& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 27 April 2022
doi: 10.3389/fenrg.2022.883214

OPEN ACCESS

Edited by:
Mehdi Ostadhassan,
Northeast Petroleum University, China

Reviewed by:

Xiaodong Han,

China University of Petroleum, China
Kang Zhou,

Shandong University of Science and
Technology, China

*Correspondence:
Zhaomin Li
lizhm@upc.edu.cn

Specialty section:

This article was submitted to
Advanced Clean Fuel Technologies,
a section of the journal

Frontiers in Energy Research

Received: 24 February 2022
Accepted: 28 March 2022
Published: 27 April 2022

Citation:

Liu'Y, Zhang C, Wen Q, Li Z and
Song M (2022) Heat-Resistant CO,»
Foam for Promoting Carbon Capture
and Enhanced Oil Recovery.

Front. Energy Res. 10:883214.

doi: 10.3389/fenrg.2022.883214

Check for
updates

Heat-Resistant CO, Foam for
Promoting Carbon Capture and
Enhanced Oil Recovery

Yali Liu"?, Chao Zhang'?, Quan Wen "2, Zhaomin Li'?* and Mingzhe Song*

"Key Laboratory of Unconventional Oil and Gas Development China University of Petroleum (East China), Ministry of Education,
Qingdao, China, 2School of Petroleum Engineering, China University of Petroleum (East China), Qingdao, China, °PetroChina
Tarim Oiffield Company, Korla, China

Investigation of methods to effectively block the high-permeability channel and displace the
residual oil in the small pores in the old oilfields is an urgent research hotspot. The heat-
resistant carbon dioxide (CO,) foam with high viscoelasticity and low interfacial tension,
which is suitable for improving the oil recovery of old ailfields, and at the same time aids in
carbon sequestration. In this study, a suitable heat-resistant foaming agent was selected
by considering the temperature resistance, plugging, and profile control as the evaluation
indicators, and the heat-resistant CO, foam was prepared. Then, the two-dimensional (2D)
plate model experiment was designed to verify the feasibility of the heat-resistant CO, foam
profile control process in order to solve the problems of small sweep range and uneven
sweep degree in the reservoir. The results show that the selected foaming agent (RSB-1V)
still maintained a foaming volume of 375 ml at 300°C, and the interfacial tension was only
0.008 MNm~". The prepared heat-resistant CO, foam exhibited the best profile control
effect when the gas and liquid mixed injection, the gas-liquid ratio was 1:1, and the injection
volume was 4.5-5.5PV. In the 2D plate experiment, heat-resistant CO, foam flooding
promoted the recovery of the remaining oil in the matrix, and the oil recovery was increased
to 61.01%. Furthermore, by designing the CO, gas cap, it was verified that when the
volume of the gas cap was large (above 1.5 PV), the injection of the CO, gas cap could not
only effectively improve the recovery rate, but also achieve effective CO, capture.

Keywords: carbon dioxide, foam flooding, heat-resistant, plugging, profile control

INTRODUCTION

The development of most oilfields in China has recently entered a period of high-water saturation,
with an overall water saturation as high as 85.5% and the oil recovery as low as 24.6% (Zhengxiao
etal.,, 1013). Low single-well production, low porosity and permeability, strong heterogeneity, rapid
production decline, low recovery rate, reduced express delivery, and difficulty in water injection are
common problems encountered in low-permeability reservoirs that have been developed recently.
Noteworthy, conventional primary and secondary oil recovery methods can generally recover only 1/
3 of the crude oil in place (Wang et al., 2018). With the continuous growth of global energy demand
due to industrial activities and advances, higher requirements have been forward for improving oil
and gas development. Therefore, how to use tertiary oil recovery technology to increase the
production in domestic old oilfields and maintain sustainable development is the scientific and
technological research focus in the process of oilfield development.
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Foam flooding is a tertiary oil recovery technology that uses
foam fluid formed by gas-liquid mixture as injection fluid to
control gas mobility, improve gas flooding effect, and increase oil
recovery (Zhang et al., 2020a; Kang et al., 2021; Songyan et al.,
2022a). After the foam is injected into the formation, it first enters
the high-permeability channels with small flow resistance, and
the subsequent injection of foam leads to the increase in the flow
resistance in the formation. The foam enters the medium-and
low-permeability channels with high flow resistance (Yu et al,
2014). At the same time, it also reduces the gas mobility, and the
higher apparent viscosity of the foam enables it to have a high
mobility control capability similar to polymer flooding.
Moreover, the bubbles in the foam can also change their shape
and enter the pores of various structures, and drive out the oil in
the small pores through extrusion and cleaning, thereby
improving the microscopic oil washing efficiency (Farzaneh
and Sohrabi, 2015; Zhang et al., 2020b; Wang et al., 2020).

