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Abstract: During the drilling of natural gas hydrate reservoirs, gas invasion may occur,
which has an adverse impact on the upward return process of cuttings and the control of
bottom-hole pressure. A multiphase fluid CFD simulation method based on the Eulerian
model was optimized. With the help of Fluent 23R1 software, simulations of the three-phase
flow of drilling fluid—cuttings—invaded gas in the vertical section, build-up section, and
horizontal section of the complex annulus multiphase flow in the hydrate drilling wellbore
based on particle dynamics were carried out. The characteristics of multiphase flow in the
wellbore after gas invasion were revealed, and the impacts of gas invasion on the deposition
and migration of cuttings and the control of bottom-hole pressure were analyzed. The
research shows that after gas invades the wellbore, it has little impact on the upward return
of cuttings in the build-up section. However, in the vertical and horizontal sections, with
the increase in the flow rate of the invaded gas, the slip and upward return of cuttings
are promoted. The gas invasion velocity has a more significant impact on the cutting
migration in different well sections compared to the gas invasion volume fraction. A faster
invasion velocity accelerates the upward return of cuttings in the wellbore annulus. When
gas invasion occurs, it has little impact on the pressure in the build-up section, decreases
the pressure gradient in the vertical section, and increases the pressure gradient in the
horizontal section. At the same time, there is a high linear correlation between the pressure
gradient in each well section and the density of water-based drilling fluid. By reasonably
controlling the density of drilling fluid according to the gas volume fraction detected at
the wellhead, the aggravation of gas invasion can be significantly prevented. The research
methods and calculation results are helpful in providing a reference for the subsequent
drilling process of hydrate reservoirs.

Keywords: hydrate drilling; gas invasion; multiphase flow; cutting return; bottom-hole
pressure control

1. Introduction

The seabed of the South China Sea is rich in hydrate resources, regarded as an impor-
tant clean energy alternative to traditional oil and gas resources. Between 2017 and 2020,
China successfully conducted two rounds of a total of four hydrate extraction tests in the
Shenhu area of the South China Sea [1], positioning the country at the forefront of global
hydrate extraction technology. During the second hydrate extraction led by the China

Processes 2025, 13, 455

https:/ /doi.org/10.3390/pr13020455


https://doi.org/10.3390/pr13020455
https://doi.org/10.3390/pr13020455
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-4322-8534
https://doi.org/10.3390/pr13020455
https://www.mdpi.com/article/10.3390/pr13020455?type=check_update&version=2

Processes 2025, 13, 455

20f13

Geological Survey, horizontal well development technology was employed, significantly
increasing the contact area between the wellbore and the hydrate reservoir. However,
when drilling into the hydrate reservoir, gas intrusion into the wellbore occurs, forming a
three-phase flow state of drilling fluid, cuttings, and intruding gas. This state adversely
affects the cutting return process and the control of bottom-hole pressure [2].

Currently, Lv et al. [3] utilized the Euler model to simulate the gas-liquid—solid three-
phase flow characteristics of hydrate slurry under high-pressure conditions, analyzing the
effects of inlet velocity, hydrate volume fraction, liquid-phase viscosity, and pipe diameter
on the flow. The results indicate that pipe diameter significantly affects pressure drop,
while liquid-phase viscosity influences particle aggregation. Hydrates accumulate at bends
and exhibit symmetrical distribution. Pang et al. [4] studied the transport of multi-sized
cuttings in horizontal wellbores with non-Newtonian fluids, modeling the cutting flow
regime and its interaction with drilling fluid turbulence using particle flow dynamics theory.
The study found that the non-uniformity of non-Newtonian fluid viscosity and particle
settling led to complex stratified flow regimes, affecting cutting concentration and velocity
distribution. Wei et al. [5] established a kinetic model of temperature, pressure, and hydrate
decomposition, using numerical simulation to explore the impact of different parameters
on multiphase flow behavior. The study revealed that with hydrate decomposition and
flow changes, the temperature and pressure in the annulus exhibit significant fluctuations,
potentially leading to well control safety issues. Epelle et al. [6] employed a two-fluid Euler—
Euler multiphase flow model for simulation. The study showed that mud rheology, particle
sphericity, and particle size are crucial for cutting removal, especially in the lower annular
region of upward bends, where particle deposition is evident. Salubi et al. [7] evaluated the
transport mechanism of cuttings under different flow regimes through experiments and
mathematical modeling, finding that fluid flow regime and drilling fluid flow rate are the
main influencing factors. However, during seabed hydrate drilling, the shallow seabed
formation strength is low, with fast drilling speed and high displacement, leading to high
cutting concentration in the wellbore. If gas intrusion is severe, the three-phase flow state
in the wellbore becomes more complex. To date, most of the simulations of multiphase
flow in the wellbore for hydrates focus on the settlement state of solid-liquid two-phase
flow cuttings. However, for the problem of well killing caused by gas intrusion into the
wellbore during the drilling process, there are currently few simulation studies.

