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Abstract

Oil or gas production from unconsolidated reservoirs could be hampered by sand migration near the wellbore. This paper
presents a numerical investigation of production-induced migration of fine sands towards a wellbore drilled in a gap-graded
sediment. The solid—fluid interaction is simulated by coupling the discrete element method and the dynamic fluid mesh.
With the merit of DEM and a dynamic mesh, the model is capable of naturally capturing particle movements and
spatiotemporal variations of hydraulic properties of the sediment at the pore scale. The results show that fine particles are
mobilized by radial flow under an imposed hydraulic gradient, and the increase in the hydraulic gradient causes an increase
in the fines production. The microscopic pattern of sand migration is clearly visualized through the simulation. The
presence of fine particles affects the process of fines migration through two competing mechanisms. Under a low fine
content, fine sands mainly serve as the fines production source, and thus, fines production is enhanced as the fine content
increases up to a critical value, beyond which fines production is weakened with a further increase in the fine content since
the blocking effect gradually dominates. A barrier layer is likely formed during sand migration due to settling and jamming
of fine sands at the throats of pores, as fine sands migrate with the radial flow towards the wellbore. This layer is helpful to
slow down sand migration, while it could impede production due to reduced permeability in the affected reservoir.

Keywords DEM - Dynamic fluid mesh - Fines migration - Unconsolidated reservoir

1 Introduction

Reservoirs that consist of high-permeability soft formation
such as non-crystalline rock and sands are widely dis-
tributed in the world [17, 21]. These unconsolidated
reservoirs are susceptible to fines migration due to drag
forces during production [47]. Mobilized under high-pres-
sure gradients, fine particles that are present originally or
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derived from disaggregation of the unconsolidated matrix
migrate through and sometimes dislodge in the porous
load-bearing matrix, causing variations in the pore struc-
ture and thus the fluid conductivity of the reservoirs
[26, 29]. The moving fine particles can erode downhole and
surface equipment, and even pose potential risks of limited
productivity and well failure due to invasion of fine parti-
cles through wellbores, i.e. the so-called phenomenon of
fines production. Excessive fines production caused detri-
mental effects on conventional well production
[15, 30, 41], and also forced premature termination of
production from methane hydrates reservoirs [11, 24].
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Therefore, there is always a cost benefit if fines migration
modelling is implemented early to improve the funda-
mental understanding of near-wellbore behaviour of
migrating fine particles.

Extensive experimental studies have been conducted to
model fines migration in controllable conditions
[6,7, 12,32, 37]. To achieve convergent radial flow, which
is the prevailing flow condition in gas or oil production,
Valdes and Santamarina [39] developed a disc-shaped
device to simulate particle migration caused by near-
wellbore radial flow. Limited by experimental setup, the
test was carried out under low stress conditions, while the
in situ formation pressure is much higher. Han et al. [20]
enabled a model test of fines production in high-pressure
formation with a high-pressure vessel driven by axial flow
rather than radial flow. Experimental studies facilitated
formulation of the criteria of fines migration and the pre-
dictive models of fines volume, but they fell short of
revealing the migration and retention of fine particles in
pores, which is critically important for fundamental
understanding of fines migration. Although efforts were
made to directly observe particle migration by using fixed
cylinders [6, 23] or microfluidic chips [28] to mimic pore
throats in two dimensions, tracing movement of fine par-
ticles in a 3D flow through a realistic formation remains
extremely challenging.

Besides experimental studies, numerical simulation is a
useful tool to study fines migration [1, 16, 34], and espe-
cially powerful to visualize fluid flow and solid migration.
Compared to the continuum-based models that are thor-
oughly reviewed by Rahmati et al. [31], the discrete ele-
ment method (DEM) can naturally capture grain-scale
movements of constituent particles of a sediment, and
therefore, it is ideal for modelling fines migration once it is
equipped with fluid flow analysis. The common DEM-fluid
coupling methods include lattice Boltzmann method
(LBM) and computational fluid dynamics (CFD)
[4,5, 14, 43, 46]. Han and Cundall [19] developed a DEM-
LBM model to investigate fines migration from perforation
cavities. The major drawback of the DEM-LBM coupling
system is that it is computationally expensive to simulate
models with lots of particles. Li et al. revealed the mech-
anism of sand production on the grain scale by combining
DEM and CFD [27]. Grof et al. [18] and Climent et al. [10]
developed a DEM-CFD model to investigate particle
migration. The traditional DEM-CFD coupled model is
based on a coarse grid to simulate the interaction between
fluid and solid particles, which cannot resolve the fluid flow
at the pore scale and therefore is inaccurate to simulate fine
sand migration among coarse particles in unconsolidated
reservoirs consisting of gap-graded soils. Zhang et al. [45]
developed a new fluid—solid coupled numerical scheme by
combining the dynamic fluid mesh (DFM) method with
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DEM. This scheme dynamically constructs a fluid mesh
based on moving centres of coarse particles. It proves
effective for capturing the variation of porosity due to soil
skeleton deformation and particle loss, and enables pore-
scale analyses of fluid flow and solid migration [45].

