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Abstract

Multiphase flow intensely affects the movement and accumulation of other fluids in
coal, and plays an essential role in predicting the permeability of coal during coal bed
methane (CBM) production. Fractures have played a decisive role in the transport of
CBM after hydraulic fracturing has occurred. In this study, a multiscale pore network
model (PNM) was constructed based on focused ion beam scanning electron
microscopy (FIB-SEM) image results. Additionally, a novel discrete fracture network
model — fracture-pore network model (F-PNM) was proposed to investigate the effect
of fracture density, fracture developing direction and wettability on multiphase flow.
The results reveal that the permeability of F-PNM increases with the increase of fracture
density, which could be result of the predominance of snap off. The permeability
decreases as the angle between the fracture and flow direction increases; initially, the
permeability decreases steeply and then it tends to remain stable; for angles between 0°
and 15°, the permeability decreased by as much as 61.8%. Moreover, the wettability of
coal has limited impact on its water relative permeability; however, it has a measurable

effect on gas relative permeability, which could be owing to water accumulation on the
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coal surface under different wettability conditions. A good wetting performance would
have a negative effect on the CBM production and reduce flow back efficiency.

Keyword: coalbed methane; pore network model; relative permeability; wettability

1. Introduction

With countries continuing to set energy saving and emission reduction targets, coal bed
methane (CBM), an unconventional resource, can play an increasingly important role
in the global energy structure by alleviating the energy shortage to some extent and
contributes to mine safety and environmentally friendly!™. CBM is stored in a state of
absorption mainly in coal matrix nanopores, less than 100 nm in diameter with a small
amount of it stored as free gas in coal cleats or fractures >~’. During CBM exploitation,
methane first desorbs from the surfaces of coal matrix pores, and then migrates to the
cleat system®. Because CBM recovery efficiency is predominantly influenced by the
permeability of coal and gas-water distribution in coal®!?, an insight into multiphase
flow in coal would be important. Investigating the characteristics of multiphase flow in
coal is difficult because of the strong heterogeneity of coal pore structure. Experiments
and simulations are commonly used to study pours media. Gas/water relative
permeability has been analyzed based on in situ dynamic micro-computed tomography
imaging technology'!, Ma et al. studied the spontaneous imbibition of water using a
nuclear magnetic resonance experiment!'?, Zhao et al. stimulated relative permeability
of two immiscible fluids flowing in a porous media using the lattice Boltzmann

method'3. Jing et al. simulated multiphysics gas flow in coal using a pore network

ACS Paragon Plus Environment

Page 2 of 26



Page 3 of 26

oNOYTULT D WN =

Energy & Fuels

model (PNM) 8. Unlike the experimental method and lattice Boltzmann method, PNMs
are being widely used to quantitative characterize the pore structure of porous media
and simulate fluid flow in them because of its high efficiency and high accuracy'.

Coal being able to provide storage space for methane and serve as a transport channel
for fluids, the degree of pore-fracture development in coal determines its permeability
and connectivity®!3. Because of its two main advantages of PNM, namely, flexibility,
efficiency and could visualize the fluid transport changes, thus it has become a
interesting research topic in areas related to porous media'®!®. The coordination
number of connected pores increased with increasing pore diameter by Avizo
simulation'?, indicating that larger pore tables appear to have better permeability. In
contrast, the shape factor of pore decreases with increasing pore diameter, suggesting
that the larger the pores are, the rougher the pore surface is ?°. In medium- and high-
rank coals, the fluid pressure is more likely to reach equilibrium if differences among
pressure in the X, Y and Z directions are not large?'. Additionally, hydrate saturation
affects the pore size distribution and pore network connectivity in coal??, making the
permeability of coal to change. Generally, the gas phase permeability tends to decrease
with increasing hydrate saturation?®. The factors affecting fluid flow in an actual coal
reservoir include curvature; ground stress; natural fracture development; desorption and
contraction effects; and shape, roughness?*?3. These factors are considered as much as
possible when developing a PNM to enable the accurate reflection of the actual

conditions of a coal seam.
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Coal reservoirs in China are commonly known to have low porosity, low permeability,
and high CBM adsorption!!2%27, Thus, the use of new technologies, including hydraulic
fracturing technology, and the use of chemical methods, and microbially enhanced
coalbed methane to improve the parameters of coal seam properties have become
necessary?$3%, However, investigating the effect of fractures by using a PNM for fluid
flow simulations has always been a challenge. In this study, a PNM was constructed
using focused ion beam scanning electron microscopy (FIB-SEM) images. A new
method for adding several fractures to a PNM was also proposed to investigate the
effect of fracture density, fracture direction, and wettability of coal on multiphase fluid

flow in it using a fracture-pore network model (F-PNM).

