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a b s t r a c t

Radial well filled with phase change material has been proposed as a novel sand control method for
hydrate exploitation. In order to reveal the sand control mechanism, CFD-DEM coupling method is
applied to simulate the migration, settlement, and blockage processes of sand particles in the radial well.
The obtained results indicate that three scenarios have been recognized for sand particles passing
through sand control medium, based on the diameter ratio of sand control medium to sand particle (Dd):
fully passing (Dd ¼ 8.75e22.5), partially passing and partially blocked (Dd ¼ 3.18e5.63), and completely
blocked (Dd ¼ 2.18e3.21). After being captured by the sand control medium, sand particles can block
pores, which increases fluid flow resistance and causes a certain pressure difference in the radial well.
The pressure in the radial well should be lower than the hydrate phase equilibrium pressure during sand
control design, for the purpose of promoting hydrate decomposition, and sand capture. The length of the
radial well should be optimized based on the reservoir pore pressure, production pressure difference,
bottom hole pressure, and the pressure gradient in the radial well. It should be noticed that the sand
control medium leads to a decrease in permeability after sand particles captured. Even the permeability
is reduced to several hundred millidarcy, it is still sufficient to ensure the effective flow of gas and water
after hydrate decomposition. Increasing fluid velocity reduces the blocking capacity of the sand control
medium, mainly because of deterioration in bridging between sand particles.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Sand production is one of the key factors that restricts hydrate
exploitation. Reasonable and effective sand control is a guarantee
for hydrate development. The hydrate reservoir in the South China
Sea is mainly composed of clay fine silt, with a median particle
diameter of about 10e15 mm. The clay content reaches as high as
25%e50% (Zhang et al., 2017; Liu et al., 2020; Li et al., 2023). The
ng009@outlook.com (Y. Sun).
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characteristics of high clay content and ultra-fine silt make it more
difficult to sand control in the hydrate reservoir compared to the
conventional oil and gas reservoir (Xu et al., 2022; Shaibu et al.,
2021; Mahmood and Guo, 2023; Liu et al., 2022). Therefore,
higher requirements are proposed on sand control technology.

A large amount of exploratory research has been conducted by
scholars on sand control in hydrate reservoir, among which me-
chanical filter sand pipe and gravel packing are the two major
technologies currently being studied. Jung et al. (2012) analyzed
the production form of sand particles in hydrate reservoir and the
impact of their migration on hydrate productivity, emphasizing the
importance of sand control in hydrate development. Lee et al.
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(2013) tested the sand control accuracy of 60 and 100 mm sand
screens, and analyzed their dynamic performance. Ding et al. (2019)
analyzed sand production and sand blocking in a clay-rich fine sand
hydrate reservoir in the Liwan area of the South China Sea, and
proposed the optimal ratio between gravel size, filtration screen
pore size, andmedian grain size of sand. Li et al. (2017) proposed an
approach to gravel size design for silt fine sand hydrate reservoir.
This method was used to design gravel size of 215e360 mm for sand
control in Shenhu hydrate reservoir of the South China Sea. Yu et al.
(2019) established a model of equivalent pore size based on a
combination of mixed particle sizes, and verified that gravel with a
size of 230e320 mm can block a large amount of sand production
from hydrate reservoir with grain size below 40 mm. Dong et al.
(2018) systematically evaluated the sand control performance of
eight types of screens, including composite precision filter pipe,
micro-slit filter pipe, wrapped wire filter pipe. They believed that
mechanical filter sand pipe is feasible in controlling sand produc-
tion in high-clay content fine sand hydrate reservoir. Li et al. (2021)
designed a gravel packing sand control completion method for
horizontal well development in hydrate reservoir based on alpha-
beta wave circulation filling model. By controlling wellbore pres-
sure and pump program, the gravel was filled into screen annulus
and perforation holes. Ning et al. (2020) pointed out that sand
prevention and control should not only be focused on sand control
medium, but also on production system, such as controlling pres-
sure drop rate, setting reasonable production pressure difference,
and water production rate to reduce the risk of sand production.

