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ABSTRACT

Equations and models that describe the hydrodynamics of gas-liquid two-phase flows in porous
media are becoming increasingly crucial for predicting their primary behaviors within porous
structures. These models are essential in understanding the flow dynamics in various applications,
such as enhanced oil recovery, soil treatment, and reactor design. The focus of this research was
to examine the effects of capillary forces, viscous forces, inertial forces, and flow configurations
on the hydrodynamic features of a gas-liquid two-phase flow within a glass micromodel. By
conducting experiments, results were gathered and then compared with predictions made by three
different established models. The two models, Fundamental Forces Balance and Fluid-Fluid
Interface models, did not accurately capture the experimental behavior, despite the fact that the
Fundamental Forces Balance model incorporates particular flow pattern characteristics. These
models were not able to fully describe that real-word behavior of gas-liquid two-phase flow,
indicating that improvements are necessary. On the other hand, semi-empirical models, such as
the Relative Permeability model, provide a better representation of the physical flow
characteristics. One key advantage of semi-empirical models is that they can be adjusted to
account for additional effects, such as varying flow configurations and interfacial interactions,
which are not initially included in the basic theoretical models. Traditionally, relative
permeabilities have been almost exclusively linked to saturation conditions in porous media.
However, this research concluded that liquid relative permeability is not solely dependent on
saturation levels. Instead, is also depends on flow patterns and the Capillary number. These
findings highlight the importance of incorporating multiple factors when developing more
accurate and reliable models for gas-liquid two-phase flow in porous media.

Keywords: porous media; hydrodynamic models; flow patterns; gas-liquid two-phase flow; flow
patterns; relative permeabilities.

Introduction

The hydrodynamics of gas-liquid mixture flow in porous media is a key topic in the study of
multiphase flow processes, relevant to applications like fuel cells, oil recovery, paper production,
and biomedical technologies. The reviewed paper discusses the fundamental aspects of such flows
through the use of dynamic pore-network models. These models capture the complex interactions
between gas and liquid phases governed by capillary and viscous forces, which are described by
two key dimensionless numbers: viscosity ratio and capillary number. Compared to conventional
continuum-scale simulations, pore-scale models provide deeper insights into phase displacement
and trapping. Dynamic pore-network models consider transient behavior, incorporating both
capillary entry pressures and time-dependent fluid motion influenced by local geometry and
interfacial phenomena. Key applications include studying residual saturation, pressure field
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evolution, and nonequilibrium capillarity effects. The models also help in understanding ganglia
flow (flow of disconnected fluid clusters), and how parameters like contact angle, pore geometry
(aspect ratio and coordination number), and wettability influence flow regimes. Overall, the
review summarizes computational methods, structural classifications of pore networks, and local
rules (such as snap-off and piston-like movement), offering a comprehensive framework for
analyzing gas-liquid flow dynamics in porous media.

The study of gas-liquid two-phase flow hydrodynamics in porous media is essential for various
applications, including soil decontamination, enhanced oil recovery, nuclear reactor safety,
multiphase reaction systems, and packed bed operations. Since the late 19" century, empirical
models have been employed in reservoir engineering; however, they have been inadequate in
accurately predicting the flow velocities observed during extraction. Consequently, the
development of new models in necessary to better represent hydrodynamic behavior and improve
flow rate predictions during reservoir exploitation. Several models have been proposed, including
the force balance model, the fluid-fluid interfacial model, and the relative permeability model.
The force balance and fluid-fluid interfacial models specifically incorporate drag forces on both
phases, utilizing momentum balance principles at the fluid-fluid and fluid-solid interfaces on a
pore-scale level. However, these models do not include tunable parameters, limiting their
adaptability to account for additional transport effects. The relative permeability model,
formulated at a macroscopic scale, is derived from Ergun’s equation. This model the viscous and
inertial forces involved in single-phase flow through packed beds, as well as the absolute
permeability of the porous medium. With the extensions of Darcy’s law to multiphase flow,
relative permeability has been primarily linked to phase saturation. Additionally, the generalized
Darcy’s law that each phase flows either separately or in a connected manner. However, the
significance of actual viscous effects has been widely debated in the literature. Studies have
shown that when fluids move in a disconnected manner within porous media, the generalized
Darcy’s law fails to provide accurate predictions. The intricate structure of porous media and the
interfacial interactions between fluids pose significant challenges in hydrodynamic studies of two-
phase flow, making in difficult to develop purely theoretical models. As a result, centrain
parameters must be adjusted to improve model accuracy [7],[8]. In practice, empricial and semi-
empricial models are commonly employed to describe the hydrodynamics of such sysetems [5].
The key advantage of these models lies in their adjustable parameters, which allow for the
inclusion of flow configurations, viscous effects, interfacial interfactions, and other phenomena
that theoretical models may overlook. This study focused on assessing three astablished
hydrodynamic modelsby comparing their predicted values with experimental data obtained from a
2D glass micromodel under gas-liquid two-phase flow conditions. Additionally, the research
examined how the capillary nubmer and flow configurations influence the hydrodynamic
characteristics of the system.

