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The gas suspension phenomenon caused by the yield stress of the drilling fluid affects the accurate calculation of wellbore pressure
after gas invasion. At present, most studies on the bubble suspension in the yield stress fluid focus on the single-bubble suspension
condition and there are few studies on the gas suspension concentration. This paper carried out the GSC (gas suspension
concentration) experiment in the simulated drilling fluid, xanthan solution, with different gas invasion methods. The GSC in
the drilling fluid under the conditions of diffuse gas invasion and differential pressure gas invasion was simulated by using two
methods of stir-depressurization and continuous ventilation. The results showed that when the size of a single bubble satisfied
the single-bubble suspension condition, multiple bubbles can be suspended at the same time. The GSC is affected by the
average size of the suspended bubbles, the yield stress of the drilling fluid, and the gas invasion modes. For different gas
invasion modes, the empirical models of critical GSC related to the dimensionless number Bi are established. Compared with
the experimental data, the relative error of the critical GSC in diffuse gas invasion is less than 6% and the relative error of the
critical GSC in differential pressure gas invasion is less than 10%. The results of this work can provide guiding significance for
accurate calculation of wellbore pressure.

1. Introduction

As oil and gas drilling continues to move towards deep fields
and deep seas, complex formation conditions and tempera-
ture and pressure environments have brought great chal-
lenges to the accurate calculation and control of wellbore
pressure [1, 2]. The rheology of drilling fluids is mostly
Bingham [3] or Hershel-Bulkley [4] fluid. When the applied
shear stress is less than the yield stress of the drilling fluid,
the drilling fluid does not flow plastically. When the gas
invades the wellbore, the presence of yield stress will cause
the bubbles with small buoyancy to be suspended in the
drilling fluid. The phenomenon of gas suspension will affect
the gas distribution and migration rules in the wellbore after
gas invasion, resulting in inaccurate calculation of wellbore
pressure [5–7].

1.1. Single-Bubble Suspension Condition.Most of the existing
researches on suspended bubbles in yield stress fluids
focus on the non-Newtonian rheology of wellbore fluids
[8–10], the bubble slip velocity in yield stress fluid [11, 12],
and the single-bubble (or particle) suspension condition
[13–16]. When a bubble is suspended in a yield stress fluid,
the buoyancy causes it to move upward and its size is related
to the bubble size and density difference. The velocity and
shear rate of the fluid particle around the suspended bubble
are both zero, and the velocity-related forces such as the
viscous force and inertial force of the fluid particle are also
zero. When the shape of the suspended bubble is spherical
or ellipsoidal, the resultant force of the surface tension in
the direction of gravity is also 0 and only the yield stress
provides resistance to the bubble. Beris et al. [17] proposed
the dimensionless number Bi, which is the ratio of yield
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stress to buoyancy, to describe the suspension condition of
a single sphere, and found that when the Bi value is greater
than a certain critical value Bic, it will be suspended in
the fluid.

Bi =
τy
ρgR

: ð1Þ

Tsamopoulos and Dimakopoulos [16, 18] obtained the
Bic of a single spherical bubble suspended in the numerical
simulation which is about 0.143, and as the aspect ratio of
the suspended bubble increases, the Bic value gradually
increases. Dubash and Frigaard [19, 20] used the variational
principle to calculate the critical suspension criterion Bic of
bubbles and conducted experiments on the critical suspen-
sion conditions of single bubbles in Carbopol solution, but
compared with the experimental results, the theoretical
calculation of Bic was too conservative. Sikorski et al. [13]
conducted single-bubble critical suspension experiments in
Carbopol solutions with yield stresses of 24.1 Pa and 33.5 Pa
and obtained critical suspended bubble Bic values of 0.59
and 0.72, respectively.

Very recently, Sun et al. [21] established a bubble
dynamic model for the prediction of the volume and geom-
etry of the suspended bubbles by considering the rheological
characteristics and the critical yield region around the
bubble. This work realized the prediction of the shape of
the suspended bubble and the critical suspension conditions
in the fluid with different yield stress. The experimental data
of Liu et al. [13] and Samson et al. [22] also agreed with the
results calculated by the model. Due to their model results,
the critical suspension conditions, Bic, are a function of yield
stress, surface tension, and elastic modulus. This function
unifies the single-bubble suspension conditions, and the Bic
of a single spherical suspension bubble is about 0.243. This
work laid a foundation for the calculation of GSC and
provides a possibility for accurate prediction of wellbore
pressure during gas suspension.

