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Coal fines migration exerts negative impacts on early water drainage of undersaturated coal seam gas (CSG) reservoirs. The
complicated migration process results in ineffective and inaccurate forecast of coal fines production. Hence, a robust modelling
tool is required to include the mechanisms of fines migration and to predict their impacts on rock and production. In this paper,
fines migration in coal is categorized into three stages: generation, migration, and deposition processes. The corresponding
models for different stages are established, including (1) a fines generation model, (2) the maximum fines-carrying concentration
model and deviation factor of the modified Darcy model, (3) a fines deposition model, and (4) a dynamic permeability and
porosity model. The above models are coupled with a water flow model, solved numerically using the finite difference method.
Then, two dewatering strategies, including fast and moderate depressurization, are compared using the proposed models to study
their effects on coal properties and following production. Finally, the production history of a CSG well in the Qinshui Basin,
China, is utilized for history matching in a field case study. The simulation results indicate that new fines will be generated in a
fast depressurization process and the water rate decline reduces the cleat permeability significantly. The newly generated fines can
enhance the permeability temporarily, but they will block the flow channels and bring serious damage to the permeability when
the water rate declines. The moderate depressurization strategy can produce the coal fines in a continuous mode, and the
formation damage induced by fines deposition can be reduced to the acceptable level, which is the more reliable way to maintain
well productivity. In addition, multiple well shut-in can trigger the irreversible fines deposition, reduce the permeability, and
decrease the production rate.

1. Introduction

The dual porosity model is usually employed to describe the
fluid flow in coal rock [1, 2]. In undersaturated CSG reser-
voirs, gas is stored in the matrix and the cleat (fracture) system
is saturated with water [3, 4]. Owing to the undersaturated
state of gas storage, water drainage is required to reduce pore
pressure in coal. Then, gas in the matrix desorbs and subse-
quently flows through coal cleat system towards hydraulic
fractures and then a wellbore or straight to a wellbore [5, 6].
For a saturated CSG reservoir, gas can be directly produced
by a well and water drainage is not necessary. In the undersat-

urated CSG reservoirs, not only the fluids but also the trans-
port of solid particles occurs in the coal cleats during the
early water drainage period. Because of the high fragility, coal
rock often generates large numbers of fines in drilling, stimu-
lation, and water drainage processes [7-9].

During water drainage in CSG production, these pulver-
ized coals (coal fines) continuously migrate in the cleat sys-
tem and enter the wellbore accompanied by carrier water.
As the water rate declines, coal fines may deposit in the cleat
system and clog the flow channels in the coal seam [10, 11],
reduce porosity and permeability [12, 13], hinder the water
drainage, and decrease the productivity of CSG wells [14].
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Furthermore, after coal fines enter the wellbore, these parti-
cles will block the pump and damage tubing pipes of the arti-
ficial lift facilities [15, 16]. Therefore, there exists a significant
influence of fines migration on production of CSG reservoirs,
and a practical model for coal fines migration in the cleat
system is necessary for production analysis [17].

Fines produced from the CSG well are significantly differ-
ent in particle size, micromorphology, mineralogy, and
generation modes during different stages of production
[18, 19]. Owing to the complexity of fines generation
and migration, it is difficult to establish a robust mathemati-
cal model to evaluate the impacts of coal fines systematically
and quantitatively. Traditionally, the study of fines migration
in CSG reservoirs adopts the models on sand production in
gas reservoirs [17, 20]. These models focus on fines produc-
tion in sandstone reservoirs (sanding model) [21, 22] and
can be employed to study the fines migration in CSG reser-
voirs. The sanding models are generally categorized as macro
and micro models (network models). Macro models are
established on the basis of continuous porous media, such
as the models of Gruesbeck and Collins [23] and Ohen and
Civan [24]. Network models describe the flow of fluid and
solid particles from a microscopic perspective. However,
assumptions and application conditions of fines migration
in sanding models are significantly different from those in
the coal seam. Three main differences in particle generation
and migration processes exist between sandstone and coal
seam, which include the following: (1) Particle shape in the
sanding model is usually simplified as spherical. In contrast,
the shape of coal fines is considerably complicated, particu-
larly in planar, mesh, or needle-like shapes [25]. (2) The flow
channels of sand grain and coal fines are quite different. The
flowing paths for coal fines are a fracture-cleat system, and
the paths for particles in sand are a pore-throat system of
sandstone [26]. (3) Even if multiple simplifications are
applied, the mathematical models for coal fines generation
and migration are still too complicated to solve when these
models are coupled with water and gas flow models. There-
fore, a significant gap still exists between the available models
and the robust model needed for actual fines production in
CSG reservoirs.

In our previous study [27], the two-phase flow model is
employed to study the flow of water and gas with coal fines,
which provides a simple estimation of fines migration dur-
ing the whole CSG production. However, the production
history indicates that the primary stage of coal fines pro-
duction is during the early water production of undersatu-
rated CSG reservoirs [28, 29]. To focus on the coal fines
migration in the early water drainage period, a series of
models are proposed in this paper to study the migration
of coal fines, including the generation, migration, and depo-
sition processes and its impacts on coal properties. Based
on these models and the mass conservation equation, a flow
model is established to describe coal fines migration coupled
with water flow. Then, three case studies and one field
application are performed using a numerical simulation
method to illustrate the mechanisms of coal fines migra-
tion and the effects of fines migration on coal properties
and production rate.
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The objective of this research is to develop the flow model
of water and fines, study the law of coal fines flow, and
explore the influence of coal fines migration on water pro-
duction. This paper is organized as follows. Section 2 pre-
sents the conceptual models for coal fines migration in each
flow stage. Section 3 describes the mathematical model for
flow of water and coal fines. Section 4 investigates the
impacts of coal fines migration on water production using
three case studies and one field application.

