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AKTyanbHOCTb 1CCIEA0BaHWS CBA3aHa C HOBbIM MOAXOAO0M K 00bIYe MpupOAHOro rasa v3 ra3orvaparHoro naacta, KOTopbii MMEET psif
MpenMyLLECTB Nepes NPEALLECTBYLLMMI MeToAamMU. [PeanoXeHHbIe paHee MeToAbl NPEANoaaran 3akaqky TEnion BoAbl MM MOHW-
XKEHVIe [IABIIEHWS, HTO BESIO K BbICOKUM SHEPro3aTpartaM, BbAENEHMIO MOMYTHbIX MPOAYKTOB (BOAa 1 MECOK), a TakKe K Pa3pyLLUEHMIO AHA.
TNpesnoxeHHbIV MeToA 3aMeLLieHIs INOKCUAOM Yriepoaa MeTaHa He TOSTbKO He MMEET ONMCaHHbIX BbILLE HEOCTATKOB, HO M MOXET pac-
CMaTPUBATLCS Kak Criocob KOHCepBaLmm ANOKCHAA yrieposa.

Llenb: nccnenoBate 0COOEHHOCTY 3aMeLLieHNs METaHa Ha AVOKCUA yriieposa B ra3orvaparHoM nnacte npy MHXeKUMM yriekucioro ra-
3, MPOBECTY YNCTIEHHbIV SKCMIEPUMEHT, B XOAE KOTOPOro YCTaHOBMTb BIINSIHNE OCHOBHbIX MapamMeTpoB CUCTEMbI Ha AABEHNE 1 TeMe-
parypy nnacra.

O6DBeKTbI: ra3orvapaTHbIV MIacT KOHEYHOM MPOTAXEHHOCTY, AABIEHNE 1 TEMIEPATyPa KOTOPOro B Ha4aslbHbiki MOMEHT BPEMEHM COOT-
BETCTBYIOT YCIIOBUSM CTabUITbHOIO CyLLeCTBOBaHUS ra3oriapara.

Mertogpl. [TocTpoeHa MaTemMaTyeckas MOAEsb 3aMELLEHNs METaHa Ha yINeKUCbIV ra3 B ra3orvapate, y4uTbiBaloLas KOHEYHYIO Mpo-
TAXKEHHOCTb naacta. [lns onvcaHus npoLeccoB TenioMacconepeHoca B nopucTor CPeae 1crosb30BaHa CUCTeMa ypaBHEHUN, BKITIOYa-
loLLast 3aKOHbI COXPAHEHWS MacC, SHEPrv, 3aKoH [lapcy, ypaBHEHME COCTOSHUS.

Pe3ynbTartbl. [10CTPOEHa MaTEMATHECKasl MOAENb HarHETaHMs AMOKCHAA YINIeEPOAA B MAACT, HACILLEHHbIN METAHOM U €ro riapaToMm.
[poBEaEHHBIV YUCTEHHBIV IKCMePUMEHT MOKa3asl, YTo B ONPEeAesIeHHOM A1ana3oHe 3HauYeHWy NapaMeTpoB, XapaKTepr3upyIoLLMX Ha-
rHeTaeMblii ra3 v Ha4asbHOe COCTOSIHME M1acTa, NONyYeHHas TeMnepatypa niacta 8 0061acTy, HacblLLeHHOV ra3oruapaToM MeTaHa, Hu-
Ke PaBHOBECHOV TEMIMEPATYPbI PAa3TIOXEHNS ra3oruapara MetaHa, KoTopasi COOTBETCTBYET BbIYUCIIEHHOMY PaCrpEaeneHmo AaBICHS.
Ty NOHMXKeHWY [aBEHS HArHeTaeMoro ANOKCUAA yriiepoaa Wiv yYBEYeHM AaBCHNS N1aCTa 3HaYeHue TeMneparypbl nnacta nog-
HUMAETCA BbILLIE 3HAYEHIS PABHOBECHOM TEMIMEPATYPbI ANCCOUMAaLIMM METaHOrAPaTa. IT0 BEAET K BO3HUKHOBEHUIO NPOMEXYTOYHOM
00671aCTV, HAChILLIEHHON METaHOM 1 BOLOM.

KntoyeBble croBa:
[wapar MetaHa, AVOKCUA Yrieposaa, fMﬂpaTOO6paBOBaHME‘, ﬂOpMCTb/IZ rnaacr, 3ameLleHme.

