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Abstract: Fractured-vuggy reservoirs are known for containing substantial amounts of oil in high
positions of reservoir, even after natural energy development and water injection development.
However, due to their poor physical properties and fracture distribution, gas channeling becomes a
common occurrence when injecting large amounts of gas, which hinders the formation of an effective
gas cap, resulting in reduced oil displacement efficiency. This phenomenon results in a lengthy period
of effective gas cap formation and reduces the oil displacement efficiency of an artificial gas cap. In
this paper, according to the actual geological characteristics, logging data, and production data, the
mechanism model and the numerical model of Oilfield A are established. The variation law of flow
potential difference before and after gas injection channeling is studied by simulation, and the control
method of artificial gas cap gas channeling in fractured-vuggy reservoir is put forward. The results
show that the production gas–oil ratio method is the most convenient and practical in the oil field,
and the flow potential difference can effectively predict the occurrence of gas channeling. It likely
occurs when the ratio of flow potential difference between injection and production wells is less than
0.972. Gas channeling can be controlled effectively by altering the energy of position and pressure, as
well as body measures including injection–production well pattern adjustment, injection–production
parameter optimization. This technology provides a new approach for controlling gas channeling
through gas cap drive in fractured-vuggy reservoirs. After the implementation of this technology,
the effect is obvious, and can effectively improve the efficiency of gas top oil displacement and
save costs. This gas channeling control technology is of great significance for the development of
fractured-vuggy reservoirs.

Keywords: fractured-vuggy reservoir; artificial gas cap drive; gas channeling control; flow potential
control; flow potential difference

1. Introduction

Carbonate reservoirs account for 47.5% [1] of the remaining global oil and gas reserves.
Fractured-vuggy reservoirs account for more than 30% of carbonate reservoirs [2]. In
western China, carbonate fractured-vuggy reservoirs are also one of the most important
sites for oil and gas extraction, with promising prospects. A fractured-vuggy reservoir is
controlled jointly by paleogeomorphology, structure, and karstification; the matrix storage
and permeability conditions are poor, and the reservoir types are diverse, consisting
primarily of karst fractured-vuggy assemblages of various types and scales, with complex
and highly discrete distribution. Their heterogeneity is extremely strong [3–6].
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Fractured-vuggy reservoirs typically have fractured-vuggy units as the develop-
ment and management objective, and the basic well pattern is based on fractured-vuggy
units [7,8] according to the principle of “cave-by-cave well distribution and cave-by-cave
development”. A fractured-vuggy unit can be an isolated cave (Figure 1) or composed of a
fractured and vuggy group (Figure 2).
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Figure 2. Fractured and vuggy group.

The fractured-vuggy units comprised of single-fractured-vuggy bodies are often sepa-
rated from other fractured-vuggy bodies and are not connected; however, in the fractured-
vuggy units comprised of fractured-vuggy groups, numerous karst caves are interconnected
by complex fracture networks. With a unified pressure system and oil–water relationship,
this reservoir can be considered independent, constituting its own oil-water system [9,10].

Fractured-vuggy reservoirs are typically exploited initially with natural energy, and
artificial water injection and gas injection after high water cuts are adopted after natural
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energy depletion [11,12]. In the process of exploitation, fracturing is usually used to
improve the connectivity between injection and production wells [13]. However, issues
such as water injection failure and low gas drive efficiency gradually emerge in the middle
and late stages of development. There is a great deal of unused “attic oil” [14].

In order to improve the production degree of remaining oil and further improve oil
and gas recovery, many oilfields carried out a series of studies on artificial gas top drive in
the field, such as nitrogen injection for oil replacement, nitrogen-assisted gravity flooding,
gas cap flooding, and so on [15–19]. Artificial gas top drive is mainly used to inject a large
amount of gas into the formation from the top to form a secondary gas cap to effectively
drive the remaining oil in the high position [20]. The main driving forces are gravity
differentiation and gas expansion energy.