Considering the merit of combing DFM and DEM, we
employ this scheme to investigate the mechanism of fines
migration near a wellbore drilling into a deformable porous
medium, i.e. an unconsolidated reservoir composed of gap-
graded sediments. A parametric study is performed to
identify controlling factors that impact the fines production
volume and the spatiotemporal pattern of fines migration.
The term “fines” used here is not referred to clay particles
but particles relatively small in size. The presented
methodology is applicable to clay particles only if the
computational cost is affordable for clay particles. How-
ever, this application is beyond the scope of this study. This
paper is organized as follows. Section 2 briefly introduces
the numerical scheme used in this study. Section 3 presents
the model setup with model parameters. Section 4 analyses
the microscopic processes that control fines migration.
Section 5 discusses the effect of several key parameters,
followed by conclusions in Sect. 6.

2 The DEM-DFM coupled scheme

The fluid—particle coupled scheme developed by combin-
ing DEM and DFM is detailed in our previous study [45],
and here we only recap the salient features of the
scheme for completeness.

2.1 The workflow

Figure 1 illustrates the workflow of a DEM-DFM coupled
simulation for fines migration and production in a gap-
graded sediment composed of coarse and fine particles.
A DEM model of the sediment (the solid part) enclosed by
walls is constructed by using the commercial code PFC3D
[22]. A Python script is developed for flow analysis (the
fluid part) with DFM and to handle the conversations with
the DEM model, including flow meshing according to the
DEM model, calculating the fluid—solid interactive forces
and passing the forces back to the DEM model. The solid—
fluid interactive forces are applied in each step, while the
fluid mesh is updated at a pre-determined time interval for
efficiency. Here, we assume incompressible fluid following
Darcy’s law.

2.2 Meshing and flow analysis

For the flow analysis, the method of Delaunay triangulation
is used to discretize the computation domain into a set of
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Fig. 1 The workflow of a DEM-DFM coupled simulation for fines production with a gap-graded soil

tetrahedrons [3]. The centroids of the coarse particles and
their contact points with boundary walls are used as the
vertexes of the tetrahedrons to be constructed. The mesh is
updated at a pre-determined time interval as particles move
over time.

Once the fluid mesh is generated, we allocate every fine
particle to a nearest tetrahedron by using the KDTree
algorithm [36]. With the allocated fine particle, a tetrahe-
dron can be divided into four sub-tetrahedrons, each of
which is constituted by the fine particle and any three nodes
of the parent tetrahedron. The fine particle is considered
being enclosed by the tetrahedron, if the total volume of the
four sub-tetrahedrons equals the volume of the parent

tetrahedron; otherwise, the procedure is reiterated until a
true pair of fine particles and tetrahedrons is found.

The formation properties of unconsolidated reservoirs
(e.g. the porosity and the permeability) are determined for
each tetrahedron separately to consider heterogeneity in the
sediment. The porosity of a tetrahedron is computed as:

Vlet - Vcoarse - Vfine
= 1
¢ Ve (1)

where V. is the volume of the tetrahedron, V yuse and Vne
represent the volume occupied by the coarse and fine
particles within this tetrahedron, respectively. Note that
Viine is simply the entire volume of the fine particles
enclosed in the tetrahedron, while Vi g iS only the
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volume inside the tetrahedron rather than the volume of
entire coarse particles.

