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This article discusses the results of numerical modeling and laboratory experiments aimed
at studying the processes of intensification of heavy oil production by steam injection into
inhomogeneous porous media. Athabasca bitumen, widely distributed in the oil fields of Canada,
was used as the object of the study. For the experiments, methods of measuring viscosity at various
temperatures using a rotary viscometer, as well as analyses of the composition of bitumen and
its components, were used. At the same time, a numerical simulation was developed simulating
the injection of steam into a porous medium, taking into account the presence of layers with high
permeability and shale barriers. The simulation was carried out using the CMG STARS program,
which made it possible to assess the influence of temperature and steam quality, porosity, rock
permeability and the presence of shale barriers on the oil extraction process.

The main results showed that the optimal steam injection temperature is 200 °C, which provides
the most effective reduction in oil viscosity and an increase in the recovery coefficient. At the same
time, the optimal steam quality was determined at the level of 85%. An increase in quality to 95% or
higher led to a decrease in the efficiency of the process due to insufficient liquid content in steam,
which limited heat exchange and increased residual oil in a porous medium. In addition, an analysis
of the impact of shale barriers has shown that their presence can significantly limit the steam flow
and reduce the oil recovery coefficient. The simulation also showed that minimizing the differences
in permeability between high- and low-permeability zones helps to increase the efficiency of steam
injection and increase oil production.

Thus, the results of this work can be useful for optimizing steam injection processes in the
development of heavy oil fields, especially in conditions of heterogeneous geological structures,
which will increase production efficiency and reduce the cost of thermal exposure.

72 HE®Tb U A3 €5 2024 4 (142)



AOBbIYA

KEYWORDS: steam injection, heavy oil, numerical modeling, bitumen, porous medium, shale
barriers, thermal effects.

YMUCJIEHHbIWA N DKCNEPUMEHTA/IbHbIA AHANIN3 METOAA
SAGD AJ11 PASPABOTKW MECTOPOXXAEHUN
BbICOKOBA3KOU HE®TU

B.C. AXbIMBAEBA, PhD, accounnpoBaHHbIi npodeccop kadenpbl «HedbTaHasn nHxeHepus»,
b.akhymbayeva@satbayev.university

SATBAYEV UNIVERSITY,
Pecnybnuvka KasaxctaH, r. Anmartsel, 050013, yn. Catnaesa, 22a

B daHHOU cmambe paccmampusgaromcsi pe3yribmamel YUC/IeHHO20 MOOeIupo8aHuUsi U fa-
b6opamopHbIX IKCIEPUMEHMO8, HarpasieHHbIX Ha uccrnedosaHue rnpoyecco8 UHmMeHcugukayuu
006b14u msixenot Heghbmu MemoOOM UHBEKUUU rapa 8 HEOOHOPOOHbIe nopucmele cpedsbl. B kaye-
cmee obbekma uccriedogaHus Ucronb3oearncs bumym Amabacku, WUpPOKO pacrpocmpaHeHHbIl
8 HeghmsiHbIX Mecmopox0eHusix KaHaobl. [nss npoeedeHusi 3KCrepuMeHmo8 NpUMEHSIUCH Me-
moObI U3MepPeHUsI 893KOCMU MPU PasuYHbIX memnepamypax ¢ Ucnob308aHUeM pomayuUoOHHOZ20
sucKosumMempa, a makxe aHasnu3bl cocmasa bumyma u e2o KoMrnoHeHmMo8. OOHO8PeMeHHO bbiro
pa3zpabomaHo yucreHHoe modenuposaHue, UMUMUpPyowee UHbEeKYUI rnapa 8 nopucmyto cpedy ¢
y4emom Hanu4usi cri0e8 ¢ 8bICOKOU MPOoHUUaeMoCcmbio U cnaHyesbix bapbepos. ModenuposaHue
npoeodusock ¢ ucrnosnb3osaHuem rpozpammsl CMG STARS, 4mo no38051uno oueHUms eusiHue
memmnepamypbl U Kadecmea rnapa, rnopucmocmu, MPoHUyaemMocmu rnopoobl U Hanu4qusi criaHyesbix
bapbepos Ha npouecc ussrevyeHuUs Heghmu.

