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Abstract: Numerical simulation of CO,-enhanced oil recovery (CO,-EOR) critically
advances hydrocarbon field development by quantifying multiphase saturation
dynamics during CO,-driven displacement. This study establishes a cylindrically
configured 1D triple-phase mathematical model integrating Darcy’s law and mass
conservation principles, employing an implicit pressure-explicit saturation (IMPES)
finite-difference scheme to resolve spatiotemporal evolution of aqueous, oleic, and
gaseous phase saturations. Systematic incorporation of chemical reaction kinetics,
viscosity-pressure coupling, and dynamic relative permeability effects yields a novel
computational framework for immiscible displacement analysis. Simulations reveal
two governing mechanisms: 1) CO,-saturated fluid/rock interactions induce pore-throat
dilation, amplifying effective flooding radii; 2) Wellbore-formation pressure differentials
(0P) dictate CO, plume propagation, where elevated AP expands repulsion radii
and oil displacement annulus thickness. Paradoxically, increased reservoir porosity
reduces annular confinement while diminishing displacement efficiency despite
enhanced volumetric throughput, with simulations confirming persistent oil-rich annuli
characteristic of non-miscible regimes. These findings provide actionable guidelines for
optimizing CO,-EOR injectivity parameters and ensuring long-term carbon sequestration
integrity in heterogeneous formations, bridging theoretical modeling with field-scale
implementation strategies.

Key words: CCUS, CO,-EOR, CO, flooding, numerical simulation, geophysical-chemical
reactions, viscosity.

INTRODUCTION

Carbon Capture, Utilization and Storage (CCUS) technology is one of the key technologies to reduce
CO, emissions and mitigate the greenhouse effect (Zhang et al. 2024). While conventional CO,
mitigation strategies primarily focus on emission reduction through energy conservation, CCUS
technology demonstrates substantially greater decarbonization efficacy and scalability potential when
strategically optimized geological reservoir selection and storage protocols are implemented (Liao et
al. 2022). So far, there are over 200 CCUS projects worldwide (Zuloaga-Molero et al. 2016) that leverage
CO, flooding technology to enhance crude oil properties and reservoir porosity. This is achieved by
injecting CO, into the reservoir as an innovative replacement agent through injection wells. This
approach not only substantially elevates the oilfield recovery rate but also concurrently accomplishes
CO, emission reduction and sequestration, thereby fostering a mutually beneficial outcome (Wu et
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al. 2022). The numerical simulation of CO, flooding represents a pivotal technology in the realm
of oil and gas field development, enabling enhanced understanding and optimization of extraction
processes (Ramadhan et al. 2023). To gain a deeper comprehension of the mechanisms and influencing
variables of CO, flooding, optimizing the flooding strategy, augmenting recovery rates, minimizing
costs, and extending the productive lifespan of oilfields, it is exceedingly significant to delve into the
mathematical models underpinning the numerical simulation of CO, flooding. This endeavor holds
immense value and potential for advancing the field.
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Figure 1. Schematic diagram of CCUS technology and main types.

Since its inaugural adoption in the Sacroc field of the United States in 1972, CO, flooding has
garnered extensive research attention from petroleum engineers worldwide. This has led to the
formulation of numerous diverse mathematical models aimed at simulating and optimizing the
process of CO, (Bou-Mikael 1996). Comparative experiments and mathematical simulations conducted
in the North Sea oilfield of the United Kingdom, analyzing CO,, CHA and dissolved gas, revealed
that the application of CO, as a solvent outperformed both CH, and dissolved gas solutions by a
significant margin (Cardenas et al. 1984). The fluid flow model devised by Gerritsen & Durlofsky (2005)
for intricate multiphase and multicomponent systems employs detailed calculations of reservoir
heterogeneity to describe the gas injection process within a miscible phase. This model demonstrates
that miscible-phase injection can enhance both recovery rates and CO, sequestration efficiency
(Gerritsen & Durlofsky 2005). Toi et al. (2010) established a mathematical model for the diffusion
coefficient of CO, in hydrocarbons under ambient temperature and pressure conditions, based on
experimental studies involving CO, diffusion within hydrocarbons and subsequent measurements
of the diffusion coefficients under those standard conditions (Toi et al. 2010). Domestic scholars
have conducted extensive research in the theoretical realm of oil repulsion. Cheng et al. (1998)
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formulated a pioneering 3D multiphase multicomponent reservoir simulator, explicitly incorporating
CO, aqueous-phase solubility dynamics to resolve oil-gas-water phase interactions in compositional
reservoir systems (Cheng et al. 1998). Hou Jian developed a practical mathematical model for CO,
mixed-phase flooding building upon the refined black oil model. This model employs the adjustment
to the permeability and effective viscosity of oil and gas to accurately simulate the mixed-phase
process (Hou 2004). Xu Geyuan et al. established a comprehensive multi-phase and multi-component
zonal seepage model incorporating the critical factor of diffusion into the analysis (Xu 2011). Gao Ran
et al. conducted a simulation encompassing the distribution of CO, across oil, gas and water phases,
the impact of dissolved CO, on reservoir properties, as well as the entire process of CO,-induced oil
displacement and sequestration. This simulation integrated the two-phase flashing of oil and gas,
the concurrent dissolution of CO, in water, and the reciprocal effects of these phenomena (Gao et al.
2021).