Given the porosity of a tetrahedron, the permeability in
the tetrahedron is obtained based on the Kozeny—Carman
equation [2]:

B

180(1 - ¢y 2

where d,, is the average diameter of fine particles in the
tetrahedron, and ¢ is the matrix porosity. Note that Eq. (2)
is only used to calculate the pore-scale permeability in
individual tetrahedrons, the voids formed by coarse parti-
cles and filled only with fine particles. Within each of these
voids, the permeability is solely controlled by the size of
fine particles in addition to the local porosity in each void
given in Eq. (1).

According to Darcy’s law, the velocity of the fluid flow
in a porous medium is computed as:

k

where v is the fluid velocity, p is the fluid pressure, and pu is
the fluid dynamic viscosity.
Assume the fluid is incompressible, thus:

Vv =0 (4)

Combining Eqs. (3) and (4), we reach a Poisson’s
equation as:

v(ﬁ vp) =0 (5)

Unconsolidated
reﬁervoir

Production well

(a)

Production well

This equation is solved for piece-wise constant pressure
over the fluid elements, using the fipy solver, an object-
oriented partial differential equation (PDE) solver written
in Python based on a standard finite volume (FV) approach
[36]. With given boundary conditions, the pressure in each
tetrahedron element can be solved. Fluid velocity on every
face of the element is derived from Darcy’s law. The fluid
velocity at the centre of every element is then computed
from interpolation:

4

Y oS

21—41 JJJ’l.:17273 (6)
21 WS

where v; is the averaged fluid velocity in the /™ direction
based on the weighted mean from four faces of the tetra-
hedron, S; is the area of the jth face of the element, and n; is
the component in the i-direction of the normal vector of the
j™ face.

Vi =

2.3 Fluid-particle interactive forces

The flow-induced forces on the coarse and fine particles are
considered distinctively. A coarse particle receives pres-
sures from a number of fluid elements it connects, and thus,
the resultant force is computed as:

fCZZPiSi (7)

where P; is the pressure in the i™ element, and S; is surface
area of the /™ element projected on the particle.

© Mobile fine particles
e Immobile fine particles

Coarse particles

(b)

Fig. 2 A schematic illustration of sand production from an unconsolidated reservoir (a). The induced near-wellbore sand production is detailed in

(b) (colour figure online)

@ Springer



Acta Geotechnica (2022) 17:3535-3551 3539

radial constant pressyrg
Exterior wall | }

(servo-controlled) \ \

Top wall
(servo-controlled, no flux)

Radial wall

| Radial wall
(fixed, no flux)

(fixed, no flux)

Bottom wall
(fixed, no flux)

Interior “open” wall
(fixed, zero pressure)

Fig. 3 The sand production model composed of coarse particles (in yellow) and fine particles (in blue), and the boundary conditions set at the
walls. The fluid mesh is outlined with black lines. For better visualization, the top wall is made transparent. The bottom wall is covered by the
particles and thus unseen. The interior wall is composed of five sub-walls to remain open for fine particles only (colour figure online)

For a fine particle, the drag force exerted by the fluid is (1—¢) _

computed as: ﬁ=>7?g;—h500-—¢ht+175wdﬂﬂ] $<0.8 (11)
_4 5 . : .

fa= §TCF m (8) where p; is the density of the fluid, | - | returns the mag-

nitude of a vector, and d is the average diameter of the fine

where r is the particle radius, and f;, is the drag force per particles staying in the fluid element, defined as:

unit volume in the fluid element that the particle occupies:
fb:ﬂUaU:ﬁ_v (9)

where f is a coefficient, and U is the average relative 100
velocity between the particles and the fluid, v is the fluid
velocity, and u is the average velocity of all particles in a
given fluid element, defined as:

Fine content

10%
20%
30%

o]
o

Ez%}jw (10) T S — TSI R R S S ]
7 z

where the sum is over all particles existing in a fluid ele-

ment, and N is the number of particles.

The coefficient f§ is calculated in two ways depending on
the porosity of the fluid element [38]. According to [38],
when the porosity ¢ is less than 0.8, the interaction of
particles significantly affects particles’ motion and there-
fore cannot be neglected. Accordingly, f is deduced from 0
well-known Ergun equation [13] for the packed bed:

A0 Fooeriee e QR .............................................................. .