Sand control measure has been taken in global hydrate pro-
duction trials. For onshore permafrost hydrate production, me-
chanical sand control method is mainly used. Due to the short trial
production period, although sand production occurs, no excessive
measure is taken to handle it. In 2013, the first offshore hydrate
production trial of Japan used screen pipes and gravel packing for
sand control (Oyama and Masutani, 2017). The median sand par-
ticle diameter is 44 mmand the sand control medium adopts 40e60
mesh (425e250 mm) ceramic particles. But it failed due to gravel
movement caused by hydrate decomposition. Sand and filling
gravel entered thewellbore, resulting in sand production exceeding
30 m3 within 6 days. In 2017, the GeoFROM systemwas used in the
second offshore hydrate production trial of Japan (Du et al., 2019).
Polymer was used as sand control medium, which achieved good
sand control results. The first offshore hydrate production trial of
China in 2017 used sand control screens, achieving successful sand
control during production (Li et al., 2018). The second trial in 2020
used a three-level composite sand control method combining
coarse and fine gravel packing with high-precision pre-filled
screens (Ye et al., 2020). A small amount of sand appeared in the on-
site produced water, with an average median particle diameter of
12.84 mm.

In summary, the conventional sand control technology, such as
mechanical sand control screens and gravel packing, is still being
used in hydrate production at present. However, this technology is
limited to near-wellbore area. Fine sand and high-clay content will
accumulate around the wellbore, blocking fluid flow channels and
reducing hydrate production capacity. At present, there is a lack of
mature and efficient sand control technology for marine hydrate
reservoir. Innovative research is needed from the source to estab-
lish an effective sand control method for hydrate reservoir.

Phase change material filled in the radial well has been pro-
posed in our previous research (Liu et al., 2023) as a novel sand
control method for hydrate reservoir (Figs. 1 and 2). In this method,
liquidesolid phase change material (LSP) is used, which is injected
in the liquid phase and gradually forms solid particles as sand
control medium. By using radial well to transport LSP to the interior
of the hydrate reservoir, the sand control area is expanded.
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However, the sand control medium in the radial well affects the
migration of fluid and sand particles. Micro-flow process of fluid
carrying sand particles through sand control medium is unclear.
This study uses the computational fluid dynamics and discrete
element method (CFD-DEM) coupling method to establish a nu-
merical model to simulate the migration of fluid carrying sand
particles. The migration, settlement and blockage of sand particles
are detailed analyzed, and themicro sand control mechanism of the
radial well filled with sand control medium is revealed.

2. Mathematical model

A numerical model to simulate the migration of fluid carrying
sand particles in sand control medium is established using the CFD-
DEM coupling method. This method considers the interaction
forces between sand particles and fluid, which can better simulate
the two-phase movement of sand particles and fluid. Fluid flow is
calculated using the CFD model, following the mass conservation
equation, the NeS momentum equation, and the keε turbulent
equation. Sand particle movement is calculated using the DEM
model, following Newton's second law. The momentum transfer
between fluid and sand particles is achieved through volume
fraction, pressure, and velocity transmission. By updating flow field
and particle trajectory, the coupling of fluid and sand particles is
achieved, and the process of sand migration, settlement and
blockage in radial wells filled with LSP is simulated.

2.1. Fluid control equation

2.1.1. Mass conservation equation
Euler method is used to calculate fluid flow. Fluid has inde-

pendent physical parameters such as velocity field, concentration
field and pressure field. The influence of sand particles on fluid flow
is mainly reflected by fluid volume fraction and momentum ex-
change source between fluid and sand particles (Shao et al., 2017).
The mass conservation equation is expressed as follows:
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where af is the fluid volume fraction; rf is the fluid density, kg/m3;
uf is the fluid velocity, m/s.

2.1.2. Momentum equation
Momentum equation is expressed as follows:
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where P is the fluid pressure, Pa; tf is the fluid viscous stress tensor,
N/m2; t is time, s; g is the gravitational acceleration, m/s2;Mfs is the
momentum exchange source between the fluid and sand particles,
including collision force between particles and inter-phase mo-
mentum transfer; mf is dynamic viscosity of fluid, Pa s.

