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ABSTRACT 

Oil recovery from carbonate reservoirs is often limited by their heterogeneous permeability and complex 

fracture networks. This study investigates high-pressure gas injection as a method of enhancing oil 

displacement and maintaining reservoir pressure. Laboratory experiments were conducted on oil-saturated 

carbonate cores and sand-packed analogs to simulate flow redistribution and near-wellbore pressure 

conditions. The results indicate that maintaining elevated pressure within the elastic deformation range of 

rock and fluids promotes uniform lateral and vertical displacement, reduces preferential flow through high-

permeability zones, and mobilizes oil from small pores and capillaries. Nitrogen injection achieved 62–68% 

oil recovery, with efficiency increasing with pressure and exposure time. The recommended methods for 

improving gas distribution in heterogeneous reservoirs are the pre-injection of proppant into the near-

wellbore zone and well water shutoff via perforation and injection of gel-forming nanofluids and 

microcement. The findings demonstrate the potential of high-pressure gas injection to enhance sweep 

efficiency, reduce water and gas breakthrough, and support effective reservoir management.  

Keywords-oil recovery; carbonate reservoir; well; gas injection; matrix; recovery efficiency; Enhanced Oil 

Recovery (EOR) 
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I. INTRODUCTION  

The development of oil reservoirs through pressure 
maintenance by injecting water (including polymer and 
surfactant solutions) or gases is a well-established approach of 
enhancing the recovery of geological oil reserves. However, in 
productive formations containing clay-rich materials that swell 
upon contact with fresh water, water injection for pressure 
support is generally ineffective. Therefore, both hydrocarbon 
gases (e.g., methane) and non-hydrocarbon gases, including 
carbon dioxide (CO2), nitrogen, and flue gases, are widely 
applied in pressure maintenance systems [1]. Previous studies 
have indicated that CO₂ injection is a promising candidate for 
enhancing oil recovery in carbonate reservoirs. Moreover, 
miscible CO₂ injection demonstrates higher recovery efficiency 
compared to immiscible CO₂ injection in carbonate formations 
[2]. Relatively low oil recovery from reservoirs remains a critical 
challenge [3], with estimates suggesting that more than half of 
the oil remains unrecovered after primary and secondary 
production. This motivates the application of CO₂ injection for 
Enhanced Oil Recovery (EOR). Additionally, CO₂ injection 
contributes to the mitigation of greenhouse gas emissions. 
Experimental results have shown that substantial improvement 
in oil recovery can be achieved by injecting nitrogen followed 
by low-salinity water flooding, reaching recovery factors of 
approximately 24% of the residual oil [4]. The increase in 
greenhouse gas emissions has become a global concern [5]. CO₂, 
the primary greenhouse gas, accounts for approximately 64% of 
the enhanced greenhouse effect, exceeding the impact of other 
greenhouse gases. Considering the availability of suitable 
geological storage sites, the application CO₂ capture, 
underground storage, and EOR represents a practical approach 
of dealing with greenhouse gases. Primary oil recovery methods 
typically extract only 18–20% of the original oil in place [6]. 
EOR techniques allow the recovery of 30–60% of the original 
oil in place [7]. 

Among the most effective CO₂-based strategies is the Water-
Alternating-Gas (WAG) injection [8]. In [8], the authors 
demonstrate that low-salinity water injection can increase oil 
production by approximately 10% compared to high-salinity 
water under similar reservoir conditions. Experimental core 
displacement studies [9] investigated WAG injection and 
identified that the optimal water-to-gas ratio ranges from 1:1.5 
to 2:1 for EOR. The influence of oil saturation, well placement, 
reservoir heterogeneity, and permeability anisotropy on the 
efficiency of water and CO₂ injection was quantitatively 
evaluated in [10]. Alternative injection schemes, such as 
simultaneous water and gas injection, were proposed in [11] to 
improve both recovery efficiency and economic performance, 
while also highlighting the risk of early CO₂ breakthrough at low 
water-to-CO₂ ratios. Carbonated water injection is particularly 
applicable in reservoirs where conventional waterflooding 
leaves significant residual oil. It was experimentally investigated 
in [12], demonstrating that increasing the volume of active 
carbonated water can enhance oil recovery, reaching a maximum 
recovery factor of 64%. The effectiveness of this method is 
attributed to the higher solubility of CO₂ in water and its lower 
miscibility pressure compared to other gases [13]. Related 
mechanisms were analyzed in [14]. The impact of rock 
heterogeneity on cyclic gas injection efficiency was highlighted 

in [15], where numerical modeling of cyclic CO₂ injection in the 
Bakken formation showed an incremental recovery of 9.17% 
over primary depletion. Cyclic CO₂ injection is widely studied 
due to its ability to enhance productivity in low-permeability 
reservoirs and its potential contribution to CO₂ sequestration 
[16]. Detailed experimental investigations of CO₂ miscible 
flooding, including dominant EOR mechanisms and the effects 
of adjuvants under varying pressure conditions, were conducted 
using core displacement and NMR imaging experiments in [17]. 
The effect of various CO₂ injection volumes on the gas–water 
contact, water-drive activity, and the waterflooding performance 
of producing wells to optimize the development of reservoirs 
characterized by elastic water-drive mechanisms was 
investigated in [18]. Simulation results indicate that increasing 
CO₂ injection volume enhances cumulative gas production while 
significantly reducing water production, with the main effect 
achieved at injection rates of up to 300,000 m³/day. 

