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ABSTRACT: How liquids transport in the shale system has been the focus
because of fracturing fluid loss. In this study, a single-nanopore model is
established for liquid transport in shale while considering the slip effect and
effective viscosity of confined fluids. Then, the fractal Monte Carlo (FMC)
model is proposed to upscale the single-pore model into shale porous media.
The effects of different transport mechanisms, shale wettability, and pore
characteristic parameters on confined liquid flow in shale rock are investigated.
Results show that FMC permeabilities are 2—3 orders of magnitude larger
than intrinsic and slip-corrected permeabilities in organic matter. However,
the slip effect and effective viscosity have little influence on water flow in
inorganic matter. With the contact angle of organic pore (6,,,) increasing and
contact angle of inorganic pore (6,,) decreasing, the effective permeability of
the whole shale matrix grows in number. The enhancement factor in the
situation of €, = 170° and 6, = 20° is 4 orders of magnitude larger than the case of d,,, = 130° and 8,, = 40°, although the close
effective macroscopic contact angle (6.4 = 80°) occurs in these two cases, which indicates that shale microscopic wettability has a
significant impact on the confined liquid transport. Moreover, with the increase of porosity and maximum pore diameters, shale
permeability increases rapidly, but the enhancement factor has the opposite trend. Compared with the tiny impact of the variance of
minimum inorganic pore diameters, minimum organic pore diameters have more significant impacts on liquid flow in shale systems,
and the enhancement factor also rapidly increases up to 30 times for the case of 0.5 nm because of the strong slip effect.

Article Recommendations

1. INTRODUCTION

With the increase of the world energy demand and decrease of
conventional oil/gas resources, unconventional systems,
especially shale system, have attracted huge attention all
around the world."™* In North America, the commercial
development for shale energy named as “Shale Revolution”
has successfully ensured its energy requirement and security
based on the advanced technology of multistage hydraulic
fracturing.”~” During the process of this stimulation, more
than 2 X 10* m® of water-slip fracturing fluid is injected into
shale formation. However, less than 50% fracturing fluid can
only be recovered from the field monitoring data.”~"'' Hence,
understanding how water flows in shale matter is critical for
fracturing fluid recovery and high-efficiency gas/oil produc-
tion.

Compared with the conventional oil and gas systems, shale
formation has a complex pore space. Xu et al.'” systematically
observed the organic matter pores from Longmaxi Formation
by using field emission scanning electron microscopy (FE-
SEM). Abundant organic and inorganic pores with nanoscale
size have been verified to exist in the shale matrix."*> Inorganic
matter is mainly constituted by clays such as kaolinite, pyrite,
Illite, and smectite, all of which present a strong hydrophilic
feature. However, organic matter includes kerogen and
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bitumen with different thermal maturities,"* both of which
vary for highly hydrophobic or mixed-wet matter. Kuila and
Prasad"® made use of N, adsorption experiments to report a
bimodal pore size distribution for organic and inorganic
matter. Complex wettability and nanosize pores lead to a large
deviation via applying the classic Hagen—Poiseuille (HP)
equation to describe the liquid flow in shale nanopores. Based
on molecular dynamic (MD) simulations, Hu et al.'®
established an activated organic kerogen model to reveal the
behaviors of water and octane in nanopores. Results indicate
that the distribution of water and octane is related to pore
morphology, surface activation, and pore size. Zhan et al.’’
used MD simulation to investigate water transport in
inorganic slit-like nanopores. In their studies, slip effect and
effective viscosity near the wall play a critical role in the
confined water flow, and up to 50% underestimation of
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Table 1. Brief Description of Each Model with Its Limitations

ref description

Hu et al.'
by MD simulation

Zhan et al."”

model limitation

an activated organic kerogen model to reveal the behaviors of water and octane in nanopores  single-nanopore model, small-scale simulation,

and large cost computation

water transport in inorganic slit-like nanopores by MD simulation

Zhao et al.'® and a nanoscale lattice Boltzmann model (LBM) to study water transport in a single-pore and ~small-scale simulation and large cost

