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Abstract: The exploration and development of oil and gas resources in deep formations is a key
strategic priority for national energy production. However, manual methods for handling gas kicks
suffer from low operating accuracy and inefficiency during high-temperature and high-pressure
deep well drilling. To address the need for real-time bottomhole pressure prediction and control, an
efficient gas–liquid–solid computing model was developed based on the gas slip model and cuttings
settling velocity model. By integrating this model with an automatic choke adjustment system, an
automatic gas kick attenuation model for deep well drilling was established. Results show that,
compared to the driller’s and wait-and-weight methods, the automatic gas kick attenuation method
significantly reduces peak choke pressure due to its larger frictional pressure drop and higher cuttings
hydrostatic pressure. The automatic attenuation method not only leads to an average reduction of
28.42% in maximum choke/casing pressure but also accelerates gas removal, achieving gas kick
attenuation ten times faster than the driller’s method and seven times faster than the wait-and-weight
method. The study also investigates the influence of gas solubility, well depth, gas influx volume,
formation permeability, and drilling fluid volumetric flow rate on gas kick attenuation characteristics.
The findings provide a solid foundation for improving the efficiency of gas kick management in deep
well drilling operations.

Keywords: automatic gas kick attenuation; deep well; high temperature and high pressure;
gas–liquid–solid flow

1. Introduction

The exploration and development of oil and gas resources in high-temperature, high-
pressure (HTHP) deep formations are critical for national energy strategies. These envi-
ronments pose significant drilling challenges, characterized by narrow safety pressure
windows and complex fluid dynamics, making accurate prediction of wellbore conditions
difficult. If mishandled, gas influx can lead to catastrophic blowouts, as demonstrated by
the 2010 Macondo disaster [1–4]. Therefore, real-time prediction and control of bottomhole
pressure (BHP) are essential to prevent such incidents [5].

Accurate prediction of BHP after a gas influx in deep HTHP wells requires more
advanced models than the gas–liquid two-phase flow models currently used. Cuttings
in the annulus and convective heat transfer between the wellbore and the surrounding
formation further complicate multiphase flow and heat transfer behavior, impacting the
accuracy of BHP predictions. There is a notable gap in the research on gas–liquid–solid
flow models for such environments, and improving the accuracy of BHP predictions after a
gas influx remains a critical need.

Moreover, the long wellbore lengths in deep wells make gas influx handling with
conventional methods, such as the driller’s method (DM) and wait-and-weight method
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(WWM), time-consuming and inefficient. Manual gas influx handling methods suffer
from poor precision and low efficiency and require frequent pressure adjustments. This is
particularly problematic in deep formations with narrow safety pressure windows, where
improper gas influx handling can lead to secondary gas influx or formation fracturing,
exacerbating drilling accidents [6,7]. Therefore, there is a pressing need for a safe and
efficient automatic gas influx handling method for deep wells to improve operational
efficiency and reduce non-productive time. By combining managed pressure drilling
(MPD) with automatic gas influx handling, and using constant BHP as the control goal
and choke pressure (choke opening) as the control target, gas influx in deep wells can
be managed automatically and quickly, without the need to stop drilling or halt pump
operations [8,9].

Many aspects of drilling have already been automated [10–12]. For example, Jansen
and Steen [13] developed the Soft Torque Rotary System, which uses a feedback control sys-
tem for motor current and speed to expand the operational range of stick–slip–free rotation
by effectively lowering thresholds. The new generation of integrated AC top-drive sys-
tems has been installed on 60 drilling platforms globally and commercialized by industry
suppliers [14]. Riet et al. [15] developed a fully automatic MPD system, which maintains
constant BHP by controlling the choke valve opening and backpressure pump volumetric
flow rate. This system can automatically calculate the backpressure required to maintain
constant BHP, use computer control to generate the necessary backpressure through the
choke manifold, and automatically circulate the invaded gas. It has been successfully
implemented in several challenging deep-water operations. Kyllingstad and Nessjoen [16]
developed a system using a proportional–integral (PI) controller to reduce cyclical fluctua-
tions in drive torque and bit rotational speed. This system can also automatically determine
stick–slip frequency, instantaneous bit speed, and stick–slip severity, and has been com-
mercialized following successful field tests. Florence et al. [17] developed an automated
drilling system optimized for multiple objectives, providing stable weight on bit and motor
differential pressure to achieve a faster rate of penetration (ROP) and better wellbore quality.
This system has been tested in several field applications, showing ROP and bit longevity
improvements. Matheus and Naganathan [18] developed an automated well trajectory control
system to maintain the well trajectory within the error range. Godhavn and Knudsen [19]
created an automatic choke control system for MPD, which has been implemented in North
Sea wells with narrow safety pressure windows. Dunlop et al. [20] developed a closed-loop
system for real-time monitoring of drilling parameters and performance, continuously
adjusting the weight on bit and rotational speed to automatically optimize ROP. This
method has been tested at 13 different sites, demonstrating more than a 10% increase in
ROP compared to non-automated operations. Cayeux et al. [21] developed an automated
drilling fluid pump management system to minimize the risk of formation fracturing
during pump startup and drilling fluid circulation. This system has been applied in the
North Sea, along with other automation systems for drawworks and top drives to minimize
sucker rod pumping effects. Many of these algorithms have been tested in the North Sea,
and several have been commercialized [22]. Cayeux et al. [23] also analyzed surface and
downhole measurement parameters required for drilling automation, identifying the key
parameters and locations needed for physical models.