Co-injection of steam and gas has been demonstrated to 
increase oil recovery in heavy oil reservoirs [19], with potential 
production gains that reach 40% due to mechanisms such as gas 
displacement, oil swelling, and steam isolation. Laboratory 
studies have confirmed the advantage of sequential water and 
CO₂ injection in improving oil recovery [20]. Moreover, CO₂ 
injection has been evaluated for enhanced natural gas recovery 
and storage in depleted conventional and unconventional 
reservoirs, demonstrating ecological and economic feasibility 
[21]. Supercritical CO₂ flooding can achieve higher oil recovery 
in shale reservoirs [22], with average recovery factors of 46.98% 
at low and 73.35% at high displacement pressures. Core 
permeability after CO₂ flooding ranges from 28% to 64% of the 
initial values. Multicomponent gas injection is more effective 
than single-component injection [23]. For instance, CH₄ reduces 
the viscosity and density of light oil, while CO₂ decreases 
viscosity but increases density. Numerical simulations indicate 
that CO₂ extracts more heavy components into the vapor phase, 
whereas CH₄ favors the extraction of light components during 
cyclic gas injection. [24]. CO₂ injection also addresses two major 
challenges in shale reservoirs: reducing carbon emissions and 
enhancing unconventional oil recovery [25], as supported by 
experimental and modeling studies. The adsorption capacity of 
CO₂ in Eagle Ford (EF) shale was investigated under varying 
temperatures using six isothermal adsorption models [26]. 
Volumetric adsorption experiments conducted at pressures up to 
12 MPa and temperatures of 35°C, 55°C, and 70°C showed that 
adsorption capacity increases with pressure and decreases with 
temperature, consistent with the exothermic nature of CO₂ 
adsorption. 

Multiple factors influence CO₂ injection efficiency, with 
near-miscible or immiscible conditions significantly affecting 
displacement outcomes [27]. CO₂-based EOR has emerged as 
the dominant gas injection method in both mature and 
waterflooded carbonate reservoirs. Geological storage in oil and 
gas fields and saline aquifers represents a promising long-term 
solution, and high-resolution 3D geological frameworks 
integrating structural, lithological, and petrophysical data have 
identified structurally isolated zones suitable for CO₂ storage 
[28], characterized by minimal faulting, adequate reservoir 
thickness, high porosity, and high water saturation. 
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Technological advancements, including real-time reservoir 
simulation, 4D seismic monitoring, smart well technologies, and 
machine learning integration, have been critical for optimizing 
gas injection and reservoir management [29]. CO₂ injection has 
the benefit of enhancing oil recovery while reducing CO₂ 
emissions [30]. Modeling studies show that bottom-hole 
pressure has minimal impact on oil production, whereas 
increased injection rates can raise cumulative oil recovery by 
33.39% and extend reservoir life from 20 to 37 years. Authors in 
[31] provide a novel comparative analysis of the SS and CA 
technologies applied to Indonesian natural gas fields, using 
Aspen HYSYS simulations and economic modeling to deliver 
practical, scalable insights for optimizing CO₂ capture strategies. 

Overall, the effect of gas-based enhanced oil recovery 
methods is governed by several mechanisms: oil swelling due to 
gas dissolution, oil viscosity reduction, oil miscibility, residual 
oil mobilization, and viscosity equalization at the displacement 
front during oil–gas mixing. However, practical experience 
indicates that these reservoir pressure maintenance techniques, 
when applied in formations with heterogeneous pore 
permeability and fracture networks, are insufficient to achieve 
oil recovery factors exceeding 40–45% [30-31]. This limitation 
is primarily due to the insufficient understanding of the factors 
controlling oil displacement over the full extent and profile of 
the reservoir. 

II. ANALYSIS OF RESERVOIR PRESSURE 

MAINTENANCE IN CARBONATE FORMATIONS 

THROUGH GAS INJECTION 

Practical experience demonstrates that during reservoir 
pressure maintenance in carbonate formations through gas 
injection, premature gas breakthrough often occurs along large 
fractures and high-permeability zones across the reservoir area 
(Figure 1(a)) and vertically through the profile (Figure 1(b)), 
reaching the production wells. A significant volume of immobile 
oil remains beyond the advancing gas front, while the wellbore 
receives an intensive inflow of gas. 

 

  

(a) (b) 

Fig. 1.  Gas breakthrough along paths of least resistance and through 

high-permeability zones of the reservoir: (a) across the areal extent, (b) 

across the vertical profile, into production wells. 

This can be explained by the fact that reservoir pressure plays 
a dominant role during oil displacement over the full extent and 
profile of a reservoir. Lower reservoir pressure results in reduced 
elastic deformation of both the rock and the fluids, decreasing 
the likelihood of uniform oil displacement by the gas. Under 
such conditions, the gas tends to migrate along the paths of least 
resistance, leading to early breakthrough in production wells that 
intercept only a limited portion of the oil. 