BsepeHue sarpaTHbIMHE [2]. Bosiee Toro, mpu Takux cmocobax mo-

l'a3oBBIe rUApaATHI — ONWH U3 MEPCIEKTUBHBIX KC- ObIYM IIPUPOAHOrO ras3a U3 TUAPAaTa BBIJEIANACH CO-
TOYHUKOB bHepruu Gyzymero. Beuny mupokoi reo-  ITYTCTBYIOIINE IPOAYKTEI (Bopa m HBCQK) [3].
I‘pa(bI/II/I pacIpoCcTpaHeHNA ¥ MPAKTUUECKU HETPOHY- B MAaTEPUKOBOM YaCTH 30H BeqHOI/{ MEP3J0ThI Ha-
THIX 3aIIaCOB ra30Bble TUADATHI IPELCTABIAIOT 60T~  XOAUTCH JHIIb MajIaf 4acTh BCETO 00b€Ma 3a11acoB ra-
11011 UHTepec Kak JJIsd y‘{éHLIX, TaK ¥ JJIs Heq)TeﬂoﬁbI' 30BBIX ' ApaToB, a 00JIbIIIAS YACTH cocpegoToueHa Ha
BAIOI[MX KOMIAHMIE 110 Bcemy Mupy [1]. IlepBbim pas-  AHE Mupogoro oxeana [2, 4]. IlepBbie ucciegoBanud
pabaThIBaeMBIM Ta30THAPATHBIM MeCcTOpo:kjeHuemM 110 HONYUIEHMIO Ia30BRIX THAPATOB U3 HEAD MUHPOBOI‘O
crama Meccosixckas saness. [lo6brua mpupogroro ra-  OKeana Opimu mposesienst B 2013 r. fnonueit B Han-
3a M3 TUAPATa BO3MOKHA IIPH ero Jucconuanyuy, B ua-  KaUCKOM nporute [5, 6]. HpHNfeHeHHe cmocoba rueco-
yajie XXI B. ObLIM IIPOBEJEHLI COBMECTHBIE McCaeso- — LHAUM ruapara AId 3alexen Ha MOpe Ipe/CcTaB/Ida-
BaHUM IO 1_106511{(3 ruapara Takux CTpaH, Kak KaHaﬂa, eTCA HeHeJIE‘COO6pa3HI)IM BCJIEACTBHE BbIJECJICHUA
CIIIA, Tepmanus, Snonus, Unaus, 5is paspaboTku 0O0JIBIIUX 00HEMOB BOJABI M OIACHOCTH Pa3pPyUIEHUS
MecTOpo:KaeHus Maauk Ha TepPUTOPUY BeuHO# mep-  AHA [7].
smorel B Kanage. IlepBoHauanbHO m00BIUa THApaTa Bo uslesxanue HapyIIeHns OPOYHOCTH IOPOZ ObLI
OCYIIIECTBJIANACH, MYTEM 3aKAUKM TEmIoH Bogel B [IPEAJIOKEH METOA 3aMeIleHNd rasoruipara MeTaHa
CKBAJKUHY, 3aTeM IPUMEHSICS MeTO/l IOHMKeH s fa-  AUOKCHAOM yriepoia [8-12]. B arom ciyuae Boja He
BJIEHUSA, OTHAKO oba METO/a ABJIAIOTCI OUeHb 9HEPTo- BBIJEJIAETCA, TAK KaK I'iipaT MeTaHa 3aMeHAETCA I'ii-
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JIPaToOM YIJIEKHCJIOrOo Tada. BesmeacTBue Toro, 4To BA3-
KOCTh IMOKCHZAA YTJepoja B JKUIKOM BHAe Ha Hec-
KOJIbKO TIOPAKOB HUKe, UeM BOJIbI, OH JIETKO PaCIIpo-
cTpaHseTcs B mopuctoi cpefie [13].

Tak:Ke yCTaHOBJIEHO, YTO METOJ 3aMeIeHus He
BIUAET HA MeXaHUMYECKYI0 IPOYHOCTH mopox [13].
[IepBbIe OIBITHI ITO 3aMEITIEHUIO MEeTaHa B Ta30TUAPATE
Ha AUOKcH[ yriepoja Obuiu mposenens B 2011 r. Ha
ceBepHOM cKJyoHe Ansacku [14]. Ha cerogusammamii Mmo-
MEeHT TIPOBeJIeH PAJ 1a60PaTOPHBIX dKCIEPUMEHTOB, B
KOTOPBIX 3ydaJach KMHETHKA THAPATO00pa3oBaHus,
3aBHCUMOCTb THAPATOO0PA30BAHUSA OT IPOHUIIAEMO-
CTH, MUHEPAIM3aIlUu BOABI W CHOCO0a MHIKEKITUU
IVOKCHIA YIJIeposa.

MaremaTuuecKue MOJEIN MHKEKIINN YIIeKUCIO0-
r0 rasa B ILIACT, COAEPIKAIIMI MeTaH U ero ra3oru-
Ipart, TIpejicTaBiaeHs! B paborax [15, 16]. Oxrako B aT-
X paboTax IOCTPOEHBI PelleHK 3aJauld B aBTOMO-
JeJbHOM IPHOIMKEHNH JJIA M0J1y0eCKOHEUHOro I1Ia-
cra. B HacTosmeit pabore, B orstnuue ot [15, 16], yuu-
THIBAETCS KOHEUHAS IPOTAKEHHOCTD II1aCTa 1 MCCJIe-
IyeTcs BIUSHUE JABIEHUS Ha er0 BHENTHel TpaHuIle
Ha 0COOEHHOCTY TPOTEKaHU TPOIEcca 3aMeIeH .

MocTaHoBKa 3agaun

PaccmoTpuM TMOPHCTHIN ILTACT KOHEUHOH IIPOTH-
JKeHHOCTH, KOTOPHIN B HAYAJIbHBEIA MOMEHT BPeMEeHHI
3aII0JTHEH MEeTaHOM U T'MIPaTOM MeTaHa ¢ HaCHIIeH-
HOCThI0 V. KpOBJIs 1 OfOIIIBA I1IaCTa HEIIPOHHUIIAE MBI,
IaBJieHUe p, U Temueparypa T, IIacTa cCOOTBETCTBY-
10T YCJIOBUAM CTA0MIBHOIO CYIIECTBOBAHMS CMECH Me-
TaHa ¥ ero TUApaTa:

t=0,x>0:T=T,, p=p, S, =W
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Puc. 1. [uarpamma ¢a30BOro paBHOBeCUs rviapaToB MeTaHa u
AMoKcuAaa yrnepoaa
Fig. 1. Diagram of phase equilibrium of methane hydrates and

carbon dioxide

UYepes seByio rparuiny miacra (x=0) sakauuBaet-
s JUOKCHUJ yIJIepofia B razoo0pasHom cocrosuum. Jla-
BJIeHUe p, ¥ TeMIeparypa T, TMOKcua yrieposa moj-
IePKUBAETCS TIOCTOAHHOMN 1 COOTBETCTBYET YCIOBUAM

CYIIIeCTBOBAHUSA T'eTEPOTeHHON CMEeCH YIJIEKUCJIOTO
rasa ¥ ero ruapara:

t>0,x=0: T=T,, p=p,.