Wang et al."’
Afsharpoor and

nanoporous media

coupled computational fluid dynamics (CFD) with the pore network model (PNM) to

computation

small-scale simulation and large cost
computation

Single-nanopore model, not considering the
heterogeneity of organic and inorganic matter

heterogeneity of organic and inorganic matter
considering the heterogeneity of organic and

inorganic matter

large cost computation

Javadpour upscale water transport from a single-nanopore to porous media
Wu et al.”! a simple analytical single-pore model to show confined water flow with the relationship
between confined eftect and pore dimension via fitting the results of MD and experiments
Sun et al.*? a single-pore model was also set up for confined water flow based on a hierarchical model Single-nanopore model, not considering the
gle-p p g P g
Wang and coupled fractal theory with two-fluid model to investigate water flow in shale porous media only considering the true slip length, not
g and P ry 8 p y g p lengf
Cheng™
Zhang et al.>* a semianalytical fractal model to investigate water flow in shale porous media
g g p
and Zeng et
al®¢

volumetric flux will happen as the no-slip HP equation is
applied. Zhao et al.'"® set up a nanoscale lattice Boltzmann
model (LBM) to study water transport in single-pore and
nanoporous media. Meanwhile, nanoscale effects including slip
length and effective viscosity were considered in their model.
Furthermore, Wang et al."” introduced the varying interfacial
water viscosity into the boundary conditions of LBM
simulation, which matched well with the theoretical formula
at different pore sizes. Afsharpoor and Javadpour™ coupled
computational fluid dynamics (CFD) with the pore network
model (PNM) to upscale water transport from a single-
nanopore to porous media. Although microscale and
mesoscopic simulations such as MD, LBM, and CFD-PNM
are accurate methods to describe the water flow in nanopores,
huge computational consumption leads to the restriction for
macroscale numerical simulation and production field
application. Wu et al.”' obtained the relationship between
confined effect (effective viscosity and slip length of confined
water with different contact angles) and pore dimension via
fitting the results of MD and experiments. By the application
of these research achievements, a simple analytical single-pore
model was established to show confined water flow. Results
demonstrate that the flow capacity of confined water can be
up to 107 times that of the given results of no-slip HP
equation. Sun et al.”” divided the distribution of confined
water in nanopores into two parts: interfacial region and bulk
region. Lan et al.”? investigated the wetting behaviors of rock
samples by conducting spontaneous imbibition experiments
with oil and water and discussed the correlation between pore
connectivity, contact angle, and wettability. Arif et al**
reviewed the recently published data sets on shale contact
angle measurements. Zhao et al”’ established a single-
nanopore model by considering mixed wettability, surface
roughness, varying viscosity, and the effects triggered by
adsorbed organic matter. In this work, a single-pore model
was also set up for confined water flow based on a hierarchical
model with diffident fluid properties and slip-corrected
boundary. In summary, the single-nanopore model consider-
ing the confinement effect is simple to apply for microscopical
simulations, but as for a complex porous media of shale
matrix, the single-nanopore model should be upscaled to
describe the water flow in shale porous media.

Fractal theory has been verified to be a strong tool to
achieve the single-pore model into a porous media
model.”*"*’ Several researchers®” > have reported that shale

matrix is a kind of fractal porous media and its pore size
distribution (PSD) satisfies self-similar fractal scaling law.
Wang and Cheng™ coupled the fractal theory with the two-
fluid model to investigate the water flow in shale porous
media. In their paper, an analytical permeability model was
derived by considering only the true slip length. Zhang et al.**
derived a semianalytical fractal model to investigate the water
flow in shale porous media via considering the weighted
average viscosity of the interface and bulk region. In order to
represent the distribution of organic patch, the statistical
model proposed by Naraghi and Javadpour” was applied to
obtain the permeability of whole shale matrix. Zeng et al.*®
comprehensively considered the relationship among the pore
size, effective slip length, and confined viscosity into their
model, and they made effort to verify a fact that the confined
effect cannot be ignored for liquid transport in shale matter.
However, for the above concise models, numerical methods
must be applied to solve these nonlinear models, which leads
to a huge computational cost. Monte Carlo (MC) simulation
coupled with the fractal theory has been widely applied to
nonlinear models due to the advantages of good convergence
and small storage. Yu et al.’” applied MC simulation to obtain
the permeability of bidispersed fractal porous media. In
addition, fractal Monte Carlo method (FMC) has also been
used in shale gas flow,”” two-phase flow,””™*" fractured porous
media,**** and other fields.**™* The different models with
their limitations proposed by previous researchers are
summarized in Table 1. Nevertheless, it has not been reported
that the FMC method is applied to simulate liquid transport
in shale formation while considering the effective slip effect
and varying viscosity of the confined fluid, which will be the
focused point of our study.

