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Abstract: When drilling or exploiting fractured formations, gas fluid displacement and invasion
often occur, and gas invasion is very subtle and difficult to find. The gas in the fracture enters the
wellbore and arrives near the wellhead with the drilling fluid. Improper treatment may lead to
serious accidents such as lost circulation and blowout. In this study, using computational fluid
dynamics (CFD) simulation software for modeling and grid generation, based on the volume of fluid
(VOF) method, the gas invasion behavior under different conditions was simulated to explore the
flow process and characteristics of gas invasion, and the effects of different drilling fluid properties
and fracture morphology on gas invasion were analyzed. The experimental results show that the
drilling fluid enters the fracture to compress the gas, making the pressure in the fracture greater than
that in the wellbore, thus leading to the occurrence of gas invasion. The viscosity and density of the
drilling fluid have different effects on the gas invasion process. The higher the viscosity, the smaller
the possibility of gas invasion. However, when the viscosity of the drilling fluid gradually increases
from 10-50 MPa-s, the change of gas invasion rate is small, all within 1.0-1.2 m/s. The higher the
density, the more conducive to the occurrence of gas invasion. The inlet pressure has no obvious effect
on the occurrence of gas invasion, and the occurrence time of the gas invasion fluctuates in 0.35 s
at 0.5-2.5 MPa. With the increase in the fracture width and length, the possibility of gas invasion
decreases, but there is an extreme value for the fracture height. The time of gas invasion does not
change beyond this extreme value. When the fracture height is 100-700 mm, the time of gas invasion
increases with the increase in the height; when the height is 700-900 mm, the gas invasion time
does not change. These results provide a practical and effective method for enhancing oil recovery,
preventing and treating gas invasion in gas-liquid flooding.

Keywords: gas invasion; gas-liquid displacement; gas-liquid two-phase flow; fracture; CFD
simulation

1. Introduction

In the process of oil and gas exploration drilling, when drilling multi-fracture and
multi-cave formations, the drilling fluid will leak, and the gas in the formation will in-
vade the wellbore [1]. When the drilling fluid is oil-based, under a certain pressure and
temperature, the gas will dissolve in the oil-based drilling fluid to form dissolved gas,
which is not easy to find in the early overflow detection [2,3]. When it rises to the wellhead,
it can easily cause blowout and other accidents, reducing the oil and gas recovery rate.
When the drilling fluid is water-based, the ground overflow monitoring is obvious, and
the gas will slide and expand when entering the wellbore, and the upper overshoes may
be damaged if the well is shut in for a long time [4-7]. The invasion of drilling fluid gas
not only brings difficulties to drilling engineering, but also causes casualties and economic
losses [8-15]. In recent years, scholars at home and abroad have also conducted a lot of
research on the problem of gas invasion in fractured gas reservoirs. In order to reduce the
harm caused by gas invasion, it is integral to systematically study the occurrence conditions,
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mechanism, influencing factors, and prevention measures of gas invasion in gas-liquid
displacement [16-18].

It is generally believed that gas invasion will occur when the local formation pressure
is higher than the wellbore pressure. However, in the process of drilling, when the bottom
hole is in a positive differential pressure state, gas invasion will also occur [19]. Beenion [20]
analyzed and studied the drilling and completion process of a fractured gas reservoir. The
research results show that in fractured formations, drilling fluid leakage and gas invasion
can easily occur under negative pressure due to the difference in the density of the gas and
the liquid, that is, blowout and leakage occur simultaneously. Nickens [21] considered the
effects of pump speed, formation gas invasion, blowout preventer, throttle valve closing,
and throttle valve adjustment. During gas invasion, the model can predict the change
of flow rate and pressure with time and wellbore location. Zhang [22] assumed that gas
invasion in gas-liquid displacement occurred at the bottom of the well, determining the gas
invasion rate. The process of gas invasion from gas-liquid displacement to underbalanced
gas invasion was studied. Zhang [23] assumed that the gas invasion occurred at the bottom
hole during gas-liquid displacement and measured the gas invasion rate. The process of
gas invasion from gas-liquid displacement to under equilibrium gas invasion is studied.
Hou [24] simulated a real fracture by establishing a fracture space, and carried out visual
experimental research on the gas invasion of gas-liquid displacement according to the
gas-liquid displacement mechanism of fracture formation. On the basis of analyzing the
reservoir geological characteristics of Shunnan Block in the northern slope of Tazhong,
Fang [25] established a gas invasion model for gas-liquid displacement, simulated the gas
invasion process of gas-liquid displacement with fluid computing software, and analyzed
the main factors affecting the gas invasion of gas-liquid displacement [26].