The existing configuration of compressor stations at 
injection wells and pump units at low-production wells does not 
allow achieving high reservoir pressure within the elastic energy 
range of the rock, gas, and oil system, due to the fact that the 
compressor at the injection well side generates a total pressure 
p1, which consists of the pressure required to overcome gas flow 
resistance in the reservoir p11, the negative pressure of the gas 
column inside the tubing p12, and the pressure needed to 
overcome oil filtration resistance in the formation p13. On the 
production well side, the pump generates a total pressure p2 
which includes the pressure required to overcome the resistance 
to the oil flow within the tubing p21 and the pressure exerted by 
the oil column inside the production well tubing p22: 
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where ρ1 and ρ2 are the densities of gas and oil, respectively, H 
is the reservoir depth, λ is the friction factor for gas or oil flow 
inside the tubing, v1 and v2 are the flow velocities of gas and oil, 
respectively, ց is the acceleration due to gravity, d is the tubing 
diameter, L is the drainage radius, µ is the oil viscosity, and k is 
the reservoir permeability. 

The pressure distribution diagram (Figure 2(a)) demonstrates 
that the reservoir pressure generated is very low, and its 
magnitude is always below the threshold of elastic deformation 
of the rock matrix and fluids, and below the oil saturation 
pressure. The downhole pump on the production well side 
creates a vacuum in the near-wellbore zone, reducing the 
reservoir pressure established by the compressor on the injection 
well side. 

 

(a) 

 

(b) 

 

Fig. 2.  Pressure distribution in the reservoir under the (a) existing and 

(b) the proposed configurations of compressor and pump installations for 

injection and production wells. 

Under such low-pressure conditions, gas displaces oil from 
the reservoir over a limited area with poor sweep efficiency, 
moving preferentially along the path of least resistance and 
eventually breaking through into the production well. As a 
result, a significant volume of unrecovered oil remains on both 
sides of the gas flow within the reservoir. Therefore, the 
mechanism of gas breakthrough through the oil stream into 
production wells across the areal and vertical profiles of the 
reservoir follows the pattern illustrated in Figure 1.  

One of the factors significantly contributing to low oil 
recovery in reservoirs is the presence of residual oil within the 
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pore space of fractured carbonate rock matrices. It should be 
noted that during the process of oil displacement by gas, inflow 
to the wellbore primarily occurs from fractures and cavities 
located between the carbonate rock matrices (Figure 3(a)). Oil 
contained within the small pores of each matrix is retained by 
capillary forces and surface tension, and under conventional 
conditions, a significant portion of this oil remains unrecovered 
from the reservoir. 

 
                            (a)                                             (b) 

Fig. 3.  Oil displacement from fractures and pore spaces of carbonate 

rock matrices under (a) low and (b) high reservoir pressure. 

Injecting nitrogen under high pressure into the near-wellbore 
zone of a formation allows a significant portion of the oil to be 
extracted from the internal voids of the rock matrix and be 
directed to the bottomhole of a production well (Figure 3(b)). 
This is because nitrogen, a gas with a low density compared to 
oil, under high pressure begins to rapidly penetrate the small 
pores and capillaries of the matrix, displacing oil into cracks and 
caverns. 

At present, the issue of water influx into the wellbore from 
aquifers through the annular space of wells remains unresolved. 
The existing water shutoff technology, which involves injecting 
gel-forming agents into the water-swept portion of the oil 
reservoir, does not effectively reduce the water cut of produced 
oil. Thus, under the current system of reservoir pressure 
maintenance by gas injection, complete oil displacement across 
the areal and vertical profiles of the reservoir, as well as from the 
pore spaces of fractured carbonate rock matrices, is not 
achieved. Further improvement of water shutoff technologies for 
production wells is therefore required. 

III. METHODOLOGY OF HIGH-PRESSURE GAS 

INJECTION IN CARBONATE RESERVOIRS  

The proposed method of enhancing oil recovery by creating 
high reservoir pressure exceeding the oil saturation pressure with 
gas is protected by two issued patents, No. 36487 RK (Bulletin 
No. 48, 01.12.2023) and No. 37002 RK (Bulletin No. 43, 
24.10.2024). The method consists of generating elevated 
reservoir pressure during gas injection into the oil reservoir 
using an injection well compressor. The pressure is established 
within the range of high elastic deformation of the rock and 
fluids, exceeding both the oil filtration pressure through the rock 
pores and the lifting pressure required for oil production to the 
surface through production wells. In this configuration, a 
centrifugal pump is installed at the wellhead of the production 
well to transport oil to the gathering facility. 

The total reservoir pressure p developed by the compressor 
on the injection well side can be expressed as the sum of the 

pressures required to overcome: the flow resistance of water 
inside the tubing, the gravitational force of the gas column 
within the injection well (with a negative sign), the oil filtration 
resistance in the reservoir, and the flow resistance of oil inside 
the tubing along with the gravitational force of the oil column in 
the production well: 
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From (3) and the pressure distribution changes (Figure 2(b)), 
it is evident that installing a compressor on the injection well 
side without a downhole pump in the production well 
significantly increases the reservoir pressure without changing 
the overall power consumption of the pressure maintenance 
system. Under uniform compression, the strength limits of the 
rock are much higher than under standard atmospheric 
conditions. For reservoirs with maximum depths of up to 5000 
m, the in-situ stress is below 100 MPa, which is significantly 
lower than the elastic limit of 150–160 MPa. This indicates the 
feasibility of generating high reservoir pressure within the elastic 
range of the rock and fluids. 

