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Abstract. For rational design of drilling process parameters and guarantee of
safe drilling, law of carrying cuttings in horizontal well drilling of marine natural
gas hydrate should be intense research to effectively reduce the friction of
drilling tools and avoid well blockage. The research was carried out through
FLUENT simulation, orthogonal test analysis, rock carrying experiment verifi-
cation. The critical velocity charts of different hydrate abundance, hydrate-
cuttings particle size and drilling fluid density were obtained. Simulation results
show that: The critical rock-carrying velocity increases with the increase of the
grain size of hydrate-cuttings, decreases with the increase of drilling fluid
density, and decreases with the increase of hydrate abundance. Orthogonal test
method was used to evaluate the influence of various factors on rock carrying
capacity: hydrate-cuttings particle size > hole enlargement way > hydrate
abundance > drilling fluid density. The influence of different ways of diameter
enlargement on the law of rock carrying is greatly considered in the paper. The
research results provide an early technical support for the construction parameter
optimization and well control safety of horizontal well exploitation models in
marine natural gas hydrate reservoir.
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1 Introduction

Natural gas hydrate is a kind of white crystalline clathrate compound formed by
hydrocarbon molecules such as methane and water molecules under low temperature
and high pressure. It looks like ice and is commonly called “combustible ice” [1, 2].
Natural gas hydrate is characterized by high density, high calorific value and wide
distribution and so on [3]. Its carbon content is equivalent to twice the total carbon
content of proven fossil energy sources in the world, which can be used as an
unconventional and clean energy to replace the global oil and gas [4]. In the 21st
century, as a clean energy source, natural gas hydrates is mainly distributed in the
terrestrial permafrost and the water depth of 300–3000 m, of which about 90% are
stored in deep sea areas [5]. According to incomplete statistics, the total amount of
natural gas hydrate resources in the world is about 2.1 � 1016 m3, while the total
amount of natural gas hydrate in China is about 80.1 � 1012 m3, among which the
content of the South China sea, the East China sea, the Qinghai-Tibet Plateau and the
Northeast permafrost are 64.2 � 1012 m3, 3.38 � 1012 m3, 12.5 � 1012 m3 and
2.8 � 1012 m3 respectively [6–8]. Facing such a huge amount of resources, how to
efficiently and safely develop marine natural gas hydrates has always been a research
hotspot in China and the world.

During the drilling of horizontal wells in the marine gas hydrate layer, hydrate
particles and cuttings particles will migrate with the drilling fluid in the horizontal
annulus. Due to the gravity, it is easy to deposit in the horizontal section, occurring the
accumulation of cuttings, and the cuttings bed will be formed, which is not beneficial to
bring up cuttings and results in the decrease of wellbore purification ability. Then the
extended capability of the horizontal well will be restricted and the friction torque of
the drilling tool will increase, which may cause blockage of the wellbore in severe
cases [9–12].

At present, the research on the law of carrying cuttings of conventional oil and gas
field drilling has been relatively mature at home and abroad, but there are few studies
on the problem of carrying cuttings in the development of deep sea gas hydrate.
Therefore, this paper refers to the influence factors of carrying cuttings in the con-
ventional oil and gas field drilling process, using FLUENT simulation technology to
simulate the hydrate-carrying capacity of right-angle expansion, 45-degree angle
expansion and arc expanding. This paper mainly studies the critical velocity of carrying
rock under the condition of different hydrate abundance, hole enlargement way,
hydrate-cuttings particle size and drilling fluid density. And the influence order and
optimal combination of each influencing factor are determined by orthogonal test
analysis method, which provides early technical support for the optimization of
operation parameters and well control safety of horizontal well exploitation mode of
marine gas hydrate reservoir.
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2 Modeling

2.1 Geometric Model

Using Creo2.0 software, the geometric model of the horizontal pipe section with a
length of 4.35 m, inner diameter of 0.127 m and outer diameter of 0.216 m is estab-
lished. The lengths and diameters of right-angle, 45-degree angle and arc expanding
section are all 1 m and 0.32 m, respectively, and the expanding ratio is 1.5 times.

The geometric models of the right-angle, 45-degree angle and arc expansion are
respectively imported into Meshing in Workbench15.0 for mesh division, and the
changes of physical parameters in the boundary region are not taken into account.
Among them, the right-angle hole enlargement model partitioning grid number is
869988, node number is 172672; the 45-degree angle hole enlargement model parti-
tioning grid number is 865937, node number is 171835; the grid number of arc
expanding is 831509, the number of nodes is 165028. The drilling fluid inlet, outlet,
inner wall and outer wall are named respectively. The geometry schematic diagrams of
the right-angle, 45-degree angle and arc expansion geometry are shown in Fig. 1.