The gas-liquid displacement invasion is a typical gas-liquid two-phase flow, which
is very complicated in calculation, and it is difficult to observe the state of gas invasion
intuitively in the laboratory. In this paper, Ansys Fluent is used for numerical simulation,
the VOF multiphase flow model is used based on volume fraction equation and momen-
tum equation (referring to the official instruction manual: https:/ /ansyshelp.ansys.com/
account/secured?returnurl==/Views/Secured /prod_page.html?pn=Fluent&pid=Fluent&
lang=en&prodver=22, accessed on 10 September 2022), the gas invasion behavior of
gas-liquid displacement is studied, and the effects of drilling fluid viscosity, density, frac-
ture inlet pressure, fracture width, fracture height, and fracture length on gas invasion are
discussed. In order to improve the safety of exploiting fractured gas reservoirs and increase
the oil and gas recovery rate, it is necessary to clarify the influencing factors of gas invasion
in gas-liquid displacement and the state characteristics of gas invasion.

2. Mathematical Model of Gas-Liquid Two-Phase Flow

There are many calculation models that can be used to calculate multi-phase flow
problems in fluid, and selecting an appropriate calculation model is crucial to the final
simulation results. The paper uses the volume of fluid (VOF) model, which is mainly used
to track the interface position of two or more incompatible fluids. In the VOF model, the
interface tracking is completed by solving the phase continuity equation, and the location
of the interface is determined by finding the sharp change points in the volume component.
The momentum equation of the mixed fluid is solved by the material properties of the mixed
material, so the material properties of the mixed fluid will have sudden changes at the
interface. The VOF model is mainly applied to the simulation of stratified flow, free surface
flow, sloshing, flow with large bubbles in the liquid, dam break, and other phenomena. It
can calculate the space-time distribution of the interface in the flow process. In the VOF
model, the phases are completely independent, and there is no mutual penetration between
them. The sum of the volume fractions of the phases is 1 in each governing equation.
Therefore, if the volume fraction of the q phase is expressed by Vg, then Vq0 indicates that
there is no q phase in the control volume; Vql indicates that the unit is full of q; 0 < Vq <1
indicates that the q phase and one or more other phases are included in the control volume.
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2.1. Volume Fraction Equation

In the VOF model, the interphase interface can be located by solving the mass equa-
tion for the volume fraction of multi-phase flow. For the qth phase, the volume fraction
expression is shown in the formula:

ox Siq , 1 &
5t TVaxaq=—=+—} (mpg—mgp) @
pq pq p=1

where v is the velocity of the qth phase, «q is the volume fraction of the qth phase, Saq
is the source phase of the qth phase, myq is the mass transfer from the p phase to the q
phase, and mpq is the mass transfer from the q phase to the p phase. It should be noted that
the above equation is not the solution of the main phase, and the solution of the volume
fraction of the main phase is as follows:

Y ag=1 @
p=1

The attribute is determined by the phase separation of different control bodies in the
flow field. In the two-phase system, if the subscripts c and d are used to express, and the
volume fraction of the second phase is located and tracked, the density expression in each
unit is as follows:

P = ogpg + (1 —ag)ec ®)
In general, for the n-phase system, the average density of the volume fraction is

as follows:
P =1 xqPq )

Other properties, such as viscosity, are calculated in the same way [27,28].

2.2. Liquid-Phase Control Equation

In the process of gas invasion, the fluid flow at the junction of the fracture and wellbore
changes from single-phase flow to gas-liquid two-phase flow, and follows the gas-liquid
continuous phase equation and momentum equation. The continuity equation of the liquid
phase is shown in the formula:

2 lom1 =Vt omvm(1 )| = 0 ®)

where p,, is the density of the drilling fluid, kg/m3; vy, is the drilling fluid velocity, m/s; y
is the gas content, dimensionless [29].