The pressure distribution in the reservoir between the 
injection and production wells with a compressor installed at the 
injection well is shown in Figure 2(b). Oil displacement across 
the reservoir area and profile (Figure 4) can be achieved by 
creating high reservoir pressure within the elastic deformation 
range of the rock, exceeding both the oil saturation pressure with 
the gas and the filtration resistance in the formation. This is 
explained by the fact that under high reservoir pressure, the 
elastic compressive forces facilitate more uniform oil 
displacement toward the production wells.  

 

  
(a) (b) 

Fig. 4.  (a) Oil displacement across the reservoir area and (b) profile 

under high reservoir pressure: 1 and 2 – injection and production wells, 

respectively; 3 – coarse-grained sand or proppant layer; 4 – water-shutoff 

screen. 

From the perspective of material balance between the 
injected gas and the produced oil, it is more appropriate to 
maintain a ratio of production wells to injection wells equal to 
or close to 1. For example, five-, seven-, and nine-spot well 
patterns can be considered effective, with a production well 
located at the center and injection and production wells arranged 
alternately along the edges. 

By the end of field development, the residual oil in the 
reservoir can be recovered by converting the central production 
well into an injection well. Such well-pattern configurations, 
combined with the creation of high reservoir pressure within the 
elastic deformation range of the rock, promote uniform oil 
displacement by water over a large area without water 
breakthrough through the oil flow into the production wells. To 
ensure uniform delivery of the injected gas into the near-



Engineering, Technology & Applied Science Research Vol. 16, No. 2, 2026, 33678-33688 33682  
 

www.etasr.com Abdeli et al.: High-Pressure Gas Injection in Carbonate Reservoirs: A Laboratory Investigation of … 

 

wellbore zone of the injection well (1) (Figure 4) along the 
reservoir height and effective displacement of oil toward the 
production well (2), a layer of coarse sand or proppant (3) is 
injected into the near-wellbore zone of the oil reservoir through 
perforated channels of the production casing. This promotes 
uniform oil displacement by the gas throughout the height of the 
carbonate reservoir, even in formations with heterogeneous 
fracturing and permeability. The new water shutoff technology 
involves creating impermeable screens (4) below and above the 
oil-bearing zone by perforating the production casing and 
injecting a gel-forming nanofluid Na₂O(SiO₂)ₙ with a stabilizer 
into the reservoir using mineralized formation water, while the 
annular channels are filled with a microcement-based expanding 
grout. 

Various mechanical and physicochemical methods have 
been studied to enhance reservoir performance and reduce water 
cut by selectively affecting fluid flow within the formation. 
Implosion-based stimulation techniques, such as those described 

in [32, demonstrate the potential to restore permeability and 
improve well productivity by removing the drilling-induced 
colmatation in aquifers. While polymer gels remain widely used 
for water shutoff, their interaction with oil-saturated zones often 
leads to undesirable permeability reduction and oil production 

loss, particularly in radial flow conditions [33. These findings 
emphasize the need for alternative approaches, such as 
controlled reservoir pressure manipulation, to improve sweep 
efficiency without impairing oil mobility. 

The success of pressure-based water cut reduction methods 
largely depends on the accuracy of reservoir diagnostics. 

Authors in [34 demonstrated that integrating electrical inverse 
lateral logging with radioactive methods significantly improves 
the reliability of formation property assessment in cased wells, 
enabling better-informed decisions for reservoir stimulation 

planning. Authors in [35 developed a cost-effective gel-based 
water shutoff agent for the Kalamkas field, highlighting the 
importance of tailored formulations for profile leveling and 
reduction of water inflow. 

Injection of nitrogen at high pressure into the near-wellbore 
zone of the reservoir allows a significant portion of the oil to be 
recovered from the pores and capillaries of the carbonate rock 
matrices and directed toward the production wellbore (see 
Figure 3(a)), due to the fact that gas, having a lower density than 
oil, under high pressure penetrates the small pores and capillaries 
of the matrix and displaces oil into fractures and cavities. This 
process can be mathematically described based on the force 
balance acting on the oil particles within the small pores and 
capillaries of the matrix:  

�� � ���� 
 ��� 
 �� � 0             (4) 

where mg is the gravitational force of the oil particles, po so is 
the gas pressure force acting on the unit area of the pores and 
channels of the carbonate rock matrix, FA is the buoyant force, 
and Ffr is the frictional force of the oil particles against the rock 
surface. The frictional force acting on an oil element in contact 
with the pore wall can be expressed, according to Newton’s law 
of viscosity, as: 

��� � 
�� 	�
	�                                  (5) 

where μ is the dynamic viscosity of the oil, S = 2πrol is the 
surface area of the pore or capillary wall, and ro and l are the 
pore radius and length, respectively.  