In this paper, a single-nanopore model was first established
while considering the slip effect and effective viscosity of the
confined fluid. Then, fractal theory was introduced to upscale
the single-pore model into a porous model, and the
corresponding flow flux model of confined water was derived.
Besides, the FMC model was proposed to calculate the
permeability of shale matter and enhancement factor.
Meanwhile, a detailed algorithm was given for the FMC
simulation process, and the verified case of FMC was
implemented. Finally, the influence of different transport
mechanisms, shale wettability, and pore characteristic
parameters on the confined liquid flow in shale matter was
discussed.
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Figure 1. Combined liquid transport in a single shale nanotube for two situations: case A (L,, < 0 for inorganic pore because of multilayer
sticking effect”) and case B (L,, > 0 for organic pore because of strong slip effect).

2. MATHEMATICAL MODEL DEVELOPMENT

2.1. Liquid Transport in a Single-Capillary Nanotube.
Shale systems include organic and inorganic components, and
there are abundant nanopores in organic and inorganic matter.
Many research works have been done to show that the no-slip
Hagen—Poiseuille (HP) equation is not suitable to describe
the liquid flow in confined nanopores.””~* In addition to
strong interactions between water and pore walls, the fluid
viscosity near the wall deviates from that of bulk water. In this
section, the slip boundary and effective viscosity of confined
fluid are adopted into the HP equation to present the liquid
transport in shale nanotubes, as shown in Figure 1.

Considering the slip boundary and effective viscosity, liquid
flow in capillary nanotubes can be described by the corrected
Navier—Stokes equation, as in eq 1

@i(,ﬂ) _%
r dr\ dr dx
du
- =0
dr r=0
u|r=ﬂ/2 = _Lseﬂ
drl_; (1)

where u is the fluid flow velocity, m/s; p is the fluid pressure,
Pa; r is the pore radius, m; 4 is the pore diameter, m; yq is the
effective viscosity of the confined fluid, Ps-s; and L, is the
effective slip length, m, which will be introduced in the next
part.

2.1.1. Effective Viscosity of Confined Fluid. In order to
describe the effective viscosity of the confined fluid, Wu et
al.”' put forward the weighted average of viscosities in the
bulk region and near-wall region as eq 2

AL [1 Ai]
Py = Hi— T KL — —
A, A, (2)

where y; is the effective viscosity of the interface region, Ps-s;
A, is the total cross-section area of a single nanotube, m%; A, is
the cross-section area of the interface region, m? and it can be
adopted by eq 3; y, is the viscosity of the bulk fluid, Ps-s, and
it can be adopted by eq 4.>°

A, =x{(A/2)* = (/2 = 2)*] 3)

_ (T — 273.15) + 246

T 0.05594(T — 273.15) + 5.2842](T — 273.15) + 137.37
4)

where /. is the critical thickness, and it has been determined

to be 0.7 nm by experiments and MD simulations.”"*” T is

K

the system temperature, K, and it is worth to note that the
bulk fluid viscosity in eq 4 is correct when the temperature
can vary between 273.15 and 423.15 K.

Despite the bulk fluid viscosity, the viscosity in the interface
region can be strongly affected by the interaction from the
pore walls. A fitted relationship between wettability and the
ratio of viscosities in different regions can be given as eq 5

B~ 001860 + 325
Ho ©)

where 0 is the contact angle, °

2.1.2. Effective Slip Length. True slip length depends on
the strength of water—wall interaction, and it can be
determined by surface wettability. Wu et al.>' presented a
fitting formula to bridge the contact angle and true slip length
as eq 6

- ¢
(1 + cos 0)* (6)

st
where Ly is the true slip length, m; and C is the fitted
coefficient, which is equal to 0.41 by molecular dynamics
simulation.

Slip phenomenon of the confined fluid is not only affected
by surface wettability but also confined water viscosity and
pore size, and the effective slip length can be calculated by
two parts, which can be divided into true slip and apparent
slip as eq 7.

