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Pedepar. Tepmora3oBsiii METO, BO3JEHCTBUS Ha IUIACT SIBJIAETCS NEPCHEKTUBHBIM METOJOM IIO-
BBIIIEHNST HE()TEOTAA4N U B HACTOsAIIEEe BpeMs ocBauBaeTcs B benmapycu. YcToiunBoCTh TeMmepa-
TypHOTO (poHTa M (POHTA BHITECHEHUS HE(PTH — NPUHLMIHAIBHBIA BOIPOC JAHHOW TEXHO-
JOTHH. B cTaThe MEeTOZOM ManbiX BO3MYIUEHHUIH penraercs 3agada 00 ycTOHYMBOCTH (DPOHTA BbI-
TeCHeHHS He()TU IPH TEPMOra3oBOM BO3ZeicTBUM Ha IuacT. IToka3aHO, YTO MHKPEMEHT pocTa
BOSMyLl.LeHPIﬁ OTJIMYACTCA OT Cliy4as q)I/IJ'lepaLIl/IOHHOFO ropeHus rasa u onpeacisaeTcss BOJIHOBBIM
YHCIIOM BOJIHBI BO3MYIIECHHUS, PA3HOCTBIO CKOPOCTEH (MIBTPALMK yThs M (PPOHTA TEILIOBbIENe-
HHs, OTHOLICHHEM IUIOTHOCTeH, KO3()(UIMEHTOB (GUIBTpALUM, CKMMAEMOCTeH Cpelbl AyThsl W
BBITECHSIEMOI HE()TH U APYrMMHU BenudrHaMu. [IpoaHaan3upoBaHbl OCHOBHBIC APAMETPBI, BIIHS-
IOIMe Ha yCTOHYMBOCTH ()poHTA. J[aHBI PEKOMEHAAIMHU 110 METOJaM U IPOLEypaM, MOBBIIIAIO-
UM YCTOWYUBOCTH (KOMIIEHCHUPYIOIIUM HEYCTOMYHMBOCTB) ()POHTA BBITCCHEHUs. MexaHU3MaMH
HO/IaBJICHUS] WIM KOMIIGHCALMK BO3MYLICHHH (POHTA SIBISIFOTCS: CHIDKEHHE BS3KOCTH HE(TSHOM
CMECHU U IOBBILICHUE BA3KOCTU AYThA, YBCJIHMYCHUE COKUMACMOCTU AYThs; YBEIUYCHHUE TOJIIUHBI
TEIJIOBOro (pOHTA TEPMOTra30BOr0 BO3JICHCTBUS MPEXK/E BCETO 3a CYET HOBBILICHUS €ro TeMIepa-
Typbl ¥ U3MEHEHHUS XUMHU3Ma (UCIIOIb30BaHHE HU3KOTEMIEPATyPHBIX KaTaIM3aTOPOB); CHIDKCHHE
CKOPOCTH BOJHBI /WM COOTBETCTBEHHO IOAAYM AyThs. IIprMeHeHNE BO3AYIIHOTO MM BOJOBO3-
JIYITHOTO IyThsI, & TaKKe HACBHIIEHNE BOMIBI INIOXO PACTBOPHMBIMH Ta3aMH 00€CHEeYHBaIOT OTHO-
CHUTENBHO OONBIIYI0 YCTOHYUBOCTH ()POHTA MO CPABHEHUIO C HCIIOIH30BAaHHEM COCTABOB Ha OCHO-
Be BOABL Pe3ynbTaThl M peKOMEHIAIMN MpeIaracTcs UCIOIb30BaTh B paMKaxX OOIIMX METOAUK
U TPOLENYp YIPaBIECHHS MPOIECCOM TEPMOTa30BOT0 BO3JEHCTBHUS B YCIOBHAX OMBITHOM M OMBIT-
HO-TIPOMBIIIIEHHOH HedTen00brm. JlansHelmue necaeoBaHus METOI0B M MEXaHU3MOB KOMITCH-
caluy HeyCTOHYMBOCTH (PPOHTA, B TOM YHCIIEC €T0 AMHAMHKH HAa HEIMHEHHOH CTagnuu, MOTYT OBITh
IIPOBEAEHBI IyTEM JETaIbHOTO MHOTOMEPHOTO PACcueTa CUCTEMBI.

KiroueBble ciioBa: TepMOra3oBblid MeTos, HeTeoTaua, yCTOHUUBOCT, (PPOHT BBITECHEHUS
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On Stability of the Oil Displacement Front
under Conditions of Thermogas Impact on the Oil Bearing Layer