In the context of gas kick control, Carlsen et al. [24] developed an automatic coordina-
tion control system for drilling fluid pump volumetric flow rate and choke valve opening,
using a multiphase transient flow model to evaluate dynamic shut-in procedures. Re-
sults showed that dynamic shut-in combined with automatic control significantly reduced
well control time and overall operational risk compared to traditional methods. Gravdal
et al. [25] proposed using downhole data from drill pipe telemetry to maintain pressure
within expected ranges during gas influx control. This method estimates formation pore
pressure in real-time based on gas influx and pressure recovery data, aiming to enhance
MPD efficiency. Zhou et al. [26] developed a switching control system for annular pressure
regulation, enabling automatic gas influx handling through choke valve and backpressure
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pump management. Aarsnes et al. [27] created a first-order infinite system approximation
and modified it for two-phase flow dynamics, using linear matrix inequalities for automatic
gas influx control in MPD. Ma et al. [28] designed a transient gas influx simulator for water-
based drilling fluids (WBDFs) and a PI controller for automatic choke valve adjustment
to maintain constant BHP. This model addresses complex MPD well control issues, such
as multi-point gas influx, sudden pump changes, and non-Newtonian fluids, and was
later extended to oil-based drilling fluids (OBDFs) [29], accounting for gas dissolution and
release effects. Sule et al. [30] developed a nonlinear model predictive controller for MPD
systems, integrated with a two-phase flow model for automatic BHP control. Compared to
a single-phase linear model, NMPC provided more accurate predictions of key well control
parameters and responded faster to gas influx disturbances. Carlsen et al. [31] assessed
various algorithms for automatic choke control, including proportional–integral–derivative
(PID), the internal model, and model predictive controllers, optimizing their parameters.
Hauge et al. [32] created an adaptive observer for multiphase flow systems to estimate un-
known parameters and inflow/outflow rates, while also proposing a controller to suppress
gas influx. Shishavan et al. [33] developed an integrated MPD controller to regulate drilling
fluid pump volumetric flow rate, choke valve opening, drill string speed, and weight on
bit, optimizing both ROP and BHP, thereby reducing costs, risks, and operator workload.

From the above literature, it is clear that existing automatic gas influx handling mod-
els primarily rely on single-phase or two-phase flow models, without accounting for the
presence of cuttings in the annulus or convective heat transfer between the wellbore and
formation [5,34,35]. This results in lower prediction accuracy of BHP, leading to frequent
choke opening adjustments and further complicating multiphase flow and pressure trans-
mission characteristics in the wellbore. Therefore, there is a need for further research to
improve the accuracy and computational efficiency of BHP prediction during automatic
gas influx handling in deep wells.

When managing gas influx, it is critical to control BHP within the range between
formation pore pressure and fracture pressure to prevent secondary gas influx or formation
fracturing. However, in deep wells, the long wellbore length results in significant time
consumption when using traditional gas influx handling methods [36,37]. Furthermore,
manual operations are often characterized by poor precision and low efficiency in managing
gas influx. Therefore, developing an automated gas influx handling model for deep wells
is essential to ensure safety and efficiency.

This study developed an efficient gas–liquid–solid flow calculation model based on
the gas phase drift flow and cuttings settling velocity models to handle interphase slip,
ensuring that the calculation efficiency meets the real-time requirements for predicting BHP.
Additionally, an automated gas influx handling model was established by incorporating
an automatic choke valve adjustment system based on PID control theory. The impact of
controller parameters on automatic gas influx handling was analyzed, and comparisons
were made between the DM and WWM. Finally, the effects of solubility, well depth, gas
influx volume, formation permeability, and drilling fluid volumetric flow rate on automatic
gas influx handling were analyzed.

2. Model Development
2.1. Establishment of Efficient Gas–Liquid–Solid Flow Calculation Model

Figure 1 presents the automated gas influx handling schematic in deep HTHP drilling.
The key objective of automated gas influx handling is to maintain constant BHP in real-time
while circulating the intruded gas out of the well. This is accomplished by adjusting the
choke opening to generate the necessary throttling pressure. Real-time feedback of the BHP
is essential for automatic choke adjustment, while the multiphase flow model’s calculation
time must be less than 1/300th of the simulated gas influx time to ensure a timely response.
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Figure 1. A schematic of the automatic gas kick attenuation during HTHP deep well drilling
(Z is choke opening, Pre f

c is desired choke pressure, Pbh is actual bottomhole pressure, Pre f
bh is desired

bottomhole pressure).

The momentum conservation equation is improved to enhance computational effi-
ciency, based on the gas–liquid–solid flow mechanism model. Specifically, the momentum
conservation equation for the gas–liquid–solid mixture is employed:

∂

∂t
(
∑ ρmαmVm

)
+

∂

∂z

(
P + ∑ ρmαmV2

m

)
+ ∑ ρmαmg cos θ + Ff = 0 (1)

where ρ is density, in kg/m3, α is volumetric fraction, V is velocity, in m/s, P is pressure, in
Pa, g is gravitational acceleration, in m/s2, θ is wellbore inclination, in ◦, Ff represents the
frictional pressure drop of the annular mixture, in kg/m2/s2, and the subscript m denotes
the gas, liquid, and solid phases (G, L, S).