2.1.3. Fluid volume fraction model
Drop landing method is used to calculate fluid volume fraction.

Sample points are takenwithin a computational grid unit, and if the
sampled point is inside the boundary of particle surface, it is not
counted. This operation is performed on all points within the
computational grid unit. The proportion of fluid in the



Fig. 1. Schematic diagram of sand control medium filled in radial well for hydrate reservoir sand control (Liu et al., 2023).

Fig. 2. Implementation process and technology principle (Liu et al., 2023).
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computational grid unit is determined using the following formula
to obtain fluid volume fraction, as shown in Fig. 3.

af ¼
nf
N

(4)

where nf is the number of fluid points in the grid unit; N is the total
number of points in the grid unit.
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2.1.4. Turbulent equation
When fluid carrying sand particles migrates in the pores of sand

control medium, sand particles can block some pore spaces and
compress fluid flow channels, causing a sudden change in fluid
velocity. Besides, the jumping movement of sand particles in pores
and the surface heterogeneity of sand control medium also cause
turbulent flow of fluid. In this research, turbulence intensity is
introduced to characterize the strength of fluid turbulence



Fig. 3. Distribution diagram of sampling points in computational grid cells.
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pulsation, as follows (Favier, 2008):

I¼u
u
¼ 0:16ðReÞ�1=8 (5)

Re¼ rfUL
mf

(6)

where U is the average fluid velocity, m/s; L is the characteristic
length, m; Re is the Reynolds number.

keε turbulent equation is used for fluid turbulent flow, and the
equations for turbulent kinetic energy and diffusion are as follows:
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where k is the turbulent kinetic energy, m2/s2; ε is the turbulent
dissipation rate, m2/s3; sk and sε are corresponding Prandtl
numbers for turbulent kinetic energy and turbulent dissipation
rate, respectively; Gk is the turbulent kinetic energy caused by
average velocity, kg/(m2 s2); m is the viscosity increment caused by
turbulence, Pa s; mt is the viscosity increment caused by turbulence,
Pa s.
2.2. Solid particle control equation

Sand particle in fluid is a discontinuous phase. The discrete
element method is used to solve the problem of discontinuous
2574
phase mechanics. The movement of sand particles is controlled by
Newton's second law. Particle displacement and angular velocity
are updated by iterative calculation. Sand particle motion equation
is as follows:

mp
dup
dt

¼ FC þ FA þ FV (10)

Ipc
dup

dt
¼ Tpc (11)

where mp is the mass of particle, kg; up is the linear velocity of
particle, m/s; FC is the resultant force of particle collision, N; FA is
the action force of fluid on particle, N; FV is the self-weight of the
particle, N; Ipc is the moment of inertia of particle, kg m2; up is the
angular velocity of particle, rad/s; Tpc is the contact moment of
force generated by contact between particles, N m.

Resultant force and force moment generated by the collision
between particles are expressed as follows (Michael et al., 2015):

FC ¼ Fc;n þ Fc;t (12)

MC ¼dpFc;t
	
2 (13)

where dp is the particle diameter, mm; Fc;n is the normal contact
force, N; Fc;t is the tangential contact force, N.

Drag force and lift force of fluid on sand particles are expressed
as

FA ¼ Fd þ F1 (14)

Mfs ¼Msf (15)

where Fd is the fluid drag force, N; F1 is the fluid lift force, N;Msf is
the torque on sand particles, N m.

Mechanical forces of particle consist of gravity and inertial
forces, which are equivalent to the force experienced by themass of
particle center (Chaudhuri et al., 2006).

FV ¼ Fz þ Fp (16)

where Fz is the gravity of particle, N; Fp is the inertial force, N.
The collisional force and torque between particles are calculated

using a soft-sphere model. Overlap between particles is permitted,
which can describe the change in interaction between particles
from contact to separation (Zhou et al., 1999).

The contact force between particles is calculated based on
HertzeMindlin theory. The normal and tangential contact forces
are expressed as follows:

Fc;n ¼ � knd
3=2
n n� cnup;n (17)

Fc;t ¼ � ktdtn� ctup;t (18)

where kn and kt are the normal and tangential stiffness coefficients,
respectively; dn and dt are the normal and tangential overlap dis-
tances between colliding particle, respectively, mm; n is the normal
unit vector between contacting particles; cn and ct are the normal
and tangential damping coefficients, respectively; up;n and up;t are
the normal and tangential velocity, respectively, m/s.

