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STUDYING THE FEATURES
OF SIMULATING FLUID MOVEMENT IN POROUS MEDIA

Abstract

The study of fluid flow in porous media, differing from traditional pipe flow is crucial for developing efficient
methods in oil extraction and minerals, considering the challenges associated with ambiguous flows and diverse
porous structures. This paper addresses the complexity of investigating fluid flow in porous media, a phenomenon
significantly distinct from fluid movement in pipes. Emphasis is placed on the absence of clearly defined flow tubes
in porous media, complicating measurements, and analysis. The study introduces a new approach incorporating
both analytical and numerical methods, applied to various porous media. The research proposes a mathematical
model based on laws and correlations to describe systems, including concepts such as permeability, flow velocity
potential, characteristics of single-phase and multiphase systems, and fluid compressibility. Special attention is given
to the characteristics of oil reservoirs, determined based on fluid properties in the reservoir, including porosity and
saturation, as assessed by engineers. Numerical results represent fluid displacement in a flat channel and a one-
dimensional problem in a porous medium, performed using finite-difference approximation of equations with an
explicit scheme. The numerical results of this model were implemented in the Matlab software.
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Introduction

Studying fluid flow in porous media is a complex phenomenon that cannot be described as simply
as the movement of fluid in pipes. Unlike the ease of measuring the length and diameter of a pipe
to determine its conductivity based on pressure, the flow in porous media has its peculiarities. A
distinctive feature is the absence of clearly defined flow tubes with measurable cross-sections.

Research on fluid movement in porous media has evolved in two directions: analytical and
experimental [1-5]. In works [6-8], the behavior of fluids in porous media ranging from sand to
crushed glass was analyzed, and based on these studies, laws, and correlational dependencies were
developed for the analytical description of such systems. The study presented in [9] explores the flow
of liquid in heterogeneous porous media, which holds fundamental significance for the operation of
many systems and applications. Such environments typically exhibit heterogeneity in the form, size,
connectivity, and surface structure of pores on small scales, as well as spatial changes in porosity,
permeability, and elastic moduli on larger scales.

The research emphasizes that any attempt to model flow in porous media requires the ability to
handle large volumes of data used to calculate the spatial distribution of pressure, fluid velocity, etc.,
throughout the pore space. The development of efficient prediction algorithms has always been an active
area of research. In the study described in [10], the effects of stress-dependent deformation of pores
on the properties of multiphase flow in porous media are discussed. Key parameters characterizing
multiphase liquid flow in porous media for various natural and industrial applications are relative
permeability and capillary pressure.
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Literature review

The study shows that while the influence of porous media deformation on single-phase liquid
flow is well-studied, the dependence of flow on stress in multiphase systems is not fully explored.
Concepts such as permeability, flow velocity potential, characteristics of single-phase and multiphase
systems, and fluid compressibility are used to describe flow characteristics in porous media [11-
13]. Characteristics of oil reservoirs are determined based on fluid properties in the reservoir, with
assessments of reservoir porosity and saturation conducted by engineers.

Fundamental principles

One of the key tasks is to determine the rock’s ability to conduct fluid, that is, to assess its
permeability. Permeability is a petrophysical constant determined by Darcy’s law [14-16].

uv\ Os Os

where (V) is the mass flow rate and permeability for a homogeneous fluid, ( ¢ ) is a dynamic viscosity,
(p)is apressure, (z ) is a vertical coordinate, (V) is a specific volume, and ( p ) fluid density — all
these parameters play a crucial role in characterizing the process. Permeability in porous media can
be determined using equation (1), and the sum (v ap N oz j characterizes the fluid filtration velocity

