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onstration of gas-assisted gravity
drainage in a heterogeneous reservoir using a 3D
scaled model

Debin Kong, *ab Peiqing Lian,c Rongchen Zhengc and Yiqiang Lib

Gas-assisted gravity drainage (GAGD) is an effective method for oil recovery. Gravity increases the stability

of the Gas–Oil Contact (GOC), thus delaying gas breakthrough and promoting crude oil production.

Studying the effects of fluid and reservoir parameters on the stability of GOC could help understand the

mechanism of GAGD. In this study, a series of high-pressure GAGD tests were conducted on a 3D

heterogeneous scaled model established according to the heterogeneity of the oil reservoir. During the

tests, GOC was monitored with electrical resistivity tomography (ERT) to study the effects of gas

injection rate, gas type, and gas injection direction on GOC and oil recovery factor (RF). The results

showed that N2-GAGD achieved the most stable GOC, the largest sweep volume but a poor RF. CO2-

GAGD achieved the best RF of 63.33% at the injection rate of 0.15 m d�1 under 15 MPa. CO2 and CH4

could interact with crude oil and reduce the advancing rate and transverse swept area of GOC. CO2 and

CH4 could lead to a higher RF as they reduce the viscosity of crude oil, cause swelling when dissolved,

and have low tension. Therefore, the effects of gas dissolution, swelling, and viscosity reduction must be

considered in addition to those of gravity, viscous force, and the capillary force so that RF could be

increased while ensuring the stability of the displacement front. Accordingly, a new non-dimensional

number Nnew was proposed with comprehensive considerations of gravity, viscous force, capillary force,

gas–oil viscosity ratio, the viscosity reduction by gas, and reservoir properties. Finally, a prediction model

was proposed, which could accurately predict the RF of heterogeneous reservoirs applying GAGD.
1 Introduction

Gas injection is one of the most frequently used approaches in
enhanced oil recovery (EOR), which includes continuous gas
injection (CGI) and water alternating gas (WAG). Although WAG
is rstly proposed to solve gas overlapping, it still dees natural
gravity separation. Therefore, gas-assisted gravity drainage
(GAGD) has been proposed.1–4 With this method, crestal gas
injection is conducted with the vertical well, and a Gas–Oil
Contact (GOC) is formed with the density contrast between the
injected gas and the oil. The GOC can move down steadily and
expand horizontally, and the oil is pushed to the horizontal well
above the GOC.5 Theoretical research and eld practice has
demonstrated that GAGD can inhibit viscous ngering and
increase swept volume and ultimate recovery factor.6–9

GAGD is inuenced by many factors,10–13 including hetero-
geneity, wettability, and water saturation of the reservoir, uid
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property, gas injection rate, and oil recovery factor. Dominant
seepage zones or dominant seepage paths frequently occur in
the reservoirs with high heterogeneity, leading to early gas
breakthrough and sweep efficiency reduction during CGI or
WAG. However, during GAGD, the low-permeability region in
the heterogeneous reservoir can delay the gas breakthrough,
and the high-permeability layer can promote the horizontal
diffusion of the gas reservoir and inhibit the downward
migration of the gas, improving the ultimate sweep effi-
ciency.14–17 During GAGD, mobile water inhibits the contact
between oil and gas, reducing the possibility of oil–water
miscibility. Besides, the severe water seepage at the beginning
of drainage can reduce the effect of the gas drive. Irreducible
water can help to achieve low residual oil saturation.3,18,19 The
nal liquid production changes slightly at different water
saturation. However, higher movable water saturation indicates
poorer oil recovery, and movable water can reduce the recovery
factor.20,21 Reservoir wettability inuences the development
mode because the wettability determines the oil–gas–water
distribution in porous media and affects seepage characteristics
of the uid during oil displacement. In the oil-wet reservoir,
since the crude oil exists as a continuous oil lm on the particle
surface, injected gas can contact the crude oil effectively,
contributing to a higher recovery factor at low-gas phase
© 2021 The Author(s). Published by the Royal Society of Chemistry
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saturation. However, in the water-wet reservoir, crude oil is
dispersed in the pores. Because of the water partition effect, the
injected water has to aggregate the dispersed crude oil to form
a membrane oil with low ow resistance, inhibiting the
formation of membrane ow and leading to a lower recovery
factor of GAGD than that of the oil-wet reservoir.22,23 The
distribution of uid directly inuences the recovery factor of gas
drive, especially GAGD. The distribution and ow form of oil–
gas–water in porous media can be described by the spreading
coefficient,24 which represents the equilibrium relationship
among the interface tension (IFT) of oil, water, and gas. If the
spreading coefficient > 0, oil spreads on the water as oil lm,
and the contact between gas and water is reduced. If the
spreading coefficient < 0, the oil spreads on the water as an oil
drop or slug, inhibiting the continuous oil lm and leading to
a low recovery factor. Rao25,26 believed that a positive spreading
coefficient could improve the recovery factor of gravity drainage.