Currently, the majority of reservoir numerical simulation software available in the market can be
used to simulate the CO, displacement process (Cui et al. 2016), they often fall short in accurately
accounting for the multifaceted effects of CO,. Specifically, these software tools may overlook the
influence of CO, as a hydrocarbon component in oil and gas phases on the overall crude oil
mobility (Wang et al. 2023a, b). Additionally, they may not comprehensively consider the effects of
CO, dissolution in water, the chemical reactions between carbonic acid and formation minerals, and
the subsequent impact of the mineralization process on reservoir permeability (Zhao & Liu 2023). To
better simulate the CO, flooding process, it is imperative to integrate the enhanced crude oil mobility
resulting from CO, dissolution, the geophysical and chemical reactions occurring within the formation
under specific conditions, and the dynamics of the CO, flooding process itself (Wang et al. 2024). This
holistic approach ensures a more accurate portrayal of the intricate interactions and effects involved
in CO,-enhanced oil recovery.

In this study, a one-dimensional three-phase mathematical model is formulated under the
assumption of a columnar formation. This model serves as the foundational basis for subsequent
solution and analysis, enabling the simultaneous simulation of CO, distribution within oil and gas
phases, the dissolution of CO, in water, as well as the reactions that occur under specific formation
conditions during the displacement process. Furthermore, the study employs advanced programming
techniques to optimize parameters based on the numerical simulation results.

STRATIGRAPHIC PHYSICAL MODEL AND BOUNDARY CONDITIONS

The physical modeling and assumed conditions of the strata in this study are as follows:

(1) A borehole of radius r, in the center of an isotropic cylindrical formation is divided into cells of
radius r,using an isobaric progression grid.

(2) There are three-phase isothermal seepage of water, oil, and CO, gas in the formation. Oil and water
are insoluble in each other, and CO, gas can be dissolved in water and oil, and all three phases
conform to Darcy’s law;

(3) The formation rock and fluid are compressible, the influence of capillary force is ignored, and
gravity is ignored.
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The initial and boundary conditions in this study are as follows:

Distribution of pressure, water, oil, and CO, gas three-phase saturation at various locations in the
formation at the beginning of the CO, flooding.

Pressure:
P.l,., = P, . the pressure of the units in the formation, except for the borehole, is equal to the initial
pressure of the formation Py;

P.| = P, the pressure of the unit in the borehole is the bottomhole pressure P,

r=ryt=t,

Saturation:

Sw(r)ltﬂ0 =S, the water saturation of all units in the formation is equal to the initial water saturation
of the formation S ;

So(r)|t=t0 =S, the oil saturation of all units in the formation is equal to the initial oil saturation of
the formation S ;

Sm(r)lm0 =S, = 0, CO, gas saturation of all units in the formation is equal to the initial CO, gas
saturation in the formation S, = 0;

flow direction
g ELLCAL AL L LI

Figure 2. Schematic diagram of formation modeling.
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MATHEMATICAL MODELING

Derivation of Continuity Equation

The continuity equation is established under the condition of continuity, the so-called continuity
condition means that when the fluid flows in the space where it is located, there is no void formation
inside, and the establishment of the continuity equation should also follow a basic law of nature -
the law of conservation of mass.

