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TEPMOBAPHYECKHWH PEXXUM T'HJIPATCOAEPXKAIIINX OCAJIKOB HA THE MOPSI
HPU BKJIIOYEHUU B HUX JJIMHHOI'O NICTOYHUKA TEILJIA

Crarps nocrynuia B pepakiuo 01.06.2018, nocne gopadorku 18.09.2018.

Hcenenyercs TepMoOapryecKuil pexnM rHapaTcoaepKalinX 0CaaKkoB IyTeM pelIeHUs 3a1a4i O (a30BOM Iepexose
ra30BbId THAPAT — CBOOOIHBIN a3 + BoAA NP BKJIIOYCHHH B HUX KaK JIMHEIHOTO, TaK ¥ MMJIMHIPHYESCKOTO METaJlIU-
YECKOTO MCTOYHHUKOB Ternia. [loka3aHo, 9To B MOPSIX 0OBIYHOTO (Hambosee pacpoCTPaHEHHOT0) THIIA ¢ TEMIIepaTypon
NIPUIIOHHOW BOABI 0K0JI0 3 °C MpUMEHEeHHEe UToJIBYATOro 30Ha i1 Situ Ha JJHE MOPS JUIS UCCIIEI0BAHUS IPHIOHHBIX 3a-
JIeXKel ra30ruapaTtoB CHIBHO OTPaHMYEHO M BOSMOXKHO JIMIIb IIPH BECbMa OOJIBIINX JIMHEWHBIX MOLIHOCTSIX HCTOYHHKA.
YCTaHOBIICHO, YTO TOJIBKO B YCIOBHAX «TEIUIBIX» MOPE NPHMEHEHHE UTOJIBIaTOro 30H/1a Ha JTHE MOPSI MOXKET ITO3BOJIHUTh
HE TOJIBKO OOHAPY>KUBATh IPUCYTCTBHE I'a30BBIX T'MAPATOB B IOHHBIX 0CaJKaX, HO M OLCHMBATh CBOMCTBA MOCIEIHUX T10
XapaKkTepy M3MEHEHHUsI BO BpPEMEHH KaK TeMIIepaTyphl, TaK U JaBJICHUS Ha IIOBEPXHOCTH 30Ha. [TocKonbKy BOMM3H 30Ha
XapaKTEePUCTHKK N3MEHEHHS JAaBICHUS Ta3a BO BPEMEHH, Kak MPaBmiIo, Oonee TudpepeHInpoBaHbl, YeM aHaJIOTHYHbIe
TeMIepaTypHbIE 3aBUCUMOCTH, B 30HI, IIPSIHA3HAYCHHBIH U1 UCIIONB30BaHUA in Situ B THAPATOCOACPIKAIINX TOHHBIX
0CaJIKax, JOJDKEH OBITh BCTPOCH TAK)KE BHICOKOTOYHBIN JAaTYHK AaBieHus. [lonmydeHHOe peleHne 3a1aqi MOXKET CIIy)KUTh
OCHOBOI1 Ipoliecca HHTEPIPETAlNH PE3yJIbTaTOB U3MEPEHHH, BBIIIOIHEHHBIX B THIPATCOICPIKALIMX 0CAAKAX METOIOM
UTOJIBYaTOro 30H1A.

KuroueBbie ciioBa: 3amada o (a30BOM IMEPEXOJIe, ra30THPATHI, JOHHBIC OCAIKH, FCOTCPMHUYCCKUI MIONBYATHIA 30HI,
JTHO MODSL.
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The thermobaric regime of hydrate-bearing sediments is investigated in this paper by solution of the phase transition
problem gas hydrate — gas + water when both linear and metallic cylindrical heat source is switched on. It is shown
that the use of a needle probe in situ is strongly limited in the seas of the usual (most common) type with a bottom water
temperature of about 3 °C for the study of gas hydrates accumulations on the sea bottom. Such a use is possible there only
in case of very high linear source power. It was determined that only at the bottom of «warm» seas the use of a needle
probe can allow not only to detect the presence of gas hydrates in bottom sediments, but also to evaluate the properties
of these sediments by the nature of the temporal variations of both temperature and pressure on the surface of the probe.
Since the characteristics of time changes of gas pressure near the probe are generally more differentiated than similar
temperature dependencies, a high-precision pressure sensor must also be built into the probe designed for in situ use in
hydrate-bearing bottom sediments. The obtained solution of the phase transition problem can serve as a basis for the
process of the experimental data interpretation.

Key words: phase transition problem, gas hydrates, bottom sediments, geothermic needle probe, sea bottom.

Ccbuika ajist nutupoBanust: [ onomuwmox A. A. TepmoOaprudecKuii pexxuM THAPaTCOACPIKAIIMX 0CAKOB Ha THE MOPs IIPU BKJTIOUE-
HHU B HUX JJIMHHOTO MCTOYHUKA Teruia // dyHnameHTanpHas v npukiaanas ruapodusuka. 2018. T. 11, Ne 4. C. 102—116.

For citation: Golmshtok A. Ya. The thermobaric regime of hydrate-bearing sediments at the sea bottom when a long heat source
within them is switched on. Fundamentalnaya i Prikladnaya Gidrofizika. 2018, 11, 4, 102—116.

doi: 10.7868/S2073667318040123

102



TepMmobapuueckuii pexuM...

1. BBenenue. BrinonHeHHbIE PA3TUYHBIMU UCCIEAOBATEIISIMU OIICHKHU 3alacOB METaHa, COIACPKaIEToCs
B ocaakax MHpOBOro OkeaHa B BHUJIEC FA30BbIX THAPATOB MO3BOJIAIOT paCCMaTPUBATh UX B KaU€CTBE MOTCHIIU-
AJIBHOTO U DKOJIOTMYECKU YUCTOTO UCTOUYHHUKA SHEPruu Oymymiero [1].

W3mMeneHne TepMoOapruecKuX YCIOBUH CYIIECTBOBAHUS THJIPATOB MOXKET BhI3BATh PA3JIOKEHHUE T'a30BbIX
THJIPATOB C BBIJICICHHEM OOJIBIINX MAacC CBOOOHOTO ra3a U BOJIbI, IIPU BBIXOJIC B BOJY U arMoc(hepy crocoo-
CTBYIOIINX YCWJICHHUIO MAPHUKOBOTO 3(Ppdekra Ha 3emiie, BO3JICHCTBYIONUX HA MOPCKYIO OMOTY M BBI3BIBAIO-
IIMX HECTAOUIBHOCTh OCAJIKOB Ha KOHTUHEHTAJIILHOM CKIIOHE, BEAYIIYIO K TUTAHTCKUM OIIOJI3HSIM U 00pyIIe-
HUIO CKJIOHA. Takue mposiBIIeHUs] OOHAPYKESHbI BO MHOTHX palioHax MUpPOBOTO OKeaHa.

BeImrensnoxeHHOe CBUICTEIBCTBYET O HECOMHEHHOM aKTyalbHOCTH MCCIICIOBAaHUHN YCIOBUE (hOPMHUPO-
BaHUs CKOIUICHUH ra30BbIX TUAPATOB B 0cajikaXx MUPOBOro OKeaHa, X PaclpOCTPAHCHUS U CTAOWIbHOCTH.

[ToMuMO CKOTUIEHUI Ta30BBIX THUPATOB, 3aJCTAIONIMX HA 3HAYMTEIBHON IIyOMHE HIKE JHA MOps (OT
JICCATKOB JIO TIEPBBIX COTEH METPOB), U3BECTHHI MHOTOUMCIICHHBIC CKOTICHUS, PACIOIaralonuecs Hemocpe-
CTBCHHO Ha JiHe win BONMM3U Hero [1—>5]. Takue ckoruieHus: BCeraa MpruypoueHbl K o4araM pasrpy3ku (rrou-
JIOB, TMIOXOKUX Ha TPSI3EBBIC BYJIKAHBI. 3aIIaChl METAaHA B IMPUJOHHBIX CKOTUICHUSX, [TO-BUIUMOMY, IO BEJIMUHUHE
Ha TOPSIJIOK MEHBIIIE, YeM B CKOIUICHHUSX, HAXOMSIIMXCS HA OTHOCUTEIBHO OOJIBIION ITyOuHe 1o JJHOM [4, 5].

[TockonbKy ra3oBble THIPAThI MOTYT CYIIECTBOBaTh B OCAJIKAX JIMIIb MPH OMPEICIICHHBIX TepMoOapuye-
CKHX YCJOBHSIX, TO NMPU U3YUYCHUHU JOHHBIX CKOIUICHUN ra30BBIX THIPATOB B OKPECTHOCTH BBISBICHHBIX I'psi-
3€BBIX BYJIKAHOB €CTECTBEHHO OBLJIO OBl MPUMEHSITh U METO/Ibl TECOTEPMUYCCKUX UCCIICA0BaHu. B uacTHOCTH,
OBLIO TPEJIOKECHO [6] MCIIONBL30BaTh JUIS U3MEPEHHH in Situ BHEJPEHHBIA B JOHHBIC OTIOKEHUS TEIJIOBOH
WTOJIBYATHIH 30H]], KOHCTPYKIIHSI KOTOPOTO XOpoIo u3BectHa [7]. Hanmex bl Ha 3(h(eKTUBHOCTD IPUMEHEHUS
TaKOTO 30HJa CBsI3aHBI C TEM, YTO €ro TeMIepaTypa Ha OOJBIIMX BPEMEHAX MOCIE BKIIOYCHUS MCTOYHUKA
TEIUIa aCUMIITOTUYECKH UMEET JIMHEHHYI0 3aBucuMocTh oT QOIn(?)/(4w)), tae O — NIuHeiHass MOLTHOCTh HC-
TOYHHKA, & A — TEIUIONPOBOIHOCTh OCAJIKa, YTO IMO3BOJISET MO ATOM 3aBUCUMOCTH OIPEICIIUTh 3HAYCHUC
ko3 dunmenTa TeronpoBoaHocTU. [lockoIbKy /10 1 Tocie (a30BoOro Mepexoia TeIIONPOBOIHOCTh OCAIKOB
HUMEET pa3HbIC 3HAYCHUS, IPEAIOIAraioCh, YTO 3TO MPOSBUTCS HA 3aMUCAX TEMIEPATYPhl 30HAa, CUTHATIU3U-
pys O HAJIMYUM THIPATOB. BriepBhIC BEPOSITHBIM MIPUCYTCTBUEM T'a30BbIX TUPATOB B JOHHBIX 0CAJIKaX OBLIH
00BSICHEHbI 0COOCHHOCTH TEMIICPATYPHBIX JHarpaMM, 3apETUCTPUPOBAHHBIX B Psijie MECT MIPU U3MEPECHHUSX C
TaKUM 30HJIOM Ha JiHe o3epa baiikain [6]. [Toxokue pe3ynbrarsl MO37HEee ObLTH TOTYYCHBI U Ha JIPYTHX aKBa-
Topusx [8].