1.2. Suspension of Bubble Groups. Actually, most of the gas is
dispersed in the drilling fluid in the form of bubble groups.
When multiple bubbles in the yield stress fluid satisfy the
suspension condition of a single bubble at the same time,
the strain state of the liquid phase around each bubble is
affected by the coupled stress field of itself and the surround-
ing bubbles [21]. When the distance between the bubbles is
far enough, the liquid phase around a single bubble will
not flow under the action of the coupled stress field, that
is, multiple bubbles can remain suspended at the same time.
When multiple bubbles are suspended, the total volume of
gas in per unit volume is GSC.

The calculation model of the stress field around a single
suspended bubble established by Sun et al. [21] shows that
the farther away from the bubble center, the smaller the
stress on the fluid particle. With different gas distribution
characteristics, the distance between the bubbles in the well-
bore is different. The coupled stress field around the bubbles
is also different, resulting in differences in the concentration
of the gas suspension. When the distance between multiple

suspended bubbles in the drilling fluid just satisfies the
condition of simultaneous suspension after gas invasion,
the corresponding GSC is the critical GSC.

Johnson et al. [6] carried out an experimental study on
the critical GSC during differential pressure gas invasion in
a xanthan gum solution and found that the critical GSC in
the solution with yield stress values of 7.2 Pa and 14.4 Pa
was 0.76% and 2.47%, respectively. Considering that the
bubble cannot be suspended in the yield stress fluid when
the yield stress value is 0, that is, the GSC is 0. Johnson
et al. [6] proposed the relationship between the critical
GSC and the yield stress on the basis of two sets of experi-
mental data, as shown in equation (2).

VFc = 0:0091τ2y + 0:0405τy, ð2Þ

where VFc is the critical GSC, 1%.
Gas suspension is the combined effect of resistance pro-

duced by buoyancy and yield stress, and gas buoyancy is
closely related to the bubble size. In the process of deep
water and deep drilling, the pressure in the wellbore changes
complicatedly and the bubble size is quite different [23, 24].
The suspension concentration prediction model that only
considers the yield stress of the drilling fluid has poor appli-
cability. In addition, there are only two data points in the
Johnson et al. [6] model and the reliability of the model in
engineering applications needs further verification.

In summary, the existing research on GSC does not con-
sider the influence of bubble size and gas invasion mode and
there are few experimental data on GSC. This paper intends
to carry out experiments on the critical GSC under different
gas invasion methods and establish a critical GSC prediction
model considering the bubble size and distribution charac-
teristics. In Section 2 of this article, the experimental equip-
ment, materials, and experimental methods of the critical
GSC are introduced in detail. Section 3 analyzes the influ-
ence of the suspended bubble size, yield stress, and gas
invasion method on the critical GSC. In Section 4, a predic-
tion model of critical GSC considering the yield stress of
drilling fluid, bubble size, and gas invasion mode is estab-
lished; Section 5 is the conclusion and discussion.

2. Critical GSC Experiment

There are different gas invasion modes in the drilling pro-
cess, resulting in different distribution of bubbles in wellbore
[5, 25]. When pressure difference gas invasion occurs, the
gas will continue to invade the wellbore from the bottom
of the well under the action of the pressure difference. Dur-
ing the gas rising process, part of the gas will be suspended
in the wellbore. When the diffusion gas invasion occurs,
the gas is dissolved into the drilling fluid driven by the con-
centration difference. As the drilling fluid rises, the dissolved
gas gradually separates out due to the decrease in pressure.
In this process, the gas is in a suspended state after being
separated out. There are also differences in the distribution
of gas in the wellbore in the drilling fluid under the two
different gas invasion modes.
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In this work, two methods of stir-depressurization and
continuous ventilation are used to simulate the conditions
of diffuse gas invasion and differential pressure gas invasion,
respectively, to measure the bubble size, distribution charac-
teristics, and gas critical-suspended concentration under
different gas invasion modes.