GAGD takes full advantage of the gas override to enlarge the
swept volume, inhibit the viscous ngering, and delay the gas
breakthrough. However, since the oil–gas mobility ratio signif-
icantly affects the stability of GOC during gravity drainage, the
gas breakthrough is delayed only when gas injection parameters
are optimized. An excessively high gas injection rate can lead to
GOC ngering and tonguing, unstable GOC migration, early gas
breakthrough, low sweep efficiency, and low recovery factor.
Besides, although an excessively low rate can contribute to stabi-
lizing the migration of GOC, it increases displacement time and
production cost. An appropriate injection rate can help obtain
a stable uid interface, and many scholars have calculated the
maximum injection rate under a stable uid interface. Therefore, it
is meaningful to understand the oil displacement mechanism of
GAGD by studying the migration law of GOC.

Many scholars have studied the inuencing factors of GAGD,
and a scaled physical model is frequently used to evaluate the
mechanism and potential of GAGD. 1D natural core experiments
under high pressure are more common to investigate the main
controlling factors of GAGD, including but not limited to wetta-
bility, water saturation, uid property, gas injection rate, etc.4,27–30

2D visual sand pack experiments are more common to investigate
the migration law of the GOC of GAGD and the oil displacement
mechanism of GAGD.4,20,22,27,31–34 The recovery factor of the 2D sand
packmodel is above 70–80%. However, as the pore structure of the
2D sank pack model is signicantly different from that of the real
reservoir, the results cannot be referenced. As the 1D natural core
model ignores the vertical heterogeneity of the reservoir, the
results cannot be applied. 3D models are rarely used to investigate
GAGD. Peng et al.35 established an articial scaled physical model
to compare the applicability of different developmentmodes of the
heterogeneous carbonate reservoir under high pressure and high
temperature. It is found that the combination of GAGD and water
injection is feasible. In this paper, the method of Peng et al. was
Table 1 Salinity composition of simulation brine

Ion composition Na+ K+ Mg2+ Ca2+

Concentration mg L�1 63 879 5203 271 10 659

© 2021 The Author(s). Published by the Royal Society of Chemistry
adopted to conduct heterogenous GAGD experiments under high
pressure and high temperature.

Capillary number, bond number, and gravity number were
used to describe the uid ow according to the stress condition of
the owing uid during GAGD. Having combined these non-
dimensional numbers and tted them with 1D and 2D experi-
ments, many scholars found the relationship between the non-
dimensional numbers and recovery factors of GAGD. To solve
poor prediction of single-dimensional numbers, Kulkarni5,36,37

proposed the concept of gravity drainage number, which
combined gravity number, bond number, and capillary number
and concluded the logarithmic relation between recovery factor
and gravity drainage number. Considering the inuence of oil–gas
density contrast, reservoir wettability, contact angle, and oil–gas
viscosity ratio on recovery factor, many scholars established new
dimensionless numbers to predict the gravity-driven process and
recovery factor of gas injection.5,27,36,38,39 Rostami et al.28 dened
viscosity coefficient, which can predict the GAGD recovery factor of
a thickened oil reservoir with high permeability considering the
viscosity reduction and dissolution of gas in crude oil. Chen et al.40

dened the oxidation number at low temperature and accurately
predicted the recovery factor of oxygen-reduced-air-assisted gravity
drainage considering the inuence of oxidation reaction at low
temperature. Kong et al.41 described the microscopic seepage
mechanism of GAGDwith numerical simulation of pore size. They
proposed a non-dimensional number considering gravity, viscous
force, capillary force, gas–oil viscosity ratio, and pore size.
However, these non-dimensional numbers are based on simple
experiments or numerical simulations without fully considering
factors, such as complex heterogeneity and interactions between
oil and gas under high pressure and high temperature.