OcHo8Hble pe3ynbmambl rokasasnu, 4Ymo onmumMarbHas memrnepamypa UHbeKyuu rnapa co-
cmaensem 200 °C, ymo obecredusaem Hauboriee 3ghcheKmuBHOE CHUXEeHUEe 853Kocmu Heghmu u
ygsenuyeHue KoaghghuyueHma usgnedeHusi. [lpu amom onmumarnbHoe Ka4ecmeo rnapa 6biio ornpe-
OeneHo Ha yposHe 85%. YeenuyeHue kayecmea 00 95% u ebiwe npugodursio K CHUXEHU 3ghghek-
mueHocmu fipoyecca u3-3a Hedocmamo4YyHOo20 coOepKaHuUs KUOKOCMU 8 rape, Ymo oepaHu4usano
menosol 0bMeH u ysernu4ueano ocmamoyHyto Hegoms 6 nopucmodl cpede. Kpome moeo, aHanu3
8/1USIHUS criaHyesbix 6apbepos rnokasars, Ymo Ux Harau4due Moxem Cyu,eCmeeHHO oepaHu4Yu8amm
1OMOK napa U yMmeHbWwamb KoaghehuyueHm usernedeHus: Hegpmu. ModenuposaHue makxe rnokasario,
Ymo MUHUMU3ayusi pasnuyull 8 npoHUUaeMocmu Mex0y 8bICOKO- U HU3KOMPOHUUaeMbIMU 30HaMmu
criocobcmeyem rosbIWeHU 3hhekmusHOCMU UHBbEKYUU rnapa u yeenudyeHuro 00bbiyu Heghmu.

Takum obpasom, pe3yrnsmambi 0aHHOU pabombsl Mo2ym 6bimb nonesHe! 01 onmumu3ayuu
rpouyeccos UHbeKUUU napa rpu paspabomke mecmopoxoeHul msixxenol Heghmu, 0COBEHHO 8 yc-
108USIX HEOOHOPOOHbLIX 280/102UYECKUX CIMPYKMYpP, YMO M0380/1Um Moebicums 3¢h¢heKmueHoCMb
00b6bI4U U CHU3UMb 3ampambl Ha merniogoe go3delicmeaue.

KITOYEBBIE CJIOBA: uHbekyus napa, msixenas Hegpme, YucrneHHoe modenuposaHue, bu-
mym, nopucmas cpeda, criaHyesble bapbepbl, mennogoe gosdelicmeaue.
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MXOHE 3KCNEPUMEHTTIK TAJIAAYbI
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Bbyn makanada eemepoeeH0i keyekmi opmara 6y eHeidy apKblirbl ayblp MyHal eHOipyOi UHMeH-
cusmeHOipy npouecmepid 3epmmeyee barbimmariraH caHObIK MOOerb0ey XoHe 3epmxaHariblK 3KC-
nepumeHmmep0iH Homuxxenepi Kapacmabipbinadbl. 3epmmey HbicaHbl pemiHoe KaHadaHbiH MyHal
KeH opblHOapbIHOa KkeH mapanraH Amabacka bumymbl KOndaHblObl. KCIepuMeHmmep Xxypaisy
YWiH atiHanmarb! ucko3umempdi KondaHa ombIpbIir, 8pmypii memnepamypada mymKbiprbIKMbl
enwey adicmepi, coHOal-aKk bumym Kypambl MEH OHbIH KOMIMOHEHMMepPIiH manday KorndaHbi0bl.
CoHbIMeH Kamap, emki3eiwmiai Xofapbl Kabammap MeH wugep kedepainepiH eckepe ombipbIr,
Keyekmi opmara 6y UHbeKUUSICbIH uMumayusnalimsiH caHOblK Modernbdey xacandbi. Modensdey
CMG STARS b6ardapnamachbiH KoridaHa omblpbin Xypaisindi, 6yn 6yObiH memrnepamypachk! MeH
caracblHbIH, KeyeKmirieiHiH, may XbIHbICMapbIHbIH 6eMmKi32ilmiziHiH XeHe makKmamac mockayblsi-
OapbiHbIH MyHaU ary npouyeciHe acepiH baranayra MyMKiHOiK 6epoi.