The gas phase in foam flooding is dominated by air,
nitrogen (N,), flue gas, and carbon dioxide (CO,) (Guo and
Aryana, 2016). Unfortunately, the greenhouse gases emitted
into the atmosphere through human activities have been
increasing year by year. CO, is an important part of
greenhouse gases that drives global climate change, and its
content is as high as 65%. Global warming and other harsh
environmental problems have attracted significant research
attention at the international level. The application of CO,
foam in the process of oilfield development can not only reduce
the environmental pollution, but also significantly improve the
recovery of crude oil, and the production increase benefit is
expected to be far greater than the injection cost (Aarra et al,,
2014; Zhang et al, 2016; Davarpanah and Akbari, 2019;
Pandey et al., 2021). Based on the chemical properties of
CO,, when the CO, foam breaks up in the formation, the
precipitated CO, leads to the expansion of the volume of oil,
dissolution of gas, and reduction in velocity. Under
appropriate conditions, CO, can also gradually diffuse into
the oil phase and form a miscible phase with the heavy oil in
the reservoir, further enhancing the recovery (Songyan et al.,
2022b). Therefore, CO, foam flooding has received extensive
attention, and CO, foam flooding has also been developed into
an important part of enhanced oil recovery (EOR) technology
at the global scale. CO, was injected into the Weyburn oilfield,
Saskatchewan, Canada for 4 years, which led to the increase in
the oilfield production by 1800 x 10*t, a 50% increase
compared to previous years (Songyan et al., 2021).

Till date, significant research efforts have been devoted to the
optimization of the application effect of CO, foam flooding
(Zhang et al,, 2018; Shan et al,, 2021; Sun et al, 2021; Zhang
and Schechter, 2021). For instance, Liu et al. measured the
stability of CO, foam at high temperature and high pressure,
and verified that with the increase of surfactant concentration, the
oil-water interfacial tension decreased, and it became stable when
the concentration was higher than the critical micelle
concentration (Rezania et al, 2021). It shows that the
concentration of surfactant seriously influences the stability of
CO, foam. Li et al. studied the plugging ability of CO, foam in the
low-permeability channel model (Songyan et al., 2022c). The
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FIGURE 1 | Schematic illustration of the apparatus used for foam
evaluation.

experiments showed that foam could effectively reduce the
mobility of gas and liquid in fractures, and the recovery was
improved by about 20% based on water flooding or gas flooding.

Noteworthy, in conventional foaming agent selection, more
attention has been paid to the stronger foaming ability, while
ignoring its oil washing ability, which effects the performance
improvement of old oilfield (Princen and Kiss, 1986; Dollet and
Raufaste, 2014; Ji et al., 2014). At the same time, understanding of
the mechanism of CO, foam flooding to promote carbon capture
is still insufficiently clear, which greatly limits the development of
CO,-EOR technology.

Therefore, in this study, interfacial tension, foaming volume,
and half-life were first used as the research parameters to screen
the concentration and evaluate the stability of conventional heat-
resistant foaming agents in oil fields. Then, the profile control and
plugging capacity of the heat-resistant CO, foam was determined
by using the sandpack model. Based on the characteristics of the
old oilfield with high water saturation, low permeability, and
strong heterogeneity, the effectiveness of heat-resistant CO, foam
was verified from the two aspects, namely, EOR and promotion of
carbon capture, which is the follow-up study of CO, foam
providing technical reference and basis.