2.3. Gas-Liquid Two-Phase Momentum Equation

In the interface between the gas phase and the liquid phase, the mass exchange phase
will appear in the mass conservation equation of the gas phase and liquid phase. The
following is the equation set describing the gas-liquid two-phase flow in the wellbore:

0 0 oP TP

3¢ |Pm(1=¥) + pgvgv]+£[pmvlzn(1 -y)+ pgpéng +a Flem(1=v) +ogv|g=0  (6)
where p, is the gas density, kg/ m?; vg is the real gas velocity, m/s; P is the node pressure,
MPa; 1 is the shear force between the fluid and the pipe wall, N/m?.

2.4. Physical Model

There are many fractures and caves in the underground reservoir, providing huge
storage space for natural gas and oil. When this formation is encountered during drilling,
under the conditions of near balance and over balance, the annulus drilling fluid enters
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the fracture under the action of differential pressure, compressing the gas in the fracture,
causing the gas pressure in the fracture to increase. When the gas pressure in the fracture is
greater than the hydrostatic fluid column pressure in the wellbore, local negative pressure
will be generated between the two, causing gas invasion into the wellbore. The physical
model is shown in Figure 1, and the parameters are shown in Table 1.

Inlet ~._

Well-bore -._

1200mm

500mm

Fracture

~
-~
~~
-
~~.

Figure 1. Wellbore fracture model.

In this model, the wellbore radius is 150 mm and the height is 1200 mm. On both sides
of the wellbore are symmetrical ladder-shaped fractures with a length of 1200 mm and a
height of 500 mm. The width of the fractures near the wellbore is 5 mm and that far from
the wellbore is 3 mm. The minimum grid size is 0.5 mm, the maximum grid size is 20 mm,
and the volume grid-filling method is poly-hexcore. The grid quality of all cells is above 0.7.
The upper part of the wellbore is set as the pressure inlet, and the rest are set as the wall.
Compared with the actual working condition, the model is small, and the fluid velocity
changes greatly and is almost a straight line. Therefore, the laminar flow mode is adopted,
and the time step is set as 0.01 s. Before simulation, the wellbore is fully filled with drilling
fluid, and the fractures are fully filled with gas methane. The gas density is 0.2669 g/cm?,
and the viscosity is 0.0361 mPa-s. The density, viscosity, inlet pressure, fracture width,
fracture height, and fracture length of the drilling fluid are changed to explore the effects
of drilling fluid performance and fracture morphology changes. According to the gas
invasion process, the dynamic image of the gas phase diagram over time is intercepted,
which directly shows that the gas invasion process in the wellbore and the leakage process
of the drilling fluid simulate the gas invasion law under different conditions. The specific
parameters are shown in the table below.

Table 1. Analog input parameters.

Parameter Gradient
Viscosity of drilling fluid (mPa-s) 10 20 30 40 50
Drilling fluid density (g/ cm?) 1 1.2 1.8 2 24
Inlet pressure (MPa) 0.5 1 1.5 2 25
Fracture width (mm) 5-1 5-2 5-3 5-4 5-5
Fracture length (mm) 600 1200 1800
Fracture height (mm) 100 300 500 700 900

3. Results and Discussion

Gas invasion in gas-liquid displacement generally occurs in vertically fractured reser-
voirs, and the safety density window of the reservoirs is generally narrow, even 0, which
belongs to typical blowout leakage reservoirs of the same layer type. During the explo-
ration and development of the reservoirs, a slightly higher drilling fluid density will lead to
fracture opening and drilling fluid leakage, and a slightly lower drilling fluid concentration
will lead to gas influx, which will lead to overflow, kick, and blowout. It is difficult to
implement drilling using conventional drilling technology. In addition, this phenomenon
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is difficult to identify in the initial detection, which can easily cause the phenomenon of
“initial neglect, later difficult to deal with”, and even lead to serious downhole accidents.

The fundamental reason for gas invasion in gas-liquid displacement is that under
near-equilibrium and overbalance conditions, annular drilling fluid leaks into the fracture
under the effect of differential pressure, compressing the gas in the fracture, leading to the
increase in gas pressure. When the gas pressure in the fracture increases to more than the
annulus liquid column pressure, local negative pressure will be generated between them,
forming gas intrusion.

