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ABSTRACT

Low salinity carbonated water flooding (LSCWF)
combines the advantages of low salinity water flooding
(LSWF) and carbonated water flooding (CWF). It is
considered as one of the most promising CO,-Enhanced
Oil Recovery (CO,-EOR) methods with effectively
achieving carbon sequestration. However, the
mechanism of LSCWF enhancing oil recovery at the pore
scale remains unclear, which hinders the development
and application of this technology.To bridge the gaps,
this work developed a mathematical model that couples
the Navier-Stokes equation, the phase field method
equation, and the convection-diffusion equation to study
the microscopic mechanism of low salinity carbonated
water displacing oil. The dynamic distribution patterns of
oil and water of LSCWF in the porous media were
analyzed and compared with water flooding (WF) and
LSWF. The microscopic oil recovery enhancement
mechanism of low salinity carbonated water in different
types of channels is emphatically analyzed, and a
parameter sensitivity analysis is carried out.The results
show that when the recovery factor of LSCWF reaches
81.83% after 10 PV displacement, which is significantly
better than that of water flooding (61.57%) and low
salinity water flooding (67.02%). Microscopic analysis
reveals that this is mainly attributed to the remarkable
increase in the recovery of blind ends, main channels,
and cluster regions by low salinity carbonated water. The
key microscopic mechanisms involve the mass transfer of
CO, from carbonated water into the oil phase, which
reduces oil viscosity at the fluid interface, improves the
oil-water mobility ratio, and significantly enhances
water-phase scouring efficiency. And LSCWF can also
significantly decrease the seepage resistance, and strip
out more residual oil. This study reveals the pore scale
microscopic mechanism of LSCWF for EOR, supporting
efficient complex reservoir development and the "dual
carbon" goal.
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NONMENCLATURE

Abbreviations

WF Water flooding

CWF Carbonated water flooding

LSWF Low-salinity water flooding

LSCWF Low-salinity carbonated water
flooding

EOR Enhancing oil recovery

IFT Interfacial tension

PV Pore volume

CCuUsS Carbon capture, utilization,
andstorage

Symbols

P Density

H Viscosity

F, Interfacial tension

1. INTRODUCTION

Against the backdrop of continuously growing global
energy demand and the gradual depletion of high-quality
oil reservoirs, enhancing oil recovery (EOR) has become
a central research focus in the petroleum industry. fter
long-term waterflood development, enhancing the
reservoir's recovery factor has grown increasingly
challenging., with a large amount of remaining oil
trapped in the formation. Efficiently develop this
remaining oil has become an urgent problem. As an
emerging EOR technology, low-salinity carbonated water
flooding (LSCWF) synergistically combines the benefits of
low-salinity water flooding (LSWF) and carbonated water
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flooding (CWF). It promises improved displacement
efficiency coupled with relatively lower implementation
costs, offering a new method for enhancing recovery in
complex reservoirs.

LSCWF demonstrates EOR potential through
mechanisms such as altering reservoir rock wettability
and reducing oil-water interfacial tension (IFT)
Numerous researchers have investigated its
mechanisms. For instance, Ligthelm et al.l! identified
double-layer expansion as the primary mechanism in
LSWF, where adjusting injected brine composition
modifies electrochemical behavior at the solid-liquid
interface, shifting rock wettability from oil-wet to water-
wet. Austad et al.’l proposed the ion exchange
mechanism, suggesting that low-salinity water invading
porous media triggers cation exchange within clay
minerals, promoting crude oil desorption from clay
surfaces and thereby improving displacement efficiency.
However, research on LSWF domestically remains in its
preliminary stages, and its mechanisms are still debated.
CWF also possesses unique EOR advantages. It can
modify crude oil properties, reduce oil viscosity, and
allow dissolved CO, to swell the residual oil phase, re-
establishing flow channels and improving sweep
efficiency. As early as 1959, Holm[l, through core
flooding experiments, demonstrated that CWF could
enhance oil phase mobilization compared to WF and CO,
slug injection. Sohrabi et al.[! utilized high-pressure flow
visualization micromodels to study changes in oil-water
distribution before and after CWF, further elucidating its
microscopic EOR mechanisms.

The integration of LSWF and CWF into LSCWF
technology has gained research momentum in recent
years. Manshad et al.’! experimentally observed contact
angle changes, finding that low-salinity carbonated
water could render rocks more water-wet, thereby
increasing oil production. Lee et al.], via numerical
simulation, predicted that LSCWF yields higher recovery
factors than other displacement methods. Despite
existing studies, a unified understanding of the
microscopic displacement mechanisms of LSCWF is
lacking. The mass transfer process of CO, between low-
salinity carbonated water and the oil phase, and its
impact on displacement, remains unclear. Furthermore,
most numerical simulations operate at the field scale,
making it difficult to precisely account for residual oil
mobilization mechanisms under microscopic effects. This
limitation hinders the practical application and
optimization of LSCWF technology.