K. V. Dobregol)

UBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The method of thermogas impact on the oil bearing layer is a perspective one to
improve oil recovery. It is now under experimental implementation in Belarus. Stability of
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the thermal front and that of the oil displacement is a point of principle for the given technology.
The article offers solution based on the method of small perturbations for the problem of the
oil-displacement front stability under thermogas impact on the oil layer. The perturbation growth
increment is shown to be quite different from that of the gas filtration combustion. Being deter-
mined by the perturbation wave number (or wave length), by difference in speed of the blowing
filtration and that of the heat development front, by the ratios of densities, filtration coefficients,
compressibility of the displacement agent and the displaced oil mass, and by other parameters.
The author analyses the main parameters influencing the stability of the front. Recommendations
are given on possible methods and procedures improving stability of the displacement front (neu-
tralizing perturbation growth). The mechanisms of suppression or compensation of the front per-
turbation growth are as follows: the crude oil viscosity reduction and increase of that of the
displacement agent, the displacement agent compressibility increase, increase of the thermogas
impact heat-front width in the first instance at the expense of the temperature growth and alteration
in the chemism (low temperature catalysts utilization, etc.), reduction in speed of the front pro-
pagation and/or correspondingly of the displacement agent feed. Utilization of the gas or water-gas
displacement agent as well as the agent impregnation with hydrophobic gases provides a relatively
better stability of the front as compared to that employing water based compounds. Analytical data
and derived recommendations are offered for utilization within the framework of general tech-
niques and procedures of the thermogas impact process management in the context of develop-
mental and experimental-industrial oil extraction. Further research into methods and mechanisms
of the displacement front perturbation compensation, including the front dynamics at nonlinear
stage, might be conducted via detailed 2D and 3D numerical simulation of the system.

Keywords: thermogas method, oil recovery, stability, displacement front

For citation: Dobrego K. V. (2016) On Stability of the Oil Displacement Front under Conditions
of Thermogas Impact on the Oil Bearing Layer. Energetika. Proc. CIS Higher Educ. Inst. and
Power Eng. Assoc. 59 (2), 141-150 (in Russian)

BBeaenue

Tepmorazoseriit Meton (TI'M) Bo3aeiicTBHS Ha MJIACT SBISICTCS TEPCIICKTUB-
HBIM METOJIOM TOBBIIICHHUS KO3 (OUIIMEHTA U3BJICUSHUsS BI3KUX U TPYIHOU3BIIC-
KaeMbIX He()Teil. Y CTOWYMBOCTh TEIUIOBOrO (PPOHTA M (PPOHTA BBITCCHEHUS —
MPUHIIUITHANTBHEIN BOIPOC pealiu3alui TexHojaoruu. HecMoTpst Ha J10CTaTO4HO
MpopabOTaHHYIO B INTEPAType TEMY 00 yCTOMYMBOCTH (POHTOB THAPOAHMHAMH-
YEeCKOT0 BBITECHEHHS B MIOPUCTOHM Cpele, MPWIOKEHHE dTOW 3aadd K IMpolec-
cy TT'M u cOOTBETCTBYIOILIMI aHAIIN3 HE CleiaHbl. B 1aHHOI cTaThe HA OCHOBE
KJIACCUYECKOI'0 TOAXO0Ja JUHEHHOM TEOpUH YCTOMUYMBOCTU BBIIIOJIHEH aHAIH3
oTMe4eHHON 3anaun. CaenaHbl BBIBOABI O KPUTEPUSAX YCTOHUMBOCTH M METOJAX
€€ TOBBIIIEHNS (KOMIIEHCAIN BO3MYIIICHHN ).

OKcnepuMeHTallbHbIe HcchenoBanus, mpoeAcHHble II. I. Caddmanom,
I'. W. Teitnopowm, P. JI. Hoykom [1-3] u npyrumu, mokasaiu, 4TO pa3BUTHE BO3-
MYIIEHUH I0CKOTO ()POHTA BHITECHEHUS B MOPUCTOW CpeJie NMPU HAPYIICHHH
yCTOfI‘-IPIBOCTH MMPOUCXOIUT B BUAC HCOIPAHUYCHHO Pa3pacTArOIUXCA A3BIKOB
BBITECHSIOIIEH JKUAKOCTH. DKCIEPUMEHTHI Ha HACBHIITHBIX IMMOPHUCTHIX cpeaax [4]
CBHUIIETENBCTBYIOT O TOM, YTO HapyIIEHHE YCTOHYNBOCTH MTPOUCXOJUT TPU OTHO-
II€HUHN Bs3KOCTHU B3aHMO[LCﬁCTBy}OHIHX )KI/IILKOCTCI\/'I, MPEBBINIAIONIEM KpUTUYC-
ckoe 3HaueHue 10—-15. B To xe BpeMsl mpHU MajibIX CKOPOCTSAX BBITECHEHUS BO3-
MYIICHHA 3aTyXaroT JaXXC IMPHU OTHOLICHHAX BH3KOCTCI71, 6OHI)HII/IX KPUTHYCCKOI'O
3HaueHMsA. MaTteMmaTtuueckas MOJCJIb pa3BUTUA A3bIKOB BI)ITCCHHIOHICﬁ KHNIOKO-
ctu npeanoxkena . Y. baper6nartom [5]. BnusHUIO KamUIIpHBIX CHJI HA TIPO-
necc nByx¢a3zHoi ¢punsTpanuy nocssmieHs padotsl B. U. TlenskoBckoro [6, 7].
Brusaue BuOpanuii Ha yCTOWYHMBOCTH IDIOCKOTO (PPOHTA BBITECHEHUS B TMOPH-
croii cpene paccmotrpeno JI. B. JlroOumoBsiM [8]. O00O0IIEHHE MOICTH JABYX-
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(dhaznoit punpTpanmu PamomopTa — Jluca Ha ciydail aHM30TPOIHBIX IMOPHUCTHIX
cpen mpencrasiieHo B pabore M. H. JImutpuesa [9]. [Ipu 3ToM ycTOHUMBOCTD
(h)pOHTOB BBITECHEHHS, PACIIPOCTPAHSIONINXCS COBMECTHO C TEIUIOBBIMH U KOH-
IEHTPAIMOHHBIMH TOJISIMHU, HCCIICIOBaHA 3HAYUTEILHO XYKE.