Ko
Hy

Lse=Lsa+Lst= - 1

(bon) o
()

where L, is the effective slip length, m; and L, is the apparent
slip length, m. Both effective viscosity and effective slip length
are the functions of pore size, which result in the strong
nonlinearity for the analytical fractal model. Hence, it is
suitable to make use of the fractal Monte Carlo model to
simulate the nonlinear flow for the confined fluid.

The flow velocity of the confined fluid is given as eq 8 by
solving eq 1 as

d 2
u= L_p(/l_ + AL, — rz]
dp, dx\ 4 (8)

By the integration of eq 8, the fluid flux in a single-capillary
nanotube can be adopted as eq 9

https://doi.org/10.1021/acsomega.3c07609
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A2 1 dp(A? )
= A 4—%3[: + j’Lse —r" Rar dr Tav=0‘5 1+ 051 — ¢
— G/14 dp(l 8Lse)
= dx A ©) JA/JT=¢ — 1) + 025

where q is the fluid flux, m?/s; and G is the shape factor (n/
128 for the circular pore).

2.2. Liquid Transport in Fractal Porous Media. Pore
size distribution of the shale system has been verified to obey
the fractal geometry. Based on the fractal scaling law, Yu>”
proposed the cumulative size distribution of pores in porous
media as eq 10

A\
N 24) = (T) (10)

where N is the pore number; L is the length scale, m; A, is
the maximum pore diameter of porous media, m; and Dy is the
pore fractal dimension. Differentiating the above equation, the
total number of pores between A and 4 + dA can be obtained
as eq 11

—dN = DA 470D 45 (11)

Dividing eqs 10 by 11 can generate the following eq 12

dN D

- =D A7) 44 = £(2) da

min (12)
where f(1) = DAY A~ s the probability density function
of pore distribution.>

Considering the tortuosity of a single pore, the relationship
between the total length and pore diameter can be given as eq
13 with fractal theory™

L = L,Pratt=Pr) (13)

where L is the representative length of straight capillary, m;
Dy is the tortuosity fractal dimension, and a higher value of
Dr corresponds to a higher tortuosity of pores.

In order to determine the fractal parameters, the box-
counting method with image processing or the theoretical
method is usually used to determine the values.”* In this
paper, the theoretical method is adopted as eq 14

Di=dy— — 2
ln(/imin//lmax) (14)
where dj is the Euclidean dimension, and dg is equal to 2 for
2D space or 3 for 3D space, respectively; ¢ is the porosity of
the porous media.
The tortuosity fractal dimension Dy is expressed as>® eq 15

Dp=1+ In %
B In(LO//lav) (15)

where 7,, is the average tortuosity of pores, and 4, is the
average pore diameter of the rock core, both of which can be
. s3

given as™ eqs 16 and 17

+J1-¢ e »

Di—1

D, A

lav = : A’min I- =
Dy —1 A

max

(17)

According to the definition of the capillary model, the total
cross-sectional area of porous media is calculated as eq 18

Armax
A= /'1mm 77:12( - dN) _ ]TDfA'rflax /1min Z_Df
49 4¢(2 - Dy) A

(18)

where A is the total cross-sectional area of the porous media,
m?”.

Shale system has abundant organic and inorganic pores, and
the pore size of organic pore is usually smaller than that of
inorganic pore by 1—2 orders of magnitude based on nitrogen
adsorption test'> or FIB-SEM images.”” Besides, the interface
feature of the organic pore is different from that of the
inorganic pore; therefore, it is necessary to distinguish the
modeling process in organic and inorganic matter.

Considering eq 9, the liquid flow rate in a single organic
pore can be given as eq 19

At d 8L
om _p 1+ seom
H dom dx[ 4 ]

om

9y = G
(19)

where g, is the liquid flow rate in a single organic pore, m®/
S; Aom is the pore diameter of organic pore, m; 4.y, is the
effective viscosity of organic matter, Ps-s; and L, is the
effective slip length of organic pore, m.

The total flow rate for organic matter can be calculated as
eq 20

. /11' c»m4 d 8Lt seom
Qom=zqom=ZG ‘ _p[1+ /1’ ]

i=1 i=1 'ui,dom d i,om

(20)

where n is the total number of organic pores. With a similar
process, the total flow rate for inorganic matter is given as eq
21

(21)

where g, is the flow rate in a single inorganic pore, m*/s; m is
the total number of inorganic pores; A, is the pore diameter
of inorganic pore, m; g, is the effective viscosity of inorganic
matter, Ps-s; and L, is the effective slip length of inorganic
pore, m.