Based on the aforementioned background, this
paper establishes a pore-scale mathematical model

coupling the Navier-Stokes equations, phase-field
method equations, and convection-diffusion equations.
Through innovative pore channel design, the microscopic
displacement mechanisms of LSCWF at the pore scale are
systematically investigated, aiming to provide a
theoretical foundation and technical support for its field
application.

2. METHODOLOGY
2.1 Mathematical Model

A multi-physics coupling model was constructed
using COMSOL Multiphysics, based on the following
assumptions: (1) Unidirectional mass transfer of CO,
from the aqueous phase to the oil phase; (2) Both
aqueous and oil phases are incompressible Newtonian
fluids; (3) CO, is fully miscible with oil, neglecting
extraction and chemical reactions; (4) Mass transfer
follows Fick's law.

The flow process is described by the Navier-Stokes
equations:

L4V (pu)=0 (1)

where o is fluid density (kg'-m-3); u is the velocity
vector (m-s-1); p  fluid pressure (Pa); u is dynamic
viscosity (Pa:s); and Fs is the IFT source term.

The mass transfer equation for CO, from the
aqueous phase to the oil phase is:

%+V~(—DVC)+U-VC=R (3)

where:c is the CO, concentration (mol-m™3);D is the
diffusion coefficient (m2-s™);R is the chemical reaction
term (mol-m=—3-s7).

Oil phase viscosity changes with CO, concentration:
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where: u . e, « g represent the viscosity of the

0il-CO, mixture, pure CO,, and initial oil, respectively
(mPa-s).

2.2 Porous Media Model
2.2.1 Model Establishment

A conceptual model measuring 1000 x 500 pum
(Figure 1) was constructed, featuring five characteristic
regions: Main channel (red), Cluster (green), Blind end
(cyan), Corner (blue), and H-shaped channel (pink).



Fig. 1. Schematic diagram of the porous media model.

2.2.2 Parameter Settings

Simulations were conducted under conditions of
50 °C and 10 MPa. Fluid parameters within the porous
medium under these conditions are listed in Table 1.

Table 1. Model fluid parameters.

Fluid Parameter Water  Oil CO,

Density /(kg'm3) 992.31 870 384.33

Viscosity /(mPas) 0.5 10 2.7791%107?

The left boundary served as the injection inlet with
an aqueous phase injection velocity of 0.02 m-s™. The
right boundary (outlet) has a fixed pressure and it is
equal to that of the left boundary. Based on comparisons
with reference datal®'!], the CO, diffusion coefficient was
setto1x10° m%s™.

To compare the oil displacement effect of LSCWF,
this paper also sets up WF and LSWF for comparison. The
fluid parameters and boundary conditions of the porous
media for the three displacement methods are kept
consistent. The oil displacement effects of different
methods are fitted by controlling the diffusion of CO,,
the oil-water IFT, and the wetting angle with the wall.
Since the convection-diffusion of CO, is a unique
mechanism in LSCWF, diffusion behavior is not set in the
simulations of WF and LSWF. The key parameter results
of the three displacement methods are summarized in
Table 2.

Table 2. Parameters for different displacement methods.

Model Parameter  (WF) (LSWF) (LSCWF)
D|ffu5{0n None None Present
Behavior

CO, Conc. in
Liquid /( mol-m-3) 0 0 1000
IFT/(mN-m™) 25 19 15
Contact Angle /° 120 90 60

3. SIMULATION RESULTS AND ANALYSIS
3.1 Displacement performance Comparison

Simulations of WF, LSWF, and LSCWF were
performed using the established pore-scale model. The
oil-water distribution patterns during displacement and
the corresponding recovery factors are presented in
Figure 2 and Figure 3, respectively.

Figures 2 and 3 show that the displacement front
advances primarily along the main channel in all three
methods. Water breakthrough occurred at injection
volumes of 0.29 PV, 0.34 PV, and 0.25 PV for WI, LSWF,
and LSCWF, respectively. After injecting 10 PV, the
recovery factors were 61.57% for WI, 67.02% for LSWF,
and 81.83% for LSCWF. Compared to WI, LSWF increased
the recovery factor by 8.85%, while LSCWF achieved a
significant increase of 32.90%.

