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Abstract

At present, various advanced technologies for field development based on gas-enhanced oil
recovery (EOR) methods are widely applied worldwide. These include high-pressure gas
injection (hydrocarbon gases, nitrogen, flue gases), water-alternating-gas (WAG) injection,
and carbon dioxide (CO2) flooding. This study presents the results of filtration experiments
investigating the application of gas EOR methods using core samples from a heavy oil
reservoir. The primary objective of these experiments was to determine the oil displacement
factor and analyze changes in interfacial tension upon injection of different gas agents.
The following gases were utilized for modeling gas EOR processes: nitrogen (N2), carbon
dioxide (CO2), and hydrocarbon gases (methane, propane). The core samples used in the
study were obtained from the East Moldabek heavy oil field in Kazakhstan. Based on the
results of the filtration experiments, carbon dioxide (CO2) injection was identified as the
most effective gas EOR method in terms of increasing the oil displacement factor, achieving
an incremental displacement factor of 5.06%. Other gas injection methods demonstrated
lower efficiency.

Keywords: enhanced oil recovery (EOR); core flooding; gas EOR; nitrogen (N2) injection;
carbon dioxide (CO2) injection; hydrocarbon gas injection; displacement factor;
interfacial tension

1. Introduction
According to the 2024 World Energy Statistical Review by the Energy Institute, Kaza-

khstan’s oil production in 2023 amounted to 90 million tons, which is a 6.8% increase
compared to the previous year [1]. A significant portion of Kazakhstan’s hydrocarbon
resources consists of heavy crude oils, which are classified as oils with a viscosity greater
than 30 mPa·s [2–4]. According to the Kazakh Scientific Research Geological Exploration Oil
Institute (KazSRGEOI), the primary reserves of such oils are concentrated in Western Kaza-
khstan, specifically in the Karazhanbas, Buzachi, Kalamkas, and Kenkiyak fields. These
fields are geographically aligned from northeast to southwest. Overall, Kazakhstan has
47 heavy oil fields, with total geological reserves in categories A + B + C1 + C2 amounting
to 1.32 billion tons. The remaining recoverable balance reserves of heavy oil in Kazakhstan
are 934 million tons [2–5].

The distribution of enhanced oil recovery (EOR) methods used worldwide is presented
in Figure 1. There is a clear trend towards increased application of gas-based EOR methods,
including CO2 injection [6–10].
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Figure 1. Application of enhanced oil recovery methods worldwide [6].

Currently, various effective reservoir development technologies based on gas-
enhanced oil recovery (EOR) methods are actively applied worldwide. These methods
include high-pressure gas injection (hydrocarbon gases, nitrogen, flue gases), water–gas
injection, and carbon dioxide (CO2) injection [10–21]. In this approach, gas is injected into
the reservoir to increase pressure, where it dissolves in the reservoir oil, thereby enhancing
its mobility under reservoir conditions. Industrial tests have shown that at high pressures,
almost all components of oil can dissolve in gas, with the exception of asphaltenes and
other heavy constituents [15,16]. When pressure is reduced at the surface, the gas saturated
with oil vapors condenses into valuable condensate. Thus, the principle of this method is
based on artificially transforming the oil reservoir into a gas-condensate reservoir [15].

Despite the aforementioned advantages, gas EOR methods have several drawbacks [15–22]:

1. Very high pressure is required (40–80 MPa);
2. Expensive equipment;
3. Lower reservoir coverage compared to traditional waterflooding;
4. Increased corrosive activity of the displacing agent.

Gas-enhanced oil recovery (EOR) methods are widely used to enhance oil production
efficiency in mature fields [22]. Below is a table summarizing the main gas EOR methods,
their advantages, disadvantages, and economic profitability (Table 1).

Table 1. Summary of features of Gas-Enhanced Oil Recovery (EOR) methods.

Method Advantages Disadvantages Economic Viability

CO2 Injection

Reduces oil viscosity and
increases reservoir

pressure; improves oil
displacement
factor [15–22].

High capital and
operational costs for

equipment and
infrastructure; risk of
equipment corrosion;

potential for rapid gas
breakthrough to

production wells [22].

Under favorable conditions, it
can increase oil recovery by

5–10%; significant additional
investment can be justified by

high oil prices and tax
incentives [22].
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Table 1. Cont.

Method Advantages Disadvantages Economic Viability

Water–Gas Injection
(WAG)

Combination of water and
gas injection improves
reservoir coverage and

displacement factor;
increases oil recovery

factor [13–22].

Difficulty in managing
injection process and agent

distribution; requires
precise control of

parameters to prevent gas
breakthrough [22].

Effectiveness depends on
geological conditions and can

vary significantly; requires
detailed techno-economic

justification before
implementation [22].

Nitrogen (N2) Injection

Increases reservoir
pressure and improves oil
displacement; nitrogen is

readily available and
relatively

inexpensive [13–22].

Less effective than CO2 in
reducing oil viscosity;

potential for gas
breakthrough and reduced
displacement factor [22].

