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During the steam flooding of extra heavy oil, expansion of steam chamber is
difficult and erosion channels appear, which is different from conventional heavy
oil. The thermochemical composite system composed of steam, foam and
viscosity reducer can effectively improve the development effect of extra
heavy oil reservoirs. However, during the thermochemical composite flooding,
the rheological characteristics of extra heavy oil and the influence of erosion
channels on oil displacement mechanism are not yet researched. Taking the extra
heavy oil reservoir in Block X of the Chunfeng Oilfield as an example,
experimental research on the rheological properties and thermochemical
composite flooding of extra heavy oil model with erosion channel is
conducted. Firstly, the influence of thermochemical composite system on the
rheological properties of extra heavy oil is evaluated. Then, a one-dimensional
(1D) sand-pack model with erosion channel is used to conduct thermochemical
composite flooding experiments, comparing the recovery of steam flooding,
foam assisted steam flooding, viscosity reducer assisted steam flooding, and
composite flooding (foam and viscosity reducer assisted steam flooding). Finally,
a two-dimensional (2D) sand-pack model with erosion channel is used to
conduct thermochemical composite flooding experiments, comparing the
recovery of viscosity reducer assisted flooding and composite flooding. The
results show that viscosity reducer reduces the viscosity of extra heavy oil greatly,
and the extra heavy oilis not sensitive to the change of temperature after viscosity
reduction. When the concentration of viscosity reducer is 0.4% or more, good
viscosity reduction effect can be achieved at different oil-water ratio. In the 1D
sand-pack model experiments, compared to steam flooding, foam assisted
steam flooding, viscosity reducer assisted steam flooding, and composite
flooding, the recovery increased by 4.38%, 17.38%, and 30.46%, respectively.
In the 2D sand-pack model experiments, compared to steam flooding, the
viscosity reducer assisted steam flooding and composite flooding increase the
oil recovery by 12.49% and 16.61%, respectively. The thermochemical composite
flooding of extra heavy oil is dominated by erosion, supplemented by
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displacement. There is a synergistic effect between chemicals in the process of
composite flooding. At the same time, the purpose of “enhanced erosion and
expanded sweep” is achieved.

KEYWORDS

extra heavy oil, thermochemical composite flooding, physical experiments, erosion
channels, chemical agents

1 Introduction

Heavy oil resources of China account for more than 20% of the
total oil resources, and the annual output of heavy oil accounts for
about 8% of China’s annual oil output (Sun et al., 2022). In order to
meet the national demand for oil and gas resources, the development
of extra heavy oil has attracted more attention (Liu and Dong, 2022).
The Liaohe Oilfield has preliminarily revealed the production
mechanism of steam flooding for extra heavy oil, emphasizing
“erosion as the main mechanism and displacement as secondary”
in field practice (Hu, 2020). Erosion refers to the high-temperature
and high-pressure steam reducing the boiling point temperature of
the reservoir liquid. When the temperature equals or exceeds the
system’s boiling point temperature, the mixture will boil, causing the
crude oil to be stripped through distillation action, transferring oil
from dead pores to connected pores, thereby increasing the chances
of oil displacement. In recent years, the thermochemical composite
flooding technology to improve the development effect of extra
heavy oil reservoir has become a research hotspot (Lyu et al., 2018;
Liu YG. et al., 2020; Sun et al., 2023; Zhang et al., 2023). Compared
with conventional heavy oil, extra heavy oil almost does not flow
under formation conditions, but the erosion channel is easily formed
between injection and production wells developed by steam
and the
displacement is unclear in the process of field application.

flooding, synergistic mechanism of erosion and
Therefore, it is urgently necessary to conduct experiments on the
thermochemical composite flooding under conditions of non-piston
erosion channels and to study the oil displacement mechanism in
order to achieve efficient development of extra heavy oil.

