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ABSTRACT

CO3/N; injection in heavy oil reservoirs has been demonstrated to enhance oil recovery (EOR) and
facilitate CO, capture, utilization, and storage (CCUS). Interfacial tension (IFT) is a crucial parameter for
characterizing oil recovery, but it can be influenced by real-time changes in reservoir pressure and
temperature during gas injection. The impact of the CO»/N; ratio on the oil—gas IFT under varying
temperature and pressure conditions remains unclear. Therefore, a systematic study was conducted to
investigate the effects of multiple parameters on the oil—gas IFT during development processes, and a
three-dimensional (3D) database and a regression model of IFT were established using experimental
data. The results show that IFT is strongly correlated with density difference, moderately correlated with
pressure and CO, proportion, weakly correlated with saturates content and resin content, and non-
linearly correlated with temperature, aromatics content, and asphaltene content, respectively. Moreover,
it has been observed that an increase in pressure or CO, proportion can lead to a reduction in IFT.
However, the impact of temperature changes on IFT varies across different pressure ranges. We introduce
a new parameter, the equivalent interfacial tension pressure during temperature changes (EITP), to
characterize this effect and discuss the reasons for the emergence of EITP, providing new insight into
optimizing the CO,/N; injection ratio in the reservoir. This study aims to reveal the advantages of oil—gas
interface characteristics under the influence of multiple parameters in promoting low-carbon and effi-
cient development of heavy oil reservoirs, and to explore the significance of CO,/N; for enhancing heavy
oil recovery.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

2024, fossil energy, which predominantly comprises oil and gas,
will account for up to 80% of global resource consumption. The

Global energy consumption has long been a key focus of the
international community. The demand for fossil fuels continues to
rise with the growth of the global economy and population, and the
development of unconventional oil and gas has become a current
research hotspot (Johnsson et al., 2019; Liu et al., 2024). According
to the latest data from the International Energy Agency (IEA) in
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estimated global crude oil resources currently range from 9 to 11
trillion barrels, with over two-thirds classified as heavy oil. Heavy
oil is mainly found in Venezuela, Canada, the United States, China,
and is widely used in transportation, the chemical industry, and
construction materials. Efficient development of heavy oil will be
crucial in meeting the increasing energy demand in the coming
years. Special techniques are necessary for heavy oil development.
Presently, the most effective production methods include steam
flooding (SF), cyclic steam stimulation (CSS), steam-assisted gravity
drainage (SAGD), and fire flooding (FF) (Dong et al, 2019;
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Mokheimer et al., 2018; Zhang et al., 2024c). These methods involve
injecting high-temperature media or initiating in-situ combustion
to reduce crude oil viscosity, improve fluid properties, and enhance
oil recovery (EOR). Nonetheless, these efficient recovery methods
often require substantial thermal energy input, including heat
generation, transfer, and exchange, making thermal recovery op-
erations energy-intensive (Bera and Babadagli, 2015; Hasanvand
and Golparvar, 2014; Leung et al., 2014). Moreover, considering
the reservoir's effective thickness, considerable depth, and diverse
rock and fluid conditions, the heating method may not be suitable
for certain heavy oil reservoirs, necessitating the exploration of
alternative cold production methods.

In the context of carbon capture, utilization, and storage
(CCUS), CO,-EOR injection is widely used in various reservoirs and
is currently one of the most effective production technologies
(Alvarado and Manrique, 2010). CO; injection not only enhances
oil recovery but also facilitates long-term CO, storage and miti-
gates greenhouse gas emissions (Zhang et al., 2024b). CO, can
enter a supercritical state (31 °C, 7.29 MPa) under the original oil
reservoir conditions and possesses strong dissolving and extrac-
tion capabilities. After multiple contacts with crude oil, CO; dis-
solves into the crude oil, resulting in oil expansion, decreased oil
density (p), viscosity (u), interfacial tension (¢), and increasing the
number of oil displacement capillaries (Bautista et al., 2014).
Hwang and Ortiz (2000) noted that CO, exhibits robust extraction
capabilities for light components in crude oil, with extraction ef-
ficiency increasing with pressure. In conventional light oil reser-
voirs, the extraction mechanism of CO; is the primary influencing
factor of EOR. After contact with crude oil, CO, consistently dis-
solves and extracts light components into the gas phase. Orr and
Taber (1984) conducted research on CO,-EOR and pointed out
that higher pressure enhances the efficiency of CO; oil displace-
ment. When the reservoir pressure exceeds the minimum miscible
pressure (MMP), miscible flooding can occur, the interfacial ten-
sion (IFT) between oil and gas to zero, and recovery can reach up to
90% with a 1.2 pore volume (PV) injection. Chen et al. (2022)
conducted CO, core displacement experiments and found that
the seepage capacity of reservoir fluids can be enhanced signifi-
cantly by strong and sufficient interactions of CO, and oil. The
mass transfer effect between CO; and crude oil can be improved by
taking appropriate measures to shut the well, allowing the dead-
end oil in the pore to be utilized. In heavy oil reservoirs, the
dissolution mechanism of CO, predominantly influences EOR. Li
et al. (2012) analyzed the high-pressure properties of CO, and
heavy oil, noting continuous CO; dissolution upon contact with
crude oil. This process improves the physical properties of heavy
oil. During production, dissolved gas molecules in the oil expand
and displace crude oil, a process known as CO; huff and puff
(Nguyen et al., 2018). However, due to the limited presence of light
components in heavy oil, achieving miscible production through
CO, injection is challenging. Furthermore, the light and medium
components in heavy oil decrease upon multiple contacts, dete-
riorating the physical properties of the remaining oil and posing
challenges for CO, injection development in later stages (Abedini
and Torabi, 2014; Liu and Rui, 2022).

Flue gas primarily consists of CO, and N,. Utilizing flue gas
flooding technology in heavy oil reservoirs can enhance the eco-
nomic benefits of the oil field at a reduced cost (He et al., 2022). Li
et al. (2018) investigated the effects of CO,/N, injection on the
physical properties of crude oil in the reservoir. CO, exhibits su-
perior dissolving and extraction capabilities compared to Ny,
whereas N, can elevate formation pressure and maintain oil
production rates. Additionally, the inclusion of N; can reduce the
extraction capacity of CO,. While enhancing solubility, it can also
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prevent the loss of light and medium components in crude oil.
This helps to avoid the problem of production decline caused by
the precipitation of heavy components (Alvarado and Manrique,
2010; Bender and Akin, 2017; Liu and Rui, 2022). Zhang et al.
(2024b) has studied the impact of Ny as an impurity gas on CO;
storage performance, elucidating the safety and sustainability of
CO; storage from the perspective of gas—liquid—solid interactions.
Adding nitrogen to CO, creates additional dissolution pits on the
calcite surface, facilitating greater CO, storage column heights.
Studying the impact mechanism of different parameters on the
oil—gas interface will not only help enhance oil recovery, decrease
production costs, but also reduce greenhouse gas emissions and
promote the sustainable development of the oil industry (Ma
et al,, 2023). Researchers are increasingly focusing on the mea-
surement and control of oil—gas IFT to better understand its role
in reservoir development (Wang et al., 2023; Yang and Gu, 2005;
Yang et al., 2015; Zhang et al., 2020). Yang and Gu (2005) analyzed
the impact of pressure on CO-,/oil IFT, pointing out that higher
pressure enhances the abilities of CO, diffusion and dissolution,
leading to a greater decrease in IFT. The effect of temperature on
oil—gas IFT is complex. Zolghadr et al. (2013a) studied the influ-
ence of temperatures on oil—gas IFT, noting that the change
pattern of IFT with temperature is not uniform. Shang et al. (2017)
investigated the IFT of CO,/N; (3:1) mixed gas with paraffin and
found that adding N increases the IFT. The higher the N, content
in the gas, the weaker the oil—gas interface effect (Gajbhiye,
2020).