In this paper, a series of 3D-scaled immiscible GAGD experi-
ments were conducted, and the migration of GOC was monitored
with electrical resistivity tomography. The focus was on the effects
of gas injection rate, gas injection type, and gas injection direction
on GOC and oil recovery. The oil displacement mechanism of
heterogeneous reservoir GAGDwas claried through themigration
of GOC. The relationship between dimensionless parameters and
recovery factor was analyzed, and the predictionmodel for a GAGD
recovery factor of the heterogeneous reservoir was established.
2 Experimental
2.1 Materials

2.1.1 Crude oil. The crude oil was a mixture of dead oil and
kerosene in a certain ratio in the J oil eld, with a viscosity of
7.14 mPa s and a density of 0.9172 g cm�3 at 65.6 �C. The crude
oil and CO2 were immiscible at an experimental temperature of
65.6 �C and an experimental pressure of 15 MPa.

2.1.2 Experimental brine. Simulation brine was prepared
according to salinity composition in Table 1. Model formation
Ba2+ Cl� Br� SO4
2� HCO3

� Salinity

152 123 036 545 12.8 20.0 202 819
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Table 2 Gas density and viscosity

Gas type CO2 N2 Gas mixture

Density r, g cm�3 0.4762 0.14036 0.3164
Viscosity m, mPa s 0.0374 0.0224 0.0279
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water had a viscosity of 0.72 mPa s and a density of 1.162 g cm�3

at 65.6 �C.
2.1.3 Experimental gas. ① CO2: the purity was 99.99%, the

supercritical pressure was 7.39 MPa, and the supercritical
temperature was 33.1 �C; ② gas mixture (20% CH4 + 80% CO2):
the associated gas was simulated by mixing CH4 and CO2

according to the mole fraction of 1 : 4; ③ N2: the purity was
Fig. 1 The vertical distribution of permeability (a) and schematic diagram

Fig. 2 Schematic of the setup of 3D displacement experiment.

30612 | RSC Adv., 2021, 11, 30610–30622
99.99%. The density and viscosity of experimental gases under
15 MPa were calculated by the Peng–Robinson EOS42 (Table 2).

2.1.4 Experimental core. Based on the size of the pressure
vessel containing a 3D core (inner diameter 30 cm), a 3D-scaled
model with a size of 20� 20� 5 cm that can be placed vertically
in the vessel was created. The 3D -scaled model made of arti-
cial carbonatite core and wettability of neutral to oil was
established. The heterogeneous model was established
according to the heterogeneity of J oil eld, as shown in
Fig. 1(a). The permeability distribution and thickness of the 3D
scaled model are shown in Fig. 1(b).

In the model, an injection well was arranged at the top of the
model, and two production wells were at the bottom of the
model. Nine wells were placed in the center, four angles, and
of the 3D -scaled model (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experiment plan of 3D simulation experiment of GAGD under high pressure and high temperature

The number Pore volume mL Oil saturation% Gas injection rate m d�1 Gas type Gas injection direction

1 516.25 66.45 0.05 CO2 Vertical
2 536.41 63.49 0.15 CO2 Vertical
3 569.11 60.68 0.3 CO2 Vertical
4 558.71 61.23 0.5 CO2 Vertical
5 494.80 68.74 0.15 N2 Vertical
6 513.82 66.90 0.15 Gas mixture Vertical
7 501.57 67.76 0.15 CO2 Horizontal
8 533.63 63.89 0.15 Gas mixture Horizontal
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four sides for saturated oil, respectively. Electrodes were evenly
distributed on the core to measure the gas front. There were 4�
10 ¼ 40 electrode pairs with a horizontal distance of 5 cm and
a vertical distance of 2 cm between each electrode pair.
Table 4 Gas breakthrough time and oil recovery factor at different gas
injection rates

Gas injection rate m d�1 0.05 0.15 0.3 0.5

Gas breakthrough time, PV 0.271 0.229 0.210 0.185
Recovery factor at gas breakthrough, % 36.55 33.73 31.31 25.85
Ultimate recovery factor, % 60.68 63.33 61.40 58.07
2.2 Experiment setup

The experiment setup included a pressure vessel containing the
3D scaled core, a real-time resistivity test system, ISCO constant-
rate and constant-pressure pump, an intermediate container,
pressure monitoring equipment, controller of the mass and ux
of the gas, back pressure device, and oil–gas–water separation
device. The ow chart of the experiment is shown in Fig. 2.

The experimental procedure was:
(1) An appropriate articial carbonatite core was chosen for

gas measuring permeability, and simulation water was vacuu-
mized and saturated for porosity test.

(2) The core connection is shown in Fig. 2. Permeability was
measured by water, and the resistivity at every point was
measured at the reservoir temperature of 65.5 �C.