Ha pgmarpamme ¢asoBoro paBHoBecus (puc. 1)
IIpe/ICTABJIEHbl KDUBBIE, OTHOCAIIMECA K METaHy U
IUOKCHUIY yriepoza: 1) «KHUAKOCTh—Tap» IJd IUO-
KCHJa yriepoja; 2) «rag—Boga—THUIpaT» g MeTaHa,
3) «rag—Boja—THUApPAT» IJA AUOKcUaa yriaepoga. s
paccMaTpMBaeMOy 3a1auy 3BHAUEHUS JABIECHUA U TEM-
mepaTyphsl IJacTa Ha AUAarpaMMe COOTBETCTBYIOT
obJracTy, BhIIe KPUBOH 2, 8 3aKAUNBAEMOTO JUOKCH-
Jla yriaepoja — MeKay KpubiMu 1 u 3.

3HaueHus TaBIeHUSA U TEMIIEPATyPhl PABHOBECHOH
KpUBOH «ras—BoJa—THIpAT» OIMCHIBAIOTCA ypaBHE-
uHuem [17]:

T-T,)
) W

T7ie P, — DAaBHOBECHOE 3HAUEHWE JABJIEHUA, KOTOPOE
cooTBeTcTBYeT Temneparype Ty; T. — sMOupUUecKuit
TmapaMeTp, 3aBUCAIIMI OT BUJIa Ta30THUpaTa.

Teuenne B MOPUCTHIX ILJIACTAX CUMTAEM JIAMUHAD-
HBIM. BesteicTBue TOTO0, UTO IPOIIECC HATHETAHUA Ta3a
IpoTeKaeT ObIcTpee, ueM mpoiece Au(Qysuu, 1 Mac-
COIIePeHO0C, BBI3BAHHBINA IIPOIECCOM (HUIBTPAIUU,
MHOTOKPATHO TPEBOCXOJUT MAacCOIEPEHOC, BBI3BAH-
HBl fuddysueii. [IpuMeHUTENPHO K JaHHOW 3aaue
BABKOCTb JMOKCHUA YIJIePO/ia IPUOIUSUTETIHHO B ITOJI-
TOpPA Pasa IPEBHIIIAET BA3KOCTb METAHA [IJIA IMAanas30-
Ha paccMaTpUBaeMbIX AaBieHWi u Temmeparyp. Co-
[JIaCHO 9TUM 3aMeuaHUsAM, MOKHO IIpeHebpeydb mepe-
MeIIMBAaHUEM Ta30B M CUMTATh YCTOMUYWBBIM (POHT
BLITECHEHUS MeTaHa yIJIeKUCJIbIM ra3oM. Besencrteue
BEIIIIETIEPEYNCIEHHBIX (DAKTOPOB MOYKHO ITPEAIIONIO-
JKUTH, UTO TIPU 3aKAUYKe TMOKCUAA YIIepofa 00pasy-
10TCA ABe obsacTu. B 6miKHel 00J1acTy IOPEI IIacTa
HACHIIIEHB! JUOKCHUIOM YIJIepOo/ia U er0 TUAPATOM, a B
JanbHe# 00J1acTy OPHI IIaCTa HACHIIIIEHBl METAHOM 1
ero ruzgpatoM (puc. 2). C yueToM BeeX JOMYIEHUH 3a-
mernerre CH, Ha yrieKuciblil ra3 B cOCTaBe METAHO-
TUpaTa MOJTHOCTHIO0 PeaIn3yeTcs Ha TOABIKHOM Tpa-
HUIIE, Pa3HeAroniell 9T 30HEI.

(
P = Py &P|

Auokcud yenepoda memar
3 + +
2udpam duokcud yanepoda 2udpam MemaHa x
L i : : % »
1 obnacte f 2 obnactb !

rnooswxHasn
epaHutia

Puc. 2. (Cxema obnacres, hopMupyembix rnpu 3akadke ANOKCU-
Za yrnepoaa
Fig. 2.  Areas formed by injection of carbon dioxide

B mpepcraBieHHON MOJEIM He YIMTHIBAIOTCS He-
PaBHOBECHEIE TIPOIIECCHI, CBAZAHHBIE ¢ AU Py3ueit ra-
3a uepes r’uAPaTHY0 000JI0YKY, TOCKOJIbKY, COTIACHO
OIleHKaM, IIpecTaBJeHHBIM B paborax [15, 16] mis
3HAUEHU} TPOHUI[AEMOCTH, XaPAKTEPHBIX [IJI Peajb-
HBIX TIPUPOJHBIX ILJIACTOB, STUMMU MIPOIECCAMHU MOKHO
mpeHeOpeus. B pabote [18] ObL10 MOKA3aHO, YTO TIPU
BBITECHEHUY CMEIIMBAIONTIXCS KUTKOCTEH B TPUPOS-
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HBIX IOPUCTBIX ILTACTaX (PUIBTPAIMOHHBIH (KOHBEK-

TUBHBIN) MEPEHOC 3HAUMUTEJNbHO IpeodsajaeT Haj

muddysuonHbIM. B 9701 cBA3U AuDY3MOHHBIM IEpe-

MeIVBaHNeM Ta30B B TaHHOHM 3amaue OyneM IIpeHe-

Operars.

