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Ounenka napamMeTpoB 3aKa4YKU AMOKCH/IA yIJIepoaa
B HACBHIIIECHHbIN MOPUCTHIN MJIACT ¢ HEOAHOPOIAHOM
NMPOHUIACMOCTHI0 NIPU HAJTMYHUU THAPATOOOPA3Z0OBAHUS
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Tiomencxuti punuan Uucmumyma meopemuuecxou u npuxaaonou mexanuxu um. C.A. Xpucmuanosuua CO PAH, Tiomens, Poccus

OnnuM 13 3QHEKTUBHBIX METOIOB OOPHOBI ¢ POCTOM KOHIICHTPALIMH TUOKCHIA yriaepoaa B arMochepe
SIBJISIETCSI €r0 CEKBECTPAIMs B IOPUCTBIX CPE/iaX B TBEPIOW ra3oruparHoii hopme. YHUKAIbHbIE CBOHCTBA
ra30BbIX THIPATOB, TAKHE KAaK X BBHICOKAs Fra30€MKOCTh, HU3Kas IPOHUIIAEMOCTh U €CTECTBEHHAs CTa0MIIb-
HOCTB, ACJIAI0T UX ITPUBJICKATCIIbHBIM BAPUAHTOM U1 JOJITOBPEMEHHOT'O 3aXOPOHCHU A C02 B crarbe B pam-
Kax pacCMOTPEHUS MPOOIEeMaTHKH OPraHU3aIMK T€OIOTHYECKOTO Ta30THAPATHOTO XPAHMININA THOKCHAA
yIiIeposia 3anucaHa MaTeMaTndeckast MOJIeIIb, O3BOJISIONIAs OCYIIIECTBUTh TEOPETHUECKOE U3ydEHHUE MPO-
necca obpasosanus ruapara CO, Ipy €ro 3aKkayuke B IIIACT, TOPbl KOTOPOIO B HCXOJHOM COCTOSHUM 3aHSATbI
METaHOM U BOJIOW. B mpeioxkeHHoM MaTeMaTHueCcKON MOJIENIN OCYIIIECTBIICH yUeT 30HAJIbHON HEOqHOPOI-
HOCTH [TOPUCTOTO KOJUIEKTOPA, TCUCHHSI B HEM IPHU HaTN4nH (ha30BBIX MPEBPAICHUH (THAPaTo00pa3oBaHue
1 pacTBOPMMOCTb JIMOKCH/IA yriieposa B Bosie) rasosoit (CH, u/uiu CO,) n sxukoit (Bojia M pacTBOPEHHbIH
CO,) (a3, nepeHoca Teria U3 pacCMaTPUBAEMOMH 00J1aCTH IJ1ACTa B OKPY?KAIOLIKE FOPHBIE TOPOIbI; TPOLIECC
rujparooOpazoBaHKs pacCMaTpUBAETCsl KaK PaBHOBECHBIH (a3oBblil niepexos. [IpeacraBieHsl pacyeTHbIe
ypaBHEHHsI U ©3y4aeMoro B paboTe mporecca U HOCTPOSHBI YMCICHHBIE PEIICHNS 3a/1a4H, OIICHIBAIOIIIE
pacripeienieHus napamMmeTpoB (TemMIeparyphl, IaBIeHHs1, HACBIIIEHHOCTEH (a3) B miacte. PacyeTHbIM myTeM
10Ka3aHo, 4To npu 3akauke CO, B IIacT B HEM BO3MOKHO (POPMUPOBAHUE HECKONILKMX XapaKTEPHBIX 30H,
OTJIMYAIOIIUXCS 10 COCTaBy HachlmaroImux ux (uironnos. [IpogeMoHCTprpoBaHa HEOOXOAUMOCTh yueTa
[IPY OIMCAHUU TEMIIEPATYPHOTO M0JIs B IUIACTE TaKUX (paKTOPOB, KaK TEILIOTa, BblelsieMas pH (ha3oBbIX
nepexonax, apdexr xoyns-Tomcona, TermmooOMeH MOPUCTOTO KOJUIEKTOPA C OKPYXKAIOUIMMHU TOPHBIMH
nmopogaMu. HpI/IBe[[eHBI 1 IpOaHAJIU3UPOBAHBI PE3YJIbTAThl BBIYUCIUTEIbHBIX DKCIIEPUMEHTOB IIPHU pazMe-
IICHUU HaTHETAaTebHOW CKBAKUHBI B BBICOKO- MJIM HU3KOIPOHUI[AEMOM y4YacTKe MOPUCTOTO KOJUIEKTOpa.
[TpoBeneHHOE YMCIIEHHOE MCCIIEIOBaHKUE 110KA3aJ10, YTO ISl OpraHu3aiu 3(pGEeKTUBHOTO ra3oruparHo-
ro XpaHCHUA JUOKCHUOA yTIiIepoaa HCO6XO[[I/IMBI MOPUCTBIC CPEAbI C JOCTATOYHO BBICOKMMH 3HAYCHUAMU
MIPOHHUIIAEMOCTH.
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BBenenue

C poctom m100aIbHON HHTYCTPUATTH3AIIUH U YPE3MEPHOIA
9KCIUTyaTanueil HeBO30OHOBISIEMbIX HCTOYHHKOB YHEPTUHU
[IPOM30IILIO BBICBOOOKIEHHE OOJIBIIOT0 KOJIUYECTBA APHU-
KOBBIX I'a30B, B IEPBYIO OUEpe/ib, TUOKCHAA yrieposa (Xu et
al., 2020). PaboTsI psia vccieoBareseii mokasaiy, 4To B Ha-
CTOsIIIIEe BPEMSI OJIHUM M3 JIYUIINX BAPHAHTOB JJIsI KPYITHO-
MacIITabHOrO COKpAIEHUS JaHHBIX BBIOPOCOB SIBISETCS
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reosiornyeckoe xpanenure CO, (Kim, Santamarina, 2014; Lu
etal., 2021). CortacHo ornpezeseHuo, IPUBEIECHHOMY B CTa-
The (Kop3yn u ap., 2023), nox npupoaHbIM re0J0rn4ecKuM
00BEKTOM I10JIpa3yMeBaeTCsl ECTECTBEHHAsI I'€0JIOrHYeCKast
cHrcTeMa, KOTOpast MOXKET B TEUEHHUE J0CTATOYHO JIIUTEIHHOTO
MIPOMEKYTKa BPEMEHH y/iep KaTh MApHUKOBBIH ra3 B CTaOWIIb-
HOM COCTOSIHUH, 03 OITaCHOCTH BO3HUKHOBEHHMS aBAPUIHBIX
CHUTYallWH, CBI3aHHBIX C BBIXO/IOM YTHIM3UPYEMBIX BEIOPOCOB
13 KOJJIEKTOPOB Ha MOBEPXHOCTh. MepOoNpusTHS 110 yTHIIN-
3aI[1M 1 XPaHEHHIO TMOKCH/IA YIIIEPO/a B IIOPUCTBIX KOJUIEK-
Topax BKIto4aloT B cebs ynasnusanue CO,, BBIIENAEMOTO
MIPOMBINIICHHBIMH MJIM SHEPTeTUYECKUMHU TPEANPHUSITHIMHU,
U mocienyroiiee ero nmoasemMuoe xpanenue (Cao et al., 2022).
JlirenbHOe XpaHeHue JMOKCHIa yIIIepo/ia B ra3000pa3HoOM
COCTOSTHMM MOXKET ITPUBECTH K IPOPBIBY ra3a K HOBEPXHOCTH
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U, COOTBETCTBEHHO, K HETPE/ICKA3yeMbIM IKOJIOTHYECKUM
npobnemam (Mac Dowell et al., 2017). [TosTomy HanGonee
MIPUEMIIEMBIM BApHAHTOM SIBIISIETCSI T€0JI0OTHUECKOE XPaHEHUE
JIMOKCHJIa yIIIepo/ia B TBepoi razoruaparnoit popme (Kim,
Santamarina, 2014; Hassanpouryouzband et al., 2019; Zhou
et al., 2024). DddexruBHOCTH Takoro xpanenus CO, MoxeT
OBITH 00YyCJIOBIICHA TEM OOCTOSTEIILCTBOM, YTO MPHU OJMHA-
KOBBIX TEPMOJMHAMHYECKHX YCJIOBHSX B €JHHHUIC 0ObeMa
ra3oBOTO THApATa MOXET CO/EPIKATHCS B HECKOJIBKO pa3
Oosbire Ta3a, 4yeM B razoodpasHom coctostHuu (MctomuH,
Sxymies, 1992; Uysnnun, I'yprea, 2009; Makogon, 2010).
[TonzemHOe razoruapaTHoe XpaHEHHE JHOKCHIA yIiepoJa
OTBEYAET OCHOBHBIM XapaKTEPHCTHUKaM BO3MOXKHOTO BapH-
aHTa OpraHM3aly TaKOTO XPaHWJIMIIA, 8 UMEHHO: OOJIbIIast
€MKOCTb XpaHeHus, joarocpounas nzossmus CO, (e MeHee
HECKOJIBKUX COTEH JIET), pa3yMHasi CTONMOCTb, MUHIMAJIbHOE
BO3JICHCTBHE Ha OKpYXKaromnyro cpeny (Aminu et al., 2017).
B kauecTBe KOCBEHHOTO JOKA3aTelbCTBA MPHUBEACHHBIX
TE3UCOB MOXKHO TPHBECTH TO 0OCTOSITEIBCTBO, UTO, HAIPH-
Mep, B CEBEPHBIX POCCHUICKUX PETHOHAX NMPHUCYTCTBYIOT
MIPUPOJIHBIE CKOTUICHHS THIPATOB METaHa, OLCHOYHBIH BO3-
pacT KOTOPBIX JIOCTUTACT COTHH ThICAY JIeT. [Ipy 3TOM BayKHO
OTMETHUTb, YTO 00JIACTh 3HAUYCHHUH JaBJICHUH U TEMIIEparyp,
TIPY KOTOPBIX MOYKET CTAOMIIBLHO cymiecTBoBath rujpar CO,,
3HAYMTENILHO IKpE, yeM y rupara CH,, 9To cBueTENBCTBYET
0 BO3MO)KHOCTH aHAJIOTUYHOTO JUTUTEILHOTO XPaHESHUS JIn-
OKCH/Ia YIJIEpOo/ia B Ta30THPaTHOM COCTOSTHHH.

