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Abstract
As one of the clean energy resources, shale gas significantly reduces greenhouse gas emissions.
The description of the gas transport behavior in shale rocks is one of the numerous challenges for
further studies on economically developing shale gas reservoirs. In this work, real gas transport in
the multi-scale porous structure of shale matrix is studied. Three models are, respectively, built at
scales of single pores, a dual-porosity shale rock and a shale gas reservoir. These models are well
validated with experimental, simulation and field data. Results indicate that increasing a taper ratio
and an aspect ratio weakens a real gas effect and lowers bulk gas transport, including viscous flow
and Knudsen diffusion, while the surface diffusion conductance first increases and decreases
afterwards. More tortuous and complex pores weak the dominancy of the shale matrix in a dual-
porosity shale rock. Transport conductance owns negative relationships with fractal dimensions of
pore size and tortuosity of shale matrix, and positive relationship with minimum pore size. Gas
production is underestimated without considering nano-scale pore size distribution-based gas
transport mechanisms. A higher fractal dimension of a pore size and a higher variance result in
higher cumulative gas production and lower sensitivity of gas production to a nano-scale pore size

distribution.
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Chapter One: Introduction

As a game changer, shale gas is continuing to have repercussions for energy scenarios
worldwide. Owing to advanced drilling and hydraulic fracturing, shale gas is developed very fast
in North America (Wang etal., 2011). The study from the American Natural Gas Alliance (ANGA)
indicates that North America owns a supply capacity of the natural gas for at least next 100 years
(Bocora, 2012). However, a number of challenges still needed to be addressed. In Canada,
exploration and production have been performed in many shale gas plays (i.e., Muskwa shale,
Montney shale and Duvernay shale). In western Canada, the first gas discovery was made in
Medicine Hat, Alberta, 1883 (Rivard et al., 2014). Canada is now the third largest producer and
the fourth largest exporter of natural gas in the world (Rivard et al., 2014). However, the
development of shale gas reservoirs still faces numerous challenges. The description of the gas
transport behavior in shale rocks is one of the numerous challenges for further studies on
evaluating gas transport efficiency, optimizing well production and economically developing shale
gas reservoirs (Shapiro et al., 2008).

1.1 Research Background

Shale gas flow in fractures is the continuum flow, which can be described by the conventional
Darcy equation. However, when gas goes to nanopores of shale matrix, the interaction between
the pore walls and the gas molecules cannot be neglected as the pore size of nanopores is
comparable to the mean free path of gas molecules under reservoir conditions; the gas transport in
shale matrix thus becomes non-continuum. Complex pore structures of tapered non-circular pores,

real gas effects and the upscaling of a model from the scale of a single pore to the scale of a bundle



of pores bring about further difficulties. Modelling of multi-scale real gas transport in shale matrix

becomes challenging and attracts much interest in this topic.

Shale gas is mainly generated from thermogenic degradation of organic contents, cracking of
oil, and biogenic degradation of organic contents (Loucks et al., 2010). As an ultra-tight rock, shale
exhibits low permeability (nanodarcy to microdarcy), low porosity (2% to 15%) (Curtis et al., 2002)
and a low pore diameter (1 nm to 1 pm) (Figure 1-1). Two types of pores exist in shale. One is a
nanopore, which is found in clay-rich mud rock (Reed and Loiucks, 2007), and the other is a
micropore, which is found in silica-rich mud rock (Bustin et al., 2008). Nanopores dominate in
shale rock containing both micropores and nanopores (Loucks et al., 2009). Moreover, the organic
content provides a platform for the transport of shale gas in porous media, and the adsorbed gas
and free gas coexist in pores (Levorsen and Berry, 1967). This research focuses on free gas, which
dominates the production of shale gas from shale formations (Kuuskraa et al., 2013). The adsorbed
gas molecules are bound; thus, they exhibit no kinetic energy and do not affect the gas phase

pressure (Heller and Zoback, 2014).