IIpn ommcaHwm mpolecca WHIKEKIIWMW IUOKCHUAA
yIJaepoja B MOPHUCTHIN ILIACT MPUMEM PAJ JOMYIIe-
HUH:

* TeMIepaTyphbl HOPUCTOTO IIJIACTa M HACHIIIAIOIIET0
BeIlleCcTBa COBIIAIAIOT;

+ ruzaparsl guokcuza yraepoga (CO,) u merana (CH,)
ABJIAIOTCA TBYXKOMIIOHEHTHBIMYU CUCTEMAMH C CO-
OTBETCTBYIOIIMMY MAaCCOBBIMU KOHIIEHTPAIMAMMU
G.uG,;

*  TIOPUCTOCTD IIOCTOSAHHA;

*  CKeJIeT IIOPUCTON Cpebl M Ta30TUAPAT HeCKUMAae-
MBI,

*  MeTaH ¥ JNOKCHUA YTJIEPOoa ABJIAITCA KajIopude-
CKY COBEPIIEHHBIMU T'a3aMU.

OcHOBHble ypaBHeHuS

C ydJeToM BHIIIENIEPEUNCIEHHBIX JOMYIIEHUN CU-
cTeMa ypaBHEHUH [JId OMMUCAHUA IPOIECCOB MACCO- 1
TEILIONEePeHOCa B Ta30TMIPATHOM ILIACTE, B IPAMOJIH-
HelHo-TIapajieIbHOM ciyuae umeeT Bup [19-25]:

g(piqu)%mqssui):o,

S5
ax OX

p,p—p/FgT (2)

S(pCT)+ pcdS

450, =

3zech u jfajee HUKHNUE WHIEKCHI i=C,M COOTBET-
CTBYIO TTapaMeTpaM IMOKCHUA YTJIePoa U METaH]; P —
napnenue; T — TeMIIepaTypa; ¢ — IOPUCTOCTD; P; — UC-
TUHHAS ILIOTHOCTb, U; — CKOPOCTb, K, — mpoHmIa-
eMOCTb, ¢; — y/eJdbHasd MaccoBas TeIJIoeMKoCTb, R, —
ragoBas IOCTOSHHASA, L, — JUHAMHUYECKAA BABKOCTb
i-it (bassl; S; — HACKHIIEHHOCTD MOP TLIACTA i-i (hasoii;
A — K03(QUIIIEHT TEIJIOIPOBOIHOCTY Ta30TUIPATHO-
ro mnacra; pC — KoaPUIUEHT YAeJbHONU 00HEMHOMN
TEIJIOEMKOCTHY ra30TUAPATHOTO ILIACTA.

BenexcrBue Toro, 4To B JAaHHOH 3ajave paccMa-
TpUBaeTCAd KaJOPUUECKU COBEPIIEHHBIN I'a3 ¥ OTHOCH-
TeJIbHO HeOOJBITION AManasoH M3MEeHeHNs JaBJIeHNU,
BO BTOPOM YpPaBHEHUH CUCTeMBI (2) OTOPOIIIEHEI ciara-
eMble, orBevaIue 3a d¢derts [xoyra—Tomcona n
azmabaTUIecKoro PacIIupeHus.

3aBucuUMOCTh Koa(duumenTa (asoBoil IPOHMIA-
emocTu K; 1J1s1 i-if ra30BO# (pasbl OT ra30HACKIITIEHHOCTH
S, 1 abcooTHO mpoHuIaeMocTy Ky 3a1a1uM B BUe:

k =k§ (i=c,m).

Tax Kak B JaHHOH II0OCTAHOBKE 3ajaUl IIpeHe0peraem
IepeMelInBaHIeM ra30B 1 CUNTAeM YCTOMUUBEIM (DPOHT
BBITECHEHUS METaHa YIJIEKUCIIBIM Ta30M, C YYETOM 3aMe-
ITIeHNUS YCI0BUA 6ajIaHca MacChl TJIEKUCIOTO Ta3a U Me-
TaHa Ha TPAHMUIIEe MKy 00/IaCTAMI IPUMYT BH:

¢ S.P, (Uc - ;<<n)) =S G X0,

¢S, [Um - >.<<n)j =0 S A Gn >.<<n), (3)

e P, — IJIOTHOCTH TUAPATA U S, — HACBIIIIEHHOCTD '~
Ipara i-if (bassl; £(n) — CKOPOCTh ABUAKEHHS IPAHMILEI
(ha30BBIX TTEPEX0A0B. 3IeCh U Jajee HIKHUN HHILKC
1 OTHOCHUTCS K ITapaMeTpaM Ha I'paHuIle Me:xKIy oba-
CTAMI.

YemoBus 0OajaHca MacChl M TeIlla HA TI'paHUIE
Mexxay obsactamu ¢ yuétom (3) u 3axonom [lapcm
MOJKHO 3aIICATD B CJAEYIONEM BUE:

P .
_ kc p(l) _ ¢[phc S'.ch + Sc\)\ X(n) s
e OX Ps
kn ey _ [ py :
—m 7@ _ gy Pmg G 4 X,
L ox ¢me SHER SnJ )

6 S (1- G.) Xao) = $Sumhn (1— Gy) X,

ot !
167)((1)_ f = ¢(Sncphc Lhc - Snmphm Lhm )X(n) ’

3mech L, — memora obpasoBaHus Tuaparta i-it da-
3wl (i=c,m); p,, u T, — faBIeHNe U TeMIeparypa B j-i
obsacTy; HUKHIE HHAEKCH j=1, 2 0THOCATCA K mapa-
MeTpaM IIepBoil 1 BTOPOIi 00JacTeii.