The total flow rate for a shale system is the summation of
that in organic and inorganic matter, as seen in eq 22.

https://doi.org/10.1021/acsomega.3c07609
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Q=0Q,,+Q, RN S PRSI il Y 8]
n /1 4 8L Qoo K i=1 ﬂi,dom L Atyom
i,om dP i,seom
= Z G———|1 + ——— o A T 8L,
i=1 lui dom dx /11' om + A_(1+DTin)/2 Z = L+ =
’ ’ i=1 '“i,din li.in
m 4
A d 8L, . n 34D m 34D,
+ z G&—p 1+ — A’(1+DTom)/2 Z li'oim o + A’(H'DTin)/Z Z /1"1“ "
i=1 M din dx j’i,in (22) =1 Hidom =1 Hidin

Substituting eq 13 into eq 22, the total flow rate for the
shale system can be adopted as eq 23

n 3+Drom
Q: GLé—DTomﬂ Z j'i,om B 1+ 8 i,seom
0 i=1 Hi,dom /Ii,om
~ A m j, 3+Dry, 8L. .
+ GLé DTm_p Z 1,1n 1+ i,sein
Ly iS5t Hign Aiin (23)

where Dy, and Dry, are the tortuosity fractal dimensions for
organic and inorganic matters, separately.

According to the classic Darcy’s law, the total flow rate for a
shale system can be also written as eq 24

K, A
:_eA_p

< H, Lo (24)

where K, is the effective permeability for the shale system, m?
In addition, the relationship between A and L can be given by
eq 25.%7

Ly=+A (25)

Comparing eq 23 with eq 24, the effective permeability for
the shale system can be presented as eq 26

n y! 3+Drom
— — _ —(14+Drom) /2 i,om
Ke - I<e,om - I<e,in = GA ( Tom) Z -
i=1 ﬂi,dom
34Dy,
1+ 8Li,seom + GA_(1+DTin)/2 i jvi,in T - 8L,',5ein
j’i,om i=1 ”i,din j'ixiﬂ

(26)

When the slip effect is ignored, the intrinsic permeability for
the shale system can be given as eq 27
I<oo = Koo,om + Koo,in
n y) 3+Drom

— GA_(HDT““)/ZZ i,om
i=1 ’ui,dom

+ GA—(1+DTm)/2

m 3+Dr;
Z j‘i,in in

i=1  Hidin (27)

where K, is the intrinsic permeability for shale system, m?
From eq 26 and 27, the shale permeability is the summation
of two parts: organic matter permeability and inorganic matter
permeability.

The enhancement factor (&) defined by the ratio of flow
rate with slip effect and that using a bulk viscosity and no-slip
boundary can be proposed to represent the influence of the
slip effect, as seen in eq 28.

(28)

From eqs 26 and 28, the effective permeability and
enhancement factor are observed to be related by pore
geometry size, effective slip length, and effective viscosity, all
of which are the functions of pore size. Based on the fractal
Monte Carlo theory,” the ith pore diameter for organic and
inorganic matter can be obtained as eqs 29 and 30

om, min

/11' om — 5. /D

(1= R P (29)
/1 lin,mjn

i,in (1 _ 1{1.)1/Df~m (30)

where A, i, and Ay, are the minimum pore diameters of
organic and inorganic matter, respectively, m; D¢, and Dg,
are the pore fractal dimensions of organic and inorganic
matter, respectively; and R; is the random number from 0 to 1
and can be produced by Monte Carlo simulations.

In order to carry out the fractal Monte Carlo simulation for
liquid effective permeability of the shale system, the detailed
flowchart is shown as Figure 2, and the specific algorithm is
explained as follows.

Step 1. The basic parameters are input from experiments or
image processing, including shale porosity, maximum pore
diameter, minimum pore diameter for organic and inorganic
matter, critical thickness, and system temperature. The contact
angles for inorganic and organic matter are given from 0 to
90° or 90 to 180°, respectively. It is noted that the organic
matter content (TOC, the ratio of total area of organic pores
to all shale pore area) is usually defined to represent the
amount of organic matter in the shale system.>

Step 2. The critical parameters should be determined.
Applying eqs 14 and 15, the pore fractal dimension and
tortuosity fractal dimension are calculated for organic and
inorganic matter, both of which should be made use of own
parameters. In addition, the bulk viscosity should be
calculated by eq 4.