Take a cylindrical unit, let it be unit j, its height is H,inner and outer diameter are riq b the
direction of fluid flow is: from inside to outside. Then along the reservoir flow direction, in the standard
environment, in 4 time from the inner face of the water, oil, CO, gas three-phase flow into the unit of

mass are:
(Puva)]

(Povo)l

2mr;_, Hdt
i J

” 2nr]._1 Hdt

(pgvg +R. PV, + stpwvw)|r 2rrrj_1Hdt
j-1
The mass of each of the three phases flowing out of the unit cell from the outer end face is:

(V)| . 2nr;Hdt
(p,V,)| . 2mr;Hdt

(pgvg +R, PV, + RSWvaW)|r- 2rrerdt

J
Then it can be obtained that after dt time the mass change of the three phases of water, oil and
CO, in the cell and out of the cell are:

(vaW)lr}._1 2mr;_ Hdt - (pwvw)|rj 2mr;Hdt
(povo)|rj_1 2mr;_ Hdt - (p0v0)|rj 2nr;Hdt

(Pgvy * ReoPoVo * RSWPWVW)L 2mr,_ Hdt = (pgvy + RegPoV, + stpw"w)|, 2mr;Hdt
i /

And the overall change in the three-phase fluid mass of water, oil, and CO, gas in the cell in dt
time, respectively:

[ (@s.0,)], - (@501, ](7-r2)m

-

[ (@5,0.)1, - (@S,0,)|, ] (212 )

t,

[ (5,0, + R, @S,0, + RSWQ)spr)L - (25,0, + R, @S,p, + RSWQ)SWpW)L ](rf -2, )mH
j 1
The mass conservation continuity equation is derived as follows, using the CO, gas phase as an
example:
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From the law of conservation of mass: total change in mass in the cell = mass flowing into the cell
- mass flowing out of the cell. Then it can be obtained:

(pgvg + R, PV, + stpwvw)|r 2nrj_1Hdt - (pgvg +R PV, + stPwVw)L 2nr].Hdt =
j-1 j

[ (5,0, + R, @S,0, + RSWQ)SWpW)L - (25,0, + R, @S,p, + RSWQ)SWpW)L 1](rj2 -2, )mH

j j-

The left side of the equation = —% [(pgvg +R. p,V, + stpwvw)r] Ar2mHdt

The right side of the equation = %(@Sgpg +R DS p, + RSWQSWpW) nAr2erdt

The equation is simplified to give:

10 o}
_75 [(pgvg * RSOpOVo * stpwVW)r] - & (ngpg * RSO@SOPO * RSW@SWpW) (1)

Similarly, the mass conservation continuity equations for the water and oil phases can be obtained
as:

10 0

“ror [pWVWI’] = ot (®5pr) @)
10 0

“Tror [povor] = ot (®Sopo) (3)

In the process of CO,-EOR flooding, Oil, gas and water three-phase fluids flow in the pore medium,
and their flows obey Darcy’s law. The equation of Darcy’s law in Cartesian coordinate system takes the

form:
_KK,a_p

y or
Substituting into the mass conservation continuity equation:

19 KKy 9P| o

rar[ W o | at(gswp"") @
w

19 [ KKg 9P| o

rar[ °u, | T at(®S°p°) (5)

KK KK KK\ op

10 rg g 0

ror l(pg U * Rsopo—u L RowPu T rw) r or |~ ot (ngpg +RsoDSop, + RSWQSWpW) (6)
g o w

Pressure Solving
l illary forces;p, = p. = p. = P, this is obtained by substituting A_ = e 2 = u 3 o
Neglect capillary forces:p, = p,, = Py = P, this Is obtained by substituting A, = oA = A = “—g
into the mass conservation continuity equation:
10 oP\ o
Tar lpeorSy) = 5 (250 2
10 oP\ o
75( whul g) = 5 (2S,0,) (8)
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10
rar

0
Lo=3 (@Sopo),LW =5 (@Swpw),Lg =5 (@Sgpg +R . DS p, + stgswpw)

aP
(pgAngA RpA ] at@Sp+R @S p, + R, @Sp) (9)

In the mass conservation continuity equation density(po,pw, pg) gas solublllty( sw? S0)
porosity(@) are all functions of pressure(P), which can be obtained by expanding the derivative phase
in (LO, L, Lg) by time:

d 95, o) 9p,\ opP
Lo = 3¢ (PSoPo) = PPy + (S"p"ﬁ " P%%5p | ot (o)
3 oS, 1) 9P, opP
L, = &(stpw) = 2p, 3" (S Puzp * PSup ) 5 (1)
L = 9 @S R. @S R. @S
Q_E( 9p9+ 50920P0 * Rey pr)
oS op
00 g\oP
) g @S
oot (gpgap gaP)at -
3S, 0D ap, 9Ry,\ oP 2
®p0 at (RSOSOPO aP RSOQSOa_P + QSOpO aP E+
3S,, F10) 9Py, oR..\ oP
@ R.,S +R,, DS + @S —
sw Pw—; ot ( wPw3p oP w ap wPu oP | ot
: . . N aSg s, oS, .
Thereis S, +S,, +S, =1, this is obtained by substituting —* = -—2 - —* into Eq. (12):
9P, 1) op,
65 65 S p 5 * 95,55 Rsosopo + R ®SO_+ P
( op, - ®pg) (R p, ng) 9 aP 9oP oP oP " g_t
+R. 5.0, 22 +R_@S, ¥ Py, gy o Ko
OaP swwhw gp wop whw”op