YcroitanBocTh (poHTa BEITecHeHUS HePTH 1Tpu TI'M MOXeT OBITh OmucaHa
Y HCCICNOBaHA TPATUIIMOHHBIMUA METOJaMH, allpOOMPOBAHHBIMU B TCOPHH TO-
peHUs W TUApPOIUHAMUKE. B NaHHOW cTaThe BOCHOIB3YEMCS METOJIOM MAJIbIX
BO3MYIICHUH aHAaJOIMYHO UCCIIEIOBAHUIO YCTOMYMBOCTH (PpOHTA TpH (PUIIBTpa-
moHHOM ropeHun razoB (DI'T) [10], yuntsiBas ¢usznveckrie 0cCOOEHHOCTH, OT-
JTUYAoIINe mporiecc BiTecHeHns Hed T nmpu TT'M.

ITocTanoBka u peleHue 3agavuu

Paccmotpum mmnockuii ppoHT BBITECHEHHS, C(OOPMHUPOBAHHBIH PABHOMEPHO
OJIaBaEMBIM JTyTHEM TPH KBa3HCTAIIMOHAPHOM TOPSHUH BHYTpH 1u1acta (puc. 1).

T

VYV

T Vip vy LV,py Vs
S i fu
Puc. 1. Cxema mtockoro ¢gponra BeitecHenus HedTu ipu TTM: f| — GpOHT TeIUIOBbIICICHH S

f11 — cpenHeMaccoBBIi PPOHT BEITECHEHUSI HEPTSIHOM CMeCH; f5| — MepeaHuii GpoHT
CONPUKOCHOBEHHS OCTATOYHBIX YTJIEBOJAOPOJIOB U AYThS

Fig. 1. Diagram of the plane front of oil displacement at TGM: f| — emission of heat front;
f11 — average weight displacement front of the crude oil; f5; — front contact edge
of the residual hydrocarbons and the displacement agent

BBuny Toro uro 3akauMBaeMblil Ta3 TMPU BBHICOKOM JABICHUH M TEMIIEpaType
MOKET HaXOJIUTHCS B CBEPXKPUTHYECKOM COCTOSIHHH, HE OylieM yrnoTpeOiirTs Tep-
MHH «T'a3», a UCIIOIb3YeM TEPMHUH «(IIIOU», OTHOCS €ro KaK K IyThbi0, TaK U K BbI-
TECHSIEMOI cMecH — HE(hTH ¢ BOJIOH TyTheM H MPOIYKTaMu TopeHus. B oTcyTcTBHE
TOPEHHUSI CPETHEMACCOBBIN (PPOHT BHITECHEHHUs OyIeT paclpoCTPaHATHCS CO CKO-
POCTBIO JABWXEHHUSI (QIIoMJa AyTbs V|, BBINONHSIOIIETO pPOJb MOPLIHA, a caM
(POHT pa3MBIBaTHCSA CO BpEMEHEM 3a cueT Kak auddy3uu (ronaoB, Tak U Mexa-
HU4Yeckon aucnepcun Dy, (3a7iepikanue U repeMernBaHie HeTH B IIOTPAHCIIONX
1 3aCTOMHBIX 00nacTsx nop). CkopocTh HpOHTa CONPHUKOCHOBEHHS f5; MOKET OBITH
CBsI3aHa CO CKOPOCTBIO (YUIIBTPALIMH JYThsl U - = const - V.

[Ipu ropeHnn QPOHT TEIUIOBBIACICHUS OYIET PACIIPOCTPAHSATHCS MEJICHHEES
BCJIE/ICTBUE MOTPEOJICHUSI KUCIOPOJa IyThsl U BCTPEUYHOTO TEIUIOBOTO MOTOKA.
[Ipu 3TOM CKOpPOCTH POHTA BHITECHEHHS HEPTH B OOIIEM ClTydae HE COBIAACT
CO CKOPOCTHIO PacIpOCTPAHEHUSI TETIOBOI BOJHBI U ONIPEACIISETCS KOMILIEKCOM
MIPOIIECCOB TEIUIO- U MaccooOMeHa B obiactu (ppoHTa, W3MEHEHHS TTIOTHOCTH
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cpensl, Temmepatrypsl u cocTtaBa. IlosToMy o007acTh THAPOAMHAMHYECKOTO
¥ XMMUYECKOTO B3aMMOJAECHCTBUS IyThsi M HETH B OOIIEM CiIydae MOXKET pac-
MIAPATHCS, CY)KaTbCsA CO BPEMEHEM, JHOO pPacIpOCTPaHSTHCS B KBA3HCTAIHO-
HapHOM cocTosinnd. CoOCTBEHHO, 00JIacTh MEXAY f1 U f1; U OyIdeM paccMmaTpu-
BaTh KaK ()POHT TEPMOra30BOTO BO3ACUCTBHS Ha IJIACT, MOJICKALINN aHATIH3Y.