N3yyenune TemmepaTypHOro Moiis JUHEHMHOTO MCTOYHUKA TEIJia, Pa3MEIIEHHOTO B THIAPATCOMEP KAIIUX
0CaJIKax, OCYMIECTRISUIOCHh KaK MyTEM JIA0OPaTOPHBIX 3KCIIepUMEHTOB [9—11], Tak u TeopeTruecku. B yact-
HOCTH, PEIICHUE 3a/1a4u O ()a30BOM TEPEXOIC B TUAPATCOACPIKAIINX 0CAIKAX C IMHCHHBIM UCTOUHUKOM TETI-
na, HO Oe3 yueta 3(h(dekTa BBIISISIOIICIOCS Ta3a MPH Pa3IoKEHUH Tujpara (TOJIBKO TEIUIoBas 3ajada), I1mo-
Ka3aj0, 4TO B MPOILIECCEe TUCCOIHMAIMY Fa30BbIX THIPATOB XapaKTep MU3MEHEHUs TEMIIepaTypbl 30HAa MOXKET
CYIICCTBEHHO OTJIMYATHCS OT TAKOBOTO JIJISl CPEJIbI, B KOTOPOW OTCYTCTBYIOT (Da3oBbIe MpeBparieHus [12].

[pu paznoxkeHnn ra30BOro TUApPaTa B IOPUCTOU CPEJIC BHIICIISIONIUICS CBOOOIHBIN ra3 MOXKET ITPH OTIpe-
JICJICHHBIX YCIOBUSX MPUBOAUTH K aHOMAJILHO BBHICOKOMY MOPOBOMY JABIICHUIO M CYIIECTBEHHO BIMATH HA
MpoTeKaHue Ipolecca Gpa3zoBoro npespaiieHus rujapara [13, 14]. TlosToMy npeacTaBiseTcss HEOOXOUMBIM
BBITIOJIHUTH MCCJICJOBAHUE BCETO TEPMOOAPUYECKOTO PEKHUMa OCAJIKOB Y MOBEPXHOCTH UTOJIBIATOTO 30H/A,
y4UTBIBast 3PPEKT BBIICISIONIETOCS ra3a. DTOMY U MOCBAIICHA JJaHHAS CTaThs.

2. 3ajgaya o moJie JUHEIHOT0 TEIUIOBOI0 HCTOYHHMKA B I'HAPATCOAEP:KALIUX ocaaKax. PaccMoTpum
0e3rpaHUuHYI0 Cpey, 3alOJTHEHHYIO OCaJIKaMHU, COIEPKAIIMMHU THAPAThl METaHA, OTHOCHTEILHBIH 00BEM
KOTOPBIX B MOpPaxX WM THAPATOHACBIIIEHHOCTh paBHsAETCA 8 . MaccoBas /101 BOJBI B I'HJpATEe COCTABIISAET
Yy, =7 = (0.87-0.88), Torna xak Maccosas JI0Jisl METaHA PABHA Y, = 1-vy=1(0.12-0.13) [15]. B ocanku BAOIH
OCH z NWIMHAPHUYECKON CHCTEMbI KOOPIWUHAT BHEJPEH JUTMHHBIA UTOJBYATHIA 30HJ, BHYTPH KOTOPOTO paB-
HOMEpHO pacrpejelieH HarpeBarenb. [lonaras, 4To JJMHA WINIBI [ BO MHOTO Pa3 MPEBOCXOAMT €¢ JUaMeTp
(d = 2r,), a naBnenue p u Temneparypa I’ u3y4aroTcs BOIM3M HEHTPA 30H/a, PACCMOTPUM MOJIENb, B KOTOPOM
30H]I-HArPEBATEIIb MPEICTABISET COO0N OECKOHEUHO JITMHHYIO HUTh, C CIMHUIHON JUTMHBI KOTOPOU B OCAJIKU
B €JIMHUILY BPEMEHH UCITYCKACTCsl KOJIMYECTBO TEIIOTHI Q.

[TycTh NMUHEWHBIA HArpeBarellb CTYIIEHYATO BKIIFOYAETCS B MOMEHT BpeMeHH ¢ = (0 H jaliee MOCTOSHHO
paboraeT. DHEprus 3TOr0 UCTOYHHKA PACXOMYETCsl Ha HarpeBaHHE OKpY)Karoliero ocaaka. [1o mporiecTBuu
HEKOTOPOTO BPEMEHH ¢ B TOYKE, HaXOAsIIeHcss Ha pacctosHuH 7 = {(f) OT OCH HarpeBaTessl, JOCTHIaeTcs
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TeMIepaTypa ocajka, paBHas temneparype T, . basoBoro mepexona rujpar MeTaHa — METaH-Ta3 + BOJa NpH

CYIIECTBYIOIIEM Ha 3TOM YIaJICHUHU JABICHUN p = p , U THApAT MeTaHa B oonactu » < ((f) MONHOCTHIO JIHC-
couuupyet. Ha peakiuio 1ruccounaniy rujipara pacxoayeTcst IpH 3TOM 4acTh TETJIOTHl HCTOUHUKA UITH CKPBI-
tas Teriora L. J{ist Hee Mmoo nipunsTh L = 430 xJx/xr [16, 17].

[Tocne pa3ioKeHus: Ta30BOTO THJIpaTa BBIICIHUBIIASCS BOJA, KOTOPYIO OyJIeM CUMTATh HECKIMAEMOH, 3a-
HUMAET, BMECTe C YK€ CYIIECTBOBABIIEH B MMOpax, HEOOXOIMMBIN 00beM MOPOBOTo MpocTpaHcTBa. K MeTany-
rasy, 3al0JHBIIEMY YacTh IIOPOBOTO MPOCTPAHCTBA J0 PA3JIOKEHHS THAPATa, 33 CUET AUCCOIMAIINN TOCIe/-
Hero /100aBiseTcsi BBICBOOOMBIIHICS CBOOOAHBIN MeTaH. B MOpoBOM MpPOCTpaHCTBE T'a3 3aHUMAET Telephb
OCTaBIIMICS eMy OTpaHW4eHHBIH 00beM. [10cKoIbKYy B 3TOM 00BeME CyMMapHas Macca MepBUYHOTO M BbI-
JIEJIMBIIETOCS] METaHa MOXKET OBITh BECbMa 3aMETHOM, TO B TIOXOIPOHHUIIAEMBIX 0CaKaX MIOTHOCTh METaHa
p, MOXKET CHJIBHO MOBBICHTBCS B 3aBHCHMOCTH OT §,, @ €ro IaB/ICHHE B COOTBETCTBUM C YPABHCHHEM ra30BOr0
COCTOSTHHSI CYIIIECTBEHHO BO3pacTH. DToT 3 ekt oTMedeH B pse pador [18, 13, 14]. C noBelmeHneM mpo-
HUIIAEMOCTH OCAJIKOB JIaBJICHUE T'a3a, €CTECTBEHHO, JIOJDKHO TaJaTh 3a CUET €ro MHTEHCHBHOW (HIBTpaIuu
B 4aCTH OCAJI0YHOM Cpelibl, elle He 3aTPOHYThIe pa3IoKeHneM TuapaToB. O4eBHIHO, YTO BHICOKHE JaBICHUS
JIOJDKHBI CYIIECTBEHHO 3aMeIATh caM Iporecc (pa3zoBoOro nepexosia WK MpensTCTBOBATH €ro MPOTEKaHUIO.

B pamxax Hameit 3a1aun OyaeM CUUTaTh, YTO MEXaHWYECKUE CBOMCTBA ra30BOT0 THIpaTa He OTINYAIOTCS
OT aHAJIOTMYHBIX CBOMCTB CKEJIeTa 0CaJiKa, TaK JKe, KaK 3T0 ObLIO ceiaHo B padote [14].

[TpucBonM OnmkHel K ucTouHHKY obmactu »<C(f), rae pasnoxenue yxe mnpowmsouuio u 1 >T

ph>
Homep 1, a obnmactu » > (¢), rae pasioKeHus ra3oBoro rujpara eme He opuio u 7' <7 i » HOMEp 2.
W3 3akoHa coxpaHEHUs] MacChl ra3a MoJiy4aeM paBeHCTBA!
a[P(l)d)B(l) 1 6[7”[3(1)\/ ]
g 1 _
o =0, Ir=12T o
[ (2)¢B(2):| 9 ) (M
I [rp v, |
+— g =0, Ir=1,<T oh
ot r or
3nech ¢ — MOPUCTOCTh OCAJIKa; Sh — €ro, KaK yIOMHHAJIOCh, IHIPATOHACHIIICHHOCTD; 3, 1 Bg — JIOJIA

BOJBI 1 I'a3a B IOpax ocCajika, KOTOPbIC IIyTEM COIIOCTaBJICHUSA 00BEMOB U Macc BOJbI U I'ada 10 U IIOCJIC pa3-
JIOXKCHU ruipara B 3JICMCHTC o0bema ocaaka AV BbIpa3uM CJICAYOIINUM 06pa30M:

BY =(1-3,)s, BY =(1-38,)sy, T=T,<T

ph>

2)
1 _p® P 1) _ pO® Py _ (
B, =B, +y—96,, B, =B, +|1-y—|5,, T=T72=2T,,
w w
0 o
rae SW — HaCLIH_[eHHOCTL BOIOU HOpOBOFO HpOCTpaHCTBa, CBO60,[[HOFO OT Ira30BOI'o FI/II[paTa, B O6J'IaCTI/I C TCM-
o 0 0 __ .
neparypoud T <T i — HACBILICHHOCTb 3TOTO MPOCTPAHCTBA Fa30M (S, + S, = 1); p,,. p, — MWIOTHOCTH
HOpOBOfI BOJIbI U Fa30BOFO FI/I,I[paTa.
HHOTHOCTL ra3sa pg B BLIpa)KeHI/ISIX (1) OHpeHCHﬂeTCH ypaBHeHHCM €0 COCTOSAHUA

O=_P __ r-r<7 0P r-1>7T,; 3
p pg ZgRg]; > ph’ p pg ZgRg].{ 5 1= ph > ( )
P, WIM p; — JaBleHue rasa B 001acTd ¢ COOTBETCTBYIOLMM Homepom; Z, = 0.8 — cpennuii kos(u-

IIUCHT CKUMAEMOCTH METaHa, €CJIM €T0 NaBJiCHUE M3MEHSETCs B mpenenax p = 7-25 Mlla, a Temmneparypa
T= 275-300K [19]; R =5 18.36 JIx/(xr-K) — ra3oBast OCTOSIHHAS )11 METaHa.

