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Abstract 

Artificial operations for gas exploitation, such as well stimulation and gas 

extraction, are core processes of unconventional natural gas engineering. These 

engineering operations influence how unconventional reservoirs behave during gas 

production and thus, the ultimate gas recovery. Therefore, it is important to understand 

the effects of operations-reservoir interactions to assess the effectiveness and quality of 

development of unconventional gas reservoirs. Although previous studies included 

these impacts, this issue has not been investigated systematically. The goal of this 

thesis is to incorporate the operations-reservoir interactions into a spectrum of 

multiphysics models and use these models to investigate the process of unconventional 

gas extraction. Three models are developed as follows: 

MODEL 1 – Fully Coupled Multidomain and Multiphysics Model for Single-Phase 

Gas Flow: This model proposes a multidomain multiphysics approach by which gas 

transport and shale deformation are fully coupled. It comprehensively considers the 

property difference between the distinct domains formed by hydraulic fracking 

treatment (including stimulated reservoir domain, non-stimulated reservoir domain, 

and primary hydraulic fracture) and the complex effects on the ultimate gas recovery 

by this difference. Multidomain effects originated from the global stress-strain relation 

during gas depletion are investigated by using this hydraulic-mechanical coupling (HM) 

model. By a numerical simulation investigation, it is found that the properties of the 

stimulated reservoir domain significantly affect gas extraction, while the non-

stimulated reservoir domain determines the sustainability of gas production. Besides, 

the change of mechanical properties in one domain simultaneously influences the 

evolutions of reservoir response in the entire reservoir. 
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MODEL 2 – Fully Coupled Multidomain and Multiphysics Model for Two-Phase 

Flow: Based on the multidomain framework proposed by Model 1, Model 2 extends 

the described flow process from single-phase (gas) flow to two-phase (gas-water) flow 

to evaluate the gas-water production from the stimulated shale reservoir. Furthermore, 

a concept named kerogen threshold differential pressure (KTP) and the corresponding 

on/off gas-supplying mechanism are proposed to describe the hindrance effect of water 

film at the heterogeneous interface on gas liberation from kerogen. By incorporating 

KTP into its mass exchange term, the proposed hydraulic-mechanical-chemical 

coupling (HMC) model bridges the gap between seepage and interface chemistry. By a 

numerical simulation investigation, it is demonstrated that the effects of water on shale 

gas extraction include two aspects: (1) The gas-water two-phase flow influenced by 

gas and water relative permeabilities, and (2) The on/off gas supplying mechanism 

determined by KTP. The former aspect affects the gas flow in inorganic matrix and 

fractures, while the latter aspect controls the gas liberation from kerogen and thus, the 

sustainability of gas extraction. Besides, the shapes of gas/water relative permeability 

curves of different components of shale reservoir affect the early-stage and long-term 

gas/water productions. In addition, shale gas recovery can be enhanced by decreasing 

KTP by using surfactants, or by using water-free fracking fluids such as supercritical 

carbon dioxide to eliminate formation damage. 

MODEL 3 – Fully Coupled Multidomain and Multiphysics Model for Gas 

Extraction with Thermal Effects: This model is another extension of Model 1 to apply 

the multidomain framework to coalbed methane (CBM) extraction. The gas extraction 

processes from stimulated CBM reservoirs with different stimulation patterns are 

modelled and simulated. Moreover, the temperature field evolution determined by heat 

transfer is considered. The gas extraction-induced temperature change and the resultant 
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effects on the property evolutions of the CBM reservoir are incorporated in this 

thermal-hydraulic-mechanical (THM) coupling model. The numerical simulation 

investigation suggests that the temperature variation caused by heat convection, heat 

conduction, desorption heat, and strain energy change during CBM extraction will in 

turn influence the mechanical deformation and the desorption amount, affecting both 

early-stage and ultimate gas productions. Moreover, the effectiveness of the THM 

coupling gas extraction process is significantly influenced by the fracture pattern 

created by stimulation treatment. The validation of this THM model is verified by 

comparing the simulation results with the field data and the computation results of 

previously published models. The multidomain effects on gas production in CBM 

reservoirs are also investigated by a sensitivity analysis. 

The three fully coupled models are validated and/or verified by comparing their 

simulation results to field data, analytical solutions, and/or the results of previously 

published numerical investigations. The numerical tools developed in this thesis 

facilitate the accurate evaluations of gas extraction from various unconventional 

reservoirs, and the findings in this thesis enhance the understanding of the complicated 

processes and interactions between different factors and components influenced by 

artificial operations in unconventional gas production. 
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Chapter 1 Introduction 

Unconventional natural gas [such as shale gas and coalbed methane (CBM)] 

recovery is always a complex process accompanied by the evolutions of reservoir 

properties and the combined effects of various physical processes. Furthermore, 

engineering operations such as drilling, stimulation, and gas extraction influence 

unconventional natural gas recovery. To implement effective natural gas recovery from 

unconventional reservoirs, physical and mathematical models are commonly used to 

describe the unconventional gas extraction process, predict gas production, and 

investigate the mechanisms underlying this complicated process. In this chapter, the 

background knowledge of unconventional gas extraction (focusing on shale gas and 

CBM extractions) is introduced. Furthermore, the existing approaches in modelling 

and simulating unconventional gas extraction are briefly reviewed. Then, the current 

limitations of the existing models are identified. Thereafter, the objectives and 

approaches of building new numerical models for the investigation of shale gas and 

CBM extractions are elucidated. In addition, the structure of the whole thesis is 

presented at the end of this chapter. 

1.1 Background 

Unconventional natural gas, including tight sand gas, coalbed methane (CBM), and 

shale gas, is a type of prospective energy source drawing great attention due to its 

combustion-clean feature and enormous reserve (Middleton et al., 2017; Lin and 

Kuang, 2020). The rapid development of unconventional gas exploitation technology 

has revolutionized the global energy market (Wang et al., 2020). According to a report 

proposed by McGlade et al. (2013), unconventional gas sources occupy approximately 

40% of the overall technically recoverable natural gas reserve, with 5% from CBM, 8% 
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from tight gas, and 27% from shale gas. Besides their abundant global reserve, the 

production of unconventional gas resources is rapidly climbing in recent years. For 

instance, the natural gas annual report in the US (U.S. Energy Information 

Administration, 2020a) suggests that the annual shale gas production in the US 

increased 75.6% from 2015 to 2019, reaching 2.78 × 107 Mcf, forming 67.9% of the 

total annual gas production in the US (Fig. 1-1). As another example, the CBM and 

shale gas productions in China also increase continually, as shown in Fig. 1-2 

(National Bureau of Statistics of China, 2019). In 2018, the annual production of CBM 

and shale gas in China occupies 11.3% of China’s total annual gas production. This 

number increased to 13.8% in 2019. In view of the great potential of unconventional 

gas resources in dealing with the problem of the global energy shortage, many 

researchers devote themselves to study gas extraction from unconventional reservoirs 

so that the exploitation plan can be optimized to enhance gas recovery (Karimpouli et 

al., 2020; Wang et al., 2020). In brief, unconventional gas extraction has become a hot 

topic in the energy area. 

 

Fig. 1-1 US annual productions of natural gas, shale gas, and CBM, 2015 – 2019. 
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Fig. 1-2 China’s natural gas production by resource type, 2010 – 2018 (National Bureau of 

Statistics of China, 2019). 

 

1.2 Gas extraction from unconventional gas reservoirs 

Although the importance of unconventional gas resources is recognized, extracting 

them from reservoirs is highly challenging. First of all, unconventional reservoirs have 

low porosity and ultra-low permeability. Differed from the conventional gas recovery 

process which extracts gas from relatively accessible and highly permeable reservoir 

rocks that collect migrated and accumulated hydrocarbons, the unconventional gas 

recovery process is to extract gas directly from fine-grained hydrocarbon source rock 

formations (Wang et al., 2020). An illustration of the typical geology of different 

natural gas resources is presented in Fig. 1-3 (U.S. Energy Information Administration, 

2020b). The complex geological conditions of unconventional gas reservoirs lead to 

complex porous media systems which include various pores and fissures/fractures with 

different scales, especially a large number of nano-scale and micro-scale pores. Thus, 
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unconventional gas reservoirs usually have low porosity and very poor hydraulic 

conductivity (Curtis, J.B., 2002). In most of the shale gas reservoirs, gas is difficult to 

flow unless stimulation treatments (e.g., hydraulic fracking, blasting, and/or 

acidization) are implemented (Cao et al., 2016a). For CBM reservoirs, although they 

often have some cleats with relatively high permeability, most of the CBM is stored in 

the coal matrix in the form of adsorbed state (Li et al., 2016). To let the adsorbed gas 

flow out rapidly, stimulation treatment is also needed. 

 

Fig. 1-3 Schematic geology of different natural gas resources (U.S. Energy Information 

Administration, 2020b). 

 

Another difficulty for unconventional gas extraction is the high heterogeneity of the 

unconventional gas reservoirs. As hydrocarbon source rocks, unconventional gas 

reservoirs have complex compositions. For example, the matrix of gas-bearing shale is 

composed of inorganic matrix (a composite of clay and detrital minerals) and organic 

matter (also known as kerogen). Numerous kerogen pockets are scattered in inorganic 

matrix (Moghanloo and Javadpour, 2014; Gong and Rossen, 2017). The mixture of 

organic/inorganic matters implies the coexistence of different pores and fractures with 

distinct sizes, properties, and morphologies in unconventional reservoirs. Two typical 
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scanning electron microscope (SEM) images of shale matrix are shown in Fig. 1-4. It 

can be seen that shale matrix includes inorganic matrix [clay minerals 

(montmorillonite, chlorite, kaolinite, and illite), calcite, pyrite, quartz, see Fig. 1-4(a)], 

organic matter (kerogen), intraparticle/interparticle pores, mesopores, and macropores 

[see Fig. 1-4(b), Zhang et al. (2017)]. In general, kerogen has a relatively higher 

porosity (often > 5%, up to 50%) than that of inorganic matrix (normally in the range 2% 

– 8%) (Sondergeld et al., 2010; Vega et al., 2014), while kerogen is known as less 

permeable than inorganic matrix (Kou et al., 2017). Such a complex microstructure, 

along with the mixed petrophysical properties, results in the high complexity of the gas 

transport properties including sorption capability, diffusivity, permeability, and gas 

flow regimes in unconventional gas reservoirs (Saif et al., 2017; Tian et al., 2018). 

Moreover, there are some natural fractures in shale, intensifying the heterogeneity of 

shale (Wei et al., 2018). Therefore, there is significant uncertainty about the progress 

of shale gas recovery, making the exploitation of shale gas difficult. For CBM 

reservoirs, the heterogeneity is mainly originated from the stark difference between 

cleats and coal matrix. A typical scanning electron microscope (SEM) picture of coal 

is presented in Fig. 1-5(a), showing that the cleat fractures are comprehensively 

distributed in coalbed as important gas flow channels. In Fig. 1-5(b), it can be known 

that the cleats sub-system is composed of face cleats and butt cleats. These two types 

of cleats have different widths and properties. The cleats sub-system can usually be 

deemed as an individual porous medium interacting with the coal matrix. Thus, in the 

CBM extraction process, the cleats sub-system and coal matrix exhibit distinct 

responses (Wu et al., 2010a). This high heterogeneity makes the gas transport 

behaviour in CBM reservoirs difficult to evaluate and predict, which tends to decrease 

the effectiveness and efficiency of CBM extraction. The high difficulty in 
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unconventional gas recovery results from the multiple complexities also necessitates 

the massive use of artificial stimulation treatments so that the gas extraction rate can 

meet the requirement of the industry. 

 

Fig. 1-4 Typical SEM image of shale matrix: (a) Inorganic matter [clay minerals 

(montmorillonite, chlorite, kaolinite, and illite), calcite, pyrite, quartz] and organic matter 

(kerogen), (b) Intraparticle/Interparticle (IntraP/InterP) pores, mesopores, and macropores 

coexist in the shale (copyright permission obtained from Zhang et al., 2017). 

 

 

Fig. 1-5 Microscopic structure of coal. (a) Typical SEM image of coal (copyright permission 

obtained from Karimpouli et al., 2020). (b) Illustration of cleats system in coal (copyright 

permission obtained from Laubach et al., 1998). 

 

Drilling and stimulation operations performed in advance of unconventional gas 

extraction further intensify the reservoir complexity, making the gas extraction process 
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more complicated. The effects of these pre-treatments on unconventional reservoirs are 

miscellaneous. Drilling creates the artery for mass and energy transfer from the 

reservoir to the surface, while stimulation treatment extends and improves the pore-

fracture system in the reservoir to enhance the reservoir productivity (Ding et al., 2014; 

Du et al., 2017). On the other hand, these operations usually result in formation 

damage by different mechanisms to decrease the reservoir permeability, which hinders 

the gas flow to some degree. Specifically, formation damage can be categorized into 

four types: (1) mechanical damage; (2) chemical damage; (3) biological damage; (4) 

thermal damage (Brant Bennion, 2002). The effect of formation damage is closely 

related to the mechanical deformation and failure of reservoir rock, the invasion of 

external fluids (e.g., drilling and/or fracking fluids), and the evolutions of various 

properties of the reservoir. For unconventional reservoirs, the current understanding of 

the mechanisms and impact of formation damage is poorly known and highly 

controversial. Therefore, new theories and approaches describing or determining 

formation damage in unconventional reservoirs are needed. It should also be noted that 

the enhancing/damaging effects of these engineering operations have a certain spatial 

scope. For example, the invasion of drilling fluids into the tight sand formation is 

usually in the near-wellbore zone (Hani and Micheal, 2015). For another example, 

stimulation treatment only affects part of the unconventional reservoir in most cases 

(Brown et al., 2011). The part of the reservoir affected by engineering operations has 

unique properties, meaning that a producing unconventional reservoir is a multi-

domain system. As an instance, an illustration of a hydraulically fractured shale gas 

reservoir is shown in Fig. 1-6. After hydraulic fracking, the shale reservoir includes 

three domains: (1) Non-stimulated reservoir domain (NSRD). It locates in the deep 

part of the reservoir and has all of the original properties of the shale reservoir because 
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the stimulation treatment does not influence it. (2) Primary hydraulic fracture (HF). It 

is directly created by the fracking fluid injected from the perforation clusters. HF has a 

highly enhanced porosity and permeability due to the supporting effect of the hydro-

fracture proppants. (3) Stimulated reservoir domain (SRD). It has some secondary 

hydraulic fractures and activated natural fractures/fissures due to the fracking 

treatment. These secondary/activated fractures are usually not supported by the 

proppants because of their small apertures. Nevertheless, the number of these fractures 

may be enormous. Thus, the porosity and permeability of SRD are enhanced to some 

degree (Stalgorova and Mattar, 2013). Compared to that of the original reservoir, the 

mechanical compressibility of SRD is also modified because of the creation of new 

fractures. This may affect the evolution of stress-dependent porosity/permeability in 

this domain. Besides, if the water-based fracking fluid is used, a large amount of 

fracking fluid will invade into SRD due to the imbibition effect. In engineering 

practice, it is not uncommon that only a small fraction of pumped fluid, typically 10% 

to 20%, can be recovered during the process of flowback for the cleanup of loaded 

fluid (Cheng et al., 2012). Because SRD bridges HF and NSRD mechanically and 

hydraulically, the physical processes (including gas sorption, gas-water two-phase 

flow, porosity/permeability evolution) in the three domains are not only individually 

peculiar but also interacting. Other stimulated unconventional reservoirs are 

confronted with similar situations. A stimulated (hydraulically fractured or blasted) 

CBM reservoir is also composed of different domains. An illustration of a 

hydraulically fractured CBM reservoir is displayed in Fig. 1-7 (Kou and Wang, 2020). 

It can be known that after stimulation, the CBM reservoir has three domains: (1) Three 

radial primary hydraulic fractures (with six wings), which is analogous to the HFs in 

Fig. 1-6. (2) A cylindric stimulated domain with many secondary/activated fractures, 
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which is analogous to the SRD in Fig. 1-6. (3) An unstimulated domain with the 

original coalbed properties, which is analogous to the NSRD in Fig. 1-6. It can be 

summarized that engineering operations not only bring about both enhancing and 

damaging effects for unconventional gas extraction but also modify the unconventional 

reservoirs to a complex system with multiple domains. 

 

Fig. 1-6 Illustration of a hydraulically fractured shale gas reservoir. 
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Fig. 1-7 Illustration of a hydraulically fractured CBM reservoir with multiple artificial fracture 

wings and a stimulated reservoir domain: (a) Three-dimensional diagram and (b) Top view 

(Kou and Wang, 2020). 

 

During unconventional gas extraction, multiple complex physical processes are 

involved, and they interact with each other. The complexity in physical processes is 

mainly reflected in the following aspects: 

(1) Stress sensitivity. In many unconventional reservoirs, the mechanical 

deformation during gas extraction often has a significant impact on porosity and 

permeability, and thus, gas transport. This is due to the existence of extremely small 

pores (which tend to be more sensitive to deformation than macropores) and the 

relatively high compressibility (especially for some soft coalbeds and well-fractured 

unconventional reservoirs) (Liu et al., 2011; Pan and Connell, 2012). With the 

depletion of pore pressure, the porosity and permeability in an unconventional 

reservoir may increase or decrease, depending on the evolution of the effective 

stress/strain (Palmer and Mansoori, 1998; Shi and Durucan, 2004; Cui and Bustin, 

2005; Zhang et al., 2008). 
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(2) Gas desorption. Organic matter (kerogen or coal matrix) is an important source 

of gas in shale gas reservoirs and CBM reservoirs. With the depletion of pore pressure, 

the originally adsorbed gas desorbs from the grains of the organic matter and converts 

into free gas to supply gas flow. Meanwhile, gas desorption induces strain to influence 

the dynamic porosity and permeability (Cao et al., 2016b; Cui et al., 2017). In addition, 

the adsorbed gas layer occupies some pore space. The thickness of the adsorbed gas 

layer changes with the gas desorption, affecting the effective porosity and apparent 

permeability. This is referred to as the “volumetric effect” of the adsorbed gas layer 

(Akkutlu and Fathi, 2012; Wang et al., 2015; Pang et al., 2017). 

(3) Gas flow regime. In the extremely small pores, the apparent permeability of gas 

deviates from Darcy’s law, which is related to the pore size. By using Knudsen number 

(Kn, a dimensionless number defined as the ratio of the molecular mean free path 

length to the pore radius), the gas flow regime can be determined, as shown in Table 

1-1 (Javadpour and Ettehadtavakkol, 2015). When Kn < 10-3, the classical Hagen-

Poiseuille equation or Darcy equation is valid to describe the gas flow. In contrast, 

continuum flow with slip effect (“Klinkenberg effect”) is true for 10-3 < Kn < 10-1, 

which is suitable for most of the conventional gas reservoirs and a great number of 

low-permeability gas reservoir conditions. Nevertheless, due to the existence of 

nanopores in unconventional reservoirs, Kn may be larger than 0.1. (Javadpour 2009; 

Rahmanian et al. 2011; Darabi et al. 2012; Singh et al. 2014). Transition flow occurs 

when 0.1 < Kn < 10, while free-molecule flow is true when Kn > 10. It is believed that 

transition flow may be observed, while free-molecule flow does not take place in 

unconventional reservoirs (Beskok and Karniadakis, 1999; Javadpour, 2009; Civan et 

al., 2010). 
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Table 1-1 Validity of different gas flow regimes as functions of Knudsen number (Javadpour 

and Ettehadtavakkol, 2015). 

Knudsen number (Kn) 

Gas flow regime 

Lower bound Upper bound 

0 10-3 Continuum or Darcy flow (no-slip) 

10-3 10-2 

Slip flow 

10-2 10-1 

10-1 1 

Transition flow 

1 10 

10 ∞ Free-molecule flow 

 

(4) Water effects. The effects of water on gas extraction from unconventional 

reservoirs are complex and controversial. In the first place, the existence of water takes 

some pore space, which affects the calculation of effective porosity for gas storage. 

Secondly, the water saturation influences the gas-water two-phase flow, which is 

controlled by the gas/water relative permeability and capillary pressure behaviours 

(Brooks and Corey, 1964; Jurus et al., 2013). Thirdly, water may affect the gas 

sorption capacity of organic matter to further influence the gas supply, which has been 

reported by some studies on CBM extraction (Ettinger et al., 1958; Crosdale et al., 

2008; Chen et al., 2012). Fourthly, some researchers believe that in the late period of 

unconventional gas extraction, the irreducible water saturation will slowly decrease, 

which is ascribed to the evaporation of water (Wang et al., 2019a). The main reason 

for the evaporation of water in the shale reservoir in the late period of gas production is 

that the depleted gas pressure promotes the water molecules to escape to the gas phase. 

This is based on the principles of the phase equilibrium theory. Besides, the invasion 

of tens of thousand barrels of external water (such as fracking fluid and drilling fluid) 
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caused by the enormous hydraulic pressure (at the bottomhole during drilling and 

stimulation operations) and strong capillary imbibition will influence gas extraction by 

blocking the pores and mixing with the connate water. At the beginning of gas 

extraction from a stimulated unconventional reservoir, water backflows with gas for 

several weeks to months, depending on the specific operations and reservoir conditions. 

Thus, the gas-phase permeability of the stimulated reservoir domain regains to some 

degree due to the decrease of the water saturation, but it cannot be totally restored 

because the formation damage process caused by the invasion of external fluids is 

usually not reversible (Porter, 1989). These external fluids may reduce the hydraulic 

conductivity, effective length, and face permeability of fractures (Bahrami et al., 2012), 

affecting both the early-period gas/water production and the interference process 

between primary hydraulic fractures. The latter is crucial for long-term gas 

productivity (Patzek et al., 2014; Cao et al., 2017a). More importantly, the external 

fluids usually contain some surfactants, which is likely to result in wettability 

alteration of the unconventional reservoir rock and thus, severe formation damage (Li 

et al., 2015; Li et al., 2018a; Li et al., 2019a). 

(5) Thermal effects. With unconventional gas production, temperature field 

evolution occurs, leading to multiple effects on gas recovery (Zhu et al., 2011). The 

causes of this phenomenon include heat convection due to the gas outflow, heat 

conduction induced by the decreased wellbore temperature, desorption heat owing to 

gas desorption, and the energy change originated from the variation of the volumetric 

strain (Li et al., 2016; Fan et al., 2019). The changing temperature in turn influences 

the gas state (i.e., pressure-volume-temperature relation), the adsorption capability of 

organic matter, and the deformation of rock pores. Although the temperature change is 

mild in some cases, its long-term effects should not be ignored in other cases. 
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In summary, gas extraction from unconventional reservoirs is both difficult and 

complex. The effectiveness and efficiency of unconventional gas recovery are closely 

related to the evolutions of multiple components, domains, and physical processes in 

unconventional reservoirs, and the interactions between these factors. Engineering 

operations including drilling, stimulation, and production intensify the complexities of 

these influencing factors. 

1.3 Modelling and simulating unconventional gas extraction 

As an important type of investigation approach, the modelling-simulation method 

integrates various cutting-edge theories into different practical computation tools. 

These tools can be applied to interpret field data, predict gas production, provide 

optimized decisions, and reveal some unreported phenomena. The development of 

innovative, practical, and high-efficiency models incorporating key physical processes 

and advanced theories for unconventional gas extraction are urgently needed by the 

energy industry. This subsection briefly reviews the existing modelling and simulation 

approaches for unconventional reservoirs. 

To describe the porous media in unconventional reservoirs, the discrete-pore-

network-based method and the continuum-mechanics-based method are the two most 

commonly used approaches (Liu et al., 2019a). The former can depict extremely fine 

pore/fracture structures but requires an enormous computation resource. In contrast, 

the latter focuses on the averaged response in porous media by considering the large-

scale rock body as a continuum and applies all sorts of physical laws to the continuum 

to obtain the macro-scale results. Some studies have successfully combined these two 

approaches so that they can complement each other (Wu et al., 2014; Cao et al., 2016a; 

Farah et al., 2017; Wang et al., 2019a).  
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As for the types of the computation solutions of unconventional reservoir 

simulations, analytical solution (Brown et al., 2011; Stalgorova and Mattar, 2013; 

Zeng et al., 2021), semi-analytical solution (Yang et al., 2017; Sun et al., 2018), and 

numerical solution (Zhang et al., 2008; Cao et al., 2016a; Wei et al., 2018) can be used 

to describe the process of unconventional gas extraction. Analytical solutions can be 

deemed as mathematically strict, but they cannot treat complex/irregular geometries 

and are difficult to couple multiple physical processes. In contrast, with the 

development of computer technology, numerical solutions are becoming increasingly 

popular because they can conveniently compute the responses in irregular geometries 

and fully couple different partial differential equations (PDEs). Moreover, many 

commercially available softwares with optimized solving techniques help the 

researchers focus more on modelling instead of solving equations. As a combination of 

the former two approaches, semi-analytical solutions usually involve using non-

analytical treatments to approximately solve analytical functions or using some 

analytical equations to partly replace the PDEs. The pros and cons of a semi-analytical 

solution should be evaluated case by case. 

To model the heterogeneous unconventional reservoirs by using the continuum-

mechanics-based method, there are three types of classical models for selection 

including (1) Single-porosity-single-permeability (SPSP) model. This kind of model 

deems the reservoir as a homogeneous porous medium in which gas flow is controlled 

by fractures, while gas storage is dependent on pores. The complex responses are 

described by a series of mechanical equations focusing on conceptually quantifying the 

interactions between pores and fractures (Palmer, I., Mansoori, J., Cui and Bustin, 

2005; Zhang et al., 2008). (2) Dual-porosity-single-permeability (DPSP) model. In this 

kind of model, both pores and fractures have the capabilities to store gas, while the gas 
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flow is only controlled by fractures (Warren and Root, 1963). (3) Dual-porosity-dual-

permeability (DPDP) method. This kind of model is a superposition of two interacting 

subsystems (e.g., matrix and fracture subsystems, or organic and inorganic subsystems) 

with distinct reservoir properties. In consequence, a DPDP model has two pressure 

systems that interact with each other by mass exchange to comprehensively reflect the 

dual responses of unconventional reservoirs (Wu et al., 2010a; Thararoop et al., 2012). 

Based on these classical models, a variety of derivative models have been developed to 

fulfill more functions and obtain finer results. For example, triple-porosity models can 

be used in shale reservoir modelling to individually define natural fractures network, 

inorganic matrix, and kerogen (Sang et al., 2016; Wei et al., 2018; Wang et al., 2019b). 

Another example is that combining the discrete element method and the multiple-

continuum models, which is suitable to embed the primary hydraulic fractures (HFs, as 

a kind of discrete medium) or natural fractures (NAs, also as another kind of discrete 

medium) into the matrix blocks (as continua) (Wu et al., 2014; Cao et al., 2016a; Cao 

et al., 2016b; Wang et al., 2018; Wang et al., 2019a). In addition, the relationships 

between different subsystems in these multiple-media models can quantify not only 

mass exchange but also other physical processes, such as mechanical deformation and 

heat transfer to achieve fully coupled reservoir simulations (Liu et al., 2018; Wang et 

al., 2021). Nevertheless, it should be pointed out that the increase of the number of 

porous subsystems in a model often multiplies the computation load, which may be a 

challenge to the computer performance. 

The multidomain effects caused by stimulation or formation damage on 

unconventional gas extraction have been considered in some studies of transient 

pressure analysis (Brown et al., 2011; Stalgorova and Mattar, 2013; Kou and Wang, 

2020; Zeng et al., 2020a). However, as mentioned above, these analytical solutions are 
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unable to deal with irregular geometries and difficult to couple the different physical 

processes. A few published numerical studies on gas-water flowback during 

unconventional gas extraction considered the multidomain effects, but most of them 

only modelled the fluid flow instead of coupling multiple physics (Cheng, 2012, Cao 

et al., 2017a). For example, the model proposed by Cao et al., (2017a) does not 

consider the effects of mechanical deformation on gas/water production. Therefore, 

developing innovative multidomain and multiphysics numerical models are attractive 

topics for petroleum scientists and engineers. 

To consider the stress sensitivity of unconventional reservoirs, many models based 

on the change of effective stress/strain have been developed to predict the permeability 

evolution caused by mechanical deformation during gas extraction (Palmer and 

Mansoori, 1998; Shi and Durucan, 2004; Cui and Bustin, 2005; Zhang et al., 2008; 

Peng et al., 2018a). Some studies have extended these stress-dependent models to 

dual/multiple-porosity/permeability systems (Wu et al., 2010a; Chen et al., 2013; Cao 

et al., 2016a; Cao et al., 2016b; Wei et al., 2018). Note that these models are based on 

the basic assumption that the fluid flow is composed of a series of quasi-static 

processes. That is, the time-dependent permeability evolutions are dependent on the 

change of pore pressure (i.e., one pressure distribution corresponds to one permeability 

distribution), while the lagging of permeability evolution in the pore pressure change is 

ignored. Several up-to-date studies tried to break this routine. They use some real-

time-dependent functions/parameters to describe the transient permeability evolution 

process which is not simultaneous to the pore pressure change. That is, even with a 

fixed pressure distribution, the stress-dependent permeability changes with time (Wei 

et al., 2019a; Zeng et al., 2020b). This innovation is worth noting for the studies on 
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unconventional reservoirs because the lagging of permeability evolution may be 

significant in unconventional reservoirs during gas production. 

Gas desorption in unconventional gas extraction has been studied for many years. 

The most commonly used model to describe gas sorption is the Langmuir single-

molecular-layer isothermal adsorption model (Langmuir, 1918). For some shale 

reservoirs, the Brunauer–Emmett–Teller (BET) isothermal adsorption model based on 

the multi-molecular-layer adsorption assumption performs better than the Langmuir 

model (Yu et al., 2016; Wang et al., 2017). Other adsorption models, such as the 

Dubinin-Astakhov (D-A) isothermal model, can also be used to model the sorption 

during unconventional gas extraction (Pang et al., 2017). Compared to the Langmuir 

model, although the BET and D-A models have advantages in fitting data of sorption 

experiments, they have more parameters to experimentally determine (three parameters 

for the BET model, while four parameters for the D-A model), which limits their 

applications. If the temperature change is considered, the isothermal models should be 

modified to describe the desorption in non-isothermal gas extraction/injection 

processes (Zhu et al., 2011; Qu et al., 2012). Correspondingly, the sorption-induced 

strain is usually deemed to be in proportion to the gas sorption amount. Thus, the 

isothermal/non-isothermal sorption process can be easily coupled with the rock 

deformation process (Li et al., 2016; Fan et al., 2019). In addition, the volumetric 

effects of the adsorbed gas layer on the effective porosity have also been successfully 

incorporated in some models (Cao et al., 2016b; Wang et al., 2017).  

The effects of gas flow regime have been incorporated into the recent models for 

unconventional reservoirs (Beskok and Karniadakis, 1999; Javadpour, 2009; Civan et 

al., 2010; Rahmanian et al., 2011; Darabi et al., 2012; Singh et al., 2014; Cao et al., 

2016a, Cao et al., 2016b). Most of these models use some functions of Knudsen 
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number to correct the gas apparent permeability to reflect the gas flow regime effects. 

Civan et al. (2011) proposed a practical method to figure out the molecular mean free 

path length. This method does not use the Boltzmann constant, the temperature in the 

reservoir, and the collision diameter of gas molecules as the model proposed by 

Beskok and Karniadakis (1999) does but uses some more available parameters in 

engineering including gas viscosity and gas deviation factor (Z-factor). Javadpour 

(2009) suggests that the gas flowrate in unconventional reservoirs can be conceptually 

considered as a weighted average value of viscous flow and non-viscous flow (i.e., slip 

flow or transition flow). Based on the molecular collision theory, Wu et al. (2016) 

proposed a model to couple surface diffusion and bulk flow affected by the flow 

regime of gas in tight reservoirs. However, the surface diffusion is usually slight and 

ignored because the real surface diffusion coefficient is small in reservoir conditions. It 

is believed that the surface diffusion is significant only when the pore pressure is low. 

To investigate the effects of water on unconventional gas extraction, some gas-

water two-phase flow models have been developed. Shaoul et al. (2011) constructed a 

heterogenous reservoir model with highly fined meshes to simulate the gas-water two-

phase flow in tight reservoirs. They reported the two-peak daily gas production curves 

in tight gas extraction. They also proposed a concept of “perm jail” to judge the 

mobility of water in tight gas reservoirs. By using a continuum-mechanics-based 

model, Cheng et al. (2012) simulated the effects of the invasion of slickwater fracking 

fluids on shale gas extraction. They revealed that the imbibition mechanism driven by 

the capillary pressure plays an important role in the gas-water production process. 

They also found that the undesirably high capillary pressure is harmful for extraction.  

Jurus et al. (2013) studied the effect of gas/water relative permeability curves on gas 

extraction by using a commercial reservoir simulator. They found that the capillary 
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pressure greatly influences water recovery, but the water retention only has very 

limited effects on long-term gas production. Water mobility affects the water flow and 

distribution to some degree, but its effect on the final water recovery is not large. Cao 

et al. (2017a) developed a continuum-based model discretely embedded by a set of 

hydraulic fractures to simulate the gas-water two-phase production process. They 

pointed out the gas flow behaviour is closely related to the wetting properties of the 

water phase. Shutting in to trigger water imbibition can decrease the initial water 

saturation near the hydraulic fractures and improve the gas production to some degree. 

Liu et al., (2019b) combined a continuum-mechanics-based reservoir model with a 

peculiar geological mechanical model to consider the settlement of proppants in 

hydraulic fractures. They found that if the hydraulic conductivity of fractures is well-

considered, the effects caused by gravitational segregation can be ignored. Regardless 

of the proppants distribution and the hydraulic fracture shapes, a prolonged shut-in 

time will not enhance the long-term gas production but will obtain a lower water 

recovery. Reviewing these studies, we can know that some conclusions contradict each 

other, which indicates that more investigations are still needed. An consensus based on 

these studies is that the initial water saturation will not significantly affect the long-

term gas recovery. However, these studies are based on the existing two-phase flow 

theory framework. Some studies proposed new opinions to modify or update the rules. 

Lee et al. (2016) demonstrated that during shale gas extraction, the water film at the 

heterogeneous interface of kerogen may seal the original gas in kerogen to prevent the 

gas from flowing out. As a result, the gas in kerogen must obtain some energy to break 

an activation energy barrier so that it can be extracted. Nevertheless, their study is only 

based on the results of molecular dynamics simulation instead of reservoir simulation. 

Wang et al. (2019a) believe that the irreducible water saturation in the shale reservoir 
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keeps decreasing due to water evaporation in the late period of gas extraction. This 

may slightly affect the simulation results of long-term shale gas recovery. 

As for the thermal effects on unconventional gas extraction, Zimmerman (2000) 

built a basic approach to couple poroelasticity and thermoelasticity. Under the 

framework of this theory and SPSP continuum system, Zhu et al. (2011) and Qu et al., 

(2012) proposed the thermal-hydraulic-mechanical (THM) coupling methods to 

simulate the gas injection/extraction in coalbeds. The temperature evolution in 

unconventional gas extraction is caused by heat convection, heat conduction, 

desorption heat, and strain energy change. The changing temperature distribution will 

in turn influence the mechanical deformation and the desorption amount, affecting 

both early-period and ultimate gas recovery. Particularly, Qu et al., (2012) pointed out 

that the Joule-Thomson effect should be considered in reservoir simulation. Li et al., 

(2016) used an SPSP model to couple the THM effects on shale gas extraction, 

revealing that the accuracy of reservoir simulation can be improved by fully 

considering the thermal effects. Fan et al., (2019) successfully expanded the 

application of this approach to modelling and optimizing the engineering operation of 

enhancing CBM recovery using CO2/N2 mixtures. Most of the existing THM models 

for unconventional reservoirs are based on the SPSP framework, so the dual/multiple 

responses of unconventional reservoirs caused by the temperature change during gas 

extraction are not fully reflected. In addition, the thermal effects in the stimulated 

unconventional gas reservoirs with multiple domains have rarely been investigated. 

1.4 Existing technical/knowledge gaps 

Although many studies have been carried out on modelling and simulation of 

unconventional gas extraction, multiple effects, including multi-domain effects, water 



 

School of Engineering 

Chapter 1                                                                 The University of Western Australia 

- 22 - 

 

effects (i.e., the gas-water two-phase flow effect and the sealing effect of water film on 

the gas originally stored in kerogen), thermal effects, and the coupling relationship 

between these effects, have neither been well understood nor fully described in the 

existing reservoir models. For example, Brown et al. (2011) pointed out the existence 

of different domains in stimulated shale gas reservoirs. However, they only described 

the sequential flow of gas in these domains, while the hydraulic-mechanical coupling 

effects are ignored. Moreover, their model is an analytical model which has difficulty 

in dealing with irregular geometries. Cao et al. (2016a) proposed a multiphysics model 

to fully couple the hydraulic-mechanical response in shale reservoirs, but they 

abstracted all the fractures generated by the stimulation treatment into a set of 1-D 

fractured medium and ignored the effects of SRD. Cao et al. (2017a) built a numerical 

model to describe the gas-water two-phase flow in shale reservoirs based on a 

multidomain framework, but the model ignored shale deformation and the sealing 

effect of the water film. Cui et al. (2020) proposed a gas-water two-phase flow model 

considering the hydraulic-mechanical coupling effects to simulate the gas-water 

extraction process from stimulated shale reservoirs based on a multidomain framework. 

However, the model not only ignored the sealing effect of water film but also 

discussed little on the multidomain effects on gas-water two-phase production. Zhu et 

al. (2011), Qu et al. (2012), and Li et al. (2016) proposed their models considering 

thermal-hydraulic-mechanical coupling effects to investigate the gas 

injection/extraction in CBM reservoirs, but none of these models took the multidomain 

effects into account. Therefore, the disadvantages of the previous studies imply not 

only a technical gap in how to accurately model and simulate the gas production 

process in stimulated unconventional reservoirs but also a knowledge gap in how to 
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understand the multiple physical processes, property evolutions, and their interactions 

in stimulated unconventional reservoirs with multiple domains. 

1.5 Objective and approaches 

The objective of this work is to develop a series of multiphysics models to 

incorporate different effects including multidomain effects, water effects, and thermal 

effects into numerical simulation tools to investigate unconventional gas extraction. 

Thus, the understanding of the complex thermal-hydraulic-mechanical-chemical 

(THMC) physical processes in the different components and domains of 

unconventional reservoirs can be deepened, and the interactions between exploitation 

engineering operations and unconventional gas reservoirs can be revealed. 

Continuum-mechanics-based modelling and finite-element-method-based 

numerical simulation are the main approaches to conduct the investigations of this 

thesis. The developed models are implemented by using COMSOL Multiphysics 

(COMSOL AB, 2019), a commercial PDE solver, to provide numerical solutions for 

our studies. 

1.6 Structure of thesis 

The basic structure of this thesis is illustrated in Fig. 1-8. It can be briefly described 

as follow: 

Chapter 1: Introduction. In this chapter, the background knowledge and the 

importance of studying gas extraction from unconventional reservoirs for the energy 

industry are introduced. After that, the state of the art in modelling and simulating 

unconventional gas extraction is briefly reviewed. Based on this review, the current 

knowledge gaps about the topic of this thesis are summarized. Then, the objective of 

this thesis and the main approaches to perform the studies are claimed. 
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Chapter 2 (Model 1): A fully coupled multidomain and multiphysics model for 

evaluation of shale gas extraction. In this chapter, a fully coupled multidomain and 

multiphysics model is developed for the evaluation of shale gas extraction. By using 

this hydraulic-mechanical coupling (HM) model, gas extraction from stimulated shale 

gas reservoirs is simulated to investigate the multidomain effects on shale gas 

production and shale permeability evolution in the gas extraction process. 

Chapter 3 (Model 2): A fully coupled multidomain model considering water 

effects for evaluation of gas-water production from stimulated shale reservoir. 

Based on the multidomain and multiphysics model framework proposed by Chapter 2, 

an improved fully coupled multidomain two-phase flow model is built in this chapter 

to evaluate the gas-water production process in stimulated shale gas reservoirs. 

Furthermore, a concept named kerogen threshold differential pressure (KTP) and a 

gas-supplying mechanism based on KTP are proposed to describe the hindrance effect 

of the water film at the heterogeneous interface on gas liberation from kerogen. By 

using this hydraulic-mechanical-chemical coupling (HMC) model, the effects of water 

on gas-water production are comprehensively investigated. The multidomain effects on 

gas production in water-containing shale reservoirs are also verified. 

Chapter 4 (Model 3): A fully coupled multidomain and multiphysics model 

considering stimulation patterns and thermal effects for evaluation of coalbed 

methane (CBM) extraction. In this chapter, a fully coupled model considering 

multidomain and thermal effects is developed to evaluate CBM extraction as another 

extension of the work proposed in Chapter 2. By using this hydraulic-thermal-

mechanical (THM) coupling model, the gas extraction process from stimulated CBM 

reservoirs is simulated with the considerations of thermal effects and multidomain 

effects. The gas extraction-induced temperature change and the resultant effects in 
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different components and domains of the reservoir on CBM production and 

permeability evolution are studied. The multidomain effects caused by different 

stimulation patterns on CBM production are also verified and investigated. 

From the perspective of thesis structure, both Model 2 and Model 3 are extensions 

based on Model 1. Compared to Model 1, the improvement of Model 2 is the 

consideration of water effects (including the effects of gas-water two-phase flow and 

the kerogen threshold differential pressure) on gas production, while the improvement 

of Model 3 is the consideration of the heat transfer process and the resultant thermal 

effects on gas production. Therefore, the statuses of Model 2 and Model 3 in the 

structure of the thesis are parallel to each other. 

Chapter 5 Concluding remarks. This chapter concludes the main findings of this 

thesis and gives several recommendations for future work. 

 

 

Fig. 1-8 Illustration of the structure of this thesis.   
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Chapter 2 A Fully Coupled Multidomain and Multiphysics Model for 

Evaluation of Shale Gas Extraction 

This chapter constructs a multidomain and multiphysics model as the basic tool for 

the investigations in this thesis. Both Chapter 3 and Chapter 4 are further 

developments of the model proposed in this chapter. 

Creating a stimulated reservoir domain (SRD) is a necessity to effectively extract 

natural gas from shale reservoirs. After hydraulic fracturing, a shale reservoir has three 

distinct domains: SRD, non-stimulated reservoir domain (NSRD) and hydraulic 

fractures (HFs). In previous studies, the property contrasts and interactions between 

different domains are often not fully considered. In this study, a fully coupled 

multidomain and multiphysics model is developed to incorporate these complexities. 

The shale reservoir is characterized as an assembly of three distinct components: 

organic kerogen, inorganic matrix, and HF. Furthermore, the kerogen and inorganic 

matrix are defined as two dual-porosity-single-permeability media, while the HF is 

simplified as a 1-D cracked medium. Particularly, the inorganic matrix has different 

properties in each of the SRD and NSRD to reflect the stimulation effect of hydraulic 

fracturing on the near-HF matrix. Under this framework, a series of partial differential 

equations (PDEs) fully coupled by mass transfer and mechanical deformation relations 

were derived to define various processes in the shale reservoir, including gas 

desorption/flow, shale deformation, interactions between different domains, and 

interactions between different components within each domain. These PDEs were 

numerically solved by the finite element method. The proposed model is validated 

against analytical solutions and verified against gas production data from the field. 

