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AHHOTALMSA

MUKpOHEOTHOPOAHOCTH MOPHCTON Cpebl UMEIOT OTpeIeNsioliee BIusHNe Ha ee (Quib-
TPalIOHHO-eMKOCTHBIE CBOWCTBA, TaKHe KaK MOPHCTOCTh, AOCOMIOTHAS MPOHUIIAEMOCTD,
OTHOCHTENbHAS (Pa3zoBas MpoHHUIaeMocTh. [l0aToMy HcciaenoBanne MHOTO(a3HBIX TEUCHIH
B KaHAIax, COCTABIAIOMNX MOPHCTHIE CPEbl, ABIAETCA akTyaabHbIM. CyImiecTByeT He-
CKOJIBKO MOJIX0I0B K MOJIEITMPOBAHHUIO MOPHCTHIX CPEL: TEPHOANYECKIE CTPYKTYPBI, TEOPHS
(unsTpaIyu, TEOpHs MEPKOAINH, CTaTUCTHIECKas TUApoanHaMuKa. [lomxon Ha ocHOBe
MEePUOTMIECKIX CTPYKTYp 00MafaeT psaoM MPEeUMYIIEeCTB: Ui OompeneneHus GpuibTpa-
IIMOHHO-EMKOCTHBIX CBOMCTB MOJIEIUPYEMOM CPEIbl JOCTATOYHO, 3HAS TEOMETPUIO OJJHOU
XapakTepHO! MOPHI, OMICaTh TedeHne (onaa B HEH Ha OCHOBE aHATMTHYECKUX OI[CHOK
700 10 pe3yIbTaTaM YHCICHHOTO PEIIeHHs CHCTEMbl YPaBHEHUH THAPOANHAMUKN.

B pabote paccmoTpeHsl 0cOOCHHOCTH TeUeHMst IBYX(HDa3HOMH KUIKOCTH B 0CECHMMETPUUYHBIX
KaHallaX MCPEMCHHOI0 CCUCHUA C NEPUOIUICCKUMU I'PAHUYHBIMHU yCIIOBUAMU. Hacmu{eH-
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HOCTh KaxJ0# U3 (ha3 3aBUCHUT OT HAYAJIBHOTO pACIpeeeHus ITUX (Da3 B KaHAJE U HE
3aBHCHT OT BpeMeHH. Jlanee YiCIeHHO pacCYMTaHO TeueHHe NBYX(a3HOW HeC)KUMAEeMON
JTMHEHHO-BSI3KOH KUIKOCTH Ha OCHOBE CHCTEMBI ypaBHeHH HaBbe — Ctokca. B kaskmplit
MOMEHT BPEMEHH OTPEJIEISIICS PUBEICHHBIN UMITYIIbC 00euX (ha3. OCpeHEHHOE 10 BpeMEeHU
3HAYCHHE IPUBEICHHOTO UMITYJIbCA HA KBA3UTIEPHOANYECCKOM PEKUME TEUCHHS HCTIOIB30BAHO
IUTS pacueta OTHOCHTENBHBIX (Pa30BBIX MPOHMIIAEMOCTEH B 3aBUCHMOCTH OT HAYaJIbHOTO
COOTHOMIEHHS (pa30BBIX HACKHIIIEHHOCTEH.

Bce BbIuncienus npojienansl B OTKPHITOM NPOrPAMMHOM 00€CIIEYEHNH: TEOMETpHs KaHasa
¥ pacyeTHas CeTKa MocTpoeHsl B makete Salome, pacuer teuenus — B OpenFOAM, Bu3ya-
JU3auus pe3ysIbTaToB PacueToB — B paraView.
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BBenenune

Cy1iecTByeT HECKOJIBKO ITOAXO00B K MOAEINPOBAHUIO IIOPUCTBIX CPEL: IEPHOAUIECKUE
cTpykTypHI [ 15, 17], Teopust hbunsrpanuu [16], Teopus nepkossiyy [ 14], craructude-
ckas ruaponuHamuka [20]. Tlomxon Ha OCHOBE MEPUOANYECKUX CTPYKTYp oOnagaer
PSLIOM MIPEUMYILECTB: ISl ONpeeeH sl GUIBTPALMOHHO-EMKOCTHBIX CBOMCTB MOJIe-
JMPYEMOH Cpelibl JOCTATOYHO, 3HAsI TECOMETPUIO OAHON XapaKTEPHOU MOPBI, ONUCATD
TedeHue ¢Irron/a B He Ha OCHOBE aHAIMTUIECKHUX OICHOK [2, 7, 9] 6o 1mo pesyib-
TaTaM YMCIIEHHOTO PEIIEHUS CUCTEMBI ypaBHEHUH ruapoquHaMuky [10-12].