2. Modeling on Coal Fines Migration

2.1. Conceptual Model. During the early production period of
undersaturated CSG reservoirs, water is the only phase that
flows in the coal and this provides the primary motivation
for fines movement. Fines migration can be classified into
three stages including generation, migration, and deposition,
shown in Figure 1. Initially, all fines are in the static state. In
the generation stage, when the water drainage begins, fines
migrate with water owing to the flushing effect, which is the
detachment process. If the water rate is higher than a critical
value, the new fines will be generated from the surface of the
coal cleat. This is the denudation process of coal fines. In the
migration state, migration patterns include sliding on the
pore surface, suspension, and rolling when fines flow. Models
on sliding and rolling are very complicated, and the parame-
ters in the models are inconvenient to obtain. Meanwhile,
those models are difficult to couple with water flow. Hence,
only the main pattern of fines flow, the suspension, is
accounted for to simplify the migration stage in this study.
In the deposition stage, as the water rate declines, coal
fines may deposit in the cleat system, which is the reat-
tachment process. The reattached fines can clog the flow
channels, leading to the permeability damage, which is
the blockage process.

Based on the physical process of coal fines migration,
the entire flow process can be modeled using one curve
(maximum water carrying capacity of coal fines), two states
(static and flowing fines), three stages (generation, migration,
and deposition), and four processes (detachment, denuda-
tion, reattachment, and blockage), shown in Figure 2.

Initially, all fines in coal are in the static state (Figure 2).
When the water rate is higher than the critical value for flow-
ing, coal fines begin to flow with the water phase. The migrat-
ing fines are in the flowing state. When the water rate is
stabilized, the maximum mass of coal fines carried by water
can be measured using laboratory tests. Inspired by the stud-
ies on the maximum retention function [30, 31], the curve
generated in the present work is defined as the maximum
water carrying capability of coal fines, which can be used to
identify the state of fines. The maximum retention function
focuses on the retention concentration of attached fines and
its effects on porosity and permeability [32, 33]. The maxi-
mum water carrying capability concentrates on the start-up
and flowing concentration of protogenetic fines and their
state. These two functions are mathematically equivalent.

At state A shown in Figure 2, the point is above the curve,
which indicates that a certain number of coal fines are in
the flowing state and the other fines are in the static state.
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FiGure 1: The flow stages and physical processes of coal fines during the production period.
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FIGURE 2: Schematic of the entire flow process of coal fines.

The transition from a static state to a flowing state is the
detachment process.

As the water rate increases and the state moves to state B,
the mass of fines is below the curve. This means that all fines
are in the flowing state. If the state moves from states B to A,
parts of flowing fines will deposit on the coal surface. The
transition from a flowing state to a static state is named as
the reattachment process of coal fines. When no new fines
are generated (no denudation), the detachment and reattach-
ment processes are reversible (Figure 2). Only static fines
have a direct influence on coal permeability and porosity.
Hence, the detachment and reattachment processes and the
denudation process will directly and indirectly alter, respec-
tively, the coal properties. When the water rate continues to
increase and exceeds the critical velocity for denudation
(states B to C in Figure 2), new fines will be generated owing
to the water flushing effect. This is the denudation process of
coal fines, which can increase the total mass of fines. The

calculated denudation mass needs to be compared with the
curve (the maximum water carrying capacity of coal fines)
in Figure 2. If the mass of denudation corresponds to the
point below the curve, the denuded fines are all in the flowing
state. If the mass of denudation corresponds to the point
above the curve (similar to state A), a certain number of coal
fines are in the flowing state and the others are in the static
state. When water production declines, the water velocity
reduces and the state moves to point D. Since the fines mass
is above the curve, the reattachment occurs and static fines
increase. Note that the detachment and reattachment are irre-
versible when new fines are generated (denudation occurs).

To model the entire flow of coal fines (one curve, two
states, three stages, and four processes), in the next section,
the fines migration patterns will be analyzed and the migra-
tion model is established. Then, the generation and deposi-
tion models are constructed and finally the impacts of fines
migration on coal properties are modeled.



2.2. Fines Migration Patterns. In this study, only the main
pattern of fines suspension is accounted for to simplify the
physical process. The mathematical model based on statisti-
cal regression will be in a simple form and beneficial for
equation solving and parameter setting. Usually, the velocity,
coal fines concentration, pressure, and fluid saturation are
selected as the variables in the mathematical model, which is

Cf:Cf(ww’pw)’ (1)

where C; represents the coal fines concentration in water
(g/ml). w,, is the actual velocity of the water phase (cm/s).
p,, is the water pressure (MPa).

The relationship between w,, and the Darcy velocity v, is
as follows:

=

w,, =

=, 2
” 2)
where ¢ represents the cleat porosity of coal (dimensionless).
v,, is the Darcy velocity of the water phase (cm/s).

The pore pressure determines the deformation and state
of fines, which affect the concentration of fines. When the
elasticity of fines is noticeable, the deformation of particles
cannot be neglected as pore pressure changes. In CSG
reservoirs, the change of pore pressure varies from 4-6 MPa
to 0.5-1 MPa and the state of fines (flowing and static) mainly
depends on pressure difference, instead of pressure. Hence,
the effect of pressure on the concentration of flowing fines
can be neglected. So Equation (1) can be simplified as

Ce = Ce(wy,)- (3)

Therefore, the experimental method can be used to estab-
lish the relationship between the amount of coal fines and
water velocity. The rest of these factors are integrated as
parameters in the functional relations.