Step 3. One random number for the organic pore diameter
should be generated with eq 29, and it should be checked if its
value varies between the minimum organic pore diameter and
maximum organic pore diameter.

Step 4. The cross-section area of organic matter A, is
calculated, and if A, /A is less than organic porosity ¢on(Pon
= ¢ X TOC), the effective/intrinsic permeability for organic
units should be calculated by eqs 26 and 27, otherwise go to
next step.

Step S. With a similar process from Step 3 to 4, the
effective/intrinsic permeability for inorganic units can be
calculated based on inorganic matter parameters.

Step 6. Summing the results of Steps 4 and §, the effective/
intrinsic permeability of whole shale units can be given with
one MC simulation.

Step 7. In order to remove the uncertainty of MC
simulation, Steps 3 to 6 are repeated to calculate the average

https://doi.org/10.1021/acsomega.3c07609
ACS Omega 2023, 8, 48280—-48291


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Given basic parameters and total running times
) )
(@, Aomax,omPmin,omPoma,inPmiimFres TOC 8Os TN)

Calulate fractal parameters and nano-fluid property parameters for
organic and inorganic matter respectively
(Dj[osz I,amanmaDl,in»Aom’Ain»Asﬂoc’Lst, ithst,om)

No

i<N

Yes
A;omcan be generated randomly by Eq.(29) ‘

e

Yes
Effective/intrinsic permeability for organic units should be
calculated by Eq.(26)and Eq.(27)and then cross area of a generated
pore 4;,,,and can be calculated

4-{ Aiimcan be generated randomly by Eq.(30) ‘
¥

No

Yes
Effective/intrinsic permeability for inorganic units should be
calculated by Eq.(26)and Eq.(27)and then cross area of a generated
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Figure 2. Flowchart for FMC simulation of liquid transport in shale
matter.

effective/intrinsic permeability for whole shale units for the
given run times.

For the model proposed in this article, three applicable
conditions should be focused. First of all, circular shale pores
are used in our paper to derive the FMC model; thus, other
pore shapes such as square pore, rectan%le pore, and slit pore
should be treated for FMC simulations.””*” Second, bulk fluid
viscosity in eq 4 is correct when the temperature can vary
between 273.15 and 423.15 K.°° Hence, if the formation
temperature of shale reservoirs goes beyond the scope, a new
viscosity model should be set up in the future. Finally,
microfractures usually exist in shale formation,>® which is not
considered in our model and should be discussed in the
future.

3. MODEL VALIDATION

In order to verify the FMC model, the analytical permeability
model, shown in eq 31, is derived only considering the true
slip and bulk viscosity. From eq 31, the analytical intrinsic
permeability model can be also obtained while ignoring the
slip effect. In this section, the simulated porosity is set as 0.1
for shale patch, and TOC is equal to 0.12. Meanwhile, the
maximum pore diameters of organic and inorganic matter are
given as 200 and 2 nm. Besides, the minimum pore diameters
of organic and inorganic matter are given as 30 and 1 nm.
Moreover, the contact angles of organic and inorganic matter
are set as 150 and 30°, and the bulk viscosity of the confined

fluid can be calculated by eq 4 when the system temperature
is 300 K.

3+Dt—D,
34D T D
K. = GA—(1+DT)/2 lmax ! 1 — (lmin]
al —

3+ Dy — Dy max
2+D1—D,
2+D. T
+ Lst/]'max B 1 — lmin
2+ Dy — Dy Anax

(31)

Here, absolute error (eq 32) represents the deviation
between the certain value of analytical permeability obtained
from eq 31 and FMC permeability; meanwhile, the relative
error (eq 33) is the ratio of absolute errors to the certain value
of analytical permeability obtained from eq 31.

551 = Kef - Kal (32)
s % _Ki-Ky
" Ky K (33)

where 8, and 0, are the absolute error and relative error for
the FMC simulation. K is FMC permeability and K, is
analytical permeability obtained from eq 31.