TemmepaTypa U [JaBieHHe Ha TIDAHUIE MEXKAY
00JIaCTAMY TI0JIATAI0TCA HETPEPHIBHBIMIU:

Prgy = Py = p(n)' n(1) 1:1(2) T)-

HacrlmmeHHOCTh TTOPUCTON CPEABbI Ta3OTHUAPATOM
CH, Bo 2-ii 3ome S,,=v. Torga BeJIMunHA MMIPATOHA-
CHIIIEHHOCTH B IEPBO 30HE MOKET OBITH HalifleHa U3
TPETHETO YPABHEHUSA CUCTEMEI (5), KOTOPOE ABJIAETCS
yCJI0BIEM OajlaHca Macchl BOJBI, CBIBAHHON B ra30ru-
npare:

_phm(l_(Bm)v
e = pd-G)

Ha ocuose cucreMsl (2), ypaBHEHU Ibe30- 1 TEM-
[IePaTyPOIPOBOAHOCTH MOKHO 3aIIMCATh B BUJE:

P p O [apfn\ ,
_— = No— — = 2,
ot ro 6xk 5XJ (=12

aT(J') (T) 0 (a (J)\

ot GXL OX
+7C(T)Pe(j)a§i)a-ar;]) (j=l,2), (5)
rue
= o bl
1p(1-S,) (1)
0c Ce kc _ Pon Gk M _ A
= Zl.uc p(l) @ 224, P ’ pC .
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PesynbTaTbl pacyeToB

Ilna perienus mocTaBaeHHOU 3agaun (5) ¢ ycJo-
Busamu (3), (4) HAa TOABMIKHON rpaHUIlE (Ha30BOTO Ie-
pexojia CTPOUTCA paBHOMEPHA ceTKa ¢ marom A. Ilo-
CKOJIBKY peIlleHue 3aJauy WINEeTCd B 30HAX C OTHOMN
HEeM3BeCTHOH MOABMIKHON TpaHUIEl (II0BEPXHOCTHIO
(hasoBBIX IIEPEXO0JIOB), TO JJIA €€ PEIIEeHUA MCIOIb3Y-
eTcsA MeTOJ JIOBJIM (DPOHTA B y3€JI IIPOCTPAHCTBEHHOM
CeTKH. B coOTBETCTBUY € 5STMM METOJOM HEM3BECTHBIN
IIar o BPeMeHH T, BHIOMpaeTca TakuM 00pasoM,
yT00BI (PPOHT (hA30BHIX HMPEBPAILIEHUI IIepeMeIaics
110 TPOCTPAHCTBEHHOM KOODAWHATE X POBHO HA OJUH
mar: X(t..)-xq(t)=h. YpaBaeruam (5), onucuipaw-
IIIM paclpefejeHnus TeMIepaTypbl U NaBJeHUd, a
TaK:Ke yCI0BUAM (3), (4) HA TOABMIKHOM rpaHuIie da-
30BBIX IIPEBPAIIEHUI CTABATCA B COOTBETCTBIE HESAB-
HBIE TUCKPEeTHBIE aHaoru. [losydeHHAd TIPH 9TOM CH-
cTeMa ajre0pamyuecKMX ypPaBHEHWI pelraeTcad Ha
Ka)X/JOM BPEMEHHOM CJIO€ METOJJOM IIPOCTHIX HTepa-
I[U{ B COYETAHUY C QJTOPUTMOM IIPOTOHKH.

C reueHmeM BpeMeHU MeK(pasHas IpaHUIia OyxeT
IIepeMeIaThbCs OT JIeBOH I'PAHUITHI IJIaCTa K IPaBOi, a
TeMIIepaTypa MOPUCTOH cpebl OymeT Bo3pacTaTh (I1o-
CKOJIBKY B PabOTe paccMaTPUBAELTCA CIyUail BaKAUKU
rasa ¢ TeMIepaTypoil BhIIe, YeM MCXOLHAA TeMIepa-
Typa miacra). IIpu 5ToM, HOCKOJBKY ra3oruApaT CUu-
TaeTCA HEMOJBUIKHBIM, HACBHIIEHHOCTH TIOP (azaMu
(rasom u razorupaToM) IBHO HE 3aBUCAT OT BPEMEHH.

ITocKoBKY IIPU ITIOCTPOEHUY MATEMATUIECKON MO~
JeJIV TI0JIaraJioch, UTO B IIEPBOM 00JIACTH CYIIECTBYET
IUIpaT AMOKCHAA YIJepoja, a BO BTOPOH obiacTu —

a)

THIPAT MeTaHa, IpefIo:KeHHas MOJeNb aleKBaTHO
OIKCBIBAET MPOIECC, eCJIM JaBleHHe B IIePBOH U BO
BTOPOIT 00J1aCTAX BBIIIE PABHOBECHOTO TABJIEHUS 00-
Da30BaHUA ra30TUAPATOB COOTBETCTBEHHO YTJIEKUCIIO-
T0 Tas3a ¥ MeTaHa. SHaUeHNe TAKOTO PABHOBECHOTO Ja-
BJIeHUS ompefenderca (opmysoit (1) coriacHo Haii-
JIEHHOMY B IIPOIlECCEe PelleHWS PacIIpeesieHui0 TeM-
meparypsl (0ygeM HasbIBATH 9TO YCJIOBAEM TEPMOJH-
HaMUYeCKOH HempoTuBopeunBocTy). HauanbHble 3Ha-
YeHUSA JABJIEHUSA M TEMIEPaTyphl IIacTa COOTBET-
CTBYIOT Ha ()a30BOii [rarpaMme 30He CTabMIBHOTO CY-
IIIeCTBOBAHMA IMpaTa MeTaHa (Boiie KpuBoii 2). Tor-
4, eCJIY NHKeKTUPOBATD YIJIEKUCIIbIH I'a3 ¢ JaBIeHH-
eM ¥ TeMIIePaTypoil, KOTOPbIE TAKKe PACIIONOKEHbI B
VKa3aHHOI 30HE, YCJIOBME TEePMOIMHAMHUUECKOU He-
TIPOTUBOPEUMBOCTHY 3aBEJIOMO BBITIOIHIETCS.