2.3. Modified Darcy Model for Water Flow with Coal Fines.
Because the moving coal fines follow the water flow, the
momentum equation of coal fines is the modified Darcy
model. According to hydrodynamics, if there is no solid par-
ticle in the water, the water flow in the porous media obeys
Darcy’s law. While there are solid particles in the water
stream, as the carrier medium, water will give kinetic energy
to coal fines, leading to the velocity increase in fines and
velocity decrease in water. Hence, the water velocity does
not obey the standard Darcy’s law in the flow of water and
coal fines. The higher the concentration of coal fines, the
more the kinetic energy exchange between water and coal
fines. The concentration of coal fines is strongly dependent
on the water velocity. However, most researchers ignored
the effect of solid particles and applied the standard Darcy
formula to approximate the water flow [34-36].

From the perspective of coal fines, the movement of solid
particles in porous media is significantly different from that
in a free stream. Hence, the flow model of water-coal fines
in the coal cannot simply copy the water-sand flow model
in the river (debris flow model) or particle flow model in
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the wellbore. There is one type of model that treats the parti-
cle and the carrier fluid velocity the same [23, 24, 34, 35].
This model cannot describe the phenomenon that the fluid
is able to transport fines only if the velocity of water exceeds
a certain minimum value [37]. For this reason, subsequent
studies have introduced the velocity of fines (w) and the crit-
ical water velocity. It suggests that fines will be static (w = 0) if
the fluid velocity is below the critical velocity [38].

W= { 0’ (Vw < Vsc)’ (4)

where w is the velocity of coal fines (cm/s). v, is the critical
velocity of the water phase to start the fines migration (cm/s).

However, the improvement still does not show the signif-
icant difference of velocity between fines and water. For
instance, Zhao et al. obtained a group of data from laboratory
tests, which reveals a linear relationship between the coal
fines velocity and water velocity [37], written as

w=kv, +vg, (5)

where k is the coefficient of the regression relation
(dimensionless).

In this paper, we establish the flow of water and coal fines
movement models using the available experimental results.
Note that both water velocity and the coal fines concentra-
tion are always changing with time, and they are very sensi-
tive to the flow conditions; therefore, they can be treated as
the two main variables in the equations of motion.

The coefficient of variation is used to describe the inter-
ferences between water and coal fines. This variable « is
defined as the ratio of the water flow with coal fines divided
by the flow velocity without fines, while the rest flow condi-
tions are the same, which is

Vw(Cf) (6)

where a is the deviation factor. v, is the water flow velocity
without fines (cm/s).
0 can be expressed using Darcy’s law, shown as

K
V3=—#—V(Pw+ng), (7)

w

where V is the Hamiltonian operator, K is the permeability of
coal (mD). p,, is the water viscosity (mPa-s). p_ is the water
density (g/m°). g is the gravity coefficient (9.8 N/kg).

The deviation factor « is associated with the concentra-
tion of fines and the velocity of the flow, shown as

a = a(w,, Cr). (8)
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Then, we can revise the equation of water flow as

aK
vwz—#—V(pw+pwg). 9)

w

The velocity of coal fines comes from the kinetic energy
transfer of water, which implies that the velocity of fines
depends on the velocity of water velocity. In addition, the
concentration of fines also affects the flow of fines. Then,
the velocity of coal fines w is related to the water velocity
and the coal fines concentration, which can be expressed as

w = w(v,, C). (10)

The function w is determined by experiment. Those fac-
tors influencing the velocity of water and coal fines are con-
sidered parameters of this function. For example, f8 is
defined as the ratio of the velocity of water to the coal fines
velocity, written as

w=—

ﬁ;'K<va+pg>+/sz, (1)

w

where 3, and f3, are the coefficients to be solved.

The force and flow conditions related to the coal fines are
different in different directions; for example, there exists the
gravity in the vertical direction. Different functions and dif-
ferent experiments are required to reflect the anisotropy of
the water flow with fines. Note that the dimensionality of
B, should be consistent with K and the dimensionality of
B, needs to be consistent with w.

2.4. Generation and Deposition of Coal Fines. The generation
process of coal fines includes the detachment and denuda-
tion. The detachment means that the coal fines begin to
flow when the water velocity is above the critical velocity.
As the water velocity continues to increase, the denudation
process occurs, which is the process that coal debris breaks
from the surface of coal, leading to the generation of fines,
as shown in Figures 1 and 2. According to the hydraulic
dynamics, it is a challenge to create the precise translation
model [12, 39]. Compared with the sedimentation of sand
in the river and in the wellbore, transition is more compli-
cated between the flowing state and static state of coal
fines. It is not only related to the carrying capacity of
water flow but also closely related to the porous space.
As the velocity of the water is less than that required to
carry fines, more coal fines will convert from the flowing
state to the static state.