Under the action of thermochemical agent, heavy oil can form
emulsions, and there is a significant difference in rheological
properties between heavy oil and emulsions (Alade et al., 2019a;
Ahuja et al.,, 2021; Al-Anssari et al., 2021; Strelets and Ilyin, 2021;
Zhu et al, 2021; Yadykova and Ilyin, 2022; Li et al.,, 2024). Jing
conducted research on the relationship between startup stress and
apparent viscosity. The study examined the effects of oil-water ratio,
surfactant concentration, startup temperature, and constant shear
rate on the maximum startup stress, leading to the establishment of a
new startup pressure model (Jing et al., 2020). Zhang conducted
experiments on the rheological characteristics of unstable heavy oil-
water dispersion mixtures. The study systematically considered
factors such as oil volume fraction, shear rate, and temperature,
and investigated phase transition phenomena and stability in oil-
water mixtures (Zhang et al,, 2019). Li conducted a study using
ultrasonic dispersion to prepare emulsions and observed their
microstructural characteristics using optical microscopy and a
The
investigate the influence of different surfactant concentrations,

nanometer particle size analyzer. research aimed to

oil-water ratio, and dynamic conditions on the emulsion type
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and microstructural features. The rheological properties of water-
in-oil (O/W) and oil-in-water (W/O) emulsions are also studied
through experiments (Li et al, 2020; Ramirez-Gonzdlez and
Quinones-Cisneros, 2020). Extra heavy oil, with higher viscosity,
can reach 10,000 mPas under surface conditions. The changes in
rheological properties before and after emulsification are more
pronounced for extra heavy oil. Research on the rheological
properties of extra heavy oil serves as the foundation for
subsequent studies.

Some scholars have conducted a series of studies on the seepage
characteristics of heavy oil thermochemical composite flooding.
Numerous studies have shown that chemical agents assisted
steam flooding can effectively reduce interfacial tension, leading
to the emulsification of heavy oil into an emulsion, thus reducing the
viscosity of heavy oil (Mohammadzadeh et al., 2019; Ahmadi and
Chen, 2020; Huang and Babadagli, 2020; Wang et al., 2020; Pratama
and Babadagli, 2022). Furthermore, chemicals have the capability to
alter the wettability of rocks, making them more hydrophilic and
enhancing the efficiency of steam flooding (Xi et al., 2019; Bruns and
Babadagli, 2020; Tian et al., 2020; Zhai et al., 2022). Through the
synergistic action of heat and chemicals, the development efficiency
of heavy oil steam flooding is significantly improved (Li et al., 2019;
Liu H. et al, 2020; Zhai et al, 2023). Through the seepage
experiment of high temperature composite foam, Qi shows that
when the liquid phase velocity is very low, the pressure difference
almost does not change with the increase of gas phase velocity.
However, with the increase of liquid phase velocity, the plugging
pressure difference increases linearly with the increase of gas phase
velocity (Qi et al,, 2009). Alade uses the in-situ steam generation
technology with the injection of thermochemical fluids to investigate
the influence of different temperatures on recovery. The results
indicate that at the injection temperatures of 100°C, 50 °C and 30°C,
the pressures generated at the entrance of the core increase to 1,600,
1,200, and 280 psi, respectively, with recovery of 83%, 66%, and 54%
(Alade et al., 2019b; Mahmoud et al., 2019; Alade et al., 2020; Alade
et al, 2023). However, the predecessors mainly discussed the
thermochemical composite flooding mechanism under the
condition of forming high permeability layer in the process of
thermal recovery of heavy oil. For extra heavy oil, the mobility
difference is even greater, and the slender erosion channel is very
easy to appear in the process of steam flooding. The erosion channel
is filled with heavy oil with water and oil saturation lower than the
residual oil saturation. The conventional thermochemical composite
flooding mechanism cannot reflect the existence of erosion channel
of extra heavy oil.

Therefore, taking the extra heavy oil reservoir in Block X of
Chunfeng Oilfield as an example, the experiment of thermochemical
composite flooding mechanism of extra heavy oil is carried out
under the condition of erosion channel. At first, rheological
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FIGURE 1

Relationship curve between oil-water interfacial tension and
viscosity reducer concentration

experiments on the thermochemical composite system of heavy oil
are conducted using a rheometer, considering the influence of
temperature, shear rate, viscosity reducer concentration, and the
oil-water ratio. Then, 1D displacement experiments are conducted
to study the oil displacement mechanism of thermochemical
composite flooding for extra heavy oil in the presence of erosion
channels. Finally, 2D displacement experiments are conducted to
investigate the oil displacement mechanism of thermochemical
composite flooding for extra heavy oil in the presence of high-
permeability zone. This study innovatively proposes an erosion
channel sand-pack model, providing guidance for improving the
development efficiency of thermochemical composite flooding for
extra heavy oil. These findings provide valuable insights into the
rheological behavior and displacement mechanisms of extra heavy
oil under thermochemical conditions.