Up to now, research has mainly focused on the impact of in-
dividual parameters on IFT, with limited investigations examining
the combined effects of multiple parameters on oil—gas IFT.
Moreover, IFT models that simultaneously consider crude oil
characteristics, temperature, pressure, and CO»/Ny ratio are not
widely used. The conventional IFT model for gas—alkane systems
are primarily derived from gradient theory (GT), linear gradient
theory (LGT), and density gradient theory (DGT), which focus on
binary components of pure fluids (Enders and Quitzsch, 1998; Zuo
and Stenby, 1996, 1997). Due to the complexity of crude oil, it is
very challenging to establish an IFT model that considers not only
the interaction between crude oil components, but also gas
dissolution, mass diffusion, and extraction effects in crude oil. Big
data fitting is a method that involves training and testing on
known experimental data to construct prediction models that can
describe patterns within the data. It aims to predict unknown data
by aligning the test data as closely as possible with the actual data
(Shorten and Khoshgoftaar, 2019). Recently, some researchers
have used big data regression to establish correlating models for
gas—liquid properties, such as solubility, viscosity, and IFT
(Behvandi and Mirzaie, 2022; Lv et al., 2023; Mutailipu et al., 2024;
Zheng et al., 2023). These models are highly accurate and reliable.
Compared to theoretical models, the big data learning approach
utilizes data trends to identify the optimal fitting formula, mini-
mizing fitting errors to the greatest extent. In this study, experi-
ments on oil—gas IFT under different temperatures, pressures, and
CO; ratios were conducted, and an IFT regression model consid-
ering multiple parameters was established. Additionally, a three-
dimensional database of IFT, based on experimental data, was
constructed to generate two-dimensional cloud maps of IFT under
constant temperature, pressure, and CO, proportion. The mecha-
nism of the combined effects of multiple parameters on IFT was
analyzed. Finally, a new approach for optimizing CO»/N; injection
ratios in various reservoirs was developed based on the distribu-
tion pattern of IFT in the three-dimensional database, and the
findings provide significant theoretical guidance implications for
gas injection EOR.
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2. Experimental
2.1. Experimental sample

Crude oil was collected from the Shengli Oilfield in China, and
experimental CO, and N, with purity greater than 99.99%, were
provided by Qingdao Kerun East New Energy Co., LTD. The carbon
number distribution of the oil, determined via gas chromatography,
is shown in Fig. S1(a). Viscosity measurements were taken with an
Anton Paar MCR 301 Rheometer over a temperature range of
19.8—150 °C, as shown in Fig. S1(b). The saturates, aromatics, resin,
and asphaltene (SARA) content was measured according to the NB/
SH/T 0509 petroleum four-component analysis standard, as shown
in Fig. S1(c). The density of dead oil at a temperature range of
60—140 °C was measured using an Anton Paar DMA Densitometer,
as demonstrated in Fig. S1(d). For specific details, please refer to the
Supporting Information.

2.2. Experimental principles and methods

The pendant drop method uses image contour fitting and the
Young—Laplace equation to calculate the IFT of a liquid droplet
(Andreas et al., 1938), as shown in Eq. (1).

d(xsinf) 2 Apgz

xdx Ty

(1)
where x and z are parameters describing the droplet morphology,
representing the equivalent dimensions of the droplet in the hor-
izontal and normal directions, respectively; f represents the
running angle of the droplet profile; r is the curvature radius of the
droplet; Ap denotes the density difference between oil and gas; g
represents the gravitational acceleration.

The IFT measurements were influenced by the droplet
morphology, the running angle between the droplet and needle,
and the density difference between the gas and liquid phases. It
was crucial to position the camera horizontally and input the cor-
rect densities for the saturated crude oil and gas phase. When
unsaturated crude oil enters the gas phase, the oil—gas interface
undergoes bidirectional mass transfer, dissolution, and extraction
of CO,. The dissolution process increases the liquid phase volume
and decreases oil density, while the extraction process transfers
light components from the oil phase to the gas phase, enriching the
gas phase and increasing its density. Since heavy oil contains
negligible light components and the increase in gas phase density is
minimal, the oil phase density is a key factor affecting IFT. The PVT
method was used to determine the crude oil density. Fig. 1(a) shows
the ultra-high pressure fully visible PVT test system (Sanchez
Technology, France), which includes a 250-mL high-temperature
high-pressure cell, a stirring system, a heating system, a pressuri-
zation system, a volume display system, a visual window, and a data
acquisition system. After evacuating the cell, a specific mass of
crude oil was introduced, followed by the injection of various gases.
The fluid in the cell chamber was stirred and rotated, and the oil
volume was recorded once equilibrium was reached, as shown in
Fig. 1(b). The oil density under different temperature and pressure
conditions was calculated using the mass—volume relationship,
while the gas phase density was determined using the state
equation developed by Span and Wagner specifically for charac-
terizing CO, (Span and Wagner, 1996). The gas phase density in
mixtures was obtained by combining pure fluids with different
molar ratios using a weighted approach. Finally, the density dif-
ference between saturated crude oil and gas under varying tem-
perature and pressure conditions was calculated, as shown in
Table S1 of the Supporting Information.
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The Tracker—H interfacial tensiometer (TECLIS, France) was
used to measure IFT between the liquid and gas (Fig. 1(c)). This
tensiometer consists of a 750-mL high-temperature high-pressure
chamber, an 800-pL injection syringe (1.8 mm needle diameter), a
heating control system, temperature probes, a pressure data
acquisition system, a high-definition camera, an image capture and
processing system, and a data analysis system. The instrument
measures relevant parameters using the pendant drop method and
the axisymmetric drop shape analysis (ADSA) technique (Zhang
et al., 2016). Stable interfaces generally allow for accurate IFT
measurement using image recognition technology. However,
measurements based on a single image lacked precision due to
complex interactions in high-pressure oil—gas interfaces, such as
dissolution (Zhang et al., 2023), mass diffusion (Rezk and
Foroozesh, 2018), and extraction (Wang et al, 2010), which
caused droplet motion within the gas phase. To address this, the
dynamic IFT method was employed to measure the equilibrium IFT
of oil and gas (Yang and Gu, 2005). Fig. 1(d) illustrates that dynamic
IFT data fluctuated over time, with larger variations observed in the
initial stage compared to the equilibrium stage, suggesting that
averaging over the entire stage could introduce errors. Although oil
droplets exhibit dynamic behavior during the IFT measurement,
they eventually reach equilibrium after repeated contact with the
gas, resulting in a stable equilibrium IFT value. While steady-state
oil density can influence the dynamic transition of oil from an
unsaturated to a saturated state, it has little effect on the IFT value
once equilibrium is reached. To ensure accuracy, nonlinear fitting
was performed on the equilibrium stage data from dynamic IFT
measurements, and the exact IFT values under various tempera-
ture, pressure, and CO, molar ratio conditions were determined.