Heezizei Homuxenep 6y uHbeKyUsiCbIHbIH OHmaunsl memnepamypackl 200 °C ekeHiH Kepcemmi,
Oy MyHal mymKbIpribiFbIHbIH €H muiMOi memeHOeyiH XoHe aKecmpaKkyus Ko3ghhuyueHMIHIH xora-
pblnaybiH Kammamacel3 emedi. byn pemme 6ydbiH oHmalinsi canackl 85% deHeeliiHOe aHbIKkmari-
Obl. CanaHblH 95% - ra OeliH XoHe 00aH Xofapbl ecyi by CylbIKMbIfbIHbIH XeMKIrikci3 60rybiHa
balinaHbicmbi npouecmiy muimoiniaiHiH memeHdoeyiHe akendi, 6yn xblirny anmacyob! Wwekmeoi XoHe
Keyekmi opmadarbl KandblK MyHalObl apmmbipObl. COHbIMEH Kamap, makmamac mockaybiiioaphbi-
HbIH acepiH manday onapobiH 60rybl 6y arbiHbIH alimaprsikmatl wekmel anambiHbIH XoHe MyHal
arny KoaghguyueHmiH memeHdememiHiH kepcemmi. MoOenb0ey COHbIMEH Kamap KOfapbl XOHe
memMeH emki3aiw atimakmap apacbiHOarbl 6mKi32ilumik alibipmMaulbiibiKmapbiH asalimy 6y UHbek-
YUSICbIHBIH muimOinieiH apmmbipyFa xoHe MyHal eHOipydi apmmbipyra KOMeKmecemiHiH kepcemmi.

Ocbinatiwa, 6y XyMbiCmbIH HomuXernepi ayblp MyHal KeH opbiHOapbIH uzepy KesiHoe 6y
UHBEKUUSICbI rpouecmepiH oHmaunaHobIpy ywiH natdarbl 6051ybl MyMKiH, acipece 2emepozeHOi
2eornoeusinbIK KypbinbiMoap xardalbiHOa, 6yn eHOipic muimdinieiH apmmbipyFra XoHe Xblly 8CepiH
asatimyra MyMKiHOIik 6epedi.

TyliH ce30ep: by UHBbEKYUSIChI, ayblp MyHal, caHObIK MoOerb0ey, bumym, Keyekmi opma,
wughpep kedepeinepi, xblry acepi.

ntroduction. The development of heavy oil fields, particularly oil sands, presents
I a complex challenge in the oil and gas industry due to the high viscosity and low
mobility of these resources. One of the most effective methods for enhancing the
recovery of heavy oil is steam injection, which aims to reduce the oil's viscosity through
thermal effects. The application of thermal methods, such as Steam Assisted Gravity
Drainage (SAGD), significantly increases oil recovery by heating and liquefying heavy
hydrocarbons, making them more fluid and therefore easier to extract from porous media.
However, despite the high efficiency of this method, its implementation faces several
technical challenges. A major issue is the heterogeneity of porous media, which includes
zones with varying permeability and porosity, as well as the presence of shale barriers.
These heterogeneities can significantly impede the steam injection process by creating
thermal and permeability barriers, reducing the efficiency of heat transfer and limiting
steam flow into oil-saturated zones. As a result, a portion of hydrocarbons remains in the
form of residual oil, which lowers overall recovery rates.
To address these problems, detailed studies on the influence of key steam injection
parameters on the development of heavy oil fields in heterogeneous media are necessary.
The most important parameters to consider when designing thermal recovery processes
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include steam temperature and quality, the porosity and permeability of the oil-bearing
formation, and the configuration of shale barriers. Experimental and numerical studies in
this area not only help to better understand the physics of the process but also optimize
injection parameters to achieve maximum recovery efficiency with minimal energy costs.