2 Experiment approach
2.1 Experimental materials

The extra heavy oil used for the experiment is extracted from
Block X of the Chunfeng Oilfield. The viscosity of liquids is
rheometers (MCR302). At the reservoir
temperature of 40°C, the viscosity of the
28,768 mPas, with a density of 0.957 g cm™, a gum content of

measured using
crude oil is

18.3%, and an asphaltene content of 12.2%. To ensure the accuracy
and repeatability of the rheological testing experiment, the oil
sample is pretreated. At first, the crude oil is degassed and
dehydrated using a dehydrator. Then the oil sample is heated at
a constant temperature of 40 ‘C for 4 h to achieve a relatively
uniform state of internal molecules. Finally, the oil sample is cooled
to room temperature to obtain the base oil sample for
rheological testing.

The water used for the experiment is deionized water, prepared
with standard saline solution with a mineralization degree of
13,000 mg L'. The concentrations of Cl° and Mg**are
7,551 mg L' and 332 mg L', respectively.

The viscosity reducer and foaming agent are provided by
Sinopec Shengli Oilfield. The chemical agents are hydrophilic
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surfactants. The preparation process of crude oil emulsion is as
follows: Firstly, a viscosity reducer solution is prepared by adding a
viscosity reducer into water and stirring. Then, this viscosity
reducer solution is added to the crude oil and stirred inside an
emulsifier. Once the crude oil and viscosity reducer are thoroughly
mixed, a stable emulsion is formed. The relationship curve between
oil-water interfacial tension and viscosity reducer concentration is
measured using an interfacial tension meter (TX-500C), as shown
in Figure 1.

2.2 Oil and chemical agent property
experiment

The high-temperature and high-pressure rheometer (MCR302)
is used to obtain the rheological properties of extra heavy oil and
emulsion and study the influence of viscosity reducer on the
rheological properties of extra heavy oil. The experimental
scheme is shown in Table 1.

The specific steps are as follows: At first, the air compressor is
turned on. When the air compressor pressure reaches 5 MPa, the
compressor valve is closed. Then, the rheometer is opened to
initialize the instrument, and the rotor is installed for normal
force adjustment. Finally, the sample is loaded to be tested.
Viscosity-temperature curve test: The shear rate is 7.34 s, and
temperature ranges from 0°C to 200°C, with measurements taken at
10°C intervals. Constant temperature variable shear test: The shear
rate ranges from 0 to 100 s™. The viscosity of heavy oil is tested at
temperatures of 40°C, 100°C, 150°C, and 200°C. Each measurement
is sampled separately, and the steps - are repeated.

2.3 Oil displacement experiments in 1D
sand-pack model

2.3.1 Experimental equipment

As shown in Figure 2, the experimental equipment mainly
includes: ISCO plunger pump, steam generator, foam generator,
backpressure pump, intermediate container, sand-pack model with
erosion channels, pressure sensor, etc. In order to reflect the
formation of erosion channels during steam flooding of extra
heavy oil, a sand-pack model with channels is used (Figure 3).
The sand-pack model uses quartz sand mixed with extra heavy oil to
fill the sand-pack model and quartz sand saturated formation water
to fill the erosion channel in the center. The 40-70 mesh quartz sand
are selected for the experiment and filled the sand-pack model,
resulting in a permeability of 4,000 x 10~ um?. The size of the model
is ®2.5 cm x 30 cm. The diameter of the erosion channel is
1.0 cm-1.5 ¢cm and the length is 30 c¢cm. Foaming agent and
nitrogen can produce foam through foam generator. The half-life
of the foam is 2 h at 25°C. The half-life decreases with the increase of
temperature,
exceeds 120°C.

and it basically fails when the temperature

2.3.2 Experimental procedure

The formation water is injected into the sand-pack model at an
injection rate of 0.5 mL min™, and the porosity is calculated.
Different injection rates are used for displacement, and the water
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TABLE 1 Experimental scheme of the rheological properties of extra heavy oil and emulsion.