Cpeny mepuoIuuecKux MOJeINeil MOPUCTHIX cpell 0c000e MECTO 3aHUMAaIOT MO-
Jieny, 00pa30BaHHbIE OCECUMMETPUYHBIMU KaHaIaMH [§] U KaHaJaMH, HMEIOIIUMU
BpamareasHyo cuMmMmetputo [13]. Beicokas ciMMeTprs TaKuX KaHAJIOB TIO3BOJISET
MOZETMPOBATh TUHAMHUKY Kallellb HeCMaunBaroleil Gpasbl Py MPOXOKACHUH Yepes3
cyxenus [1, 3].

MaremaTnyeckasi MOJeJIb

PaccMoTpuM ocecHMMeTpHYHBIN KaHa, PacIIOIOKEHHBIN BIOJIb ocH z (puc. 1), popma

KOTOPOTO 3a71aHa (DyHKITHEH:

Rmax + Rmin + Rmax - Rmin cos (ZTEZ) (1)
2 2 L)

e L — nyinHa KaHana; Rmax — MAKCUMAJIbHBIN Paanyc; Rmin — MUHUMAJIbHBIN PAyC.

R, =

max
R

min
L
Puc. 1. Cxema oceCUMMETPUYHOTO KaHala Fig. 1. Axisymmetric channel diagram
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O0beM kanana Haiinem, uaterpupys (1) no anuHe KaHana:

L L
s 2nz
Ve = T[J RZdz = _f (Rmax + Rmin + (Rmax — Rmin) COS (_)> dz =
0

L
ll0 3/R R
.
R R I ( ( max mln) 1).
1 ax n 2 Rmin Rmax

N

Hecmauusatoras dasa (HeTh) pacnoioxkeHa BHyTpH cdep paauyca R ¢ ieHTpa-
mu B Toukax 4 (R, — R, 0,0) u B (R, — R, 0, L), kak noka3zano Ha puc. 2. OcranbHoe
MIPOCTPAHCTBO 3aHUMAET cMadnBaromas (asza (Boaa).

O0bem Karum:

VRo(2R-Ro) VRo(2R—Ry)
2
V; =2m J h?(z)dz = 2m J (VRZ —2z2+ Ry — R) dz =
0 0

3)

3 21 2 ; R

= 2mRy/2p—1{p —§(2p—1) — p“(p — 1) arcsin =%

0

Cpennee o0beMHOE conepxanne He(hTH B KaHae Ha ocHOBe (2) u (3):
3 2 1 2 1 1
v 8Rj+/2p—11p —§(2p—1) —p*(p — 1) arcsin 5(2—5)
So =1 = 3 Rome . Rom @
. 2 (fmax min
C RanaxRminl. (7 (R + i) + 1)

npu stom S +§ =1, § — cpennee odObeMHoe conepxanue Boabl. Ha puc. 3. no-

Ka3zaHa 3aBUCUMOCTb HaCLII_LICHHOCTCI\/'I (1)213 OT mapameTpa R.

AR L

Puc. 2. CxeMa Ha4anbHOTO Fig. 2. The scheme of the initial
pacrionoxenust a3 B KaHase: arrangement of phases in the channel:
CHHHH I[BeT — cMauuBaromias ¢pasa (Boza), blue color — the wetting phase (water),
KPAacHBIH IIBET — HecMadnBarommas (HehTb) red color — the non-wetting phase (oil)
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Paccmorpum nByx(dasHoe TeueHHe B OMUCAHHOM KaHaJe C MEPUOAMYECKUMHU
(UMKIMYECKUMH) TPAHUYHBIMU YCIIOBUSMHU:

S,(x,v,0,t) =S,(x,y,L,t),
V(x,y,0,t) =v(x,y,L 1), (5)
p(x,v,0,t) =p(x,yL,t) + Ap.

Cucrema ypaBHenuii HaBbe — Crokca isi iByx(a3HOro TEUEHHUsS] B KaHAJE C
HayalbHBIMH (pHC. 2) ¥ TPAaHUYHBIMHU (5) YCIOBUSIMHU pellieHa YUCIEHHO.