The gas-phase drift flow model and cuttings settling velocity model are used to handle
the slip velocity between the gas, liquid, and solid phases [38,39]. The slip between the gas
and liquid phases can be expressed as follows [40]:

VG = CG−L
0 VM + Vgr (2)

where VG is gas velocity, in m/s, CG−L
0 represents the distribution parameter between the

gas and liquid phases, VM represents the velocity of the gas–liquid–solid mixture, in m/s,
and Vgr represents the gas-phase slip velocity, in m/s. In this paper, the model established
by Shi et al. [41] is used to calculate the distribution parameter and gas-phase slip velocity.
This model has been widely applied [42–45]:

CG−L
0 =

A
1 + (A − 1)γ2 (3)

Vgr =

(
1 − αGCG−L

0

)
CG−L

0 K(αG)Vc

αGCG−L
0

√
ρG/ρL + 1 − αGCG−L

0
(cos θ)0.5(1 + sin θ)2 (4)

where A is a profile parameter for the low gas fraction in liquid, γ is a profile parameter
reduction term, K is the critical Kutateladze number, and Vc is characteristic velocity, in m/s.

The slip velocity between the cuttings and the liquid phase can be expressed as follows:

VS = CS−L
0 V∗

M − Vsr (5)



Processes 2024, 12, 2558 5 of 23

where VS represents the velocity of the cuttings, in m/s, CS−L
0 represents the distribution

parameter between the cuttings and the liquid phase, V∗
M represents the velocity of the

liquid–solid mixture in the annulus, in m/s, and Vsr represents the cuttings settling velocity,
in m/s. In this paper, the distribution parameter between the cuttings and the liquid
phase CS−L

0 is set to 1.05, and the cuttings settling velocity is calculated using the explicit
prediction model:

Vsr =

(
4d∗
3Cd

) 1
2
(

ρL
2

µg(ρS − ρL)

)− 1
3

(6)

where d∗ is dimensionless cuttings diameter, Cd is drag coefficient, and µ is fluid viscosity,
in Pa·s.

The saturated solubility of invading gas in oil-based drilling fluid can be calculated
using the following equation [46]:

Rs = 0.1781 × SGg

[
P × 100.0125API

18 × 100.00091(1.8T−459.67)

]1.20482

(7)

where Rs is the saturated gas solubility, in m3/m3, SGg is the gas specific density, API is
the API gravity of OBDF, and T is temperature, in K.

The gas influx simulation was conducted using Matlab R2016a software on an Intel
i5-2400 CPU processor. The computational efficiency is defined as the ratio of the simulated
gas influx time to the time consumed by the multiphase flow model calculations. The grid
numbers were 100, 250, 500, 600, and 700, respectively. The computational efficiency of
the gas–liquid–solid flow mechanism model and the efficient flow calculation model are
shown in Table 1. Using the three-phase flow mechanism model, none of the five selected
grid numbers can achieve the computational efficiency required for real-time prediction.
However, using the efficient flow calculation model, real-time prediction requirements can
be met when the grid number is 250 or fewer. Therefore, the grid number is set to 250 in
all case analyses in this chapter. At 60,000 s, the BHP predicted by the gas–liquid–solid
flow mechanism model and the efficient calculation model is 139.90 MPa and 139.54 MPa,
respectively, with a BHP difference of 0.36 MPa. This means that compared to the three-
phase flow mechanism model, the prediction accuracy of the efficient three-phase flow
calculation model decreases by 0.26%.

Table 1. The computational efficiency for the gas–liquid-solid mechanistic model and the efficient
computing model.

Grid Number Gas–Liquid-Solid Mechanistic Model Efficient Computing Model

100 149 1736
250 36 324
500 16 87
600 11 61
700 7 45

To validate the accuracy of the established gas–liquid–solid three-phase flow model,
the model’s predictions were compared with experimental results from the literature [47].
In the experiments conducted by Yoshinaga and Sato (1996), air and water served as the
working fluid media, and ceramic spheres were used as solid particles. The density of
air was determined using the ideal gas equation of state. The specific parameters of the
experiment are listed in Table 2.
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Table 2. Detailed parameters of Yoshinaga and Sato’s experiment.

Parameter Value Parameter Value

Pipe diameter 0.026 m Pipe length 6.74 m
Solid density 2540 kg/m3 Solid diameter 0.0061 m

Liquid density 1000 kg/m3 Liquid viscosity 0.001 Pa·s

Figure 2 compares the model-predicted solid phase velocity with the experimentally
measured results under different gas and liquid superficial velocities. The results indicate
that, under both test conditions, the average relative error for the solid phase velocity does
not exceed 5%, with a maximum relative error of 16.8%. This demonstrates a good agreement
between the model-predicted solid phase velocity and the experimentally measured values.
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2.2. Establishment of Automated Gas Influx Handling Model
2.2.1. Establishment of Automatic Adjustment Model of Choke Opening

Currently, over 90% of automatic control systems in the industry are implemented
using PID controllers. The PID controller is widely used due to its simple algorithm,
robustness, and high reliability. As shown in Figure 3, the PID controller consists of three
components: the proportional part, the integral part, and the derivative part. Each of these
serve the following functions: (1) the proportional part adjusts the deviation signal e(t)
proportionally, bringing it back to the normal proportional signal; (2) the integral part
eliminates the deviations that occur during multi-stage signal transmission, improving the
system’s accuracy; (3) the derivative part introduces an effective initial correction signal in
the system to control the deviation signal before it grows.
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The automatic adjustment model of choke opening is established based on PID control
theory, and its algorithm can be expressed as follows:

u(t) = Kpe(t) + Ki

∫ t

0
e(t′)dt′+ Kd

de(t)
dt

(8)

where u(t) is the control variable or output of the PID controller at time t, e(t) is the error at
time t, which is the difference between the setpoint (desired value) and the measured process
variable, Kp is the proportional gain, Ki is the integral gain, and Kd is the derivative gain.