OneHka ckopocTd (YPOHTA TEIUIOBBIACTICHUSI MOXKET OBIT C/ieflaHa Ha OCHOBE
pELIeHNs CHCTEMbI YpaBHEHHH OanaHca TEIUIOTHI M MAacChl PEareHTOB U XUMHYe-
CKOM KMHETHKH YHCIICHHBIMH MeTonaMH. IIpuHSAB rumoresy o Tom, 4To (ppoHT
TETIOBBIACTCHHS IBIKETCS CO CKOPOCTBIO, ONPEAETIEMOIl CKOPOCTHIO I0CTaB-
KM B HEE€ FOPI0YEro KOMIIOHEHTa, a He()TeHACBIIIEHHOCTh TU1acTa 00paTHO Mpo-
MOPIMOHANIbHA MIUPHHE 00IaCTH TEPMOTa30BOr0 B3aUMOACHUCTBHS Ly, MOXKHO
3aIucaTh yCJIOBHE PABEHCTBA MIOTOKOB OKHCINTENS U HEPTH K (PPOHTY XUMHUYE-
CKOTO pearnpoBaHUs

/
pICOZ[Vl _“/'1]=Pz‘ic;”f1—o, (D
Ly

rac C'O2 — KOHIICHTpAalWA KUCJIOpOoJa B AYThEC, &ct — MAaCCOBEIH CTCXUOMCTPUYIC-

CKMH KO3(Q(HUIUEHT U TOPIOYEro BEIEeCTBa; /, — XapaKTepHBIN JIMHEHHbIN

MacimTad jaucrepcud W JUQQy3ud, OTHOCHUTEIHHO KOTOPOTO OIECHHBACTCS
YMCHBIIIEHUE COACPIKaHUS HEPTH B €0 BBITeCHEHUS [o/L1ry .

OC0OEHHOCTBIO JAaHHOW 3amadd SBJSETCS pa3aeciieHrne (pOHTa TEIIOBBIIC-
neHus (0071aCTH MaKCHMAaIbHOTO TEIUIOBBIACICHUS WIM MaKCUMAJIBHOTO Tpa-
IIACHTa TeMIlepaTypHOTro (POHTA) W CPETHEMACCOBOTO (POHTA BBHITCCHEHUS.
Jlnst ruaponvHaMUYecKol 3aaun TpaHuIel pasjena cpe OyieM CUMTaTh Cpe/l-
HEMaccoBbIil PPOHT BhITecHeHMs. [IpuMeM, UTO Ha TpaHHIle UMEET MECTO pe3-
KO€ U3MEHEHHE MMapaMeTpoOB CpeIbl M (QUIbTpanud — (DPOHTHI, pa3zeisionue
OTHOCHUTEITLHO OJTHOPOJIHBIC (IIFOWBI, Y3KH 10 CPABHEHUIO CO BCEMH XapaKTep-
HbIMH pa3Mmepamu Tuiacta. CieBa W cIpaBa OT TPaHUIBI paszneia (IIFOHIbI
XapaKTepU3YITCs CKOPOCTAMHU JABHXKEHUs V| U V,, IIIOTHOCTAMHU P U Py, TEM-

neparypamu 77 u T,, BA3KOCTBIO V, H V,, KO3(HIMEHTAaMH CXKXHMAeMO-

cta B, u B, (puc. 1). PaccmarpuBaetcs AByMepHas cHCTEMa, T/Ie BepTUKAIbHAS
KOOpJIMHATA TIJIACTA HE YYUTHIBACTCSI.

PaccMoTpuM TUIOCKME CTallMOHAPHBIA (DPOHT BHITSCHEHHS M TEILIOBBIZCIIC-
HUSI, MOJICITUPYEMbII CKauYKOM TEeMIIEpaTypbl U IJIOTHOCTH Qutouaa. [Ipumem,
YTO JJIMHA BOJIHBI BO3MYIICHUS 3HAYUTEIHHO IPEBBINIACT HIUPUHY O0JIacCTH
nporpeBa ¢poHTa TOopeHWs. Hamparmenwe (uabTpamuu ¢uronaa COBIAgAET
C OCBIO X, TIOJIOXKEHHUE (DPOHTA COOTBETCTBYET HYJIIO, OCh y MapajlielibHa (PpOH-
Ty. McenenyeM AMHAMUKY pocTa MajibiX Je(opMaIiMOHHBIX BOSMYIIEHHHN, ITHHA
BOJIHBI KOTOPBIX 3HAYHMTEIBHO TPEBHINACT MUpUHY (ppoHTa. s ruaponuHa-
MUYCCKOW 3aJ]a4ll MCXOJHBIMU SIBIISIIOTCS ypaBHEHUS (PHUIbTpAIMH, HEPa3phIB-
HOCTH U COCTOSIHUS 15 (hIroH]1a B 00J1aCTH (PPOHTA BHITCCHEHUS:

u, =—KVp; 2)
6_p+ div(pu,)=0 3)
ot e
rae Kk — kodbdunuent duibTpanuu, K =k /(mp). Ilpeanonaraercs, 4ro Bs3-
KOCTb HE 3aBHCHUT OT JAABJICHMUSL.
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B oTnnume ot rasza ¢uirons 00J1agaeT MaJIoi CKUMAEMOCThIO, & ypaBHECHHUE
cocTostHHS [T (hIIOUIa MOXKHO MPUOIIKEHHO 3aITucaTh B BUJIE