Sensitivity analyses reveal: (1) that both size and internal structure of the SRD 

significantly affect gas extraction by improving SRD properties and creating low-
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pressure zones around the NSRD; (2) that the NSRD determines the sustainability of 

gas production; and (3) that the change of mechanical properties in one domain affects 

the evolution of transport properties in the entire reservoir. 

2.1 Introduction 

Extracting natural gas from organic-rich shale formations is becoming an important 

issue in the oil and gas industry due to its enormous success in North America over the 

last two decades (Sakhaee-Pour and Pryant, 2012; Li et al., 2018b). The current boom 

in shale gas exploitation is substantially attributed to the progress in horizontal well 

drilling and massive hydraulic fracturing (fracking) technologies (Ziarani and Aguilera, 

2012). The former accesses a large reservoir volume, while the latter creates numerous 

fractures and cracks as gas flow channels (Ding et al., 2014; Du et al., 2017). These 

treatments for shale reservoirs allow gas to be released from ultra-tight shale (Li et al., 

2019a). Despite a few successful exploitation cases, uncertainty about how much gas 

can be recovered from shale reservoirs is still an issue (Sakhaee-Pour and Pryant, 

2012). This uncertainty originates from the complexities of shale gas production and 

our inability to fully understand the effects of heterogeneous, multidomain, and 

multiphysics characteristics of shale reservoirs (Cao et al., 2016b). Although there are 

some existing simulators for shale gas extraction (Cipolla et al., 2010; Wu et al., 2014; 

Yu and Sepehrnoori 2014; Peng et al., 2015; Wang et al., 2017), how to incorporate 

various mechanisms and interactions in shale reservoirs remains a significant challenge 

(Wei et al., 2018). 

One of the complexities of shale reservoirs is heterogeneity. Differing from 

conventional sandstone reservoirs (mainly containing inorganic minerals), gas shale 

matrix is composed of kerogen pockets (organic matter) within inorganic matrix 
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(referred to as IM, the combination of clay and detrital minerals) (Moghanloo and 

Javadpour, 2014; Gong and Rossen, 2017). Although both kerogen and IM have 

extremely low permeability, there are significant differences between them: (1) 

Kerogen has a relatively higher porosity (often > 5%, up to 50%) than that of IM 

(normally in the range 2% - 8%) (Sondergeld and Ambrose, 2010; Vega et al., 2014); 

(2) A large amount of gas is adsorbed on the kerogen surface while adsorption in the 

inorganic matrix is negligible (Wei et al., 2019b); (3) Most of the pores in the kerogen 

can be approximately deemed as tortuous capillaries while slot-shape fractures are 

widely distributed in the IM (Wu et al., 2015), which implies that the compressibilities 

of these two components are very different (Cao et al., 2016c). In order to accurately 

describe the heterogeneity of shale, dual-porosity (considering kerogen and IM 

containing natural fractures as two interacting pressure systems) or triple-porosity 

models (considering kerogen, IM and natural fractures as three interacting pressure 

systems) have been established based on the continuum assumption, and have been 

successfully used in modelling (Sang et al., 2016; Wei et al., 2018; Liu et al., 2019c; 

Wang et al., 2019b;). 

Multi-domain characteristic is another essential complexity of shale reservoirs. 

Hydraulic fracturing not only creates a set of primary hydro-fractures (HFs) with 

millimetre-scale apertures, but also enhances the permeability of the shale matrix near 

HFs by initiating numerous secondary hydro-fractures and activating the original 

natural fractures. An illustration of a hydraulically fractured shale formation with HFs 

and secondary hydro-fractures is shown in Fig. 2-1(a). The shale matrix with enhanced 

permeability caused by these secondary hydro-fractures, is referred to as a “stimulated 

reservoir domain” (SRD) in this study. The fractures in the SRD typically have 

apertures ranging from nanometre-level to submillimetre-level (Yuan et al., 2015). In 
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contrast, the non-stimulated reservoir domain (NSRD) is not modified by fracking, and 

retains all the original properties of the shale reservoir (Brown et al., 2011). Therefore, 

a producing shale gas reservoir consists of three distinct domains: (1) HF; (2) SRD and 

(3) NSRD. It is clear that describing this multi-domain characteristic is important for 

modelling shale gas production since the property contrasts between these domains 

will lead to differences in production performance. Unfortunately, most previous 

studies ignore the existence of an SRD, or impractically simplify this domain. For 

instance, the SRD and HF have been abstracted (Cao et al., 2016a) into a set of 1-D 

fractures, and the remainder of the reservoir is considered as uniform [Fig. 2-1(b)]. 

This method may cause some problems because the equivalent properties of these 

abstracted (virtual) fractures are not easy to define, and neglecting the difference 

between the near-HF matrix and the far-from-HF matrix will lead to adverse effects on 

simulation accuracy. Another example is that of considering the SRD as a continuous 

domain (Brown et al., 2011) occupying the entire space between HFs [Fig. 2-1(c)]. 

However, the actual SRD is sometimes not so well-connected due to the limitation of 

hydraulic fracturing efficiency and cost, which cannot be reflected by the model. To 

overcome this drawback, analytical models have been proposed (Stalgorova and 

Mattar, 2013) in which the SRD is composed of a series separated sub-SRDs partly 

occupying the space between HFs. Each sub-SRD encloses an HF [Fig. 2-1(d)]. This 

model [25] successfully describes s discontinuous SRD, and includes the situation in 

Fig. 2-1(c) because the SRD becomes a continuous domain when the width of the sub-

SRD is equal to the HF spacing. Despite the advantage in geometry, their model only 

incorporated the difference between SRD and NSRD in permeability, while the 

contrasts of other pore properties (e.g., porosity) and mechanical properties (e.g., rock 

compressibility) were not considered. Their model also neglected some other important 



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 30 - 

 

mechanisms and effects, such as rock deformation, desorption and gas flow regime. 

Therefore, the existing descriptions of multi-domain characteristics of shale reservoirs 

should be improved to achieve more accurate modelling and simulation. 

 

 

Fig. 2-1 Different methods of simplifying the SRD in shale reservoirs. (a) An hydraulically 

fractured shale reservoir with HFs and secondary hydro-fractures; (b) Method 1: Virtual 1-D 

fractures with an abstract permeability (kfa), representing HFs + SRD (Cao et al., 2016a); (c) 

Method 2: HFs with a permeability of kf + A continuous SRD with a permeability of k2 (Brown 

et al., 2011); (d) Method 3: HFs + A series of separated sub-SRDs (Stalgorova and Mattar, 

2013). k1 is the permeability of the NSRD. 

 

The third complexity within a producing shale gas reservoir is that multiple 

physical processes with feedbacks occur within this system. First, the mechanical 

deformation of shale is a significant influencing factor in stress-sensitive shale gas 

plays (Chen et al., 2015; Wang et al., 2015; Mi et al., 2019). The evolution of effective 
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porosity and apparent permeability are related to the stress dependence of the reservoir. 

In the second place, gas desorption in kerogen supplies gas flow and induces sorptive 

strain (Cao et al., 2016b; Cui et al., 2017). Desorption also influences the effective 

porosity of the kerogen for gas flow by changing the thickness of adsorbed gas layer, 

which is referred to as a “volumetric effect” (Akkutlu and Fathi, 2012; Pang et al., 

2017). In addition, the gas flow regime in shale may vary from continuum flow to slip 

flow and transition flow due to the extremely small pores/cracks in the shale matrix, 

which influences the apparent permeability of the matrix (Civan, 2010; Wu et al., 

2016). These mechanisms should be considered to accurately describe the gas 

production process in shale reservoirs. 

In this study, a series of fully coupled partial differential equations (PDEs) are 

developed to define shale gas extraction processes through dynamic porosity and 

permeability models of each component in different domains so that the complexities 

of interactions between different domains and multiple physics can be deeply 

understood. Explicit fracture modelling and multi-continuum modelling methods are 

combined to achieve this. Particularly, both SRD and NSRD are characterized as dual-

porosity-dual-permeability domains to reflect the heterogeneity of the shale. The SRD 

can be either continuous or discontinuous in geometry, where multiple properties differ 

from those in the NSRD to comprehensively reflect the stimulation effect of hydraulic 

fracturing on the shale matrix. This hybrid model is then validated against two 

previously published analytical models. It is also verified by comparing the simulation 

results against two sets of gas extraction data from the field. Based on sensitivity 

analysis, the multi-domain effects in mass transfer and mechanical deformation during 

shale gas production are investigated and discussed. 
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2.2 Conceptual model 

In this section, a conceptual model is introduced to define the multiple physical 

processes in different porous media and domains in a shale gas reservoir, as well as the 

mass transfer and mechanical coupling relations between them. Especially, SRD and 

NSRD are defined based on the different rock properties of the IM in different regions 

to reflect the stimulation effect of hydraulic fracturing on the shale reservoir, and a 5-

stage sequential flow conception is used to describe the sequence of gas transport. 

2.2.1 Multi-scale model and domain division 

A typical stimulated shale gas reservoir composed of three porous media (HF, IM 

and kerogen) distributed in three domains (HF, SRD and NSRD) is illustrated in Fig. 

2-2. To incorporate the heterogeneity and multi-domain characteristics of the shale 

reservoir, a multi-scale model with multiple domains is proposed as follows: (1) the 

NSRD is a continuous domain having all the original properties of shale. It is defined 

as a dual-porosity-dual-permeability system combining two overlapping porous 

continua: kerogen and IM. That is, kerogen and IM have different pressure systems 

interacting with each other. More specifically, kerogen is conceptualized as a bundle of 

tortuous nanotubes holding both free gas and adsorbed gas (Civan, 2010), while IM is 

simplified to a bundle of prismatic matchsticks. Free gas in the IM flows through the 

slot-shape natural fractures, which is analogous to a coal seam with cleats (Gu and 

Chalaturnyk, 2010) except that the weak sorption effect in the IM is neglected (Warren 

and Root, 1963; Sun et al., 2017; Wei et al., 2019b). (2) Similarly, the SRD is also 

simplified as an overlapping assembly of kerogen and IM, whereas its initial porosity, 

permeability and compressibility in the IM are different from those in the NSRD. 

Another difference from the NSRD is that, the SRD geometry is explicitly specified 
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based on the study of Stalgorova and Mattar (2013). Thus, the SRD can be either 

continuous [Fig. 2-2(a)] or discontinuous [Fig. 2-2(b)] depending on the efficiency of 

hydraulic fracking treatment. (3) The HF is simplified as a 1-D inorganic cracked 

medium (Cao et al., 2016a). 

 

Fig. 2-2 Shale gas reservoir with multiple porous media and domains. (a) With a continuous 

SRD; (b) With a discontinuous SRD. 

 

The advantage of this hybrid modelling method is the successful reflection of the 

differences in basic properties between the two types of fractures by using moderate 

computation resources: (a) The shapes of HFs (including length, aperture, location, and 

path) can be easily specified and drawn in the geometry of the reservoir. This approach 

is equivalent to the discrete element method (DEM) in concept. In engineering practice, 

the key properties and the shape of HFs can be determined based on the techniques 
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such as acoustic measurement, downhole imaging, and well-test analysis. (b) The 

computations of evolutions in the micro/nano fractures and secondary fractures in bulk 

shale/coal greatly save computational cost because averaged properties of these 

fractures are considered in continua instead of trying to build hundred/thousands of 

small fractures in the geometry (as the DFN method does). In engineering practice, 

obtaining the properties of individual micro/nano fractures and secondary fractures is 

difficult and time-consuming. In contrast, the averaged properties of these small 

fractures can be easily determined by the tests such as core analysis to serve the 

numerical simulation based on continua. 

For HF, it is simplified as a 1-D fractured medium in 2-D reservoir simulations, 

while It becomes a 2-D planar medium based on our model when a 3-D reservoir 

geometry is established. Considering its aperture, the 2-D HF in the 3-D reservoir can 

be physically deemed as a sheet-type domain. Therefore, HF, SRD, and NSRD are 

called “domains” in the thesis, while the fully coupled numerical model is named as a 

“multidomain model” to highlight this description including different domains. In 

short, the method combining discrete 1D fractured medium and continua in this thesis 

is suitable to characterize the fracture system in stimulated unconventional reservoirs 

in which HFs, micro/nano fractures, and secondary fractures coexist. 

 

2.2.2 Sequence of gas transport in multiple domains 

A sequential process is summarized to depict gas transport in the shale reservoir as 

illustrated in Fig. 2-3 (Peng et al., 2015; Cao et al., 2016a): At the initiation of gas 

extraction, gas in the HF rapidly flows out due to the difference between the bottom-

hole pressure and initial reservoir pressure. Over a short period, gas pressure in the 



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 35 - 

 

HFs become much lower than that in the shale matrix under the action of the bottom-

hole pressure (Stage 1), inducing the free gas in the IM of the SRD to flow into the 

HFs (Stage 2). The decreased pressure in the IM then makes the kerogen in the SRD 

start to supply gas in the forms of free gas and desorbed gas (Stage 3). After that, due 

to the differential pressure between SRD and NSRD, gas in the IM in the NSRD 

gradually flows into the IM in the SRD (Stage 4). Finally, gas in kerogen in the NSRD 

begins flowing into IM in the NSRD. Previously, the sequence of Stages 1-3 has been 

demonstrated by Peng et al. (2015) to be capable of reflecting the gas transport 

behaviour in shale gas reservoirs, but the SRD and NSRD are not differentiated in their 

study. Here, we further extend the sequence to 5-stages so that gas transport in the 

SRD and the NSRD with different properties in a hydraulic fractured reservoir can be 

considered separately. 

This sequential flow process reflects the gas flow at most sites in the shale reservoir. 

This flow sequence is caused by the reservoir structure, porous media permeability, 

and gas pressure change. The gas flow from the HF to the wellbore (Stage 1) occurs 

first because the HF is the component with the highest permeability in the reservoir. 

The gas depletion in HF is the fastest. In consequence, the great pressure difference 

between HF and SRD induces the gas to flow. In SRD, because the IM has higher 

permeability than kerogen, the gas in IM flows to HF (Stage 2) before the gas in 

kerogen flows to IM (Stage 3). Meanwhile, the pressure difference between SRD and 

NSRD (caused by the gas depletion in SRD) results in the gas flow from the IM in 

NSRD to IM in SRD (Stage 4). Due to the higher IM permeability than kerogen 

permeability in NSRD, the gas flow from kerogen in NSRD to IM in NSRD (Stage 5) 

finally occurs. In brief, the component with the higher permeability corresponds to the 

earlier gas depletion. 
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The sequential flow is for most sites in the shale reservoir. However, there are some 

exceptions. Because the kerogen pockets are embedded and scattered in the actual 

shale reservoir, a small fraction of kerogen pockets may directly contact the HF instead 

of wrapped by the IM. For these kerogen pockets, the gas in kerogen can indeed enter 

the HF without passing through IM. In this study, we simplify all the scattered kerogen 

pockets as a continuum with an individual pressure system. The kerogen continuum is 

superposed to the IM continuum to make up a dual-porosity-dual-permeability system, 

while the interfaces of the individual kerogen pockets are not considered. Without 

considering the kerogen pockets directly supplying gas to the HF, our model may lead 

to some deviations of the simulation results from the real scenario. Nevertheless, this 

kind of kerogen pocket only accounts for a small proportion of the total number of 

kerogen pockets in the whole shale reservoir because the surface area of the primary 

hydraulic fractures is limited. Most of the kerogen pockets are wrapped in the IM. 

Therefore, from the averaged continuum modelling perspective, simplification by the 

sequential flow is acceptable. 
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Fig. 2-3 Gas transport sequence and mechanisms in a hydraulically fractured shale 

reservoir. 

 

2.2.3 Multiple physics in shale gas production 

As mentioned previously, three physical processes influencing shale gas extraction 

should be considered in modelling: Above all, each medium in each domain is 

influenced by the varying effective stress. Therefore, a stress-strain constitutive 

relationship is needed to couple the deformation of the entire reservoir (Cui et al., 

2017). In addition, gas desorption occurs in kerogen, resulting in three effects 

including gas supply (described by the mass transfer equation in kerogen), sorption-

induced volumetric strain (as a contribution to the whole mechanical coupling 

relationship) and the volumetric effect of the adsorbed gas layer (as a contribution to 

the change of kerogen porosity). Thirdly, flow regimes in kerogen and IM may be slip 

flow or transition flow due to the extremely small pore size, while gas flow in the HF 

is deemed as continuum flow following Darcy’s law due to the relatively large HF 

aperture (Cao et al., 2016a; Wang et al., 2017). It should be noted that flow regime 
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effects in the IM differ in SRD and NSRD because the IM has different pore sizes in 

these two domains. The applied scope of these mechanisms are also marked in Fig. 2-3. 

In the following section, the mathematical model is detailed based on the conceptual 

model. 

 

2.3 Model formulation 

In this section, a mechanical equation is first given to fully couple the stress-

deformation relationship for the entire shale formation. After that, the equations 

describing gas transport in each porous medium and domain, and the mass exchange 

between them are derived. As two core properties, effective porosity and apparent 

permeability are defined to incorporate the effects of various physical processes 

(Zhang et al., 2020). All the equations in this section are derived based on the 

following assumptions: (1) Both kerogen and IM are isotropic and linear-elastic 

continua; (2) The reservoir is saturated by methane; (3) The effect of water in the shale 

is ignored; (4) Strains are infinitesmimal; and (5) Gas extraction is an isothermal 

process. 

2.3.1 Mechanical coupling equations 

We begin with the stress – strain relationship of the entire shale reservoir based on 

the Biot’s theory of poroelasticity and the dual-porosity assumption (Detournay and 

Cheng, 1993; Zhang et al., 2008; Peng et al., 2015; Cao et al., 2016a): 

1 1 1

2 6 9 3 3 3

k k m m s
ij ij KK ij ij ij ij

p p

G G K K K

  
      

 
= − − + + + 

 
 (2-1) 

where εij is the component of the total strain tensor; G is the bulk shear modulus of 

shale; K is the bulk volumetric modulus of shale; σKK = σ11 + σ22 + σ33; σ11, σ22 and σ33 
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are the principal stresses in the three axis directions of the spatial coordinate system, 

respectively; δij is the Kronecker delta; εs is the sorption-induced volumetric strain; pk 

and pm are the pressures of kerogen and IM, respectively; αk is the effective Biot 

coefficient of kerogen and αm is the effective Biot coefficient of IM. αk and αm reflect 

the contributions of kerogen and IM to the fluid volume change induced by bulk 

volume changes in the drained condition (Berryman, 2002; Peng et al., 2015). They are 

defined according to the studies of Mehrabian and Abousleiman (2015) and Cao et al. 

(2016):                                                                                                                                                                

k k
k

k

m m
m

m

K

K

K

K

 


 



=





=



 (2-2) 

where K denotes the bulk volumetric modulus of shale; γk and γm are the volumetric 

fractions occupied by kerogen and IM, respectively, γk + γm = 1. k  and m  are the 

individual Biot coefficients of kerogen and IM, respectively. They are defined by the 

following expressions: 

1
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= −



 = −


 (2-3) 

where Kk is the bulk modulus of kerogen; Km is the bulk modulus of IM; Kks is the bulk 

modulus of solid particles of kerogen; Kms is the bulk modulus of solid particles of IM. 

Substituting Eq.(2-3) into Eq.(2-2) yields the following expressions: 
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Apparent from Eq.(2-4) is that k and m are determined from γk, γm, K, Kk, Km, Kks 

and Kms. These parameters can be obtained from core analysis (Rezaee, 2015) and 

mechanical tests (Islam and Skalle, 2013; Yan and Han, 2013). Another approach to 

obtain k and m is, firstly determining k  and m  by acoustic measurements (Rezaee, 

2015; Adelinet et al., 2018), and then calculating k and m from Eq.(2-2). 

Note that K in Eq.(2-1) is a volumetric-weighted quantity expressed as the follow 

(Berryman, 2002; Cao et al., 2016a) 

1 k m

k mK K K

 
= +  (2-5) 

Additionally, εs can be expressed as the following Langmuir-type formula (Zhang et 

al., 2008; Cao et al., 2016b): 

L k
s

k L

p

p P


 =

+
 (2-6) 

where εL and PL are the Langmuir sorption strain and Langmuir pressure constants of 

shale. Note that the adsorption-induced strain is negligible in IM, while significant in 

kerogen. 

On the right-hand-side of Eq.(2-1), the first and second terms denote the strains 

induced by the stress tensor in the normal- and shear- directions, respectively; the third 

and fourth terms are the strains caused by the gas pressure in kerogen and IM, 

respectively; and the final term is the contribution of sorption-induced strain on the 

total strain tensor. 

Furthermore, the strain tensor εij can also be expressed as displacements (Detournay 

and Cheng, 1993; Zhang et al., 2018): 

( ), ,

1

2
ij i j j iu u = +  (2-7) 
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where ui,j represents the first-order partial derivative of displacement. The force 

equilibrium equation neglecting inertial effects is given as: 

, 0ij j if + =  (2-8) 

where σij is the stress tensor and fi is the body force. 

Combining Eqs.(2-1), (2-6), (2-7) and (2-8) yields the Navier-type equation as the 

final mechanical constitutive relationship: 

, , , , ,2

3 (1 2 ) 3
0

2(1 ) 2(1 ) ( )

L L
i kk k ki k k i m m i k i i

k L

K PK K
u u p p p f

p P


 

 

−
+ − − − + =

+ + +
 (2-9) 

where υ is the bulk Poisson’s ratio of reservoir. Eq.(2-9) has a strict mathematical form 

to fully couple the mechanical deformation and the effect of pore pressures in kerogen 

and IM, and sorption-induced strain. The properties K, υ, and PL can be obtained 

experimentally. 

 

2.3.2 Gas transport in kerogen 

2.3.2.1 Governing equation in kerogen 

Based on mass conservation, the general governing equation for gas storage and 

flow in kerogen can be written as (Cao et al., 2016a): 

kappk
gk k k m

k

km
p Q

t



−

 
+   −  = − 

  
 (2-10) 

where mk is the mass storage term of gas in kerogen; ρgk is the gas density in kerogen; 

kkapp is the apparent permeability of kerogen and -Qk-m is the mass sink term (providing 

mass for the IM system from kerogen). μk is the gas viscosity in kerogen. The general 

formulae for calculating gas density and viscosity in different porous media are given 

in Appendix 2A. 
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The storage term mk can be further expressed as the mass sum of free gas and 

adsorbed gas:  

, ,k gk k stress ads a s adsm V   = +  (2-11) 

where k,stress,ads is the effective kerogen porosity considering stress dependence and 

volumetric effect of the adsorbed gas layer; ρa is the gas density under standard 

conditions, 0.717 kg/m3 (Zhang et al., 2008); ρs is the shale density; Vads is the 

adsorption volume per unit of shale mass as standard gas volume. Numerous 

experimental investigations have demonstrated that Vads for shale can be approximately 

calculated by the Langmuir isotherm (Ross and Bustin, 2007; Cui et al., 2009; Moridis 

et al., 2010): 

L k
ads

L k

V p
V

P p
=

+
 (2-12) 

where VL is the Langmuir volume constant of shale. Thus, the key issue of determining 

Eq.(2-10) is to derive the expressions for k,stress,ads, kkapp and Qk-m which are all 

influenced by the multiple physics in the producing shale reservoir. 

To elucidate the effective porosity and apparent permeability models incorporating 

multiple effects, a schematic illustrating the various mechanisms of gas transport in 

kerogen is shown in Fig. 2-4. Under the initial condition, kerogen has the initial gas 

pressure pk0, initial porosity k0, initial effective pore radius rk0 and initial permeability 

kk0, as shown in Fig. 2-4(a). Note that at the beginning of gas production, multiple 

effects including rock deformation, adsorption and flow regime are all present in the 

kerogen. Therefore, k0, rk0 and kk0 are the results of interactions between the initial 

condition and kerogen with multiple physical effects. Another point is that, in the 

initial state, the kerogen pore surface holds a certain amount of adsorbed gas 

occupying some pore space. The kerogen porosity occupied by the initial adsorbed gas 
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is referred to as adsocc0. With gas pressure in the kerogen dropping from the initial 

value pk0 to pk, the effects of deformation, adsorption and impact flow regime change 

as considered by the following: (1) Change in deformation. The decreased pore 

pressure leads to a change in deformation, resulting in changes in the stress-dependent 

porosity k,stress, pore radius rk,stress and permeability kk,stress [see the narrowed capillary 

in Fig. 2-4(b)]. (2) Change in volumetric effect of adsorbed gas layer. The pore 

volume initially partly occupied by the adsorbed gas layer changes from adsocc0 to 

adsocc as a result of pressure-drop-induced desorption, resulting in changes in the 

effective porosity k,stress,ads, effective pore radius rk,stress,ads and the stress-desorption-

dependent permeability kk,stress,ads [see the capillary with decreased adsorbed gas in Fig. 

2-4(c)]. Meanwhile, some initially adsorbed gas molecules desorb and supply the free-

gas flow. (3) Change in flow regime effect. The flow regime effect in extremely small 

pores (blue spheres – Fig. 2-4) enhances the flow compared to the classic continuum 

flow (red spheres – Fig. 2-4). This enhancing effect, varies with the change oin pore 

pressure and effective radius during gas production, resulting in the dynamic change in 

apparent permeability of kerogen kkapp [see the capillary with increased blue spheres in 

Fig. 2-4(d)]. Therefore, considering the three effects mentioned, the expressions of 

k,stress,ads, rk,stress,ads and kkapp should be derived to conduct the simulation of gas 

transport in kerogen. Given the known initial properties of kerogen, we achieve this 

objective as described in the following sections through a step-by-step method: (1) 

Considering the change of effective stress (Section 2.3.2.2); (2) Considering the 

volumetric change of the adsorbed gas layer (Section 2.3.2.3); (3) Considering the 

change of flow regime effect (Section 2.3.2.4). 



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 44 - 

 

 

Fig. 2-4 Schematic of gas transport in kerogen. (a) A kerogen pore under the initial reservoir 

condition (pk) with the effects of initial geo-stress and the initial adsorbed gas layer; (b) A 

producing kerogen pore (pore pressure = pk), considering the change of deformation; (c) A 

producing kerogen pore (pore pressure = pk), considering the changes of deformation + 

volumetric effect of adsorbed gas layer; (d) A producing kerogen pore (pore pressure = pk), 

considering the changes of deformation + volumetric effect of adsorbed gas layer + flow 

regime effect. 

 

2.3.2.2 Stress dependence in kerogen                                                              

A porosity model, proposed by Cui and Bustin (2005), and based on mean effective 

stress change is selected to incorporate stress dependence. It has been demonstrated 

valid for shale formations (Cao et al., 2016a; Jiang and Yang, 2018). For a deformable 
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porous medium under geo-stress, the porosity increment d caused by changing pore 

pressure dp can be expressed as: 

( )
d

= d dC p





−  (2-13) 

where C = α/(0·K) denotes the bulk compressibility of the porous medium (Palmer 

and Mansoori, 1998; Cui and Bustin, 2005), α is the Biot coefficient of the porous 

medium, 0 is the initial porosity and K is the bulk modulus.   is the mean total stress 

and p is the pore pressure. Note that Eq.(2-13) can be applied to various porous media 

without the restriction of pore shape. The reason is that, the porosity variation in this 

equation is controlled by the changes of mean total stress and pore pressure, and these 

two controlling factors are both averaged physical quantities (i.e., this model is 

independent of pore shape). Applying Eq.(2-13) to kerogen and integrating this 

equation yields the following equation to determine the stress-independent porosity of 

the kerogen (k,stress): 

 , 0 0 0exp ( ) ( )k stress k k k kC p p    = − − − −   (2-14) 

where σ
—

0 is the initial mean total stress; pk0 is the initial pore pressure in kerogen; Ck = 

αk/(k0·Kk) denotes the bulk compressibility of kerogen (Palmer and Mansoori, 1998; 

Cui and Bustin, 2005). According to the cubic law (Gu and Chalaturnyk, 2010): 

3
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0 0

k stress k stress

k k

k

k





 
= 

 
 (2-15) 

where kk,stress is the permeability of kerogen influenced by geo-stress. Combining 

Eqs.(2-14) and (2-15), kk,stress can be expressed as: 

 , 0 0 0exp 3 ( ) ( )k stress k k k kk k C p p  = − − − −   (2-16) 
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The next issue is to determine the expression for rk,stress because it is related to the 

flow regime effect in kerogen. First of all, applying the Hagen-Poiseuille equation for a 

bundle of capillaries to nanopores in kerogen, the initial pore radius rk0 has the 

following expression (Bird et al., 2002; Wang et al., 2015; Wu et la., 2016): 

0 0
0

0

8 k k
k

k

k
r




=  (2-17) 

where k0 is the initial tortuosity of kerogen as a function of k0 (Archie, 1942): 

0

0
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k

k q
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=  (2-18) 

where qk is the Archie cementation index which can be experimentally obtained 

(Iversen and Jorgensen, 1993). Similarly, the rk,stress and the stress-dependent tortuosity 

of kerogen τk,stress at a certain stress state can be expressed as: 
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Combining Eqs.(2-15), (2-17), (2-18), (2-19) and (2-20) gives 
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 (2-22) 

Thus, Eqs.(2-14), (2-16), (2-21) and (2-22) reflect the effects of stress on the 

permeability, porosity, pore radius and tortuosity of kerogen. We also see that porosity 

is the key factor linking these equations since all other quantities relate to the change in 

porosity. 
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2.3.2.3 Volumetric effect of adsorbed gas layer in kerogen 

We further consider the volumetric change of the adsorbed gas layer based on 

k,stress. Based on the comparison of Figs. 2-4(b) and (c), the kerogen porosity, 

influenced by both stress and adsorbed gas layer k,stress,ads with pk, can be expressed as: 

, , , 0 ,+ =k stress ads k stress adsocc adsocc k stress adsocc     = − −   (2-23) 

where adsocc0 is the porosity occupied by the adsorbed gas layer at the initial state (pk0); 

adsocc is the porosity occupied by the adsorbed gas layer with pk; adsocc = adsocc − 

adsocc0 is the change in porosity occupied by the gas adsorption layer. adsocc0 and 

adsocc can be readily determined based on the Langmuir adsorption isotherm 

[Eq.(2-12)]: 
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V V p
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=



 =


+

+

=

=

 (2-24) 

where Vads0 is the initial adsorbed volume per unit mass of shale calculated from 

Eq.(2-12); ρsk is the kerogen density; ρkads is the adsorbed gas density which is a 

function of pk; and ρkads0 is the initial adsorbed gas density. According to the study 

conducted by Riewchotisakul and Akkutlu (2016), this function can be represented as a 

logarithm as: 

ln kkads a p b = +  (2-25) 

where a and b are fitting coefficients related to temperature. For instance, at 353 K, a = 

105.7 and b = 1397.13 (Riewchotisakul and Akkutlu, 2016). This equation indicates 

that the adsorbed gas density decreases with depressurization. This equation is 

equivalent to Eq.(21) in their original manuscript.  
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By applying the cubic law again, kk,stress,ads can be given as: 

3

, ,

, , ,

,

k stress ads

k stress ads k stress

k stress

k k




 
=   

 

 (2-26) 

Based on the analogy of Eqs.(2-21) and (2-22), the tortuosity and radius of kerogen 

considering stress and adsorbed gas layer can be expressed as: 

1 0.5

, ,

, , ,
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 (2-27) 
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=   

 
 (2-28) 

where τk,stress,ads is the kerogen tortuosity influenced by both stress and adsorbed gas 

layer. Hence, Eqs.(2-23) (2-23), (2-26) - (2-28) reflect the volumetric effect of 

adsorbed gas layer on the permeability, porosity, pore radius and tortuosity of kerogen. 

 

2.3.2.4 Flow regime effect in kerogen 

Knudsen number Kn is a quantity related to the collision between gas molecules 

and that between gas molecules and the skeleton of the porous medium, which 

determines the regime of gas flow. Based on the value of Kn, gas flow in shale can be 

categorized into four regimes including: (1) Continuum flow (Kn ≤ 0.001); (2) Slip 

flow (0.001 < Kn ≤ 0.1); (3) Transition flow (0.1 < Kn ≤ 10) and (4) Molecular flow 

(Kn > 10). Each of the last three regimes leads to an enhanced apparent permeability 

compared to the permeability for continuum flow (based on Darcy’s law). A general 

method for calculating Kn in different domains of shale is given in Appendix 2B. A 

permeability enhancement function fk(Knk) generalizes the effect of the flow regime 

according to the studies performed by Beskok and Karniadakis (1999); Civan (2010); 
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and Civan et al. (2011). Thus, the apparent permeability of kerogen kkapp can be 

expressed as: 

( )

( )

( ) ( )

, ,
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4
1 1

1

k k

kapp k stress ads

k k

k
k k k k

k

f Kn
k k
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f Kn Kn
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= + +  + 

 (2-29) 

where Knk0 is the initial Knudsen number in kerogen. ζk is the rarefaction coefficient in 

kerogen calculated by the following empirical formula: 

0

1
B

k

k

A

Kn


 =

+

 (2-30) 

where ζ0 is an asymptotic limit value; A and B are empirical coefficients. For an ultra-

low permeability gas reservoir, A = 0.178; B = 0.4348; ζ0 = 1.358 (Civan, 2010). These 

empirical coefficients have been shown valid for shale formations in many previous 

studies (Civan et al., 2011; Civan et al., 2012; Cao et al., 2016a). Eq.(2-29) reflects the 

flow regime effect and gives the final expression of apparent permeability of kerogen. 

Note that a kind of “surface diffusion” may occur on the adsorbed gas layer of kerogen. 

However, many previous investigations have suggested that this transport is negligible 

during practical shale gas extraction in most cases, and provides an obvious 

contribution to gas transport only under very low pressure (Wang et al., 2016; Wang et 

al., 2017; Narghi et al., 2018). Hence, surface diffusion in kerogen is ignored here. 

 

2.3.2.5 Sink term 

With the depletion of reservoir pressure, the free gas in kerogen flows to IM under 

the driving differential pressure between these two porous media – this is the sink term. 
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Accord to the inter-media mass transfer theory proposed by Kazemi et al. (1992), we 

have: 

( )

k

k m gk kapp

k m k m

D k
Q p p





−

− = −  (2-31) 

where Dk-m is a shape factor related to specific interfacial area of the kerogen 

pockets. For uniform spherical kerogen pockets, Dk-m = 3/R2, where R is the mean 

radius of the spherical kerogen pockets. Combining Eqs.(2-10), (2-11), (2-16), (2-23), 

(2-29) and (2-31) gives the overall governing equation for kerogen: 
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 (2-32) 

 

2.3.3 Gas transport in inorganic matrix 

2.3.3.1 Governing equation in inorganic matrix 

The governing equation for the IM takes a similar form to that of kerogen except 

for the following differences: (1) Desorption is not considered; (2) The shape of the 

inorganic pores are prescribed as slots instead of circular capillaries; (3) The IM has 

two domains, i.e., SRD and NSRD with different properties. These two domains 

exchange gas mass through a boundary condition; (4) IM receives gas from kerogen 

while giving gas to the HFs. 

The governing equation in the IM for SRD and NSRD can be expressed as: 

( ),

j j j
gm m stress mappj j j

gm m k mj

m

k
p Q

t

 



−

  
+  −  =    

 (2-33) 
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where the superscript j is a domain indicator, j = SRD or NSRD; ρgm and μm denote the 

gas density and viscosity in the IM, respectively; m,stress is the IM porosity influenced 

by stress; kmapp is the apparent permeability of IM and 
j

k mQ −  is the mass source term 

(providing gas for the IM system from kerogen) in domain j. Note that the basic rock 

properties of the SRD and NSRD in a stimulated shale reservoir are different, which 

will be further discussed in Section 2.4. 

 

2.3.3.2 Stress dependence in inorganic matrix 

Considering stress dependence, applying the Cui and Bustin model [47] to IM, 

m,stress and km,stress can be expressed as (Cao et al., 2016a; Jiang and Yang, 2018): 

 
 

, 0

, 0

0 0

0 0

exp ( ) ( )
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m stress m

m stress m
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m m m
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  = − − − −
  


  = − − − −
 

 (2-34) 

where m0 and km0 are the initial porosity and permeability of the IM, respectively; Cm 

= αm/(m0·Km) denotes the bulk compressibility of the IM. Note that Eq.(2-34) has an 

analogous form to Eq.(2-14) due to the independence of Eq.(2-13) from pore shape. 

Similar to Section 2.3.2.2, the stress-dependent average aperture bm,stress and stress-

dependent tortuosity m,stress of fractures in the IM can be expressed as: 

0
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=    

  

 (2-35) 

where bm0 and m0 are the initial aperture and initial tortuosity of fractures in the IM, 

respectively. m0 is a function of m0: 
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m
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j

m q
j




=  (2-36) 

where qm is the Archie cementation index of IM. 

 

2.3.3.3 Flow regime effect in inorganic matrix 

The apparent permeability of the IM (kmapp) can be expressed as: 

( )
( ),

0

j

m mj j

mapp m stress j

m m

f Kn
k k

f Kn
=   (2-37) 

where fm(Knm) is the enhancement function for apparent permeability caused by the 

flow regime effect in IM. Knm is the Knudsen number in IM representing a certain 

pressure state and Knm0 is the initial Knudsen number in the IM calculated by the 

formulas given in Appendix 2B. Note that the form of fm(Knm) is slightly different 

from that of fk(Knk) (having a coefficient of 6 instead of 4) due to the shape 

discrepancy between a circular tube (kerogen pores) and a rectangular slot (natural 

fractures of IM) (Sun et al., 2017): 
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 (2-38) 

where ζm is the rarefaction coefficient in the IM: 

( )

0
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B
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 (2-39) 

 

2.3.3.4 Boundary conditions for gas transport between different porous media and 

domains 

At the boundary between SRD and NSRD, the pressure should be continuous as: 
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= NSRD SRD

m at SRD boundary m at SRD boundaryp p  (2-40) 

Similarly, the mass flux should also be continuous at this boundary: 

NSRD SRD

m at SRD boundary m at SRD boundaryu u=  (2-41) 

where mu
→

denotes the mass flux in the IM. Meanwhile, continuity of both pore pressure 

and mass flux should also be satisfied for the HF which can be considered as an outlet 

boundary of IM: 

= SRD

m at HF f at HFp p  (2-42) 

SRD

m at HF f at HFu u=  (2-43) 

where 
fu is the inlet mass flux from SRD to HF; pf is the gas pressure in HF. 

Combining Eqs.(2-33), (2-34), (2-37) - (2-43), we obtain the overall governing 

equation for the IM: 
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=

 (2-44) 

Clearly, this equation is essential in representing gas production from a shale 

reservoir because it builds connections for mass transfer between kerogen, IM in SRD, 

IM in NSRD and HF by a source term and boundary conditions. 

 

2.3.4 Gas transport in hydraulic fracture 

Hydraulic fractures are conceptually simplified as a 1-D cracked medium at the 

outlet boundary of the IM. The stress dependence is considered here, while flow 
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regime effect is ignored due to the relatively large aperture of the HF (millimetre-level). 

Desorption is also ignored. The governing equation is (Peng et al., 2015; Cao et al., 

2016a; Cao et al., 2016b): 

( ),

, 0
gf f stress fapp

T f stress gf f

f

k
b p

t

 




  
+   −  =    

 (2-45) 

where ∇T denotes the gradient operator restricted to the tangential plane of the fracture; 

ρgf and μf are the gas density and viscosity in the HF, respectively; f,stress and bf,stress are 

the HF porosity and aperture influenced by stress, respectively; kfapp is the apparent 

permeability of the HF which is only affected by stress. Note that the inflow to the HF 

comes from the boundary flow in the SRD [see Eqs.(2-42) and (2-43)]. 

According to the definition of pore compressibility of the HF (Cf): 

,

,

1 f stress

f

f stress f

d
C

dp




=  (2-46) 

Integrating this equation yields a simple expression for f,stress: 

, 0 0exp ( )f stress f f f fC p p   = −   (2-47) 

where f0 is the initial porosity of the hydraulic fracture. 

If the porosity change is small, the change ratio (the value of a quantity at a certain 

time point divided by its corresponding initial value) of the HF aperture can be 

approximately considered as equal to that of porosity (Pan and Connell, 2012; Cao et 

al., 2016b). Therefore, bf,stress can be expressed as: 

,

, 0 0 0

0

exp ( )
f stress

f stress f f f f f

f

b b b C p p



 =  = −   (2-48) 

where bf0 is the initial aperture of HF. 

For a slot-type fracture, the permeability can be expressed as kf0 =
2

0fb /12, where kf0 

is the initial permeability of the HF, bf is the aperture of the HF (Pan and Connell, 
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2012). Similarly, kfapp = 2

,f stressb /12, where kfapp is the stress-dependent apparent 

permeability of the HF. Thus, kfapp can be expressed as: 

 
2

,

0 0 0

0

exp 2 ( )
f stress

fapp f f f f f

f

b
k k k C p p

b

 
=  = −  

 

 (2-49) 

Both inflow and outflow of gas in the HF are controlled by boundary conditions. As 

apparent in Eqs.(2-42) and (2-43), the HF can be considered an outflow boundary of 

SRD, where the pore pressure and mass flux from IM in SRD are continuously 

inherited at this boundary. Meanwhile, the HF is also considered as a 1-D cracked 

porous medium in which the outlet pressure (at the intersection of HF and wellbore) is 

equal to the well bottom pressure (pw). Therefore, the following boundary conditions 

should be satisfied: 

= ;SRD SRD

m at HF f at HF m at HF f at HF

f at wellbore w

p p u u

p p

 =


=

 (2-50) 

Combining Eqs.(2-45), (2-47), (2-48), (2-49) and (2-50), we obtain the overall 

governing equation of HF: 
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 (2-51) 

Eqs.(2-9), (2-32), (2-44) and (2-51) constitute the multidomain and multiphysics 

model for shale gas production fully coupled by mass transfer and mechanical 

deformation. The coupling relationship between these equations is summarized in Fig. 

2-5. Compared to other existing numerical models for shale gas production, this 

proposed model has the following advantages: (1) SRD and NSRD are differentiated to 



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 56 - 

 

reflect the property contrasts and the resultant difference in physical processes between 

these two domains; (2) A variety of mechanisms and effects are incorporated to 

describe the property evolution during gas production in the shale reservoir to ensure 

the accuracy of the simulation. 

 

Fig. 2-5 Interaction and relationship between different media and domains in shale gas 

reservoir. 