Os Os
potential. Then equation (1) can be expressed in the following form:

y=-2. 20 @)
Ly Os

During studies conducted by Darcy [17-19], fundamental assumptions were established, delimiting
the application domain of his renowned law. Firstly, it assumes that the fluid is a homogeneous
substance existing in a single phase. This significantly simplifies the modeling process by excluding
the need to account for more complex characteristics of multiphase fluids. Furthermore, it assumes
the absence of chemical interaction between the fluid and its surrounding environment, implying their
chemical inertness. It is also asserted that the permeability of the medium is a constant, unaffected by
the properties of the liquid, such as its type, temperature, pressure, or spatial distribution, simplifying
computational operations. It is essential to note that in the Darcy model, flow is considered laminar,
excluding more complex turbulent flows from consideration. Additionally, the electrokinetic effect
arising from potential differences during fluid movement under pressure through a porous capillary
structure is not considered [18-21]. Finally, the Klinkenberg effect, describing permeability changes
induced by the presence of gas phases in porous materials, is ignored within this model. These
assumptions establish conditions under which Darcy’s law provides the most accurate description of
fluid behavior in porous media. However, it is important to consider that adapting or supplementing the
Darcy model may be necessary for a more precise description of changing physical conditions [22].

The unit of permeability is called a Darcy (D), and its dimension can be defined as follows:
y, =22 ©
‘ Ly Os

If we express the parameters of the Darcy equation in terms of mass M , length L, and time 7 :

L M op M M L
Vs=;;p=7;g=ﬁ;ﬂ=ﬁ;g=p (4)

k L
Let’s— correspond to —, then k = L’
LT T
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Therefore, the permeability unit is equivalent to the square of the length dimension.

In fluid dynamics, two distinct types of processes can be identified: fast and slow. This division is
based on the speed at which changes occur in the fluid state. Fast processes are characterized by short-
term, intense changes, such as instantaneous flows or surges. Slow processes occur more smoothly
and persistently, such as the gradual movement of a mass of liquid or constant circulation flows. By
separating these processes, it is possible to simplify the study of fluid dynamics, especially in complex
systems. Applying such a division allows for the derivation of the averaged motion equation, which
represents an averaged model of fluid dynamics, excluding short-term fluctuations and focusing on
larger and more constant flows. Such divisions are due to the fact that the characteristic hydrodynamic
times for fast and slow processes differ significantly (6). The characteristic hydrodynamic time is the
time scale over which significant changes in fluid flow occur. Fast processes have short characteristic
times, whereas slow processes occupy significantly longer periods. This difference allows for the
analytical separation of fast oscillations from slower, systematic changes in fluid motion.

w>> % (6)

To describe the dynamic processes of fluid in porous media at the microscale, linear Stokes
equations are applied, intended for a fluid that is incompressible and possesses zero viscosity. Since
the filtration process is very slow and in dimensionless variables, the reduced viscosity is of the order
£4, where £, is the average dimensionless pore diameter, and when averaging the obtained microscopic
model, the reduced viscosity together with the average pore size tends to zero. Dissolving soil with an
active admixture induces flow into the pore space. For the chosen system of dynamic equations, such a
boundary condition is natural. However, for the Stokes equations of viscous incompressible fluid, this
boundary condition leads to practically insurmountable mathematical and computational difficulties.

Materials and methods

The motion of two distinct viscous liquids, which do not mix and have different constant densities,
inside a capillary occurs under the influence of external pressure: Q= {xeR*:=1<x<] —h <y <h}.
The moving boundary separates the zones and is filled with various liquids. Next, the flow patterns can
be described by the following equations: Stokes (7), continuity (8), and state (9):

apaa—btl=divP+pE, (7)
L P i =0 ®
a, Ot

P = a,D(x,i) - pE. 9)

As for the boundary conditions they are defined as:
S*:Pii=—pyii, S =0 (10)

At the boundaries of «inlet» and «outlet», boundary conditions are specified
(S ={xeR:x,=-1,-h<x,<h}cS, S ={xeR’:x,=1,-h<x, <h}c § respectively):

P(u,p)-n=-p’n,xeS". (11)
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1 .
here P(u, p) =2uD(u)— pl, D(u) = E(VU +(Vu) ),
where / is the unit tensor, p°(x) is a given linear function, n = (1,0) is the unit vector normal to S~ .