For viscous flow of a Newtonian fluid in pore-scale 
capillaries, a parabolic velocity distribution consistent with 
Poiseuille flow is assumed: 

���� = � !" #1 − �%

�&%
'         (6)     

where �max is the maximum velocity at the center of the pore. 
Differentiating with respect to the radial coordinate r, the 
velocity gradient is given by: 

	�
	� = − ��()*�

�&%
  

At the pore wall (r=r0), the velocity gradient becomes: 

	�
	�+

�,�&
= − ��()*

�&
    

Substituting the expressions for the surface area S and the 
velocity gradient into (5), the frictional force acting along the 
pore wall can be written as: 

��� = −��2.��/� #− ��()*
�&

' = 4.�/� !"   (7) 

It should be noted that pore-scale oil displacement cannot be 
explained solely by the density differences between phases. In 
low-permeability and microporous media, the movement of the 
fluids is primarily governed by capillary pressure, interfacial 
tension, wettability, and relative permeability. In particular, gas 
penetration into micropores occurs only when the applied 
pressure gradient exceeds the capillary entry pressure, which 
depends on pore radius, interfacial tension, and contact angle. 
Therefore, viscous forces act in conjunction with capillary 
forces, and their combined effect controls fluid displacement at 
the pore scale. The body force acting on the oil phase due to 
gravity can be expressed as: 

�1 = �!2� = .��
�/�о�            (8)   

while the contribution associated with the gas phase occupying 
the pore volume is given by: 

�! = �!2� = .��
�/�!�         (9) 

The balance of forces acting along the pore axis, including 
the pressure force, viscous resistance, and gravity-related body 
forces, can be written as: 

���� − 4.�/�� − .��
�/��4 − �!�� − �5�� = 0     (10) 

where pc is the capillary entry pressure required for the gas to 
invade the oil-filled pores. 

Solving (10) with respect to the applied pressure yields: 

�� = 67�8�&97�&%8�:;<:)�1
=&

+ �5                         (11) 

This expression demonstrates that the gas-driven oil 
displacement at the pore scale is governed by the combined 
effect of viscous forces, gravity-related density contrast, and 
capillary resistance. In microporous and low-permeability 
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media, capillary pressure represents the dominant resistance to 
gas entry, while density differences play a secondary role. 

As gas propagates through fractures and cavities, it first 
occupies the largest flow paths and subsequently invades smaller 
pores only when the applied pressure exceeds the capillary entry 
pressure. The maintenance of elevated reservoir pressure within 
the elastic deformation range of the rock promotes more uniform 
gas sweep and enhances oil mobilization without premature gas 
or water breakthrough. From a field-scale perspective, balanced 
injection–production strategies are required to sustain pressure 
and ensure efficient displacement. Well patterns with 
approximately equal numbers of injection and production wells 
(e.g., five-, seven-, or nine-spot patterns) provide favorable 
pressure support and sweep efficiency. At the late stage of field 
development, the conversion of central production wells into 
injection wells can further improve the recovery by maintaining 
the reservoir pressure and enhancing the gas-assisted oil 
displacement. 

IV. EXPERIMENTAL METHODOLOGY 

The experiment aimed to justify the feasibility of high 
reservoir energy generation, ensuring uniform oil displacement 
across the reservoir area and profile while preventing gas 
breakthrough into production wells. Initially, gas filtration 
processes through models of porous clastic formations were 
studied on the laboratory setup (Figure 5) under the influence of 
both inelastic and elastic forces. The laboratory setup represents 
a reservoir model and consists of one horizontal (1) and two 
vertical cylindrical working chambers (2-3), which are filled 
with rock samples – quartz sand with particle sizes of 0.6–0.8 
mm. The working chambers are sequentially connected to each 
other via flexible pipelines (4) and (5). The horizontal working 
chamber is equipped with a nozzle (6) with a manometer and a 
valve for water supply, and another nozzle (7) with a manometer 
and a valve for gas (air) supply from a compressor (8), which 
also has a manometer and a valve. The vertical working 
chambers are equipped with an inlet nozzle (9) at the bottom and 
an outlet nozzle (10) at the top, both with manometers and 
valves, as well as valves (11) for water drainage. Receiving tanks 
(12) are located under the outlet nozzles (10). The working 
chambers, compressor, and receiving tanks are mounted on the 
frame (13). The main dimensions of the working chambers are: 
internal pipe diameter = 80 mm, length = 550 mm. The rock 
material (sand (14) inside the working chambers is confined 
between the thin layers (15) of solid granular materials with 
variable particle sizes of 1.0–2.0 mm and a circular plate mesh 
(16) with hole diameters of 1.5 mm. This configuration allows 
the sand sample to maintain a consistent water filtration rate. 

In the pores of the horizontal working chamber, an inelastic 
force is generated by injecting water, while an elastic force is 
created by injecting gas (air). Initially, the process of oil 
displacement by water was studied under conditions without 
creating an elastic medium in the rock pores. Water at a pressure 
of 0.65 MPa is supplied through the inlet nozzle 6 into the 
horizontal working chamber (1). The water is divided into two 
streams, left and right. The left water stream passes through the 
pores of the rock sample in the horizontal chamber (1) and the 
left vertical chamber (2), and then enters the left receiving tank 
(12) via the outlet nozzle (10). The right water stream passes 

through pipeline (4) and the pores of the rock sample in the right 
vertical working chamber (3), and then enters the right receiving 
tank (12) via the outlet nozzle (10). The volume of the water 
collected in the tanks is measured at specified time intervals. 

 

(a) 

 
 

(b) 

 

Fig. 5.  (a) Schematic (a) and (b) overall view of the laboratory 

experimental setup: 1 – horizontal working chamber; 2, 3 – vertical 
working chambers; 4, 5 – pipelines; 6, 7 – nozzles; 8 -  compressor; 9 – 

inlet nozzle, 10 – outlet nozzle; 11 – valve; 12 – tank; 13 – frame; 14 – rock 

material – sand; 15 – thin layers of solid granular materials; 16 – circular 

plate mesh. 