20

Percent finer by weight (wt.%)

1072 103

Particle radius (m)

Fig. 4 Particle size distributions of the numerical specimens with
different fine contents
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Table 1 Model parameters in the numerical model

Parameter Value
Average radius of coarse particles 28.0 mm
Average radius of fine particles 3.45 mm
Particle density 2650 kg/m®
Coefficient of inter-particle friction 0.6

Rolling resistance coefficient 0.1

5.25 x 107 N/m
7.25 x 10° N/m

Normal stiffness of coarse particles
Normal stiffness of fine particles

Normal-to-shear stiffness ratio 2
Normal stiffness of wall 1.0 x 108 N/m
Shear stiffness of wall 5.0 x 10’ N/m

0.42 (10% fine content)
0.34 (20% fine content)
0.24 (30% fine content)

Porosity

Fluid density 1000 kg/m®

Fluid viscosity 1.0 cp

- 1

d= > 4 (12)
j

where the sum is over all particles in a given fluid element.

For high porosity (¢ > 0.8), f is derived from the cor-
rected nonlinear drag force exerted on a spherical particle
by a fluid [40]:

4 |U‘Pf(1 —¢)

f=3C— $>0.8 (13)

where C, is a turbulent drag coefficient defined according
to the Reynolds number:

24(1+0.15R5%7)

C; = R , Repy <1000 (14)
ep
0.44 , R, > 1000
where
U|psopd
Royp=—— (15)

3 The numerical model

3.1 Model setup

Figure 2 illustrates a vertical production well in an offshore
unconsolidated reservoir consisting of un-cemented and

gap-graded sediment . As shown in the close up (Fig. 2b), a
radial flow towards the wellbore is driven by pressure
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drawdown, and meanwhile, migration of fine particles is
mobilized and strengthened near the wellbore because of
the enforced hydraulic forces and grain detachment. Fines
migration near the wellbore is investigated here through a
DEM-DFM coupled model, in which we assume: (1) a
single-phase incompressible Newtonian fluid in the laminar
flow regime, and (2) isotropic in situ stresses. As shown in
Fig. 3, the wellbore with a radius of 0.1 m is drilled
through the sediment. We concentrate on the horizontal
movement of fine particles towards the well, and thus
consider a horizontal ring-shaped slice of the sediment with
a thickness of 0.105 m and an exterior radius of 0.6 m to
represent the situation at a certain depth. Taking the
advantage of the axisymmetric conditions, we simulate one
quarter of the entire model for efficiency. The computa-
tional regime is enclosed by six walls. The two radial walls
and the bottom wall are fixed, and the top wall and the
exterior wall are subjected to a servo-controlled mecha-
nism to maintain a constant effective confining pressure
(i.e. 5 MPa in the baseline simulation, approximating a
well segment at about 500 m below the seafloor). The
confining pressure affects the porosity of the matrix and
thus the mobility of fine particles in the matrix. Therefore,
the effect of the confining pressure is studied and discussed
in Sect. 5.4. The interior wall at the wellbore is modelled
by five separated and fixed sub-walls to represent an open
well segment that allows inflow of fine particles and
meanwhile blocks coarse particles. The boundary condi-
tions associated with the flow analysis are configured so as
to trigger possible fines migration under a radial flow. The
pore pressure is 2 kPa (in the baseline simulation) at the
outer circumferential wall, and O kPa at the inner circum-
ferential wall. No flux is allowed on the walls except the
two circumferential walls and no fine sands across the outer
boundary due to the limit of the model size. Given the
width of the ring model (i.e. 0.5 m), the near-wellbore
hydraulic gradient in the radial direction (defined as the
total head drop per unit length) is about 0.4 by ignoring the
velocity head. Note that the pressure drawdown during
production from a deep well is much higher (e.g. generally
between 2 and 5 MPa). Since we use a small near-wellbore
model rather than a full-scale reservoir, we can only con-
figure the model according to the near-wellbore gradient
that is controlled by the pressure difference between the
outer and inner circumferential walls. To avoid segregation
and initial heterogeneity of specimens during consolida-
tion, we apply no gravity and buoyancy to the particles, and
thus ignore small variation in the stresses along the small
thickness of the sediment. The sediment surrounding the
wellbore is gap-graded and consists of two groups of par-
ticles in order to represent the worst case. The radius
ranges from 18.9 to 37.2 mm for the coarse particles, and
from 2.33 to 4.62 mm for the fine particles, both following
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contents