If the state transition model for solid particles is estab-
lished using experimental results, the above challenges can
be addressed [27, 39, 40]. Firstly, this paper employs the max-
imum concentration of fines carried by water to describe the
migration and deposition patterns of fines. The maximum
concentration relates to the velocity, flow regime (nonlinear
or liner flow), viscosity of water, shape, and gravity of coal
fines. For a given coal seam, the parameters of rock and fluids

are specific and the maximum sand concentration that water
can carry serves as a function of water velocity.

mef = mef(ww)’ (12)

where C
(g/ml).
The higher the velocity, the larger the fines concentra-
tion. Then, the calculation of conversion from migration to
deposition (stop of fines flow) is based on the transporting
capability of water. When the flow velocity changes from
vl to v2, the conversion volume of coal fines M, would be

'yt 1S the monotonic function of the flow velocity

Mtr = mef (Vir) - mef (V&v) . (13)

As the water velocity increases, more coal fines will be
transported by the water, and some deposited coal fines will
be transited to movable ones. m,, is the amount of conversion
in unit time which is further defined as

_ thr _ mef (V\ZN) - mef (V\{v) _ amef aVw (14)
Todr At T oov, ot

my

where m,, is the amount of conversion per unit time and unit
volume (transition velocity) (g/mls), d is the differential
operator, At is the time difference (s), and 9 is the partial
derivative operator.

The conversion is not only influenced by transporting
capacity of water but also restricted by the concentration of
flowing coal fines and static coal fines (C; and C,). As the coal
fines convert from the deposition state to the migration state,
the amount of the conversion should not exceed the amount
of static coal fines. When migrating coal fines come to the
deposition state, the conversion amount should be less than
the amount of the migration coal fines in the water. Hence,
Equation (15) needs to be further restricted:

0C, s OV

ov v,
5 f - > S -l > >
m =) ov, ot i (at >0 C5>0)0r(6t <0 Cf>0>

0, (else).

(15)

When the water velocity continues to increase, new coal
fines will be denuded from the surface of the cleat. To
describe the effects of denudation on coal properties and coal
fines volume, the total denudation of coal fines and the
amount of conversion per unit time (denudation velocity)
are employed. Their relation can be described as follows:

"
M, = Jt e, (16)
where M, is the total denudation of coal fines during the
time of t~'~t' (g/ml). m,,, is the amount of denudation in
unit time (g/ml-s).

When the water production rate declines, the coal fines
deposit and clog the flow channels. If the agglomeration of



coal fines does not occur, the deposition (reattachment)
shares the same critical velocity condition with the detach-
ment, as shown in Equation (4). When the water velocity
is above the critical value, the detachment occurs. When
water velocity is below the critical value, the reattachment
process happens.

2.5. The Impact of Coal Fines Migration on Porosity and
Permeability of Coal. Fines denudation, detachment, and
reattachment of coal fines generally cause changes of porosity
and permeability of coal. Firstly, if fines get off from rock skel-
eton (denudation), a pore space and porosity of coal increase.
Secondly, because the static fines occupy part of the pore
space, the volume of the water will decline. Thirdly, the reduc-
tion of porosity due to deposition of coal fines is equal to the
sum of the denudation volumes of the coal fines, which is
expressed in Equation (17a). The permeability model of coal
can be employed to describe the permeability damage
induced by porosity [41-44], shown in Equation (17b):

i=n Afi

p=¢+ ) —,
iz0 Ps

¢ 3
k=k(2),
(&)

where ¢, is the initial porosity, k; is the initial permeability
(mD), and p, is the density of coal fines (g/ml).

(17a)

(17b)

3. Coupling Flow Model of Water and Coal Fines

3.1. Mathematical Model of Coupling Flow. Based on the con-
ventional flow model and the models for fines generation,
migration, deposition, and plugging, which are established
in Section 2, the mathematical model of water flow can be
coupled with coal fines models. In this study, we focus on
fines migration and its impacts on coal properties during
the early water drainage period. The assumptions are listed
as follows.

(1) Coal seam is described by a dual porous medium
consisting of a coal matrix and cleat system. Water
and fines can only flow in cleats but not in a matrix

(2) The fluid flow in cleats is laminar (Darcy flow) under
isothermal condition

(3) The coal fines are divided into static coal fines (depo-
sition state) and flowing coal fines (migration state).
The transition time between these two states is
negligible

(4) The gas content in the matrix is set to zero. Only
water production with fines migration is discussed

(5) The agglomeration of coal fines does not occur

According to the mass conservation, differential equa-
tions of the flow model are established for water and coal
fines, respectively.
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(1) Water Flow.

V ’ (Pwvw) + a(ﬁa)‘:(p) = qw' (18)

Substituting the water velocity in Equation (9) into Equa-
tion (18) gives

-V.

aK o /[¢ 4,
e rted)| t ()= 09

wWiw

Equation (19) considers the influence of coal fines and
brings in deviation coefficient &, which is a function of the
flow velocity and the concentration of movable coal fines.
q,, is the source-sink term of water (m>/ks) (ks = kilo second).

(2) Mass Conservation of Flowing Fines in Water.

The mass conservation equation for migrating coal fines is

0
V(o) + P ey (20)

Differentiating both sides of Equation (10), Equation (21)
can be derived as follows:

ow ow
= —— - 21
V-w awwwa+ aCfVCf, (21)
ow ow ¢ 0C; op
VP)+ — V- LG+ 2 e p
¢ (w )+ 3o, w,, + 3c; Ce + o ot +2¢,¢ 5t
_mtr _ mpr
P Py
(22)

Because the coal is slight compressible, the compressibility
coefficient ¢, is a very small value. Therefore, we can further
simplify Equation (22) as

awvw+aw
o, vt 5e

w

f%.}zC a’l:—ﬂ_mpr

p, Ot o p P
(23)

V~Cf+

Substituting Equation (2) and Equation (9) into Equation
(23), we obtain

_oey Vp +pogl+ 22 ve
o, ¢#WBW[ Pwt P9l ac; £ ”
<¢ acf aPW> My, mpr
= +2cp =" ) =—7F - 2.
ps Ot ot Ps P
(3) Mass Conservation of Static Fines.
o(p.C
PCt) (25)
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FiGURrE 3: The scheme of the simulation case.

where C; is the concentration of static fines in the coal cleat
(g/ml).