B Hacrosiiee BpeMst 3aMHTEPECOBAaHHOCTD K IIPOEKTaM re-
OJIOTMYECKOT0 XpaHEHHsI AMOKCHIA YIIIepoJia UMEIOT KPYITHBIE
Kopriopanuu B psizie crpad. [Ipn opraHmsanuy XpaHuiIuma
CO, BaXXHBIM SIBIIIETCA BOIIPOC BHIOOPA PE3EPBYAPOB, MOJXO-
JUILAX JUIS TIOJ3€MHOT'0 I'a30THIPaTHOTO XPaHEHUsI TMOKCH 1A
yrinepoaa (Lu et al., 2021). Takumu miomaakaMu MOTYT CITy-
JKUTh HCTOLICHHBIE MECTOPOXK/ICHUSI YIIIEBOAOPOIHOTO CHIPhS
(Kop3yn u ap., 2023; Zhou et al., 2024), pacroioxeHHbIC
B OTHOCHUTEJBHON OJIM30CTH OT NPEINPHUSTHH, SBISIOMINXCS
ucTouHnKamMu BbIopocos CO,, HarpuMep, OT ITPOM3BOAMTENEH
IIEKTPOIHEPTUH U TEILIA.

XpaHeHHe JUOKCHIA YIJepoja B UCTOLICHHBIX He]Ts-
HBIX ¥ T'a30BBIX pe3epByapax CYMTACTCSl OHUM M3 Hanbosee
9(PeKTUBHBIX BapUAHTOB XPAHEHMS N3-32 HECKOJBKUX
npuuuH: 1) JaHHBIE 3aJ1eKN OBUIN TIIATEIBHO M3y4YCHBI
JIO 1 BO BpeMsi 0TOOpa YIJIEBOAOPOAOB; 2) UIMEETCsl Ha3eMHast
1 noj3eMHast HHQPacTpyKTypa, HapuMep, HarHeTaTesIbHbIe
CKB@KHHBI U TPYOOITPOBO/IBI, OHU MOTYT OBITh HCIIOJIB30BAHEI
JUIS TIpoliecca 3aXOpOHEHUs JINO0 HanpsMylo, JIN0o ¢ He-
OOIBIIMMY N3MEHEHUSIMY; 3) HArHETaHKE TMOKCH 1A YIIeposia
B HEe()TEHACHIIICHHBIH IJIACT B KAYECTBE METO/1a MOBBILIICHUS
He()TEOTIaYM U TaK IPUMEHSETCS B HEPTETra30BOil Hpo-
MBIIIIEHHOCTH, U, CIIE0BATEIBHO, TAKOH OIIBIT MOXKET OBITH
MCTIONB30BaH Juis nponecca 3axoponenus CO, (Aminu et al.,
2017; Noparumos u 1p., 2024).

PanronansHoe popMHUpOBaHUE TO3EMHOTO ra30THpar-
HOTO XpaHWINIIA JHOKCHIA YIVIepoJa JAUKTYeT HeoOXo1u-
MOCTb B yINIyOJICHHOM TPEABAPUTEIBHOM HCCIIEI0BAHUH
ACTIEKTOB HEM30TEPMHUYECKOTO T'a30’KUAKOCTHOTO TEUEHUS
B HACBHIILICHHBIX TIOPUCTHIX IUIACTAX NMPH HATNYNHU (Ha30BBIX
MIepexo/I0B, a TaK)Ke aHan3a (haKTopOB, ONPEACIIONINX (-
(exTuBHOCTH TEXHOTOTMHU Takoro xpanenus CO,. Hanpumep,
OJIHUM 13 TaKnX (PaKTOPOB SIBISIETCS HEOAHOPOIHOCTS IIacTa
o nponutaemocty (bapenonarr u 1p., 2016; Hu et al., 2021).
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B 3T0i1 cBSI3M BaXKHBIMH OpeACTaBIIAIOTCA MAaTCMATUYICCKOC
MOACIUPOBAHUEC U YUCIICHHOC HUCCIICAOBAHUEC MPOILECCOB,
MPOUCXOAAIIUX MTPU HEUZ0TCPMUICCKOM TCUCHUU AUOKCHIA
ymiepoaa B HOPUCTBIX Cpeaax € HCOHHOPOZ{HOﬁ MMPOHUIIAEMO-
CThIO C YUCTOM O6pa3OBaHI/I${ ra30BbIX TUAPATOB.

MeTtoasbl

B pabGote MeTomamu MareMaTH4ecKOTO MOICITHUPOBAHUS
N3y4eHbl 0COOCHHOCTH HEM30TEPMHUYECKOHM (MIIBTpaIiu
ra30’KHJIKOCTHOW CMECH C Y4eTOM 00pa30BaHUs Ta30BOTO
TUpara Mpu HarHETAHUH JTUOKCUA YIICPOAa B MOPHUCTHIM
IJ1aCT, MOPbI KOTOPOTO B HAYAJILHOM COCTOSIHUM 3aT0JTHEHbI
METaHOM U BOJOH. B mepByto ouepenp paccMOTpUM MOCTa-
HOBKY 33/1a4H.

PaccmoTpum B iByMepHOM (paguaibHas OCh 7' U BEPTH-
KaJbHAsL OCh z) OCCCHMMETPHYHOM MPHUOIMKCHUH TIPOIIeCC
naruetanus CO, B OPUCTBIN IITACT BBHICOTOM H 1 pajinycoM
R (puc. 1).