YuncenHas peaju3anus

IIpu pacdyerax UCHONTH30BANNCH CIIAYIOIINE 3HAYCHNS TEOMETPUIECKIX TapaMeTPOB:
nmvba kanana L =20 mM; R =1 mm; R =2 mMm. CBOHCTBA (IIFOHIOB: TIOTHOCTH
p, =800 kr/m*; p =1 000 xr/m’; Baskoctu u, = 1,6:107 Ia-c; p = 10~I1a-c; ko3h-
¢urmeHT noBepxHocTHOTO HaTsbKeHus 6 = 0,047 H/m; yron cmaumBanus HeQTH
0 =150°. Pagmyc KpuBU3HBI KaIlJIX MEHSICS B quara3one ot 1,8 mm 1o 20 mm. [lepe-
a1 JABIICHUS Ha BXOJIE M BBIXO/I€ KaHala BEIOPAH UCXOAS U3 yCIIOBHS TTPEOIOICHUS
JIanIacoBa JaBJICHUs, BOSHUKAIOLIETO B Y3KOM MeCTe KaHana Ap = 26/R . , Ipy 9TOM
Karutst He JIoJDKkHa pa3peiBarbes: Ap = 100 Ila.

s yckopeHHsl pacdeToB YHCIEHHOE MOJAETHpPOBaHHE MPOBENEHO B 00macTw,
TIpeACTaBIIAIONIEH co00¥ cekTop pacTBopoM 3°. 'eoMeTpus KaHajga W pacdeTHas
cetka nmoctpoensl B makete SALOME. Mcnons30BaH CeTOYHBIH alTOPUTM
QuadFromMediaAxis_1D2D. KonndecTBo anmeMeHTapHBIX 00hEMOB B KaHaJe CO-
crasmser 20 000.

1 —
5,.5,.
0.8 1 2 :
0.6
0.4
0.2
0 L l L] I L] I L l L] l
0 10 20 30 40 R, MM 50
Puc. 3. 3aBHCUMOCTD HACBHIIICHHOCTEH Fig. 3. Dependence of saturations
HecMmauuBaromei $aspr (muHus 1) of the non-wetting phase (line 1)
Y cMaduBaromien ¢asel (JIMHUS 2) and wetting phase (line 2)
0T pajinyca HadaIbHOM obmacti R on the radius of the initial region R
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Ha puc. 4. nokazaHo nojoxeHne Kariu HeTH (KpacHbIH LBET) B 0CECUMMETPHY-
HOM KaHajle B pa3Hble MOMEHTBHI BPEMEHH JUIsl AByX HayaJbHBIX KOH(UTYpaLui.
BuaHo, 4To NBHKEHUE KAaILUTM HOCUT KBa3UIIEpHOANYEeCKHI XapakTep. OCOOEHHOCTbHIO
TEUECHMS NPH OOJILIION HEPTEHACKILEHHOCTH S ABJIAETCS TO, YTO Karisd HedTu co
BPEMEHEM BBITATUBAETCS, PEATU3YETCS CIIONCTOE TEUEHHE.

[lo pesysabTaTraM pacueToB ONpeesieHbl TAKUE BayKHbIE XapaKTEPUCTHKH IBYX(a3-
HOT'O TeUECHUsI B IOPUCTOM cpefie Kak OTHOCHUTENbHBIE (ha3oBblie poHuaeMoct (ODI).
J171s1 3TOrO paccyuTaHbl IPUBEICHHBIE UMITYJILCBI PACCMOTPEHHBIX (a3 B KaHale:

I, = f S,(x,y,2) - v,(x,y,2z)dV, I, = f Sw(x,v,2) - v,(x,y,2)dV. (6)
14 14

Ha puc. 5 u 6 nokazaHbpl 3aBUCIMOCTH OT BPEMEHU IPUBEICHHBIX UMITYJIbCOB
HecMumBaroIIel (HedTh) u cMaduBaroiel (Boaa) (a3 COOTBETCTBEHHO. M3 prUCyHKOB
BUJIHO, YTO JIByX(ha3HOE TEUCHUE CO BPEMEHEM BXOJIUT B KBa3UTICPUOANICCKUN PEIKUM,
B TEUCHUE KOTOPOTO MPOBEIEHO OCPEHEHNE 0OBEMHBIX MTPUBEACHHBIX UMITYILCOB.

O®II i-i1 daswl (i = 0,w) K, onpenenum Kak

I
Ki = I—, (7
i1

rie [, u [, — TIpUBEEHHbBIE UMITYJIbCHI i-H (ha3bl B IBYX- M OAHO(A3HOM MOTOKE.