2.3. Model description

Based on the characteristics of hydrate reservoir in the South
China Sea, a geometric model is established, as shown in Fig. 4.



Fig. 4. Geometric model.
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Restricted by the particle number on calculation efficiency, the
geometric model size is small. A cylindrical body with a length of
2.938 mm and a diameter of 0.61 mm is used to simulate the radial
well. Sand control medium composed of spherical particles is
placed in the middle of radial well, with a length of 1.55 mm. Fluid
carrying sand particles flows through sand control medium from
the left to the right in the radial well. The outlet is designed to allow
only fluid to flow out and not sand particles, in order to count the
uncaptured sand particles. The inlet boundary condition is set to
constant fluid velocity, while the outlet boundary condition is set to
constant pressure. Other parameters are listed in Table 1.

3. Model verification

The migration and settlement of suspended particles in micro-
porous medium system is difficult to observe experimentally at
microscopic level. Accordingly, there are few reports on the
microscopic experiments of migration of sand particles in porous
medium. Nevertheless, related research on the transport of large-
diameter proppants carried by fracturing fluid in fractures has
been reported (Guo et al., 2022), which provides valuable results for
reference.

Tong and Mohanty (2016) used a visualization device (shown in
Fig. 5(a)) to carry out experiments on the transport and settlement
of proppants carried by fracturing fluid in branching fractures. The
branching fractures used a transparent plate, with an angle of 90�

between the two branches. The fracturing fluid carrying proppants
flowed into the transparent plate from inlet. After proppants
deposited in branching fractures, its placement morphology was
captured by high-definition camera, while the excess fluid flowed
out from outlet.

Based on the experiments conducted by Tong and Mohanty
(2016), a similar numerical model is established using the CFD-
DEM coupling method proposed in this study, as shown in
Fig. 5(b). By comparing the numerical results with experimental
results from Tong and Mohanty (2016), the accuracy of the CFD-
Table 1
Parameters of the model.

Parameter

Sand control medium Diameter, m
Density, kg/
Young's mo
Poisson's ra

Sand particles Diameter, u
Density, kg/
Poisson's ra
Young's mo

Fluid Density, kg/
Viscosity, m
Velocity, m/
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DEM coupling method proposed in this study is verified. Numeri-
cal model parameters are listed in Table 2, and the comparison
results are shown in Fig. 6 and Table 3.

As shown in Fig. 6, the distribution patterns of proppants in
experimental and numerical results are compared. The red line
indicates fracture 1 to the left and fracture 2 to the right, and the
black line indicates the intersection of the two fractures. Under
identical injection and fracture parameters, the experimental and
numerical results are similar. The height and area ratio of proppants
are shown in Table 3. The error between numerical and experi-
mental results is within an acceptable range. Therefore, the CFD-
DEM coupling method used in this study conforms to the experi-
mental laws, and has a certain degree of accuracy.

4. Results and analyses

4.1. Diameter ratio

Sand control medium forms a porous system by mutual stack-
ing, providing flow channels for fluid and sand particles. The ability
of sand particles with different diameters to pass through the
porous system is different, which means that the blocking ability of
sand control medium to sand particles with different diameters is
different. The blocking ability of sand control medium is directly
dominated by sand particle diameter and sand control medium
diameter. In order to quantitatively characterize the relationship
between the diameter of sand particle and sand control medium,
diameter ratio (Dd) is introduced, and defined as the ratio of sand
control medium diameter to sand particle diameter.

Taking sand control medium with diameter of 70e90 mm as an
example, its blocking ability to sand particle with diameter of 4e8,
16e22, and 28e32 mm (with Dd of 8.75e22.5, 3.18e5.63, and
2.18e3.21, respectively) is analyzed. In this section, the fluid ve-
locity is 2 � 10�5 m/s and the count of sand particles is 3500.