Panuanenas (eAMHCTBEHHAs COCTaBIAIONIAS B HAIIEH 3aJa4e) CKOPOCTh (DUIIBTpaluy rasa v =V, , eClu
I<T,,wmv=v npu T >T,, Bxogswas B paseHcrsa (1), onpenemnsercs ypapaenueM Jlapeu u umeer
BH/I (B IPeHEOPEKEHNHN IS Ta3a JeHCTBHEM MacCOBOM IPaBUTALMOHHOM CHJIBI)

K, O, K, O
v2:__2&’ T<T,; Vlz__lﬂ, T>T,. (4)
or P n, or P
He g
JlnHaMuyeckas BSI3KOCTb rasza H, = 107 ITa-c mpuHUMAaeTCsl HAMH Be3/Ie TOCTOSTHHOM.

[Iponunaemocts K s rasa (no Kozenn—Kapmany [20, 21] B npencrasienun JleiiGensona [22]) B pa-
BEHCTBaX (4) BBIPa3UM B BH/JIE
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[ B(Z)] [¢B(1>T
K, =K, 1+3s)), T< K =K, ————=—(1+38" |, T>T 5
2 ph ) 1 0 2 wo |2 = L ph> ( )
[ B(Z)] [1 _ 4)5(1)}
4
e K, — Ko3()OHUIHMEHT, 3aBUCAILNN OT CTPYKTYpBI OCaJKa M MIMEIOMIMI Pa3sMEPHOCTD IIJIOLIAIH.

B ypaBrenusix (1), mpuHMMas Bo BHUMaHWe paBeHCTBa (3) u ypaBHeHus Jlapcu (4), uCIONB3ys METOM
JUHeapu3alny, peaaokeHnbnil Jleiiloenzonom [22] 1, B 4aCTHOCTH, IPUMEHEHHBIH B [ 14], mpereOpexem u3-
MEHCHUSIMH TeMIepaTypsl, IoJIaras, YT0 OHU MaJjbl II0 CPABHEHMIO C €€ Ha4aJbHBIM 3HAYCHUEM JI0 MOMEHTA
BKJTFOYCHHS UCTOYHUKA [ 14], 1 mpeoOpaszyem 5TH ypaBHeHus (1) K BUILYy

2 B 2
@i, 1o r(—f{l aﬂj =0, T>T, (r<co).

ot ror or
op?> 10 i op? ©
D, ~ oD,
—_—t—— —K,—=||=0, T<T > (1)),
ot ror _r( > or J P (r o ))
1€ KOO PHUIHESHTHI
= _ 1p %= K, Py )

K >
LB, ©0BYk,

HMEIOT Pa3sMepHOCTh M?/c. 3HaYeHHE P, U3 MHTEpBala [po, f?] YTOYHSIETCS IIyTEM BBIYHMCIICHUH.
VYpaBHeHus punpTpannu rasa (6) JOMONHSIIOTCS COOTBETCTBYIOLIMMH YPaBHEHUSIMU TETIJIONPOBOIHOCTH

Qﬁ—LﬁﬁﬂaTj 0, T=T, (r<C).

ot ror or
oT, 10 oT, )
2 __ " |ra 0, T<T r=>:c(?)),
ot rﬁr( 8rj Ph ( C())
rae al u a2 — TeMICPATypoOnpOBOAHOCTH B COOTBECTCTBYIOLIUX O6J'IaCT$IX:
A A
4 ==-; a,==—. )
pC, pC,
O6’beMHa$I TCINIOEMKOCTL OCa/IKa B paBCHCTBAX (9), OYCBUAHO, BBIPAYKACTCA B BUJIC
pC, = (1=9)p,Cy +0BVp,C,i pC, = (1=P)pyC,y +6[8,0,C, +BTp,C,, |- (10)

3necy p,, — IUIOTHOCTH ckeneTHoro Bemectsa ocagka; C,, C, n C, — TEIIOEMKOCTH CKEJICTHOTO Belle-
CTBa, IOPOBOI BOJIBI M TUpaTa. BBuay Manol MIOTHOCTH M HACBIIIEHHOCTH METaHa-ras3a, ero BKial B 00b-
€MHYIO TEIUIOEMKOCTb 0CaJIKa HE YUUTHIBAETCS.

Bxopgsmue B BeipaxeHus (9) 3Ha4€HHsI TEIUIONPOBOJHOCTH OCAAKOB OyJeM ONpeNeNsiTh IyTeM PeIeHHUs
ypaBHeHu# [23]

M O ¢ @
L: 1-¢ + d)BW n ¢Bg : 1 - 1-¢ n d)BW) + ¢Bg + ¢6h (11)
3h 2MHhg 2MHA, 2hHA, 3k, 2hth 2hG,tA, 2Mth, 2,
3npec A, = 2.5 Br/(mK), A = 0.6 Br/(m'K), kg = 0.037 Br/(m’K), A, = 0.4 Br/(M'K) — Tennonposoanoctu
CKEJICTHOTO BEIECTBA, BOIBI, MeTaHa-Ta3a [16] u ruapara merana [16, 17], COOTBETCTBEHHO.
B HauasbHBII MOMEHT Cpe/la XapaKTepU30BaIach CICAYIONMMH JIaBICHUEM U TEMIICPaTy PO
p(rt=0)=p,,  T(rt=0)=T, (12)

Ha GoJbIom paccTossHUM OT MICTOYHUKA JIABJICHHE U TEMIIeparypa B JIF0001 MOMEHT BPEMEHH COXpaHsi-
FOTCSI pAaBHBIMU HaudajlbHbIM 3HaueHUsAM. Wnn

p,(r)—=—>p,, Lr)—=—T, (13)

Bcerencrteue NMIMHAPAYECKOH CUMMETPUHU palualibHasi CKOPOCTh (MIIBTpAIMU ra3a paBHA HYJIIO MPU
r =10, oTkyna c yaeroM ypaBHeHus [lapcu (4) momyyaem rpaHIYHOE YCIOBHE IS aBICHUS
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L221G0) (14)
a}" r=0
HenocpeacTBeHHO BOMU3U HCTOUHUKA CYMMAapHBIH IMOTOK TETIOBOM YHEPTUH Yepe3 TOBEPXHOCTH JII000M
LHMIHHPUYECKON 000I0UKH SMHUYHOMN JTUHBI ¥ PaJInyCOM 7, COOCHOM C JINHEHHBIM UCTOYHUKOM, PABEH KO-
JIMYECTBY TEIJIOTHI O, UCITyCKAaeMOMY B €IMHUILYy BPEMEHH C €AMHUYHOMN UTMHBI HCTOUHUKA. OTCIO/1a ¢ y4eTOM
3akoHa ®ypse (q(r,t) =—-A0T(r,t)/0r, q(r,t) — TEIIOBO MOTOK) CIEIyeT YCIOBHUE

o7, 0
— == . 15
lrl—r%l(r or j 2mh, (13)

W3 3akoHa coXpaHEHUs] MACChl METaHa-Ta3a B TOHKOM IO PaJUyCy JIeMEHTe 00beMa, 3aKITI0YatonieM B
cebe gacTh (ha30Boit TOBEpXHOCTH 7 = {(), IOTydaeM yCIIOBHE:

dac() _
(v, ), Y, — =0, (16)
e
— ph P © = — 13
U=v,—5+ty—-1L p,=p =—, (17)
g p;C) P, g g|, =C(1) ZgRngh
a v, M V, ONPEAENAIOTCA BBIPAKEHUAMH (4).
Jlnst Teruta Ha 3TOW TpaHUIle BBINONHsIETCs yeiopre Credana
oT, oT, di(t
7\' A _7"1_1 h¢6 C() (18)
F ol or |,
C yuerom ycnosuii (12)—(18) u p(r, t)| o =p, T(r, z)| T =T, HAXOIUM aBTOMOJICIILHOE PELICHHE
cucTeMbl ypaBHeHu# (6) u (8):
pl(S):ﬁa Sgsph;
E, fz—'s
2 2, (r2 2 K, (19)
py(s)= Py +(p — D )7a S >Sph
a
E /| s,
2
)51
T(5)= T +~2[E,()-Ey(s,) ], s <5
Pt Am), P P
E| % (20)
a
L) =T,+(T,-T,———2.  s>s,.
a
E, S
rae a,
s=r’[(dat); s, =C0)/@at)=0; 1)
E (x)= J. exp(—u)/udu — wuterpanbHas mokazarenbHas GYHKIUS; G pn — @BTOMOJICIIbHAs KOOpAMHATA

TNOBEPXHOCTH (pazoBoro nepexona. Ouesnano, uro §(#) =a., \ﬁ TIe O, — NOCTOSHHAS C PA3MEPHOCTBIO
M/c'?, 3aBHCSIIAs TOIBKO OT CBOUCTB CPEBI M HCTOYHHKA. 3HaquI/Ie K, ompenensiercs BeipaxeHnem (7).

YUT00b! HANTH HEH3BECTHBIC 3HAYCHUS S, H p , uctionszyem ycnosus (16) u (18), nogcrasmsist B HUX
Beipaskenus (19), (20) ans naBneHus U TEMIEPATYPhl C yUETOM 3aBUCUMOCTEH (4) At CKOPOCTH (PHUITBTPALIIH
raza. B urore momgy4yaem cucteMy TPaHCICHJCHTHBIX ypaBHEHUH
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a
exp| ——Lts
0 KZ(TPh_TO) a, " _
S ——exp(—sph)Jr =0,
4nlp,$d,a, Lp,$5,a, E, &Sph 22)

a,

) 2 q 26h~AUE a a -0

(p”—py)exp —ﬁ—zsph - Bng)pop . E r{—zsph ﬁ—zsph— :

[lepBoe ypaBHeHue B cucteme (22) mpakTHUecKd coBnagaer ¢ ypaBHeHueM (20) B padote [12], momy-
YEHHBIM 0€3 yueTa M3MEHEHHUs IOPOBOTO JIABJICHHS TPH BBIJICICHUH CBOOOIHOTO ra3a B mpoliecce (ha3oBoro
npeBpaiieHus ruapara. OTinyre MexXy HUIMHA COCTOUT B TOM, UTO B HACTOSIIIEH padoTe ykazaHHBIH d(deKT
YUHUTBIBACTCs, a TeMieparypa asosoro nepexoxa 1, =T, (p) (xak B mepBoM ypaBHenuu (22), TaK U BO BTO-
pom uepes U, u pf;) ) OIIpEJIEISIETCs] STUM BO3POCIINM JIABICHUEM P .