The variation of static fines concentration depends on the
conversion between migration and settling. In order to solve
the above governing equations, the definite conditions of the
partial differential equations are also given, including the
boundary and initial conditions. The boundary conditions
include the inner boundary conditions (I',,) and the outer
boundary conditions (I',), which represent the production
constraint and reservoir boundary, respectively. The inner
boundary condition for pressure is

p|Fw=pw' (26)

Outer boundary conditions are close boundary (constant
flow rate). The constant flow boundary is also called the sec-
ond boundary condition. In the flow model of CSG, the outer
boundary condition is usually the closed boundary, which
means that there is no flowing on the external boundary. It
is written in the form

op(x, ¥, 2,t)

on {F =0

(27)

where n represents the normal direction.
The initial conditions of the model are the given initial

pressure, fluid saturations, and gas content distribution.

Py, 2 1)1 = o (%, 9,2, 0), (28)
Cy(%, 9, 2, t) |20 = Cyo (%, ¥, 2, 0), (29)
Cl(, 72 )limo = Crp (6,912, 0), (30)

Due to the complexity of the model, numerical simula-
tion is applied to solving the governing equations. The
detailed numerical solution of this model is provided in
the appendix.

3.2, Simulation Settings. A computational model in
Figure 3(a) is employed for numerical analysis of fines
migration during the early water drainage period. The radius
of the wellbore is 0.06 m, and the size of the simulation
domain is 300 m x 300 m x 5 m. The depth of the CSG reser-
voir is 400 m from the surface. The external boundary is
specified as no-flow boundary, and the internal boundary
is the constant water production rate. In this study, an
important assumption is that the coal fines in the wellbore
can be produced immediately and do not affect the efficiency
of pump and water production. The local refined orthogonal
grid system is used to represent the hydraulic fracture of the
well (Figure 3(b)).

The cross-sectional area of the simulation grid for
hydraulic fracture is 5m x 1.25 m. The fracture permeability
owns finite conductivity, which is 15mD. Fracture half-
length is 52.5m. Initially, 5% of static coal fines are in the
cleat system. The other parameters are listed in Table 1.

The model parameters in Sections 2.1 and 2.2 need to be
obtained from experimental data, which is hardly available in
the literature. In the present study, these parameters are
assumed based on limited literatures [27], which are shown
in Tables 2 and 3.

The relative permeability and capability pressure curves
can be obtained from our previous study [27], shown in
Figure 4.

The mass of maximum carrying fines can be calculated as
the product of m,,, volume of grid V4, porosity ¢, and the
time interval At, as shown in Equation (31). The mass of
denudation fines can be calculated as the product of m,,,
Vgria» $» and At, as shown in Equation (32).

grid>

(31)

mcarry =My Vgrid ¢At’

M denudation = mpr Vgrid(/)At’ (32)

where m,, is the mass of maximum carrying fines (mg),

Mgenudation 18 the mass of denudation fines (mg), Vg is the
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TaBLE 1: Basic parameters of the model.
Parameter Value
Initial concentration of static fines (%) 5
Initial concentration of flowing fines (%) 0
Initial water saturation (%) 100
Fracture height (m) 5
Porosity of cleat (dimensionless) 0.008
Permeability of cleat (mD) 1
Porosity of hydraulic fracture (dimensionless) 0.05
Permeability of hydraulic fracture (mD) 20
Grid size on the x direction 15
Grid size on the y direction 15,7.5,1.25
Grid size on the z direction 5
Initial pressure of coal (MPa) 4
Compressibility of coal (10* MPa™) 2.354
Water density (g/crn3 ) 1.08
Coal fines density (g/cm’) 1.38
Water dynamic viscosity (mPa-s) 1

TaBLE 2: The assumed deviation factor of water velocity response to
pure water velocity and coal fines concentration.

W 1.14 1.04 0.762 0.424 0.411 0.134 0
Vi 0.9 0.8 0.6 0.4 0.2 0.1 0
Ce 0.05 0.01 0.02 0.05 0.06 0.08 0.1

TABLE 3: Assumed water velocity deviation factor.

o 0912  0.863  0.741 0.711 0.531 0.314 0
Vi 0.9 0.8 0.6 0.4 0.2 0.1 0
Ce 0.05 0.01 0.02 0.05 0.06 0.08 0.1

volume of the simulation grid (cm®), and At is the time inter-
val (s). The obtained water carrying capacity of coal fines
(Myrry) and the denudation mass (Mgeqydation) @ functions
of water velocity are presented in Figures 5(a) and 5(b),
respectively.

4. Result and Discussion

4.1. Case 1: Coal Fines Concentration under Two Dewatering
Strategies. Case 1 compares coal fines transport under mod-
erate and fast depressurization strategies. The moderate
depressurization adopts a relatively low initial water rate,
which is often deployed in stress-sensitive coals. The fast
depressurization strategy implies a higher initial water rate.
This is a common production strategy to fast decrease the
pore pressure and lead to better gas production in undersat-
urated CSG reservoirs.

Figure 6 shows that the coal fines concentration curves in
10 grids from the wellbore side (near to the wellbore) to the

Geofluids

edge side (far from the wellbore) when the water rate is set
as 6m>/day (moderate depressurization strategy). Grid 1 is
the first grid, and grid 10 is the tenth grid away from the
wellbore in the y direction.