[lycTh 3akauka raza OCyLIECTBISETCS YEPE3 CKBAKHUHY
pajmuyca r,, KOTopast BCKPBIBAET IUIACT HA BCIO €TO BBLICOTY.
BHemHue rpaHUIBI MIACTa SIBISIFOTCS HEMPOHHIIACMBIMU
JUIs BEILIECTBA, OIHAKO YePe3 HUX MOXKET IPOUCXOAUTH TEILIO-
00MEH C OKPY’KaIOIIUMH MOPOJIaMH 32 CUET TEIIONPOBOIHO-
crtu. I[lycTh paccMmaTpuBaemas CILIOLIHAS Cpeia B UCXOAHOM
COCTOSTHMHM COCTOUT U3 Tpex (ha3: U3 TBEPJOro Kapkaca (cke-
JICTa), HE YYaCTBYIOIIETO B (PU3UKO-XUMHUCCKUX MPEBpaIIe-
HUSIX, METaHa U BOJIBI C U3BECTHOM HACBIIIIEHHOCThI0. CKeeT
MIOPUCTOM CPEIb MOJIaraeM HEMOABMKHBIM M HEC)KUMAEMbIM.
[Ipumem, 4TO B HaYaTBHBII MOMCHT BPEMCHH TEMIIEpaTypa
B paccMaTpUBaEMOM IJIACTE U OKPYIKAIOIIUX €r0 TOPHBIX MO-
ponax pasua 7. OUILTpaLKs BO3MOKHA TOJILKO B TIOPUCTOM
IJIaCTE, UCXOJHOE NABJICHUE B HEM p . Paccmarpusaemblii
IIaCT COCTOUT U3 ABYX 30H C Pa3IMYHON MPOHUIIAEMOCTBIO
k, w k,. IlycTh HarHeTaHMe JIMOKCHIA YIIIEPO/Ia OCYLIECTBIIS-
€TCsl IPH TIOCTOSHHOM JIABJICHUH ) , TIPU 3TOM TEMIIEpATypa
Ha 3a00€ CKBaXMHBI 7|, KIMEET TIOCTOSHHOE 3HaY€HHUE, MEHb-
IIee PaBHOBECHOM TeMIepaTyphbl oOpaszosanus ruapara CO,
17151 naBnenns p, (puc. 1).

[Ipu mMaTeMaTHYCCKOM MOJCIHPOBAHUU NBYX(pa3HOI
(unerpanuu ¢ yyerom obpasosanus ruapara CO, npumem
CIEIYIOIUEe OCHOBHBIE JOMYIIEHUs: Ta30BbIA TUApar pac-
CMaTpUBAeTCsl KaK CUCTeMa, COCTOsIasi U3 BOJbI U rasa,
1 MaccoBasi KOHLIEHTpalus ra3a B razoBoM rujapare G mo-
CTOSTHHA; METaH HE pacTBOpPSETCs B BOAE; MpeHeOperaem
HCIIapeHUeM BOJIbl; PACCMATPUBAETCSl OJHOTEMIIepaTypHas
MOyIeINb (TeMIIepaTyphbl Beex (a3 B HEKOTOPOM MajioM o0beme

1

r, R, R r

Puc. 1. CxemartuuHoe npe/icTaBlIeHNUE 33/1a4u: Z U 7' — BEPTUKAJIbHAS
¥ pajinalibHasi KoopauHarel; H, r , R, u R — BbIcoTa 111acTa, pajuyc
CKBa)KHHBI, PAJIyC IIEPBO 30HBI 1 PAJNYC IIaCTa COOTBETCTBEHHO;
k, v k, — IpOHMIIAEMOCTb NEPBO 1 BTOPO#t 30HbI; T/ 1 p, — TeMile-
paTypa 3aKauMBaeMOro JIMOKCH/a YIVIepOoa U JaBlICHHE €ro 3aKavyKu
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PaBHBI); TOPUCTOCTH IIJIACTa TSI 00CUX 30H ILIACTa OJJMHAKOBA
W TTOCTOSIHHA; TUNIOTHOCTD BOAIBI 1 Y/IETbHBIE TETUIOTHI (Pa30BBIX
MIEPEX0/IOB SIBIISIOTCS TIOCTOSIHHBIMU BEJIMUWHAMM; KaIlHJI-
nsipHble 3G dekTsl He yuuTeiBatoTcs (bacHues u np., 1993;
Bondarev et al., 2018). IIpu n3y4ennu nponecca 3akauku CO,
B Iu1act B omiume ot padot (Lpmkun, 2014; Khasanov et al.,
2019; Khasanov et al., 2020) yuuTbsiBaeTCsi pacTBOPUMOCTD
CO, B Bozie, pUIBTPALKS BOJIBI M T3, TEMII00OMEH TTIOPHCTOTO
KOJIJIGKTOPA C OKPY’KAIOIINMH TOPHBIMHU TTOPOAAMH.

PacuerHble ypaBHEHHS Uil U3y4aeMoro B pabore mpo-
1ecca MOTYT OBITh 3amMCcaHbl HA OCHOBE YpPaBHEHHH CO-
XpaHeHHs macc, 3akoHa Jlapcu, ypaBHEHHUs COXpaHEHUS
snepruu (Hurmarynun, 1987; bacaues u ap., 1993; Boponus,
Benbckux, 2020; Musakaev, Borodin, 2023). IIpu sTom
YpaBHEHHE ITbe30ITPOBOTHOCTH U YPaBHEHHE IIPUTOKA TETLIA,
Ha OCHOBE KOTOPBIX IPOMCXOJHUT PACUET U3MEHEHUS J1aBlie-
HUSI ¥ TEMIIEPATypPbl, COOTBETCTBEHHO, B OTIIMYUE OT PaOOTHI
(Musakaev, Borodin, 2023) conepxar ciaraemble, Y4HUTbI-
BAIOII[FI€ MHTEHCHBHOCTDH PACTBOPEHHS JHOKCHAA YIiIeposa
B Bozte J, . COOTHOWICHHE JUIS HAXOKICHHUS ITOM BETHINHBI
MOXKET OBITh 3aIHCaHO CIIEAYIONMM 00pa3oM:

. Doy =l

ot Wf (war) j=d,wat

0 Wy(d
ng =PPwar = | S 4

3necwk U nanee wHACKCH j = sk, g, I, h, d, m nu wat ot-
HOCATCS K IapaMeTpaM CKeJieTa MOPUCTON Cpefibl, ra30BOM
(hazbl, KUIKON (ha3bl, Ta30BOTO FHJIpaTa, THOKCH/IA yIIIepoa,
METaHa ¥ BOJbI, COOTBETCTBEHHO; HIKHIE WH/ICKCHI B CKOO-
KaX O3HAyaloT COCTABISAIOIINE COOTBETCTBYIOIMIEH (a3l
J , — uHTeHCHBHOCTH pacTBopenus CO, B Bozie, Kr/(M*-c); SJ,
(j=g, [, h) —HACBHIIIECHHOCTH 0P j-0if a30ii; ¢ — MOPHCTOCTH
TiacTa; p,  — MIOTHOCTh BOJIbI, KI/M?; @ ey @y~ MACCOBOC
CoJepXKaHNe TUOKCHIA YIIeposa W BOIBI B KUIKOH (hase,
COOTBETCTBEHHO.