B nocnenyromux pacuerax 3Ha4€HMS IUIOTHOCTEH P, P,,, P, HpHUHMMAaKOTCA paBHbiMU 2670, 1000
1 913 xr/M*, COOTBETCTBEHHO. BhIurciieH s TeMIepaTypbl (pa3oBOro mepexoja OCyIIeCTBISFOTCS C HCITOIb30-
BaHueM nporpaMmbl Citoana [17].

3. ABTOMOJeIbHAS KOOpANHATA (Pa30BOii MOBEPXHOCTH U AaBJieHHe (a30Boro nepexona B 3aBUCH-
MOCTH OT JaBJIeHMs Ha AHe (INIyOMHBI Mopsi). Eciu oneHUBaroTCs yCIIOBUS MCIOJIB30BAaHUS UTOJIBYATOIO
30HJa in Sifu B JOHHBIX 0CaJKaX, COEPKAIMX FUIpaT METaHa B IIopax, ClIeIyeT YUUThIBATh, UYTO TEMIIepaTypa
nHa B niryookoM (Oomee 0.5 kM) Bomoeme 00bIuHO cocrasisiet npumepro 3 °C (276.15 K). [1pu cootBeTcTBYIO-
LIMX ATOM ITyOMHE JaBIeHUsIX TeMIieparypa (Ha30Boro nepexoaa rufjpar MeTaHa — MeTaH-ra3 + BoJa 3aMETHO
IpPEBbIIAET TeMIEPaTypy AHa. Hanpumep, npu miyOuHe mpecHOBOAHOro Bogoema i = 0.5 KM 3TO IpeBbI-
menue cocrapisieT npumepHo 4 K, mpu 2 =1 xm — 10 K, a ipu 2 = 2 xm nocturaer ~16 K. Ouesuano,
YTO JUIA IPOTPEBA OCAIKOB 0 TeMIeparypsl (Ja30BOTO Mepexoaa JMHEHHOMY HCTOUHUKY MPUAETCS paboTaTh
CYLIECTBEHHO JIOJIBIIIE.

3aBHCHMOCTH aBTOMOJEIIBHOM KOOPAWHATEI (pa30BOM IPAHHLIBI G, OT HAYAIBHOTO JABICHUS P, B Cpele
(maBneHHs Ha JTHE MOpS), pacCUMTaHHBIE (IIyTEM pEeUIeHHs CHCTEMBI ypaBHeHUH (22)) /Ui IBYX 3HaAUYEHUI
JIMHEHHOHN MorHOCTH uctodruka (O = 15 u 30 B1/M) nipu ruipaToHACKIIIECHHOCTH JIOHHBIX OCaJIKOB Bh =04,
npuBesieHb! Ha puc. 1. Kak ciiegyeT U3 3Toro pucyHka, npu JUHEHHON MOIIHOCTH McToyHnKa O = 15 Br/™m
aBTOMOJIENIbHAs KOOp/AMHATa (ha30BOI IpaHUIBI IEPECTAET 3aBUCETh OT MPOHHMIAEMOCTH K, , €clu p, > 20
MIla (unu rry6una Mops /i, > 2000 m).

Takoii 5 deKT 00BSICHIETCS TEM, YTO C YBEITMYCHNEM HaYalIbHOTO JIABJICHUSI BO3pAcTaeT yKa3aHHasl BhIIIC
Pa3HOCTh MEXY TeMIieparypoid pa3oBoro rnepexoja, COOTBETCTBYIONICH dTOMY JIaBIICHHIO, M HAYaIbHOM TeM-
TepaTypou, a MO3TOMY pacTeT M BpeMsl [JIsl IPOTPEBa CPeIbl 10 paBHOBECHOTO 3Ha4eHNUs. [lockoIbpKy Ha 60Ib-
IIMX BpEMEHaX TemIeparypa B (PMKCHPOBAHHOM TOYKE BO3PACTAET JIOCTATOYHO MEIJIEHHO, CBOOOTHBIN ras,
00pa30BaBIIMICS TOC/IE MPOTrpPeBa JI0 TeMIeparypbl (Ha30BOro Pa3jioKEHHs, YCIEBaeT OT(HHIBTPOBBIBATHCS
JlasKe MPH BEChMa HU3KOM MPOHHUIIAEMOCTH ocajika. [1py MOBBIIIIEHUH MOIITHOCTH MCTOYHHKA ATOT 3 ekt Ha-
CTymaet Mpu OOJBIINX HAYaIbHBIX JABICHHSIX.

Eme Gonee HaIsIIHO OTMEUEHHOE TPOSIBISCTCS B 3aBUCHMOCTH JaBlieHHs (a3oBOro mepexoja OT Ha-
4aJIbHOTO JaBlIeHus, n300paxeHHol Ha puc. 2. Ipu tex xe p, > 20 MIlau Q = 15 Br/M naBnenne $pa3oBoro
IIepexoa He TOJIBKO CTAHOBUTCSI OJMHAKOBBIM Ul pa3HbIX MPOHHUIIAEMOCTEH 0cagKa, HO U NepecTaeT OTIn-
4aThCsl OT HaYaJIbHOTO. TepMoOapruuecKuil peskuM B CPEAE CMEHSETCS YMCTO TEIIOBBIM.

Bce BhIIeCKa3aHHOE COOTBETCTBYET THAPATOHACKIEHHOCTH 8, = 0.4. Jist IpyruX €€ 3Ha4€HUH OCHOB-
HBIC ONMCAHHbBIC 3aKOHOMEPHOCTU PAKTHYECKH COXpaHAIOTCS. IIpu 3ToM, yeM MeHble O, , TeM Oolblie Be-
JMYMHA aBTOMOAEIBHOM KOOpAMHATHI (pa30BOM IPaHUIbl HA HAMMEHBLIMX [IyOMHAX MOpS, IPU KOTOPBIX Ha
JIHE CYLIECTBYIOT yC/IOBHS CTaOMIBHOCTH ruipara MeraHa. OJHAKO C POCTOM [ABICHUS p, 3HAYCHUS O ,,
yOBIBaIOT TeM OBICTpee, YeM MeHbIe O, . DTH 2 eKThI XOpoIno BUAHE! Ha puc. 3, rae 1 6, = 0.1, 0.2, 0.4,
0.6, 0.8 mpu Q = 15 Br/m n x, = 107'* M” IprBeIeHbI 3aBUCUMOCTH OT HAYaIbHOTO JABJICHUA P, KaK aBTOMO-
JeNTbHON KOOpAWHATHI (a30BOM rpaHUIbI (JieBasl IIKana), Tak U JaBleHus (pa3oBoro nepexosa (mpasasi IIKa-
na). JlaBnenue Gpa30Boro nepexosa, Kak IOKa3bIBalOT PAacueThl, TEM BbIIIE, 4eM OolbIIe O, , TaK KaK B TOM XKe
o0beMe 1op BbIeNsieTcs: OOMbIas Macca cBOOOIHOTO rasa.
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Puc. 1. 3aBucuMocTb aBTOMOJENBHON KOOPAMHATHI S, (hazoBoro Mepexona OT Ha4aIBHOTO JaBICHUS
(maBieHUS HA JHE) U YCIOBHU «OOBITHOT0» MOPSI.
Pamuyc uronsaaroro 3ouma 7, = 1 MMm. Cnrownsie aunuu — Q = 30 Bt/m, nynxmup — O = 15 Br/m. Temmeparypa
pUIOHHOM BOsIbI T 0= 276.15 K, ruipaToHachIIEHHOCTh JOHHBIX 0CaIKOB Sh = (0.4. IHOeKChl KPUBBIX — MPO-
HHUIIAEMOCTh 0CaKoB K, (M?): [ — 107'% 2 — 1077, 3 —107'% 4 — 107, 5 — 107% 6 — 107",

Fig. 1. Dependence of the phase transition self-similar coordinate 5 on the initial pressure
(pressure at the sea bottom) for conditions of the «ordipnary» sea.

The radius of the needle probe is 7, = 1 mm. The temperature of the near bottom water is 7, = 276.15 K,
the gas hydrate saturation in the pore space of the bottom sediments is 5, = 0.4. The solid lines correspond
to Q =30 W/m, the dashed lines correspond to Q = 15 W/m. Indexes of curves indicate the permeability
of sediment x, (m?): / —107"% 2—10"7; 3 — 107" 4 — 1075, 5 — 107, 6 — 107",

JlaBnenue fj, MIla

HavansHO€ naBieHune Do MlIla

Puc. 2. 3aBucuMocTh naBieHus (Ha30BOTO Mepexoaa p OT Ha4aJbHOTO JAaBIICHHS
(maBieHUs Ha JHE) Ul YCIOBUUA «OOBIYHOT0» MOPSI.
Paymyc uronsaaroro 3ouma 7, = 1 Mmm. Crmomrubie muann — O = 30 Br/m, myrktup — O = 15 Br/m. Temneparypa
MPUIOHHOMN BoAbI 7 0= 276.15 K, ruipaToHaChIIEHHOCTD JOHHBIX 0CaKOB 6}1 = 0.4. InaeKxchl KpUBBIX — MPOHUIIAEMOCTh
ocakos K, (M?): / —107"% 2 — 1077, 3 —107% 4 — 107, 5 — 107, 6 — 107"

Fig. 2. Dependence of the phase transition pressure p on the initial pressure
(pressure at the sea bottom) for conditions of the «ordinary» sea.
The radius of the needle probe is r, = 1 mm. The temperature of the near bottom water is 7, = 276.15 K, the gas hydrate saturation
in the pore space of the bottom sediments is 5, = 0.4. The solid lines correspond to O = 30 W/m, the dashed lines correspond
to O =15 W/m. Indexes of curves indicate the permeability of sediment k, (m?):
1—10'%2—10";3—10"'%4—10"5;5—10" 6 — 102
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Puc. 3. I3MeHeHune aBTOMOAEIHLHON KOOPIUHATHI G, W AaBICHHI (dazoBoro nepexoaa p B YCIOBHSIX «OOBIYHOTO»
MODPSL B 3aBUCUMOCTH OT HAYaJIbHOI'O JABJICHUS IIPU Pa3HbIX I'MAPATOHACKHIIEHHOCTAX JOHHBIX OCAJKOB.
MomnocTs uctounuka Q = 15 B1/m, paauyc urossyaroro 3om1a 7, = 1 mm. Temneparypa npunonsoit Boaer 7, = 276.15 K.
Hcxonnas NpOHMIIAEMOCTh IOHHBIX OCaKOB i rasa K, = 107 M?. MHeKC KPUBBIX — IHAPATOHACKILEHHOCTD O, :
1—0.1;2—0.2;3—04;4—0.6; 5—0.8.