In this Way, —*can be eliminated through(p - %)LO + (l - ﬁ) L,+ pngSo there's only one

at ' oot R . Py Py g
unknown P in the new formula that needs to be solved:

R R
1 _ T Lo+ A Fsw L,+ lL
p, P, Py Py p, ¢
DS, 0p, @S 9 @S, 0 OR, OR,
@+ g_g+ opo Pu + @S pp— @Spp aP CtE
oP Py oP P, aP [ oP 9 oP whg 6P ot ot

where C, = C,+5,Cy + S, (Co + PoPaR,Cr_) + S, (C, + P pgRSW e
_i@ _r’& - 1% 1%y o 1R, _ 1 %Ry
Cp = @ap'co = o op C, = o aP,Cg . aP,C Ty = R op Then the left end of the
continuity equation for a three-phase fluid can also be multlplled by the corresponding coefficients

and summed:
1 _Rs 13( @)] 1R 12( %)]
(po pg)rar p"/\"rar Py Py ror pWAWrar

1 10 6P
DT (Pay * RoPolo * Ruub M) 32| = @€, S

(13)

r
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The derivation of cell-specific pressure-solving equations is carried out using the gas phase of
cell No. 1 as an example:

The mass of the gas passing through the rear face of unitj is:
M, = [— (pg}\g +R_P A, + RSWpW}\W r. 21TH—]|
The mass of the gas passing through the front face of unitj is:

M§‘1 = [— (pg)\g +R_ P A, + stpw/\w) r, 2nH

The gas mass increment for unit j is:AM,; = Mjg‘1 - Mjg
The volume of unitj is:V; = mr?H - mr? | H
Then there are: M
o P
_E [(pgAg * RSOPOAO SWpW W ]‘

The proof is as follows:

(14)
]

[(pg/\g +RPA, + RSWpWAW) erHH%] |r4 - [(pg)\g +RPA, + RSWpW/\W) rj_12nH%]

j j nrH nr 1H

[(po2s + Reopito * Renp M) ]|

[(pA RpA Rp/\) 1ar

) r)
( AVEE
(= 1-1)
. -1
j J J

2 [(pgAg * ReoPA, * RyyB A, ) r2

o]
ror [(pgAg + Rsopo/\o swpw w ”

—_—
()
T
N -
~
—_—~
-
I
=
[
ey
~—
Y

Ditto:

li( r%)| _ &M (15)
ror Polo or j Vv

AM .
10 oP\| T
ror (pWAWrar)L h v, (16)
In this way, Eq. (13) can discretize the time(t) from t, to t, , and the radius(r) from r._, to r.. And

the formula can be simplified:

[(oato) 57

[CRR LA

(Rsoj soj- 1)[(po/\o) -1 ar

1

poj i poj ' pgf
[(p A )’]%] [(prw) 16, (stj _stj—1)[(pwl\w) rj—1% r (17)
/ _ 1
pwj pwj ' pgf
o)zl Toan®l, oo,
Dy Py © 2mH or
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Eq. (17) is logarithmically transformed (r = r,e*) and discretized in the direction of radius:

_ poi—1Aoj—1 + (RSOI - RSO}'-1)p0/'-1/\01'-1 pr‘1AWj‘1
oj ~ _ _ Twi .
(7\ A +A ) P.”"11 + Po Py Puj pn+
o) wj [V J
(stj - stj—1)pwj—1ij-1 A pgj-1Agj-1 AXVjQCt
+ -A .- -
Py 9 p,; 2mHAt
. poj—1Aoj—1 . pwj—1/\wj—1 . pgj—1Agj—1 n+l _ _Axngct n
Py Py [ - 2mHAt )

Saturation Solving

(18)

The difference equation for saturation can be obtained by substituting Eq. (14)(15)(16) into Eq. (9)(7)(8).
The newly obtained difference formula for solving saturation can discretize the time (t) from t tot,,,.

