPEIIMHE MPUMEM, Kak B II. 2. TpeOyeTcs onpenemTh 3BOIOINIO
pacnpeneseHus 1aBjaeHUsl B TpelnHe AP, 1 3aKOH U3MEHEHUsI IaBJIeHUs B CKBaxkuHe APy, TIpu rpa-
HUYHOM YCJIOBUM, aHAJIOTUYHOM (2.3).

CormmacHo runiorese, npuHgaToi B MeTone ITCCC, midg pacripeneneHns JaBJIEHUS B TJIacTax BOIN3N
tpemnHbl I'PIT nMmeem

_ApY _
P, = _APfl_+ P, I,=\2x, (0<y<l,) 3.1
P
W3 sToro BbIpa>XCHUA CIICOYCT
oP
To— AP (3.2)
dy 2%t

IMoncrapnsis (3.2) B (1.5) 1 y4uThIBask BHIIEU3JIOXKEHHOE AOIMYIIIEHUE OTHOCUTEIBHO JIEBOI YacTu
3TOTO YpaBHEHUS, TOTYIUM

19 aAPfj X
| r—L|-2LAP, =0 3.3
rar(r or Va7 (3-3)

Oo61ee pemeHue ypaBHeHuUs (3.3) uMeeT BU,
AP, (1;7) = Cily(rx, /N20) + CKo(ry s /N 28) (3.4)

YaurtbiBast OrpaHUIeHHOCTh AP, Ha 6GECKOHEYHOCTH, U3 (3.4) MoIydyum

AP, (1,7) = CyKy(rx - /N21) (3.5)
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96 AHOCOBA u np.

[Mpomuddepenuupyem Beipakernue (3.5) mo mepeMeHHOM 7

AP (6;r)
or -

VYuuteiBas ycinoBue (2.4), Ipu r = q TIOAy4UM

c, =4 ,@+
dekp\ Xr Ki(ayy /N21)

Torna oG1ee PECHICHUE 3aIlIMIICTCA KakK

AP, (ir) = — \/@Ke(r X N2) 3.6)
2nad k,\ A, K1(a\/Xf/\/2_f)

CoKo(rx s N20\, N2t

Otciona, ISt 3aKOHA U3MEHEHMsI 1aBJIeHUs B CKBaXWHE (7 = a) UMeeM

APy (1) = =2 \/EK(’(”W/@) (3.7)

2rad k; \ X s Kl(a\/xf/\/2_t)

[Mposenem aHanu3 perreHust (3.7) mwist 6Gonbux BpemeH, Kora & =1 (& = ayy ’ /«/Z). M3 sToro
YCIIOBUS TIOJIYIUM CJIeAyIolee HepaBeHCTBO IS BpeMeHU!
1/4 4
Mty =xa*
IMprMeM HEKOTOpBIe TUITMYHBIEC XapaKTepHbIe BEIMINHBI IS CUCTEMBI “CKBakKWHA, TUTACT W PaIy-
». -1 -15 -10 -2
ambHast TpemnHa [PI1”: m, =m, =10, k, =107 "M%, k, =107 M?, py =860 kr/mM*, L =10""Ia - c,
a=10"m,d r=3X 107 M. Torna, cormacHO BbIpaXeHUIO IS ), U3 (2.5), UMEeM CIIEIYIOILYIO OLEHKY
Xy = 0.15 Je / M’ ¥ JUISI BBILICTIPMBECHHBIX XapaKTEPHBIX BETMYMH PACCMATPUBACMOIT CHCTEMBI ITOJTY-

-6 o
yuM . = 2.25x 10" c. CnegoBaTeibHO, B pacCMaTpUBaeMoOi 3agade Bceraa ¢t = £, U II03TOMY MOXHO

cuntats & < 1. st dynkumii K, (§) u K, (§) cripaBeUTBbI IIPK MaJIbIX 3HAYESHUSIX ITapaMeTpa & acuMII-
ToTnKM [10]