Economic efficiency is lower
than CO2 injection; may be

justified when a cheap
nitrogen source is available

and favorable geological
conditions exist [22].

Natural Gas Injection

Increases reservoir
pressure and improves oil
displacement; potential to

use associated gas,
reducing its flaring [13–23].

High cost when using
commercial gas; risk of
leakage and need for

process control [13–23].

Can be economically justified
when excess associated gas is
available; requires evaluation

of infrastructure costs and
potential benefits from

additional oil
production [22,23].

Flue Gas Injection

Utilizes waste gases and
increases oil recovery;

reduces greenhouse gas
emissions [13–23].

Low efficiency due to low
CO2 content; potential
contamination of the

reservoir and equipment
[13–23].

Limited economic viability;
may be justified in cases

requiring flue gas disposal
and with appropriate

infrastructure [22].
Note: The economic viability of each method depends on the specific geological conditions of the reservoir, gas
availability, oil prices, and other factors. A detailed analysis and techno-economic justification must be conducted
before implementing any of these methods.

Gas-Enhanced Oil Recovery (EOR) methods are predominantly applied in condensate
gas reservoirs and offshore fields [24,25]. In Kazakhstan, the method of gas cycling or
reverse gas injection is widely used in giant fields such as Tengiz and Kashagan due to
the high sulfur content (H2S) of the oil and the lack of sufficient market opportunities for
sulfur sales. The widespread application of EOR methods could increase the recoverable
oil reserves by at least 5–15% [23].

In the study by the authors [26], pilot tests of CO2/N2 mixture injection were suc-
cessfully conducted in a test well. After injecting 40,000 m3 of nitrogen (N2) and 300 tons
of carbon dioxide (CO2), a production increase of 275 tons of oil was observed, which
confirms the potential of this technology for enhancing the oil recovery of heavy oil.

In the case of nitrogen and flue gas injection, the authors [27] identified the main
applicability criteria as high reservoir pressures (over 30–35 MPa) and the presence of light
oils in the reservoir. Under these conditions, oil displacement by nitrogen and flue gases
occurs. At lower pressures, either piston-type oil displacement by nitrogen or displacement
in conditions of limited solubility is possible.

The authors [28] state that gas injection is an effective EOR technology for improving
oil recovery in non-traditional oil-bearing reservoirs. The mechanisms for oil extraction
when injecting gas within EOR methods include multi-contact miscibility, diffusion, and
evaporative–condensing gas displacement, which is confirmed by the analysis of ternary
diagrams and core modeling results.

This paper presents the results of filtration studies on the application of gas EOR
methods on core samples from a heavy oil reservoir. The aim of the filtration studies was to
determine the oil displacement factor and changes in interfacial tension when injecting gas
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agents. For modeling the gas EOR methods, the following gas agents were used: nitrogen
(N2), carbon dioxide (CO2), and hydrocarbon gases (methane, propane). The filtration
studies were conducted using core material from the Cretaceous reservoir of the East
Moldabek field, Kazakhstan.

2. Equipment and Materials
The following section presents the technological process related to the preparation

and analytical cycles applied during the laboratory experiments.

2.1. Sample and Core Preparation for Standard Laboratory Analysis

To clean the core samples, a Soxhlet apparatus (Büchi Labortechnik AG, Flawil,
Switzerland) was used, followed by washing with organic solvents—a mixture of alcohol
and benzene. A Soxhlet apparatus was employed to remove residual oil and bitumen from
core samples after displacement experiments. The apparatus enables continuous solvent
extraction by repeatedly washing the solid sample with boiling solvent vapors, which
condense and percolate through the sample in a thimble.

After complete cleaning, all samples were dried in a drying oven (DKN 600, Yamato
Scientific Co., Ltd., Tokyo, Japan) until a constant weight was achieved. The drying was
performed at a controlled temperature of 60 ◦C for 24 h to ensure the complete removal of
moisture or residual fluids. This oven provides uniform temperature distribution and high
precision, which are critical for accurate mass measurements in fluid content analysis.

After determining the basic volume and weight parameters, the samples were placed
in a glass desiccator to minimize atmospheric moisture adsorption and subsequently trans-
ferred for further standard core analysis (porosity and gas permeability determination).

2.2. Measurement of Oil and Water Viscosity at Atmospheric Pressure and Reservoir Temperature

The viscosity of the reservoir fluid (oil and water) was measured using an Anton Paar
SVM™ 4001 viscometer (Anton Paar GmbH, Graz, Austria) (Figure 2). Before starting the
measurements, the device is powered on and automatically calibrated. The measurement
temperature is set to match the reservoir temperature (24–25 ◦C). The device provides
high-precision viscosity readings across a wide temperature range and was used in this
study to characterize crude oil and water viscosities at reservoir-simulated conditions. To
prevent cross-contamination, the instrument’s measuring cell is cleaned before loading each
sample. Oil and water samples are preconditioned to room temperature and, if necessary,
purified from solid impurities before testing.