Under high pressure, as a volume occupied by molecules is significantly reduced, enormous
intermolecular and molecule-wall collisions occur (Bolsaitis and Spain, 1977; Singh, 2010).
Generally, the classical Knudsen number is employed to divide the flow regime as continuum flow
(Kn<0.001), laminar slip flow (0.001<Kn<0.1), transition flow (0.1<Kn<10), and free-molecular
flow (Kn>10) (Cunningham and Williams, 1980). However, considering the existence of adsorbed
gas transport in shale matrix, classical flow regime classification cannot be well applied in the real
gas transport in shale matrix. Recent studies on shale gas models in nanopores mostly interpreted

the transport behavior simply from the mathematical value of a Knudsen number. Both
2



intermolecular and molecule-wall collisions (Figure 1-2) play important roles in flow regimes.
Knudsen diffusion, which is also known as Knudsen collision, is mainly controlled by molecule-

wall collision (Cunningham and Williams, 1980).

Figure 1-1 Variations in nanopores of shale rocks by secondary electron (Loucks et al., 2009)
Many models have been proposed to explore the gas transport mechanisms in single

nanopores. In 2007, Javadpour et al. adopted the ideal gas kinetic theory to study the transport
behavior of shale gas in nanopores (Javadpour et al., 2007). In this initial model, the Knudsen
diffusion is mostly discussed without considering the laminar slip flow. In 2009, they further
coupled the Knudsen diffusion and laminar slip flow by using the ideal gas EOS (equation of state)
to calculate the total transport flux of ideal gas (Javadpour, 2009). This model has served as basis
for many succeeding models developed from 2009 to 2015. In 2012 and 2015, Darabi et al. and
Guo et al. further discussed and updated the apparent permeability by introducing the ratio of

porosity and tortuosity as a correction factor for the structure of nanopores based on ideal gas EOS;



this factor remains the focus of ideal gas law (Darabi et al., 2012; Guo et al., 2015). In 2015, Wu
et al. interpreted the transport behavior of shale gas from the perspective of molecular collision by
directly adding weights to the nanofludic items based on the ideal gas EOS (Wu et al., 2015). Ren
et al. (2016) studied the gas transport behavior in shale matrix by considering the slip flow as a
part of Knudsen diffusion to avoid the estimation of a tangential momentum accommodation

coefficient (TMAC) in slip models.

Shale Matrix

Molecule-wall Collision

e, 4

Nanopore ®
& P ° ) o

.....@.

Intermoleucluar Collision

Figure 1-2 Schematic view of gas transport in the nanopores of shale rocks

Gas transport in a bundle of pores in shale matrix were studied in past years. Zheng and Yu
(2012) established a permeability model for gas flow in dual-porosity media and obtained good
validations with experimental data. Miao et al. (2015) investigated the gas transport behavior by
using the fractal geometry theory for dual-porosity rocks embedded with random fractures, which
can reveal more mechanisms of seepage characteristics than traditional models. Li et al. (2016)

showed that the results obtained from a fractal model in a dual-porosity medium can well match



those from numerical simulation. However, the previous fractal models in dual-porosity rocks are

limited for ideal gas transport under a low Knudsen number (viscous flow).

Figure 1-3 Pore structures in shale rock (Curtis et al., 2010)

1.2 Statement of Problems

Extensive studies have been performed on the multi-scale gas transport in shale matrix.
However, some limitations still exist for these studies, which can be summarized as follows:

(1) Current models still have deficiencies to capture a pore structure and present a real gas
flow regime in a single nanopore.

The tapered non-circular structure of nanopores was not captured (Figure 1-3), which has been
reported by many experimental observations (Wilson et al., 2016; Bu et al., 2015; Shan et al.,
2015; Nikolov, 2014; Curtis, 2010; Slatt and O’Brien, 2011). The empirical formula was widely
used to describe the real gas effect, which limits the model within several kinds of gases.

Contributions of free gas transport to transport efficiencies in nanopores have not been explored.
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Flow regimes of real gas transport in nanopores with considering different transport mechanisms
(viscous flow, Knudsen diffusion and surface diffusion) were not explored.

(2) Current models still have deficiencies to present effects of a pore size distribution on gas
transport behavior in shale matrix with a bundle of pores.

The previous models for gas transport in a bundle of pores in shale matrix were limited to
ideal gas transport under a low Knudsen number (viscous flow), and the effect of shale matrix on
gas transport in a dual-porosity shale rock is not studied. In order to better understand the role of
shale matrix, an improved model is needed to bridge the pore size distribution, fracture aperture
distribution and multiple transport mechanisms (viscous flow, Knudsen diffusion and surface
diffusion) in a dual-porosity shale rock.