3.1. Working Condition Simulation

The simulated wellbore has a diameter of 300 mm, a height of 1200 mm, a fracture
height of 500 mm, a length of 1200 mm, and a fracture width of 5-3 mm. The volume
fraction distribution of the gas invasion process is shown in Figure 2 (in the figure, the color
represents the percentage content of gas in the fracture, the blue represents the volume
fraction of 0, the red represents the volume fraction of 1, and the total volume fraction of
the drilling fluid and gas is 1, so the deepest blue drilling fluid has the highest liquid-phase
content). The wellbore pressure of the drilling fluid is 1 MPa, and the drilling fluid is based
on the actual data on site, with a density of 1.2 g/cm? and a viscosity of 30 mPa-s. The
wellbore is full of drilling fluid, and the fractures are full of methane gas.

Water.Volume Fraction I l
wall
l 1.000e+00

0.02s 0.18s 0.32s
7.500e-01 I l n
“ 2.500e-01 0.80s 1.00s 2.70s
0.000e+00 I H I l

5.70s 11.80s

Figure 2. Gas invasion simulation volume fraction distribution.

Figure 2 shows the volume fraction distribution of the drilling fluid rapidly invading
and occupying the fractures. The speed is fast in the first 1 s, and then the leakage of
drilling fluid is slow; the pressure difference between the drilling fluid and gas decreases
and gradually reaches equilibrium. The drilling fluid reaches half of the fracture capacity
in about 5.7 s, the gas pressure in the fracture tends to be gentle, and the gas-phase velocity
tends to be gentle at about 10 s. It can be observed from Figure 2 that the drilling fluid in the
wellbore compresses the gas in the fracture with a pressure of 1 MPa. About 0.18 s later, the
gas is extruded from the fracture and gradually rises along the inner wall of the wellbore to
the wellhead. The migration rule of gas in the wellbore can be observed through the profile.

The pressure is recorded at the wellbore midpoint (0, 0, 450) and fracture midpoint (0,
160, 450) and the gas-phase velocity at the fracture midpoint. The velocity change is shown
in Figure 3 and the pressure curve is shown in Figure 4. At the beginning, the pressure in
the fracture and wellbore increases rapidly, and the pressure in the fracture exceeds the
pressure in the wellbore. As the drilling fluid compresses the gas, the differential pressure
between the fracture and the wellbore decreases. Until around 7 s, the differential pressure
between the wellbore and the fracture is the smallest, and the pressure in the fracture is
higher and lower than the pressure in the wellbore. This indicates that when the pressure
in the wellbore and the fracture reaches a relative balance, gas invasion into the wellbore
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occurs intermittently, and this process repeats endlessly. This can also be proven from the
gas-phase fluid velocity diagram in Figure 3. At the beginning, the pressure difference
between the two sides is large, and the gas velocity increases rapidly. The time taken is
very short, about 0.12 s. With the differential pressure between the two sides decreasing,
the gas-phase velocity gradually decreases, until about 7 s when the differential pressure
reaches equilibrium, and the gas-phase velocity finally becomes stable.

Gas velocity (m/s)
2
1

e
'S
1

0.2

0.0 ——F—71

Time (s)

Figure 3. Velocity of gas phase.
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S ]
[ J
=1 \
g \
o 1.0068
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1.0066 . . , : :

0 2 4 6 8 10 12

Time (s)
Figure 4. Pressure change of fracture and wellbore midpoint.

3.2. Factors Affecting Gas Invasion

According to the data analysis in the previous section, the constant-pressure drilling
fluid flows into the fracture and compresses the gas in the fracture, causing the gas pressure
to be higher than that of the drilling fluid in the wellbore, thus allowing the gas to enter the
wellbore. The gas invasion velocity is affected by the drilling fluid characteristics, fracture

morphology, wellbore pressure, and other aspects. Therefore, it is necessary to explore the
influence of these factors on gas invasion.
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3.2.1. Effect of Drilling Fluid Viscosity

In this simulation, the wellbore is 300 mm in diameter, 1200 mm in height, 500 mm
in fracture height, 1200 mm in length, 5-3 mm in fracture width, 1.2 g/cm? in drilling
fluid density, and 1 MPa in inlet pressure to explore the impact of different drilling fluid
viscosities on gas invasion.