 

Figure 2. Anton Paar SVM 4001 Viscometer.
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For measurements, the sample is introduced into the measuring cell using a syringe
or dispenser. The viscometer automatically determines the viscosity, and the results are
displayed on the screen as values of both dynamic and kinematic viscosity. After each
measurement, the measuring cell is cleaned using appropriate solvents to remove any
sample residues, and the instrument is prepared for the next measurement.

Due to the limitations of standard rotational viscometers for gaseous media, the
viscosities of CO2, CH4 (methane), C3H8 (propane), and N2 (nitrogen) were not measured
experimentally using the Anton Paar SVM™ 4001 device. Instead, their values were
estimated using the Ely and Hanley correlation, which has been extensively validated
for predicting the viscosity of pure gases and gas mixtures under elevated pressure and
temperature conditions [29–31].

2.3. Measurement of Surface and Interfacial Tension of Liquids

Since the formation temperature of the field is 24–25 ◦C, which is close to standard
conditions, the drop shape method (optical method) was used for measuring surface and
interfacial tension. This method does not require the use of a tensiometer, and the formation
pressure of 2–2.2 MPa was created using pumping equipment. This approach provides
reliable results at moderate pressures. The drop shape method is used for measuring surface
and interfacial tension in instruments for measuring contact angles in the DSA series. With
standard optical equipment, the allowable measurement range is from 0.1 mN/m to several
hundred mN/m.

2.4. Methodology for Measuring Surface and Interfacial Tension

1. Preparation for the Experiment
1.1. Clean all containers and capillaries of impurities.
1.2. Prepare the investigated samples of oil and water.
2. Measurement of Interfacial Tension Oil–Water (Drop Shape Method)
2.1. Place water in the research cell.
2.2. Form a drop of oil in the water using a syringe.
2.3. Photograph the shape of the drop using the optical system.
2.4. Analyze the drop parameters (radius, height) using software to calculate interfacial

tension.
3. Measurement of Surface Tension Oil–Nitrogen or Water–Nitrogen (Maximum

Bubble Pressure Method)
3.1. Fill the cell with the investigated liquid (oil or water).
3.2. Immerse a capillary with a known diameter into the liquid.
3.3. Connect the capillary to a nitrogen source and gradually increase the gas pressure.
3.4. Record the pressure at the moment the bubble begins to form.
3.5. Calculate the surface tension using the formula:

σ =
P·r
2

where P is the maximum bubble pressure, and r is the capillary radius.
4. Measurement of Interfacial Tension Oil–Nitrogen or Water–Nitrogen, Oil–CO2,

Water–CO2, Oil–Methane, Water–Methane, Oil–Propane, Water–Propane.
4.1. Repeat steps 3.1–3.5, replacing the liquid and controlling the parameters.
5. Measurement of Surface Tension Oil–Water (Capillary Rise Method).
5.1. Fill the capillary with the investigated liquid (oil or water).
5.2. Immerse the capillary into the other liquid (water for oil and vice versa).
5.3. Record the height of liquid column in the capillary.
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5.4. Calculate the surface tension using the formula:

σ =
h·r·∆ρ·g

2

where h is the height of the liquid column, r is the capillary radius, ∆ρ is the difference in
liquid densities, and g is the acceleration due to gravity.

All measurements are repeated at least 3 times to obtain an average value. The
obtained results are presented in Figures 3 and 4.

0

10

20

30

40

50

60

70

Oil - Air (Surface) Water - Air
(Surface)

Oil - Water
(Interfacial)

Oil - Nitrogen
(Interfacial)

Water - Nitrogen
(Interfacial)

In
te

rf
ac

ia
l T

en
si

on
 (m

N
/m

)

Investigated System

Figure 3. Dependence of interfacial tension on the injected agent (N2 injection).
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Figure 4. Dependence of interfacial tension on the injected agent (CO2, methane CH4, propane C3H8).

The surface tension values indicate the potential interaction and dissolution of dis-
placing agents with formation fluids—oil and water. From Figures 3 and 4, it is clear that
gas agents (CO2 and hydrocarbon gas propane) dissolve well in oil, which helps reduce its
viscosity and improves flow. This can lead to an enhanced oil displacement factor when
using these agents.
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2.5. Methodologies of Special Core Analysis Performed on Cylindrical Core Samples

To saturate the core samples with formation water, an automatic saturator (AST-600,
Geocomp Corporation, Acton, MA, USA) was used. This device allows for automated
selection of air evacuation time and saturation pressure, ensuring quick and complete
saturation of the core samples.

For conducting specialized filtration experiments, the PLS-200 system (Geocomp Cor-
poration, Acton, MA, USA) with four hydrostatic core holders was used (Figure 5). Initially,
the samples were saturated with formation water and then placed into the hydrostatic core
holders of the equipment.

 

Figure 5. PLS-200 System with 4 hydrostatic core holders.