It can be seen in Figure 3a that crude oil and water flow upwards before gas injection.
After gas injection (Figure 3b), the difference in gas and liquid density causes the gas to push
the crude oil downward, and the gas cap replaces the residual oil at a high position [21].
As shown in Figure 4a, after the formation of the gas cap, it will continue to expand under
the formation conditions, which can increase the elastic expansion energy of the formation
and push the oil–gas interface downward to change the flow direction of crude oil. As can
be seen in Figure 4b, the gas cap can also replace the remaining oil in the higher position to
the lower position of the perforated layer [22,23]. When the oil displacement mode changes
from natural depletion development or bottom water injection to gas cap flooding, the
crude oil in formation moves downwards, and the oil–water interface decreases accordingly,
which is beneficial to production-well improvement [24]. Compared to other top gas
injection flooding, the expansion of the gas cap can significantly alter the flow direction
of crude oil fluid. In addition, domestic and international experimental research on N2
injection into fractured-vuggy reservoirs demonstrates that N2 has low surface tension
and high diffusivity. N2 dissolved in crude oil can reduce interfacial tension and crude oil
viscosity, improve formation crude oil-flow performance, and increase oil-displacement
efficiency [25,26]. Therefore, artificial gas top drive can also utilize pressure differences
and a high gas diffusion ability to activate weak channels, utilize remaining oil from
non dominant channels between wells, and extensively displace any remaining oil in
small pores.
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The research findings indicate that artificial gas top flooding can significantly improve
the status of fractured-vuggy reservoirs with high water cuts and difficult-to-use “attic oil”
between wells. Due to the poor reservoir conditions; complex fracture distribution; and
large gravity and viscosity differences between oil, gas, and water, injected gas is susceptible
to escape [12,27,28], affecting the remaining oil’s production effect. It also results in a rise
in the cost of gas injection for artificial gas top drives. In order to improve oil recovery
in fractured-vuggy reservoirs, the ability to properly discriminate gas channeling and
adopt prompt actions for regulation and control has become the crucial link in artificial gas
cap flooding.

After the development stages of natural energy development, artificial water flood-
ing, and artificial gas flooding, the remaining oil in Oilfield A is concentrated in the high
position of the residual mound and interwell in the well area in the middle of the block,
rendering water and gas flooding ineffective. Therefore, the human gas top drive tech-
nology experiment was carried out in the field. However, a more serious gas channeling
phenomenon was found in the process of implementing gas top drive [29].

Currently, there is no approved standard for determining gas channeling in fractured-
vuggy reservoirs, which is often determined by the study object’s properties and the
changing law of recovery degree. Using a combination of the production gas–oil ratio
method, the gas channeling coefficient method, the dissolved gas method, and the three-
stage approach, the features of gas channeling are determined [30]. The gas channeling
coefficient method requires constant calculation of the gas holdup and transverse axis area
of production wells, which is impractical in the field; the dissolved gas method is primarily
used for miscible flooding; and the three-stage method is inappropriate for oilfields with
complex formation conditions. Therefore, the gas channeling discrimination method is the
suitable production gas–oil ratio method for the fractured-vuggy reservoir’s artificial gas
top drive in Oilfield A. The method uses production gas–oil ratio to analyze gas channeling
using the variation characteristics of the production gas–oil ratio. Under the immiscible
state, the output gas–oil ratio rises slowly before gas channeling and abruptly after gas
channeling, and the recovery rate slows. Compared to the field production data of a single
well following N2 injection in Oilfield A, the production gas-to-oil ratio grows gradually
before gas channeling and abruptly after gas channeling, whereas the daily oil production
of a single well decreases. Statistics demonstrate that gas channeling occurs when the
gas–oil ratio after gas injection is greater than three times the starting value; therefore, this
value can be used as a criterion for gas channeling in oil field A.
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In order to address the issue in which gas channeling is prone to occur in fractured-
vuggy reservoirs, a simple, cost-effective method for controlling gas channeling is urgently
required. The fluid potential energy, also known as the flow potential, is the determining
factor that determines the fluid flow direction within a formation. The fluid in the formation
always flows from the high potential area to the low potential area in the direction where
potential energy declines the fastest [31]. In the process of reservoir development, the water
cone, water channeling, and gas channeling are all the result of an imbalance of fluid flow
potential in the reservoir; therefore, the relationship between oil, gas, and water can be
modified, and gas channeling can be alleviated by adjusting the flow potential. Combined
with changes in the characteristics of flow potential during gas channeling, this paper
studies the regulation and control of artificial gas top drives in fractured-vuggy reservoirs.