Experimental Content of the experiment = Temperature/ Viscosity reducer Oil- Shearing

scheme C concentration/% water rate/s™
ratio

Rheological properties of Viscosity-temperature relationship 0-200 — — 7.34
extra heavy oil

Rheological properties of Viscosity-temperature relationship 0-200 0.4 37 7.34
emulsion

Constant temperature variable shear 40, 100, 150, 200 0.4 37 0-100

Constant temperature variable shear with 100 0.2, 04, 0.6 37 0-100

different viscosity reducer concentration

Constant temperature variable shear with 100 04 5:5, 3:7, 1:9 0-100
different oil-water ratio

A: Oil
B: Water
C: Oil displacement agent

D:N,

FIGURE 2
Experimental equipment.

Oven

High saturation heavy oil

Thermochemical

composite system -

Low saturation heavy oil + formation water

Sand-pack model

(simulated erosion channel) Sieve mesh

FIGURE 3
Erosion channel model.
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FIGURE 4

The experimental setup and layout of the 2D sand-pack model. (A) Experimental setup. (B) The layout of the 2D sand-pack model.

permeability is calculated using Darcy’s law. The temperature of the
oven is raised to 100 °C and maintained for 1 h. The pretreated crude
oil is injected into the intermediate container at the rate of
1.0 mL min’ until no further water production is observed.
Finally, the temperature of the oven is lowered to the reservoir
temperature of 40°C. The oil displacement experiment is carried out.
The steam temperature is maintained at 200°C, the steam quality is
0.5, and the injection rate is 1.0 mL min”. The pressure of
backpressure pump is kept below 0.5 MPa. The displacement is
stopped when the water cut reaches over 98%.

Frontiers in Energy Research

2.3.3 Experimental scheme

Steam flooding: The steam injection volume is 3.6 PV, and
displacement is stopped when the water cut reaches 98%. Foam
assisted steam flooding: After the injection of 1.0 PV of steam, 0.4%
concentration of foaming agent and 0.5 PV of N, are injected when
the temperature, then the subsequent steam flooding is conducted.
Viscosity reducer assisted steam flooding: After the injection of
1.0 PV of steam, 0.4 PV of viscosity reducer is injected, then the
subsequent steam flooding is conducted. Composite (foam and
viscosity reducer assisted steam) flooding: After the injection of

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1357508

Cao et al.

1.0 PV of steam, 0.4% concentration of foaming agent and 0.5 PV of
N, are injected, followed by steam flooding. After injecting 0.5 PV of
steam, 0.4% of the viscosity reducer is injected, followed by
subsequent steam flooding. Compared different thermochemical
composite flooding with steam flooding, the enhanced oil
recovery (EOR) of thermochemical flooding is analyzed.

2.4 Oil displacement experiments in 2D
sand-pack model

2.4.1 Experimental equipment

As shown in Figure 4A, the experimental equipment mainly
includes: ISCO pump, steam generator, gas flow meter, gas cylinder,
intermediate sand-pack model, pressure gauge,
thermometer, etc. The 2D sand-pack model is made of stainless

container,

steel and consists of a chamber, a top cover, rubber sealing gaskets,
simulated wells, and sampling valves. The chamber size is 35 cm x
35 cm x 3 cm, and it is filled with quartz sand of different mesh sizes
to simulate a porous medium environment. Rubber sealing gaskets
with a diameter of 0.3 cm are used to seal the groove between the top
cover and the chamber. To ensure a good seal, organic glass adhesive
is applied around the sealing gasket. The model is equipped with
10 sampling ports on the back and 25 inlet and outlet ports on the
side, all equipped with valves. During the experiment, the liquid is
taken out from the sampling port to obtain the oil saturation at this
sampling port, and then the oil saturation distribution of the entire
model can be obtained through interpolation. The top cover is
securely fastened to the model body using 26 long screws.