In this paper, aiming at the problem of gas intrusion during subsea hydrate drilling,
a multiphase fluid CFD simulation method based on the Eulerian model was optimized.
With the help of Fluent 23R1 software, a three-phase flow simulation in the hydrate drilling
wellbore was carried out, which can accurately analyze the characteristics of multiphase
flow in the wellbore after gas intrusion, as well as the impact of gas intrusion on the
deposition and migration of cuttings and the control of bottom-hole pressure.

2. Drilling Fluid—Cuttings-Intruding Gas Three-Phase Flow
Simulation Method
2.1. Simplified Model of a Real-Scale Wellbore and Well Section
Figure 1 shows the well depth structure diagram of the second hydrate extraction. The
wellbore structure data of the extraction well are shown in Table 1. The kickoff point is at

a true vertical depth of 1455 m, and the inclination angle of the stabilized section of the
wellbore is assumed to be 65°.
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Figure 1. Hydrate reservoir schematic diagram [8].

Table 1. Simulation data table.

Drilling Fluid Cuttings
Upward Return . 3
Velocity 0.77m/s Density 1800 kg/m
Density 1100 kg/m? Vozrgiftﬁf;;"“ 0.1
Viscosity 0.33 kg/(m-s) Diameter 15 pm
Gas Phase Geometrical Parameters
Density 0.6679 kg/m3 gf;lrln 1:::1 0.14923 m
Viscosity 0.00001087 kg/(m-s) gzun]feot’z 031115 m
Infiltration Volume Fract'ion 0.1,0.3, Simulated
A of Gas Intrusion 0.5,and 0.7 Wellbore Section 10 m
mount . 05m/s, 1m/s,
Gas Intrusion Length
. 1.5m/s,and 2
Velocity
m/s

Focusing on the horizontal wellbore of the second hydrate extraction [9], based on
the horizontal wellbore structure (including the vertical section, stabilized section, and
horizontal section), a numerical simulation model of wellbore flow in the vertical, stabilized,
and horizontal sections was established to study the gas-liquid-solid flow patterns within
the wellbore during gas intrusion in shallow hydrate drilling. A 12-1/4 in wellbore and
a 5-7/8 in drill pipe were used. According to the well depth structure diagram of the
horizontal well for the second hydrate test production and the schematic diagram of the
hydrate reservoir [9], the wellbore of the second hydrate test production is mainly divided
into three sections: the vertical section, the constant-inclination section, and the horizontal
section. A 10 m long wellbore at a vertical distance of 1225.23 m from the wellhead is
taken as the vertical section; a 10 m long wellbore at a vertical distance of 1455 m from
the wellhead is taken as the constant-inclination section; a 10 m long wellbore at a vertical
distance of 1490 m from the wellhead is taken as the horizontal section. Their detailed
positions are shown in Figure 2. The vertical wellbore is described in Section A, the constant-
inclination wellbore is described in Section B, and the horizontal wellbore is described in
Section C. The deviation angle of the build-up section is 65°. The remaining engineering
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parameters are shown in Table 1. By simulating the three wellbore sections with different
characteristics, it is possible to reflect the states of different sections of the entire wellbore
when the drilling fluid carries cuttings in the drilling process, as well as the pressure
changes and the upward return states of cuttings in different wellbore sections after gas
intrusion. This can comprehensively and accurately simulate the density of drilling fluid
required for well killing in the subsequent process.
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Figure 2. Geometry model of the vertical section, stable inclined section, and horizontal section of a
horizontal well.