2. Methods

Based on the composition of flow potential in a fractured-vuggy reservoir, the formula
for the difference in flow potential between injection and production wells is deduced.
The mechanism model of fractured-vuggy single injection–production well group was
established, the change in flow potential during gas channeling was obtained by simulation
and calculation, and the change law of flow potential before and after gas channeling was
analyzed, combined with the principle of flow potential and the actual situation in the field.
Therefore, a flow potential control technology suitable for artificial gas cap gas channeling
control in fractured-vuggy reservoirs is formed.

2.1. Theory

Flow potential refers to the total mechanical energy of a unit mass of fluid in reservoir
development. It is composed of potential energy, pressure energy, kinetic energy, and
interfacial energy and is influenced by gravity, buoyancy, pressure, inertia force, viscosity
force, and capillary pressure. According to the definition of England volume potential [32],
the potential energy per unit volume of fluid can be expressed as:

Φ = ρgz + ρ
∫ P

0

dP
ρ(P)

+
1
2

ρν2 +
2σcos θ

r
(1)

In the formula, Φ is the flow potential. Z is the distance of the measuring point from
the datum, positive up, negative down. P is the pressure of the measuring point.

The flow potential of a fractured-vuggy reservoir is mainly composed of potential
energy, pressure energy, and kinetic energy [33]. When the height of the oil column is small,
and the crude oil compression coefficient is small, the density of crude oil and formation
water in the reservoir does not vary much with pressure; that is, pressure ρ(p) = p, so the
pressure energy is equal to the pressure p. Therefore, the flow potential in fractured-vuggy
reservoirs can be characterized as follows:

Φ =
∫ Z

Z0

ρgdz +
∫ P

P0

dP +
1
2

ρν2 (2)

The flow potential difference between any An and B points in the reservoir is as follows:

∆Φ = ΦA − ΦB = ρg(zA − zB) + (PA − PB) +
1
2

ρ
(

v2
A − v2

B

)
(3)

The fractured-vuggy reservoir type is mainly composed of large-scale karst caves
and high-angle fractures, and the fluid is dominated by pipe flow. Even if the infiltration
velocity is as high as 300 m/d, its kinetic energy is only in the order of 1 × 10−4 MPa.
Therefore, in the fractured-vuggy reservoir, the effect of the change in kinetic energy on the
flow potential is minimal, and the flow potential is primarily influenced by the change in
energy of position and energy of pressure [34].
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If only the influence of energy of position and energy of pressure on the flow potential
are considered, then the flow potential difference between any A and B points in the
reservoir should be:

∆Φ = ΦA − ΦB = ρg(zA − zB) + (PA − PB) (4)

The well group in the model is used to simulate an artificial gas cap to drive oil. W1 is
a gas injection well, and W2 and W3 are production wells. At this time, the flow potential
difference between Well W1 and Well W2 is as follows:

∆Φ12 = ρGgz1 − ρOgz2 + (P1 − P2) (5)

The flow potential difference between Well W1 and Well W3 is as follows:

∆Φ13 = ρGgz1 − ρOgz3 + (P1 − P3) (6)

The flow potential difference between Well W1 and Well W3 is as follows:

∆Φ12 − ∆Φ13 = ρOg(z3 − z2) + (P3 − P2) (7)

The ratio of flow potential difference between the injection well W1 and production
well W2 and W3 is as follows:

∆Φ12

∆Φ13
=

ρGgz1 − ρOgz2 + (P1 − P2)

ρGgz1 − ρOgz3 + (P1 − P3)
(8)

In Equations (5)–(8), ∆Φ12 is the fluid potential difference between Well W1 and Well
W2, while ∆Φ13 is the flow potential difference between Well W1 and Well W3. Z1, Z2, Z3
are the distances of wells W1, W2, and W3 relative to the base plane are positive upward,
negative downward. P is the measuring point pressure.