The decrease in static fines concentration and increase in
flowing fines concentration demonstrate the phenomenon
that coal fines can continuously move from the reservoir to
the wellbore (Figures 6(a) and 6(b)). The flowing fines
concentration is lower than the static fines concentration,
which means that no new fines are generated (no denudation)
when the moderate depressurization strategy is employed to
dewater the coal.

When no denudation occurs, the static fines are carried
by water with an extremely low concentration (almost zero)
in the grid (Figure 6(a)). As the production proceeds, the
static fines concentration decreases and the flowing fines
concentration increases from grid 1 to grid 10. This indicates
that the fines detach and migrate in the coal. Meanwhile, the
highest concentration of flowing fines is slightly lower than
the initial static fines concentration (Figure 6(b)). This results
from fines production and porosity change induced by static
fines concentration. It provides the fines distribution when
no new fines are generated. Hence, the moderate depressuri-
zation strategy can assist the fines production and would not
generate new fines, which can contribute to the appropriate
fines production.

As the water production rate raises to 12m?/day, the
static fines concentration will not reduce to 0 (Figure 7(a))
and the concentration of flowing fines (Figure 7(b)) is much
higher than that of the initial static fines owing to the denu-
dation effect (Figure 7(c)). The mass of denuded fines is
directly obtained using the relationship in Figure 5(b). The
results indicate that the static fines cannot be completely
removed by water flow at the same velocity (Figure 7(a)).
Figure 7(b) indicates that the concentration of flowing fines
is continuously increasing from grid 10 to 1, because fines
from other parts of coal have accumulated near the wellbore.
When new fines are generated in the grid (Figure 7(c)), it
leads to a lower decreasing rate of static fines concentration
(comparing Figures 6(a) and 7(a)) and a higher increasing
rate of flowing fines concentration (comparing Figures 6(b)
and 7(b)).

Case 1 illustrates the fines migration in coal with and
without a denudation effect when the water production
remains at a constant rate. In an undersaturated CSG reser-
voir, the water rate will decline as the gas desorption begins
and always changes during the early drainage period. There-
fore, the effects of various water rates on fines migration are
analyzed in Case 2 in the next section.

4.2. Case 2: The Effect of Water Rate Variation. The
main purpose of Case 2 is to study the influence of
water rate change on fines deposition and migration in
coal. At the beginning, the initial water production rate
of four schedules is set as 12m?/day for the first 20 days
to start the fines migration and denudation. Then, for
the following 20 days, the water rate of schedule 1
remains 12m’/day and water rates are set as 6, 2, and
0m’/day for schedules 2-4, respectively. Figure 8(a)
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shows static coal fines concentration profiles in 10 grids
for the four schedules at 1 day after the well production
rate has been changed (T =21 days). It is shown that the
water drainage rate has an important influence on the
concentration of coal fines.

In schedule 1, the fines concentration is similar to that
shown in Figure 7. Although new fines are generated in
schedule 1, the constant water flow can continuously carry
fines, leading to a low concentration of static fines. In sched-
ules 2-4, coal fines deposition occurs near the wellbore owing
to the abrupt decrease in the water rate. The deposition con-
tributes to the dramatic increase in static fines concentration.

After well shut-in (schedule 4), the flowing fines concen-
tration in grid 1 decreases from 0.1420 to 0.0524 in one day
(Figure 7(b)), leading to the increase in static fines concentra-
tion from 0.0097 to 0.1040 (Figure 7(a)). The increase in
static fines concentration is higher than the decrease in flow-
ing fines concentration because the flow fines in grid 2 also
migrate to grid 1 and increase the static fines concentration.
This indicates that fines can easily accumulate near the well-
bore and the blockage near the wellbore is much more seri-
ous than that away from the wellbore.

With reference to the concentration of static fines in
Figure 8(a), the permeabilities of grids in the hydraulic fracture
are presented in Figure 9 under different schedules. With the
constant water drainage rate, the coal fines move to the wellbore
along the water flow path. The accumulation of the coal fines
will not occur because of the continuous water flow (the perme-
ability profile under water schedule 1 in Figure 9). The water
rate decrease can cause the fines deposition. The fines transport
in cleats requires a continuous water flow and an appropriate
water schedule. Both Figures 8 and 9 show the effects of well
shut-in on the fines migration and coal properties.

During the early drainage period of CSG reservoirs, well
shut-in often occurs due to the pump accident induced by
fines production. The water production performance always

has a significant change after multiple well shut-in. The
impacts of multiple well shut-in on coal permeability are
investigated in Case 3 in the next section.

4.3. Case 3: The Effect of Multiple Well Shut-in. This case is to
study the influence of the multiple well shuts on permeabil-
ity. The dewatering schedule is set as 4 cycles. In each cycle,
the water rate is 15 m>/day for 6 days and zero for the follow-
ing 4 days. Two simulations are run with and without consid-
ering the coal fines migration process (Figure 10(a)).

Figure 10(a) shows that the water rate is the same in each
cycle when coal fines migration is not included in the simu-
lation. This is because the coal permeability does not change
without the effects of fines migration. Considering the coal
fines migration, the water rate cannot remain 15m>/day at
the beginning of the second circle. This is because the fines
deposition occurs when the well is shut. When the dewater-
ing process goes in the second circle, the fines begin migrat-
ing and the coal permeability is enhanced. This leads to the
recovery of water rate but still cannot return to 15 m*/day
in the second cycle. During the third and fourth circle, the
peak water rates decline, which indicates that the flow chan-
nels have been clogged due to multiple well shuts.