It should be noted that the incoming water flows from the 
inlet nozzle (6) in two directions with different filtration 
resistances. The right stream experiences lower filtration 
resistance than the left stream, as it passes only through the rock 
of the right vertical working chamber (3). Therefore, in the 
experimental setup, the right water stream models the flow of the 
water in the reservoir toward the production wells along the path 
of least resistance, i.e., the shortest path between the injection 
and production wells. The left stream, in contrast, encounters 
higher filtration resistance because it passes through the rocks of 
two working chambers, horizontal (1) and vertical (2). In the 
setup, the left water stream simulates the displacement of oil in 
an inelastic reservoir toward production wells at the edges of the 
water-oil displacement front. Consequently, the volume of the 
water collected per time unit in the left receiving tank is lower 
than that in the right receiving tank due to the large difference in 
the filtration resistances experienced by the left and right streams 
through the rock pores. This behavior was confirmed by the 
conducted experiments. 
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V. RESULTS AND DISCUSSION 

The measurement results of water entry time t (s) and 
volumes V1 and V2 (10⁻³ m³) into the receiving tanks under 
pressure p (MPa), as well as the calculations of water flow rates 
Q1 and Q2 (10⁻⁶ m³/s) during the conducted experiments without 
creating an elastic medium in the rock pores, are presented in 
Table I and Figure 6. All experiments were conducted in 
triplicate to ensure reproducibility, and the results reported are 
the mean values. Measurement uncertainties were estimated 
using standard statistical methods, including calculation of 
standard deviations. The pressure in the working chambers was 
monitored and allowed to stabilize before recording data, 
ensuring that the measurements reflected the steady-state 
conditions. All pressures and flow rates were measured using 
calibrated instruments and standard data acquisition systems. 
From Table Ι and Figure 6, it is evident that as the filtration 
resistance of the water in the rock increases, the transported 
volume V1 significantly decreases, whereas a reduction in 
filtration resistance leads to an increase in the transported 
volume V2. This indicates that in a reservoir, a substantial portion 
of the water would flow along the path of least resistance, while 
a smaller portion would move along the flanks. Under real field 
conditions, this would result in premature water breakthrough in 
the production wells. Premature water influx is further 
exacerbated by the creation of a vacuum in the reservoir by 
plunger pumps of the production wells. 

TABLE I.  EXPERIMENTAL RESULTS WITHOUT ELASTIC 
MEDIUM FORMATION IN ROCK PORES 

№ 
t 

(s) 

p 

(MPa) 

V1 

(10-3 m³) 

V2 

(10-3 m³) 

Q1 

(10-6 m³/sec) 

Q2 

(10-6 m³/sec) 

1 60 0.65 3.0 5.1 50.0 85.0 

2 90 0.65 4.5 7.7 50.0 85.5 

3 120 0.65 5.9 10.2 49.2 85.0 
 

 

Fig. 6.  Dependence of the volumes of the left (V1) and right (V2) water 

streams passing through the rock samples of the working chambers on time 

t. 

Moving on, the patterns of the oil displacement from the 
reservoir by the gas were studied under the creation of an elastic 
force in the rock pores. For this purpose, the two vertical 
working chambers (2) and (3) in Figure 5 were filled with water, 
and the valves of the inlet nozzle (6) of the horizontal working 
chamber and the inlet valve (9) of the vertical working chamber 
were closed. Water was then drained from the horizontal 
working chamber through the valves of nozzles (11) and (7). The 
outlet valve (10) was opened. A flexible pipeline from the 
compressor (8) was connected to the nozzle (7) of the horizontal 
working chamber. The compressor motor was switched on. Gas 
(air) from the compressor cylinder at a pressure of 0.60 MPa 

flowed through nozzle (7) into the pores of the rock in the 
horizontal working chamber (1), and then, through pipelines (4) 
and (5), began displacing water from the pores of the rock in the 
two vertical working chambers (2) and (3). The displaced water, 
passing through the two outlet nozzles (10,) entered the 
receiving tanks (12). The time of water outflow and the volume 
collected in the receiving tanks were measured. The experiment 
was repeated at a higher pressure in the compressor cylinder, and 
each measurement under elastic medium conditions was 
conducted three times. The results are presented in Table II and 
Figure 7.  

TABLE II.  EXPERIMENTAL RESULTS UNDER ELASTIC     
FORCE CONDITIONS IN ROCK PORES 

№ 
t 

(s) 

p 

(MPa) 

V1 

(10-3 m³) 

V2 

(10-3 m³) 

Q1 

(10-6 m³/sec) 

Q2 

(10-6 m³/sec) 

1 120 0.60 6.0 6.0 50.0 50.0 

2 100 0.80 6.0 6.0 60.0 60.5 

3 80 1.00 6.0 6.0 75.0 75.0 
 

It should be noted that filling the pores of the rock in the 
horizontal working chamber with compressible gas (air) under 
pressure simulates the process of creating high pressure in the 
reservoir within the elastic deformation region of the rock and 
fluids, thereby enabling more complete oil displacement from 
the reservoir by water. From Table II and Figure 7, it is evident 
that during the creation of an elastic medium in the horizontal 
working chamber by gas injection under pressure, the water 
volumes that pass through the left and right vertical working 
chambers are equal.  