2.2. Establishment of Mechanism Model

According to the characteristics of fractured-vuggy reservoir in Oilfield A, a mecha-
nism model was established. The single grid step was 30 m × 30 m × 3 m, the depth of
the reservoir was 4600 m, and the formation pressure was 56 MPa (Figure 5). The model
contained two smaller caves and one larger cave. The filling degree was unfilled, in which
the grid number of the small cave was 3 × 3 × 20, the size was 90 m × 90 m × 60 m; the
grid number of the large cave was 5 × 6 × 23, and the size was 150 m × 180 m × 69 m.
A crack channel existed between the two small caves and the large caves (Figure 6). The
initial porosity of the karst cave was 0.2, matrix porosity was 0.01, fracture permeability is
1000 mD, and matrix permeability is 0.01 mD (Figure 7). There were three wells W1, W2,
and W3 in the model, with W1 drilling encountering larger karst caves and W2 and W3
drilling encountering two smaller karst caves, respectively.

2.3. Simulation of Gas Channeling Flow Potential in Fractured-Vuggy Reservoir
2.3.1. Variation Law of Flow Potential Difference under Different Energy of Position and
Energy of Pressure

The distance between W3 and datum were −4587.6 m, −4597.6 m, −4607.6 m,
−4617.6 m and −4627.6 m, respectively, to simulate the change in flow potential difference
between Well W1 and Well W3 under different potential energy. W3 daily fluid production
was set as as 20 m3/d, 40 m3/d, 60 m3/d, 80 m3/d, and 100 m3/d to simulate the change in
flow potential difference between Well W1 and Well W3 under different pressure energies.
Changes in energy of position and energy of pressure were used to investigate the effect of
various factors on the change law of flow potential.
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2.3.2. Simulation of Gas Channeling under Different Flow Potential Difference Ratios
between Injection and Production Wells

The flow potential and flow potential differences were changed by changing the energy
of position and energy of pressure to explore the gas channeling situation of Well W3 under
different flow potential differences. The gas channeling of Well W3 under different ratios
of flow potential difference between injection and production wells was observed.

2.4. Numerical Simulation of Gas Channeling Control in Oilfield A

A numerical model was established according to the actual geological characteristics,
logging data and production data. The single grid step was 20 m × 20 m × 2 m, the depth
of the reservoir was 4600 m, and the formation pressure was 56 MPa. The porosity of the
cave with poor filling degree was about 0.2–0.3, while that of the cave with higher filling
degree was 0.1–0.15 (Figure 8).
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Simulating the gas channeling during the implementation of gas cap drive in Oilfield
A, we used tNavigator to explore the direction of gas flow in the ground. We calculated the
flow potential between injection and production wells by changing the flow potential to
regulate gas channeling, and so the effect of flow potential regulation technology on gas
top drive gas channeling control in fractured-vuggy reservoirs was obtained.

3. Simulation Results
3.1. Law of Gas Channeling Flow Potential in the Fractured-Vuggy Reservoir
3.1.1. Variation Law of Flow Potential Difference under Different Potential Energy

It can be seen from Figures 9 and 10 that the potential energy positively correlates
with the distance between Well W3 and the datum. The greater the distance between Well
W3 and the datum, the greater the potential energy. The flow potential difference between
Well W1 and Well W3 ∆Φ13 decreased with the increase in Well W3 site energy and tended
to be stable when Well W3 site energy was higher than 44.12 × 106 J/m3.

When Z3 was closer to Z1, the height difference between injection and production
wells was smaller, and the flow potential difference was smaller. When the distance from
Well W3 to the datum changed, the bottom hole pressure of W3 also changed, the pressure
energy increased with the increase in the distance from Well W3 to the datum, and the
value of pressure energy difference “(P1 − P3)” between Well W1 and Well W3 decreased,
thus affecting the change in flow potential difference. It can be seen that the adjustment of
potential energy can alter the flow potential difference, but the change in potential energy
convection potential difference is limited by the pressure change.
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3.1.2. Variation Law of Flow Potential Difference under Different Pressure Energy

As shown in Figures 11 and 12, there was a negative correlation between the pressure
energy of Well W3 and the daily liquid production of Well W3. The daily liquid production
of Well W3 was inversely proportional to the pressure energy. The flow potential difference
between Well W1 and Well W3 decreased with the decrease in pressure energy of Well W3.

When P3 was closer to P1, the pressure energy difference between injection and produc-
tion wells was smaller and the flow potential difference was smaller, which demonstrates
that the change in pressure energy had a clear influence on the flow potential difference
and was not constrained by other factors.