3. IFT model
3.1. Experimental data preprocessing

Fig. 2(a)—(e) shows the IFT curves of oil and gas under different
temperatures, pressures, and gas compositions, based on a total of
175 experimental data points. The curves reveal the influence of a
single variable on IFT, but the evolution of IFT under the combined
effect of the three parameters is difficult to clarify. Thus, a three-
dimensional (3D) data model was established using the existing
IFT data. Initially, 175 experimental scatter points were interpolated
using the MATLAB 3D scatter interpolation function to build the 3D
model (Amidror, 2002). Numerous reports suggest that the IFT curve
of light oil follows a linear pattern (Wang et al., 2023), whereas crude
oil exhibits nonlinear patterns in the IFT between oil and gas under
high pressure (Kong et al., 2021; Yang et al., 2015; Zhang et al., 2020).
Therefore, natural interpolation was used in the data processing to
better capture the changes in the oil and gas IFT, resulting in
smoother results compared to linear interpolation. The interpolation
results, as depicted in Fig. 2(f), expanded the data points from 175 to
4640. This 3D data model visually displays the distribution pattern of
low IFT. The low IFT region in the 3D data model corresponds to the
smallest area, indicating that its formation is increasingly depen-
dence on low temperature, high pressure, and high CO, proportion.
The color gradient variation indicates that pressure has the most
significant influence on the low IFT region, followed by gas
composition, with temperature being the least influential factor.
Pressure and gas composition are crucial for the formation of the low
IFT region, which cannot form under low pressure and low CO,
composition. Temperature does not play a decisive role in the for-
mation of the low IFT region, although it becomes difficult to form
this low IFT region at excessively high temperatures.

Fig. 3(a) shows IFT isosurfaces under different conditions, where
the largest area corresponds to an equivalent IFT of 22 mN/m in the
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Fig. 1. Oil density and dynamic IFT experiment. (a) Ultra-high pressure fully visible PVT test system; (b) the saturated oil volume under different pressures (CO,/N, molar ratio 1:1,

100 °C); (c) interfacial tension analyzer; (d) dynamic oil—gas IFT (CO,, 60 °C, 2 MPa).

data model. On this value, multiple methods were available to form
this region, with no excessive reliance on any specific parameter.
However, as IFT increases or decreases, the conditions for forming

Ti1 P12 Riz p1s Satys Arojg Res;;  Aspig X

X

Tii Ppo Rpz ppa Satys Arops  Resyz  Asppg Xg

both low and high IFT regions become more stringent. The areas
occupied by both regions decrease, indicating a stronger depen-
dence on specific temperature, pressure, and gas composition. As
the low IFT region transitioned to the high IFT region, the equiva-
lent profiles exhibited “folding and bending,” which become more
pronounced with higher IFT values. This phenomenon indicates
that, for a constant parameter, the other two parameters have
different degrees of influence on IFT. Therefore, it is necessary to
slice the 3D data model and further analyze the impact mechanism
of different parameters on IFT using 2D cloud maps, as shown in
Fig. 3(b)—(d).

3.2. Model building

This study employs a big data regression method to build an IFT
model. The dataset includes 242 data points: 175 from this study
and 67 from four types of oil in the literature (Hemmati-Sarapardeh
et al., 2013, 2014; Shang et al., 2017; Yang et al., 2015). The samples
are randomly divided into training and testing sets in a 6:4 ratio.

For specific details, please refer to the Supporting Information. A
multiparameter IFT model is developed using machine learning, as
shown in Eq. (2), with the solution given in Eq. (3):

by

: )
bn

where T, P, R, p, Sat, Aro, Res, and Asp represent temperature (°C),
pressure (MPa), CO, proportion (molar fraction), oil—gas density
difference (g/cm?), saturates content (mass fraction), aromatics
content (mass fraction), resin content (mass fraction), and asphal-
tene content (mass fraction), respectively. These are the indepen-
dent variables of the model, controlled by the coefficient matrix,
while the dependent variable is IFT (mN/m), denoted as b. The
undetermined coefficient matrix is represented by x.

Y= i 5,’)(,' +e (3)
i=1

where n equals 8; the independent variable is denoted as X;j; the
dependent variable Y as IFT; and the unknown coefficients to be
determined as (; e represents the deviation between the experi-
mental and predicted values.

The equation is solved using Python's linear regression function,
based on the least square method. It fits the data by minimizing the
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Fig. 2. Equilibrium IFT of oil—gas at different temperatures, pressures, and gas compositions. (a) CO; (b) CO2/N; (3:1); (c) CO2/N; (1:1); (d) CO,/N; (1:4); (e) N; (f) IFT 3D model.

sum of squared residuals between observed values and the pre-
dicted values made by the regression model. The optimal co-
efficients ($;—@s were obtained using the stochastic gradient
descent algorithm (Shalev-Shwartz and Zhang, 2013). These co-
efficients are then used to introduce independent variables into the
model for predicting the dependent variable, improving the accu-
rate of the IFT model. The first-order regression coefficients are
presented in Table 1, with results shown in Fig. 4(a1).

The first-order IFT model had unsatisfactory accuracy, with a
coefficient of determination (R?) of 0.885. In the linear regression,
the values of $5—@g were much larger than $1—04, indicating that
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the intrinsic characteristics (SARA) of crude oil have a greater
impact on IFT, while external characteristics (T, P, R, p) contribute
less. The first-order model may not adequately capture the influ-
ence of external conditions on IFT. To improve accuracy, data
expansion is necessary to increase the contribution of external
characteristics. This involves upgrading the regression from first-
order to higher-order, expanding parameters with high influence
but low contribution to better elucidate the relationship between
these parameters and IFT, improving fitting accuracy and reducing
the risk of overfitting (Bansal et al., 2022; Garcea et al., 2023). By
self-multiplying and cross-multiplying T, P, R, and p, the 8
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composition variation; (d) pressure variation (2, 6, 10, and 14 MPa).

coefficient columns are expanded to 18, as shown in Eq. (4). The
solution is expressed in Eq. (5).

where n equals 8; m equals 4.

As shown in Fig. 4(a2) and Table 2, performing a second-order
expansion on temperature, pressure, gas composition, and den-
sity difference data, significantly improved the coefficient matrix.

Tii Pi2 Ris pig Satys Aroig Resi; Aspis TiiPiz TiiRis Tiipa PiaRis Piapra Rizpia Tii® P2 Ris? pig?