2.4.2 Sand filling method

In the 2D sand-pack model experiments, a strip of high-
permeability zone is used to simulate the erosion channels.
Quartz sand with different mesh sizes are used to fill the 2D
sand-pack model. The layout of the 2D sand-pack model is
shown in Figure 4B. The central diagonal strip is the high-
permeability zone, filled with 30-50 mesh quartz sand. The
parallel width of the zone is 6.7cm, and the zone is distributed
along the diagonal of the model, with a permeability of 5,500 x
107 um? The two triangular areas on both sides are the low-
permeability zones, filled with 50-90 mesh quartz sand. The
diagonal side length of the zones is 43cm, and the permeability
of the zones is 2,200 x 107 um®. The porosity of the model is
calculated using the weighing method, and the permeability of the
2D model is equivalent to the permeability determined using the
quartz sand with same mesh size in the sand-pack model under the
same sand filling conditions.

2.4.3 Experimental procedure

The sand-pack model is connected to the vacuum system, and
the valve is closed after reaching a negative pressure of 0.1 MPa. The
valve connected to the simulated formation water is opened to
saturate the model, followed by injecting formation water until the
model is completely saturated. Simulated oil is alternately injected
into the sand-pack model at different injection points on the side of
the model until the model is fully saturated with simulated oil,
maintaining the connate water saturation at around 15%. Steam is
injected into the 2D model at a rate of 3.0 mL min™ at a temperature
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Viscosity-temperature curve of extra heavy oil.
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Viscosity-temperature curve of extra heavy oil emulsion.

of 200 °C and a steam quality of 0.5. After that, 0.3 PV chemical
enhancing system is injected for displacement. Finally, subsequent
steam flooding is conducted until the water cut reaches 98%. Two
sets of experiments are conducted, one involving the enhancement
of viscosity reducer assisted steam flooding and the other involving
the enhancement of composite flooding.

3 Results and discussion

3.1 The influence of thermochemical
composite system on the rheological
properties of extra heavy oil

In the viscosity temperature curve test of extra heavy oil, the test
temperature range is 40°C-200°C, and the shear rate is 7.34 s™'. The
viscosity-temperature curve of extra heavy oil is shown in Figure 5.
Within the temperature range of 40°C-100°C, as the temperature
increases, the viscosity of extra heavy oil significantly decreases.
After the temperature exceeds 100°C, as the temperature increases,
the viscosity of extra heavy oil decreases slowly.

In the rheological properties test of extra heavy oil emulsion, the
viscosity reducer with a concentration of 0.4% is used. The crude oil
and viscosity reducer are thoroughly mixed in an oil-water ratio of 3:
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Curves of viscosity of extra heavy oil emulsion with shear rate at
different temperatures.
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Viscosity-temperature curves of emulsions with different
viscosity reducer concentrations.

7 to obtain an emulsion. Firstly, a viscosity reducer solution is
prepared by adding a viscosity reducer into water and stirring. Then,
this viscosity reducer solution is added to the crude oil and stirred
inside an emulsifier. Once the crude oil and viscosity reducer are
thoroughly mixed, a stable emulsion is formed. A rheometer is used
to test the viscosity-temperature relationship of the emulsion, and
the results are shown in Figure 6. The temperature of the test ranges
from 40°C to 200°C, with a shear rate of 7.34 s

Figure 6 shows the viscosity of the emulsion forms an almost
horizontal straight line on a logarithmic scale and shows minimal
variation with temperature. This indicates that temperature has a
relatively small influence on the viscosity of the emulsion. In the
process of heavy oil development, the addition of viscosity reducers
is a common method to reduce the viscosity of heavy oil and
improve oil recovery.

The mechanism of adding viscosity reducer during steam
injection is that while steam heating reduces the viscosity of
crude oil, the viscosity reducer can effectively reduce the
interfacial tension between oil and water, form oil-in-water
emulsion and greatly reduce the viscosity of crude oil. The
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viscosity reducer concentration.

injection of viscosity reducer can also change the wettability of
rock and improve the relative permeability of oil phase. In order to
study the rheological properties of the emulsion after the addition of
viscosity reducer, the viscosity of the emulsion with shear is tested by
rheometer (Figure 7). The test temperature is 40°C, 100°C, 150°C and
200°C. The shear rate is in the range of 0-100 s™. Figure 7 shows that
in logarithmic coordinates, the viscosity of extra heavy oil emulsions
at different temperatures decreases with the increase of shear rate.
The variation curves of viscosity with shear rate at different
temperatures almost coincide, so it can be concluded that the
rheological property of emulsion is less affected by temperature
and more affected by shear rate.