2.2 Basic Assumptions and Physical Models

The basic assumptions made in the modeling process are as follows:

(1) The flow process conforms to the continuous medium principle, that is, the
hydrate particles are all continuous media.

(2) The transfer of interphase mass in the hydrate slurry is not considered, that is, the
formation and decomposition of hydrate are ignored.

(3) Ignoring the fluid is a compressible medium.
(4) The law of conservation of mass, momentum and energy all are satisfied in the

flow process of the pipeline.

(a) Right-angle 

(b) 45-degree angle

(c) Arc

Fig. 1. Schematic diagram of different hole enlargement way model in horizontal section
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Based on these basic assumptions, the physical models used are mainly multi-phase
flow model and turbulence model.

The multi-phase flow model adopts particle quasi-fluid model, also known as the
Euler-Euler model, which is composed of continuity equation, momentum equation,
energy equation and fluid composition equation.

Continuity equation:
Gas phase:

@

@t
ðAqgEgÞþ @

@s
ðAqgmgEgÞ ¼ qg � xgrH ð1Þ

Liquid phase:

@

@t
ðAqmEmÞþ @

@s
ðAqmmmEmÞ ¼ �ð1� xgÞrH ð2Þ

Hydrate-cuttings:

@

@t
ðAqcEcÞþ @

@s
ðAqcmcEcÞ ¼ qc ð3Þ

Momentum equation:

@

@t
ðAEgqgmg þAEmqmmm þAEcqcmc þAEHqHmHÞþ

@

@s
ðAEgqgm

2
g þAEmqmm

2
m

þAEcqcm
2
c þAEHqHm

2
HÞþAg cos aðEgqg þEmqm þEcqc þEHqHÞþ

dðApÞ
ds

þ dðAFrÞ
ds

¼ 0

ð4Þ

Energy equation:

@

@t
ðqlElðhþ 1

2
m2 � g � s � cos hÞAt þ

@ðwlðhþ 1
2 m

2 � g � s � cos hÞÞ
@s

Þ ¼ 2
B0 ðTa � TtÞ

ð5Þ

Fluid composition equation:

@

@t
ðqYsÞþ @

@xj
ðqtjYsÞ ¼ @

@xj
ðle
rY

@Ys
@xj

Þ � xs þ as
X

nkmk ð6Þ

Where: qg, qm, qc, qH are the density of gas, drilling fluid, cuttings and hydrate,
respectively, kg/m3; mg, mm, mc, mH are the velocity of gas output, drilling fluid and
hydrate, respectively, m/s; qc is cuttings formation rate, kg/s; Eg is the volume fraction
of the produced gas, dimensionless; A is annulus area, m2; qg is the decomposition rate
of the hydrate layer per unit length, kg/(s m); xg is the mass fraction of natural gas in
gas hydrates, dimensionless; rH is the rate of formation of gas hydrate particles per unit
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length, kg/(s m); a is hole drift angle, rad; Fr is annulus friction, Pa; p is annulus
pressure, Pa. h is enthalpy, it’s made up of internal energy and pressure energy; wl are
the mass flow of gas and liquid phase, respectively, kg/s; Eg, El are the volume fraction
of gas and liquid phase, respectively, dimensionless; Ta, Tt are the temperature of
annulus and drill pipe, respectively, °C.

The turbulence model is the standard k � e model.

2.3 Parameter Setting and Model Solving

The geometric model was imported into FLUENT to set boundary parameters:
(1) The hydrate density is 950 kg/m3, and the cuttings density is 2600 kg/m3. (2) It

is assumed that the hydrate particle abundance is 10%, 20% and 30% respectively.
Then, the corresponding hydrate-debris particle density is calculated as 2435 kg/m3,
2270 kg/m3 and 2105 kg/m3 by weighted average. As the temperature and pressure
change little while moving in the horizontal section, the decomposition amount of the
hydrate particles is very small, so the decomposition rate is approximately zero.