Fig. 7 shows that the ability of sand particles to pass through
sand control medium can be divided into three situations based on
Value

m 70e90
m3 3200
dulus, Pa 2.5 � 108

tio 0.25

m 4e8, 16e22, 28e32
m3 2650
tio 0.25
dulus, Pa 1 � 108

m3 1000
Pa s 1
s 1 � 10�5e9 � 10�5



Fig. 5. Schematic diagram of experimental and numerical model.

Table 2
Numerical parameters.

Parameter Value Parameter Value

Length of fracture 1, mm 381 Density of proppant, kg/m3 2650
Length of fracture 2, mm 190.5 Diameter of proppant, mm 0.6
Height of fracture, mm 76.2 Viscosity of fluid, mPa s 1
Width of fracture, mm 2 Density of fluid, kg/m3 998.2
Branching angle, � 90 Injection rate of fluid, m/s 0.3
Sand ratio, % 7.5
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the Dd: fully passing (Dd ¼ 8.75e22.5), partially passing and
partially blocked (Dd ¼ 3.18e5.63), and completely blocked
(Dd ¼ 2.18e3.21). When Dd is equal to 8.75e22.5, the diameter of
sand particle is relatively small compared to the pore size of sand
control medium. Sand particles fail to form bridge, so they can only
adhere to the surface of sand control medium by gravity and
interfacial tension. However, small sand particle is significantly
influenced by fluid drag force, making it difficult to adhere to the
surface of sand control medium by gravity and interfacial tension.
Ultimately, sand particles almost fully pass through sand control
medium (Fig. 7(a)). When Dd is equal to 3.18e5.63, the sand
diameter increases to a point where sand particles are able to
adhere to the pores of sand control medium by bridging. As a result,
some sand particles are blocked by sand control medium due to
Fig. 6. Comparison between experi

Table 3
Comparison between experimental and numerical results.

Height, mm

Fracture 1

Experimental results from Tong and Mohanty (2016) 60.06
Numerical results from CFD-DEM simulation 61.93

Error, % 3.11
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bridging, while others pass through sand control medium without
forming bridges (Fig. 7(b)). When Dd is equal to 2.18e3.21, the
diameter of individual sand particle is larger than that of sand
control medium pores, resulting in almost complete blockage of
sand particles (Fig. 7(c)).

Fig. 8 shows the number of sand particles in the radial well with
different Dd. Sand particles located within 0.5 mm from the radial
well tip are those that are blocked and do not enter sand control
medium. When Dd is equal to 2.18e3.21, sand particles are mainly
distributed before 0.5 mm, indicating that most sand do not enter
sand control medium. Sand particles located between 0.5 and
2.25 mm are those that are blocked and trapped in sand control
medium. Sand particles with Dd of 3.18e5.63 aremainly distributed
in this area. Sand particles located beyond 2.25 mm are those
passing through sand control medium. Sand particles with Dd of
8.75e22.5 are mainly distributed in this area. Based on the distri-
bution of particle numbers, the blocking rate of sand particles by
sand control medium can be further calculated, which is defined as
the percentage of sand particles not passing through sand control
medium to the total number of sand particles. The blocking rate of
sand control medium is 5.52%, 60.08%, and 99.96% when Dd is
8.75e22.5, 3.18e5.63, and 2.18e3.21, respectively (Fig. 9).

Figs. 10 and 11 show the pressure distribution in the radial well
under three Dd conditions. When Dd is between 8.75 and 22.5, sand
particles almost pass through sand control medium, resulting in a
mental and numerical results.

Area ratio

Fracture 2 Fracture 1 Fracture 2

63.11 0.58 0.37
64.84 0.61 0.42

2.75 5.63 12.87



Fig. 7. The blocking ability of sand control medium on sand with different Dd.

Fig. 8. The number of sand particles in the radial well with different Dd.
Fig. 9. Blocking rate of sand control medium with different Dd.

X.-Q. Liu, Z.-X. Han, Z.-L. Luo et al. Petroleum Science 21 (2024) 2571e2582
small pressure difference (55.5 Pa) in the radial well. However,
when Dd ¼ 3.18e5.63 and Dd ¼ 2.18e3.21, a large amount of sand
particles are trapped by sand control medium, causing a significant
pressure difference (283.5 and 349 Pa, respectively) in the radial
well. Based on the pressure distribution in Fig. 11, the pressure
gradients for Dd of 8.75e22.5, 3.18e5.63, and 2.18e3.21 can be
further calculated as 0.032, 0.162, and 0.199 MPa/m, respectively. It
can be seen that the pressure gradient in the radial well signifi-
cantly increases after sand control medium blocking particles.