P =pPo(1=poP)+poPp, “

rae py, P, — IUIOTHOCTb U JABJIEHUE NPU (UKCHPOBAHHBIX (CTAHIAPTHBIX)
ycnoBusix; B = 1/po(Op/Op) — k0ahPUIHUEHT CKUMAEMOCTH.

Koadduuument c:xumaemoctit HeTH 3aBUCHT OT TEMIIEPAaTyphl, KOJIMYECTBA
pacTBOpeHHOro B HepTu rasa, ¢pakLUOHHOrO cocTtasa. s AerasupoBaHHOMN
HedtH o konebercst ot 4 - 1070 10 7 - 107" IMa™', a st merkux HedTeid, B KO-
TOPBIX PACTBOPEHO 3HAUMTEIBHOE KOIHUECTBO rasa, gocturaer 140 - 107"° Ia™'.
C noBbIIEHHEM TEMIIEpaTypbl CKUMAEMOCTh pacteT. Jljisi OOJNBIIMHCTBA MECTO-
pOXICHHI HeDTH CKHMAEMOCTh HE BHIXOHT 3a mpexaensl (7-30) - 107° IMa™ [11]
¥ JUISl PACCMATPUBAEMBIX OICHOK mpuHsTa p= 10" ITa .

[Moxcrasnss (2) u (4) B (3) u npuHUMas BO BHUMaHHUE, 4TO Bp, << 1, pHxo-

UM K YPaBHEHHIO HECTAIIMOHAPHOW (DHAIBTPAIIH

o _x
= BA(p). (5)

Cas3b Mexay aehopmarueit GpoHTa TOPESHHUS U BOSMYIICHUEM TOJIS (HUITh-
TpPalWU YCTAHABIMBACTCS HMCXOS M3 W3BECTHOW 3aBHCHMOCTH MEXAY CKOPO-
cthio BoJiHBI OI'T 1 ckopocThio (unbrparuu Giarouaa [10]

u, =u,,(iy)- (6)

B otnmuume ot cimydas ra3oBoi (ruibTparuu, ypaBHeHHE (5) — JUHEHHOE.
CrnenoBaTellbHO, CYIEPIIO3UIMS €r0 PEIICHUH TakKe SBISICTCS PEIICHUCM,
Y BO3MYIIICHUE JOKHO YIOBIETBOPSATH (5) HE3aBUCUMO OT BUIa OCHOBHOTO He-
BO3MYIIEHHOTO pelieHus. [t onpeneneHHOCTH cUuTaeM, YT0 HEBO3MYIICHHOE
pELIeHUE XapaKTepU3yeTCsl CKOPOCTBIO JABHKEHUA (QPOHTA u,,, NABICHUEM p =

= C,+xC, (crauuoHapHoe peuieHue (5)), HOpMaIbHOU K (DPOHTY CKOPOCTBIO
¢unpTpanuu V', B obnactu nepen pporrom u V, =(p,/p,)V; —3a pponTom.

Hatinem dyHKIUIO BO3MYIICHHS JTABJICHUS, YIOBISTBOPSIONIYIO (5) ¥ OTBe-
YaroNIyl TpeOOBaHUSAM OOpalleHUs B HYJIh Ha OSCKOHEUYHOCTH W TICPUOIUIHO-
CTH TIO TIONIEPEYHON KOOpANHATE:

p ~explik,y £k x +Q1), (7

rie Q — BpeMeHHO# HHKpEMEHT pocTa BosMymienus Q = (ic/p) (k7 — ky2 ).
CornacHo (7), il KBasHCTalMOHAPHBIX MPOLECCOB Kk ~k =k, , =k ,,

YTO TO3BOJISIET OMYCTUTh MHJEKCHI TIPU k BE3Jie, i€ UX Pa3lInius HeCyIleCTBEH-
HBI, HHACKCHI 1 ¥ 2 OTHOCATCS K 00JaCTH MCXOHOW CMECH AYThS U TPOIYKTOB
BBITECHEHUSI COOTBETCTBeHHO. Mcmonb3ys (7) u (2), yciaoBus oOpamieHusi BO3-
MYIICHUSI B HYJIb Ha OECKOHEYHOCTH, a TaKXKE TOXKJICCTBEHHOCTDH IMOMEPEYHOTO
MacirTaba BO3MYIIECHUH JAaBleHUS U JedopMarui (poHTa, UIEM PEIICHUE IS
BEITMYMH BO3MYIIICHUS JaBJICHUS, CKOPOCTH U MOJIOKEHUS (POHTA B BH/IE:
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py = Aexplik,y + k x +Qr);
v =—kk Aexp(ik,y +k x +Qt);
u; =—ix,k, Aexp(ik,y +k x + Qt);
P, = Bexp(ik,y —k x +Q1);
v, =K,k Bexp(ik,y — k, x +Q1);
uy = —ik,k Bexp(ik,y — k x +Qt);
S =Cexplik,y+Q1), (8)

rzie v, u — HoOpMallbHasg M KacaTelbHas K HAa4albHOMY (DPOHTY COCTaBJISIIOIIUE
BO3MYIIEHUS CKOpPOCTH (puibTpauuy; [ — QyHKOMA cMemeHus (aedopmaryn)
(pOHTa BBITECHEHUS/TOPEHHUSL.

