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Abstract:

Water-alternating-gas (WAG) injection is recommended as a means of improving gas
mobility control. This paper describes a series of coreflood tests conducted to investigate
the potential for continuous gas injection and WAG injection in ultra-high water-cut
saline reservoirs. The mechanisms of immiscible water-alternating-nitrogen injection on
residual oil distribution are analyzed, and pore-scale analysis is conducted. The effect of
injection parameters on residual oil distribution and recovery efficiency is also evaluated.
Coreflood results show that tertiary oil recovery efficiency is significantly higher using
WAG injection than continuous gas injection during the ultra-high water-cut period. Pore-
scale visualization illustrates the movement of gas through the waterflooded channels into
the pore space previously occupied by water and residual oil, which then becomes trapped.
Injected gas breaks the force balance of microscopic residual oil and reduces residual oil
saturation. This mobilizes the displaced/collected residual oil into large waterfilled pores
and blocks several water channels. WAG flooding can decrease free-gas saturation and
increase trapped-gas saturation significantly, resulting in decreased relative permeabilities
of gas and water. The experimental results indicate that appropriate WAG design parameters
could enhance recovery by 15.62% when the injected pore volume of water and gas in
the cycle is 0.3 PV at a gas/water injection ratio of 2:1. The results from this study will
allow researchers and reservoir engineers to understand and implement immiscible WAG
injection as an enhanced oil recovery method in ultra-high water-cut stage reservoirs.

1. Introduction

Enhanced oil recovery (EOR) methods in the ultra-high

pores, causing the water phase permeability to decrease and
achieving the purpose of water control (Valeev and Sheveleyv,
2017; Itriago et al., 2018; Janssen et al., 2018).

water-cut period include chemical flooding, thermal oil recov-
ery, and gas flooding (Liu et al., 2020). At present, the most
popular EOR method for saline reservoirs is water flooding
(You et al., 2018; You et al., 2019; Zhang et al., 2019), as
it is difficult to use chemical flooding in the high salinity
environment of reservoirs. Besides water injection, there is no
suitable EOR method for saline reservoirs (Sun et al., 2016;
Yang et al., 2018; Kong et al., 2019). Gas has a large molecular
spacing and can easily be compressed or expand. It can enter
the pore spaces that may previously have been inaccessible
during water flooding at higher pressure, thus expanding the
swept volume. The injected gas can become trapped in the

Carbon dioxide, nitrogen, hydrocarbon gas, and mixed
gas are commonly used in gas injection. If implemented
properly, gas injection is an economical and effective tertiary
oil recovery method (Li et al., 2016; Singh, 2018; Kong et
al. 2020). Due to the heterogeneities of the oil-bearing layer
and the existence of fractures, early gas breakthroughs often
occur during gas flooding, reducing the effectiveness of this
approach. Gas injection in the water-alternating-gas (WAG)
mode can effectively suppress early gas breakthroughs, delay
the gas rafting time, and improve the gas flooding effect
(Ramachandran et al., 2010; Afzali et al., 2018; Janssen et al.,
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2020). In the WAG flooding process, the injected gas has a
high microscopic oil displacement efficiency, and the injected
water has a high macroscopic swept volume. The combined
injection gas and injected water can significantly enlarge the
swept volume and adjust the fluid injection profile.

After gas is injected into the reservoir, the seepage state
changes from the original oil-water two-phase seepage to
a three-phase oil-gas-water seepage. In the middle and late
stages of water flooding, the relative permeability of water
in the porous medium is relatively high, the flow resistance
is small, and the water easily flows through channels. After
the gas-water alternation is used to inject gas, the relative
permeability of the water phase is greatly reduced, and the
flow resistance increases. When that happens, the possibility
of water channeling is greatly reduced (Shahverdi et al., 2013;
Afzali et al., 2020). At the same time, due to the presence of
the water phase, the relative permeability of the gas phase
becomes much lower than that during gas flooding. Thus,
gas fingering can be controlled, the gas front becomes more
stable (which effectively prolongs the time required for the
gas to break through to the oil well), and the sweep efficiency
improves; in turn, this effectively improves the recovery factor.
The WAG flooding technology has been tested and applied
in many oil fields around the world, and has been found
to significantly reduce the water saturation and increase the
recovery rate by up to 10% (Christensen et al., 2001; Afzali
et al., 2018; Liu et al., 2020).