 

2.4 Model validation and verification 

Two sets of gas production data in shale gas plays in North America are obtained 

from the published literature to verify the proposed model. The fully coupled equations 

derived in Section 2.3 were implemented using COMSOL Multiphysics, a commercial 

PDE solver based on the finite element method (FEM). The HFs, as a series of 1-D 

cracked porous media, are explicitly specified in the geometry, while the IM and 

kerogen are simulated by the dual-continuum modelling method which gives coupled, 
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superposed results of the equations for these two porous media at each node (Wu et al., 

2014). The first simulation case is for a producing reservoir in Marcellus Shale in 

North America. The computing parameters extracted from the literature are 

summarized in Table 1 (Yu et al., 2015; Cao et al., 2016a). The SRD and NSRD have 

different initial m0, km0, Cm and IM Poisson’s ratio (υm). Specifically, after fracking, 

new fractures are created, some of the natural fractures are activated, and the shale 

tends to be softer due to the soaking of the fracking fluid. Thus, 0

SRD

m > 0

NSRD

m , 0

SRD

mk >

0

NSRD

mk , 
SRD

mC <
NSRD

mC  and 
SRD

m >
NSRD

m . These changes can be obtained in advance by 

field logging or hydraulic fracturing modelling. A quarter of the shale reservoir is 

simplified as a 2D geometry for numerical simulation (i.e., the thickness equals 1 m), 

as shown in Fig. 2-6. The 3D geometry of the whole Marcellus reservoir is displayed 

in Fig. 2-6(a). Due to the geometric symmetry, the 3D structure of the quarter of the 

reservoir framed by the red dashed line with the horizontal wellbore is further depicted 

in Fig. 2-6(b). Note that the cyan “×” symbols represent the bottom-hole pressure 

points at which the gas flows into the wellbore. Furthermore, if the effect of gravity 

can be ignored, the 3D quarter of the reservoir can be simplified as a 2D geometry 

shown in Fig. 2-6(c). In this 2D geometry, the simulated gas flow process is 2D, while 

the simulated deformation process is related to the plain stress and strain. Therefore, 

we can simulate the 2D geometry in Fig. 2-6(c) to approximately obtain the production 

and evolutions in the whole reservoir. This simplification method has been widely 

used in previous studies on shale gas reservoir simulation (e.g., Cao et al., 2016a; Cao 

et al., 2017a; Wang et al., 2018; Wang et al., 2019a). 
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Fig. 2-6 Simplification of the Marcellus reservoir geometry: (a) 3D geometry of the whole 

reservoir. (b) 3D geometry of a quarter of reservoir. (c) Simulated 2D geometry of a quarter of 

reservoir. The cyan “×” symbols represent the bottom-hole pressure points at which the gas 

flows into the wellbore. 

 

The total daily gas production of the whole shale reservoir Pd can be calculated as 

the following equation: 
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,24 res d Dd d PP =  (2-52) 

where dres is the thickness of the shale reservoir; Pd,2D is the daily gas production of the 

simplified 2D geometry in Fig. 2-6(c). Similarly, the total cumulative gas production 

of the whole shale reservoir Pc can be calculated as the following equation: 

,24c res c Dd PP =  (2-53) 

where Pc,2D is the cumulative gas production of the simplified 2D geometry in Fig. 2-

6(c). For the other simulations in this chapter, we also use this simplification method to 

perform simulations. 

The meshed simulated 2D geometry of a quarter of the reservoir (top view) and the 

boundary conditions are presented in Fig. 2-7(a). Here, the treatment of the boundary 

conditions is introduced as the following: With the overburden pressure being 

considered as a constant (a commonly used assumption in reservoir engineering), the 

geo-stress field is simplified as a plain stress field composed of two orthogonal 

components: one is the maximum horizontal geo-stresses parallel to the HFs, the other 

is the minimum geo-stresses vertical to the HFs. To simulate the shale deformation, the 

roller constraints are set along the horizontal wellbore and the left boundary. These 

settings reflect the influence of the in-situ-geo-stress field on shale deformation. 

Besides, the bottom-hole pressure is imposed to the points (marked by cyan “×” 

symbols) at which the gas flows into the wellbore. Other parts of the four outer borders 

of the 2D geometry are set as no-flow boundaries. This approach has been successfully 

used in some previous studies on simulations of shale gas production (Cao et al., 2016a; 

Cao et al., 2017a; Wang et al., 2018; Wang et al., 2019a). Note that the SRD in this 

case is not continuous, but a set of separated sub-SRDs surrounding the individual HFs. 

More specifically, the single sub-SRD width (DSRD) is equal to 15.24 m, which is half 

of the HF spacing for this simulation case. This value is back-calculated based on the 
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simulation results. We first set some different DSRDs to perform a series of preliminary 

simulations, and then determine a suitable DSRD by comparing these results. We find 

that 15.24 m is a reasonable value for DSRD which not only makes the simulation 

results match the field production data, but also holds the reservoir parameters 

close/identical to those in the literature (Yu et al., 2015; Cao et al., 2016a). It is 

apparent from Fig. 2-7(b) that during the 280-day production, the simulation results 

based on the proposed model (red line) have favorable agreement with the field data 

(symbols) except for the overestimated production in the first few days. This deviation 

is due to the hindrance of water flowback in the early period of gas production, which 

is ignored in this study (Cao et al., 2016a; Cao et al., 2017a). Note that the field data 

has an abnormal fluctuation during 230 – 250 day, which is speculated to be caused by 

a short period of well shutdown. Also, the same case was calculated by using the 

classical tri-linear flow analytical model proposed by Brown et al. (2011), as shown 

Fig. 2-7(b) (blue line). The high consistency between the results of these two models 

and the field data demonstrate the validity of our model. It should be noted that, some 

of the key parameters used by the tri-linear flow model were adjusted to unrealistic 

values to match the field data [e.g., the HF permeability is 96,000 mD in contrast to 30 

mD in the literature (Cao et al., 2016a), see Table 1], while our numerical model used 

almost identical values in the literature. This indicates that our model performs better 

than the tri-linear flow analytical model in matching field data because we take more 

factors into account to characterize real response. More specifically, matrix 

heterogeneity, stress dependence, flow regime effects, volumetric effects of the 

adsorbed gas layer and multi-domain characteristics are neglected in the tri-linear flow 

model (Brown et al., 2011). Hence, incorporating additional mechanisms and features 
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of real shale behaviour into the model is of importance in enhancing the accuracy of 

reservoir simulations. 

We further simulated 50-year of production from the Marcellus Shale by using the 

proposed numerical model. The evolution of pressure distribution in IM is displayed in 

Fig. 2-8. It can be seen that the pressure rapidly depletes in the SRD near the HFs in 

the early period of production, and the low-pressure zone spreads along the HF [Fig. 2-

8(a)]. Meanwhile, pressure in the areas between these separated sub-SRDs also 

depletes quickly [Fig. 2-8(b)]. After 50-years of production, the SRD and the areas 

near the SRD have clearly lower pressures than the initial reservoir pressure, while the 

pressure in the NSRD far from the HFs also drops to some degree [Fig. 2-8(c)]. In 

addition, our simulation results suggest that pressure in the kerogen is always slightly 

higher than that in IM at the same location. Therefore, the pressure depletion process 

simulated in this case is consistent with the sequential flow process illustrated in Fig. 

2-3, indicating the performance difference between domains. More details about this 

multi-domain effect will be discussed in Section 2.5.1. 
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Table 2-1 Reservoir and computational parameters for the Marcellus Shale case, used by the 

proposed numerical model and the analytical model proposed by Brown at al. (Ward, 2010; 

Brown et al., 2011; Nabawy, 2015; Yu et al., 2015; Cao et al., 2016a; Zhou et al., 2017; Li et 

al., 2020a; Li et al., 2021). 

Parameter (unit) Proposed model 
Analytical 

model 
Literature value Literature source 

Reservoir dimension (m×m×m) 
1219.2 × 304.8 ×

52.7 

1219.2×304.8×

52.7 

1219.2×304.8×

52.7 
Cao et al., 2016a 

Geometric dimension (m×m×m) 
609.6 × 152.4 ×

52.7 

609.6 × 152.4 ×

52.7 

609.6×152.4×

52.7 
Cao et al., 2016a 

Hydraulic fracture spacing (m) 30.5 30.5 30.5 Cao et al., 2016a 

Hydraulic fracture half-length (m) 85.3 85.3 85.3 Cao et al., 2016a 

Bottom-hole pressure (Pa) 2.4×106 2.4×106 2.4×106 Cao et al., 2016a 

Reservoir temperature (K) 352 352 352 Cao et al., 2016a 

Number of hydraulic fractures 14 14 14 Cao et al., 2016a 

Horizontal well length (m) 426.7 426.7 426.7 Cao et al., 2016a 

Single sub-SRD width (m) 15.24 - - 
0.5 × Hydraulic 

fracture spacing 

Initial reservoir pressure (Pa) 3.45×107 3.45×107 3.45×107 
Yu et al., 2015; 

Cao et al.,2016a 

Gas viscosity (mPa∙s) 
Dynamically 

computed 
2×10-5 2×10-5 Cao et al., 2016a 

Initial HF aperture (m) 0.003 0.03 0.003 Cao et al., 2016a 

Hydraulic fracture porosity 0.2 0.38 0.2 

Cao et al., 2016a 

(Inquired from 

the authors) 

Initial HF permeability (m2) 3.0×10-14 9.6×10-11 3.0×10-14 Cao et al., 2016a 

HF compressibility (Pa-1) 2.0×10-9 6.09×10-5 2.0×10-9 Cao et al., 2016a 

Initial IM porosity 
SRD: 0.075 

NSRD: 0.03 
0.03 0.03 Cao et al., 2016a 

Initial IM permeability (m2) 
SRD: 7.5×10-19 

NSRD: 1.0×10-19 
1.2×10-16 1.0×10-19 Cao et al., 2016a 

IM compressibility (Pa-1) 
SRD: 3.0×10-10 

NSRD: 4.5×10-10 
- 4.5×10-10 Cao et al., 2016a 

Volume fraction of kerogen 0.05 - 0.05 

Cao et al., 

2016a; 

Zhou et al., 2017 

Kerogen pocket radius (m) 0.0005 - - Estimated 

Initial kerogen porosity 0.1 - 0.05–0.5 
Sondergeld et 

al., 2010 

Initial kerogen permeability (m2) 5.0×10-21 - 5.0×10-21 Cao et al., 2016a 

Kerogen compressibility (Pa-1) 1.16×10-10 - 1.16×10-10 Zhao et al., 2016 

Poisson’s ratio 
SRD: 0.25 

NSRD: 0.2 
- 0.2 Cao et al., 2016a 

Biot coefficient of IM 
SRD: 0.45 

NSRD: 0.38 
- 0.26–0.62- Li et al., 2020a 
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Table 2-1 (Continued) 

Parameter (unit) Proposed model 
Analytical 

model 

Literature 

value 
Literature source 

Biot coefficient of kerogen 0.73 - - Estimated 

Langmuir pressure (MPa) 3.0 - 3.0 Cao et al., 2016a 

Langmuir volume (m3/kg) 2.5×10-3 - 2.5×10-3 Cao et al., 2016a 

Langmuir sorption strain constant 0.002 - 0.002 Peng et al., 2015 

Maximum horizontal stress (MPa) 42.0 - 42.0 Cao et al., 2016a 

Minimum horizontal stress (MPa) 37.2 - 37.2 Cao et al., 2016a 

Shale density (kg/m3) 2460 - - Yu et al., 2015 

Kerogen density (kg/m3) 2090 - - Ward, 2010 

Archie cementation index of IM 2.5 - - Li et al., 2021 

Archie cementation index of kerogen 5 - - Nabawy, 2015 

Compressibility of entire reservoir 

(Pa-1) 
- 6.09×10-5 - Estimated 

 

 

Fig. 2-7 Model validation and verification: Gas production in Marcellus Shale with a 

discontinuous SRD. (a) Top view of the meshed model geometry and boundary condition of a 

quarter-symmetry reservoir of Marcellus Shale with a discontinuous SRD. The cyan “×” 

symbols represent the bottom-hole pressure points at which the gas flows into the wellbore; (b) 

Comparison of calculation results of the proposed model, tri-linear flow analytical model 

(Brown et al., 2011), and field data. 
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Fig. 2-8 Evolution of gas distribution in IM during production in Marcellus Shale, simulated 

using the proposed model after: (a) 1 year; (b) 5 years; (c) 50 years. 

 

As an example for a continuous SRD, the second simulation case represents a 

reservoir in Barnett Shale in the United States. Modelling parameters are obtained 

from the literature (Yu and Sepehrnoori, 2014; Cao et al., 2016a) are listed in Table 2-

2. Again, we simplified a quarter of 3D Barnett Shale reservoir to a 2D geometry by 

the same method illustrated in Fig. 2-6. The meshed geometry with a continuous SRD 

and the boundary condition are illustrated in Fig. 2-9(a). Apparent from Fig. 2-9(b) is 

that the simulation results [calculated by using Eqs.(2-52)] for 1600-days of production 

(the red line) closely match the field data (the dots). Note that the field data have some 

fluctuation, which may be ascribed to the heterogeneity of the shale reservoir. 

Furthermore, we also used an advanced analytical model proposed by Zeng et al. (2017) 

to match these field data. This analytical model conceptually divides the shale gas 
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reservoir into 7 linear-flow zones and uses very complex analytical equations to solve 

for gas flow rate. The results based on the analytical model [blue line in Fig. 2-9(b)] 

agree closely with those given by the proposed numerical model, establishing the 

validity of our model. The analytical model proposed by Zeng et al. (2017) can only 

calculate mean pseudo-pressure instead of exact pressure distribution and does not 

consider the mechanical factors. In contrast, our numerical model incorporates the 

stress dependence in different domains and the volumetric effect of the adsorbed gas 

layer in kerogen. Another advantage of our model over Zeng’s model is that the 

pressure distribution in the entire geometry can be readily evaluated at any time by 

using the FEM. In summary, the proposed model in this work is demonstrated to be 

both valid and accurate in simulating gas production processes from various shale 

reservoirs with continuous/discontinuous SRDs. 

In addition, we further simulated the process of the 50-year production from the 

Barnett Shale by using the proposed numerical model. The evolution of pressure 

distribution in IM is displayed in Fig. 2-10. The pressure in the SRD depletes much 

more rapidly than the pressure in NSRD, which is similar to the pressure evolution in 

the Marcellus Shale case. 

  



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 66 - 

 

Table 2-2 Reservoir and modeling parameters for the case of Barnett Shale, used in the 

proposed numerical model and the analytical model proposed by Zeng et al. (2017) 

(Sondergeld et al., 2010; Yu and Sepehrnoori, 2014; Nabawy, 2015; Pan and Connell, 2015; 

Peng et al., 2015; Stankiewicz et al., 2015; Cao et al., 2016a; Zhao et al., 2016; Li et al., 2020a; 

Li et al., 2021). 

Parameter (unit) Proposed model 
Analytical 

model 

Literature value Literature source 

Reservoir dimension (m×m×m) 1100×290×90 1100×290×90 1100×290×90 Cao et al., 2016a 

Geometric dimension (m×m×

m) 
550×145×90 550×145×90 550×145×90 Cao et al., 2016a 

Hydraulic fracture spacing (m) 30.5 30.5 30.5 Cao et al., 2016a 

Hydraulic fracture half-length 

(m) 
47.2 47.2 47.2 Cao et al., 2016a 

Bottom-hole pressure (Pa) 3.69×106 3.69×106 3.69×106 Cao et al., 2016a 

Reservoir temperature (K) 352 352 352 Cao et al., 2016a 

Number of hydraulic fractures 28 28 28 Cao et al., 2016a 

Horizontal well length (m) 853.4 853.4 853.4 Cao et al., 2016a 

Single sub-SRD width (m) 30.5 - - 
Hydraulic fracture 

spacing 

Initial reservoir pressure (Pa) 2.034×107 2.034×107 2.034×107 
Yu et al., 2015; 

Cao et al.,2016a 

Gas viscosity (mPa∙s) 
Dynamically 

computed 
2×10-5 2×10-5 Cao et al., 2016a 

Initial HF aperture (m) 0.003 0.03048 0.003 Cao et al., 2016a 

Hydraulic fracture porosity 0.2 0.38 0.2 

Cao et al., 2016a 

(Inquired from the 

authors) 

Initial HF permeability (m2) 5.0×10-14 1.7×10-14 5.0×10-14 Cao et al., 2016a 

HF compressibility (Pa-1) 1.0×10-8 - 1.0×10-8 Cao et al., 2016a 

Initial IM porosity 
SRD: 0.065 

NSRD: 0.03 
0.03 0.03 Cao et al., 2016a 

Initial IM permeability (m2) 
SRD: 1.0×10-18 

NSRD: 2.0×10-19 
4.0×10-19 2.0×10-19 Cao et al., 2016a 

IM compressibility (Pa-1) 
SRD: 3.1×10-10 

NSRD: 4.5×10-10 
- 4.5×10-10 Cao et al., 2016a 

Volume fraction of kerogen 0.05 - 0.05 Cao et al., 2016a 

Kerogen pocket radius (m) 0.01 - - Estimated 

Initial kerogen porosity 0.1 - 0.05–0.5 
Sondergeld et al., 

2010 

Initial kerogen permeability 

(m2) 
5.0×10-21 - 5.0×10-21 Cao et al., 2016a 

Kerogen compressibility (Pa-1) 1.06×10-10 - 1.06×10-10 Zhao et al., 2016 

Poisson’s ratio 
SRD: 0.22 

NSRD: 0.2 
- 0.2 Cao et al., 2016a 

Biot coefficient of IM 
SRD: 0.58 

NSRD: 0.49 
- 0.26–0.62- Li et al., 2020a 

Biot coefficient of kerogen 0.60 - - Estimated 
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Table 2-2 (Continued) 

Parameter (unit) Proposed model 
Analytical 

model 

Literature 

value 

Literature source 

Langmuir pressure (MPa) 4.48 - 4.48 Cao et al., 2016a 

Langmuir volume (m3/kg) 2.72×10-3 - 2.72×10-3 Cao et al., 2016a 

Langmuir sorption strain constant 0.002 - 0.002 Peng et al., 2015 

Maximum horizontal stress (MPa) 41.6 - 41.6 Cao et al., 2016a 

Minimum horizontal stress (MPa) 37.3 - 37.3 Cao et al., 2016a 

Shale density (kg/m3) 2500 - - 
Pan and Connell, 

2015 

Kerogen density (kg/m3) 1280 - - 
Stankiewicz et 

al., 2015 

Archie cementation index of IM 2.5 - - Li et al., 2021 

Archie cementation index of kerogen 5 - - Nabawy, 2015 

Natural fracture porosity - 0.45 - Estimated 

Natural fracture permeability (m2) - 1×10-15 - Estimated 

Compressibility of entire reservoir 

(Pa-1) 
- 8.4×10-8 - Estimated 

 

 

Fig. 2-9 Model validation and verification: Gas production in Barnett Shale with a continuous 

SRD. (a) Top view of the meshed quarter-geometry model and boundary conditions for 

Barnett Shale with a continuous SRD. The cyan “×” symbols represent the bottom-hole 

pressure points at which the gas flows into the wellbore; (b) Comparison of the calculation 

results of the proposed model, the analytical model proposed by Zeng et al. (2017), and the 

field data. 
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Fig. 2-10 Evolution of gas distribution in IM during production in Barnett Shale, simulated 

using the proposed model after: (a) 1 year; (b) 5 years; (c) 50 years. 

 

2.5 Results and discussion 

The proposed model provides insight into shale gas extraction because it 

comprehensively includes characteristics of shale reservoirs, mechanisms of gas 

transport in shale, and interactions between multiple media and domains. Here, we 

give some important simulation results and discussion to strengthen the understanding 

of mass transfer and mechanical deformation in different domains during shale gas 

production. All the results in this section are based on a sensitivity analysis of the 

simulation case for the Marcellus shale reservoir mentioned above. 
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2.5.1 Multi-domain effects in mass transfer 

In practical applications of the proposed model, the location, size, and properties of 

different domains should be determined based on the results of the laboratory/field 

tests. At present, there are many approaches to obtain the information for fine reservoir 

description. For instance, the core tests based on the rock samples from the exploration 

wells can provide most of the key properties (such as porosity, permeability, bulk 

modulus, etc.) of the unexploited reservoir (i.e., the properties of NSRD). The size and 

properties of HF and SRD can be tested by using various downhole test techniques 

such as acoustic logging, conductivity logging, nuclear magnetic resonance logging, 

cross-well electromagnetic logging, etc. The geo-stress field can be easily determined 

by using geo-stress detectors. According to these test results, different domains of the 

shale reservoir can be divided, and their properties can be set. The basic principle of 

domain division is: The part unaffected by the stimulation treatment is considered as 

the NSRD, the part including large hydraulic fractures is simplified as the HF, while 

the remaining part is the SRD. Note that the geometries of the different domains may 

be irregular. For example, the shape of SRD may be ellipsoidal instead of rectangular, 

while the HFs may be zigzag instead of straight lines. With the meshing technique for 

the FEM, the reservoir models with complex geometries can be easily simulated. 

However, these issues are beyond the scope of this study, so we just investigated some 

basic geometries to perform a representative discussion. 

The basic property contrasts between HF, SRD and NSRD determine the different 

roles played by these domains in shale gas production. More specifically, HF, as the 

most permeable domain, provides necessary flow channels for gas flowing out of the 

tight shale, but it has very low gas storage due to its small total volume. The NSRD 

has the highest reserve due to its large volume, but it has an extremely low 
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permeability. Moreover, NSRD does not contact the HF, implying a slow gas depletion 

process in the NSRD. As a result, the contribution of the HF to total recovery is near 

negligible, while that of the NSRD is only apparent in the late period of production 

(Brown et al., 2011; Stalgorova and Mattar, 2013). In contrast, the SRD has both an 

abundant reserve and enhanced permeability, contributing a large proportion of gas to 

total production. Many previous studies suggest that in decades of extraction, the main 

source of gas production is the matrix near the HFs (Yu and Sepehrnoori, 2014; Wei et 

al., 2018; Cao et al., 2016a). Our simulation results have confirmed that the gas 

depletion in the matrix mainly occurs in the SRD, as illustrated previously in Fig. 2-8. 

However, it must be noted from Fig. 2-8(c) that the pressure depletion in the NSRD 

after 50-years of production is also dramatic. Therefore, further investigating multi-

domain effects on mass transfer during shale gas extraction is necessary. Towards this 

we first present the influences of size, initial porosity and permeability of the SRD, and 

then discuss the contributions of different domains to production to analyse this issue. 

 

2.5.1.1 Effects of SRD size 

In engineering practice, the SRD can be continuous or discontinuous and its size 

can be large or small, which depends on the cost and technical type/efficiency of 

hydraulic fracking. To study the effect of SRD size, we take different widths of a 

single sub-SRD surrounding a single HF (DSRD) ranging from 0 to 30.5 m (the HF 

spacing) to conduct 50-year-production simulations based on a Marcellus shale 

reservoir, and obtain a series of cumulative gas production-time curves as shown in 

Fig. 2-11. This investigation of sensitivity on DSRD covers various scenarios of SRD 

continuity including (1) Continuous SRD (DSRD = 30.5 m); (2) Discontinuous SRD (0 

< DSRD < 30.5 m); and (3) Without SRD (DSRD = 0). It is revealed in Fig. 2-11 that the 



 

                             School of Engineering 

Chapter 2                                                                 The University of Western Australia 

                                                                                

- 71 - 

 

impact of DSRD on gas production is of significance. After 50 years, the cumulative 

production of the reservoir with a continuous SRD (7.22×107 standard m3) is nearly as 

twice that of a reservoir without an SRD (4.02×107 standard m3). A larger DSRD means 

a greater size of the SRD domain with high porosity and permeability. Thus, the most 

readily-extracted gas occupies a higher proportion in the original gas in place (OGIP), 

benefiting gas production. 

 

Fig. 2-11 Effect of sub-SRD width on 50-year cumulative production from Marcellus shale. 

 

Another point related to SRD size is that, when a discontinuous SRD exists, gas 

depletion in the NSRD between sub-SRDs is faster than the situation without an SRD. 

To elucidate this phenomenon, IM pressure distributions after 2-year production in the 

reservoir, both with and without discontinuous SRD, are shown in Figs. 2-11(a) and 

(b), respectively. From this, it is apparent that IM pressure in the NSRD area between 

sub-SRDs (framed by the red dashed line) depletes more rapidly than that in the 

reservoir without SRD. That is, even if the SRD is not continuous, depletion in the 

NSRD near the HFs will be accelerated by the existence of the SRD, to some degree. 

The reason is that, with the rapid gas depletion of the SRD, the part of the NSRD 

between the sub-SRDs is sandwiched by the low-pressure areas, accelerating gas 
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extraction from this part. Clearly, this is an indirect effect on the SRD achieved by the 

mass transfer interactions between domains. However, this indirect enhancement effect 

is weaker than the enhancement effect of a continuous SRD, because it only performs 

by creating larger low-pressure areas around the high-pressure area instead of 

increasing porosity and permeability in the high-pressure area (as for a continuous 

SRD). Thus, it can be readily summarized that, for the enhancing effects of different 

SRD patterns on cumulative gas production of a shale reservoir, the following relation 

is valid:  

(HF + continuous SRD) > (HF + discontinuous SRD) > only HF 

This relation is consistent with the 50-year production results shown in Fig. 2-11. In 

view of the strong direct/indirect enhancement effects of the SRD, generating a well-

connected, continuous SRD via hydraulic fracking is crucial for shale gas production. 

If a continuous SRD is difficult to create due to the limits of cost/technique, we should 

at least widen the sub-SRDs as much as possible to increase the structural complexity 

of the near-HF matrix. In the remainder of this paper, we continue to discuss some 

other influencing factors based on the Marcellus shale reservoir case with a continuous 

SRD (DSRD = 30.48 m). 
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Fig. 2-12 Acceleration effect of SRD on NSRD depletion: (a) IM pressure distribution in the 

shale reservoir with a discontinuous SRD (DSRD = 15.24 m) after 2-years production; (b) IM 

pressure distribution in the shale reservoir without SRD after 2-years production. 

 

2.5.1.2 Effects of initial porosity and permeability of SRD and NSRD 

Initial basic properties such as porosity and permeability of SRD and NSRD also 

affect shale gas production. These properties can be considered as reflections of the 

internal structure of the domains (Nandlal and Weijermars, 2019). For example, a 

complex pore/fracture network will tend to impart a high permeability. To investigate 

the effects of internal structures of shale matrix in different domains on production, 

initial IM porosities of SRD ( 0

SRD

m ) and NSRD ( 0

NSRD

m ) are respectively adjusted in 

numerical simulations with all other parameters fixed. As shown in Fig. 2-13(a), an 

increase of 0

SRD

m  (varying from 0.03 to 0.09) significantly enhances the 50-year 

cumulative production (from 4.99×107 to 9.36×107 standard m3). This can be ascribed 

to the increase of free gas storage in the SRD where gas can be easily extracted, and 

the enhancement of permeability in the SRD (according to the cubic law). Another 

reason of production enhancement is that the increase of porosity lowers the bulk 
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compressibility of the IM in the SRD (
SRD

mC ) according to the definition: Cm = 

αm/(m0·Km), which will be discussed in Section 2.5.2 in detail. Conversely, the effect 

of increasing porosity of the IM in the NSRD on cumulative production is negligible in 

the first decade as shown Fig. 2-13(b). With the elapse of production time, the 

enhancement effect of increasing 0

NSRD

m in the NSRD gradually becomes stronger, 

indicating the considerable dependence of late-period gas production on the NSRD. An 

increase of 0

NSRD

m from 0.03 to 0.09 leads to a 50-year production of 8.84×107 standard 

m3 which is 22.4% higher than that for 0

NSRD

m = 0.03 (7.22×107 standard m3).  

 

 

Fig. 2-13 Effects of initial IM porosity in different domains on 50-year cumulative production. 

(a) Changing the initial porosity of the SRD; (b) Changing the initial porosity of the NSRD. 

 

The effects of IM permeability in the SRD ( 0

SRD

mk ) and IM permeability in the NSRD 

( 0

NSRD

mk ) on 50-year cumulative production are plotted in Figs. 2-13(a) and 2-13(b), 

respectively. With the increase of 0

SRD

mk  (from 1×10-19 to 2×10-18 m2), the cumulative 

production is dramatically enhanced (from 5.76×107 to 8.90×107 standard m3) - this is 

attributed to the enhancement of the SRD acceleration effect on gas depletion as 

mentioned previously (see Subsection 2.5.1.1). To the contrary, the enhancement 
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effect on production caused by the increase of 0

NSRD

mk  is nearly negligible during the 

first 20 years because the permeability enhancement of the NSRD located in the deep 

part of the reservoir cannot affect the mass transfer in the SRD during early-period 

production. Nevertheless, the improvement in production resulting from the increase of 

0

NSRD

mk  becomes gradually greater with time in late period of production. After 50 years 

of production, the cumulative production for the reservoir with 0

NSRD

mk = 2×10-18 m2 

reaches 8.64×107 standard m3 which is 20.8% higher than that for 0

NSRD

mk = 1×10-19 m2 

(7.15×107 standard m3). This sensitivity study is based on the fact that hydraulic 

fracturing changes the basic properties of the SRD, and the degree of this change is 

dependent on the efficiency of hydraulic fracturing. Obviously, effective hydraulic 

fracturing will greatly enhance 0

SRD

m  and 0

SRD

mk , boosting gas production. 

 

Fig. 2-14 Effects of initial IM permeability in different domains on 50-year cumulative 

production. (a) Changing the initial permeability of the SRD; (b) Changing the initial 

permeability of the NSRD. 

 

These results also confirm the validity of our 5-stage sequence of gas transport 

summarized in Section 2.2.2. That is, that the SRD and NSRD perform and contribute 

differently to production because of their property contrasts and different roles played 
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in mass transfer. After the low pressure in the HF is formed in the first dozen days, the 

gas extracted in the first decade mainly comes from the SRD. In contrast, production 

from the NSRD is delayed by more than 10 years for a significant pressure depletion in 

the SRD to induce substantial gas flow from the NSRD. Meanwhile, the NSRD usually 

has a large reserve which should not be neglected. The consequence of these 

observations is that the SRD controls the gas extraction process in the first years and 

decade, while the importance of the NSRD increases in late production. Clearly, if a 

model fails to include important complexities, including property contrasts and role 

conversion between different domains in the shale reservoir (similar to most of the 

previous models in which SRD and NSRD are not well-differentiated), the simulation 

results will not be reasonable. 

 

2.5.1.3 Contributions of different domains to gas production 

To further understand the various roles played by different domains in shale gas 

production, the contributions of different storage mechanisms in each domain to the 

cumulative production during 50-year extraction are calculated and shown in Fig. 2-

15(a). More specifically, the modes of storage include: (1) Free gas in the HF; (2) Free 

gas in the IM in the SRD; (3) Free gas in kerogen in the SRD; (4) Adsorbed gas in 

kerogen in the SRD; (5) Free gas in the IM in the NSRD; (6) Free gas in kerogen in the 

NSRD; and (7) Adsorbed gas in kerogen in the NSRD. Clearly, each contribution 

changes with time. The contribution of the HF (the red line) is negligible due to its 

very small volume. In the SRD, free gas (the blue line is free gas in the IM, and the 

green line is that in the kerogen) provides the major source of cumulative production 

during 50 years. However, as time elapses, the contribution of free gas gradually 

decreases, while the contribution from adsorbed gas (pink line) becomes increasingly 
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more important due to pressure-drop-induced desorption. Conversely, in the NSRD, 

both free-gas (the dark golden line is free gas in the IM, and the purple line is that in 

the kerogen) and adsorbed-gas (the purple line) contributions are incremental, 

demonstrating that the dominant role of the SRD is gradually displaced by that of the 

NSRD. These results again validate the 5-stage sequence of gas transport summarized 

in Section 2.2.2. Furthermore, the contributions of the HF, SRD and NSRD to 

cumulative production during 1-year, 10-years and 50-years of production are 

calculated based on the reduction of OGIPs in these domains, as shown in Fig. 2-15(b). 

It can be clearly seen that the contribution of the HF is small at all times. The SRD is 

the main source of gas production during 50 years, while the importance of the NSRD 

increases with the depletion of the SRD pressure. In 1-year of production, 96% of the 

cumulative production is from the SRD, while the NSRD contribution is only 3.8%. In 

contrast, after 50 years, the contribution of the SRD drops to 75% and that of the 

NSRD correspondingly increases to as high as 25%. 

 

Fig. 2-15 Contributions of different domains to cumulative production. (a) Contributions of 

different storage forms in different domains to cumulative production; (b) Contributions of 

three domains to cumulative production after 1-year, 10-year and 50-year extractions. 
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The various roles played by different domains are also reflected by the 

contributions of the HF, SRD and NSRD to flow rate (daily production). The 

contributions of storage forms in different domains to flow rate shown in Fig. 2-16(a) 

reveals that the SRD provides most of the flow rate in the early period of production, 

while the contribution of the NSRD is of importance only in the late period. For 

example, the gas supplied from free gas storage in the IM in the SRD accounts for 87.1% 

of the flow rate at the 100-day time point, which is significantly higher than that from 

free gas in the IM in the NSRD (0.0004%). However, at 18,250 days, this contribution 

of the IM in the SRD to the flow rate drops to 38.7% which nearly equals that of the 

IM in the NSRD (37.9%). Moreover, the contributions of the three domains to flow 

rate at 1-year, 10-years and 50-years of production are given in Fig. 2-16(b) and again 

indicate the role conversion of domains. The HF contributes only a small amount of 

gas to the flow rate in the complete gas production process because of its small volume. 

At 1 year, the SRD provides 95.8% of daily production, much higher compared 4.2% 

offered by the NSRD. In contrast, at 50 years, the contributions of the SRD and the 

NSRD to daily production become equal (both are 50%). 

 

Fig. 2-16 Contributions of different domains to flow rate (daily production). (a) Contributions 

of different storage forms in different domains to flow rate; (b) Contributions of three domains 

to flow rate after 1-year, 10-year and 50-year extractions. 
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In summary, multi-domain effects (caused by the fracturing-induced property 

contrasts in different domains and gas transport sequence in the full reservoir) lead to 

performance differences and role conversions of these domains during mass transfer 

during shale gas production. The HF provides a high-permeability flow channel from 

the reservoir to the wellbore, but gathers little gas volume. The SRD is the major gas 

source controlling the early decades of production, while its importance ultimately 

decreases with time. Correspondingly, the NSRD has only a minor influences on 

production in the early period, but gradually becomes crucial, and nearly as important 

as the SRD in the late period of the gas extraction process. Therefore, the NSRD is 

vital for the sustainability of gas production. These effects, often neglected in previous 

models, have been successfully incorporated in our model to improve the fidelity of 

simulation. 

 

2.5.2 Multi-domain effects of mechanical deformation 

The proposed model in this work is coupled by mechanical deformation within the 

entire shale formation - in addition to representing the mass transfer process, as noted 

in Section 2.3. More specifically, deformation of the matrix, including kerogen and IM 

in both the SRD and NSRD, is mechanically coupled by Eq.(2-9), while deformation-

induced evolution in porosity, aperture and apparent permeability of the HF are 

described by Eqs.(2-54), (2-55)and(2-56), respectively. To investigate the multi-

domain effects caused by mechanical coupling during shale gas extraction, we focus 

on the influence of varying compressibilities of HF and SRD on cumulative production 

and apparent permeability. The reason for conducting this investigation is that, 

hydraulic fracturing treatments tends to change the HF and SRD compressibilities. For 
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a hydraulically fractured shale reservoir, HF compressibility depends significantly on 

the quality of proppant packing, and SRD compressibility is also different from that of 

the NSRD due to the improved matrix porosity and soaking of the fracking fluid. In 

this investigation, three representative points are selected in the geometry of a reservoir 

in Marcellus shale with a continuous SRD to investigate and compare the evolution in 

properties of different domains, as shown in Fig. 2-17. Point A represents an HF, Point 

B denotes the SRD and Point C is for the NSRD. 

 

Fig. 2-17 Points representing different domains in a reservoir in Marcellus shale: Point A – HF; 

Point B – SRD; Point C – NSRD. 

 

2.5.2.1 Effects of IM compressibility in the SRD 

The effects of IM compressibility of the SRD ( SRD

mC ) on cumulative gas production 

are presented in Fig. 2-18(a). This sensitivity study is based on the fact that hydraulic 

fracturing changes the bulk modulus (i.e., the compressibility) of the SRD, and the 

mabnitude of this change is dependent on the efficiency of the hydraulic fracturing 

treatment. As shown in Fig. 2-18(a), increasing SRD

mC  from 1×10-10 to 1.5×10-8 Pa-1 
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results in a lower cumulative production (from 7.17×107 to 6.52×107 standard m3) 

because the increased matrix compressibility intensifies shale compaction under the 

increasing effective stress, which decreases matrix porosity and permeability (Zhang et 

al., 2008; Cui and Bustin, 2009). Furthermore, the effects of SRD

mC on the evolution of 

IM apparent permeability in the SRD ( SRD

mappk ) are displayed in Fig. 2-18(b). When SRD

mC

is lower than 5×10-9 Pa-1, The impact of effective stress is small and offset by effects 

enhancing-permeability (including the sorption-induced strain and flow regime effect). 

Thus, SRD

mappk  gradually increases with gas production for this case. However, when SRD

mC

≥ 5×10-9 Pa-1, the shale compaction effect that reduces matrix permeability is strong. 

In this case, the combined result of reservoir compaction and the effects enhancing 

permeability is that SRD

mappk  first decreases then increases at later time. Moreover, a 

higher SRD

mC  implies a delayed rebound in permeability. For the case of SRD

mC = 5×10-9 

Pa-1, rebound of SRD

mappk  occurs at 3.5 years, while for the case of SRD

mC = 1.5×10-8 Pa-1, 

rebound is at 20.5 years. 

Some previous studies [e.g., Shi and Durucan (2004); Zhang et al. (2008); Cui and 

Bustin (2009)] have discussed this permeability rebound phenomenon in 

unconventional gas reservoirs. However, most of their results are not obtained in a 

fully coupled multidomain model. Compared to their models, one advantage of our 

model is that it can describe the difference in, and interactions between, various 

domains of the reservoir. As evidence of this, the evolution of apparent permeability of 

the HF with different SRD

mC s are plotted in Fig. 2-18(c), and the evolution of apparent 

permeability of the IM in the NSRD with different SRD

mC s are given in Fig. 2-18(d). It 

can be clearly seen that the change of the SRD compressibility affects permeability 
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evolution in other domains as a result of the multi-domain interactions. Overall, an 

increased SRD

mC  results in lower permeabilities in both the HF and the NSRD. The 

changed SRD

mC  influences the strain distribution of the entire reservoir and thereby 

affects the progress of pressure depletion in the SRD and thus, permeability evolution 

in each domain. In consequence, the shape of the apparent permeability-time curve 

distinctly differs from one domain to another. For instance, permeability rebound is not 

observed in the HF during the 50-year production, as shown in Fig. 2-18(c), while it 

appears much earlier in the NSRD (at approximately 2 year) than in the SRD, as 

shown in Fig. 2-18(d). 
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Fig. 2-18 Effects of IM compressibility in the SRD on cumulative production and permeability 

evolutios in different domains during 50-year production. (a) Effect on cumulative production; 

(b) Effect on IM apparent permeability evolution in the SRD; (c) Effect on HF apparent 

permeability evolution; (d) Effect on IM apparent permeability evolution in the NSRD. 

 

2.5.2.2 Effects of HF compressibility 

The influence of HF compressibility (Cf) on the 50-year cumulative production is 

presented in Fig. 2-19(a), indicating that higher Cf results in lower cumulative 

production. This is because the higher Cf intensifies the gradual closure of the HFs 

under an elevated (compressive) effective stress. The effects of Cf on kfapp shown in 

Fig. 2-19(b) suggest that HF permeability may significantly decline with closure. 

When Cf = 1×10-10 Pa-1, HF closure is not significant, and kfapp remains nearly constant 

during the 50-year production. In contrast, when Cf = 1.5×10-8 Pa-1, the kfapp decreases 
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significantly. After 50-year production, kfapp diminishes as low as to 50% of its initial 

value, and further decreases as production continues. These indicate that, although HF 

only provides a small amount of stored gas for extraction (as discussed in Section 

2.5.1.3), it plays a crucial role in shale gas production by inducing gas flow out from 

the shale. As a channel connecting matrix and wellbore, the permeability of the HF is 

strongly influenced by the mechanical deformation of the shale reservoir. 

Due to the coupled mechanical interactions between different domains, the change 

oin HF compressibility also affects permeability evolution in the SRD and the NSRD. 

The effects of Cf on permeability in the SRD and the NSRD during 50-years of 

extraction are plotted in Figs. 2-19(c) and (d), respectively. Overall, the increased Cf 

results in a smaller increase in permeability during production in both the SRD and 

NSRD by changing strain distribution of these two domains. Moreover, this effect in 

the NSRD is weaker than in the SRD. This is because the SRD directly contacts the 

HFs, while the NSRD does not contact the HFs. The changed Cf directly influences the 

SRD by HF-SRD interactions, and indirectly affects the NSRD by SRD-NSRD 

interactions. 

These results, related to rock compressibility, demonstrate that the fracking-induced 

change of mechanical properties of the SRD and the HF influence the evolutions of 

transport properties in the entire reservoir. Thus, coupled mechanical deformation 

should be considered in shale reservoir simulations to prevent overestimating 

cumulative production. In addition, the change of mechanical properties in one domain 

will affect the permeability evolution in the entire shale reservoir as driven by the 

mechanical compatibility enforced between different domains. These results also 

reiterate the necessity of high-quality proppant packing for hydraulic fracturing 

treatments to prevent severe closure of the HF. 
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Fig. 2-19 Effects of HF compressibility on cumulative production and permeability 

evolution in different domains during 50-years of production. (a) Effect on cumulative 

production; (b) Effect on HF apparent permeability evolution; (c) Effect on IM apparent 

permeability evolution in the SRD; (d) Effect on IM apparent permeability evolution in the 

NSRD. 

 

2.6 Summary 

In this study, a fully coupled multidomain and multiphysics model is developed to 

evaluate gas extraction processes from shale reservoirs. Each porous medium (kerogen, 

inorganic matrix, and HF) has its individual governing equations. These media are 

linked by using mass exchange equations. The processes in each domain (SRD – 

stimulated reservoir domain; NSRD – non-stimulated reservoir domain; HF – primary 

hydraulic fractures) are modelled, while the complexities of interactions between 
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different domains and components are incorporated through cross-coupling relations of 

mass transfer and mechanical deformation. Moreover, the continuity of each physical 

quantity is guaranteed by boundary settings to integrate all the property evolutions and 

physical changes in the shale reservoir as a series of continuous and comprehensively 

interacting processes influenced by various factors and effects. These PDEs were 

numerically solved by using the finite element method and verified against analytical 

solutions and field observations. Based on our model results, the following conclusions 

can be drawn: 

(1) Both SRD size and internal structure play key roles in shale gas production. The 

size is directly related to the cost of stimulation while the internal structure is 

determined by the stimulation technique. Different stimulation treatments may create 

different patterns of fractures in SRDs, which are reflected by the property contrasts 

that develop between SRDs and NSRDs. Our model results illustrate that complex 

internal structures of SRDs are favourable for gas production. 

(2) From the perspective of mass transfer, an SRD enhances gas production in two 

ways. One is by directly improving gas flow capacity by enhancing porosity and 

permeability in the SRD. The other is by indirectly accelerating gas depletion in the 

NSRD by creating low-pressure zones around the NSRD. 

(3) HF, SRD and NSRD play different roles respectively in shale gas extraction, 

due to their property contrasts and sequential orders of gas transport. The HF provides 

a high-permeability flow channel connecting matrix and wellbore, while the role 

conversion between SRD and NSRD determines the long-term sustainability of gas 

production. 

(4) The change in mechanical properties in one domain affects the evolution of 

transport properties throughout the entire reservoir. Deformation in shale caused by 
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gas pressure depletion in different domains associated with mechanical property 

contrasts influences the effective strain distribution throughout the entire shale 

reservoir. Subsequently, permeability in each domain evolves with time and space. 

Eventually, permeability evolution in all domains determines the gas production. 

 

Appendix 2A: Calculation of gas density and viscosity 

For a given medium i (i = k for kerogen; i = m for IM and i = f for HF), the gas 

density ρgi can be calculated by using the real gas equation of state: 

=gi i

i

M
p

Z RT
  (2A-1) 

Where M is the gas molar weight, 0.016 kg/mol; R is the universal gas constant, 8.314 

J/(mol·K); T is the reservoir temperature; pi is the pore pressure in medium i ; Zi is the 

deviation factor of real gas in medium i, which is calculated by the empirical formula 

proposed by Mahmoud (2014): 

( ) ( )2
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Where ppri = pi /pc is a pressure ratio, pc is the critical pressure of methane, 4.6×106 Pa. 