2.1. Experimental Facility. As shown in Figure 1, the experi-
mental device for the critical GSC is composed of an exper-
imental pipe string, a bubble generating device, a pressure
control device, and a data acquisition device. The experi-
mental column is a transparent PVC column with an inner
diameter of 15 cm and a length of 120 cm. The column is
sealed as a whole, and a scale line is affixed to the outside
to read the height of the liquid level. The top of the column
is connected to a gas cylinder, a vacuum pump, and a valve
through which it is connected to the atmospheric connection.
The pressure in the pipe can be controlled by adjusting the
relevant valve. A small hole controlled by a valve is opened
at the bottom of the pipe string for gas- and liquid-phase
injection and discharge. The bubble-generating device is
mainly composed of a mixer, a metal porous medium, and
so on. In the stir-depressurization experiment, the gas enters
the liquid phase in the form of small bubbles and dissolved
gas after high-speed stirring. In the continuous ventilation
experiment, gas enters the wellbore from the porous medium
at the bottom. The pressure control device is mainly com-
posed of a vacuum pump, a nitrogen cylinder, a pressure
control valve, and a pressure gauge, which can adjust the
pressure in the experimental column. Among them, the vac-
uum pump is a pressure-reducing device and the pressure in
the pipe column can be reduced to 0.016MPa at most during
the experiment. The nitrogen cylinder is a pressurizing
device, and the pressure in the column can be increased up
to 5MPa during the experiment. The data acquisition device
is a high-speed camera, which is used to record the size and
distribution of floating bubbles in the experiment.

2.2. Experimental Materials and Properties. During the
experiment, different concentrations of xanthan gum solu-
tions were used to simulate drilling fluids with yield stress
[26]. After the solution is prepared, its rheology is measured
with a Physica MCR rheometer. The rheological curve of
some experimental solutions is shown in Figure 2.

The rheological curve of the xanthan gum aqueous solu-
tion is in good agreement with the H-B model. The H-B
model is used to fit the rheological curve data of each group
of experimental solutions, and the properties of each group
of experimental solutions are shown in Table 1.

2.3. Experimental Methods. The diffusion air invasion simu-
lation experiment uses a mixer to quickly stir (500–600 rpm)
to mix the air into the prepared experimental solution. After
continuous stirring for 1 hour, the mixed solution was
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Figure 1: The schematic of the GSC apparatus.
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Figure 2: Rheological curve of some experimental solutions.
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introduced into the experimental column and allowed to
stand for 1 hour. The vacuum pump is used to reduce the
pressure in the pipe to simulate the pressure change during
the rising process of the drilling fluid containing dissolved
gas.

In the experiment, the concentration of gas suspension is
calculated from the height of the liquid level in the tube.
After each pressure change, let it stand for 10 minutes to
ensure that the bubble slippage is completed. Record the
height H of the liquid level in the string under the current
pressure. Use a high-speed camera to shoot the bubble size
and distribution characteristics. After the pressure reaches
the absolute pressure of 0.016MPa (the maximum vacuum
pressure allowed by the vacuum pump in the test), a nitro-
gen bottle was used to increase the pressure in the tube to
about 5MPa. After standing for 10 minutes, record the
height of the liquid level in the experimental column h.
The GSC is calculated in equation (3) as follows:

VF = H − h
H

, ð3Þ

where VF is the GSC.
The critical GSC is determined by the maximum value of

the GSC. As the pressure decreases, the GSC of the same
yield stress solution will have a maximum value. This maxi-
mum value is balanced by the increase in the bubble size
caused by the pressure drop and bubble slippage. As a result,
the GSC after the maximum value is the critical GSC.

VFc =
Hmax − h
Hmax

, ð4Þ

where Hmax is the maximum liquid level recorded in the
experiment.

The differential pressure gas invasion simulation experi-
ment uses the metallic porous medium at the bottom of the
experimental string to simulate the formation. The gas
source gas invades the wellbore solution in the form of bub-
bles under the action of the pressure difference. Record the
height of the liquid level in the pipe string at the initial
moment as h1. In the continuous ventilation experiment,
the air source was turned off to generate bubbles after 1 hour
of continuous ventilation, and the liquid level Hmax1 in the
tube was recorded 10 minutes after standing. The critical
gas concentration in the experiment is

VFc =
Hmax 1 − h1
Hmax 1

, ð5Þ

where Hmax1 is the maximum liquid level recorded during
the depressurization process and h1 is the liquid level when
the pressure in the experimental column is 5MPa.

Dubash and Frigaard [20] analyzed that when the aspect
ratio of the bubble is less than 1.1, the bubble shape can be
approximated as a spherical shape. The critical suspended
bubbles recorded in the experiment in this paper have good
axisymmetric properties, and the aspect ratio of the bubble is
generally less than 1.1, so this study assumes that all sus-
pended bubbles are spherical bubbles.

Because there is a critical suspension condition for a sin-
gle bubble in the yield stress fluid, a maximum value of the
suspended bubble volume is observed in the experiment, as
shown in Figure 3.