3.1.3. Gas Channeling under Different Flow Potential Difference Ratios

Comparing the gas-oil ratio in April 2024 under different flow potential difference
ratios between injection and production wells as the criterion for judging gas channeling,
the gas–oil ratio was more than thrice the initial value. The simulation results show that
when ∆Φ12/∆Φ13 < 0.972 the ratio of gas to oil of Well W3 increases in April 2024, which
is much more than three times the initial value (Table 1), but when ∆Φ12/∆Φ13 = 0.972,
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there is no obvious change in the gas–oil ratio of Well W3, and there is no gas channeling
(Figure 13).
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Table 1. Gas–oil ratio of Well W3 under different flow potential difference ratios.

∆Φ12
∆Φ13

∆Φ13
(106 J/m3)

∆Φ13
(106 J/m3)

Initial Gas-Oil
Ratio

W3 Gas-Oil Ratio
in April 2024

0.972
∆Φ12 46.98

35.12

34.62∆Φ13 48.35

0.952
∆Φ12 46.98

257.47∆Φ13 49.33

0.932
∆Φ12 46.98

261.70∆Φ13 50.43

0.919
∆Φ12 46.98

499.33∆Φ13 51.13

0.910
∆Φ12 46.98

690.03∆Φ13 51.63
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Figure 13. Change in gas–oil ratio in Well W3 under different flow potential difference ratios.

Although there is some connectivity between Well W1 and the two adjacent wells,
the fluid always flows in a direction in which the flow potential lowers rapidly during the
gas cap drive operation. When the difference in flow potential between injection wells
and different production wells (∆Φ12 − ∆Φ13) < 0 and ∆Φ12/∆Φ13 < 0.972, the gas will
preferentially flow in the direction of large flow potential difference, that is, the flow channel
between Well W1 and Well W3 (Figure 14).

Processes 2023, 11, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 14. Gas channeling flow chart of W3. 

3.2. Simulation Results of Gas Channeling Control in Oilfield A 
As illustrated in Figure 15, when the Well G1 is positioned in the high section of gas 

injection, more gas flows to the closest Well T4, but only a tiny portion flows to the Well 
T1, and excessive gas accumulates around the Well T4, and is produced through the per-
forated section. As a result, the gas–oil ratio of the Well T4 quickly increases to three times 
its starting value, causing gas channeling. 

Based on the data in Table 2, the flow potential difference ∆𝛷ଵ  between G1-T1 is 
44.67 × 106 J/m3. The flow potential difference between G1 and T4 is 45.93 × 106 J/m3, ∆𝛷ଵ/∆𝛷ଶ = 0.964, which is less than 0.972, resulting in gas channeling to Well T4. 

 
Figure 15. Saturation three-phase diagram of the well group. 

Table 2. Calculation of flow potential difference of the G1 well group. 

Well Name Z 
(m) 

P 
(MPa) 

𝝆𝑶 
(kg/m3) 

𝝆𝑮 
(kg/m3) 

∆𝜱𝟏 
(106 J/m3) 

∆𝜱𝟐 
(106 J/m3) 

∆𝜱𝟏 − ∆𝜱𝟐 
(106 J/m3) 

∆𝜱𝟏∆𝜱𝟐 

G1 −4557.5 54.9 977 1.25 44.27 45.93 <0 0.964 
T1 −4535.5 54.0 

Figure 14. Gas channeling flow chart of W3.

3.2. Simulation Results of Gas Channeling Control in Oilfield A

As illustrated in Figure 15, when the Well G1 is positioned in the high section of gas
injection, more gas flows to the closest Well T4, but only a tiny portion flows to the Well T1,
and excessive gas accumulates around the Well T4, and is produced through the perforated
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section. As a result, the gas–oil ratio of the Well T4 quickly increases to three times its
starting value, causing gas channeling.
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Based on the data in Table 2, the flow potential difference ∆Φ1 between G1-T1 is
44.67 × 106 J/m3. The flow potential difference between G1 and T4 is 45.93 × 106 J/m3,
∆Φ1/∆Φ2 = 0.964, which is less than 0.972, resulting in gas channeling to Well T4.

Table 2. Calculation of flow potential difference of the G1 well group.