And the formula can be simplified:

[(pvo) ZﬂHg]L - [(pvo) 21TH§]

[(0o25,)" - (0,@5,)'|

2 2 A
nriH -mri4H t

[(eu2)2mHE]| -[(p,A,) 2]

2 2 A
mriH-mriH t

[(PgAg * RaoPoAs * ReuPuMu) 2THEE || = [(pyh * RegP R * RePyA) 2THS, |
J

-1

2 2
mr; H—rrrj_1H

n+1 n
[(ngsg + Rsogsopo + stgswpw)}. B (ngpg * Rsogsopo * stgswpw)j ]

At

Sorting out can be obtained water, oil, CO, gas three-phase saturation solution formula:

p+’|_ p+1 . (1+’I_ p_+'|
(5, 2t (p, ) Et - (o ) ot

n+.1 =

+
o) b, (- 1)

j-1 Ax

n+1_ Hn+l n+1_n+1
n+1 Pi+1 —P} n+1 P} —Pi_1 ]
n+1 _

(pwgsw)ln 2At I:(pW/\W)} T - (pWAW)j_»I AXx

' +
() (pu @) (rf - 1)
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S0~ o0 swow S0~ o swow H

n+1
= +
Sg n+1

)
n+1 P‘nj{l—P‘nﬂ
2At [(pg/\g + RSOPO/\O * RSWpW/\ )l : AXI - (pg/\g * RSOPO/\O * RSWpWAW)

-1
(pg(a);+1 (r"z B rfg'1)

n n+1
(0, @S, + RyyS,0,D + Ry,S pWQ)j -(R,,S,0,2 +R,,5,0,2)

n+1 Pj

n+1_Pin_+11 ] (24')

Ax

Geophysical-chemical Reactions

In the process of expulsion, the special reactions between carbonic acid generated by the dissolution
of CO, in water and formation minerals, as well as the effect on formation porosity during
mineralization (Dong 2022), all of which are altered by geochemical reactions. The change rule of
porosity of the formation medium with effective volume strain is:

= —[(1+6) @, +a,(e-&,)] (25)

where € = ezV+Kﬂ—£S1 -€, is the effective volumetric strain, which is the combined result of geochemical
S

volumetric strain (g,,), adsorption strain (g, ), pore pressure-induced strain (Kﬂ), and volumetric strain
S

1.0 isthe initial effective
volumetric strain. The volumetric strain and chemical volumetric strain in the initial state are both
zero. P is the initial pore pressure.

Fore << 1, g, << 1, Eq. (25) is simplified into:

(¢,), and @, and @ are the initial and current porosities, respectively. g, = %_E

P-P,

D=0,+a,|g,+ -E, - €, (26)

S
It is clear from Eq. (26) that formation porosity is influenced by the volumetric strain
of the formation medium and is related to pore pressure, geochemical volumetric strain, and
adsorption-induced volumetric strain (medium expansion).

Correction of Viscosity with Saturation

CO, is extremely easy to dissolve in crude oil, so that the viscosity of crude oil is significantly reduced
(Shikai 2023). Moreover, the larger the initial viscosity of crude oil is, the more obvious the range of
decrease is. The main function of CO, to reduce the viscosity of crude oil is to improve the fluidity of
crude oil, so that the oil driving efficiency can be achieved with a small amount of driving agent to
achieve a certain effect; or with a quantitative amount of driving agent can realize a higher driving
effect.

The effect of formation pressure on crude oil viscosity can be broken down into two components:
the effect of pressure changes on viscosity in the absence of CO, dissolution, and the effect of pressure
changes on crude oil viscosity when CO, is dissolved and precipitated in the crude oil. These two
components do not respond to pressure changes in the same way, which leads to saturation pressure.
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When the formation pressure is higher than the saturation pressure, the volume change of the crude
oil has the main part of the effect on the viscosity of the crude oil, and the volume of the crude oil
decreases with the increase of the pressure, which leads to the increase of the viscosity. And when the
formation pressure is lower than the saturation pressure, the effect of CO, dissolution in crude oil on
the viscosity of crude oil accounts for the main part, and as the pressure decreases, the dissolved CO,
gas precipitates out of the crude oil, leading to the coalescence of heavy hydrocarbon fractions, which
manifests itself as a sharp increase in the viscosity of crude oil. In this way, an empirical formula for

the variation of viscosity with saturation can be obtained:

a

= H d
“°'“glp+cg+cﬁp+cul (27)

Where C“j, Cﬁ, CE, Cg are the coefficients of variation of crude oil viscosity with the solubility of the CO,
gas in the crude oil.

Iteration of Penetration

Relative permeability is an intrinsic property used to characterize the ease of fluid flow in porous
media. As an important physical parameter, the calculation of relative permeability plays an important
role in the numerical simulation of CO,-EOR flooding. In the case of multiphase fluids seeping through
a formation gap (Dong 2020a), the saturation of each phase of the fluid jointly determines the
distribution of the flow path (Dong 2020b). This allows the relative permeability to be corrected by
the saturation degree and iteratively calculated. The relationship between relative permeability and
saturation is as follows:

K =K. ow ™ Sue ) (28)

rw rworgr 1 _SWC_Sor_Sgr

Where K worgr is the relative permeability of the water phase of residual oil saturation and retained
gas saturation, S, is the residual oil saturation, Sgr is the retained gas saturation, S is the bound
water saturation. The denominator (1-S,.-S,, - Sgr) is the maximum range of water saturation that
can be changed, and the numerator (S, -S,,) is the mobile water saturation. n, is the calculation

coefficient of the relative permeability of the water phase.