Tpri = Ti /Tc is a temperature ratio, and Tc is the critical temperature of methane, 190.74 

K. 

Gas viscosity μi in medium i is determined by using the empirical formula proposed 

by Lee et al. (1966): 
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Appendix 2B: Calculation of Knudsen number 

Knudsen number Kni in medium i is defined as (i = k for kerogen and i = m for IM):  

i

i
iKn

L


=  (2B-1) 

Where λi is the mean free path of a single gas molecule and Li is the characteristic 

scale of medium i. For kerogen with nano-capillary pores, Lk = rk,stress,ads [see 

Eq.(2-27)]; for IM with slot-shape fractures, Lm = bm,stress [see Eq.(2-35)]. λi can be 

calculated according to the formula proposed by Civan et al. (2011): 

2

i i
i

i

Z RT

p M

 
 =  (2B-2) 
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Chapter 3 A Fully Coupled Multidomain and Multiphysics Model 

Considering Water Effects for Evaluation of Gas-Water Production 

from Stimulated Shale Reservoir 

This chapter further develops the multidomain and multiphysics model proposed in 

Chapter 2 by incorporating the water effects on the gas recovery. The model built in 

this work also bridges seepage, mechanical deformation, and interfacial/surface 

behaviour. 

Whether the gas in kerogen is liberated/sealed by water, is a crucial issue for 

successful shale gas reservoir exploitation. Although the influence of water on the 

liberation/sealing of gas stored in kerogen pockets has been recognized (Lee et al., 

2016), no tools are developed to evaluate the impact of this gas liberation/sealing on 

gas production under in-situ conditions as far as the author knows. In this work, a 

concept named kerogen threshold differential pressure (KTP) is proposed to describe 

the mass transport influenced by the wettability at the heterogeneous kerogen interface 

with external/connate water. KTP is defined as a critical pore pressure difference 

between inside and outside of kerogen pores. It corresponds to the energy barrier 

needed to remove the liquid film at the kerogen surface so that the gas in kerogen can 

flow out. Based on this definition, whether kerogen can supply gas to its surroundings 

or not is controlled. This on/off mechanism is incorporated into a fully coupled, 

multidomain, and multiphysics model to simulate gas extraction from stimulated shale 

reservoirs. Gas flow in kerogen, gas-water two-phase transport in inorganic matrix and 

fractures, shale deformation, and gas sorption are considered in the model. The 

proposed model is verified against a set of gas production data from the field and the 

simulation results published by a previous study. Furthermore, a sensitivity analysis is 

performed to investigate the effects of important influencing factors on gas and water 
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production. The results suggest four findings: (1) Shale gas production behaviour is 

dependent on the combination of gas-supplying capabilities of the different 

components in different domains of shale reservoir. (2) Water influences shale gas 

extraction in two aspects including two-phase flow and on/off gas supplying 

mechanism. The former aspect affects the gas flow in inorganic matrix and fractures, 

while the latter aspect controls the gas liberation from kerogen and thus, the 

sustainability of gas extraction. (3) The shapes of the gas/water relative permeability 

curves of different components of shale reservoir influenced by formation damage and 

stimulation operation affect both the early-period and long-term gas/water productions. 

(4) Gas recovery can be enhanced by decreasing KTP, which may be achieved by 

using appropriate surfactants, or by using water-free fracking fluids (such as 

supercritical carbon dioxide) to eliminate formation damage. 

 

3.1 Introduction 

Although shale gas is playing an increasingly more important role in the energy 

market, accurately predicting gas recovery from shale reservoirs is still a great 

challenge (Lee et al., Li et al., 2020c; 2016; Pan et al., 2020; Zhang et al., 2020a). This 

is because of the complexities of shale properties, reservoir structure, combined effects 

of multiple physical processes, and the interactions between these processes (Zhang et 

al., 2020b; Zeng et al., 2021). An appropriate numerical tool is always highly attractive 

to the natural gas industry due to its convenience in solving non-linear and coupling 

equations, treating complex geometries, and presenting evolutions of crucial variables 

(Rezaee, 2015). Obviously, key influencing factors and mechanisms should be 

incorporated into the numerical tool to ensure the reliability and accuracy of the 
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simulation. As a non-negligible factor in gas extraction from shale reservoirs, the 

influence of water (including connate water and invaded work fluids, such as the 

filtrate of drilling/completion fluids and fracking fluids) on shale gas production has 

been recognized. Previous studies indicate that only a fraction of fracking fluid 

(typically 10%-50% by volume) can flow back to the surface during shale gas 

extraction, while the remaining is still in the reservoir due to the strong imbibition 

effect caused by the high capillary pressure of shale (Engelder et al., 2014; Makhanov 

et al., 2014; Shen et al., 2016). The water in shale reservoirs not only influences the 

gas mobility in the pores and fractures of inorganic matrix but also affects the 

liberation of gas in organic kerogen pockets (Cheng, 2012; Lee et al., 2016; Wang et 

al., 2019a). For the effect of water on gas mobility, gas-water two-phase transport 

models have been comprehensively employed to describe and quantify the impact of 

water on effective porosity, relative permeability, and the resultant two-phase 

production process (Cheng, 2012; Thararoop et al., 2012; Cao et al., 2017a; Liu et al., 

2019b; Wang et al., 2019a). In brief, the saturations of gas and water are used to 

express the fractions of pore volume occupied by different phases, while the relative 

permeabilities of gas and water reflect the curtailing effect of water on the phase 

permeability of gas. These models based on the corrections of porosity and 

permeability are included in the governing equations to simulate the gas-water two-

phase flow process (Chen et al., 2006). However, the scientific knowledge and deep 

understanding of the liberation process of gas from kerogen pockets influenced by 

water are still very limited and often ignored in modelling and simulation. Since a 

considerable amount of shale gas is originally stored in kerogen [20%-85% of the total 

reserve, according to Curtis (2002)], it is necessary to develop reliable physical and 

mathematical models which include the mechanism of the gas liberation process from 
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kerogen pockets influenced by water and incorporate these models into the reservoir 

simulation tools so that the accurate evaluation of shale gas production can be achieved. 

In previous studies, the effect of water on the gas supply from the organic matrix 

(e.g., kerogen) of unconventional gas reservoirs is often simply treated as an empirical 

modification of the gas adsorption capacity to express the fact that the amount of gas 

desorbed from water-containing reservoirs is smaller than that desorbed from the 

reservoirs without water. The modified gas adsorption capacity is related to the water 

content (Ettinger et al., 1958; Crosdale et al., 2008; Chen et al., 2012; Peng et al., 

2018b). However, this approach ignores some important mechanisms. In the real 

kerogen pockets, the organic pore size is usually nanometer-level and hydrophobic, 

leading to a very high capillary pressure preventing external water from invading the 

organic pores. Thus, before shale gas extraction, the water tends to exist as a film at the 

heterogeneous interface between kerogen and inorganic matter instead of being in the 

pores of kerogen pockets (Lee et al., 2016). In consequence, when shale gas extraction 

is performed, this water film, like a seal, may prevent the gas originally in kerogen 

from flowing out. During shale gas extraction, the water film distribution at the 

heterogeneous interface changes with the pore pressure depletion in the inorganic 

matrix wrapping the kerogen pockets, so a kerogen pocket is sometimes opened to 

supply gas while sometimes closed. That is, the sealing effect of the water film on the 

gas supply of kerogen pockets varies with production time. This mechanism has been 

demonstrated by Lee et al. (2016). By using molecular modelling and mesoscale 

simulation, they proved that whether the water film seals the gas in kerogen pockets, is 

dependent on the system energy. More specifically, there is an activation energy 

barrier (i.e., a critical Gibbs free energy change) for kerogen with water film at the 

heterogeneous interface between kerogen and inorganic matrix. If the gas energy in the 
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kerogen pockets with water film is sufficiently high, these pockets can supply gas to 

inorganic pores and fractures. Otherwise, the kerogen pockets with water film will be 

shut down, the gas stored in these pockets has no contribution to the gas transport in 

the reservoir. This mechanism, referred to as the “on/off gas-supplying mechanism” in 

this work, dynamically affects the gas production from shale reservoirs. 

Although this on/off mechanism of gas supply from the kerogen pockets with water 

film is recognized by the researchers, no computation tools are developed to evaluate 

the impact of this mechanism on gas production under in-situ conditions because there 

are several technical difficulties as follows: (1) It is challenging to incorporate this 

mechanism into the existing models which are based on the evolution of reservoir pore 

pressure instead of energy change. As mentioned above, Lee et al. (2016) describe this 

mechanism as a process controlled by the system energy. However, the exact energy 

distribution in the reservoir is not easy to determine and seldom used in reservoir 

modelling and simulation. In contrast, pore pressure is the most commonly used 

variable to describe the gas production process because there are a variety of existing 

models and formulas associating the change of reservoir properties with pore pressure. 

Therefore, a pressure-based expression (both in physics and in math) of the mechanism 

of gas supply from kerogen is needed. (2) Gas-water two-phase flow should be 

combined with this on/off mechanism to integrate the different effects caused by water 

on the gas storage and transport during shale gas recovery (Cheng, 2012; Cao et al., 

2017a; Liu et al., 2019b). (3) Mechanical deformation of shale during gas extraction 

should be incorporated into the model to reflect the stress dependence of porosity and 

absolute permeability (Liu et al., 2019b; Cui et al., 2020). (4) Various porous media at 

different scales should be individually incorporated into the model to reflect the high 

heterogeneity of shale reservoirs, especially those stimulated shale reservoirs (e.g., 
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hydraulically fractured shale reservoirs). These porous media, including primary 

hydraulic fracture (HF), natural fracture system (NA), inorganic matrix (IM), and 

kerogen, have different porosity and permeability, and the gas flow in these media 

obeys different flow regimes, influencing the apparent permeabilities (Cao et al., 

2016a; Cao et al., 2016b; Li et al., 2020b). (5) After hydraulically fracking, the 

stimulated shale reservoir is divided into three different domains including HF, 

stimulated reservoir domain (SRD), and non-stimulated reservoir domain (NSRD). 

These domains have distinct properties and thus, different property evolutions. This 

multidomain effect, discussed by Li et al. (2019b), Cui et al. (2020), and Li et al. 

(2020b), should also be taken into consideration. 

In this work, a concept of kerogen threshold differential pressure (KTP) is proposed 

to describe the on/off mechanism of gas supply from kerogen with water film at the 

heterogeneous interface. After that, a fully coupled, multidomain, multiphysics, two-

phase transport model is built to comprehensively incorporate the effects of water 

(including the on/off gas-supplying mechanism and gas-water two-phase flow) into the 

simulation of the whole process of shale gas extraction. The proposed model is then 

verified against a set of gas production data from the field and the simulation results of 

water production published by a previous study. Furthermore, a sensitivity analysis is 

performed to comprehensively investigate the effects of important influencing factors 

on gas and water production. The significance of the on/off gas-supplying mechanism 

for engineering practice is especially discussed. 

3.2 Conceptual model 

In this section, a conceptual model is detailed to establish the basic framework of 

the multidomain, multiphysics, two-phase transport model. As a major innovation of 
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this work, the concept of KTP is firstly proposed. A multiscale model is then 

introduced to characterize the heterogeneous shale. Subsequently, the different 

domains are conceptually divided to define the multidomain characteristic of the 

stimulated shale reservoir. The effects of flow regimes on gas flow in the pores with 

different scales are claimed. Besides, a flow sequence is proposed to link the mass 

transfer occurring in these porous media and domains. 

3.2.1 Kerogen threshold differential pressure (KTP) and on/off gas-

supplying mechanism 

As the key concept of the on/off gas-supplying mechanism, kerogen threshold 

deferential pressure (KTP) is defined as a critical pore pressure difference between 

inside and outside of kerogen pores. An illustration describing the concept of KTP is 

shown in Fig. 3-1. As introduced above, at the heterogeneous interface of kerogen, 

some organic nanopores [see Fig. 3-1, inset (a)] are opened to release their internal gas. 

The released gas flow comes from the original free gas and the desorbed gas with the 

pore pressure depletion in kerogen. In contrast, other organic nanopores are sealed by a 

water film, so the gas stored in these kerogen pores cannot flow out. The sealing water 

may be connate water or invaded external water (e.g., fracking fluids, 

drilling/completion fluid filtrate, etc.). Furthermore, the on/off states of these organic 

nanopores may change with time because they are controlled by the varying local 

difference between kerogen pore pressure (pk, this pressure denotes the gas pressure in 

kerogen) and IM pore pressure (pm, this pressure denotes the average fluid pressure of 

gas and water in IM, see Subsection 3.3.1). During shale gas extraction, the pore 

pressure in the IM surrounding kerogen continuously decreases, which increases the 

value of (pk – pm). When (pk – pm) is higher than KTP, the organic nanopore will open 
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to supply gas. This gas supply leads to the reduction of pk, which decreases the value 

of (pk – pm). Subsequently, (pk – pm) may become lower than KTP again, and the 

nanopore is closed to stop supplying gas. Therefore, we have the following criterion to 

determine the on/off state of kerogen: 

, kerogen is opened

, kerogen is closed

m

m

k

k

if p KTP

if p KTP

p

p

− 


− 
 (3-1) 

The essence of KTP is the pressure energy difference between the inside and the 

outside of the kerogen pores with water film. It is actually an adaption of the concept 

of “activation energy barrier of kerogen” to remove the liquid film sealing the outlet of 

the kerogen pores so that the gas in kerogen can flow out [proposed by Lee et al. 

(2016)]. 

 

 

Fig. 3-1 On/off gas-supplying mechanism of gas liberation from kerogen. (a) A nanopore of 

kerogen without water film [(pk – pm) > KTP]. (b) A nanopore of kerogen sealed by a water 

film [(pk – pm)  KTP]. 
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3.2.2 Multi-scale model and domain division 

A hierarchical, multi-scale model is used to characterize various pores and fractures 

with different scales so that the heterogeneity of the hydraulically fractured shale 

reservoir can be reflected, as shown in Fig. 3-2. More specifically, the multi-scale 

model includes the following media: (1) Kerogen [Fig. 3-2(a)]. Kerogen pores are 

deemed as a bundle of tortuous organic capillary tubes with nano-meter-level pore size. 

(2) Inorganic matrix [IM, see Fig. 3-2(b)]. IM is considered as an inorganic continuum 

having tortuous tube-shaped pores of which size is larger than kerogen pores. Both 

kerogen and IM are very tight and have ultra-low permeability, and they occupy the 

most volume of the bulk shale. (3) Natural fractures network [NA, see Fig. 3-2 (c1) 

and (c2)]. NA is deemed as an inorganic continuum with significantly higher porosity 

and permeability than those of kerogen and IM, representing the natural fractures 

network throughout the bulk shale. NA has planar fractures with an average aperture 

ranging from sub-micrometer to micrometer level, and it accounts for a small 

volumetric fraction of the bulk shale. (4) Primary hydraulic fracture [HF, see Fig. 3-

2(d)]. HF is simplified as a 1-D, discrete, fractured inorganic medium with a 

millimeter-level aperture. As continua, kerogen, IM, and NA constitute a triple-

porosity-triple-permeability system to describe the bulk shale, while a set of HFs are 

discretely specified and embedded in the bulk shale. Thus, the four porous media with 

different pore scales construct the hydraulically fractured shale gas reservoir. 

Moreover, as the consequence of hydraulic fracking, NA can be further divided into 

two domains: NA-SRD [natural fractures network in the stimulated reservoir domain, 

see Fig. 3-2(c1)] and NA-NSRD [natural fractures network in the non-stimulated 

reservoir domain, see Fig. 3-2(c2)]. NA-SRD represents the natural fractures network 

near-HF zone containing many secondary hydraulic fractures. It has higher porosity, 
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absolute permeability, as well as a lower bulk volumetric modulus than those of NA-

NSRD which has all of the original properties of NA. For kerogen and IM, they have 

identical properties in the whole reservoir unless stated otherwise. That is, SRD and 

NSRD have different NA properties while having the same kerogen and IM properties 

(unless stated otherwise). Thus, a hydraulically fractured shale gas reservoir is 

abstracted as an assembly of four media (kerogen, IM, NA, and HF) with three 

domains (SRD, NSRD, and HF).  

The storage forms and flow types of fluids in the four media of the stimulated shale 

reservoir are different. Gas stored in kerogen pores has the forms of free gas and 

adsorbed gas, and there is no water stored in the internal kerogen. In contrast, Gas and 

water coexist in IM, NA, and HF because of the imbibition effect induced by the 

hydrophilic feature of the inorganic surfaces of these media. Therefore, the single gas 

flow occurs in kerogen, while the gas-water two-phase flow occurs in IM, NA, and HF. 

In addition, the gas stored in IM, NA, and HF is only in the form of free gas because 

gas sorption in these inorganic media can be ignored (Cao et al., 2016a; Wei et al., 

2018). 

Another worth noting issue is that the initial water saturations in the different media 

and domains are also different. Before gas production, as a direct consequence of 

fracking fluid invasion, HF contains a large amount of water and a small fraction of 

gas. NA-SRD also has a considerable water saturation because the fracking fluid tends 

to enter the secondary hydraulic fractures and the natural fractures activated by 

hydraulic fracking. However, the water saturation of NA-NSRD is much lower than 

that in NA-SRD because NSRD is not affected by the fracking treatment. Differed 

from NA, although IM has a certain of water saturation originated from the connate 

water and the imbibition effect, the water mobility in IM is low because of the high 
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capillary resistance to water flow in the micro/nanopores of IM. There is no water in 

the internal kerogen except the water film at the heterogeneous interface. The volume 

of this water film is included in IM water saturation. 

 

 

Fig. 3-2 Illustration of a producing shale gas reservoir with multi-scale porous media and 

multiple domains: (a) Kerogen; (b) IM; (c1) NA-NSRD; (c2) NA-SRD; (d) HF. 

 

3.2.3 Gas flow regimes and sequence 

Due to the extremely small pore sizes of kerogen and IM, the gas flow regimes in 

these two media range from slip flow to transition flow, which is dependent on the 

orders of magnitude of the Knudsen numbers in these two media (Civan, 2010; Wu et 

al., 2016). As a result, the apparent permeability of gas in kerogen and IM should be 

corrected to include the flow regime effect. In contrast, the gas flow regime effect can 

be ignored in NA and HF due to their relatively large pore sizes (Chen et al., 2013; 

Wei et al., 2018). For water flow, there is no flow regime effect in all the media and 

domains (Cheng, 2012; Jurus et al., 2013; Cui et al., 2020). By setting corrected 
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apparent permeability formulas (see Subsections 3.3.2 and 3.3.3), the effects of flow 

regimes on gas flow in kerogen and IM can be reflected. 

A hierarchical, multidomain flow sequence is used to describe the mass transfer in a 

producing shale reservoir stimulated by hydraulic fracking treatment. As displayed in 

Fig. 3-3, at the beginning of gas production, gas and water in HF rapidly flow out 

because of the difference between the initial reservoir pressure and the bottom-hole 

pressure (BHP, see the Flow stage 1 in Fig. 3-3). In consequence, the pore pressure in 

the HFs becomes much lower than that in the NA, inducing the gas and water in the 

NA to flow into the HFs (Flow stage 2 in Fig. 3-3). The reduced pore pressure in the 

NA then promotes the gas and water in IM to flow into NA (Flow stage 3 in Fig. 3-3). 

After that, the decreased pore pressure in IM forces the kerogen to supply gas in the 

forms of free gas and desorbed gas under the control of the on/off mechanism (Flow 

stage 4 in Fig. 3-3). Besides, the pore pressure gradient between NA-SRD and NA-

NSRD also leads to the flow and re-distribution of gas and water, which reflects the 

fact that NA is the main channel of gas-water two-phase flow in the whole shale 

reservoir. This hierarchical, multidomain flow sequence has been successfully used by 

some previous works (e.g., Li et al., 2019b; Cui et al., 2020; Li et al., 2020b) to 

express the gas transport process in the hydraulically fractured shale gas reservoir. 

Nevertheless, their models are two-porosity-two-permeability (kerogen + IM) systems, 

which cannot finely describe the peculiar evolution in the natural fractures network. 

Some other previous studies (e.g., Sang et al., 2016; Wei et al., 2018; and Wang et al., 

2019b) used the triple-porosity (kerogen + IM + NA) system to model and simulate 

shale gas extraction, but their models neither include the explicitly specified HFs nor 

differentiate the SRD and the NSRD, ignoring the multidomain effects. Here, we 

extend the hierarchical, multidomain flow sequence to a triple-porosity, multidomain 
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system along with explicitly specified HFs for gas-water two-phase flow so that the 

complex mass transfer in different components and domains of the shale reservoir can 

be accurately modelled and simulated. 

 

Fig. 3-3 Hierarchical multidomain flow sequence in a hydraulically fractured shale gas 

reservoir. 

 

3.3 Mathematical model 

In this section, a mechanical equation is first given to fully couple the stress-

deformation relationship in the whole shale reservoir. After that, the governing 

equations describing the mass transport in different media and domains, as well as the 

mass exchange between these medium and domains, are derived based on the 

following assumptions: (1) Kerogen, IM, and NA are isotropic and linear-elastic 

continua; (2) Strains are infinitesimal; (3) Shale gas extraction is an isothermal process; 

(4) Kerogen is saturated by methane in the initial state; (5) Gas-water two-phase flow 

occurs in IM, NA, and HFs, while single-phase flow (gas flow) occurs in kerogen; (6) 
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There is no mass exchange between gas and water phases; (7) The gravitational effect 

is ignored. 

3.3.1 Mechanical coupling equations 

Based on Biot’s theory in poroelasticity and the triple-porosity assumption, the 

stress-strain relationship of the entire shale reservoir can be derived as the following 

(Detournay and Cheng, 1993; Zhang et al., 2008; Peng et al., 2015; Cao et al., 2016a; 

Li et al., 2019b; Li et al., 2020b): 

( )

( ) ( )

1

3 1 2 3 1 2 3 3 3 3

k k m m na na s
ij ij kk ij ij ij ij ij

p p p

K K K K K

    
       

 

+
= − + + + +

− −
 (3-2) 

where εij is the component of the total strain tensor; υ is the Poisson’s ratio of shale; K 

represents the bulk volumetric modulus of shale; the total stress σkk = σ11 + σ22 + σ33, 

where σ11, σ22 and σ33 are the principal stresses in the three axial directions of the 

spatial coordinate system, respectively; δij denotes the Kronecker delta with 1 for i = j 

and 0 for i ≠ j. εs denotes the sorption-induced volumetric strain; pk, pm, and pna 

denote the pore pressures of kerogen, IM, and NA, respectively. In kerogen 

(containing only gas), pk equals the gas pressure (pgk); while in IM, NA, and HF 

(containing both gas and water), the pore pressures are the average fluid pressures of 

gas and water (Rutqvist et al., 2002; Li et al., 2016): 
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= +

 =
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 +

 (3-3) 

where pf is the pore pressure in HF; pgm, pgna, and pgf are the gas pressures in IM, NA, 

and HF; pwm, pwna, and pwf are the water pressures in IM, NA, and HF; Sgm, Sgna, and Sgf 
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are the gas saturations in IM, NA, and HF; Swm, Swna, and Swf are the water saturations 

in IM, NA, and HF, respectively. 

In Eq. (3-2), K can be defined as a volumetric-weighted average quantity of the 

individual volumetric moduli of kerogen (Kk), IM (Km), and NA (Kna) according to the 

studies proposed by Berryman (2002) and Cao et al. (2016a): 

1 k m na

k m naK K K K

  
= + +  (3-4) 

where ηk, ηm, and ηna are the volumetric fraction of kerogen, IM, and NA in the bulk 

shale. ηk + ηm + ηna = 1. Similarly, υ is a volumetric-weighted average quantity of the 

individual Poisson’s ratios of kerogen (υk), IM (υm), and NA (υna): 

k k m m na na      = + +  (3-5) 

On the other hand, αk, αm, and αna in Eq. (3-2) are the effective Biot coefficients of 

kerogen, IM, and NA, respectively. They are determined according to the method 

proposed in the studies of Mehrabian and Abousleiman (2015) and Cao et al. (2016a): 
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 (3-6) 

where *

k , *

m , and *

na  are the individual Biot coefficients of kerogen, IM, and NA, 

respectively. 

εs can be obtained by using the Langmuir-type relation: 

L k
s

k L

p

p P


 =

+
 (3-7) 

where εL and PL are the Langmuir sorption strain and Langmuir pressure constants of 

shale, respectively. 



 

School of Engineering 

Chapter 3                                                                 The University of Western Australia 

- 104 - 

 

The terms on the right hand of Eq. (3-2) represent the different contributions to the 

total strain of shale. The first and the second terms represent the strains induced by the 

mechanical stress tensor in the shear- and normal- directions, respectively. The third, 

the fourth and the fifth terms denote the strains caused by the pore pressure evolutions 

in kerogen, IM, and NA, respectively. The sixth term is the contribution of sorption-

induced strain on the total strain tensor. According to the strain-displacement relation 

(the Cauchy formula) and the stress equilibrium relations (Detournay and Cheng, 1993; 

Zhang et al., 2008), Eq. (3-2) can be further expressed as the Navier-type equation as 

the final mechanical constitutive relationship: 

, , , , , ,2

3 (1 2 ) 3
0

2(1 ) 2(1 ) ( )

L L
i kk k ki k k i m m i na na i k i i

k L

K PK K
u u p p p p f

p P


  

 

−
+ − − − − + =

+ + +
 (3-8) 

where ui is the displacement in the i direction, σij is the component of the total stress 

tensor, and fi is the body force in the i direction. i, j = x, y, z. 

3.3.2 Gas transport in kerogen 

3.3.2.1 Governing equation of kerogen 

Based on the mass conservation law, the governing equation for gas transport in 

kerogen can be derived as the following form (Cao et al., 2016a; Li et al., 2019b; Li et 

al., 2020b): 

( ),gk k stress a s ads kapp

gk gk k m

g

V k
p Q

t

   



−

 +  
+  −  = −    

 (3-9) 

where ρgk is the gas density in kerogen, computed according to the real gas equation of 

state (see Appendix 3A); k,stress is the stress-dependent kerogen porosity; ρa is the 

methane density under the standard condition, 0.717 kg/m3; ρs is the shale density; Vads 

is the adsorption volume per unit of shale mass as standard gas volume; kkapp is the 

apparent kerogen permeability influenced by stress dependence and gas regime; g is 
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the gas viscosity; -Qk-m is the mass sink term of kerogen supplying gas to IM. The first 

term on the left hand of Eq. (3-9) is the storage term including the free gas (ρgkk,stress) 

and the adsorbed gas (ρaρsVads), while the second term on the left hand is the flow term. 

3.3.2.2 Porosity model, apparent permeability model, and adsorption volume 

In Eq. (3-9), k,stress is determined by the stress-dependent porosity model proposed 

by Cui and Bustin (2005) based on the tri-axial stress condition. This model has been 

widely used in shale reservoir modelling (Cao et al., 2016a; Li et al., 2019a; Li et al., 

2020b): 

 , 0 0 0exp ( ) ( )k stress k k k k kC p p     = − − − −   (3-10) 

where k0 is the initial kerogen porosity;   is the mean total stress numerically solved 

by the mechanical coupling equation; 0  is the initial mean total stress solved by the 

mechanical equation based on the initial and boundary conditions; pk0 is the initial pore 

pressure in kerogen; Ck is the pore compressibility of kerogen, defined as Ck = 

k/(k0Kk) (Palmer and Mansoori, 1998; Cui and Bustin, 2005; Li et al., 2020b). The 

term [ 0 0( ) ( )k k kp p  − − − ] represents the change of effective stress of kerogen 

taking the initial effective stress of kerogen as the reference. 

The apparent kerogen permeability can be expressed as: 

( )

( )
,

0

k

kapp k stress

k

f Kn
k k

f Kn
=   (3-11) 

where kk,stress is the stress-dependent kerogen permeability; f(Knk) is a permeability 

enhancement function generalizing the effect of the flow regime (ranging from viscous 

flow to slip flow and transition flow); Knk is the Knudsen number in kerogen; Knk0 is 

the initial Knudsen number in kerogen.  kk,stress is determined by combining Eq. (3-10) 

and the cubic law (Gu and Chalaturnyk, 2010): 
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 , 0 0 0exp 3 ( ) ( )k stress k k k k kk k C p p   = − − − −   (3-12) 

where kk0 is the initial apparent permeability of kerogen. 

The form of the permeability enhancement function f(Knk) and a general method of 

calculating the Knudsen numbers in kerogen and IM are detailed in Appendix 3B. 

The adsorption volume Vads in Eq. (3-9) is obtained by using Langmuir’s isotherm: 

L k
ads

L k

V p
V

P p
=

+
 (3-13) 

where VL is the Langmuir volume constant of shale. 

3.3.2.3 Mass sink term 

The mass sink term Qk-m is determined by the following equation based on the 

theory proposed by Kazemi et al. (1992) and the on/off mechanism for kerogen 

supplying gas to IM introduced in Section 3.2.1: 

( )( ) ,
k m gk kapp

k m k m gm wm k m

g

D k
Q p p S S switch p p





−

−
 = − +    (3-14) 

where Dk-m is a shape factor related to the specific interfacial area of the kerogen 

pockets. For spherical kerogen pockets, Dk-m = 3/Rk
2, where Rk is the mean radius of 

the kerogen pockets (Kazemi et al., 1992; Li et al., 2020b). switch(pk, pm) is a control 

function reflecting the on/off gas-supplying mechanism of the kerogen with water film, 

which is determined by comparing the values of differential pressure (pk – pm) and 

KTP according to Eq. (3-1): 

( )
1,

,
0,

k m

k m

k m

if p p KTP
switch p p

if p p KTP

− 
= 

− 
 (3-15) 

The term [Sgm + Swmswitch(pk, pm)] in Eq. (3-14) means that the gas supplied by 

kerogen is the sum of two parts: one (Sgm) is from the kerogen without water film, the 
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other is from the kerogen with water film [Swmswitch(pk, pm)]. So the key issue here is 

to determine the exact expression of KTP. The detailed derivation is presented below. 

3.3.2.4 Derivation of KTP expression for kerogen with water film 

Due to the hydrophobic character of the organic inner surface of kerogen, when the 

pore pressure in IM is lower than that in a kerogen pocket with water film, but the 

differential pressure is not higher than KTP, i.e., 0 < pk – pm ≤ KTP (this is caused by 

the shale gas production), the gas in kerogen is not capable of flowing out from the 

kerogen pocket but is confined by a spherical cap which is full of gas at the 

heterogeneous interface of kerogen. Only if pk – pm > KTP (this is caused by the 

further gas pressure depletion in IM with the gas production), can the confined gas get 

rid of the restriction of the spherical cap at the heterogeneous interface and flow into 

IM. This criterion describes how the energy of the gas in kerogen exceeds the 

activation energy barrier (ΔG*, Gibbs free energy change) needed to break the 

spherical cap, as illustrated in Fig. 3-4. This mechanism has been demonstrated by the 

study of Lee et al. (2016) based on a molecular dynamics simulation. Here, our main 

objective is to translate ΔG* into differential pressure, i.e., KTP. As seen in Fig. 3-4, in 

a typical quasi-equilibrium state (pk – pm ≤ KTP), the shape of the spherical cap is 

determined by an effective contact angle (eff) and a contact area (A*). A* is defined as 

the contact area of the single spherical cap at the interface: A* = d*2/4, where d* is the 

diameter of the single spherical cap (see Fig. 3-4). eff can be calculated by the Cassie–

Baxter equation which describes that the cosine value of the effective contact angle is a 

linear combination of the cosine values of the contact angles on the kerogen solid (θsolid 

can be measured experimentally) and on the pore zone (where θpore = 0°, Cassie and 

Baxter, 1944): 

( ), ,arccos[ 1 cos ]eff k stress k stress solid   = + −  (3-16) 
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Fig. 3-4 The geometry of the methane spherical cap with an effective contact angle and a 

contact area at the interface between IM and kerogen with water film. eff is the contact angle 

which can be calculated by using the Cassie–Baxter equation; A* is the contact area of the 

spherical cap at the interface; d* is the diameter of the spherical cap. 

 

By conducting a mesoscale analysis of the spherical cap shape, Lee et al. (2016) 

demonstrated that ΔG* for gas liberation has the following relationship with eff, gas-

water interfacial tension (g-w), and Kelvin radius (R*): 

( )* *

eff g wG R   − =  (3-17) 

where κ(eff) is a geometrical factor. When the eff is not very large, the expression of 

κ(eff) is (Gennes, 1985; Hibbe et al., 2011; Kärger et al., 2014; Xue et al., 2014; Huber, 

2015; Lee et al., 2016): 

( ) 48

27
eff eff  =  (3-18) 

R* is defined by the ratio of g-w and (pk – pm): 
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m

g w
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R
p p
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−
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Combining Eqs. (3-17), (3-18), and (3-19) gives an expression of ΔG*: 

( )

3 4

*

2

8

27

g w eff

k m

G
p p

 −
 =

−
 (3-20) 

Eq. (3-20) relates the activation energy barrier to the pore pressure difference 

between inside and outside of kerogen pores. 

On the other hand, we consider the activation energy barrier from the perspective of 

surface free energy. When the gas is sealed in the kerogen pocket by the water film, 

the kerogen surface is covered by the water film. Once the gas is liberated, the water 

film is removed from the kerogen surface. Thus, the heterogeneous interface 

experiences a process of the gas displacing the water film. The initial state of kerogen 

with water film is illustrated in Fig. 3-5(a), while the critical state that the gas in 

kerogen with water film is about to be liberated is depicted in Fig. 3-5(b). Obviously, 

the gas liberation is equivalent can be deemed as “the gas spreading on the kerogen 

surface”. According to previously published principles in surface physical chemistry 

(Drew, 1999; Li et al., 2015; Lee et al., 2016), we can directly obtain the expression of 

the surface Gibbs free energy change of this spreading process (
*

surfG ): 

( )* *

,1surf sp k stressG A S  = − −  (3-21) 

where Ssp is the spreading parameter defined as: 

sp k g g w k wS   − − −= − −  (3-22) 

where k-g and k-w are the solid-gas interfacial tension and solid-water interfacial 

tension, respectively. In practical laboratory tests, both k-g and k-w are difficult to 

obtain. Therefore, we need to convert the expression of Ssp into a form without k-g and 

k-w. According to the classic Young-Laplace equation (Drew, 1999), the interfacial 

tensions k-g, k-w, and g-w obey the following relation: 
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cosg w eff k g k w   − − −= −  (3-23) 

 

 

Fig. 3-5 Gas liberation of the kerogen with water film can be considered as a spreading 

process of gas on the heterogeneous interface. (a) The initial state of kerogen with 

water film. (b) The critical state in which the gas in kerogen with water film is about to 

be liberated. 

 

Combining Eqs. (3-22) and (3-23) yields an expression of Ssp without k-g and k-w: 

( )cos 1sp g w effS  −= −  (3-24) 

Eq. (3-24) indicates that Ssp always has a negative value, implying the gas-confined 

state (i.e., gas is trapped in kerogen by a water film at the heterogeneous interface of 

kerogen) is thermodynamically stable (Lee et al., 2016). To release the gas sealed in 

kerogen by the water film, the value of (pk – pm) should be increased by the depletion 

of pm to enhance the potential energy of the gas in kerogen and climb the activation 

energy barrier. Combining Eqs. (3-21) and (3-24) gives a new expression of *

surfG : 

( )( )* *

,cos 1 1surf g w eff k stressG A   − = − − −  (3-25) 

Lee et al. (2016) have demonstrated that the gas liberation process and the gas 

spreading process at the heterogeneous interface of kerogen are thermodynamically 

equivalent. Therefore, we have the following equation: 
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*

surfG G =   (3-26) 

Combining Eqs. (3-20), (3-25) and (3-26), the term ΔG* can be cancelled out, 

giving the following equation linking the wettability parameters, stress-dependent 

kerogen porosity, and (pk – pm): 

( )( )
2

*

,

8

27 1 cos 1
k m g w eff

eff k stress

p p
A


 

 
−− =

− −
 (3-27) 

Obviously, if the quasi-equilibrium state shown in Fig. 3-4 also denotes the critical 

state in which the gas in kerogen with water film is about to be liberated. The term (pk 

– pm) in this critical state just corresponds to the threshold differential pressure (KTP). 

Thus, we obtain the final expression of KTP: 

( )( )
2

*

,

8

27 1 cos 1
g w effc

c effc k stress

KTP
A


 

 
−=

− −
 (3-28) 

where *

cA  is a characteristic contact area. while effc is a characteristic contact angle. 

effc denotes the eff tested by using a contact tester when the kerogen begins to release 

gas (i.e., the critical state of gas liberation). *

cA  denotes the contact area of the water 

film at the kerogen surface when the kerogen begins to release gas (i.e., the critical 

state of gas liberation). By using an optical microscope, *

cA  can be determined. 

It should also be noted that g-w changes with T and pk. There is a great deal of 

previous literature providing relevant data. For example, when the reservoir 

temperature is 353.15 K, the varying g-w with pk are tested by Ren et al. (2000) (see 

Fig. 3-6): 
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Fig. 3-6 Values of methane-water interfacial tension under different gas pressures 

[Temperature = 353.15 K, according to the data provided by Ren et al. (2000)]. 

 

The new KTP model presented in Eq. (3-28) suggests that whether the gas can be 

released from the kerogen with water film depends on the combined effects of the pore 

pressure difference between kerogen and IM, fluid wettability at the kerogen surface, 

and stress-dependent porosity. By using this model, the control function switch(pk, pm) 

can be figured out, and the on/off mechanism for gas liberation can be expressed. 

Combining Eqs. (3-9), (3-10), (3-11), (3-12), (3-13), (3-14), (3-15), and (3-28), we 

obtain the full form of the governing equation of gas transport in kerogen: 
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3.3.3 Gas-water two-phase flow in inorganic matrix 

3.3.3.1 Governing equation of IM 

In IM, the adsorbed gas storage is ignored, and the gas-water two-phase flow is 

considered because of the hydrophilic characteristic of IM pores. These inorganic 

pores have little adsorption amount, and spontaneously hold water by capillary 

imbibition. Based on the two-phase Darcy’s law (Chavent and Jaffre, 1986; Rutqvist et 

al., 2002; Chen et al., 2006; Cao et al., 2017a), the governing equation for water and 

gas transport in IM can be written as: 

( )

( )

,

,

, ,

,

gm m stress gm mapp rgm
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− −
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+   −  = − 
  

 (3-30) 

where the first equation is for the gas flow in IM, and the second equation is for the 

water flow in IM. ρgm is the gas density in IM, computed according to pgm and the real 

gas equation of state (see Appendix 3A); kmapp is the apparent gas permeability in IM; 

m,stress is the stress-dependent IM porosity; km,stress is the stress-dependent IM 

permeability; Qk-m is the mass source term of kerogen supplying gas to IM; -Qg,m-na is 

the mass sink term of IM supplying gas to NA; -Qw,m-na is the mass sink term of IM 

supplying water to NA; ρw is the water density; krgm is the relative permeability of gas 

in IM; krwm is the relative permeability of water in IM; μw is the water viscosity. 

 

3.3.3.2 Porosity and permeability models 

Similar to those of kerogen, the stress-dependent porosity of IM can be determined 

by applying Cui-Bustin’s model: 

 , 0 0 0exp ( ) ( )m stress m m m m mC p p     = − − − −   (3-31) 
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where m0 is the initial IM porosity; Cm is the pore compressibility of IM, defined as 

Cm = m/(m0Km) (Palmer and Mansoori, 1998; Cui and Bustin, 2005; Li et al., 2020b); 

pm0 is the initial pore pressure in IM. It should be noted that the IM pore pressure (pm) 

here is the average fluid pressure given by Eq. (3-3). The evolution of pm influences 

the effective stress of IM [ 0 0( ) ( )m m mp p  − − − ]. 

Furthermore, considering the effect of gas flow regime, the apparent gas 

permeability in IM can be expressed as: 

( )

( ),

0

m

mapp m stress

m

f Kn
k k

f Kn
=   (3-32) 

where Knm is the Knudsen number in IM; Knm0 is the initial Knudsen number in IM. 

They can be calculated according to the method given in Appendix 3B. km,stress is the 

stress-dependent permeability of IM based on Cui-Bustin’s model: 

 , 0 0 0exp 3 ( ) ( )m stress m m m m mk k C p p   = − − − −   (3-33) 

where km0 is the initial absolute permeability of IM. 

 

3.3.3.3 Mass source-sink term 

The gas sink term (-Qg,m-na) and the water sink term (Qw,m-na) of IM supplying fluids 

to NA are defined based on the theory proposed by Kazemi et al. (1992): 

, ( )
m na gm mapp rgm

g m na gm gna

g

D k k
Q p p





−

− = −  (3-34) 

,

, ( )
m na w m stress rwm

w m na wm wna

w

D k k
Q p p





−

− = −  (3-35) 

where Dm-na is a shape factor related to the mean IM block size. For cubic IM blocks 

separated by the natural fractures, Dk-m = 8/Lm
2, where Lm is the mean length of the IM 

blocks (i.e., the mean natural fractures spacing). 
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3.3.3.4 Saturation equation and capillary pressure 

As an additional constraint, the gas and water saturations in IM should obey the 

following relation: 

 1gm wmS S+ =   (3-36) 

The difference between gas pressure and water pressure in IM is defined as IM 

capillary pressure (pcm): 

gm wm cmp p p− =  (3-37) 

pcm is a function of Swm. For a given Swm, the pcm, gas relative permeability (krgm), 

water relative permeability (krwm), and gas relative permeability (krwm) can be directly 

calculated by using the analytical model proposed by Brooks and Corey (1964), as 

detailed in Appendix 3C. Combining Eqs. (3-30), (3-31), (3-32), (3-33), (3-34), (3-36), 

and (3-37), we obtain the full form of the governing equation of fluid transport in IM: 

( )

( )
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 (3-38) 

 



 

School of Engineering 

Chapter 3                                                                 The University of Western Australia 

- 116 - 

 

3.3.4 Gas-water two-phase flow in natural fractures network 

3.3.4.1 Governing equation of NA 

The natural fractures network (NA) in the proposed model refers to an inorganic 

continuum with relatively higher initial porosity, initial absolute permeability, initial 

water saturation, and lower bulk modulus compared to those of IM. Moreover, these 

NA properties are differently set in SRD and NSRD domains to reflect the 

multidomain effect caused by hydraulic fracking. The effects of gas flow regime on 

gas apparent permeability and gas sorption are ignored in NA (Wei et al., 2018). With 

a similar form with Eq. (3-30), the governing equation for gas-water two-phase flow in 

NA can be written as: 

( )

( )

, ,

,

, ,

,

j j j j j
gna na stress gna na stress rgnaj j

gna gna g m na

g

j j j j
w na stress wna na stress rwna j

w wna w m na

w

S k k
p Q

t

S k k
p Q

t

 




 




−

−

  
 +  −  =    


  
+  −  =     

 (3-39) 

where the superscript j is the domain indicator, j = SRD or NSRD; ρgna is the gas 

density in NA, computed according to pgna and the real gas equation of state (see 

Appendix 3A); na,stress is the stress-dependent NA porosity; kna,stress is the stress-

dependent NA permeability; Qg,m-na is the source term of IM supplying gas to NA; 

Qw,m-na is the source term of IM supplying water to NA; krgna is the relative 

permeability of gas in NA; krwna is the relative permeability of water in NA. 