Well Name Z
(m)

P
(MPa)

ρO
(kg/m3)

ρG
(kg/m3)

∆Φ1
(106 J/m3)

∆Φ2
(106 J/m3)

∆Φ1−∆Φ2
(106 J/m3)

∆Φ1
∆Φ2

G1 −4557.5 54.9
977 1.25 44.27 45.93 <0 0.964T1 −4535.5 54.0

T4 −4614.4 53.1

In order to prevent gas from continuously flowing towards Well T4 on a large scale
and to increase the degree of gas wave propagation towards Well T1, combined with the
principle of flow potential difference control, potential energy and pressure energy were
adjusted. Lowering the production interval of Well T1, closing the production interval
in the high water content area at the bottom of Well T4 and the production interval that
produces gas channeling in high areas, increasing the daily liquid production of Well T1,
and reducing the daily liquid production of Well T4, thereby increases the fluid potential
difference between G1–T1 wells, reduces the fluid potential difference between G1–T4
wells, and enables gas-balanced displacement.

It can be seen from Table 3 that the flow potential difference between wells G1 and
T1 after adjustment is greater than that between wells G1 and T2, and the ratio of fluid
potential difference between injection and production wells is 0.988, which is more than
0.972 and 0.024 higher than the original growth rate.

Table 3. Calculation of the flow potential difference after adjusting the current potential in the G1
well group.

Well Name Z
(m)

P
(MPa)

ρO
(kg/m3)

ρG
(kg/m3)

∆Φ1
(106 J/m3)

∆Φ2
(106 J/m3)

∆Φ1−∆Φ2
(106 J/m3)

∆Φ1
∆Φ2

G1 −4557.5 54.6
977 1.25 45.808 45.257 >0 0.988T1 −4612.6 52.9

T4 −4586.4 53.2
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As can be seen from Figure 16, the production gas–oil ratio after adjustment is evidently
smaller than that before adjustment. The flow potential regulation has a good effect on the
gas channeling regulation of artificial gas cap drive in fractured-vuggy reservoirs.
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4. Discussion
4.1. Control Countermeasures of Gas Channeling Potential in Fractured-Vuggy Reservoir

It can be inferred that gas channeling can occur easily when (∆Φ12 − ∆Φ13) < 0 and
∆Φ12/∆Φ13 < 0.97, or(∆Φ13 − ∆Φ12) > 0, or (∆Φ13 − ∆Φ12) > 0 and ∆Φ13/∆Φ12 < 0.972.
To prevent the occurrence of gas channeling and minimize the negative impacts of gas
channeling, the ratio of flow potential difference between injection wells and production
wells must be maintained above 0.972.

In conjunction with the composition and formula of flow potential difference in
the fractured-vuggy reservoir, energy of position and pressure are the most influential
elements of flow potential difference. Based on the findings of numerical simulation, it can
be concluded that varying pressure energy and varying potential energy can effectively
modify the flow potential difference. The control technology of gas channeling potential
in the fractured-vuggy reservoir is, therefore, primarily separated into potential energy
regulation and pressure energy regulation.

4.1.1. Position Energy Regulation

If the pressure energies of several wells close to the injection well are comparable
or if the liquid extraction capacity is constrained, the flow potential difference between
injection and production wells can be modified by adjusting the potential energy. The
specific operations include changing the injection–production layer, injection–production
relationship, and injection–production well pattern adjustment.

Changing the injection–production layer is the most natural and straightforward
technique to altering the potential energy when the perforation layer is thick. Due to the
inconvenient nature of adjusting the injection section of gas injection wells while driving
gas channeling by artificial gas cap, the potential energy must be adjusted by changing the
production section of production wells.

If the injection–production height difference between injection and production wells
is small and the production section of the production well is not thick, it is possible to
temporarily close the gas well or release well, convert the gas production well into a
gas injection well, or convert the gas injection well into a gas production well once gas
channeling has occurred in the production well. The gas flow potential in the formation can
be changed by changing the injection–production relationship and injection–production
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well pattern. A reasonable flow potential difference should be maintained, improving the
spread range of the artificial gas top drive.