Finally, the initial conditions are described as:

- * *
u|t:0_u ’pt:O_p

At the initial stage of the time interval, when, the considered density is represented as a function
with piecewise-constant values. This assumption is based on the representation of density by two
separate positive quantities, each corresponding to different phases of the flow:

: Q' (0), .
p(x0)=p,(x)=17 " € O e —const, p~ > p* >0 (12)
p ., xeQ(0),

In this case, the initial conditions for density can be represented as a surface I'(0)=T,
separating two regions Q*(0), initially filled with different liquids. For simplicity, let’s assume that
[, ={xeR’:x,=0,~h <x, <h}. The task is to determine u, p and p(X,f) densities according
to equations (7) - (9), which correspond to the initial and boundary conditions. The problem has a
nonlinear nature since equation (9) includes an additional term u-Vp. To facilitate the analysis, we
will switch to uniform boundary conditions by introducing a new parameter p — p— p°(x) :

pAu-Vp=£=Vp’—gpe, (13)
P(u,p)-n=0,xeS". (14)

The motion defined by these equations supports the continuous coexistence of two distinct zones
Q" (1), where each zone includes one of the specified liquids. These zones are always separated by an
unchanging dynamic boundary. Therefore, the considered process reduces to determining the
parameters W, P and their influence on the displacement of this boundary T'(¢).

Results and Discussion

Numerical calculations were performed to simulate the displacement of one liquid by another in a
flat channel, and a detailed study and formulation of a one-dimensional problem in a porous medium
were conducted. A Finite-difference approximation of the equations using an explicit scheme was
implemented, allowing for an accurate modeling of the physical processes in the given environment.
Calculations for the one-dimensional problem were carried out using the Matlab software environment,
ensuring the required precision and clarity of results. One of the key findings is presented below,
showing the dynamic change in the free boundary in a unitary capillary (Figure 1, p. 67). This boundary
represents the difference between the liquids inside the channel or pore, significantly influenced by the
physicochemical characteristics of the considered liquids in the porous medium.

Throughout the study, we conducted a comprehensive analysis of fluid flow in porous media,
relying on both analytical and numerical methods. Modeling flow in porous media, especially in the
context of oil reservoirs, requires consideration of numerous variables and intricate interdependencies.
The results confirm that traditional approaches based on Darcy’s law may be insufficient to describe
all aspects of such complex systems, particularly in the presence of multiphase flows and changes in
fluid properties under the influence of pressure and temperature. The proposed mathematical model
incorporates concepts such as permeability, flow velocity potential, characteristics of single-phase
and multiphase systems, as well as fluid compressibility. These elements were integrated within the
developed numerical scheme implemented in the Matlab software environment. It is essential to note
that our findings underscore the need for further research in this field. Specifically, issues related to
pore deformation, and the impact of stress on multiphase systems remain open and require deeper
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analysis. The search for more efficient computational methods and algorithms for the analysis and
modeling of flows in porous media, especially under conditions of high heterogeneity and structural
complexity, remains a pertinent aspect.

Figure 1 — Dynamics of a free boundary in a single capillary
Conclusion

This work proposes an approach that involves understanding the fundamental processes occurring
in porous media, serving as a foundation for the development of specific new approaches to oil
extraction and the modeling of processes such as mineral leaching. However, it emphasizes the
importance of ongoing research in this field to enhance existing technologies and develop new ones.
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KEYEKTI OPTAJIA CY¥HBIK KO3FAJBICHIH
MOJEJIBAEY EPEKIIEJIKTEPIH 3EPTTEY

