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3apava o NnaB/eHUM Nbaa B NOPUCTOMN cpeae,
HaCbILWEHHOM 1IbAOM M rasom!

3anuBaxmHa M.H., Ymepos [.A.

bupckuit dununan bawkunpckoro rocynapcTBeHHOro yHMBepcuTteTa, bupck

B nnockoonHOMepHOM aBTOMOAENbHOM NOCTaHOBKE PacCMOTpeHa 3aAava 06 06pa3oBaHMM ibaa B CyXOM XONOAHOM
NOpUCTOWM Ccpefae, HacblWeHHOM bAOM M ra3oM (BO34yXOM), NPU 3aKayke Tenaon Boabl. 3a4ada 6bl1a paccMOTpeHa B
o6beMHo obnacTu. MNpu MHXeKUMM Tennov BoAbl OT Havana B rnybb nnacta 6yneT pacnpocTpaHaTbcs 06beMHas 0bnacTb,
KOTOpasi pa3fenuT NiacT Ha Tpu 30Hbl. [epBas 30Ha Obina 3anosHeHa BOAOK, BTOPAs 30Ha — NbAOM U BOAOW, A TPETbS
30Ha — NbAOM M rasom. [lng onncaHus npoecca TennoMacconepeHoca UCNob30BaHbI CleaytoLLme rmnoTesbl: TeMnepa-
Typa HacbILWaemMoro BeLecTsa (BOAbl, IbAa UMY ra3a) paBHa TeMnepaTtype NopucToi cpefbl; Ned U CKeneT HeMoABUXKHbI;
BOZA, NeA M CKeneT NiacTta HeOK1MaeMbl; MOPUCTOCTb CKefleTa MOCTOsSHHA. Ha 0CHOBe MOCTPOEHHbIX aBTOMOAENbHbIX
pelleHnin MpoBeaeH YNCNEHHBIN aHANU3, UNNKOCTPUPYIOLLMIA BIUSHUE UCXOAHbIX NAapaMeTPOB CyXOM MOPUCTON Cpeapbl,
HaCbILLLEHHOM NIbAOM U Fa30M, a Takxke TeMnepaTypbl 3aKka4MBaeMOM BOAbl Ha pacnpeaeneHve Temnepatypbl U AaBNEHUS
B NMOPUCTOM cpeae. YCTaHOBEHO, YTO YBEIMYEHUE TEMMEPATYPbl U YBENNYEHUE AABIEHNE UHKEKTUPYEMOW BOAbI He
NpUBOAMT K 3HAYNTENBHOMY POCTY obnactu pa3noxeHua nbaa. O/J,HaKO, Mcxoaqa 13 nosyvYeHHbIX pe3ynbtatoB BUAHO, YTO
CKOPOCTb [BWXEHWS FPaHULLbl NNABNAEHNS YBENMYMBAETCS, B YaCTHOCTH, C POCTOM [AaBNeHMs Ha BennyuHy p, = 0.05 Mla
MPOUCXOAMT yBEIMYEHME MPOMEXYTOUYHOM 061acTi B nonTopa pasa. bbino BbiIBNEHO, 4TO 3KOHOMUYECKK Bonee BbIroAHO
3akaumBaTb BoAy € Honee HM3KOWM TemMnepaTypon, Tak Kak Boaa ¢ 6onee BbICOKOM TeMnepaTypor yBenmumeaet obnactb
npoMep3aHus NOPUCTOTrO FPYHTa HE3HAYUTENbHO.

KnioueBble cnosa: ¢ha3oBbiit nepexoa, NaaBneHue nbaa, BoAa-nen, MoAen1MpoBaHue NnasBneHuns nbaa, nopucTas cpeaa,
$a30BbI Nepexos,

BBepeHune

B CcBSI3M C MHTEHCMBHBIM OCBOEHMEM CEBEPHBIX
TepPUTOPUIL, 6OJIBIIIASI YACTh KOTOPBIX PacIoaraeTcst
B 30HaX paclpoCTpaHeHMs] BEUHOJ MEpP3/0Thl, OCO-
OGEHHO aKTyaJbHbIM CTAHOBUTCS M3yUEHME ITPOLIECCOB,
CBSI3aHHBIX C TEIJIOMACCOTIePeHOCOM B TI0YBaX, TPYH-
Tax ¥ TOpHBIX NTopopax [1]. MomenupoBaHye HEKOTO-
PBIX 3aJa4 TeIJIOMaccorepeHoca B Mep3JbIX MOpu-