2. F-PNM network model

2.1 Pore network model construction based on FIB-SEM images

Coal reservoir, composed of pores and fractures, is considered a dual pore system3!-33,
Characterizing the full-size pore structure of coal is difficult because of its low porosity,
low permeability, and strong heterogeneity. Although mercury intrusion porosimetry
can be used to measure coal pores whose radii fall in the range between 1.5 and 400
um, the measurements made will not be accurate enough to characterize coal
micropores and mesopores resulting from the deformation of the coal pore structure at
high pressures. In a carbon dioxide and nitrogen adsorption experiment, only
micropores and mesopores could be measured accurately at low pressures®*. Because it
has limited resolution, X-ray computed tomography can be used to observe coal

fractures®. To build a matrix model, which is accurate and close to nature state, initially
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2;1' Figure 1. Pore network model of coal sample and pore size distribution. (a) Matrix PNM with 30 x
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47 30 x 30 pores. (b) Pore and throat structure with small viewing angle, pores are shown as sphere
48
49 with different colors, showing their radius, connected with throats; (c) Pore size distribution of FIB-
50 SEM results from Li.et al. [Reproduced with permission from ref 36. Copyright 2017, Elsevier B.V.]
g; (d) Pore size distribution of PNM in this work.
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g 2 Tablel Basic properties of Pore Network model of coal matrix
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Model dimensions 23.2 x 23.2 x 23.2 (um)
Spacing of two consecutive pores 0.345 pm
Number of pores in 3 directions [30, 30, 30]
Pore radius range 2 nm to 500 nm
Absolute permeability 1.01 x 105 mD
Invading gas phase Methane
Gas temperature 400K

2.2 Discrete fracture network modeling

In this study, a F-PNM was built by modifying the developed PNM by adding one or
more fractures, and the steps involved in building the F-PNM were as follows: the
fracture was assumed to be an ellipse on a two-dimensional plane with its shape and
size controlled by the semimajor axis (length = a), semiminor axis (length =b), fracture
thickness (2h), major axis, minor axis, and fracture center coordinates. In the PNM, the
fracture was represented by two pores (New porel and New pore2) and the throat
(New _throat) connecting them. The radii of New_ porel and New_pore2 were the same
and equal to b, the length of New_throat was the distance between New porel and
New_pore2 minus the radius of each of the two pores, and the radius of New throat

was h. The schematic of the fracture model is presented in Figure 2.
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Figure 2 The schematic of fracture model. (a) original fracture shape;(b) simplified fracture shape

After building the fracture model, the coordinate numbers of New porel and
New_pore2 were updated based on the positional relationship between the fracture and
pores in the original PNM. The detailed process involved in adding fracture to the pipe

network was as the following steps:
(1) Reading original pores and throats data
(2) Reading candidate fracture data
(3) Looping the throats considered in Step (1)

(4) Judging the positional relationship between the candidate fracture and the two
pores (porel and pore2) connected to the throat (throatl)
a) Both Porel and Pore2 are outside Throatl and the fracture, the fracture is
not crossed by Throatl, coordinate number of New porel and
New_pore2 remain unchanged.
b) Both Porel and Pore2 are outside Throatl and the fracture, the fracture is
crossed by Throatl, both Porel and Pore2 are considered as being

connected to New porel if the sum of the distances between Porel and

7
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New_ Pore 1 and Pore2 and New Pore 1 is less than the sum of the
distance between Porel and New Pore 2 and Pore2 and New Pore 2 ,
and if not both Porel and Pore2 are considered as being connected to
New_pore2.

One pore (porel) is inside the fracture and the other one (pore2) is outside
the fracture, connecting the pore2 and New Pore 1 or New Pore 2
according the distance between porel and New_ Pore 1 and New_Pore 2,
and adding the coordinate number pore (New Pore 1 or New Pore 2)
which connected to the pore2.