Hcnonp3yroTcsl ciaeayomue ypaBHEHHUS COCTOSHUS
JUTS JKUIKOM 1 ra30Boii a3 (Shagapov et al., 2012; Bopomus,
benbckux, 2020):

Pl :pwat/wl(wat)’ p :XgpgRgT:

WDy (d ,
Rg=Ry, /My, M,=|-54) "8t

D @gj =1

Md Mm i=dm
T P/ Per
X, =|04-1g ——[+0,73 + i
T‘CV lopcr
Per= D Xe(pPeariiys Ter= D Xe(hTer(i)»
j=d,m j=d,m

40)) .
Zg(])_ M (]_dam):

M;
re p — naenenne, a; 7—remmeparypa, K; p, (j=sk,g,1,h)—
IUIOTHOCTD j-0ii (a3bl, Kr/m?; R, — ynenbHas razosas «mocro-
STHHAs (9TOT TTapameTp MOKET H3MEHATHCA B 3aBHCHMOCTH
OT cocTaBa ra3oBoi daser), Jk/(kr-K); R — yHuBepcambHast
rasosas mocrosunas, Jbx/(mons K); M, n M — monsapnas
Macca IMOKCH/IA YIIIepoia M MeTaHa, KI/MOIb; @, i @, —
maccosoe coxepxanne CO, m CH, B razosoit cmecwu; T
U p, — KPUTHYECKOE 3HadeHue Temmepatypsl (K) u napnenns
(ITa) mst rasosoii daser; 7, T~ — KpUTHYECKOE 3HAYC-
HHE TEMIIEPaTyphI [ yIIEKUCIIoro Tasa i Merana, K; p
¥p,,, ~ KPUTHIECKOE 3HAYCHHE NABIICHHS [T CO,uCH,, Ila;

Xy ¥ X gy — MOTIBHAS JIONIS IMOKCH/IA YIVICPOJA W METaHA
B Ta30BOM cMecH.

[TpoHnIIaeMoCcTh NOPUCTOH CPebl MOKHO HAUTH M3 CO-
orHomeHus (Zhang et al., 2022):

k=Kk,(1-S)",
e k, — TeH30p MPOHMIIAEMOCTH MOPHCTON CPENbl MPH OT-
CYTCTBHH Ta30BOTO TUIpaTa, M?; 11 — IOKa3areib CTeNeHH, 3a-
BUCSIIMH OT THIA 3aIIOJIHEHUS Ta30THUIPATOM ITOPOBOTO TPO-
cTpaHCTBa Iu1acta. [Ipy npoBeeHnn pacyeToB NPHUHSTO 71 = 3.

B paborte npunnmaeTcs, uto obpasosanue ruapara CO,
MIPOMCXOMIUT B paBHOBeCcHOM pexxuMe (Borodin et al., 2022).
J11st HaxoXKJICHNsI MacCOBOW KOHIIEHTPALMK THOKCHA yTie-
poaa B BOAE B 3aBUCHUMOCTH OT MapLUaJBLHOTO JaBJICHUS
9TOTO ra3a M TEMIIepaTypbl MCIOIb3YIOTCS SMIMPUUECKUE
cooTtHotIeHus u3 pabots! (Boponos u ap., 2011).

Pesynbrarnl

Crieayrolum 11aroM UCClIe0BaHUs Mpoliecca XpaHeHus
JTUOKCHUJIA YTIIEPOJIa B TEOJIOTHIECKUX (hOPMAITUSIX B TBEPIIOH
ra30THIPATHON (hOpME CTaJIO MPOBEICHUE BBIYHCIUTEITBHBIX
9KCIIEPUMEHTOB IO U3YUYCHHIO OCOOCHHOCTEH 00pa30oBaHUs
ruapara CO, npy 3aKadke THOKCU/IA YIIEPOIa B ILIACT, B HC-
XOJIHOM COCTOSIHMM HACBHIIICHHBII BOJIOMETaHOBOW CMECHIO.
DTHU pacyeTbl MPOU3BOAUIUCH HA OCHOBE aBTOPCKOTO KOM-
MBIOTEPHOTO KO/, YUCJICHHO PEATM3YIONIyI0 MaTeMaruye-
CKYyIO Mozellb. MeTofuKa pacueTa napameTpoB U3y4aeMoro
mpoliecca npejacTaBieHa aBropamu Ha Ilepsoit Poccuiickoit
ra3orupatHoi koH(epeHun «['a30BbIe TUAPATHI — SHEPTHS
oynymero» (boponun, Mycakaes, 2024), 1 OHa aHAJIOTUYHA
METONUKe, H3NIoKeHHOo! B pabore (Musakaev et al., 2020).
3HauCHUS MapaMeTPOB, HCIOIb3YEMbIC IPH MPOBEICHUU
pacdueToB (€CiH HE YKa3aHO JIOTOJIHHUTEIBHO), MPUBEICHBI
B Tabn. 1 (Mcromun, Skymies, 1992; boponun, benbckux,
2020; Misyura et al., 2023).

Ha puc. 2 npencraBieHbI OISl 1aBICHUS, TEMIICPATyPHI,
Haceiennoctu ruaparom CO,, maccosoit gomu CO, B ra-
30BOM CMECH U MaccoBO# 1o pacteopenHoro CO, B Boze
JUTSL TpeX ciy4vaes (puc. 1).

Cnyuaii 1. HarnerarenbHasi CKBa)XKUHa, ye€pe3 KOTOPYIO
MPOUCXOINT 3aKauka TUOKCHA YIIepona B IUIACT, PacIo-
JIO)KEHa B HUBKONPOHULIAEMOM 30HE, MPHU HTOM 3HAYEHUE
nponunaeMoct k, = 107'* M*, 3HaueHHEe MPOHUIAEMOCTH
IJTS BBICOKOTIPOHMIIAEMOH 30HBI k, = 1013 m?

Cnyuaii 2. HarnerarenbHasi CKBaKHHA pa3MellleHa B BbI-
COKOIPOHHIIAEMOIA 30He, pu 9ToM k, = 10 M%, k, = 107 m?

Crnyuait 3. HarnerartenbHasi CKBayKHHA TaK)Ke PACIONIOKe-
Ha B BBICOKONPOHMIIAEMOH 30H€, HO k, = 107> M%, k, = 107 m?

Ha puc. 3 TlpencraBiieHbl pacrpe/esicHUs TapaMeTpOB
IO paInATbHON KOOPIMHATE 7 IUTS CPETHEH IO BHICOTE JIMHHUU
tacrta (ripu z = H/2).

Ha puc. 4 npeacrasieno n3MeHEHUE CO BPEMEHEM MaCChl
CO, B mnacre.

OO0cyskaeHue pe3ybTaToB

s JaHHBIX, IPEICTABJICHHBIX HA pPUC. 2u 3, BUJIHO, 4TO 3a-
KauyuBaeMEIl B HOpPICTLIfI TJ1aCT JTUOKCU I YTITIEPOda BEITCCHACT
MCTaH BFJ'Iy6L mwiacta. B I1acTe, MOpbl KOTOPOro A0 Havdajia
HarH€TaHus C()2 3aHATHBI MCTAHOM U BOﬂOﬁ, JUOKCUJ yIJIepoaa
MPUCYTCTBYCT B TPEX COCTOAHUAX: B COCTABC I'a30BOI'0 rujipara,
B paCTBOPEHHOM BHJIC B BOAC U B I‘a3006pa3HOM COCTOsSITHHUU.
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ITapametp CumBon 3HaueHue
Bpewms pacuera, cyt t 7
Buemnuii paguyc miacra, M R 100
Paauyc nepBoit 30HbI (B KOTOPOH PacloioxkKeHa CKBaXHUHA), M Ry 50
Tonmunua nacrta, M H 10
Pannyc ckBaxuHbI, M Tw 0,1
HauansHoe mactoBoe nasnenue, Mlla Do 1
Hauanbshas mnactoBas Temneparypa, °C Ty 5
JlaBneHue 3akauku quokcuza yriaepoaa, Mlla Pw 3
Temnepatypa Ha 3a00e ckBaxxuHbI, °C Ty 5
ITopucrocTs macra o 0,2
HauanbHast ra30HachlEHHOCTh (METAHOM) Sq0 0,8
HauasnpHast HACHIIIIEHHOCTD JKUIKOCTEIO (BOIOH, O€3 pacTBOPEHHOTO s 02
B Heit CO,) 0 ’
CxkpelTas Teruiora oopasoBaHust/paznoxenns rugapara CO,, kJDx/kr Lya 390
CkpoiTas TemioTa pactBopenust CO, B Bojae / ucnapenus CO, u3 I 480
BOJIBI, KJK/KT el

