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MaTemMaTuueckoe MoaenmMpoBaHue npouecca
pa3nioXXeHua rasormapaTHoro niaacra 6e3 Bo3aencTeus
Pa3IMYHbIX BHELWHUX UCTOYHUKOB

lO3ues B.3., PycuHoB A.A.

Bupckuit dunmnan bawknMpckoro rocyaapcTBeHHOro yHmMBepcuTteTa, bupck

B pabote paccmaTpuBaeTcs 04HOPOAHbIM MnacT B popMe 61MHA C XapaKTePHbIMU JIMHENHBIMU pa3MepaMu, COOoT-
BETCTBYIOLLMMM peasibHbIM 3a1eXaM: C paanycoM Nopaaka HECKOMbKMX KMTOMETPOB, @ BbICOTOW — AeCSTKM METPOB.
MockonbKy pagnycbl TakKMX NNACTOB HAMHOMO B0MbLUE UX TOALMHbI, TO 3TO MO3BOJSET yYeCTb TENNOBbIE B3aMMOAENCTBMUS
MeCTOpPOXAEHUS C OKPYXKAKLWUMKU NOPOAAMU Hepe3 BEPXHIO U HUXXHIOK MPaHMLLbl NNacTa B MN10CKOOAHOMEPHOM
npubnmxkeruun. [Inga onucaHmsa Mmogenu 6611 UCNONb30BAHbI OCHOBHbIE YPABHEHMS: 3aKOH COXPaHEeHMs Macc rasa u
BOJbI B NNacTe, ypaBHeHUs BanaHca Tenna v TeMnepaTypHbIX nonei B6aM3u rpaHuLbl NAACT, @ TAKXKE HavyanbHble U
rpaHuyHble ycnoBus. NocTpoeHHas TeopeTnyeckas MoAenb NO3BOSET aHANU3MPOBATb BO3MOXHOCTb peanu3aumm non-
HOM ra3ooTAauM MaacToB TONIbKO 33 CYET TEMJIOBbIX Pe3epPBOB CAMMX MAPATHBIX NAACTOB, a TAKXKE OKPYXKAOLWMX Nnact
rOpHbIX MaccMBOB. 119 3Ha4YeHMI NapaMeTpoB, ONpefensioLmMX HaYanbHoe COCTOAHME NAACTa, NPOBEAEHbl YNCIEHHbIE
3KCNEepUMEHTbI, NpeACcTaBNeHa AMHAMMKA NNacTOBOro AABNEHUS U MTMAPATOHACBIWEHHOCTU B nnacte. B pesynbrate
MCCNenoBaHMUSa YCTaHOBNEHO, YTO NPU NOCTOSHHOM TeMne 0T6opa rasa [OCTUXKEHME NIACTOBOro AasneHus 2.6 MlMa
M COOTBETCTBEHHO TemnepaTypbl 273 K nponsowno npumMepHo 3a 5 neT. [oka3aHo, 4to npu otbope rasa u3 nnacra ¢
paamycom 3000 M 1 TonwmHow 50 M ero rmapaToHAChILLEHHOCTb B TeYeHWe 5 neT yMeHbLUaeTcs NpuMepHO Ha 38%.

Kniouesble cnoea: razornapar, nopucras cpeaa, hasosblid nepexos

BBepeHune

C KakIbIM TOIOM PACTeT MHTepec K mpobieme
ra30BbIX TUAPATOB. DTO, MIPeK/e BCEro, CBSI3aHO C TeM
(akTOM, UTO IIPUPOAHBIE Ta30BbIE€ IMAPATHI B IEp-
CIIEKTMBE MOTY CTaThb HOBBIM MCTOUHMKOM MPUPOJI-
Horo rasa [1]. IlockonbKy ruapaThl UMeIOT JOBOJIBHO
3HauNUTe/lbHbIe PecypChl, 3ajeraHue Ha HeOOoIbIINUX
ITyOMHAaX ¥ KOHIEHTPUPOBAHHOE COCTOSIHME B HUX
rasa, TO IIpOLiecC JOOBIUM ra3a IpeacTaB/sIeT coboii
6071bI1I0Vi MHTEpeC. [Jo6bIya ra3a U3 TaKuX MeCTOPOK-
JIeHMI1 Bcerma CBs3aHa C Imojaueii Teria, HeoOXomu-
MOTO JIJIS pa3ioskKeHUsl IUpaTos [2, 3]. OnpeneneHo,
YTO IIpU JOBOJIBHO HU3KOJ CKOPOCTH IKCILTyaTaIUm
ra3oruApaTHBIX IIACTOB ITOABO/, TEIJIa MOXKET ObITh
BO300HOBJIEH 3a CYET re0TePMATbHOTO TEIla CaMOTO
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I1JIACTa M YaCTUYHO 3a CYeT OTBOAA TellIa U3 II0Po/,
OKpY’KaIOLIMX ra3oruapaTHBIN I71acT [4].