Firstly, the geometric model with parameters was imported into FLUENT15.0, and
then the coupling interface edem_udf of EDEM2.7 was imported into FLUENT15.0.
The k-epsilon model was selected, seawater drilling fluid and methane gas were set in
the FLUENT15.0. Among them, the operation steps of EDEM2.7 are:

(1) Importing the model, setting the material steel and particle.
(2) Setting the particle diameter to 4 mm, and the particle size was randomly gen-

erated according to 1 ± 0.05 times of diameter during simulation.
(3) Setting the rotational speed of the horizontal segment model to 30 rad/s.
(4) The virtual area, the area of generating particles, set as four symmetric small

circles with a radius of 35 mm.
(5) Coupling Server coupling switch, click Start to start coupling.

3 The Critical Flow Velocity Plate

3.1 Hydrate Abundance 10% and Particle Size 4 mm

Gas hydrate abundance, particle size, generation speed, rotating speed and bit size are
set as 10%, 4 mm, 3000 particle/s, 30 rad/s and 215.9 mm, respectively. After 10 s
simulation time, the particle distribution maps of different flow velocities after carrying
rock for 10 s are shown in Figs. 3, 4 and 5 respectively.

As indicated in Fig. 2, when the drilling fluid flow rate is 0.8 m/s, a large number
of particles are accumulated on the left under right-angle expansion. When the drilling
fluid flow rate increase to 0.9 m/s, the particles piled on the left side have been
significantly reduced. When its rate reaches to 1 m/s, the number of particles packing is
basically the same as that of particles at 0.9 m/s.
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In Fig. 3 when the drilling fluid flow rate is 0.6 m/s, large quantities of particles are
accumulated on the left under 45-degree angle expansion. However, the particle has
been significantly reduced by at half while the drilling fluid flow rate rise to 0.7 m/s,
and the particle situation of 0.7 m/s are the basically same as 0.8 m/s. Compared with
the right-angle expansion, the 45° angle is more inclined than the right-angle, the
cuttings particles more easily from escaping from the 45° angle hole enlargement
section.

Fig. 2. Particle distribution map after 10 s simulation time with different velocity under right-
angle expansion

Fig. 3. Particle distribution map after 10 s simulation time with different velocity under 45-
degree angle expansion
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In Fig. 4, when the drilling fluid flow rate is 0.3 m/s, large quantities of particles
are accumulated on the left under arc expansion. When the drilling fluid flow rate
increase to 0.4 m/s, the volume of the left part is greatly reduced. When its rate reaches
to 1 m/s, there is substantially no particle accumulation at arc expansion section.

Therefore, the critical rock-carrying flow velocity of drilling fluid for the right-
angle expansion, 45-degree angle expansion and arc expansion are 0.9 m/s, 0.7 m/s
and 0.4 m/s respectively.

3.2 Different Hydrate Abundance and Particle Size

The four particle sizes of 2 mm, 4 mm, 6 mm and 8 mm are respectively simulated
under the condition of the hydrate abundance of 10%, 20% and 30%, that is, each
hydrate abundance value should be simulated for the corresponding four particle sizes.
The critical flow velocity plate could be obtained as shown in Fig. 5.

It can be seen from Fig. 5 that in the three hole enlargement way, the critical flow
velocity for carrying cuttings increases with the increase of the particle size of the
hydrate-rock debris when the hydrate abundance is constant; the critical flow rate
decreases with the increase of hydrate abundance when the particle size of the hydrate-
rock debris is constant. When the hydrate abundance and the particle size of the
hydrate-rock debris are both constant, the carrying cuttings capacity in right-angle
expansion method is the poorest, the carrying cuttings capacity in 45-degree angle
expansion method is medium, and the carrying cuttings capacity in arc expanding
method is the best. The reasons for this phenomenon are as follows: (1) Because of the
increase of hydrate abundance, the density of cuttings decreases and the critical
velocity of carrying rock decreases. (2) As the particle size increases, the ability to

Fig. 4. Particle distribution map after 10 s simulation time with different velocity under arc
expansion
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jump again decreases after collision between particles and pipe wall, and between
particles and pipe wall. The increase of particle size also increases its gravity, and the
drag force of the drilling fluid carrying particles increases, therefore the critical flow
velocity is increased in the expansion section.

3.3 Different Hydrate Abundance and Drilling Fluid Density

The four drilling fluid density of 1030 kg/m3, 1130 kg/m3, 1230 kg/m3 and
1330 kg/m3 are respectively simulated under the condition of the hydrate abundance of
10%, 20% and 30%, that is, each hydrate abundance value should be simulated for the
corresponding four drilling fluid density. The critical flow velocity plate could be
obtained as shown in Fig. 6 under three different hole enlargement way.