To date, most scholars have focused on the flow control
ability of WAG flooding. Physical simulations and pore net-
work simulations are widely used in the study of microscopic
seepage laws (Heiba et al., 1984; Oren et al., 1992; Oren,
1994; Oren and Pinczewski, 1996; Pereira et al., 1996; Sohrabi
et al., 2004; Wang et al., 2019; Zhu et al., 2019; Liu et
al., 2020; Wang et al., 2020). Glass-etched models and high-
definition imaging technology are used to observe the fluid
seepage laws and distribution characteristics of reservoirs
of different wettability during the WAG flooding process.
Compared with single-gas flooding or water flooding, the
recovery efficiency is higher and the oil displacement effect
is better with WAG flooding. The reservoir wettability has a
significant influence on the oil displacement effect. Oil-wet
reservoirs have the highest recovery rate, and water-wet reser-
voirs have the lowest; mixed-wet reservoirs are somewhere in
the middle. The effect of oil displacement is also influenced
by the cumulative injection volume. The higher the cumulative
volume of fluid injected, the higher is the recovery factor.

The WAG process includes drainage and imbibition, that is,
the process of alternating displacement between wetting and
non-wetting phases (Ghomian et al., 2008; Fatemi and Sohrabi,
2012; Khorsandi et al., 2017; Afzali et al., 2020). The wetting
hysteresis in this process affects the law of multiphase flow,
which corresponds to wetting-phase saturation (saturation path
and saturation history). The complexity is associated with
the wetting-phase relative permeability, corresponding to the
wetting-phase saturation at which flow reversal takes place
(Keller et al., 1997; Blunt, 1999; Akervoll et al., 2000; DiCarlo
et al., 2000; Mohammad and Blunt, 2004; Shahverdi et al.,
2011; Zuo et al., 2013). The relative permeability of the
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three phases has implications for the dissolution and capillary
trapping mechanisms, and is significant in terms of trapped-
gas saturation affecting the imbibition-relative permeability of
the wetting phase (Khorshidian et al., 2017; Afzali et al., 2018;
Long et al., 2018; Afzali et al., 2020; Riicker et al., 2020) Core
flooding experiments have also been conducted to investigate
the performance of WAG flooding (Kulkarni and Rao, 2005;
Guo et al., 2012; Fatemi and Sohrabi, 2013; Motealleh et
al., 2013; Khanifar et al., 2015; Hoare and Coll, 2018).
The characteristics of the injection capacity and oil recovery
performance at different injection rates, slug sizes, and gas-
water ratios have been investigated using one-, two-, and three-
dimensional cores. The experimental results show that the
injection capacity decreases as the gas/water ratio and slug
size decrease. WAG flooding can improve the microscopic oil
displacement efficiency and increase the formation pressure.
However, only a few researchers have studied the interaction
between the rock-fluid, water, and gas during WAG flooding.

In this paper, a medium-high-permeability and saline reser-
voir at an ultra-high water-cut is studied. The research method
combines core displacement experiments and microscopic
visualization experiments. The potential and mechanism of
continuous gas injection (CGI) and non-miscible WAG injec-
tion for the water-flooding of residual oil in the saline reservoir
are investigated by core flooding experiments. The effect of
the injection parameters (injection pore volume (IPV) (W+G)
of each cycle and the injection ratio of gas to water) is also an-
alyzed. The microscopic residual oil characteristics at different
displacement stages are observed by microscopic visualization
experiments, and the residual oil saturation of different types
is calculated using image processing techniques. The gas-
liquid-rock interaction in the process of water injection and
gas injection is analyzed at the pore scale, and the mobilizing
mechanism of different types of residual oil is explained using
force analysis.

2. Experimental method and procedures

2.1 Experimental materials

The simulated oil is a mixture of kerosene and transformer
oil with a viscosity of 1.82 mPa-s and a density of 0.78 g/cm?
at a reservoir temperature of 80 °C. The salinity of the forma-
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Fig. 1. Schematic diagram of the pore network in the ball-and-stick model.
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Table 1. Properties of natural outcrop sandstone cores used in the coreflood experiments.