It can be seen from Figures 5 and 6 that the viscosity of the drilling fluid is proportional
to the time required for gas-liquid displacement and gas invasion after the drilling fluid
enters the fracture. The higher the viscosity of the drilling fluid, the longer the time it
takes for the pressure in the fracture to rise to the effective fluid column pressure of the
drilling fluid at the upper end of the fracture. With the increase in viscosity, the invasion
rate of the gas decreases. This is because the greater the viscosity of the drilling fluid,
the greater the flow resistance in the fracture, and the less drilling fluid will enter the
fracture in a certain period of time, thus reducing the gas invasion velocity and delaying
the time of gas invasion. During on-site construction, the viscosity of the drilling fluid can
be properly increased to prevent gas invasion, but the viscosity should not be too high,
as this will significantly reduce the drilling speed and reduce the service life of the mud
pump. Therefore, the viscosity of the drilling fluid should be reasonably selected.

1.2 A
1.0
0
EO.S 7] —=— 10mPa‘s
2 ||——20mPas
8061 | [——30mPa-s|!-
g 1 |——40mPa-s|1.
30.4— 50mPa-s|;.
&)
0.2 sl o
0.1 02 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
0.0
I B I i I B 1 i 1 i I
0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

Figure 5. Gas-phase velocity under different drilling fluid viscosities.
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Figure 6. Time required for gas invasion under different drilling fluid viscosities.
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3.2.2. Effect of Drilling Fluid Density

The simulated wellbore is 300 mm in diameter, 1200 mm in height, 500 mm in fracture
height, 1200 mm in length, 5-3 mm in fracture width, 30 mPa-s in drilling fluid viscosity,
and 1 MPa in initial wellbore pressure to explore the impact of different drilling fluid
densities on gas invasion.

Figure 7 shows the pressure profile of the wellbore and fracture model when the gas
influx occurs under different drilling fluid densities. It can be seen intuitively from the
gas invasion pressure distribution that with the increasing density of the drilling fluid, the
pressure distribution at each point when the gas influx occurs and the part with the largest
pressure are distributed at the bottom of the model. The maximum pressure at 1 g/cm? is
1.009 MPa; the maximum pressure is 1.011 MPa at 1.2 g/cm?; the maximum pressure is
1.018 MPa at 1.8 g/cm3; the maximum pressure is 1.020 MPa at 2 g/cm?; and the maximum
pressure is 1.025 MPa at 2.4 g/cm?.

Pressure
Pressure Plane 1 Pressure
Plane 1 1.011e+06 Pane 1
H 10090005 . H . H 10180406 .
1,0066406 | 1.000w08 10140406
10046406 1.005¢+06 ! 1009408
10020408 1.003¢+06 10050400 .
_— -

1.000e+06 1.000e+06

Pa) [Pal‘ 0008+06 i
A 1.8 g/cm”3
1 g/em”3 1.2 g/em*3 :

o nd Pressure
~ Plane 1
!mzoc.oe . H 10256408 .

[ 1.0150+06

1.010e+08
1.013e+06

1.005¢+08
1.006¢+06

10008406
[Pa]
1.000e+06
[Pa]

2¢g/em"3 2.4 g/em”3
Figure 7. Gas invasion pressure distribution at different drilling fluid densities.

This makes the gas velocity at a point (0,160,450) in the fracture in Figure 8 increase
with the increase in drilling fluid density. When the drilling fluid density is below 1.2 g/cm3,
the maximum gas invasion velocity is less than 1.2 m/s; when the drilling fluid density
is more than 1.2 g/cm?, the maximum gas invasion velocity is more than 1.6 m/s. It can
be seen intuitively from Figure 9 that with the increasing density of the drilling fluid, the
fluid continuously enters into the fracture, squeezing the gas in the fracture, and the time
required for gas invasion gradually decreases. This is because when density of the drilling
fluid increases, the corresponding hydrostatic column pressure of the fluid in the wellbore
increases. The drilling fluid has a stronger impact on the gas in the fracture, and the drilling
fluid enters the fracture at a faster speed. In the same fracture model, it takes less time to
squeeze the gas in the fracture to raise it to the same pressure range. The change in the
drilling fluid density is positively correlated with the change in the gas invasion velocity.
When gas influx is encountered during drilling or production, the density of the drilling
fluid can be appropriately reduced to delay the occurrence of this phenomenon, and win
time for well control.
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Figure 8. Velocity of a point in the fracture under different drilling fluid densities.
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Figure 9. Time required for gas invasion under different drilling fluid densities.