Both Porel and Pore2 are inside the fracture, the coordinate numbera of
New porel and New pore2 remain unchanged, and Porel, Pore2 and

Throatl are deleted.

(5) Adding a new throat between New_Pore 1 and New_Pore 2
(6) Calculating the hydraulic conductance of pipe elements.

The flow chat of constructing fracture-pore network model was presented in Figure 3
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Figure 3. The flow chat of constructing fracture-pore network model

36 Figure 4 shows the fracture(s) Added to the PNM. As can be seen in figure, complex
connection exits between the fracture and pores around it. More than one fracture can
also be added to the F-PNM. The effect of the fracture on the fluid flow simulation in
a porous medium could be determined by changing the properties of the fracture,

including its direction, size, and wettability, et al.

16 node (ipnk
47 , . Fracture

57 '

7 (2) (b) (©)

59 Figure 4. Add fracture in the F-PNM. (a) Original PNM;(b) The fracture is going to be added;(c)
9
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Re-link the fracture with node in PNM

3. Fracture-pore network modeling of multiphase flow under wet

conditions

3.1 Capillary entry pressure of the elements in the F-PNM

When gas flow simulation is performed using the F-PNM, the gas flow direction will
depend on the driving force of the gas phase and the capillary force of the water. The

capillary entry pressure of a throat in F-PNM can be calculated as follows:

2y
p entry — p wetting — p nonwetting — TCOSQ (1)

where y is the interfacial tension among methane, water and coal sample, 6 is the
contact angle of coal, and r is the throat radius.
As mentioned in previous studies, the capillary entry pressure of an angular pore can

be represented as follows?”:

y(1 + 2y/7G)
Pentry = r Fd(QJG) (2)

0 26
1+ Jl + 4G(7r(1 —i) + 3sin Hcos 6 —%)/cos2 6

s

1+ 241G G)

F d(e'G) =

where G is the pore shape factor, which can be calculated using the following equation®:
S

G=1 4)

where S is the cross-sectional area of the element and L is the perimeter length of the

element.

3.2 Governing equations

In the F-PNM, the volume of fluid flowing into a pore is same, at that flowing out from
a pore, indicating that fluid flow obeys mass conservation equation; for a given pressure,

the total gas flow rate each pore can be calculated using the following equation 3°:
ZjCIij=ngij(Pi—Pj) =0 (5)

10
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where g;; is the conductivity of the element, g;; is the rate of the volumetric flow
from Pore i to Pore j, P; and Pj are the pressure at Pore i and Pore j, respectively.

The fluid conductivity between any two pores is controlled by various factors, including
the cross-sectional area of the element, viscosity of the fluid and shape factor of the

element*’. which could be calculated using the harmonic mean as given below.

Lij _ Li Lt + Lj 6
9gij g gt 9gj ( )

where L;; is the total length of element (sum of radius of the two pores and throat), L; is the radius
of Pore i, g; is the conductivity of Pore i, L; is the radius of Pore j, g; is the conductivity
of Pore j, L; is the radius of the throat, g; is the conductivity of the throat. The throat

conductivity between the two pores is shown in Figure 5.

Figure 5. Conductivity of throat between two pores
Based on Eq (5) and Darcy’s law, the gas permeability of PNM could be obtained by

using the following equation:

QmfiL %)
A(Pinlet - Poutlet)pavg

K=
where Q,, is the total single-phase flow rate, kg/s; A is the cross-sectional area in the
flow direction, m?;L is the length of the network, m; (Pjnet — Pouter) 18 the pressure
gradient of the network, Pa; and @ and p,,are the averages of viscosity (Pa‘s) and
density (kg/m?) of the gas phase, respectively. For a two-phase flow (gas and liquid)

through the pore network, gas/liquid relative permeability could be expressed as

follows?*!:
Q

K,= Q{: (®)
Qw

K, = Om (9)

11
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where K is the gas relative permeability, @, is the total flow rate of gas, kg/s, K,
is the water relative permeability, and @ is the total water flow rate, kg/s.