(3) Aer permeability measurement, simulation oil was
saturated at a constant rate until no water outowed from the
core. Then irreducible water was generated, and its saturation
was calculated. Aer that, the resistivity at every point at irre-
ducible water saturation was measured.

(4) The core was matured under the reservoir temperature of
65.5 �C for 24 hours. Then, the gas was injected at a constant
Fig. 3 Oil recovery factor at different gas injection rates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
injection rate set in the experiment plan, and gas injection was
stopped when no oil outow came from the core. The conning
pressure was always 2 MPa higher than the injection pressure
during gas injection. The production of oil, water, and gas was
recorded while the resistivity was collected until the end of the
experiment.
2.3 Experiment design

In this paper, a 3D-scaled model similar to a heterogeneous
reservoir was adopted for the study on the inuence of gas
injection rate, gas type, and gas injection direction on the
development efficiency of GAGD. The experimental research
focused on the immiscible injection. The experiment plan is
shown in Table 3.

Experiments (1–4) were used to investigate the effects of gas
injection rate on GAGD and the injection rates of 0.05, 0.15, 0.3,
and 0.5 m d�1, equivalent to the volume ow rate of chosen
Fig. 4 Pressure drop at different gas injection rates.

RSC Adv., 2021, 11, 30610–30622 | 30613
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0.08, 0.25, 0.48, and 0.80mLmin�1 are chosen. Experiments (2),
(5), (6) were used to investigate the effects of gas types of CO2,
N2, and gas mixture on GAGD. In experiments (2), (6), (7), (8),
CO2 and gas mixture were used to study the effects of gas
injection direction on GAGD.
3 Results and discussion
3.1 The inuence law of gas injection rate

3.1.1 The dynamic characteristics of production during oil
displacement. According to Fig. 3, at the beginning of gas
injection, recovery factor and injection volume increased line-
arly, and the growth of recovery factor become slow aer the gas
breakthrough. The highest ultimate recovery factor at rate 0.15
m d�1 is 63.33%, and the lowest ultimate recovery factor at rate
Fig. 5 Changing law of GOC before gas breakthrough at different GAS inje

30614 | RSC Adv., 2021, 11, 30610–30622
0.5 m d�1 is 58.07%. In terms of Fig. 3 and Table 4, a higher
injection rate indicates an earlier gas breakthrough and a lower
recovery factor at gas breakthrough.

As shown in Fig. 4, at the beginning of gas injection, the
pressure is the highest, and gas injection pressure and injection
rate increase proportionately. At the later stage of injection, the
correlation between injection pressure and injection rate is
poor. When the gas injection rate is 0.05 m d�1, the highest
pressure is 14.4 kPa, and the lowest pressure is close to zero.
When the gas injection rate is 0.5 m d�1, the highest pressure is
159.5 kPa, and the lowest pressure is 9.3 kPa. The time for peak
value of gas injection pressure is related to the recovery factor
due to the heterogeneity of the model. When the gas breaks
through, the front of GOC does not completely spread to the
low-permeability regions of 10 mD and 50 mD, and there is still
ction rates. (a) 0.05 m d�1, (b) 0.15 m d�1, (c) 0.3 m d�1 and (d) 0.5 m d�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Gas breakthrough time and oil recovery factor with different
gas types

Gas type CO2 N2 Gas mixture

Gas breakthrough time, PV 0.229 0.208 0.292
Recovery factor at gas breakthrough, % 33.73 29.36 47.53
Ultimate recovery factor, % 63.33 36.62 63.27

Fig. 6 Oil recovery factor with different gas types.
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a large amount of remaining oil. With the increase of the gas
injection rate, the remaining oil in the 10 mD and 50 mD
regions is recovered by gravity, which can be reected from the
existence of two plateaus of the recovery curve in Fig. 5.

According to Fig. 4, at the gas injection rate of 0.05 m d�1,
the gas injection pressure is extremely low, and the average
differential pressure is 2 kPa. Gravity plays a leading role during
the displacement, driving crude oil to improve the recovery
factor against the capillary force and the viscous force that is
small at this time. With the increase of the gas injection rate,
viscous force increases, so higher gas differential pressure is
needed tomake gravity drive crude oil against the capillary force
and viscous force. At the gas injection rate of 0.05 m d�1, gravity
delays gas breakthrough, the displacing front is stable, and the
swept area is relatively large. When the injection rate is higher
than 0.15 m d�1, displacement pressure increases signicantly,
with the viscous force playing a leading role. An early gas
breakthrough can make the displacing front unstable and the
recovery factor is low. The recovery factor at the gas injection
rate of 0.15 m d�1 is the highest as the displacement is
controlled by gravity, viscous force, and capillary force.