(3) At the reservoir scale, effects of nano-scale pore size distributions on shale gas production
are needed to be revealed.

Previous studies ignored a pore size distribution, and directly connected single nanopores and
a shale gas reservoir, which results in an unrealistic estimation of gas transport efficiency with
ignoring gas transport mechanisms in a bundle of pores. A thorough analysis of effects of a nano-
scale pore size distribution on shale gas production is thus needed.

1.3 Objectives of this Work

Based on the existing problems, this work includes three parts: real gas transport in tapered
non-circular nanopores, real gas transport in shale matrix with a bundle of pores and effects of a
nano-scale pore size distribution on production performance of a shale gas reservoir. These three

parts of the work cover scales of single nanopores, a bundle of pores and a reservoir, and they are



bridged with each other to construct the main thread of the work as shown in Figure 1-4.The
objectives are as follows:

(1) To construct a model for gas transport in tapered non-circular nanopores of shale rocks
integrating a pore structure, a real gas effect, and molecular kinetic and transport behavior. Based
on this model, we explain the gas transport behavior in tapered single nanopores.

(2) To establish a real gas transport model in a dual-porosity shale rock composed of a bundle
of pores in shale matrix and a bundle of channels in natural fractures with fractal structures based
on the first stage of work. Based on this stage of the work, we explore the effect of shale matrix
on gas transport in a dual-porosity shale rock.

(3) To establish an improved approach to integrate a pore size distribution, a real gas effect,
nano-scale gas transport mechanisms, a geomechanical effect and computational simulation of
shale gas production. Based on this approach, we indicate the impact of a nano-scale pore size
distribution on shale gas production.

1.4 Structure of this Thesis

This thesis is structured as follows: after clarifying the research objectives in Chapter 1, the
gas transport mechanisms in tapered single nanopores are investigated by an analytical model in
Chapter 2. The success of this model provides a basis for the upscaling of the model from single
nanopores to a bundle of pores. A gas transport model is then built based on a fractal theory to
describe the gas transport behavior in a dual-porosity shale rock in Chapter 3. In order to account
for effects of a nano-scale pore size distribution on gas production, an improved approach is
employed to bridge a pore size distribution, multiple gas transport mechanisms and gas production

in Chapter 4. Lastly the results and recommendations in this thesis are concluded in Chapter 5.
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Chapter Two: Real Gas Transport in Tapered Non-Circular Nanopores of Shale Rocks

2.1 Introduction

With the increase in energy consumption worldwide, shale gas has become an important
energy resource. As a clean source of fuel among other sources (crude oil, coal, etc.), shale gas
significantly reduces greenhouse gas emission (Wang et al., 2011). With the enormous application
of hydraulic fracturing, shale gas has been rapidly explored in North America. However, the
development of shale gas still faces numerous challenges. For instance, the transport behavior of
shale gas considerably changes in nanopores (Wu et al., 2015). Thus, studies on gas transport in
nanopores basically contribute to investigations on this resource, indicating the mechanisms of the
transport behavior and benefits in the optimization of operation.

Shale rocks that are deep underground are formed by compaction and solidification with
increasing pressure over a long period of time (Zhang et al., 2012; Rogers, 2011). This process
provides the high-pressure condition for the transport of shale gas in nanopores. The chemical and
physical parameters in the three formations of Duvernay Shale (Munson, 2015), Marcellus Shale
(Kargbo et al., 2010; Soeder, 1988), and Bowland Shale (Andrews, 2013) from Canada, the United
States and the United Kingdom, respectively, are summarized in Table 2-1. For hydrocarbons
found underground, they only exhibit ideal-gas behavior at a pressure of approximately 1 MPa
(Wang, 2004). Once the pressure is >1 MPa, the gas properties may deviate from the ideal case.
As we can see the pressure range from Table 2-1, the ideal gas equation of state (EOS) is no more
appropriate for the shale gas in the underground. Though the empirical equation can consider the
real gas effect, it is developed for the particular gas, which limits its application range (Wu et al.,

2016; Renet al., 2016). Thus real gas EOS should be introduced into the study of real gas transport
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in nanopores, which is able to present the real gas effect for more kinds of gases. However, for
previous models on the transport of real gas in nanopores, ideal gas law and empirical equations
are still employed (Wu et al., 2016; Ren et al., 2016).