EXPERIMENTAL

Apparatus

Screening and Evaluation of Heat-Resistant Foaming
Agents

Figure 1 exhibits a visual foam performance test device used in
this study. According to the experimental protocol, certain
concentration of foaming agent solution was pre-configured,
and the foam was prepared by the Waring Blender
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FIGURE 2 | Schematic illustration of dual-sandpack experimental apparatus.

experimental method (Aleksandrov et al., 2018). The air tightness
of the experimental equipment was first evaluated, and then the
foam evaluation device (Model: Foam Evaluator, China MSC
Group, pressure range <32 MPa and temperature range <300°C)
was put into an oven thermostat (temperature range <300°C).
Further, the stability of the foaming agent was determined by
measuring the liquid elution half-life at a temperature of
100-300°C. Next, the oil washing efficiency of foam was
calculated.

Dual-Sandpacks Model Flooding Experiment

Two sandpacks with high and low permeability were,
respectively, used to form a dual-sandpack model, which was
used to evaluate the plugging capacity and profile control capacity
of the prepared heat-resistant CO, foam. The experimental
apparatus is shown in Figure 2.

Sandpack is a stainless tube packed with silica powder with
varying particle size distributions as a model for a reservoir. The
length of the sandpack was 30.0 cm and its internal diameter was
2.5 cm. The apparatus shown in Figure 2 can be used to study the
foam plugging performance of a single sandpack and the foam
profile control performance of dual-sandpack, respectively. The
ISCO pump (Model 100DX, Teledyne Technologies,
United States) with flow accuracy <0.25 uL min~' and pressure
accuracy < +0.5% was used herein. The pressure difference
between the inlet and outlet of the sandpack was measured
with a differential pressure sensor (model: 3210PD, China
MSC Group, measuring range <50 MPa, accuracy <0.1%FS).
The measuring range of the graduated cylinder was <50 ml,
and the accuracy was <0.01ml. The temperature was
controlled using the oven thermostats to achieve the desired
reservoir temperature.

Heat-Resistant CO, Foam Flooding Test Using a
Two-Dimensional Visualization Plate Model

In the experiment, the two-dimensional (2D) visualization plate
model mainly composed of two tempered glass sheets and a metal
frame was used. The length, width, and thickness of the tempered

glass were 25, 25, and 2 cm, separately. First, two tempered glass
sheets were put into metal frame and a ring was installed between
them for sealing. A space of 25.0 cm x 25.0 cm x 0.6 cm was left
between the two tempered glass for filling silica sand. Two mental
frames with the same size cutting window were then bolted
together to fix the glass, and a ring was also placed between
them to prevent leakage. Some holes were present at the edge of
metal frame to simulate oil well, which connected with the space
between the two glasses. The apparatus used in visual oil
displacement experiment is shown in Figure 3.

Silica sand containing particles with different diameters was
used to pack the 2D visualization plate model to obtain the
anticipated permeability and porosity. The crude oil, CO,, and
surfactant were placed inside the container. The oil was delivered
to the 2D visualization plate model at a constant volumetric flow
rate using a piston pump (model 100DX, with flow accuracy
<0.25 uL min " and pressure accuracy < +0.5%). Complete the oil
saturation process. Then a foam generator was connected to the
model. Foam was generated by injecting the surfactant and CO,
simultaneously through the foam generator. The produced oil
and gas were separated with the separator, and they were
measured using a balance (accuracy <0.001g) and cylinder
(accuracy <10 ml), separately.

Materials

The crude oil, with a viscosity of 13,466 mPas and a density of
939.7 kgm ™ at 50°C was collected from Shengli Oilfield, China. In
the sandpack experiment, the viscosity of oil was 76.6 mPas at
200°C, and in the two-dimensional visualization experiment, the
viscosity of oil was 777.1 mPas at 90°C.