The aim of this work is to conduct numerical simulations and laboratory experiments
to investigate the effects of various steam injection parameters on the recovery of heavy oil
from heterogeneous porous media. Special attention is given to studying the dependency
of injection efficiency on steam temperature and quality, as well as the permeability and
porosity of the formation and the presence of shale barriers. In the course of this work, a
numerical model of steam injection was developed using the CMG STARS software to
simulate the thermal effects on the heavy oil reservoir, enabling a sensitivity analysis of
key parameters and the formulation of recommendations for process optimization.

As part of the research, laboratory experiments were also conducted to determine
the viscosity characteristics of Athabasca bitumen at various temperatures. This provided
experimental data that were used to calibrate the numerical model. Further studies will
help to improve the understanding of the thermal recovery process in oil reservoirs and
develop efficient steam injection techniques to increase heavy oil recovery in complex
geological structures. [2]

Materials and methods. Several laboratory tests were conducted to determine the
necessary flow properties of bitumen for numerical simulation purposes. The tests are
outlined below. Detailed experimental results, such as bitumen viscosity, required for
typical thermal simulation studies are presented in more depth, while other parameters,
like interfacial tension measurements, are only briefly mentioned. A comprehensive
analysis report is available elsewhere.

The viscosity-temperature relationship of Athabasca bitumen was assessed using a
computerized rotational viscometer capable of measuring fluid viscosity from room temperature
up to 300°C. The test, based on the SAGD method, utilized samples from the Athabasca oil
sands. [1] Condensates produced with the bitumen were expelled at high temperatures, and
the samples were not treated with any solvents. Figure I compares our measured viscosities
to those reported for bitumen by Mehrotra and Svrcek in their 1986 study. [2]
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Figure 1 - Viscosity of Athabasca bitumen versus temperature
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One of those correlations is shown below:
Inln(x) =C, InT+C,; (D)

In this equation, the kinematic viscosity of the heavy oil sample is expressed at
atmospheric pressure and temperature T(K). Experimental data from each sample can be
used to determine the empirical constants C; and C,. These constants can be estimated
using the least-squares method. Figure 2 shows a graph of the logarithms of viscosity
and temperature. For four different bitumen samples, as described by Khan et al. (1984),
this figure compares the viscosity data measured in the laboratory during this study with
the viscosity relationship fitted according to Equation 1.[3] The evaluation for Equation 1
was consistently applied, and the viscosity data for the four bitumen samples were fitted
as shown in the legend of Figure 2.

+ This study
——Khan et al. (1984) Inln{visc)=-3.62722InT+23.2200

(sample 1)
—Khan et al. (1984) Inln(visc)=-3.57379InT+22,8379

(sample 2)
——Khan et al. (1984) Inin(visc)=-3.73360InT+23.8162

(sample 3)
~Khan et al. (1984) Inin(visc)=-3.56718InT+22.7823
(sample 4

)
— This study « Inin(visc)=-3.584InT+22.937

InIn{p)

y=-3.584x+ 22,937

05

0+ B
5.6 5.7 5.8 59 [ 6.1 6.2 6.3 6.4

In(1)

Figure 2 — Bitumen viscosity correlation — double logarithm of viscosity shows straight line behavior
versus logarithm of temperature

Gas chromatography (GC) and compositional analysis of an Athabasca bitumen
sample were carried out. Detailed descriptions of these analyses can be found elsewhere. In
this section, only the compositional analysis of the bitumen samples is presented in Table
1. No conventional alkanes lighter than C10 were detected. The samples are classified
into pseudo-components, as shown in 7able 3. The weight percentages in Table 3 are
accurate to two decimal places. The mole fractions presented in this table are based on
weight percentages, generalized Katz-Firoozabadi properties, cryogenically determined
molar masses (discussed later in the paper), and densitometric data derived from the oil’s
density (also described later in the paper).[4]