3.2.3. Effect of Pressure Difference

In this simulation, the wellbore is 300 mm in diameter, 1200 mm in height, 500 mm in
fracture height, 1200 mm in length, 5-3 mm in fracture width, 30 mPa-s in drilling fluid
viscosity, and 1.2 g/cm? in drilling fluid density to explore the impact of different inlet
pressures on gas invasion.

It can be seen from Figure 10 that the influence of the wellbore inlet pressure on
gas-liquid displacement in fractures is weak. The inlet pressure is within 0.5-2.5 MPa,
and the time required for gas invasion is mostly kept between 0.33-0.34 s. When the
drilling fluid enters the wellbore at a lower pressure through the inlet, the drilling fluid
compresses the gas in the fracture. When gas invasion occurs, the pressure of the gas in the
fracture must be greater than the “barrier pressure” formed by the static fluid column in
the wellbore. When the drilling fluid enters the wellbore at a higher pressure through the
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inlet, the drilling fluid has a strong impact on the fracture. However, if gas invasion occurs,
the gas pressure must be greater than the “pressure barrier” of the wellbore’s static liquid
column at this time.

0.5

S ot e
% W =
I I 1

Required time for gas invasion (s)
(=]
T

0.0 T ¥ T X T '
0.5 1.0 1.5 2.0 2.5
Pressure (MPa)

Figure 10. Time required for gas invasion under different pressures.

Figure 11 reflects the curve of gas velocity change with time at a point (0,160,450)
in the fracture. It can be seen from the figure that the gas velocity change is basically
independent of the inlet pressure, that is, the greater the inlet pressure, the greater the
hydrostatic column “barrier pressure”, the smaller the inlet pressure, and the smaller the
hydrostatic column “barrier pressure”.

1.2
1.1
o 1.0 H -
h= —u— (.5 MPa
2091 —e— | MPa
'g _ 1B —+— 1.5 MPa
§ 084 T 1] —v—2 MPa
P +—2.5 MPa
8 0 7 1115 -
L 1.110 T \
0.6 | \\\
1.105 o >
0.5+ T e ‘ T r T T ; T v\\l
042 0.44 0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60
T T T T T T T T T T T T T T T T T

0.0 0.1 02 03 04 05 06 07 08 09 1.0
Time (s)

Figure 11. Velocity of a point in the fracture under different pressures.

3.2.4. Effect of Fracture Width

The simulated wellbore adopts a diameter of 300 mm, a height of 1200 mm, a fracture
height of 500 mm, a length of 1200 mm, an inlet pressure of 1 MPa, a drilling fluid viscosity
of 30 mPa-s, and a drilling fluid density of 1.2 g/cm? to explore the impact of different
fracture widths on gas invasion.
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It can be seen from Figure 12 that the time required for gas invasion in gas-liquid
displacement is negatively correlated with the fracture width. The time for gas invasion
in the 5-1 mm wide fracture is 0.39 s, while the time for gas invasion in the 5-5 mm wide
fracture is 0.26 s, which indicates that the fracture width has a great influence on gas
invasion in gas-liquid displacement.

= e
W =
=) =)
1 |

T

0.36 —.
0.34 —
0.32 :-
0.30 —-

0.28

Required time for gas invasion (s)

0.26

0'24 T T T T T T T T T
5-1 5-2 5-3 5-4 5-5
Fracture width (mm)

Figure 12. Time required for gas invasion under different fracture widths.

Because the time for gas invasion of the above-mentioned fractures is less than 0.4 s,
Figure 13 shows the morphological distribution of the gas and liquid phases in the wellbore
and fractures at 0.4 s of five fracture widths. With the increase in the fracture width, the
volume occupied by the liquid phase in the model becomes larger and larger, and the
volume of the gas phase entering the wellbore also increases [29]. This is because a fracture
with larger width has less flow resistance. The drilling fluid can easily enter the fracture
and squeeze the gas. The “barrier pressure” of the wellbore is the same. The fluid with
smaller flow resistance has a stronger impact on the gas in the fracture, and it is easier for
the gas to enter the wellbore. The velocity at a point (0,160,450) in the fracture in Figure 14
also proves the previous viewpoints. The wider the fracture, the smaller the fluid resistance
and the greater the gas flow velocity. This also provides a solution to prevent gas invasion.
The key to effectively reducing gas invasion is to use appropriate plugging particles, change
fractures into holes, change holes into gaps, and reduce the width of the fractures.