S -S
K - K w or no 2
ro rocwgr(1 _ ch _ Sor _ Sgr) ( 9)
Where chwgr is the relative permeability of oil phase under bound water saturation and retained gas

saturation. The denominator (1-S,,.-S,, - Sgr) is the maximum range of oil saturation that can be

changed, and the numerator (1-S,,-S_,) is the mobile oil saturation. n is the calculation coefficient
of the relative permeability of the oil phase.

S,-S
K =K g “gr

n
0
rg rgcwor(1 =S, -S, - Sgr) g (30)

Where, K. gcwro is the residual oil saturation and the relative permeability of the gas phase under

mature confinement. The denominator (1-S,.-S,, - Sgr) is the maximum range of gas saturation
that can be changed, and the numerator (Sg —Sgr) is the mobile gas saturation. ng is the calculation

coefficient of the relative permeability of gas phase.
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Flowchart for Model Solving.

NUMERICAL SIMULATION RESULTS AND ANALYSIS

Initial and boundary conditions

The boundary conditions of this simulation are constant-pressure inner boundary, constant-pressure
outer boundary, and the outer boundary pressure s00m away from the center of the borehole is
the initial formation pressure. This simulation analyzes the saturation degree of the three of phases
water, oil and CO, gas in the CO,-EOR flooding process and the parameters that have influence on the
CO,-EOR flooding efficiency regularly. The parameters and parameter conditions of this simulation are
shown in the following Table I:
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Table I. Physical parameters of CO,-EOR flooding simulation.

Parameters

Initial formation pressure P,

Borehole pressure P,

Absolute formation
Permeability K

Formation porosity ¢

Initial water phase
Saturation S,

Initial oil phase
Saturation S,

Initial CO, phase
Saturation Sg0

Formation thickness H

Water relative
permeability index n

Oil relative
permeability index n

CO, relative
permeability index n

Strain parameters a,
Volume strain g,
Volume compression
modulus of particles K¢

Adsorption strain g,

Geochemical volumetric
Strain €,

Values
5(MPa)
15(MPa)

50(md)

0.15

0.35

0.65

1.3

1.3

1.3

0.5

0.066

160.25

0.027

0.031

Parameters
Borehole radius r,
Viscosity of oil p,

Viscosity of water p,

The viscosity of CO, Hg

Bound water saturation Sic

Residual oil saturation S,

Stranded CO, Saturation

Sgr

Pore compression
Coefficient C,

Water compression
Coefficient C,

Oil compression
Coefficient C,

Compressibility of CO, Cg

CO, viscosity coefficient
of compression C,

Crude oil viscosity
coefficient Cﬁ

Crude oil viscosity
coefficient C;

Crude oil viscosity
coefficient Cﬁ

Crude oil viscosity
coefficient C{
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Values
0.1(m)
3.03(mPa-s)

1(mPas)

0.2(mPa-s)

0.15

01

1074(1/Pa)

1074(1/Pa)

107*(1/Pa)

1074(1/Pa)

1074(1/Pa)

1.06466

-1.90388

0.00856

0.45314
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Influence analysis of parameters

Figure 3 depicts saturation profiles of water, oil, and CO, gas prior- and post-geophysical-chemical
reaction, with radius on the x-axis and saturation on the y-axis. Notably, the front and back sections
of all three phases remain unchanged, while the middle sections shift left: water and oil saturations
rise, while CO, gas saturation decreases. This is attributed to dissolved CO, reacting with the formation,
enlarging pores and enabling water and oil to erode the formation more effectively, thereby increasing
their saturations and reducing CO2 saturation. This aligns with findings in Wang et al. (2023a).

0.4 1.0 1.0
prmrr—mu d_]l:::imn —s=—prior-modification
0.8 oSt mmd sl - 0.8 —s— post-modification
2 T = g
= g -8
= -8 ga
_ = 0.6 - = 0.6 -
= i =]
Z 0.2 2 £
= = =
b w 0.4 - = g4
= L] 2
E o1 A 2 &y
—s—prior-modification 0.2 o 0.2 1
—— post-modification i ]
0 4+—7—T1T 7177 00 471777 0.0 i pp—p——
i} 5 10 15 20 23 30 i} 3 10 15 20 25 30 i} 3 10 15 20 25 30

r{m) r{m) r(m)

Figure 3. Three phase saturation prior- and post-modification for geophysical chemical reaction.