2.2. Mesh Generation Method and Grid Independence Verification

Mesh generation was performed for the established vertical, stabilized, and horizontal
section models. Since the geometric models are simple concentric annular pipes, each being
10 m in length, the mesh generation is similar, utilizing structured hexahedral meshing
through ICEM, as shown in Figure 3.

il

Figure 3. Wellbore mesh partitioning.

Taking the wellhead at the bottom of the vertical section as the inlet, the annular
return velocity of the liquid-phase drilling fluid as 0.77 m/s (as shown in Table 1), the
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gas-phase intrusion velocity as 0.5 m/s, the volume fraction as 0.2, and the solid-phase
cuttings particles with a volume fraction of 0.1 as an example, a simulation experiment
was carried out. The fluid velocity at the middle position of the vertical section at the end
of the simulation calculation was recorded. The simulation results are shown in Figure 4.
When the number of meshes reaches 157,436, further increasing the number of meshes
does not result in significant differences in the simulation results. Therefore, the model
corresponding to this number of meshes was adopted for fluid numerical simulation. For
the build-up section B and the horizontal section C, the same mesh generation method of
the above-mentioned mesh model was used, and fluid simulations were also conducted.
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Figure 4. Mesh independence verification.

2.3. Multiphase Flow Parameter Optimization and Model Setup

The Phase-Coupled SIMPLE method is optimally used to handle the coupling rela-
tionship between pressure and velocity. This method effectively addresses coupling issues
in fluid dynamics [10]. During spatial discretization, the Least-Squares Cell-Based method
is employed to enhance the accuracy and stability of numerical calculations [11]. To ensure
second-order accuracy of the pressure field and reduce errors, the pressure parameter is
set to Second Order [12]. The momentum parameter uses the First Order Upwind method
to avoid numerical oscillations [13]. During the calculation process, to effectively control
fluid compressibility and improve computational accuracy, the volume fraction is set to
Compressive, while the turbulent kinetic energy and turbulent dissipation rate use First
Order Upwind [14]. The realizable k-epsilon turbulence model and scalable wall functions
are selected to more accurately capture turbulence phenomena and have broader appli-
cability [15,16]. The scalable wall function is suitable for the k-¢ model, allowing better
simulation of the flow in the boundary layer. This combination considers both the physical
characteristics of turbulence and wall effects in the calculation, achieving more accurate
results. The Euler model is used to simulate the gas-liquid—solid multiphase flow during
gas intrusion in the drilling process [17,18]. Based on the Euler model, the velocity fields
and temperature fields of each phase are solved separately, and the interaction between
phases is modeled through the drag force, which can accurately track the interfaces between
multiple fluids. Methane is selected as the gas-phase material, with a gas-phase viscosity of
0.017 mPa-s and a density of 0.6679 kg/m3. The liquid phase is set as the drilling fluid, with
a viscosity of 33 mPa-s and a density of 1040 kg/m?3. The solid phase consists of cutting
particles from the hydrate reservoir, with a density of 1800 kg/m3 and a cutting diameter
of 15 um. The boundary conditions of the simulation model are set as the velocity inlet and
pressure outlet. The numerical simulation process is shown in Figure 5.
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Figure 5. Numerical Simulation Process.

2.4. Model and Method Validation

A full-scale gas kick experiment is used to validate the multiphase flow behavior
in the wellbore during free gas intrusion. For model validation, the experimental data
from Rommetveit and Vefring [19] are used: in the experiment, the full-scale well depth is
2030 m, with a maximum inclination angle of 63°. During the first 660 s of the experiment,
free gas is injected into the wellbore; after 660 s, the drilling pump is activated. Detailed
information on the well structure and experimental procedures can be found in the study
by Rommetveit and Vefring (1991).