Therefore, during GAGD, proper capillary force, viscous
force, and gravity can ensure the stability of the displacing front
and improve the recovery factor of crude oil most signicantly.
An excessively high injection rate can increase viscous force,
decrease sweep efficiency, thus degrading the development
efficiency.

3.1.2 Morphological characteristics of GOC. The moni-
toring points were used to monitor GOC. When the resistivity
© 2021 The Author(s). Published by the Royal Society of Chemistry
values changed signicantly, it is considered that the gas passed
through. The changing law of GOC under different gas injection
rates is shown in Fig. 5.

Fig. 5 indicates that a higher gas injection rate means
a higher advancing rate of GOC. At the gas injection rate of 0.05
m d�1, GOC advances almost parallelly, and the gas has
migrated from the 200 mD layer to the 10 mD layer at 0.021 PV.
At the 10 mD layer, the angle between GOC and the horizontal
plane is 30�, and GOC advances to 1500 mD. The unswept area
of gas occurs at the 10 mD layer. The high-permeability layer
promotes the diffusion of gas, and then the gas migrates to two
wells evenly. With the increase of gas injection rate, the
migration law of GOC is similar to that at 0.05 m d�1, except
that the angle between GOC and the horizontal plane increases
at the 10 mD layer. The largest angles under the gas injection
rate of 0.15 m d�1, 0.3 m d�1, and 0.5 m d�1 are 45�, 75�, and
80�, respectively. Before the gas breakthrough, the unswept
areas of the 200 mD layer and 10 mD layer expand with the
increase of the gas injection rate. The time when GOC migrated
to the production wells is the same as that for the gas
breakthrough.
3.2 The inuence law of gas type

3.2.1 The dynamic characteristics of production during oil
displacement. The recovery factor of different gas types at the
gas injection rate of 0.15 m d�1 is shown in Fig. 6. It can be seen
that the oil recovery factor of CO2 is the best at 63.33%, followed
by that of the gas mixture at 63.27%. The oil recovery factor of
N2 is the lowest at 36.62%. Table 5 shows that the earliest gas
breakthrough time of N2 is 0.208 PV, followed by CO2 at 0.229
PV. The gas latest breakthrough time of the gas mixture is at
0.292 PV.

The oil recovery factor of different gas types is related to the
change of the physical property of crude oil in the reservoir
under high pressure. The IFT between CO2 and crude oil is
lower than that between the gas mixture and crude oil and that
between N2 and crude oil. Under the same conditions, CO2 can
reduce the viscosity and density of crude oil, increasing the bulk
coefficient of crude oil most signicantly compared to gas
mixture and N2. Viscosity reduction, swelling, and low tension
make CO2 have the best oil recovery factor, so does the gas
mixture with a high proportion of CO2. The recovery factor of
the N2-GAGD is lower than that of the CO2-GAGD at the same
injection rate of 0.15 m d�1, indicating that viscosity reduction,
dissolution, swelling, and low tension of CO2 can effectively
improve the recovery factor aer gas breakthrough.

Although the density of N2 is the smallest, the solubility of N2

in crude oil is the lowest. The gas mixture with high solubility
and small density can achieve the signicant effect of gravity
drainage with the latest gas breakthrough time. CO2 with high
solubility and density is earlier in gas breakthrough than gas
mixture but later than N2. These results are opposite to the
calculated critical gas injection rate mainly because solubility,
viscosity reduction, and gas swelling in crude oil is not
considered in the theoretical calculation.
RSC Adv., 2021, 11, 30610–30622 | 30615
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Fig. 7 Migration characteristics of GOC with different gas types before the gas breakthrough. (a) CO2-GAGD, (b) gas mixture-GAGD and (c) N2-
GAGD.
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3.2.2 Morphological characteristics of GOC. The migration
characteristics of GOC during oil displacement with different
gas types are shown in Fig. 7. It can be seen that the advancing
rate of GOC in N2-assisted gravity drainage is the largest, fol-
lowed by that of CO2-assisted gravity drainage. The advancing
rate of GOC in gas mixture-assisted gravity drainage is the
slowest. With the same injection volume, the swept area of N2-
assisted gravity drainage is the largest, followed by that of CO2-
assisted gravity drainage. The swept area of gas mixture-assisted
gravity drainage is the smallest, which is consistent with the
theoretical calculation. At the gas injection rate of 0.15 m d�1,
the GOC of N2-assisted gravity drainage is close to the stable
state with the large swept area. As CO2 and gas mixture are
dissolved in crude oil during displacement, part of the injected
gas is exhausted, reducing the advancing rate and swept area of
30616 | RSC Adv., 2021, 11, 30610–30622
GOC. If the effects of dissolution, viscosity reduction, and
swelling of the gas in crude oil on oil recovery factor are
excluded, N2-assisted gravity drainage has the highest recovery
factor.
3.3 The inuence law of gas injection direction