Ty Pa Riz p1g Satys Aroig Resi; Aspig Ti1Piz TRz Tiipia PiaRiz Piapia Rizpia Tii® Pi2? Riz? pig?
X1 by

X1

8 bn

n
Y= "BiXi+ Bni1TP + Bns2TR+ By.3Tp + Bnya PR+ Bpy5Pp

i=1

m
+ BnieRp + Z bniseXi + e

i=1

(4)

The R? value of the test set increased from 0.885 to 0.980. As pre-
diction accuracy improved, the number of coefficients increased
from 8 to 18, making the model more complex and necessitating
more parameters to explain data changes and accommodate a
broader range of data features. Specifically, after data expansion,
the coefficients for T, P, and R increased, while those for SARA

(5) decreased. The contribution of density difference shifted from p to
p?, and its coefficients also decreased. This suggests that data
Table 1
Statistics of first-order IFT model coefficients.
B1 B2 B3 Ba € Training R? Testing R?
—0.007398800 0.0124184468 -1.91495184 57.0181457 ~175.7307630 0.95711 0.88455
Bs Bes 67 Bs
155.848965 126.319405 163.818774 182.063177
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expansion balanced the dataset by generating more samples for
underrepresented classes, thereby enhancing the ability of model
to learn from all classes. A comparison of regression coefficients
revealed that the influence of physical quantities on IFT is not
entirely linear. The effects on IFT can be categorized as linear
(B1—PBs), synergistic (f9—P14), and quadratic (815—018). The mass
fraction of resin (Res) mainly influences the linear effect, while
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density difference (p%) dominates the quadratic effect. The product
of density difference and CO; proportion (Rp) dominates the syn-
ergistic effect by balancing the linear and quadratic effects. To
further quantify the correlation between physical quantities and
IFT, the Pearson correlation coefficients between various parame-
ters were calculated, as shown in Fig. 4(b), with the calculation
principle in Eq. (6).

(a2)
30 1 m  Traing set
@  Testing set
—— lIdeal prediction

ud

25 A

20

Predicted IFT, mN/m

0 T T T T T T
15 20 25 30

Experimental IFT, mN/m
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.

0.50
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-0.25
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Fig. 4. Accuracy and correlation analysis of IFT model. The testing results and correlation analysis of the first-order model (a1) and the second-order model (a2). (b) shows Pearson
correlation coefficients between different regression parameters, with |r| < 0.3 indicating non-linear correlation, 0.3 < |r| < 0.5 indicating weak linear correlation, 0.5< |r| < 0.8
indicating moderate linear correlation, and |r|> 0.8 indicating strong linear correlation.
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Table 2
Statistics of second-order IFT model coefficients.
b1 B2 B3 B4 Bs Bs B7
0.183798469 0.945981664 —2.77085425 1.59128521 126.948335 104.200659 143.448027
Bs Bo B1o0 B11 B12 B13 B1a
141.241071 —0.0007824677 0.035094729 —0.226774409 —0.7013008 —0.959017462 —2.95732818
B1s B16 B17 B1s € Training R? Testing R?
—0.000072043 —0.00416875 331988317 42.8314785 —132.98880493 0.99033 0.98011
contrast, North American crude oil has high asphaltene content and
low resin content. This prevents the formation of such aggregates,
S X —X)(Vi—¥) leading to a lower IFT during CO, injection, accompanied by
r— i=1 (6) asphaltene precipitation. Therefore, asphaltene and aromatic con-
N N tents alone do not determine IFT; the correlation depends on resin
2 2
X=X Vi) content and type.
i=1 i=1

where x represents the independent variable and y represents the
dependent variable; X and y are the means of the independent and
dependent variables, respectively; x; and y; represent the values of
the independent and dependent variables for the ith data point.

A significant positive correlation between IFT and density differ-
ence is evident, with a Pearson correlation coefficient (PCC) of 0.91.
Squaring the density difference maximizes the correlation between
IFT and p?, yielding a PCC of 0.93. At this point, the variation trend of
IFT is almost consistent with p?, indicating a pronounced quadratic
correlation between IFT and density difference. However, the cor-
relation between temperature and IFT is minimal, with a PCC of only
0.1, suggesting that temperature affects IFT differently from other
variables. Further investigation into the temperature—IFT relation-
ship is warranted. Additionally, IFT exhibits a moderate negative
correlation with pressure (PCC of 0.63) and CO, proportion (PCC of
0.54). After squaring pressure and CO, proportion, the correlation
between pressure and IFT decreased, while the correlation between
CO, proportion and IFT slightly increased. The absolute values of the
PCCs were 0.60 and 0.55, respectively, indicating that only part of the
IFT curve corresponds to variations in pressure and CO, proportion.
Notably, both pressure and CO, proportion are moderately nega-
tively correlated with IFT, while the product of pressure and CO,
proportion (PR) exhibits a strong negative correlated with IFT (PCC of
0.83). Data expansion generates a new set of highly correlated
samples, allowing the model to better explore the functional rela-
tionship between independent and dependent variables. The cor-
relation between crude oil composition (SARA) and IFT also varies.
The saturated hydrocarbon content is weakly negatively correlated
with IFT. CO, preferentially extracts compounds with low molecular
weights and low degrees of molecular condensation (Ni et al., 2015),
meaning that higher saturated component content leads to lower
IFT. Resin exhibits the strongest correlation with IFT, demonstrating a
weak positive correlation. Resin, as large organic molecules, enhance
fluid viscoelasticity, making it harder for CO; to break their bonds
and weakening the interaction between CO, and crude oil. The
content of aromatics and asphaltene does not correlate linearly with
IFT. The aromatics in heavy oil are mainly composed of polycyclic
compounds, which easily form hydrogen bonds with other hydro-
carbons or adsorb onto macromolecular chains, weakening the
extraction effect of CO, on aromatics. Experimental data show that
Shengli crude oil has high resin content and low asphaltene content.
In crude oil, resins tend to form associations with asphaltenes
through hydrogen bonding, while smaller aromatics molecular easily
penetrate the internal and surface gaps of these resin—asphaltene
aggregates, forming more complex structures. This inhibits the
dissolution and diffusion of CO, in the oil, and results in higher IFT. In

Comparing the correlation between different parameters and
IFT reveals that a higher number of strongly correlated parameters
improves prediction accuracy. Medium, weak, and non-linear cor-
relations are also significant. While these parameters may not
individually have strong explanatory power, they contribute unique
information distinct from strongly correlated variables. This helps
reduce collinearity in the fitting process and prevents the omission
of crucial explanatory variables. By considering various correlated
parameters, the model not only better characterizes the relation-
ship between independent and dependent variables, improving
prediction accuracy, but also detects unusual variations and non-
linear relationships, allowing for more precise analysis.

3.3. Model verification

Indicators such as the coefficient of determination (R?), absolute
error (AE), mean absolute error (MAE), relative error (RE), mean
relative error (MRE), and root mean square error (RMSE) were used
to assess prediction accuracy. The calculation formulas are shown
in Eqgs. (7)—(12).

N 2
2 (IFrexp,i - IFrcal,i)
2 _ =
R°=1- N 5 7)
by ([Frexp - ]Frexp‘i)
i=
AE = [Frexpj - IFrcal,i (8)
1 N
MAE = N Z|IFTexp7i - IFrcal‘i| ®
i=1
IFTexp,i - [Frcalj o
RE*WX 100% (10)
MRE:lZN: FTexpi = IFTeatil ) | g0 (11)
N — IFI‘exp,i
1 2
RMSE = N Z] (IFrexp,i - IFrcal,i) (12)
i=

where [FTexp ; is the experimental value of the ith data point; IFTcyy,;
is the predicted value of the ith data point; and N is the number of
experimental points.
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Fig. 5. Comparison of calculated and experimental IFT values in different oil—gas systems. (a) COy; (b) CO»/N3 (3:1); () CO2/N; (1:1); (d) COy/N; (1:4); (e) Na.