Procedure Permeability (x10~3 um?)  Porosity (%) Length (cm) Diameter (cm) Pore volume (cm?)
1 WF+CGI 282.75 18.13 2891 2.57 27.19
2 WF+WAG 241.27 20.73 30.12 2.58 32.64
3 WF+WAG 241.27 19.43 30.12 2.58 30.60
4  WF+WAG 237.61 19.43 29.91 2.58 30.38
5  WF+WAG 257.13 18.13 31.33 2.57 29.47
6 WF+WAG 264.45 19.43 31.33 2.58 31.82
7  WF+WAG 274.21 18.13 30.12 2.58 28.55
8  WF+WAG 279.09 18.13 30.12 2.58 28.55
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Fig. 2. (a) Pore network of micromodel; (b) Repeated pattern in the pore network.

N
o

N
(2]
T

-
N
T

Distribution frequency (%)

8
7

4 |
7 7
7 A8 ap

0 7 777
@« ©ON®OIRNON®OQLAA
~ NgdooPdgogP

NM MM TS

Pore radius (um)

Fig. 3. Pore radius of the micromodel.

tion water is 2.4x 10° mg/L; a NaCl solution of 2.4x 10° mg/L
is used to simulate the water in the experiments. The gas is
nitrogen (N») with a purity of 99.99%.

The experimental core is a natural outcrop sandstone with
a permeability of 250x1073 um? and a porosity of 19.5%.
The cores measure 30 cm in length and 2.5 cm in diameter.
The physical properties of the cores are listed in Table 1.

A micromodel fabricated by oil-wet polydimethylsiloxane
(PDMS) is used in the pore-scale visualization experiments.
There are two kinds of experiment models, a ball-and-stick

pore network model and a simulation pore network model
based on the cast thin slice image. The model material
is PDMS polymer, and the wetting angle between the oil
and PDMS is 128.3°. As shown in Fig. 1, the ball-and-
stick pore network model is divided into two regions, one
of high permeability and one of low permeability, by the
main flow line (above the red line is the low permeability
region) and the coordination number of each region is 3. The
difference between high and low permeability in the reservoir
is simulated by changing the throat size. The seepage area
measures 6.5 mm (length) x 3.5 mm (width) x 25 um (depth),
and consists of 110 pores and 161 throats. The pore diameters
are all 200 um. The three throats connected to the pores in the
low permeability area (above the red line) have widths of 80
um, 40 um, and 20 um, respectively; those connected to the
pores in the high permeability area have widths of 100 um,
50 um, and 25 pum, respectively.

The pore network of the micromodel is formed by re-
peating a smaller pattern that was designed based on a thin
conglomerate section, as shown in Fig. 2(b). The pore radius
of the micromodel ranges from 2-52 um, as shown in Fig.
3. The pore distribution of the micromodel is similar to that
of the real cores, so it can be used to study the microscopic
remaining oil and represent the real cores.
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Table 2. Experimental scheme of tertiary gas injection core flooding experiment.

Experiment ~ Process Gas flow rate, mL/min  Liquid flow rate, mL/min IPV ~ WAG ratio
1 WF+CGI 0.15 / / /

2 WF+WAG  0.15 0.3 0.3 2:1

3 WF+WAG  0.15 0.3 0.2 2:1

4 WF+WAG  0.15 0.3 0.4 2:1

5 WF+WAG  0.15 0.3 0.5 2:1

6 WF+WAG  0.15 0.3 0.3 1:2

7 WF+WAG  0.15 0.3 0.3 1:1

8 WF+WAG  0.15 0.3 0.3 3:1
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Fig. 4. Experimental setup diagram of N, core flooding.

2.2 Experimental procedures
2.2.1 Tertiary gas injection core flooding experiment

Natural outcrop sandstone with the same physical proper-
ties was used in the experiments. The first experiment used
water flooding to achieve the ultra-high water-cut stage, and
then gas injection was carried out to perform both N,-CGI
and N>-WAG experiments, as per the experimental scheme in
Table 2.

The experimental procedures were as follows:

1) The core was evacuated, and then the simulated water
was injected at a rate of 0.1 mL/min to obtain the pore
volume and the effective water-phase permeability. The
simulated oil was injected at 0.05 mL/min at 80 °C until
the water was no longer produced. This step helped obtain
the original oil saturation.