The pressure in the radial well is a key factor that affects the
efficiency of hydrate decomposition. The prerequisite for sand
blocking by sand control medium in the radial well is that it does
not affect the decomposition of natural gas hydrate. As shown in
Fig. 12, ideally, the bottom hole pressure (P0) should be effectively
transmitted to the reservoir interior through radial well to promote
hydrate decomposition. However, sand particles trapped by sand
control mediumwill block pores, increase fluid flow resistance, and
cause a certain pressure difference (DP) in the radial well.
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Considering the pressure difference caused by sand control me-
dium blocking particles, if the pressure in the radial well is still
lower than hydrate phase equilibrium pressure (as shown in Fig. 12,
P1 < Ph), the hydrate around the radial well still can decompose. In
this case, the sand control medium in the radial well effectively
blocks sand without affecting hydrate decomposition, which is an
effective sand control method. However, if the pressure in the radial
well is higher than the hydrate phase equilibrium pressure (as
shown in Fig. 12, P2 > Ph), hydrate cannot decompose. In this case,
although the sand control medium effectively blocks sand, it has
seriously affected hydrate decomposition, which is an ineffective
sand control method. This situation should be strictly avoided in
actual production.

It can be seen from Fig. 12 that the length of the radial well filled
with sand control medium is not the longer the better. The length of
the radial well should be designed based on the pore pressure of
hydrate reservoir, production pressure difference, bottom hole
pressure, and pressure gradient in the radial well, as shown in Eqs.



Fig. 10. Pressure distribution in the radial well.

Fig. 11. Pressure distribution in the radial well with different Dd.
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(19) and (20):

DPp ¼ Phyr �
ðLr
0
PrdL� P0 (19)

P0 þ
ðL
0
PrdL< Ph (20)

where DPp is the production pressure difference, MPa; Phyr is the
pore pressure of hydrate reservoir, MPa; Pr is the pressure gradient
in the radial well, MPa/m; Lr is the length of the radial well, m; P0 is
the bottom hole pressure, MPa; Ph is the hydrate phase equilibrium
pressure, MPa.

The permeability of the sand control medium is another key
factor that affects hydrate exploitation. The radial well filled with
sand control medium should have a certain conductivity to provide
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fluid flow channels after hydrate decomposition. Especially when
the sand control medium blocks sand and causes pore space
blockage, permeability valuation is crucial. In this research, the
permeability of the sand control medium in the radial well is
calculated using Darcy's law for Newtonian fluids, as shown in Eq.
(21).

kr ¼ QmL
SðPin � PoutÞ (21)

where kr is the permeability in the radial well, mm2; Q is the volume
flow rate, cm/s; m is the viscosity of fluid, mPa s; L is the length of
the radial well, cm; S is the cross sectional area of the radial well,
cm2; Pin is the inflow pressure, 10�1 MPa; Pout is the outflow
pressure, 10�1 MPa.

According to Eq. (21), when Dd is 8.75e22.5, 3.18e5.63, and
2.18e3.21, the corresponding permeability of the sand control
medium is 1.1, 0.21, and 0.17 mm2, respectively (as shown in Fig. 13).
Although the permeability decreases obviously after sand control
medium blocking particles, 100e200 mD is sufficient to ensure the
effective flow of gas and water after hydrate decomposition.
4.2. Fluid velocity

Sand particles are carried and transported by fluid. The buoy-
ancy and drag force of fluid are major driving forces for sand
migration, which is affected by fluid velocity. In this section, sand
particles with diameter of 16e22 mm (Dd ¼ 3.18e5.63) are taken as
examples to analyze the blocking ability of sand control medium
when the fluid velocity is 1� 10�5, 3� 10�5, 5� 10�5, 7� 10�5, and
9 � 10�5 m/s. The results are shown in Figs. 14e18.