To confirm the validity of the model, drainage simulation was performed as shown in
Figure 6. In the figure, methane flows into the F-PNM under the driving force. When
the capillary pressure is 554.9 psi, gas saturation is at low level (gas saturation is 5%);
as the capillary pressure increased, gas flowed along the fracture, and then diffused
around the fracture as shown in Figure 6b, Figure 6¢, Figure 6d, and the capillary
pressure being consistent with the controlling effect of the fracture on the fluid in
natural state, the validity of the F-PNM was confirmed.

Methane

r3

Current PC (Pa): 5.95x10% / Sw: 0.78 Current PC (Pa): 8.4x10%/ Sw: 0.14

Figure 6. The process of drainage based on F-PNM, add 1 fracture. (a, capillary pressure= 3.8x10°
Pa ; b, capillary pressure = 4.6%10° Pa; ¢, capillary pressure =5.95x10°Pa ; d, capillary pressure =

8.4x106 Pa)

12
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1 4.1 Effect of fracture density on fluid flow

14 To investigate the effect of the fracture number on coal permeability, six parallel
16 fractures of the same scale were added to the PNM (Section 2.2). The fracture
18 parameters are shown in Table 2. The variation of the permeability (obtained using the
20 F-PNM) with the fracture number is illustrated in Figure 7. coal matrix increases as the
22 fracture density increases, and the fracture improves the permeability. As fractures are
24 added, the coal matrix permeability increases rapidly (from 1 x 107 to 2.57 x 10 =
26 mD) until the fracture number reaches four, and any further addition of fractures leads
28 to only a slight change in the permeability. After the addition of six fractures, the coal
30 matrix permeability quadruples, indicating that fractures play a key role in improving

32 coal matrix permeability.

w
(o))

w

o

—e— Permeability

N
()]
1

Smooth raise

N
o
1

Rapid raise

S
Absoulte Permeability (10°mD)
(8]

53 0 T T T T T T
54 0 1 2 3 4 5 6 7

55 Fracture number

57 Figure 7. The relationship between absolute permeability of F-PNM and fracture number
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Table 2 The scale and position of various fracture.

No. Length of Length of Thinness Center of fracture Major axis Minor axis
long axis  short axis vector vector
1 1x10-3 8x107 5%107 (1.2x1073, 8e”7, 1.16x105) (1,0,0) (0,0,1)
2 1x10-3 8x107 5x107 (1.2x1073, 5.6€%, 1.16x107) (1,0,0) (0,0,1)
3 1x10-3 8x107 5%107 (1.2x10%, 1.13¢75, 1.16x107) (1,0,0) (0,0,1)
4 1x10-3 8x107 5x107 (1.2x107, 1.68¢75, 1.16x10) (1,0,0) (0,0,1)
5 1x10-3 8x107 5x107 (1.2x10%, 2.25¢75, 1.16x107) (1,0,0) (0,0,1)
6 1x10-3 8x107 5%107 (1.2x1073, 9.6, 1.16x107) (1,0,0) (0,0,1)

In addition, fractures density would affect relative permeability by changing the
microscopic gas-water distribution. Figure 8 presents the relationship between
gas/water relative permeability and saturation after several fractures have been added.
The fracture number has a small effect on gas/water relative permeability. When it is
less than 4, the gas/water relative permeability maintains the same trend and the
saturation at the equal permeability point is in the range between 0.35 and 0.5,
corresponding to a gas/water relative permeability of approximately 0.1. When the
number of fractures added is four or more, the saturation at the equal permeability point
is in the range between 0.5 and 0.6, corresponding to an increased relative permeability
of 0.2. In a coal matrix, the fractures have a stronger conductivity than pores. As the
fracture number continues to increase, the fracture coordination number also increases,
leading to an improvement in coal matrix permeability. However, once the fracture
number reaches a certain value, high water saturation would lead snap off to
predominate, influencing the fluid flow capacity of gas/water in the porous medium!4.
When more than four fractures are added to the PNM, water saturation significantly
increased and snap off starts to predominate, leading to a smooth increase in the gas

permeability.