N

s 0.246

0.062
0.274

0,073

]
]

0.292
0.104
0.34
0.124
0.422
0.134
0.616
alpha.oll
= = o d alpha.oi
— NTrreR. 0 03 0.7
| .
Puc. 4. llonoxxenue (a3 B KaHaje Fig. 4. The position of the phases
B Pa3HbIE MOMEHTBI BPEMEHU in the channel at different times
JUISL HAUAJIbHBIX PaJinyCOB KPUBU3HBI for the initial radius of the droplet
karw 1,8 MM (cieBa) u 20 MM (cripaBa) curvature 1.8 mm (left) and 20 mm (right)
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Fig. 5. Dependence of the reduced
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of drop curvature R = 1.8 mm
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Fig. 6. Dependence of the reduced
impulse of the wetting phase (water)
on time with the initial radius

of drop curvature R = 1.8 mm
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Puc. 7. 3aBucumocts ODIT K , K Fig. 7. Dependence of relative phase
OT BOJIOHACHIIICHHOCTH permeability K , K on water saturation

Ha puc. 7. nokazansr O®II Boas! (iunawms 1) u HedTH (JUHUS 2) B 3aBHCUMOCTH
ot BomoHackimennoctu. ODII BenyT cebst HenmuHEHHO. J{711 BOJOHACHIIIICHHOCTH
S, <0,4 ODII nedrn 6muzka k 1, a OPII Boaw! c1abo pacTeT, MOCKONBKY cnabocma-
yuBaromias Qasza (HedTb) 3aHUMAET IIEHTPAIIbHYIO YaCcTh KaHala ¥ HMEET BBICOKYIO
nonBWKHOCTE. CymectBeHHbIH pocT ODII Boabl HAYMHACTCS TIPH SW > 0,4, xorna
He(Th COOMpAETCS B MAJICHHKYIO KAIUTIO (T. H. Y€TOYHBIN PEKUM TEICHH).

B paccMoTpeHHO MOCTaHOBKE 3a7jadd MPEACTABIAECT HHTEPEC OIpeelieHue
(DYHKIIMY KalTMIUISIPHOTO JIAaBJICHUS B 3aBUCHMOCTH OT HAYaJIbHBIX (Da30BBIX HACHIIIICH-
Hoctel [5]. [IpemioskeHHbBIN MOIXO0/] OMPE/ICIICHUS] OTHOCUTEIIBHBIX (ha30BBIX MPO-
HULIaeMOCTeH ISl cpepl, 00pa30BaHHOW OJHOTHUITHBIMH KaHallaMH, JOIMYCKaeT
00o0mIeHre Ha Ciy4aid 1esoro kiacrepa kaHaioB [18, 19] mubo mopucToii cpensl,
00pa30BaHHOM CITyYaiiHBIMA MUKPOHEOIHOPOAHOCTIMH [4], KaHAIBI KOTOPOH UMEIOT
BBICOKYIO U3BUJIUCTOCTb, YTO MOBBIMIAET UX THAPABIUUCCKOE COMPOTUBICHHE [6].

3akioueHne

[Ipennoxena MeToaMKa ONPEAETICHUSI OTHOCUTEIIBHBIX (ha30BbIX IPOHULIAEMOCTEH B
MOJICJILHOUM TIOPUCTOH cpelie, 00pa30BaHHONW OCECUMMETPUYHBIMU KaHAJIAMH Ha
OCHOBE YHCIIEHHOTO PEeIIeHNs CHCTeMbI ypaBHeHH HaBbe — CTOKCa 1 OcpetHeHHs
00BEMHBIX Pacxoa0B (pa3 1mo BpeMeHH.
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Abstract

The micro-inhomogeneities of the porous medium have a decisive influence on its filtration-
capacitive properties, such as porosity, absolute permeability, and relative phase permeability.
This fact explains the relevance of a study of multiphase flows in the channels that constitute
the porous media. There are several approaches to modeling porous media: periodic structures,
filtration theory, percolation theory, and statistical hydrodynamics. The approach based on
periodic structures, has several advantages: to determine the reservoir properties of the
simulated medium (knowing the geometry of one characteristic pore), it is enough to describe
the fluid flow inside, based on analytical estimates or from the results of numerical solution
of the system of hydrodynamic equations.

This article considers the features of the flow of a two-phase fluid in axisymmetric channels
of variable cross section with periodic boundary conditions. The saturation of each phase
depends on the initial distribution of these phases in the channel and does not depend on
time. Furthermore, the flow of a two-phase incompressible linearly viscous fluid is calculated
numerically based on the Navier-Stokes system of equations. At each time point, the reduced
pulse of both phases was determined. The time-averaged value of the reduced pulse in
the quasi-periodic flow regime is used to calculate the relative phase permeabilities in the
dependence of the initial ratio of the phase saturations.
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All calculations are done in open packages. The channel geometry and computational grid are
built in the Salome package, the flow is calculated in the OpenFOAM computation package,
the visualization of the calculation results is performed in the paraView application.

Keywords

Porous medium, axisymmetric channel, Darcy’s law, volumetric flow, saturation, drop,
relative phase permeability, computational fluid dynamics, OpenFOAM, Salome, paraView.
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