When calculating the volume of floating bubbles, the IPP
software was used to process the experimental photos taken
by the high-speed camera and record the volume of the bub-
bles in the shooting area as Vi and the probability of occur-
rence of bubbles of this size Pi. The experiment uses the
volume average particle size in the particle size analysis to

Table 1: Rheological parameters of experimental solution.

Quality score (%) Yield stress τy (Pa) K (Pa·s−n) n Correlation coefficient R2

0.55 2:112 ± 0:068 1:37962 ± 0:0605 0:262 ± 0:007 0.973

0.7 5:136 ± 0:029 0:46829 ± 0:022 0:416 ± 0:009 0.993

0.73 5:323 ± 0:024 0:3299 ± 0:016 0:473 ± 0:010 0.994

0.76 5:907 ± 0:022 0:27448 ± 0:014 0:499 ± 0:010 0.99935

0.79 6:029 ± 0:008 0:24194 ± 0:005 0:516 ± 0:004 0.989

0.82 7:023 ± 0:01 0:20219 ± 0:006 0:542 ± 0:006 0.978

0.87 8:165 ± 0:01 0:163 ± 0:001 0:572 ± 0:001 0.962

0.92 8:75 ± 0:002 0:125 ± 0:001 0:611 ± 0:001 0.999

0.95 8.984± 0.03 0.108± 0.002 0.633± 0.003 0.959

1.1 12:06 ± 0:121 0:056 ± 0:001 0:727 ± 0:002 0.948

1.2 14:16 ± 0:031 0:034 ± 0:003 0:807 ± 0:022 0.976

1.4 18:47 ± 0:09 0:017 ± 0:002 0:914 ± 0:031 0.962

1.5 20:27 ± 0:02 0:015 ± 0:001 0:919 ± 0:008 0.963

Where K is the consistency coefficient; Pa·s−n: n is the flow index.
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characterize the average bubble size, and the bubble size
corresponding to the average bubble volume is used as the
average bubble size.

Reff =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠
N

i=1

3ViPi

4π
3

vuut , ð6Þ

where Reff is the average bubble radius of the bubble group.

3. Experimental Result

3.1. Effect of the Bubble Size on Critical Suspension
Concentration. Suspended bubbles are mainly affected by
buoyancy, yield stress, gas-liquid interface pressure differ-
ence, and surface tension [26]. With the decrease of the pres-
sure in the experimental column, the liquid pressure outside
the gas-liquid interface of the suspended bubble decreases,
the pressure difference between the inside and outside of
the gas-liquid interface increases, and the gas-liquid inter-
face expands under the pressure in the bubble. During the
bubble expansion, the pressure inside the bubble decreases
gradually until the pressure difference at the gas-liquid inter-
face is again balanced with the surface tension and the fluid
shear stress (yield stress and viscous force).

As shown in Figure 4, the diameter of bubbles entering
the solution at the initial moment of stirring in the solution
ranged from 0 to 2.75mm and most of the bubble diameters
were concentrated in the range of 0.5–2mm. As the pressure
in the experimental column decreases, the size of the tiny
bubbles entering the agitation increases, resulting in an
increase in the size of 0–0.5mm bubbles in the total volume
of suspended bubbles. The average size of bubbles in the
column gradually increases, and the proportion of bubbles
in the total suspended gas volume in the diameter range of
0–2mm decreases; the size of large bubbles increases.

The average diameter of suspended bubbles increases
with the decrease of pressure in the column, and the sus-
pended gas concentration changes accordingly. As shown
in Figure 5, when the yield stress was the same, the GSC in
the solution first increased and then decreased with the
decrease of the pressure in the column. With the decrease

of the pressure in the column, the volume of the suspended
bubble increases and the pressure difference between the
inside and the outside of the gas-liquid interface reaches
equilibrium again under the action of fluid resistance. When
the volume of the suspended bubble is small and the stress
state of the surrounding fluid still satisfies the condition of
no yield flow, the bubble will not slip and rise, that is, it will
continue to suspend in the yield stress solution. At this time,
the suspension concentration of gas increases with the
expansion.

With the experimental pressure further reduced in the
column, the bubble volume will increases and finally exceed
a certain size. The yield stress is not large enough to keep the
bubble being suspended. Then the bubbles will slip, which
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makes the GSC decrease with increasing bubble volume.
When the volume of the bubble increased because the
expansion is equal to the volume decreased due to slippage,
the concentration of the suspended gas reaches the limit.