Analysis of the oil-water distribution (Figure 2) and
the contribution to recovery from different regions
(Figure 4) reveals that in the WF model, after
breakthrough, the main channel became the dominant
flow path. By the end of displacement, only oil in the
main channel and a small portion in corner regions was
mobilized, with minimal recovery from other regions,
resulting in the lowest overall recovery. Compared to
WF, LSWF, by reducing system IFT and contact angle,
mobilized oil not only in the main channel and some
corners but also partially in H-shaped and cluster regions.
This led to a delayed breakthrough time and a moderate
increase in overall recovery. The LSCWF model exhibited
the earliest breakthrough, which initially resulted in
lower recovery before 1 PV injection. However, with
increasing injection volume, LSCWF mobilized oil from
significantly more regions compared to WF and LSWF,
including corners, blind ends, and clusters. By the end of
the 10 PV simulation, LSCWF achieved the highest
recovery factor. LSCWF not only accessed oil in all
regions but also achieved much higher mobilization
efficiency than the other two methods, particularly in
dead-end regions where the improvement was most
pronounced.
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Fig. 2. Oil-water distribution diagrams during the

displacement processes of three displacement methods.
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Fig. 3. Recovery factor curves comparison for three
displacement methods.
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Fig. 4. Bar chart comparison of regional contribution to
recovery factors for three displacement methods.

3.2 Microscopic EOR Mechanisms of LSCWF
3.2.1 Reduction of Qil Viscosity

To further analyze the LSCWF EOR mechanism, oil-
water distribution maps and dynamic viscosity maps
within the porous medium at injection volumes of 1 PV
and 5 PV during LSCWF were examined (Figure 5).
Comparing Figure 5(a) and Figure 5(c) shows that during
LSCWF displacement in localized regions, CO, enters the
oil phase through convection and diffusion, significantly
reducing oil viscosity at the oil-water interface. This
consequently reduces flow resistance at the
displacement front, leading to faster front advancement
in LSCWF, which is more prone to fingering and early
breakthrough, consistent with the observed early
breakthrough time. Notably, LSCWF primarily reduces
viscosity at the oil-water interface, with minimal impact
on oil viscosity in unswept regions far from the front.
Comparing Figure 5(b) and Figure 5(d) reveals that as CO,
continuously diffuses from the interface deeper into the
oil, it can reach regions not yet contacted by the aqueous
phase. Here, CO, dissolves into the trapped oil, reducing
its viscosity and improving its flow properties.
Subsequently, the stripping action of the advancing
aqueous phase dlsplaces oil from blind ends and corners.
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Fig. 5. Comparative diagrams of oil-water distribution and
dynamic viscosity at injection volumes of 1 PV and 5 PV
during LSCWF.
3.2.2 Reduction of Flow Resistance

As illustrated in Figure 6, the aqueous phase first
breaks through the channel at point B before flowing
through the channel at point A. Therefore, the pressure
difference driving oil flow in segment AB arises from the
pressure drop between points A and B. A smaller
pressure difference indicates better oil-water mobility
and easier displacement.



Fig. 6. Schematic of locations of points A and B within the
porous medium.

Probe points are set at points A and B to detect the
pressure data when three displacement methods are
used to displace the oil phase in this part. The results are
shown in Figure 7: for both WF and LSWF, the pressure
difference at points A and B starts to increase when the
injected volume is about 0.5 PV, indicating that the oil
phase is migrating from point A to point B at this time.
When the injected volume is 0.58 PV during WF, the
displacement pressure difference reaches the maximum
of 3684 Pa, and then the pressure decreases, indicating
that a section of oil phase is displaced past point A. With
the continuation of WF, after the injected volume is 0.98
PV, the pressure difference in the AB section basically
does not change, indicating that the pressure difference
for displacing the AB section fails to overcome the
obstruction of capillary force, and the oil column is stuck
between the AB section and cannot be displaced.

Different from WF, after the pressure difference
reaches the maximum value, with the continuous
injection of low-salinity water, the pressure difference in
the AB section continues to decrease, which indicates
that the displacement pressure difference in the AB
section is greater than the seepage resistance, and the
water phase continues to occupy the volume between
the main channels in the AB section, displacing the oil
phase. When the injected volume is 0.98 PV, the pressure
difference becomes very small, indicating that most of
the oil phase in the AB section has been displaced.