Figure 6 shows a comparison of gas kick characteristics between the experimental
data and the calculation results of the model in this paper, including bottom-hole pressure
and outflow rate. During the gas invasion stage, the bottom-hole pressure drops first.
This is mainly because the gas starts to enter the wellbore, breaking the original pressure
equilibrium in the wellbore. Since the gas is lighter, its invasion will dilute the density of
the fluid in the wellbore to a certain extent. According to the relationship between pressure
and fluid density, the pressure decreases accordingly. At the same time, the entry of gas
changes the flow state of the fluid in the wellbore, forming a local low-pressure area, which
further promotes the decrease in the bottom-hole pressure. As the gas continues to invade,
the bottom-hole pressure rises, and the gas-liquid mixing situation in the wellbore changes.
The gas gradually accumulates and forms a gas column within a certain range, exerting an
extrusion effect on the lower-part fluid, causing the bottom-hole pressure to rise back. In
addition, during the gas-liquid mixing process, local fluid blockage may occur, hindering
the smooth flow of the fluid, thus causing the pressure to increase. After that, due to the
large influx of gas, the bottom-hole pressure drops significantly, making the flow state of the
fluid in the wellbore extremely complex. The gas forms a large gas mass or gas layer, which
breaks the continuity of the fluid, making it unable to transmit pressure effectively and
reducing the pressure transmission efficiency. At the same time, the interaction between
the gas, liquid, and solid phases intensifies, generating additional energy losses and further
reducing the bottom-hole pressure. The results show that the two are basically consistent
in quantity and trend, with a difference of less than 10%.
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Figure 6. Comparison between experimental data and model calculation results.

3. Characteristics of Three-Phase Flow After Gas Intrusion in
Hydrate Drilling

3.1. Three-Phase Flow Characteristics in Typical Well Sections

Figure 7 is a schematic diagram of the volume fraction of cuttings at the stable cross-
sections of the vertical section, build-up section, and horizontal section during gas invasion.
The colors represent the volume fraction of cuttings. The maximum filling volume of the
volume fraction is 0.63. Red indicates that the cuttings are at the maximum volume fraction,
and dark blue indicates no cuttings. Figures 8-10 are similar. It can be seen that the gas
invasion has no significant impact on the cuttings’ carrying capacity in the vertical section
and the holding angle section. However, for the horizontal section, the apparent viscosity
of the drilling fluid decreases due to gas invasion, and the cuttings’ carrying capacity
decreases, which will cause the thickness of the cutting bed on the lower wellbore wall to
increase. This result is similar to the simulation results of Liu et al. [20].

When gas invades the wellbore, in the initial stage, a water hammer effect is formed,
which causes the pressure in the wellbore annulus to rise. As the gas invasion time
progresses, the annulus pressure fluctuates and decreases. After reaching stability, the
pressure gradient in the wellbore annulus gradually stabilizes [21]. Compared to the
situation before gas invasion, as shown in Table 2, the pressure in the vertical section
decreases by 1% year-on-year, the pressure in the build-up section decreases by 10% year-
on-year, and the pressure in the horizontal section decreases by 58.5 Pa. It can be seen that
when the gas invasion is stable, the annulus pressure in the horizontal section decreases.
For the vertical and build-up sections, the farther away from the ground, the greater the
year-on-year decrease in the pressure gradient.
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Figure 7. Schematic diagram of the volume fraction of cuttings at the stable cross-sections of the
vertical section, build-up section, and horizontal section during gas invasion.
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Figure 8. Schematic diagrams of gas and cuttings in the vertical section under different inva-

sion amounts.

Table 2. Pressure gradient changes in each well section before and after gas invasion.