The experimental results show that the size of the
suspended bubble is an important factor affecting the
suspended bubble concentration and the GSC prediction
model without considering the bubble size cannot accurately
describe the gas suspension characteristics in the wellbore
after gas invasion.

3.2. Effect of Yield Stress on Critical Suspension
Concentration. In addition to bubble size, the yield stress is
also an important factor affecting the GSC. As shown in
Figure 6, in the solution with higher yield stress, the sus-
pended bubbles require greater buoyancy to overcome the
resistance generated by the yield stress, so the size distribu-
tion range of the suspended bubbles is larger.

In the process of pressure reduction in the column, there
is a finite range of bubble size in the process of bubble
expansion. When the average size of suspended bubbles is
relatively close, the ultimate suspension concentration of
gas in solution under different yield stresses is shown in
Figure 7. According to the critical suspension condition of
a single bubble, when the yield stress value is constant, there
exists a critical suspended bubble size, and when the bubble
volume is close to this critical size, the GSC is 0. When the
bubble size is close to and does not exceed the critical sus-
pension condition of a single bubble, the larger the yield
stress is, the stronger the ability to restrain the flow trend
of fluid particles under the bubble coupling stress field is,
that is, the closer the distance between suspended bubbles
is allowed. Therefore, the larger the yield stress, the higher
the GSC.

3.3. Effect of the Gas Invasion Mode on Critical Suspension
Concentration. The experimental results show that the influ-
ence factors of GSC are similar to the critical suspension
conditions of a single bubble, that is, they are affected by
both bubble size and fluid yield stress. In addition, the criti-
cal suspension condition of a single bubble is also an impor-
tant factor affecting the GSC. Therefore, the dimensionless
number Bi, which can characterize both the yield stress
and the gas size, is introduced to describe the variation of
gas concentration. The GSC under the two different gas
invasion modes is shown in Figure 8.

As can be seen in Figure 8, in the process of stirring and
depressurization, when the dimensionless number Bi value is
less than Bic corresponding to the critical suspension volume
of a single bubble, the suspended gas concentration in the
column is zero. With the increase of the Bi value, the
suspended gas concentration obtained by stirring and
depressurization gradually increased. The maximum sus-
pended gas concentration observed in the experiment
reached 20.67% and stabilized around this value. The varia-
tion law of GSC with Bi in the continuous ventilation exper-
iment is quite different from that in the stir-depressurization
experiment. In the continuous ventilation experiment, the
GSC increased to the peak value (about 5.37%) and then

decreased gradually. The GSC of the two different gas inva-
sion modes is nearly the same at Bi ranging from 1 to 1.05.

The results show that the range and peak values of Bi
recorded in the continuous ventilation experiment are
smaller than those in the stir-depressurization experiment.
The reason is that the gas slippage affects the distribution
of suspended bubbles in the continuous ventilation experi-
ment. As shown in Figure 9, the bubbles are closely distrib-
uted in the experimental column in the stir-depressurization
experiment and the GSC is only affected by the buoyancy
and yield stress of the suspended bubbles. In the continuous
ventilation experiment, due to a large amount of gas slipping

0

0.05

0.1

0.15

0.2

0.25

0 5 10 15 20 25

G
as

 su
sp

en
sio

n 
co

nc
en

tr
at

io
n

Yield stress (Pa)

Reff = 0.6±0.05 mm
Reff = 0.5±0.05 mm
Reff = 0.4±0.05 mm

Figure 7: Variation of bubble suspension concentration with yield
stress.

0

10

20

30

40

50

60

0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25

Ra
tio

 to
 to

ta
l s

us
pe

nd
ed

 v
ol

um
e (

%
)

Diameter of suspended bubbles (mm)

5.907 Pa
7.023 Pa
8.984 Pa

Figure 6: Yield stress and bubble size distribution (xanthan glue
solution, 0.035MPa).

6 Geofluids



from the bottom of the column and rising to the liquid level,
some suspended bubbles will be carried to rise above the
liquid level, which will affect the GSC in the column. In
addition, most of the suspended bubbles are located between
the sliding and rising tracks of the moving bubbles, which
leads to a larger distance between the suspended bubbles
than in the stir-depressurization experiment and leads to
a lower concentration of gas suspension than in the stir-
depressurization experiment.