Angarmna

KyOblpiapiarbsl IoCTYpili aFbIHHAH €PEKIISNICHETIH KeyeKTi OpTajarbl CYHMBIKTBIK aFbIHBIH 3€pPTTEY IYPBIC
aHBIKTaJIMaraH arbIHIapMEH JKOHE KEYeKTI KYpbUIBIMIAP/IbIH SPTYPIILUIriMeH OaiaaHbICThl KHBIHABIKTAP/bI €CKepe
OTBIPBIT, MYHAI/IBI JKOHE 0acka J1a maiaanbel Kazoanap eHaipyaiH THIMII OAICTEPiH d3ipieyniH KuiTi. By skymbicTa
KEyeKTi OpTaJarbl CYMBIKTHIK AFbIHBIH 3€PTTEYAiH KYPAEIUIri KapacThlpblUiaJbl, OyJI KYOBUIBIC KyObIpiiapaarbl
CYHMBIKTBIK aFbIHBIHAH aWTapibIKTail epekiiesieHeni. Onmey MeH Tanuaynsl KAbIHIATaThIH KEYEeKTi OpTajga HaKThI
AHBIKTAJFaH aFblH TYTIKTEpPiHIH OO0NMaybIHA Ha3ap aylapbUIIbl. 3epTTey opTYpPIli KeYeKTi opTajapra KOIJaHbUIAThIH
AQHATMTHUKAJIBIK KOHE CAHJIBIK OICTepAl KAMTUTBIH aHa TOCUIAI YChIHAABI. 3epTTey OTKI3TIIITIK, aFbIHHBIH JKbLI-
JIAMJIBIFBI TTOTEHIUAIBI, Oip (azanbl jxoHe Kem (azanbl KyHelepaiH cUrartamaiapbl MEH CYHBIKTBIKTBIH ChIFBLI-
FBILITBIFbI YFBIMIAPBIH KAMTUTBIH )KYHEIep/i cumaTTay YIiH 3aHIap MEH KOpPEIISIHsFa HeT13/1eJITeH MaTeMaTHKaJIbIK
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Mozenbl yebiHaabl. VHkeHnepiep OaranaraH KadaTTarbl CYMbIKTBIKTAP/IbIH KACUETTEPIHE, OHBIH ILIIH/E KeYEeKTLIIr
MCH KaHBIKTBUIBIFbIHA Kapal aHBIKTAJIAThIH MYHAil KaOaTTapbIHBIH CHIIATTaMajapblHA CPEKIIe Ha3ap aynapbUiajbl.
CaHJIBIK HOTHIKEJICP TETiC apHalaFbl CYWBIKTBHIKTHIH OPBIH aybICTHIPYBIH XKOHE KEYCKTi OPTaJarhl Oip ©IIIIeM/Ii eCemnTi
YCBIHAIbI, OJ1 alKbIH CXEMaHbI MaiijiajiaHa OTBIPBIN, TCHICYIEP/iH COHFbI albIPMAIIBUIBIFBIH JKAKBIHIATY APKbLIBI
opweIHAanaabl. byt MogensaiH caHaBIK HOTIKenepi Matlab GarmapimaManbik opTackIHAA KY3€Te aChIPBLUIIB.

Tipex ce31ep: MaTeMaTHKAJIBIK MOACTBICY, KEYEKTi OpTa, Cy3riney, Jlapcu 3aHbl, CYHBIKTHIK aFbIHBI.
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UCCJIEJJOBAHUE OCOBEHHOCTEN MOJIEJUPOBAHUS
ABUKEHUSA KUJKOCTHU B IMNOPUCTBIX CPEJAX