 

 

Fig. 7.  Dependence of the water flow rates (Q1 = Q2 = Q) for each 

working chamber on the pressure (p) generated by the compressor. 

This demonstrates the advantage of creating an elastic high 
pressure in the reservoir, which allows for uniform displacement 
of the oil by the water throughout the reservoir. These 
procedures, including repeated measurements, monitoring of 
pressure stabilization, and statistical estimation of measurement 
errors, provide confidence in the reliability and reproducibility 
of the experimental results. Laboratory studies were also 
conducted to identify the main mechanism of residual oil 
displacement from the matrices of fractured-porous carbonate 
rock by nitrogen, and to experimentally determine the optimal 
regimes and parameters for nitrogen injection technology in 
multilayer oil reservoirs [36]. The experimental results showed 
that the proportion of oil displaced from oil-saturated carbonate 
core samples ranged from 62% to 68%, and the efficiency of 
displacement significantly depended on the exposure duration 
(volume of injected nitrogen) and pressure. Nitrogen, under high 
pressure, begins to penetrate intensively into the small pores and 
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capillaries of the matrix, displacing oil into fractures and 
cavities.  

Theoretical considerations and laboratory experiments 
demonstrated the possibility of significantly increasing oil 
recovery and reducing water production from wells by creating 
elastic high reservoir pressure within the elastic deformation 
region of the rock and fluids, exceeding the filtration pressure of 
the oil through the rock pores and the pressure required to lift oil 
to the surface through production wells, but not lower than the 
oil saturation pressure by hydrocarbon gases. In this case, the 
production wells are not equipped with pumps, and as water 
breakthrough occurs, the producing wells are converted into 
injection wells. 

VI. METHODOLOGY OF HIGH-PRESSURE GAS 

INJECTION EXPERIMENTS IN CARBONATE CORE 

SAMPLES 

To investigate the oil displacement from carbonate reservoirs 
using high-pressure gas injection, laboratory experiments were 
conducted on real limestone core samples in collaboration with 
specialists from PetroQazaqstan, Kazakhstan. A total of five 
experiments were carried out, with three repetitions for each 
experimental condition to ensure reproducibility. The cores were 
saturated with crude oil from the Karabulak field (density 0.735 
g/cm³, viscosity 1.34 mPa·s) to simulate reservoir conditions. 
The general appearance of the oil-saturated limestone core 
samples used in the experiments is shown in Figure 8. 

 

 

 

Fig. 8.  Oil-saturated limestone core samples used in the high-pressure 

gas injection experiments. 

Experiments were conducted on two laboratory setups. The 
first setup was designed to study the mechanism of oil 

displacement from the pore space of carbonate core samples by 
high-pressure nitrogen (Figure 9). The second setup was used to 
determine the extent of oil displacement from carbonate core 
samples by nitrogen under uniaxial loading conditions (Figure 
10). The first laboratory setup (Figure 9) consisted of a 
horizontal cylindrical housing (1) with an end cap (2). The 
cylindrical housing had a diameter of 127 mm and a length of 
400 mm. The cap was attached to the housing with a flanged 
connection and bolts through a paronite gasket, which ensured 
the sealing of the working chamber. Two pipes, (3) and (4), were 
attached to the top of the cylindrical housing, and were used to 
attach a pressure gauge (5) and a reinforced rubber hose (6). A 
socket (7) was attached to the cover, with its blind end located 
inside the working chamber of the housing, and a thermometric 
sensor (8) is inserted into its open end. Core samples (9) were 
placed inside the working chambers in special cups (10). A free 
space at the bottom of the cups was created by a mesh partition. 
The working chamber was connected to a nitrogen cylinder (11) 
via a reinforced rubber-fabric hose through a reducer (12) with 
pressure gauges. The nitrogen inside the cylinder was under a 
pressure of 15 MPa. Electric heaters (13) were attached to the 
bottom of the cylindrical body to create a formation temperature 
inside the working chamber. A reserve chamber (14) was 
installed below the cylindrical body, having a connecting pipe 
(15) with a faucet (16). The reserve chamber was equipped with 
an outlet pipe (17) and a faucet (18). The cylindrical body and 
the reserve chamber were mounted on a frame (19). The 
temperature sensor was connected to a thermometer. 

 

(a) 

 
 

(b) 

 

Fig. 9.  (a) Schematic and (b) general view of the setup: 1 - horizontal 

cylindrical housing; 2 - end cap; 3, 4 -  pipes; 5 -  pressure gauge; 6 - 

reinforced rubber hose; 7 – socket; 8 - thermometric sensor; 9 – core; 10 -  

special cup; 11 - nitrogen cylinder; 12 – reducer; 13 - еlectric heaters; 14 - 

reserve chamber; 15 – pipe; 16 – faucet; 17 - outlet pipe; 18 – faucet; 19 – 

frame. 
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This configuration allowed controlled investigation of the 
nitrogen-driven oil displacement under high pressure and the 
assessment of the recovery efficiency and the flow redistribution 
mechanisms in the carbonate matrix. 

Figure 10 shows the schematic and overall view of the 
second laboratory setup, which consisted of a horizontal 
cylindrical body (1) with a working chamber designed to 
accommodate a rubber gasket (2), a core sample (3), and a 
rubber seal (4). One end of the cylindrical body had an internal 
thread, allowing connection to the end pipe (5). An inlet pipe (6) 
was attached to one end of the cylinder via a flange connection. 
The pressure inside the working chamber of the cylinder was 
measured by the pressure gauge (7). The end pipe (5) of the 
cylinder was connected via a reinforced rubber hose (8) to the 
gas meter (9).  