The pressure difference reaches the maximum
value of 2057.3 Pa when the injected volume is 1.09 PV
during LSCWF. By comparing the magnitude of pressure
difference decline, it is found that after the oil phase in
the AB section is completely displaced by LSWF, the
pressure difference drops to 462 Pa, which is 2776 Pa
lower than the maximum pressure difference. While
under the same conditions, the pressure difference of
LSCWF drops to 896.6 Pa, which is 1160.7 Pa lower. This
indicates that under the two displacement methods, the
seepage resistance of LSWF is greater than that of
LSCWEF. The reason for this difference is that LSCWF can
significantly reduce the oil-water IFT and the wetting
angle of the rock surface, thereby effectively weakening

the obstruction of capillary force. In addition, during the
contact process between low-salinity carbonated water
and the oil phase, CO, dissolves into the oil phase
through diffusion, effectively reducing the viscosity of
the oil phase. This process further reduces the seepage
resistance of crude oil in the pores and improves the
displacement efficiency.
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Fig. 7. Comparison of oil-phase pressure differential across
segment AB for three displacement methods.
3.2.3 Oil Phase Swelling

A comparison of the oil recovery effects of the three
displacement methods in the blind-end area shows that
WEF basically does not mobilize the blind-end area. The
recovery rate of LSWF in the blind end is improved
compared with WF, but the effect is not significant.
However, LSCWF exhibits a remarkable effect in
enhancing the recovery rate, which increases rapidly
with the increase of injected volume, far exceeding the
other two displacement methods. By separately
calculating the recovery rate of the blind-end area, when
the injected volume reaches 10 PV, the recovery rate
data of the three displacement methods in the blind end
show obvious differences: 13.29% for WF, 17.83% for
LSWF, and as high as 89.14% for LSCWF. The recovery
rate of LSWF is increased by about 34.2% compared with
that of WF, while the recovery rate of LSCWF is increased
by 570.72% compared with that of WF. This data
comparison clearly demonstrates the advantage of
LSCWEF in displacing the oil phase in the blind-end area.

The recovery rate and oil-water distribution during
LSCWF displacement in a representative dead-end
region are shown in Figure 8. At an injection volume of 1
PV, the oil-water interface has fully entered the dead-
end region with a relatively small curvature. As injection
volume increases, the oil swelling effect induced by
dissolved CO, becomes the dominant mechanism. The
swelling oil generates radial expansive force,



continuously pushing the oil-water interface towards the
dead-end tip, gradually increasing the interface
curvature. By 10 PV injection, the swelling effect has
mobilized the vast majority of oil within the blind end
towards the main channel, leaving only a small residual
amount at the very tip.
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Fig. 8. Recovery rate curve and oil-water interface evolution
during low salinity carbonated water displacement in a partial
dead-end region.

4. CONCLUSIONS

This study established a zonal flow model in porous
media based on the Navier-Stokes equations, phase-field
method, and convection-diffusion equations. Through
comparative analysis of water flooding (WF), low salinity
water flooding (LSWF), and Low salinity carbonated
water flooding (LSCWF), the regional oil recovery
mechanisms of different displacement methods were
revealed. Furthermore, the microscopic mechanisms by
which LSCWF enhances oil recovery in various pore
regions were elucidated, including the reduction of
interfacial tension (IFT), alteration of wettability, and CO,
diffusion-induced reduction in oil viscosity. The main
conclusions are as follows:

(1) After injecting 10 PV, the recovery factors were
61.57% for WF, 67.02% for LSWF, and 81.83% for LSCWF.
LSCWF demonstrated superior recovery performance
compared to both WF and LSWF. The oil recovery rates
before aqueous breakthrough were similar for all three
methods. Post-breakthrough, the recovery rate ranked
as follows: LSCWF > LSWF > WF, indicating that LSCWF
possesses a stronger sustained oil displacement
capability.

(2) The overall recovery improvement in LSCWF
primarily resulted from significantly enhanced oil
mobilization in dead-end regions, the main channel

region, and cluster regions. Compared to WI recovery
levels, LSCWF increased recovery from blind ends by
570.72% and clusters by 486.75%.

(3) As injection volume increased, CO, continuously
dissolved into the oil phase via diffusion, significantly
reducing oil viscosity, improving oil mobility, and
decreasing flow resistance. This made the oil phase more
readily stripped by the aqueous phase. Concurrently,
dissolved CO, induced oil swelling, propelling trapped oil
towards the main flow channels.

(4) By reducing oil-water IFT and improving rock
wettability, LSCWF facilitated easier aqueous phase
invasion into pores such as blind ends, expanding sweep
coverage. This synergistically enhanced the efficiency of
oil stripping by the aqueous phase from pores like blind
ends.
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