 

3.3.4.2 Porosity and permeability models 

Applying Cui-Bustin’s model again, the stress-dependent porosity and permeability 

of NA can be expressed as: 

 , 0 0 0exp ( ) ( )j j j j j

na stress na na na na naC p p     = − − − −   (3-40) 
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 , 0 0 0exp 3 ( ) ( )j j j j j

na stress na na na na nak k C p p   = − − − −   (3-41) 

where na0 is the initial NA porosity; Cna is the pore compressibility of NA, defined as 

Cna = na/(na0Kna); pna is the pore pressure in NA given by Eq. (3-3); pna0 is the initial 

pore pressure in NA; kna0 is the initial absolute permeability of NA. 

 

3.3.4.3 Saturation equation and capillary pressure 

Similar to those in IM, the gas and water saturations in NA should obey the 

following relation: 

 1gna wnaS S+ =  (3-42) 

The difference between gas pressure and water pressure in NA is defined as NA 

capillary pressure (pcna): 

gna wna cnap p p− =  (3-43) 

pcna, krgna, and krwna are calculated by using the model proposed by Brooks and 

Corey (1964), as detailed in Appendix 3C. 

 

3.3.4.4 Continuity at boundaries 

It should be emphasized that the continuities of the pore pressure, mass flow rate of 

gas ( j

gnaq ), mass flow rate of water ( j

wnaq ), gas saturation, and water saturation in NA at 

the boundary between SRD and NSRD should be ensured: 

= ;

;

;

;

NSRD SRD

na at SRD boundary na at SRD boundary

NSRD SRD

gna at SRD boundary gna at SRD boundary

NSRD SRD

wna at SRD boundary wna at SRD boundary

NSRD SRD

gna at SRD boundary gna at SRD boundary

NSR

wna

p p

q q

q q

S S

S

=

=

=

D SRD

at SRD boundary wna at SRD boundaryS
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 (3-44) 
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Meanwhile, the continuities of the pore pressure, gas flow rate, water flow rate, gas 

saturation, and water saturation should also be satisfied at HF which can be considered 

as an outlet boundary of NA-SRD: 

= ;

; ;

;

SRD

na at HF f at HF

SRD SRD

gna at HF gf at HF wna at HF wf at HF

SRD SRD

gna at HF gf at HF wna at HF wf at HF

p p

q q q q

S S S S





= =


= =

 (3-45) 

where pf is the pore pressure in HF, defined by Eq. (3-3); 
gfq  is the inlet mass flow rate 

of gas in HF; 
wfq  is the inlet mass flow rate of water in HF; Sgf is the gas saturation in 

HF; Swf is the water saturation in HF. Combining Eqs. (3-39), (3-40), (3-41), (3-42), 

(3-43), (3-44), and (3-45), we obtain the full form of the governing equation of fluid 

transport in NA: 
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 (3-46) 

 

3.3.5 Gas-water two-phase flow in primary hydraulic fracture 

3.3.5.1 Governing equation of HF 

Primary hydraulic fracture (HF) is simplified as a 1-D fractured medium. 

Meanwhile, it is also the outlet flow boundary of NA in SRD. HF bridges the 
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horizontal wellbore and the bulk shale. Based on a previous study (Li et al., 2020b), 

the governing equation of gas-water two-phase flow in HF can be given as the 

following form: 

( )

( )

, ,

,

, ,

,

0

0

gf f stress gf f stress rgf

T f stress gf gf

g

w f stress wf f stress rwf

T f stress wf wf

w

S k k
b p

t

S k k
b p

t

 




 




  
 +   −  = 

   


  
+   −  =  

  

 (3-47) 

where ∇T denotes the gradient operator restricted to the tangential plane of HF; ρgf is 

the gas density in HF, computed according to pgf and the real gas equation of state (see 

Appendix 3A); f,stress is the stress-dependent HF porosity; kf,stress is the stress-

dependent HF permeability; krgf is the relative permeability of gas in HF; krwf is the 

relative permeability of water in HF. 

 

3.3.5.2 Porosity and permeability models 

Stress-dependent porosity and permeability of HF (f,stress and kf,stress) are 

determined by using the model proposed by Li et al. (2020b). In this model, the 

evolution of the mean stress at a certain point in HF is converted into the change of 

pore pressure according to Biot’s theory in poroelasticity: 

, 0 0exp ( )f stress f f f fC p p   = −   (3-48) 

 , 0 0exp 2 ( )f stress f f f fk k C p p= −  (3-49) 

where f0 is the initial HF porosity; Cf is the pore compressibility of HF, defined as Cf 

= f/(f0Kf); pf0 is the initial pore pressure in HF; kf0 is the initial absolute HF 

permeability. 

Besides, the stress-dependent HF aperture (bf,stress) has the following expression: 

, 0 0exp ( )f stress f f f fb b C p p = −   (3-50) 
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where bf0 is the initial HF aperture. 

 

3.3.5.3 Saturation equation and capillary pressure 

Similar to IM and NA, the gas and water saturations in HF obey the following 

relation: 

 1gf wfS S+ =  (3-51) 

The difference between gas pressure and water pressure in HF is defined as HF 

capillary pressure (pcf): 

gf wf cfp p p− =  (3-52) 

pcf, krgf, and krwf are calculated by using the model proposed by Brooks and Corey 

(1964), as detailed in Appendix 3C. 

 

3.3.5.4 Continuity at boundaries 

Note that the inflow of HF is exactly provided by the outflow from SRD [see the 

boundary condition in Eq. (3-45)]. That is why there is no mass source term on the 

right hand of the first equation in Eq. (3-47). Another boundary condition is that, at the 

intersection line of HF and the wellbore, the value of pf equals the bottom-hole 

pressure (BHP): 

f at wellborep BHP=  (3-53) 

Combining Eqs. (3-47), (3-48), (3-49), (3-51), (3-52), and (3-53), we obtain the full 

form of the governing equation of HF: 
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3.3.6 Coupling relationship of multiple physical processes in different 

porous media and domains 

The partial differential equations Eqs. (3-8), (3-29), (3-38), (3-46), and (3-54) 

construct the fully coupled, multidomain, and multiphysics model considering water 

effects for the evaluation of gas-water production from stimulated shale reservoirs. The 

relationship between different physics is summarized in Fig. 3-7. First of all, the 

mechanical coupling relationship [Eq. (3-8)] globally controls the evolutions of stress-

dependent porosity and permeability in different media and domains. In the second 

place, the complex flow processes in the various media [Eqs. (3-29), (3-38), (3-46), 

and (3-54)] are linked by the mass conservation law, resulting in different fluid phase 

distributions and pressure evolutions in these media. Thirdly, different properties in 

various domains caused by hydraulic fracking treatment can be conveniently input, 

which leads to distinct changes in these domains during shale gas extraction. Fourthly, 

by setting boundary conditions, the continuity of fluid flow is ensured. In brief, the 
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complexities of multiple physical processes occurring in the stimulated shale gas 

reservoir are comprehensively incorporated in the proposed model. 

 

Fig. 3-7 Relationship and interactions between different porous media and physical processes 

in a stimulated shale gas reservoir. 

 

Basically, the sequence flow process is fulfilled by the property settings. First, we 

set values of the initial permeabilities of HF (kf0), NA-SRD (
0

SRD

nak ), NA-NSRD ( 0

NSRD

nak ), 

IM (km0), and kerogen (kk0): kf0 >> 
0

SRD

nak  >> 0

NSRD

nak  >> km0. This setting automatically 

leads to the sequential flow. The pressure in HF deletes most rapidly due to the highest 

permeability of HF. The pressure depletion order is then sequentially followed by NA-

SRD, NA-NSRD, IM, and kerogen due to the descending order of the permeabilities 

(i.e., the higher permeability corresponds to the faster pressure depletion). This can be 

fulfilled by directly inputting the values of the reservoir parameters. Second, the mass 

exchanges between the continua (NA, IM, and kerogen) are one-way. That is, kerogen 

can only give gas to IM, while the opposite thing will never happen. Similarly, IM can 

only give fluids to NA. This can be fulfilled by setting one-way mass sources in the 
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commercial equation solver based on FEM. Third, to reflect the change of the on/off 

state of the kerogen with film water, the function switch (pk, pm) is used to control 

whether the kerogen supplies gas to the IM. If (pk – pm) > KTP, the kerogen is opened 

to liberate gas; otherwise, the kerogen is closed to cut off the mass source from 

kerogen to IM. This can be fulfilled by setting a function expression with a conditional 

statement in the commercial equation solver based on FEM. 

 

3.4 Model verification 

To verify the multidomain and multiphysics model proposed in this work, a set of 

gas-water production data from a horizontal gas well in Barnett Shale in the United 

States is collected from the published literature (Al-Ahmadi and Wattenbarger, 2011; 

Cao et al., 2017a) for data matching. The proposed model formulated in Section 3.3 is 

implemented by using COMSOL Multiphysics (Version 5.4), a commercial PDE 

solver based on the finite element method (FEM), so that the shale gas extraction 

process of the case can be numerically simulated. An illustration of the 2D geometry 

(for the method to simplify the 3D reservoir to a 2D geometry, please see Section 2.4) 

and the boundary conditions of the simulation case of Barnett Shale is shown in Fig. 3-

8. The top view of a quarter of the shale gas reservoir is presented in Fig. 3-8 (a). 

According to the geometric symmetry, the gas extraction process in a half hydraulic 

fracking segment [see Fig. 3-8 (b)] is first simulated to obtain the daily gas production 

(Pd,gas,half-segment) and daily water production (Pd,water,half-segment) of the half segment. 

After that, the total daily gas production (Pd,gas) and the total daily water production 

(Pd,water) of the whole reservoir can be simply figured out as follows: 

, , ,2d gas d gas half segmentP PN −=  (3-55) 
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, , ,2d water d water half segmentP PN −=  (3-56) 

where N is the number of HFs (i.e., the number of hydraulic fracking segments). In this 

case, N = 14. This simplified calculation method has been successfully used for the 

evaluation of shale gas production by Cheng (2012) and Liu et al. (2019b). It should 

also be noted that each half hydraulic fracking segment is under a geo-stress field 

orthogonally decomposed as the maximum horizontal geo-stress and the minimum 

horizontal geo-stress, while the roller constraints are set along the horizontal wellbore 

and the left boundary, as shown in Fig. 3-8 (b). These settings reflect the influence of 

the in-situ-geo-stress field on shale deformation (Cao et al., 2016a; Cao et al., 2016b; 

Li et al., 2020b). 

 

 

Fig. 3-8 Geometry and boundary condition of the simulation case for Barnett Shale. (a) Top 

view of a quarter of the shale gas reservoir; (b) A half hydraulic fracking segment including a 

half-length HF, SRD, and NSRD. 

 

The reservoir properties and modelling parameters used for the simulation case of 

Barnett Shale are listed in Table 3-1. These parameters are extracted from the 

previously published studies (Al-Ahmadi and Wattenbarger, 2011; Cheng, 2012; Cao 
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et al., 2017a; Liu et al., 2019b; Li et al., 2020b) except those related to the 

wettability/interfacial properties for the calculation of KTP because KTP is a new 

concept proposed in this work. These wettability/interfacial properties include 

characteristic contact area ( *

cA ), characteristic contact angle (
effc ), and gas-water 

interfacial tension (
g w −

). As a reflection of the difference between SRD and NSRD 

caused by hydraulic fracking treatment, the NA-SRD and NA-NSRD have different 

bulk moduli, entry pressure for two-phase flow, initial porosity, initial absolute 

permeability, and initial water saturation. Specifically, SRD

naK < NSRD

naK , SRD

enap < NSRD

enap , 
0

SRD

na >

0

NSRD

na , and 
0

SRD

nak >
0

NSRD

nak  are caused by the generation of secondary hydraulic fractures and 

the activation of the natural fractures in SRD, while 
0

SRD

wnaS >
0

NSRD

wnaS  is originated from the 

invasion of water-based fracking fluids (such as slickwater) into SRD. More 

importantly, the wettability/interfacial properties in SRD (containing the mixture of the 

connate brine and the invaded fracking fluids) and NSRD (only containing the connate 

brine) are different. Specifically, *SRD

cA < *NSRD

cA , SRD

effc  > NSRD

effc , and SRD

g w −
=1.1× SRD

g w −
. These 

differences, reflecting the fact that the invasion of external fluids affects the gas 

liberation from kerogen in SRD, will be discussed in Section 3.5.3. The different 

settings of the parameters in various domains also indicate the great flexibility of our 

model in differentiating SRD and NSRD. According to the practical demand of 

simulation, more reservoir parameters may be set differently in SRD and NSRD to 

fully consider the difference between these two distinct domains in multiple aspects. 

These parameter differences can be obtained in advance by field logging, well-test 

analysis, or geological information techniques (Rezaee, 2015; Li et al., 2020b). 

The data-matching results presented in Fig. 3-9(a) demonstrate that the daily gas 

production curve for 1700-day extraction simulated by using the proposed model is 
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highly consistent with the field data. (note that the fluctuation of the field data is 

speculated to be caused by the heterogeneity of the actual shale reservoir). As a 

comparison, a multidomain numerical model based on single (gas) phase flow 

proposed by Li et al. (2020b) is also used to match the same gas production data. It is 

found that the proposed model in this work performs better than the single-phase flow 

model. Specifically, the single (gas) phase flow model gives apparently higher daily 

gas production values than the field data during the first 10 days because it ignores the 

hindrance effect of water on gas flow, while the results computed by using the 

proposed model are closer to the field data. Moreover, the single-phase flow model 

gives slightly lower daily gas production values compared to the field data during 1300 

– 1700 day, while the results given by the proposed model excellently match the field 

data in this period. This difference can be ascribed to the combined effects of the 

on/off gas-supplying mechanism of kerogen and the two-phase flow. These effects are 

included in our model, while they are not considered in the single-phase flow model. 

For daily water production, the results simulated by using another two-phase flow 

model proposed by Cao et al. (2017a) for the same case are plotted for comparison. It 

can be seen in Fig. 3-9(b) that the model proposed in this work gives very similar 

results compared to the results of Cao et al.’s model. It is noteworthy that our model 

incorporates more influencing factors (such as mechanical deformation and the on/off 

gas-supplying mechanism of kerogen) than Cao et al.’s model. As discussed below, the 

multiple influencing factors and complexities included in the proposed model may 

greatly affect the accuracy of reservoir production evaluation. In short, by the 

comparison presented in this section, the validity and applicability of the proposed 

multidomain, multiphysics, two-phase flow model are verified. 
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Fig. 3-9 Production history match for Barnett Shale. (a) Daily gas production: The scattered 

dots denote the field data; the red line denotes the simulation results given by using the model 

proposed in this work; the blue line denotes the results computed by using the model proposed 

by Li et al. (2020b). (b) Daily water production: The scattered squares denote the results 

numerically computed by Cao et al. (2017a); the red line denotes the results computed by 

using the model proposed in this work. 
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Table 3-1 Reservoir properties and modelling parameters for the case of Barnett Shale. The 

parameters are collected from published studies (Al-Ahmadi and Wattenbarger, 2011; Cheng, 

2012; Cao et al., 2017a; Liu et al., 2019b; Li et al., 2020b). 

Parameter Value Symbol Unit 

Simulation model dimension: length×width×

thickness 
30.48×145×90 - m×m×m 

Simulated SRD dimension: length×width×

thickness 
30.48×54.8×90 - m×m×m 

Half length of HF 47.2 - m 

Reservoir temperature 353.15 T K 

Number of HFs 28 N - 

Maximum horizontal geo-stress 41.6×106 - Pa 

Minimum horizontal geo-stress 37.3×106 - Pa 

Initial pore pressure of reservoir 20.34×106 
pk0, pm0, pna0, 

and pf0 
Pa 

Bottom-hole pressure 3.69×106 BHP Pa 

Shale density 2460 ρs kg/m3 

Molar weight of methane 0.016 M kg/mol 

Gas viscosity 1.84×10-5 g Pa∙s 

Water density 971.8 μw kg/m3 

Langmuir volume constant 0.00272 VL m3/kg 

Langmuir strain constant 0.008 εL - 

Volumetric fraction of kerogen 0.05 ηk - 

Bulk modulus of kerogen 5.0×109 Kk Pa 

Poisson’s ratio of kerogen 0.21 υk - 

Mean radius of kerogen pockets 0.76 Rk m 

Initial kerogen porosity 0.1 k0 - 

Initial kerogen apparent permeability 1.2×10-21 kk0 m2 

Initial kerogen tortuosity 2.0 τk0 - 

Biot coefficient of kerogen 0.4 
*

k  - 

Archie cementation index of kerogen 5 qk - 

Characteristic contact area for KTP 
SRD: 1.8×10-10 

NSRD: 2.0×10-10 

*SRD

cA  

*NSRD

cA  

m2 

m2 

Characteristic contact angle for KTP 
SRD: 18 

NSRD: 15 

SRD

effc  

NSRD

effc  

 

 

Gas-water interfacial tension 

SRD: 1.1× NSRD

g w −
 SRD

g w −
 N/m 

NSRD: Interpolation 

based on the data in Fig. 

3-6 

NSRD

g w −
 N/m 

Bulk modulus of IM 7.25×109 Km Pa 

Poisson’s ratio of IM 0.2 υm - 

Mean length of IM blocks 3.05 Lm m 
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Table 3-1 (Continued) 

Parameter Value Symbol Unit 

Initial IM absolute permeability 1.0×10-20 km0 m2 

Initial IM porosity 0.04 m0 - 

Initial IM tortuosity 1.5 τm0 - 

Biot coefficient of IM 0.5 
*

m  - 

Initial water saturation in IM 0.26 Swm0 - 

Irreducible water saturation in IM 0.22 Swrim - 

Irreducible gas saturation in IM 0.2 Sgrim - 

Entry pressure for two-phase flow in IM 5.0×106 pem Pa 

Archie cementation index of IM 2.5 qm - 

Volumetric fraction of NA 0.07 ηna - 

Poisson’s ratio of NA 0.27 υna - 

Biot coefficient of NA 1 
*

na  - 

Irreducible water saturation in NA 0.15 Swrina - 

Irreducible gas saturation in NA 0.1 Sgrina - 

Bulk modulus of NA 
SRD: 4.0×108 

SRD

naK  Pa 

NSRD: 2.0×109 
NSRD

naK  Pa 

Initial NA porosity 
SRD: 0.2 0

SRD

na  - 

NSRD: 0.12 0

NSRD

na  - 

Initial NA absolute permeability 
SRD: 7.0×10-16 0

SRD

nak  m2 

NSRD: 3.0×10-17 0

NSRD

nak  m2 

Initial water saturation in NA 
SRD: 0.8 0

SRD

wnaS  - 

NSRD: 0.4 0

NSRD

wnaS  - 

Entry pressure for two-phase flow in NA 
SRD: 1.0×106 

SRD

enap  Pa 

NSRD: 2.0×106 
NSRD

enap  Pa 

Bulk modulus of HF 3.3×108 Kf Pa 

Biot coefficient of HF 1 
*

f  - 

Initial HF porosity 0.3 f0 - 

Initial HF absolute permeability 5.0×10-14 kf0 m2 

Initial HF aperture 0.003 bf0 m 

Initial water saturation in HF 0.8 Swf0 - 

Irreducible water saturation in HF 0 Swrif - 

Irreducible gas saturation in HF 0 Sgrif - 

Entry pressure for two-phase flow in HF 0 pef Pa 

 

As for the selection of the single-phase or two-phase flow models, it should be 

noted that each of them has its own merits and disadvantages. The (less accurate) 

single-phase flow model ignores the water effect on gas flow and has a simpler 

equation form, so it needs fewer computation resources. In contrast, the (more accurate) 
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two-phase flow model needs more computation cost and time to achieve the numerical 

solution of a more complex set of partial differential equations. Therefore, if the 

studied reservoir contains little mobile water (this can be judged by a low water 

saturation or a small two-phase zone in the relative permeability curve figure, which 

means the water effect on gas flow is insignificant), the single-phase flow model can 

be selected for simulation to save the computation cost and time. If the studied 

reservoir contains a large amount of mobile water, (this can be judged by a high water 

saturation or a large two-phase zone in the relative permeability curve figure, which 

means the water effect on gas flow is significant), the two-phase flow model is 

recommended to ensure the accuracy of the simulation. In short, the selection of the 

suitable model should be based on the initial mobile water content of the shale 

reservoir and principle of the cost-effectiveness. 

 

3.5 Results and discussion 

In this section, a base case is first simulated to understand the general evolutions of 

key reservoir properties and gas/water production. The influences of the initial 

absolute permeabilities and bulk moduli of different components of the shale reservoir 

on the gas extraction process are investigated to highlight the importance of gas-

supplying capability of different media, mechanical coupling effect, and multi-domain 

effect for gas production. After that, a sensitivity analysis focusing on the effects of 

water in the stimulated shale reservoir on gas production is carried out. This issue 

includes two aspects: (1) The effects of water on the gas-water two-phase flow, which 

is influenced by the relative permeability curves; (2) The effects of water on the 

liberation of the gas originally stored in kerogen, which is controlled by the on/off gas-
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supplying mechanism and KTP. The findings and analysis in this section not only 

enhance the understanding of the gas-water two-phase transport process, but also 

provide some insights into how to improve shale gas recovery. 

3.5.1 Overview of shale gas extraction process: A base case 

3.5.1.1 Overall gas-water production process 

A base case is simulated by using the proposed multidomain, multiphysics, two-

phase flow model to comprehensively understand the overall production behaviour of 

the stimulated shale gas reservoir containing water. The base case is adapted from the 

simulation case of Barnett Shale in Section 3.4, and its reservoir properties and 

modelling parameters are listed in Table 3-2. By comparing Table 1 and Table 2, it 

can be known that the base case has the following differences compared to the Barnett 

Shale case: (1) ηk and VL are increased to have a higher original gas reserve in kerogen; 

(2) kk0, km0, and 
0

SRD

nak  are increased, and Rk is decreased to accelerate the gas extraction 

process (to avoid a too-long simulation period of time needed for extracting all the 

recoverable gas); (3) Swm0 is increased to have more fluid fraction influenced by the 

on/off mechanism caused by water film; (4) *SRD

cA  and *NSRD

cA  are decreased, while SRD

effc  

and NSRD

effc  are increased to get higher KTPs in SRD and NSRD. These modifications 

aim at forming a stimulated shale gas reservoir where the effect of the on/off gas-

supplying mechanism on gas production is significant, while the reservoir parameters 

and the simulated gas/water flow rates are still in reasonable ranges. For the base case, 

an 80-year (29200-day) simulation of shale gas extraction is conducted. The daily 

production (Pd,gas) and the cumulative gas production (Pc,gas) of the whole shale 

reservoir in extraction process are shown in Fig. 3-10(a). It can be known that the 

Pd,gas exhibits a dual-peak behaviour. In the very beginning (1-5 day) of the production 
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process, Pd,gas sharply increases to exhibit the first gas production peak (approximately 

1.3×105 standard m3), then it drops considerably during 5-80 day. After that, Pd,gas 

climbs up again until approximately 500 day to reach the second gas production peak 

(approximately 7.1× 104 standard m3), then it decreases again. The Pc,gas keeps 

climbing before it levels out at approximately 15000 day. The first peak of the Pd,gas vs. 

time curve is narrow and high, which can be ascribed to the rapid depletion of the gas 

near the wellbore driven by the enormous pressure gradient between the bottomhole 

and the reservoir. In contrast, the second peak of the Pd,gas vs. time curve is relatively 

wide and low, which is caused by the compensation effect of gas supply from kerogen. 

This dual-peak behaviour of Pd,gas in stimulated shale reservoir has been reported by 

Shaoul et al. (2011). As for water production, the Pd,water and the cumulative water 

production (Pc,water) curves are shown in Fig. 3-10(b). Pd,water soars to a significant 

peak at the very beginning of the production process, and then rapidly declines. 

Correspondingly, the Pc,water curve first increases, and levels out at approximately 6000 

day when the water can hardly be extracted. The general trend of water production 

simulated by using the proposed model is consistent with the results published in 

previous studies (Cao et al., 2017a; Wang et al., 2018). 
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Table 3-2 Reservoir properties and modelling parameters for the base case. 

Parameter Value Symbol Unit 

Simulation model dimension: length × width ×

thickness 
30.48×145×90 - 

m×m×

m 

Simulated SRD dimension: length × width ×

thickness 
30.48×54.8×90 - 

m×m×

m 

Half length of HF 47.2 - m 

Reservoir temperature 353.15 T K 

Number of HFs 28 N - 

Maximum horizontal geo-stress 41.6×106 - Pa 

Minimum horizontal geo-stress 37.3×106 - Pa 

Initial pore pressure of reservoir 20.34×106 
pk0, pm0, pna0, 

and pf0 
Pa 

Bottom-hole pressure 3.69×106 BHP Pa 

Shale density 2460 ρs kg/m3 

Molar weight of methane 0.016 M kg/mol 

Gas viscosity 1.84×10-5 g Pa∙s 

Water density 971.8 μw kg/m3 

Langmuir volume constant 0.005 VL m3/kg 

Langmuir strain constant 0.008 εL - 

Volumetric fraction of kerogen 0.12 ηk - 

Bulk modulus of kerogen 5.0×109 Kk Pa 

Poisson’s ratio of kerogen 0.21 υk - 

Mean radius of kerogen pockets 0.5 Rk m 

Initial kerogen porosity 0.1 k0 - 

Initial kerogen apparent permeability 1.2×10-21 kk0 m2 

Initial kerogen tortuosity 2.0 τk0 - 

Biot coefficient of kerogen 0.4 
*

k  - 

Archie cementation index of kerogen 5 qk - 

Characteristic contact area for KTP 
SRD: 1.8×10-13 

NSRD: 3.0×10-12 

*SRD

cA  

*NSRD

cA  

m2 

m2 

Characteristic contact angle for KTP 
SRD: 60 

NSRD: 45 

SRD

effc  

NSRD

effc  

 

 

Gas-water interfacial tension 

SRD: 1.25× NSRD

g w −
 SRD

g w −
 N/m 

NSRD: Interpolation 

based on the data in Fig. 

3-6 

NSRD

g w −
 N/m 

Bulk modulus of IM 7.25×109 Km Pa 

Poisson’s ratio of IM 0.2 υm - 

Mean length of IM blocks 3.05 Lm m 

Initial IM absolute permeability 1.0×10-20 km0 m2 

Initial IM porosity 0.04 m0 - 

Initial IM tortuosity 1.5 τm0 - 

Biot coefficient of IM 0.5 
*

m  - 

Initial water saturation in IM 0.34 Swm0 - 
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Table 3-2 (Continued) 

Parameter Value Symbol Unit 

Irreducible water saturation in IM 0.22 Swrim - 

Irreducible gas saturation in IM 0.2 Sgrim - 

Entry pressure for two-phase flow in IM 5.0×106 pem Pa 

Archie cementation index of IM 2.5 qm - 

Volumetric fraction of NA 0.05 ηna - 

Poisson’s ratio of NA 0.27 υna - 

Biot coefficient of NA 1 
*

na  - 

Irreducible water saturation in NA 0.15 Swrina - 

Irreducible gas saturation in NA 0.1 Sgrina - 

Bulk modulus of NA 
SRD: 4.0×108 

SRD

naK  Pa 

NSRD: 2.0×109 
NSRD

naK  Pa 

Initial NA porosity 
SRD: 0.2 0

SRD

na  - 

NSRD: 0.12 0

NSRD

na  - 

Initial NA absolute permeability 
SRD: 7.0×10-16 0

SRD

nak  m2 

NSRD: 3.0×10-17 0

NSRD

nak  m2 

Initial water saturation in NA 
SRD: 0.8 0

SRD

wnaS  - 

NSRD: 0.4 0

NSRD

wnaS  - 

Entry pressure for two-phase flow in NA 
SRD: 1.0×106 

SRD

enap  Pa 

NSRD: 2.0×106 
NSRD

enap  Pa 

Bulk modulus of HF 3.3×108 Kf Pa 

Biot coefficient of HF 1 
*

f  - 

Initial HF porosity 0.3 f0 - 

Initial HF absolute permeability 5.0×10-14 kf0 m2 

Initial HF aperture 0.003 bf0 m 

Initial water saturation in HF 0.8 Swf0 - 

Irreducible water saturation in HF 0 Swrif - 

Irreducible gas saturation in HF 0 Sgrif - 

Entry pressure for two-phase flow in HF 0 pef Pa 
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Fig. 3-10 Production curves of the base case during 29200-day gas extraction process. (a) 

Daily and cumulative gas production curves. (b) Daily and cumulative water production curves. 

 

To directly understand the gas-water production process, the evolution of pore 

pressure distribution in NA during production is shown in Fig. 3-11; while the 

evolution of pore pressure distribution in IM during production is shown in Fig. 3-12. 

Note that the pore pressure here is the average pressure of gas and water according to 

the definition in Eq. (3-3). Comparing the two figures, the difference in the evolutions 

of pore pressure between NA and IM can be clearly seen. In the first 5 years of 

production, there is an apparent differential pressure between NA and IM due to the 

much faster drainage in the highly permeable NA compared to that in the tight IM. 

With the progress of pore pressure depletion, this differential pressure dwindles and 

eventually becomes very small. For another, the pore pressure depletion in HF is much 

faster than that in SRD, while the pore pressure depletion in SRD is significantly faster 

than that in NSRD. These general trends are consistent with the sequential flow 

described in Fig. 3-3. The evolution of gas pressure in kerogen affected by KTP will be 

particularly discussed in Section 3.5.3. 
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Fig. 3-11 Evolution of pore pressure distribution in NA during production based on the base 

case. 



 

School of Engineering 

Chapter 3                                                                 The University of Western Australia 

- 137 - 

 

 

Fig. 3-12 Evolution of pore pressure distribution in IM during production based on the base 

case. 

 

To further understand the water transport in the shale reservoir during gas 

extraction, the evolutions of Swna and Swm in SRD and NSRD are investigated. Besides, 

the change of Swf is also studied. Three inspection points with their coordinates marked 

in Fig. 3-13 represent the different domains of the reservoir: Point A represents HF, 

Point B denotes SRD, and Point C represents NSRD, respectively. The evolutions of 

water saturations at these three points with the time elapsed during 7300-day 

production are shown in Fig. 3-14. The water saturation curves can be divided into 

three groups: (1) Swf and SRD

wnaS . They have high values and extremely similar trends. 

This is due to the high water contents near the wellbore caused by the invasion of the 
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fracking fluid and the great capability of SRD to supply fluids to the wellbore. Note 

that the HF only occupies a very small volume of the reservoir. After the gas extraction 

starts, the water and gas originally in HF deplete in several days. In subsequence, NA-

SRD (with high permeability) effectively supplies fluids to HF to compensate for the 

extracted fluids, which dominates the evolution of water saturation in HF in the most 

time of production. Thus, the high similarity of the water saturations in HF and SRD is 

seen. (2) NSRD

wnaS . The mass transfer in NSRD is the consequence of the complex 

coupling interactions between different media and domains. As a part of the natural 

fractures system of the stimulated shale reservoir, NA-NSRD is not only connected 

with NA-SRD, but also linked with IM. The moderate increase of NSRD

wnaS  during shale 

gas extraction shown in Fig. 3-14 can be deemed as a water re-distribution process 

under the fully coupled multidomain and multiphysical effects. Note that although the 

NSRD

wnaS  increases with time, the net trend of the water storage in the whole reservoir is 

always decreasing because both the SRD

wnaS  and Swm are dropping in the meantime to offset 

the increase of NSRD

wnaS .  (3) Swm at Point B and Point C. Because of the much lower 

permeability of IM compared to that of NA subsystem, the water transport in IM is 

slow. More specifically, the decrease of Swm at Point C (far from the HF) is slower than 

that at Point B (close to the HF). These results reveal that the general mass transfer 

trends in different media and domains are complicated. Previously, Cao et al. (2017a) 

and Cui et al. (2020) proposed their gas-water two-phase flowback models to simulate 

the gas-water extraction process. However, their models cannot predict some trends in 

the production process, such as the increase of NSRD

wnaS , because they employed the dual-

porosity (organic + inorganic) system instead of the triple-porosity (kerogen + IM + 

NA) system and do not comprehensively incorporate the property differences between 

SRD and NSRD into their models. For example, Cao et al.’s model does not consider 
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the effect of shale deformation in different domains, while Cui et al.’s model does not 

reflect the difference of initial and irreducible water saturations between NA-SRD and 

NA-NSRD caused by hydraulic fracking. Therefore, the model proposed in this work 

has its advantages in fulfilling more accurate and finer simulations. In the following 

text, the effects of various parameters on shale gas production are investigated as the 

key responses because gas recovery is the top concern for the industry. The evolutions 

of some other important properties including water production and absolute/relative 

permeabilities are also briefly discussed. 

 

 

Fig. 3-13 Inspection points representing different domains in the geometry of the base case: 

Point A – HF; Point B – SRD; and Point C – NSRD. 

 

 

Fig. 3-14 Evolutions of water saturations of HF, NA, and IM in different locations. 
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3.5.1.2 Effects of initial permeabilities on shale gas production 

It is obvious that the initial absolute permeabilities of different components of the 

shale reservoir affect gas production. Many previous studies have been discussed these 

effects (Shaoul et al., 2011; Sakhaee-Pour and Bryant, 2012; Thararoop et al., 2012; 

Jurus et al., 2013; Cao et al., 2017a; Wang et al., 2018; Wang et al., 2019a; Cui et al., 

2020; Li et al., 2020b). Here, we first focus on an interesting issue, i.e., the dual-peak 

behaviour of daily gas production exhibited in Fig. 3-10(a). The previously published 

studies have suggested that in some cases, the daily gas production shows the dual-

peak behaviour, while in other cases, it appears a single-peak behaviour, just like Fig. 

3-9 displays. This difference in the shape of the daily gas production curve from case 

to case is dependent on the contrast of the mass-supplying abilities of different porous 

media in the shale reservoir. To understand this opinion, the effects of initial absolute 

permeabilities of kerogen (kk0) and IM (km0) on Pd,gas are studied based on the base case. 

As shown in Fig. 3-15(a), the second peak of the daily gas production curve becomes 

smaller with the decrease of kk0. Conversely, a higher kk0 makes the second peak higher 

and wider. When the kk0 is very low, the second peak is negligible, so the daily 

production curve is single-peak. For instance, the daily production curve for kk0 = 1 × 

10-21 m2 has a similar (single-peak) shape to that of the field case of Barnett Shale (see 

Fig. 3-9a). Obviously, kk0 reflects the ability of kerogen to supply gas to IM, which 

controls the shape of the daily production curve. If the gas supplying rate from kerogen 

to IM is slow, the daily production curve tends to be single-peak. Otherwise, the daily 

production curve is dual-peak. On the other hand, for the effect of km0 on daily gas 

production, it can be known from Fig. 3-15(b) that the higher km0 significantly 

enhances the early-period daily production curve, especially the height of the first peak. 
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Nevertheless, decreasing km0 does not change the dual-peak daily production curve to a 

single-peak curve. With the elapse of time, the enhancing effect of increasing km0 on 

daily gas production diminishes. Therefore, it can be concluded that both kk0 and km0 

influence daily gas production in the early period. The former mainly influences the 

shape of the daily production curve, while the latter overall affects the early-period 

daily gas production. This is essentially determined by the contrast of the mass-

supplying abilities of kerogen and IM. 

 

 

Fig. 3-15 Effects of initial absolute permeabilities of kerogen and IM on daily gas production 

(0-3650 day). (a) Daily gas production curves with different kk0s. (b) Daily gas production 

curves with different km0s. 

 

The effects of kk0 and km0 on cumulative gas production are presented in Fig. 3-16. 

As seen in Fig. 3-16(a), the effect of kk0 on cumulative gas production varies during 

the whole production period. In the early period (0-4000 day), the higher kk0 

corresponds to the higher cumulative gas production curve. This is ascribed to the 

enhanced early-period daily gas production, as mentioned above. With the gas 

extraction going on, the order of the curves with different kk0s gradually reverses. At 

the end of the gas extraction, the highest kk0 corresponds to the lowest cumulative 

production. This reveals that if the kk0 is too high, the gas supply from kerogen in the 
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early period will be so fast that some kerogen pockets turn off early. As a result, some 

original gas in place is sealed in kerogen permanently. This phenomenon, controlled 

by the on/off gas-supplying mechanism of kerogen with water film, will be discussed 

in Section 3.5.3. On the other hand, it can be known from Fig. 3-16(b) that the higher 

km0 leads to the earlier completion of gas extraction (which is symbolized by the level 

out of the cumulative gas production), and the final cumulative gas productions with 

different km0s are nearly identical. This suggests that km0 only affects the process of gas 

extraction, while does not influence the ultimate gas recovery because the on/off gas-

supplying mechanism is not applied on IM. 

 

Fig. 3-16 Effects of initial absolute permeabilities of kerogen and IM on cumulative gas 

production. (a) Cumulative gas production curves with different kk0s. (b) Cumulative gas 

production curves with different km0s. 

 

The effects of initial permeabilities of NA-SRD (
0

SRD

nak ) and NA-NSRD (
0

NSRD

nak ) on 

daily gas production are presented in Fig. 3-17. It can be known from Fig. 3-17(a) that 

a high 
0

SRD

nak  significantly enhances the early-period daily gas production and makes the 

shape of the daily gas production curve convert from dual-peak into single-peak. 

However, this enhancing effect of increasing 
0

SRD

nak  on daily gas production disappears 

early. For instance, the daily gas production with 
0

SRD

nak  = 4 × 10-16 m2 is the highest one 

in the curve group in Fig. 3-17(a) in the early period, but it is exceeded by those with 
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the lower 
0

SRD

nak s after 1700 days. From Fig. 3-17(b), it can be seen that the enhancing 

effect of increasing 
0

NSRD

nak  on the early-period daily gas production is not so strong as 

that caused by increasing 
0

SRD

nak , but this effect lasts for a longer period of time (0-3650 

day). Furthermore, the effects of 
0

SRD

nak  and 
0

NSRD

nak  on cumulative gas production are 

shown in Fig. 3-18. Although the NA subsystem only occupies 5% (by volume) of the 

reservoir, increasing either 
0

SRD

nak  [see Fig. 3-18(a)] or 
0

NSRD

nak  [see Fig. 3-18(b)] greatly 

improves the gas extraction speed. This can be ascribed to the great connectivity and 

high permeability of the NA subsystem. Increasing the initial absolute permeability of 

either NA-SRD or NA-NSRD causes a higher differential pressure between NA and 

IM, which intensifies the mass exchange. By comparing Figs. 3-18(a) and (b), it can 

be known that the extraction-accelerating effect caused by increasing 
0

SRD

nak  happens 

much earlier than that caused by increasing 
0

NSRD

nak , which is reflected by the enormous 

difference between the daily gas production curves in the earlier period in Fig. 3-18(a). 

The reason is that the fluids in NSRD start flowing out later than that in SRD. These 

results indicate the importance of NA subsystem for gas extraction from shale 

reservoirs. In engineering practice, the hydraulic fracking treatment directly improves 

the initial absolute NA permeability by creating numerous secondary hydraulic 

fractures and activating the original natural fissures in the scope of SRD, which is one 

of the most effective ways to enhance gas production. Obviously, the triple-porosity-

multidomain model proposed in this work helps obtain accurate and fine simulation 

results by considering the NA subsystem as an individual continuum and 

differentiating SRD/NSRD so that the impact of the difference between matrix/fracture 

and the discrepancy in different domains can be reflected. 



 

School of Engineering 

Chapter 3                                                                 The University of Western Australia 

- 144 - 

 

 

Fig. 3-17 Effects of initial absolute permeabilities of NA-SRD and NA-NSRD on daily gas 

production (0-3650 day). (a) Daily gas production curves with different 
0

SRD

nak s. (b) Daily gas 

production curves with different 
0

NSRD

nak s. 

 

 

Fig. 3-18 Effects of initial absolute permeabilities of NA-SRD and NA-NSRD on cumulative 

gas production. (a) Cumulative gas production curves with different 
0

SRD

nak s. (b) Cumulative gas 

production curves with different 
0

NSRD

nak s. 

 

3.5.1.3 Effects of bulk volumetric moduli on shale gas production 

The bulk volumetric modulus of a continuum is inversely proportional to the pore 

compressibility (Palmer and Mansoori, 1998; Cui and Bustin, 2005; Cao et al., 2016a; 

Li et al., 2020b). Therefore, it affects the evolution of the stress-dependent porosity of 

shale, which further influences the stress-dependent permeability and gas production. 

Moreover, the effects caused by the change of bulk modulus may have effects on 
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different domains since the shale deformation is solved by a globally coupled equation 

[Eq. (3-8)]. Based on the base case, the effects of NA-SRD bulk modulus ( SRD

naK ) on the 

gas extraction process are investigated, as shown in Fig. 3-19. The cumulative gas 

productions with different SRD

naK s in 29200-day shale gas extraction are shown in Fig. 3-

19(a). The higher bulk modulus of NA-SRD corresponds to the higher gas extraction 

rate because it means the smaller mechanical shrinkage during gas depletion. Thus, the 

closure of natural fractures is slighter, and the reduction of the stress-dependent 

permeability of NA-SRD (
,

SRD

na stressk ) is smaller, which benefits gas recovery. Another 

interesting issue is the multidomain effects of mechanical deformation. Changing SRD

naK

not only varies the evolution of stress-dependent permeability of NA-SRD [
,

SRD

na stressk , as 

shown in Figs. 3-19(b)], but also leads to different permeability evolutions in other 

domains (e.g., 
,

NSRD

na stressk  and kf,stress), as seen in Figs. 3-19(c) and (d). This can be ascribed 

to the mechanical coupling interactions between different domains. Specifically, both 

,

NSRD

na stressk  and kf,stress decrease more intensively with the increase of SRD

naK , which can be 

deemed as a harmonic result of the whole shale reservoir by the mechanical coupling 

relation. With the decrease of SRD compressibility caused by the increase of SRD

naK , the 

deformations in NSRD and HF correspondingly increase to fulfill a mechanical 

equilibrium under the in-situ stress condition (Li et al., 2020b). Also, the influences of 

NA-NSRD bulk modulus ( NSRD

naK ) on the gas extraction process are investigated, as 

shown in Fig. 3-20. It can be known that increasing NSRD

naK  improves the extraction rate 

[see Fig. 3-20(a)] and alleviates the shrinkage-induced reduction of 
,

NSRD

na stressk  [see Fig. 3-

20(b)], but the effects on the permeability evolutions in other domains are negligible 

[see Fig. 3-20(c) and (d)]. In brief, the effects of changing bulk moduli of natural 

fractures network are different in various domains. In engineering practice, SRD

naK  
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usually differs from NSRD

naK  due to stimulation treatments (e.g., hydraulic fracking). 

Therefore, the mechanical coupling interactions between different domains with 

various mechanical properties should be taken into consideration in shale reservoir 

simulation to obtain accurate results. 

 

 

Fig. 3-19 Effects of NA-SRD bulk modulus on the gas extraction process. (a) Effect on 

cumulative gas production. (b) Effect on stress-dependent permeability of NA-SRD. (c) Effect 

on stress-dependent permeability of NA-NSRD. (d) Effect on stress-dependent permeability of 

HF. 
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Fig. 3-20 Effects of NA-NSRD bulk modulus on the gas extraction process. (a) Effect on 

cumulative gas production. (b) Effect on stress-dependent permeability of NA-NSRD. (c) 

Effect on stress-dependent permeability of NA-SRD. (d) Effect on stress-dependent 

permeability of HF. 