AHHOTALUA

HccnenoBanme mMoToka JKUAKOCTH B MIOPUCTHIX CpeaxX, OTIMYAIONIETOCS OT TPAAUIIOHHBIX TIOTOKOB B TPy0ax,
MUMEeT KIII0UYEBOE 3HAueHHUE sl pa3paOdoTKu d(PPEKTUBHBIX METOAOB AOOBIYH HE(YTH U JPYTHX MOJIE3HBIX HCKOIIae-
MBIX, YYUTBIBAA CJIO)KHOCTH, CBA3aHHBIC C HEYETKO OINPECACIICHHBIMU TCUCHUAMU U pa3H006pa3HeM TIOPUCTBIX CTPYK-
Typ. B JnaHHOW paboTe paccMaTpuBaeTCs CIOKHOCTh M3YyUCHHsI MOTOKA YKUIKOCTH B MOPHCTBIX CPEIax, sIBICHHE,
KOTOPOE€ 3HAYUTEIHFHO OTIMYACTCS OT JIBM)KCHUS JKHIKOCTH B TpyOaX. AKIEHTHPYETCS BHAMAaHHE Ha OTCYTCTBUHU
YEeTKO OIPEICIICHHBIX TPYOOK TOKa B MMOPUCTOH Cpeie, UTO YCIMKHSICT U3MEpeHUs U aHau3. VccienoBanue mpe-
CTaBIISIET cO0OW HOBBIM MOIXOM, BKIIOUAIOMNN KaK aHAINTHYECKUE, TaK W YACICHHBIE METOMBI, C TPUMEHEHHEM K
pa3Ho00Opa3HBIM MOPHUCTHIM cpesiaM. B paMkax nccienoBaHus MpeuioykeHa MaTeMaTHIecKasi MOZIeIb, OCHOBAHHAs Ha
3aKOHaX U KOPpPEIAIUAX IJId OIMMCaHUA CUCTEM, BKIIIOYAIOIINUX B cebst KOHUOCTIOHUU IMPOHUTLIAEMOCTH, ITOTCHIIMAJIa CKO-
POCTH TEUCHHUSI, XapaKTEPUCTHK OJHO(A3HBIX U MHOTO(A3HBIX CUCTEM, a TAaKXKEe COKUMAEMOCTH kuakocTi. Ocodoe
BHUMAaHHE YIEISIETCS XapaKTEPUCTHKaM He()TSIHBIX IUTACTOB, OMPEICIIIEMbIM Ha OCHOBE CBOMCTB JKUAKOCTEH B TIIA-
CTe, BKIIFOUasi MOPUCTOCTh U HACHIIICHHOCTD, OICHIBAEMbIC MHXKCHEpaMU. UHCICHHBIC Pe3yIbTaThl MPEACTABIISIOT
BBITECHEHSI KHUIKOCTH B TUIOCKOM KaHaJe M OMHOMEPHOH 3a/1aue B TOPUCTOH CPesie, BHIIOTHEHHBIE C IPUMEHEHUEM
KOHEYHO-Pa3HOCTHOH amlmpOKCUMAIIMK YPaBHEHH 110 SIBHOM cxeme. UUCIIeHHbIe pe3yabTaThl JaHHOW MOAETH ObLIH
peaJin30BaHbI B IPOrpaMMHoOii cpeae Matlab.

KiroueBble ci1oBa: maTreMaTndeckoe MOACIIMPOBAHUC, NTOPpUCTAA CPCaa, (I)I/IJ'ILTpaLII/Iﬂ, 3aKOH I[apcn, IIOTOK
KHUIKOCTH.
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JKOHE €CelNTeyilll TEXHOJIOTHsIap MHCTUTYThIHBIH JKeTEeKII1 FhUTbIMU KbizMeTkepi, 050010,
IlleBuenko k., 28, AaMmartsl K., Kazakcran

ORCID ID: 0000-0002-4812-4104

E-mail: zbai.kz@gmail.com

Ao0mupamanoB JKaHapc Anjia-oHrapoBuy

Ao0aii arbrHIarsl Kazak yITTHIK TIeIaroruKaiblK YHUBEpCHTETiHIH HokTopadThl, 050010, JocThiK
nma”FeuTbl, 13, Anvatsl K., Kazakcran; KP F2)KBM FK AxknaparThik jkoHE €CenTeyill TeXHOIOTUsIIap
WHCTUTYTBIHBIH FUTBIMU KbI3MeTKepi, 050010, IlleBuenko k., 28, Anmarts K., Kazakctan