The PLS-200 system is a high-pressure core flooding apparatus equipped with four
hydrostatic core holders capable of operating at temperatures up to 150 ◦C and pressures
of up to 10,000 psi. Each core holder is jacketed for temperature control and connected to
precision pumps for fluid injection. In this study, it was used to conduct gas injection ex-
periments with CO2, CH4, C3H8, and N2, allowing detailed measurements of displacement
factor and pressure profiles under controlled laboratory conditions.

All filtration experiments were conducted without the application of backpressure, as
the volume of produced fluids was calculated using a material balance approach.

2.6. Experimental Procedure

1. Core samples are initially 100% saturated with a model of formation water.
2. During each experiment, the core holders were enclosed in specialized heating

jackets, maintaining the temperature at the reservoir level of 25 ◦C. A confining pressure of
6.7 MPa was applied to simulate effective in situ conditions. Throughout the experiment,
the system automatically maintained this effective pressure to minimize pore space defor-
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mation and its impact on saturation. Reservoir pressure was simulated by injecting water
into the pore space until a pressure of 4 MPa was reached.

3. Water permeability is measured at multiple flow rates (at least three) using formation
water. The permeability was calculated using Darcy’s law as follows:

K =
Q·µ·L
t·F·∆P

where K—water permeability of the core sample, µm2; Q—volume of formation water
passed through the core, cm3; µ—viscosity of water, mPa·s; L—length of the core sample,
cm; t—filtration time, s; F—cross-sectional area of the core sample, cm2; ∆P—pressure drop
across the sample, atm.

4. Residual water saturation is achieved by injecting filtered refined kerosene into the
core column. Filtration is continued until the pressure drop stabilizes.

5. Oil is injected into the column to displace the remaining water. Oil filtration
continues until the pressure drop stabilizes. Oil permeability at residual water saturation is
then calculated.

6. Oil is displaced by water at a constant flow rate until either saturation and pressure
differential stabilize or 11–12 pore volumes are injected. Oil is displaced by formation water
until the maximum water cut is reached. The volume of produced water and injection
rate are recorded. In the core flooding experiments, oil was displaced by technical water.
Graduated cylinders were connected to the outlet ports of the core holders to collect and
quantify the produced oil, allowing for calculation of the oil recovery factor.

The oil displacement factor by water was determined as the ratio of the volume of
recovered oil Vo to the initial oil volume Vinit o present in the core before the injection:

β =
Vo

Vinit o

7. A gas agent (nitrogen, CO2, or hydrocarbon gas) is injected at reservoir pressure at
a constant rate. The volume of displaced oil is measured.

8. For hydrocarbon gases (methane and propane), the previous steps were repeated,
but in step 7, methane was gradually replaced with propane.

3. Research Object
The East Moldabek field has a complex geological and physical structure of productive

layers, a weakly cemented reservoir, gas–oil zones, as well as low initial reservoir pressure
and heavy oil in the Cretaceous horizons. The results of well exploitation at the East
Moldabek field indicate the low efficiency of traditional methods of influence [32,33].

The East Moldabek field is located in the southeastern part of the Caspian Depression,
in the interfluve of the Sagiz–Emba rivers. In the lower Cretaceous section of the productive
strata, one gas–oil horizon (M-I) and two oil horizons (M-II, M-III) have been identified.
The depth of the horizons varies from 190 to 810 m. The height of the oil section of the lower
Cretaceous layers is 35–57 m, while the gas section ranges from 1.4 to 16 m. The boundary
of the gas–oil contact (GOC) is found at depths of 181–544 m. The reservoirs are stratified,
anticline, and tectonically sealed. The productive horizons are composed of terrigenous
rocks, and the reservoirs are pore-type. The thickness of the oil-saturated section varies from
1.4 to 19.4 m, while the gas-saturated section ranges from 1 to 14.6 m. The open porosity
of the reservoirs is 29–40%, with permeability values ranging from 0.026 to 0.75 µm2. The
oil saturation coefficients range from 0.56 to 0.77, and the gas saturation coefficients range
from 0.48 to 0.64.
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The reservoir pressure ranges from 2.4 to 4.5 MPa, with temperatures between
23 and 27 ◦C.

The geological and physical characteristics of the Cretaceous horizons of the East
Moldabek field are presented in Table 2. This table provides detailed data on the geological
and physical properties of the M-I and M-II horizons of the East Moldabek field, includ-
ing depth, reservoir characteristics, oil properties, and water conditions. It is essential
for understanding the specific conditions for enhanced oil recovery methods applied to
this field.

Table 2. Geological and physical characteristics of the Cretaceous horizons of the East Moldabek
field [10,34].