The foaming agent (DHF-1/B2/X]J-1/CNS/RSB-IV) was
selected from several surfactants commonly used in oilfield for
EOR. The concentration of foaming agent used in the experiment
was 0.5 wt%. In order to simulate the strata salinity influence on
foam performance, sodium chloride solution (NaCl,
17,435mgL™") and calcium chloride solution (CaCl,,
475 mgL™") were used in the experiments. The CaCl, fluid and
NaCl fluid, both with purity of >99.5%, were provided by Sigma
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FIGURE 3 | Schematic of the experimental setup for visual oil displacement experiment.

(United States). Deionized water was used in all the experiments.
The CO, used in this experiment was provided by Tianyuan Inc
(China), with a purity of 99.9 wt%.

In the 2D visualization experiment, the simulated oil was
prepared in proportion of 1:4 with the paraffin oil and the
dehydrated crude oil. The size of silica sand that was used to
simulate the matrix of 2D visualization plate model was 120
mesh, 100 mesh, and 70 mesh.

Experimental Procedure

Selection of Foaming Agents

(1) Evaluation of foaming ability and high temperature
resistance

The commonly used foaming agents in oil fields (DHF-1/B2/
XJ-1/CNS/RSB-1V) were selected, and foaming agent (0.5 wt%)
solutions were prepared to measure the interfacial tension of
different types of foaming agents. Then, the foaming agent was
placed on a stirrer with a rotating rate of 1,000 rpmmin™", stirred
for 5 min, and filled with CO, to obtain heat-resistant CO, foam.
The CO, foam was placed in a foam evaluation device, and the
initial foam volume was recorded as an indicator of foaming
ability. Then the temperature of oven thermostats was set to
increase from 100 to 300°C, and the time for which the volume of
CO, foam decreased to half the initial volume was recorded as the
half-life, which is an indicator of foam stability. Each sample was
tested three times, and the average of the measured values was
taken as the final result.

(2) Evaluation of oil washing ability

The crude oil was mixed with 120 mesh sand at a mass ratio
of 1:49 and aged for 120 h in the oven thermostats at 80°C.
Then the aged mixture (3 g) was added to the foaming agent
(0.5wt%) and the contents were stirred to make them react
fully for 48 h, during which the contents were shaken again
every 6 h. Finally, the washed liquid was taken out and dried in
the oven thermostats at 90°C for 24 h to obtain the amount of
washed oil, and then the oil washing efficiency was calculated
according to Eq. 1 as follows:

5= % % 100% (1)

where § is oil washing efficiency, %; m is the oil washed out by
surfactant solution, Ml; M is the total oil mixed with the silica
sand, mL.

Plugging and Profile Control Ability of Heat-Resistant
CO, Foam

The dried 80 and 120 mesh sand were mixed uniformly in a ratio
of 1:4, and filled into two sandpacks, respectively. The sandpack
was monitored to find out whether the air tightness of the
sandpack was qualified, and the sandpack was vacuumed after
ensuring that the air tightness was qualified. Subsequently, the
porosity and permeability of the sandpack were measured with
saturated water. The high-permeability sandpack and the low-
permeability sandpack were prepared, respectively. The final
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TABLE 1 | The parameters for dual-sandpacks model.

Model NO. Type Diameter
(cm)

1 Low-permeability sandpack 55

2 High-permeability sandpack 5.5

permeability gradient of the two sandpacks was 5.9. The physical
parameters of dual-sandpacks are presented in Table 1.

(1) Plugging ability of heat-resistant CO, foam

The high-permeability sandpack was used to evaluate the
plugging ability of heat-resistant CO, foam. First, the oil was
saturated into the high-permeability sandpack at a constant rate
of 3 mlmin~" at 90°C until no more water emerged from the
sandpack outlet. Then, at the experiment temperature of 200°C,
the 0-6 PV volume of heat-resistant CO, foam was injected into
the sandpack. Since the goal of foam application is profile
control and water plugging, the difference in water flooding
seepage resistance before and after foam injection is used to
characterize the plugging effect of foam. After foam slug was
injected, the pressure difference between the inlet and the outlet
of the sandpack during the water flooding injection was
recorded as P1. Then, the parameters such as gas-liquid ratio,
foam injection amount, and oil content were changed,
respectively, re-inject foam slug and water flooding, the
pressure difference of water flooding process after changing
parameters was recorded as P2. The resistance factor (RF) of
foam was defined as P2/P1. By comparing the changes in the RF,
the optimal foam injection scheme was designed to achieve the
best plugging effect.