MaccoBoe conepxanue CO; B ra30BOM rujpare G 0,28

Tab6n. 1. OcHOBHBIE pacyeTHBIE TAPAMETPHI

Cayuyaii 1 Cnyuait 2

0)

1)

2 2

0 0

01 20 40 60 01 20 40 60 80 100

20 40 60 80 100

r,M r,M
Puc. 2. Pacnipenenenus B miacte jiagienus p (a), remmeparypsl 7' (6), ruaparoHachleHHoCTd S, , (B), MaccoBoit onu CO, B Ta3oBoii cMecH
w,, (1) 1 Maccoeoit sonu pacteopentoro CO, B Boxe w,, (1). Pacnipenenens napaMeTpoB MOCTPOCHBI HA 7 CYTKH MOCIIE Havasla 3aKauku

JUOKCH A YIIIEpo/Ja 1uiact

1)

GEORESURSY / GEORESOURCES




I'EOPECYPCBI/GEORESURSY

gr/m

2025.27(3). C. 121-129

Www.geors.ru

p, MIla T, °C A

Cryuait 3 Shd

C aﬁ?\ 0) B)
a) ki 6.8 0,25 -
2,5 1 Cuyyaii 3
6,3 0,2
5 Cryyaii 2 58 - 0,15 - &\CnyqaﬁZ
5,3 A 0,1
549 N e——mmd e d e e
Ciyyait 1 4.8 1 0,05 - L Ciyyait 1
P
1 0 ™ ™ 1 43 T T 1 0 T T m
0,1 1 10 M 0,1 1 10 r,M 0,1 1 10 r,M
wg(d) wl(d) 7 Cryuait 3
r) n) Cryuaii 2 —\
8 Coryuaii 1 m
0.8 0,06 1" [\\
0,6 1 O {
Ciyyait 3 0.04 -
0.4 1 Cryyaii 2 17
0,02
0,2 1 Cotyuait 1 ’
0 T T 0 T T 1
0,1 1 10 r,M 0,1 1 10 ryM

Puc. 3. Pacnpenenenus no » npu z = H/2 nasnenus p (a), remneparypsl 1" (6), rujpatoHacsiieHHocTH S, , (B), Maccosoit gomm CO, B rasosoit

cMecn o, (r) 1 mMaccoBoi onm pactsopertoro CO, B Boze o,
M, TOHH
2500 - a) Cuyaaii 3
2000 -
1500 - Cuyyaii 2
1000 -
500 - Cuyyaii 1
0 T T T T T T 1
0 1 2 3 4 5 teceyr
Mal, TOHH 1 B)
Coyyait 3
500 -
Crydait 2
250 -
Crnyuaii 1
0 T T T T T T 1
0 1 2 3 4 5 ¢teceyr

(n) Ha 7 cyTKM TOCIIE Havala 3aKaykKy JUOKCHIA yIIeposa IIacT

Mg, TOHH 7
2500 - 0
2000 - Cityuait 3
1500 -
1000 - Cunyyaii 2
500 1 Ctyyaii 1
0 T T T T T T 1
0O 1 2 3 4 5 toyr
Madh, TOHH | r)
50 7 Coyyait 3
40 -
30 -
20 -~
Ciyyait 2 .
10 Cryyait 1
0 T 1 1 \\\ T T 1
0 1 2 3 4 5 teceyr

Puc. 4. JIlnHamMuka n3MEHEHUsI HAKOTUIEHHON Macchl IMOKCH/A yIIepo/a B IUIacTe: a) CyMMapHas Macca; 0) B ra3000pa3HOM COCTOSIHHH; B) B

PAacTBOPEHHOM BHJIE B BOJIE; I') B COCTaBe I'a30BOT0 THIpATa

T'maparooOpa3zoBaHue POUCXOINT B OCHOBHOM B 30HE,
MIPUMBIKAOIIECH K HAaTHETaTEIbHOW CKBa)KUHE, B 3TOH 00Ja-
CTH TUTACTa B IOPaX MPUCYTCTBYIOT IUOKCH] YTIIEPOIa U €TO
ruzapar. Jlanpimie (1o KoopauHare 1) IOPOBOE MPOCTPAHCTBO
3ar0JIHEHO COZ, TUJPATOM COZ, BOJIOH; 3aTeM JUOKCHJIOM
yIJIepona W BOJOI; dajiee Ta30Boi (a3on (COZ+CH4) H BO-
JIOW; ¥ HAKOHEI[, BOIIOMETAaHOBOW CMEChi0. B mepBhIX IOBYX
OTMEUEHHBIX 30HAaX W3-3a Ta30THIPATHBIX OTIOKCHHU KOJ-
JIEKTOPCKHUE CBOWMCTBA IUIACTA YXYAMIAIOTCS, YTO HPUBOIHT
K CHIDKCHHIO TEMIIOB (DHIBTPAIIMN OT CKBaKHHBI B ILTACT
1 OOJBIIIOMY TPaTUCHTY AAaBJICHUS B OOIACTH C TIPHCYTCTBHEM
ra30Boro ruapara. [ ciaydas pacioIOKeHHST HATHETATE b~
HOM CKB)XUHBI B BBICOKOTIpOHHIIaeMoii 30He (Ciryuan 2 u 3)
BEIICONMCAHHbIN ()aKTOp OKa3bIBAeT MEHBINEE BIUSHUEC,
W JaBJICHUE BO BCEM IUIACTE CYIIECCTBCHHO YBEITHYMBACTCS
(make B OTHAJICHHOM OT CKBA)KMHBI HU3KONPOHUIIAEMOM
30HE), YTO CBUJICTECIHCTBYET O JIy4YIIeM MPOHUKHOBEHUU
JIMOKCcHa yriepoja B miacT. Takke u3 puc. 2 u 3 BUIHO,
YTO TeMIIEpaTypa B IUTACTE BEAET ce0s HEMOHOTOHHO. JTO
CBSI3aHO C BIIMSIHAEM Ha Hee CIIeAyIomuX (hakTopoB: 3ddekr
JIxoynsa-ToMcoHa (B 001acTH OONBIINX TPaTUCHTOB JTaBICHHS

TeMIeparypa pu (GUIBTPALNH PEATbHOTO r'a3a CYIIECTBEHHO
CHIDKACTCs); BBIICIICHUE TeIlUla IpH 0Opa30BaHUM T'HApaTa
CO,; BbIIENIEHNE TETLIA TIPH PACTBOPEHHH IMOKCH/IA yIIIEPOIA
B BoJIe. BUIHO, 4TO BONM3M CKBa)KUHBI TEMIIEPaTypa CHUKA-
eTCsl HIKEe HaualIbHOM, TaK KaK B 9TOW 001acTH HaOIonaeTcs
HanOOJIBLINIT IIepena JaBlICHUs, YTO IPHUBOIUT K Hanbosee
MHTCHCHBHOMY OXJIQXKACHHIO BeneacTBre addexra Jxoyis-
Tomcona. [lanee HaOmomaercsi MOBBILICHHE TEMIIEPATYPhI
BBILIIC HAYaJIbHOW BeliecTBHE (Da30BbIX MepexooB. Bo Bcem
IUIACTE, I7Ie OJJHOBPEMEHHO IPUCYTCTBYFOT JHOKCH/ yIIIepoa
U BOJIa, HAOMIOAETCs MMOBBIICHUE TEMIIEPATYpPhI BBILIC Ha-
YaJabHOW BCIEJCTBHE BBLACICHHS TEIUIA TPH PACTBOPCHUH
9TOro ra3a B Boje. [Iprdyem BOIM3M BepXHEH 1 HUXKHEH TpaHuULL
Iiacta TeMIepaTypbl HIKE, a KOJIHMYECTBO PaCTBOPEHHOIO
CO, B BoziE BBIIIE, YTO OOBACHAETCS TETIIOOTAAYEH B OKpY-
JKAIOIIME HENPOHHIAeMble Ul BELIECTBA MOPOJbI 33 CYET
TEIUIONPOBOJHOCTH. B 30He, MpUMBIKaroIel K HarHeTaTeb-
HOIl CKBa)XMHE, BCS BOJIA TIEPEXOIHUT B COCTAB ra3orujpara,
YTO CBSI3aHO, B IIEPBYIO OUEPEIb, C CYILIECTBEHHBIM CHIDKCHH-
€M TeMIIepaTypbl B 3TOW YaCTH IJIACTA BCIICICTBUE JCHCTBHS
addekra Ixoynsa-Tomcona. Takum 06pa3om, TS aIeKBATHOTO