In the continuous ventilation experiment, the distance
between suspended bubbles is composed of the distance
between the suspended bubble and the trajectory of the
migrating bubble and the diameter of the migrating bubble
trajectory. The smaller the Bi value of the suspended bubble
is, the closer its volume is to the critical suspended bubble
volume and the stress field around the suspension is more
prone to the plastic flow under the disturbance of the trans-
porting bubble. When the allowable distance between the
suspended bubble and the trajectory of the moving bubble

is large enough [27–29], the suspension can be maintained.
Then, with the increase of the Bi value, the stronger the anti-
disturbance ability of the fluid around the suspended bubble,
the smaller the allowable distance between the suspended
bubble and the trajectory of the moving bubble and the
smaller the distance between the bubble groups at this time.
The distance between the suspended bubbles increases with
the Bi value. When the Bi value increases further, the volume
ratio between the suspended volume and the migrating
bubble becomes smaller and the trajectory of the migrating
bubble becomes larger. The influence on the distance
between the suspended bubbles exceeds the influence on
the reduction of the fluid stress around the suspended bub-
ble. The actual distance between the bubbles will increase,
and the GSC will decrease with the increase of Bi.

When the fluid yield stress is larger in the experiment,
the bubble group generated at the bottom of the well during
the continuous ventilation process is easy to gather and form
larger bubbles. The disturbance of the surrounding fluid area

(a) Stir-depressurization experiment (b) Continuous ventilation experiment

Figure 9: Distribution pattern of suspended bubbles under different gas invasion modes.
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in the process of large bubble slipping leads to a greater
distance between suspended bubbles [29], resulting in a
decrease in GSC.

It can be seen that the way of gas invasion is also
an important factor affecting the concentration of gas
suspension.

4. Prediction Models of Critical GSC under
Different Gas Invasion Modes

Considering the influence of bubble size, fluid yield stress,
and gas invasion method on GSC, this paper establishes a
GSC prediction model for different gas invasion methods
based on the experimental results. Within the effective range
of the model, it can provide a calculation basis for the calcu-
lation of gas-liquid two-phase flow in the wellbore after gas
invasion.

4.1. Prediction Model of Critical GSC during Diffusion Gas
Invasion. The GSC model of diffusion gas invasion (in the
stirring and depressurization experiment) is shown in equa-
tion (7). When a single gas cannot be kept in suspension, the
GSC is zero. When the arrangement of the bubbles reaches
the tightest state, the GSC reaches the peak value. In the
experiment, it is observed that the GSC peak occurs at a Bi
value of about 5 and the peak value is about 20.67%. As
shown in Figure 10, the model prediction results have an
error of less than 6% compared with the experimental
results.

VFc =
0:0672 Bi − Bicð Þ0:6878, Bic < Bi < 5,
0:2067, Bi > 5:

(
ð7Þ

4.2. Prediction Model of Critical GSC during Differential
Pressure Gas Invasion. The GSC model of differential pres-

sure gas invasion (continuous ventilation experiment) is
shown in equation (8). When a single bubble cannot be kept
in suspension, the GSC is zero. When the Bi value is about
1.1, the GSC reaches the peak value and the peak value of
the GSC is about 5.76% observed in the experiment. As
shown in Figure 11, the model prediction results have an
error of less than 10% compared with the experimental
results.

VFc =
0:0062

1 − 2:1274 Bi − Bicð Þ + 1:2695 Bi − Bicð Þ2 , Bic < Bi < 1:5:

ð8Þ

5. Conclusion

In this paper, stir-depressurization and continuous ventila-
tion experiments are used to simulate the diffusion gas inva-
sion and differential pressure gas invasion during the drilling
process. Based on the experimental results, we present the
following conclusions:

(1) The critical GSC of gas in the diffusion gas invasion
increases with the increase of the dimensionless
number Bi, until it reaches the peak value. The
critical GSC in the differential pressure gas invasion
first increases and then decreases with the increase
of the dimensionless number Bi

(2) The peak value of critical GSC in diffusion gas inva-
sion is about 20.67%, and the peak value of differen-
tial pressure in gas invasion is about 5.67%

(3) Predictive models for critical GSC are established by
considering the average size of suspended bubbles,
the yield stress of drilling fluid, and gas invasion
modes. Compared with the experimental results,
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Figure 11: Prediction model of critical GSC during differential
pressure gas invasion.
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Figure 10: Prediction model of critical GSC during diffusion gas
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the relative error of the model that predicted critical
GSC in diffusion gas invasion is less than 6% and the
prediction model error of the critical GSC in differ-
ential pressure gas invasion is less than 10%
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