3.2.5. Effect of Fracture Height

The simulated wellbore has a diameter of 300 mm, a height of 1200 mm, a fracture
width of 5-3 mm, a length of 1200 mm, an inlet pressure of 1 MPa, a drilling fluid viscosity
of 30 mPa-s, and a drilling fluid density of 1.2 g/cm3. The impact of different fracture
heights on gas invasion is explored. The results are shown in the following figure.

Figure 15 shows the time required for gas invasion at different fracture heights. The
lower the fracture height, the easier it is for the gas invasion to occur, and the impact will
be more obvious. With the increase in the height, the time for gas invasion will gradually
flatten, and the time for gas invasion to occur in the 700 mm high fracture and 900 mm
high fracture is 0.36 s. With the increase in the fracture height, the time for gas invasion
will not be extended. However, under the same conditions, the higher the fracture height,
the larger the fracture volume. Once the gas is squeezed, its flow resistance is smaller and
the flow speed is larger, as shown in Figure 16.
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Figure 16. Velocity of a point in a fracture at different fracture heights.

3.2.6. Effect of Fracture Length

The diameter of the simulated wellbore is 300 mm, the fracture width is 5-3 mm, the
length is 1200 mm, the height is 500 mm, the inlet pressure is 1 MPa, the viscosity of the
drilling fluid is 30 mP-s, and the density of the drilling fluid is 1.2 g/cm3. The impact of
different fracture lengths on gas invasion is explored, and the results are shown in the
following figures.

It can be seen from Figure 17 that there is a negative correlation between the time
required for gas invasion and the length of the fractures. The length of the fracture has
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obvious influence on gas invasion in gas-liquid displacement. The longer the fracture, the
more difficult it is for gas invasion to occur. This is because under the same conditions, the
longer the fracture, the greater the resistance along the fracture, the longer the drilling fluid
enters the fracture, and the longer the time taken to reach the “barrier pressure”, that is, the
longer the time taken to start the gas-liquid displacement of the gas invasion. Figure 18
shows the velocity distribution at 0.5 s under each fracture. The longer the fracture, the
harder it is for the drilling fluid to enter the fracture to squeeze the gas. Under the same
conditions, the shorter the fracture, the more the drilling fluid enters the fracture, and the
easier it is for the gas to be squeezed out.
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Figure 17. Time required for gas invasion under different fracture lengths.
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Figure 18. Velocity distribution at different fracture lengths in 0.5 s.
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4. Conclusions

1. Gas-liquid displacement gas invasion occurs intermittently. When the gas pressure
in the fracture is close to the wellbore pressure, the gas pressure in the fracture rises and
falls around the wellbore pressure. The amount of gas being squeezed out is small and not
easy to see.

2. The viscosity of the drilling fluid mainly affects the occurrence of gas invasion
through flow resistance. The higher the viscosity, the less likely it is that the gas invasion
will occur, but the viscosity has no obvious effect on the gas invasion. The change in the
drilling viscosity on the gas invasion velocity is small when it gradually increases from
10-50 mPa-s, all within 1.0-1.2 m/s. The density of the drilling fluid mainly affects the
gas invasion phenomenon by changing the pressure distribution in the wellbore, and the
change in the density is positively correlated with the occurrence time of the gas invasion.
The inlet pressure has the least significant effect on the occurrence of gas invasion: the
pressure gradually increases from 0.5-2.5 MPa, and the occurrence time of the gas invasion
is always about 0.35 s.

3. The influence of fracture morphology is very obvious for gas invasion. The fracture
morphology mainly affects the occurrence of gas invasion through the resistance of the
fluid along the fracture. The longer the fracture, the less likely it is to for gas invasion
to occur. Similarly, the wider the fracture, the less likely it is to experience gas invasion.
The influence of fracture height on gas invasion is different from the former. The height is
300-700 mm. With the increase in the fracture height, the time required for gas invasion
is longer. When the height is 700-900 mm, the time required for gas invasion is basically
unchanged with the increase in the height.
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