The molar mass of oil tests is decided by solidifying point discouragement (solidifying
strategy) utilizing benzene as dissolvable. Comes about demonstrate that the molar mass
of Athabasca bitumen is 534 + 2 g/gmol.[5]

Oil thickness was measured employing a high-temperature high-pressure densitometer
cell calibrated at the specified temperature with nitrogen gas and unadulterated water.
Thickness estimations were performed at standard temperature of 15.56 °C and lifted
weights of 5, 10, 15, 20 and 25 bar. Extrapolation of the straight relationship between oil
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thickness and weight yielded an oil thickness of 1.0129 g/cm3 at standard conditions (SC)
of 1.01325 bar and 15.56 °C. Oil thickness was moreover measured at raised temperatures
of 120°C, 140°C, 160°C, 180°C and 195°C for each weight, giving solid oil densities for
the temperature and weight extend of 0.90 - 0.95 g/cm®.[6]

Bulk tests were performed to decide the weight percent of asphaltenes accelerated
when certain solvents were blended with Athabasca overwhelming oil. The reason of the
test was to explore whether there is a relationship between the dissolvable mole division
and the sum of asphaltenes accelerated. Solvents utilized in this test were n-pentane,
n-hexane, and n-heptane. Different sums of dissolvable were included to the oil and the
oil was warmed to 60°C to guarantee ease. The mixture was blended and cleared out at
room temperature for around 20 hours.[7]

Table 1 — Compositional analysis of Athabasca bitumen

Pseudof;zc;:wga:;z)nt Mass Mole fraction (%) | Molar mass (g/gmol) | Density (g/cm?)

c10 0.211 0.842 134.0 0.7780
C11-C12 0.948 3.286 154.0 0.7945
C13-C14 1.976 5.782 182.5 0.8165
C15-C16 3.006 7.501 214.0 0.8355
C17-C18 3.731 8.166 244.0 0.8495
C19-C20 4.068 8.075 269.0 0.8595
C21-C22 3.959 7.094 298.0 0.8695
C23-C24 3.759 6.186 324.5 0.8790
C25-C26 3.594 5.453 352.0 0.8870
C27-C28 3.602 5.048 381.0 0.8945
C29-C30 3.437 4.487 409.0 0.9005
C31-C32 3.265 3.989 437.0 0.9075
C33-C34 2.577 2.959 465.0 0.9130
C35-C36 2.599 2.815 493.0 0.9180
C37-C38 2.309 2.366 521.0 0.9230
C39+ 56.960 25.950 11721 1.1474
Total / Average 100.000 100.000 534.0 1.0129

The blend was at that point sifted with a vacuum pump and the accelerate was
weighed. The comes about are appeared in Figure 3. Tests have appeared that lighter
n-alkanes accelerate more emphatically from overwhelming fuel oil than heavier n-alkanes.
Besides, as the dissolvable mole division increments, the precipitation of solids increments.
Precipitation starts at a mole division of ~85% for n-pentane, ~86% for n-hexane and
87% for n-heptane. Dissolvable mole divisions ought to be kept underneath these levels
to maintain a strategic distance from issues such as arrangement harm from asphalting.
Minuscule figure of asphaltene particles is appeared in Figure 4.