HAYUHO-TEXHIMECKV XYPHA
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OIMCAHUS TEMIIEPATYPHOTO IOJISI B IUIACTE HEOOXOANUM YUeT
TakuX (PaKTOpOB, KaK TEIUIOTa, BbLAEIsIEMas MpU (a30BbIX
nepexonax, 3¢dexr xoyns-Tomcona, TermiooOMeH pac-
CMaTpHBaeMOr0 MOPHCTOTO KOJJICKTOPA C OKPY>KAIOIINMH
TOPHBIMU TIOpoAaMu. PucyHku 2 u 3 TakKe IOKa3bIBAIOT,
YTO BBITECHECHHE METaHa JTUOKCHIOM YIJICPOAA ITPOUCXOANUT
MPaKTUYECKH B OPLIHEBOM pexxknume. Pasmepsl obiactu, B Ko-
TOpOH B Ta30BoH (haze opHoBpeMenHo HaxoaaTcs CO, n CH,,
MaJIbl 110 CPABHEHHMIO C ITPOTSDKEHHOCTBIO I1ACTA; TOPIITHEBOH
XapakTep BBITECHEHHs 00yCIIOBIEH TeM, 4To BA3kocTh CO,
B nojitopa pasa Boine Baskoctd CH, (Lpmkun, 2014).

W3 nanHbIX, IpecTaBIeHHbIX HA pUC. 4, BUIHO, YTO Macca
3aXOPOHEHHOTO JJMOKCHAA yIVIepoJia TEeM BBIIIE, YEM BHIIIE
MPOHHUIIAEMOCTh NPU3a00HHOI 30HBI CKBa)KUHBI, TIOATOMY
TP OPraHU3alKy Takoro cnocoba yrunusanun CO, He-
00XOIMIMO OCYIIECTBIISTH 3aKaYKy ATOTO ra3a B BHICOKOIIPO-
HHUIIAeMbIE 30HBI, T.€. JUIS 3aXOPOHEHUS AUOKCH/IA yIiIeposia
¢ OoJsibIeld MHTEHCUBHOCTBHIO HArHETATENbHYIO CKBAXHHY
JKEJIaTeNIbHO pacriojiarath B 00JIacTH TuIacTa ¢ HauOOoJIbIIeH
MIPOHUIIAEMOCTBI0. AHAJIM3 pUC. 2 U 3 MO3BOJSIET CAENATH
BBIBOJI O TOM, YTO JUUISl IPUHSTHIX B padOTe MapamMeTpoB,
JUIsl Opranu3anuy 3((HeKTHBHOTO ra30ruPaTHOTO XPaHEHUS
JIMOKCH/IA YIIIepo/ia HeoOX0IMMBI TOPHUCTBIE CPEJIbl C A0CTa-
TOYHO BEICOKMMH 3HAYECHHSIMH IPOHHUIIAEMOCTH. B mpoTHBHOM
cltydae, BO-TIepBBIX, BCJIE/ICTBUE HU3KOM ITPOHUIIAEMOCTH Bpe-
Ms 3aKaukn HeoOxonmmoro oobema CO, Gy/IET CyIECTBEHHO
YBEIIMYHMBATHCS, M, BO-BTOPBIX, 00Pa30BaBIIHUIICS ra30TUAPAT
OyzeT erie OOJIbIIE CHIKATh MPOHUIIAEMOCTH IIOPUCTOH Cpe-
JIbI, 9YTO MOYKET TIPHBECTH K NPAKTHYECKHU ITOJTHOH OCTaHOBKE
nanbuekmei gpuisrpannn CO,.

Jlnst paccMoTpeHHOro Habopa rmapameTpoB IIpH pa3Me-
IIEHUHM HarHETaTeJbHOW CKBRXMHBI B HU3KOIPOHHIIAEMOM
sone (k, = 10°'* M%) MOKCHU] yIIeposia B COCTaBe ra30BOro
rujpara Ha KOHSYHbI MOMEHT BpeMeHH (7 CyTOK) COCTaBIIsIeT
BenuunHy oxojo 300 kr. Ecniu ske HarHeTarenbHas CKBaXKMHA
pacrnosiokeHa B BHICOKONMPOHHUIIaeMoit 3one (k, = 107" m?),
TO 3TOT MOKa3aTeslb UMEET BenuduHy okonao 2300 kr.
[Tpn nanpHelem yBennueHnn npouunaemocty (Ciryyaii 3)
HaKOIJICHHAsl Macca JIMOKCHIA yIVIEpPO/ia B COCTABE I'a30BOT0
rUJpaTa COCTaBIIseT BEIUUUHY yke okoao 56000 kr. Onnaxo,
Kak BHJIHO, U3 pHC. 4 /IS BCEX PacCCMOTPEHHBIX CIIydyacB
macca CO, B cocTaBe ra30BOT0 IMpara MEHbILE €r0 MacChl
B CBOOO/THOM 1 PaCTBOPEHHOM COCTOSIHUH. DTO CBS3aHO C TEM,
4TO Ha Mpolecc 00pa3oBaHMsI ra30BOTO T'MpaTa B IJIACTE
CYILECTBEHHOE BIIMSTHUE OKA3bIBAIOT (TOMHUMO KOJJIEKTOPCKHUX
CBOMCTB) MCXO/IHBIE TEPMOJMHAMUUYECKHE NapaMeTpbl MO
semuoro xpanunuia CO,. T.e. HeOOXOMMBI JIOMOTHUTENb-
HBIC HMCCII/IOBAHMSI 110 ONPE/ENICHNIO TUIaCTOB ¢ Hanboiee
ONaronpusTHBIMU JUIsl THIPAaTO0Opa30BaHUs HaYalbHBIMHU
TEPMOIMHAMUYCCKIUMH YCIIOBUSIMH, @ TAKIKE IO BBISIBICHUIO
HanbOosiee S(PPEKTUBHBIX MapaMETPOB 3aKayKu JUOKCHIA
yrinepoaa. M KOMIUIEKCHBIH ydeT BceX 3THX (hakTOpOB ITO-
3BOJIUT OOccreynTh Hanbosiee 3PPEeKTHBHOE MOA3EMHOC
rasoruaparnoe 3axoponenue CO,.