Fig. 3. The change of the self-similar coordinate G, and the pressure of the phase transition p under the conditions
of the «ordinary» sea, depending on the initial pressure for different gas hydrate saturations of the bottom sediments.
The power of the linear source is O = 15 W/m, radius of the needle probe is , = 1 mm. The temperature
of the bottom water is 7, = 276.15 K. Initial permeability of bottom sediments for gas is x, = 10""* m,

Indexes of curves indicate the gas hydrate saturation §,: / — 0.1; 2 —0.2; 3 —0.4; 4 —0.6; 5 — 0.8.

[Ipu Bcex Q < 15 BT/M B ycnoBusiX «OOBIMHBIX» TIIyOOKHX MOpEH ¢ XONOAHOM MPHUIOHHOW BONOW 3Hade-
HUS G, Mallbl JaXke B 00J1aCTH OTHOCUTENBHO HU3KKMX HAYallbHbIX AaBnenuii (p, < 10 Mlla). C ysenuuenuem
D, 3HaYCHUA G, CTPEMUTENLHO YMEHBIIAOTCA. OTO O3HaYaeT, 4To BpeMs 1, Ipuxona dbponTa dazosoro npe-
BpAIIEHUs B J11000H (QUKCHPOBAHHBIN MYHKT 7 = 7| = E;(tph) MOKET OBbITh BeChbMa 3HAYUTEILHBIM, TOCKOJIBKY B

COOTBETCTBHH C BhIpaskeHHEM (21) 5
-
0

t =
ph
4alsph

Kax cnenyet u3 storo Beipaxkenus u puc. 3, npu O = 15 Br/M u r) = 1 MM 171 0CAJIKOB C BIIOJIHE BEPO-
SATHOM Ha MOPCKOM JIHE TIPOHHIIAEMOCThIO K, = 107'* M? 5T0 Bpems mpeBocXoauT 1 U B IMana3oHe HaYalIbHbIX
nasnenuii p, > 8 Mlla. [Ipy MEHBIIMX MONIHOCTAX MCTOYHHUKA 3TO BPEMsI PEBBIIIACT | U jae NpH Hayajb-
HoM JaBienun p, = 5.5 Mlla, ecim T = 276.15 K. Tlpu Q = 30 Br/m Bpems Ly < 1 yaca nocturaercs, Korua p,
He nipesbimaet 25 Mla.

Ecnu cunrars, 4T0 Ha4aIbHOE IABIEHUE P, €CTh JABIECHUE HA JIHE MOPS, & 7 ABJIAETCSA PAJINyCOM UTOJIbYa-
TOTO 30H/a, TO, YTOOBI i Situ B 3aIMCU TEMIIEPaTyphl 30Ha HAICKHO 3aQUKCUPOBATH M3MEHEHNS, OTPaKaIO-
e pa3oBoe mpeBpalieHne THAPATOB M UX CBOWCTBA, MPOAODKUTENIEHOCTh N3MEPEHHS TOJHDKHA B HECKOJIBKO
pa3 IPEBOCXOAHTH £, ITO TPYTHO OCYIIECTBUTH C OOJIBIIMHCTBA CY/I0B, C 0OPTa KOTOPBIX BEAYTCS H3MEPCHHUSI.
[Ipu 5TOM B MOpSAX C HU3KOM TemIiepaTypoi JiHa (BBILIE TOBOPHIIOCH, YTO ATO XapaKTEPHO MPAKTUUECKH IS
BCeX MOpei) ncciefoBanus Ha TyOnHax cBeimie 800 M BO3MOYKHBI JIUIIb TIPY BBICOKOM THAPABINYECKOH MPo-
HHIIAEMOCTH JOHHBIX OTIOXEHWH u (O, 3aMeTHO Oobmiel, ueM 15 Bt/m, eciaun ry = 1 mMm. Pabora ¢ 30H10M
00MIbIIIETO pajyca MOTPeOyeT YBEIMYCHUSI BPDEMEHU PETHCTPALH.

Heo0OxoanMocTs poI0HKUTETHPHOTO HATPEBAHUS BEIET K TOMY, YTO JaKe MPU CYIIECTBEHHBIX Pa3InyH-
AX B TMIPATOHACBILIEHHOCTAX O, 0CA/IKa COOTBETCTBYIOIIME UM KPUBBIE 3aBUCMMOCTH TEMIIEPATYPhI CPEJIbI
OT BPEMEHH MaJi0 OTIMYAIOTCS MEeXAy co0oi. OO 3TOM CBHIETENBCTBYET pHUC. 4, HA KOTOPOM JJIsl Clydast
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Puc. 4. Temneparypa ocajka Ha PACCTOSIHUH 7, OT JJHHEHHOIO HCTOYHUKA.
Hcxoanas NPOHMIIAEMOCTh OCaIKOB Juis ra3a k, = 107" M?; HavanbHoOe faBnenue p, = 5 Mlla,
HayasbHas Temneparypa 7, = 276.15 K, r, = 1 mm. Cnaownvie aunuu — Q = 30 Br/m, nyuxmup — Q = 15 Br/m.
WHpeke KpUBBIX — THAPATOHACKIEHHOCTH O,: [ — 0.1; 2 —0.4; 3 —0.6; 4 — 0.8,

Fig. 4. Sediment temperature at the distance r, from the linear source.
Initial permeability of bottom sediments for gas is k, = 10"'* m’. The initial pressure is p, = 5 MPa, the temperature of the bottom
water is 7, = 276.15 K, radius of the needle probe is 7, = 1 mm. The solid lines correspond to O = 30 W/m,
the dashed lines to Q = 15 W/m. Indexes of curves indicate the gas hydrate saturation §,: / — 0.1; 2—0.4; 3—0.6; 4 —0.8.

T,=276.15K, p,= 5 MIla, x, = 107" M> n300pakeH0O U3MEHEHHE TeMIIEPaTyphl 30H/1a paauycoM 7, = 1 MM ¢
Oonpuumu MotHOCTAIMU O = 15 1 30 B1/M, MOMEIIEHHOTO B 0CaJIKK C THAPATOHACHIILICHHOCTSIMH O ,=0.1,0.4,
0.6, 0.8. OtmeTnM, uT0 BCe KpuBble 1(7, ), IOCTPOCHHBIE KaK 3aBUCUMOCTH OT 1g(#), B COOTBETCTBHUH C TIEP-
BBIM BbIpakeHHEM B (20) aCHMOTOTHYECKU TPUOIHKAIOTCS K TIPSMBIM C YIIIOBBIM K03()(QUIIMEHTOM, 00paTHO
MIPOTTOPITMOHATBHBIM TETUIOIPOBOAHOCTH CPEIBI MOCHE Pa3joKeHUs B HEW TMAPATOB METaHa, SIBISAACH TEM
caMbIM (YHKIHEN OT IIEPBUYHON TMIPATOHACBHIILIEHHOCTH OCAJIKOB O,.

KpuBble n3MeHeHHUs NaBICHUS BO BPEMEHH HPH TeX ke ¥y, K,, 1,, p, U O HOpeAcTaBIsioTcsS Oonee
nHPOpPMATUBHBIMU (pUC. 5). OHU CYIIECTBEHHO CHJIbHEE 3aBUCST OT THAPATOHACHIIIEHHOCTH OCAIKOB U IPU
JOCTaTOYHO JJUTENbHONW PETHUCTPALMU TO3BOJISIOT OMPENENIUTh MOMEHT (pa30BOr0 MPEBpAallCHUs] THAPATOB
MeTaHa B METaH-ra3 + BoAy (B paMKaxX OIMCHIBACMON MOJAECTIH).

W3noxeHHOE BBIIIE CBUACTEIBCTBYET O TOM, YTO B MOPSIX «OOBIYHOTO» THIIA C XOJIOAHOW MPUIOHHOM BO-
JIOW MCTIOJIb30BaHUE BHEAPSAEMOTO B THO UTOJIBYATOTO 30H/a C 11€TIbI0 UCCIIEIOBAHNS CBOMCTB T'MAPATOHOCHBIX
0CAaJIKOB 71 Sitit BO3MOXKHO JIMIIb TPH OOJIBIIUX JIMHEHHBIX MOITHOCTSIX HCTOYHUKA.

B HexoTOpBIX (HEMHOTOUMCICHHBIX) MOPSX TeMIleparypa MpUIOHHON BOIBI MOXKET OBITh CYIIECTBEHHO
Boimie. Hanpumep, B UepHom mope ona paBHa 9 °C, a B CpeauzemHom Ommska k 13 °C. B Yeprom mope
(conmeHocTb BoabI OKOJIO 18 %o) yCIOBHS CTAOMIBHOCTH TMAPATOB METaHa 0OECIeYMBAIOTCS Ha IHE C TIyOu-
Hoii 700 M u Goree, a cleOBaTEIbHO, PE3YNbTAThl U3MEPEHHS i1 Siti C UTOJIKYAaThIM 30HJIOM B 9TOH 00nacTu
MOpSI MOTYT 3aMETHO 3aBHCETh OT CBOMCTB ra3zoBbIxX rujpatoB. B CpeauseMHOM Mope (COIEHOCTh BOJIBI OKOJIO
35 %o) aHanmoOrMYHbBIE YCIOBHS CTAaOMIBHOCTH CYIIECTBYIOT Ha TiTyOnHax, HaunHas ¢ 1100 m. B Yepnom mope
npu Q = 15 B1/M Bpemst Hauamna $pa3zoBOro pa3ioKeHUs THIpaTa METaHa He MPEBBIIIAeT OJHOTO Yaca Mocle
BKJIFOYECHUS UICTOYHUKA, €CIH TiyOrHa Mopst He ripeBocxonuT 1900 m. B CpennzeMHOoM MOpe 1oJJ00HBIE H3Me-
peHus MOryT BeCTUCh Ha niybuHax 10 3000—3500 m. Ecin Q = 30 Br/M, T0 11pn Takom kpurepuu (£, < 1 4)
B UepHOM MOpe U3MEpeHusi MOJKHO BECTH B JIF000H Touke ero aHa. B CpeanseMHOM MoOpe ¢ TaKoi MOIITHOCTBIO
HCTOYHHMKA U3MEPEHUS MOTYT ITPOU3BOANTHCS Ha JHE TAKXKe Be3/e, IpUUYeM BpeMsl Hauajia (a30Boro nepexona
He Oyzet npeBbIiaTh 9 MUH Jaxe npu royoune A, = 5000 m.