Numerical reenactments were performed for heterogeneous centers to ponder
the usability of steam injection. Different arrangements of shale boundaries have
been examined to decide the impacts of these non-fluidized layers. Considering the
heterogeneous framework, the affectability examination centered on the impacts of infusion
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Figure 3 — Asphaltene precipitation versus different solvent loadings
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Figure 4 — Microscopic images of asphaltene particles precipitated after mixing with different solvents

rate, porosity, porousness differentiates and thickness of the high-permeability zone.
Different steam temperature and quality cases were moreover examined amid center
flooding tests on this framework.[8]

The center comprises of sandstone with a measured penetrability of 640 mD and
contains a little flat exceedingly permeable and penetrable layer within the center of the
demonstrate. Recreation ponders were performed utilizing the CMG STARS warm test
system, ordinary supply properties of the Athabasca oil sand store, and a few laboratory-
measured liquid properties.
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A Cartesian facilitate framework is utilized, so the square cross-sectional zone of
the cubical show is rise to the cross-sectional region of the center. Figure 5 appears the
numerical show considered.

Porosity

0.50
0.47
044
0.41
0.38
0.34
0.31
0.28
0.25
L.

0.22
0.19

Figure 5 — Numerical model

It may be a square show of 20 x 10 x 11 squares. The length of the network piece
is 1 cm within the x course and 0.33588 within the y and z headings. A little 1 mm wide
even layer within the center is considered an exceedingly penetrable channel. This layer
is accepted to have a porosity of 0.5 and a penetrability of 5 Darcy. The show, supply,
and liquid properties utilized are appeared in Table 2. Relative porousness information
was gotten from Coats et al. Evacuated from a steam-immersed case.[9]

Table 2 — Numerical simulation parameters used in this study: Rock properties

and fluid properties are cited from the literature, except for the molar mass
and density of bitumen, which have been measured in the laboratory

Model properties Thermal properties
Width 3.3588 cm Formation heat capacity 2.39E+06 J/ (m?. °Q)
Height 3.3588cm Rock thermal conductivity 1.469E+05 J/(m.day. °C)
Permeability 20cm Water thermal conductivity 5.35E+04 J/(m.day.°C)
Porosity 0.19 Oil thermal conductivity 1.34E+04 J/(m.day.°C)
Initial temperature 21°C Gas thermal conductivity 2.60E+03 J/(m.day.°C)

Oil saturation 0.95 LGRS s 2.657E-04 °C"
thermal expansion

Water saturation 0.05 A 118 coefﬂ.aent e 7.85E-04 °C!
thermal expansion

Results and discussion. Various steam injection conditions were investigated in
this heterogeneous core model, with the primary parameters being steam temperature
and quality.[10] Increasing the injected steam temperature raises the energy input to
the system, which enhances viscosity reduction and improves overall oil production.
As shown in Figure 6, the total recovery increases as the steam temperature rises from
180°C to 221°C. However, the difference in recovery between 200°C (91.35%) and 221°C
(91.86%) is relatively small. Given that higher steam temperatures result in increased
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generation costs and energy consumption, it is reasonable to conclude that 200°C is the
optimal temperature. Operating above this temperature is not recommended, as it only
slightly improves oil recovery while significantly increasing energy use.
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Figure 6 — Cumulative oil production at various steam injection temperatures at 85% steam quality

A steam injection temperature of 200°C was selected for the remaining simulation
runs to assess the effect of different steam qualities on final oil production. Steam qualities
of 50%, 75%, 85%, 95%, and 100% were tested. [13] The cumulative oil production
curves are shown in Figure 7. Higher quality steam introduces more heat into the porous
medium, resulting in a more efficient process and increased overall production, which is
evident during the early stages of production in Figure 7. However, a closer examination
of later production stages, as shown in Figure 8, reveals a different trend. Up to a steam
quality of 85%, increasing the steam quality improves oil recovery. However, when the
steam quality is further increased to 95% and 100%, the positive effect diminishes, and a
decline in final oil production is observed. A similar trend was noted during steam injection
at different steam temperatures.
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Figure 7 — Cumulative oil production at various steam qualities (200 °C steam temperature)
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Figure 8 — Cumulative oil production at various steam qualities (200 °C steam temperature)