Table 2-1 Reservoir condition of shale gas in different formations

Formation Duvernay Shale Marcellus Shale Bowland Shale
Country Canada United States United Kingdom
Depth range (m) 3000-4000 1200-2500 1800-2500
Pressure range (MPa) 35-70 10-35 10-40
Temperature (K) 360-390 310-340 330-350

As an ultra-tight rock, shale exhibits low permeability (nanodarcy to microdarcy), low
porosity (2% to 15%), and low pore size (1-1000 nm) (Curtis, 2002). In terms of geometries of
cross sections for nanopores in shale gas reservoirs, they are commonly irregular bubble-like,
elliptical and rectangular (Loucks et al., 2009; Wilson et al., 2016). Along the axial direction,
nanopores exhibit both the straight and tapered characteristics (Wilson et al., 2016; Bu et al., 2015;
Shan et al., 2015; Nikolov, 2014; Curtis, 2010; Slatt and O’Brien, 2011). Thus, both geometries
of cross section and tapering effects should be considered to present mathematical and physical
models that can better describe the gas transport in nanopores of shale rocks. Though recent studies
have taken the non-circular cross section into consideration, limitations exist (e.g. ignorance of
tapering effect and elliptical cross section in Wu et al. model (Wu et al., 2016), neglect of tapering
effect and surface diffusion in Ren et al. model (Ren et al., 2016) ).

Table 2-2 is a brief summary of previous models for the transport of shale gas in naonopores

(Wu et al., 2016; Ren et al., 2016; Javadpour, 2009; Civan, 2010; Darabi et al., 2012; Rahmanian
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et al., 2012; Sheng et al., 2015), and these models have been reviewed in the past. Before 2015,
most of the shale gas models in nanopores are based on the ideal gas law. Though the real gas
effect is considered in Wu et al. model and Ren et al. model in 2016, the models are based on the
empirical equation of methane properties, which limits the application of the models in more kinds
of gases. Besides the real gas EOS, the tapered nanopore structure is also neglected in previous
models. Hence, a more realistic model that bridges the connections among real gas phase behavior,
molecular kinetics, and transport behavior for shale gas in straight/tapered non-circular nanopores
should be developed.

Table 2-2 Features of existing gas transport models in nanopores

Model Description Comments

Ideal gas EOS; Linear superposition | Only for ideal gas in
Javadpour, 2009,
of viscous flow and Knudsen |straight circular  pore;
Civan, 2010,
diffusion based on the slip boundary | Neither adsorption nor
Darabi et al, 2012
condition; Straight circular pores surface diffusion

Ideal gas EOS;  Weighted
Only for ideal gas in
superposition of viscous flow and
Rahmanian et al, 2013 straight  circular  pore;
Knudsen diffusion based on slip
Neither adsorption nor
boundary  condition;  Straight
surface diffusion
circular pores

ldeal gas EOS;  Weighted | Only for ideal gas in
Sheng et al, 2015
superposition of viscous flow, | straight circular pore.
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Knudsen diffusion and surface
diffusion based on slip boundary

condition; Straight circular pores

Wu et al., 2016

Consideration of real gas effect
based on empirical equation of
methane; Weighted superposition
of viscous flow, Knudsen diffusion
and surface diffusion based on the
slip boundary condition; Straight
pores with circular and rectangular

Cross sections

Empirical  equation to
describe real gas effect;
straight rectangular and
circular pores (elliptical
cross section is omitted);
Compressibility factor is
always larger than 1 which
iIs not real under low

pressure

Renetal., 2016

Consideration of real gas effect
based on empirical equation of
methane; Linear supervision of
viscous flow and Knudsen diffusion
based on non-slip boundary;
Straight pores with elliptical and

rectangular cross sections

Empirical  equation to
describe real gas effect;
Straight pores; Neither
adsorption nor  surface

diffusion
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2.2 Model Establishment

In this study, we establish a model to bridge real gas effect, molecular Kinetics and transport
behavior in the tapered non-circular nanopore. The tapered nanopore structure with non-circular
(elliptical and rectangular) cross sections is shown in Figure 2-1.