Parameter M-I M-II

Average Depth, m 277 285

Reservoir Type Stratified, Tectonically Sealed Stratified, Tectonically Sealed

Reservoir Type (Composition) Terrigenous Terrigenous

Average Oil-Saturated Thickness, m 9.8 10.2

Porosity, u.f. 0.34 0.35

Average Oil Saturation, Darcy units 0.7 0.75

Average Permeability, µm2 0.751 0.799

Initial Reservoir Temperature, ◦C 23.9 25

Initial Reservoir Pressure, MPa 2.56 2.6

Oil Saturation Pressure, MPa 1.29 1.6

Oil Viscosity at Reservoir Conditions, mPa·s 377.6 246.6

Oil Density at Reservoir Conditions, kg/m3 889 889

Oil Density at Surface Conditions, g/cm3 918.2 908.3

Oil Volume Factor, u.f. 1.035 1.023

Sulfur Content in Oil, % 0.4 0.3

Paraffin Content in Oil, % 0.8 0.5

Water Viscosity at Reservoir Conditions, mPa·s 1.01 1.09

Total Mineralization of Reservoir Water, g/L 133.910 133.910

The results of development for the M-I and M-II Cretaceous horizons of the East
Moldabek field using traditional waterflooding methods indicate low efficiency.

In this study, filtration tests were conducted on Cretaceous horizons with an oil
viscosity of 358.0 mPa·s.

3.1. Core Material Samples

For the filtration tests, six core samples were taken from well no. 2657. After deter-
mining the basic parameters of volume and weight, a standard analysis was conducted
(Table 3). This table provides the key parameters for each core sample, including the
sample depth, dimensions, pore volume, porosity, and gas permeability. These values are
critical for analyzing the reservoir’s properties and assessing its potential for enhanced
oil recovery.
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Table 3. Standard Analysis Results of Core Samples.

Core Sample Model No. Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Horizon Cretaceous

Well 2657

Sampling Depth (m) 197.20 197.35 197.40 197.50 197.60 197.70

Length (cm) 5.80 6.05 5.80 5.81 5.87 4.86

Diameter (cm) 3.83 3.83 3.83 3.82 3.85 3.83

Cross-sectional Area (cm2) 11.52 11.49 11.52 11.44 11.64 11.50

Pore Volume by Water (cm3) 24.85 26.53 25.28 25.00 26.10 19.50

Porosity (%) 37.42 38.14 37.83 37.56 38.20 35.45

Gas Permeability (mD) 258.3 174.3 242.1 258.3 331.0 174.3

To simulate reservoir conditions for the filtration experiments, a reservoir pressure of
4 MPa and a reservoir temperature of 25 ◦C were applied.

3.2. Reservoir Fluids and Displacing Gas Agents

The results of viscosity measurements for reservoir fluids and displacing agents are
presented in Table 4.

Table 4. Viscosity Measurement Results.

No. Fluid Reservoir Temperature, ◦C Viscosity, mPa·s
1 Oil

25

358

2 Formation
water 1.4

3 CO2 0.0147

4 Methane 0.011

5 Propane 0.0081

6 Nitrogen 0.01778

The oil from the Cretaceous horizons (M-I, M-II, M-III) of the East Moldabek field is
characterized by the following properties:

• High viscosity: The oil exhibits high viscosity, complicating its extraction and transportation.
• Density of degassed oil: Approximately 916 kg/m3, classifying it as heavy oil.
• Low gas content: The gas solubility coefficient ranges from 4.08 to 5.38 m3/m3/MPa,

indicating a low dissolved gas content.
• Low reservoir pressure and temperature: The initial reservoir pressure is approx-

imately 2 MPa, and the temperature is around 23 ◦C, indicating a low-energy
reservoir state.

• Asphaltene content: The oil contains a significant amount of asphaltenes, which may
precipitate with changes in pressure and temperature.

Figures 6 and 7 show the dependence of oil viscosity on temperature and the depen-
dence of reservoir oil viscosity on gas content.

The physical properties of formation water at a temperature of 25 ◦C are presented
in Table 5.

To simulate reservoir conditions for injection, a formation water model was used,
taking into account the properties of formation water (Table 6).
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Table 5. Parameters of formation water.

Ion Content
(mg/L) HCO3− Br− Cl− Na+ + K+ Ca2+ Mg2+ Density

(g/cm3)
Total Salinity

(g/dm3)

Value 256 6.03 82,989 49,348 1804 1338 1.09 133.910

Table 6. Amount of salts for preparation of the formation water model.

No. Salt Name Dosage, g/L

1 Sodium bicarbonate NaHCO3 0.352

2 Sodium bromide NaBr 0.008

3 Calcium chloride CaCl2 4.996

4 Magnesium chloride (MgCl2·6H2O) 11.192

5 Potassium chloride KCl 23.516

6 Sodium chloride NaCl 93.847
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4. Results of Filtration Experiments on Displacement of High-Viscosity
Oil by Gas EOR and Discussions

In this study, the effectiveness of gas-based enhanced oil recovery (EOR) methods was
evaluated by injecting the following gas agents, focusing on their impact on the increase
in oil displacement factor and the reduction in interfacial tension between oil and the
displacing agent:

• Nitrogen (N2) injection.
• Carbon dioxide (CO2) injection.
• Hydrocarbon gas injection (methane, propane).

Table 7 presents the results of filtration experiments on oil displacement using these
gas agents. Each gas-based EOR method was tested on at least two core samples, whose
characteristics are listed in Table 3.