K@ =—(r+m(3) w K@=t 9

3nech Yy = 0.5772 — nocrosiHHas Diepa. IToncrasnss (3.8) B (3.7), Haxonum
APy, (1) = L(y +1n (l a|x, /@)) ~ — M 1n(0.75ax, /N21) (3.9)
2nk,d, 2 2nk,d,

IMTonyyeHHOE BBIpaxkeHUE MOXKET OBITh MCIOJb30BAHO IMPU TMAPOAMHAMUYECKOM WCCIIeTOBAHUU
ckBaxkuHbl, noasepxkeHHoit ['PI1. IeiictButenbHo, 13 (3.9) ciemyet

AP =L(1n 0,75 —llnz) 3.10
f(w) 2TCkfdf ( \/Xifa) 4 ( )

DTO aCUMIITOTUYECKOE PEIICHNE MOXKHO, B CBOIO OUYEPECIb, 3alIlMCaTb KaK

APy =B—Alnt, A=—_ " B=441n(0.75]y,a) (3.11)
81k d,

Boipaxenue (3.11) B koopauHATHO TIOCKOCTH (In?,APy(,,)) ABJIsSIETCS ypaBHEHUEM TIpsiMoii. [Tpu-

YyeM, KaK MMOKa3bIBalOT BhIILICTIPUBEACHHbBIC YUCIEHHbIC OLIEHKU 114 & , IPpU 0T60pe KMOKOCTH C ITOCTO-
AHHBIM pacxoioM ¢, ¢)YHKL[I/IOHI/IpOBaHI/Ie CKBaXXWHBI MMOYTM MTHOBEHHO MOJIKHO BBIMTHM Ha 3TOT

aCUMITOTHYECKHi pexkuM. [ToaTomy, 06pabaThiBasi MPOMBICIOBbIE TAaHHBIE B KoopnuHatax (Inz, APy,)),
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MOXEM ONpENENnTh A U B, M TeM CaMbIM HaiTU MMPOBOAMMOCTb TPELUMHBI K ;d, N BETUYUHY ) ;. DTOT
METOI aHAJIOTMYEH CITOCO0Y, U3ToXKeHHOMY B [13], IO omnpeneneHnIo MPOBOIMMOCTH TIIacTa 110 Kpy-
BBIM BOCCTaHOBJICHUSI TaBJICHUS P OOJBIINX BpEeMEHaX.

OtMmeTtuM, uto popmysl (3.10) u (3.11) MOXXKHO 3anucaTh IJIsd CUCTEMBI U3 # paauaibHbIX TPEIIWH.
Ecnu cuuraTh, 4TO ITapaMeTphl BCeX TPELIMH OJIU3KU, TO IJISI 3TOI0 B 3TUX (DOpMYyJIaX Haldo ¢ 3aMEHUTh
Ha ngq.

Hcnonb3yst Beipaxenue wist K, (&), peenue (3.6) MOXHO 3anucarh Kak

AP, = — T g (r /N 20) (3.12)
ok ,d,

CJ'[CI[OBaTCJIbHO, IJIA pacripeacjaCcHuA JaBJICHUA B TPCIIUHE I'PIT umeet MmecToO aBTOMOICIIbHOC PE-
IMECHUC. OTC}OI[a, €CJin rieperan 1aBJICHU A APf IIPUHATDH 3a IIOCTOAHHOC (I)I/IKCI/IDOBS.HHOC 3HA4YCHUEC, TO
BEJIMYWHBLI 7 U { CBA3aHBbI CJICAYIOIIINUM 3aKOHOM

F= &W (& = const)

Takum o6pa3om, GuKCHUpOBaHHOE 3HAUCHME JaBJICHUS B TPEILIIUHE I pacCMaTPUBAEMOIo pexXrumMa