s onpenencHust noctosHHbIX 4, B, C B (8) chopMmynupyeM IpaHHUYHBIC
ycIIOBUS Ha pa3pbiBe (PpoHTE). YCIOBHE PaBEHCTBAa BO3MYILCHUN NTaBICHUHA He
MOXET OBITh MCIIOIH30BAaHO, MOCKOJBKY B IPHHATOM BHAE pemieHui (8) oHO
MPUBOJIUT K HAPYIICHUIO COXPAaHEHHsI IOTOKA Macchl uepe3 rpaHuily. JleiicTBu-
TEJNBHO, €CIM MOJ0XHUTh 4 = B, To, cornacHo (8), HOpManbHbIE COCTABIISIOIIUE
CKOpOCTH Ha (ppoHTE MMEIOT pasHble 3Haku (v, = —(K,/K,)v,), 4TO IPOTUBOpE-

YHUT YCJIOBHIO HEpa3phIBHOCTH. [I0TOK MMIybca HE COXPaHSETCS OTIENBHO IS
(dronya, Tak Kak npu QUIBTPAIK MPUHIUITHAIEHOES 3HAYCHUE UMEET B3aUMO-
neiicteue (arouaa U mopuctoit cpepl. [loaToMy B KauecTBe TpaHUYHBIX YCIIO-
BHH HCIIONIb3YEM YpPaBHEHHE COXPAHEHHS IMOTOKA MACChl, ypaBHEHHE H3MEHEHUS
TaHTEHIMATBHOW COCTABISIONIEH CKOpOCTH (WIBTPAIMA W yYpaBHEHHE, CBS3bI-
BaIOIEe CKOPOCTh (PMIILTPALMU U CKOPOCTh JABIOKeHUS ¢poHTa. llepBrie nBa
YCIIOBHS, 3AIMCAHHBIC JIIST MAJIBIX aMILTUTY T ieopMalivu, JaroT:

a(f/=v) = f= vy )
KZ_BI K,

u +
KB, KB,

N +vi=u ) f) =u, +(a(V; —u,)+v,)f], (10)

JIns 3amucK TPEThEro yCIOBUS MCIOIb3YEM ypaBHEHHE (6) B IpeaIookKe-
HUM, 9TO v, <<V} :

f=¢ev, (11)

rae o= p,/p,; U, — CKOPOCTh HEBO3MYIIEHHOTO (PPOHTA BOIHBI TEPMOTa30BOTO
BO3/CHCTBHS; €= Ou,/Ou, — OTKIMK (POHTA FOPECHHS HA W3MEHEHHE CKOPOCTH

¢upTpanu (onpeaessieMblid TEMI0MaccO0OMEHOM BO ()POHTE TOPEHHUS).
3amernM, uro ypaBHenue (10) He ciedyeT U3 ycIOBUS COXpaHEHHUS MOTOKa
UMIIyJIbCA WM TajJuIeeBOM MHBApUAHTHOCTH SIBJICHMA, IOAOOHO CIIydaro CBO-
0OIHOrO MjaMEHHU, U HE COOTBETCTBYeT HpuHsTOMYy B [12]. Ero moxHo moiy-
YUTh UCXOAA U3 (2) W HENpPEepHIBHOCTU JaBieHUs npu (uibTpauuu. JeiicTBu-
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TENIBHO, W3 HENPEphIBHOCTH MaBJICHUS Ha TpaHHILE (pPOHTA TOpPEeHUs (Hempe-
PBIBHOCTH K300ap Ha puUC. 2) U M3 TEOMETPUUYECKUX COOOpaXeHWH ciemy-

er |Vp1|sin o, = |Vp2|sin o,. Torga TaHreHuuanabHas KOMIOHEHTA CKOPOCTH 10
paspbiBa i, =(K1/B1)|Vpl|sinocl, a 1mocie paspbiBa U, =(1<2/[52)|sz|sinot2 =
= (K,B,/x,B,)u,, T. €. coxpaHseTcs ¢ TOYHOCTBIO 10 MHOKHUTENS K,f,/x,f,. D10

TIOSICHSIET pHC. 2.