In this model, the derivative part of the PID controller is neglected, so Equation (8)
can be expressed as follows:

u(t) = u(t − 1) + Kp[e(t)− e(t − 1)] + Ki
e(t) + e(t − 1)

2
(9)

where u(t) is the choke opening, e(t) is the relative difference between the actual BHP and
the target BHP, and Kp and Ki are the proportional and integral parameters of the PID
controller, respectively.

The pressure drop generated by the gas–liquid–solid flow through the choke is calcu-
lated using the following [29]:

Q =
CvZ

√
max

(
Ptop − PS, 0

)
xL−S/√ρL−S,top + xG/

(
Y√ρG,top

) (10)

where Q is the total mass flow rate through the choke in kg/s, Cv is the inherent constant
of the choke, Z is the choke opening, Ptop is the pressure at the choke, in Pa, PS is the
downstream pressure of the choke, in Pa, xL−S is the mass flow fraction of the liquid–
solid mixture, xG is the mass flow fraction of the gas phase, ρL−S,top is the density of the
liquid–solid mixture at the wellhead, in kg/m3, ρG,top is the density of the gas phase at the
wellhead, in kg/m3, and Y is the gas expansion factor (in this paper, Y = 0.15).

2.2.2. The Effect of Controller Parameters on Automated Gas Influx Handling

The input data of the well are summarized in Table 3. The parameters set for the
simulated well in this study do not correspond to a real well but are instead carefully
selected simulation parameters. This approach minimizes the complexity introduced by
additional variables, thereby simplifying data analysis and allowing us to focus more
directly on the core objectives of the study.

Table 3. Input data for the simulated well.

Parameter Value Parameter Value

Well depth 4000/6000/8000 m Drillpipe ID 0.0943 m
Drillpipe OD 0.1143 m Bit diameter 0.1651 m
Drilling fluid

volumetric flow rate
23.33/26.25/39.17

kg/s
Formation

permeability 15/30/45 mD

Gas formation height 5 m Gas formation radius 150 m
Drilling fluid inlet

temperature 20 ◦C Geothermal gradient 0.02 ◦C/m

ROP 20 m/h Cuttings diameter 0.005 m
Drilling fluid

viscosity 0.07 Pa·s Wellbore roughness 25.4 × 10−6 m

Cuttings density 2650 kg/m3 Drilling fluid density 1750 kg/m3

Initial BHP difference 3 MPa Pit gain alarm value 1/2.5/4 m3
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The parameters in the PID controller have a limited range of applicability. Exceeding
this range can affect the control of BHP, potentially leading to formation fracturing or
secondary gas influx, resulting in the failure of automated gas influx handling operations.

Figure 4 illustrates the effect of different proportional parameters (Kp = 0.2, 2, 8) on
the automated gas influx handling with the same integral parameter (Ki = 0.001). As Kp
increases, the time required for the BHP to rise to the formation pore pressure decreases.
The times for the BHP to reach the pore pressure with different Kp values (0.2, 2, and 8) are
1820 s, 980 s, and 965 s, respectively. When Kp = 2, the controller effectively controls the BHP,
allowing it to rise into the safe pressure window quickly. As Kp decreases, the response to
BHP deviation weakens. When Kp = 0.2, the BHP exceeds the formation fracture pressure
after 2390 s, causing formation fracturing. If Kp is set too high, the controller’s response
to BHP deviations becomes too strong, leading to oscillations in BHP. When Kp = 8, after
the BHP rises to the formation pore pressure, oscillations occur, resulting in formation
fracturing and secondary gas influx.
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represents formation pressure, and the green dashed line represents fracture pressure).

Figure 5 illustrates the effect of different integral parameters (Ki = 0.001, 0.01, 0.2) on
the automated gas influx handling with the same proportional parameter (Kp = 2). The
value of Ki has little impact on the time to restore the BHP. When Ki = 0.01, the controller
effectively controls the BHP, allowing it to quickly rise into the safety pressure window.
If Ki decreases to 0.001, after the BHP exceeds the pore pressure, the controller’s ability
to control the BHP weakens, reducing the difference between the BHP and the formation
fracture pressure. After the gas influx stops, the minimum difference between the formation
fracture pressure and the BHP is 0.179 MPa and 0.164 MPa for Ki = 0.01 and Ki = 0.001,
respectively. If Ki increases to 0.2, the BHP exceeds the formation fracture pressure during
gas influx handling, causing formation fracturing.
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2.2.3. Comparison of Automated Method and Traditional Methods in Gas Influx Handling

The results of gas influx handling using the automated method and traditional meth-
ods (the DM and the WWM) are compared. The well depth, formation permeability, initial
BHP differential, pit gain alarm value, and drilling fluid volumetric flow rate are set to
8000 m, 30 mD, 3 MPa, 2.5 m3, and 26.25 kg/s, respectively. The drilling fluid used is WBDF.