The core was placed in the core holder, and the pressure
at the outlet was controlled at 2 MPa through the back-
pressure valve. The formation water was injected at a rate
of 0.15 mL/min until the water-cut at the outlet reached
98% (see Fig. 4).

3) An N;-CGI experiment was carried out after the water

2)

. — i )\
i

Data
acquisition

flooding. A gas mass flow controller was used to control
the gas injection rate under the reservoir condition to 0.15
mL/min, and the experiment was stopped when the gas/oil
ratio of the outlet production exceeded 3000 m3/m>.
Experimental data such as the displacement pressure
difference, liquid production, and gas production were
recorded.

An N»-WAG experiment after water flooding was then
conducted using the same core with similar physical
properties. Steps 1 and 2 were repeated. When the water-
cut of the core outlet reached 98%, the gas and water
were alternately injected into the core. The detailed in-
jection scheme is summarized in Table 2. The experiment
was stopped after five cycles of injection. Experimental
data such as the displacement pressure difference, liquid
production, and gas production were recorded.

4

~

2.2.2 Pore-scale tertiary gas injection visualization
experiment

The experimental setup is shown in Fig. 5. It includes
a micro-flow control system that provides constant pressure
during water flooding and gas flooding, a microscope (Zeiss-
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Micro-model 1

Micro-flow control system

MFCS™-EZ

N, water oil

Fig. 5. Experimental setup diagram of pore-scale visualization experiment.

Discovery Stereo V12) for capturing microscopic images,
and a digital video recorder (Sony-A7S2) for recording the
flow process. The experimental procedures of the pore-scale
experiment were as follows:

1) The micromodel was injected with crude oil using a
syringe. The model was then placed under the microscope
and connected as shown in Fig. 3.

2) The formation water was injected at a constant injection
pressure of 5 kPa until the outlet did not produce oil.

3) The N, was injected at a constant injection pressure of 1.5
kPa after water flooding until the outlet did not produce
oil.

4) The water and N, were alternately injected into the mi-
cromodel (water injection pressure: 6.5 kPa; N, injection
pressure: 2 kPa). Each gas slug and water slug continued
for 30 min, and the experiment was stopped after the
second round of water injection.

5) The displacement dynamics were observed with the mi-
croscope and recorded by the camera during the flooding
process.

3. Results and discussion

3.1 Tertiary gas injection core flooding
experiment

The effect of the tertiary gas injection scheme can be
determined by comparing Case 1 and Case 2. Fig. 6 shows that
more than 60% of the residual oil remains in the formation
after water flooding. Both N,-CGI and N,-WAG can improve
the oil recovery performance after water flooding. The gas
breakthrough during N,-CGI injection began when the injected
total pore volume was 0.16 PV; in the case of N>-WAG, this
increased to 0.28 PV. Due to the early gas breakthrough, Nj-
CGI increased oil recovery by only 5.27%, whereas N>-WAG
increased oil recovery by 15.62%. Fig. 7 shows that N,-WAG
can significantly increase the displacement pressure difference
(up to double that after water flooding), while the pressure of
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Fig. 6. Effect on oil recovery of different tertiary gas injection schemes.
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Fig. 7. Effect on displacement pressure of different tertiary gas injection
schemes.

N,-CGI drops sharply. An increase in pressure can cause gas
and water to enter the pore space occupied by residue oil,
thereby increasing the microscopic sweep efficiency.
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(a) (b) (c)
(d) (e) ()

Fig. 8. Microscopic experimental real-time image of gas flooding in Model 1 (a) Saturated oil state; (b) after water flooding at low injection rate; (c) after
water flooding at high injection rate; (d) after first round of gas injection; (e) after first round of water injection; (f) after second round of gas injection (fluid
is flowing from left to right).

(a) (b) (©)
@ (e) (H

Fig. 9. Microscopic experimental real-time image of gas flooding in Model 2 (a) Saturated oil state; (b) after water flooding; (c) after first round of gas
injection; (d) after first round of water injection; (e) after second round of gas injection; (f) after second round of water injection (fluid flowing from left to
right).
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3.2 Pore-scale tertiary gas injection visualization
experiment

3.2.1 Distribution characteristics of microscopic residual
oil

The overall characteristics of the residual oil at different
displacement stages after water flooding with gas injection and
alternate water-gas injection are shown in Figs. 8 and 9.