• The experimental conditions were as follows:
• Reservoir pressure: 4 MPa.
• Reservoir temperature: 25 ◦C.
• Dynamic viscosity of oil: 358 mPa·s.
• Dynamic viscosity of formation water: 1.4 mPa·s.

Table 7. Results of filtration experiments for determining the oil displacement factor during gas
injection (N2, CO2, hydrocarbon gases).

Parameter Nitrogen Injection (N2) Carbon Dioxide
Injection (CO2)

Hydrocarbon Gas Injection
(Methane, Propane)

Core sample No. Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Residual water saturation
(Swi), fractions of units 0.364 0.321 0.375 0.368 0.356 0.344

Residual oil saturation after
water displacement (Sow),

fractions of units
0.608 0.462 0.430 0.430 0.450 0.397

Oil displacement factor by
water, % 28.4 32.6 31.3 31.9 32 27.9

Oil displacement factor
after injection of displacing

agent, %
30.9 36.2 36.3 35.7

33.1
(Methane inj.)

28.2
(Methane inj.)

34.2
(Propane inj.)

29.5
(Propane inj.)

Formation water
permeability, mD 16.3 17.2 21.6 15.8 18.5 9.7

Oil permeability at residual
water saturation, mD 12.0 12.6 33.7 20.6 21.5 15.7

Residual oil saturation
water permeability, mD 3.2 2.2 4.8 2.1 2.3 2.1

Increase in displacement
factor, % 2.5 3.6 5.06 3.80 2.2 1.6

The relationship between oil displacement factor and injected water-to-pore volume
ratio is illustrated in Figures 8–10.
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4.1. Effectiveness of Nitrogen (N2) Injection

The key displacement mechanism of nitrogen (N2) injection is the creation of a dis-
placement front through the injection of an inert gas that pushes oil toward the production
wells. Since nitrogen is practically insoluble in crude oil and does not chemically interact
with reservoir fluids, the displacement process occurs in an immiscible mode, in contrast
to CO2 or hydrocarbon gas injection methods. In this case, the recovery effect is achieved
by pressure-driven displacement and the formation of a gas buffer, which promotes the
mobilization of residual oil [8,9].

An additional mechanism may involve the liberation of dissolved gas from the oil
phase, resulting in the swelling and expansion of crude oil volume. This, in turn, improves
its mobility and facilitates the drainage of previously unswept or poorly drained reservoir
zones. Moreover, nitrogen can enhance the sweep efficiency of the reservoir by redirecting
fluid flow paths and reducing water cut.

Nitrogen injection is particularly applicable under the following conditions:

• Limited availability of CO2 or when its injection is economically unfeasible.
• The need to avoid chemical interactions between the injected gas and the reservoir

rock or fluids.
• The requirement to stabilize or restore reservoir pressure without the risk of emulsion

formation or production-related complications.

Figure 8 illustrates the relationship between the oil displacement factor and the cumu-
lative injected pore volumes during nitrogen (N2) injection for two core models (Model 1
and Model 2) obtained from the Cretaceous reservoir of the East Moldabek field. The hori-
zontal axis represents the cumulative injected water volume normalized to pore volume
(∑Qwat.inj/Vp), while the vertical axis shows both the oil displacement factor (%) and
gas saturation (%).

The experimental results indicate that Model 2 exhibited a higher final displacement
factor of 36.2%, compared to 30.9% in Model 1, with a more pronounced and stable
increase at lower injection volumes. In both cases, the displacement factor plateaued after
∑Qwat.inj/Vp ≈ 4, indicating the formation of a stable displacement front.

Gas saturation data reveal an increase starting after ∑Qwat.inj/Vp ≈ 12, reaching up
to 9% in Model 2 and 7% in Model 1. This corresponds to the onset of nitrogen breakthrough
and suggests better gas propagation and sweep efficiency in Model 2, likely due to more
favorable permeability and porosity characteristics.

The displacement mechanism of nitrogen injection in this immiscible mode is primar-
ily driven by pressure gradients and the creation of a gas buffer that mobilizes residual oil.
Despite the limited solubility of nitrogen in crude oil, the experiments demonstrated an av-
erage incremental displacement of ~3%, confirming the viability of N2 injection for pressure
maintenance and partial oil mobilization under low-pressure, high-viscosity conditions.

These results support the feasibility of nitrogen-based EOR in mature heavy oil fields
with limited CO2 availability and contribute to a broader understanding of gas-based
displacement mechanisms in low-energy reservoirs.

Displacement experiments using nitrogen (N2) on core samples from the East Mold-
abek field demonstrated an average incremental displacement factor of approximately 3%.

The experiments revealed that nitrogen can enhance oil displacement by mobilizing
residual oil.

4.2. Effectiveness of Carbon Dioxide (CO2) Injection

The primary mechanism of Carbon Dioxide (CO2) injection is the dissolution of CO2 in
crude oil, which leads to a reduction in oil viscosity and interfacial tension, thereby facili-
tating its flow through the pore space. Under specific pressure–temperature conditions,
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CO2 becomes miscible with oil, forming a single-phase mixture that significantly enhances
the displacement of residual oil. Achieving full miscibility requires the minimum misci-
bility pressure (MMP) to be exceeded, which depends on the oil composition, reservoir
temperature, and rock properties.