Figure 6 shows that the variation curves of pit volume increase over time during gas
influx handling with WBDF using the three methods. All three methods reach the pit gain
alarm value at around 670 s. After 670 s, the rate of pit volume increase slows down for
the automated method; as the choke opening starts to decrease automatically, the choke
pressure increases, and the pressure difference between the bottomhole and the formation
decreases, resulting in a reduced rate of gas influx from the formation into the wellbore. For
the DM and the WWM, after reaching the pit gain alarm value, the pit volume continues
to increase at a similar rate for a certain period. This is because, for both the DM and
the WWM, some time is required to conduct a flow check and shut in the well (in this
comparison, the total time for flow check and shut-in is set to 200 s). After shut-in, the BHP
increases, reducing the gas influx rate and slowing the pit volume increase. Once the gas
influx from the formation stops, the pit volume continues to increase due to the expansion
of the gas as it rises in the wellbore. The maximum pit volume increase for the three gas
influx handling methods (DM, WWM, and automated method) is 8.10 m3, 8.10 m3, and
7.88 m3, respectively.
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Figure 6. Pit gain vs. time for the automatic method, DM, and WWM. (Note: The curves for DM and
WWM appear nearly identical due to their close values, resulting in an apparent overlap. Careful
inspection along the X-axis reveals all three curves.)

Figure 7 shows the variation curves of choke/casing pressure over time for the three
methods. The time required from the detection of gas influx to the completion of handling
for the automated method, DM, and WWM is 4250 s, 45,073 s, and 30,153 s, respectively.
This means that the time required for the automated method is approximately 10% of the
DM and about 14.3% of the WWM. This is because, during automated gas influx handling,
the drilling fluid pump volumetric flow rate remains the same as during normal drilling,
allowing the intruded gas to be circulated out of the well more quickly. In contrast, when
using the DM or WWM, the pump volumetric flow rate is only 25% to 50% of the normal
drilling rate.

The maximum choke/casing pressure during gas influx handling with the automated
method is lower than that of the DM and WWM. The maximum choke/casing pressure is
reached at 2510, 7680, and 7680 s for the automated method, DM, and WWM, respectively,
with the corresponding maximum pressures being 16.52, 23.08, and 23.08 MPa. Compared
to the DM and WWM, the automated method reduces the maximum choke/casing pressure
by 6.56 MPa (a reduction of 28.42%).
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Figure 8 shows the composition of BHP and the cuttings volume fraction profile at
the time of maximum casing/choke pressure for the DM and the automated method. At
the time of maximum casing/choke pressure, the annular gas–liquid–solid phase gravity
pressure drop for the DM and the automated method is 128.15 MPa and 128.36 MPa,
respectively, meaning the annular fluid gravity pressure drop for the automated method is
0.21 MPa higher than that of the DM, accounting for 3.20% of the reduction in the maximum
choke/casing pressure (6.56 MPa). This is primarily because, during gas influx handling
with the DM, drilling is stopped, and no cuttings are present in the lower part of the annulus.
In contrast, with the automated method, drilling continues during gas influx handling,
resulting in cuttings being present throughout the entire wellbore (Figure 8b), which causes
the gravity pressure drop from cuttings in the automated method to be higher than in
the DM. As shown in Figure 8a, the annular frictional pressure drop in the automated
method is 6.30 MPa higher than in the DM, accounting for 96.04% of the reduction in
maximum choke/casing pressure (6.56 MPa). This is because the pump volumetric flow
rate during gas influx handling with the automated method is the same as during normal
drilling, resulting in a high annular flow rate and a larger annular frictional pressure drop.
Therefore, the main reason the automated method can effectively reduce the maximum
choke/casing pressure is the higher annular frictional pressure drop during gas influx
handling. The secondary reason is the higher gravity pressure drop from cuttings in the
annulus.
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Figure 9 shows the variation in the cuttings volume fraction profile during gas influx
handling with WBDF using the DM and the automated method. At the initial time, the
cuttings volume fraction throughout the annulus is 0.0083 (0 s). As gas invades, due to
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the presence of free gas, the cuttings volume fraction at the bottomhole decreases (500 s).
After the gas influx stops, the cuttings volume fraction at the bottomhole for the automated
method returns to 0.0083 (1000 s), while for the DM, the cuttings volume fraction drops
to 0 (1500 s). This is because, during gas influx handling, the automated method does
not stop drilling, while the DM halts drilling. Once the gas is fully circulated out of the
well, the cuttings volume fraction throughout the entire wellbore returns to 0.0083 for
the automated method, whereas for the DM, the cuttings volume fraction throughout the
wellbore becomes 0.
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3. Sensitivity Analysis of Automated Gas Influx Handling Mechanisms
3.1. Effect of Gas Solubility

The results of gas influx handling using the automated method for WBDF and OBDF
are compared. The well depth, formation permeability, initial BHP differential, pit gain
alarm value, and drilling fluid volumetric flow rate are set to 8000 m, 30 mD, 3 MPa, 2.5 m3,
and 26.25 kg/s, respectively.

Figure 10 shows the gas-phase volume fraction profiles at different times during gas
influx handling using the automated method for WBDF and OBDF. Since the gas solubility
in WBDF is negligible, free gas starts to appear at the bottomhole early in the gas influx. In
contrast, for OBDF, the invaded gas remains in the form of dissolved gas in the annulus for
a longer period during the early stages of gas influx. At 2130 s, the dissolved gas in the
OBDF begins to separate out, with the gas release occurring at well depths between 1120 m
and 1600 m.

Figure 11 shows the time-dependent variation curves of BHP during gas influx han-
dling using the automated method for WBDF and OBDF. The time required to handle gas
influx in WBDF and OBDF is 4250 s (70.8 min) and 5550 s (92.5 min), respectively, meaning
the gas influx handling time for WBDF is 75% of that for OBDF. This is because the invaded
gas exists in the form of free gas in WBDF, and due to the slip between the free gas phase
and the liquid phase, the transport speed of free gas in the annulus is greater than that
of the WBDF. In contrast, in OBDF, the invaded gas mostly exists as dissolved gas in the
wellbore, and the speeds of dissolved gas and OBDF are same. Therefore, it takes longer to
circulate all the invaded gas out of the wellbore in OBDF.
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Figure 11. BHP vs. time after gas kick in WBDF and OBDF for automatic handling method.