The configuration depicted in Figure 1 was developed to evaluate the characteristics of steady-
state gas-liquid two-phase flow and is thoroughly documented in a previously conducted
experimental investigation [18]. The gas phase consisted of air supplied from a pressurized
cylinder (AC). A storage vessel (ST) held the liquid, which was propelled using a positive
displacement pump (P) and its flow was controlled via a precision needle valve (\V1). Both phases
were concurrently introduced into a porous glass micromodel (GM) and connected to a pressure
measuring device (T). A pressure indicator (1) was utilized to capture the pressure variation
occurring within the micromodel.
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1. AC: Aw cyhnder I
2. PR Pressure regulator

3. Gl: Bourdon zauge

4. GM: Glass mucromodl
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6. T: Presaure transducer
7.1 Pressure mdicator
8.ST: Storage Tank

9.P; Pump

10, FC: Fraouency controlley
V. Globe valve

V1-V3: Valves

V4. Needle valve
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Figure 1. Experimental setup.

A porous glass model was used for this study. This model has 53% porosity (¢), an absolute
permeability (k) of 18 Darcy, a transverse area (At) of 9 mm?, and 0.1 mm of width. In Figure 2,
we can see some of the properties of the porous glass micromodel.
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Figure 2. Glass micromodel

Diluted solutions of glycerin were used as the liquid phase. The surface tension was replaced by a
non-ionic surfactant. The physical properties of the liquid phase are shown in Table 1.

Table 1. Physical properties of the liquid phase.

Subst Density Viscosity Surface tension
Substance
(px1) kg/m" u mPa.s (o=0,1) mN/m
Water 1048 725
: 10£0,1 .
Water-Triton™ X-100 1043 53,1
AG-1 1139 68,1
10«1
AGT-1 1149 50,7
AG-2 1168 66,4
201 _
AGT-2 1166 504
AG-3 1185 66,0
301
AGT-3 1198 50,3
AG-4 1202 63,7
40x1 -
AGT-4 1205 50,2

Objective

The analysis is solely focused on the continuous liquid phase. In the glass micromodel, two
distinct flow patterns were identified: bubble flow and slug flow, both characterized using image
processing techniques (IPT). Further details on these techniques and flow pattern characterization
can be found in Gutierrez et al [6]. Bubble flow consisted of numerous small, spherical bubbles,
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whereas slug flow featured fewer but elongated bubbles. Measurements obtained through IPT
included bubble diameter and length, with average 1b/Db ratios of 0.62 for bubble flow and 1.92
for slug flow. To compare experimental results with theoretical predictions, three hydrodynamic
models for two-phase flow were analyzed: (1) Fundamental Forces Balance Model (FFBM) [1],
(2) Fluid-Fluid Interfacial Model (FFIM) [2], and (3) Relative Permeability Model (RPM) [3]. All
model assume a disconnected gas phase within as continuous liquid phase, these models are
provided in Appendix A, and the discrepancy between experimental and theoretical values was
assessed using average relative errors (eX).

Methods

Following the complete saturation of the micromodel pore space with the wetting phase (typically
representing brine or a water-based analog), the non-wetting phase (gas or oil) was introduced
under controlled injection conditions. For each experimental run, the injection pressure was
regulated to a predefined constant value to ensure consistency across tests. This phase substitution
process—where the non-wetting phase displaces the wetting phase—is representative of a
drainage regime commonly encountered in porous media during primary hydrocarbon migration
or gas injection operations.