Ecnu BEITIOSTHSAETCSA YCIOBUE, UTO NABJICHIE U TEM-
mepaTypa 3aKaurBaeMoTo IMOKCHA YIIepoja JexKaT
B 30HE CYIIECTBOBAHMUA MeTaHA U BOABI (HUKe KPH-
BOH 2), TO BO3MOJKHA CUTyalus, KOTIA 3HAUCHUS [a-
BJIEHUS ¥ TEMIIEPAaTyphl HA HEKOTOPOM Y4acCTKe BTO-
POl 00JIaCTH COOTBETCTBYIOT YCJIOBUAM PABIOKEHUT
TUapaTa MeTaHa Ha ra3 1 BOZY.

Ha puc. 3 mpuBeeHbl 3aBUCMOCTY TEMIIEPATYPhI
U NaBJeHUS OT KOOPJAWHATHI B MOMEHT BpEMeHH
t=200 cyT. 1y IBYX pasHbIX 3HAUEHNI JaBJICHUA 3aKa-
ypBaemoro rasa p,=3,4 (a) u 3,1 MIla (b). Pacuers! mpo-
MBBOIMJIVCH TIPY CIEAYIOMNX HAYAIbHBIX U 'PAHUYHBIX
yenosuax: L=100 m, v=0,4, m=0,2, T,=276 K,
T=274 K, T =276 K, p,=3 MIla, G.=0,28, G,=0,13,
$=0,1, k=5-10"wm? T.=10K, p,=2,87 Mlla,

b)
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Puc. 3.  PacripeseneHiie TeMneparypbl v aBieHns naacra B MOMeHT Bpemeny t=200 cyT. npu p.: a) 3,4, b) 3,1 Mlla

Fig. 3.  Distribution of temperature and pressure of the reservoir at t=200 days and pe. a) 3,4, b) 3,1 MPa
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2=2 Br/(m-K), p=2,5:10° Br/(m-K), p,=1100 xr/m™’,
Pm=900 rr/v*, C=800 [x/(xrK), C,=1560 [I:x/(xrK),
R,=189 Ix/(xr'K), R,,=520 Ix/(xrK),
L,,=4,510° )% /xr, L,=4,1-10° 3¢ /1, 1,=1,4-10"[1a-c,
u,=10"Ila-c, T.=7,6 K, T,=10 K, p,=1,29 Mlla,
Pyon=2,87 MIIa[16,18].

CoryiacHo puc. 3, IPH BHICOKOM 3HAUEHHU JaBJie-
HUSA HATHETaHUS JUOKCUAA yrieposa (cayuail a) TeM-
meparypa IJacTta (CIJIOIIHAS JWHKUA) B 00JaCTH, Ha-
CHIIIIEHHON TasorugpaToM MeTaHa, He IIOJHIMAeTCS
BBIITIE PABHOBECHOM TEMIIEPATYPhI PAsI0KeHMUI ra3o-
rUapaTa MeTaHa, COOTBETCTBYIOU[EHl BBIUMCICHHOMY
pacIpefieleHII0 faBaeHus (mTpuxoBas JuHud). Ta-
KuM 00pa3oM, B TaHHOM CJIyUae perreHue ¢ (hpoHTAIb-
HO¥ TIOBEPXHOCTHI0 (A30BBIX MEPEXOAO0B TAeT TepPMO-
IVHAMWYECKY HEIPOTMBOPEUMBOE OIMCAHUE MPOIec-
ca 3aMeIleHrd MeTaHa Ha YTJIEKUCJBIN ra3 B Ta3oru-
npate. [Ipu MeHbITIeM 3HAUCHUY TaBJIeHUI HHIKEKTH-
pPyeMoro AMOKCHAa yriepoia (cayuail b) sHaueHue
TeMIIePaTypPhl IOPUCTOM CPeabl Ha HEKOTOPOM YYacT-
Ke 00JIacTH, HACBIN[EHHOW TrasoruapaToM MeTaHa,
IIOAHMMAETCS BEIIIE PABHOBECHOH TeMIepaTyphl JHUC-
COIManMK MeTaHa FUApaTa. ITO BBI3LIBAET IEPEerpeB
rugpara mMerana. CjenoBaTebHO, B JAHHOM CJIyYae
HEeo0XO0AMMO BBOJUTH BTOPYIO MMOBEPXHOCTDH (DA30BBIX
[peBpaIlleHnii, Ha KOTOPOil MPOMCXOIMUT JUCCOIIY-
anusa rugpara CH, Ha MeTaH u Boxy.

OTMeTHM, UTO C TeUeHNEM BpeMeHH Mexx(asHasd
rpaHuiia OyIeT mepeMeInarses.

Ha puc. 4 mpuBeeHb! 3aBUCHMOCTH TeMIIePaTypPhl
U JaBJeHWS OT KOOPAUHATHI B MOMEHT BpeMEeHH!
t=200 cyT. mJsd IBYX PasHBIX 3HAUEHMI JABJIEHUS Ha
IIpaBoi TpaHuIle miacta p,=3,0 (a) u p,=3,2 Mlla (b).