1. MoctaHOBKa 3agauM M MeToAMKa
pacuyeTta

PaccMoTpyuM aBTOMOMEIBHYIO IIOCTAHOBKY 3a/1a-
Yy 06 MHKEKIMY TEIUION BOMIbI B IOPUCTHIN TUIACT, KO-
TOPBII HACBIIIEH rAa30M M JIbJOM IIPY HavYa/IbHOV TeM-
nepatype Ty = 273 K. 3agauy 6ygem paccMaTpuBaTh B
06beMHoI1 06;1acTy. Torga mpy MHKEKIMY TEIIoi Bo-
IIbI OT HauaJa B NIy6b I1acTa 6ymeT pacipoCTPaHSIThCS

CTBIX TPYHTAX IPECTaB/IeHO B paboTax [2-6]. Bme-
CTe C TeM JaybHeliliee U3yyeHne MoJo6HOro poja 3a-
Jla4 OCTAeTCsl MO-TIPeXKHEMY UPe3BbIualiHO BaXKHBIM U
aKTyaJIbHbIM.

IPaGora nopmepskaHa cpeicTBaMM FOCYAAPCTBEHHOTO GIO/IKeTa
10 TOCyAapcTBeHHOMY 3aganuio Ha 2019-2022 rr. (N2 0246-2019-
0052).

© UnctutyT Mexanuku uMm. P.P. MaBntotoa YOI PAH
(© 3anmmBaxuHa M.H
© VYmepos I.A

obbeMHast 0671aCTh, KOTOpast pa3Ae/nT IUIacT Ha TPU
30HbI. [TepBas 30Ha GyfeT 3aMoTHeHa BOJOi1, BTOpast
30Ha — JIBJIOM ¥ BOJIOJA, & TPEThS 30Ha — JIBIIOM U ra-
30M. byziem cunTaTh, UTO HACBILEHHOCTD ITOP JIAOM
B TpeTbeii 30He 6yJeT paBHA UCXOLHOMY 3HAUeHUIO
JIbIAHACBIIEHHOCTH IU1acTa S;y. 34€Ch UCITONb3YIOTCS
TEPMUHOJIOTUS U 0603HAYEH NS, TIPUHSITHIE B [6].
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[TonosxuMm, 4TO B Ha4YaaAbHbIII MOMEHT BpeMeHN
ZaBJIeHye B IIJIaCTe paBHO py, a TeMmIeparypa Tp:

t=0, p=po, T=Ty.

bynem 3akaunBaTh TEITYIO BOAY Uepes rpaHulLly
x = 0 c maBneHueM p, u Temrepartypoi T,. Ilonyunum
IrpaHUYHbIE YCIIOBUS:

x=0: T=T, p=pe (t>0).

JIns onmcaHus mpouecca TerviomMaccoIepeHoca
OyzmeM Moib30BaThCS CNIENYIOIMMM TUTIOTE3aMM: TEM-
repaTypa HachIllaeMOro BellleCcTBa (BOAbI, 1bJa 1IN
rasa) 6yzieT paBHa TeMIiepaType IIOPUCTON Cpebl; Jiex,
U CKeJleT HelOABVKHDI; BOLA, Jiel ¥ CKejleT Iiacta
HeCXKVMMaeMbl; [IOPUCTOCTDb CKeJleTa ITIOCTOSIHHA:

Psk, P1, Pi, m = const.

OcHOBHbBIe ypaBHEHMs] ObUIM TIOMy4YeHbl B pa-
6ore [6]. HamoMHMM /uIIb KIOUEBble MOMEHTBI
METOAVIKM.

JlaHHas 3aa4ya pelaeTcst aBTOMO/Ie/IbHBIM CIIO-
cob6oM. BBeziem aBTOMO/IE/TbHYIO TTEPEMEHHYIO

e * L m_
x(T)¢ pc
rne xT) — TemmepaTypoIIPOBOSHOCTb MOPWCTO

cpenbl; pc — yHenbHas O00beMHas TeIJIOEMKOCTb
CUCTEMBIL.
Haiigem 3aKOHBI IBUKEHMS I'PAHUILIBI (ha30BBIX

nepexoagoB
xs = E\/%(Dt,

rae s = n,d. 3echb s = 1 COOTBETCTBYeT IPaHMLIe MeX-
Iy GIV>KHE! U MMPOMEKYTOUHO 06/1acTsIMU, a s = d
OTHOCUTCSI K IPaHMLIE MEXAY IIPOMEXYTOUHOM U Jalb-
Helt 06/1aCTIMMU.