Before Invasion After Invasion
Pressure Gradient Variation in 115042 x 10~2 MPa 11378 x 10~2 MPa
Vertical Section
Pressure Gradlent Va}rlatlon in 504 x 10-3 MPa 44852 % 10-3 MPa
Build-up Section
Pressure Variation in 1.4848375 MPa 1.4847772 MPa

Horizontal Section
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Figure 9. Schematic diagrams of cuttings in the build-up section under different invasion amounts.
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Figure 10. Schematic diagrams of cuttings in the horizontal section under different invasion volumes.

3.2. Cutting Transport Under Different Gas Intrusion Volumes

As the amount of gas invasion increases, the gas in the wellbore annulus gradually
transitions from bubble flow to annular flow [22]. As shown in Figure 8, in the vertical
section, when the gas invasion volume fraction is 0.1, the distribution of cuttings in the
wellbore is mainly concentrated around the drill pipe. When the gas invasion volume
fraction increases to 0.3, the gas is in a foam flow state. Due to the enhanced disturbance
generated by the rising gas, more turbulence is created in the wellbore, and the distribution
of cuttings begins to show a tendency to disperse. When the gas invasion volume fraction
reaches 0.5 and 0.7, the gas forms a stable annular flow or slug flow in the wellbore, causing
the cuttings to distribute along the wellbore wall. The gas velocity has a more significant
impact on the cuttings in the vertical wellbore. As shown in Figure 8, with the increase in
the invasion velocity, the gas can quickly reach the slug flow and annular flow patterns,
generating a greater lift force on the cuttings and promoting the upward return of the
cuttings in the vertical wellbore.

For the build-up section, as shown in Figure 9, with the increase in the gas volume
fraction, the gas generates a lift force on the cuttings, causing the cuttings to roll and
slide, thus reducing the thickness of the cutting bed. The gas velocity has an even more
significant impact on the cutting bed because the lift force generated by the gas increases as
the gas invasion velocity increases. In the horizontal section, with the increase in the gas
invasion amount, the cuttings in the horizontal section are squeezed and returned along the
lower wellbore wall. The gas invasion in the horizontal section reduces the viscosity of the
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drilling fluid. However, the increase in the invasion amount will cause the cuttings to slide
and roll, promoting the upward return of the cuttings. Therefore, although gas invasion
reduces the viscosity of the drilling fluid, it more often promotes the upward return of the
cuttings. Meanwhile, the gas invasion velocity has a greater impact on the vertical section,
build-up section, and horizontal section compared to the invasion volume fraction. The
most crucial factor affecting the invasion velocity is the pressure difference between the
formation pressure and the bottom-hole pressure. The larger the pressure difference, the
greater the invasion velocity. In engineering, this can be artificially adjusted to control the
bottom-hole pressure by adjusting the density of the drilling fluid.

3.3. Wellbore Pressure Variation Characteristics Under Different Gas Intrusion Volumes

The pressure change characteristics in the vertical section, build-up section, and
horizontal section of the wellbore during stable gas invasion are all different. As shown
in Figure 11, since water-based drilling fluid is used in this study, gas cannot dissolve in
the drilling fluid. The larger the amount of gas invading the vertical wellbore, the higher
the gas content in the wellbore. The decrease in the pressure gradient will lead to further
aggravation of the gas invasion, forming a vicious cycle. If no measures are taken, it may
even lead to a blowout accident. The impact on the pressure gradient in the build-up section
is relatively small. This is because the gas encounters relatively greater resistance during its
upward movement in the annulus. Its upward velocity and the degree of disturbance to the
annulus fluid are relatively weakened compared to those in the vertical section. Therefore,
the change in the wellbore annulus pressure gradient is not as obvious as that in the vertical
section. For the horizontal section, combined with the simulation research of Su et al. [23],
as the horizontal section is at the bottom of the well, when gas initially invades the bottom
of the well, the displacement at the wellhead remains basically unchanged, and the invaded
gas cannot be discharged in a timely manner. At this time, the bottom-hole pressure will
increase sharply with the increase in the gas invasion amount, resulting in a large pressure
difference between the gas-invaded area and the non-gas-invaded area, thus exacerbating
the gas invasion. Although gas invasion can promote the migration of cuttings to a certain
extent, if not stopped and intervened in a timely manner, it is very likely to cause a blowout
accident as the invasion amount increases. Therefore, when the amount of gas or cuttings
returning upward in the vertical section is detected to be abnormal, well killing should be
carried out in a timely manner.
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3.4. Flow Characteristics Under Different Drilling Fluid Densities