a linear distribution. The radius of the coarse particles is on
average 8 times larger than that of the fine particles so as to
enable fines migration process within limited simulation
time. This coarse-to-fine size ratio falls into a normal range
(i.e. 5 to 10) widely selected in experiments and numerical
simulations for feasible studies of fines migration
[9, 35, 42]. The fine content (i.e. defined as the percentage
in mass of the fine particles) is varied at 10%, 20% and
30% with a fixed number of coarse particles (i.e. 149 in this
study), resulting in three specimens with different total
numbers of particles, i.e. 8487, 18,967 and 32,698 with the
fine content varying from low to high. Figure 4 presents the
particle size distributions of three numerical specimens.
The rolling resistance linear model is used to account for
the effect of irregular shapes of constituent particles on the
mechanical behaviour of the sediment [44]. The input
parameters of the model are listed in Table 1.

3.2 Simulation procedure

The simulation of fines migration is proceeded in three
consecutive steps: specimen generation, specimen consol-
idation and flow field activation.

In the first step, a granular assembly is generated by
using the procedure of particle expanding/shrinking. Ini-
tially, a specimen with 32,707 particles and linear radius
distribution ranging from 3.3 to 6.7 mm is generated in the
space of a quarter of the ring enclosed by six walls. We
randomly select 149 particles as coarse particles and
gradually enlarge their radius to a range of 18.9 to 37.2 mm
in 20 cycles. Meanwhile, we slowly reduce the radius of
the remaining particles to a range of 2.33 to 4.62 mm.
Subsequently, the model reaches a small average
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convergence ratio (0.001) after a number of time steps
indicating the completeness of the first step.

In the second step, the interior wall is replaced by five
isolated thin cylindrical walls to allow migration of fine
particles. We randomly remove some fine particles
according to a specified fine content (i.e. 10%, 20%, or
30%). A pre-selected confining pressure (e.g. 5 MPa in the
baseline simulation) is applied on the exterior wall and the
top wall with all other walls being fixed to consolidate the
specimen. Consolidation process terminates after sufficient
time steps (i.e. 5000 time steps in our model) required to
approximately reach force equilibrium. During consolida-
tion, the skeleton formed by the coarse particles deforms
and some of the fine particles could start carrying static
forces.

In the last step, a radial inflow through the specimen is
activated by imposing a pressure difference between the
exterior and interior boundaries, while all other boundaries
are set impermeable. Figure 5 presents the initial distri-
butions (at the moment when the radial flow is activated) of
the pressure, the porosity and the permeability, and the
fluid velocity vectors obtained from the model by varying
the fine content from 10 to 30%. As shown in Fig. 5a, a
radial pressure drop is evident under all specimens with
little effect from the fine content, since the pressure field is
primarily controlled by the boundary pressures which are
identical in all specimens. As shown in Fig. 5b and c, pore-
scale heterogeneity in the porosity and the permeability is
well captured by the model particularly in the specimen
with low fine contents where local variations are remark-
able. In all specimens, the flow velocities of individual
fluid cells are neither uniform in the magnitude nor in the
direction. The fluid favours some certain paths where the
velocity is higher than that of the proximity due to large
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Fig. 8 The particle migration (a), the evolution of porosity (b), the permeability (c) and the flow rate (d) of model with 10% fine content

local pores. However, in general, an overall radial flow is
formed with increase in overall velocity towards the
wellbore.

4 Simulation results
4.1 Cumulative fines production

Figure 6 presents the cumulative mass of fine particles
running out of the model (i.e. the cumulative fines pro-
duction mass) and the percentage of produced fines (i.e.
ratio of mass of produced fines to total mass of fines) under
different proportions of the fine particles. In general, the
cumulative mass increases rapidly in the first several sec-
onds, then keeps increasing at a declining rate and gradu-
ally levels off at the end. Interestingly, the model with 20%
fine content produces the maximum volume of fine parti-
cles, while the cumulative fines production curves in the
cases with 10% and 30% fine contents do not vary sig-
nificantly. The produced fine particles are 10.87%, 5.64%

and 2.54% in mass of the total fine particles in the case
with the fine content of 10%, 20% and 30%, respectively.
The critical value of the fine content is further discussed in
Sect. 5.