3aKJIoueHue

Crarbs OCBSIICHA U3yYSHNIO 0COOCHHOCTEH mporecca
XpaHCHU INOKCHU A YITIEpOJa B I'€OJIOTHICCKUX (I)OpMaIII/IHX
B TBEpJOH razoruaparHoii gopme. IIpemioxena B aBymep-
HOM OCCCUMMETPHUYIHOM HpI/I6J'II/I)KCHI/II/I MaTEeMaTHYCCKas
MOACIIb HCH3OT€pMH‘{€CKOﬁ (1)I/IJ'II>TpaIII/II/I Fa30)KPII[KOCTHOﬁ
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CMecH, B KOTOPOH B OTIIMYKE OT NPEIBIAYIINX paboT mpous-
BEJICH JIOTIOJTHUTEIBHBIN YUET TakuX (paKTOPOB, KAK HAJINYUE
B IUIACTE 30H C PA3JIMYHON ITPOHMUIIAEMOCTBIO, IByX(]azHas
¢unbrpanus, pacrsopumocts CO, B BOJE, TEMIOOTAaYa
(3a cueT KOHYKTHBHOT'O TEIIIOOOMEHA) N3 paccMaTpuBaeMoi
00s1acTi OPUCTON CpeJibl B OKPYIKAIOIINE TOPHBIE TIOPOIBI,
HenzoTrepmuueckue 3pdexTsl. PacyeTHBIM ITyTeM MoKa3aHo,
YTO MPHU 3aKauke JUOKCHAA YIIepojaa B MOPUCTBIH MIACT
pacrmpejielieHie TeMIepaTypsl MO JUIMHE IJacTa UMEET He-
MOHOTOHHBIH XapakTep, 00yCIIOBIECHHBIH JieicTBUEM 3(heKTa
Jxoyns-TomcoHa, BBIACICHHEM TeIlIa NP 00pa3oBaHUU
ruapara CO, ¥ pacTBOPEHHH JJaHHOTO Ta3a B Boje. Bonusn
BEpPXHEH M HWKHEW TpaHHMIl IjacTa TeMIlepaTypbl HIKE,
a xomuuecTBo pactopenHoro CO, B Bojie BBIIIE, YTO 00b-
SICHAETCA TEIUIOOTAa4ell B OKpPY’Kalol[Uue HENMpPOHUIAEMbIE
JUIs BELLIECTBA TOPOJIBI 32 CUET TernonpoBoaHocTH. [Tokasano,
qTo 1151 Oosee 3(h(heKTHBHON OpraHn3ayy ra30rHPaTHOTO
XpaHEHUs! AUOKCHJA yIIepoja B 30HAJIBbHO-HEOJHOPOAHOM
MIOPUCTOM ILIACTE HEOOXOIMMO PACIIoaraTh HarHeTaTeIIbHYTO
CKB&KHHY B 30HE C OOJIBIINMH 3HaUYCHUSIMU IPOHUIIAEMOCTH.

PduHaHCUpPOBaHHE

HccnenoBanue BBIIOTHEHO 3a cyeT rpaHTa Poccuiickoro
HaydHoro ¢ouna Ne 24-29-00093, https://rscf.ru/
project/24-29-00093/

[Tybnukanus crarbu mojaepkaHa MHUHUCTEPCTBOM
HayKu W Belciiero obpasoBanusi Poccuiickoii ®enepanuu
no cornamenuto Ne 075-10-2022-011 B pamkax nporpammsl
pazsutust HIIMY.
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Abstract. One of the effective methods of combating
the increase in the concentration of carbon dioxide in the
atmosphere is its sequestration in porous media in the solid gas
hydrate form. The unique properties of gas hydrates, such as
their high gas capacity, low permeability and natural stability,

make them an attractive option for long-term disposal of
carbon dioxide. In the context of considering the problem of
organizing geological gas hydrate storages of carbon dioxide,
amathematical model is written down that allows a theoretical
study of the process of carbon dioxide hydrate formation during
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its injection into a reservoir whose pores are initially saturated
with methane and water. The proposed mathematical model
takes into account zonal heterogeneity of a porous reservoir,
the flow in it in the presence of phase transformations (hydrate
formation and solubility of carbon dioxide in water) of the gas
(CH, and/or CO,) and liquid (water and dissolved CO,) phases,
heat transfer from the considered region of a reservoir to the
surrounding rocks; the hydrate formation process is considered
as an equilibrium phase transition. Calculation equations for
the studied process are presented and numerical solutions of
the problem are constructed, describing the distribution of
parameters (temperature, pressure, phase saturations) in a
reservoir. It has been shown by calculations that when CO,
is injected into a reservoir, several characteristic zones can
form in it, differing in the composition of the fluids saturating
them. It has been demonstrated that it is necessary to take into
account such factors as heat released during phase transitions,
the Joule-Thomson effect, and heat exchange between the
porous reservoir and its surrounding rocks when describing the
temperature field in the reservoir formed when carbon dioxide
is injected into it. The results of computational experiments
are presented and analyzed when placing an injection well in
a high- or low-permeability zone of a porous reservoir. The
conducted numerical study showed that for the organization
of effective gas hydrate storage of carbon dioxide, porous
media with sufficiently high permeability values are required.
Keywords: filtration, carbon dioxide, gas hydrate
formation, zonal permeability, mathematical model

Acknowledgements

The research was funded by the Russian Science
Foundation (project No. 24-29-00093), https://rscf.ru/
project/24-29-00093/.

The publication of the article was supported by the
Ministry of Science and Higher Education of the Russian
Federation under agreement No. 075-10-2022-011 within
the framework of the development program for a world-class
Research Center.

Recommended citation: Musakaev N.G., Borodin
S.L. (2025). Estimation of the parameters of carbon
dioxide injection into a saturated porous reservoir with
heterogeneous permeability in the presence of hydrate
formation. Georesursy = Georesources, 27(3), pp. 121-129.
https://doi.org/10.18599/grs.2025.3.10

References

Aminu M.D., Nabavi S.A., Rochelle C.A., Manovic V. (2017). A review
of developments in carbon dioxide storage. Applied Energy, 208, pp. 1389—
1419. https://doi.org/10.1016/j.apenergy.2017.09.015

Barenblatt G.1., Lobkovsky L.I., Nigmatulin R.I. (2016). A mathematical
model of gas outflow from gas-saturated ice and gas hydrates. Doklady Earth
Sciences, 470, pp. 1046-1049. https://doi.org/10.1134/S1028334X16100019

Basniev K.S., Kochina I.N., Maksimov V.M. (1993). Underground
Hydrodynamics. Moscow: Nedra, 416 p. (In Russ.)

Bondarev E.A., Rozhin L.I., Popov V.V, Argunova K.K. (2018).
Underground Storage of Natural Gas in Hydrate State: Primary Injection
Stage. Journal of Engineering Thermophysics, 27 (2), pp. 221-231. https://
doi.org/10.1134/S181023281802008X

Borodin S.L., Belskikh D.S. (2020). Mathematical modeling of the
equilibrium complete replacement of methane by carbon dioxide in a gas
hydrate reservoir at negative temperatures. Tyumen State University Herald.

GEORESURSY / GEORESOURCES

Physical and Mathematical Modeling. Oil, Gas, Energy, 6 (2), pp. 63-80.
(In Russ.) https://doi.org/10.21684/2411-7978-2020-6-2-63-80

Borodin S.L., Musakaev N.G., Belskikh D.S. (2022). Mathematical
Modeling of a Non-Isothermal Flow in a Porous Medium Considering Gas
Hydrate Decomposition: A Review. Mathematics, 10 (24). 4674. https://doi.
org/10.3390/math10244674

Borodin S.L., Musakaev N.G. (2024). Methodology for calculating the
process parameters of carbon dioxide injection into a zonally heterogeneous
porous reservoir, taking into account the formation of gas hydrate. Proc.
First Russian Conference on Gas Hydrates “Gas Hydrates — Energy of the
Future” (RCGH I). Saint Petersburg: VNIIOkeangeologiya, pp. 51-56.(In
Russ.) https://doi.org/10.24412/cl-37274-2024-1-51-56

Cao X., Wang H., Yang K., Wu S., Chen Q., Bian J. (2022). Hydrate-
based CO, sequestration technology: Feasibilities, mechanisms, influencing
factors, and applications. Journal of Petroleum Science and Engineering,
219, 111121. https://doi.org/10.1016/j.petrol.2022.111121

Chuvilin E.M., Guryeva O.M. (2009). Experimental investigation of
co2 gas hydrate formation in porous media of frozen and freezing sediments.
Earth’s Cryosphere, 13 (3), c¢. 70-79. (In Russ.)