The viscosity-temperature curve of the emulsion is tested by
rheometer (Figure 8), in which the ratio of oil to water is 3:7, the test
temperature range is 40°C-200°C and the shear rate is 7.34 s™'. As
can be seen from Figure 8, when the concentration of viscosity
reducer is 0.2%, the viscosity of the emulsion decreases with the
increase of temperature. When the Viscosity reducer concentration
is 0.4% or more, after the viscosity reducer is mixed with extra heavy
oil, the viscosity almost does not change with temperature. When
the concentration of viscosity reducer is high, the viscosity is less
affected by temperature. The variation of emulsion viscosity with
shear rate is measured by rheometer (Figure 9). The ratio of oil to
water is 3:7, the test temperature is 100°C, and the shear rate is in the
range of 0-100 s. Figure 9 shows that the viscosity of the emulsion
decreases with the increase of shear rate under different viscosity
reducer concentration schemes. When the concentration of viscosity
reducer is 0.2%, the viscosity of the emulsion is higher than the
concentration of 0.4% and 0.6% at different shear rates. When the
concentration of viscosity reducer is more than 0.4%, the variation
curve of viscosity with shear rate almost coincides.

To sum up, the crude oil can be fully emulsified when the
viscosity reducer with a concentration of 0.4% or more is mixed with
extra heavy oil. For the properties of the emulsion itself, its viscosity
is almost not affected by temperature, but only decreases with the
increase of shear rate. Therefore, in the actual injection process, it is
necessary to keep the minimum concentration of viscosity reducer at
0.4%, so that the extra heavy oil is fully emulsified and the crude oil
viscosity is reduced to the maximum.
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Curves of emulsion viscosity with shear rate with different oil-
water ratio.

The emulsion is obtained by fully mixing 0.4% viscosity
reducer with extra heavy oil at 5:5, 3:7 and 1:9 oil-water ratio,
respectively. The viscosity-temperature curves of emulsions with
different oil-water ratio are tested by rheometer (Figure 10). The
test temperature range is 40°C-200°C and the shear rate is 7.34 s™".
As can be seen from Figure 10, the viscosity-temperature curves of
emulsions with different oil-water ratio almost coincide, and the
viscosity of mixtures with different oil-water ratio varies little with
temperature, indicating that viscosity reducers with different oil-
water ratio can fully emulsify extra heavy oil. The effect of
temperature on the viscosity of emulsion under different oil-
water ratio is relatively small. The change of emulsion viscosity
with shear is tested by rheometer (Figure 11). The concentration
of viscosity reducer is 0.4%, the test temperature is 100°C, and the
shear rate is in the range of 0-100 s™'. It can be seen from Figure 11
that the variation curves of emulsion viscosity with shear rate
obtained by different oil-water ratio schemes almost coincide, and
the viscosity decreases with the increase of shear rate. As a result,
it can be concluded that different oil-water ratio has little effect on
the viscosity reduction effect of viscosity reducer. To sum up, the
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Comparison curve of foam assisted steam flooding and steam
flooding. (A) Recovery. (B) Water cut

viscosity reduction effect of viscosity reducer on crude oil is
greatly affected by concentration and less affected by oil-
water ratio.

3.2 Oil displacement experiment of
thermochemical composite flooding of
extra heavy oil in 1D sand-pack model

The recovery contrast curve of foam assisted steam flooding and
steam flooding is shown in Figure 12A, and the water cut contrast
curve is shown in Figure 12B. As can be seen from Figure 12A, the
recovery of foam assisted steam flooding is higher than that of steam
flooding, and the final oil recovery is 48.57%, which is 4.38% higher
than that of steam flooding. As can be seen from Figure 12B, after
foam injection, the water cut decreases from 94.44% to 79.41%, and
the water cut decreases by 15.0%. The injection of foam can plug the
steam channeling channel, expand the area of steam, further expand
the steam heat to the depth of the formation, and heat the oil in the
area not swept by the steam, which further improve the utilization
efficiency of heat energy and improve the oil recovery in the
steam flooding.