The PDMS material is oil-wet, and the surface of the pore
throat is more attractive to oil than water. Pores and throat
surfaces with a larger radius find it easier to absorb oil (Xu et
al., 2020). The oil closer to the surface of the pore throat is
more attractive to the solid surface, so the surface of the pore
throat becomes covered by an oil film. However, the oil film
thickness of different pore throats will vary, and may even be
different around the same pore throat.

It can be seen from Figs. 8(b), 8(c) and 9(b) that the
injected water first invades the main streamline of the macro-
pore, entering the central pores. After entering these pores,
it flows along the central part of the pores, displacing the
crude oil in the central part. At the same time, an oil film of
varying thickness remains on the pore wall. This displacement
phenomenon can be referred to as the “intrusion” mechanism.
As the water injection proceeds, the injected water breaks
through and the mainstream forms the dominant water channel.
At this time, it is difficult to mobilize the residual oil dispersed
in the small pores. The injected water cannot enter the pores
because the capillary resistance in the throat is very large. The
oil will remain in the throat in the form of an oil column, so
it is difficult to sweep the oil in the larger pores controlled by
a small throat. This is because the porous medium is oil-wet,
and there is a cluster of residual oil surrounded by small pores.
Increasing the injection rate can expand the swept volume, but
the capacity is limited.

Figs. 8(d) and 9(c) show the primary gas injection stage
after water flooding. The gas enters the main water channel
with small flow resistance. Subsequently, the continuous gas
disperses into bubbles, and the Jamin effect increases the
capillary pressure as the bubbles pass through the throat,
causing the subsequent gas flow direction to change (Wang et
al., 2020). Some of the gas gathers the membrane oil adsorbed
on the wall and the scattered oil droplets in the large pores into
an oil film, whereas other gas pushes the residual oil bound
in the small pores into the large pores. Compared with water
flooding, gas flooding slightly increases the swept area, thus
improving the oil displacement efficiency.

Figs. 8(e)-8(f) and 9(d)-9(f) show the water-gas alternation
process after water flooding. Water is injected into the model
after gas injection. and flows along the dominant channel of
water flooding. This part of the injected water pushes the oil
gathered in the large pores in the gas injection stage into the
production well. At the same time, the subsequent injection of
water captures the gas in the pores, thereby reducing the flow
space and further expanding the swept volume.

The adsorption force of the pore throat wall with respect
to crude oil is larger than that for water because the reservoir
is oil-wet. As a non-wet phase, water preferentially occupies
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the central part of the large pore throat. As the injected gas is
also a non-wet phase, it also preferentially occupies the central
part of the large pore throat. However, the injected water has
occupied the central axis of the large pore throat, and the
interfacial tension of gas and water is much larger than that
of gas and oil. Therefore, the injected gas is more inclined to
displace the residual oil near the wall, and is separated from
the oil film between the injected water and the injected gas.
In addition, the injected gas displaces the residual oil in pore
throats with a slightly smaller radius that is not displaced by
the injected water. Hence, the injected gas and water squeeze
the oil in the central axis of large pore throats onto small
pore throats and the pore throat walls. The crude oil in the
macropore throats is easily displaced by gas and water.

In the macropore throats, the oil phase exists on the wall
of the pore throat in the form of oil film. In addition, there is a
layer of oil film on the gas-water interface. The thickness and
distribution of the oil film are related to the shape of the gas-
water interface. The oil film is thicker where the curvature
of the gas-water interface is large, and thinner where the
curvature of the gas-water interface is small. When the air-
water interface flows forward, the oil film on the interface
also flows forward. In areas of gas-water-solid three-phase
intersection, a thick oil film gathers. This shows that the oil
on the pore walls tends to gather at the intersection of the
gas, water, and solid. In the process of gas-water alternation
flooding, this intersection plays the role of gathering oil.
The three-phase gas-water-solid gathers oil, and the gas-water
interface connects oil. The combination of the two makes the
oil phase flow better, so as to displace more residual oil out
of the pores and improve oil recovery.