14
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Figure 8. Relative permeability curves with different fracture counts

4.2 The effect of fracture direction on fluid flow

The dual pore-fracture system of a coal reservoir, which provides a transport channel
and adsorption space for CBM, plays a critical role in improving coal reservoir
permeability, thus increasing CBM production*?. There is scarce study have examined
on design of fracture distribution reasonably and efficiently in unconventional reservoir,
especially in coal reservoir. In this study, we investigated the effect of fracture direction
on the fluid flow using an F-PNM; in the model, the fracture direction represented the
angle between fluid flow direction and fracture semimajor axis as shown in Figure 9a.
To control other variables, different directions of eight fractures of the same scale were
added to the pore network. Fracture data are presented in Table 3. Before simulating
the fluid flow, the F-PNM was assumed to be water wet, and water/gas contact angle
was set at 30°. Figure 9a shows the simulation results of the relationship between
fracture direction and absolute permeability obtained using the PNM. According to the
figure, the percolation flow capacity is highest when the fracture direction is parallel to

the flow direction, and the absolute permeability is minimum when the fracture

15

ACS Paragon Plus Environment



oNOYTULT D WN =

direction is vertical to the flow direction. The permeability decreases as the angle
between the fracture and flow direction increases; it decreases steeply at first and
becomes steady later. When the angle between the fracture and flow directions is
between 0° and 15°, the permeability decreases from 3.22x1073 to 1.23x107> mD, a
decrease of almost 61.8%; which decreases slightly as angle increases from 15°-90°,
fell by only 12.1%. Previous scholar found similar result based on Finite Element

Analyses method®, different from this work, the permeability decreased less when the

fracture direction changed from 0° to 30° , as shown in Figure 9b, which is mainly

related to the number of model elements, in general, the more complex the model

Energy & Fuels

elements, the higher the calculation accuracy.

Table 3 The scale and direction of various fracture.

Major Major Permeability
No. Center of fracture . . ngle
axis vector axis vector (105 mD)
1 (1.2x103, 1.2x1073, 1.2x107) (0,1,0.27) (0,0,1) 0 3.22
2 (1.2x103, 1.2x1073, 1.2x107) (0,1,0.58) (0,0,1) 10 1.45
3 (1.2x103, 1.2x1073, 1.2x107) (0,1,0.27) (0,0,1) 15 1.23
4 (1.2x103, 1.2x1073, 1.2x107) (0,1,0.58) (0,0,1) 30 1.20
5 (1.2x103, 1.2x1073, 1.2x107) (0,1,1) (0,0,1) 45 1.18
6 (1.2x103, 1.2x1073, 1.2x107) (1,0,0) (0,0,1) 60 1.14
7 (1.2x103, 1.2x1073, 1.2x107) (1,0,0) (0,0,1) 75 1.10
8 (1.2x103, 1.2x1073, 1.2x107) (1,0,0) (0,0,1) 90 1.08
3.5 26
Flow direction —e— Permeability

o 3

& ] =

E &2 " Flow direction Z 22
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= 24 —_— 3

-§ i £ 20 1
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= (a) (b)

0 T r : ; 14 T T T T
0 20 40 60 80 100 20 40 60 80 100

Direction of fracture (°)

Figure 9. The relationship between the direction of fracture and permeability of F-PNM. (a) results

16
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from F-PNM, (b) results from Liang et al. [Reproduced with permission from ref 43. Copyright

2016, Elsevier B.V.]

As Figure 10 shows, the gas flow capacity values for fracture directions of 0°, 15°, and
90° differ considerably. When a fracture parallel to the direction of fluid flow is the
main transport pathway for gas, the gas relative permeability remains at a high level
over a wide range of water saturation levels. However, only slight differences exist
among the gas/water relative permeability values at fracture directions of 15°and 90°,
which indicates that the fracture direction could have a direct effect on CBM production
efficiency and that artificial fractures should be so designed that they are parallel to the

fluid flow direction as much as possible when hydraulic fracturing occurs.

1.0

—a— Fracture direction = 0°

0.9 —— Fracture direction = 15°

—a—— Fracture direction = 90°

0.8
0.7
0.6
0.5

04

Relative permeability

0.3

0.2

0.1

0.0

0 0.2 04 0.6 0.8 1
Water saturation

Figure 10. Relative permeability curves of F-PNM with adding different direction fracture

4.3 Effect of wettability on fluid flow

We also studied the effect of wettability of a porous medium on fluid flow during the
drainage process using the F-PNM. The F-PNM was assumed to be hydrophilic with a

contact angle between 10° and 80°. The wettability was assumed to be homogeneous,