An additional recovery effect is observed due to oil swelling caused by dissolved CO2,
which increases oil volume and reduces its density, further promoting displacement. More-
over, injected CO2 can act as a displacing agent in immiscible mode, pushing oil toward
the production wells even when miscibility is not achieved. In carbonate reservoirs, CO2

may also participate in chemical interactions with rock minerals (e.g., calcite), potentially
enhancing permeability and creating additional flow pathways.

The CO2 method has seen widespread application, particularly in the United States
(notably in the Permian Basin), as well as in Canada, China, and the Middle East [8,9,35]. It
is also an integral part of carbon capture, utilization, and storage (CCUS) strategies, offering
the dual benefit of improved oil recovery and reduced greenhouse gas emissions.

Figure 9 presents the dynamics of oil displacement during Carbon Dioxide (CO2)
injection for two core models (Model 3 and Model 4) from the East Moldabek heavy oil
reservoir. The horizontal axis shows the cumulative injected water volume normalized to
pore volume (∑Qwat.inj/Vp), while the vertical axis shows the oil displacement factor (%)
and gas saturation (%).

The results indicate a maximum displacement factor of 36.3% for Model 3 and 35.7%
for Model 4, representing the highest efficiency among all tested gas agents. The increase in
displacement efficiency occurs sharply in the early stages of injection (∑Qwat.inj/Vp < 4),
followed by a gradual stabilization.

CO2 saturation begins to increase after ∑Qwat.inj/Vp ≈ 12 and reaches approximately
10%, indicating significant gas propagation within the core and successful formation of
miscible or near-miscible flow conditions. The displacement mechanism is primarily
governed by the dissolution of CO2 in crude oil, which reduces viscosity and interfacial
tension, facilitating enhanced flow through the pore network.

Additionally, swelling of the oil phase due to CO2 solubility improves its mobility and
contributes to the displacement of oil from previously unswept zones. The experimental
data confirm the thermodynamic compatibility of CO2 with East Moldabek oils and suggest
its high potential for application in low-pressure, high-viscosity terrigenous formations.

CO2 injection resulted in an increase in the displacement factor of up to 5.06% com-
pared to water flooding. This improvement is attributed to the dissolution of CO2 in oil,
which reduces its viscosity and enhances its mobility.

4.3. Effectiveness of Hydrocarbon Gas Injection (Methane and Propane)

The primary mechanism of hydrocarbon gas injection (Methane and Propane) involves
the interaction between the hydrocarbon gas and the oil phase, resulting in partial or full
miscibility. This leads to a reduction in oil viscosity, decreased interfacial tension, and,
under certain reservoir conditions, the formation of a single oil–gas phase, which effectively
displaces residual oil from the pore space.

An additional recovery effect is observed due to oil swelling caused by the dissolution
of light gas components and the release of dissolved gas from the oil phase, which con-
tributes to oil expansion. Furthermore, hydrocarbon gas injection can enhance the mobility
of trapped oil in low-permeability zones and improve sweep efficiency through a more
uniform displacement front distribution [8,9,35].

Hydrocarbon gas injection is particularly effective when:

• Associated gas or light hydrocarbon fractions are available at the field site.
• Reservoir pressure is sufficient to achieve miscibility.
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• The field is at a mature development stage, where enhanced recovery of residual oil
is targeted.

Figure 10 illustrates the results of oil displacement experiments using hydrocarbon
gases—methane and propane—performed on Model 5 and Model 6 core samples. The plot
shows the variation in displacement factor (%) and gas saturation (%) as a function of the
cumulative injected volume normalized to pore volume.

Core displacement experiments conducted on samples from the East Moldabek field
showed that methane injection resulted in an incremental oil recovery of 1.2–2.3%, while
propane injection achieved 2.5–3.6%. Propane demonstrated higher efficiency due to its
better solubility in crude oil.

These findings confirm that CO2 and propane reduce interfacial tension more effec-
tively than methane.

However, the overall displacement efficiency of hydrocarbon gas injection remains
lower than CO2 injection. Despite this, the use of associated light hydrocarbon gases
such as propane can be advantageous in fields where such gases are readily avail-
able, offering a technically viable and economically attractive alternative under certain
field-specific conditions.

Filtration experiments on oil displacement using gas agents demonstrate that the
highest increase in displacement factor was achieved with carbon dioxide (CO2) injection,
reaching 5.06%. The least effective scenario was observed with hydrocarbon gas injection,
resulting in only a 1.6% increase. Overall, this series of experiments suggests that gas-based
enhanced oil recovery (EOR) methods are promising for application in high-viscosity oil
fields, as they yield a positive increase in the displacement factor.

Although the current study primarily focuses on the type of injected gas (CO2, CH4,
C3H8, and N2), the gas injection rate is another critical parameter that can significantly
influence displacement performance, particularly in high-viscosity reservoirs. The rate of
injection affects the stability of the displacement front, sweep efficiency, and the timing of
gas breakthrough.