3.3.1 The dynamic characteristics of production during oil
displacement. The model was laid at for gas drive experiments
to compare with the upright standing model, and the inuence
of gravity on the oil recovery factor was obtained.

Recovery factors of different gas types in horizontal and
vertical drive at the gas injection rate of 0.15 m d�1 are shown in
Fig. 8. The model is laid at, and then CO2 and gas mixture are
injected. The recovery factors of horizontal CO2 and gas
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Oil recovery factor with different gas types from different
injection directions.

Fig. 9 Injection production differential pressure in horizontal drive
and vertical drive with different gas types at the gas injection rate of
0.15 m d�1.
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mixture-GAGD are 4.35% and 8.26% lower than those obtained
in the vertical drive. In the horizontal drive, the recovery factor
curve had a second step, and GAGD occurs aer the gas
breakthrough. Unswept crude oil in the pore or circumuent
residual oil slowly advances to the production well in the state
of membrane ow. The second step during the vertical drive is
exactly why the residual oil in the 10 mD permeability layer
slowly advances to the production well in the state of membrane
ow.

Table 6 shows that gas breakthrough time in the horizontal
drive is earlier than that in the vertical drive. The recovery factor
difference between horizontal and vertical gas mixture-GAGD is
larger than that between horizontal and vertical CO2-GAGD. At the
gas injection rate of 0.15 m d�1, the densities of CO2 and gas
mixture are 0.4762 g cm�3 and 0.3164 g cm�3, respectively. Thus, it
is shown that the differentiation effect of gravity is more signi-
cant under gasmixture-assisted drive, the stable displacing front is
more easily achieved in horizontal CO2-GAGD, and the recovery
factor difference between horizontal and vertical CO2-GAGD is
small. Under high pressure (60 MPa), the density of CO2 is close to
1 g cm�3, a little higher than that of crude oil in the reservoir, and
the recovery factor of CO2-assisted horizontal drive may be slightly
higher than that of the vertical drive.43

As shown in Fig. 9, at the beginning of gas injection, differ-
ential pressures are high, the displacement direction has little
inuence on differential pressure, and gravity plays a major role
in the capillary force. Aer the gas breakthrough, the pressure
Table 6 Gas breakthrough time and oil recovery factor of different gas

Gas type CO2

Gas injection direction Vertical

Gas breakthrough time, PV 0.229
Recovery factor at gas breakthrough, % 33.73
Ultimate recovery factor, % 63.33

© 2021 The Author(s). Published by the Royal Society of Chemistry
decreases, and the differential pressure of the horizontal drive
is a little higher than that of the vertical drive. The effect of
gravity is signicant, and GAGD contributes to the decrease of
displacement differential pressure. In vertical displacement,
the pressure increases twice between 1.05 PV and 1.25 PV, which
is the same time when the second step occurs in the recovery
factor curve. The pressure increases are mainly attributed to the
slow advance to the production well residual oil in the 10 mD-
permeability layers in the state of membrane ow.

3.3.2 Morphological characteristics of GOC. According to
Fig. 10, the migration law of GOC during horizontal and vertical
CO2-GAGD is the same. The migration rate of GOC during
horizontal CO2-GAGD is higher than that during vertical CO2-
GAGD. The swept area of the 10 mD-permeability layer during
horizontal CO2-GAGD is slightly higher than that during vertical
CO2-GAGD. In terms of Fig. 10 and the recovery factor curve,
vertical CO2-GAGD is higher only when step occurs, which is
contributed by gravity drainage of the oil lm.