 

3.5.2 Effects of relative permeability on gas-water production 

For the gas-water two-phase production process, an important issue is the effects of 

gas and water relative permeabilities because these relative permeabilities directly 

affect the mobility of each phase. We varied the irreducible water saturation of NA-

SRD ( SRD

wrinaS ) to obtain a series of relative permeability curves, and then investigated the 

effects of these relative permeability curves on the gas and water productions in 7300-

day production based on the base case, as shown in Fig. 3-21. According to Appendix 

3C, the gas/water relative permeability curves based on the Brooks and Corey’s model 
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with different irreducible water saturations of NA-SRD ( SRD

wrinaS s) are shown in Fig. 3-

21(a). Note that both water and gas relative permeability curves change with SRD

wrinaS . 

With the increase of SRD

wrinaS , both gas and water phases become difficult to flow, which is 

reflected by the narrowing down of the two-phase zone in Fig. 3-21(a). Based on the 

base case, the simulated variations of gas/water relative permeabilities of NA-SRD at 

Point B during 7300-day production are presented in Fig. 3-21(b). The relative 

permeability variations mainly occur in the first 400 days, so the resultant effects on 

production appear in the early period. It can be known from Fig. 3-21(c) that the effect 

of SRD

wrinaS  on cumulative gas production can be ignored. At the beginning of gas 

extraction, most of the fluid stored in NA-SRD is water. The high initial water 

saturation of NA-SRD means that the amount of gas affected by the change of SRD

wrinaS  is 

small, which results in the negligible effect of SRD

wrinaS  on gas production. In contrast, the 

higher SRD

wrinaS  leads to the considerable reduction of cumulative water production, as 

shown in Fig. 3-21(d). This effect appears in the early period of production (0-500 

day). The high content of water in NA-SRD implies that the shapes of relative 

permeability curves are important to control the water mobility in this domain and 

affect the overall water production. With the increase of SRD

wrinaS , the water retention in 

SRD becomes higher. That is, recoverable water becomes less. Hence, cumulative 

water production is greatly curtailed, which can be deemed as a kind of formation 

damage related to the wettability alteration of the reservoir rock (Brant Bennion, 2002; 

Li et al., 2015; Cao et al., 2017a; Li et al., 2018a). These results suggest that although 

the NA subsystem only occupies a small fraction of the reservoir volume (e.g., 5%, see 

Table 3-2), the relative permeabilities of NA-SRD are of significance for water 

recovery. In many engineering cases, high water recovery is desired because the 



 

School of Engineering 

Chapter 3                                                                 The University of Western Australia 

- 149 - 

 

fracking fluids need to be recovered as much as possible (Al-Muntasheri, 2014; Li et 

al., 2019a). Some undesirable effects caused by the invasion of external fluids may 

lead to the wettability alteration of the reservoir rock in SRD. This is partly reflected 

by the increase of SRD

wrinaS  in simulation, which negatively affects water recovery. 

 

Fig. 3-21 Effects of irreducible water saturation of NA-SRD on gas/water production. (a) 

Relative permeability curves with different SRD

wrinaS s, calculated based on Brooks and Corey’s 

model. (b) Relative permeabilities of NA at Point B of the base case during 7300-day 

production with different SRD

wrinaS s. (c) Cumulative gas productions with different SRD

wrinaS s. (d) 

Cumulative water productions with different SRD

wrinaS s. 

 

In the fracking process, IM imbibition (caused by the hydrophilic feature of the IM 

pores) occurs as another consequence of external fluid invasion, which increases the 

initial IM water saturation. Due to the extremely small pore size of IM, the imbibition 

effect driven by the IM capillary pressure is usually strong (Cheng et al., 2012; Cao et 
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al., 2017a). Once gas production starts, some water in IM may be extracted, which 

depends on the movable amount of water in IM. It is necessary to study the influence 

of relative permeabilities of IM on gas/water production because IM takes a large 

fraction of reservoir volume (e.g., 83%, see Table 3-2). We changed the irreducible 

water saturation of IM (Swrim) to obtain a series of IM relative permeability curves, and 

then investigated the effects of these relative permeability curves on the gas and water 

production in 7300 days based on the base case, as shown in Fig. 3-22. The gas/water 

relative permeability curves based on Brooks and Corey’s model with different Swrims 

are shown in Fig. 3-22(a). With the increase of Swrim, both gas and water become 

difficult to flow, which is reflected by the narrowing down of the two-phase zone in 

Fig. 3-22(a). The simulated evolutions of the IM relative permeabilities of gas and 

water at Point B of the base case are plotted in Fig. 3-22(b). The variation of the IM 

relative permeabilities during shale gas extraction is slow, but it lasts a longer time 

compared to that in NA-SRD. This long-term variation is the combined result of the 

extremely low absolute permeability (which leads to the slow change of IM relative 

permeabilities) and the large volume of IM (which leads to the long-term change of IM 

relative permeabilities). In consequence, the shale reservoir with a higher Swrim has 

lower cumulative gas and water productions [Figs. 3-22(c) and (d)]. Note that this 

production-hindering effect caused by the increase of Swrim does not appear in the first 

1000 days because the early-period production is mainly related to the gas and water in 

NA instead of the fluids in IM. With the elapse of time, the supply of fluids in IM 

becomes increasingly important. Thus, the hindering effect of the high Swrim (i.e., the 

fewer amount of movable water) on gas and water productions can be seen. These 

results indicate that the change of Swrim influences the mass transport process in the 

shale reservoir to some degree. Due to the imbibition effect, external fluids may invade 
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into IM to alter the wettability and negatively affect gas and water production. This 

investigation demonstrates the importance of ensuring the compatibility of working 

fluids (fracking/drilling/completion fluids) with shale formation wettability to avoid 

formation damage. 

 

Fig. 3-22 Effects of irreducible water saturation of inorganic matrix on gas/water production. 

(a) Relative permeability curves with different Swrims, calculated based on Brooks and Corey’s 

model. (b) IM relative permeabilities at Point B of the base case during 7300-day production 

with different Swrims. (c) Cumulative gas productions with different Swrims. (d) Cumulative 

water productions with different Swrims. 

 

3.5.3 Effects of on/off gas-supplying mechanism of kerogen on shale 

gas extraction 

The on/off gas-supplying mechanism of kerogen introduced in this work establishes 

the linkages of the differential pressure between kerogen and inorganic matrix, the 
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properties of the heterogeneous interface, and dynamic kerogen porosity. The proposed 

multidomain numerical computation tool allows individually setting the parameters 

related to the on/off gas-supplying mechanism in SRD and NSRD so that the different 

performances of this mechanism in different domains can be reflected. To understand 

the effects of the on/off gas-supplying mechanism on gas extraction, five cases 

representing different wetting conditions at the heterogeneous interface of kerogen are 

simulated by using the proposed model based on the base case. The involved 

parameters are listed in Table 3-3. We use the different parameter combinations 

instead of changing a single parameter to represent the different degrees of formation 

damage caused by wettability alteration because these parameters are closely 

associated with each other. For example, the lower gas-water interfacial tension 

usually leads to the lower contact angle and the larger contact area (Li et al., 2015). 

Here, Case 1 represents the situation without the consideration of the on/off gas-

supplying mechanism, which is fulfilled by setting the KTP as zero in the whole 

reservoir, that is, the kerogen pockets with water film can supply gas to IM without the 

restriction of additional differential pressure threshold. Cases 2, 3, and 4 represent the 

different formation damage/stimulation occasions by setting the parameters related to 

wettability. In these three cases, the wettability parameters of NSRD are identical, 

while those of SRD are different from one case to another. Case 3 is the base case 

mentioned above. It describes moderate formation damage in SRD caused by the 

invasion of fracking fluids. Specifically, SRD has higher gas-water interfacial tension 

( SRD

g w −
), higher characteristic contact angle ( SRD

effc ), and larger characteristic contact area 

( *SRD

cA ) than those of NSRD ( NSRD

g w −
, NSRD

effc , and *NSRD

cA ). Case 2 is a wettability-enhanced 

case in which the SRD wettability parameters lead to a lower KTP (i.e., the kerogen is 

easier to supply gas) than that of Case 3. Specifically, SRD has lower gas-water 
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interfacial tension ( SRD

g w −
), lower characteristic contact angle ( SRD

effc ), and smaller 

characteristic contact area ( *SRD

cA ) than those of NSRD ( NSRD

g w −
, NSRD

effc , and *NSRD

cA ). 

Conversely, Case 4 describes a severely damaged SRD in which an obtuse contact 

angle is seen caused by the undesirable wettability alteration. This may result from the 

effect of the invasion of the incompatible surfactants in fracking fluids (Brant Bennion, 

2002; Li et al., 2015; Li et al., 2019a). In Case 5, all the gas in kerogen with water film 

is sealed, which is fulfilled by simply modifying the expression of the sink term of 

kerogen [Eq.(3-14)] to the following form which excludes the gas supply from those 

kerogen pockets with water film: 

( )
k m gk kapp gm

k m k m

g

D k S
Q p p





−

− = −  (3-57) 

This sink term only includes the gas supply from those kerogen pockets without water 

film which is not influenced by the sealing effect of water, while the kerogen pockets 

with water film have no contribution to mass transfer. The long-term gas production 

performances of these cases in 29200-day (80-year) extraction are shown in Fig. 3-23. 

It can be seen from Fig. 3-23(a) that different interfacial/surface properties related to 

formation damage result in a significant difference in cumulative productions. 

Specifically, if the on/off gas-supplying mechanism is ignored (Case 1), the final 

cumulative production (2.01×108 standard m3) is 35.3% higher than that of the 

reservoir where all kerogen pockets with water film are closed (1.56×108 standard m3, 

Case 5), and 19.2% higher than that of the reservoir severely damaged (1.77×108 

standard m3, Case 4). The recoveries of the original gas in kerogen of these five cases 

during the 29200-day extraction are presented in Fig. 3-23(b), indicating that the 

ultimate gas recovery of Case 1 is 47.8% higher than that of Case 5 and 21.4% higher 

than that of Case 4. Obviously, this difference is originated from the on/off mechanism 
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controlled by KTP which reflects the combined effect of seepage, kerogen wettability, 

and shale deformation. The numerically computed KTPs in different domains for 

Cases 1 – 4 during extraction are shown in Fig. 3-24. It can be known from Fig. 3-24(a) 

that the KTPs in SRD significantly vary with the different wetting conditions. For Case 

1, there is no sealing effect of water on kerogen, so the KTP is always zero in both 

SRD and NSRD. With the severe formation damage (Case 4), the kerogen in SRD has 

a considerable KTP (approximately 0.42 MPa). The moderately damaged formation 

(Case 3) has a moderate KTP in SRD (approximately 0.05 MPa), while the wettability-

enhanced formation (Case 2) has a low KTP in SRD (approximately 7.6×10-4 MPa). 

On the other hand, Cases 2, 3, and 4 have very similar KTPs in NSRD [approximately 

0.025 MPa, as shown in Fig. 3-24(b)] since the external fluids do not affect NSRD. 

Here, it must be pointed out that the KTPs in Fig. 3-24 are not constant except that of 

Case 1 (zero), although their variation with time is slight. This is because that the KTP 

expression includes the stress-dependent kerogen porosity changing with the gas 

depletion [see Eq. (3-28)].  
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Table 3-3 Five simulation cases representing different wetting conditions at the heterogeneous 

interface of kerogen. 

Case number 
Variable settings 

Meaning 
SRD NSRD 

1 KTP = 0 

The on/off gas-

supplying mechanism 

is not considered (the 

kerogen is all-open) 

2 

*SRD

cA = 5.0×10-9 m2 

SRD

effc = 18 

SRD

g w −
= 0.5× NSRD

g w −
 

*NSRD

cA = 3.0×10-12 m2 

NSRD

effc = 45 

NSRD

g w −
 is based on interpolating 

the data in Fig. 3-6 

The SRD is 

wettability-enhanced 

3 

*SRD

cA = 1.8×10-13 m2 

SRD

effc = 60 

SRD

g w −
= 1.25× NSRD

g w −
 

The SRD is 

moderately damaged 

(the base case) 

4 

*SRD

cA = 1.25×10-14 m2 

SRD

effc = 150 

SRD

g w −
= 1.67× NSRD

g w −
 

The SRD is severely 

damaged 

5 Qk-m is determined by Eq.(3-57) 

All of the kerogen 

pockets with water 

film are closed 

 

 

Fig. 3-23 Long-term gas production performances of the five cases with different wetting 

conditions in 29200-day extraction. (a) Cumulative productions; (b) Recovery of original gas 

in kerogen. 
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Fig. 3-24 KTPs in different domains for Cases 1 – 4 during 29200-day extraction. (a) KTPs in 

SRD (Point B); (b) KTPs in NSRD (Point C). 

 

To further understand the control of KTP-based on/off mechanism on gas liberation, 

we compare the differential pressure (pk – pm) curves and the KTP curves in SRD 

(Point B) of the shale reservoirs with different degrees of damage formation (Cases 2, 

3, and 4), as shown in Figs. 3-25(a), (b), and (c), respectively. It can be seen from Fig. 

3-25(a) that the typical (pk – pm) curve goes up rapidly in the early period of gas 

extraction, and then significantly drops, exhibiting a large peak. After that, the (pk – pm) 

curve gradually levels out with the pressure depletion. The differential pressure is the 

driving force of the mass exchange between kerogen and IM. When pk – pm = 0, the 

mass exchange between kerogen and IM ends up, which means that the gas-supplying 

process of kerogen reaches the final equilibrium. In the early period of production, the 

value of (pk – pm) is high, so the gas in the kerogen pockets has sufficient energy to 

flow into IM. Once pk – pm < KTP (about 7.6×10-4 for Case 2), the kerogen with water 

film will shut down. For the wettability-enhanced reservoir (Case 2), the shut-down 

time at Point B is at approximately 15000 day, which is sufficient for the kerogen with 

water film to release most of its gas reserve. For Case 3 [Fig. 3-25(b)], it has a higher 

KTP (around 0.013 MPa) than that of Case 2 due to the formation damage. This leads 
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to an earlier intersection point of the decreasing part of the (pk – pm) curve and the KTP 

curve (marked by the blue circle). That is, the kerogen with water film closes earlier (at 

approximately 4000 day). For the severely damaged reservoir (Case 4) [Fig. 3-25(c)], 

the KTP is as high as 0.42 MPa. The value of (pk – pm) is lower than KTP in the whole 

production process. This means that the kerogen with water film at Point B in Case 4 is 

totally closed. It must be pointed out that this mechanism is only applied to the 

kerogen with water film, while those kerogen pockets without water film can still 

supply gas to IM. Therefore, although the kerogen with water film is closed, (pk – pm) 

still changes with time. An illustration summarizing the key information about the 

on/off mechanism is displayed in Fig. 3-25(d). KTP is a compound indicator of a 

series of effects including seepage, wetting behaviour, and shale deformation on gas 

liberation. A high KTP is harmful to liberate gas from kerogen with water film because 

it lets the kerogen shut down early. As introduced in Section 3.2.1, KTP is considered 

as a physical and mathematical description of the activation energy barrier for breaking 

the sealing of water film to release gas from kerogen. The higher this activation energy 

barrier is, the more difficultly the kerogen releases gas. Another interesting issue 

revealed here is that under the control of the on/off gas-supplying mechanism, the 

shape of the (pk – pm) curve is also important for releasing gas. According to Fig. 3-

25(d), it is easy to know that a higher but narrow peak of the (pk – pm) curve is adverse 

for the long-term gas liberation from kerogen because the kerogen with water film will 

close too early. In contrast, if the peak of the (pk – pm) curve is lower but wider, the 

long-term gas liberation from kerogen with water film may be significantly enhanced 

due to the longer opening time. This explains why in some engineering cases, after 

hydraulic fracking, the gas flow rate greatly increases in the early period of production, 

but it severely declines soon. Too intensive enhancement of production rate in a short 
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term caused by inappropriate fracking operations may lead to a narrow peak of (pk – pm) 

curve, which makes the gas extraction non-sustainable (Lee et al., 2016). Obviously, 

fracking operations must be carefully designed to create an optimized SRD with 

appropriately enhanced permeability and a suitable volume so that the gas can be 

extracted at a proper pace. Besides, it is demonstrated by these results that gas 

recovery can be enhanced by decreasing KTP (like Case 2) with the use of some 

surfactants, or by eliminating the formation damage (like Case 1) with the use of 

water-free fracking fluids (such as supercritical carbon dioxide). 

 

 

Fig. 3-25 Relationship between (pk – pm) and KTP curves for shale gas production. (a) (pk – pm) 

and KTP curves of Case 2; (b) (pk – pm) and KTP curves of Case 3; (c) (pk – pm) and KTP 

curves of Case 4; (d) Illustration of the key knowledge about the relationship between (pk – pm) 

and KTP. 
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The evolutions of on/off state distribution of kerogen with water film in the whole 

simulated geometry (i.e., a half hydraulic fracking segment) for Cases 2, 3, and 4 

during shale gas extraction are shown in Figs. 3-26, 3-27, and 3-28, respectively. In 

these figures, the on/off state of kerogen with water film is expressed by the value of 

the control function, i.e., switch(pk, pm) given in Eq.(3-15). Specifically, red represents 

that the kerogen with water film is open [switch(pk, pm) = 1], while blue denotes that 

the kerogen with water film is closed [switch(pk, pm) = 0]. According to Fig. 3-26, the 

evolution of kerogen with water film for Case 2 (SRD is wettability-enhanced) can be 

divided into six periods: (1) At the beginning of gas extraction, the kerogen with water 

film near the bottomhole starts opening, and the scope of the opened kerogen pockets 

spreads from the SRD to the NSRD. (2) After 200 days, all the kerogen pockets are 

opened. This all-open state of the whole reservoir lasts until approximately 6500 day, 

then (3) the kerogen pockets with water film in the NSRD starts shutting down. The 

closed kerogen in NSRD first appears near the SRD/NSRD boundary and then 

gradually spreads towards the outer boundary of the NSRD. (4) At approximately 

10000 day, all the kerogen pockets with water film in NSRD are shut down, while 

those in SRD are still open. This state lasts until approximately 13000 day. (5) After 

13000 days, the kerogen pockets with water film in SRD start closing. The scope of 

the closed kerogen pockets spreads from the bottomhole to the SRD/NSRD boundary. 

(6) At 15370 day, all the kerogen pockets with water film in the reservoir are closed. 

This all-closed state remains until the end of gas extraction. On the other hand, as 

shown in Fig. 3-27, the all-open state of the kerogen with water film in Case 3 (SRD is 

moderately damaged) lasts a shorter period (200 – 3500 day) than that in Case 2, and 

the all-close state starts earlier (at 9250 day) than that in Case 2. This is ascribed to the 

higher KTP in SRD of Case 3 compared to that of Case 2. Consequently, Case 3 
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obtains a lower ultimate gas recovery than that of Case 2, which has been indicated in 

Fig. 3-23. Furthermore, the all-open state of the kerogen with water film does not exist 

in Case 4 (SRD is severely damaged) because of the highest KTP in SRD in the three 

cases. In SRD, only a small fraction of the kerogen pockets with water film are opened 

for a short period (1-600 day), while others are never opened during the whole gas 

extraction process. In addition, as shown in Fig. 3-28, the all-close state of Case 4 

starts slightly earlier (at 9220 day) than that in Case 3. These directly lead to the lowest 

ultimate gas recovery of Case 4 in the three cases, as presented in Fig. 3-23. It is 

obvious that the formation-damage-induced wettability alteration is reflected by KTP 

which controls the gas liberation from the kerogen with water film and thereby affects 

the long-term gas recovery by the on/off mechanism. Lastly, this work proves that the 

effects of water on shale gas extraction include two aspects: (1) Two-phase flow in 

matrix and fractures, and (2) Sealing effect on gas in kerogen. The former affects the 

gas flow in inorganic matrix and fractures, while the latter (which is often neglected in 

the previous studies) influences the gas liberation from kerogen. 
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Fig. 3-26 Evolution of on/off state distribution of kerogen with water film for Cases 2 (SRD is 

wettability-enhanced). Red represents that the kerogen with water film is open [i.e., switch(pk, 

pm) = 1], while blue denotes that the kerogen with water film is closed [i.e., switch(pk, pm) = 0]. 
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Fig. 3-27 Evolution of on/off state distribution of kerogen with water film for Cases 3 (SRD is 

moderately damaged). Red represents that the kerogen with water film is open [i.e., switch(pk, 

pm) = 1], while blue denotes that the kerogen with water film is closed [i.e., switch(pk, pm) = 0]. 
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Fig. 3-28 Evolution of on/off state distribution of kerogen with water film for Cases 4 (SRD is 

severely damaged). Red represents that the kerogen with water film is open [i.e., switch(pk, pm) 

= 1], while blue denotes that the kerogen with water film is closed [i.e., switch(pk, pm) = 0]. 

 

3.6 Summary 

In this study, a fully coupled model considering water effects is developed to 

evaluate the gas-water two-phase transport process in gas extraction from stimulated 

shale reservoirs. The complexities of shale deformation and gas-water two-phase flow 

in different domains of shale reservoirs are incorporated into the model. Especially, a 

concept of kerogen threshold differential pressure (KTP) is proposed to describe the 

effect of water on gas liberation from kerogen. KTP bridges the effects of seepage, 
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wettability behaviour, and shale deformation, and it acts by an on/off mechanism. The 

proposed model was used to perform numerical simulations by using the finite element 

method and verified against field observations and results of previous studies. Based 

on the sensitivity analysis, the following findings can be obtained: 

(1) The mechanical coupling interactions between different domains of the 

stimulated shale gas reservoir influence both early and long-term cumulative gas 

production. The single/dual peak behaviour of daily gas production is dependent on the 

contrast of gas-supplying capabilities of the different components in different domains 

of the stimulated shale reservoir. 

(2) Water influences shale gas extraction in two aspects: One is the two-phase flow 

in inorganic matrix and fractures, the other is the sealing effect on the original gas in 

kerogen. The former influences the gas/water flow in inorganic matrix and fractures, 

while the latter controls the gas liberation from kerogen. 

(3) The shapes of relative permeability curves of the natural fractures network in 

the stimulated reservoir domain considerably influence water production in the early 

period of shale gas extraction, while having little effect on gas production. The shapes 

of relative permeability curves of the inorganic matrix affect both gas and water 

cumulative productions from shale reservoirs. As a reflection of shale wettability, the 

shapes of these relative permeability curves may be influenced by formation damage. 

(4) The properties related to shale wettability and interfacial behaviours of fluids, 

including contact angle, gas-water interfacial tension, and contact area, jointly affect 

the value of KTP, and further significantly influence ultimate gas production. The 

shale gas recovery can be enhanced by decreasing KTP by selecting appropriable 

surfactants of fracking fluids, or by using water-free fracking fluids (such as 

supercritical carbon dioxide). 
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(5) With the control of the on/off gas-supplying mechanism, the contrast between 

KTP and the kerogen-matrix differential pressure of the water-containing shale 

reservoir determines the shut-off time point to cease the gas supply from the kerogen 

with water film, and further influences the sustainability of shale gas extraction. 

 

Appendix 3A: Calculation of gas density in different media 

For a given medium i (i = k for kerogen; i = m for IM; i = na for NA, and i = f for 

HF), the gas density ρgi can be calculated by using the real gas equation of state: 

=gi gi

i

M
p

Z RT
  (3A-1)    

where M is the gas molar weight, 0.016 kg/mol; R is the universal gas constant, 8.314 

J/(mol·K); T is the reservoir temperature; pgi is the gas pressure in medium i. Zi is the 

deviation factor of real gas in medium i, which is calculated by the empirical formula 

proposed by Mahmoud (2014): 

( ) ( )2

2

0.702( ) exp 2.5 5.524 exp 2.5

      0.044( ) 0.164 1.15

i pri pri pri pri

pri pri

Z p T p T

T T

= − − −

+ − +

 (3A-2) 

where ppri = pgi/pcr is a pressure ratio, pcr is the critical pressure of methane, 4.6×106 Pa. 

Tpri = Ti/Tcr is a temperature ratio, and Tcr is the critical temperature of methane, 190.74 

K. 
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Appendix 3B: Flow-regime effect and Knudsen number in kerogen 

and inorganic matrix 

The general form of the flow-regime-dependent permeability enhancement function 

f(Kni) of kerogen and IM (i = k for kerogen and i = m for IM) is proposed by Beskok 

and Karniadakis (1999); Civan (2010); and Civan et al. (2011): 

( ) ( )
4

1 1
1

i
i i i

i

Kn
f Kn Kn

Kn


 
= + + 

+ 
 (3B-1) 

where Kni is the Knudsen number in medium i; ζi is a rarefaction coefficient in kerogen 

calculated by the following empirical formula: 

0

1
i

B

i

A

Kn


 =

+

 (3B-2) 

where ζ0 is an asymptotic limit value; A and B are empirical coefficients. For an ultra-

low permeability gas reservoir, A = 0.178; B = 0.4348; ζ0 = 1.358 (Civan, 2010). These 

empirical coefficients have been shown valid for shale formations in many previous 

studies (Civan et al., 2011; Civan et al., 2012; Cao et al., 2016a; Li et al., 2020b). 

Kni is defined as: 

,i stress

i
iKn

r


=  (3B-3) 

where λi is the mean free path of a single gas molecule; ri,stress is the stress-dependent 

pore size of medium i. λi can be calculated according to the formula proposed by Civan 

et al. (2011): 

2

g i
i

gi

Z RT

p M

 
 =  (3B-4) 

Similarly, in the initial state, we have the expressions of the initial Knudsen number 

(Kni0) and the initial mean free path of a single gas molecule (λi0): 
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 =  (3B-6) 

where the ri0 is the initial pore size of medium i; Zi0 is the deviation factor of real gas 

in medium i. To determine the ri,stress, we apply the Hagen-Poiseuille equation for a 

bundle of capillaries: 

, ,

,

,

8 i stress i stress

i stress

i stress

k
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=  (3B-7) 

where τi,stress is the stress-dependent tortuosity of medium i determined by the 

following equation: 

,

,

1
i

i stress q

i stress




=  (3B-8) 

where qi is the Archie cementation index which can be experimentally obtained 

(Iversen and Jorgensen, 1993). Similarly, in the initial state, we have the expressions 

of the initial tortuosity of medium i (τi0) and the initial pore size (ri0): 

0
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=  (3B-10) 

Comparing Eq. (3B-7) and Eq. (3B-10), then combining Eqs. (3B-8) and (3B-9), 

and applying the cubic law, we have: 

1 0.5
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, 0
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iq

i stress
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r r




−

 
=  

 
 (3B-11) 

Substituting Eq. (3B-11) into Eq. (3B-3) to obtain the final expression of Kni: 
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Similarly, the final expression of Kni0 is: 
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=  (3B-13) 

   Thus, the obtained Kni and Kni0 can be used to calculate the apparent permeabilities 

by Eq.(3-11) and Eq.(3-32). 

 

Appendix 3C: Capillary pressure and relative permeabilities in 

inorganic matrix, natural fractures network, and primary hydraulic 

fracture 

For IM, NA, and HF, the capillary pressure pci (i = m for IM, i = na for NA, and i = 

f for HF) is determined by using the analytical model proposed by Brooks and Corey 

(1964): 

1
ci ei

wei

p p
S

=  (3C-1) 

where pei is the characteristic entry pressure of medium i; Swei is the effective relative 

permeability of water in medium i, obtained by the following formula: 

1

wi wri
wei

wri gri

S S
S

S S

−
=

− −
 (3C-2) 

where Swi is the water saturation in medium i; Swri is the irreducible water saturation; 

Sgri is the irreducible gas saturation. Note that the values of Swri and Sgri in IM, NA, and 

HF may be different due to the difference in fluid wettabilities and pore structures, as 

claimed in the previous studies (Cheng, 2012; Jurus et al., 2013). 
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The relative permeabilities of gas and water in medium i are determined by using 

the following expressions: 

 
( )

2 (1 2/ )

(3 2/ )

1 1rgi wei wei
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k S





+

+

  = − −  


=

 (3C-3) 

where krgi is the relative permeability of gas in medium i; krwi is the relative 

permeability of water in medium i; χ is a pore size distribution index, χ = 2.  
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Chapter 4 A Fully Coupled Multidomain and Multiphysics Model 

Considering Stimulation Patterns and Thermal Effects for Evaluation 

of Coalbed Methane (CBM) Extraction 

This chapter fulfills a further development of the multidomain and multiphysics 

model (proposed in Chapter 2) by establishing a thermal-hydraulic-mechanical (THM) 

coupling model. 

The process of extracting coalbed methane (CBM) is of significance for both 

unconventional energy supply and mine safety. In a stimulated coalbed, multiple cross-

coupling physical processes (including gas flow, coal deformation, gas desorption, and 

heat transfer) occur in three domains with distinct properties: stimulated reservoir 

domain (SRD), non-stimulated reservoir domain (NSRD), and radial primary fractures 

(RFs). In previous works on modelling CBM extraction, the multidomain and thermal 

effects are often not fully considered, which leads to undesirable deviation of 

prediction. This study proposes a fully coupled model incorporating these complexities 

to get insight into the process of CBM extraction, particularly from those coalbeds 

with various stimulation patterns. A group of partial differential equations (PDEs) are 

derived to characterize CBM transport from coal matrix through fractures to the 

borehole. A stimulated coalbed is defined as an assembly of three interacting porous 

media: coal matrix, continuous fractures (CF), and radial primary fracture (RF). Matrix 

and CF constitute a dual-porosity-dual-permeability system, while RF is simplified as 

a 1-D cracked medium. The effects of coal deformation, heat transfer, and non-

isothermal sorption are incorporated into the model to reflect the multiple physical 

processes in CBM extraction. The finite element method is employed to numerically 

solve the PDEs. The proposed model is verified by comparing its simulation results to 

a set of well production data from Southern Qinshui Basin in Shanxi Province, China. 
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Great consistency is observed, showing the satisfactory accuracy of the model for 

CBM extraction. After that, the CBM extraction processes with different stimulation 

patterns including (1) unstimulated coalbed; (2) double-wing fracture + NSRD; (3) 

multiple RFs + NSRD; (4) SRD + NSRD and (5) multiple RFs + SRD + NSRD are 

investigated to understand the consequences caused by different stimulation techniques. 

The results suggest that Pattern (5) obtains the highest efficiency of CBM extraction 

because it generates a complex fracture network at various scales by both increasing 

the number of primary radial fractures and activating the micro-fractures of coal blocks. 

Besides, the other four stimulation patterns are essentially particular cases of Pattern 

(5). Pattern (5) can reduce to one of Patterns (1) – (4) under certain conditions. 

Sensitivity analysis is also performed to understand the influences of key factors on 

gas extraction from a stimulated coalbed with multiple domains. It is found: (1) That 

the distinct properties of different domains result in different permeability evolutions, 

which in turn influences the CBM production; (2) That increasing fracture complexity, 

enlarging SRD size, and improving SRD permeability are effective approaches to 

enhance CBM recovery; (3) That ignoring thermal effects in CBM extraction will 

either overestimate or underestimate the production, which depends on the net effects 

of thermal shrinkage strain and non-isothermal sorption in different periods of 

production time. 

4.1 Introduction 

In recent years, unconventional natural gas, including coalbed methane (CBM), 

shale gas, and tight gas, is drawing increasingly more attention to be served as an 

important energy source (Cheng et al., 2019; Zeng et al., 2020b; Zhang et al., 2020a; 

Gao et al., 2021). As an essential member of the unconventional natural gas family, 
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CBM has an enormous reserve and has been commercially exploited in many countries, 

e.g., the US, Australia, and China (Pan and Connell, 2012; Sun et al., 2018; Xia et al., 

2019). Moreover, pre-extracting CBM from the coalbed is also a vital method to 

prevent the outburst of coal and gas so that the mining practice can be safely conducted 

(Liu et al., 2014a; Liu et al., 2015). Therefore, understanding the process of CBM 

extraction is not only of significance for unconventional energy supply but also a 

crucial issue in mining safety. Based on this consideration, many mathematical and 

physical models are developed to predict the evolutions of methane flow rate and 

pressure in the CBM reservoir during gas extraction. Analytical approaches, of which 

calculation can be easily carried out, provide some highly simplified methods to obtain 

benchmarks to understanding gas flow in CBM reservoirs (Clarkson and McGovern, 

2005; Clarkson et al., 2007; Zeng et al., 2019). However, it is not easy for analytical 

models to deal with complex reservoir geometries and include the interactions between 

multiple physical processes (such as coal deformation and temperature change during 

gas extraction) because these models usually employ the linear-flow assumption and 

have mathematical difficulty in handling irregular shapes. Analytical models are also 

not capable of giving the real-time spatial distribution of some key variables, such as 

real gas pressure, dynamic porosity, and permeability (Wet et al., 2010; Sun et al., 

2018; Li et al., 2020b; Zeng et al., 2020b). With the rapid development of numerical 

computation technology and computer hardware performance, it is possible to simulate 

the dynamic change of various physical quantities by using calibrated numerical 

models fully coupling different physical processes (Gentzis and Bolen, 2008; Wet et 

al., 2010; Vishal et al., 2015; Zhang et al., 2016). Thus, developing a comprehensive 

and advanced numerical model to fulfill accurate evaluation of CBM production, and 
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provide detailed information of property evolutions, is highly attractive for the natural 

gas industry. 

In modelling and simulation of CBM extraction, a key issue is how to describe a 

stimulated coalbed. This issue is originated from the fact that stimulating operations, 

such as hydraulic fracking, always generate multiple domains with different properties. 

Stimulation is frequently conducted before CBM extraction so that the permeability of 

the coalbed near the borehole is significantly enhanced, and the effectiveness of CBM 

extraction is improved (Zhang et al., 2016). Recent advances in stimulation focus on 

the use of different crafts [e.g., high-energy gas fracking (HEGF) and blasting (Zhu et 

al., 2012; Zhang et al., 2020c)] and innovative fracking fluids [e.g., slickwater, 

nanoparticle-assisted fluid, and carbon dioxide (CO2) (Cao et al., 2017b; Li et al., 

2019a)]. These new techniques intensify the structural complexity of stimulated CBM 

reservoirs. For instance, HEGF can create multi-wing primary artificial fractures 

instead of the traditional double-wing fractures (Luo and Tang, 2015; Zhang et al., 

2018), which have been confirmed by core analysis and microseismic image 

observations (Germanovich et al., 1997; Craig and Blasingame, 2006; Chen et al., 

2016). Another example is that the vibration and the pressure wave transmission 

occurring in fracking operation promote the activation of the original natural fractures 

to become “secondary fractures” (with increased aperture, porosity, permeability, and 

modified rock mechanical properties) in the area between the primary artificial 

fractures (Brown et al., 2011; Yuan et al., 2015). This phenomenon is particularly 

obvious in high-impact operations such as deep-hole blasting and CO2 fracking (Liu et 

al., 2014b; Cao et al., 2017b). Based on these consequences of stimulation treatments, 

a stimulated CBM reservoir can be simplified as a multidomain assembly of porous 

continua (to represent the coal mass with natural and activated fractures) and a 1-D 
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discrete media (to represent the primary artificial fractures), as shown in Fig. 4-1 

(taking a top view of a vertical CBM wellbore as an instance). As the most general 

scenario (base scenario), the stimulated coalbed has multiple radial primary hydraulic 

fractures (RFs), a stimulated reservoir domain (SRD, defined as the coal influenced by 

stimulation except RFs), and a non-stimulated reservoir domain (NSRD, defined as the 

coal not influenced by stimulation), as presented in Fig. 4-1(a). Here, SRD differs 

from the usual concept of “SRV” (stimulated reservoir volume) which includes both 

RFs and SRD. More specifically, RF is a simplification of a series of macro artificial 

fractures at millimeter-level scale. It has much higher porosity and permeability, as 

well as different mechanical properties compared to those of the original CBM 

reservoir. Although RF is highly permeable, it only takes a very small volumetric 

fraction in the entire reservoir. On the other hand, SRD, taking a considerable fraction 

of the reservoir volume and including numerous activated micro-fractures (often at 

micrometer-level scale), has enhanced porosity and permeability compared to those of 

the original reservoir, but this enhancement is not as much as that in RF. In addition, 

the pore compressibility of SRD may also be different from that of the original 

reservoir because of the activation of the micro-fractures. Thirdly, occupying the 

remaining of the CBM reservoir, NSRD keeps all of the original properties of the 

coalbed. Some natural fractures (cleats, their size is from nanometer-level to 

micrometer-level) exist in NSRD, but the overall permeability of NSRD is very low 

(ranging from millidarcy-level to microdarcy-level or even lower, Kou and Wang, 

2020). The base scenario described Fig. 4-1(a) with multiple RFs + SRD + NSRD 

comprehensively covers most occasions of producing CBM reservoirs. It can reduce to 

the following scenarios according to the actual situation of the reservoir: (1) If both the 

RF length and the SRD volume are set as zero, there are no SRD and RFs. Thus, the 
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reservoir is considered as “not stimulated”, as shown in Fig. 4-1(b). (2) If there is only 

one RF with a double-wing pattern, it can be simplified as two symmetrically 

distributed half-RFs (e.g., Settari and Cleary, 1984). If the effects of secondary 

fractures can be ignored, the base scenario reduces to a case with 1 (double-wing) RF 

and a NSRD, as shown in Fig. 4-1(c). (3) If there are multiple primary radial fractures 

created in different directions, the base scenario reduces to a case with several (for 

example, three) double-wing RFs and a NSRD, as shown in Fig. 4-1(d). (4) In some 

blasting cases, there is no remarkable RF but only a SRD with plenty of relatively 

homogeneous secondary fractures (Zhang et al., 2020c). Thus, the base scenario 

reduces to a case with a SRD and a NSRD, as shown in Fig. 4-1(e). It can be known 

that how to simplify the CBM reservoir geometry based on the base scenario (multiple 

RFs + SRD + NSRD) is dependent on the craft and consequence of stimulation 

treatment. For example, Cao et al. (2017b) and Zhang et al. (2018) reported that CBM 

reservoirs fractured by CO2 can be deemed as the pattern of “multiple RFs + SRD + 

NSRD” [Fig. 4-1(a)], while Chen et al. (2013) studied the process of gas extraction 

from coalbed by using the concept of “only NSRD” [Fig. 4-1(b)]. Luo and Tang (2015) 

performed pressure transient analysis using the concept of “multiple RFs + NSRD” 

[Fig. 4-1(d)]. Besides, Zhang et al. (2020c) proposed that some CBM reservoirs that 

experienced blasting operation can be deemed as the “SRD + NSRD” pattern [Fig. 4-

1(e)]. Obviously, it is necessary to study the process of CBM extraction based on the 

base scenario in Fig. 4-1(a) because the other scenarios mentioned above are 

essentially particular cases of the base scenario. 
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Fig. 4-1 Different scenarios of a producing CBM reservoir. (a) Base scenario: A stimulated 

CBM reservoir with multiple RFs, a SRD, and a NSRD. It can reduce to one of the following 

scenarios. (b) An unstimulated CBM reservoir with only a producing well. (c) A hydraulically 

fractured CBM reservoir with a double-wing RF and a NSRD. (d) A stimulated CBM reservoir 

with 3 (double-wing) RFs and a NSRD. (e) A stimulated CBM reservoir with a SRD and a 

NSRD. 

 

CBM extraction is a complicated process not only because the structure of CBM 

reservoir is complex, but also because this process is associated with multiple physics 

including gas flow, coal deformation, gas desorption, and heat transfer (Li et al., 2016; 
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Sun et al., 2018; Fan et al., 2019). Above all, the evolutions of porosity and 

permeability are key issues for gas transport since these two physical quantities control 

gas storage and gas flow, respectively. Many previous studies have demonstrated that 

coal deformation greatly changes reservoir porosity, and corresponding permeability of 

CBM reservoir, which is caused by the drawdown-induced effective stress evolution 

during CBM extraction (Cui et al., 2004; Shi and Durucan, 2004; Zhang et al., 2008; 

Pan and Connell et al., 2012; Peng et al., 2014; Liu et al., 2019b). Besides, with the 

decrease of gas pressure, gas desorbs from the surface of matrix grains. This not only 

supplies CBM to the pores and fractures as a mass source of the gas flow but also 

induces a sorption strain to affect the porosity and permeability of the reservoir. 

The classic reservoir modelling theories tend to assume that gas seepage in the 

reservoir is an isothermal flow. In fact, temperature field evolution occurs in CBM 

extraction (Zhu et al., 2011; Qu et al., 2012). This phenomenon results from four 

reasons: (1) Heat convection. The gas flow from the CBM reservoir to the producing 

well takes away some heat; (2) Heat conduction. The wellbore temperature is typically 

lower than that of the CBM reservoir (Li et al., 2016). Also, during CBM extraction, 

the convection causes a colder area near the wellbore. These lead to the nonuniform 

temperature distribution in the whole reservoir, which promotes heat conduction from 

the deep reservoir to the wellbore; (3) Desorption heat. Gas desorption is a heat-

absorbing process, which decreases the system temperature. (4) The variation of 

volumetric strain leads to some energy change. The consequence of these four 

processes is that the low-temperature area near the wellbore gradually enlarges as the 

pressure depletion (Li et al., 2016; Sun et al., 2018). In consequence, the decreasing 

temperature affects several key properties of the reservoir. Firstly, it results in a 

thermal shrinkage of the coal matrix, directly influencing the porosity and thus, the 
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permeability. In the second place, it hinders further desorption by keeping a higher 

adsorbed gas amount than that of isothermal sorption (Qu et al., 2012; Li et al., 2016). 

Thirdly, it changes the gas density to some degree by the equation of state (EOS) of 

real gas. If the effects of the temperature field evolution are ignored in a reservoir 

model, the accuracy of computation results may be adversely affected. In short, various 

physical processes should be fully considered in the modelling and simulation for 

CBM extraction to accomplish an accurate prediction. 

This work focuses on developing a fully coupled numerical model considering the 

multidomain and multiphysics effects mentioned above for gas extraction from 

stimulated CBM reservoirs. As an assembly of dual-porosity-dual-permeability 

continuum and 1-D fractured media, a conceptual model with various domains is 

proposed. Based on the theories of poroelasticity, seepage mechanics, non-isothermal 

sorption, and heat transfer, a group of partial differential equations (PDEs) are derived 

to construct the model. After that, a set of field data of CBM production are used to 

verify the model. Subsequently, the roles played by different domains are investigated 

and discussed, and a sensitivity analysis is performed to evaluate the influencing 

factors during CBM production, especially thermal effects caused by heat transfer. 

 

4.2 Conceptual model 

This section details the conceptual model to define the multiple-scale porous media 

and the sequential flow in different domains during CBM extraction. 