MOXHO O)KHAATh, YTO B MOJOOHBIX «TETIBIX» MOPSIX PErUCTpalis U3MEHEHHI BO BPEMEHH KaK TeMIlepa-
TYpBI, TaK ¥ JIABJIE€HUS B JOHHBIX 0CaJIKaX Ha MOBEPXHOCTH UTOJBYATOTO 30H/1a IO3BOJIMUT HE TOJIBKO YCTAHAB-
JIUBaTh MPUCYTCTBUE ra30BBIX T'MJIPATOB Ha JTHE, HO M OLIEHMBATh CBOMCTBA rUApaTcoiepKalux ocaakos. Emie
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Puc. 5. JlaBnenue B ocasike Ha pacCTOSHUU r, OT JIMHEHHOTI'0 HCTOYHHKA.

VcxonHas NpOHUIIAEMOCTD 0CAIKOB I Tasa k, = 107 M?; mavansHoe qapnenue p, = 5 MIla,
HadanbHas temneparypa T, = 276.15 K, r, = 1 mm. Cnrownvie aunuu — Q = 30 Bt/m,
nynkmup — Q = 15 Br/m. Injiekc KpUBBIX — TMApaToHackmentocts §,: / — 0.1; 2 —0.4; 3 —0.6; 4 — 0.8.

Fig. 5. Pressure in the sediment at a distance r, from the linear source.
Initial permeability of bottom sediments for gas is i, = 10" m* The initial pressure is p, = 5 MPa, the temperature of the bottom
water is 7 = 276.15 K, radius of the needle probe is 7, = 1 mm. The solid lines correspond to O = 30 W/m, the dashed lines
correspond to O = 15 W/m. Indexes of curves indicate the gas hydrate saturation §,: / —0.1; 2 —0.4; 3 — 0.6; 4 — 0.8.

Ooee OnaronpusATHONW 00JaCTHIO MPUMEHEHHS MTOIBYATOr0 30H 1A SBJSIOTCS J1a00paTOPHBIE SKCIIEPUMEHTHI,
KOTJIa MOYKHO BBIOMpAaTh TaKMe HadalbHbIE JAaBICHUS M TEMIIEpaTyphl B Cpelie BHYTPH N3MEPHUTEIHHON ycTa-
HOBKH, MPH KOTOPBIX (ha30BOE Pa3OKEHHUE THAPATOB OyAeT MPOUCXOANTH Ha JOCTATOYHO MAaJIBIX BpeMeHax
I10CJI€ BKJIIOYECHMSI IMHEHHOTO UCTOUHUKA.

4. lIuuHAPUYECKUIl HCTOYHUK B 0CAKAX ¢ ruapaToM. Mozenb 30H1a ¢ TUHEHHBIM HCTOYHUKOM TEIl-
JIa IepBOHAYAIBHO ObLIa pa3paboTaHa /s onpeaeneHus Kod((GUIMEHTa TeIIONPOBOIHOCTHA B OJHO(A3HBIX
0CaJIKax U SBIISICTCS aJIeKBAaTHOM B HAIIIEM CITy4ae JIMIIb Ha OOJIBIINX BPEeMEHAX IOCIIe BKIFOYCHUS NCTOYHUKA,
TaK KaK B JJF0OOH MOMEHT BOJIM3M UCTOYHUKA-HUTH MOJICIIbHAS TEMIIEpATypa yiKe IPEBOCXOIUT PABHOBECHYIO
(T (r,t) —=;—>-0lIn(r)/ 27, ) HecmoTps Ha 3T0, H3I0KEHHOE BBIIIE PEIICHUE VI OCAAKOB C THApaTa-
MU TIpE/ICTaBIsIeTCS HaM BechbMa d(PQEKTHBHBIM MPH OIIEHKE BO3MOKHOCTH ITPUMEHEHHS HTOTFIATOTO 30HAa B
YCIOBUSX Pa3nuIHBIX MOpeit. OHAKO, YTOOBI BRIIBUTH 0COOCHHOCTH U3MEHEHHSI TEMIIEPATyphl U AaBICHIUS B
THIPATCOMEPIKAIINX 0CaIKaX Ha BCEM HHTEPBaJIE MOCIIe BKIIIOYSHNS HCTOYHHKA B OJIarONPUATHBIX HadalbHBIX
TEPMOOAPHUECKHUX YCIOBHUSIX M IOTYYHUTh BRIPAXKEHUS, KOTOPBIE MO>KHO MCTIOIH30BATh MTPH MOCIEAYIOIEeH HH-
TEPIIpEeTany Pe3yIbTaTOB H3MEPEHHH, PEICTABISIETCS IIeNIecO00pa3HbIM HCCIIENOoBaTh APYTyIo, OoJee pea-
JUCTUYHYTO MOJIENb 30Ha B OCa/IKaX C THAPATaMHU.

4.1. Ilone evicokonposoosuezo yuaunopa. PaccMoTpuM TOTPYKEHHBIA B THAPATCOACPIKAIITNE OCAIKH
OYEHb JUTMHHBIH (110 CPABHEHHUIO C IHAMETPOM d = 27,) TIOJIBIA METAINIMYECKUH TIPAMON KPYTOBOM LIMIMHID,
TEIUTOTPOBOAHOCTH KOTOPOTO HACTOIBKO BEJIMKA, UYTO B JIFOO0I MOMEHT BPEMEHH BO BCEX TOUKAX €r0 CEUECHUS
TeMIepaTypa MpakTHIecKu ofnHakoBa. Haunnas ¢ MomenTa ¢ = 0, B K&)KAOM €IMHUYHOM TIO JIUTHHE Y9YacTKe
IWIMHIPA UCTOYHHK B eIMHUILY BpeMeHH Bbinenster O enuuul teruia (Bt/m). [lycts TemmoeMkocTs 1 TII0T-
HOCTb LMJIMHADA PaBHbI, COOTBETCTBEHHO, C 1 p, . Teruio, BbICIAEMOE HCTOYHUKOM 3a BpeMst A Ha OTpe3Ke
LMIIMHAPA JUTMHOM /, PACXOyeTCs Ha MOBBILIEHAE TEMIIEPATypbl LMIMH/pa Ha Benuundy AT 1 Ha TeruoBoi
IIOTOK ¢, , YXOZSIINIA C TOBEPXHOCTH IIJIMHAPA B OKPY’KaromIyto cpexy. OueBuaHo, uto kak AT, Tak n Termno-
BOM TTOTOK Yepe3 TOBEPXHOCTh MMIMHPA 3aBUCAT M OT MIPOTPEBA OKPYKAIOIINX OCAAKOB. [Ipyrumu cmoBamu,
B CpeIHEH YacTH IWINHAPA, TIIe BIUSHUEM €T0 KOHIIOB MOJKHO ITPeHe0pedh, MMeeM OaaHC Teria

QIAt=p C ISAT| +gq,-2mrlAt. (23)
r=r0

2 2 o
e S, — MIOIaab TOPU3OHTAIBHOTO CEUEHHS WIMHAPA, PaBHAs S, = n(ro - ), F, — €r0 BHYTPEHHHUH
pamuyc.
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V4uThiBas, 4TO 0CAJ0YHAs CPENa B HAIIEM CIydae MPEACTABIAET COOON MOPHCTBIA BOIOHACHIIEHHBINA
cioi, OyeM moJiaraTb KOHTaKT MEXKIY IMIMHIPOM U CPEAON UACaIbHBIM, TO €CTh Ha MIOBEPXHOCTH IIMIIMHIPA
TEMoBoH MOTOK ¢, W Temneparypa HenpepbiBhbl (g, = —A 0T/ 6r| u T=T, )\ — TeIIONPOBOIHOCTS
okpyxarorei cpeasl). Torna, yerpemisas At — 0, u3 (23) nonydaem rpaHHque YCIIOBHE Ha MOBEPXHOCTH
XOPOILO TPOBOAIIETO UIHHIPA
or|  _ Qo) w—r oT

c < 24
orl., 2m 2r, P ot |, 29

-\
r=r
rae o(f) — dynknus XeBucaina (€ IMHUYHOTO CKaYKa).

Jnst msarkoii crama A = 45 Br/(m'K), p, = 7850 kr/m3, C = 500 JIx/(kr-K). Jlns sxenesa umeem, anano-
ruyno, A, = 80 Br/(MmK), p, = 7870 kr/m3, C = 450 JIx/(xr-K).

Permmm yncnenHo 3aa4y 0 pa30BOM MepexXoie B THAPATCONEPIKAIINX 0CAJIKaX ¢ y4eToM I QeKTa Bbije-
JISTFOLIETOCS] MeTaHa-Ta3a Mpy pa3iiokeHuu rujpara. Harpes cpenpr obecrnieunBaercs ISHCTBHEM YKa3aHHOTO
JUIMHHOTO METaJUTMYECKOTO WIMHIPUYECKOT0 UCTOYHHKA. [Ipu 3TOM Oy/ieM cuuTaTh, 4TO BOJA B TIOPUCTHIX
0CaJIKax HEMOJBH)KHA, KOHBEKTUBHBII TETNIOMACCOIIEPEHOC MPH JABMKEHUM T'a3a HE3HAUUTEIIEH, a PacTBOpe-
HUE Ta3a U BRITECHEHUE TTOPOBOH BOJIbI HE YUUTHIBAIOTCS. Kpome Toro, mprMeM, 4To B JIFOOOM IIYHKTE CPEIbl
THJIPAT MMOJIHOCTBIO Pa3Jiaraercs, Kak TOJIBKO Temreparypa 7' TOCTUraeT TaM 3HaueHUs TeMIeparypbl (ha30BOro
nepexoga T’ =

Bwmecro paznenenus cpezpl 3a IpejesiaMy MUJIHHIpa Ha JIBe 001aCTH, Kak 3TO ObLIO CIeTaHo B pa3jene 2,
pPaccMOTPHUM €IMHYI0 00JacTh, B KOTOPOM CBOMCTBA Cpeiibl M CKOPOCTH (DMIIBTPAIINN Ta3a U3MEHSIOTCS Clie-
JIYFOIIIUM 00pa3oMm:

B, =B +[BY B Jo(T-T, ) B, =B +[B) B ]o(T-T, )
pC=pC,+[pC,—pC, |o (T-T,, ) A=ty (g =2)o(T-T, ) @)

) v, =_‘<_g5_f’.
¢ Or
3nech B(gz) , B(;) , B2, BV, x,, «,, pC2 , pCI , Ay, A, HalOTCs BBIpAKECHUAMH (2), (5) (10) u (11).
TennoeMKoCTh BeIECTBA IPU MOCTOSIHHOM JaBJICHUH SIBJISIETCS] IPOM3BOJHOM SHTAIBIMK IO TEMIIEpary-
pe [24]. Ilpu dazoBom nepexoze razoruapar — cBOOOIHBIN ra3 + BoJa SHTAJBINS CKAYKOOOPa3HO U3MEHSIET-
Cs1, IOATOMY BhIpakeHue U1l 3 (HEeKTUBHOM 00BEMHON TEIJIOEMKOCTH OCAJIKOB 3alHIleM B Buje [25]:

pC,=pC+Lp, W, (26)

K, =K, + (K, —Kz)G(T—Th

rae
w=8,03(T-T,). 27)

O0(x) — nenvra-pyukuus Jupaka; pC — o0beMHast TEIUIOEMKOCTh OCaika U3 BhIpakeHus (25), B KOTOpoi
HC YYUTBIBAIOTCA KaK CKa4YOK OHTAJILIIMHU IIPU AUCCOLMalUU ruapara, Tak U BKJIaJ ra3a, BBUJay €ro OTHOCHU-
TEIHLHO HEOOJBIINX INIOTHOCTH U HACBIIIICHHOCTH.