1/4
duIbTpauy pacIpoCTpPaHsIETCs IO 3aKOHY 7 ~ ¢ d

Kak ormeueHo B 11. 1, mpuBeaeHHbBIE Bblllle TOUYHBIE U TPUOIMKEHHbIE PEllIeHUs TTOTYyYeHbI TIPU 10-
MyILIEHWM, YTO JIMHUU TOKA B TLUIACTE MPsSIMbIE, TIEPIIEHAUKY/ISIpHBIE K TpaHuLaM (“OeperaM”) TpelMHbI
I'PI1. OnipenesiuM 30HbBI B TTOCKOCTH (F, f) (panuaibHasi KOOpAuHaTa — BpeMsl), TJIe BBITTOJHSIETCS MpU-

HATOC JOITYIICHUE C HeKOTOpOI71 TOYHOCTbLIO. ILJISI pEUIPIaJIbHOfI Vp(r) n HOpMaIILHOﬁ Vp(n) COCTaBJIAIOIINX
CKOpOCTeI‘/JI (bPIJIpraL[I/H/I B IL1acTe BOJU3U CTEHOK TPpCIIMNHBI MOXKEM 3aIlncaTtb

k, 0P k, 0P
Vo) ==Ll vy =2t
w ady w or
ITOCKOJIbKY BOJIM3U CTEHKU TPECIIMHBI UMEECT MECTO
oF, _oFy
or or

Torna, ucnonbsys peurenus (3.1) wisa P, u (3.12) mist Py, U1t OTHOLIEHUST BEJIMYUH PAIMaIbHON 1
HOPMAaJLHOM COCTABIISTIONINX CKOPOCTEH MMIbTpalluy OyIeM UMeTh

K, (r\le/\/z)

Iwm = Jx e V2= (3.13)

K, (rwle/@)

OrTcrona cienyet, I TOTO YTOObI JMHUU TOKA JIJISI CKOPOCTe (UIbTpalluy IMPUOIMKAIUCH K Tpe-
muHaM ['PIT mox yriioM, 6IM3KUM K TIPSIMOMY YTITY, TOJSKHO BBITIOTHSITHCS yCJIOBUE € <€ 1.

4. PE3YJIbTATbBI PACUETOB
st napaMeTpoB, OTIPENEISTIOIINX CBOMCTBA U COCTOSTHUSI TIOPUCTOTO TUTACTa, DIIIouaa U TPEIUHHI,
NPUHATEI BEJIMYMHDL M, = M, = 107, kp = 107" M2, p, = 860 xr/m%, C =1.5%10° M/c, u =10 Ia - c,
a=10"m, d, =3X% 107 ™, Fy =10 MITa. Iyt BeIMUMHBI pacxoa IMPUHATO 3HAYEHUE ¢ = 5 X 107> M/c.

Ha puc. 3 mokazaHo pacnpeneneHUe NaBJIeHUs B TPELIMHE MTPU pa3InYHbIX 3HAYEHUSIX KO3 hUIm-
€HTa IMPOHUIIAEMOCTH TIacTa 1Jis1 PUKCUPOBAHHOTO MOMEHTA BpeMeHU. Ha 3ToM u B cieayonmx pu-
CYHKaX CIUIOLITHBIMUW Y TOUEYHBIMU JIMHUSIMU U300pakeHbl I'pauKU, TOCTPOEHHBIE MO TOYHBIM U IIPU-
OMVXKEHHBIM PEUICHUSIM COOTBETCTBEHHO. KpoMe Toro, Ha prcyHKax mpeacTaBiIeHbl (DparMeHThI Tpa-
¢duKoB BOJIM3U MTPU3aOOHOTO ydacTKa B YBEJIMUYEHHBIX MacITabax.