Figure 3 shows the results of FMC with 3000 runs, and it
can be found that FMC permeability oscillated with a certain
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Figure 3. Permeability of MC simulation for every run.

number. The certain value of analytical permeability for this
case is equal to 2.13 X 107" m?® As shown in Figure 4 (blue
line), the average summation is made, and it can be found that
average FMC permeability approaches a stable value of 2.27 X
107" m? with the increase of the test number. In addition,
absolute and relative errors are only 0.14 X 107" m* and
6.51%, respectively, which illustrate the correctness of FMC.
Another phenomenon is that when the test number exceeds
1000 times, the relative error of FMC is less than 10% (orange
line), which is important to guide the applications of FMC.

4. RESULTS AND DISCUSSION

In this section, the impact of different transport mechanisms,
shale wettability, and pore characteristic parameters on the
water flow in shale matter is investigated. In order to remove
the uncertainty of the Monte Carlo (MC) simulation, average
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Table 2. Basic Parameters for the Simulations

parameters value unit description
] 0.1 shale porosity”**°
Aommas 20/30/40 nm  maximum pore diameter of organic
matter’
Ainmax 100/200/300  nm  maximum pore diameter of inorganic
matter””*
Aommin 0.5/1/1.5 nm  minimum pore diameter of organic
matter™
Ainymin 1/2/3 nm  minimum pore diameter of inorganic
matter®
TOC 0.12 organic matter content™
Oom 130/150/170  ° contact angle of organic matter”*
6. 20/30/40 ° contact angle of inorganic matter**
T 300 K system temperature®®
Analytical Instrinsic Permeability
1E-12 /A FMC Instrinsic Permeability
r Analytical Permeability with Slip Effect
o FMC Permeability with Slip Effect
=] I @ FMC Permeability with Slip Effect and Effective Viscosity
N
EiE4 e ©
= r ®
2 ®
= ®
e T *
5 ®
& 1E-16 |
e ®
e - —
= r o
= —
E -
2 1E-18 | —
r
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Figure S. Influence of transport mechanisms for liquid flow in
organic matter.

values are calculated for all results of FMC simulations. The

basic parameters for the simulations are given in Table 2.
4.1. Influence of Transport Mechanisms. Figures S and

6 illustrate the influence of transport mechanisms for organic

1E-17 |
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Simulated Permeability (m?)

Figure 6. Influence of transport mechanisms for liquid flow in
inorganic matter.

and inorganic matter. It is proven again that FMC
permeabilities (orange triangle and yellow diamond) match
well with analytical solutions for intrinsic and slip-corrected
permeabilities (green and blue lines) in both organic and
inorganic matter. Then, FMC permeabilities considering the
slip effect and effective viscosity are 2—3 orders of magnitude
larger than intrinsic and slip-corrected permeabilities in
organic matter, as shown in Figure 5.

However, special transport mechanisms including the slip
effect and effective viscosity have little influence on water flow
in inorganic matter, as shown in Figure 6. Two reasons for
this case are that hydrophilic inorganic surface results in the
multilayer sticking effect,”’ which reduces the water flow
capacity in inorganic matter. With the increase of pore size,
the viscous force dominates the liquid flow, which weakens
the influence of the slip effect. Hence, a much large fracturing
fluid loss usually happens at an organic-rich shale system.

4.2. Influence of Shale Wettability. Shale wettability
plays an important role in liquid transport in nanoscale porous
media because of the relationship among slip effect, effective
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Figure 8. Influence of maximum inorganic pore diameters for permeability and enhancement factor.

liquid viscosity, and contact angle. Inorganic matter usually
includes quartz, calcite, feldspar, and clay, which reflect the
hydrophilic pore surface (0°<6,, < 90°). Organic matter also
consists of various hydrophobic organic kerogen (90° < 6,,, <
180°). Hence, shale matrix usually exhibits a dual-wettability
feature in macroscopic perspective, and contact angles from
the Duvernay basin shale range from 65 to 103°, which are
usually detected by polished shale rock experiments.'* Cassie
and Baxter” proposed the quantitative relationship between
the macroscopic contact angle and two-component microscale
contact angles, as shown in eq 34.

cos(@eff) = wcos(Qom) =(1- w)cos(ein) (34)

where 0. is the effective macroscopic contact angle, °; w is
the fraction of organic pore surface area.