Figure 12a shows the variation curves of pit volume increase during gas influx handling
using the automated method for WBDF and OBDF. The time required to reach the pit gain
alarm value is 730 s for WBDF and 570 s for OBDF, meaning the time for OBDF to reach
the alarm value is 80% of that for WBDF. This is because, in the HTHP environment at the
bottomhole, the invaded gas causes a greater increase in the volume of OBDF compared to the
volume occupied by free gas in WBDF, allowing OBDF to reach the pit gain alarm value more
quickly. Figure 12b shows the gas-phase volume fraction profile in WBDF and the formation
volume factor profile in OBDF at the time they each reach the pit gain alarm value. At the
bottomhole, the gas-phase volume fraction in WBDF is 0.12, while the formation volume
factor for OBDF is 1.31, indicating that the volume increase for OBDF is 0.31.

As seen in Figure 12a, the maximum pit volume increases for WBDF and OBDF are
7.88 m3 and 3.22 m3, respectively, meaning the maximum pit volume increase in OBDF is
about 40% of that in WBDF. This is because, in OBDF, the invaded gas exists as dissolved
gas in the lower part of the wellbore, and as it is transported to the wellhead with the OBDF,
only a small portion of the dissolved gas separates out as free gas, which contributes only a
small increase to the pit volume.
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Figure 13 shows the free gas-phase volume fraction profile for WBDF at the time of
maximum pit volume increase, as well as the free gas-phase volume fraction and solubility
profiles for OBDF at the time of its maximum pit volume increase. In OBDF, the free gas
begins to separate out at a well depth of 1360 m. The free gas-phase volume fractions at the
wellhead for WBDF and OBDF are 0.26 and 0.20, respectively.
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its maximum in WBDF and OBDF.

Additionally, at the time of maximum pit volume increase, the volume of displaced
liquid phase in WBDF is greater than that in OBDF. As a result, the choke pressure required
to maintain constant BHP in WBDF is higher than that required in OBDF. As shown in
Figure 14, the maximum choke pressures for WBDF and OBDF are 16.52 MPa and 9.64 MPa,
respectively, meaning the maximum choke pressure required for OBDF is about 60% of that
for WBDF. After the invaded gas is circulated out of the well, the choke pressures required
for both WBDF and OBDF become equal.

As shown in Figure 15, after 2100 s, the choke openings for both WBDF and OBDF
increase rapidly, but the rate of increase is faster for OBDF. This is because the dissolved
gas in OBDF suddenly separates out near the wellhead, causing the flow rate through
the choke to increase more rapidly than in WBDF. Therefore, the choke opening must be
increased quickly to prevent excessive choke pressure and maintain constant BHP.
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3.2. Effect of Well Depth

The formation permeability, initial BHP differential, pit gain alarm value, and drilling
fluid volumetric flow rate are set to 30 mD, 3 MPa, 2.5 m3, and 26.25 kg/s, respectively.

Figure 16 shows the variation curves of pit volume increase and gas mass flow rate
over time during gas influx handling using the automated method for different well depths
in WBDF. As shown in Figure 16a, the maximum pit volume increases for WBDF at different
well depths (4000 m, 6000 m, and 8000 m) are 5.93 m3, 7.26 m3, and 7.96 m3, respectively.
The maximum pit volume increase in WBDF increases with well depth. From 4000 m to
6000 m, the maximum pit volume increase rises by 18.32%, and from 6000 m to 8000 m, it
increases by 8.79%. This is because, as the well depth increases, the BHP also increases,
leading to an increase in gas density at the bottomhole. Therefore, at the same pit gain
alarm value, the wellbore at greater depth contains a larger mass of invaded gas (Figure 16b;
the total masses of invaded gas for 4000 m, 6000 m, and 8000 m are 1239.9 kg, 1701.0 kg,
and 1980.5 kg, respectively). This results in a larger volume of displaced drilling fluid after
the expansion of free gas, leading to an increase in the maximum pit volume increase.

Figure 17 shows the variation curves of pit volume increase and gas mass flow rate
over time during gas influx handling using the automated method for different well depths
in OBDF. As shown in Figure 17a, the maximum pit volume increases in OBDF at different
well depths (4000 m, 6000 m, and 8000 m) are 3.84 m3, 3.59 m3, and 3.32 m3, respectively.
The maximum pit volume increase in OBDF decreases with increasing well depth. From
4000 m to 6000 m, the maximum pit volume increase decreases by 6.51%, and from 6000 m
to 8000 m, it decreases by 7.52%. This is because, as well depth increases, the wellbore
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pressure also increases, causing the formation volume factor of the OBDF to increase.
As a result, at the same pit gain alarm value, the wellbore at greater depth contains less
invaded gas mass. This leads to a smaller volume of displaced drilling fluid after the
expansion of the OBDF and the gas separation, resulting in a reduction in the maximum pit
volume increase.
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under different well depths.

Figure 18 shows the variation curves of choke pressure over time during gas influx
handling in WBDF and OBDF. For WBDF, the maximum choke pressures at different well
depths (4000 m, 6000 m, and 8000 m) are 14.18 MPa, 15.80 MPa, and 16.61 MPa, respectively.
From 4000 m to 6000 m, the maximum choke pressure increases by 10.25%, and from 6000 m
to 8000 m, it increases by 4.88%. This is because, as the well depth increases, the volume of
displaced liquid phase in WBDF increases, which in turn raises the choke pressure required
to maintain constant BHP.
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Figure 18. Choke pressure vs. time during automatic gas kick attenuation in WBDF and OBDF under
different well depths.