CorytacHo puc. 4, mpu 0oJiee HUBKOM 3HAUEHUH JaBJe-
HUA p, (coryuait a) reMmepaTypa miacTa (CIIONTHAS JIK-
HUA) B 00JIaCTH, HACHIIIEHHON Ia30TUAPATOM MeTaHa,
HUKe PABHOBECHOU TeMIIepaTyphl Paso:KeHUs raso-
rujparta MeTaHa, COOTBETCTBYIOIIEH BHIUUCIEHHOMY
pacIpeeaeHnio faBaeHns (IITPUXoBasd JuHus). [1os-
TOMY JaHHOE pPellleHre COOTBETCTBYET YCIOBHIO TEPMO-
IVHAMHAYECKO} HempoTHBOpeuYnBoCTH. IIpu Gosee BBI-
COKOM 3HAUYEHUY JaBJIEHU D, (ciyuail b) Temmeparypa
TJIacTa Ha HEKOTOPOM yUYacTKe 001acTH, HACKIIEHHON
Ta30TUPaToOM MeTaHa, MPEBHIIIAET 3HAUEHUE TEeMIIe-
PaTyphl Pa3IOKeHNA MeTaHOTHApaTa. B ¢Bsa3u ¢ aTuM
Ha0JTI0[aeTCs IeperpeB CMecy MeTaHa 1 ero TuApara, u
BOBHUKAET He0OXOAUMOCTD BBEIEHNU S BTOPOH MPAHMUITEI
(ha30BBIX IIEPex0/0B. B aT0i1 001aCTH TPOUCXOIUT JUC-
coruanysa MeTaHOTHAPATA Ha METaH U BOLY.

Ha puc. 5 mpuBeieHa 3aBUCUMOCTH TEMIIEPATYPEI
Ha rpaHuie ()asoBOTo mepexoja OT JaBJIeHHA HaTHe-
TaeMoro rasa B MoMeHT BpeMenu t=200 cyT. 15 IBYX
PasHBIX 3HAUeHM mpoHuiaemoctu K=10"m*> (mu-
mud 1) u k=>5-10"m* (uuUA 2). 970 00YCIOBIEHO
TeM, UTO B 3TOM CJIyuae YMEHbIIAeTCs CKOPOCTh JBH-
JKeHud PPOHTA BaMeIIeHN U eTr0 KOOPIMHATHI U COOT-
BETCTBEHHO YBEJIMUUBAETCSA BIAUAHUE 0oJiee ropsueit
neBoii rpanunsl (T,>T,) Ha TeMIepaTypy AaHHOTO
(pouTa. B 9T0i1 CBA3Y IIpU HUSKUX 3HAUCHUAX JABIIE-
HUS NHKEKINY TeMIepaTypa miacTa Ha QpoHTe 3aMe-
IIeHN TOAHNMACTCS BBIIIEe PABHOBECHOH TeMIepaTy-
DHI IMCCOIMATIMNY METAHOTHUPATA, UTO COOTBETCTBYET
BO3HMKHOBEHUIO IIPOMEKYTOUHON 00/1aCTH, HACHI-
IeHHOW MeTaHOM U BOMOMH, T. €. PeKUMY CO BTOPOM
MIOBEPXHOCTHI0 (ha30BHIX MPEBPAIIEHUI, HA KOTOPOI
TIPOUCXOJUT JUCCOIMATINS METAHOTHAPATA.

b)

a)
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Puc. 4. PacripeneneHvie Temnepatypbl v AaBeHns naacra B MOMeHT Bpemeny t=200 cyT. npu py: a) 3,0; b) 3,2 Mna, ky=2-107° M

Fig. 4.  Distribution of temperature and pressure of the reservoir at t=200 days, p,: a) 3,0; b) 3,2 MPa, ky=2-10" m?
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2752
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274.4 SO
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Puc. 5. 3aBucumocTe TeMnepatypbl Ha rpaHuue ¢asosoro ne-
pexofia oT AaBJIeHNs HarHeTaeMoro ra3a B MOMEHT Bpe-
MeHu t=200 cyT. npu ky=10" M’ (muHng 1) v ky=5-10" m?
(mHns 2)

Fig. 5. Dependence of temperature on the boundary of phase
transition on injected gas pressure at t=200 days,
ko=10"*m’ (line 1) and ky=5-10"n7 (line 2)

275.6

275.2

274.8 6—0—
3.0 3.1 32 3.3 p,. Mlla

Puc. 6. 3aBuCMOCTb TEMNEPATYPbl Ha rpaHuLe (a3oBoro re-
pexoda OT UCXOAHOrO LaBfIeHVA CUCTEMbl B MOMEHT
Bpemern t=200 cyT. npu v=0,4 (nuHus 1) n v=0,5 (nn-
HYs 2), pe=3,4 Ma

Fig. 6. Dependence of temperature on the boundary of phase

transition on the system initial pressure at t=200 days,
v=0,4 (line 1) and v=0,5 (line 2), p.=3,4 MPa

Ha puc. 6 mpuBeneHa 3aBUCHMOCTD TeMIIEPATYPEI
Ha TpaHuIle (asoBoro mepexoja OT AaBJIeHUI HaTHe-
TaeMoTo ra3a B MoMeHT BpeMenu =200 cyT. A1 IBYX
pasHbIX 3HaueHu HackimenHoctu V=0,4 (unud 1) u
v=0,5 (muuusa 2). CorsacHo puc. 6, mpu yBeIuYeHUN

TaBIeHUS HA MPaBOi TpaHuUIle IIacTa HabJaogaeTcs
yBeJUUEHNe TeMIepaTypbl Ha (DPOHTE 3aMeleHus.
90 00yCJIOBIEHO TEM, UTO B 3TOM CIyUae YMEHBIIALT-
cf Tepemaj JaBJIEeHUA B ILIACTE€ U COOTBETCTBEHHO
VMEHBITIAeTCA CKOPOCTh JBMIKEHUA ()POHTA 3aMerre-
HUSA ¥ €r0 KOOPAUHATHI. JTO MPUBOJUT K TOMY, UTO
VBeJIMYMBAETCS BAMSIHIE 00JIee ropssueii JeBoi rpaHu-
ust (T,>T,) Ha TemnepaTypy AanHOro Gponta. B aroit
CBSI3Y IIPY BBHICOKUX 3HAUEHWAX JABJICHUA Ha IIPABOK
TpaHUIle IJIacTa 3HAUEHWe TeMIEepaTyphl IJjacTa Ha
(hpoHTE 3aMeIeHWs BHINIE 3HAYEHUS PABHOBECHOM
TeMIepaTypsl PasjoKeHUs rasoTuapaTa MeTaHa.
dror pusnuecKkuit 3PPeKT COOTBETCTBYET BOSHUKHO-
BEHUIO TPOMEIKYTOUHOM 00/1aCTH, HACHIIIEHHOW MeTa-
HOM 1 BOJIOH.