%3 XapakTe€pa KpUBBIX pacrip€acjaCHUA JaBJICHUA CICAYET, YTO YMCHBILICHUEC KOS(I)(DI/IHI/ICHT& IIpo-
HHNIIAa€MOCTHU IJIaCcTa Ha OAVH ITOPAdOK (B JECATb pas) IIPUBOANT MPUMEPHO K IBYKPAaTHOMY POCTY IIC-

pernana naBiaeHust AP, MeXIy TUIacTOBbIM 3HaueHUeM Ry (P, = Ry, y —> o) ¥ 3HAYCHUEM B TPEIIIMHE.
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P;x 1076, MIa
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1
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0.1 0.3 05 r,m
8.0 | 1 1 | 1 |
0 20 40 60 80 100
r,M

5 o

Puc. 3. Pacnipenenenue naBjieHusl B TpeIIMHE B MOMEHT BpeMeHU ¢ = 10~ ¢ U1 pa3IuuHbIX 3HaYeHUit koadduunenTa
-1 -1 —14

NPOHUIAEMOCTH TutacTa: [—3 — k, =10 6, 10 5, 107" M2. CrutowHble anHUK COOTBETCTBYIOT TOYHBIM aHAJIMTHAYC-

CKUM PCIICHUAM, TOUCYHBIC — l'[pI/IGJTI/I)KCHHLIM.

CrenmyeT TakKe OTMETUTh, YTO B ciIydae 0oJice HU3KOIIPOHUIIAEMEIX IJIaCTOB AaBieHue tpemuHe I'PI1

npuOIMKaeTCs K INIAaCTOBOMY 3HAYEHUIO MeIJICHHEE C POCTOM paaualibHOM KOOpAuHATHI 7. Tak, eciau
~16

B cliydae 0osiee HU3KOIpOHUIaeMoro riacta (k, =10 M?) pacCTOSHME OT CKBAaXXMHBI, HA KOTOPOM

nepenan IaBJICHUS APf = Pf — P, = 0.25 MIla, cocraBisier okono 60 M, TO MpW MPOHUIIAEMOCTU

-14
k, =10 M? Takoe 3HAYEHMeE Mepernaga HadogaeTcsa IIpy ropasno 6osee OIM3KOM K CKBAXUHE pac-
CTOSIHUM (TTpUMepHO Ha 20 M).

Ha puc. 4 uzo6paxkeHsl rpaduKy, WLTIOCTPUPYIOIINE SBOJTIOLIUIO JABJIEHUS B TPEIIUHE IJIST pa3ind-

HbBIX MOMECHTOB BPEMCHMU. 3I[eCI) TaK>K€ BUAHO, YTO TOYHBLIC U l'IpI/I6I[I/I}KeHHI>IC peICHUA MTPAKTNYCCKU
COBITagaroT.

Ha puc. 5 npeacraBieHsl rpaduKu Ojis1 pacrpencjeHus JaBAeHUs B TpelIUHe IJIs1 pa3/IMUHbIX 3Ha-
YyeHUi 1eduTa.

Ha puc. 6 moka3aHbl 3aKOHBI CHUKEHUS JaBJICHUS B CKBaXKMHE IJIS pa3IMYHbIX 3HaAYeHU T Koahu-
LMEeHTA TIPOHMUIIAEMOCTH TIIacTa (a) M IPOBOAMMOCTH TpeluHbl C, = k,d, (6). L1 BpeMEHM NIPUHATA

Jnorapudmmdeckas mKajia. CIUIONIHbIE TMHAM TTOJIyYeHBI Ha OCHOBe 00111ero pemreHus (2.13), Toueu-
HbIE JIMHWUM TTIOCTPOEHBI COTIaCHO pelieHuto (3.9).

Takum 06pa30M, N3 MPEACTABJIICHHBIX PE3YJIbTATOB PACUYCTOB TAKXKE BUIHO, YTO PCIICHU A, ITOJTYYCH -
HBIC C UCITOJIb30BAHMEM METOdA HCCC, IMPAaKTUYCCKM COBIIAAar0T C TOYUHBIMUM aHAJIMTUYCCKMMMU PCIIIC-
HUAMMUA.