CocraBnas OanmaHChl Macchl ra3a W SHEPruu B 3JEMEHTe 00beMa cpeabl, mocie mpeodbpazoBanuid [26]
MOJy4aeM CHUCTEMY HEJIMHEHHBIX AuddepeHIranbHbIX ypaBHEHUH JIJIs 1aBJICHUS Ta3a p U TeMiiepatypsl 7' B

cpeac: 0 10 K 0
pgSgas_p+__ ~Pg 2 \= anS’
ot ror u, or
(28)
e _1af, T
ot ror or
yi (S p_Ce OTIpEIeISICTCSI pAaBEHCTBOM (26), a
B0 OB, oT p p p
S = = +UW |—; U=y ~L4y—L-1; p=——. 29
-, %mpgT, Py m% vw pgzﬁg (29)

HOBerHOCTB OUJIMHApa HEIIpOHHUIIacMa JId Irasa. HOBTOMY B COOTBETCTBUH C BBIPAKCHUCEM JIJIA Vg nus3
rpynmsl (25) uMeeM ciieayolee rpaHuIHOe YCIOBUE /7S IaBJICHUS ra3a
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Z—p =0. (30)
r r=r0

HavanbHbIe yC0BHS M YCIOBHS Ha OOJBIIOM YIAICHUH OT MIIUHApPA Te ke, 9To B (12) m (13).

MOKHO MoKa3arh, 4To MPUCYTCTBUE AebTa-QyHKunu J(upaka 5(T -T, ) B [IPABOi YaCTH TIEPBOTO ypaB-
HeHusl cucTeMbl (28) (BXOAUT B BhIpakeHue s (), Uepe3 MHOKUTENb J/) SKBUBAJICHTHO y4YeTy yCIOBHs
(16) Ha ¢a3zoBoii rpanuie.

JleficTBUTEIBHO, Il MOMEHTA ¢ IPOUHTETPUPYEM TO YpaBHEHHUE M0 pajauycy B npeneinax ot (¢) —Ar
no C(¢t)+ Ar npu Ar < C(t), npuHnMas BO BHUMaHKE BBIPaXKEHHE JUIsl CKOPOCTH (uiibTpaimu rasza B (25).
C yuerom paBeHCTB (27) u (29) numeem

C(t)+Ar
PP op 1 orp,v,) pB.00T
p O r oOr T ot

L)

WHTerpaibl OT mepBoro u Tpethero ciaraeMeiX B (31) ctpemsres k Hymto npu Ar — 0, MOCKOIBKY 3TH
cliaraeMble UMEIOT OrpaHndeHHble Bapuanun. [Ipu Tom ke ycnoBuu Ar — 0 MHTErpas oT BTOpOTO cliarae-
MOTO paBeH

oT
~p,98,U8(T-T, )5 dr=0. 31)

C()+Ar C(t)+Ar
I 1aepy) ey

s 0 © (o _
or a0 or a0 2 Pe Ve 7V )’

r
+ C()-Ar C()-Ar
rie v, UV, — CKOpoCTH (pHIBTpALlKK ra3a Ha 00CHX CTOPOHAX (pa30BOii rPaHMUIEI (B 0OIACTSX CPEMBI C yiKe

Pa3JIOKUBILUMCS M HOPMaJIbHBIM [a30BbIM I'HIPATOM), COOTBETCTBEHHO.
B unTerpase ot 4eTBepTOro caaraeMoro, HCIoJb3ysl LEMHOE IPABUII0, IOIydaeM
C(t)+Ar T(G(1)-r)
or , or ©
_ J' p 8,U8(T-T, )Ed =— J. p,08,U8(T T, )EdTT_)())— p98,U
G()-ar T(G(0)+Ar)

HozxcraBuM moOIyYeHHBIC 3HAYCHHMS MHTCrpanoB B paBeHcTBO (31). Iockomsky Vv, =V, v; =v,,
) U < I/If BeIpakeHn# (4) u (17), nomydaem yciosue (16) Ha Ga3oBoii rpaHulle, YTO U CBHICTEIbCTBY-
eT 00 yKa3aHHOH BBIIIIE SKBHBAJCHTHOCTH.

YucnenHoe pemenue 3aga4un (28) ¢ TpaHUYHBIMUA M HaualbHBIMU ycnoBusimu (24), (30), (12), (13) ocy-
LIECTBISIIOCh METOIOM KOHEUHBIX 3JIeMEHTOB [27].

B miporiecce BeMmcIeHI BMECTO (BYHKIMH XEBHCAKIA G(T -T ph) u aensra-QyHkiun J{upaka S(T -7, ),
BXOJUIINX B YPaBHEHHI (28), HCIONB3YIOTCS UX CriaxeHHbie Ha unrepsane 7, —AT < T <T,, + AT aua-
noru (T ~T,,,AT) n 8(T'—T,,,AT), nanpumep, kak B pabore [26].

4.2. Temnepamypa u oasnenue 6 2uOPAMCOOEPHCAMUX 0CAOKAX HA NOBEPXHOCHU WUTUHOPUYECKO20
30n0a. OTIMCaHHYIO BBIIIE KPaeByIo 3a1ady OyleM pelars Il YCIOBHH «TEeTIbIX» MOpeH HITH 1a00paTOpHBIX
9KCIIEPUMEHTOB, KOT/Ia HavyajbHbIC JaBICHUE U TEMIIepaTypa B cpele OJIM3KH K PaBHOBECHBIM 3HAYCHUSIM U
Ha MOBEPXHOCTU IMJIMHJPA MPOTPEB OCAAKOB 0 TeMIIEpaTyphl (ha30BOTO MPEBPALCHHUS Ta30BBIX THIPATOB
HPOUCXOJIUT JTOCTATOYHO OBICTPO TOCIIE BKIOYEHUs UCTOUHMUKA. [TycTh 1iist onpenenennoctu p, = 10 MlIla u
T,=286 K (npumepHo Ha 0.6 K ke, uem T, (p, ) ). [lpumenm suadenms: ¢ = 0.6, 1 =1 mm, 7, = 2/3 7, . Ilycts
takke AT = 0.1K. C yuyeToM KOHEUHOCTH BPEMEHH BKIIOUCHHS UCTOUYHHMKA U C LEIbIO TIOBBILICHUS yCTOWYH-
BOCTH BBIYHCIIUTEIBHOTO MPOIIECCca UCTIONb3YeM B IpaHUYHOM yciaoBun (24) BMecto ckadka JG(¢) ero cra-
ennblit ananor Qc(t—1,t,), e, =0.1 c.

C menplo aHanu3a 0COOCHHOCTEH U3MEHEHHS TEMIIEPATyphbl U JaBJICHUS HA IIOBEPXHOCTH 30H/1A OIPaHU-
uuMes perendeM 3aaaun 1t 8, = 0.2 u 0.8 npu k= 1075, 1074, 1072, 107" m?.

Pe3ynbrarhl BIYNCIICHHS AaBICHUS Ia3a Ha IOBEPXHOCTH IMIMHAPHUUECKOTO 30H1a IpU paboTe HCTOYHH-
Ka Ioka3aHbl Ha puc. 6. Kak cienyeT u3 3Toro pucyHka, JaBJIeHHs CyILIECTBEHHO BO3PACTAIOT IPH YBEIMUCHUU
TUJIPATOHACBHILEHHOCTH O, ¥ TIOHHXEHWH IPOHULIAEMOCTH K,,.

[Tonorne MakCMMyMbl Ha KPUBBIX JIABJICHMS TIPU BBICOKMX K, OOYCIIOBJIEHBI YIAIEHHEM CO BPEMEHEM
¢dponTa $ha3zoBoro nepexosa 1 yxoaoM raza B CTOpOHy OT LHJIMHAPA.

<0y

r=C(1) dt
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Puc. 6. Ilpuparienue gaBjieHus ra3a Ha MOBEPXHOCTH LMWJIMHIIPA MOCJIE BKIIOUEHUS UICTOUHUKA
B YCJIOBUSAX «TEIJIOT0» MOPS.
Panuyc nmmnapa Ty = 1 mm; MomHOCTH UcTouHKKa O = 15 Br/M. HayanbHoe naBneHne P, = 5 Mlla;
HauajbHas Temneparypa I, = 286 K. Cnrownvie nunuu — 8, = 0.8; nynxmup — 8, = 0.2. HIeKCHI KPUBBIX —
NpOHUIAEMOCTh K, (M?): [ — 107%; 2 — 107" 3 — 107" 4 — 107",

Fig. 6. Increase of the gas pressure on the cylinder surface after the source is switched on (conditions of «warmy sea).
The radius of the cylinder is 7, = 1 mm; linear power of the source is O = 15 W/m. Initial pressure is p, = 5 MPa;
initial temperature is 7, = 286 K. The solid lines correspond to 8, = 0.8; the dashed lines correspond to 5, = 0.2.
The indexes of curves indicate the permeability k, (m?): / —107'%; 2 — 107, 3 —107"%, 4 — 107",

Oco0OeHHOCTH M3MEHEHUSI TeMIIepPaTyphl 30H]Ia IEMOHCTPHUPYIOTCS Ha puc. 7. Kak u Ha puc. 4, KpuBbIe
T'(%,,t) , HOCTPOCHHBIE B MOTYIOrapH(MHUUECKOM MacIITabe, BBIXOAT Ha TAKHE jKE ACHMITOThI — JIMHEHHBIC
3aBUCHMOCTH OT 1g(?).