3aknoyeHne

ITocTpoeHa MaTeMaTHUeCKa A MOJEJIb IIPOTIECCa Ha-
THETAHUSA TEIIOTO0 JUOKCH/A YIJIePoJa B IPUPOAHBIN
IJ1aCT, KOTOPHIN B HAYANbHBI MOMEHT BPEMEHU Ha-
CBHIIIIEH METaHOM U ero THAPaTOM. B xofie mpoBeieHHO-
T'0 YUCJIEHHOTO 9KCIePUMEHTa YCTAHOBJIEHO, UTO PH
OTpeieJIeHHbIX 3HAUEHUAX MapaMeTpoB, XapaKTepu-
BUPYIOIINX HATHETAEMBIN I'a3 U HAYaIbHOE COCTOTHIE
IJ1aCTa, IMOJyUYeHHAA TeMIIePaTypa IjIacra B 00JacTi,
HACBIIIEHHOM ra30rupaToM MeTaHa, HI:Ke PaBHOBEC-
HO TeMIIepPaTypPhI PasIoKeHNs ra3oruapara MeTasa,
KOTOpas COOTBETCTBYET BBHIYMCJIEHHOMY DPacIIpejesie-
HUIO TaBJIeHNUA.

[Tpn noHM:KeHUY TaBIeHNA HATHETAEMOTO JUOKCH-
Jla yIJjepofia WK YBEeJWYEeHWU JaBJEeHWA HA IIPABOi
IpaHMUIlE IIJIaCTa TeMIIepaTypa IiacTa B 00J1aCTH, Hachl-
IIIEHHO ra3oTUPATOM, TTIOAHIMAETCS BhIIIIe PABHOBEC-
HOI TeMIepaTyphbl pasno:KeHus rugpara merana. Ta-
KUM 00pa3oM, B JaHHOM CJIyUae CYIIecTByeT Heo0XOu-
MOCTB BBEJIEHUS BTOPOH IPAHUITHI (DA3OBBIX IEPEXOZOB,
Ha KOTOPOHl IIPOMCXOIMUT AWCCOLMALUA Ta3oTHIpaTa
MeTaHa, ¥, COOTBETCTBEHHO, HEOOXOIMMO paccMaTpH-
BAThb IIPOMEKYTOUHYI0 00JIaCTh, HACHINIEHHYI0 MeTa-
HOM ¥ BOZ[0#1. ITO 00YCJIOBJIEHO TEM, UTO B 3TOM CJIyUYae
VMEHbINAeTcd CKOPOCTh JBM)KEHUA (DPOHTA 3aMelre-
HUA U ee KOOPAUHATHI, YBeJIUUNBAETCA BIUAHME (osee
ropsueii seBoii rpauunsl (T,>T) Ha TeMIIepaTypy AaH-
HOro (ppoHTa. B 5T0I CBA3M IPY HUBKUX 3HAYCHUSX Ja-
BJIEHUS WHKEKIUU U BBICOKMX 3HAUCHUAX JABIEHUSI
Ha ITpaBoii rpaHuIe TeMIepaTypa Imacta Ha PoHTe 3a-
MeIleHrs TTONHMMAETCA BhINe PABHOBECHOU TeMIIepa-
TYDPBI PA3IOKEHIA ra30rupaTa MeTaHa.

Hccenedosanue evinonneno 3a ciem zpanma Poccuilckoeo
Hayunozo Gonda (npoexm Ne 17-79-20001).
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The relevance of the research is associated with a new approach to natural gas extraction from the gas hydrate reservoir, which has a
number of advantages over the previous methods. In the previously described methods, warm water was injected or pressure was lowe-
red. This leads to high energy costs, the release of associated products (water and sand) and destruction bottom of the sea. The methane
carbon dioxide substitution method considered in this paper does not have these drawbacks and can be considered as a method for con-
servation of carbon dioxide.

The main aim is to study the features of methane replacement by carbon dioxide in gas hydrate formation during carbon dioxide injec-
tion in a porous reservoir, to carry out a numerical experiment for determining the influence of the system main parameters on pressure
and temperature of the reservoir.

Objects: gas hydrate reservoir of finite length, pressure and temperature of which at the initial moment of time correspond to the con-
ditions for the stable existence of the gas hydrate.

Methods. The authors have constructed a mathematical model for methane replacement by carbon dioxide in gas hydrate, taking into
account the finite extent of the formation. To describe the processes of heat and mass transfer in a porous medium, a system of equa-
tions is used, including the laws of conservation of masses, energy, Darcy’s law, the equation of state.

Research results. The authors have constructed the mathematical model for injecting carbon dioxide into the reservoir saturated with
methane and its hydrate. The numerical experiment showed that in a certain range of parameters characterizing the injected gas and the
initial state of the formation, the obtained reservoir temperature in the region saturated with methane gas hydrate is below the equili-
brium decomposition temperature of methane gas hydrate, which corresponds to the calculated pressure distribution. When the pres-
sure of the injected carbon dioxide decreases or the formation pressure increases, the formation temperature rises above the equilibri-
um decomposition temperature of the methane hydrate. Therefore, it is necessary to introduce a second boundary of phase transitions
and, accordingly, an intermediate region saturated with methane and water.
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Methane hydrate, carbon dioxide, hydrate formation, porous reservoir, substitution.
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