Ha puc. 7 30Ha, pacrionoxeHHas HUKe TUHUU 1, onpenelisieMoil ypaBHeHueM (3.13) mpu € = 1, co-
OTBETCTBYET MHOXECTBY 3HaueHUi (#, f), IJISI KOTOPBIX B IJIACTEe BEIUMYMHA HOPMAaJIbHOM CKOPOCTU
GbuIbTPaLH V() OOJIbIIE BEIMINHBI PALUAIbHOM CKOPOCTH V). 30HA, PACIIONIOKCHHAsST HIKE M-
HUU 2, onipenesisieMoii TeM ke ypaBHeHueM npu € = 0.1, COOTBETCTBYeT 00J1acTU MepeMEHHBIX (7, f),
I1e BeJIMYMHA HOPMAaJbHOM CKOPOCTU (DUIbTpalluU Vpn) B 10 pa3 Gosbllle BEJIMUYUMHBI pagualibHOMI
CKOPOCTH V . [L7Isl mapaMeTpoB CKBaxnHbI, I1acta ¥ TpetiHel I'PIT npuHsTH BblLIENIPUBEICHHbIC
3HaYEeHUsI.
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Pyx 1076, MI1a
10.0 ¢
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2/”_’
1
9.5F
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Puc. 4. DBononyst naBjaeHUs B TPELIMHE JJIS1 Pa3IMYHbIX MOMEHTOB BpeMeHu: [—3 — t = 104, 105, 100 ¢ npu

=15 2
ky =107" M2

Prx 1076, MIa
10.0 ] ——
fﬂz/‘/—ﬁ:ﬁ
/3
> / PRI
o] re— e
9.5
S —-
90 / 9.0 /_,....-—-'2
_—
8.5k 3
1 L
0.1 0.3 0.5 r,M
8.5F
1 L 1 1 1
0 20 40 60 80 100

Puc. 5. Pactipenenenue nasieHus B TpEIMHE [J151 Pa3JIMYHbIX 3HaUeHuUii feouta: [-3—¢q = 1075, 3% 1075, 5x107° M3 /c

npu kp = 10715 M2 B MOMEHT BPEMEHU = 1()5 C.

OTMeTHM, 9TO B MIPEICTaBICHHBIX KapTHHAX 30Ha (r, f), TIe pamvaabHasi CKOPOCTh (PUIBTpaIiim
MEHBbIIIE, YeM HOpMaJIbHasl CKOPOCTh, HECKOJIBKO 3aHMKEHA, TMTOCKOIbKY B MPUBEICHHBIX OLIEHKAX He
YYTeHO TOPMOKEHHUE paTraIbHON CKOPOCTH DUIBTpAalnK BOJIU3K 00CcakeHHOM CKBaxXWHBI. KpoMe To-
ro, KaK HaM TMPeACTaBIISIeTCs, B TUIAHE ONpenesieHns pacxoaa (ionia U3 riacrta B TpeIlnHy, HEeKOTOpoe
OTKJIOHEHWE JIMHUM TOKA OT MPSIMBIX, TIEPIeHINKY/ISIPHBIX TT0 OTHOIIIeHWIO K TpemnHe ['PI1, Hecyte-
CTBEHHO.
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100 AHOCOBA u np.

Ppyy x 1076, MITa

R (a)
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tc
Prypy x 107, MITa (6)
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e -
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8 -
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6
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103 102 100" 10° 10! 102 103 10* 103
f,C