Figure 7 presents the effect of shale wettability with
different inorganic and organic contact angles. It can be noted

that the close macroscopic wettability (0, = 80°) for three

research cases exists although organic and inorganic matter
contain different microscopic wettabilities (different contact
angles). However, the simulated effective permeability of
liquid transport produces a quite large difference. It can be
found that with 0, increasing and 6, decreasing, the effective
permeability of the whole shale matrix grows in number. On
the other hand, the enhancement factor in the situation of 6,
= 170° and 6;, = 20° is 4 orders of magnitude larger than the
case of O, = 130° and 6, = 40° and this phenomenon
illustrates that the water flow capacity will enhance with the
increase of microscopical hydrophobicity for organic and
inorganic systems, which means that a much large fracturing
fluid loss can be more prone to happen in the microscopical
hydrophilic shale system.

4.3. Influence of Pore Geometric Parameters.
According to the established FMC model in Section 2, both
fractal parameters and pore geometric parameters affect the
effective shale permeability. Meanwhile, a series of theoretical
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Figure 10. Influence of minimum inorganic pore diameters for permeability and enhancement factor.

methods have been put forward to bridge the relationship
between fractal parameters (D D,) and pore geometric
parameters (¢, Anap Amin), @ shown in Egs 14—17. Hence,
only pore geometric parameters are investigated for the
organic and inorganic matter, respectively, in this work.
Figures 8—11 show the effects of pore geometric parameters
on the shale permeability and enhancement factor. First of all,
all simulated results illustrate that shale permeability increases
rapidly with the increase of porosity because more
interconnected pores contribute to shale permeability. Figures
8 and 10 present the influence of maximum pore diameters for
organic and inorganic matter on the shale permeability and
enhancement factor. Results show that shale permeabilities
grow in number with the increase of maximum pore
diameters. However, enhancement factor has the opposite
trend, which means that the intention of slip effect can
weaken up for the large pores. Figures 10 and 11 show the
influence of minimum pore diameters for organic and

inorganic matter on the shale permeability and enhancement
factor. Although minimum inorganic pore diameters vary from
1 to 3 nm, both shale permeability and enhancement factor
only have a tiny change. However, minimum organic pore
diameters have significant impacts on liquid flow in the shale
system, as shown in Figure 11. Besides, the shale permeability
inclines, with the minimum organic pore diameters decreasing
from 1.5 to 0.5 nm, and the enhancement factor also rapidly
increases with the same trend of shale permeability. Thus, it
can be concluded that with the minimum organic pore
diameters declining in our cases, the interaction between
water and pore walls becomes more stronger, which results in
the strong near-wall slip effect and larger shale permeability.
Another remarkable phenomenon that should be noted is that
the enhancement factor is close to 1 when minimum organic
pore diameter is equal to 1.5 nm, which means that the slip
effect can be ignored for organic pores, and the viscous force
dominates liquid flow in this situation.
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Figure 11. Influence of minimum organic pore diameters for permeability and enhancement factor.

5. CONCLUSIONS

In this paper, we focus on the confined liquid transport in a
dual-wettability shale system. Specific conclusions of this
research are summarized as follows:

(1) With the test number increasing, average FMC
permeability approaches a stable analytical solution.
FMC permeability matches well with the analytical
solutions for intrinsic and slip-corrected permeabilities
in both organic and inorganic matter.

(2) FMC permeabilities considering the slip effect and
effective viscosity are 2—3 orders of magnitude larger
than the intrinsic and slip-corrected permeabilities in
organic matter. However, slip effect and effective
viscosity have little influence on water flow in inorganic
matter.

(3) With 6,,, increasing and 6,, decreasing, the effective
permeability of whole shale matrix grows in number.
The enhancement factor in the situation of 6., = 170°
and 6, = 20° is 4 orders of magnitude larger than the
case of 6, = 130° and 6,, = 40°, and this phenomenon
illustrates that the variance of shale microscopic
wettability has the important impact on the confined
fluid transport.

(4) Shale permeability grows in number with the increase of
maximum pore diameters, but enhancement factor has
the opposite trend. The variance of minimum inorganic
pore diameters has a tiny impact on liquid flow.
However, minimum organic pore diameters have the
significant impacts on liquid flow in shale system, and
the enhancement factor also rapidly increases with the
same trend of shale permeability.
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