3.2.2 Analysis of mobilization mechanism of microscopic
residual oil

Due to the complex pore structure of reservoir rock and
different wettability of each position, the residual oil has a
variety of occurrence states. These can be divided into film
residual oil, columnar residual oil, island residual oil, clusters
residual oil, and dead-end (corner) residual oil (Wang et al.,
2019; Xu et al., 2020). Film residual oil comes from incom-
plete washing-away by water flooding. Columnar residual oil,
island residual oil, clusters residual oil, and dead-end (corner)
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residual oil are formed by the retention of microscopic un-
affected areas. The variation of several residual oil types in
different displacement stages of the core etching model is
shown in Fig. 10.

The clusters and columnar residual oil saturation are high-
est after water flooding, and the film residual oil saturation is
higher than that of dead-end and island residual oil because
the porous media is oil-wet. After the first round of gas
flooding, the clusters and columnar residual oil saturation
are significantly reduced, while the other types of residual
oil saturation are obviously increased. In the process of gas
flooding, the swept volume becomes larger and the cluster
residual oil is dispersed and transformed into other types of
residual oil. The columnar residual oil saturation decreases
after the first round of water flooding. After the second round
of WAG, the film, dead-end, and island residual oil have been
decreased, and the cluster and columnar residual oil saturation
have changed slightly.

The microscopic oil displacement mechanism of gas flood-
ing can be determined by analyzing the force balance of
residual oil before and after gas injection.

(1) Film residual oil mobilization mechanism

The film residual oil is mainly distributed on the rock wall.
There is a strong interaction between the rock and the film
residual oil, which cannot be separated from the rock wall by
the shear stress of the injected water. It is assumed that the
oil film is sheared by the water in a layer-by-layer process,
whereby it peels off the rock wall. At this time, the oil film
surface is mainly subjected to interfacial tension, the shear
stress of the injected water on the oil film, and the viscous
shear stress between the retained oil film and the peeled oil
film, as shown in Fig. 11.

Generally, the thickness of the oil film is small, and it can
be considered that the front and rear wetting angles are the
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same. After water flooding, the combined force of the oil-
water interfacial tension Fg in the direction of movement is
zero. The shear stress Fr,, of the injected water on the oil film
is related to the flow rate of the injected water, the oil viscosity,
and the thickness and length of the oil film. The viscous shear
force between the retained oil film and the peeled oil film is
related to the oil viscosity and the length of the oil film.

After water flooding, the oil film remains on the rock wall.
At this time, the forces are balanced, and the combined force
is zero. When the gas enters the seepage channel, the low
viscosity of the gas decreases the resistance of the seepage
channel, and so the flow velocity v, of the water increases.
According to Newton’s internal friction law, the shear stress
Ftw of the injected water on the oil film increases, breaking
the balanced forces of the oil film during water flooding and
peeling the oil film off. The process of oil film peeling is
shown in Fig. 12.

Under the condition of miscible flooding, the injected gas
(such as CO;,) penetrates the water film and dissolves in crude
oil. The volume of the crude oil expands, the CO, extracts the
light components of crude oil into the gas phase, and finally
condenses into oil film on the surface of the water film to form
a flowable oil film. This achieves the effect of peeling the oil
film off the pore walls (Cui et al., 2017).

(2) Cluster and columnar residual oil mobilization
mechanism

The columnar residual oil is mainly caused by the hetero-
geneity of the rock pores, and the cluster residual oil is con-
tiguous columnar remaining oil. The mobilization mechanism
of the two is similar, and so the main mechanism is explained
by taking the columnar remaining oil as an example.

In small pores, analysis of the force balance of the oil
droplets shows that the columnar remaining oil is mainly af-
fected by the additional resistance p., — p.1 and displacement

Solid Solid
Water Gas Water
Vi Vg > Y »>
F, F, F, F,
Fo Film oil F.., F o Film oil Fa

(a) Water flooding

Fig. 11. Force of film residual oil on the oil-wet rock.

(b) Gas flooding

L papala e

Fig. 12. Process of stripping off film residual oil after gas injection.
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Fig. 13. Forces of columnar residual oil at different stages.

(b) Gas flooding
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- ! F w

(c) Water flooding after gas flooding

Fig. 14. Process of displacement of columnar residual oil after gas injection.

pressure Ap due to the Jamin effect.