[IpouHTerpupyem ypasHeHus (1) u (2) us [6] u
yuTeM BCe Hauya/IbHble Y TPAaHNYHbIE YCIIOBUS IJISI TEM-
nepaTypsl U JaBieHus. B pesyinbTaTe IpoBeqeHHbIX
IeiCTBUI OTyYMM:

E=§(y)
Tay=Tw+
E(n) EZ pe(n)g
T, — T, exp | —= — dg
| ) sf p( 4 B ) ey
+ E(n) 22 p ( )E
exp -2 e(n £

En) SES gy

To)=Tw =To, 2)
P@) = P+ (Po— P(n));)_gg()n) ;
E=E§py
To) =Tw) = To, )
Py = Po

31mech

B @ko (P(n) - P(e))
Pe(n) = 2\ W ’
rge w U ¢; — OIMHaAMu4YecKasi BSI3KOCTb U yJelbHas
TeIlJIOeEMKOCTb BOJbI.
IIpoBens Bce nmoacTaHOBKU pelieHunit (1)—(3) B

T'paHMYHbIE YCIOBUSA, IIOTYUYMM:

=8
(
(T(n) - TE) exp ( :) - Pe(n )
E(n) Ezn -
of exp [ — il) — Pe(n)> dg
- _7”flpiLi5i0E
N 2pc -
Pe = P(n) Pn) — Po
ko K —
Em) @)~ Em)
= muyx( =2 (1 5)Si;
E=Eu: ;
P(n) — PO €
k’%(fi))— Ew "= (1= 50),
rme
pr=mp/p, Pi=vpi/p, P=ri/p

3nech L; — yOenbHas TeIioTa IiaBaeHus abaa; kg —
MIPOHMUIIAEMOCTD «UMCTOIO» CKEJIeTA.

2. Pe3ynbTtaTtbl pacyeToB

TakymM 06pa30M, MbI ITOOILIN K PEIIeHUIO TaH-
HOt 3aZiauM, KOTpoe CBeJIOCh K HAXOKOEHUIO 3-X HeU3-
BECTHBIX §(;,), §(g) U P(,). 3aNMLIeM ClefylolLiMe Ma-
paMeTphl, ONpeAessollie CBOCTBA TIOPUCTOI Ccpe-
Obl, 1bga u Bogpl: m = 0.1, kg = 10713 M2, pc =
1.6 - 10° Ix/(K-kr), A = 0.105 Bt/(M-K), p; = 103 k1/M°,
pi = 900 kr/m>, uy = 1072 kr/(m-c), L = 3.4 - 10° IIx/KT,
cp = 4200 M?/(K-c?), Ty = 273K, T, = 320K, py =
0.1 MITa, p, = 0.15 MIla, S;y = 0.5.



2019.T. 14. N2 1

61

0 T T T y T 1
0 5 10 15 20 25 30

Puc. 1. BnnsaHue TemnepaTtypbl MHXEKTUPYEMOW BOAbI
Ha pacnpepeneHne TemnepaTypbl U AaBneHUs
B nopucton cpege: T, = 353 K (1), 323 K (2),

293 K (3)
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Puc. 2. BnusHue naBneHns MHXeKTMpyemMon BOAbl Ha
pacnpegeneHne TeMnepaTypbl U AaBAeHUS B NO-
pucton cpepe: p. = 0.25 Mla (1), 0.22 Ma (2)
1 0.18 Ma (3)

Ha puc. 1 u3o6paskeHbl KapTUHBI [T0JIEl TEMIIepa-
TYPBI ¥ IaBIeHUS [ pa3HbIX TeMIIepaTyp MHKEKTU-
pyeMoii Boabl. VI3 3TOTO pUCyHKa BUAHO, YTO YBEIU-
YyeHMe TeMIlepaTypbl MH>KEKTUPYeMOi BOJbI He TIpU-
BOJUT K 3HAUMUTETbHOMY POCTY 06/1aCTU Pa3IOsKeHUs
Jibaa. MOKHO cIiesiaTh BBIBOJ, YTO SKOHOMMUYECKM 00-
Jiee BBITOJTHO OyIeT IIaBjieHue MepP3JIbIX IIAaCTOB BO-
IOV ¢ 6ojiee HM3KO TeMIepaTypoii 3aKauMBaeMoit
BOZbI.