For OBDF, the maximum choke pressures at different well depths (4000 m, 6000 m,
and 8000 m) are 10.67 MPa, 10.21 MPa, and 9.77 MPa, respectively. From 4000 m to 6000 m,
the maximum choke pressure decreases by 4.31%, and from 6000 m to 8000 m, it decreases
by 4.31%. This is because, as the well depth increases, the volume of displaced liquid
phase in OBDF decreases, leading to a reduction in the choke pressure required to maintain
constant BHP.

3.3. Effect of Gas Influx Volume

The well depth, formation permeability, initial BHP differential, and drilling fluid
volumetric flow rate are set to 8000 m, 30 mD, 3 MPa, and 26.25 kg/s, respectively. Figure 19
illustrates the effect of gas influx volume on BHP during gas influx handling in WBDF
using the automated method. As the gas influx volume increases (1.0 m3, 2.5 m3, and
4.0 m3), the time to start handling the gas influx is delayed (330 s, 730 s, and 1130 s), and
the corresponding BHP at the start of handling is lower (151.06 MPa, 150.85 MPa, and
150.59 MPa). Additionally, the time required to circulate all the intruded gas out of the well
increases (3890 s, 4270 s, and 4590 s).
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Figure 20 illustrates the effect of gas influx volume on choke opening and choke
pressure during gas influx handling in WBDF using the automated method. As shown
in Figure 20a, with the increase in gas influx volume (1.0 m3, 2.5 m3, and 4.0 m3), the
minimum choke opening decreases (0.312, 0.288, and 0.273). This is because, as the gas
influx volume increases, the volume of displaced drilling fluid also increases, resulting in
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a decrease in the annular fluid gravity pressure drop. Consequently, the choke pressure
needs to be increased to maintain constant BHP (Figure 20b), leading to a reduction in
the choke opening. As the gas influx volume increases, the maximum choke opening also
increases (0.475, 0.498, and 0.506). This is because, with a larger gas influx volume, the
fluid volumetric flow rate through the choke increases, requiring a larger choke opening to
maintain constant BHP and avoid generating excessive BHP.
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3.4. Effect of Formation Permeability

The well depth, gas influx volume, initial BHP differential, and drilling fluid volumet-
ric flow rate are set to 8000 m, 2.5 m3, 3 MPa, and 26.25 kg/s, respectively. Figure 21 shows
the variation curves of pit volume increase, BHP, choke opening, and choke pressure over
time during gas influx handling in WBDF using the automated method under different
formation permeability conditions. As the formation permeability increases, the time
required to reach the pit gain alarm value becomes shorter, and the maximum pit volume
increase also rises. Under different formation permeability conditions (20 mD, 30 mD, and
40 mD), the times to reach the pit gain alarm value are 890 s, 730 s, and 725 s, respectively,
with corresponding maximum pit volume increases of 7.86 m3, 7.96 m3, and 8.55 m3. This
occurs because, as formation permeability increases, the mass of gas intruding into the
wellbore during the period when the choke opening automatically decreases to restore
BHP balance also increases, leading to a larger maximum pit volume increase. The total
masses of gas intruding into the wellbore under different formation permeability conditions
(20 mD, 30 mD, and 40 mD) are 1980.5 kg, 2047.3 kg, and 2194.3 kg, respectively.

As shown in Figure 21c, when the intruded gas migrates near the wellhead, the
increase in choke opening becomes larger with higher formation permeability. After the gas
influx, the maximum choke openings under different formation permeability conditions
(20 mD, 30 mD, and 40 mD) are 0.492, 0.498, and 0.503, respectively. This is because, as
formation permeability increases, the gas influx rate increases, raising the local gas-phase
volume fraction in the annulus and, consequently, the gas-phase volume fraction flowing
through the wellhead. This increases the fluid flow rate through the choke, requiring an
increase in choke opening to prevent excessively high choke pressure that could cause
formation fracturing, while maintaining constant BHP (Figure 21d).

3.5. Effect of Drilling Fluid Volumetric Flow Rate

The well depth, gas influx volume, formation permeability, and initial BHP differential
are set to 8000 m, 2.5 m3, 30 mD, and 2 MPa, respectively. As shown in Figure 22, with
the increase in drilling fluid volumetric flow rate (23.33 kg/s, 26.25 kg/s, and 29.17 kg/s),
the time to start handling the gas influx is delayed (660 s, 730 s, and 1060 s), and the corre-
sponding BHP at the start of handling is higher (150.49 MPa, 150.85 MPa, and 151.29 MPa).
Additionally, the time required to circulate all the gas out of the well decreases (4510 s,
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4270 s, and 4190 s). This is because, as the volumetric flow rate increases, the frictional
pressure drop increases, reducing the pressure difference between the bottomhole and the
formation, which in turn slows the gas influx rate, resulting in a longer time to reach the pit
gain alarm value. At a higher drilling fluid volumetric flow rate, the gas velocity increases,
reducing the gas influx handling time.
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volumetric flow rates.