4.1.2. Pressure Energy Regulation

The fluid potential of the fractured-vuggy reservoir is primarily composed of potential
energy and pressure energy, so the bottom hole pressure energy can be adjusted by changing
the production pressure difference in order to control the flow potential difference between
injection and production wells, balance the flow potential, change the direction of oil and
gas flow around the well, and ultimately achieve the goal of reducing gas channeling. The
specific operations include controlling the daily liquid production of production wells and
reducing the daily gas injection volume of injection wells.

When the liquid production rate is excessively fast, the production pressure difference
of the production well increases, as does the flow potential difference between injection
wells and various production wells. The gas will flow in the direction of the largest flow
potential difference, and the gas that has accumulated around the well may continue to
decline the oil–gas interface to the perforated layer, resulting in increased gas production
and gas channeling in the production well. This phenomenon would push crude oil away
from the bottom hole, making crude oil recovery difficult and resulting in a poor effect of
gas cap flooding. Consequently, balancing the flow potential and mitigating gas channeling
can be achieved through the management of liquid production velocity. After reaching the
periphery of the well, an appropriate amount of gas can form an effective gas cap through
gravity differentiation, and dissolution and expansion can improve the flow capacity of
crude oil, thus increasing crude oil production.

After the artificial gas cap has been formed, it is necessary to reduce the gas injection
speed in order to reduce the displacement gas pointing and tongue entering phenomenon,
to maintain a reasonable gas-oil pressure difference, and to prevent the gas from breaking
through prematurely in order to mitigate the gas injection effect.

5. Conclusions

Faced with the continuous development of fractured-vuggy reservoirs, artificial gas
top drive technology has become the research object of many oil fields, and research on gas
channeling control is gradually deepening. There will be huge research space for applying
flow potential regulation to control gas channeling technology. This study innovatively
studies the application of flow potential regulation technology in the control of artificial
gas cap drive gas channeling in fractured-vuggy reservoirs.

Artificial gas cap flooding can effectively improve crude oil fluidity, reduce interfacial
tension, and increase oil displacement efficiency; reduce gasoline interface and oil-water
interface through gravity differentiation and improve oil production below oil–water
interface; activate weak flow channels between wells to drive the remaining oil in small
pores in a large area; as well as use the expansion of gas cap to change the flow direction
of crude oil. Due to the significant heterogeneity and complex fracture distribution in
fractured-vuggy reservoirs, the key to improving oil recovery by artificial gas top drive in
fractured-vuggy reservoirs is the discrimination and control of gas channeling.

Fluid always travels in the direction toward where the flow potential falls rapidly, and
gas channeling is less likely the closer the ratio of the flow potential difference between the
injection well and separate output wells tends towards 1. In the process of gas channeling
control of an artificial gas cap drive in a fractured-vuggy reservoir, the ratio of potential
difference between injection and production wells must be maintained at or above 0.972.

The flow potential energy of the fractured-vuggy carbonate reservoir is mainly con-
trolled by energy of position and energy of pressure. When implementing flow potential
control technology, the difference in flow potential between injection and production wells
can be modified by adjusting the potential energy or pressure energy. The specific op-
erations of changing potential energy include changing the injection–production layer,
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injection–production relationship, and injection–production well pattern; changing pres-
sure energy includes fluid control, injection reduction.
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Nomenclature

Φ Flow potential (J/m3)
∆Φ12 Fluid potential difference between Well W1 and Well W2 (J/m3)
∆Φ13 Fluid potential difference between Well W1 and Well W3 (J/m3)
σ Interfacial tension (N/m)
θ Wetting angle (◦)
r capillary radius (m)
g Acceleration of gravity (9.8 m/s2)
ν Velocity of flow (m/s)
ρ Fluid density (kg/m3)
z Distance of the measuring point from the datum (m)
z1 Distances of Well W1 from the datum (m)
z2 Distances of Well W2 from the datum (m)
z3 Distances of Well W3 from the datum (m)
P Pressure of the measuring point (Pa)
P1 Measuring point pressure of W1 (Pa)
P2 Measuring point pressure of W2 (Pa)
P3 Measuring point pressure of W3 (Pa)
W1 Gas injection well named W1 in mechanism model
W2 Production well named W2 in mechanism model
W3 Production well named W3 in mechanism model
G1 Gas injection well named G1 in Oilfield A
T1 Production well named T1 in Oilfield A
T4 Production well named T2 in Oilfield A
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