Basic geometric characteristics of the tapered non-circular nannopores in this model are

described as follows:

© Adsorbed Gas Molecule () Free Gas Molecule [ Shale Matrix

P =
8 6%5 0 %o
> o o o o e
g9 © o o 18
DTSRRI _ _

Figure 2-1 Schematic view of tapered non-circular nanopores

(1) Tapered elliptical nanopores: the length of the major axis of the inlet cross section is a;;,,
and the length of the major axis of the outlet cross section is a,,,;, which is < a;,,. The length of
the minor axis of the inlet cross section is b;;,,, and the length of the minor axis of the outlet cross

section is by, Which is < b;,,. In this model, following relationships exist:

Gin _ Din _ g (2-1a)

Qout bout
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Gin _ Gout _ (2-1b)

bin  Dout
where &g is the taper ratio for tapered elliptical nanopores, dimensionless; y5 is the aspect ratio for
tapered elliptical nanopores, dimensionless.

For the tapered nanopore in Figure. 2-1, the pore size decreases along the length from the
inlet A to the outlet B, which indicates the taper ratio is more or equal than 1. If the flow is reverse
(from B to A), the pore size increases along the length of the nanopore from B to A and we can
refer to such nanopore as the widening nanopore, in which case the same transport molar rate can
be obtained. While £z = 1 and y; = 1, the nanopore is straight with circular cross section.

(2) Tapered rectangular nanopores: The width of the inlet cross section is w;,, and the width

of the outlet cross section is w,,,;, which is < w;,,. The height of the inlet cross section is h;;,, and

the height of the outlet cross section is h,,;, which is < h;,,. In this model, following relationships

exist:

Win hin

—==—==¢& (2-2a)
Wout hout

Win _ Wout _ ]
hin - hout - yR (2 Zb)

where & is the taper ratio for tapered rectangular nanopores, dimensionless; yy is the aspect ratio
for tapered rectangular nanopores, dimensionless.

While &, = 1 and y; = 1, the nanopore is straight with square cross section.

(3) Taper function: We assume that the pore diameter decreases linearly along the pores,
which is based on the experimental observation (Figure 3(B) in the paper from Shan et al., 2015;
Figure 10(b) in Curtis et al, 2010; Figure 21 in paper from Nikolov, 2014 and Figure 15(D) in the

paper from Slatt and O’Brien, 2011). The taper function is expressed as follows:
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d(a) _ dout—Qin _
= (2-33)

d(b) — bout_bin _

= (2-3b)
d(h) — h—out_hin _

L (2 3C)
d(w) — Wout—Win (2_3d)
dx L

where a is the length of the major axis of the cross section for tapered elliptical nanopores, m; b
is the length of the minor axis of the cross section for tapered elliptical nanopores, m; h is the
height of the cross section for tapered rectangular nanopores, m; w is the width of the cross section
for tapered rectangular nanopores, m; L is the length of the nanopore, m.

2.2.1 Transport Behavior

Based on the Knudsen number, leading mechanism of gas transport includes continuum flow,
slip flow, transitional flow and Knudsen diffusion (Majumder et al., 2011). While the Knudsen
number is less than 0.001, the intermolecular collision dominates and the transport regime refers
to the continuum flow; If the Knudsen number ranges from 0.001 to 0.1, with the increase of the
molecular-wall collision frequency, the slippage exists and the type of the transport regime is the
slip flow; For the Knudsen number between 0.1 and 10, the intermolecular collision frequency and
the molecular-wall collision frequency is nearly the same, and the transport regime is the
transitional flow; If the Knudsen number is larger than 10, the molecular-wall collision dominates,
and the transport regime refers to the Knudsen diffusion. Many significant models have been
proposed to combine these gas transport mechanisms as summarized in Table. 2. In this work, we
adopt the approach of linear superposition of viscous flow, Knudsen diffusion and surface
diffusion (Ren et al., 2016; Noy, 2013; Singh et al., 2014). The transport mechanism of free gas in
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nanopo