In the water flooding stage, there is columnar residual
oil in both small pores and large pores. The injected water
forms the dominant seepage channel in the large pores, and
the displacement pressure acting on the columnar residual
oil is less than or equal to the additional resistance, Ap —
(pe2 —pe1) =0, as shown in Fig. 13(a). In the gas injection
stage, the injected gas first enters the high-water-cut pores with
small seepage resistance; at this point, the deformation ability
of the bubbles is strong. A large additional resistance is formed
when passing through the large pores, thereby increasing the
local displacement pressure. At this time, the combined force
of the columnar residual oil is Ap — (pe2 — pe1) > 0, and the
columnar residual oil is activated, as shown in Fig. 13(b).
The second startup mode of columnar residual oil is shown
in Fig. 13(c). At this time, the gas undergoes a compression-
release process when passing through the large pores, forming
a local pressure disturbance and changing the force balance
of the columnar residual oil. As the gas passes through the
large pores, it is squeezed into the small pores and the
front end of the columnar residual oil changes from water
to gas. Thus, the capillary force of the gas-oil becomes more
powerful. The combined force of the columnar residual oil is
Ap — pe2+ pe1 > 0, and the columnar residual oil starts to be
displaced. The process of displacing the columnar residual oil
is shown in Fig. 14.

(3) Island residual oil mobilization mechanism

Most of the island-shaped residual oil comes from the flow
around the two sides of the water injected through the pores,
as this does not form an effective driving force. The form of
this residual oil is shown in Fig. 15. For the first type, the
injected water goes from flowing in one channel to flowing in
two channels. Under the condition of the same resistance in
both channels, the island-shaped oil is retained in the pores

because the same viscous shear force is acting in the two
directions. After the gas passes through the throat, the pressure
is released, and the interfacial tension between gas and oil is
low. At this point, the island-shaped residual oil stretches and
becomes longer. Finally, the force balance is broken, so the
island of remaining oil forms. The second type of residual
oil can be considered as a residual oil film, and its starting
mechanism is the same as that of film residual oil. Fig. 16
shows the process of islanded residual oil being displaced.

(4) Dead-end (corner) residual oil mobilization mecha-
nism

The dead-end (corner) residual oil mainly exists in dead
ends or corners, which the injected water cannot always reach.
As shown in Fig. 17, there is no effective force on the flow
direction of the dead-end residual oil during water flooding.
However, when the gas enters the pores, the shape of the
dead-end residual oil changes due to the expansion of the
compressed gas at the dead end. The viscous shear force
and interfacial tension of the injected fluid overcome the
viscous force of the oil, squeezing it from the dead end. The
displacement of the remaining oil in dead ends under the
condition of immiscible flooding is shown in Fig. 18.

As shown in Fig. 19, the injected gas (e.g., CO,) penetrates
the water film under the condition of miscible flooding, and
dissolves in the dead-end residual oil. Thus, the volume of
the crude oil increases and it is squeezed out of the dead end.
At the same time, the light components of the crude oil are
extracted by CO, into the gas phase. Finally, the flowing oil
film condenses on the surface of the water film, achieving
the effect of displacing the dead-end residual oil (Cui et al.,
2017).

The mobilization mechanisms of different types of micro-
scopic residual oil are summarized in Table 3.
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(@) (b) (©) d)

Fig. 15. Forces on two kinds of island-shaped residual oil at different stages (a) First type of residual oil during water flooding; (b) first type of residual oil
during gas flooding; (c) second type of residual oil during water flooding; (d) second type of residual oil during gas flooding.

Fig. 16. Process of displacement of island-shaped residual oil after gas injection.

(a) Water flooding (b) Gas flooding

Fig. 17. Force of the dead-end residual oil at different stages.

Fig. 18. Process of displacement of dead-end residual oil after immiscible gas injection.

T R T
i l l | i ‘ :
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Dissolution Oil swelling Extraction Condensation Miscibility

(blue-water; brown-oil, colourless-CO,)

Fig. 19. Process of displacement of dead-end residual oil after immiscible gas injection (Cui et al., 2017).
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Table 3. Mobilization mechanisms of different types of microscopic residual oil.