Hassanpouryouzband A., Yang J., Tohidi B., Chuvilin E., Istomin V.,
Bukhanov B. (2019). Geological CO, Capture and Storage with Flue Gas
Hydrate Formation in Frozen and Unfrozen Sediments: Method Development,
Real Time-Scale Kinetic Characteristics, Efficiency, and Clathrate Structural
Transition. ACS Sustainable Chemistry & Engineering, 7(5), pp. 5338-5345.
https://doi.org/10.1021/acssuschemeng.8b06374

HuT., Xu T, Tian H., Zhou B., Yang Y. (2021) A study of CO, injection
well selection in the naturally fractured undulating formation in the Jurong
Oilfield, China. International Journal of Greenhouse Gas Control, 109,
103377. https://doi.org/10.1016/j.ijggc.2021.103377

Ibragimov LI, Indrupskiy I.M., Garifullina Ch.A., Khaliullin T.F.,
Valiullin 1.V., Zalyatdinov A.A., Sadreeva R.Kh., Burlutskiy E.A.,
Mingazutdinov A.N., Remeev M.M., Kashapov [.Kh. (2024). Experimental
assessment of oil displacement efficiency by flue gases for a developed
reservoir in carbonnate formation of Urals-Volga region. Georesursy =
Georesources, 26(1), pp. 127-135. (In Russ.) https://doi.org/10.18599/
grs.2024.1.11

Istomin V.A., Yakushev V.S. (1992). Gas hydrates in nature. Moscow:
Nedra, 235 p. (In Russ.)

Khasanov M.K., Musakaev N.G., Stolpovsky M.V., Kildibaeva S.R.
(2020). Mathematical Model of Decomposition of Methane Hydrate during
the Injection of Liquid Carbon Dioxide into a Reservoir Saturated with
Methane and Its Hydrate. Mathematics, 8(9), 1482. https://doi.org/10.3390/
math8091482

Khasanov M.K., Stolpovsky M. V., Gimaltdinov L.K. (2019). Mathematical
model of injection of liquid carbon dioxide in a reservoir saturated with
methane and its hydrate. International Journal of Heat and Mass Transfer,
132, pp. 529-538. https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.033

Kim S., Santamarina J.C. (2014). Engineered CO, injection: The
use of surfactants for enhanced sweep efficiency. International Journal
of Greenhouse Gas Control, 20, pp. 324-332. https://doi.org/10.1016/].
ijgge.2013.11.018

Korzun A.V., Stoupakova A.V., Kharitonova N.A., Pronina N.V,,
Makarova E.Yu., Vaytekhovich A.P., Osipov K.O., Lopatin A.Yu., Aseeva
A.V., Karpushin M.Yu., Sautkin R.S., Peregudov Yu.D., Bolshakova M.A.,
Sitar K.A., Redkin A.S. (2023). Applicability of natural geological objects
for storage, disposal and utilization of carbon dioxide (review). Georesursy
= Georesources, 25(2), pp. 22-35. (In Russ.) https://doi.org/10.18599/
grs.2023.2.2

Lu P, HaoY.BaiY., Liu W., Chen X., Zheng H., Liu J., Chen Y., Gao J.
(2021). Optimal selection of favorable areas for CO2 geological storage in the
Majiagou Formation in the Ordos Basin. International Journal of Greenhouse
Gas Control, 109, 103360. https://doi.org/10.1016/j.ijggc.2021.103360

Mac Dowell N., Fennell P.S., Shah N., Maitland G.C. (2017). The role
of CO, capture and utilization in mitigating climate change. Nature Climate
Change, 7, pp. 243-249. https://doi.org/10.1038/nclimate3231

Makogon Y.F. (2010). Natural gas hydrates - A promising source of
energy. Journal of Natural Gas Science and Engineering, 2, pp. 49-59.
https://doi.org/10.1016/j.jngse.2009.12.004

Misyura S., Strizhak P., Meleshkin A., Morozov V., Gaidukova O.,
Shlegel N., Shkola M. (2023). A Review of Gas Capture and Liquid Separation
Technologies by CO, Gas Hydrate. Energies, 16 (8), 3318. https://doi.
org/10.3390/en16083318



I'EOPECYPCBI/GEORESURSY

gr/M

2025.27(3). C. 121-129

Www.geors.ru

Musakaev N.G., Borodin S.L., Gubaidullin A.A. (2020). Methodology
for the Numerical Study of the Methane Hydrate Formation During Gas
Injection into a Porous Medium. Lobachevskii Journal of Mathematics,41(7),
pp. 1272-1277. https://doi.org/10.1134/S199508022007032X

Musakaev N.G., Borodin S.L. (2023). Numerical Study of the Process
of Gas Extraction from a Gas Hydrate Reservoir with Inhomogeneous
Permeability. Lobachevskii Journal of Mathematics, 44(5), pp. 1765-1770.
https://doi.org/10.1134/S199508022305044X

Nigmatulin R.I. (1991). Dynamics of Multiphase Media. New York:
Hemisphere Publ. Corp.

Shagapov V.Sh., Urazov R.R., Musakaev N.G. (2012). Dynamics of
formation and dissociation of gas hydrates in pipelines at the various modes
of gas transportation. Heat and Mass Transfer, 48 (9), pp. 1589—-1600. https://
doi.org/10.1007/s00231-012-1000-3

Tsypkin G.G. (2014). A mathematical model of carbon dioxide flooding
with hydrate formation. Doklady Physics, 59, pp. 463—466. https://doi.
org/10.1134/S1028335814080035

Voronov V.P., Gorodetskiy Ye.Ye., Grigor’yev V.A., Muratov A.R. (2011).
Experimental study of the process of methane substitution in gas hydrate with
carbon dioxide. Vesti gazovoy nauki, 2(7), pp. 235-248. (In Russ.)

Xu G., Schwarz P., Yang H. (2020). Adjusting energy consumption
structure to achieve China’s CO, emissions peak. Renewable and Sustainable
Energy Reviews, 122, 109737. https://doi.org/10.1016/j.rser.2020.109737

Zhang P., Liu B., Hu L., Meegoda J.N. (2022). Coupled multiphase flow
and pore compression computational model for extraction of offshore gas
hydrates. Computers and Geotechnics, 145, 104671. https://doi.org/10.1016/j.
compgeo.2022.104671

Zhou X., Xu Ch., Wen H., Huang Zh., Chuvilin E., Liang D.
(2024) Thermal stabilities of CH, and CO, hydrates in quartz sands and
modeling. Fluid Phase Equilibria, 583, 114120. https://doi.org/10.1016/j.
fluid.2024.114120

About the Authors

Nail G. Musakaev — Dr. Sci. (Physics and Mathematics),
Professor, Chief Researcher, Tyumen Branch of the
Khristianovich Institute of Theoretical and Applied Mechanics
of the Siberian Branch of the Russian Academy of Sciences

74 Taymyrskaya St., Tyumen, 625026, Russian Federation

e-mail: musakaev68@yandex.ru

Stanislav L. Borodin — Cand. Sci. (Physics and
Mathematics), Senior Researcher, Tyumen Branch of the
Khristianovich Institute of Theoretical and Applied Mechanics
of the Siberian Branch of the Russian Academy of Sciences

74 Taymyrskaya St., Tyumen, 625026, Russian Federation

e-mail: S.L.Borodin@yandex.ru

Manuscript received 1 November 2024,
Accepted 29 April 2025;
Published 20 September 2025

© 2025 The Authors. This article is published in open access under the
terms and conditions of the Creative Commons Attribution (CC BY) License
(https://creativecommons.org/licenses/by/4.0/)

HAYUHO-TEXHIMECKV XYPHA

o s s oy | EDPEGY P




	Georesursy_3_2025_1.pdf
	10_Borodin