It can be seen from Fig. 6 that in the three different hole enlargement way, the
critical flow velocity for carrying cuttings decreases with the increase of the drilling
fluid density when the hydrate abundance is constant; the critical flow rate decreases
with the increase of hydrate abundance when the density of the drilling fluid is con-
stant. When the hydrate abundance and drilling fluid density are both constant, the
carrying cuttings capacity in right-angle expansion method is the poorest, the carrying

(a)Right-angle

(b)45-degree                                   (c)Arc

Fig. 5. The critical flow velocity plate of different hydrate abundance and particle size under
different hole enlargement way
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cuttings capacity in 45-degree angle expansion method is medium, and the carrying
cuttings capacity in arc expanding method is the best. The reasons for this phenomenon
are as follows: (1) Because of the increase of hydrate abundance, the density of cuttings
decreases and the critical velocity of carrying rock decreases. (2) As the drilling fluid
density increases, the drag force of the drilling fluid carrying particles increases,
therefore the critical flow velocity is increased in the expansion section.

4 Orthogonal Test Analysis

Orthogonal test method is a method to study multi-factor and multi-level problem. The
influence level of each factor can be determined by the statistical analysis of experi-
mental results by orthogonal test method. The orthogonal test method can compre-
hensively analyze the influence of various factors on rock carrying capacity, and the
influence magnitude can be sorted to get the best combination.

In this orthogonal test, four experimental factors are selected, which are expansion
mode, hydrate-cuttings particle size, hydrate abundance and drilling fluid density, and
three levels are selected for each factor. The critical velocity of carrying rock is taken as

(a)Right-angle

(b)45-degree                      (c)Arc

Fig. 6. The critical flow velocity plate of different hydrate abundance and drilling fluid density
under different hole enlargement way
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the test index. Under the horizontal wells drilling in marine gas hydrates, the factors
influencing of the rock carrying capacity are shown in Table 1 and the results of the
analysis are shown in Table 2.

As shown in Table 2, the test results of no. 8 A3B2C1D3 showed the minimum
critical velocity (0.1 m/s), which was the best of all the 9 tests. This is the optimal level
combination selected from the experiment. Hydrate-cuttings particle size is the most
important factors influencing of horizontal wells drilling in marine gas hydrate, which
should be considered in practical operation. The order of the four factors is: hydrate-
cuttings particle size > expansion mode > hydrate abundance > drilling fluid density.
The optimal combination under the simulated working condition is: arc expansion,
hydrate abundance 20%, hydrate-cuttings particle size 2 mm, drilling fluid density
1230 kg/m3.

Table 1. Factors influencing and levels of rock carrying capacity

Factors Levels
1 2 3

Expansion mode (A) Right-angle 45-degree angle Arc
Hydrate abundance (B) 10% 20% 30%
Hydrate-cuttings particle size (C) 2 4 6
Drilling fluid density (D) 1030 1130 1230

Table 2. Results of orthogonal test analysis on rock carrying capacity

Case Factors Test index
A B C D Critical flow velocity m/s

1 Right-angle 10% 2 1030 0.9
2 Right-angle 20% 4 1130 1
3 Right-angle 30% 6 1230 1
4 45-degree 10% 4 1230 0.7
5 45-degree 20% 6 1030 1.1
6 45-degree 30% 2 1130 0.5
7 Arc 10% 6 1130 0.9
8 Arc 20% 2 1230 0.1
9 Arc 30% 4 1030 0.4
K1 2.9 2.5 1.5 2.4
K2 2.3 2.2 1.2 2.4
K3 1.4 1.9 3 1.8
k1 0.967 0.833 0.500 0.800
k2 0.767 0.733 0.400 0.800
k3 0.467 0.633 1.000 0.600
R 0.5 0.2 0.6 0.2
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Since the orthogonal test is only 1/9 all the 34, 81 experiments, it is necessary to
verify whether A3B2C1D3 is optimal by using the trend chart of the influence of various
factors on critical flow velocity of carrying rock.

In order to judge intuitively, the factors influencing are used as the abscissa, the
average value of the index as the ordinate according to the data in Table 2, which
draws the trend chart of the influence of various factors on critical flow velocity of
carrying rock, as shown in Fig. 7. When comparing Ki values, the minimum Ki level is
taken as the optimal level. Among them, Ki is the sum of indicators and data of
repeated tests at all levels; ki is the average of the indicators.