(2) Heat-resistant CO, foam profile control ability

The prepared dual-sandpacks were recorded for porosity
and saturated with oil. The water flooding experiment was
carried out at 200°C and injection rate of 3.5 mlmin', and the
produced liquid at the outlet of the dual-sandpacks was
collected separately. The volume of produced liquid of the
low-permeability sandpack was recorded as Q;, and that of the
high-permeability sandpack was recorded as Q,. The liquid
production ratio of the dual-sandpacks was recorded as Q,/Q;.
After the water flooding, 0-6 PV volume of heat-resistant CO,
foam was injected into the dual-sandpacks, and the water
flooding of 3 mlmin™' was carried out via continuous
injection after the CO, foam slug injection. The produced
fluid at the outlet of the dual-sandpacks was collected and
recorded again as Q;” and Q,’, respectively. By comparing the
liquid production ratio of the dual-sandpacks before and after
the addition of heat-resistant CO, foam, the profile control
ability of the foam was verified.

Visualized Two-Dimensional Plate Model for Oil
Displacement and Carbon Capture Experiments
The experimental steps are as follows:

Heat-Resistant CO2 Foam

Length Porosity Permeability Kimax/Kmin
(cm) (%) (mD)
60.0 38.7 673.0 5.9
60.0 42.3 3,975.0
500
—
400 — A -
—— Y B B
3 300 -
)
(]
g
2
g 200 —&— RSB-IV
=) —®—CNS
<
—A—X]J-
LE XJ-1
100 —v¥—B4
DHEF-1
0 1 1 9
100 150 200 250 300
Temperature (°C)
FIGURE 4 | Variation of foaming volume with temperature
(Concentration was 0.5 wt%).

(1) The 2D visualization plate model was washed with distilled
water and absolute ethanol to ensure the complete removal of
dirt. The pipeline was installed to simulate the injection well
in the upper and lower center of the model, and to simulate
the production well on the right side of the model. It was
ensured that the production well outlet was higher than the
model to avoid oil flow. The model was sealed as a whole and
exhibited good air tightness.

(2) The sand samples with different particle sizes were dried and
mixed uniformly, and then filled into the model to simulate
the reservoir with high-permeability channels. All the valves
on the filled 2D plate model were closed and the model was
placed vertically for 2 h.

(3) The experimental temperature was maintained at 90°C, and
the model was filled with water from the bottom at a rate of
1.5 mlmin " until water reached the top of the model. The oil
was then saturated at a rate of 3.0 mlmin " from the top until
no water was produced at the bottom of the model, thus
completing the oil saturation.

4) Visualization experiment of heat-resistant CO, foam is
briefly described as follows: CO, (0.3PV) was injected
into the intermediate container to simulate the gas cap
formed by capturing CO, in the reservoir, the gas cap
pressure was controlled at 1 MPa, and stabilized for 1h.
The simulated gas cap (intermediate container) was
connected to the top of the 2D visualization plate model,
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then the production valve on the right side of the model was
opened, and the back pressure was set to 0.5 MPa. At the inlet
of the model, gas cap flooding and foam flooding were carried
out until almost no heavy oil was produced. The production
parameters such as gas cap pressure and oil production were
recorded. The distribution of remaining oil in the 2D
visualization plate model was observed.

RESULTS AND DISCUSSION

Evaluation of Heat-Resistant Foaming
Agent

The variation of foaming ability and change in half-life of foam
with temperature are shown in Figure 4 and Figure 5,
respectively.