The recovery comparison curve of viscosity reducer assisted
steam flooding and steam flooding is shown in Figure 13A, and the
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FIGURE 13

Comparison curve of viscosity reducer assisted steam flooding
and steam flooding. (A) Recovery (B) Water cut.

water cut contrast curve is shown in Figure 13B. As can be seen from
Figures 13A, B, the final recovery of viscosity reducer assisted steam
flooding is 61.57%, which is 17.38% higher than that of steam
flooding. After viscosity reducer injection, the water cut decreases
from 92.44% to 63.76%, and the oil production rate increases rapidly
in this process. It can be seen that the viscosity of extra heavy oil is
high, and even after steam heating, it still has high residual oil
saturation. After viscosity reducer is injected, it can effectively
reduce the oil-water interfacial tension, strengthen erosion, and
drive out more crude oil. Reduce residual oil saturation and greatly
improve oil recovery.

The contrast curves of recovery degree and water cut between
composite flooding and steam flooding are shown in Figures 14A, B,
respectively. As can be seen from Table 2, the oil recovery after foam
injection increases by 3.96% compared with the steam flooding, and
the oil recovery after viscosity reducer injection increases by 30.46%
compared with the steam flooding. The EOR of composite flooding
is 8.7% higher than the sum of EOR of single foam flooding and
single viscosity reducer flooding, indicating that foam and viscosity
reducer have synergistic effect. The injection of foam blocks the non-
piston erosion channel to a certain extent, so that steam can further
expand the crude oil in the unaffected area to the depth of the
formation. It expands the swept area of steam, and viscosity reducer
can also can emulsify oil and reduce its viscosity, and greatly
improve oil recovery.
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TABLE 2 The oil recovery of different displacement methods in 1D sand-
pack model experiments.

Displacement method Recovery, %

Steam flooding 44.19

Foam assisted steam flooding 48.57
Viscosity reducer assisted steam flooding 61.57
Composite flooding 74.65

3.3 Oil displacement experiment of
thermochemical composite flooding of
extra heavy oil in 2D sand-pack model

The dynamic curve of viscosity reducer assisted steam flooding
for reservoir development is shown in Figure 15. During the steam
flooding process, the water cut rapidly increases, and the steam
flooding recovery is 32.76%. During the viscosity reducer flooding,
the water cut rapidly decreases, and the water cut decline funnel is
deep and narrow. After the water cut decreases to 33.33%, it quickly
increases again. The recovery of subsequent steam flooding after
viscosity reducer flooding is 45.25%, which is 12.49% higher than
steam flooding alone.

Figure 16 shows the dynamic curve of composite flooding for
reservoir development. The steam flooding recovery is 35.55%.
During the composite flooding, the water cut decline funnel is
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Dynamic curve of composite flooding.

shallow and wide with fluctuating features. After the water cut
decreases to 61.67%, it slowly increases again. The recovery after
composite flooding is 52.16%, which is 16.61% higher than steam
flooding alone. The viscosity of the viscosity reducer solution is
similar to water, and most of the viscosity reducers still flow along
the erosion channels during displacement. The low interfacial
tension promotes the emulsification of heavy oil, improving the
oil phase permeability.

Table 3 shows the recovery of viscosity reducer assisted steam
flooding and composite flooding after steam flooding and at the end
of displacement. It can be seen that composite flooding improves oil
recovery and is more effective than viscosity reducer assisted steam
flooding, resulting in higher oil recovery.

Figure 17 shows the distribution of remaining oil during
viscosity reducer assisted steam flooding. During the steam

10.3389/fenrg.2024.1357508

flooding, the injected simulated formation water flows along the
central high-permeability zone. After 40 min of injection, steam
breakthrough occurs at the outlet of model, resulting in lower sweep
efficiency. After 120 min of steam injection, viscosity reducer is
injected. Due to the high viscosity ratio between oil and water, the
viscosity reducer solution tends to experience viscous fingering.
Following the viscosity reducer injection, steam continues to be
injected, leading to a slight increase in the steam sweep area, and the
saturation of remaining oil outside the high-permeability zone
begins to decrease.