As shown in Figure 23, at the early stage of gas influx, the gas-phase volume fraction
at the bottomhole decreases as the drilling fluid volumetric flow rate increases. At 640 s, the
gas-phase volume fractions at the bottomhole under different drilling fluid volumetric flow
rates (23.33 kg/s, 26.25 kg/s, and 29.17 kg/s) are 0.158, 0.116, and 0.071, respectively. This is
because, with the increased drilling fluid volumetric flow rate, the apparent volumetric flow
rate of the liquid phase increases, leading to a larger portion of the annular cross-sectional
area being occupied by the liquid phase, thereby reducing the gas-phase volume fraction.
The higher the drilling fluid volumetric flow rate, the faster the invaded gas migrates
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through the wellbore. At 1900 s, under a drilling fluid volumetric flow rate of 29.17 kg/s,
the gas has already reached the wellhead, while under 23.33 kg/s and 26.25 kg/s, the gas has
not yet reached the wellhead. This is due to the increased liquid-phase velocity with higher
drilling fluid volumetric flow rate, which also increases the gas-phase velocity, speeding up
gas migration through the wellbore. Additionally, the maximum gas-phase volume fraction
at the wellhead decreases as the drilling fluid volumetric flow rate increases. The maximum
gas-phase volume fractions at the wellhead under different drilling fluid volumetric flow
rates (23.33 kg/s, 26.25 kg/s, and 29.17 kg/s) are 0.50, 0.47, and 0.42, respectively.
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Figure 24 shows the variation curves of pit volume increase over time under different
drilling fluid volumetric flow rates. As the drilling fluid volumetric flow rate increases
(23.33 kg/s, 26.25 kg/s, and 29.17 kg/s), the maximum pit volume increase decreases
(8.91 m3, 7.96 m3, and 7.13 m3). This is because the increase in drilling fluid volumetric flow
rate leads to a greater annular frictional pressure drop, which raises the BHP and reduces
the gas influx rate, thereby decreasing the maximum pit volume increase.

As the drilling fluid volumetric flow rate increases, the BHP increases, and the gas
influx rate into the wellbore decreases. As a result, the choke pressure required to maintain
constant BHP decreases (Figure 25a), leading to an increase in the minimum choke opening
(Figure 25b). Under different drilling fluid volumetric flow rates (23.33 kg/s, 26.25 kg/s,
and 29.17 kg/s), the maximum choke pressures are 19.00 MPa, 16.61 MPa, and 14.13 MPa,
respectively, while the minimum choke openings are 0.271, 0.288, and 0.309, respectively.
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4. Conclusions

An efficient gas–liquid–solid flow model was developed using gas-phase drift and
cuttings settling velocity models, achieving real-time BHP prediction. A PI-based choke
adjustment model was compared with the DM and WWM for gas influx handling, with the
following key findings:

(1) The model meets real-time prediction requirements with a grid number below 250 and
a calculation time under 1/300th of simulated influx time.

(2) The automated method handles gas influx 10 times faster than DM and 7 times faster
than WWM, reducing maximum choke pressure by 28.42% and safely managing
larger influxes.

(3) Gas influx handling in WBDF is 75% faster than in OBDF due to free gas phase slip.
The maximum choke pressure and pit volume increase with depth in WBDF but
decrease in OBDF.

(4) Increasing gas influx, permeability, and pressure differential lowers the minimum
choke opening, while raising the maximum choke opening and pressure.

(5) Higher drilling fluid flow rates raise the minimum choke opening, decrease the
maximum choke opening, and reduce the choke pressure.
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Nomenclature

Abbreviations
API API gravity of OBDF
BHP bottomhole pressure
DM driller’s method
HTHP High temperature and high pressure
MPD managed pressure drilling
OBDM oil-based drilling fluid
PI proportional–integral
PID proportional–integral–derivative
ROP rate of penetration
WBDM water-based drilling fluid
WWM wait-and-weight method
Greek letters
ρ density, kg/m3

α volumetric fraction
θ wellbore inclination, ◦

γ profile parameter reduction term
µ fluid viscosity, Pa·s
ρL−S,top density of the liquid–solid mixture at the wellhead, kg/m3

ρG,top density of the gas phase at the wellhead, kg/m3

A profile parameter for low gas fraction in liquid
CG−L

0 distribution parameter between the gas and liquid phases
CS−L

0 distribution parameter between the cuttings and the liquid phase
Cd drag coefficient
Cv inherent constant of the choke
d* dimensionless cuttings diameter
e(t) error at time t, which is the difference between the setpoint (desired value)

and the measured process variable
Ff frictional pressure drop of the annular mixture, kg/m2/s2

g gravitational acceleration, m/s2

K critical Kutateladze number
Kp proportional gain
Ki integral gain
Kd derivative gain
m gas, liquid, and solid phases (G, L, S)
P pressure, Pa
Ptop pressure at the choke, Pa
PS downstream pressure of the choke, Pa
Pbh actual bottomhole pressure, Pa
Pre f

bh desired bottomhole pressure, Pa
Pre f

c desired choke pressure, Pa
Q total mass flow rate through the choke, kg/s
Rs saturated gas solubility, m3/m3

SGg gas specific density
T temperature, K
u(t) control variable or output of the PID controller at time t
V velocity, m/s
Vc characteristic velocity, m/s
VS velocity of the cuttings, m/s
V*

M velocity of the liquid–solid mixture in the annulus, m/s
Vsr cuttings settling velocity, m/s
VG gas velocity, m/s
VM velocity of the gas–liquid–solid mixture, m/s
Vgr gas-phase slip velocity, m/s
xL−S mass flow fraction of the liquid–solid mixture
xG mass flow fraction of the gas phase



Processes 2024, 12, 2558 22 of 23

Y gas expansion factor
Z choke opening
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