1. TlocTaHOBKa 3a4ayM M OCHOBHblE
ypaBHEHUS

PaccMOTpUM OIHOPOIHBIN T1acT B Gopme 61mHA
C XapaKTepPHBIMY JIMHEIHBIMU pa3MepamMy, COOTBET-
CTBYIOLVMMY Pea/IbHbIM 3aJIe)KaM: C pafyCcoM IOps/-
Ka HECKOJbKMX KUJIOMETPOB, a BBICOTOI — IeCSITKU
MeTpoB (puc. 1) [5].

ITockonbKy pagmychbl TakKMX IIJIACTOB HAMHOTO
6osibllle UX TOMIIUHBI (R > H), TO 3TO MO3BOJSIET
Y4eCTb TeIVIOBblE B3aUMOJENICTBUS MeCTOPOKIeHUS
C OKpYyXXaloL¥MM [I0OPOAaMM Yepe3 BePXHIOI0 U HUXK-
HIOIO TPAHMLIBI TUIACTA B TVIOCKOOZHOMEPHOM IPUGIIN-
KeHMM. BygeM mosnaraTh, UTO I paTOHACBILEHHOCTD
T10 BCeVi TOMIIVHE I1JIaCTa ONHOPOAHA. BepTukanbHbIM
rpagueHTOM TeMIIepaTyphl IJIacTa U OKPYXXaIoLUX
MOPOJ, B HavaJie IKCIUTyaTanuu 6ymem rnpeHebperars.
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MHorodasHble cucTeMbl

Puc. 1. Cxema nnacrta

HauvanbHast TemnepaTypa T IU1acTa ¥ OKpPYsKaroIux
TOPHBIX 1TOPOJ, BO/IM3M MeCTOPOKIeHMSI OGHOPOAHA.
I[Ipenmonoxum, 4yTo B Havaue pa3paboTKy MeCTo-
POXKZIeHMS ICKOMOEe JIaBJIeHe py PaBHO PAaBHOBECHO-
MY AaBJI€HMIO JIs1 MICXOZHON TeMIlepaTyphl IIacTa
(po = ps (Tp)). Kpome Toro, B Ipo1iecce 13BIeUeHMs
rasa, JaBjeHue 1 TemrepaTypa T B IUIacTe I0JaraioT
OHOPOAHBIMY, TpuueM p = ps(T). B cooTBeTCTBUM
C TUM IIOHVKeHVe NaBIeHMs B IIaCTe IPUBOAUT K
CHIDKEHMIO TeMITepaTyphl IIacTa 1, C1efj0BaTeIbHO, K
M3MeHEeHMIO reoIOrMYecKMX TeMIlepaTypHbIX HoJei
Ha MeCTOPOKIeHUM U OKPYKAIOLIMX eTro ITopofax.
CocTostHMe 11acTa Takke OIVChIBAeTCS TeKYIIV-
MU 3HaYeHVSIMM I'MIPaTOHACHIIIEHHOCTH Sj, Ta30Ha-
CBIIIEHHOCTH S, @ TaKXKe HaChIIeHHOCTbIO BOAMI Sj,
KOTOpast 06pa3yeTcs TPy pa3IoKkeHUN ra3orugpara:

Se+S+8,=1. 1)

TeKyILMi 001IMIT 3aITac rasa M, B macte MOXHO
3anuIIeM Kak:

My = nR2Hm (pgSg + GpySh ),

rae p; (i = g, h, I) — oTHocTH as; G — macco-
BOe coJepkaHue ra3a B COCTaBe ra3ormapara; m —
MMOPUCTOCTb.

g maccel M; BOObBI B IIJIacTe 3alIUIIeTCH:

M; = aR*Hm (p;S; + (1 - G)p;,Sp) - (2)

COOTHONIEHMS TSl COXPAHEHMS MacC ra3a U BOfIbI

B I7TACTe MMEIOT BUJ:
aM

WVig _ _ Hlm)
dt - Qg 7

aMy _

o =0. 3)

3mech Qém) 03HavaeT O6IIMiT MacCOBBIi pacxom 0T60-
pa rasa u3 riacra. VI3 nociengHero ypaBHeHus (3) BUL-
HO, UTO OTGOPOM BOJIbI M3 I1JIACTa MOXKHO ITpeHeOpeyb.
TMosTomMy 0611ast Macca BOJbI OyIeT MOCTOSTHHOIA:

M; = M. “)

Honaraﬂ, qTo B Ha4va/JIbHOM COCTOSIHUMN
BOOa HaXOOUTCA JIUIIb B COCTaBe rmaparta
(Mjo = aiR?Hm(1 — G)p;Syg), Ha ocHOBe (4) C
y4yeToMm (2) 3anuiuem:

P51+ (1= G)pySp = (1 - G)pySho-

OTcroma MOXHO IMOJIYUUTDb TEKYIIee 3HaYeHMEe BOOO0-
HaCbIMI€HHOCTU Sl c1enyromnumMm o6pa30M:

S1=(1—G)py (Spo — Sn) /p1- (5)

[MogcraBum BbipakeHue (5) s S; B (1) u aJis Be-
JIMYVHBI Ta30HACBIILEHHOCTY TTOTYIMM

Se=1—=5,—1—=G)pn(Sno — Sun) /p1-

Bynem nonaraTe, UTO TeMIlepaTypa MeCTOPOKIEeHNS
OIHOPOAHA M paBHA BeJlMUMHEe pPaBHOBECHOI TeMIle-
paTypsbl (pa30BbIX MTepexofoB A1 ra3oruapara. B pam-
Kax MPUHSITON MOoJeI3anuiieM ypapHeHus 6aniaHca
Teria:

nRszc% = nRZHmphl‘% +2aR%T),  (6)

T’
(1) =y (25
=)

(pc = pscesc(1 —m) + (ppcySy + piciS + pgCeSe)m) ,

e pc — yaenbHast 06beMHasl TeIJI0eMKOCTh CYCTEMBI.

[TepBoe ciaraemoe B IIpaBoit 4acTu (6) OTpaskaet
TeIUIOBbIE 3aTPaThl HA Pa3JjioskeHMe Ta30BOro Tuapa-
Ta, a BTOpOe — MHTEHCUBHOCTb TEIJIOBOTO MOTOKA
B IIACT M3 OKpY’Kalllero ropHoro Mmaccua. bosnee
TOrO, IIpeAIIo/araeTcs, UTo MoJie TeMIlepaTypbl CBep-
Xy M CHU3Y MECTOPOXIEHMUS CUMMETPUYHO. UTOObI
omnpeneNnTh MOTOK TerJa q(T)K IIACTY OT OKpYXKalo-
1ero ropHOTO MaccuBa, Halo 3aMMcaTh ypaBHeHMe
IUIST OITMCAHMSI TEMIIePaTyPHBIX TI0JIei BOMM3YU TpaHm-
LIBI TUIACTA B IVIOCKOOAHOMEPHOM ITPUOIVKEHUN

7

z=0

oT . 0T
pes = )‘ﬁ (0<z). (7)
Bynem nonarats, 4TO K HaYa/Iy 3KCILTyaTaluyu Me-
CTOPOXOEHUS TeMIlepaTypa B IUIACTe U OKPYXKaILleM
MaccuBe OGymeT OJHOPOMHOM U paBHOI Ty, Mmepera-
bl TeMNepaTypbl PeaIM3YIOTCS B JOCTaTOUHO TOH-
KUX CJI0SIX TI0 CPABHEHMUIO C TMHEHBIMM pa3MepamMu
riacra. CiiefoBaTenbHO, YUUTBIBAS 3TO, 3aMIMUIIEM Ha-
YaJbHbIE U TPAaHUYHbIE YCI0BUS OJ151 ypaBHeHus (7):

=T, (20, t<0);
T'=Ti(p), (z=0, t>0);
T'=Ty,, (z=0o0, t>0).
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Puc. 2. 3Bontoums naeneHua n

Bonmy, razoruapar u ckesieT miacTa 6yieM CUMTaTh
HeCKMMaeMbIMU, a ra3 — KaJIOpPUUECKY COBEPIIEHHBIM,
TOrga:

p = pgReT. €)

3aBMCUMOCTh PaBHOBECHOJ TeMMepaTyphl ¢a-

30BBIX TIEPEXOIOB OT JIaBJIeHUS OYIET OMMChIBATHCS
BbIpaXXeHUEM:

T = T0—|—T*1n(p/po). (9)

Torma ¢ yuetoM (8) 1 (9) IVIOTHOCTH ra3a Gymaer
OIHO3HAYHO ONPeAesIThCS BeTMYMHON TEeKYIEro AaB-
JIeHMs TI1acTa:

Pg = P/Rg(TO + T In(p/ po))-

2. Pe3ynbTaTbl pacyeToB

[TpoBoaAMINCH YMCTIEHHbIE 3KCTIEPUMEHTBI, UJITIO-
CTpUPYIOILME TTPOIeCC Pa3ioKeHUsI ra30TUaPaTHOTO
IJIacTa Co CAeAYIMMN XapaKTepHbIMU JTMHEHbBIMU
pasmepamu, a TaKKe 3HAYEeHUSIMY ITapaMeTpOoB, Ompe-
JesIol X HavyaabHOoe cocTosiHMe tiacta: R = 3000 M,
H 50 m, m = 025, Sy =0.4, pp = 7.4 Mlla,
To = Ts(po) = 283.6 K.