The flow velocity is averaged through all pores, and the
resulting average velocity is presented in Fig. 7a. The time
history of the average flow velocity resembles the cumu-
lative fines production curve. In the initial stage, the
average flow velocity increases rapidly as the fines pro-
duction mass increases. Subsequently, the increasing rate
declines as the fine particles migrate towards the wellbore
and partially jam in the pores. The flow velocity decreases
with the increase in the fine content because of the
reduction in the porosity and the permeability over time
due to retention of the fine particles. This implies that the
flow velocity is not the only factor of fines migration and
production.

The pore-scale permeability computed from Eq. (2) is
also averaged through all pores, and the evolution of the
average permeability scaled by the initial value is plotted in
Fig. 7b. The scaled permeability increases over time under
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any fine content, indicating that the overall porosity of the
matrix increases due to fines migration. The rise in the
scaled permeability is increasingly remarkable as the fine
content increases.

4.2 The role of fine particles

Figure 8 shows the particle movement in the process of
fines migration in the case of low fine content (i.e. 10%).
Note that the flow pathway does not necessarily correspond
to the region of high permeability since the flow rate of
fluid is affected by not only the permeability but also the
pore connectivity. Initially, fine particles are evenly dis-
tributed inside the skeleton formed by coarse particles.
Driven by the radial flow, fine particles move towards the
wellbore. A large number of fine particles are washed away
over time, and the preferred channel is widened due to
scouring (Fig. 8). The rate of fines production decreases,
because there is no continuous supply of fine particles
along the preferred channel, and meanwhile, fine particles
elsewhere settle mostly in the pores due to local reduction
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of flow velocity. Under field conditions, a continuous fines
production is possible in the cases of low fine content as
long as adequate and sustaining supply of fines production
is ensured.

As the fine content increases up to 30% (see Fig. 9), the
majority of pores formed by the coarse particles are den-
sely packed by fine particles. The flow paths of fluid are
largely blocked by the increased amount of fine particles.
Although the fine particles are adequate for a sustaining
fines migration and production process, they are largely
immobile in the pores (see Fig. 9a—c) due to the reduced
fluid velocity and aggravated jamming of fine particles.
Consequently, the loss of fine particles mainly takes place
near the wellbore with very limited movement of particles
elsewhere.

4.3 Spatial migration pattern of fine particles
As illustrated in Fig. 10, we delineate the model into three

zones in the radial direction (L1-L3), and compute the
variation ratio in mass of fine particles in each zone
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(negative for increase). As shown in Fig. 10b, in the case of
low fine contents, the ratio of the fine loss in zone L1
increases rapidly over time in the early stage and then
gradually stabilizes at about 22%. Similarly, fine particles
migrate away from zone L3 due to the radial inflow but at
lower rate than that in zone L1. Zone L2 receives more fine
particles from L3 and passes less to zone L1; as an overall
effect, fine particles are retained and accumulate in zone
L2, leading to a mass gain in the zone. As the fine content
increases up to 20% (see Fig. 10c), the mass loss does not
significantly vary in zone L1 in comparison with the case
with 10% fine content, while less fine particles migrate
from zone L3 to L2 due to decreased porosity and flow
velocity so that the variation ratio remains low in zones L2
and L3. As shown in Fig. 10d, in the case of high fine
content (i.e. 30%), the migration of fine particles is further
restricted by low porosity, which causes descending of the
variation ratio in zones L2 and L3. Meanwhile, the mass
loss is reduced in zone L1 as well. Regardless of different
initial fine contents, the most loss of fine particles takes

place in the interior zone (L1) adjacent to the wellbore,
followed by exterior zone distant from the wellbore (L3). In
the contrast, mass gain is noted in the middle zone (L2),
which serves like a barrier layer of fines migration. This is
consistent with experimental observations [39], and
explains the reason of descending production rate of fine
particles over time [33]. The influence of the barrier layer
is further discussed in Sect. 5.