Fig. 5 compares the calculated and experimental IFT values. The
first-order model, which considers only the linear relationship be-
tween eight parameters and IFT, shows significant deviation from
the experimental values. In contrast, the second-order model, which
accounting for linear, quadratic, and synergistic effects, performs
better. As shown in Fig. 6, the absolute error of the second-order
model is mostly within +2 mN/m, and the relative error is gener-
ally within +7%. Table 3 compares the calculated and experimental
values. The MAE, MRE, and RMSE for the entire dataset are
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0.544 mN/m, 3.915%, and 0.739 mN/m, respectively. However, the
prediction accuracy of the model decreases with higher CO, content.
While the prediction is accurate when the IFT of the CO,—crude oil
system exceeds 5 mN/m, it worsens in the low IFT region. This is
likely due to the aggregation of resin and asphaltene in heavy oil,
which inhibits CO, extraction and prevents low IFT formation.
Additionally, low IFT data for conventional light crude oil and CO,
are introduced in this work, which also affect the prediction of
CO,—heavy oil IFT under high pressures.
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Table 3

Statistical analysis of second-order IFT models for different gas systems.
Gas type N R? MAE, mN/m  MRE, % RMSE, mN/m
CO, 65 097419  0.67853 747377  1.05232
COz/N5 (3:1) 48 099235  0.66185 4.18429  0.74709
COy/Ny (1:1) 35 099763  0.49231 228922 057859
CO2/N3 (1:4) 35 0.99467  0.29283 141353  0.36540
N, 59 0.99287  0.48076 2.22251 0.53693
Total 242 0.98565  0.54429 3.91473  0.73902

4. Results and discussion
4.1. Density difference between saturated oil and gas

Fig. 7 illustrates the density difference between oil and gas
under different conditions, with the fitting formula provided in
Table S2 of the Supporting Information. At low pressures, the
density difference shows minimal variation. However, at higher
pressures, it decreases rapidly in oil—gas systems containing CO»,
with the decrease becoming more pronounced as the CO, con-
centration increases and the temperature decreases. Low-
temperature, high-pressure conditions favor CO, liquefaction. As
pressure increases, CO, transitions into a high-density state,
enhancing its solubility in crude oil. The density difference between
oil and gas significantly impacts IFT. Several studies have analyzed
its effect based on density variation patterns (Gajbhiye, 2020;
Ibrahim et al., 2022; Li et al., 2017; Zhang et al., 2018). Due to
limited experimental data, the abnormal density difference
behavior under different conditions and its effect on IFT have not
been defined or explained.

Temperature affects the density difference between oil and gas
in a non-monotonic manner, which can be categorized into two
pressure intervals: low-pressure and high-pressure. The transition
region is defined as the equivalent density pressure interval (EDPI),
where the oil—gas density difference remains unaffected by tem-
perature. EDPI characterizes the effect of temperature on the den-
sity difference between oil and gas at varying pressures. In three of
the five gas systems, EDPI increased as the CO, proportion
decreased (Fig. 7(a)—(c)). In Fig. 7(d) and (e), the trend of EDPI
formation under higher pressures was observed. As shown in
Table S1 of the Supporting Information, at 2 MPa and 60 °C, raising
the temperature to 80 °C causes a 0.0130 g/mL decrease in oil phase
density, while the gas phase density decreases by only 0.0024 g/mlL,
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as CO, has not yet reached the supercritical state. Elevated tem-
peratures expand intermolecular spacing, causing both gas and
liquid phases to expand (Yang Z.H. et al., 2015; Yang Y.F. et al., 2023).
During this interval, the reduction in oil density is more pro-
nounced than the gas density reduction, and the oil—gas density
difference decreases with the increase in temperature. However, at
14 MPa, when the temperature is increased to 80 °C, the oil phase
density decreases by 0.0085 g/mL, while the CO, density decreases
by 0.1780 g/mL. This indicates that CO,, due to its high-density
characteristics, is more sensitive to temperature changes. EDPI is
more easily observed at lower pressures. When the pressure ex-
ceeds EDPI, further increasing in pressure causes the gas to liquefy,
significantly increasing gas phase density. In this pressure range, an
increase in temperature expands both the intermolecular distance
in the gas phase and the liquid phase, but the expansion of the gas
phase is more pronounced. The gas density is more sensitive to
temperature changes, so the oil—gas density difference becomes
more pronounced with the increase in temperature. N, can also
enter the supercritical state at —147.05 °C and 3.39 MPa. However,
its density is much lower than that of pure CO;, making it more
difficult for N, to reach a high-density state under the same pres-
sure (only 0.1362 g/mL at 60 °C and 14 MPa). Additionally, pure N,
is much less temperature—sensitive than pure CO,. When CO; and
N, are mixed in different molar ratios, the gas density decreases as
the N; concentration increases, which weaken the liquid properties
of the gas phase and leads to an increase in EDPI. Even though EDPI
does not appear in oil and gas systems with N, concentrations
above 80% at 14 MPa, the curve trend suggests it may occur under
higher pressure. As the EDPI increases, the gas compressibility
becomes more difficult. To improve oil—gas miscibility, reducing
EDPI by increasing CO, concentration in the gas phase is a potential
solution.

4.2. The influence of pressure

IFT is the force per unit length acting along the interface, caused
by the imbalance of forces on the molecules at the interface. As
pressure increases, IFT gradually decreases, inversely proportional
to pressure (Michaels and Hauser, 1951). As shown in Fig. 8,
increasing pressure alters the shape and distribution of the oil—gas
interface, causing gas-phase molecules to arrange more closely
near the interface. This reduces the distance between oil-phase and
gas-phase molecules. As a result, the oil—gas interface thickens, and
the droplets transition from rounded to elongated, reducing IFT
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Fig. 7. Density differences between oil and gas under different temperatures, pressures, and gas components. (a) CO,; (b) CO,/N; (3:1; (c) CO2/N; (1:1); (d) CO2/N; (1:4); (e) Na.

(Akutsu et al., 2007; Soleimani et al., 2013; Lecacheux et al., 2022).
Pressure also significantly impacts mass transfer and solubility at
the oil—gas interface. According to Fick's diffusion law (Eq. (13)),
the amount of diffusion is directly proportional to the concentra-
tion difference at the interface. As the pressure increases, the gas
density rises, enhancing the concentration gradient at the oil—gas
interface. This leads to an increase in the collision frequency be-
tween oil and gas molecules and accelerates the diffusion rate of oil
droplets per unit area. Consequently, gas molecules permeate the
oil phase more quickly, leading to greater dissolution (Ayirala and
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Rao, 2006; Primel et al., 2017), improving the miscibility of oil
and gas while further reducing IFT.

o dc

J dx

(13)
where ] is the diffusion flux, kmol/m?-s; D represents the diffusion
coefficient, m?/s; C denotes the concentration, kmol/m?>; x is the
distance in the direction of diffusion, m. This indicates that the

diffusion amount of a substance through a unit area per unit time is
proportional to the concentration gradient in that area.
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Fig. 8. Oil droplet volume under different pressures in CO, gas condition.