The injection protocol involved a gradual increase in the flow rate ratio QNW/QW , enabling a
controlled transition in flow regimes. Steady-state conditions were considered achieved when the
differential pressure across the micromodel reached a plateau, indicating dynamic equilibrium
within the pore network. At this point, high-resolution optical imaging was employed to capture
the spatial distribution of the fluid phases, which subsequently allowed for the quantitative
estimation of phase saturations via image analysis techniques.

Once steady-state flow was established and edge effects deemed negligible , the system was
assumed to exhibit a uniform capillary pressure field throughout the micromodel domain. Under
these conditions, the capillary pressure differential could be expressed as:

A =Apwpnw

Conclusion

Purely theoretical hydrodynamic models, such as the Fundemental Forces Balance Model
(FFBM) [1] and the Fliud-Fluid Interfacial Model (FFIM) [2], fail to accurately describe the key
hydrodynamic is characteristics of gas-liquid two-phase flow observed in the glass micromodel
during this study. Although Tung & Dhir [1] incorporated flow patterns into their model, their
predicted values did not align with the experimental results. In contrast, semi-empirical models
like the Relative Permeability Model (RPM) [3], which are grounded in solid physical principles,
offer greater flexibility. By incorporating adjustable parameters, these models can account for
flow patterns and other experimentally observed effects that were not initially considered, making
them a more practical approach. Traditionally, relative permeability (krL) has been linked
primarily to phase saturations (SL) [3],[4],[5]. However, this study found that krL is not solely a
function of SL but is also influenced by flow patterns, capillary forces, and bubble interactions.
Future research will focus on developing correlations to more accurately describe the
hydrodynamic behavior of gas-liquid two-phase flow in a 2D porous medium, potentially leading
to significant advancements in understanding these phenomena at both the pore and reservoir
scale.
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QAZ MAYE QARISIGININ MOSAMOLiI MUHITDO HOROKOTININ
HIDRODINAMIKASI
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XULASO

Maosamoli muhitlordo gaz-maye iki fazali axinlarin hidrodinamikasini gostoron tonliklor vo
modellor, onlarin asas davraniglarini mosams strukturlarinda prognozlasdirmaqdan 6trii getdikco
daha vacib hala golir. Bu modellor axin dinamikasini basa diismok ¢lin vacibdir vo mixtolif
totbiglordo istifado olunur. Bu todqigatin mogsodi, gaz-maye iki fazali aximin hidrodinamik
xususiyyatlorina  kapilyar quvvalorin, 6zl quvvalorin, inersiya qlvvealorinin  vo axin
konfiqurasiyalarinin tosirini aragsdirmaqdir. Tocriibalor aparilmig, naticalor toplanmis vo sonda (¢
forgli tosdiq edilmis modelin prognozlari ilo migayiso edilmisdir. 1ki model, Dsas Qiivvo
Tarazhign vo Maye-Maye Soth Interfeysi modellori, eksperimental davranisi dogiq formada oks
etdirmomisdi, baxmayaraq ki, Osas Qiivve Tarazligt modeli miioyyon axm niimunasi
xususiyyatlorini nozars alir. Bu modellor gaz-maye iki fazali axinin real soraitdoki davranisini tam
sokilda tosvir eds bilmadi, bu da inkisaflarin miitlaq oldugunu gostorir. Digeryandan, yarim-
empirik modellor, masalon, Nisbi Kegiricilik modeli, fiziki axin xiisusiyyatlorini daha yaxs1 tosvir
edir. Yarim-empirik modellarin asas istiinliiyii ondan ibaritdir ki, onlar asas nozari modellords
ilkin olaraq nazors alinmayan olava tosirlori hesaba almaq tglin doyisdirilo bilor.Onanavi olaraqg,
nisbi kegiricilik yalniz doyma sortlori ilo slagslondirilirdi. Lakin bu tadqigatin naticalarine gors,
maye nisbi kegiriciliyi yalmiz doyma soviyyslorindon asili deyil. O, hamg¢inin axin
nimunalarindon vo Kapilyar saydan asilidir ki, bu faktorlar ononovi modellords avvalcadon
nozoro alimmamisdir. Bu tapintilar, qaz-maye iki fazali axinlar i¢iin daha dogiq vo etibarli
modellarin inkisafinda bir ne¢o amilin nazars alinmasinin vacibliyini vurgulayar.