Figure 11 shows the variation of force chains in the
process of fines production. In the case with 10% fine
content, fine particles are initially dispersed in pores
formed by coarse particles, which have few contacts with
other particles. The force chains are rather coarse and
mainly contributed by the coarse particles. Driven by the
flow, fine particles start moving through the pores. Some of
them go through, while the others are retained in pores
gaining contacts, indicated by the gradually densified force
chains. Different from the case of low fine contents, dense
force chains are noted in the case with 30% fine content.
This indicates that fine particles are densely packed in
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Fig. 11 Different states of contact force chains during sand production in models with different proportions of fine sands. The force chains vary

in thickness and colour in proportion to the magnitude of forces

pores and are difficult to move. Similarly, the force chains
are densified over time as fine particles migrate through the
pores along with the fluid flow and further jam in the
throats of pores.

To quantify the variation in the number of fine particles
that carry forces, Fig. 12 presents the percentage of fine
particles with different coordination numbers at different
times. Initially, most of fine particles are floating (identified
by coordination numbers smaller than 3) in particular at
low fine content, and the floating particles reduce over time
as fine particles migrate.

5 Discussion
5.1 The barrier layer

To further reveal the formation mechanism of the barrier
layer, we divide the model into five zones evenly from the
wellbore to the exterior boundary. The thickness of each
zone is 0.1 m. The porosity in every zone before and after
fines migration and production is presented in Fig. 13. The
overall porosity of the model increases as a result of fines
migration and production. However, local reduction in the
porosity is noted in the middle zones, and such reduction
indicates the approximate position of the barrier layer. In
the model with 10% fine content, the barrier layer with
reduced porosity is between 0.2 and 0.4 m from the well-
bore, while it locates from 0.4 to 0.5 m away from the
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wellbores in the models with higher fine contents (i.e. 20%
and 30%). This indicates that the barrier layer approaches
to the wellbore as the particle mobility is improved with a
decreased fine content. Note that the barrier layer affects a
long-term production in two different ways. On one hand,
it reduces the flow rate and affects the extraction efficiency
by decreasing porosity. On the other hand, a stable barrier
layer helps to weaken the migration of fine particles and
prevent long-term fines production. It should be noted that
the location and the size of the barrier layer are affected by
the numerical setting. Under field conditions with a con-
tinuous supply of fine particles at the outer boundary, we
consider that the barrier layer will still form as the fine
particles migrate towards the wellbore and the barrier layer
will extend farther away from the wellbore as fine particles
continuously move in and settle in the pores.

5.2 The critical fine content

The numerical results indicate that the presence of fine
particles affects fines migration and production through
two competing mechanisms. First, the fine particles pro-
vide the source of fines production. Second, they may
block the voids, and decrease the porosity of the sediment
and in turn the flow rate. The first mechanism causes an
increasing fines production with the increase in the fine
content, while the second works for the opposite. This
indicates a possible existence of a critical fine content,
which results in the maximum fines production. Sufficiency
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and (¢) 30% fine content

of fines production source dominates fines migration and
production, when the fine content is lower than the critical
value; otherwise, the blocking effect of fine particles
dominates. This explains the fact that the case with an
intermediate fine content produces the most severe fines
migration and production than those with lower or higher
fine content as shown in Fig. 6. According to our baseline
simulation, the critical fine content is around 20%. It
should be noted that the critical value is subjected to
change under different circumstances. As for the effect of
fine content on the properties of a granular sample, Zhang
et al. [44] also indicated the existence of a critical fine
content at which the sample experiences the transition
between the state of “fines in sand” and the state of “sand
in fines”. Moreover, this is also consistent with the results
of many experiments [8, 25]. The possible value of the
critical fine content is likely affected by the fine to coarse
particle size ratio. The decrease in such a ratio promotes
the loss of fines due to enlarged pore throat size generally
[45]. Accordingly, the critical fine content likely increases.

5.3 The effect of the hydraulic gradient

To investigate the effect of the hydraulic gradient, the case
with 10% fine content is re-simulated by lowering the
pressure on the exterior boundary from 2 (in the baseline
simulation) to 1.0 kPa and 0.1 kPa with the other param-
eters being the same as the baseline simulation. Figure 14
presents fines production curves under different hydraulic
gradients. It is evident that the mass of migrated fine par-
ticles is positively correlated with the pressure gradient.
Some abrupt increases are observed in the fines production
curves. According to the study of Zhang et al. [45], jam-
ming (i.e. forming arch structures with particles) is one of
the forms of pore blocking. The phenomenon of the abrupt
increase in fines production may be caused by a jamming
failure due to disturbance. During the process of fines
migration in gap-graded sediment, some fine particles form
an arch structure with the support of coarse particles, which
blocks the pores and prevents the loss of other fine parti-
cles. However, this structure is unstable, when the fluid
flow changes or particles collide, the arch structure will
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collapse, and the fine particles in the pores will be carried
away by flow suddenly.
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5.4 The effect of the confining pressure