17
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and thus mixed wetting was not possible. The simulated curves displayed the same
trends under different wettability conditions as shown in Figure 11. During the process
of water saturation decrease from 100% to 0%, the capillary pressure increased rapidly
with the decrease of water saturation, and then tend to be stable, when water saturation
is less than 15%, it rises rapidly again. The stronger the wettability of a porous medium
is, the lager the capillary pressure is. During the process of hydraulic fractures in
drilling wells for extracting CBM, the methane flow direction depends on the pressure
difference between gas and water, especially in nanopores with strong capillary
pressure, water locking effect would be more obvious with the improved wetting
performance, and result in reducing the efficiency of flow-back when using hydraulic

fracturing technology.

50

—— Contact angle = 10°
45 |

Contact angle = 30°
40 | Contact angle = 60°
35 — Contact angle = 80°

30
25
20 [

15

Capillary Pressure (x10° Pa)

10

0 Il 1 1 ]

0 0.2 0.4 0.6 08 1
Water saturation

Figure 11. The relationship between capillary pressure and water saturation under different

wettability of F-PNM

The water/gas relative permeability and water saturation curves shown in Figure 12
reveal that water/gas relative permeability increases gradually with the increase in the
contact angle. There are stronger intermolecular forces between water molecular and
solid as porous medium become more hydrophilic, which result in larger slip length

and the smaller viscosity for fluid flow***, and wreaked water flow capacity. By
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comparing with pervious results based on experiment 6, the effect of wettability on gas
relative permeability has the similar trends, however, water relative permeability curve
is different under different wettability, the reason for this may be that there is difference
in pore-fracture structure between F-PNM and coal sample, the irreducible water causes
a less obstacle to water flow than to gas flow#’. According to our simulation results,
wettability has only a little effect on water relative permeability but a measurable effect
on gas relative permeability, especially when water saturation is below 40%; this
behavior of wettability could have been caused by small pores or throats, which would
allow water accumulation in a hydrophilic porous medium and cause a negative effect
on water flow*8. Thus, strong water-wet coal reservoirs do not positively contribute to
the CBM flow in pores or fractures, which would reduce the CBM production

efficiency.

I oo Contact angle = 30°

0d I Contact angle = 60° .

08 ¢ —=— Contact angle = 80°
0.7
06
05

04

Relative permeability

03 r

02 r

01 r

0 0.2 0.4 0.6 0.8
Water saturation

e
1

Figure 12. Relative permeability curves of F-PNM under different wettability

5. Conclusions

A PNM can be effectively used to determine the fluid flow mechanism in a porous

medium. Complicated processes are involved in coal reservoir formation and the coal
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pore fractures have strong heterogeneity; therefore, A F-PNM was constructed based

on the structural characteristics of actual coal reservoirs. In this study, the effect of

fracture density, fracture direction, and wettability of coal on fluid flow were explored

using the F-PNM. However, the F-PNM we developed has some limitations: it does not

consider the effect of gravity on fluid flow and it has mixed wettability; addressing of

these limitations should be a priority of future researchers. Based on the study findings,

the following conclusions can be drawn:

)

2)

3)

4)

PNM with 23.2 x 23.2 x 23.2 (um) was constructed based on FIB-SEM images of
coal samples, meanwhile, a new method of adding a fracture into pore network
model was proposed, which provides an efficient framework for investigating
multiphase flow in both coal matrix and fractures.

When fracture density less than 4 per12487um?, the absolute permeability of F-
PNM increases rapidly, and with the increase of fracture density, the permeability
followed by insignificant change, which may be a result of the predominance of
snap off. Additionally, fractures density would affect relative permeability by
changing the microscopic gas-water distribution, as fractures density increases, the
water-gas relative permeability increases.

The F-PNM permeability declines as the angle between the directions of the fracture
and fluid flow increases, declining steeply at first and then becoming stable. For
angles between 0° and 15°, the permeability declines by almost 61.8%. Moreover,
the fracture parallel to fluid direction can significantly improve CBM relative
permeability during CBM drainage.

While wettability of coal has only a limited impact on its water relative permeability,
it has a measurable effect on its gas relative permeability, which may be mainly
related to water accumulation on pores surfaces under different wettability
conditions; moreover, good wetting performance would result in reducing the flow-

back efficiency and cause a negative effect on CBM production.
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