Extensive research on the IFT—pressure curve has been con-
ducted by numerous scholars, including studies of linear IFT (Li
et al,, 2017, 2019), two-stage IFT (Wang et al., 2010; Zolghadr
et al., 2013b; Zhang et al., 2020), and three-stage IFT (Li et al.,
2019; Wang et al., 2010). As shown in Fig. 2, the IFT—pressure
curves vary linearly under high temperature or high N, content
conditions. However, as pressure and CO, proportion increase and
temperature decreases, distinct inflection points appear on the
IFT—pressure curves. These inflection points divide the downward
trend of the curves into two stages: one at low pressures and the
other at high pressures. At low pressures, IFT decreases rapidly as
pressure increases, while at high pressures, the rate of decrease
becomes less pronounced. This is caused by the accumulation of
lighter components at the oil—gas interface under low pressures,
which facilitates the dissolution of CO,. During this stage, the IFT
decreases significantly. However, under high pressures, heavier
components begin to accumulate at the interface, creating a
noticeable polarity difference between CO, and the interface
colloid, which results in a reduced rate of IFT decrease (Zhang et al.,
2024a). Consequently, two pressure intervals were observed, with
the pressure corresponding to the inflection point referred to as the
minimum equilibrium interfacial tension pressure (Nobakht et al.,
2008). The inflection point pressure directly reflects the polarity
difference between the gas and oil phases. The IFT v,, of oil and gas
with n components can be divided into the dispersion force
contribution y4 and the polarity force contribution y% of the in-
ternal molecules to the surface molecules of the oil droplet (Fabien
et al,, 2022), as shown in Eq. (14).

Yn="0+h (14)
where vy, represents the oil-gas IFT, mN/m; v¢ denotes the
dispersion force contribution, mN/m; and y% denotes the polarity
force contribution, mN/m.

An increase in temperature or N, molar ratio weakens the
contributions of dispersion and polarity, causing the inflection
point pressure to gradually increase and the IFT to continue rising,
which shifts the IFT—pressure diagram to the upper right. At low
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pressures, the dispersion contribution dominates. however, as the
pressure increases, the net attraction between internal molecules
and surface molecules is disrupted, leading to a rapid decrease in
IFT. As the pressure continues to rise and reaches the minimum
equilibrium interfacial tension pressure, the polarity contribution
becomes dominant. Further pressure increases have a weaker effect
on enhancing the polarity of both the oil and gas phases, resulting
in a slower decrease in IFT.

The IFT cloud maps are shown in Fig. 9. It was observed that the
relationship between low IFT and temperature, as well as CO, molar
proportion, varied under different pressures. As the pressure
increased, the low IFT region shifted from the high-temperature
area to the low-temperature, high-pressure area. At 2 MPa, where
the low IFT region was in the high-temperature area, the increase in
temperature can reduce IFT. At 4 MPa, the low IFT region is trans-
ferred to high-temperature and high-CO, areas, where both tem-
perature and gas composition jointly influenced IFT. For every 10 °C
rise in temperature or an 18% increase in CO, molar proportion, IFT
decreases by 0.78 mN/m. When the pressure reached 6 MPa, CO;
began to liquefy, enhancing the oil—gas interface effect and shifting
the low IFT region to areas with higher CO, content. The CO, pro-
portion then became the main factor affecting IFT. Above 8 MPa, the
low IFT region remained in the low-temperature, high-CO, areas.
Additionally, the IFT contour distribution also varied with pressure:
below 6 MPa, the contours were relatively uniform, while above
6 MPa, they became more scattered. Fig. 9(c)—(g) shows an IFT
region unaffected by temperature, where the corresponding CO;
proportion gradually decreased with increasing pressure, and the
average IFT also decreased.

4.3. The influence of temperature

As shown in Fig. 2(a)—(e), temperature did not have a mono-
tonic effect on IFT in systems with a high CO, proportion. Tem-
perature variations caused IFT to decrease and increase in distinct
pressure intervals. Under low-pressure conditions, temperature
disrupts the intermolecular cohesion of oil droplets, decreasing IFT
as temperature increases. Under high-pressure conditions,
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Fig. 9. Cloud maps of IFT at different pressure conditions. (a) 2 MPa; (b) 4 MPa; (c) 6 MPa; (d) 8 MPa; (e) 10 MPa; (f) 12 MPa; (g) 14 MPa.

temperature disrupts the high-density characteristics of COo,
causing IFT to increase with temperature. When CO, proportion
was low, temperature had a more direct effect on IFT. Within the
experimental pressure range, IFT decreased linearly with temper-
ature increasing, and the absolute value of the fitting slope
decreased, leading to a smaller reduction in IFT per unit pressure
(Zolghadr et al,, 2013a). A lower CO, proportion resulted in a
smaller effect of temperature increase on the gas phase but a
greater effect on the oil phase. Although increasing temperature
helped reduce the IFT between oil and gas, its effectiveness was
limited by considerable polarity differences. Additionally, the sol-
ubility of gas in crude oil decreases as temperature increases
(Ghorbani and Mohammadi, 2017; Mutailipu et al., 2024). Accord-
ing to Henry's law, higher temperatures affect the equilibrium be-
tween gas and oil droplets. Increased molecular movement within
the oil droplet creates more intermolecular space, reducing the
effective contact area and time for gas molecules in the oil phase.
This promotes the separation of gas molecules from the oil phase,
decreasing oil—gas miscibility and increasing IFT.
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Fig. 10 illustrates the cloud map of oil—gas IFT distribution under
various temperature conditions. At all temperature, the low IFT
region is consistently located in areas of high pressure and high CO,
proportion, with temperature fluctuations having a minimal effect
on the IFT distribution pattern. Moreover, a larger reduction in IFT
under high-temperature and high-pressure conditions can only be
achieved by lowering the temperature or increasing the CO, pro-
portion. For instance, when the temperature decreased from 140 to
60 °C, IFT dropped from 11.65 to 5.30 mN/m. Similarly, when the
CO; proportion increased from 0 to 1 (molar ratio increased from
0 to 100%), IFT decreased from 20.99 to 11.65 mN/m. The study
found that reducing the temperature is more effective in promoting
low IFT formation under high temperature and pressure conditions,
as it enhances the supercritical properties of CO,, improving its
interaction with oil and gas phases. Additionally, under low-
temperature and high-pressure conditions, increasing the CO, ra-
tio is more effective, enhancing the mutual solubility between the
oil and gas phases, and leading to a greater reduction in IFT.
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Fig. 10. Cloud maps of IFT at different temperature conditions. (a) 60 °C; (b) 80 °C; (c) 100 °C; (d) 120 °C; (e) 140 °C.

4.4. The influence of gas composition

According to Fig. S2 of the Supporting Information, the IFT of
various oil and gas systems showed minimal variation at low
pressures. However, at high pressures, IFT decreased in the
following order: pure CO,, CO2/N3 (3:1), CO2/N3 (1:1), CO2/N3 (1:4),
and pure N,. In the immiscible phase state, small CO, bubbles
dispersed in crude oil, with some capacity for expansion. This
caused oil volume expansion, which reduced oil density and IFT. Ny,
a common inert gas, has 1/5 to 1/10 of the solubility of CO; in crude
oil under high pressures (Su et al., 2023). Due to its poor miscibility
and low solubility in crude oil, Ny had a limited effect on IFT
compared to CO,. The effects of different CO,/N; ratios on IFT were
intermediate between CO, and N,. Experimental results showed
that increasing the CO, proportion in the gas phase decreased
oil—gas IFT, while increasing N, proportion increased it. With a
higher CO, proportion, its high solubility weakened the strength of
intermolecular interactions within oil droplets (Seyyedattar et al.,
2023), thereby reducing IFT. At low-temperature and low-
pressure conditions, oil—gas IFT reaches its maximum value.
Increasing either temperature or pressure can reduce IFT. Due to
the significant density difference between oil and gas at low
pressures, increasing the CO, proportion has a minimal impact on
IFT. Conversely, under low-temperature and high-pressure condi-
tions, IFT is minimized. To further reduce IFT, increasing pressure or
enhancing the CO, proportion is effective. Under high-temperature
and low-pressure conditions, increasing the CO, proportion or
temperature slightly reduces IFT, while increasing pressure is more
effective. At high pressures, both increasing the CO, proportion and
decreasing temperature reduce IFT, but when CO, proportion is
already high, reducing temperature is preferred.