As shown in Fig. 11, the migration law of GOC during hori-
zontal and vertical gas mixture-GAGD is the same. The migra-
tion rate of GOC during horizontal gas mixture-GAGD is a little
higher than that during vertical gas mixture-GAGD. The swept
area of the 10 mD-permeability layer during horizontal gas
mixture-GAGD is slightly higher than that during vertical gas
mixture-GAGD. The densities of CO2, gas mixture, and crude oil
are 0.4762 g cm�3, 0.3164 g cm�3, and 0.9172 g cm�3,
types from different injection directions

Gas mixture

Horizontal Vertical Horizontal

0.208 0.292 0.189
28.86 47.53 28.12
58.98 63.27 55.69

RSC Adv., 2021, 11, 30610–30622 | 30617
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Fig. 10 Migration characteristics of GOC with different injection directions during CO2-GAGD before the gas breakthrough. (a) Vertical CO2-
GAGD and (b) horizontal CO2-GAGD.
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respectively. During gas mixture-GAGD, the effect of gravity
drainage is more signicant than that of CO2-GAGD. Therefore,
the difference between vertical and horizontal gas mixture-
GAGD is larger than that between vertical and horizontal CO2-
GAGD.
3.4 The relationship between the non-dimensional number
of GAGD and the oil recovery factor

The capillary number indicates the relative magnitude of the
viscous force and capillary force.44 The bond number represents
the relative magnitude of gravity and capillary force. Therefore,
Fig. 11 Migration characteristics of GOC with different injection directio
gas mixture-GAGD and (b) horizontal gas mixture-GAGD.

30618 | RSC Adv., 2021, 11, 30610–30622
the effects of viscous force, capillary force, and gravity on the gas
drive can be analyzed by capillary number and bond
number.28,39,44–49 Capillary number and bond number (the
permeability under heterogeneous conditions is the thickness-
weighted average permeability) in each experiment plan have
been calculated. Due to the small number of groups in this
research, the research results of Rostami et al.28 were included
in the analysis of the relationship between the non-dimensional
number and oil recovery factor. The results are shown in Fig. 12
and 13.
ns during gas mixture-GAGD before the gas breakthrough. (a) Vertical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The relationship between the capillary number and oil
recovery factor.
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As shown in Fig. 12, the recovery factor is positively related to
the capillary number, indicating that a smaller capillary force
means a higher oil recovery factor because crude oil trapped in
small pores by capillary force is easier to be utilized. However, in
this research, at the high gas injection rate, the capillary
number increases, but the recovery factor degrades because the
effect of gravity cannot be ignored during GAGD.

According to Fig. 13, a larger bond number contributes to
a higher recovery factor during GAGD, and a high recovery
factor can be achieved when gravity plays a leading role.
However, the correlation between the recovery factor and gravity
is poor. When the bond number is small during GAGD, the ow
of oil and gas in porous media is dominated by viscous force,
and the gas ngering caused by a higher injection rate is easy to
occur.50,51 When the bond number is large, the ow of oil and
gas in the porous medium is dominated by gravity. The
remaining oil ows as a lm under gravity41 with a hydraulic
Fig. 13 The relationship between the bond number and oil recovery
factor.

© 2021 The Author(s). Published by the Royal Society of Chemistry
connection that can help overcome the capillary force in the
low-permeability region and ensure the stability of the interface,
a higher swept volume, and a higher recovery factor.

Based on the literature review, many methods can predicate
the recovery factor with the non-dimensional number of GAGD.
In 2018, Rostami et al.28 rstly proposed that the inuence of
the dissolution, swelling, and viscosity reduction of gas in crude
oil should be considered when predicting the recovery factor of
GAGD.

Ndis ¼ NBmRatio
a1

NC
a1

(1)

where a1 and a2 are coefficients of association and can be ob-
tained by tting based on experimental results. The viscosity
coefficient mratio represents the swelling, dissolution, and
viscosity reduction of gas in crude oil. mratio is the ratio between
the viscosity of crude oil under experiment pressure and
temperature to that of crude oil under saturation pressure at
experiment temperature, which can be obtained from the
swelling experiments.

Rostami et al.28 accurately predicated the non-dimensional
number Ndis ¼ NGmRatio

2 of the recovery factor of GAGD in the
high-permeability thickened oil reservoir when tting a1 ¼ 2
and a2 ¼ 1 based on experimental results.

Where NG ¼
Drgog

�
k
f

�

mgvg
is the gravity number, representing

the relationship between gravity and viscous force. Rostami
believed that the capillary force in high-permeability reservoirs
is small and can be ignored. Therefore, the non-dimensional
number obtained by tting did not consider capillary force.