Figs. 14 and 15 show that increasing fluid velocity significantly
reduces blocking ability of sand control medium on sand particles.
This is because when Dd ¼ 3.18e5.63, sand particles adhere to the
pores of sand control medium by bridging. However, small-mass
sand particles are easily affected by the drag force of fluid, which
makes it difficult to adhere to the pores of sand control medium
through bridging. In addition, previously formed bridging between
sand particles is also easily destroyed and becomes unstable under
high fluid velocity. Therefore, with increasing fluid velocity, the



Fig. 12. Pressure in the radial well under different sand control conditions.

Fig. 13. Permeability with different Dd.
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number of sand particles captured by sand control medium de-
creases, while the number of sand particles passing through sand
control medium increases (Figs. 14 and 15).

Fig. 16 shows sand blocking rate of sand control medium with
different fluid velocity. When the fluid velocity is 1 � 10�5 m/s, the
blocking rate is 98.43%, and most of sand particles are captured by
the sand control medium. When the fluid velocity increases to
3 � 10�5 m/s, the blocking rate is 56.05%, a decrease of 43%
compared to that of fluid velocity of 1 � 10�5 m/s. When the fluid
velocity further increases to 9 � 10�5 m/s, the blocking rate is
31.14%, a decrease of 68% compared to that of fluid velocity of
1 � 10�5 m/s. It can be seen that increasing fluid velocity can
significantly reduce sand blocking rate. According to Darcy's law,
the fluid velocity is related to production pressure difference.
Therefore, under the condition of a certain hydrate reservoir pore
pressure, the fluid velocity can be controlled by adjusting bottom
hole pressure to achieve the adjustment of blocking ability of sand
control medium on sand particles.

Figs. 17 and 18 reflect the pressure and permeability in the radial
2579
well with different fluid velocity. When the fluid velocity is
1 � 10�5 m/s, the sand control medium blocks most of sand par-
ticles, resulting in significant pressure suppression in the radial
well. The pressure difference in the radial well is 398 Pa, and the
pressure gradient is 0.227 MPa/m. The permeability decreases to
0.07 mm2. When the fluid velocity is 9 � 10�5 m/s, the pressure
difference in the radial well is 94 Pa, and the pressure gradient is
0.054 MPa/m. The permeability in the radial well increases to 2.76
mm2.
5. Conclusions

(1) Diameter ratio (Dd) is the dominating factor in determining
whether sand particle can be captured. When Dd is equal to
8.75e22.5, the sand control medium fails to block sand, and
most sand particles can pass through sand control medium
smoothly. When Dd is equal to 3.18e5.63, large sand particles
can be blocked in form of bridging, while small sand particles
still can pass through sand control medium. When Dd is
equal to 2.18e3.21, sand particles fail to pass through sand
control medium.

(2) After being captured by the sand control medium, sand
particles block pores, which increases fluid flow resistance
and causes a certain pressure difference in the radial well.
The pressure in the radial well should be lower than the
hydrate phase equilibrium pressure during sand control
design. In this case, the sand control medium in the radial
well can effectively block sand without affecting hydrate
decomposition.

(3) The length of the radial well filled with sand control medium
should be well optimized. It can be designed based on the
pore pressure of the hydrate reservoir, production pressure
difference, bottom hole pressure, and pressure gradient in
the radial well.

(4) Increasing fluid velocity reduces the blocking capacity of the
sand control medium. Under the condition of a certain hy-
drate reservoir pore pressure, the fluid velocity can be
controlled by adjusting the bottom hole pressure to achieve
the adjustment of the blocking capacity of the sand control
medium.

(5) The sand control technology of the radial well filled with LSP
cannot totally restrict sand production. Other sand control



Fig. 14. The blocking ability of sand control medium on sand with different fluid velocity.

Fig. 15. The number of sand particles in the radial well with different fluid velocity.
Fig. 16. Blocking rate of sand control medium with different fluid velocity.
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Fig. 17. Pressure distribution in the radial well with different fluid velocity.

Fig. 18. Permeability with different fluid velocity.
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methods, such as gravel packing around production well and
mechanical sand control pipes, should also be adopted for
further sand control.
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