Fig. 11 illustrates the oil—gas IFT distribution cloud maps at
various CO3/N; ratios. At lower CO; ratios, the minimum IFT of
20.99 mN/m occurred under high-temperature and high-pressure
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conditions. As the CO; ratio increases, IFT decreases progressively,
reaching minimum values of 17.55, 13.56, 9.45, and 5.23 mN/m, all
within high-pressure regions. However, the temperature selectivity
of the low IFT region is not unique and is primarily influenced by
the gas composition. As the CO, ratios increase, low IFT regions
shift from high-temperature to low-temperature zones, consistent
with CO,'s temperature sensitivity. It was found that at lower CO,
ratios, IFT can be reduced by increasing temperature or pressure. In
contrast, at higher CO, ratios, IFT is reduced by increasing pressure
or lowering temperature.

A non-linear increase in oil—gas IFT reduction was observed be-
tween 2 and 14 MPa as the CO, proportion increased. As shown in
Fig. 12, at 60 °C, IFT decreased by 0.24 mN/m for each 1% increase in
CO, molar proportion from 0 to 20%. When the CO, proportion
reached 50%, IFT decreased by 0.16 mN/m for each additional 1%
increase in the range of 20%—50%. The increase in CO, proportion did
not lead to a significant further reduction in IFT, with the reduction
effect gradually weakening, especially under high-temperature
conditions. At low temperature, the density difference is small,
and the interaction at the two-phase interface is strong. At elevated
temperatures, the significant decrease in supercritical CO, density
and the greater distance between oil and gas molecules weaken the
interface effect. This phenomenon is also influenced by “competitive
dissolution” of CO,/N> in crude oil. Competitive dissolution refers to
the competition between solute and solvent in a solution. While
much research has been conducted on competitive dissolution in
solid—liquid systems (Hdri et al., 2016; Seyeux et al., 2008), fewer
studies have been conducted on gas—liquid systems. Due to
instrumental limitations, it is challenging to capture the extent of
different gas dissolution in the liquid phase under high pressure.
Therefore, quantitatively characterizing the dissolution behavior of
CO2/N; in crude oil is difficult, and only limited analysis can be
performed based on the polarity differences between the two pha-
ses. When CO; and N, are introduced into crude oil, they compete



C. Zhang, C. Yu, Z.-H. Gu et al.

(a) 14

12

o
=)

Pressure, MPa

9 100 110
Temperature, °C

(d) 14

120 130 140

Pressure, MPa
©

60

70

80 90 100 110

Temperature, °C

120 130 140

(e) 14

Pressure, MPa

Temperature, °C

Petroleum Science 22 (2025) 2516—2534

90 100 110

Temperature, °C
IFT, mN/m

120 130

29.22

26.24

23.25

20.27

17.29

14.30

11.32

8.334

5.350
90 100 110
Temperature, °C

120 130 140

Fig. 11. Cloud maps of IFT at different gas composition conditions. (a) CO,; (b) CO2/N; (3:1); (€) CO2/N; (1:1); (d) CO2/N; (1:4); (e) Na.

25

—_
()
=

—— y=-4.481x? + 21.435x + 5.681 R?=0.997
—— y=-6.209x + 19.496x + 4.880 R?=0.996
—— y=-6.321x% + 17.538x + 4.396 R?=0.994
—— y=-5.406x*+ 15.247x + 4.148 R?=0.994
—— y=-4.193x?+12.721x + 3.710 R?=0.995

20 A

m 60°C
® 80°C
A 100°C
v 120°C
4 140°C

Equilibrium IFT reduction, mN/m

0.6

0.8

Proportion of CO, in gas phase

() A

0.25 [Jeoc
i Ewe
> [ 100°c
€ 020 1 [0
=
S [ 140°c
B
S 015 -
e
[
L
S 0.10 1
=
2
=]
& 005 4

20-50

50-75

0-20 75-100

Proportion of CO, in gas phase, %

Fig. 12. Effect of CO, ratio on IFT. (a) IFT reduction within the range of 2—14 MPa under different temperature and gas composition conditions; (b) IFT reduction for each 1% increase

in molar proportion of CO, in the gas phase.

for dissolution. CO,, with higher solubility, dissolves more readily in
crude oil, while N3, with lower solubility, dissolves less. When CO5/
N> with a molar ratio of 1:4 is injected, the higher solubility of CO; in
crude oil likely causes the ratio of CO2/N, dissolved in the oil to
exceed the injected gas ratio, leading to oil expansion and improving
droplet shape, resulting in a rapid reduction in IFT. However, further
increases in CO, proportion lead to diminished dissolution effects
due to limited solubility, limiting droplet shape improvement and
weakening the ability to reduce IFT. At low temperatures, gas solu-
bility in crude oil is higher, and increasing the CO, proportion leads
to the continuous dissolution of CO; and a decrease in IFT. At high
temperatures, gas solubility is lower, and injecting a small amount of
CO3/N; gas allows a higher proportion of CO; to dissolve in the oil,
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limiting the ability to reduce IFT by increasing CO, content. From an
engineering perspective, increasing the CO, proportion in injected
gas can quickly reduce IFT and improve oil displacement in low-
temperature reservoirs. In high-temperature reservoirs or CO,/N3-
assisted steam huff and puff processes, the optimal approach is to
inject a specific ratio of CO2/N, to minimize CO, capture costs,
enhance reservoir energy, and prevent IFT anomalies due to tem-
perature increases.

4.5. The influence of EITP

Oil—gas IFT is significantly affected by external conditions.
Experimental results show that IFT has a monotonic relationship
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with pressure and CO,/N; ratio, while the effect of temperature on
IFT is characterized by two distinct regions. As discussed previously,
this phenomenon is primarily due to the significant effect of tem-
perature on the CO, phase at high pressures, resulting in the
emergence of EDPL. Since the density difference is a key parameter
for IFT, there exists a pressure range where IFT is insensitive to
temperature changes. As shown in Fig. 9(c)—(g) and Fig. 11(a)—(c),
eight slices demonstrate an IFT range that is nearly unaffected by
temperature variations, although this range is relatively narrow.
Extensive experimental validation is needed to confirm whether
this region can be represented by an average pressure point for
simplification. The average pressure points and CO,/N; ratios of
each insensitive zone in these slices were selected for temperature
rise experiments, with a temperature range of 60—140 °C, at an
interval of 10 °C. As shown in Fig. S3 of the Supporting Information,
under the eight different pressure and gas ratio conditions, IFT
exhibited disorder with increasing temperature but was largely
unaffected by temperature. Table S3 (Supporting Information) in-
dicates that the maximum relative error between the upper and
lower boundaries and the average value are 1.17% and 0.943%,
respectively, with the overall average relative error being under
0.5%. Therefore, this narrow interval can be represented by a single
pressure point. In this study, the pressure corresponding to the
insensitive zone in different slices is defined as the “equivalent
interfacial tension pressure during temperature change (EITP)",
which refers to a pressure in the same oil and gas system that
makes IFT equal at different temperatures.