Figure 4 demonstrates that the temperature exhibits a
significant influence on the foaming ability. At 100°C, the
foaming volume of the five foaming agents was up to 440 ml
and the lowest was 350 ml. When the temperature was increased
from 100 to 250°C, the foaming ability of DHF-1 foaming agent
gradually disappeared. When the temperature continued to
increase to 300°C, the foaming ability of CNS, XJ-1, and B4
foaming agents failed. At high temperature of 300°C, RSB-IV
foaming agent still exhibited high foaming ability, and th foaming
volume remained at 375 ml, which is only 6.25% lower than the
initial foaming volume.

Figure 5 illustrates that the half-life of foam decreases with
increasing temperature.

The initial half-life of RSB-IV foaming agent at 100°C was
relatively high, i.e., 8.5 min. With the increase in the temperature
to 300°C, the half-life of RSB-IV foaming agent remained at about
6.67 min, which proves that its temperature resistance is good.

According to several literature studies, stability of the foam can
be significantly affected when it comes in contact with the

Heat-Resistant CO2 Foam

remaining oil in the formation (Li et al.,, 2021; Chuaicham and
Maneeintr, 2017; Hamouda and Tabrizy, 2013). Therefore,
besides screening high foaming performance and half-life, low
interfacial tension should also be used as the selection criterion to
facilitate the stripping of the remaining oil to achieve higher
recovery (Zhang et al., 2019). Furthermore, the surface tension of
the five high-temperature resistant foaming agents was measured,
and the oil-washing ability of the foam was calculated according
to the method described in Equation 1. During the surface
tension measurement, a pendant drop of the aqueous
dispersion was formed at the end of a stainless steel needle
first, then the nanoparticles and surfactant molecules would
diffused to the surface layer. The droplet was produced by
pushing the piston of a gas-tight syringe, so the energy was
provided by the tensiometer (Ravera et al., 2006; Wang et al.,
2008; Stocco et al,, 2009; Xu et al, 2020). The corresponding
results are presented in Table 2.

Based on the comparative analysis of the foaming ability and
oil washing efficiency, the RSB-IV foaming agent was selected for
the preparation of heat-resistant CO, foam. It could still maintain
a high foaming ability at a high temperature of 300°C, the
interfacial tension was as low as 0.008 mNm™', and the oil
washing ability was 62.3%.

Heat-Resistant CO, Foam Flooding in

Dual-Sandpack Model

Plugging Ability of Heat-Resistant CO, Foam in
High-Permeability Sandpack

Owing to its high apparent viscosity, foam bursts in oil, stabilizes
in water, and exhibits high impermeability in areas with high
water saturation (Ahmed et al., 2021). Moreover, the larger
surface tension allows the foam to block the higher-
permeability channel and promote the displacement range in
the low- and medium-permeability channel. According to the
research, parameters such as gas-liquid ratio, foam injection
volume, foam injection rate, and oil content are important
factors that affect the RF of foam (Charlier et al, 1995).
Therefore, the plugging experiment of heat-resistant CO, foam
in the high-permeability sandpack under the influencing factors
was carried out, and the experimental results are presented in
Figure 6 and Figure 7.

Figure 6 shows that the foam generated by the mixed gas-
liquid injection exhibits higher resistance and better plugging
effect. Moreover, with the increase of the foam injection volume,
the RF gradually increased. However, when the foam injection
volume was increased to 5.4 PV, the RF growth slowed down.
With the increase in the injection rate, the RF of the foaming
agent increases.

Figure 7 shows the growth of the RF under the influence of
different gas-liquid ratios, revealing that when the gas-liquid
injection ratio is 1:1, the plugging effect of the foam is the best.

Therefore, it is recommended to adopt the injection method with
the high volume of foaming agent, the gas-liquid injection ratio was
1:1, and gas-liquid mixed injection in the oil development. After
adding heat-resistant CO, foam, the oil recovery in the high-
permeability sandpack was obtained as shown in Figure 8.
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TABLE 2 | Performance of high-temperature resistance foaming agent.