Residual oil type

Mobilization mechanism

Film residual oil

When the gas flows through the seepage channel where the film residual oil is located,
the low viscosity of the gas reduces the resistance of the seepage channel. The flow rate
of water and the shear stress on the oil film are increased, and the original equilibrium
state of the oil film is broken, thus stripping away the oil film.

Clusters and columnar residual oil

There are two ways to displace clustered residual oil and columnar residual oil.

1) As the gas passes through the large pores with low seepage resistance and high water
saturation, the local displacement pressure difference is increased due to the Jamin effect
of the bubbles.

2) The gas is squeezed into the front of the columnar residual oil, and the capillary
force becomes more powerful, breaking the force balance of the microscopic residual
oil and mobilizing it.

Island residual oil

When the gas flows on both sides of the island-shaped residual oil, the oil is stretched
and lengthened due to the low interfacial tension between the gas and oil. The original
force equilibrium is broken, and the island residual oil is displaced.

Dead-end (corner) residual oil

The compressed gas expands at the dead end, causing the The compressed gas expands at
the dead end, causing the stress state to change. The viscous shear force and interfacial
tension overcome the viscous force of the oil, and the residual oil at the dead end
is extruded and used. state to change. The viscous shear force and interfacial tension
overcome the viscous force of the oil, and the residual oil at the dead end is extruded
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and used.

3.3 Effect of injection parameters in WAG

The effect of various injection parameters (i.e., [IPV (W+QG)

Table 4. Effect of injection parameters on WAG flooding after water

flooding.
Exp IPV  WAGratio Rfw, % EOR, % Rft, %
2 0.3 2:1 38.47 15.62 54.09
3 02 21 38.19 10.89 49.08
4 04 21 38.21 13.41 51.62
5 0.5 2:1 38.62 12.34 50.96
6 0.3 1:2 37.54 10.41 47.95
7 0.3 1:1 3791 11.20 49.11
8 0.3 3:1 38.56 12.31 50.87

Note: Rfw- Waterflood recovery; EOR- Enhanced oil
recovery; Rft- Total recovery

of each cycle and the gas to water injection ratio) was
examined through a series of core flooding experiments. The
experimental results are presented in Table 4.

By comparing experiments 2-5, the optimized IPV (W+G)
of each cycle can be determined. When the IPV of each
cycle is small, the injected gas/water cannot form an effective
continuous slug, and instead advances through the core as a
continuous phase. If the IPV is greater than 0.3 PV, the gas
channeling becomes more serious as the IPV increases, and
the sweep efficiency of the injected gas is lower.

By comparing experiment 2 with experiments 6-8, the
optimized WAG ratio can be identified. When the gas/water
ratio is 2:1, WAG gives the most enhanced recovery. If the
WAG ratio is high, the phenomenon of channeling becomes
a serious issue. A reasonable gas/water ratio can effectively
control the mobility of the injected fluid and ensure the
stability of the displacement front. Under the experimental
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conditions, the optimal design parameters of WAG are an I[PV
(W+G) of 0.3 PV in each cycle and a gas/water injection ratio
of 2:1 This produces an EOR of 15.62%.

4. Conclusions

Based on the experimental results obtained in this study,
the following conclusions can be drawn:

1) Under the condition of residual oil after water flooding,
N,-CGI can increase the rate of oil recovery by 5.27%.
N>-WAG in ultra-high water-cut reservoirs increases the
displacement pressure, effectively expanding the sweep
volume and improving the recovery efficiency by 15.62%.

2) Gas moves through the waterflooded channels into the
pore space previously occupied by water and residual oil,
and then becomes a trapped gas. The injected gas can
reduce residual oil saturation by displacing the residual
oil into large waterfilled pores and blocking some water
channels. WAG flooding decreases the free-gas saturation
and increases the trapped-gas saturation significantly.
After gas injection, the residual oil is mobilized as the
force balance of the microscopic residual oil is broken.

3) The feasibility of the N;-WAG process is affected by
many design parameters, such as the reservoir hetero-
geneity, fluid characteristics, WAG ratio, and IPV. An
optimization experiment indicates that WAG flooding
could achieve 15.62% EOR when the IPV (W+G) of each
cycle is 0.3 PV and the gas/water injection ratio is 2:1.
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