According to RSC Advances experiments [36] using gas-assisted gravity drainage,
the highest oil recovery (~63.3%) occurred at an injection rate of 0.15 m/day, while both
lower (0.05 m/day) and higher rates (0.3–0.5 m/day) reduced overall recovery due to
under-displacement or early gas breakthrough, respectively.

Similarly, Siregar et al. (2007) [37] investigated laboratory nitrogen injection at pres-
sures of 1500 psi and injection rates of 20, 30, and 36.66 cc/h. The study established that
30 cc/h delivered optimal displacement efficiency, while 36.66 cc/h led to lower recovery
efficiency due to early gas breakthrough and destabilization of the gas front.

Additional findings from experiments [38] on hydrocarbon gas flooding in low-
permeability formations show that an injection rate of 0.2 mL/min provided significantly
higher oil recovery (~61%) compared to both lower and higher rates—confirming the
presence of a rate-dependent optimum for EOR performance.

In the context of gas EOR, optimizing the injection rate is essential for balancing
between mobility control and reservoir pressure maintenance. A moderate injection rate
ensures a more uniform displacement front and minimizes gas override or channeling
effects. Although experimental validation of variable injection rates was beyond the scope
of the current work, future tests are planned to examine their effect on oil recovery efficiency
and pressure profiles.

This study highlights the potential of gas-based EOR techniques for enhancing oil
recovery from Cretaceous reservoirs in the high-viscosity oil field of East Moldabek. It
also demonstrates the value of integrating laboratory methods for investigating fluid and
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rock properties. The results can serve as a foundation for further research in this field or
related areas.

A comprehensive approach to studying gas-based oil displacement is essential. Con-
tinued laboratory and field trials will allow for more precise determination of CO2 and
hydrocarbon gas application parameters, ultimately leading to a significant improvement
in the efficiency of high-viscosity oil field development in terrigenous formations.

5. Conclusions
In the framework of experimental studies, filtration displacement experiments of high-

viscosity oil were conducted to determine the displacement factor when injecting a gaseous
agent: nitrogen, CO2, and hydrocarbon gas into core samples from the East Moldabek
field. The results were compared with conventional water flooding—oil displacement by
formation water.

The displacement experiments using nitrogen (N2), carbon dioxide (CO2), and hydro-
carbon gases revealed distinct trends in oil recovery performance, attributable to differences
in physicochemical properties and interaction mechanisms with reservoir fluids and rock.

CO2 injection achieved the highest displacement efficiency due to its favorable interac-
tions with crude oil, including oil swelling and viscosity reduction [36,38].

N2, being chemically inert and non-miscible, provided pressure maintenance but with
limited oil mobilization capabilities [37].

Hydrocarbon gases offered a balance between performance and miscibility but showed
earlier breakthrough compared to CO2 [38].

These results confirm that gas selection for EOR should consider reservoir condi-
tions, gas miscibility behavior, and operational constraints. Future optimization may
involve gas blending, cyclic injection schemes, or co-injection with water to maximize
displacement efficiency.

The filtration experiments demonstrated a characteristic trend in oil displacement
behavior across all tested gases. As the cumulative injected volume, normalized to pore
volume (Q/Vp), increased, the oil displacement factor initially showed a rapid growth
phase, followed by a plateau, and finally a slight increase under forced injection conditions.

This behavior can be explained by the dynamics of front propagation and saturation
redistribution within the core. Initially, the injected gas establishes a displacement front,
mobilizing a significant portion of the movable oil. Once the front reaches a stable configu-
ration (typically around Q/Vp ≈ 3–4), further injection does not significantly enhance oil
recovery due to bypassing or already drained pore spaces. However, when the injection
continues at elevated volumes (e.g., Q/Vp > 6–8), preferential flow paths may expand or
new pore channels become accessible due to increasing pressure gradients, resulting in
a small additional increase in the displacement factor. This phase corresponds to forced
displacement, where incremental recovery is achieved at the expense of increased gas
injection and energy input.

Such a trend has also been observed in other core flooding studies involving gas
injection into low-permeability or high-viscosity oil formations [37,38].

Gas-based enhanced oil recovery (EOR) methods demonstrated lower incremental
displacement factor compared to water flooding. Experimental studies on packed Cre-
taceous core samples from the East Moldabek field showed that the use of nitrogen as
a displacement agent resulted in a slight increase in the displacement factor of approxi-
mately 3%. CO2 injection demonstrated an increase in the displacement factor of up to
5.06% compared to water flooding. This is attributed to the dissolution of CO2 in oil, which
reduces oil viscosity and improves its mobility. Further studies are required to assess the
feasibility of the method. Nevertheless, this experimental research highlights the effective-
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ness of nitrogen and CO2 injection for enhancing oil recovery in Cretaceous reservoirs and
demonstrates the value of integrating laboratory methods for evaluating EOR efficiency.
These findings can serve as a basis for further research in the field of filtration experiments.
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