Acar sozlar: hidrodinamik modellor; gaz-maye iki fazali axin; axin niimunalori;
nisbikegiriciliklor; masamoli muhitlor
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PE3IOME

VYpaBHEHMs U MOJIENH, ONUCHIBAIOLINE THAPOJUHAMUKY Ta3-KUIKOCTHBIX JBYX(a3HbIX IOTOKOB B
MOPUCTBIX CpEllaX, CTAHOBATCS Bce O0oJiee BAXKHBIMMU JJIS IPEICKa3aHUs HX OCHOBHBIX
XapaKTePUCTUK B IOPHUCTBIX CTPYKTypax. OTH MOJEIM HMMEIOT DELIAoLIEe 3HAYEHUe s
NOHMMAaHMS JWHAMHKH TOTOKA B PAa3IMYHBIX TMPHIOKEHUSIX, TAaKUX KaK YIIydlleHHas 100brda
He(TH, OUYUCTKA MTOYBHI U MIPOEKTUPOBAHHE PEaKTOPOB. OCHOBHOM 1I€IbI0 JAHHOTO UCCIIEI0BAHUS
OBLJI0O M3yuyeHUE BO3JACHCTBUS KANWULSIPHBIX CHJI, BSA3KUX CHJI, HWHEPLMOHHBIX CHUJI U
KOH(pUrypaluid MOTOKAa Ha TI'MJIPOAMHAMUYECKHE OCOOEHHOCTH TIa3-KUAKOCTHBIX JBYX(a3HbIX
IIOTOKOB B CTEKJITHHOM MHUKPOMOJIENM. B Xoze 3KCrepuMeHTOB ObUIM COOpaHBI PE3yJbTaThI,
KOTOpbIE  3aT€M CPaBHUIM C IPEACKa3aHUAMU, CHEIaHHBIMM TpeMsA  Pa3IM4YHbIMU
YCTaHOBJICHHBIMU MOJIETSIMU. J{Ba U3 3THUX MoJienel — Mo/elb OanaHca OCHOBHBIX CHJI M MOJIEINb
uHTepdeiica KUIAKOCTb-KUIKOCTbh — HE CMOIJIM TOYHO OTPa3uUTh 3KCIIEPUMEHTAJIbHBIE JaHHBIE,
HECMOTpSI Ha TO, YTO MOJIENb OanaHca OCHOBHBIX CHJI YUHUTBHIBAET KOHKPETHBIE XapaKTEPUCTHKU
IIOTOKA. JTH MOJEIU HE CMOIUIA IIOJHOLIEHHO ONMCAaTh PEAIbHOE MOBEAECHUE Ia3-KUJKOCTHOIO
IBYyX(a3HOro MOTOKA, YTO yKa3blBaeT Ha HEOOXOAUMOCTh MX yiyumieHus. C qpyroil CTOpOHBI,
MOJIy-ODMIIUPUYECKUE  MOJENM, TakKue KakK MOJEIb OTHOCUTEIbHOW  ITPOHUIIAEMOCTH,
MPEIOCTaBIAIOT 0ojiee TOYHOE OMHCaHHE (U3MUYECKUX XapaKTepUCTHUK NoToka. OIHUM H3
KIIIOUEBBIX IMPEUMYILECTB IOJIY-ODMIUPUYECKUX MOJEIEH ABIAETCI TO, YTO HX MOXKHO
aJanTUpoBaTh I y4yeTa JOMOJHUTENbHBIX 3((EKTOB, TaKMX KaKk M3MEHEHHE KOH(UTrypanuu
IOTOKa M B3auUMOJIelicTBUE Ha HHTepdelice, KOTOpble HE BKIOYEHBl B IEPBOHAYAIbHBIC
TEOPETHYECKUE MOAEIH. TpagullnOHHO OTHOCHUTEIbHAs NMPOHULIAEMOCTh MOYTH HCKIOYUTEIBHO
CBS3BIBACTCS C YCIOBUSAMU HACBILIEHUS B IOPUCTBIX Cpelax.

KuloueBble cjioBa: TruapoAMHAMMYECKHE MOJENHN; Ta3-)KUIKOCTHbIE JByX(a3Hble IOTOKU;
KOH(UTrypaluy N0TOKa; OTHOCUTEIbHbIE IPOHUIIAEMOCTH; IIOPUCTHIE CPEIbI
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