In the influence trend chart, the magnitude of the rise and fall of the horizontal
change point indicate the influence degree of this factor on the critical velocity of
carrying rock. As shown in Fig. 7, hydrate-cuttings particle size has changed radically,
which shows that hydrate-cuttings particle size plays a major role in influencing the
critical rock-carrying velocity; the change range of expansion mode is also large,
followed by the influence. The order of the four factors is: hydrate-cuttings particle
size > expansion mode > hydrate abundance > drilling fluid density, which is con-
sistent with the quantitative discussion results of the above test.

5 Experimental Simulation Verification

In order to further verify the accuracy of simulation, referring to Experimental research
on horizontal circulation pipeline of hydrate slurry by my experimental team [13, 14],
the law of carrying cuttings in horizontal well drilling of marine natural gas hydrate
was obtained.

Since the whole experimental device has only arc section, only the experimental
results and numerical simulation results of rock carrying in the arc section are verified.

Fig. 7. The trend chart of the influence of various factors on critical flow velocity of carrying
rock
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5.1 Experimental Research on Horizontal Circulation Pipeline
of Hydrate Slurry

In the experimental research on horizontal circulation pipeline of hydrate slurry, the
displacement of governor pump gear is gradually increased from 0, and the solid phase
particle migration in the horizontal pipeline is monitored in real time. Then, recording
the displacement of solid particles at the critical start-up, the experimental data under
different solid particle sizes and different hydrate volume fractions are shown in
Tables 3 and 4, respectively.

5.2 Comparisons of Simulation with Experiment

By comparing the experimental data with the numerical simulation, the experimental
and theoretical correlation curve of the critical start-up velocity under different solid
particle sizes and different hydrate volume fractions are shown in Fig. 8.

It can be seen from Fig. 8, with the increase of solid particle size, the critical starting
flow velocity increases. The numerical simulation results are consistent with the exper-
imental results that the error is less than 9.62%. With the increase of volume fraction of
hydrate in solid particles, the critical starting flow velocity decreases. The numerical
simulation results are consistent with the experimental results that the error is less than
8.52%. By comparing the numerical simulation with the experiment, the accuracy of the
establishment of the critical flow velocity plate of marine gas hydrate is verified.

Table 3. The experimental data under different solid particle sizes

Solid
particle
sizes,
mm

Hydrate
volume
fractions in
solid
particle, %

The displacement
of solid particles
at the critical start-
up, L/s

The velocity of
solid particles at
the critical start-
up, m/s

The simulation
velocity of solid
particles at the
critical start-up, m/s

2 16 0.96 0.211 0.181
5 16 1.20 0.263 0.283
8 16 1.87 0.410 0.290
10 16 1.94 0.425 0.440

Table 4. The experimental data under different hydrate volume fractions

Solid
particle
sizes,
mm

Hydrate
volume
fractions in
solid
particle, %

The displacement
of solid particles
at the critical start-
up, L/s

The velocity of
solid particles at
the critical start-
up, m/s

The simulation
velocity of solid
particles at the
critical start-up, m/s

5 16 1.2 0.263 0.285
5 32 1.19 0.261 0.250
5 48 1.05 0.230 0.213
5 64 0.68 0.149 0.175
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6 Conclusions

(1) This paper establishes three different hole enlargement way models: right-angle
expansion method, 45-degree angle expansion method, and arc expanding
method. And coupling simulations with EDEM and FLUENT are carried out to
obtain the critical flow velocity plate required in the carrying cutting.

(2) In the three different expansion methods, the critical flow velocity required for
carrying cuttings increases with the increase of the particle size of the hydrate-
rock debris when the hydrate abundance is constant, and the critical flow velocity
required for carrying cuttings decreases with the increase of drilling fluid density,
the critical flow rate required for carrying cuttings decreases with the increase of
hydrate abundance when the density of the drilling fluid is constant.

(3) According to the analysis of orthogonal test, the order of the factors influencing
the carrying capacity is as follows: hydrate-cuttings particle size > expansion
mode > hydrate abundance > drilling fluid density.

(4) Compared with the experimental results, the numerical simulation results are
consistent with the experimental result, the accuracy of the establishment of the
critical flow velocity plate of Marine gas hydrate is verified.
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(a)Under different solid particle sizes                            (b)Under different solid particle sizes

Fig. 8. The experimental and theoretical curves of the critical velocity of particles
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