Uem Oornee mpoHUIIaeMa Cpenia, TeM BhIPA3UTEIbHEH Ha COOTBETCTBYIOIINX KPUBBIX OTPAXKAlOTCS 3aTpa-
THI TETUTA Ha Pa3joKeHHUE THAPATOB. DTO BRI3BAHO TEM, UTO B TAKOW Cpelie 00pa3oBaBIINICS CBOOOIHEIN a3

_— = =
=

IIpupamenue Temnepars, K
R Y =)

10° 10! 10° 10 10
Bpewms, ¢

Puc. 7. Ilpupaiienue temneparypbl LUIMHIPA [10CIIE BKIFOUEHUS UICTOUHUKA B YCIOBUSAX «TEIIOT0» MOPSI.
Papnyc unmmnapa 7, = 1 Mm; MmomnocTh ucrounnka Q = 15 Br/m. Hasansnoe nasnenne p, = 5 MIla;
HavasibHas Temneparypa T, = 286 K. Cnaownsie nunuu — 3, = 0.8; nynxkmup — 5, = 0.2. IHAEKCHI KPHBBIX —
npoHUIaeMocTh K, (M): / —107% 2 — 107" 3 — 107" 4 — 107"

Fig. 7. Increase of the cylinder temperature after the source is switched on (conditions of «warm» sea).
The radius of the cylinder is 7, = 1 mm; linear power of the source is O = 15 W/m. Initial pressure is p, = 5 MPa;
initial temperature is 7, = 286 K. The solid lines correspond to &, = 0.8; the dashed lines correspond to 6, = 0.2.
The indexes of curves indicate the permeability «, (m?): 7 — 107'% 2— 1074 3 — 107"% 4 — 107",
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YCIIEBACT, KaK y’Ke TOBOPUIOCH, OT(QUIBTPOBBIBATHCS M3 30HBI (ha30BOTO MIEPEX0/1a ¥ TaM HE BOSHUKAET BHICOKOE
JIaBJICHUE, TIPUOCTAHABIMBAIOIIEE MPOIIECC PA3TOKEHHS, 3aMEIISIOIIEe IBUKEHHE (Pa30BON TPAHHUITLI U TPe-
Oyroliee JTUTETBHOTO JOMOTHUTEIBHOTO MPOTPEBa 0CAIKOB JI0 HOBOM TeMITEpaTyphl (ha30BOTO PA3IOKEHHUS.

B crabonponuiiaemoii cpesie GubTpanus CUIbHO 3aTpyaHeHa. [Tocie pa3orpesa 0caaKoB 10 TeMIepary-
puI (ha30BOTO TMEepexo/ia THAPATOB JABICHHE MOKET 3aMETHO MOBBICUTLCS U TPEOYETCsT 3HAYUTEILHOE BPEMS,
4TOOBI OCAIKU TIPOTPENUCH IO HOBOM PAaBHOBECHOM TemrepaTypbl. Takum 00pa3oM, B 3TOT MEPHOJ UAET MPO-
CTO# pa3orpeB cpebl 63 pasnoKeHUs THAPATOB U 3aTPaT Ha 3TO TEIia, MPUYEM, YeM JUTUTENILHEH pa3orpes,
TeM crabee BRIPAKESH MOCTIEAYIONINI TPOIIECC Pa3IOKEHHUS THAPATOB.

ITpu Gosiee BBICOKOW THAPATOHACHIIICHHOCTH B TIporiecce (a30BOro pasiokeHus odpasyercs OObIias
Macca CBOOOJIHOTO Ta3a B eQUHHUIE 00beMa, CIIEJCTBUEM YEro SBISIOTCS OONbllee JaBiIeHHe Ta3a BOJIM-
3u (a30BOU MOBEPXHOCTH U OOJbIIAs TeMieparypa (a3oBOro mepexoja, COOTBETCTBYIOIIAs 3TOMY JIaBJie-
Huto. JlocTikeHre Takol TEMITEPaTyphbl B 0CAKaX ¢ MOHU3UBINEHCS TEIUIOMPOBOTHOCTHIO HIET MEJICHHEH.
Meienneii cmeraercst rpanuiia Gas. IIoaToMy B eIMHUILY BPEMEHH MMOTEPHU Terjia B cpejie Ha (Ga3oBoe mpe-
BpalllcHUEe MEHBIIIE, a, CIICI0BATENILHO, Cpe/ia MPOrpeBaeTCs OOJBINE H TEMIIEPATypa 0CaIKOB Ha TOM K€ Bpe-
MEHH T10CJIe BKIIIOYEHHUs MCTOYHHMKA Bbime. Hampumep, nns ciyyas §, = 0.8 Temmeparypa Bbllile, 4eM IpH
6, = 0.2, Brtots J10 x, = 10> m*.

ITpu BBICOKOW MPOHHMIIAEMOCTH, KaK YKa3bIBAIOCH BBIIIE, BECh M30BITOUHBIN Ta3 ycreBaeT OT(HUILTPO-
BBIBAThCS, M30BITOUHOTO JABICHUS HET W BECh MPOIECC — YUCTO TEIUIOBOM. [Ipu 3TOM 3aTparhl Teruia Ha
PeaKIMIO IMCCOLMALMM HAnOOIBIIME U TIPOTPEB CPE/ibl UIET MeienHo. Kak npumep, npu x, = 107" M*, korna
9, = 0.8, Ha Tex e BpeMeHax TeMIepaTypa 30H/1a MEHbIIE, 4eM B cirydae 6, = 0.2, XOTs /Ul BCEX OCTalIbHBIX
K, OHa BBIIIE.

Pe3ynbTaThl pacueToB IS YCIOBHIA «TETUIBIX» MOPEH Mt Tab0paTOPHBIX IKCIIEPUMEHTOB, TIPE/ICTABIICH-
HBIC Ha PHC. 6 U 7, IEMOHCTPUPYIOT, YTO U3MCHEHHUS BO BPEMEHH JIABJICHUS U TEMIIEPaTyphl Ha MOBEPXHOCTH
IMUTHHAPUYECKOTO 30H/a CYIIECTBEHHO Pa3InYalOTCs B 3aBUCHMOCTH KaK OT THPATOHACHIIIIEHHOCTH OCal-
KOB, TaK ¥ OT MX MPOHUIIAEMOCTH JIJIst Ta3a. Takue 0COOCHHOCTH TEPMODAPUIESCKOTO PEKUMA OCATIKOB MOTYT
HCTIONTE30BATRCS [T OTIPE/ICIICHUS] CBOMCTB THIPATCOMEPIKAIICH CPE/Ibl, B KOTOPYIO MOTPY:KeH 30H1. B yact-
HOCTH, TAKOH MPOIECC MOKET OCYMIECTBISITHLCS MyTEM iepedopa mapaMeTpoB MOCIH C PEIICHHEM Ha KA 10M
rare 3aga4u (29) BMECTe ¢ yKa3aHHBIMU HAYaIbHBIMUA U TPAHUYHBIMU YCIOBUSIMU U CPABHEHHS PE3YJILTATOR
C 9KCTIEPUMEHTAILHBIMH JTAHHBIMU.

5. BeiBoabl. OCHOBHBIC PE3yIBTATHI BHITOJIHEHHOHN paOOTHI CIICAYIOIIHE:

1. Ha ocHoBe pemienus 3aga4uu o (ha30BOM IEPEX0/Ie Ta30BBIN THAPAT — CBOOOMHEIN ra3 + Boaa, BRI3BAH-
HOM JIEWCTBHEM B THAPATCOAEPIKANIUX OCAIKAX JIMHEWHOTO WM IUJIMHIPHYECKOTO METAJUINIECKOTO UCTOY-
HHKa TeIIa, TOKa3aHo, YTO B MOPSIX «OOBITHOTO» (HanboJjiee paclpoCTPaHEHHOT0) THIIA C XOJIOTHON MPUIOH-
HOM BOJIOW HMCITOB30BAHME in Situ BHEIPSIEMOTO B JTHO MTOJIBYATOTO 30H/Aa CHIFHO OTPAaHUYEHO M BO3MOXKHO
JIUIIG TIPA BeCbMa OOJIBIINX JIMHEHHBIX MOIITHOCTSIX UCTOYHHUKA.

2. YcTaHOBIEHO (B paMKax MOJENN ¢ MCTOYHHUKOM — JUTMHHBIM METAIUIMYECKUM IFIUHAPOM), 4TO B
YCIOBUSIX «TEIUIBIX» MOPEH TeMIleparypa Mmorpy>keHHOTO B TOHHBIE OCAJIKH 30H/1a ¥ aBJIEHIE Ha €r0 MOBEepX-
HOCTH TIOCJI€ BKITIOUEHHUSI HCTOYHHMKA CYNIECTBEHHO 3aBHUCAT KaK OT THAPATOHACHIIIEHHOCTH OCA/IKOB, TaK U
OT UX TIPOHHUIIAEMOCTH IS Ta3a. Takne 0COOEHHOCTH TepMOOAPHIECKOTO PEKIMA OCAIKOB CBHETEIHCTBYIOT
0 TeJIeCO00PA3HOCTH MPUMEHEHHS UTOTFIATOTO 30Ha B MOMOOHBIX YCIOBUSAX W MOTYT HCIOJIB30BATHCS KaK
JUTSL JUTS BBISIBIIEHUS 371€Ch TA30BBIX THIPATOB, TAK W JIJIS OMIPEIEIICHUST CBOMCTB THAPATCOAEPIKAIIeH CPeIbl, B
KOTOPYIO MOTPY’KEH 30H]I.

3. YcraHOBIIEHO, YTO BOMHM3H 30Ha XapaKTePUCTUKN U3MEHEHHS TABJICHHUS T'a3a BO BPEMEHH, KaK MPaBH-
10, Oonee audPepeHIPOBAHDI, €M aHATOTHYHBIE TeMIIEpaTypHbIe 3aBUCUMOCTH. [103TOMY B KOHCTPYKITHH
30H/a, PETHA3HaYEHHOTO JIJIsl UCMOJB30BAHMA in Situ B THAPATCOACPIKAIIUX JOHHBIX OTIOKEHUSIX, TOJIKHO
OBITH IPETYCMOTPEHO pa3MelIeHNe BRICOKOTOUHBIX TaTYNKOB JABICHUSI.

Paboma evinonnena ¢ pamxax cocyoapcmeennozo 3adanusi PAHO Poccuu (mema Ne 0149-2018-0014).
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