-5 o
Puc. 6. IluHamuka CHUXEHMSI TaBJIeHUsI B CKBaXKUHE TIpu aeoburte ¢ = 5x 10 M3/C 17151 (2) pa3IUYHBIX 3HAYEHUM KO-
adduLMeHTa MPOHULIAEMOCTH Tu1acTa U (0) 1UIsl pa3IUYHbIX 3HAYEHU T TPOBOAMMOCTHY TPELIUHBI IIPU TPOHULIAEMOCTH

mnacta k, =107 Mm% 1-3— k, =107, 107,107 % 4-6— €, =107, 10712, 10711 e,

3AKJIIOYEHHUE

ITosryyeHHBIE TOYHBIE ¥ TPUOIVKEHHBIE PellIeHMs], OIMUCHIBAIOIINE 3BOJIOLIMIO JABJICHUS B TPEIL-
He I'PII u, B TOM uncJie, Ha 3a00€ CKBaxKUHBI IIPU 3aJaHUU TIOCTOSTHHOIO 3HAaUYEHUsI pacxoaa (irouaa,
TO3BOJISIIOT OIPENEIISITh HapaMeTpbl TpellrHbI I'PIT Mo KpuBBIM U3MEHEHMUS JaBIeHUs B TpU3ab0iiHOM
30HE€, COITOCTAaBJIsAA UX C ITIPOMBICIIOBBIMU TAHHBIMU, ITOJIYyYa€MbIMUM Ha CKBAa>XMHE ITPpU ITPOYUX U3BECT-
HBIX 3HAUEHUSIX ITapaMeTpoB Iu1acTa u ¢irouna. ITokazaHo xopoliiee corjiacoBaHUe pe3yIbTaTOB, TOJIy-
YEeHHBIX C TIOMOIIIbIO0 METOA ITOCIea0BaTEIbHOM CMeHbI cTalimoHapHbIX cocTostHUi (ITCCC) ¢ TouHbI-
MU, HO 3HAYUTEJIbHO 00JIee CIOXHBIMU PEIICHUSIMHU. DTO 0OCTOSITEIBCTBO MOXET OBITH IMTOJIE3HBIM MIPU
pa3paboTKe YMCIIEHHBIX aJITOPUTMOB, YIUTHIBAIOIINX B HAOOJIee ITOJTHOM 00beMe OCOOEHHOCTH pealb-
HBIX CUCTEM “CKBaxXmHa—IUIacT, moaBep:keHHbI ['PI1”, Takme kak MHOTOMEpHBIE 3(PPEKTHI, peaab-
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106 L

10*

]02,
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M

Puc. 7. 3oHbI prnbTpauiny Ha IT0cKoCTH : /—2 — 3HayeHus = 1, 0.1 B (3.13). B 3oHe, pacmioioskeHHOM HIKe TMHUA 1,
HOpMaJIbHasi CKOPOCTbh OOJIbIIIE paauaIbHO CKOPOCTU (DWIBTPALIMU, a B 30HE, HYXKE IMHUM 2, HOpMaJibHasi CKOPOCTh
MPEBHILIACT PAaUAIbHYIO CKOPOCTh (DMIbTPALIMU B I1acTe BOJIM3U cTeHKM TpeluHbl I'PIT 6osee yem B 10 pas.

HBIC YCJIIOBUA Ha I'paHHLIaX 1jiacta U TPCIIMHDBI FPH, a TaKKe NEPEXOIHBIC PEKMMBI (I)YHKHI/IOHI/IpOBa—
HUA CKBaXXHWH.

HpC,I[JIO}KCH METO/I OLIEHKW HEU3BECTHBIX 3HAYCHU N KOJIJICKTOPCKHUX XapaKTCPUCTUK HpH3a6OI>iHOI71

30HBI (HaIpyUMep, BEJIMYUHBI TTPOBOJINMMOCTHU TPEIIMHBI) HA OCHOBE CpaBHEHUS AeOUTa CKBAXKUHBI U
JIaBJIEHUS B 3a00€ C TOUHBIMM TEOPETUYECKUMM PEIICHUSIMU.

HMccnenoBaHune BBINOJHEHO 3a cyeT rpaHTa Poccuiickoro HayuHoro ¢gonHma Ne 21-11-00207,

https://rscf.ru/project/21-11-00207/.

10.
11.
12.

13.
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