Fines migration will be affected by the confining pressure
in two aspects. As the confining pressure increases, the
porosity of the unconsolidated reservoir reduces, and
meanwhile, the fine particles have to overcome higher
frictions to move. The simulations are also performed
under different confining pressures to mimic fines migra-
tion through a wellbore at different depths, while other
parameters are the same as baseline model. As shown in
Fig. 15, the fines production rate does not vary significantly
in the early stage as the confining pressure changes,
because an incremental confining pressure does not sig-
nificantly alter the initial pore structure of a sediment
already consolidated under a rather high confining pres-
sure. However, the pressure effect becomes prominent as
fines migrate, and the ultimate mass of the produced fine
particles decreases as the confining pressure increases. This
is due to the fact that the increase in the confining pressure
increases the friction between particles, and then reduces
the collapse of arches formed as a result of fines migration
and clog. In comparison with the case of high fine contents,
the case of low fine contents is more sensible to the vari-
ation in the confining pressure due to a more porous
structure. However, from the point of the loss mass of fines,
regardless of different confining pressures, the case with
the intermediate fine content (20%) always generates the
maximum loss of fine particles.

5.5 The effect of the fluid viscosity
To study the effect of the fluid viscosity, two additional

simulations with the fluid viscosity equal to 5 cp and 20 cp
were carried out. All other conditions are the same as the
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baseline case with 10% fine content. The fines production
curves are plotted in Fig. 16. The results indicate a nega-
tive correlation between fines production and the fluid
viscosity. The variation of the fluid viscosity affects the
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Fig. 16 Relation between the percentage of produced mass and time
under different fluid viscosities: (a) 1 cp fluid viscosity, (b) 5 cp fluid
viscosity and (c¢) 20 cp fluid viscosity

results in two ways. On one hand, the increase in the fluid
viscosity leads to a decrease in the fluid velocity (Eq. 3)
and in turn the drag force (Eq. 9), and therefore slow down
the movement of fine particles. On the other hand, the drag
force coefficient (f) is positively correlated with the fluid
viscosity (Eq. 11). In our model, the first effect dominates.
Thus, the drag force decreases as the fluid viscosity
increases. This results in an overall decrease in the
migration capacity of the fine particles and reduces fines
migration and production, as the fluid viscosity increases.

6 Conclusions

This paper investigates production-induced fines migration
near a wellbore drilled in an unconsolidated and gap-gra-
ded sediment by using a recently developed DEM-DFM
coupled scheme. This scheme has capability to naturally
capture pore-scale movements of fine particles, and spa-
tiotemporal variations of the porosity and the permeability
in the sediment. The influential factors are analysed
through parametric studies with emphasis on the role of the
fine particles.

Two mechanisms compete as the fine content varies in
the sediment. Under a low fine content, fines mainly serve
as the fines production source, and therefore, fines pro-
duction is enhanced as the fine content increases up to the
critical value, beyond which fines production is weakened
since the blocking effect starts to dominate. The critical
fine content is approximately 20% in our baseline simula-
tion, and this value will be affected by a number of
parameters, such as the porosity of the skeleton formed by
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coarse particles, the confining pressure and the hydraulic
gradient .

A barrier layer is likely formed during fines migration
due to settling and jamming of fines at the throats of pores,
as the fines migrate with the radial flow towards the
wellbore. The location of this layer is affected by the fine
content. The barrier layer is helpful to slow down or pre-
vent long-term fines production, and however, it could also
impede normal production due to reduced permeability in
the affected reservoir .

It should be noted that the assumption of incompressible
flow in this model becomes less qualified if the gas content
in the fluid increases and the fluid bulk modulus deterio-
rates. Nevertheless, this work provides an efficient
numerical tool for coupled fluid—particle interaction and
has broad implications to the mechanism of fines migration
in unconsolidated reservoirs.
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