Figure 10(b) indicates the permeability of different grids
in the simulation considering fines migration. The perme-
ability far from the wellbore (grids 7 and 10) continuously
increases, because the concentration of static fines decreases
and denudation does not occur owing to the low water rate.
The permeability near the wellbore (grids 1 and 3) decreases
after the well shut. This results from the fact that new fines
are generated and participate in the flow because of higher
water flux in the grid nearer to the wellbore. When the well is
shut, new generated fines and flowing fines deposit and clog
the flow channels in the coal seam. Although the permeability
far from the wellbore increases, the permeability variation near
the wellbore has a dramatic influence on well productivity.
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The simulation studies indicate that when the water rate
is too high, new generated fines can clog the flow channels as
water production changes. Multiple well shutting would dra-
matically decrease the well productivity owing to fines migra-
tion problem. If the impacts of fines migration are ignored in
the simulation, an unreasonable dewatering strategy may be
drawn for a specific CSG reservoir. For instance, results from
the commercial simulator show that the higher the water
rate, the higher the gas production rate, which is in contra-
diction with field observation [27].

4.4. Field Case Study. A field case is applied using a CSG well
from the southern part of the Qinshui Basin, China. This well
is named as ZY-n and extracts gas from coal seam #3, which
has the largest gas reserve in the Qinshui Basin. The rank of
coal seam #3 is high, and the gas content ranges from 8 to
21 m’/t in an unsaturated sorption state. Hence, the dewater-
ing is required to reduce the pore pressure.

The production history of the well ZY-n is shown in
Figure 11. The initial dewatering rate was set as approxi-
mately 5m?®/day. Then, the water rate increased to 9 m>/day
to shorten the drainage period. As the gas production began,
the fast depressurization strategy is deployed (water rate =
10 m*/day) to decrease the pore pressure fast. This treatment

generated more coal fines, leading to a rapid decline of both
water and gas production. The well ZY-n was shut for 9 times
because of pump accidents caused by fines production.
Consequently, the permeability of coal had been seriously
damaged and this well was producing with low efficiency.

During the first 280 days (before gas production), this
well was shut 6 times and the last 5 times were because of
pump accidents owing to fines migration (Figure 11(b)).
According to the log of production, well washing work had
to be conducted to clean the fines in the wellbore. For the first
well shut, the false data exists in the pressure profile since it
was a constant value. For the second to fourth well shuts,
the bottomhole pressure could not recover quickly, and the
pressure even declined during the fifth and sixth well shuts
(Figure 11(b)). Therefore, the early drainage period of the
well ZY-n is selected for the field case study.

Because the stratigraphical dip angle is very small for coal
seam #3 (approximately 3 degrees) and coal thickness does
not vary for the well ZY-n, the numerical model in this paper
can be employed to perform the history matching of the well
ZY-n. The orthogonal grid system is chosen to simulate the
water production. The outer boundary is set as the closed
boundary condition, which means that the flux through
boundary is zero. The production constraint is the bottom-
hole pressure, which is the internal boundary of the mathe-
matical model. The water rate is the matching target in this
case. The simulation parameters for history matching of the
well ZY-n are listed in Table 4. Other simulation settings
are the same as those in Section 3.2.

In history matching, the bottomhole pressure is the input
parameter for production constraint and the water rate is the
output parameter for matching. During history matching,
the reservoir parameters of the abovementioned CSG well
are adjusted, which are listed in Table 4.

Since the exact mass of produced fines was not recorded,
the volume of fines can be only judged using the record of the
color of drainage water and the history matching has to be pro-
ceeded qualitatively (dark blueline in Figure 12). After match-
ing the production history, the static fines concentration and
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FIGURE 11: The production history of the well ZY-n (Qinshui Basin, China).

denudation are set as zero to show the production perfor-
mance without considering fines migration (blue line in
Figure 12).

When the simulation takes fines migration into consider-
ation, the water rate cannot recover to the standard before
the well is shut. The simulated results match well with the
history data, which also agrees with the tendency in the sim-
ulation in Section 4.3. When simulation is performed without
considering the fines migration (blue curve in Figure 12), the
water rate is substantially higher than history data after the
second well shut and the water production rate can return
to the value before well shut. Because the first well shut is
not caused by fines production, the difference between two
simulation results is not significant. As fines migration trig-
gers the jamming of the flow channel in the coal seam, the
permeability changes and the difference between two simula-
tions become dramatic.

5. Conclusion

In this study, the coal fines migration process can be modeled
as one curve (the maximum water carrying capacity of

coal fines), two states (static and flowing fines), three
stages (generation, migration, and deposition), and four pro-
cesses (detachment, denudation, reattachment, and block-
age). New models are established to describe the fines
transport in the early water drainage period of CSG reservoirs,
and a practical solution is proposed to solve coal fines migra-
tion coupled with water flow. Three simulation cases and one
field case were performed with the main conclusions drawn
as follows:

(1) The continuous water flow leads to a low concentra-
tion of static fines (almost zero) near the wellbore,
which improves the coal permeability within the
wellbore neighborhood. When the water production
does not decline, the new generated fines can be
transported with flowing water and do not influence
the production significantly

(2) The water rate decline significantly affects the coal
permeability. When the fast depressurization strategy
is employed, massive fines are detached and new fines
are generated, which leads to temporary increase in
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TaBLE 4: Input and adjusted parameters in the simulation of the well
ZY-n.