The large-scale 3D physical model adopted in this paper is
a heterogeneous model with a permeability between 10 mD and
1500 mD with an average permeability of 200 mD. Therefore,
the effect of capillary force cannot be ignored. According to
formula (1), coefficients of association a1 ¼ 2 and a2 ¼ 0.4 are
Fig. 14 The relationship between the re-fitting Ndis and oil recovery
factor.
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obtained, as shown in formula (2). In terms of Fig. 14, the
coefficient of association of non-dimensional number and
recovery factor obtained by tting is only 0.92388, much lower
than those of previous studies.

Ndis ¼ NBmRatio
2

NC
0:4

(2)

Rostami28 chose six groups with the diameter of 2.54 cm and
the length of 60 cm, two groups with the diameter of 2.54 cm
and the length of 30 cm, and two groups with the diameter of
10.16 cm and the length of 50 cm of the natural core for tting
non-dimensional number. In the research, a large-scale 3D
heterogeneous physical model of 20 cm � 20 cm � 5 cm was
adopted. The recovery factor is inuenced by the size and physical
property of the mode, which should be considered when estab-
lishing the non-dimensional number. Based on the denition of
the non-dimensional number of pore size, a new non-dimensional
number Nnew considering the inuence of gravity number, bond
number, the physical property of the reservoir, thickness of the oil
layer, gas–oil viscosity ratio, and viscosity reduction of the gas is
proposed, as shown in formula (3).

Nnew ¼ NGNB
a1mRatio

a2mr
a3

Hffiffiffiffi
K

f

r (3)

where mr ¼
mo

mg
is gas–oil viscosity ratio; H is the thickness of the

oil layer; K and f are the average permeability and porosity; a1,
a2, and a3 are the contribution of capillary force, viscous force,
gas–oil viscosity ratio, and viscosity coefficient to oil recovery
factor, which are obtained by tting based on the experimental
results.

a1¼ 1, a2¼ 2, a3 ¼ 1 are obtained by tting the results in the
research and the study of Rostami,28 as shown in Fig. 15.
According to Fig. 15, the relationship betweenNnew and recovery
Fig. 15 The relationship between the new-dimensional number Nnew

and recovery factor.

30620 | RSC Adv., 2021, 11, 30610–30622
factor is RF ¼ 4.46 + 3.54 ln Nnew, with the association coeffi-
cient reaching 0.97. That is,

Nnew ¼ NGNBmRatio
2mr

Hffiffiffiffi
K

f

r (4)

Nnew emphasizes the inuence of gravity, viscous force,
capillary force, gas–oil viscosity ratio, viscosity reduction of gas,
and physical property and thickness of the reservoir, which can
accurately predicate the oil recovery factor of GAGD in the
heterogeneous reservoir with different permeability. When
using Nnew, coefficients of association a1, a2, and a3 need to be
conrmed with some indoor experiments to improve prediction
accuracy.
4 Conclusion

In this paper, a series of 3D experiments were performed to
investigate the effects of several variables on GAGD. The GOC
migration law during GAGD was monitored with electrical
resistivity tomography. Based on 3D GAGD experiments, and
dimensional analysis, the results can be summarized as follows:

(1) When the gas injection rate is low, the capillary force and
viscous force are small. Gravity dominates the ow of oil and
gas in the heterogeneous porous media. With the increase of
gas injection rate, the ow of oil and gas in heterogeneous
porous media changes to be dominated by capillary force,
viscous force, and gravity. The mutual balance between these
three factors determines the stability of the displacement front.

(2) N2-GAGD can maintain the stability of GOC, but the oil
recovery factor is low. In CO2 and gas mixture GAGD, part of the
gas is dissolved in the crude oil and exhausted, leading to the
decrease of advancing rate and swept area of GOC. The viscosity
reduction, swelling, and low tension of CO2 and gas mixture
contribute to a high recovery factor. CO2-GAGD achieves the
best recovery with the gas injection rate of 0.15 m d�1 at 15 MPa.

(3) The continuous remaining oil lm has a hydraulic
connection that can help overcome the capillary force in the
low-permeability region and ensure the stability of the interface,
a higher swept volume, and a higher recovery factor during
GAGD. The inuence of gravity, viscous force, capillary force,
the dissolution and viscosity reduction and swelling of gas in
crude oil need to be considered into GAGD. In this way, the
stability of displacing front can be guaranteed, and the recovery
factor can be improved most signicantly.

(4) A new dimensional number Nnew that combines the
gravity, viscous force, capillary force, gas–oil viscosity ratio,
viscosity reduction of gas in crude oil, and the reservoir prop-
erties has been proposed. Nnew can accurately predicate the oil
recovery factor of GAGD in heterogeneous reservoirs at different
permeability.
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