Puc. 2. Tlosicuenue k BeiBoxay (10):
Vi, Vi, 0y, 0y — CKOPOCTH U YIJIbI
OTKJIOHCHHSI CKOPOCTH (PHIIBTPALIUH
OT HOpMaJH J10 (PpOHTA BHITCCHCHHUS
Y TIOCIIC HETO COOTBETCTBEHHO;
IITPUXOBBIC JIMHUU — H300apbl

Fig. 2. Explanation for the conclusion (10):
Vi, V), oy, a, —speeds and angles
of the filtration speed deviation from
the normal before the displacement front
and after it respectively; dashed lines — isobar

[IpeneOperass BenmMUMHAMH BO3MYIIEHUH CKOPOCTH (HO HE CKOPOCTBHIO JIBU-
KeHUs ()POHTA) TI0 CPABHEHUIO C V, & TAKXKE YUUTHIBAS, YTO MPU MaJbIX aMILIH-
Tynax nedopmanun exp(k, x) =~ 1, noacrasuseM (8) B ypaBHenus (9)—(11):

aQC+a[ﬁJkA=QC—[&]kBQ (12)
1 2
B, KB, 1 2
QC= —s[%JkA. (14)
1

[Ipu BBIBOAE rpaHUYHBIX YCIIOBHI U cHcTeMbl ypaBHeHuil (12)—(14) ucnons-
30BaHO YCJIOBHE MAJOCTH aMIUIUTYABI JeopManiu GpoHTa, a MAIOCTh aMIUIU-
TyJbl BO3MYIIEHHs NaBJICHUs B SBHOM Bujae He TpeOoBainack. Ilocne uckimoue-
HUS Heu3BeCTHBIX U3 (12)—(14) momy4ynm

_{@&J
KB,

—X. (15)
a +(K231J
KB,
Jmsa caygaes ®IT m TI'M 3HaueHust mapameTpoB B (15) cymecTBEHHO
pasnuuarorcs. Eciu B nepBom Bapuante o =p,/p, =1,/T; >>1, T0 BO BTO-

Q=ek[V; ~u,]
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poM a=p,/p, ~1. Bemmuuna «,/x; ~+/T/T, <1 B IepBOM cIydae MU TaKKe

MEHbIIE E€JUHUIBI BO BTOPOM M3-3a Oosiee BBICOKOH Bs3KOcTH HedTH. Takum
obpazom, ¢opmyna (15) OpUBOOUT K pazIMYHBIM BBIBOAAM JJS  YIIO-
MSHYTBIX ClIydaeB — abcomoTHOH HeycToiunBoctH ¢ponta OIT ¢ Q~ku, n

ycioBHOU HeycToianBocTH GponTta TIT'M mpu

P KBy

>0 um p,x,B, > p,K,pP,. (16)
Py KB,

VuuteiBas onpeneneHue kodbduimenta GuUIbTpauun K = k,/(mp) 1 KuHe-
MaTHYeCKON BS3KOCTH V=L /p, ycnoBue HeyctonumBocTu (16) cBemercs
K TpeboBanuwo v,B, >Vvf,. Takum o6pa3om, IpeAnochUIKOH i HEyCTOHUUBO-

ctu ¢poHTa BEITecHeHHUS pu TI'M SBISIOTCS BBICOKAs KWHEMAaTHUECKas Bs3-
KOCThb M C)KMMAeMOCTh HedTAHOTO (hrowma 1mo cpaBHEHHIO ¢ nyTheM. OTcrona
CIIEAYeT, YTO BHITECHCHHE HEC)KMMAaeMbIM BOJHBIM PAacTBOPOM CIOCOOCTBYET
HEYCTOHYUBOCTH, a UCIOJIb30BaHUE ra30BOT0 WM BOJOIAa30BOr0 OyThsl — cTaOu-
nu3any (GpoHTa BEITECHEHMS. V3 TaHHOTO aHanm3a cieyeT, 4To IpH IIPOTrpeBe
HedTsiHOrO (hronna 1 0Opa3oBaHUM TEMJIOBOTO (PPOHTA yCTOWYMBOCTH (HYPOHTA
BBITECHEHUS TIOBBIIIIAETCS.

Jus cnyyas ®I'T [10] cyuiecTBeHHBIM (paKTOPOM, OKa3bIBAIOIIMM BIIUSHHUE
Ha XapakTep HEYyCTOWYMBOCTH, SIBIISIETCA M3MEHEHHE TEIUIOBOro OanlaHca oluia-
CTH y4acTKa CEUCHHMs 3a cUeT M3MeHEeHHs KpuBU3HBI (hpoHTa. g ®I'T' naHHbIHA
3G GEKT NPUBOIUT K TMOSIBICHHIO YCTOHYWBOCTH MAIIBIX TO JUTHHE BOJHBI BO3-
MYILCHUI IpY HEYCTONYMBOCTH JJIMHHOBOJIHOBBIX BO3MYyIleHUN. KonnuecTBeH-
HOW MepOM 3TOTO BIHMSHUS CIYKUT KOIPPUIIUEHT Y

MW = uw,O + ’Yutfx”‘ (17)

Koa¢dduuuent y oueHnBaercst uepes TONLIMHY TEIIOBOro gppoHTa Ax u 0e3-
pa3sMepHYIO CKOPOCTh €r0 JIBHKECHUS