Some scholars have conducted CO,—oil interfacial tension tests
and found that IFT decreases with increasing temperature at low
pressures, but this trend reverses at higher pressures for all systems
studied (Zolghadr et al., 2013a; Li et al., 2017; Ibrahim et al., 2022).
Shang et al. (2017) tested IFT for CO2/N; and paraffin and found that
IFT exhibits the weakest temperature dependence at the crossover
pressure. To maintain optimal conditions, CO, should be injected at a
lower temperature above the crossover pressure and at a higher
temperature below it. However, due to limited experimental data,
this phenomenon has not been fully defined or analyzed in terms of
oil and gas properties. Flue gas injection is an effective method for
developing heavy oil reservoirs. To maintain formation pressure and
enhance oil recovery, co-injecting CO,/N, with steam is essential.
During multi-component thermal fluid injection, thermal energy
propagates from the near-wellbore region to deeper oil formations.
Accurately determining the interface parameters of different CO,/
N,—heavy oil systems and how they vary with temperature changes
is crucial for improving heavy oil thermal recovery. Building on
previous work, this study conducted oil—gas IFT experiments and
observed equivalent IFT in different CO2/N,—oil systems, defining
the pressure at which equivalent IFT occurs during temperature
changes as EITP (equivalent interfacial tension pressure). On the EITP
curve, temperature changes have little effect on oil—gas IFT. A higher
EITP indicates a weaker ability of injected gas to reduce IFT. When
the pressure is below the EITP, IFT decreases as temperature in-
creases. Temperature has a greater effect on the oil phase than gas
composition. Rising temperatures disrupt the cohesion among crude
oil molecules, intensifying thermal motion and weakening attrac-
tion between molecules in the oil droplet and those at its interface,
reducing the density difference between oil and gas and IFT. When
pressure exceeds EITP, IFT increases with rising temperature, with
the gas phase being more sensitive to temperature changes than the
liquid phase. Under high pressures, CO, enters a high-density stage,
increasing the gas phase sensitivity to temperature, increasing the
distance between oil and gas molecules, and rapidly increasing the
density difference. From Fig. 13, as the CO, proportion decreases,
EITP decreases non-linearly but gradually slows down. Despite the
significant impact of density difference on IFT, EITP is consistently
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lower than EDPI (Fig. 7). According to Eq. (1), IFT is influenced not
only by the density difference but also by parameters like the cur-
vature radius of oil droplets and the running angle. At the same
density difference and pressure, lower temperature corresponds to
smaller IFT, enhancing oil—gas interaction, increasing solubility, and
reducing IFT.

In COy/N3-assisted steam huff and puff operations, the bottom
hole injection temperature of the thermal fluid ranges from 250 to
350 °C. Upon entering the reservoir, the thermal fluid primarily
transfers heat through thermal convection to the distant well area.
Over time, the frontier edge steam gradually condenses, and the
average temperature within the fluid heating radius stabilizes at
150—250 °C. The introduction of CO,/N; not only improves steam
quality and helps carry heat to the top of the reservoir, forming a
heat—insulating layer that reduces steam heat loss to the upper
layer, but also replenishes formation energy to maintain oil pro-
duction (Dong et al., 2019). Minimizing the negative impact of high
temperatures on oil—gas IFT is crucial in this process. CO,/N;
mixtures can enhance oil recovery and facilitate carbon seques-
tration. Our recent study explored the effect of N, as an impurity
gas on CO, storage performance, highlighting the safety and sus-
tainability of CO, storage from the perspective of gas—liquid—solid
interactions. Ny addition creates dissolution pits on calcite surfaces,
and the calcite matrix exhibits optimal water-wettability at 50%—
75% CO, enrichment, which increases CO, storage column heights
(Zhang et al., 2024b). Regarding enhanced oil recovery (EOR), it is
often believed that higher CO, injection ratios improve EOR effi-
ciency; however, this is not true for heavy oil reservoirs. Excessive
CO, can extract residual oil in the reservoir, deteriorating its
physical properties and forming an oil barrier, which reducing the
effectiveness of later-stage oil and gas production. A certain amount
of N, in CO, can improve crude oil production efficiency in porous
media. Currently, CO,/N; injection ratios are determined through
laboratory core displacement experiments (Wang et al., 2021; Li
et al., 2022), but this method does not fully reveal the impact of
different CO»/N; ratios on oil—gas interface properties. The EITP
curve for the CO/N; system illustrates the effect of temperature
variations on IFT under different gas ratios. EITP is the critical
boundary where oil—gas IFT is affected by temperature; above this
boundary, IFT increases with temperature. Injecting more CO, does
not rapidly reduce IFT but results in CO, waste. High temperature
and CO, extraction of heavy oil also cause the loss of light com-
ponents, degrading physical properties of the remaining oil and
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complicating subsequent development. For example, in the
Zheng364 block oil reservoir in the Shengli Oilfield, located at a
depth of 1175 m with a formation pressure of 11 MPa and a tem-
perature of 60 °C, the optimal CO,/N; ratio was determined to be
0.4064 based on the EITP curve. At this ratio, injecting hot gas
prevents excessive extraction of crude oil, avoiding the loss of light
and medium components while ensuring that temperature
changes do not adversely affect IFT.

5. Conclusions

In this study, oil—gas IFT was measured under various condi-
tions using the pendant drop technique. A reliable model was
developed to predict the oil—gas IFT based on temperature, pres-
sure, and CO,/N; ratio. A 3D IFT model was created, and 2D cloud
maps were plotted under constant temperature, pressure, and CO;
proportion to analyze IFT variation patterns and influencing
mechanisms. The findings are as follows:

(1) IFT shows a strong correlation with oil—gas density differ-
ence, a moderate correlation with pressure and CO, pro-
portion, a weak correlation with saturates content and resin
content, and a nonlinear correlation with temperature, aro-
matics content, and asphaltene content. After data expan-
sion, the combination of linear, quadratic, and synergistic
effects accurately characterizes the relationship between
independent and dependent variables, detecting abnormal
changes and nonlinear trends in the data set, leading to more
accurate predictions.

(2) As pressure increases, the low IFT region shifts from the
high-temperature area to the low-temperature, high-CO;
content region. Under low pressures, the influence of tem-
perature on IFT is dominant, while under high pressures, the
influence of CO, proportion on IFT is dominant.

(3) The pressure corresponding to the equivalent IFT during
temperature changes is defined as EITP, which divides the
effect of temperature on IFT into two pressure intervals. At
specific pressures and CO/N; ratios, temperature increases
have little effect on IFT.

(4) The competitive dissolution of CO2/N; in crude oil and the
reduced gas solubility in the system at high temperatures
lead to a nonlinear increase in IFT reduction as the CO,
proportion increases. At high temperatures, a low CO,/N;
ratio achieves the most economical reduction in IFT.

(5) In engineering applications, when reservoir pressure is low,
increasing the CO; ratio has minimal impact on IFT. Raising
the reservoir temperature can reduce IFT to some extent, but
the effect is limited. When the reservoir pressure is high,
increasing the CO; ratio at low temperatures can rapidly
reduce IFT. At high temperatures or during gas-assisted
steam huff and puff, it is best to lower the system tempera-
ture or determine the optimal CO/N, injection ratio using
the EITP curve.
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