As can be seen from the above analysis, the changes in the pressure gradient in the
vertical section and the horizontal section are more significant. When the gas invasion
is stable, both the pressure and the pressure gradient in the wellbore annulus show a
decreasing trend compared to those before the gas invasion. At this time, if measures
are not taken in a timely manner, it is very likely to cause wellbore collapse or blowout
accidents. In engineering, generally, the method of increasing the density of the drilling
fluid for well killing is adopted to prevent further losses [24]. This subsection selects
two sets of gas intrusion volumes to simulate and calculate the pressure gradient under
different drilling fluid densities, as shown in Figure 12, which depicts the pressure gradient
variation in the vertical section under different drilling fluid densities. When the natural
gas intrusion volume is 0.5 m/s, with a gas intrusion volume fraction of 0.17, increasing the
drilling fluid density to 1150 kg/m3 can control the well; when the natural gas intrusion
volume is 0.5 m/s, with a gas volume fraction of 0.68, increasing the drilling fluid density
to 1452 kg/ m?3 can control the well. There is a high linear correlation between pressure
gradient and drilling fluid density during gas intrusion, with correlation indices above
0.9. The relationship between pressure gradient and drilling fluid density under different
gas intrusion volumes only differs in intercept, ideally increasing proportionally with
gas intrusion volume. When increasing drilling fluid density, the horizontal bottom-hole
pressure gradually fluctuates upward, with a fluctuation range of less than 0.1 MPa, as
shown in Figure 13, having minimal impact on bottom-hole stability. Therefore, for the
drilling fluid, cutting parameters, and wellbore conditions used in this simulation, when
the gas intrusion volume fraction in the wellbore is less than 20%, to prevent further
gas intrusion, increasing the drilling fluid density by 100 kg/ m3 can control the well.
Subsequently, for every 10% increase in the gas volume fraction in the wellbore, the drilling
fluid density should be increased by 50 kg/m?3. For other drilling fluids and well conditions
in engineering, calculations and experiments should be conducted in advance to determine
the drilling fluid density for well control under different gas intrusion volumes.
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Figure 12. Pressure gradient in the vertical section varies with changes in the drilling fluid density.
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4. Conclusions and Recommendations

Aiming at the gas invasion problem during subsea hydrate drilling, a multiphase
fluid CFD simulation method based on the Eulerian model was optimized. The complex
annulus gas-liquid—solid three-phase flow based on particle dynamics was simulated with
the help of Fluent 23R1 software, providing a reference for the subsequent drilling design
of hydrate reservoirs.

(1) The results show that the gas invasion velocity has a more significant impact on the
migration of cuttings in different well sections compared to the gas invasion volume
fraction. A faster invasion velocity accelerates the upward return of cuttings in the
wellbore annulus.

(2) When gas invasion occurs, the pressure gradient changes in the vertical section and
the horizontal section are significant.

(3) When gas invasion is detected at the wellhead, well killing should be carried out
promptly to prevent further aggravation of gas invasion. There is a high linear
correlation between the pressure gradient and the density of water-based drilling
fluid during gas invasion. Taking the case in this paper as an example, when the
volume fraction of gas at the outlet is detected to be less than 20%, the density of the
drilling fluid should be increased by 100 kg/m?3. If it is greater than 20%, for every
10% increase in the gas volume fraction, the density of the drilling fluid should be
increased by 50 kg/m?.

The simulation in this study consumed a significant amount of time. In the future,
machine learning (ML) techniques/algorithms such as neural networks or random forests
can be adopted. This approach can better understand the modeling of large-scale sim-
ulation datasets to identify hidden patterns and inform decision-making. Primarily, it
can recognize phase behavior patterns and predict potential outcomes under different
operating conditions.
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