Figure 4 juxtaposes saturation profiles of water, oil, and CO, gas prior- and post-correction
for viscosity, plotting radius against saturation. Water saturation exhibits a leftward shift upfront
and marginally midway, with an unchanged increasing rate and unchanged backend. Conversely, oil
saturation exhibits a rightward shift in both frontal and intermediate stages, with peak attenuation
attributed to enhanced mobility that disrupts complete immiscible-phase interaction. Concurrently,
CO, saturation displays similar front-loaded displacement patterns accompanied by accelerated
depletion rates in early-to-mid phases, while maintaining stable saturation levels in later stages.
This phenomenon stems from CO, solubility significantly reducing oil viscosity, thereby enhancing
fluidity, CO, repulsion efficiency, expanding the repulsion radius, and consequently right-shifting the
oil saturation curve. Furthermore, the heightened oil mobility accelerates the non-mixed-phase CO,
flooding in increased water and CO, saturations, which is in harmony with the theory presented in
(Huang 2017).

Analysis of simulation results

Figure 5 illustrates saturation of water oil and CO, gas of the initial day. The x-axis is formation
displacement radius, and the y-axis is the saturations. As CO, gas initially contacts formation fluids,
non-mixed-phase repulsion commences. Some CO, dissolves in crude oil, expanding its volume
and boosting oil saturation, the oil saturation bulges evidently. The remaining CO, forms an upper
phase, partly dissolving in water, with water saturation increasing more in the first half of contact.
Most upper-phase CO, migrates forward, extracting hydrocarbons from oil, but insufficiently to reach
mixed-phase conditions. Early breakthrough of formation fluids by the upper phase diminishes CO,
flooding efficiency, aligning with findings in (Kang et al. 2014).

An Acad Bras Cienc (2025) 97(4) €20250229 14 | 20



JIAQI XIAO et al. CO,-EOR FLOODING MULTIPHYSICS SIMULATION

—=—prior-modification | —=— prior-modification
—+— post-modification —e— post-modification
0.8 0.8 -
_a 0.3 - - =
= = 0.6 £ 0.6
€ oz 2 E
o [+ =
— o 04 “ 04
LF) — w
et s [
© o &l
= 0.1 . i .
—s— prior-modification 0.2 0.2 —
—s— post-modification
0l rTTTTTT T o0 1117171 00 T TTTT
L] 3 10 13 20 23 30 o 3 10 15 20 23 30 L] 3 10 13 20 23 30
r(m) r(m) r(m)

Figure 4. The saturation of three phases prior- and post-modification for viscosity formula.
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Figure 5. Saturation of three phases on the first day of CO, flooding.

Figure 6 displays saturation profiles of water, oil, and CO, gas on the 15th day. The x-axis is
formation displacement radius, and the y-axis is the saturation. The initial section of each curve is
linear, indicating bound water, residual oil, and stagnant CO, saturation. As intrusion depth increases,
water saturation rises to initial levels, oil saturation peaks from residual to initial, then declines, while
CO, saturation drops to zero. This signifies non-mixed-phase replacement with CO, displacing fluids.
The oil saturation bulge reflects CO, dissolution, expanding oil volume and saturation. The unaffected
formation’s rear section maintains initial three-phase saturation levels.

Figure 7 shows saturation curves of water, oil, and CO, gas vs. flooding time. The x-axis is the radius,
and the y-axis is the saturation. The curves depict water saturation over various flooding days. With
non-mixed-phase replacement, the expelled radius expands with time, but its growth rate decelerates.
Water saturation increases from bound to initial levels over longer periods with diminishing rates. Oil
saturation rises from residual to peak, then declines to initial levels over longer durations with slower
rates, exhibiting a more pronounced exclusion zone effect. CO, saturation declines from residual to
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Figure 6. Saturation of three phases on the 15th day of CO, flooding.

initial levels over longer spans with slower rates. CO, displaces mobile water and oil, leaving bound
water, residual oil, and CO, in pores. The horizontal parallel segments at curve ends indicate unaffected
strata with initial saturation values.
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Figure 7. Three-phase saturation on different days during CO, flooding.