Figure 18 shows the distribution of remaining oil flooding by a
composite system of steam, foam, and viscosity reducer. Similar to
viscosity reducer assisted steam flooding, during the steam flooding,
the injected simulated formation water flows along the central high-
permeability zone. After 60 min of injection, steam breakthrough occurs
at the outlet of the model. After 100 min of steam injection, foam is
injected along with the viscosity reducer, and the foam can plug the high-
permeability zone. Continuing to inject steam, there is a relatively
noticeable expansion in the steam sweep area, with a greater decrease
in the remaining oil saturation outside the high-permeability zone.

3.4 Discussion

This study conducted experiments on the rheological properties
of extra heavy oil and 1D and 2D sand-pack model displacement,
and obtained recovery under different displacement methods. The
mechanism of different displacement methods was analyzed.

However, during the sand-pack model displacement
experiment, there are various errors. There are errors in the
measurement of oil and water remaining in the pipeline, as well
as errors in the displacement pump, intermediate container, etc.,
combined with reading errors, resulting in certain errors in the final
calculation results. Through experimental design, we have
minimized the impact of the amount of oil and water in the
pipeline on the calculation results. At the same time, due to
significant differences between laboratory and reservoirs, heat can
spread throughout the sand-pack model during the transfer process,
resulting in a slightly higher recovery than the actual oil field.

Besides, there are still some problems in the experiments: the
strength of foam at high temperature (150°C, 200°C) decreases, and
the plugging performance is poor. It is necessary to develop a
foaming agent with better performance to improve the plugging
strength of foam at high temperature. The 2D model cannot
consider the effects of steam overlap and gravity, and a thicker
3D model is needed to study the influence of steam overlap and
gravity on oil recovery in the future. In addition, with the addition of
chemical agents such as foam and viscosity reducer in the
displacement process, the cost of development is also increasing.
Later, the economic net present value needs to be calculated to

determine the profit of each displacement method.

TABLE 3 The oil recovery of different displacement methods in 2D sand-pack model experiments.

Displacement method

Recovery after steam flooding, %

Final recovery, %

Viscosity reducer assisted steam flooding

Composite flooding

Frontiers in Energy Research

32.67 45.25

35.55 52.16
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FIGURE 18
Saturation flied of composite flooding.

4 Conclusion

In this study, rheological tests and oil displacement experiments

are conducted to investigate the rheological properties and seepage

characteristics of extra heavy oil under thermochemical conditions.

The following conclusions are obtained:

(1)

Steam heating effectively reduces the viscosity of the crude oil
while the addition of viscosity reducer reduced the oil-water
interfacial tension, enabling the formation of water-in-oil
emulsions and significantly lowering the oil viscosity.
Mixing the with
concentrations of 0.4% or higher results in thorough

heavy oil viscosity reducer at
emulsification of the crude oil. The rheological properties
of the emulsions are minimally influenced by temperature but
are significantly influenced by shear rate.

During the 1D thermochemical composite flooding, the
with
displacement playing a secondary role. The foam increases

primary oil recovery mechanism is erosion,

the sweep efficiency through plugging, while the viscosity

Frontiers in Energy Research

A3)

07
06
05
) 04
03
02
0

08

reducer greatly reduces the viscosity of oil through

emulsification. Compared with steam flooding, foam
assisted steam flooding improves oil recovery by 4.38%,
viscosity reducer assisted steam flooding improves oil
recovery by 17.38%, and composite flooding improves oil
recovery by 30.46%. The composite system of steam, foam,
and viscosity reducer exhibits a synergistic effect, enhancing
both erosion and displacement, resulting in a significant
increase in recovery.

In 2D sand-pack displacement experiments, viscosity reducer
assisted steam flooding and composite flooding increases
recovery by 12.49% and 16.61%, respectively. The addition
of foam increases the sweep efficiency of steam. However, due
to weak plugging strength of the foam, the recovery of
composite flooding only increases 4.12% compared to

viscosity reducer assisted steam flooding.

The above conclusions provide valuable insights into the

rheological behavior and oil displacement mechanism of extra
heavy oil under thermochemical conditions.
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