Parameter Input value A?a 1113';ed
Grid size (m x m X m) 10x10x 4

Coal size (m x m X m) 400 x 400 x 4

Cleat porosity of coal (%) 0.82

Cleat permeability of coal (mD) 3.24

Initial pressure of coal (MPa) 3.62 3.58
Gas content of coal (m*/m?>) 18.45

Langmuir volume (m’/m?) 38.54

Langmuir pressure (MPa) 2.95

Initial water saturation (%) 100

Half-length of HF (hydraulic

fracture) (m) = 45
Conductivity* of HF (mD-m) 42 21
S%I_’}I;\r/f;:‘_?;hty of coal 0.00245 0.01225
Water density (g/cm’®) 1.04

Coal density (g/cm?) 1.35

Water dynamic viscosity (mPa-s) 1.14

Initial static fines concentration 0.0032 0.0064

(m’/m?)
5 grids around Whole

Initial static fines distribution .
the well reservoir

*Conductivity is the product of permeability and facture width.

16.0
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F1GURE 12: The history results with and without considering fines
migration.

the permeability. When the water rate declines, these
generated fines will clog the flow channels and bring
severe damage to the coal permeability. Hence, the
multiple well shuts will dramatically reduce the well
productivity when the fast depressurization strategy
is applied

(3) The field case study indicates that the water rate
cannot recover to the initial value when the well
is shut when fines migration is triggered. The sim-
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ulation without considering fines migration could
overestimate the productivity. Taking fines migra-
tion into account, the simulated rate can match
the history data owing to the blockage of flow
channels and permeability reduction induced by
fines migration

(4) Although the fast depressurization strategy can
improve the coal permeability at the beginning, the
water rate of a CSG reservoir will always decline,
which may cause fines deposition. Therefore, the
moderate depressurization strategy is a more reliable
way to continuously produce the fines, avoid new gen-
erated fines, and protect the coal permeability from
damage induced by fines migration

Appendix

Th

e Numerical Solution of the Coupled

Flow Problem

Newton’s iteration is an effective approach to solve the sys-
tem of nonlinear equations. In the appendix, we take the
one-dimensional flow in the coal as an example to introduce

the

numerical solution process.

(1) Governing Equation for Water Flow.

T

w W, i Wi

A A A A
Twz+1/2 Tw1+1/2 Twz+1/2 + _witl2 wi—1/2
pw1+1 pwz 1 B . B pwz
w

where T7,,, = (4, K“/f“w)()

w1

V.

1

At

@) -G)]- ()

(A1)

i+1/2"

Since Equatlon (A.1) is a function of pZt. |, Cftl, Ctl),

prrl, C?Tl, Cg+1>Pcv+il-1> crl, C”’r 1> it can be rewritten in the

form
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n+1 n+1 n+1 n+1 n+1 n+l  n+l n+1 n+1
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(2) Governing Equation for Fines Transport.
The finite difference form is
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where qi?) = (6w/8Cf),(.n), c(cr;) = (aw/acf)ﬁ”), and T, =AK/
¢u,, B, Ax and Equation (A.4) is

n+l n+1 n+1 n+1l n+1 n+l  n+l n+1 n+l\ _
Fe (P Chivp Coivnr P » CEi > Coi' Pt Ciity Coity) = 0.

s,i+1? s,i—1
(A4)
(3) Mass Conservation of Static Fines.
oC (n) K n+l - ontl
min mxf _Pw,1+1 pw,z—l _ V:iri , Csi
ov,, Uy, 2Ax ’ i
(A.5)

() )]

Thus, it is written in the form

n+1 n+1 n+1 n+1 n+1 n+l  n+l n+1 n+l \ _
Fei (pw,i+1’ Cirp> Coivr Proi > Cri 5 Csi > Pic Ciops Cs,i—l) =0.

(A.6)

Because the coal fines concentration depends on the
water velocity, in order to deal with the nonlinearity of the
equation, the coal fines concentration and the pressure
are solved using the iterative approach. At each time step,
Newton’s iterative method for the one-dimensional coal
fines-water flow model can be described as

Step 1. k is set to zero.

Step 2. The pressure and saturation from a previous time
step t=1" are taken as the initial values of the present
time step.

plit=pl i =cl el =) (vief1-Ny).
(A7)

Step 3. The system of governing equations can be
expressed as

K k k k KAk Ak (K k k
rv{vt} =F,; (piv,i}H’ cld,cll piv,i}’ Cg,i}’ Ci,i}’piv,i}—l’ Cg,iil’ Ci,iL

£,i+12 s,i+1°

k k k k k k k k k k
= (P L Ll L0 Ll 8 1)

)
f,i+1> ~s,i+1° f,i—1° s,i—l)’
)

k k k k k k k k k k
8= g (s Ol Ll I8 8 8, 1)

fi+1> s+l s,i—1

(i=1,2--N
(A.8)

Calculate the corrections as
apll] =P R 0l =l —clocl)

k+1 k
= Cg,i b Cg,i}'
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Step 4. Construct the Jacobian matrix as

J=U1 T T In) s (A.10a)

where

a(Fw,i’ FCS,I’ FCS,i>
0 (pw,i+1’ Criv1> Cs vt Pwp» Ceo Coio Pyin Criot Cs,i—l)
(A.10D)

]i=

Solve Equations (A.10a) and (A.10b) by Newton’s
iteration method.

k
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e[| epy rif
sct | =] 1, (A.11)
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scty )\

Then, 8P, 5t

W,i W,i

8Cifi} (i=1---N) are obtained.
Step 5. If the modulus of 8P$E,6C‘{Jf},6c‘{v’?(i= 1---N) is
smaller than the predefined error threshold, the iteration is
terminated. The solutions are pli! = p;{vk:r H, Citl = ijk:r ",
crt = (Vie {1+ N}). Otherwise, let k=k+1 and
go to Step 3 to continue with the iteration.
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