IIjis TapaMeTpoB, OIpenensionX Termnobusmn-
yecKye CBOVICTBA TMapaTa, CKeeTa, BOJbI M ra3a ObI-
JIV IPUHATBI CJIeAYIOIE BeIMUMHBL: p;, = 910 KI/M°,
psc = 2320 kr/M%, p; = 1000 kr/m3, I = 5 - 10° IK/KT,
G 0.12, T, 10 K, A 6.43 IIx/(M-c-K),
¢ = 4200 Ik/(xr-K), csc = 920 Ik/(kr-K), Ry =
520 IIk/(xr-K).

[ mpencTaBleHHbIX 3HAUEHMI ITapaMeTpoOB
IUIacTa, 3a1ac ras3a B HeM coCcTaBisieT Mgy = 2.6 - 107 1.

Ha rpadwukax rpeacrapjieHa JMHaMMUKA IIACTO-
BOTO [aBJIeHUSI U TUAPATOHACHIIIEHHOCTU B IJIACTe
(puc. 2). OT60p rasa MPOUCXOOWII B PEXKMME ITOCTOSTH-

HOTr'0 MacCOBOI'0O pacxopna Ipu Qg”) = 2.6-10° T/rog,.

1, nem
r’MApaToOHACbIWLEHHOCTH NacTa

W3 rpaduKOB BUIHO, UYTO IIPU TAaKOM TeMIle A0ObI-
4y rasa JOCTVOKeHMe IJIaCTOBOrO JaBJeHUsl 3Haue-
Hus p = 2.6 MIIa 1 COOTBETCTBEHHO TEeMIIePATypPhbI
T = 273 K nmpousouuio npumepHo 3a 5 ner. [Ipu sTom
P pasIosKeHUM Ta30TUAPATHOTO TUIACTa ero HaChl-
LIeHHOCTb YMeHblllaeTcs oT 3HaueHus 0.4 mo 0.25.

3. 3aknrueHue

Bbbla mocTpoeHa U paccMOTpeHa MaTeMaTuue-
CKast MOfieJTb Ipoliecca pasoskKeHMs Ta30TUIPATHOTO
riacra 6e3 BO3OeMCTBUSI KaKUX-IMOO0 BHEIIHUX WC-
TOYHMKOB. [ToKa3aHo, UTO Mpu OT6OPe rasa M3 Iia-
cra ¢ pagunycom 3000 M M TOMIMHOM 50 M ero ruj-
PaTOHACHIIEHHOCTh B TeUeHMe 5 JIeT yMeHbIIAeTCs
puMepHO Ha 38%.
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Mathematical modeling of the process of decomposition
of gas hydrate formation without the influence of
various external sources

Yuziev V.E., Rusinov A.A.
Birsk branch of the Bashkir State University, Birsk

The paper considers a homogeneous reservoir in the form of a pancake with characteristic linear dimensions
corresponding to real deposits: with a radius of the order of several kilometers, and a height of tens of meters.
Since the radii of such layers are much larger than their thickness, this allows one to take into account the thermal
interactions of the field with the surrounding rocks through the upper and lower boundaries of the layer in a flat
one-dimensional approximation. To describe the model, such basic equations were used as the law of conservation
of mass of gas and water in the reservoir, the equation of heat balance and temperature fields near the reservoir
boundary, as well as initial and boundary conditions. The constructed theoretical model makes it possible to analyze
the possibility of realizing the complete gas recovery of the layers only due to the thermal reserve of the hydration
layers themselves, as well as the surrounding mountain massif. For the values of the parameters that determine the
initial state of the board, numerical experiments were performed. The dynamics of reservoir pressure and hydrate
saturation in the reservoir are presented. As a result of the research, it was established that at a constant gas
extraction rate, the achievement of reservoir pressure up to 2.6 MPa and, accordingly, a temperature of 273 K occurred
in about 5 years. It is shown that when gas is taken from a reservoir with a radius of 3000 m and a thickness of 50 m,
its hydrate saturation decreases by about 38% over 5 years.

Keywords: gas hydrate, porous medium, phase transition
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