Heat-Resistant CO2 Foam

Type Interfacial Tension Foaming Volume Half-Life (min) Oil Washing Properties
(mN-m™) (ml) Efficiency (%)

RSB-IV 0.008 410 8.50 62.3 Good foam and interfacial properties
CNS 0.256 405 6.00 45.6 Good foam properties
XJ-1 0.210 410 5.00 48.7 Good foam properties
B4 0.017 390 4.58 56.8 Good interfacial properties
DHF-1 0.561 405 3.83 37.4 None

70

—=&— Gas-liquid mixed injection
60 F —2— Gas-liquid slug injection

Resistance factor

Foam volume (PV)

FIGURE 6 | Variation of RF with foam injection amount under different
injection methods (Temperature was 200°C, injection rate was 3.5 ml min™",
gas liquid ratio was 1:1).
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FIGURE 7 | Influence of gas-liquid ratio on RF (Temperature was 200°C,
injection rate was 3.5 ml min™", gas-liquid mixed injection).

Notably, the added heat-resistant CO, foam improves the
oil recovery of the high-permeability sandpack through the
foam plugging ability. When only water flooding occurs, the
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FIGURE 8 | Oil displacement in high-permeability sandpack
(Temperature was 200°C, gas-liquid ratio was 1:1, gas-liquid mixed injection).

oil recovery is only 80.15%, and the water saturation
increases rapidly. In contrast, when heat-resistant CO,
foam is added, the start-up pressure of heavy oil is
reduced, the recovery is increased to 89.26%, and the
water saturation is reduced by 6.78%. The comprehensive
experimental results show that the heat-resistant CO, foam
exhibits good plugging performance. The optimal RF is as
high as 63.48, and the effect of improving oil recovery of the
high-permeability sandpack is obvious.

The Profile Control Ability of Heat-Resistant CO, Foam
in Dual-Sandpacks

The profile control ability of foam is reflected in the following
way: When both the high-permeability channels and low-
permeability channels are present at the same time, the foam
preferentially enters the high-permeability channels, increases the
flow resistance of the high-permeability channels, and promote
the subsequent injection of fluid into the low-permeability
channels (Lopes et al., 2021). Consequently, the sweep degree
between the high-permeability and low-permeability channels
gets balanced. The results of the high-resistant CO, foam
balancing the fluid flow rate between the high-permeability
sandpack (3,975 mD) and the low-permeability sandpack (673
mD) according to the dual sandpack model are presented in
Figure 9.
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Figure 9 illustrates that the permeability gradient of two
sandpacks was 59. In the range of 0-6 PV foam injection
volume, the liquid production rate of high-permeability
sandpack is always greater than that of low-permeability
sandpack. However, under the action of heat-resistant CO,
foam, the liquid production rate difference gradually shrinks
between two sandpacks. At this time, the fluid flow rate of
high-permeability sandpack is 1.81 mlmin~’, and that of low-
permeability sandpack is 1.47 mlmin~".

Figure 10 presents the comparative analysis of the ratio of the
produced fluid of the sandpack to the total produced fluid after
adding the heat-resistant CO, foam with different injection
volume in the range of 0-6 PV.
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FIGURE 10 | Comparison of the ratio of liquid production of high-
permeability/low-permeability sandpack to total liquid production.

5 mlmin~").

Figure 10 demonstrates that at the beginning of the oil
displacement, the high-permeability sandpack was the first to
produce fluid, while the low-permeability sandpack produced
almost no fluid. With the increase of the amount of foam injected,
the foam gradually blocked the high-permeability channel, which
led to the adjustment of the permeability profile of the two
sandpacks. This resulted in the gradual increase in the liquid
production of the low-permeability sandpack, and the liquid
production difference gradually decreased between the two
sandpacks. When the amount of foam injected reached
4.5-5.5 PV, the profile control effect of foam was found to be
the best, and the difference of liquid production value of the two
sandpacks was reduced to 22.64%. The experimental results show
that heat-resistant CO, foam has good profile control ability.

Oil Displacement and CO, Capture
Experiments via Two-Dimensional

Visualization Plate Model

Visualization Experiment of Oil Displacement

The oil displacement effect of heat-resistant CO, foam injection
was studied through the 2D visualization plate model. First, the
CO, gas cap drive was adopted. When serious gas channeling
occurred, the injection of heat-resistant CO, foam started
plugging the channels.