Each core was cleaned with pressurized air, weighed, and 

then saturated with oil in containers for 10–12 hours. To remove 

residual air bubbles, the saturated cores were placed in a 

vacuum chamber before the experiments. The initial core 

properties are presented in Table III. 

 

(a) 

(b) 

 

Fig. 10.  (a) Schematic and (b) general view of the second setup 2: 1- 

horizontal cylindrical body; 2 - rubber gasket; 3 - core sample; 4 - rubber 

seal; 5 - end pipe; 6 - inlet pipe; 7 - pressure gauge; 8 - reinforced rubber 

hose; 9 - gas meter. 

TABLE III.  INITIAL CORE PROPERTIES  

Core 

No. 
Setup 

Mass before 

oil saturation 

(g) 

Mass after oil 

saturation (g) 

Oil content 

(g) 

1 Second 86.61 94.29 7.68 

2 First 85.59 89.75 4.16 

3 First 83.60 87.73 4.13 

4 First 89.08 93.60 4.52 

5 Second 77.87 84.89 11.11 

 

The initial oil content of the cores ranged from 4.13 to 11.11 
g. The results of nitrogen injection into the pores of carbonate 
cores are presented in Table IV. The experiments show that 
nitrogen injection displaced 62–68% of the oil from the cores. 
The displacement efficiency increased with higher pressure and 
longer injection time. 

These results demonstrate that nitrogen injection can 
significantly enhance oil recovery, and the technique can be 
applied both in the near-wellbore zone of producing wells and 
via injection wells to maintain reservoir pressure. 

TABLE IV.  RESULTS OF NITROGEN INJECTION INTO THE 
PORES OF CARBONATE CORES  

Core 

No. 
Setup 

Oil before 

N₂ 

injection 

(g) 

Chamber 

pressure 

(bar) 

Oil after N₂ 

injection (g) 

Oil 

displacement 

(%) 

1 Second 7.68 5 2.76 64 

2 First 4.16 5 1.55 63 

3 First 4.13 6 1.51 63 

4 First 4.52 8 1.74 62 

5 Second 11.11 8 2.61 68 
 

VII. CONCLUSIONS 

From the theoretical analysis and the laboratory experiments 
conducted on oil-saturated carbonate core samples, the 
following conclusions can be drawn: 

 Oil recovery from reservoirs is often limited by 
heterogeneous permeability, complex rock structure, and 
low reservoir pressure. High-pressure gas injection has been 
investigated as a method for enhancing oil recovery and 
maintaining reservoir pressure. 

 When high reservoir pressure is created, the matrix of a 
porous or fractured rock expands, while the oil and gas are 
highly compressed, accumulating enormous natural energy 
throughout the reservoir. This high reservoir energy is 
capable of uniformly displacing oil toward production wells. 
High reservoir energy can be maintained and controlled by 
choking wellhead equipment or by adjusting the pump 
capacity of the production well. The experiments conducted 
on a reservoir model confirm this assertion.  

 Currently, the reservoir pressure at the oil fields is 
maintained within the range of 15–18 MPa, which is slightly 
higher than the saturation pressure of oil and gases (12–15 
MPa). Modern compressor units, like pumping units, can 
create very high reservoir pressures, up to 60–80 MPa. This 
allows for an overall increase in oil production. 

 The oil trapped in the small pores within each carbonate rock 
matrix is held by the capillary force and surface tension. 
Under normal conditions, a significant portion of the oil is 
not recovered from the reservoir. High-pressure nitrogen 
injection into the near-wellbore zone of the formation allows 
for the extraction of a significant portion of the oil from the 
internal voids of the rock matrix and its delivery to the 
bottomhole of the production well, because nitrogen, as a gas 
with a lower density than oil, under high pressure begins to 
rapidly penetrate the small pores and capillaries of the 
matrix, displacing oil from them into cracks and caverns. 
Experiments show that nitrogen injection displaced 62–68% 
of the oil from the cores.  

 From the perspective of material balance between injected 
gas and produced oil, it is more appropriate to maintain a 
ratio of production to injection wells equal to or close to 1. 
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For example, five-, seven-, and nine-spot well patterns can 
be considered effective, with a production well located at the 
center and injection and production wells arranged 
alternately along the edges. By the end of field development, 
the residual oil in the reservoir can be recovered by 
converting the central production well into an injection well. 

 To ensure the uniform delivery of the injected gas into the 
near-wellbore zone of the injection well along the reservoir 
height and the effective displacement of the oil toward the 
production well, a layer of coarse sand or proppant is injected 
into the near-wellbore zone of the oil reservoir through 
perforated channels of the production casing. This promotes 
uniform oil displacement by gas throughout the height of the 
carbonate reservoir, even in formations with heterogeneous 
fracturing and permeability. 

 The new water shutoff technology involves creating 
impermeable screens below and above the oil-bearing zone 
by perforating the production casing and injecting a gel-
forming nanofluid Na₂O(SiO₂)ₙ with a stabilizer into the 
reservoir using mineralized formation water, while the 
annular channels are filled with a microcement-based 
expanding grout. 
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