Y =2Ax Uy

u,

B cinyuae TI'M [3] mupuna GppoHTa MOKET COCTABIISTh HECKOJIBKO METPOB B
CHITy HH3KOW MaKCHMAaIIbHOH TeMIeparyphl, a 0e3pazMepHas CKOPOCTb MOXKET
NPHMEPHO COOTBETCTBOBATH CKOPOCTU TENJIOBOM BONHBI u, /u, ~1. VIHKpemeHT

pocTa BOBMYIIICHUA NMECT BUL

o — 150,

Q= ekl —u ]—sP e (18)
o+ 1,0,
KB,

OrleHuBas MOPAIOK Yu,k”, MOKHO MOKa3aTh, 4TO HEOTHOPOIHOCTH C Xapak-
TEPHBIMU JUTMHAMHY BOJH OKOJIO HECKOJILKUX TOJIIUH (BpOHTA OyIyT MMOAABISATh-
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Csl TepPMUIECKUMH MexaHm3MaMH. [Ipu ckopoct (poHTa, OIM3KOH K CKOPOCTH
¢upTpanu ayThs, 3()(EKTUBHOCTh MOAABICHUS HEYCTOMYMBOCTEH 3a cYET
TEIUIOBOI'O IIOTOKA PE3KO BO3PACTAET.

BbIBO/IbI

1. Bormpoc 0 THAPOAMHAMUYECKOH YCTOWYMBOCTH (PpOHTA BBITECHEHUS
U CBA3aHHOI'O C HUM TEMIIEPATypHOIO ()POHTA TEPMOTra30BOr0 B3aUMOACHCTBUS
paccMOTpeH aHAIUTHYECKH B MPHUOIMKEHUH Majbix Bo3MyulieHui. [lokazaHo,
YTO OTHOLICHNWE KHHEMAaTHYECKHUX BA3KOCTEH (Itona IyThsl U HEPTSIHOW CMeCH
SIBIISIETCS OCHOBHBIM KPUTEPUEM yCTOWYHBOCTH.

2. PazorpeB He()TAHOHW CMecH CHOCOOCTBYET TOBBIIICHHUIO YCTOWYMBOCTH
(pOHTa BCIIEACTBUE CHIKEHHUS BSI3KOCTH HE(TSHOW CMECH 3a CHUeT IpOorpeBa
1 HACBIIIEHNS POLYKTaMH OKUCIIEHHS], @ TAKXKE TEIVIOBOM KOMIIEHCALIUU UCKPUB-
JIeHusI TeMrepatypHoro ¢poHra. MexaHn3MaMu MOAABICHHUS WM KOMIICHCAIIMN
BO3MYILIEHUH (DpOHTA SIBISIFOTCS: CHIDKEHHE BSI3KOCTH HE(TSIHOW CMECH U IOBBI-
LIEHHUE BSI3KOCTHU IYyThsl; YBENUUYEHHUE TOJIIMHBI TEIUIOBOTO ()POHTA TEPMOra30BOTO
B3aMMOJICUCTBHSA MPEXKIE BCETro 3a CUET MOBBIIIEHUS €r0 TeMIIEpaTypbl U U3MEHe-
HUSL XUMH3Ma (MCTIONIb30BaHHE HU3KOTEMIIEPaTypPHBIX KaTaIW3aTOPOB); CHIKCHHUE
CKOPOCTH BOJIHBI /WJI COOTBETCTBEHHO MOAAYN TYThSL.

3. [IpuMeHeHne BO3AYIIHOTO WJIM BOJOBO3AYIIHOTO TYThs, a TAaK)K€ HAChI-
LICHWE BOJBI IJIOXO PACTBOPHUMBIMU Ta3aMH OO0ECHEeYMBAIOT OTHOCHUTEIHHO
OOJIBLIYI0 YCTOMYMBOCTH ()POHTA IO CPABHEHHIO C HCIIOJIB30BAaHHEM COCTABOB
Ha OCHOBE BOJIbl. B pe3ynbrare aHamm3a MOXKHO MPEATONIOKHUTD OCYIIIECTBICHHE
MYyJIbCUPYIOIINX PEXHMOB TEPMOIa30BOr0 B3aHUMOJAEHCTBUS, OO0YCIOBIECHHBIX
CHIDKCHHEM/TIPEKPAIIEHUEM XHUMUYECKOTO TEIUIOBBIACICHUS NPU PACIINPEHUH
00JIACTH TEPMOTa30BOT0 B3aUMOJCUCTBHS AYThsl U HEYTH W YBEIMYCHUEM PO-
HHUIIAEMOCTH IIJIacTa B 00JIACTH, OJBEP)KEHHON JIOKAILHO N30BITOYHOMY TETLIO-
BOMY BO3JCHCTBUIO M OKHCJICHHUIO BCIICACTBHE HEOJHOPOAHOCTH/HCKPUBICHHS
dbporTa. g JanpHEWIINX HCCIEIOBAaHUN METOIOB W MEXaHHU3MOB KOMIICHCA-
UM HEYCTOWYMBOCTH (PPOHTA, B TOM UHMCIIC €ro AMHAMHUKH Ha HEIWHEHHOH cTa-
ITUH, CIEeTyeT IPOBECTH JETATbHBI MHOTOMEPHBIN pacyeT CUCTEMBI.
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