4.2.1 Multiscale model and domain division 

An illustration of the conceptual model is shown in Fig. 4-2. Coal is a typical dual-

porosity medium in which porous matrix provides nanometer-level pores 
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accommodating CBM, while continuous fracture (CF) offers nanometer-to-

micrometer-level cleats and fissures as the access to bridge the matrix blocks (Wu et 

al., 2010a). Furthermore, the dual-porosity-single-permeability model [considering the 

gas flow only occurs in the fractures, (Barenblatt et al., 1960; Warren and Root, 1963)] 

and dual-porosity-dual-permeability model [considering matrix and CF as two 

interacting pressure systems (Elsworth and Bai, 1992; Bai and Elsworth, 2000; Wu et 

al., 2010a)] have been developed based on the continuum assumption and have been 

successfully applied to characterize CBM reservoirs. The advantage of the dual-

porosity-dual-permeability model over the dual-porosity-single-permeability model is 

that it uses two pore-pressure systems to reflect the effects of the stark difference 

between matrix and CF properties (i.e., heterogeneity). Also, the dual-porosity-dual-

permeability model can describe the interactions between matrix and fractures (Bai et 

al., 1997; Chen et al., 2013). Therefore, this work employs the dual-porosity-dual-

permeability method to model the bulk coalbed (without including RFs) as two 

overlapping continua. In the SRD, stimulation treatment results in the enhanced 

porosity, higher permeability, and different mechanical properties of CF compared to 

those of CF in the NSRD, while the properties of matrix in SRD and NSRD are 

considered identical. In addition, RF with greatly enhanced porosity, higher 

permeability, and different pore compressibility compared to those of SRD and NSRD, 

is abstracted as a 1-D dimension fractured medium to bridge the coal mass and the 

producing well. In brief, there are three media (coal matrix, CF, and RF) that jointly 

represent the multi-scale characteristic, and there are three domains (SRD, NSRD, and 

RF) that reflect the multi-domain feature of the stimulated CBM reservoir. 
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Fig. 4-2 Gas transport sequence, domain division, and multi-scale porous media of the 

conceptual model to depict a stimulated CBM reservoir. 

 

4.2.2 Flow sequence 

Based on the multi-scale representation and domain division, a sequential flow 

process including five flow stages is used to describe gas transport in the stimulated 

CBM reservoir, as illustrated in Fig. 4-2: At the beginning of gas extraction, the 

original gas in the RFs flows to the wellbore very quickly due to the great difference 

between bottom-hole and initial reservoir pressures (Stage 1). The significantly 

depleted pressure in the RFs induces the free gas in CF in the SRD to flow into the RFs 

(Stage 2). Subsequently, the pressure difference (or equivalently expressed as the 

concentration difference) between CF and coal matrix causes the mass exchange. As a 

mass source, the coal matrix supplies gas to CF by diffusion, and gas desorption occurs 
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with the pressure reduction in the matrix (Stage 3). Meanwhile, gas in the CF of the 

NSRD also starts flowing into the CF of the SRD to keep the continuity of gas flow, 

which is caused by the differential pressure between SRD and NSRD (Stage 4). In the 

end, gas in the matrix of the NSRD diffuses into the CF of the NSRD, and gas 

desorption occurs in the matrix of the NSRD (Stage 5). Previously, several 

multidomain sequential flow models have been successfully applied in unconventional 

gas extraction simulation. Peng et al. (2015) proposed a multidomain model to 

describe the gas transport behaviour in shale gas reservoirs, but the SRD and NSRD 

are not differentiated in their study. Li et al. (2019b; 2020b) and Cui et al. (2020) 

studied the process of shale gas production by using multidomain models 

differentiating SRD and NSRD, but their works are still limited to shale reservoirs and 

horizontal wells with one planar-pattern hydraulic fracture in each fracking segment. 

In this work, we extend the multidomain sequential flow to CBM extraction with a 

vertical wellbore with multiple RFs. 

As mentioned previously, in addition to gas flow, coal deformation, gas desorption, 

and thermal effects should be incorporated into the model. In the next section, the 

mathematical model describing these physical processes in different media/domains 

and the interactions between these processes and media/domains are detailed. 

 

4.3 Mathematical model 

The mathematical model formulation is based on the following assumptions: (1) 

Coal matrix, CF, and RF are deemed as isotropic and linear-elastic; (2) Gas flow is 

single-phase, i.e., the impact of water in the CBM reservoir is ignored; (3) The CBM 

reservoir is saturated by methane at the initial state; (4) The mechanical deformation is 
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very small compared to the coal block; (5) The gas transport in coal matrix and CF are 

driven by seepage, while the mass exchange between them is controlled by diffusion 

(Chen et al., 2013; Li et al., 2016; Fan et al., 2019). (6) Gas supply caused by 

desorption is only considered in the matrix because the matrix has most of the solid 

grains of coal. (7) The coal deformation instantly reaches the local mechanical 

equilibrium, i.e., one certain pressure distribution corresponds to one effective strain 

distribution (Chen et al., 2013; Peng et al., 2015). (8) The heat transfer process 

instantly reaches the local thermal equilibrium, i.e., one certain pressure distribution 

corresponds to one temperature distribution (Li et al., 2016; Fan et al., 2019). 

4.3.1 Mechanical coupling equations 

First of all, the whole CBM reservoir obeys the following stress-strain relationship 

based on Biot’s theory of poroelasticity and the dual-porosity assumption (Detournay 

and Cheng, 1993; Zhang et al., 2008; Peng et al., 2015; Cao et al., 2016a; Li et al., 

2016; Fan et al., 2019; Li et al., 2019b; Li et al., 2020b): 

( )

( ) ( )

1

3 1 2 3 1 2 3 3 3 3

CF CF m m sT
ij ij kk ij ij ij ij ij

p p T

K K K K

   
       

 

+
= − + + + +

− −
     (4-1) 

where εij is the component of the total strain tensor; υ is the bulk Poisson’s ratio of coal; 

K is the bulk volumetric modulus of coal; T is the temperature; the total stress σkk = σ11 

+ σ22 + σ33, where σ11, σ22 and σ33 are the principal stresses in the three axial directions 

of the spatial coordinate system, respectively; δij is the Kronecker delta with 1 for i = j 

and 0 for i ≠ j. εs is the non-isothermal-sorption-induced volumetric strain; pCF and pm 

denote the gas pressures in CF and coal matrix, respectively. αCF and αm are the 

effective Biot coefficients of CF and coal matrix, respectively. They can be determined 

by the following equations: 
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where γCF and γm are the volumetric fractions occupied by CF and coal matrix, 

respectively, γCF + γm = 1. KCF and Km are the individual bulk moduli of CF and coal 

matrix, respectively. 
*

CF  and 
*

m  are the individual Biot coefficients of CF and coal 

matrix, respectively. γCF, γm, KCF, Km, 
*

CF  and 
*

m  can be estimated/determined by core 

analysis (Mehrabian and Abousleiman, 2015; Cao et al., 2016a; Li et al., 2020b) and/or 

acoustic measurements (Mehrabian and Abousleiman, 2015; Rezaee, 2015). αT 

represents the thermal expansion coefficient of coal. 

Note that K in Eq.(4-1) is a volumetric-weighted quantity (Cao et al., 2016a; 

Berryman, 2002): 

1 CF m

CF mK K K

 
= +  (4-3) 

The non-isothermal-sorption-induced volumetric strain εs is related to the changing 

temperature and can be obtained by using the modified Langmuir-type sorption 

equation (Zhu et al., 2011): 

( ),L m
s m

m L

p
F p T

p P


 =

+
 (4-4) 

where εL is the Langmuir sorption strain constant, and PL is the Langmuir pressure 

constants of coal. F(pm,T) is a function reflecting the temperature dependence of gas 

sorption amount, and it is defined by the following equation based on the Van’t Hoff 

equation (Busch and Gensterblum, 2011; Zhu et al., 2011; Li et al., 2016): 
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where d1 is a pressure coefficient; d2 is a temperature coefficient; Tref is the reference 

temperature for the desorption test. According to Eq.(4-4), with the same pm, a higher 

T corresponds to a lower εs. 

On the right hand of Eq.(4-1), the first and second terms represent the mechanical 

strains induced by the stress tensor in the normal- and shear- directions, respectively. 

The third and fourth terms denote the strains caused by the gas pressure in CF and coal 

matrix, respectively. The fifth term is the contribution of thermal expansion/shrinkage, 

and the final term is the contribution of sorption-induced strain on the total strain 

tensor. Furthermore, according to the strain-displacement relation (the Cauchy formula) 

and the stress equilibrium relations (Detournay and Cheng, 1993; Zhang et al., 2008), 

we have: 

( ), ,

,

1

2

0

ij i j j i

ij j i

u u

f






= +


 + =

 (4-6) 

where ui is the displacement in the i direction, σij is the component of the total stress 

tensor, and fi is the body force in the i direction. i, j = x, y, z. Combining Eq.(4-1) and 

Eq.(4-6) to obtain the Navier-Cauchy-type deformation equation as the governing 

equation for the strain field (Zhu et al., 2011): 

, , , , , ,

3 (1 2 ) 3
0

2(1 ) 2(1 )
i kk k ki CF CF i m m i T i s i i

K K
u u p p K T K f


   

 

−
+ − − − − + =

+ +
 (4-7) 

Eq.(4-7) presents a strict mathematical form to fully couple the mechanical 

deformation, the effects of gas pressure evolutions in coal matrix and CF, thermal 

expansion/shrinkage, as well as sorption-induced strain. 
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4.3.2 Gas transport in coal matrix 

In this section, the governing equations for the mass transfer in the coal matrix are 

derived. Based on the mass conservation law, the general equation for gas transport in 

coal matrix can be written as (Chen et al., 2013; Li et al., 2016): 

,m stressm
gm m m CF

km
p Q

t



−

 
+   −  = − 

  
 (4-8) 

where mm is the mass storage of gas in coal matrix; ρgm is the gas density in coal matrix; 

km,stress denotes the stress-dependent permeability of coal matrix,  is the methane 

viscosity, and -Qm-CF represents the mass sink term offering gas from coal matrix to CF. 

Furthermore, mm equals the mass sum of free gas and adsorbed gas in the coal matrix: 

,m gm m stress a s adsm V   = +  (4-9) 

where m,stress is the stress-dependent matrix porosity considering the impact of coal 

deformation; ρa is the methane density under the standard condition, 0.717 kg/m3 

(Zhang et al., 2008); ρs is the bulk density of coal; Vads is the adsorption volume per 

unit of coal mass as standard gas volume, which can be obtained by using a modified 

Langmuir-type equation with the similar form of Eq.(4-4), considering the temperature 

dependence of sorption (Zhu et al., 2011; Qu et al., 2012): 

( ),L m
ads m

L m

V p
V F p T

P p
=

+
 (4-10) 

where VL denotes the Langmuir volume constant of coal. With the same pm, a higher T 

corresponds to a lower Vads. 

To obtain the exact expression of m,stress in Eq.(4-9), the influence of effective 

stress should be considered. The evolution of stress-dependent matrix porosity during 
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gas extraction can be expressed as the following form proposed in the previous works 

(Liu et al., 2011; Wei et al., 2016): 

( )*

, 0 0m stress m m em em    = + −  (4-11) 

where εem is the effective strain at a certain time point, while εem0 is the effective strain 

in the coal matrix under the initial condition. They are defined as (Qu et al., 2012): 

m
em v s T

m

p
T

K
   = + − −  (4-12) 

0
0 0 0 0

m
em v s T

m

p
T

K
   = + − −  (4-13) 

where the bulk volumetric strain εv = σkk/K can be obtained by numerically solving the 

mechanical coupling equation Eq.(4-7); Km is the bulk modulus of coal matrix; εv0 is 

the initial bulk volumetric strain which can be obtained by numerically solving Eq.(4-7) 

with the initial and boundary conditions; ε s0 is the initial sorption-induced strain. 

Combining Eqs.(4-11), (4-12) and (4-13) yields: 

( )
( )

( ) ( )

( )
( )

( ) ( )

0*

, 0 0 0 0

*

0* * *
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m m

m stress m m v v s s T
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m m v v m s s m T

m

p p
T T

K

p p
T T

K

       


        

− 
= + − + − − − − 

 

−
= + − + − − − −

 (4-14) 

On the right hand of Eq.(4-14), the second term is the matrix porosity change 

resulting from the variation of bulk volumetric strain, the third term is the porosity 

change caused by the variation of gas pressure in the matrix, and the fourth term is the 

matrix porosity change caused by the variation of sorption-induced strain, and the fifth 

term is the matrix porosity change caused by the variation of thermal strain. This 

general porosity model is based on the triaxial strain condition. Zhang et al. (2008) 

have demonstrated that this model can reduce to the classic Palmer and Mansoori 
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model (Palmer and Mansoori, 1998) by applying a uniaxial condition. This model, 

along with its various modified forms, has been successfully used in modelling and 

simulating the gas extraction process in unconventional reservoirs (Zhang et al., 2008; 

Wu et al., 2010a; Wei et al., 2018; Cui et al., 2018). 

As the relationship between porosity and permeability, the cubic law is used to 

obtain the matrix permeability (km,stress) affected by the effective stress (Pan and 

Connell, 2012): 

3

,

, 0

0

m stress

m stress m

m

k k




 
=  

 
 (4-15) 

where km0 is the initial permeability of the coal matrix. 

For a porous medium i (i = m, CF, RF), the gas density ρgi can be obtained by using 

the equation of state for real gas: 

i
gi

i

Mp

Z RT
 =  (4-16) 

where M is the molar weight of methane, 0.016 kg/mol; R is the universal gas constant, 

8.314 J/(mol·K), and pi is the methane pressure in medium i. Zi is the deviation factor 

of real gas, which can be obtained by using the following empirical expression 

(Mahmoud, 2014): 

( ) ( )2

2

0.702( ) exp 2.5 5.524 exp 2.5

0.044( ) 0.164 1.15

i pri pr pri pr

pr pr

Z p T p T

T T

= − − −

+ − +
 (4-17) 

where ppri = pi /pc is a pressure ratio, pc is the critical pressure of methane, 4.6×106 Pa. 

Tpr = T /Tc is a temperature ratio, Tc is the critical temperature of methane, 190.74 K. 

An approach based on An et al. (2013), Xia et al. (2015), and Li et al. (2016) is 

selected to determine the sink term of the matrix (Qm-CF). The key idea of this approach 
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is to describe the gas diffusion process (i.e., a process driven by gas concentration 

difference) from coal matrix to CF by using a characteristic time (τ0): 

0 0

m CF m CF
m CF

m CF

p pM
Q

RT Z Z

 

 
−

 −
= = − 

 
 (4-18) 

where ρCF is the gas density in CF, pCF is the gas pressure in CF, ZCF is the deviation 

factor of real gas in CF. τ0 can be experimentally tested, or determined by the 

following expression (Chen et al., 2013): 

0

1

m CFD


−

=  (4-19) 

where Dm-CF is the diffusivity of methane in the matrix, while δ is a shape factor. Dm-CF 

can be approximately expressed as the following form (Kranz et al., 1990; Chen et al., 

2013): 

,

,

m stress

m CF

m stress

k
D

 
− =  (4-20) 

where β is the compressibility of methane. According to the definition of gas 

compressibility, β can be expressed as: 

1 1 1 1 1gm gm m m

gm m m m m m

Z Z

p T p Z p T Z T

 




     
= −  + = − −  − −    

      
 (4-21) 

where m

m

Z

p




 and mZ

T




 can be directly calculated according to Eq.(4-17). Note that the 

first minus sign on the right hand ensures the value of β is positive. This form of β not 

only reflects the gas expansion effect with a small increase in temperature but also 

includes the gas compression effect with a small increase in pressure. The exact value 

of β based on Eq.(4-17) is the net result of these two competitive effects. Therefore, 
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substituting Eq.(4-21) into Eq.(4-20) yields the exact expression of the diffusivity of 

methane in the matrix: 

,

,

1 1 1 1

m stress

m CF

m m
m stress

m m m m

k
D

Z Z

Z p p T Z T
 

− =
  

 − + +  
  

 (4-22) 

For another, the shape factor δ can be obtained by the following formula (Lim and 

Aziz, 1995; van Heel et al., 2008; Teng et al., 2018; Fan et al., 2019): 

2

2

3

mL


 =  (4-23) 

where Lm is the cleat spacing (i.e., the width of a single cubic matrix block). Here, Lm 

is considered as an averaged constant since the deformation of the matrix is small 

compared to the coal block, and the effect of deformation on the characteristic time τ0 

can be ignored. Combining Eqs. (4-18), (4-19), (4-22) and (4-23) gives the exact 

expression of the sink term: 
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 (4-24) 

Substituting Eqs.(4-9), (4-10), (4-14), (4-15), (4-16) and (4-24) into Eq.(4-8) gives 

the overall governing equation of coal matrix: 
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(4-25) 
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4.3.3 Gas transport in continuous fractures 

The main differences between coal matrix and continuous fractures (CF) in the 

mathematical model include: (1) There are two CF domains (CF-SRD and CF-NSRD) 

with different properties, and these two domains are connected by the continuities of 

pressure and flow rate; (2) The adsorbed gas storage is not considered in CF. The 

governing equation according to the mass conservation law for gas transport in CF can 

be written as: 

( ), ,

j j j
gCF CF stress CF stressj j j

gCF CF m CF

k
p Q

t

 



−

  
+  −  =    

 (4-26) 

where superscript j is the domain indicator: j = NSRD or SRD; ρgCF is the methane 

density in CF; CF,stress is the stress-dependent CF porosity; kCF,stress is the stress-

dependent permeability of CF, and Qm-CF is the source term (from coal matrix to CF). 

Based on the previous studies of Liu et al. (1999; 2010) and Qu et al. (2012), the 

following equations are used to determine CF,stress and kCF,stress: 

( ) ( )
( )

( ) ( )0*

, 0 0 0 03 1
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 (4-27) 
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 − −  
= + − + − − − −  

   
(4-28) 

where CF0 is the initial porosity of CF; pCF0 is the initial gas pressure in CF; kCF0 is the 

initial permeability of CF and Rm = E/Em is the Young’s modulus ratio of the bulk coal 

to the matrix. 

At the boundary between SRD and NSRD, the CF gas pressure should be 

continuous (Li et al., 2020b): 
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NSRD SRD

CF SRD boundary CF SRD boundaryp p=  (4-29) 

Meanwhile, the mass flux is also continuous at this boundary: 

NSRD SRD

CF CFSRD boundary SRD boundaryu u=  (4-30) 

where CFu  is the mass flux in CF. 

Similarly, the gas pressure and the mass flux in CF should also be continuous at RF 

which is deemed as an outlet boundary of gas in CF-SRD:  

SRD

CF RF RF RFp p=  (4-31) 

SRD

CF RFRF RFu u=  (4-32) 

where pRF is the gas pressure in RF, and RFu  denotes the flow-in mass flux from CF-

SRD to RF. Combining Eqs. (4-24), (4-26), (4-27), (4-28), (4-29), (4-30), (4-31), and 

(4-32) yields the overall governing equation for CF: 
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4.3.4 Gas transport in radial fracture 

In this work, radial primary fracture (RF) is simplified as a 1-D fractured medium. 

Meanwhile, it is also deemed as the outlet boundary of CF-SRD bridging the 

producing well and coal mass. This modelling method has successfully described the 

primary hydraulic fractures in stimulated shale reservoirs in some previous studies 

(Cao et al., 2016a; Cao et al., 2016b; Li et al., 2020b). Particularly, Li et al. (2020b) 

proposed a model to calculate the porosity and permeability of this type of 1-D 

fractured medium influenced by the varying stress with gas depletion. By applying Li 

et al.’s model, we have the following governing equation of RF in the CBM reservoir: 
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 (4-34) 

where ∇T denotes the gradient operator restricted to the tangential plane of RF; ρgRF 

denotes the methane density in RF; bRF0, RF0, and kRF0 are the initial aperture, porosity, 

and permeability of RF, respectively; bRF,stress, RF,stress, and kRF,stress are the dynamic 

aperture, porosity, and permeability of RF influenced by stress, respectively. CRF is the 

pore compressibility of RF. Note that the inflow of RF is exactly provided by the 

outflow from CF-SRD due to the continuity of gas flow. Therefore, there is no mass 

source term on the right hand of the first equation in Eq.(4-34). 
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4.3.5 Heat transfer 

When gas is extracted from the CBM reservoir, heat transfer takes place due to the 

energy change resulting from thermal strain, desorption heat, heat convection, and heat 

conduction. Based on the local thermal equilibrium assumption (i.e., at one spatial 

point, the temperatures in coal matrix and CF are approximately deemed as identical, 

and the thermal properties of the bulk coal are weight averaged values based on the 

volumetric fractions of the two media), the energy balance can be expressed as the 

following equation (Zhu et al., 2011; Li et al., 2016; Fan et al., 2018; Dunne et al., 

1996; Deng et al., 2019): 

( )
( ) 0

p eff v s a ads
eff T d

C T V
T T K T q

t t M t

   
  

     +  −   + +  =
  

 (4-35) 

where the first term on the left hand represents the change of internal energy; the 

second one is the thermal convection term, the third one is the thermal conduction term, 

the fourth one is the strain energy term, and the fifth term denotes the methane sorption 

heat. (ρCp)eff is the effective specific heat capacity; η is the heat convection coefficient 

of methane; eff is the effective thermal conductivity; qd is the differential heat of 

sorption of the gas-coal system. 

In the energy balance equation [Eq.(4-35)], (ρCp)eff is an averaged value of the 

specific heat capacity and density of all the components in the coal block (Li et al., 

2016; Fan et al., 2019): 

( ) ( ) ( )1p CF CF m m s s CF CF gCF m m gm geff
C C C           = − − + +  (4-36) 

where the first term on the right hand represents the contribution of coal skeleton on 

the specific heat capacity, while the second term is the contribution of gas on the 
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specific heat capacity. Cs and Cg are the specific heat capacities of coal grain and 

methane, respectively. 

In the energy balance equation [Eq.(4-35)], η is related to the total mass flux and Cg: 

, ,

j

CF stress m m stressj j

g CF gCF CF m m

m

k Mp k
C p p

Z RT
   

 

    
=  −  +  −      

    

 (4-37) 

eff is a linear combination of thermal conductivities of coal skeleton and gas: 

( ) ( )1eff CF CF m m s CF CF m m g          = − − + +  (4-38) 

where s and g are the thermal conductivities of coal grain and methane, respectively. 

Besides, qd in the energy balance equation [Eq.(4-35)] can be determined by the 

following equation (Dunne et al., 1996; Deng et al., 2019): 

d st bulkq q Z RT= −  (4-39) 

where qst is the isosteric sorption heat of the gas-coal system; Zbulk is the bulk gas 

deviation factor which can be expressed as a weighted average value of the gas 

deviation factors in coal matrix (Zm) and in continuous fractures (ZCF): 

bulk m m CF CFZ Z Z = +  (4-40) 

It should be pointed out that some previous studies (e.g., Li et al., 2016; Fan et al., 

2019) simply use qst instead of qd in the energy balance equation [Eq.(4-35)], which 

actually ignores the sorption heat change with temperature [the term -ZbulkRT in 

Eq.(4-39)]. Consequently, their model will cause a slight overestimation of the 

sorption heat. Therefore, our model includes a correction in heat transfer computation. 

The temperature and heat flux (qheat) should be continuous at SRD boundary and 

RF: 

NRSD SRD

SRD boundary SRD boundaryT T=  (4-41) 

NSRD SRD

heat SRD boundary heat SRD boundaryq q=  (4-42) 
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SRD RF

RF RFT T=  (4-43) 

SRD RF

heat RF heat RFq q=  (4-44) 

Combining Eqs.(4-35), (4-41), (4-42), (4-43) and (4-44) yields the final governing 

equation of heat transfer: 
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       +  −   + +  =
   


= =


= =



 (4-45) 

 

4.3.6 Coupling relationship between different physics 

Eqs.(4-7), (4-25), (4-33), (4-34), and (4-45) construct the fully coupled, 

multidomain, and multiphysics model describing the heat and mass transfer in the 

stimulated CBM reservoir. The interactions between the different physics are 

summarized in Fig. 4-3. By using this set of PDEs, the gas transport, coal deformation, 

non-isothermal sorption, and heat transfer occurring in CBM extraction can be 

simulated. 
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Fig. 4-3 Interactions between different physics including gas transport, coal deformation, non-

isothermal sorption, and heat transfer. 

 

4.4 Model verification 

To verify and apply the proposed multidomain and multiphysics model, two CBM 

extraction cases are simulated by using the proposed models based on the information 

in the literature. The simulation results are compared with the field data and the results 

given by previously published CBM reservoir models to demonstrate the validity and 

reliability of the proposed model. 
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4.4.1 Simulation case 1: CBM extraction in the Southern Qinshui 

Basin, China 

As an application and a verification of the proposed model, the process of gas 

extraction from a CBM reservoir with a vertical well in Southern Qinshui Basin in 

Shanxi Province, China is simulated (referred to as Simulation case 1), and the 

computation results are matched against a set of field observations. The field data and 

most of the parameters are collected from the work published by Li et al. (2016). 

However, some important parameters (such as the bottom-hole pressure) are not given 

in the original reference, and the model proposed by Li et al. (2016) is single-

permeability instead of a dual-permeability model like ours. Therefore, some of the 

undetermined parameters are set according to another previous study of CBM 

extraction in which a dual-permeability model is developed (Chen et al., 2013). Other 

missing coal properties are collected from Wu et al. (2010b) and Xia et al. (2014). The 

fully coupled PDEs derived in Section 4.3 were numerically solved by using 

COMSOL Multiphysics, a commercial PDE solver based on the finite element method 

(FEM). As shown in Fig. 4-4(a), a 2-D geometry with 13188 mesh elements is built to 

represent the CBM reservoir for the numerical simulation. For the boundary conditions, 

the CBM reservoir is under a geo-stress field orthogonally decomposed as the 

maximum horizontal geo-stress and the minimum horizontal geo-stress, while the 

roller constraints are set along the left and bottom boundaries. These settings reflect 

the influence of the in-situ-geo-stress field on coal deformation and have been used in 

some previous studies on simulations of unconventional gas reservoirs (Cao et al., 

2016a; Li et al., 2016; Li et al., 2020b). A zoom-in image of the central area of the 

reservoir is displayed in Fig. 4-4(b). A producing well with a bottom-hole temperature 

(BHT = 293.5 K), a bottom-hole pressure (BHP = 1.0 MPa), and a wellbore radius = 
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0.11 m, is located at the centre of the square CBM reservoir (500 m  500 m  5 m). 

Three double-wing RFs are explicitly specified and symmetrically distributed around 

the vertical wellbore. The length of a half-RF is 15 m, and the angle between each pair 

of RFs is 60°. These RFs are totally included in a circular SRD with a radius of 15 m. 

On the other hand, CF and coal matrix are simulated by the dual-continuum modelling 

method which gives the coupled results computed by using the proposed PDEs at each 

node (Li et al. 2020b). The detailed parameter list for simulation is given in Table 4-1 

in which the CF in the SRD and the NSRD have different initial porosities, initial 

permeabilities, and mechanical properties (including Young’s modulus, Poisson’s ratio, 

and Biot coefficient). Besides, to measure the simulation accuracy, the average relative 

errors (δaves) of the simulated daily production curves by models are calculated based 

on the following formula (assuming the field data are the true values): 

, , , ,

1 , ,

1 n
d sim i d field i

ave

i d field i

P P

n P


=

−
=   (4-46) 

where n is the total number of the data points; Pd,sim,i is the daily gas production 

simulated by the model for data point No.i; Pd,field,i is the simulated daily gas 

production by the model for data point No.i. A lower δave represents better simulation 

accuracy. 

The simulated daily gas production is compared with the field data, as shown in Fig. 

4-5. Overall, a great consistency is fulfilled, showing the satisfactory accuracy (δave = 

2.24%) of the proposed model for CBM extraction. Note that the fluctuation of the 

field data is speculated to be caused by the heterogeneity of the actual CBM reservoir. 

Besides, the simulation results in the very beginning period are higher than the field 

data to some degree because the proposed model ignores the blockage effect of water 
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in the reservoir on the gas flow in this period. This will be improved in our future 

works.  
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Table 4-1 Reservoir properties and computational parameters for the case of Southern Qinshui 

Basin for model verification (Zhang et al., 2008; Chen et al., 2013; Xia et al., 2014; Li et al., 

2016). 

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimension (m×m×m) 500×500×5 Wellbore radius (m) 0.11 

Half RF length (m) 15 SRD radius (m) 15 

Minimum horizontal geo-stress 

(Pa) 
4.51×106 

Maximum horizontal geo-stress 

(Pa) 
4.916×106 

Angle between adjacent RFs (°) 60 Initial reservoir temperature (K) 312.5 

Initial reservoir pressure (Pa) 5.24×106 Bottom-hole pressure (Pa) 1.38×106 

Bottom-hole temperature (K) 293.5 Methane viscosity (Pa∙s) 1.84×10-5 

Coal density (kg/m3) 1470 Langmuir strain constant 0.06 

Langmuir pressure (Pa) 5.67×106 Langmuir volume (m3/kg) 5.5×10-3 

Specific heat capacity of coal grain 

[J/(kg∙K)] 
1350 

Specific heat capacity of methane 

[J/(kg∙K)] 
2160 

Reference temperature for 

desorption test (K) 
300 

Thermal conductivity of coal grain 

[W/(m∙K)] 
0.197 

Convection thermal conductivity 

of methane [W/(m∙K)] 
0.031 

Thermal expansion coefficient of 

coal (K-1) 
2.4×10-5 

Pressure correction coefficient for 

sorption curve (Pa-1) 
7×10-8 

Temperature correction coefficient 

for sorption curve (K-1) 
0.02 

Isosteric heat of adsorption (J/mol) 33400 Specific heat capacity ratio 1.32 

Bulk modulus of matrix (Pa) 5.04×109 Young’s modulus of matrix (Pa) 8.47×109 

Matrix size (m) 4.0 Initial matrix porosity 0.045 

Volumetric fraction of CF 0.04 Biot coefficient of matrix 0.25 

Initial matrix permeability (m2) 1.0×10-17 Initial RF porosity 0.2 

Initial RF permeability (m2) 6.0×10-14 Initial RF aperture (m) 0.003 

Pore compressibility of RF (Pa-1) 1×10-9 Molar weight of methane (kg/mol) 0.016 

Young’s modulus of CF (Pa) 

SRD: 1.2×108 

Young’s modulus ratio 
SRD: 0.32 

NSRD:4.0×109 NSRD: 0.53 

Poisson’s ratio of CF 
SRD: 0.39 

Initial CF porosity 
SRD: 0.12 

NSRD: 0.36 NSRD: 0.08 

Initial CF permeability (m2) 

SRD: 6.0×10-15 

Biot coefficient of CF 
SRD: 0.9 

NSRD:3.0×10-16 NSRD: 0.5 
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Fig. 4-4 Meshed geometry and boundary conditions of the simulation case for model 

verification: (a) Top view of the meshed geometry of the stimulated CBM reservoir with the 

in-situ boundary conditions. (b) Zoom-in image of the central area, showing the producing 

well, RFs, SRD, and part of NSRD. 

 

 

Fig. 4-5 Comparison between the simulation results by using the proposed model and the field 

data for the verification case of Southern Qinshui Basin Coalbed, Shanxi, China (Simulation 

case 1). 
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4.4.2 Simulation case 2: CBM extraction in the Fruitland Coal, the 

United States 

To further verify the performance and flexibility of the proposed model, gas 

extraction from a CBM reservoir with a vertical, single-gas-phase well in Fruitland 

Coal in San Juan Basin, the United States is simulated by the proposed model. A 

previous study (Chen et al., 2013) investigated this case. Therefore, the main 

parameters and conditions are set according to that paper. As shown in Fig. 4-6, a 2-D 

geometry with 4932 mesh elements is built to represent the CBM reservoir for the 

numerical simulation. Note that there is neither SRD nor PF in this geometry in this 

geometry. Thus, this case can be deemed as the scenario (an unstimulated CBM 

reservoir with only a producing well) shown in Fig. 4-1(b) which is a degeneration of 

the base scenario shown in Fig. 4-1(a). For the boundary conditions, the square CBM 

reservoir is surrounded by fixed-restriction, no-flow boundaries according to Chen et 

al. (2013), as presented in Fig. 4-6(a). This kind of boundary often means that the 

reservoir is surrounded by faults. Furthermore, the input bottom-hole pressure is based 

on a curve (the black curve) fitting the field data (the scattered green squares), as 

shown in Fig. 4-6(b). The computing parameters and reservoir properties used in this 

case are mainly collected from Chen et al. (2013). while some missing reservoir 

parameters are from Zhang et al. (2008) and Xia et al. (2014). The parameters related 

to thermal effects are based on Zhu et al. (2011) and Li et al. (2016). All the 

parameters/properties are listed in Table 4-2. The daily gas production data from the 

field (the scattered dots) and the simulation results of the proposed model (the red 

curve) are presented in Fig. 4-7. Note that the fluctuation of the field data is speculated 

to be caused by the heterogeneity of the actual CBM reservoir. The great consistency 
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(δave = -1.45%) between the simulation results and field data can be seen, 

demonstrating the high reliability of our model in simulation. Besides, the simulation 

results of two previous numerical models proposed by Chen et al. (2013) for the same 

case are plotted in Fig. 4-7 for comparison (both two models for comparison do not 

considering heat transfer and thermal effects). The blue curve represents the results of 

the single-permeability model (δave = 11.71%), while the dark golden curve denotes the 

results of the dual-permeability model (δave = 4.75%). It can be known from Fig. 4-7 

that both previous models obtain significantly higher average relative errors than that 

obtained by our model. The results of the single-permeability model by Chen et al. 

(2013) exhibit significant deviation from the field data in the period of 100 – 1600 day. 

Although the matching performance of the dual-permeability model by Chen et al. 

(2013) is better than that of the single-permeability model due to the incorporation of 

the mass exchange process between coal matrix and CF, moderate deviations of the 

simulation results from the field data can still be seen in the period of 600 – 2000 day 

due to the ignorance of thermeal effects. In contrast, our model performs well in the 

whole period of simulation time because it not only has the dual-permeability feature 

but also includes the thermal effects. In summary, Simulation case 1 confirms the 

reliability of our model in simulating a CBM reservoir with SRD, NSRD, and PF, 

while Simulation case 2 demonstrates that our model performs satisfactorily in 

simulating an unstimulated CBM reservoir with only NSRD and a producing well. The 

comprehensive incorporation of multidomain effects, dual-porosity-dual-permeability 

feature, and multiple physical processes ensure the great simulation accuracy and 

flexibility of our model to deal with CBM reservoirs no matter whether they are 

stimulated or unstimulated. 
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Table 4-2 Reservoir properties and computational parameters for Simulation case 2 (CBM 

extraction in the Fruitland Coal, the United States) for model verification (Zhang et al., 2008; 

Zhu et al., 2011; Chen et al., 2013; Xia et al., 2014; Li et al., 2016). 

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimension (m×m×m) 

1137.98×1137.98 

×14 

Wellbore radius (m) 0.108 

Initial reservoir pressure (Pa) 3.447×106 Initial reservoir temperature (K) 312.5 

Bottom-hole temperature (K) 293.5 Bottom-hole pressure (Pa) 1.38×106 

Coal density (kg/m3) 1300 Methane viscosity (Pa∙s) 1.228×10-5 

Langmuir pressure (Pa) 5.67×106 Langmuir strain constant 0.02 

Specific heat capacity of coal 

grain [J/(kg∙K)] 

1350 Langmuir volume (m3/kg) 4.2×10-3 

Reference temperature for 

desorption test (K) 

300 

Specific heat capacity of methane 

[J/(kg∙K)] 

2160 

Convection thermal conductivity 

of methane [W/(m∙K)] 

0.031 

Thermal conductivity of coal grain 

[W/(m∙K)] 

0.197 

Pressure correction coefficient for 

sorption curve (Pa-1) 

7×10-8 

Thermal expansion coefficient of 

coal (K-1) 

2.4×10-5 

Isosteric heat of adsorption (J/mol) 33400 

Temperature correction coefficient 

for sorption curve (K-1) 

0.02 

Bulk modulus of matrix (Pa) 2.13×1010 Specific heat capacity ratio 1.32 

Matrix size (m) 5.5 Young’s modulus of matrix (Pa) 3.59×1010 

Volumetric fraction of CF 0.05 Initial matrix porosity 0.044 

Initial matrix permeability (m2) 3.0×10-18 Biot coefficient of matrix 0.2 

Young’s modulus of CF (Pa) 9.37×107 Molar weight of methane (kg/mol) 0.016 

Poisson’s ratio of CF 0.36 Young’s modulus ratio 0.1 

Initial CF permeability (m2) 3.0×10-14 Initial CF porosity 0.02 

Biot coefficient of CF 0.5   
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Fig. 4-6 Geometry and boundary conditions of Simulation case 2 (CBM extraction in 

Fruitland Coal, the United States): (a) Meshed geometry (top view) and mechanical boundary 

conditions. (b) Bottom-hole pressure data from the field (Chen et al., 2013) and the input 

bottom-hole pressure based on a fitting curve. 

 

 

Fig. 4-7 Comparison of the simulation results of daily CBM production by the proposed 

model, by the single-permeability model in Chen et al. (2013), by the dual-permeability model 

in Chen et al. (2013), and the field data for Simulation case 2 (CBM extraction in the 

Fruitland Coal, the United States). 
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4.5 Results and discussion 

The proposed fully coupled model is a tool for the evaluation of CBM production 

and the deep understanding of this process since it comprehensively includes various 

characteristics, mechanisms, and interactions between different media and domains in 

CBM reservoirs. In this section, two issues including multidomain effects and thermal 

effects are discussed based on the simulation results given by using the proposed 

model to get insight into the heat and mass transfer processes during CBM extraction. 

The former issue is closely related to the evaluation of the effects of stimulation 

treatment (such as hydraulic fracking) on CBM production, while the latter is often 

ignored in the previous studies on CBM extraction. The results discussed in this 

section are based on a sensitivity analysis of a typical simulation case (referred to as 

“base case”) which is adapted from the simulation case of Southern Qinshui Basin 

Coalbed (Simulation case 1) mentioned in Section 4.4.1. The SRD + RF + NSRD 

pattern (the base scenario) is focused because it can degenerate to several other 

representative scenarios, as shown in Fig. 4-1. These degenerations correspond to 

different field conditions caused by different stimulation treatments. Investigation and 

discussion on the CBM reservoir with the SRD+RF+NSRD pattern is crucial to 

understand the multiple physical processes in CBM extraction and evaluate the effects 

of different stimulation patterns because this pattern includes all the main components 

of different stimulation patterns. The other four representative scenarios are particular 

cases of the base scenario. 
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4.5.1 Influence of multidomain effects on CBM extraction 

4.5.1.1 Effects of stimulation pattern on gas production 

The reservoir and computational parameters for the base case are listed in Table 4-

3. Compared to the parameters of the model verification case listed in Table 4-1, the 

differences in the initial permeabilities between the RF, CF, and coal matrix of the 

base case are greater to highlight the importance of the multiscale characterization. The 

properties of coal grain related to thermal effects are also modified to study the thermal 

effects. Besides, the RF length, SRD radius, and reservoir size are also modified. To 

investigate the effects of stimulation pattern on gas production, the five scenarios 

introduced in Fig. 4-1 [i.e., (1) Unstimulated coalbed; (2) 1 double-wing RF + NSRD; 

(3) 3 RFs + NSRD; (4) SRD + NSRD; and (5) 3 RFs + SRD + NSRD (i.e., base case)] 

are simulated by using the proposed model. The cumulative productions of these 5 

scenarios during 50-year gas extraction are presented in Fig. 4-8(a). It can be seen that 

different stimulation patterns significantly influence CBM production. Specifically, the 

cumulative production curve of the base case levels out at approximately 12000 day, 

demonstrating that most of the recoverable gas is extracted. In contrast, all of the other 

four scenarios exhibit slower extraction rates than that of the base case. Furthermore, 

taking the 50-year cumulative production of the base case (5.06105 standard m3) as 

the total exploitable gas amount, a “cumulative production ratio” (CPR, ranging from 0 

to 100%) can be defined as the current cumulative production divided by the total 

exploitable gas amount to measure the degree of gas extraction. That is, CPR = 0 

corresponds to the unexploited reservoir, while CPR = 100% represents a fully 

exploited reservoir. Thus, a series of CPRs at different time points (1, 5, 10, 25, and 50 

year) for the different scenarios can be calculated, as shown in Fig. 4-8(b). In the early 

period of gas extraction (0-5 years), the CPRs for different scenarios significantly 
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differ from one to another, indicating the remarkably higher effectiveness of the base 

case pattern compared to the other 4 scenarios. For instance, after 1-year production, 

the base case pattern obtains the highest CPR (25.1%), while the CPR of the 

unstimulated coalbed is only 3.3%. The greater number of RFs benefits the 

improvement of gas production, which is demonstrated by the contrast of the CPRs of 

1 double-wing RF + NSRD (10.3%) and 3 RFs + NSRD (17.7%) at the 1-year time 

point. Besides, the CPR of SRD + NSRD at 1 year is 16.3%, which is between those of 

1 RF + NSRD and 3 RFs + NSRD and much lower than that of the base case. In the 

middle period of gas extraction (5-25 years), the base case continues to exhibit high 

production efficiency and extracts almost all of the exploitable gas (CPR = 97.6%) at 

25 year. In contrast, the unstimulated coalbed only obtains a CPR of 52.3%. The other 

3 stimulation patterns differently improve the recoveries compared to the unstimulated 

CBM reservoir (by over 30% at 25 year). In the late period of gas extraction (25-50 

years), the increase in CPRs of the stimulated reservoirs slows down because the 

residual exploitable gas is running out. Nevertheless, the CPR of unstimulated CBM 

reservoir continues to climb, but it reaches only 72.9% at 50 year, indicating that a 

considerable fraction of exploitable gas is still unrecovered. Obviously, the creation of 

both SRD and multiple RFs greatly helps achieve a rapid extraction process. 
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Table 4-3 Reservoir properties and computational parameters for the base case. 

Parameter (unit) Value Parameter (unit) Value 

Reservoir dimension (m×m×m) 200×200×5 Wellbore radius (m) 0.11 

Half RF length (m) 40 SRD radius (m) 40 

Minimum horizontal geo-stress 

(MPa) 
4.51 

Maximum horizontal geo-stress 

(MPa) 
4.916 

Angle between adjacent RFs (°) 60 Initial reservoir temperature (K) 343.15 

Initial reservoir pressure (Pa) 5.24 Bottom-hole pressure (Pa) 1.38×106 

Bottom-hole temperature (K) 303.15 Methane viscosity (Pa∙s) 1.84×10-5 

Coal density (kg/m3) 1470 Langmuir strain constant 0.02 

Langmuir pressure (Pa) 5.67×106 Langmuir volume (m3/kg) 4.2×10-3 

Specific heat capacity of coal grain 

[J/(kg∙K)] 
1350 

Specific heat capacity of methane 

[J/(kg∙K)] 
2160 

Reference temperature for 

desorption test (K) 
300 

Thermal conductivity of coal grain 

[W/(m∙K)] 
0.788 

Convection thermal conductivity 

of methane [W/(m∙K)] 
0.031 

Thermal expansion coefficient of 

coal (K-1) 
9.6×10-5 

Pressure correction coefficient for 

sorption curve (Pa-1) 
7×10-8 

Temperature correction coefficient 

for sorption curve (K-1) 
0.02 

Isosteric heat of adsorption (J/mol) 33400 Specific heat capacity ratio 1.32 

Bulk modulus of matrix (Pa) 5.04×109 Young’s modulus of matrix (Pa) 8.47×109 

Matrix size (m) 2.0 Initial matrix porosity 0.045 

Volumetric fraction of CF 0.05 Biot coefficient of matrix 0.25 

Initial matrix permeability (m2) 3.0×10-18 Initial RF porosity 0.2 

Initial RF permeability (m2) 1.0×10-12 Initial RF aperture (m) 0.003 

Pore compressibility of RF (Pa-1) 1×10-9 Molar weight of methane (kg/mol) 0.016 

Young’s modulus of CF (Pa) 

SRD: 1.45×108 

Young’s modulus ratio 
SRD: 0.32 

NSRD:4.0×109 NSRD: 0.53 

Poisson’s ratio of CF 
SRD: 0.39 

Initial CF porosity 
SRD: 0.12 

NSRD: 0.36 NSRD: 0.08 

Initial CF permeability (m2) 

SRD: 3.0×10-16 

Biot coefficient of CF 
SRD: 0.9 

NSRD:3.0×10-17 NSRD: 0.5 
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Fig. 4-8 Effects of stimulation pattern on 50-year CBM production. (a) Cumulative 

productions of CBM reservoirs with different stimulation patterns. (b) Cumulative production 

ratios (CPRs) of CBM reservoirs with different stimulation patterns, taking the 50-year 

cumulative production of the base case [5.06105 standard m3, corresponding to the blue dash 

line in Fig. 4-8(a)] as the reference. 