ORCID ID: 0000-0003-3820-7253

E-mail: a_janars@mail.ru

KanobipoaeB Aquiboex beranneBuy

@.-M.F.K., Abait areiHIarel Kazak YITTHIK Mearorukaiblk yHUBepceuTeTiHIH MHpopMaTika

JKOHE OLTIMITI aKImapaTrTaHabIpy KadeapachlHbIH aFa OKbITyIIbICH, 050010, JI0CTBIK JaHFBIITBI,

13, Anmarsr k., Kazakcran; KP F2)KBM FK AxknaparThik jkoHE €CenTeyill TeXHOIOTUsIIap
WHCTUTYTBIHBIH JKETEKII FhUTBIMU Kbi3MeTkepi, 050010, [lleBuenko k., 28, Anmarsl K., Kazakcran
ORCID ID: 0000-0002-5206-7405

E-mail: zhanbyr a@mail.ru

HUndopmanusi 06 aBropax

usinoB Kaapip:xkan MayJieH:kaHOBHY (aBTOP )11 KOPPECTIOHACHIINN)

PhD, crapmuii npenogaBarenb kageapbl MaTeMaTHKU U MaTeMaTH4YeCKOro MojenupoBanus Kazax-
CKOTO HAIIMOHAJILHOTO TMEIarOrHIecKoro yHuBepcuTeTa umeHu Abdas, nip. Jlocteik, 13, 050010,

r. Anmarsl, KazaxcTtan; HayuHbIH cOTpyIHUK MHCTUTYTa HHPOPMAIIMOHHBIX TEXHOJIOTUI

KH MHBO PK, 050010, yn. IlleBuenxo, 28, r. Anmatsl, Kazaxcran

ORCID ID: 0000-0001-9596-3173

E-mail: kadrzhan2019@gmail.com
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Bajimemupos ’Kapacoek /lyiicembexoBu4

PhD, u.0. npodeccopa, noctaokropant Kazaxckoro HalmoHaJIbHOTO MEIarorniyeckoro YyHHBEpCUTeTa
umenu Abas, np. Hdocteik, 13, 050010, r. Anmarel, Kazaxcran; Bexyniuii HayyHbIH COTPYIHHK
WucturyTta napopmarnmonusix texnonoruit KH MHBO PK, 050010, yi. IlleByenxo, 28, T. Anmarsl,
Ka3axcran

ORCID ID: 0000-0002-4812-4104

E-mail: zbai.kz@gmail.com

Abdpupamanos Kanapc Ainga-OHraposuy

JloxTopanT Kazaxckoro HaliMOHAIBHOTO TIEIarOrMYeCKOT0 YHUBEpCUTeTa UMeHH Abast, rip. JlocThik, 13,
050010, . Anmarsl, Ka3axcran; Hay4Hblii corpyaHuk MHcTHTyTa MH(OPMAlMOHHBIX TEXHOJOTHH
KH MHBO PK, 050010, yn. llleBuenxo, 28, r. Anmarsl, Kazaxcran

ORCID ID: 0000-0003-3820-7253

E-mail: a_janars@mail.ru

KaunopipoaeB Aquiboex berajgueBuu

K.¢.-m.H., xadeapa unpopmaruku u uHpopMaruzanuu odpazoBaHus Kazaxckoro HaluoHaIbHOTO
MeJIarorTuuecKkoro yHuBepcutera uMenn Aobas, nip. Jocteik, 13, 050010, . Anmmarelr, Kazaxcran;
BelyIuii HayuHbIi coTpynHuk MHctuTyTa napopmanonnsix rexnonoruii KH MHBO PK, 050010,
yi. llleBuenko, 28, r. Anmarsl, Kazaxcran

ORCID ID: 0000-0002-5206-7405

E-mail: zhanbyr a@mail.ru
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