Figure 11 shows that the oil recovery in the 2D visualization
model is only 37.16% when the oil is displaced only by the gas cap
drive. Subsequent injection of heat-resistant CO, foam and continued
production lead to the increase in the oil recovery to 61.01%.

Figure 12 shows the variation of the remaining oil distribution
with the development time. Panels (A-D) show the distribution
of the remaining oil when the production time was 20 min, 40
min, 60 min, and 80 min, respectively. The black area is the
remaining oil distribution area, the white area indicates the foam
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FIGURE 12 | Remaining oil distribution as a function of development time.

80 min«

flooding area, and the red frame shows the as-formed high-
permeability channels.

Figure 12 exhibits that when CO, is injected from the gas cap,
gas channeling occurs in about 20 min of production. The gas first
flows through the high-permeability channel to displace the oil in the
channel, and the speed of oil displacement in the four channels
basically remains consistent. When the production time reaches
40 min, the gas channeling becomes very serious. At this time, there
is still a large amount of remaining oil in the matrix. Thus, heat-
resistant CO, foam is injected, which preferentially increases the flow
resistance in the simulated fracture and inhibits gas channeling; as a
result, more CO, enters the low-permeability area and improves the
sweep area. At the same time, after the foam bursts, the released gas
enters the top of the model under the action of gravity
differentiation. Moreover, the accumulated gas forms a secondary
gas cap, which continues to displace the remaining oil and increases
the sweep coefficient. The surfactant in the foam system can lead to
significant reduction in the oil-water interfacial tension, so that the
oil washing efficiency gets improved. Eventually, the remaining oil at
the bottom of model stays near the production well location. When

Oil recovery (%)
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FIGURE 13 | Effect of gas cap on recovery factor.
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the production time is 80 min, most of the remaining oil in the
matrix is produced, and the oil displacement process completed.

Simulation of the Carbon Capture via Gas Cap

The intermediate container is filled with certain amount of CO,
and connected to the 2D visualization plate model to simulate the
process of injecting CO, as a gas cap to assist heavy oil recovery,
which is also an important way to realize carbon capture (Karzina
et al., 2019). The results of the oil recovery affected by gas cap
volume are shown in Figure 13.

Figure 13 shows that when the gas cap volume is small, the
CO; in the gas cap remains relatively stable, and the recovery rate
is low. With the increase in the gas cap volume from 0.05 to
0.1 PV, the CO, volume participating in the driving of heavy oil
increases. The increase in gas volume makes gas channeling more
likely to occur, thus forming high-permeability channels,
providing oil flow channels, and increasing oil recovery. With
the continuous increase in the gas cap volume to 1.5 PV, the high-
permeability channel gets completely broken through, CO, is
discharged through the channel, serious gas channeling occurs,
and it hardly participates in oil displacement, resulting in a
substantial decrease in oil recovery. The gas cap volume is
further increased to 2.5 PV. With the increase of gas flow rate,
the pressure difference between the inlet and the outlet of the 2D
visualization plate model increases, providing a larger driving
pressure difference, thereby increasing the oil recovery.
Therefore, with the increase of the gas cap volume, the
recovery factor shows a trend of first increasing, then
decreasing, and then increasing, which proves that the oil
recovery can be enhanced by capturing CO, to form a gas cap.

CONCLUSION

(1) The heat-resistant foaming agent RSB-IV was selected from the
foaming agents commonly used in oil fields. The foaming
volume remains at 375 ml at 300°C, with a half-life of about
6.67 min. It exhibits a low interfacial tension of only
0.008 mNm ™, the oil washing efficiency is as high as 62.3%,
and the foam performance and interface performance are both
good, which make it a suitable candidate for the subsequent
preparation of heat-resistant CO, foam.

According to the dual-sandpack flooding experiment, it is
recommended to adopt the injection method with high
injection rate, high volume of foaming agent, and gas-
liquid mixed injection in the oil displacement process. In
the high-permeability sandpack, the oil recovery of heat-
resistant CO, foam is increased by 9.11% compared with that
of water flooding. In the oil flooding experiment with dual-
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