Figure 8 illustrates the saturation dynamics of water, oil, and CO, gas in three phases versus
injection time at varying radii during CO, flooding. The horizontal axis is injection time, and the
vertical axis is the saturations. The figure reveals that saturation changes commence at different times
and rates for units at different locations. Initially, near-wellbore units exhibit rapid water saturation
decline to bound water levels within 10 days, while distant units take longer with slower declines. Oil
saturation near the wellbore surges to a peak before declining to residual levels, with faster changes
compared to distant units. CO, saturation increases from zero, driving fluids away from the wellbore,
eventually filling all pore space except for residual oil and bound water. Larger radii units experience
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longer unmixed-phase displacement durations. Oil saturation takes longer to reach residual levels
compared to water saturation reaching bound levels at the same location.
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Figure 8. Three-phase saturation with time at different radii during CO, flooding.

Figure 9 depicts the saturation profiles of water, oil, and CO, gas in a three-phase system under
varying differential pressures between the wellbore and the formation during a simulation of oil
displacement. The horizontal axis represents the radius of formation displacement, and the vertical
axis indicates the saturation levels of water, oil, and CO, gas in these three phases. The differential
pressures between the bottomhole flowing pressure and the formation’s initial pressure are set at
1 MPa, 2.5 MPa, 5 MPa, 7.5 MPa, and 10 MPa, respectively. The numerical simulation results clearly
indicate that, at a given simulation time, a larger differential pressure between the bottomhole flowing
pressure and the formation’s initial pressure leads to a greater radius of CO, displacement and a more
pronounced intrusion zone. This is attributable to the fact that the pressure differences the two-phase
fluids of water and oil to infiltrate into the formation's pore spaces. When the formation pressure
remains constant, an increase in the bottomhole pressure intensifies the rate of CO, displacement,
resulting in a larger displacement radius.
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Figure 9. Saturation of three phases of different injection pressure during CO, flooding.

Figure 10 illustrates the saturation profiles of water, oil, and CO, gas in varying formation porosities
during an oil displacement simulation. The horizontal axis represents the radial displacement within
the formation, while the vertical axis indicates the saturations of water, oil, and CO, gas. The formation
porosities are set at 01, 015, 0.2, 0.25, and 0.3, respectively. The saturation curves for these three
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phases reveal that at a given simulation time, a greater pressure differential between the wellbore

an

d the formation leads to a larger radius of CO, displacement and a more pronounced intrusion

zone. This phenomenon stems from the fact that the pressure differential between the wellbore

an

d the formation facilitates the infiltration of water and oil, two-phase fluids, into the formation'’s

pore spaces. When the formation pressure remains constant, an increase in the bottomhole flowing
pressure intensifies the rate of CO, displacement, leading to a larger displacement radius.
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Figure 10. Saturation of three phases at different porosities during CO, flooding.

CONCLUSIONS

(1)

Based on Darcy’s law and mass conservation principles, this study develops a 1D triple-phase
mathematical framework to characterize CO,-EOR flooding dynamics, systematically investigating
the evolution of formation pressure and phase saturations under variable operational conditions.
As immiscible displacement progresses, formation pressure exhibits a monotonic increase
accompanied by a diminishing formation-borehole pressure differential. Oil saturation undergoes
transient elevation to peak oil saturation before reverting to initial reservoir conditions, while
aqueous phase saturation manifests a distinct stepwise distribution pattern across radial
distances. Concomitantly, CO, gaseous saturation progressively diminishes to baseline levels,
demonstrating characteristic radial propagation signatures of CO, flooding.

An equation linking porosity changes to effective volumetric strain is incorporated, elucidating the
interplay between porosity, pore pressure, and various strains induced by geophysical-chemical
reactions. An empirical viscosity-pressure relation is fitted to experimental data, enhancing
the characterization of crude oil viscosity’s sensitivity to volume changes, CO, dissolution, and
other factors. This contributes to a more physically meaningful numerical simulation of CO,-EOR
flooding. Furthermore, a theoretical relative permeability model for water, oil, and CO, phases is
presented, facilitating accurate representation of three-phase flow in simulations.

Observations reveal a stepwise water saturation distribution at varying radial distances, indicative
of non-mixed-phase zones. Oil saturation exhibits a distinct replacement ring, peaking at full
saturation prior declining to formation levels. CO, gas saturation gradually diminishes to zero,
underscoring the characteristics of radial displacement.
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(4) Reduction of viscosity highlights enhanced oil mobility, expanding the driving radius but inhibiting
full CO,-oil contact, leading to reduced oil saturation peaks. This accelerates unmixed-phase CO,
flooding, shrinking the annulus and boosting water and CO, saturations. CO,-infused water and oil
phases react with the formation, enlarging pores and fostering increased water and oil saturations,
ultimately decreasing CO, saturation, flooding radius, and recovery efficiency.
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