A snapshot of the saturation distribution within the core illustrates the effects of
injecting steam at very high quality. A later snapshot of the core, showing oil and water
saturation, is provided in Figure 9. The left column of the figure displays the distribution
when steam was injected at 85% quality, while the right column shows the distribution at
100% quality. Injecting steam at 100% quality results in limited liquid water saturation,
especially near the core channel surface. This occurs due to the low fluid content in the
injected vapor, which can even cause some of the pore water at the injection face to
evaporate. As a result, the water saturation becomes lower than the initial level, leading
to higher residual oil saturation in those grid blocks compared to others. [14]
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Figure 9 — Saturation distribution and different steam qualities at 2200 minutes of steam injection at
200 °C (left column 85% steam quality, right column 100% steam quality)
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The observed behavior varies in intensity depending on the relative permeability of
each system. The distribution of saturation shows that dry steam injection leads to very
limited water saturation at the inlet. The key takeaway is that steam injection should not
use excessively high steam quality. The optimal steam quality in this case is around 85%.

To confirm the impact of shale barriers within the core experiment, different scenarios
with various shale barrier configurations were modeled in this heterogeneous core test.
The scenarios included two horizontal shale barriers, two vertical shale barriers, and one
randomly placed shale barrier. [15] These configurations are illustrated in Figure 10. In
Scenario 1 (HS-1), the horizontal shale barrier extends across the core from the injection
area to the production zone. However, in Scenario 2 (HS-2), the horizontal shale layer is
located within the core and does not reach the outer surface. The randomly placed shale
barrier configuration combines both horizontal and vertical shale barriers.

Harizontal shale barrier - Scheme 1 Horizontal shale basrier - Scheme 2

Shale barder

High pemeatie
zome

Shale barrier

Darmier

Figure 10 - Schematic representations of different shale barrier schemes

Conclusion. This study explored the efficiency of steam injection in heterogeneous
porous media to enhance the recovery of heavy oil, specifically focusing on key parameters
such as steam temperature, steam quality, permeability variations, and the presence of
shale barriers. Through both numerical modeling and laboratory experiments, valuable
insights were gained into how these factors influence the overall recovery process.

The findings revealed that a steam injection temperature of 200°C is optimal for
effectively reducing the viscosity of heavy oil, leading to a significant improvement in
the recovery rate. Temperatures higher than 200°C did not provide a substantial additional
benefit in terms of oil recovery, but they increased the energy and operational costs.
Therefore, operating at 200°C is the most energy-efficient and cost-effective solution.

Regarding steam quality, the study found that an optimal steam quality of 85% is
the most efficient for maximizing oil recovery. Steam qualities higher than 85%, such
as 95% or 100%, caused a reduction in performance due to limited water content in the
injected steam, which restricted the heat transfer within the porous medium and led to
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higher residual oil saturation. This suggests that maintaining a balance between vapor and
liquid phases in the steam is crucial for the effective thermal mobilization of heavy oil.

The presence of shale barriers in the porous medium had a significant impact on
the efficiency of steam injection. These barriers restricted the flow of steam and limited
the thermal exchange between steam and oil, resulting in lower oil recovery. The study
highlighted that optimizing the distribution of permeability in the reservoir is essential to
enhance steam flow and heat distribution. By minimizing the permeability contrast between
high- and low-permeability zones, the efficiency of steam injection can be improved,
leading to better oil recovery.

In addition to steam quality and temperature, the study demonstrated the importance
of understanding the reservoir’s geological characteristics, particularly the distribution
and configuration of shale barriers. This understanding is crucial for optimizing steam
injection strategies and ensuring that the injected steam reaches oil-rich zones effectively,
thereby minimizing the amount of residual oil left in the formation.

Overall, the results of this study provide important guidelines for optimizing steam
injection processes in the development of heavy oil fields, particularly in complex and
heterogeneous geological formations. These findings can help improve the efficiency of
oil production while reducing the costs and energy consumption associated with thermal
recovery techniques. The insights gained from this research can also contribute to better
management and planning of enhanced oil recovery projects, ensuring more sustainable
and economically viable extraction of heavy oil reserves. @
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