Ha pwuc. 2 nmokasaHbl KapTUHBI [10JIe}i TeMIepa-
TYPBI ¥ JaBJI€HNS [J1s1 PA3HbIX HaYaJIbHbBIX JaBJIeHUI
3aKauMBaeMoii Bogpl: p, = 0.25, 0.22 1 0.18 MIIa. 13
rpaduKa ciemyeT, YTO eC/iv YBeIMYMBATD JaBieHue
MHXKEKTUPYeMOIt BOZbI, TO 3TO He NpuBeneT K 60Jb-
HIOMY POCTY 06JIaCTY pas3yiokeHus ibaa. OMHAKO, UC-
XOJIS1 U3 MIOJTyYeHHbBIX Pe3yJ/IbTaTOB, BUIHO, YTO CKO-
POCTb IBVKEHNS TPaHMIIbI [IJIaBJIEHUS YBeINU/BaeT-
€5, B 4YaCTHOCTH, C POCTOM JaBJIeHVS Ha BeJIMUYMHY
pe = 0.05 MIla npoMcXoouT yBenndyeHue MpoMesKy-
TOYHOI 06/1aCTU B TIONITOPA pasa.

3aKkn4veHune

JIJ1s1 TIOCTaB/IEHHO 3aJauy ObUIM HalgeHbl ajl-
TOPUTMBI pellleHys], IOCTPOEHbI COOTBETCTBYIOIINE
rpaduKy 1Sl HAaBJIEHUSI, TEMIIEPATYPBI U JIbAOHACHI-
IIIEHHOCTU. BhIJIO BBISIBIEHO, YTO SKOHOMMUYECKU 60-
Jiee BBITOJHO 3aKaUMBaTh BOMY C TEMIIEPATYpOit Gosee
HM3KOI, T.K. Bofa ¢ 60yiee BBICOKOI TEMITEpaTypOii
HE3HAUMUTETbHO YBEIIMUMBAET 00/1aCTh IPOMEp3aHUsI
MOPUCTOTO TPYHTA.

[aHHas 3a7aya SBJsSeTcs MPoAoIKeHeM 3aad,
pacCMOTpEHHBIX B [2,4, 6].
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The problem of melting ice in a porous medium
saturated with ice and gas

Zapivakhina M.N., Umerov D.A
Birsk branch of the Bashkir State University, Birsk

The problem of ice formation in a dry, cold, porous medium saturated with ice and gas (air) when pumping warm water
is considered in a flat one-dimensional self-similar formulation. The task was considered in volume area. During the
injection of warm water from the beginning deep into the reservair, it spread in a volume region that will divide the
reservoir into 3 zones. The first zone was filled with water, the second zone was filled with ice and water, and the third
zone was filled with ice and gas. To describe the process of heat and mass transfer, the following hypotheses were
used: the temperature of the saturated substance (water, ice or gas) is equal to the temperature of the porous medium;
ice and skeleton still; water, ice and skeleton of the reservoir are incompressible; skeletal porosity is constant. On the
basis of constructed self-similar solutions, a numerical analysis was performed illustrating the effect of the initial
parameters of a dry porous medium saturated with ice and gas, as well as the temperature of the injected water on
the temperature and pressure distribution in the porous medium. It has been established that an increase in the
temperature of the injected water does not lead to a significant increase in the area of ice decomposition. It is also
established that if the pressure of the injected water is increased, this will not lead to a large increase in the area of
ice decomposition. However, based on the results obtained, it can be seen that the speed of movement of the melting
boundary increases, in particular, as the pressure increases by p. = 0.05 MPa, the intermediate region increases by
one and a half times. It was found that it is economically more profitable to pump water with a lower temperature,
because water with a higher temperature slightly increases the freezing area of the porous soil.

Keywords: phase transition, ice melting, water-ice, ice melting modeling, porous medium, phase transition
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