 

To directly understand the gas extraction process, the CF pressure evolutions of the 

five scenarios with different stimulation patterns are shown in Fig. 4-9. Also, the 

matrix pressure evolutions of the five scenarios are given in Fig. 4-10. Comparing the 

two figures, the difference in the pressure evolutions caused by the different patterns, 

and the difference in the pressure evolutions between CF and coal matrix, can be 

clearly seen. In the early and the middle periods of gas extraction, there is an apparent 

differential pressure between CF and matrix for each scenario due to the much faster 

drainage in the highly permeable CF compared to that in the tight matrix. With the gas 

depletion, this differential pressure dwindles and eventually becomes very small. 

These results reflect the typical behavior of a dual-porosity-dual-permeability system 

and present the gas flow sequence proposed in Fig. 4-2. An interesting issue is the 

difference in production behaviours between the patterns 3 RFs + NSRD and SRD + 

NSRD. It can be known from Fig. 4-8 that 3 RFs + NSRD leads to a faster gas 
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recovery in the early period, but it gradually falls behind SRD + NSRD in the middle 

and the late periods and obtains a lower CPR than that of SRD + NSRD after the 50-

year extraction. The various effects of SRD and multiple RFs on improving gas 

production in different periods can be attributed to the distinct heterogeneities caused 

by them. Generally speaking, RF permeability has an enormous contrast with the 

original reservoir permeability (i.e., much more permeable than NSRD), which causes 

a very large pressure gradient near the RFs as the driving force of the gas flow. On the 

other hand, SRD has a relatively moderate permeability contrast with NSRD, while it 

has a much larger area than that of RF. Therefore, the main advantage of RF is to 

achieve a large pressure gradient in a narrow zone, while the merit of SRD is to create 

a moderate pressure gradient in a large area. For the case of 3 RFs + NSRD, the large 

pressure gradient caused by RFs leads to a fast recovery in the early period of gas 

production. Meanwhile, this stimulation pattern causes a significant heterogeneity of 

the pressure distribution in the SRD. This heterogeneity means that there is always 

some residual exploitable gas in the reservoir during the whole extraction process. By 

contrast, for the case of SRD + NSRD, most of the exploitable gas in the SRD has 

been smoothly extracted in the early/middle period because of the good homogeneity 

of SRD. This means the residual gas in the SRD can be effectively extracted, which 

helps fulfill a high ultimate recovery. These results imply that a suitable stimulation 

pattern should be expected according to the engineering objective so that the 

corresponding stimulation technique can be selected. In engineering practice, if the 

main objective of CBM extraction is to obtain gas as rapidly as possible in a limited 

period of time (as required by many cases of natural gas exploitation), creating 

multiple RFs with extremely high permeability is the key target of stimulation (e.g., by 

using hydraulic fracking). If the main objective of CBM extraction is to ensure that the 
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gas content in a large area decreases to a required low level, and/or greatly enhance the 

ultimate recovery (as required by gas pre-extraction operations to ensure the mining 

safety), generating a relatively homogeneous SRD with numerous micro-fractures is 

the key goal of stimulation [e.g., by using some types of deep-hole blasting techniques, 

as claimed in Zhang et al. (2018)]. Surely, if a stimulation treatment can form a 

combination of both multiple RFs and a large SRD, as shown in the base case [e.g., 

CO2 fracking, see the details in Cao et al. (2017b)], the merits of these two stimulation 

patterns can be both fulfilled, and the CBM can be extracted both quickly and 

thoroughly (like the base case). In brief, enhancing the complexity of fracture patterns 

by stimulation as possible is the key to improve CBM extraction. The remaining 

content of this paper continues to discuss the gas extraction process based on the base 

case. 
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Fig. 4-9 CF pressure evolutions of the scenarios with different stimulation patterns. (a) An 

unstimulated coalbed; (b) 1 double-wing RF + NSRD; (c) 3 RFs + NSRD; (d) SRD + NSRD; 

and (e) 3 RFs + SRD + NSRD (base case). 
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Fig. 4-10 Matrix pressure evolutions of the scenarios with different stimulation patterns. (a) 

An unstimulated coalbed; (b) 1 double-wing RF + NSRD; (c) 3 RFs + NSRD; (d) SRD + 

NSRD; and (e) 3 RFs + SRD + NSRD (base case). 

 

4.5.1.2 Effects of SRD properties on CBM production 

1. Effects of SRD size on CBM production 

For the gas extraction process from a stimulated CBM reservoir, the actual SRD 

radius does not necessarily equal the half-length of RF (like the base case), but it may 

be longer or shorter. This is related to the coal fracture/fragment mechanisms, which is 

dependent on the type and effectiveness of the used stimulation techniques (Zhu et al., 

2012; Liu et al., 2018; Zhang et al., 2018; Gao et al., 2019; Li et al., 2020b; Zhang et 

al., 2020c). As illustrated in Fig. 4-11(a), the gas extraction from the CBM reservoir 

having SRDs with different radii including 20 m, 30 m, 40 m (base case), and 50 m are 

simulated by using the proposed model. The obtained cumulative productions of these 
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scenarios, along with that of the case 3 RFs + NSRD (i.e., SRD radius = 0), are plotted 

in Fig. 4-11(b) to display the effects of SRD size on gas production. Enlarging the 

SRD radius significantly helps improve the gas recovery in the early and middle 

periods of production. For example, after the 1-year gas extraction, the cumulative 

production for the case with SRD radius = 20 m is 11.9% higher than that of the case 

without SRD, while the cumulative production for the case with SRD radius = 50 m 

achieves a 51.6% enhancement than that of the case without SRD. At the 10-year time 

point, the cumulative production for the case with SRD radius = 20 m is 3.8% higher 

than that of the case without SRD, while the cumulative production for the case with 

SRD = 50 m fulfills a 21.3% enhancement. These results highlight the importance of 

creating a SRD as large as possible to improve CBM production. The following 

content of this paper continues to discuss the CBM extraction process base on the base 

case for 30-year production. The reason why taking 30 years as the investigated 

production time span for simulation is that most of the exploitable gas in the base case 

can be produced during this period of time [CPR = 98.7%, see Fig. 4.11(a)]. 

 

Fig. 4-11 Effects of SRD size on CBM extraction. (a) Illustration of CBM reservoirs having 3 

RFs and SRDs with different radii including 20 m, 30 m, 40 m, and 50 m; (b) Effects of SRD 

radius on cumulative production during 50-year gas extraction. 
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2. Effects of initial RF and SRD permeabilities on CBM production 

As mentioned above, stimulation treatment creates RFs and SRD with enhanced 

porosity and permeability, while the original properties of NSRD are not modified. 

Therefore, the effects of initial RF permeability (kRF0) and CF-SRD permeability ( 0

SRD

CFk ) 

on cumulative production during the 30-year extraction are studied. Note that the 

effects of the enhanced porosities of RF and SRD are not studied here because they are 

mainly reflected by the corresponding enhancement of the permeabilities. As shown in 

Fig. 4-12(a), the higher initial RF permeability benefits rapid gas recovery. For 

instance, the cumulative production of the reservoir with kRF0 = 110-12 m2 (1000 mD) 

in the 5-year extraction is 23.0% higher than that of the reservoir with kRF0 = 210-14 

m2 (20 mD). Similarly, Fig. 4-12(b) shows that improving the initial permeability of 

CF-SRD significantly enhances the speed of gas extraction. For example, the 

cumulative production of the reservoir with 0

SRD

CFk  = 610-15 m2 (6 mD) in the 5-year 

extraction is 37.8% higher than that of the reservoir with 0

SRD

CFk  = 310-17 m2 (0.03 mD). 

It can also be known from Fig. 4-12 that the enhancement effect of either kRF0 or 0

SRD

CFk  

on gas production has an upper limit. For example, if 0

SRD

CFk  > 1.810-15 m2, the 

production improvement with the further increase of 0

SRD

CFk  is slight. Therefore, 

compared to those techniques that can only generate either RFs or a SRD, the 

stimulation techniques creating both RF and SRD (e.g., CO2 fracking) can achieve 

faster CBM extraction by increasing the complexity of fractures. 
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Fig. 4-12 Effects of initial permeabilities of RF and CF-SRD on CBM extraction. (a) Effects of 

RF permeability on cumulative gas production; (b) Effects of CF-SRD permeability on 

cumulative gas production. 

 

4.5.1.3 Effects of mechanical coupling relationship on CBM production 

In CBM extraction, the mechanical coupling relationship is a key influencing factor. 

It reflects the effects of effective stress on coal porosity, permeability, and resultant gas 

production. In a stimulated CBM reservoir with multiple domains, the mechanical 

coupling effects are particularly complicated because the different domains with 

distinct mechanical properties have different mechanical responses (i.e. deformations) 

during gas depletion. In this sub-section, the effects of compressibilities of RF and CF-

SRD on the 30-year CBM extraction are studied. Not only the cumulative productions, 

but also the stress-dependent permeabilities of RF (kRF,stress), CF-SRD ( ,

SRD

CF stressk ), and 

CF-NSRD ( ,

NSRD

CF stressk ), are studied. The investigated points representing RF, SRD, and 

NSRD in the model geometry are displayed in Fig. 4-13. The cumulative productions 

of the reservoirs with different RF compressibilities are shown in Fig. 4-13(a). The 

higher RF compressibility results in the slower CBM extraction, which can be ascribed 

to the severer closure of RF. During CBM extraction, the pressure in RF drops rapidly, 

increasing the effective stress in RF. Thus, the porosity and permeability of RF with 
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high compressibility decreases significantly, hindering the CBM extraction. 

Conversely, if the RF has low compressibility, the permeability loss induced by RF 

closure is small [see the changing ratio of RF (kRF,stress/kRF0) presented in Fig. 4-13(b)], 

so the daily production decline is not as much as that of the case with high RF 

compressibility. In some hydraulic fracking treatments, proppants are not used in the 

stimulated fractures because the coalbed tends to be too soft to uphold them, which is 

different from hydraulic fracking operations in shale gas reservoirs in which proppants 

are often injected. Therefore, the negative effect of RF closure on production is 

significant in CBM extraction, which should be paid serious attention to. As shown in 

Fig. 4-13(c), the stress-dependent CF permeability in SRD ( ,

SRD

CF stressk ) firstly decreases 

and then rebounds at a certain time point. This phenomenon, shown more clearly in the 

inset of Fig. 4-13(c) ( ,

SRD

CF stressk  evolution in the first 200 days), is consistent with the 

theoretical calculation results and field observations reported by many previous studies 

of CBM extraction (Palmer and Mansoori, 1998; Shi and Durucan, 2004; Cui and 

Bustin, 2005; Zhang et al., 2008). Similarly, Fig. 4-13(d) shows a decrease-rebound-

increase evolution of ,

NSRD

CF stressk , although this variation is much slighter than that of ,

SRD

CF stressk . 

Meanwhile, the change in RF compressibility also leads to the different permeability 

evolutions in SRD and NSRD [see Figs. 4-14(c) and (d)]. the higher value of RF 

compressibility corresponds to the slighter permeability variations in SRD and NSRD, 

which is a result of the complex mechanical coupling effect of the whole reservoir with 

the elapse of production time. 
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Fig. 4-13 Points representing different domains in a stimulated CBM reservoir. Point A 

represents RF; Point B represents SRD; Point C represents NSRD. 
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Fig. 4-14 Effects of RF compressibility on 30-year CBM extraction. (a) Effects of RF 

compressibility on cumulative production. (b) Effects of RF compressibility on RF 

permeability evolution. (c) Effects of RF compressibility on stress-dependent CF permeability 

in SRD (Inset: The first 200-day extraction). (d) Effects of RF compressibility on stress-

dependent CF permeability in NSRD (Inset: The first 200-day extraction). 

 

The influences of pore compressibility of SRD (CSRD) on the 30-year CBM 

extraction are also studied. Here, CSRD is a compound physical quantity defined as the 

following expression based on the previous studies (Palmer and Mansoori, 1998; Cui 

and Bustin, 2005; Li et al., 2020b): 

0

SRD
SRD

SRD SRD
C

K




=  (4-47) 

where KSRD is the bulk volumetric modulus of SRD; SRD is the bulk Biot coefficient in 

SRD; 0

SRD  is the bulk initial porosity in SRD; They are weight averaged values of CF 
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and coal matrix based on volumetric fraction (Berryman, 2002; Mehrabian and 

Abousleiman, 2015; Cao et al., 2016a): 

* *SRD SRD SRD
SRD SRD CF CF m m

CF m SRD

CF m

K K

K K

   
  = + = +  (4-48) 

0 0 0

SRD SRD

CF CF m m    = +  (4-49) 

For example, the 
SRDC  for the base case can be determined as 3.42×10-8 Pa-1 

according to the parameters provided in Table 4-3. We change the value of 
SRD

CFE  to 

obtain a series of 
SRDC s to simulate the corresponding CBM extraction processes by 

using our model. With the different SRD compressibilities, the cumulative productions 

are shown in Fig. 4-15(a), and the stress-dependent permeability evolutions of RF, CF-

SRD, and CF-NSRD during CBM extraction are given in Figs. 4-15(b), (c) and (d), 

respectively. The higher 
SRDC  corresponds to the slower CBM extraction [see Fig. 4-

15(a)] because it results in the greater shrinkage of SRD [i.e., a significantly lower 

,

SRD

CF stressk , see Fig. 4-15(c)]. Conversely, if 
SRDC  is very low, ,

SRD

CF stressk  has an increasing trend 

during gas extraction because the enhancing effects of gas desorption and thermal 

strains on the CF porosity and permeability prevail over the shrinkage effect. 

Meanwhile, the change in 
SRDC  also leads to the different permeability evolutions in RF 

and NSRD [see Figs. 4-15(b) and (d)] due to the mechanical interactions between the 

different domains. Specifically, a higher 
SRDC  causes a lower permeability in NSRD due 

to the intensified compression effect of the entire coalbed, while higher 
SRDC  slightly 

hinders the reduction of RF permeability because the stronger shrinkage of coal mass 

means a weaker closure of RF (Palmer and Mansoori, 1998; Shi and Durucan, 2004; 

Cui and Bustin, 2005; Zhang et al., 2008). In view of the various evolution trends 
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shown in different domains, differentiating RF, SRD, and NSRD in modelling and 

simulation of stimulated CBM reservoirs is of importance to accurately characterize 

the complex change in these domains. In some previous studies on unconventional gas 

extraction, the stimulated part of the reservoir is over-simplified as a set of primary 

hydraulic fractures without SRD (Cao et al., 2016a; Cao et al., 2016b; Cao et al., 

2017a), which may cause some deviation of simulation results from the real situation, 

especially for those reservoirs stimulated by blasting and/or CO2 fracking in which a 

great number of secondary fractures are generated in a large volume. In summary, 

SRD plays an important role in CBM extraction. It is conducive for obtaining accurate 

results to treat SRD as a separate domain (with peculiar properties) interacting with 

other domains of the reservoir. 
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Fig. 4-15 Effects of SRD compressibility on 30-year CBM extraction. (a) Effects of RF 

compressibility on cumulative production. (b) Effects of SRD compressibility on RF 

permeability evolution. (c) Effects of SRD compressibility on stress-dependent CF 

permeability in SRD. (d) Effects of SRD compressibility on stress-dependent CF permeability 

in NSRD. 

 

4.5.2 Influence of thermal effects on CBM extraction 

4.5.2.1 Temperature evolution 

The evolution of temperature distribution of the base case during the 30-year gas 

extraction is simulated. Taking an equator line through the reservoir as the investigated 

target [see the red line in Fig. 4-16(a)], the obtained temperature distribution evolution 

along the line is presented in Fig. 4-16(b), showing a wellbore-centred, low-

temperature zone gradually extending towards the deep reservoir as gas depletion. As 
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described in Eq.(4-35), the temperature distribution is the combined result of thermal 

convection, thermal conduction, strain energy change, and desorption heat. It should 

also be noted that the temperature drop in SRD is much faster than that in NSRD 

because of the stronger heat transfer accompanying the faster gas flow in SRD. These 

results are automatically used to further compute the thermal effects on gas production 

and reservoir permeability discussed in the following text. 

 

Fig. 4-16 Temperature distribution evolution during 30-year CBM production. (a) The 

investigated line. (b) Temperature distribution evolution along the investigated line of the base 

case during 30-year CBM production. 

 

4.5.2.2 Thermal effects on CBM production and permeability evolution 

To evaluate the thermal effects on CBM extraction, the evolutions of cumulative 

production and permeability of the base case with/without consideration of thermal 

effects are displayed in Fig. 4-17. The cumulative production curves during 30-year 

CBM extraction are shown in Fig. 4-17(a). It is revealed that the cumulative 

production considering thermal effects is lower than that without considering thermal 

effects in the early period, while the thing becomes opposite after approximately 600 

day. For example, at the 100 day time point, the cumulative production considering 

thermal effects (3.74×104 standard m3) equals 57.7% of that without considering 
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thermal effects (6.48×104 standard m3), while after 10950-day (30-year) extraction, it 

(5.00×104 standard m3) is 3.82% higher than that without considering thermal effects 

(4.82×104 standard m3). Furthermore, the stress-dependent permeability evolutions of 

RF ( ,RF stressk ), CF-SRD ( ,

SRD

CF stressk ), and CF-NSRD ( ,

NSRD

CF stressk ) are presented in Fig. 17(b), (c), 

and (d), respectively. There is little difference in ,RF stressk  between the results 

with/without thermal effects during the whole 30-year CBM extraction. In contrast, 

,

SRD

CF stressk  and ,

NSRD

CF stressk with thermal effects are lower than those without thermal effects in 

the early period, while things are inverted in the middle and the late periods. 

Specifically, ,

SRD

CF stressk  with thermal effects exceeds that without thermal effects at 325 

day [see the inset of Fig. 17(c)], and ,

NSRD

CF stressk  with thermal effects surpasses that without 

thermal effects at 300 day [see the inset of Fig. 17(d)]. The change of the contrast 

relationship between the cumulative productions with and without thermal effects is 

closely associated with the roles of sorption-induced and thermal strains played in 

permeability evolutions in different periods. Taking CF-SRD as an instance, we plot 

the contributions of thermal strain, sorption-induced strain, and effective strain on the 

stress-dependent porosity ( ,CF stress ) for the base case in Fig. 4-18. Comparing these 

curves with [see in Fig. 4-18(a)] and without [see in Fig. 4-18(b)] thermal effects, it 

can be found that at the early period of CBM production, the improving effect of 

desorption-induced-shrinkage strain on ,CF stress  is important. The desorption-induced-

shrinkage strain with thermal effects is weaker than that without thermal effects 

because the temperature decrease negatively affects desorption [see Eqs.(4-4), (4-5), 

and (4-10)]. This results in the lower ,CF stress  and ,

SRD

CF stressk  with thermal effects than those 

without thermal effects in the early period. According to the theory of sorption science, 

the lower temperature implies the higher adsorption gas retention, i.e., the less 
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desorption gas supply and the smaller desorption strain (Atkins and De Paula, 2006; 

Rodrigues et al., 2012). For example, after 100 days, the contribution of desorption 

(shrinkage) strain on ,CF stress  change with thermal effects is 8.7×10-4, which equals only 

55.1% of that without thermal effects (1.58×10-3). In consequence, both the cumulative 

production and permeability considering thermal effects are lower than those without 

considering thermal effects in the early period. However, with the gas depletion, the 

enhancing effect of thermal (shrinkage) strain on porosity in Fig. 4-18(a) is 

increasingly more important and becomes the crucial factor of porosity increase in the 

middle and late periods of production, while the contribution of desorption (shrinkage) 

strain on ,CF stress  tends to level out in these periods. Thus, the permeability enhancement 

with thermal effects gradually prevails over that without thermal effects, resulting in 

the higher cumulative production at the end of the 30-year CBM extraction. In brief, 

non-isothermal sorption effects and thermal strain competitively influence CBM 

production and reservoir permeability. Ignoring thermal effects may overestimate 

CBM production and permeability in the early period of extraction because of the 

overestimation of sorption-induced strain, or underestimate CBM production and 

permeability due to not considering thermal strain. 
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Fig. 4-17 Influence of thermal effects on cumulative production and permeability. (a) 

Comparison of cumulative productions with/without consideration of thermal effects during 

30-year production. (b) Comparison of stress-dependent permeabilities of RF with/without 

consideration of thermal effects during 30-year production. (c) Comparison of stress-

dependent permeabilities of SRD with/without consideration of thermal effects during 30-year 

production. (Inset: The first 500-day extraction) (d) Comparison of stress-dependent 

permeabilities of NSRD with/without consideration of thermal effects during 30-year 

production (Inset: The first 200-day extraction). 
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Fig. 4-18 The contributions of various strains on the stress-dependent porosity of CF-SRD. (a) 

With consideration of thermal effects (the base case). (b) Without consideration of thermal 

effects. 

 

4.5.2.3 Influences of the coefficients related to thermal effects on CBM production 

The influences of three important coefficients related to the energy balance 

including thermal expansion coefficient (αT), thermal conductivity of coal grain (s), 

and isosteric sorption heat of gas (qst) on CBM production are investigated for further 

evaluation of thermal effects. Each CBM reservoir has its peculiar values of these three 

coefficients due to the variability of coal grains. The higher values of these coefficients 

represent stronger thermal effects. Here, four cases describing different degrees of 

thermal effects are investigated including: (1) Without thermal effects; (2) With slight 

thermal effects; (3) With moderate thermal effects (i.e., the base case); and (4) With 

strong thermal effects. The thermal-effect coefficients used in these cases are listed in 

Table 4-4. The 30-year cumulative productions and permeabilities in different 

domains of the four cases are shown in Fig. 4-19. As seen in Fig. 4-19(a), in the early 

period of extraction, the cumulative productions with different degrees of thermal 

effects are lower than that of the case without thermal effects, while they gradually 

become higher than that of the case without thermal effects in the middle and late 
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periods. These are consistent with the results shown in Fig. 4-17(a). In the three 

cumulative production curves with different degrees of thermal effects, the case with 

the strongest thermal effects corresponds to the highest cumulative production in the 

early period, but it has the lowest cumulative production in the late period. This can be 

ascribed to the competitive effects of thermal strain and non-isothermal sorption in 

different periods, as discussed in Section 4.5.2.2. On one hand, the stress-dependent 

permeabilities of RF, CF-SRD, and CF-NSRD presented in Figs. 4-19(a), (b), and (c) 

indicate that the stronger thermal shrinkage effects cause the higher permeabilities in 

different domains, which benefits improving gas production. On the other hand, the 

stronger thermal effects promote heat transfer and lead to a more significant 

temperature reduction throughout the reservoir [see the temperature evolutions in SRD 

and NSRD with different degrees of thermal effects, shown in Figs. 4-20(a) and (b), 

respectively], which means the higher adsorbed gas retention. That is, the stronger 

thermal effects corresponds to the less extractable adsorbed gas, according to the non-

isothermal sorption theory (Atkins and De Paula, 2006; Rodrigues et al., 2012). The 

evolutions of the adsorbed gas volumes per unit of coal mass as standard gas volume 

(Vadss) computed by the non-isothermal sorption equation in SRD and NSRD are given 

in Figs. 4-21(a) and (b), showing that the stronger thermal effects hinder gas 

desorption to some degree both in SRD and in NSRD. Again, these results reveal that 

the various influences caused by thermal effects not only competitively act on the gas 

production, but also have varying importance in different periods of production. For 

the three cases with different degrees of thermal effects, in the early period, the 

thermal-shrinkage-strain-induced permeability enhancement plays an important role to 

improve the gas production, while with the gas depletion, the hindrance effect caused 

by non-isothermal desorption on gas production may become increasingly more 
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significant. This implies that selecting an appropriate shut-down time to terminate the 

CBM extraction is of significance. In view of the possible hindrance effect of the 

temperature reduction (in the late period) on gas desorption and the fact that a 

considerable fraction of the total CBM storage is adsorbed gas, a too-long production 

time may be not good for fulfilling the most cost-effective extraction. Lastly, 

compared to the isotherm CBM extraction models introduced in the previous studies, 

the difference caused by the added physical factors/processes considering thermal 

effects in this work and their meanings for improving gas recovery are summarized in 

Table 4-5. These additional factors/processes are fully coupled with other physics in 

the proposed model to accurately predict CBM production. 

 

Table 4-4 Coefficients used to investigate the cases with different degrees of thermal effects. 

Case name αT (K-1) s [W/(m*K)] qst (J/mol) 

(1) Without thermal effects - - - 

(2) With slight thermal effects 2.4×10-5 0.197 18500 

(3) With moderate thermal effects (base case) 9.6×10-5 0.788 33400 

(4) With strong thermal effects 4.8×10-4 1.576 96400 
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Fig. 4-19 Influences of different degrees of thermal effects on cumulative production and 

permeability. (a) Comparison of cumulative gas productions with different degrees of thermal 

effects during 30-year production. (b) Comparison of stress-affected permeabilities of RF with 

different degrees of thermal effects during 30-year production. (c) Comparison of stress-

dependent permeabilities of SRD with different degrees of thermal effects during 30-year 

production. (d) Comparison of stress-dependent permeabilities of NSRD with different degrees 

of thermal effects during 30-year production. 

  



 

School of Engineering 

Chapter 4                                                                 The University of Western Australia 

- 232 - 

 

 

Fig. 4-20 Influences of different degrees of thermal effects on adsorbed gas amount evolution. 

(a) Evolutions of Vads with different degrees of thermal effects in SRD during 30-year 

production. (b) Evolutions of Vads with different degrees of thermal effects in NSRD during 30-

year production. 

 

 

Fig. 4-21 Influences of different degrees of thermal effects on temperature evolution. (a) 

Evolutions of temperature with different degrees of thermal effects in SRD during 30-year 

production. (b) Evolutions of temperature with different degrees of thermal effects in NSRD 

during 30-year production. 
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Table 4-5 Added physical factors/processes in the proposed model considering thermal effects 

compared to isotherm CBM extraction models (Note: Both T and p are decreasing during 

CBM extraction). 

Added factors/processes in the 

proposed model compared to 

isotherm models 

Difference in simulation results 

between the proposed model and 

isotherm models 

Effect of considering the 

added factors/processes 

on gas production 

Thermal strain Enhanced stress-dependent porosity and 

permeability 

Positive 

Non-isothermal desorption amount Weaker gas supply by desorption 

because of the temperature reduction 

Negative 

Non-isothermal desorption strain Smaller change in desorption strain Negative 

Gas density change with 

temperature 

Difference in gas density computed by 

the equation of state 

Determined by the 

coupling computation 

 

In addition, the difference between shale reservoir and CBM reservoir in gas 

production behaviour should be briefly discussed. Comparing the daily gas 

productions of the two shale gas reservoirs (Figs. 2-7 and 2-8, see Chapter 2) and the 

two CBM reservoirs (Figs. 4-5 and 4.7), we can know that the decline of daily gas 

production in shale reservoirs usually occurs much earlier than that in CBM reservoirs. 

In the early period, the daily gas production in shale reservoirs exhibits a high peak, 

then it drops dramatically. In contrast, the change in the daily gas production in CBM 

reservoirs is much gentler. These differences can be ascribed to the following facts 

(Curtis, 2002; Rezaee, 2015; Li et al., 2019a; Li et al., 2020b): (1) Shale has 

significantly lower permeability than coal does. This implies that the shale matrix has a 

lower capability of supplying gas to fractures. After the gas originally stored in 

fractures flows out, the gas in the ultra-tight shale matrix is hard to be supplied to keep 

the high daily gas production. In consequence, the daily gas production in shale 

reservoirs rapidly declines. The daily production decline in CBM reservoir is smoother 

because the permeability difference between matrix and fractures in coalbed is not as 
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large as that in shale. (2) The cleats in coal are often more developed than the natural 

fractures in shale. This implies that the easily extracted original gas in the cleats of 

CBMs occupies a larger fraction of the total gas reserve. That is, CBM is generally 

more available than shale gas. Therefore, the significant decline of daily CBM 

production appears later than that of daily shale gas production. (3) The overall 

stimulation treatment in CBM reservoirs usually has higher efficiency than that in 

shale reservoirs. This is due to the more developed cleat system in coal and the more 

diverse stimulation approaches in CBM reservoirs, which means that more 

microfractures can be created by the stimulation treatment. For instance, blasting is 

commonly used in CBM reservoirs, but it is seldom selected as a stimulation method 

for shale reservoirs. In consequence, the capability of supplying gas of stimulated 

CBM reservoirs (to compensate the severe gas depletion in the large hydraulic 

fractures in the early period of gas extraction) is stronger than that of stimulated shale 

reservoirs, which results in a gentler daily gas production curve in CBM reservoirs (4) 

Proppants are always used in the stimulation of shale reservoirs, while they are less 

commonly used in the stimulation of CBM reservoirs. This is because coal is soft, 

which leads the proppants to be embedded into the coal and lost the propping function. 

In consequence, the propped hydraulic fractures of stimulated shale reservoirs are 

highly permeable and provide a high daily production peak. However, the total volume 

of the propped hydraulic fractures is small. Thus, the proppants can only offer a high 

production for several to dozens of days. With the severe depletion of the gas pressure 

in the propped hydraulic fractures in shale reservoirs, the daily shale gas production 

declines drastically. Conversely, the stimulation fractures in CBM reservoirs close 

more or less under the effective stress at the beginning of gas extraction, which results 
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in a relatively low daily production peak in the early period to form a gentle daily 

production curve. 

 

4.6 Summary 

In this work, a fully coupled multidomain and multiphysics model is developed to 

simulate gas extraction from stimulated coalbed methane (CBM) reservoirs. Multiple 

physical processes including gas flow, coal deformation, heat transfer, and non-

isothermal sorption in each domain (SRD – stimulated reservoir domain; NSRD – non-

stimulated reservoir domain; and RF – radial primary fracture) are modelled, while the 

complexities of the interactions between these domains and physical processes are 

incorporated into the model by cross-coupling relations. The key features of the 

proposed model include the integrated description of different stimulation patterns and 

comprehensive incorporation of thermal effects in CBM extraction. The PDEs in the 

proposed model were numerically solved by using the finite element method and 

verified against field observations. According to the modelling and simulating results, 

the following conclusions can be drawn: 

(1) The contrast of properties of RF, SRD, and NSRD in stimulated CBM reservoirs 

leads to different property evolutions in these domains, which in turn controls the 

effectiveness of gas extraction. It is crucial to select appropriate stimulation techniques 

to improve the complexity of the fractures, to enlarge the SRD size, as well as to 

increase the permeabilities of RF and SRD for enhancing CBM recovery. 

(2) Multidomain mechanical coupling relationship links the changes of stress-

dependent porosity and permeability in different domains of CBM reservoir together. 

With this linkage, a change occurring in one domain simultaneously affects the 
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property evolutions in other domains, influencing the mass transfer efficiency and the 

resultant CBM production. 

(3) The simultaneous reduction of temperature and pressure during CBM extraction 

leads to multiple competitive effects on the evolutions of stress-dependent 

porosity/permeability, desorption amount, and gas density. These effects, playing 

varying roles in different periods of CBM extraction, have various influences on 

cumulative gas production. Ignoring thermal effects may result in the overestimation 

or underestimation of gas production, which depends on the net effects of thermal 

shrinkage strain and non-isothermal desorption. 
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Chapter 5 Concluding Remarks  

5.1 Main findings 

This thesis focuses on modelling and simulating gas extraction from 

unconventional gas reservoirs (coalbed methane and shale gas reservoirs) with the 

influence caused by artificial operations (stimulation, drilling, and production), 

especially the effects of the multiple interacting physical processes that occur in 

different domains of unconventional reservoirs. This effort brings together a series of 

works about how engineering operations influence unconventional gas recovery and 

evolutions of key reservoir properties. The developed multidomain numerical models 

can forecast shale gas and coalbed methane productions and deepen the understanding 

of unconventional gas exploitation. 

The main academic contribution of this thesis is the development of a series of 

(three) reservoir models to describe multiple physical processes in unconventional 

reservoirs with multiple domains. These models involve the new approaches of 

multidomain numerical simulation by several sets of fully coupled partial differential 

equations to mimic the multiple physical behaviors, which allows appropriately 

describing the complex evolutions and interactions in different domains of 

unconventional reservoirs. This thesis also investigates the effects of gas/water seepage, 

mechanical deformation, isothermal/non-isothermal gas sorption, interfacial/surface 

behaviour, gas flow regime, thermal effect, and stimulation pattern on the 

unconventional gas production and the evolutions of reservoir properties. The main 

findings based on the three models are summarized as follows: 

In Chapter 2, we know that the existing models for shale gas extraction do not 

fully consider the effects of property contrasts and interactions between the different 
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domains of the shale gas reservoir stimulated by hydraulic fracking treatment. These 

domains include the stimulated reservoir domain (SRD), the non-stimulated reservoir 

domain (NSRD), and the hydraulic fracture (HF). Therefore, a fully coupled 

multidomain and multiphysics model is developed to incorporate these complexities. 

The shale reservoir is characterized as an assembly of three distinct components: 

kerogen, inorganic matrix, and HF. Furthermore, the kerogen and inorganic matrix are 

defined as two dual-porosity-single-permeability media, while the HF is simplified as a 

1-D cracked medium. The inorganic matrix has different properties in each of the SRD 

and NSRD to reflect the stimulation consequence of hydraulic fracking on the near-HF 

area of the reservoir. The sensitivity study based on this model reveals that: (1) Size 

and internal structure of the SRD significantly affect gas extraction by improving SRD 

properties and creating low-pressure zones around the NSRD; (2) NSRD determines 

the sustainability of long-term gas production; (3) The change of mechanical properties 

in one domain affects the evolutions of the transport properties in the entire shale 

reservoir. 

In Chapter 3, we further develop the multidomain and multiphysics model 

proposed in Chapter 2 by incorporating water effects to evaluate gas/water backflow 

from stimulated shale gas reservoirs. The effects of water on shale gas extraction 

include two aspects: One is that the existence of water leads to the gas-water two-

phase flow in shale gas extraction, the other is that the water film at the heterogeneous 

interface of kerogen may seal the original gas in kerogen. Although the effects of gas-

water two-phase in shale reservoirs have been comprehensively studied, no tools are 

developed to evaluate the impact of the sealing effect of water on gas liberation from 

kerogen under in-situ conditions. In this chapter, a concept named kerogen threshold 

differential pressure (KTP) is proposed to describe the mass transport at the 
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heterogeneous interface of kerogen with water. The KTP is defined as a critical pore 

pressure difference between inside and outside of kerogen pores. It corresponds to the 

energy barrier needed to remove the liquid film at the heterogenous kerogen surface so 

that the gas in the kerogen can flow out. Based on this definition, whether kerogen can 

supply gas to its surroundings or not is controlled by an on/off gas supplying 

mechanism. This mechanism is incorporated into a fully coupled, multidomain, and 

multiphysics model to simulate the gas/water production process from hydraulically 

fractured shale reservoirs. The study in Chapter 3 draws four conclusions: (1) The 

shale gas production behaviour is dependent on the contrast of gas-supplying 

capabilities of the different components in different domains of shale reservoir. (2) 

Water influences shale gas extraction in two aspects including two-phase flow and 

on/off gas supplying mechanism. The former aspect affects the gas flow in inorganic 

matrix and fractures, while the latter aspect controls the gas liberation from kerogen 

and thus, the sustainability of gas extraction. (3) The shapes of the gas/water relative 

permeability curves of different components of shale reservoir influenced by formation 

damage and stimulation treatment affect the early-period and long-term gas/water 

productions. (4) Shale gas recovery can be enhanced by decreasing KTP by using 

appropriate surfactants, or by using water-free fracking fluids (such as supercritical 

carbon dioxide) to eliminate formation damage. 

In Chapter 4, we further develop the multidomain and multiphysics model 

proposed in Chapter 2 by establishing a thermal-hydraulic-mechanical (THM) 

coupling model. As known, gas extraction from coalbed methane (CBM) reservoirs 

brings about the change of the temperature field, which in turn influences property 

evolutions in the reservoir and thus, gas production. Although there are some previous 

works incorporating thermal effects on CBM extraction, the multidomain effects and 
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the impact of stimulation patterns are seldom fully considered in THM coupling 

models. In view of this, a fully coupled multidomain and multiphysics model 

considering thermal effects is developed to evaluate gas extraction from stimulated 

CBM reservoirs. In this THM model, the stimulated CBM reservoir is defined as an 

assembly of three interacting porous media: coal matrix, continuous fractures (CF), 

and radial primary fracture (RF). Coal matrix and CF constitute a dual-porosity-dual-

permeability system, while RF is simplified as a 1-D cracked medium. The effects of 

coal deformation, heat transfer, and non-isothermal sorption are incorporated into the 

model to characterize the multiple processes in CBM extraction. By using this model, 

the temperature variation caused by heat convection, heat conduction, desorption heat, 

and strain energy change during CBM extraction, and the effects of this temperature 

variation on mechanical deformation and gas flow are numerically simulated. Also, the 

effects of different stimulation patterns including (1) unstimulated coalbed; (2) 1 

double-wing RF + NSRD; (3) 3 RFs + NSRD; (4) SRD + NSRD; and (5) 3 RFs + SRD 

+ NSRD on CBM extraction are investigated. The work in Chapter 4 presents three 

main findings: (1) The distinct properties of different domains of the stimulated CBM 

reservoir originate various evolutions in these domains, which in turn influences the 

CBM production; (2) Increasing fracture complexity, enlarging SRD size, and 

improving SRD permeability are effective approaches to enhance CBM recovery; (3) 

Ignoring thermal effects may result in the overestimation or underestimation of gas 

production, which depends on the net effects of thermal strain and non-isothermal 

desorption in different periods of CBM extraction. 

The fully coupled models developed in Chapters 2, 3, and 4 are validated and/or 

verified by comparing their simulation results to field data, analytical solutions, and/or 

the results of previously published numerical models. 
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The relationships between Chapters 2, 3, and 4 are close, and they support each 

other to construct a series of physical-mathematical tools to investigate the complex 

processes in gas extraction from unconventional reservoirs. Chapter 2 provides a 

basic framework to model and simulate shale reservoirs with multiple domains, which 

is the foundation of the whole thesis. Under this framework, Chapter 3 further 

develops the modelling and simulating approach to characterize water-containing 

multidomain shale reservoirs with the consideration of gas-water two-phase flow in 

inorganic matrix/fractures and sealing effect of water film on the original gas in 

kerogen to better understand the impacts of stimulation treatment and formation 

damage on gas recovery. Chapter 4 proposes another technical improvement of the 

work in Chapter 2, that is, a multidomain multiphysics model incorporating thermal 

effects. Moreover, the work in Chapter 4 extends the research objective from shale 

gas reservoir to CBM reservoir and investigates the effects of stimulation patterns on 

gas extraction, which is an important supplement of Chapters 2 and 3. It should be 

noted that all of the focus concerns of the works in the three chapters, including 

multidomain effects, water effects, thermal effects, and the impact of stimulation 

patterns, are originated from engineering operations (drilling, stimulation, and gas 

extraction). Furthermore, all of the simulations performed in these works are 

performed with the gas production operations under in-situ conditions. The findings of 

the thesis reveal the complex effects of human intervention caused by conducting 

engineering operations on unconventional reservoirs. 

5.2 Recommendations for future work 

In this thesis, a comprehensive study of the effects of engineering operations on 

unconventional natural gas extraction has been performed. However, some 
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investigations are recommended to conduct in the future as follows to further deepen 

the understanding of the process of unconventional gas extraction: 

1. Three fully couped multidomain and multiphysics models have been developed 

to simulate unconventional gas extraction. However, how to accurately describe the 

property differences in various domains of unconventional reservoirs should be further 

studied. In engineering practice, the geological formations of unconventional 

reservoirs may be very complex. Advanced, fine reservoir characterization techniques 

(such as the digital core technique) should be combined with the modelling approaches 

proposed in this thesis to further improve the accuracy and practicability of the 

developed models. 

2. The water effects on shale gas extraction have been modelled and simulated. 

Nevertheless, to accurately represent these effects on gas liberation and gas/water flow 

in water-containing shale reservoirs, experimental investigations should be conducted. 

Therefore, in the future, we will carry out some laboratory works under different 

conditions to study the water effects on shale gas extraction. Besides, we only 

modelled the water effects in shale gas reservoirs in this thesis. In stimulated CBM 

reservoirs, there is usually a considerable amount of water (connate water and/or 

fracking fluids). The application scope of the multidomain and multiphysics model 

considering water effects developed in this thesis should be extended to CBM 

reservoirs. 

3. The thermal effects on CBM extraction have been incorporated in our 

multidomain and multiphysics model. Nonetheless, the characterization of the thermal 

effects in our model is based on the assumption of local thermal equilibrium. That is, 

coal matrix and fractures always have the same temperature at the same simulation 

node, which may result in some deviation of the simulation results from the real gas 
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extraction process.  It is believed that the non-local-thermal-equilibrium theory helps 

eliminate this deviation. Therefore, our future work will try to develop innovative 

THM coupling models based on the non-local-thermal-equilibrium theory. 

4. The heat production in CBM extraction is not verified by the field data because 

the available published thermal data in the field of CBM extraction are few. The 

classical theory of reservoir engineering often ignores the thermal effects during gas 

production, which leads to the field measurement of thermal data are seldom carried 

out. Although our simulation work in Chapter 4 evaluated the impact of thermal 

effects on CBM, we intend to do data matching of heat production based on the field 

observations in our future work as long as we can find the field data in the published 

literature. 

5. The single-component gas flow in unconventional reservoirs has been modelled 

and simulated in this thesis. However, in many engineering cases (such as CO2 

injection to enhance gas recovery), the gas flowing in unconventional reservoirs 

contains dual components or multiple components. In the future, we will investigate 

how gas components affect gas transport in unconventional reservoirs. 

6. Heterogeneity plays a crucial role in the study. In this thesis, the heterogeneity of 

unconventional reservoirs is described by using dual-porosity-dual-permeability 

(Chapters 2 and 4) or triple-porosity-triple-permeability (Chapter 3) continua. 

However, the effects of the heterogeneity on unconventional gas production are not 

studied in the verification cases based on the field observations. In our future work, 

some level of heterogeneity will be brought to the test cases for a much clearer 

understanding of the phenomenon, which will benefit the improvement of uncertainty 

quantification. 
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7. All the verification cases in this thesis are based on single-well observations and 

computations. For further validation, our future work will try to bring the entire well or 

multiple wells into a well-network system for fully testing with real field operations 

and reservoir response monitoring to elevate the findings from this research to the 

community. 
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